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Abstract – Auditory spatial discrimination measures, including interaural time difference (ITD), interau-
ral level difference (ILD), minimum audible angle (MAA) and bisection accuracy (BA), are key components
of spatial auditory processing and contribute to accurate sound localization. Age-related declines in these
abilities can negatively impact spatial awareness and daily communication. The study investigated the
sensitivity of four spatial hearing measures – ITD, ILD, MAA and BA to age-related changes in auditory
spatial discrimination. An experimental cross-sectional study design was adopted, with purposive sampling
of 44 clinically normal-hearing participants (22 young and 22 middle-aged adults). Spatialized white noise
bursts were generated by convolving signals with non-individualized head-related transfer functions using
the 3D Tune-In Toolkit, a software environment for simulating 3D audio over headphones. ITD and ILD
tasks involved detecting time and intensity differences between ears. MAA assessed the smallest discrim-
inable angle. BA measured the ability to bisect auditory space into two hemifields. MANOVA revealed
significant main effect of age across all measures (p < 0.001), with middle-aged adults showing signifi-
cantly poorer spatial discrimination. Receiver Operating Characteristic analyses identified MAA as the
most sensitive measure. Fisher’s Discriminant analysis further validated the discriminatory power of MAA
for group categorization. These findings suggest that auditory spatial discrimination abilities may begin to
show subtle changes at mid-adulthood. The MAA shows to be a promising marker out of the four measures
for detecting early spatial processing deficits.

Keywords. Auditory, Spatial discrimination, Virtual, Interaural time and level difference, Minimum
audible angle, Bisection accuracy, Aging

1 Introduction

In daily life, distinguishing between different sound
sources supports communication, attention, and safety.
While sound discrimination encompasses multiple aspects
like frequency, amplitude, and temporal patterns, spatial
sound discrimination focuses explicitly on the ability to
locate and distinguish sound sources in three-dimensional
space [1]. This construct can be broken down to several
key facets: lateralization, which refers to the perception
of a sound’s left-right position primarily through inter-
aural time differences and level differences (ITDs and
ILDs) [2–4], localization precision using minimum audible
angle (MAA) [5–9], and spatial mapping which involves
perceiving and organizing sounds within a broader spa-
tial framework, typically evaluated via bisection thresh-
old [10, 11]. Like any other sensory and cognitive
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function, age-related changes can alter spatial hearing
abilities. Declines in spatial processing have been linked
to difficulties with navigation, object recognition, and
everyday task completion [12, 13]. Recent research has
reported a decline in binaural hearing pertaining to tem-
poral and spatial processing abilities with advancing age.
Studies have shown that older adults exhibit reduced sen-
sitivity to temporal fine structure and modulation cues,
indicating a decline in neural timing precision [14–17].
Evidence from electrophysiological and behavioral mea-
sures further suggests age-related degradation in binaural
temporal processing, affecting the encoding of interaural
time and level differences [18–21]. Consequently, older lis-
teners demonstrate reduced spatial release from masking
and poorer lateralization performance [22–25], underscor-
ing the combined influence of peripheral and central audi-
tory declines on spatial hearing in aging. Gallun and Best
[26] have linked reduced sensitivity to interaural cues,
impaired neural encoding of spatial information, and
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cognitive decline in spatial release from masking, atten-
tion and working memory. Early detection of these
deficits is important to allow for interventions to help
maintain independence and quality of life as individuals
age.

In the context of spatial discrimination, each task
tests different cues that contribute to spatial hearing.
ITD measures assess the listener’s ability to detect
microsecond-level temporal disparities between ears. On
the other hand, ILD measurements quantify sensitivity
to interaural intensity variations measured in decibels.
Although ITD and ILD thresholds are typically done
for pure tones [27–29] or narrow-band noises [3], respec-
tively, few studies have measured these binaural differen-
tial thresholds using white noise [30, 31]. The normative
ITD and ILD ranges between 0.01 to 0.05 milliseconds
(ms) [27–29] and between 0.5 dB and 2.5 dB for pure tones
[32], respectively. Thavam and Dietz [3] found thresh-
olds of 0.01 and 0.0107 milliseconds for 600–1000 Hz noise
and 20–1400 Hz noise, respectively. Limited spectra cues
in narrower bandwidths and temporal smearing in wider
bandwidths yielded higher thresholds. ILD thresholds of
0.5–4 dB were obtained, when Gaussian noise was used
[33]. Nisha et al. [30] reported that ITD thresholds from
0.01 to 0.06 ms and 0.03 to 1.2 ms for young adults
(21–40 years) and middle-aged adults (41–60 years) for
white noise bursts. In the same study, the ILD thresh-
olds ranged from 0.5 to 2 dB and 0.8 to 3 dB in young
and middle-aged adults, respectively.

The MAA measures the minimum angular separation
required for discriminating between two sound source
positions in the azimuthal plane [5]. MAA was found
to be as close to 1◦ for a broadband click stimulus pre-
sented using an array of 13 loudspeakers [34]. Agguis-
Vella et al. [11] reported MAA ranged from 3◦ to 15◦
using 100 ms long white noise bursts at a level of 65 dB
SPL in an 11 loudspeaker setup in normal hearing young
adults (mean age: 38.5 years, SD: 8.4 years). Vector-based
amplitude panning yielded an average MAA of 1.1◦ with
Gaussian noise in adults aged 22 to 29 years [9]. Under
headphones, MAA for a 100 ms long band pass noise
(300–1200 Hz), mean thresholds were 9.7◦ with a devi-
ation of 8.3◦ for adults aged 18–25 years [6]. With aging,
individuals experience subtle declines in auditory process-
ing that may affect their ability to detect small angular
differences between sound sources [35]. Freigang et al.
[36] measured MAA in the free-field using low- (0.375–
0.75 kHz) and high-frequency (2.25–4.5 kHz) noise bands
in young adults aged 20–29 years and older adults aged
65–83 years. The MAA thresholds ranged from 2◦ to 5◦
for the central position. They reported advancing age to
affect the mean MAA’s in young adults to mean ∼4.5◦ in
young adults to ∼12.5◦ in older adults.

