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Highlights
e Stimulus intensity is the strongest predictor of minimum audible angle
e Spectrally rich complex tones improve auditory spatial discrimination
e Virtual spatial audio provides a valid tool for assessing Minimum-Audible Angle

Abstract

Background and Aim: The Minimum Audible Angle (MAA), defined as the minimum perceivable angular
disparity among sound sources, is the most frequently used measure of spatial acuity in psychophysics.
While conventionally free-field loudspeaker arrangements measure MAA, virtual auditory methods offer
flexible alternatives. The study aimed to determine which stimulus characteristic—intensity level, type, or
duration—most influences MAA in normally hearing young adults.

Methods: Using a repeated-measures design with 30 healthy adults aged 18-30 years, spatialized stimuli
generated by the 3D Tune-In Toolkit were presented over headphones at three levels (45-, 55-, and 65-dB
SPL), durations (250, 500, and 1000 ms), and. stimulus types (complex tone, pure tone, and white band
noise). MAA thresholds were determined using a psychometric staircase procedure with a two-down one-
up rule in a three-interval forced-choice task.

Results: Three-way repeated-measures’ ANOVA showed significant main effects of stimulus type and
intensity level (p < 0.001), while duration had no significant effect but interacted with level and stimulus
type (p < 0.001). Post hoc comparisons revealed eight significant stimulus-type pairs and nine level pairs
after Bonferroni correction (= 0.02), with complex tones and higher intensity producing lower MAA
thresholds. Multiple regression showed only stimulus intensity significantly predicted MAA.

Conclusion: The findings demonstrate that higher intensities yield optimal spatial acuity and confirm the
reliability of virtual headphone-based methods.

Keywords: Minimum Audible Angle; Spatial Hearing; Virtual Acoustics; Stimulus Complexity.

Introduction

The precise localization of sounds by the human auditory system underlies efficient interaction with the
environment: One of the most common psychoacoustic tests for auditory spatial resolution measurement is
the Minimum Audible Angle (MAA), which is defined as the minimal inter-source angular distance that a
listener can differentiate with reliability. The MAA indirectly gauges listener’s sensitivity to interaural time
differences (ITDs) and interaural level differences (ILDs), which are cues to localization in the horizontal
plane.

Scientists have explored a range of stimuli for measuring MAA, including pure tones, broadband noise, and
more ecologically relevant complex sounds [1]. Their findings revealed that spatial acuity is considerably
affected by the temporal properties of a stimulus, such as sound duration, rather than its frequency-related
characteristics. Shorter sound durations can elevate MAA thresholds because they do not allow time for the
auditory system to completely process binaural cues [2]. Perrott and Saberi [1] also reported better spatial
localization performance with increased duration of stimuli, emphasizing that spatial perception requires
temporal windows. In addition, factors such as intensity and plane of presentation influence spatial



discrimination. Although higher intensities may enhance the salience of interaural differences, they can also
increase masking or loudness summation, resulting in nonlinear changes in spatial acuity [3]. Mills [4] was
one of the earliest researchers to report that spatial discrimination improved with increasing intensity in the
range of approximately 50 dB sensation level (SL) above the minimum audible field. Similarly, Perrott and
Saberi in 1990 found that increasing presentation levels (intensity) reduced MAA thresholds in free-field
conditions, with stimuli presented at a 52 dB A-weighted sound pressure level (SPL). More recently, [5,6]
reported that stimulus intensity significantly influenced MAA thresholds in headphone-based virtual
environments, particularly at the midline azimuths. MAA thresholds are typically lowest (i.e., best) when
sound is from frontal locations and linearly it gets poorer/increase in the lateral and rear directions [3,4,].
This directional dependence, or anisotropy, is attributed to head geometry, which creates an acoustic shadow
that affects the availability and reliability of binaural cues.

MAA can be measured using two main approaches: in the free-field (real) using loudspeakers, and in closed-
field or virtual settings using headphones. In free-field methods, participants are situated in a sound-treated
room surrounded by spatially oriented loudspeaker arrays that emit sound stimuli [1,4]. In contrast, the
virtual approach involves delivering spatialized audio through headphones using individualized or generic
Head-Related Transfer Functions (HRTFs) to simulate sound source positions in)space [5,6,7]. With
advances in virtual auditory environments, databases of HRTFs have facilitated the stimulation of spatial
audio over headphones. Several widely used HRTF datasets include ambisonies-based rendering, the CIPIC
database, and the LISTEN HRTF database [8]. High-fidelity simulation software such as SPARTA , SLAB
3D, and 3D Tune-In Toolkit (3DTI) [9] now provide researchers with precise control over spatial
presentation and stimulus generation, enabling highly reproducible and adaptable auditory testing paradigms
[5,10]. Utilizing this technique, we assessed MAA thresholds in normal-hearing listeners as a function of
varying intensity levels, durations, and types of stimuli.

