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Abstract

Correlated sounds presented to two ears are perceived as compact and centrally lateralized, whereas decorrelation between
ears leads to intracranial image widening. Though most listeners have fine resolution for perceptual changes in interaural corre-
lation (IAC), some investigators have reported large variability in IAC thresholds, and some normal-hearing listeners even exhibit
seemingly debilitating IAC thresholds. It is unknown whether or not this variability across individuals and outlier manifestations
are a product of task difficulty, poor training, or a neural deficit in the binaural auditory system. The purpose of this study was
first to identify listeners with normal and abnormal IAC resolution, second to evaluate the neural responses elicited by IAC
changes, and third to use a well-established model of binaural processing to determine a potential explanation for observed indi-
vidual variability. Nineteen subjects were enrolled in the study, eight of whom were identified as poor performers in the IAC-
threshold task. Global scalp responses (N1 and P2 amplitudes of an auditory change complex) in the individuals with poor IAC
behavioral thresholds were significantly smaller than for listeners with better IAC resolution. Source-localized evoked responses
confirmed this group effect in multiple subdivisions of the auditory cortex, including Heschl’'s gyrus, planum temporale, and the
temporal sulcus. In combination with binaural modeling results, this study provides objective electrophysiological evidence of a
binaural processing deficit linked to internal noise, that corresponds to very poor IAC thresholds in listeners that otherwise have
normal audiometric profiles and lack spatial hearing complaints.

NEW & NOTEWORTHY Group differences in the perception of interaural correlation (IAC) were observed in human adults with
normal audiometric sensitivity. These differences were reflected in cortical-evoked activity measured via electroencephalography
(EEG). For some participants, weak representation of the binaural cue at the cortical level in preattentive N1-P2 cortical
responses may be indicative of a potential processing deficit. Such a deficit may be related to a poorly understood condition
known as hidden hearing loss.

auditory processing model; binaural hearing; electroencephalography; hemisphere differences; hidden hearing loss

INTRODUCTION

In complex acoustic environments, the auditory system is
remarkable in its ability to localize specific sounds, to segre-
gate competing auditory objects, to switch focus from one
sound to another, and to monitor the complex acoustic
scene. In performing such tasks, the auditory system takes
advantage of similarities and differences in the acoustic
stimuli reaching the two ears. Binaural cues essential for
accurate sound localization and spatialization include con-
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trasting sound across ears to encode interaural time differen-
ces (ITDs), interaural phase differences (IPDs), interaural
level differences (ILDs), and even interaural spectral cues (1-
5). These processes are facilitated by the availability of spec-
tral cues that do not necessarily differ between ears (i.e.,
monaural spectral cues; 6). Binaural cues are important for
processing sounds that occur in the free field as well as when
sounds are delivered through ear-level transducers such as
headphones or earbuds. Indeed, much of what we know
about the spatial processing abilities of the auditory system
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has been gained from well-controlled investigations using
headphone sound delivery. As early as the 1940s, studies by
Hirsh (7) and Licklider (8) described a remarkable binaural
unmasking phenomenon (i.e., binaural masking level differ-
ence or BMLD) in which the level required for the detection
of a target sound in noise is markedly reduced when either
the target or noise is decorrelated between the ears relative
to when they are both correlated at the two ears. At a
suprathreshold level, simply changing the interaural
phase of the target signal or masking noise has a dramatic
impact on the salience of the target itself. This phenom-
enon was used extensively in clinical audiology as part of a
battery of site-of-lesion tests and to this day is used widely
in research as a robust measure of binaural hearing abil-
ities. The masking release process can be modeled in terms
of the relative similarity between the stimuli arriving at
the two ears and expressed in terms of interaural coher-
ence or interaural cross correlation (IAC). Computation of
the normalized interaural correlation between two monau-
ral stimuli explains the BMLD process and phenomenon in
all of its many implementations and stimulus variations
(e.g., see Ref. 9). The BMLD effect is considered a key con-
tributor to the ability to detect and segregate signals in
natural listening environments that are often noisy and
require separation of multiple sound sources. Therefore,
further investigation of perceptual sensitivity to IAC is criti-
cal to understanding and addressing individual differences
and capabilities for navigating complex soundscapes.
Several psychophysical investigations of binaural hearing
abilities have reported larger than expected differences in per-
formance among young, normal-hearing listeners. Potential
sources of large differences are difficult to explain, and experi-
enced psychoacousticians often comment on “outliers” in bin-
aural tasks. For example, Eddins and Barber (10) reported a
wide range of performance among young listeners with nor-
mal pure tone thresholds using the BMLD paradigm. In that
study, diverging groups of individuals expressed poor sensitiv-
ity to interaural coherence (i.e., low BMLDs, 9.8 dB) and high
sensitivity to interaural coherence (high BMLDs, 18.3 dB) for
narrow-band (50 Hz), low-frequency (500 Hz) Gaussian noise
carriers. Similar results using similar methods were reported
independently by Hall et al. (11). Expressed in terms of IAC,
diotic signals presented over headphones with an IAC of +1
are perceived by listeners as a single source at the center of the
head (i.e., intracranial space). When the IAC is progressively
reduced from 1 to O, the binaural signal becomes decorrelated,
the perceptual image broadens, and is ultimately perceived as
two sources as the dichotic signal approaches perfect decorre-
lation (IAC = 0) (12). Tests of listener sensitivity to IAC change
typically consist of a comparison between a reference sound
and a target sound. Systematic manipulation of the IAC differ-
ence between the reference and target provides an assessment
of an individual’s threshold for detecting a change in IAC.
Interestingly, IAC-change thresholds are heavily influenced by
the reference IAC, where average thresholds can be very small
when the reference IAC is + 1 but can be orders of magnitude
larger when the reference IAC is O, indicating better
change detection when a narrow perceptual image broad-
ens rather than when a broad image narrows (13-15).
Though low IAC thresholds are typical when the reference
is +1, there exists a population of listeners who exhibit

very poor sensitivity to changes in IAC. These may be indi-
viduals who are typically excluded or disqualified from
studies for failing to perform well on initial screening of
the task, so the prevalence is not known. In their study,
Boehnke et al. (16), for example, showed that IAC-change
thresholds using broadband noise bursts and a reference
of +1 were less than 0.04 for four out of five subjects,
whereas the fifth subject had a threshold near 0.15.
Goupell and Barrett (17) measured IAC thresholds for a
fixed-level 10-Hz noise band centered at 500 Hz in a group
of untrained listeners and observed average IAC-change-
detection thresholds considerably higher (~0.1) than pre-
viously reported for trained listeners [cf., Spencer et al.
(18) (range: 0.005-0.004); Gabriel and Colburn (14) (mean:
0.004); Goupell and Litovsky (19) (mean: 0.005, for center
frequency = 500 Hz)]. In addition, Goupell and Barrett (17)
showed that at least six of the twenty-five listeners had IAC
thresholds above 0.15, and one listener was unable to reliably
detect a difference between perfect correlation (IAC = +1)
and perfect decorrelation (IAC = 0). This large variation in
binaural performance is remarkably similar to the observa-
tions by Eddins and Barber (10) and Hall et al. (11).

