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Abstract
Background: Auditory spatial attention (ASA) can be impaired in clinical populations and affects everyday activities,
yet it remains understudied and lacks practical assessment tools for clinical use. However, recent technological advances
have enabled the development of auditory virtual environments capable of engaging attentional networks while remaining
compatible with clinical implementation and supporting the collection of objective physiological measures.
Objective: This study aimed to address the lack of clinically applicable ASA assessments by developing a new assessment
(phase 1) and supporting its future implementation in clinical practice through preliminary validation and user experience
evaluation (phase 2).
Methods: In phase 1, the assessment was developed through a multidisciplinary research committee involving clinicians
and researchers, and was refined through pilot testing with 17 healthy participants. It uses an immersive auditory virtual
environment and combines eye tracking, head tracking, and pupillometry. Phase 2 will consist of two successive studies: (1)
15 expert clinicians (neuropsychologists or speech therapists) will evaluate face and content validity, and user experience, and
(2) 80 healthy adults will provide additional sources of validity evidence and user experience data. Participants will complete 5
steps of an ASA task, alternating habituation and measurement blocks, using either gaze orientation or head orientation as the
response modality. Vocal targets will be presented with or without background sound in a dynamic binaural environment.
Results: Study 1 will provide preliminary validity evidence based on face and content, together with user experience
outcomes, including usability, satisfaction, and intention to use. Recruitment of participants began in November 2025 and
was completed in January 2026. Data analysis is in progress, and the corresponding manuscript is expected to be submitted
for publication during the winter of 2026‐2027. Study 2 will provide preliminary validity evidence based on precision, face
and content, response processes, internal structure, and fairness, together with user experience outcomes, including usability,
satisfaction, and sense of presence. Recruitment of participants began in March 2026 and is expected to be completed in
October 2026. As of July 2026, 48 participants had been enrolled. Completion of data analysis and submission of the
corresponding manuscript are expected in winter 2027‐2028.
Conclusions: This validation study represents the first step toward developing a clinically applicable tool for assessing ASA.
By combining immersive auditory technology with clinically feasible hardware, the proposed approach aims to provide a rapid
and ecologically valid evaluation of ASA. Future studies will focus on formal psychometric validation, patient testing, and the
development of normative data.
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Introduction
Background
Auditory spatial attention (ASA) is fundamental because it
forms the basis for a number of everyday activities, such
as crossing the street while adjusting to the sounds of cars
or communicating with different interlocutors. ASA can be
defined as “the ability to focus auditory perception on the
specific location of a sound source in the environment”
[1]. It involves at least 2 levels: orienting attention toward
a single sound source and selectively focusing on a target
sound arising from a complex spatialized auditory environ-
ment [2]. However, ASA is impaired in several pathologies.
In schizophrenia, for example, ASA is hindered by excessive
attraction to auditory spatial information coming from the
left side of space [3]. Similarly, stroke can lead to audi-
tory unilateral spatial neglect, characterized by an attentional
bias toward the ipsilesional space [4]. Thus, the potential
prevalence of ASA impairments requires dedicated assess-
ments. Moreover, relying solely on measures of visual spatial
attention may not be sufficient, as auditory and visual spatial
attention rely partially on different brain mechanisms [2] and
may therefore be selectively impaired.

Nevertheless, assessing ASA during neuropsychological
evaluation in patients with neurological and psychiatric
disorders can be challenging. Indeed, ASA assessment
requires ecologically valid auditory environments, both in
terms of sound content and spatial rendering, in order
to effectively engage the cognitive and neural processes
underlying ASA. In particular, everyday familiar sounds must
be used, as the nature of the sounds can influence auditory
attention orienting [5]. Furthermore, several studies suggest
that the engagement of ASA depends on the ability to
construct a coherent representation of the auditory envi-
ronment, which requires listeners to perceive sound sour-
ces as originating from different regions of auditory space
[6]. To provide such spatially distributed sound sources,
many experimental paradigms rely on complex spatial-audio
setups, including loudspeaker arrays requiring precise spatial
positioning [1,7] and sound-attenuated booths [1,8], which
limit their implementation in clinical settings.