The study has three primary objectives: 1) to identify the auditory state(s) that produce the lowest MAA
thresholds, indicating optimal conditions for assessing auditory spatial resolution; 2) to examine the extent
to which stimulus intensity, stimulus type, and stimulus duration influence MAA; and 3) to determine the
combination of these factors that most effectively enhances spatial discrimination in normal-hearing
individuals. By systematically varying these acoustic parameters and measuring their effects on spatial
acuity, this study aims to advance the understanding of auditory spatial processing. This knowledge can help
design training protocols and auditory displays for both technological and clinical applications.

Methods
Research design: A within-subject design with purposive sampling was used.

Participants

A total of 30 clinically normal-hearing young adult participants aged 18 to 28 years (mean age: 22.4 years)
volunteered for the study. Recruitment was carried out via notices posted in the campus buildings of the
institute, and informed consent was provided by all participants after a description of the purpose and nature
of the experiment. Consistent with conventional recommendations and previous psychoacoustic and spatial
hearing studies, a sample size of 30 participants was considered adequate to allow stable estimation of effects
and to provide acceptable statistical power for within-subject experimental designs. Ethical committee
approval was obtained from the Institutional Review Board (no. SH/IRB/M.1-20-2024-25). Participation
was voluntary.

The inclusion criteria were as follows: young adults aged 18-28 years with normal hearing who volunteered
to participate in all testing conditions, had no prior auditory training, and were naive to MAA tasks. Pure-
tone audiometry was performed using the modified Hughson-Westlake method with a step size of 5 dB. Air-
conduction thresholds were obtained using TDH-39 supra-aural headphones in a sound-treated room that
conformed to ANSI standards. Individuals with pure-tone hearing thresholds within 15 dB HL at octave
frequencies in the range of 250-8000 Hz in both ears were included in the study. Only participants with
symmetrical hearing were included, defined as interaural threshold differences of < 10 dB HL at octave



frequencies from 250 Hz to 8000 Hz [11,12]. The mean thresholds of the participants for both ears across
the audiometric frequency range are shown in Figure 1.

None of the participants had a history of ear disease, neurological disorders, or ototoxic drug use. None of
them had undergone any auditory, yoga, or musical training that might benefit spatial processing. The entire
testing was performed in a sound-treated room meeting ANSI standards for levels of ambient noise, and
each session took approximately 90 to 120 minutes, including breaks and familiarization.

Stimuli

Three stimulus types were selected to represent increasing levels of spectral richness and ecological validity
in the study. The first was a pure tone at a frequency of 500 Hz, a tone positioned in the low-frequency
region, in which interaural time differences (ITDs) are most noticeable for localization [13]. Pure tones have
a controlled frequency make-up, but because they only have limited spectral cues, they can limit fine-grained
localization [14]. The second was a complex tone with multiple pure-tone components from 300 to 1000 Hz
in steps of 100 Hz. This was designed to mimic a more natural sound with some spectral complexity, which
allows both ITDs and interaural level differences (ILDs) to operate [15]. The third was white noise, which
was characterized by a broad, flat spectral pattern over frequencies. White band noise stimuli have great
value in spatial experiments because they provide rich binaural cues, and in-most cases, they are
accompanied by the highest localization accuracy because a high range of frequency-based spatial
information is available [16]. The spectra corresponding to each of the three stimulus variants are presented
in Figure 2.

To investigate the extent to which temporal summation occurs over time, each type of stimulus was
presented for three durations: 250, 500, and 1000 ms. These time frames were used to include a perceptually
meaningful range of short-to-moderately long auditory events [1]. By comparing these three-time windows,
the current study sought to identify potential gains in spatial resolution as a function of extended time
availability. In addition to temporal modifications, stimuli also varied in three intensity levels: 45 dB SPL,
55 dB SPL, and 65 dB SPL. The levels were calibrated in RMS SPL using a precision sound level meter
coupled to an artificial ear coupler matched to that used in the experiment. The rationale for presenting more
than one level was to determine whether higher levels improved spatial discrimination by making interaural
level differences and interaural time differences more noticeable or whether higher levels could introduce
the effects of masking or loudness summation to compromise performance. The levels used were
comfortably within the range of all ‘participants and were in agreement with previous experiments
investigating the effects of intensity on auditory spatial resolution.