There are several potential explanations for the disparity
in performance across individuals and across studies: 1) indi-
viduals may use different strategies for extracting the most
relevant information from binaural sounds and some strat-
egies may fail for specific stimuli or perceptual tasks; 2)
some individuals may have poorer behavioral performance
than others due to poorer concentration, understanding of
the task, or attention to subtle stimulus cue(s); 3) there may
be a substantial demographic of otherwise normal-hearing
individuals unable to access certain types of binaural infor-
mation; 4) those with unusually poor performance on binau-
ral tasks may exhibit deficiencies related to (putative)
hidden hearing loss (e.g., see Refs. 20 and 21); 5) some combi-
nation of these possibilities.

Recent focus on individualized hearing health care
approaches under the umbrella of precision audiology has
spurred more interest in listeners that deviate greatly from
average psychophysical performance, despite having clini-
cally normal pure tone thresholds in quiet. Poor perform-
ance may indicate an underlying central auditory processing
deficit that can pose a challenge in difficult listening situa-
tions such as noisy environments, obtrusive interfering
sounds, the presence of distorted signals, or rapidly chang-
ing acoustic scenes. Alternatively, poor performance could
be the lower tail of a broad and poorly defined performance
distribution among listeners. It is essential to determine
whether such poor performance is related to task perform-
ance per se or to fundamental differences in auditory proc-
essing of the acoustic stimuli. As such, the possible roots of
poor performance may be better investigated using methods
such as noninvasive neuroimaging that remove the behav-
ioral component.

Neurophysiological, electrophysiological, and fMRI stud-
ies have demonstrated strong cortical and subcortical repre-
sentations of varying binaural cues [ITDs, IPDs, and ILDs;
(22-26)], including the BMLD and interaural coherence (27—
30). These relationships have been observed even during
passive imaging, when the participant is attending to a cap-
tioned video, for example, rather than to the acoustic stimuli
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being delivered to the ears. Evidence from the BMLD litera-
ture indicates that the neural bases for IAC processing occurs
at multiple levels of the ascending auditory system (24, 31).
For example, Wack et al. (31) demonstrated that individuals
with better (lower) BMLD thresholds had stronger connectiv-
ity for voxels within the brainstem. Studies of the BMLD and
the effects of aging have shown that individuals with poorer
BMLDs (typically in the older cohorts) have demonstrably
smaller cortical auditory-evoked responses to low frequency
compared with high-frequency stimuli, when measuring
sensitivity to changes in interaural phase (24, 29). The inter-
pretation of this pattern of results is that aging reduces tem-
poral fine structure encoding. None of those studies from a
neuroimaging perspective, however, have addressed the
population of individuals who exhibit poor binaural process-
ing but have normal pure tone threshold sensitivity.
Understanding the neural bases behind “normal” and “poor”
performance on a given binaural task may have important
clinical implications and also may provide motivation for
improved computational models that account for a larger
pool of binaural threshold data.

The aim of this study was to investigate the cortical repre-
sentation of interaural coherence using electroencephalogra-
phy (EEG) in two groups of listeners demonstrating high
(>0.15) and low (<0.15) IAC thresholds. If listeners who ex-
hibit high IAC behavioral thresholds simply fail to efficiently
weight available binaural cues in their decision-making pro-
cess, then early cortical neural representations of IAC-
change stimuli should not differ among the two groups. On
the contrary, if there is a fundamental difference between
listeners in the early cortical representation of IAC change,
then high TAC behavioral thresholds may reflect a failure of
the auditory system to accurately encode IAC cues needed to
perform the task. These alternative hypotheses are evaluated
in young listeners with normal pure-tone thresholds.

METHODS
Participants

Nineteen adults with normal hearing ranging in age from
19 to 36 yr (mean 22.3; standard deviation 3.6; 16 females)
were recruited to participate in this study. Inclusion crite-
rion for normal hearing was defined as pure-tone thresholds
less than 25 dB HL at octave frequencies from 250 to 8,000
Hz. In practice, hearing thresholds for all 19 participants
were well below this cutoff, as detailed in RESULTS. Inclusion
criteria also included the ability to complete the behavioral
tasks at any level of performance and a score on the
Montreal Cognitive Assessment (MoCA) test of 26 or above
(32). All procedures were approved by the University of South
Florida Institutional Review Board. Written informed con-
sent was obtained from all participants, and participants
were paid for their participation. The experiment was con-
ducted in two phases to obtain robust cohorts of partici-
pants with relatively low and high IAC thresholds. In the
first study phase, 15 participants completed the study, 11 of
whom had low (<0.15) IAC thresholds and 4 of whom had
high (>0.15) IAC thresholds. All 15 participants from phase
1 participated in the behavioral and neuroimaging portions
of the experiment. The second phase involved an initial
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screening to identify additional subjects who had high
(>0.15) IAC thresholds. During this phase, behavioral
thresholds were obtained from a total of 10 participants (4
with high thresholds and 6 with lower thresholds). The
four additional participants with high IAC thresholds went
on to complete the electrophysiological portion of the study.
In total, there were 19 participants who completed both the
behavioral and electrophysiology tests; 11 with IAC thresh-
olds < 0.15, and 8 with IAC thresholds > 0.15.

Stimuli and Procedures

Stimulus generation.

Following van der Heijden and Trahiotis (33), mixed inde-
pendent Gaussian noises (N1 = 0.5x 1 + IAC; N2 =
0.5 x v/1 —IAC) were generated with a 24,414 sampling rate,
and subsequently bandpass filtered (400-2,800 Hz) using a
Hanning window (—40 dB/octave). Digital stimuli were
routed to an RZ6 Multi I/O processor (Tucker-Davis
Technologies, Alachua, FL) and presented via ER-2 insert
earphones (Etymotic Research, Elk Grove Village, IL) at a
level of 75 dB SPL.