The auditory bisection test, a contemporary addi-
tion to spatial discrimination assessment protocols where
participants identify the perceived midpoint or bound-
aries between two or more sound sources to gauge
spatial acuity [37]. Using an auditory bisection task,
Agguis-Vella et al. [11] assessed normal hearing listeners’

abilities (mean age: 38.5 years, SD: 8.4 years) to partition
the horizontal plane into left and right hemifields. This
study showed that the bisection threshold lies between
1◦–12◦. Another study measured the bisection thresh-
old in free-field (11◦–14◦) and closed-field (11◦–33◦) [10].
A variant of bisection thresholds is the bisection accu-
racy score, which is conceptualised in the current study.
Bisection accuracy (BA) calculates discrimination scores
instead of arriving at the threshold and can be opera-
tionally defined as the ability to determine the relative
position of a target sound in relation to two fixed refer-
ence points. It can also serve as a complementing mea-
sure of auditory discrimination with less testing time,
with outcome scores reflecting real world spatial process-
ing demands. In this task, reference sounds are presented
at distinct spatial locations (90◦ towards left, and 90◦
towards right), interleaved with a target sound (which
can be closer to right or left reference sounds). The lis-
tener’s task is to judge whether the target sound’s posi-
tion is spatially closer to the left or right reference point.
This measure provides valuable insights into the ability to
mentally partition auditory space [38, 39]. BA may have
particular relevance for clinical populations such as indi-
viduals with hemispatial neglect [40]. BA assesses rela-
tional judgments in auditory fields, whereas MAA tracks
fine-grained discriminability.

While various measures exist to assess spatial discrim-
ination, there is limited understanding of which measure
best predicts age-related changes in spatial hearing abil-
ities. Age-related reductions in temporal fine-structure
sensitivity and neural synchrony are expected to degrade
ITD processing, while high-frequency hearing loss may
further affect ILD sensitivity [41–43], providing a mech-
anistic rationale for the present spatial discrimination
focus. Together, all four tasks offer a progression from
basic binaural cue sensitivity (ITD/ILD) to percep-
tual discrimination (MAA) and spatial mapping (BA),
enabling a multidimensional assessment of spatial hear-
ing. By comparing these measures, the research seeks
to: (1) identify behavioural indicators of spatial hearing
decline across age, (2) determine which measure offers
the most predictive power, and (3) identify the most effi-
cient diagnostic tool for early detection of spatial hearing
deficits specific to auditory spatial discrimination.

2 Methods

2.1 Research design

An experimental cross-sectional research design [44]
with two age groups: young adults and middle-aged
adults was employed. All participants were recruited
using purposive sampling.

2.2 Participants

44 participants with clinically normal-hearing individ-
uals with pure tone average (PTA) of <15 dB HL at 0.5,
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Figure 1. Left–right threshold differences (dB) across fre-
quencies (0.25–4k Hz) in young and middle-aged adults. Each
box shows the mean, SD, and individual data points, with zero
representing perfect interaural symmetry. While middle-aged
adults (green) exhibit slightly greater variability, group differ-
ences in interaural threshold asymmetry were not statistically
significant.

1, 2, and 4 kHz were divided into two age groups: 22 young
adults (12 females and 10 males) aged 18 to 40 years
(Mean: 26.15; SD: 2.96) and 22 middle-aged adults (9
females and 13 males) aged 41–60 years (Mean: 49.00;
SD: 6.51).

Audiometric air conduction thresholds were measured
for each participant at frequencies 0.25k Hz, 0.5k Hz,
1k Hz, 2k Hz and 4k Hz. The interaural difference in
thresholds was generally less than or equal to 10 dB
HL at all frequencies tested. Figure 1 depicts individ-
ual frequency specific interaural differences. Audiomet-
ric PTA values ranged from 2.5–11.25 dB HL (left ear)
and 2.5–10 dB HL (right ear). The interaural PTA dif-
ference ranged from 0 to 6.25 dB HL (mean: 1.96 dB,
SD: 0.48 dB). All participants were screened for audi-
tory processing on the Screening Checklist for Auditory
Processing in Adults (SCAP-A) [45], followed by the Neu-
ropsychological Evaluation Screening Tool (NEST) for
cognitive deficits [46]. Participants who scored < 3 on
SCAP-A and ≤2 on NEST respectively, were included
in the study. These cut off scores revealed normal audi-
tory processing and no cognitive deficits. Participants
were recruited from our institute. Individuals with mid-
dle ear disorders, sensorineural hearing loss, neurological
conditions and cognitive deficits were excluded from the
study. Individuals with more than five years of formal
musical training [47, 48] were excluded and no further
stratification was performed.

2.3 Sample size calculation

To determine the sample size for the study, G*Power
software (version 3.1) [49] was used to ensure sufficient

statistical power for understanding the effect of age on
four measures- ITD, ILD, MAA and BA. A pilot study
with 20 participants (10 in each group) provided esti-
mates of effect size variability for the measures. Based
on the pilot data, the type I (α) and type II (β) were
set at 0.05 and 0.8, respectively, to achieve a statistical
power of 0.80. Using these parameters, the required sam-
ple size for detecting significant group differences across
the four measures was estimated to be 22 participants in
each group. These 20 participants from the pilot study
were retained and included in the final analysis.