All stimuli were spatially produced using the 3D Tune-In Toolkit, a computer-based virtual auditory
environment system that enables real-time binaural spatialization using nonindividualized head-related
transfer functions (HRTFs). The toolkit supports flexible stimulus control and integration with external
software, such as MATLAB, and is capable of simulating azimuthal sound locations across the horizontal
plane. In the present study, all three stimuli were first generated using Adobe Audition (Adobe Systems Inc.,
2024). Spatial simulation was performed using the Listen HRTF dataset within the 3D Tune-In Toolkit,
applying a source-image model to render static azimuthal locations across the horizontal plane without
reverberation or head-tracking. Totally 13 spatialized stimuli were generated limited to the horizontal plane,
with discrete azimuth positions ranging from 0° (midline), 1°, 2°, 39, 4° 59 10°, 15° 20°, 25°, 30°, 35° and
40° to simulate varying inter-source angles in the frontal plane. All audio files were saved in an
uncompressed “.wav” format at a sampling rate of 44.1 kHz and 16-bit resolution to ensure high-fidelity.
Calibration was performed using a Briiel & Kjer Type 1 precision sound level meter (Model 831C; Briiel
& Kjeer, Denmark) with the headphone placed over a 6¢c coupler and sealed using an external weight. The
stimuli were played through a laptop, and output levels of 45-, 55-, and 65-dB SPL were verified by adjusting
the laptop volume based on the SLM readings.

For each condition in the current study, spatialized stimuli were presented through a user-built MATLAB
interface. A full factorial design was implemented, comprising 27 distinct auditory conditions (three
stimulus types x three durations X three intensity levels). The presentation order was randomized across the
trials to reduce the order effects. In each condition, totally This comprehensive setup enabled a systematic
evaluation of how each acoustic parameter and its interactions influence MAA thresholds in young adults
with normal hearing.



Equipment and procedure

Experiments were conducted in the Psychoacoustic Acoustic Laboratory at the Department of Audiology of
the institute. Ambient noise levels were continuously monitored to ensure that they remained below 30
dB(A) using the NEERI Sound Level Meter mobile application (Version 5), developed by the CSIR—
National Environmental Engineering Research Institute (NEERI), Nagpur and the NEERI Sound Level
Meter mobile application (Version 5) was used only for preliminary monitoring of sound levels. Final
calibration and verification of stimulus intensity were performed using a calibrated professional sound level
meter (Model 831C; Briiel & Kjar, Denmark). The SLM-based measurements were used as the reference
standard to ensure accurate and reliable sound pressure level verification. Mobile application measurements
were not used for final calibration decisions. As mentioned before, experiments were conducted in
Psychoacoustic Lab of institute which is one of the best labs in INDIA, so the ambient noise levels were
strictly followed and the app is used just comparison and for normal feedback. Stimulus presentation and
response recording were performed using a customized program with a graphical user interface implemented
in MATLAB (version R2024b, The MathWorks Inc., Natick, MA). Modular MATLAB functions managed
the stimulus selection, trial randomization, adaptive control, and real-time feedback.

Spatialized auditory stimuli were delivered via Sennheiser HD 280 Pro circumaural headphones through a
6.3 mm jack adapter. The headphones had a dynamic, closed-back design witha frequency response of 8 Hz
to 25000 Hz, a maximum sound pressure level of up to 113 dB SPL at a frequency of 1 kHz, a distortion
level of less than 0.1%, and an impedance of 64 ohms. Before each testing session, the headphones were
calibrated using a Type 1 precision sound level meter with an artificial ear coupler connected to an SLM
(Knowles) to accurately produce target sound pressure levels (45, 55, and 65-dB SPL). The participants sat
comfortably facing a computer screen, maintaining a natural; fixed head posture throughout the testing. Head
movements were not permitted during the stimulus presentation but were allowed during the response
acquisition phase. On-screen instructions at the commencement of each block and feedback indicating the
accuracy of responses after each trial were used to maintain- engagement in the task.