Procedure.

Behavioral experiment. IAC thresholds were measured
using a 4-interval, 2-alternative forced-choice paradigm with
3-down, 1-up adaptive tracking, targeting 79.4% correct on
the psychometric function (34). All participants completed
three adaptive tracks. Each interval was composed of a 400-
ms duration Gaussian noise burst (on and off ramps shaped
with 10-ms cosine-squared rise-fall envelopes), and each
interval was separated by 500 ms of silence. Intervals 1 and 4
were reference intervals (IAC = +1), whereas intervals 2 and
3 consisted of either another reference or a target stimulus
with an TAC < 1. Participants were seated in a sound-attenu-
ating booth and were instructed to indicate with a button
press which interval (interval 2 or 3) sounded different from
the others. Each interval was marked by a temporally syn-
chronous light above the interval buttons to indicate the
time at which each of the four sounds was being played.
Participants were instructed to wait to hear all four sounds
before selecting their answers and to guess if they were
unsure of the target interval. Further instructions stated
that: “At first, the different sound may seem to spread out in
your head. Over time, just listen for any difference that may
help you select the correct interval.” Correct responses were
marked by a continuous light above the correct interval but-
ton. Incorrect responses were marked by a flashing light
above the correct interval button. The final threshold for a
given participant was calculated as the mean IAC change (re:
+1) based on the last six (of 8 total) reversals in the adaptive
track. The estimated IAC threshold for each individual was
considered the geometric mean of all three runs.

IAC-ACC. During the same laboratory visit, following the
behavioral experiment, listeners participated in a passive
electroencephalography (EEG) measure. Cortical auditory-
evoked potentials (CAEP) were recorded using the N1-P2
acoustic change complex (ACC) method for assessing a
response to a change in ongoing noise (35-38). Stimulus gen-
eration, level, and delivery system were identical to the be-
havioral experiment. Stimuli were presented continuously
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during EEG recording by concatenating 1,600-ms epochs
with temporally overlapping off and on ramps. Within an
epoch, 1,200 ms of diotic noise (IAC = +1) preceded 400 ms
of decorrelated noise (IAC < 1; with +1 serving as control).
Possible IAC-change values were 0.95, 0.85, 0.75, 0.50, or
0.25 corresponding to IAC changes of 0.05, 0.15, 0.25, 0.50,
and 0.75, respectively. During each epoch, the IAC during
the 400-ms segment was chosen randomly with replacement
from the set of six possible IAC values. Each condition was
tested at least 250 times, for a total of roughly 1,500 epochs
lasting over a 40-min period. Participants listened passively
while watching a silent video without captions. The video
serves as a perceptual distractor during passive listening and
has been shown to reduce neural noise and movement arti-
facts without affecting response amplitudes or latencies (39,
40). The experimenter also monitored the subject for alert-
ness and excessive body movement.

Auditory-evoked potentials were acquired using a high-
speed amplifier (Advanced Neuro Technologies; ANT) and
an active shield, Waveguard cap with 64 sintered Ag/AgCl
electrodes (International 10-20 electrode system). Electrode
impedances were maintained at less than 10 kQ. Signals
were referenced to the mean across channels, and the
ground was located at the central forehead (AFz). The con-
tinuous EEG was recorded at a sampling rate of 512 Hz with
24-bit resolution using asalab acquisition software (ANT).
Stimulus generation, presentation, and event triggering were
controlled by custom MATLAB software. The 64-channel,
continuous EEG waveforms were reviewed and processed
within the MATLAB environment using the Brainstorm soft-
ware suite (41). All raw data files were preprocessed in the
following manner: 1) bandpass filtered between 0.1 and 100
Hz using a linear-phase finite impulse response (FIR) filter
order 2234; 2) notch-filtered at 60 Hz and 120 Hz (harmonic);
3) artifact removal (automatic detection of eye blinks based
on the frontal electrodes, identifying and marking bad chan-
nels, i.e., muscle movement and other extraneous activities,
by visual inspection on the signal traces); 4) re-referencing
to the average.

Evoked potentials. Processed waveforms were analyzed
to compute global field power (GFP) (42) across all 64 electro-
des. Epochs were based on —200 to 1,500-ms bracketing for
each change condition. Peaks corresponding to N1 and P2
(the primary components of the ACC) and a N1-P2 difference
were defined as local minima and maxima within a prede-
fined temporal window following a change in IAC (N1: 100-
160 ms, P2: 190-250 ms). Each peak was defined as the aver-
age waveform amplitude + 2 samples around the peak value.
Prior to peak selection, the average waveform representing
the no change condition (IAC = +1) was subtracted from
IAC-change conditions (43). Therefore, each waveform and
peak reflect the magnitude relative to the reference. In trials
where the N1 and/or P2 peak could not be defined, the aver-
age magnitudes were computed across the time window. All
statistical analyses were computed using SPSS Statistics 26
(IBM, Armonk, NY). To reduce Type I error, all F values
reported as a result of mixed-design ANOVAs include
Greenhouse-Geisser correction in cases where Mauchly’s
test of sphericity was violated.

Source localization. Cortical source-localized wave-
forms were calculated via standardized low-resolution brain
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electromagnetic tomography (SLORETA) (44) built into the
Brainstorm analysis suite in MATLAB (41). This technique
estimates a solution to the inverse problem (45) that approxi-
mates the neural generators that correspond to the observed
EEG scalp activity. Noise covariance was generated from
baseline per each recording. Head volume was calculated
using the boundary-element method (OpenMEEG) (46, 47),
which assumes isotropic tissue conductivities. A standar-
dized current density (nAs2m) was calculated at each of
15,000 voxels in the gray matter and the hippocampus of the
Colin27 stereotaxic registration model (48). Dipoles were
constrained to normal orientations relative to cortex. From
this solution, the cortical surface was parcellated into sepa-
rate regions of interest (ROIs) defined in the Destrieux atlas
(49) implemented in the Brainstorm software. An auditory
cortex (AC) ROI was defined by regions encompassing
Heschl’s gyrus (HG, anterior transverse temporal gyrus), pla-
num temporale (PT, temporal plane of the superior temporal
gyrus), and the temporal sulcus (TS, transverse temporal sul-
cus). Source waveforms were then used to calculate the N1-
P2 difference (range: peak to peak) at each point source, or
vertex, in the auditory cortex ROI of each subject. The N1-P2
difference measure for each condition at each vertex was
averaged and input to a full mixed-design ANOVA for statis-
tical analyses.