2.3.1 Informed consent and ethical approval

This study was conducted in accordance with the eth-
ical principles outlined in the Declaration of Helsinki [50].
Ethical committee approval was obtained from the insti-
tutional review board (no. SH/IRB/M.1-20-2024-25), and
all the participants gave written informed consent before
their inclusion in the study. Participation in the study
was voluntary, and no financial compensation was pro-
vided. The spatial discrimination measures used in the
study were ITD, ILD, MAA and BA.

2.3.2 Instrumentation

The stimuli for all the tests were routed through
MOTU-MICROBOOK IIc audio interface connected to
a personal laptop (Dell G15, 12th Gen Intel (R) Core
(TM) i5-12500H, 2.50 GHz with 16 GB RAM with Win-
dows 11). Stimuli were presented through circumaural
headphones (Sennheiser HD 569 PRO, Wedemark, Ger-
many). The presentation level was maintained at 65 dB
SPL. All the test stimuli were calibrated using a dual
channel sound-level meter (Bruel & Kjaer model 2270:
HBK Company) based on recordings obtained from the
IEC 60711 ear-simulator from the Knowles Electron-
ics Manikin for Acoustic Research (KEMAR) manikin
(GRAS, Denmark). Prior to each test, headphones were
fitted by the experimenter to ensure consistent position-
ing, and participants maintained a stable head position
during testing.

2.3.3 Tests administered and procedure

Interaural Time and Level Differences (ITD and ILD)

ITD and ILD thresholds were evaluated in both groups
using a customized Matlab code that runs on MATLAB
Version 2024a. The code was adapted from the Psychoa-
coustic Toolbox [51]. A three interval three alternative
force choice method (3I-3AFC) was used as shown in
Figure 2D, wherein each trial had a target and two ref-
erence stimuli. Both target and reference stimuli con-
sisted of 250 ms white noise bursts (WN) (with 5 ms
rise and fall time) calibrated to the level of 65 dB SPL.
The WN were chosen as they provide acoustic cues at
all frequencies that are essential for binaural spatial
perception.

The MATLAB code generates reference tone and the
target stimuli in real-time. The reference tone comprised
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Figure 2. (A), (B) and (C) show the schematic representation
of ITD, ILD and MAA tasks, respectively. (D) GUI used for
ITD, ILD and MAA tasks.

of WN bursts which produced a midline sensation, owing
to its equal intensity and time of arrival in both ears. The
variable stimuli were similar to reference stimuli but were
presented with time delay (initial delay: 0.68 ms) delay in
the left ear, adaptively reducing/increasing by a factor of 2)
and intensity variations (initial level difference: 20 dB in the
left ear, 1 dB step size) for ITD and ILD threshold estima-
tion, respectively. These differences in time and level are
given to the left and right ear respectively, so that the stim-
uli lateralize invariably to the right ear [30]. A two-down,
one-up transformed staircase method converging at 70.7%
of the psychometric function [52]. The participant’s task
was to indicate the target sound by selecting the appro-
priate interval used in the graphical user interface (GUI)
shown in Figures 2A and 2B. Each participant underwent
a familiarization phase of 4 reversals for both tasks before
the test. Following familiarization, the test phase was ter-
minated after the completion of ten reversals, from which
the last four reversals were averaged to obtain the ITD and
ILD thresholds.

Minimum Audible Angle (MAA)

To measure MAA, stimuli (250 ms WN bursts lev-
elled at 65 dB SPL) were simulated using the 3D
Tune-In Toolkit (3DTI), an open-source library for
three-dimensional soundscapes that can be delivered with
headphones [53]. The software generates spatially simu-
lated signals through a direct convolution technique uti-
lizing a head-related transfer function (HRTF) and a
monoaural sound signal. The Default HRTFs, specifi-
cally the 3DTI HRTF D2 256s 44100Hz dataset (SOFA
file) were maintained while generating the stimuli. This
dataset features impulse responses with a sample length
of 256 samples and a sampling rate of 44.1 kHz, ensur-
ing accurate spatial audio rendering for binaural simu-
lations. Specifically, we used the default “Listen 1002”
head model, corresponding to an adult listener, with

an azimuth grid ranging from −0◦ to +359.9◦ in 0.01◦
steps (horizontal plane). The same HRTF set was applied
to all participants to maintain consistency across tri-
als, and no pinna randomization was implemented. The
source control panel allows the user to adjust the selected
sound source’s position (azimuth, elevation and range)
and volume. The position can be expressed in Cartesian
Coordinates (absolute) for e.g. 45◦ azimuth or spherical
coordinates (relative) for e.g. x = 0.707 m, y = 0.707 m,
z = 0 m. The source layout chart represents the sources’
position relative to that of the listener. Figure 3 shows
the interface of 3DTI with different source positions that
were used for assessing MAA and BA. All the stimuli were
recorded and stored offline.