The experimental procedure comprised two phases: familiarization and testing. During the familiarization
phase, the participants completed a psychoacoustic three-alternative forced-choice (3 AFC) task in which
they were instructed to identify the sound source that differed in lateralization from a reference standard
(0%). From the stimulus module, a random “.wav” file corresponding to one of the 27 conditions (three
stimulus types x three durations x_three intensity levels) was chosen randomly and presented to the
participant. Four reversals were employed to verify the participants’ understanding of the task and response
method. The participants received immediate visual feedback after each response to support learning and
orientation. A schematic overview of the procedure used to track the MAA thresholds is shown in Figure 3.
In the test phase, the same 3 AFC paradigm was applied, using a 2-down, 1-up staircase adaptive tracking
procedure [17], to converge on the MAA threshold at 70.7% of the correct responses. The participant was
asked to select the trail that produced lateralization, different from the midline (0°) standard stimulus. This
was performed using a mouse click. The condition order was randomized by a trial controller to ensure
balanced occurrence across trials.

The task began with stimuli that had a larger angular separation between the sound sources. The task started
with 20° angle separation. If the participant responded correctly, the angular separation between the stimuli
was reduced to a smaller degree difference to 15° angles in the subsequent trial with 5° angle decrements
and then to 1° decrements, increasing task difficulty. Conversely, for incorrect responses, the angular
separation was increased by 5° angles, making the task easier. This adaptive staircase procedure was
continued until ten reversals were obtained. A reversal was defined as the point at which the adjustment
direction of angular separation changed from increasing to decreasing or vice versa, based on participant
responses. Participants continued to respond using the 3 AFC method until 10 reversals, and immediate
visual feedback was provided after each response to maintain engagement and task accuracy. The last four
reversals were averaged to obtain the MAA threshold. The behavioral data were logged automatically and
stored in an Excel sheet for later analysis.

Data Analysis



Data analyses were conducted using the Statistical Package for the Social Sciences (SPSS) version 26.
Normality in the distribution of data was determined using the Shapiro—Wilk test. The main effects of
stimulus type, duration, and intensity level, as well as their interactions, on the MAA threshold were
evaluated using a three-way repeated-measures ANOVA (3 stimulus types % 3 durations x 3 intensity levels).
Effect sizes (1,°) were reported for all significant main and interaction effects. Wherever appropriate, post-
hoc pairwise comparisons were performed using paired t-tests with Bonferroni correction for multiple
comparisons. A multiple linear regression analysis was conducted to examine the extent to which stimulus
intensity, stimulus type, and stimulus duration predicted MAA.

Results
A two-way analysis of variance (ANOVA) with frequency and ears as fixed factors and participant
thresholds as a random factor revealed no significant main [Ear: £(1,31) = < 0.001, p = 0.985; Frequency:
F(5, 155) = 0.134, p = 0.984] and interaction [Ear x Frequency: F(5,155) = 0.030, p = 1.00] effects,
indicative of symmetrical hearing thresholds between the two ears across frequencies:
Shapiro Wilk’s test revealed that the data was normally distributed (p > 0.05). The descriptive statistics,
including the mean and standard deviation for the three factors (stimulus type, duration, and intensity level),
are depicted in Figure 4. MAA thresholds decreased with increasing SPL and stimulus duration under all
conditions. Among the stimulus types, complex stimuli consistently yielded lower thresholds than pure tones
and white band noise. The white band noise showed the highest thresholds, especially at lower SPLs.
The results of the three-way repeated-measures ANOVA revealed a‘significant main effect of intensity [F
(2,58) — 25.66, n,° — 0.47] and stimulus type [F (2,58) — 10.23, 5,° <0.26] on the MAA thresholds. However,
the main effect of duration was not statistically significant (»p'> 0.05). Among the interaction effects, a
significant interaction between intensity and stimulus type was observed. Additionally, a significant three-
way interaction was found between stimulus type, duration, and intensity level. No significant interaction
was observed between the stimulus type and duration or between the duration and intensity level.
To further examine the most effective stimuli that yielded the lowest MAA, specific condition-level
differences were analyzed using post hoc paired-sample #-tests across all possible combinations of stimulus
and intensity levels (i.e., 27 stimulus-type pairs and 27 intensity level pairs), and the results are shown in
Tables 1 and 2. A Bonferroni correction was applied to adjust for multiple comparisons, resulting in an
adjusted significance threshold of a = 0.0166.. Among the stimulus-type comparisons, eight pairs showed
statistically significant differences. Similarly, for the presentation-level comparisons, nine pairs were found
to be statistically significant. The remaining comparisons did not reach an adjusted level of significance.
On multiple linear regression analysis, the regression model was statistically significant, F' (3, 806) =
8.692, p <.001, but accounted for only 3.1% of the variance in MAA scores (R?=.031, adjusted R> =.028).
Examination of the predictors tevealed that intensity level was a significant predictor of MAA (f =-0.170,
p <.001) whereas stimulus type (8 = 0.037, p = .286) and stimulus duration (8 =—0.034, p = .328) were not
statistically significant. These findings suggest that higher intensities are associated with smaller MAA
values.