In a separate source-based analysis, N1-P2 differences at
each vertex were individually analyzed using a mixed-design
ANOVA to determine main effects of IAC, group (low or high
IAC threshold), and interaction effects. Those results were
subsequently mapped onto the cortical surface. Vertices
within the AC ROI with significant effects were overlaid onto
the standardized cortical surface to illustrate the anatomical
locations sensitive to change in IAC, group effects, and the
interaction between them.

IAC Modeling

A model of binaural sound processing was used to assess
the physiological parameters that may underlie individual
subject IAC thresholds. The model used was based on that
developed by Bernstein, Trahiotis, Akeroyd, and coworkers
(50-53), including functions available in Dr. Michael
Akeroyd’s “Binaural Toolbox” for MATLAB (54).

Acoustic stimuli used for computational modeling were
identical to those used in the psychophysical experiment,
consisting of band-passed (400-2,800 Hz) Gaussian white
noise bursts that were 400 ms in duration. Monaural wave-
forms were generated to represent IAC conditions ranging
from O to 1 in increments of 0.01. The first step of the model
introduced internal noise to the monaural stimulus wave-
forms, equivalent to the stimulus-dependent additive inter-
nal noise described by Bernstein and Trahiotis (53, 55),
which was interaurally uncorrelated and spectrally matched
to the acoustic stimulus. To establish the impact of monaural
internal noise on IAC sensitivity, noise levels were systemati-
cally varied from —20 to O dB (with respect to stimulus
sound level) in 1 dB steps and added to the monaural wave-
forms representing the reference or target intervals.

The model included four additional stages for transforma-
tion of the monaural stimuli that collectively represent proc-
essing of the auditory periphery: (stage 1) y tone filterbank
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with a density of 1 filter per equivalent rectangular band-
width (ERB); (stage 2) envelope compression (exponent of
0.23) (9, 56); (stage 3) half-wave rectification; and (stage 4)
low-pass filter (4th order), 425 Hz cutoff. Next, binaurally
dependent temporal jitter was added to the monaural
waveforms of each stimulus according to the following ex-
ponential formula: [t*c] where tis the IAC, a is an exponen-
tial factor characterizing increasing jitter with increasing
binaural disparity [here, set at 0.7 following Bernstein and
Trahiotis (57)], and c is a constant used to approximate the
conversion of ITD delays to levels of IAC (here, set at 150
us). The output of this formula defined the standard devia-
tion of a Gaussian distribution with a mean of zero. From
this distribution, two values were randomly selected and
the difference between those values was imposed as a tem-
poral delay (i.e., jitter) on the left-ear or right-ear wave-
form (nominally defined).

Normalized interaural correlation values were calculated
between right- and left-ear waveforms for the standard ref-
erence and target stimuli and then were transformed to
Fisher’s z scores. This process was repeated 500 times for
each combination of IAC (101 levels) and internal noise (21
levels). Distributions of Fisher z scores were then used to
compute a decision variable based on the following
formula:

da

2 2 ’
qm+cm

2

where p ) and p(y) correspond to the means, and o, and
ch) to the variances of the reference (R) and target (T) Fisher
z-score distributions (57). The final result of this process is a
decision variable (d,) that represents the sensitivity of the
model for detecting the difference between the reference
and target intervals.

Further measurements using the binaural model explored
the effects of reference intervals with IAC other than 1. For
this simulation, reference IAC was varied from O to 1 in
increments of 0.01. For each of these levels of IAC, the IAC of
the target interval was also varied from O to 1 in increments
of 0.01, in a process repeated 50 times, resulting in a d, value
for each combination of reference and target IAC.
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RESULTS
Behavioral Measurement of IAC Thresholds

There were a total of 19 participants who completed both
the behavioral and electrophysiology tests; 11 with IAC
thresholds <0.15, and 8 with IAC thresholds >0.15. Figure 1A
demonstrates how participants were subdivided using a cut-
point grouping method to designate cohorts of low IAC
threshold (M = 0.04, SD = 0.02) and high IAC threshold (M =
0.30, SD = 0.18). The boxes and whiskers indicate minimum,
first quartile, median, third quartile, maximum, and individ-
ual TAC thresholds on the ordinate for the two participant
groups listed on the abscissa. Groups are differentiated by
symbols: closed circles represent the low IAC-threshold
group, open circles represent the high IAC-threshold group,
and Xs represent individual low IAC thresholds from the sec-
ond recruitment phase (mean = 0.05, SD = 0.02) not included
in the EEG analyses. Notably, one participant exhibited an
IAC threshold of 0.73 (Fig. 1A, red cross). Though this value
is relatively large compared with the other participants, it
did not meet the criteria of greater than 3 standard devia-
tions from the group mean to be considered an outlier and
was included in all statistical analyses. We also explored the
correlation between the IAC thresholds and the hearing
thresholds (Fig. 1B). The pure tone averages represent
thresholds for left and right ears. No significant correlation
was observed between IAC thresholds and the hearing
thresholds (#* = 0.055, n = 25, P = 0.258), indicating that the
variance in IAC thresholds cannot be predicted from the
hearing thresholds. Similarly, no correlation was found
when we excluded six individuals with low IAC thresholds
from the second phase (#* = 0.032, n =19, P = 0.463).