The target stimuli varied in azimuthal orientation.
The WN was first generated using Adobe Audition. This
mono-channel signal was loaded to 3DTI. Azimuthal sep-
arations were set for 12 angles (1◦, 2◦, 3◦, 5◦, 10◦, 15◦,
20◦, 25◦, 30◦, 35◦, 40◦, 45◦) maintaining elevation of 00

and a range of 1 m. These angles were selected to provide
higher resolution at smaller separations, where threshold
estimates are most sensitive, and to ensure broad cover-
age across the spatial range. Stimuli were recorded for
the right hemifield and stored offline. A custom Matlab
code was designed to present the reference stimulus twice
and the deviant stimulus once using a 3I-3AFC method.
The stimulus was adjusted adaptively using a two-down
one-up transformed staircase approach [52]. The initial
separation was set at 45◦, and the step sizes were chosen
to provide finer resolution at lower angles. Specifically,
smaller steps (1◦–5◦) were used at the beginning of the
staircase, where thresholds were expected to be lowest,
based on reports of minimum audible angle (MAA) as
small as 3◦ under headphone presentation in prior stud-
ies [6]. For separations above 5◦, step sizes increased in
5◦ increments to maintain efficiency in threshold estima-
tion at wider angles. While this approach deviates from
the traditional assumption of symmetrical step sizes in
adaptive methods, it was adopted to optimize sensitiv-
ity near expected thresholds while limiting test dura-
tion. The test was terminated after 10 reversals and the
last four reversals were averaged to compute the MAA
threshold.

Bisection accuracy (BA)

To assess BA, stimuli were spatially simulated similar
to the stimuli using 3DTI software as done for MAA. The
task required the participants to listen a sound sequence
comprising three 250 ms long spatial sounds (two refer-
ences with an embedded target) spaced at an interval of
500 ms. The reference sounds in the first and third inter-
vals were spatialized to 90◦ azimuths towards the left and
right, respectively. These were interleaved with a target
sound presented at varying angles (15◦, 30◦, 45◦, and 60◦)
to the left or right hemifields in the second interval (8 tar-
get locations: L15◦, L30◦, L45◦, L60◦, R15◦, R30◦, R45◦
and R60◦). Participants were instructed to judge whether
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Figure 3. Interface of 3DTI.

Figure 4. Schematic representation of VABT task.

the target sound was closer to the left or right reference
sound.

The familiarization phase included (1) Stimulus famil-
iarization and (2) Task familiarization. The GUI designed
for these tasks is shown in Figures 4 and 5, respectively
(Note: The same interface was used for task familiariza-
tion and Test phase). The user could click on each labelled
box, which would correspond to reference and target stim-
uli for having a mental image of the stimuli. Task famil-
iarization involved five trials with feedback. The whole of
the familiarization phase was not scored. The test phase
consisted of 80 trials (10 trials* 8 target locations) with-
out feedback. Each correct response was scored as 1 and 0
otherwise. All responses on the test phase were recorded,
and BA was calculated by determining the percentage of
correct judgments made by participants for each target
angle. The accuracy scores of the right hemifield were
only considered for analysis.

Figure 5. GUI used for Stimulus Familiarization (left panel),
both the task familiarization and the test phase (right panel).

Statistical analyses

The data were subjected to statistical analysis using
IBM Statistical Package for the Social Sciences (SPSS)
version 25 software (IBM Corp., Armonk, NY, USA).
Shapiro-Wilk’s test of normality and descriptive statis-
tics was performed. A paired t-test was administered to
assess the interaural PTA differences within each group.
An independent t-test was conducted to assess group dif-
ferences in interaural frequency-specific threshold differ-
ences. A multivariate analysis of variance (MANOVA)
was first conducted to examine the overall effect of age
group across the four spatial hearing tasks (ITD, ILD,
MAA, BA). PTA, interaural PTA differences and inter-
aural frequency-specific threshold differences (0.25k Hz,
0.5k Hz, 1k Hz, 2k Hz and 4k Hz) were entered as



6 H. Mali and K.V. Nisha: Acta Acustica 2026, 10, 19

Figure 6. Raincloud plots illustrating group-wise distributions of spatial discrimination measures in young (green) and middle-
aged (purple) adults. Each raincloud combines raw data points (left), boxplots (center), and half-violin density plots (right),
visualizing both individual variability and overall distribution shape. Panel A: Interaural Time Difference (ITD) thresholds (ms);
Panel B: Interaural Level Difference (ILD) thresholds (dB); Panel C: Minimum Audible Angle (MAA) thresholds (degrees); Panel
D: Bisection Accuracy (BA) scores.

covariates. Test–retest reliability was assessed in a subset
of 10% of participants who were re-tested post one week
of initial baseline assessment using Intraclass correlation
coefficients (ICC).

Further, Receiver Operating Characteristic (ROC)
analyses were done using MedCalc Statistical Soft-
ware version 22.003 (MedCalc Software Ltd., Ostend,
Belgium). ROC curves were used to assess the diagnos-
tic efficiency of each measure, with area under curve
(AUC) values and Youden’s index for determining the
most sensitive measure for detecting age-related changes.
Psychometric curve fitting and d prime (d′) analysis
were performed to quantify bisection accuracy. Further,
Fisher discriminant function analysis (FDA) was car-
ried out using the combined spatial discrimination data.
A default mathematical operation (Di = a b1x1 +
b2x2 + . . . + bnxn; Di = predicted discriminant score;
a= a constant, x= predictor; b= discriminant coefficient)
for group categorization was employed in the study.
This aimed to determine which measure(s) best pre-
dict age-related changes using SPSS. Leave-one-out cross-
validation was applied to assess the stability of the group
membership from. Additionally, a binary logistic regres-
sion analysis was carried out as secondary validation

approach to confirm the discriminative power of the
spatial discrimination measures.