Experimental paradigms to assess ASA developed in
research settings generally require participants to process
the spatial attributes of sounds, either by localizing sounds
or by selectively attending to sounds originating from a
particular region of auditory space. To report their respon-
ses, these studies frequently rely on upper limb motor
actions [7,9-11]. Beyond potential difficulties in patients
with motor impairments, fixed response device positions and
constrained upper limb responses directed toward predeter-
mined spatial locations may influence task performance
in patients, making the assessment less representative of

their abilities in everyday situations. Indeed, upper limb
movements have been shown to influence spatial attention
performance [12,13], suggesting that the response mode itself
may participate in the spatial processing of the task. More-
over, manual responses may recode auditory space relative
to the acting limb or the response device [14], while ASA
appears to rely on head-centered and oculocentric reference
frames [15].

Such methodological challenges partly explain why, to
our knowledge, no dedicated and validated tool is avail-
able for ASA assessment in clinical practice [4]. Thus,
in this work, we developed a novel approach to assess
ASA. This approach is based on recent advances in audi-
tory virtual reality, eye tracking, and head-tracking technolo-
gies, which have created new opportunities for developing
ecologically valid assessments. However, these technologies
remain relatively uncommon in routine clinical practice
and require the integration and synchronization of multiple
hardware and software systems. Furthermore, for assessment
tools to be adopted in clinical practice, they must demonstrate
both adequate psychometric properties and a satisfactory user
experience [16,17]. Indeed, technology-based assessments
may be influenced by a range of technical and human factors
that must be carefully evaluated to ensure the collection of
reliable and interpretable physiological measures [18,19].

Thus, for the validation of our ASA assessment, we
rely on the terminology and validity framework proposed
in the Standards for Educational and Psychological Testing
(2014), which defines validity as the extent to which evidence
supports the interpretation of test scores for their intended
use [20]. In this context, accumulating multiple sources
of validity evidence is foremost when the assessment is
intended for diagnostic purposes. Face validity and content
validity constitute essential preliminary steps to ensure that
the assessment appears to measure what it is intended
to measure and that its components, including tasks and
instructions, are appropriately aligned with the construct of
interest [21-23]. Additional sources of evidence may further
support whether the assessment elicits the expected cognitive
processes, produces consistent scores, and provides accu-
rate and fairly interpretable scores for all individuals. In
addition to psychometric validity, usability, acceptance, and
satisfaction are important considerations for identifying areas
for improvement and facilitating implementation in clinical
practice [18,24,25].
Study Aims
This study aims to develop a new ASA assessment. As such,
it addresses both the need for clinically applicable ASA
assessment tools and the challenges associated with their
implementation. Thus, phase 1 (completed) aimed to develop
the first version of the ASA assessment. Phase 2 (ongoing)
aimed primarily to evaluate the preliminary validity and
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secondarily to evaluate its user experience through 3 studies
involving clinicians (study 1), healthy participants (study 2),
and patients (study 3; planned subsequently). The present

protocol covers phase 1 and part of phase 2 and contributes
to the iterative refinement of the assessment within a broader
5-phase development process, illustrated in Figure 1.

Figure 1. Overview of the different phases and studies involved in the development and validation of the auditory spatial attention assessment. The
red dashed box indicates the scope of the present protocol paper. The timeline is indicative and reflects the anticipated progression of the research
program. ASA: auditory spatial attention; MDR: medical device regulations.

On the basis of the gap between experimental developments
and clinical practice, and the importance of developing a
clinically transferable approach using eye-tracking response
modes and auditory virtual reality, the assessment develop-
ment process is based on the Universal Design described in
Standards for Educational and Psychological Testing (2014).
This type of design consists in developing an assessment
with as few access barriers as possible, making it usable
by the widest possible range of participants regardless of
their individual characteristics. That is why we first involve
expert clinicians and healthy participants before subsequently
evaluating the assessment in different patient populations.