Pure Tone Thresholds

Although all subjects met the pure tone threshold inclu-
sion criteria, there could remain systematic differences in
hearing sensitivity between the two groups of subjects that
emerged from the IAC task. As a first pass, pure tone aver-
ages were computed by averaging the ear-specific pure tone
thresholds for 500, 1,000, and 2,000 Hz. For the left ear, the
pure tone average thresholds were similar for the low IAC-
threshold group (2.73+5.00 dB HL) and the high IAC-
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Figure 1. Interaural correlation (IAC) thresholds across groups and a linear regression of IAC threshold and hearing threshold. A: the IAC-thresholds for
the low and high IAC-threshold groups. Box and whisker plots represent minimum, first quartile, median, third quartile, and maximum IAC thresholds for
the low- and high IAC-threshold groups. The scatter plot shows IAC thresholds for each individual. B: a scatter plot and a linear regression of IAC thresh-
old and hearing threshold. For both panels, groups are differentiated by symbols, closed circles represent the low IAC-threshold group, open circles rep-
resent the high IAC-threshold group, and Xs are individual low IAC thresholds of the second phase that are not included in the electroencephalography

(EEG) analyses. The horizontal lines represent the cut-off value at 0.15.
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threshold group (2.88+3.09 dB HL), with no significant
between-group difference (t;; = —0.07, P = 0.942, d = 0.02).
Likewise, for the right ear, pure tone average thresholds were
similar for the low IAC-threshold group (3.27+3.26 dB HL)
and high IAC-threshold group (3.38+2.83 dB HL), with no
significant between-group difference (¢;; = —0.07, P = 0.944,
d = 0.02). Pure tone threshold at 4 kKHz was considered for
each ear and each group. For the left ear, there were no sig-
nificant (17 = 0.11, P = 0.911, d = 0.02) differences in pure
tone threshold at 4 kHz between the low IAC-threshold
group (2.73+5.18 dB HL) and the high IAC-threshold group
(2.5+2.67 dB HL). Likewise, for the right ear, threshold differ-
ences at 4 kHz between the low IAC-threshold group
(1.82+3.37 dB HL) and the high IAC-threshold group
(0.63+7.29 dB HL) were not significant (¢;; = 0.48, P = 0.637,
d=0.10).

Electrophysiological Sensitivity to Change in IAC

Global field power.

Waveforms reflecting the global field power (GFP) across 64
electrodes were collected in response to IAC changes.
Waveform morphology, shown in Fig. 2, was consistent with
the within-trial change in the acoustic stimulus giving rise to
the observed auditory change complex (ACC), which exhib-
ited amplitude peaks around 100 ms (N1) and 200 ms (P2)
poststimulus change. The magnitude of the N1-P2 complex
was typically larger for greater IAC changes such as 0.75
(IAC: 1 — 0.25) and 0.5 (IAC: 1 — 0.5) and decreased as the
IAC change decreased and approached the minimal (IAC:
1 — 0.95) and no-change (IAC: 1 — 1) conditions. Figure 2,
left, presents the average GFP waveform from the 11 par-
ticipants in the low IAC-threshold group, whereas the
right panel presents the average GFP waveform from the 8
participants in the high IAC-threshold group.

Values for the N1-P2 amplitude difference were extracted
for each subject and submitted to a mixed-design ANOVA
with a within-subject factor of IAC (5 levels) and a between-
subjects factor of group. See Supplemental Table S1 (all
Supplemental Tables are available at https://doi.org/
10.6084/m9.figshare.17003386.v1) for separate ANOVA
results for each component of the waveform, N1 and P2.
Results in Table 1 present ANOVA results for the N1-P2 am-
plitude range. There was a significant main effect of IAC
(F3.4,40.4=11.58, P < 0.001, np = 0.405), but no significant
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main effect of group. There was, however, a significant
interaction between IAC and group (Fs4, 404=3.03, P =
0.050, ng = 0.151).

Post hoc analyses examining the effect of IAC change
on N1-P2 amplitude.
Consistent with the results of the ANOVA and Fig. 2, signifi-
cantly larger response magnitudes were observed as a func-
tion of increasing IAC change (Fig. 3). Notably, for the low
IAC-threshold group, the increase in response amplitude as
a function of IAC change was linear, with an 7? value of 0.96,
P=0.002. A similar linear regression for the high IAC-thresh-
old group was nonsignificant (2 = 0.65, P = 0.063).
Comparison of the N1-P2 amplitude range for the low- and
high IAC-threshold groups at each IAC-change level reveals
larger amplitudes at all levels for the low IAC-threshold
group, except for the smallest (IAC 1 — 0.95) change level
(Fig. 3). This between-group difference was significant at the
1 — 0.75 IAC-change level (¢, = 2.4, P = 0.032, d = 0.52;
Bonferroni corrected); with means of 1.08+0.65 pV for the
small and 0.58+0.20 pV for the large IAC-threshold group
(see Supplemental Table S2 for paired ¢ test results of all IAC-
change levels).

Cortical source localization.

Cortical source analysis was performed to provide additional
information on the cortical generator locations and hemi-
spheric distribution of binaural coding. Three main auditory
cortical ROIs were included: HG, PT, and TS. Results were
further examined across left and right hemisphere to deter-
mine hemispheric dominance for the N1-P2 component of
the source waveform. Results of a mixed-design ANOVA are
reported in Table 2 for the NI1-P2 source amplitude

Table 1. Repeated-measures analyses of variance based
on the absolute difference between N1 and P2 peaks
(the N1-P2 amplitude range) in GFP waveform

Effect Fas P Value na
IAC 115824404 <0.0071%* 0.405
Group 1700 0.209 0.091
IAC x Group 3.0324404 0.050* 0.151

IAC, interaural correlation. Significances are indicated at the
*0.05 and **0.001 level.
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Figure 3. Average global field power (GFP) amplitude of the N1-P2 range
for the low (n = 11) and high (n = 8) interaural correlation (IAC)-threshold
groups at each IAC-change level. Error bars represent SEM. Asterisks
denote significant differences at the 0.05 level, Bonferroni corrected. The
horizontal bars only apply to the low IAC-threshold group.

differences associated with each source (see Supplemental
Table S3 for individual N1, P2 results). A significant main
effect of IAC was observed for all three ROIs: HG (F ¢g = 3.88,
P = 0.007, nf, = 0.186), PT (F,3305 = 4.81, P = 0.010, nf) =
0.221), and TS (F4 ¢g = 7.60, P < 0.001, ng = 0.309), reflecting
significantly larger N1-P2 source amplitudes for larger com-
pared with smaller levels of IAC change. Following post hoc
analysis with correction for multiple comparisons, signifi-
cant differences were observed in the TS for IAC-change
comparisons of 0.7 (1 — 0.25vs. 1 — 0.95) and 0.2 (1 — 0.75
vs.1— 0.95).