3 Results

Shapiro Wilk’s test confirmed that the data were nor-
mally distributed (p > 0.05) for each group. The descrip-
tive statistics, including mean and 95% Confidence inter-
vals for both groups, are depicted in Figure 6. Paired
t-test results comparing interaural PTA differences in
young adults [t(21) = 2.017, p = 0.06, Cohen’s d: 0.36,
95% CI: −1.27 to 0.13] and middle-aged adults [t(21) =
−0.813, p = 0.43, Cohen’s d: 0.35, 95% CI: −1.69 to
0.19] were not statistically different, confirming that both
groups had generally symmetrical hearing. Independent
t-test results also further revealed that the groups did
not differ significantly in PTA [t(42) = −1.92, p = 0.06,
Cohen’s d: 0.58, 95% CI: −1.79 to 0.04]; interaural PTA
difference [t(42) = −1.32, p = 0.19, Cohen’s d: 0.4, 95%
CI: −1.26 to 0.26]; and interaural frequency specific dif-
ferences at 0.25k Hz [t(42) = 0.80, p = 0.43, Cohen’s
d: 0.24, 95% CI: −1.37 to 3.19], 0.5k Hz [t(42) = 0.40,
p = 0.691, Cohen’s d: 0.12, 95% CI: −1.83 to 2.74], 1k Hz
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Table 1. Summary of multivariate analysis of variance
(MANOVA) results comparing spatial auditory discrimi-
nation measures across age groups. The table represents
the F -values, Bonferroni corrected significance levels (p),
and partial eta-squared (ηp2) effect sizes for interaural
time differences (ITD), interaural level differences (ILD),
minimum audible angle (MAA) and bisection accuracy
(BA).

Measure F (1, 42) = p ηp2

ITD 30.25 <0.001 0.41
ILD 28.93 <0.001 0.41
MAA 127.35 <0.001 0.75
BA 30.93 <0.001 0.42

[t(42) = −1.82, p = 0.076, Cohen’s d: 0.55, 95% CI: −3.83
to 0.19]; 2k Hz [t(42) = −1.78, p = 0.082, Cohen’s d: 0.39,
95% CI: −1.04 to 4.68]; 4k Hz [t(42) = −1.742, p = 0.089,
Cohen’s d: 0.53, 95% CI: −5.88 to 0.43].

3.1 Effect of age on different measures of spatial
discrimination

Box’s M test revealed a significant difference in
covariance matrices across groups, Box’s M = 57.99,
[F (10, 8433.47) = 5.2, p < 0.001], indicating a violation
of the homogeneity of covariance assumption. Therefore,
Pillai’s Trace was used for interpretation of multivari-
ate effects. MANOVA revealed a significant multivari-
ate effect of age group on overall spatial discrimination
performance, Pillai’s trace = 0.754, [F (4, 39) = 24.39,
p < 0.001, ηp2 = 0.75], indicating age-related differences
across tasks depicted in Table 1. Young adults showed
lower thresholds on ITD, ILD and MAA and high BA
than middle aged adults as shown in Figure 6. PTA,
interaural differences in PTA, and frequency-specific dif-
ferences as covariates. None of these covariates reached
significance for any spatial measure, indicating that
audiometric factors did not contribute meaningfully to
performance; critically, the main effect of group remained
robust across MAA, ITD, ILD, and BA (Appendix A).
Test-retest reliability demonstrated good to excellent reli-
ability for all measures: MAA (ICC = 0.82), ITD (ICC =
0.88), ILD (ICC = 0.79), and BA (ICC = 0.90).

3.2 Diagnostic efficiency of each measure of auditory
spatial discrimination

Since all 4 spatial discrimination measures were
susceptible to age-related deterioration in hearing, an
attempt was made to understand the sensitivity of these
measures for age-related changes in spatial hearing using
ROC analysis. The results indicated that MAA had the
highest diagnostic accuracy with an AUC of 0.99, followed
by ITD with an AUC of 0.88, ILD with an AUC of 0.87
and BA with an AUC of 0.82 as depicted in Figure 7.

Figure 7. Comparison of ROC curves for each of the auditory
spatial discrimination measures. The x-axis shows false posi-
tive rate (1-specificity), and the y-axis shows true positive rate
(sensitivity). Higher area under curve values indicates better
discrimination.

Table 2 shows the sensitivity, specificity, AUC with Stan-
dard Error (SE) and the optimal cutoff for each variable
based on Youden’s index. MAA, with 100% specificity
and 90.91% accuracy, emerged as the most sensitive mea-
sure for detecting early age-related changes in spatial dis-
crimination abilities. MAA also had a maximum AUC
(0.99), with the smallest standard error (0.01) and the
highest Youden’s Index (0.91), indicating the best overall
discriminatory ability of the measure for spatial changes
with age. The cut-off value for MAA was >9.08, indicat-
ing that participants with MAA lower than 9.08◦ were
usually younger, and those above were in the middle-aged
group. Also, all measures show good specificity (>90%),
and reasonable sensitivity. Internal validation was per-
formed using both 5-fold cross-validation and 0.632 boot-
strap resampling. For cross-validation, four folds were
used for training and the remaining fold for testing in
each iteration, ensuring that every participant served
once in the test set. The mean AUC across folds was
computed to estimate out-of-sample performance, and
optimism was calculated as the difference between the
apparent and cross-validated AUCs. The cross-validated
mean AUC was 0.978 (95% CI: 0.953–1.000), indicating
minimal optimism.