Methods
Ethical Considerations
Phase 1 involved preliminary pilot work with healthy
participants and received ethical approval from the Insti-
tutional Research Ethics Committee of the University of
Caen (reference number 2024092711253400000160000391).
They received a detailed information sheet and an informed
consent form outlining the study objectives, procedures,
and data handling. In addition to these study participants,
members of the participatory research team, including
clinicians, engineers, and researchers, contributed to the
iterative codevelopment of the assessment. These contribu-
tions were part of the participatory design process rather

than the research study itself. Therefore, these individuals
were not considered study participants; their feedback was not
collected or analyzed as research data, and written informed
consent was not required.

Phase 2, including study 1 with a group of expert
clinicians participants and study 2 with healthy participants,
received ethical approval from the Institutional Research
Ethics Committee of the University of Caen (reference
number 2025060606545200000310000391). Expert clinicians
and healthy participants will receive a detailed information
sheet and an informed consent form outlining the study
objectives, procedures, and data handling. Written informed
consent will be obtained from each participant on the day of
data collection. All collected data will be anonymized before
analysis, and participants will be informed that they may
withdraw from the study at any time without any conse-
quence.
Phase 1: New ASA Assessment
Approach Development (Completed)

Objectives and Overview
The objective of phase 1 was to develop the initial ver-
sion of the ASA assessment through a collaborative process
involving a multidisciplinary team of clinicians, engineers,
and researchers. First, several team meetings were conducted,
during which 10 clinicians were invited to discover and,
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if they wished, interact with a preliminary version of the
assessment. Their feedback, discussed within the participa-
tory research team, led to several modifications of the ASA
assessment. The resulting version was then discussed with 3
additional clinicians, leading to further adjustments. Finally,
the approach was tested with 17 healthy participants, resulting
in a reduction in the number of silhouettes and sound-source
positions and adding a control condition without visual
inferences. This iterative development process resulted in the
version of the ASA assessment described in the remainder of
this section, which constitutes the basis for the preliminary
validation presented in phase 2.

System Design Rationale
Localization Task
Our new approach was built on a sound localization task,
a paradigm commonly used to engage ASA networks
[26]. However, the aim was not to assess localization
accuracy per se. Rather, sound localization was used as
a means of engaging auditory spatial-attention mechanisms.
In the developed ASA assessment, sound positions were
selected to engage broad auditory spatial-attention regions
while reducing the risk of overlap between adjacent
spatial categories. This choice was supported by evidence
suggesting that ASA operates according to a spatial
attentional gradient rather than strictly isolated locations.
Orienting attention toward a given sound position has
been shown to enhance the processing of nearby loca-
tions as well [27], suggesting that ASA is organized
around spatial regions. In addition, increasing the number
of spatial locations (ie, not only left or right) has been
associated with stronger engagement of auditory spatial-
attention networks [26], making the task less reliant on
simple perceptual discrimination and more dependent on
auditory spatial-attention processes.

Accordingly, the auditory environment was designed to
provide sufficiently salient spatial cues to allow listeners
to perceive sounds as originating from different regions of
space. To achieve this, several components were designed
to facilitate sound localization and place participants in
optimal perceptual conditions. The goal was not to evaluate
fine-grained localization abilities but rather to ensure that
spatial information can be reliably perceived so that perform-
ance primarily reflects higher-level auditory spatial-attention
processes.

Immersive and Interactive Virtual Auditory
Environment
To deliver the auditory stimuli of the assessment, a vir-
tual auditory environment was developed. Virtual auditory
environments are computer-generated environments that can
provide immersive and interactive auditory experiences [28-
30]. Such environments create rich auditory scenes containing
multiple spatial regions that may support the deployment of
ASA.