In addition to sensitivity to IAC, source analysis revealed a
significant main effect of hemisphere in the PT region (F; 7 =
4.56, P = 0.048, ﬂf) = 0.211), reflecting a significantly [0.17
(95% CI, 0.002-0.333) nAs?m, P = 0.048] larger N1-P2 source
amplitude in the right (0.62 + 0.08 nAs2m) than left hemi-
sphere (0.45 * 0.05 nAs2m). A significant main effect of
group was observed in HG (Fy ;7 = 4.81, P = 0.043, np = 0.220),
reflecting significantly larger N1-P2 source amplitudes for
the low IAC-threshold group compared with the high IAC-
threshold group. Significant interactions between IAC and
group were also observed in HG (Fy6g = 2.70, P = 0.038, nfj =
0.137) and TS (F4 ¢ = 3.63, P = 0.010, np = 0.176).

One advantage of source analysis is that it represents cort-
ical source activity in common space across subjects.
Therefore, in an alternate analysis, rather than collapsing all
point source vertices within an ROI, a mixed-design ANOVA
was computed for the data from each vertex within the three
auditory ROIs (PT, HG, and TS). The result serves to illustrate
the specific regions of sensitivity to changes in IAC and
group differences (P < 0.05, uncorrected) in left and right
hemisphere (Fig. 4). Clusters of vertices representing main
effects of change in IAC and group are observed throughout
all three ROIs, with areas of colocalized main effects in HG
(Fig. 4, white circles) marked as patches of blue (main effect
of TAC) with surrounding patches of red that represent the
main effect of group. Small clusters that represent an inter-
action between the IAC and group were observed in both
hemispheres, notably in posterior regions of the combined
ROI (Fig. 4, green patches).

Correlation of Behavioral and Cortical Sensitivity to
ChangesinlAC

To better understand the relationship between behavioral
and physiological sensitivity to changes in IAC, Pearson cor-
relation coefficient and regression analyses were calculated
to assess the relationship between behavioral thresholds and
the cortical source-derived responses. We explored the

Table 2. Repeated-measures analyses of variance output of N1-P2 source amplitude from 3 ROIs

ROIs Effect Fas P Value n2

HG IAC 3.884638 0.007* 0.186
Hemisphere 3.36147 0.084 0.165
IAC x Hemisphere 1.01468 0.408 0.056
Group 4.81117 0.043* 0.220
IAC x Group 2.70468 0.038* 0.137
Hemisphere x Group 0.05:47 0.823 0.003
IAC x Hemisphere x Group 1.81463 0.137 0.096

PT IAC 48153308 0.010%* 0.221
Hemisphere 4.56, 47 0.048* 0.21
IAC x Hemisphere 0.785 7465 0.499 0.044
Group 417147 0.057 0.197
IAC x Group 29453308 0.057 0.148
Hemisphere x Group 0.07447 0.801 0.004
IAC x Hemisphere x Group 1.2727.465 0.296 0.069

TS IAC 7.60465 <0.001%* 0.309
Hemisphere 2.01447 0.174 0.106
IAC x Hemisphere 1.54, 65 0.202 0.083
Group 3.2947 0.087 0.162
IAC x Group 3.634638 0.010%* 0.176
Hemisphere x Group 0.144 17 0.711 0.008
IAC x Hemisphere x Group 140468 0.243 0.076

HG, Heschl’s gyrus; IAC, interaural correlation; PT, planum temporale; ROI, regions of interest; TS, temporal sulcus. Significances are

indicated at the *0.05 and **0.001 level.
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correlation across each ROI (HG, PT, and TS). The strongest
relationship was observed in PT in the left hemisphere for a
change in IAC equal to 0.25. As shown in Fig. 5, a significant
negative correlation was observed between IAC-threshold
and the N1-P2 source amplitude (+* = 0.302, n =19, P = 0.015).
This indicates that 30.2% of the variance in IAC thresholds
can be predicted from source amplitudes in the left PT. No
other significant correlations were observed between IAC
threshold and the N1-P2 amplitude, whether quantified with
GFP or source amplitude, or for any other ROIs.

Summary of electrophysiological data.

Analyses based on GFP and cortical source analysis show a
number of consistent patterns. As the change in IAC
increases, cortical responses increase (Fig. 3). This effect was
weaker in individuals who exhibited high IAC thresholds
(i.e., behaviorally less sensitive to IAC), and was most evi-
dent in response to stimuli with an intermediate change in
IAC (0.25, Fig. 3). The strongest relationship between behav-
ioral TAC threshold and cortical response was observed in
left hemisphere PT, also in response to an intermediate IAC
change of 0.25 (Fig. 5).
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Figure 5. Scatter plot for Pearson correlation coefficient between interau-
ral correlation (IAC)-threshold and N1-P2 source amplitude from the left
planum temporale (PT), in response to an IAC-change of 0.25 (1 — 0.75).
Closed circles represent the low IAC-threshold group, open circles the
high IAC-threshold group.
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Right Hemisphere

' <4— Posterior

Figure 4. Topographic organization of cort-
ical source vertices sensitive to changes in
interaural correlation (IAC) (red patches),
group (blue patches), and the IAC x Group
interaction (green patches) in left and
right hemispheres. White ovals represent
Heschl’s gyrus (HG).

Modeled Simulations of IAC Sensitivity

To better understand the potential physiological mecha-
nisms underlying the wide range of behavioral IAC thresh-
olds, stimuli identical to those used in the behavioral
experiments were tested using a binaural processing model
with varying levels of internal noise (21, 50-53). The ability
of the binaural model to detect the difference between a ref-
erence and target stimuli was tested with varying amounts
of added internal noise at the initial monaural stage. In all
steps of this simulation, the reference remained at IAC equal
to +1, whereas the target IAC varied from O to 1 in steps of
0.01. At each of these comparison steps, the amount of inter-
nal noise was varied between —20 and O dB. This process
was repeated 500 times for each combination of reference,
target, and internal noise.

The output from the binaural model is a decision variable
(d,) which represents a measure of discrimination between
the reference and target stimuli. Typically, as the difference
in IAC between the reference and target gets smaller, the
detection performance of the model decreases, reflected by
lower d, values. Similarly, as the amount of internal noise
increases, performance of the model decreases. In Fig. 6, a
threshold contour for a set d, value of 2.6 (black line) shows
the ability of the model to detect the difference between the
reference and target for increasing change in IAC and
increasing internal noise. At large IAC changes (toward the
right in Fig. 6), the model maintains an ability to detect the
IAC difference despite high levels of internal noise
(approaching O dB), or the level equivalent to the actual
stimulus. As the change in IAC decreases, model perform-
ance in the presence of internal noise decreases precipi-
tously, approaching an internal noise of —15 dB for very
small IAC changes. Additional d, contours above and below
the 2.6 threshold demonstrates how this parameter shifts the
estimate of internal noise. Setting d, at 2 for example, results
in an estimate of internal noise for the most extreme individ-
ual threshold (IAC threshold of 0.73) that is higher than the
stimulus level.