On psychometric curve fitting, a sharp transition
between L15◦ and R15◦ was observed. This reflects a well-
defined lateralization boundary and high spatial acuity in
young adults. In contrast, middle-aged adults showed a
noticeably shallower slope and greater response variabil-
ity near midline, indicating reduced precision in frontal
discrimination, as shown in Figure 8. The d′ values were
computed for left–right pairs at four angular separations
(15◦, 30◦, 45◦, and 60◦). Across all separations, young
adults exhibited markedly higher d′ values than middle-
aged adults, indicating superior left–right discriminability
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Table 2. Receiver Operating Characteristic (ROC) Analyses for spatial auditory spatial discrimination measures,
including interaural time differences (ITD), interaural level differences (ILD), minimum audible angle (MAA) and
bisection accuracy (BA). The table reports sensitivity, specificity, area under the curve (AUC) with standard error
(SE), Youden’s Index, optimal cut-off values for distinguishing between young and middle-aged adults. Higher AUC
vales indicate greater diagnostic accuracy.

Variable Sensitivity
(%)

Specificity
(%)

AUC, SE Youden’s
Index

Cut Off for
middle-aged
group

ITD 62.18 90.91 0.88, 0.05 0.59 >0.05
ILD 81.82 90 0.87, 0.05 0.64 >2.4
MAA 90.91 100 0.99, 0.01 0.91 >9.08
BA 77.27 90.91 0.82, 0.07 0.68 <9

Figure 8. Proportion of “Right” responses on bisection accu-
racy task across azimuths for young and middle-aged adults.
Symbols indicate mean values and error bars represent ±1
standard deviation both in percentage units. Both groups
showed low “Right” response rates for leftward sources and
increasing probabilities with rightward azimuths.

as shown in Figure 9. Young adults showed relatively nar-
row d′ ranges across angular separations (15◦: 1.54; 30◦:
1.19; 45◦: 0.59; 60◦: 0.59), reflecting consistent perfor-
mance with minima between 1.84 and 2.79 and maxima
clustering at 3.38. In contrast, middle-aged adults exhib-
ited substantially wider and uniform ranges at all angles
(2.44 for 15◦, 30◦, 45◦, and 60◦), with values spanning
from 0.95 to 3.38, indicating greater variability and less
reliable spatial discriminability [54].

3.3 Determining the clinical marker for predicting
age-related changes in auditory spatial discrimination

On Fisher discriminant factor analysis (FDA), Wilks’
Lambda was statistically significant [λ = 0.25, χ2(4) =
56.02, p < 0.001] and yielded a single canonical discrim-
inant function (DF). This indicates that the discrimi-
nant function 1 could significantly differentiate between
the groups based on the variables. The standardized

Figure 9. Group-wise comparison of sensitivity index (d′)
across spatial separations (15◦, 30◦, 45◦, 60◦) from bisec-
tion accuracy task. Raincloud plots show the distribution
and mean of d′ values for young adults (purple) and middle-
aged adults (green). Shaded regions represent kernel density
estimates, with boxplots.

canonical discriminant function equation is:

D = 0.99×MAA + 0.49× ITD + 0.48× ILD− 0.49×BA.

MAA showed the strongest discriminative contribu-
tion (coefficient = 0.99), reflecting its high predictive
sensitivity to age-related differences in auditory spatial
discrimination. ITD and ILD contributed comparably
(coefficients = 0.49 and 0.48, respectively), while BA exhib-
ited a smaller and negative contribution (−0.49), indicat-
ing lower discriminative weight. The discriminant scores
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Figure 10. Bar graphs representing the discriminant function scores for the segregation of both the groups. The dotted line is
the reference for cut-off scores between the groups on the discriminant function.

Table 3. Cross validated accuracy of discriminant function analyses comparing predicted group membership. Total
participants (number count) are tabulated with the corresponding percentage in parentheses.

Original group
Predicted group membership

Young adults Middle-aged adults Total

Young adults 100.0 % (22) 0 % (0) 100 % (22)
Middle-aged adults 9.1 % (2) 90.9 % (20) 100 % (22)

were computed for each participant and plotted (Fig. 10),
showing clear separation between young and middle-aged
adults. The dotted vertical line in Figure 10 represents the
discriminant boundary between the two groups. Leave-one-
out cross-validation yielded an identical accuracy of 95.5%,
confirming strong model stability and negligible overfit-
ting, with 100% of young and 90.9% of middle-aged partic-
ipants correctly classified as shown in Table 3.

To validate this finding, binary logistic regression
was conducted. The model included BA, ITD, ILD, and
MAA (all standardized) as predictors. The overall model
fit [χ2(8) = 1.58, p = 0.991] and classification accu-
racy (93.2%) matched the discriminant analysis results.
Among predictors, only MAA contributed significantly
(Wald = 4.06, p = 0.044), indicated that the predictors
collectively contributed to classification accuracy. MAA
was the only significant variable (B = −9.65,SE =
4.79,Wald = 4.06, p = 0.044), indicating that poorer
MAA performance was associated with lower odds of
being classified into young adults’ group {Exp(B) =
0.000, 95% CI[0.000, 0.765]}. The effects of BA (B =
0.06, p = 0.978), ITD (B = 1.14, p = 0.642), and ILD
(B = 1.48, p = 0.313) were not significant predictors of
group membership.