Discussion

The findings of the present study confirm and extend prior observations that MAA decreases with increasing
stimulus level. Importantly, by adopting a multifactorial design and rigorous calibration procedures, we
demonstrate how the effects of stimulus type and duration modulate this level effect, offering novel insights
that build on the work of [18] and other spatial hearing investigations. These detailed patterns of effects
enhance our understanding of auditory spatial discrimination beyond simple level dependence. Although
minimum audible angle (MAA) is classically defined for small angular deviations near the midline, larger
azimuthal positions were incorporated in the present study to facilitate perceptual anchoring and stable
spatial reference during adaptive tracking. The adaptive procedure adjusted angular separation relative to a
reference position, allowing estimation of discrimination thresholds while maintaining perceptual clarity
across conditions. The inclusion of larger azimuths ensured robust spatial perception and reduced
uncertainty in virtual spatial rendering.

The Minimum Audible Angle (MAA) task, originally specified by Mills [4], is one of the most consistent
psychoacoustic measures for auditory spatial resolution assessment. Early studies in free-field conditions



reported MAA thresholds as low as 1° under optimal conditions using pure tones of frontal azimuth. Recent
studies have investigated the applicability of the MAA in headphone-based virtual environments using
spatial simulation software with head-related transfer functions (HRTFs). [5] achieved average MAA
thresholds of 5.6° (+7.3°) at 0° azimuth with headphone-based testing using 300—1200 Hz broadband noise,
reporting these findings to be equivalent to free-field testing with KEMAR dummy-head recordings.
Similarly, [19] utilized amplitude-based virtual panning methods and reported MAA values of 1.1° for
broadband stimuli in young adults. These findings attest to the consistency of headphone-based MAA tests
as an alternative to traditional loudspeaker arrays, offering portability and environmental control benefits
with minimal compromise in the accuracy of spatial discrimination measurements.

The present study demonstrated a clear improvement in spatial discrimination with increasing intensity level,
with 65 dB SPL yielding significantly lower MAA thresholds than 45 and 55 dB SPL. Mills [4] initially
demonstrated that increased intensity enhances spatial resolution, attributing it to the greater salience of ILD
cues. Similarly, [1] described nonlinear relationships in which spatial performance improved with intensity
until an asymptote. At higher sound levels, more auditory nerve fibers are recruited and fire at-higher rates,
improving the encoding of ITDs and ILDs. Increased intensity also sharpens phase-locking and synchrony
across neurons within the superior olivary complex and inferior colliculus, both of which are critical for
spatial cue integration [20]. [5] documented that stimulus intensity modulated headphone-based MAA
performance, particularly near the midline.

However, not all studies have reported a consistent benefit of increased intensity on spatial acuities. For
example, [6] found that improvements in localization with higher levels were minimal beyond a certain
threshold, particularly for complex or broadband stimuli. [2] also observed that intensity level did not
significantly impact MAA in some conditions, suggesting that binaural processing may reach a ceiling effect
with moderately intense stimuli. These contrasting findings indicate that while increased loudness often
enhances localization, the relationship is not strictly linear and may depend on the stimulus type, azimuth,
or individual listener factors. The present findings reaffirm the general trend toward improved spatial
resolution at higher intensities but should be interpreted in light of these considerations.