IAC behavioral thresholds for each individual are shown
as circles (Fig. 6) along the model output threshold contour.
The location of each of these individual data points with
respect to the corresponding internal noise indicates that
the low IAC-threshold group (filled circles, mean —9.67 dB,
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black triangle) and the high IAC threshold group (open
circles, mean —2.93 dB, gray triangle) are separated by 6.74
dB of internal noise.

In a second simulation, the IAC of both the reference
and target intervals was manipulated. Similar to the first
simulation, the model performed well at differentiating
the reference from target stimuli for large IAC differences
(Fig. 7A). As the IAC of the reference and target become
more similar, model performance decreased, describing a
perceptual range delineated by detection threshold (Fig.
7A, green and red contours) and the unity line (Fig. 7, gray
diagonal) where the model is unable to distinguish the ref-
erence and target (as they are identical). The breadth of
this “blurred” perceptual range grows with increasing lev-
els of internal noise, exemplified by the distance between
the green and red lines (Fig. 7B) that represent internal
noise levels of —9.5 and —2.5 dB, associated with the low
and high TAC-threshold groups (i.e., triangle symbols in
Fig. 6). The range of perceptual blur exhibited by the
model systematically increases as the reference IAC
decreases, but maintains a consistent difference between
different levels of internal noise (Fig. 7B, gray line), indi-
cating that this effect (more difficulty in discriminating
IAC change when the reference is a small IAC) similarly
impacts listeners across the IAC-sensitivity spectrum.

DISCUSSION

The goal of this study was to examine the relationship
between individual differences related to behavioral sensi-
tivity to IAC and corresponding cortical responses. In all par-
ticipants, cortical response magnitude increased as the
change in IAC increased. This effect was greater in partici-
pants who demonstrated high psychophysical sensitivity
to IAC (low IAC thresholds) and was muted in participants
with poorer psychophysical sensitivity to IAC (high IAC
thresholds).
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Variability in IAC Sensitivity

Reports by Bernstein and Trahiotis (20, 21, 57) and
Schaette and McAlpine (58) indicate the possibility of a sub-
group of listeners who exhibit compromised sensitivity to
binaural cues, termed “hidden hearing loss.” In the work by
Bernstein and Trahiotis, the subgroup of subjects with
poorer binaural sensitivity also has demonstrably elevated
pure tone thresholds at 4 kHz (>7.5 dB HL) relative to indi-
viduals with better binaural sensitivity. This relationship
was considered as a potential indication of hidden hearing
loss, characterized by slight elevation in high-frequency
pure tone thresholds and marked reduction in binaural hear-
ing performance. To evaluate the possibility of hidden hear-
ing loss, however, in the current subgroups, pure tone
threshold at 4 kHz for each ear between the low IAC-thresh-
old group and the high IAC-threshold group were not signifi-
cant. Thus, slight elevation of pure tone threshold is not a
phenotype of binaural hearing abilities or deficits in the cur-
rent group of participants. Like the data presented here,
Goupell and Barrett (17) used low-frequency stimuli and a
reference interval with an IAC of +1, and their data set,
which included a majority of inexperienced participants,
exhibited IAC thresholds ranging from 0.05 to 0.3.
Consistent across all of these studies is the observation that
there exists a population of individuals with low sensitivity
to binaural cues (16, 17, 20).

Current understanding of the neural basis for these dif-
ferences in sensitivity relates to a disruption of afferent
neurons in the auditory nerve to an imbalance of excitation-
inhibition in the auditory cortex characterized by downregu-
lation of inhibitory processes and an increase in central gain
(59-61). Increase in central gain has a minimal effect for
hearing capability in quiet environments but does disrupt
the ability to separate sound sources such as speech in high-
noise environments. In general, the evidence from animal
models is in agreement with human psychophysics and
computational models of the auditory system that account
for deficits in target-in-noise detection as a function of inter-
nal noise at the peripheral level (21, 57). From a biological
perspective, it remains to be seen whether internal noise rep-
resents a single source of imprecise temporal encoding at the
point of sound transduction, or represents a summation of
degradations at multiple levels of the ascending monaural
and binaural integration pathways (21).

Cortical Sensitivity to IAC

Among the many questions about individuals with com-
promised sensitivity to IAC is whether there is a processing
deficit in the periphery (e.g., related to hidden hearing loss),
somewhere in the ascending central auditory system, or sim-
ply reflects under performance in or misunderstanding of
the behavioral task. EEG results from the present study can-
not provide a direct answer but do indicate that differences
in the preattentive representation of IAC in the auditory cor-
tex among the two participant groups is correlated with per-
ception. Specifically, significantly reduced N1-P2 evoked
potentials were observed in the low-sensitivity IAC group
(Fig. 2), notably in response to an intermediate change in
IAC from 1 to 0.75 (Fig. 3). It is interesting to consider why
the only significant difference between the two groups was
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Figure 7. Discrimination performance of the binaural model for a compre-
hensive combination of reference and target interaural correlations (IACs)
for two levels of internal noise representing the low (—9.5 dB) and high
(—2.5 dB) IAC-threshold groups. A: poor discrimination observed for simi-
lar reference and target IAC level (dashed gray diagonal). Performance
exceeds threshold as IAC difference between reference and target
increases (threshold indicated by red and green contours). White arrows
represent the amount of IAC change needed between reference and tar-
get to reach detection threshold. B: the range of IAC-change necessary
for detection decreases as the reference IAC approaches 1 for both inter-
nal noise levels (red and green lines). The range of IAC change needed
for detection is a fixed constant relative to the internal noise level (gray
line).

observed for an IAC change of 0.25. One possible interpreta-
tion is that for levels of IAC change that are greater than be-
havioral IAC threshold (group means: 0.04 and 0.3 for low-
and high IAC-threshold groups), within-group variability
increases with increasing IAC change. The IAC-change level
of 0.25 is still below or near threshold for the high IAC-
threshold group but significantly above threshold for the low
IAC group leading to a significant difference between the
groups. At higher IAC-change levels, the variability across
subjects increases as the waveform magnitude increases and
we do not see significant differences that meet the statistical
criterion following correction for multiple comparisons.