Immersion Through Binaural Rendering
Immersion was achieved through binaural rendering, which
has been shown to support the construction of spatial
representations and the engagement of auditory spatial-atten-
tion networks [6]. Binaural rendering is considered one of the
most natural approaches for simulating real-world auditory
environments [31] and can be delivered through standard
headphones. Compared with loudspeakers, headphones are
quick and easy to place on participants, independent of room
acoustics and of the participant’s position, and less expensive,
key advantages for clinical applications [32]. Additionally,
binaural rendering recreates a natural listening experience by
delivering to each ear the signal that would naturally occur in
a real sound field, thereby preserving localization cues while
allowing precise control over sound presentation [33].

This natural listening experience is possible thanks to
head-related transfer functions (HRTFs), mathematical filters
that model how the body (head, torso, and outer ears)
modifies incoming sound waves. For each sound position,
the HRTF computes the expected signal at the eardrum,
relative to these body modifications, allowing us to recreate
in headphones the natural differences between the 2 ears [34].
This process makes the simulation both realistic [34] and
suitable for engaging ASA networks [6] by capturing three
key cues required for accurate sound localization [34] (Figure
2):

1. Interaural time difference (ITD): Sound reaches the 2
ears with a small difference in time of arrival that
depends on the horizontal angle of incidence (azimuth)
[35]. For example, a sound coming from directly in
front (0°) or behind (180°) yields an ITD ≈0 milli-
seconds, whereas a sound arriving from 90° on the
right produces a near-maximal ITD of about 0.6‐0.8
milliseconds. This arises from the anatomical placement
of the ears on opposite sides of the head. This cue is
used for horizontal (azimuthal) localization.

2. Interaural level difference (ILD): Amplitude (level)
at the 2 ears differs owing to head shadowing
[35]. Attenuation is maximal for near-perpendicular
incidence (≈90° azimuth), preferentially reducing the
signal at the ear contralateral to the source. As with
ITD, ILD primarily supports azimuthal (horizontal)
localization.

3. Spectral cues: Reflections and diffractions caused by
the head, shoulders, chest, and outer-ear cavities modify
the incoming sound wave. These phenomena create
direction-dependent spectral changes that vary with the
angle of incidence. The brain learns to associate these
timbral alterations with specific directions, which also
enables elevation (vertical) localization. These spectral
cues complement the information provided by ITD
and ILD and also contribute to azimuthal (horizontal)
localization [36].
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Figure 2. Illustration of sound localization cues contained in the HRTF. HRTF: head-related transfer function; ILD: interaural level difference; ITD:
interaural time difference; Spectral cues: modifications of the sound wave by the head, shoulders, chest, and outer-ear cavities.

Interaction Through Head Movement Adaptation
To achieve interaction and further support spatial sound
perception, the auditory virtual environment was dynami-
cally adapted to listeners’ head movements. Head move-
ments naturally contribute to spatial hearing [37] and allow
the system to continuously update spatial cues through the
dynamic adaptation of HRTFs. Indeed, because the sound
signal is modified by individual anatomical characteristics,
HRTFs differ across individuals, but there is no straightfor-
ward measurement process to individualize HRTFs [34,38].
This leads us to use generic HRTFs that commonly result
in front-back confusions in sound localization [39,40] and
poor externalization [41], potentially disorienting participants
in our assessment. Head movement–adaptive environments
compensate for these issues [41] even for small head rotations
(<4°) [42]. Also, previous studies have shown that the latency
between head motion and auditory update should remain
below approximately 25 milliseconds to preserve a stable
spatial perception [43]. This highlights the importance of
using high-quality hardware to take full advantage of head
movements.

Eye Tracking–Based Response Mode
In classical visual spatial attention tasks, performance is often
characterized by both the extent of the explored visual field
and the attentional cost; it is therefore common to observe
patients who complete the task with a normal extent of visual
field exploration but elevated attentional cost, suggesting
impaired cognitive function.