4 Discussion

The present study demonstrated significant age-
related differences in auditory spatial discrimination

scores across various measures, including ITD, ILD MAA
and BA. Younger adults consistently exhibited superior
performance with lower ITD, ILD and MAA thresholds
and higher BA than middle-aged adults (Fig. 6). The
MANOVA results confirmed the multivariate effect of age,
with all measures showing significant differences between
groups (Tab. 1). Nisha et al. [30] reported a similar
trend in the ITD and ILD using a similar methodology
to the current study. ITD ranged from 0.01 to 0.06 ms
and 0.03 to 1.2 ms, whereas ILD ranged from 0.5 to 2 dB
and 0.8 to 3 dB in young (21–40 years) and middle-aged
(41–60 years) adults, respectively. Although all partic-
ipants had clinically normal audiometric thresholds,
emerging evidence suggests that subtle binaural process-
ing deficits may be associated with even minor devia-
tions in hearing sensitivity. Bernstein and Trahiotis [55]
for example, reported binaural deficits in listeners with
thresholds worse than 7.5 dB HL. In the current study,
we used white noise bursts in quiet to measure ITD sen-
sitivity, a condition in which this 7.5 dB threshold effect
may not manifest in the same way. Nevertheless, the
measures were not affected by PTA, interaural PTA dif-
ferences and interaural frequency-specific threshold dif-
ferences (Appendix A). Freigang et al. [36] found that
MAA ranged from 0 to 10◦ in young adults (mean age:
24.1 years), whereas it ranged from 20 to 30◦ in older
adults (mean age: 68.1 years). The current study presents
a novel finding that middle-aged adults, too, demon-
strate elevated MAAs. BA is a measure that has not been
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previously explored, and there isn’t research done in the
context of bisection thresholds trend ageing. Young adults
showed near-ideal categorical performance, whereas mid-
dle aged adults presented with ambiguity around the
midline. This suggests that younger listeners encode and
utilize spatial cues with high precision, enabling accurate
detection of small left–right deviations in frontal positions
(Fig. 9). In contrast, middle-aged adults showed a more
gradual response shift, consistent with reduced sensitivity
and broader spatial perceptual boundaries. The existing
literature on spatial acuity studies report that accuracy
starts to decline in the 4th decade of life [30, 56]. It can
be hypothesized that auditory spatial discrimination, too,
may be decline.

MAA was found to be a sensitive measure for detect-
ing age-related spatial hearing changes, as confirmed by
the FDA (Tab. 2). ITD and ILD had similar but lower
weights, reflecting their roles in temporal and intensity-
based localization cues, which also degrade with age but
may be less predictive in differentiating middle-aged lis-
teners. BA followed an opposite trend as compared to
other measures suggesting a decline in accuracy in the
middle-aged adult group. On evaluating the diagnos-
tic efficiency of all four measures using ROC analysis,
MAA emerged again as the most effective in differenti-
ating between age groups, achieving an AUC of 0.978.
Additionally, all measures demonstrate good specificity,
suggesting low false positive rates, which indicates the
prevention of over-referral (Tab. 3 and Fig. 7).

From both analyses (FDA, ROC), MAA is the most
sensitive measure to detect an age-related change in audi-
tory spatial discrimination abilities. It can be stated that
ITD and ILD tasks primarily assess lateralization cues,
whereas MAA focuses on spatial resolution, making it
more comprehensive for evaluating spatial discrimination.
On the other hand, BA tasks, which involve determining
whether a sound originates from the left or right, are rel-
atively straightforward and may lack the nuanced resolu-
tion to capture subtle discrimination differences assessing
more gross manner of discrimination (Fig. 8). Notably,
not all middle-aged adults showed d′ values below 1, indi-
cating that many performed the BA task at levels com-
parable to young adults (Fig. 8). This further suggests
that BA is a relatively low-demand task and may not
be as sensitive as ITD, ILD, or MAA in capturing subtle
declines in spatial hearing. The FDA classification results
revealed that 95.5% of cases were correctly classified, with
all young adults accurately identified, while two middle-
aged adults were misclassified as younger participants.
This classification error indicates a 9.1% misclassifica-
tion rate for the middle-aged group. The higher correct
classification rate for young adults suggests that spatial
hearing abilities in younger listeners are more robust and
distinct, whereas middle-aged individuals exhibit greater
variability, potentially due to subtle individual differences
in spatial processing decline.

The findings reinforce the utility of MAA as the most
sensitive and reliable measure, highlighting its diagnos-
tic efficiency and potential as a clinical tool for early

detection of age-related spatial hearing deficits specific
to discrimination. In both clinical and research contexts,
spatial discrimination deficits can be assessed using MAA
and the reported cut-offs may help to classify the healthy
being of the process. It can serve as a useful outcome
measure for evaluating outcomes of rehabilitation. The
findings of the study can serve as comparative data
for micro-profiling spatial deficits in disorders such as
auditory neuropathy, sensorineural hearing loss, central
auditory processing disorders. As this evidence derives
from a cross-sectional comparison, longitudinal evidence
is needed to confirm whether these reflect the onset of
age-related decline. MAA emerges as a superior measure
for differentiating age-related spatial hearing changes spe-
cific to discrimination tasks, demonstrating robust per-
formance in discriminant function analysis (DFA) and
ROC analysis. These findings provide a foundation for
designing effective spatial test battery for early identifica-
tion and interventions of spatial deficits. It is also impor-
tant to acknowledge that differences in task difficulty
across conditions may have contributed to the observed
age effects. While participants subjectively reported ITD,
ILD, and MAA tasks as more challenging than BA on
informal feedback. This variability can modulate appar-
ent age effects, emphasizing the need to interpret group
differences within the context of task-specific cognitive
and perceptual load [57]. Age-related disparities can also
be magnified when fixed task parameters (e.g., angle
step sizes or response options) are not equated for per-
ceptual challenge across individuals. Our study incorpo-
rated changing step sizes for the MAA task (1–5◦ ini-
tially, followed by 5◦ blocks) to converge to the threshold
quickly. Upon inspection of the raw data, we observed
that the uptrend and downtrend step sizes were balanced
in most cases, particularly those with ∼5◦ threshold.
Future studies should therefore should incorporate stan-
dardized and computationally efficient adaptive methods
such as PSI or QUEST to confirm the current mea-
surement and for improved precision. Individualized step
sizes, or threshold-tracking designs that converge on a
common performance level should be incorporated which
would allow clearer dissociation of peripheral encoding
limitations from higher-level spatial processing differences
associated with aging. Having known the utility of MAA,
another methodological consideration concerns the use
of non-individualized HRTFs in the closed-field condi-
tion. Because generic HRTFs do not capture individual
pinna and head-related spectral features, they may not
fully reflect spatial discrimination performance observed
in free-field settings. [58–60] Such mismatches can atten-
uate or distort cues critical for vertical and front–back
localization, potentially influencing measured MAA/BA
sensitivity. Individualized or anthropometrically matched
HRTFs would be a valuable and justified choice for con-
ducting spatial hearing tasks. Replicating these findings
in free-field environments and finer, decade-based age
groups would allow a more detailed characterization of
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age-related changes in spatial discrimination. The cut-
off values derived in the present study were obtained
empirically from the same dataset and have not yet been
clinically validated. As such, these thresholds should be
considered preliminary indicators of atypical spatial per-
formance rather than diagnostic criteria, given the limited
sample size used in this study.