Further examination of results based on source analysis
(Fig. 4) revealed effects throughout auditory cortex, includ-
ing initial (Heschl’s gyrus), and ascending levels (planum
temporale) of the cortical processing hierarchy (62, 63).
Importantly, this relationship indicates that differences in
performance for the low- and high-threshold groups should
not be attributed strictly to differences in task understanding
or other performance-driving factors such as concentration
or attention. Rather, the present data indicate underlying
auditory perceptual differences between the two groups
that manifest in preattentive stages of auditory cortical
processing.

There are some inconsistencies in statistical results
between the GFP and the source analysis. The IAC x Group
interaction for the GFP analysis is weak, with a P value of
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0.050 for the N1-P2 evoked potentials. In the source analysis,
despite showing the strongest relationship between behav-
ioral IAC threshold and the source amplitudes, in the PT ROI
the main effect of Group and the TIAC x Group interaction
has a P value of 0.057 (for both). At this point in time, we can
only speculate about the true distribution of listener sensi-
tivity to this cue across the greater population. The study
design presented here focused on a two-group approach, but
increased N with IAC-threshold analyzed as a continuous
variable, or a three-group approach with low, intermediate,
and high IAC thresholds may provide greater statistical sen-
sitivity to the modulatory effects of IAC change on cortical
response amplitudes. It also should be noted that the
strength of EEG for neuroimaging is in its temporal preci-
sion. Source analyses provide a means for extracting spatial
information from EEG datasets, but it is possible that an
alternate modality such as fMRI may provide a more detailed
(albeit with its own limitations) understanding of the cortical
regions that best reflect the behavioral sensitivity to IAC.

Binaural Model of IAC

The binaural model of auditory processing evaluated here
(20, 21, 57) provides a valuable means for evaluating poten-
tial mechanisms of processing deficits. Results indicate that
varying levels of internal noise, when introduced at the pe-
ripheral, monaural processing stage, are sufficient to disrupt
the performance of the binaural model to a range that is
comparable with the psychophysical range exhibited by the
19 individuals in the study. On average, the model approxi-
mated a difference in internal noise of 7 dB (—9.5 dB com-
pared with —2.5 dB) separating the low- and high IAC-
threshold groups. This is in strong agreement with modeling
results comparing IAC thresholds of individuals identified
with purported hidden hearing loss to a control group (21). In
that study, IAC detection thresholds were measured using
100 Hz Gaussian noise centered at 250, 500, and 4,000 Hz.
Their results indicated internal noise differences between
the two groups of —5.4, —4.9, and —8.6 for the 250, 500, and
4,000 Hz stimuli. Relative to Bernstein and Trahiotis, the
present study had substantially broader stimulus bandwidth
and naive participants that lacked hidden hearing loss as
manifested by elevated pure tone thresholds. Nevertheless,
results from both studies support the hypothesis that there is
internal noise in the monaural processing stage that inter-
feres with sensitivity to IAC cues. This internal noise may be
reflective of “hidden hearing loss” whereas the elevated, but
normal pure tone thresholds of Bernstein and Trahiotis may
be secondary to the hidden hearing loss or an anomaly asso-
ciated with small sample sizes.

The modeling results presented in Fig. 7 indicate that the
perceptual blur (i.e., inability to discriminate between refer-
ence and target) narrows with increasing reference IAC. The
range of perceptual blur increases with larger levels of inter-
nal noise (—2.5 dB vs. —9.5 dB), but the slope of the function
does not change with greater internal noise. This effect is
demonstrated by the stable relationship between the two in-
ternal noise levels (Fig. 7B, —2.5 dB; red line, —9.5 dB; green
line). This is a simulation of a simple psychophysical experi-
ment that would quantify IAC thresholds across a wide range
of listeners using a comprehensive range of reference-IAC
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levels. Based on the simulation we would expect consistent
patterns of decreased IAC thresholds with increasing refer-
ence IAC regardless of the individuals’ ability to detect an
IAC change.

Hemisphere Specialization

Evidence for binaural representation specialization in the
human neuroimaging literature is somewhat mixed due to
variability among experimental paradigms and imaging
modalities. In general, studies show that the left hemisphere
represents fundamental features of auditory space, typically
characterized by a strong response to sound in the contralat-
eral hemifield (contralateral > ipsilateral), whereas the right
hemisphere represents bilateral information (both hemi-
fields) when encoding sound location, notably during active
task engagement (64-67). This generalization is supported
by case studies, where unilateral lesions in right hemisphere
led to spatial discrimination deficits for sounds originating
in both hemifields, whereas lesions in left hemisphere
resulted in deficits to sounds in just the right hemifield (68,
69). Unlike ILD and ITD cues, the perception of IAC is lateral-
ized symmetrically, meaning there is no inherent contralat-
eral-ipsilateral processing differential in the auditory cortex
associated with IAC as a binaural cue. Previous studies using
fMRI (27) and magnetoencephalography (MEG) (43) have
shown roughly bilateral IAC representation.

Despite an overall greater response in right hemisphere
PT than left hemisphere PT, results from the current study
show a significant correlation with behavioral sensitivity in
left PT. One possible interpretation relates to the role of
attention. Much of the evidence for bilateral representation
of auditory space in right hemisphere comes from studies
that have an element of active engagement by the partici-
pant, while participants in the EEG portion of this study pas-
sively listened to the auditory stimuli. The results of this
experiment fit the hypothesis that left hemisphere reliably
represents right auditory space, whereas right hemisphere
represents both left and right auditory space with an active
engagement requirement. A follow-up experiment in which
EEG is recorded simultaneously with a behavioral measure
might fill in the blanks regarding hemispheric specialization
for IAC.

Conclusions

The present study demonstrates that group differences
associated with IAC-change detection are measurable in pre-
attentive cortical EEG responses. Results further support
previous observations that there exists a significant number
of individuals with otherwise normal audiometric hearing
profiles that have poor sensitivity to binaural information.
Results of modeling the binaural processing system indicate
that individual differences in IAC sensitivity may be linked
to internal noise, as demonstrated by an approximate 7-dB
difference in internal noise between the low and high IAC-
threshold groups.
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