The extent of the explored attentional field is reflected
by gaze orientation and fixation patterns [44], and a sim-
ilar relationship may exist in ASA. Indeed, studies have
shown that eye movements are naturally involved in auditory
spatial orienting. More broadly, ASA tasks recruit visual
cortical areas [7], even in congenitally blind individuals for
whom eye movements are not behaviorally relevant during
auditory tasks [11], suggesting that gaze orientation consti-
tutes a natural response modality for ASA. In addition, gaze
orientation has been shown to facilitate sound localization
[45]. As sound localization is used in the present assessment
as a means of engaging ASA, gaze-based responses may
help support task performance without introducing additional

response-related constraints. Finally, eye-tracking paradigms
offer an ecological and intuitive response modality for
ASA assessment. Indeed, eye movement–based localization
tasks are rapid, accurate, and associated with relatively low
cognitive and motor demands [46].

Simultaneously with gaze orientation recording, the
eye-tracking system also enables the assessment of atten-
tional cost through variations in pupil diameter. Pupillome-
try therefore provides a complementary physiological marker
of attentional load, as pupil size increases with increasing
cognitive demand. It has been shown relevant for measuring
(1) the impact of auditory attention switching [47] and (2) the
cost of divided auditory attention [48,49].

Benefits of a Visual Environment for Sound
Localization
Although our primary aim was to assess ASA, a visual
environment was added to the assessment for two main
reasons: (1) to provide a stable and shared spatial framework
to help participants associate target sounds with attentional
spatial areas, and (2) to provide a visual fixation point
that stabilizes gaze, reduces interfering eye movements, and
thereby improves data quality.

The visual environment was intended to provide spatial
support for the attentional areas toward which ASA is
expected to be oriented by seeing representation of the sound
sources. Indeed, in a sound localization task, the presence
of a visible loudspeaker improves participants’ performance,
demonstrating the facilitative effect of visual cues [50].
This also increases ecological validity, as most everyday
sounds are accompanied by visual information, although
some situations rely exclusively on auditory cues.

Furthermore, the interpretation of eye-tracking data can
be affected by experimental device and participant behav-
ior [51]. Without a visual marker, participants may visually
explore anywhere in space in search of the sound source,
which compromises gaze stability and fixation accuracy,
thereby making the interpretation of eye-tracking data more
difficult [52]. These difficulties can also be exacerbated
by alterations in attentional capacity, as in patients [52].
Therefore, providing visual support is essential to constrain
gaze behavior and ensure that recorded measures reflect
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attentional processes rather than methodological bias of gaze
acquisition.

Head-Tracking Response Mode
To verify that the assessment configuration does not introduce
supplementary cognitive processes, an additional response
mode based on head tracking was included. Indeed, head
movements have been associated with ASA and listening-ori-
entation behaviors in natural environments [53,54]. Addition-
ally, the head-tracking response mode was selected because
it did not require visual reference points for participants to
indicate the region of space toward which they directed their
ASA. While this may provide a relevant response mode,
it is also associated with greater interindividual variability
due to individual differences in head orientation responses to
auditory spatial locations and may not be suitable for some

clinical populations (eg, poststroke patients with restricted
head movements). Therefore, head tracking was intended
to serve as a complementary outcome measure, in order to
provide additional evidence regarding whether performance
was primarily driven by auditory spatial attention processes or
by other task-related processes.

ASA Assessment
System Overview
A sound localization task designed to assess ASA was
developed using the Unity game engine and clinically
compatible hardware. Figure 3 shows an overview of
the system components, implemented by coupling several
software (Unity, Max/MSP, IRCAM SPAT) and hardware
tools (Supperware and Tobii).

Figure 3. Experimental setup used for acquiring gaze, pupil size, and head position data. Numbers (1-4) correspond to the chronological steps of the
procedure. All product names, logos, and brands are property of their respective owners. All trademarks are acknowledged and used for identification
purposes only.