Future research should prospectively validate these
cutoffs in independent samples, ideally using prereg-
istered thresholds, blinded group classification, and
decision-analytic metrics such as positive and negative
predictive values across plausible prevalence ranges [61].
Such validation would strengthen the translational poten-
tial of spatial hearing assessments for early detection of
auditory aging.
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Appendix A Audiometric covariate
analyses

To control for potential confounding from hearing sensi-
tivity and interaural asymmetry, pure-tone average (PTA),
interaural PTA differences, and frequency-specific asymme-
tries (250–4000 Hz) were included as covariates in separate
ANCOVAs for each dependent variable. A Bonferroni cor-
rection was applied within each dependent variable (m = 8
covariate tests), yielding an adjusted significance threshold of
α′ = 0.00625.

Minimum Audible Angle (MAA)

Covariate tests were: PTA F (1, 35) = 1.18, p = 0.285,
partial η2 = 0.033;
PTA difference F (1, 35) = 0.00, p = 0.995, partial η2 = 0.000;
250 Hz F (1, 35) = 0.17, p = 0.680, partial η2 = 0.005;
500 Hz F (1, 35) = 0.01, p = 0.911, partial η2 = 0.000;
1000 Hz F (1, 35) = 0.94, p = 0.338, partial η2 = 0.026;
2000 Hz F (1, 35) = 0.06, p = 0.803, partial η2 = 0.002;
4000 Hz F (1, 35) = 0.00, p = 0.975, partial η2 = 0.000.

Interaural Time Difference (ITD)

Covariate tests were: PTA F (1, 35) = 0.25, p = 0.620,
partial η2 = 0.007;
PTA difference F (1, 35) = 1.02, p = 0.320, partial η2 = 0.028;
250 Hz F (1, 35) = 0.45, p = 0.508, partial η2 = 0.013;
500 Hz F (1, 35) = 0.75, p = 0.393, partial η2 = 0.021;
1000 Hz F (1, 35) = 4.27, p = 0.046, partial η2 = 0.109;
2000 Hz F (1, 35) = 2.42, p = 0.129, partial η2 = 0.065;
4000 Hz F (1, 35) = 3.16, p = 0.084, partial η2 = 0.083.

Interaural Level Difference (ILD)

Covariate tests were: PTA F (1, 35) = 0.01, p = 0.929,
partial η2 = 0.000;
PTA difference F (1, 35) = 0.01, p = 0.945, partial η2 = 0.000;
250 Hz F (1, 35) = 0.29, p = 0.595, partial η2 = 0.008;
500 Hz F (1, 35) = 0.07, p = 0.789, partial η2 = 0.002;
1000 Hz F (1, 35) = 1.09, p = 0.304, partial η2 = 0.030;
2000 Hz F (1, 35) = 0.05, p = 0.834, partial η2 = 0.001;
4000 Hz F (1, 35) = 0.29, p = 0.596, partial η2 = 0.008.

Bisection Accuracy

Covariate tests were: PTA F (1, 35) = 2.84, p = 0.101,
partial η2 = 0.075;
PTA difference, F (1, 35) = 0.12, p = 0.727, partial η2 = 0.004;
250 Hz, F (1, 35) = 0.03, p = 0.867, partial η2 = 0.001;
500 Hz, F (1, 35) = 0.12, p = 0.727, partial η2 = 0.004;
1000 Hz, F (1, 35) = 1.51, p = 0.227, partial η2 = 0.041;
2000 Hz, F (1, 35) = 1.20, p = 0.280, partial η2 = 0.033;
4000 Hz, F (1, 35) = 0.40, p = 0.530, partial η2 = 0.011.

Summary

After applying the Bonferroni-adjusted threshold (α′ =

0.00625), none of the audiometric covariates reached signifi-

cance for any spatial measure. Although the 1000 Hz asym-

metry showed an uncorrected effect on ITD (p = 0.046),

it did not survive correction. Importantly, the main effect

of Group remained robust for all spatial measures – MAA

(F (1, 35) = 71.67, p < 0.001), ITD (F (1, 35) = 28.91, p <

0.001), ILD (F (1, 35) = 17.32, p < 0.001), and bisection accu-

racy (F (1, 35) = 16.01, p < 0.001) – indicating that group-

level spatial performance differences persisted independent of

PTA or interaural asymmetry.
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