The nature of the stimulus had a significant effect on MAA thresholds, with complex tones eliciting the best
(lowest) thresholds, followed by white band noise.(WBN) and pure tones. As shown in Figure 2, the pure
tone (A) displays a single frequency component, the complex tone (B) comprises harmonics, and the white
band noise (C) exhibits a broad and dense spectral distribution. Complex tones and WBN stimulate broader
regions of the cochlea, enhancing the availability of ITDs and ILDs by engaging a wider range of auditory
nerve fibers [3,19,21]. This differential cochlear activation is further integrated into the inferior colliculus,
which is sensitive to spectral and temporal binaural cues for localization, resulting in better spatial resolution
with spectral richness. In contrast, pure tones activate confined cochlear regions, thereby offering limited
spatial information. Both noise-oriented and complex stimuli demonstrate better MAA performance in
young and older adults than narrowband or pure-tone stimuli. The poorer performance with WBN in the
present study may indicate a lack of spectral specificity or susceptibility to temporal masking in the virtual
environment. Although broadband noise is typically associated with optimal spatial resolution in free-field
conditions due to the availability of wide-band spectral and temporal cues, the present findings demonstrated
improved MAA performance with complex tones compared to white band noise. Several factors may
account for this observation. First, spectral weighting effects may have enhanced the salience of interaural
time difference (ITD) cues within specific frequency regions of the complex tones, potentially leading to
more robust binaural processing. Second, stimulus rendering through non-individualized HRTFs may have
altered the spectral cues available in the broadband noise condition, thereby reducing the effective spatial
information conveyed. In headphone-based virtual spatial paradigms, inaccuracies in individualized pinna
filtering can disproportionately affect broadband stimuli. Third, complex tones may provide more stable
phase relationships across frequency components, potentially enhancing temporal fine-structure processing
and spatial discrimination under controlled laboratory conditions. Together, these factors may explain why
complex tones yielded superior MAA performance in the present study despite traditional expectations
favoring broadband noise.

Although the duration variable did not produce a statistically significant main effect in this experiment, it
was revealed to interact with other parameters. This aligns with the temporal coding properties of the
auditory system, where temporal summation saturates beyond approximately 300 ms [22]. This may limit



the spatial benefits of longer durations. Spatial cues are primarily extracted within the early part of the
stimulus, as binaural processing in the brainstem relies on rapid, synchronized inputs [20], making extended
durations less critical once sufficient temporal information becomes available.

A significant three-way interaction was found between stimulus type, intensity, and duration, suggesting
that the finest spatial resolution is obtained through a combination of spectrally different stimuli at high
intensities for adequate durations. Complex tones at 65 dB SPL intensity and 500 ms duration, for instance,
yielded some of the optimal Minimum Auditable Angle (MAA) thresholds. These findings are consistent
with the multidimensional nature of spatial hearing, where temporal, frequency, and intensity cues interact
to permit precise localization [1,3]. This result is highly applicable to virtual and clinical tests of spatial
hearing, where optimized sets of these parameters can maximize test sensitivity. Regression analysis
indicated that among the tested parameters, only stimulus intensity significantly predicted MA A, with higher
intensities yielding smaller audible angles. Stimulus type and duration did not emerge as meaningful
predictors, suggesting their limited role in influencing localization accuracy within the tested range.
Although the regression model was statistically significant, the predictors accounted for only 3.1% of the
variance in MAA, indicating that the tested stimulus parameters explain only a small proportion of individual
differences in spatial acuity. This finding is consistent with previous reports that MAA 1is influenced more
strongly by listener-specific factors—such as age, audiometric thresholds, binaural cue sensitivity, and
cognitive abilities—than by basic manipulations of stimulus intensity, spectral content, or duration. Other
variables not examined here, individualized head-related transfer function (HRTF) characteristics, and
training effects, are also known to modulate spatial localization accuracy and may account for the remaining
variance [18,23]. The present results therefore suggest that, while stimulus intensity exerts a measurable
influence on MAA, comprehensive prediction models will require the integration of both stimulus- and
listener-related factors. Although stimulus intensity was identified asa statistically significant predictor, the
regression model accounted for only a limited proportion of the overall variance in MAA performance. This
suggests that spatial discrimination is influenced by additional factors beyond stimulus-level characteristics.
Listener-related variables, including individual differences in binaural sensitivity, temporal fine-structure
processing, attentional mechanisms, and spatial cue integration strategies, are likely to contribute
substantially to variability in MAA thresholds. Such inter-individual differences are well documented in
spatial hearing literature and may explain the residual variance observed in the present study.

Conclusion

This study clarifies the strong effects of stimulus type and intensity level on MAA thresholds in young adults
with normal hearing, with complex tones and high intensity levels being determinants of the best spatial
discrimination abilities. Although duration per se had no effect on MAA thresholds, its interaction with other
acoustic parameters suggests an advanced spatial auditory processing function. These findings further attest
to the validity of virtual auditory simulations, in this instance, headphone-based MAA measurement, as a
valid and practical means of assessing spatial hearing. The results highlight the diagnostic utility of using
complex stimuli for MAA to best gauge spatial resolution. A limitation of the present study is that it used
generic (nonindividualized) head-related transfer functions (HRTFs), which can reduce spatial realism in
certain listeners. Future studies should focus on the benefits of using individualized HRTFs, age differences,
and performance in noisy real-world environments.
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Fig 1. Mean Pure-Tone Audiogram for 30 participants Showing Average Hearing Thresholds Across
Frequencies for Left and Right Ears
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Fig 2.
Frequency spectrum of three types of auditory spatially simulated at 0°azimuth:(A) pure tone, (B) complex
tone, and (C) white band noise.
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Fig 3. Alternative Forced Choice (3AFC) Interface with Immediate Visual Feedback for Correct and
Incorrect Responses
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Fig 4. “Mean = SD plot” depicting the mean and standard deviation (SD) of responses for the three stimulus
types: Complex Tone (blue), Pure Tone (green), and White Noise (orange). Data are shown across three
stimulus durations (250, 500, and 1000 ms) and three intensity levels (45, 55, and 65 dB SPL). Each box
represents the mean response, with the box height indicating =1 SD. The individual data points are overlaid
as dots.



Table 1. Significant post hoc paired-sample t-test results for stimulus-type comparisons across all durations
and intensity levels. Only comparisons that remained statistically significant after Bonferroni correction (o
=0.0166) were included. Each entry presents the t (29) value and corresponding p-value. Here conditions
(Stimulus 1 and 2) are represented in the format “StimulusType Duration PresentationLevel” where C =
Complex tone, P = Pure tone, WBN = White Band Noise.

Stimulus 1 Mean (SD) | Stimulus 2 Mean (SD) | ¢ ) Cohen’s
Complex 250 55| 10.31(6.15) | Puretone 250 55 | 15.69(4.17) 512% <0.001 (11.02
Complex 250 55| 10.31(6.15) | WBN_250 55 16.70(1.67) | 5.62 | <0.001 | 1.42
Complex 250 65 | 11.62(6.90) | Puretone 250 65 | 14.47(7.02) | 2.69 | 0.012" | 0.41
Puretone 250 65 | 14.47(7.01) | WBN_250 65 9.86(4.91) |3.47]0.002 |0.76
Complex 500 55 | 11.17(6.14) | Puretone 500 55 | 15.53(7.13) | 3.86 | 0.001 | 0.66
Puretone 500 55 | 15.53(7.13) | WBN_500 55 10.31(6.15).[.5:71 | <0.001 | 0.79
Complex 500 65 | 10.79(6.58) | Puretone 500 65 | 14.86(6.24).| 3.23 | 0.003 | 0.63
Puretone 500 65 | 14.86(6.24) | WBN_500 65 10.22(7.16) | 2.88 | 0.007 | 0.69

Table 2. Significant post hoc paired-sample #-test results for presentation-level comparisons within each
stimulus type and duration. Only comparisons that remained statistically significant after Bonferroni
correction (o = 0.0166) are shown. Each row compares the MAA thresholds between two intensity levels
(45, 55, or 65-dB SPL) for the same condition, along with the corresponding #29) values and p-values.

. . Mean Mean Cohen’s
Stimulus_Duration |PL 1 (SD) PL 2 (SD) t29) |p d
45 15.73 55 10.37 4.89 <0.001 | 0.97
(5.01) (6.15)
Complex tone_250 1573 1.6
45 (5.01) 65 (6.90) 3.33 0.002 0.68
13.87 10.80
Complex tone 1000 | 45 (6.19) 65 (7.39) 2.63 0.014 0.45
16.62 12.56
Pure tone 1000 45 (7.93) 65 (7.84) 2.88 0.007 0.51
45 14.52 65 9.86 4.64 <0.001 | 0.92
(5.17) (4.91)
WBN 250 1670( 556
55 1.67) 65 (4.91) 7.05 <0.001 | 1.86
45 | 1390 Hes [ 103165 1y g0 10008 | 055
(7.06) )
WBN_500 13.99 10.22
45 (7.06) 65 (7.16) 2.55 0.016 0.53
15.14 10.96
WBN_1000 45 (7.55) 55 (7.47) 291 0.007 0.56