Immersive auditory virtual environments consist of target
sounds (vocal stimuli) and a background sound (coffee
shop ambiance), all specifically recorded for this study.
The target sound bank includes 20 French sentences with a
mean duration of 1.8 seconds (maximum: 2.1 seconds), all
following the same structure (eg, “Good morning, my name
is Marie, nice to meet you”), with 10 sentences spoken by
different women speakers and 10 by different men speakers.
To standardize the stimuli, silence was added at the end of
each sentence, resulting in a total duration of 3.1 seconds,
which also allowed the system enough time to load the next
sound. Each sentence is spatialized in front of the partici-
pant’s head at 1 of 5 fixed locations to engage multiple
auditory spatial attention areas: 90° left (L90), 45° left (L45),
0° center (C00), 45° right (R45), and 90° right (R90). Unity
sends instructions to Max/MSP regarding the target sound
characteristics (sentence, speaker gender, and background
sound condition) and spatial location for each trial. Max/MSP
then performs binaural rendering (see Multimedia Appendix
1 for detailed auditory environment specifications), and the
sounds are delivered through Beyerdynamic DT 770 Pro
headphones.

In order to provide interaction between head movement
and the auditory virtual environment, a Supperware exter-
nal inertial head-tracking system is incorporated into the
headphones, with a manufacturer-reported theoretical latency
of less than 20 milliseconds (see Multimedia Appendix 1 for
details of the theoretical end-to-end latency). Indeed, most
commercially available headphones do not include integra-
ted head-tracking, or, when they do, the resulting data are
not accessible for analysis. Thus, the selected head-tracking
system continuously sends head position data to Max/MSP
via musical instrument digital interface over USB. Max/MSP
then uses the Spat5 real-time audio processor from the
IRCAM SPAT library to spatialize sounds according to head
position, enabling dynamic binaural rendering (ie, real-time
HRTF adaptation) [55].

Gaze orientation and pupil-size variation measurements
are enabled using a Tobii Eye Tracker 5L (Tobii AB [56]),
a contactless screen-mounted infrared eye tracker operated
in high-speed mode at 120 Hz. The device was selected
because it is suitable for clinical use due to its ease
of use and compliance with hygiene standards. The eye
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tracker continuously sends gaze position and pupil diame-
ter data to Unity. The choice of a screen-mounted eye
tracker was also motivated by the limitations associated
with alternative technologies such as head-mounted displays
(HMDs) and eye-tracking glasses. HMDs present several
limitations, including cybersickness, which may be exacerba-
ted by hardware parameters and/or individual factors [57],
medical contraindications (eg, epilepsy, high myopia, and
postural instability), other adverse effects (eg, headaches or
even delusional episodes) [58], and practical implementation
constraints (eg, time-consuming setup procedures and the
need for technical support) [59]. Eye-tracking glasses also
have limitations, including difficulties in accurately quantify-
ing viewed regions because of head movements, sensitivity to
facial movements (eg, emotional expressions), and slippage
of the glasses during recording [60].

To support gaze-based responses and ASA, 2 visual
environments are displayed alternatively: 1 displaying

potential sound source positions and 1 showing a fixa-
tion cross. Potential sound source positions (Figure 4) are
represented by identical neutral, black, and static silhouettes
(same shape and size), with woman silhouettes matching
woman speakers’ voices (Figure 4A) and man silhouettes
matching man speakers’ voices (Figure 4B), presented on a
gray background to minimize visual distraction and ensure
that recorded responses primarily reflect ASA. A schematic
representation of the participant (head with headphones)
is placed at the bottom center of the screen to provide
a reference for their position within the auditory spatial
environment. Before each trial, a fixation cross is displayed
at the bottom center of the screen to standardize the initial
gaze position and provide a cue for the onset of the next
sound [15]. The visual environment is controlled by Unity
and displayed for 3.1 seconds during each target sound in the
eye-tracking response-mode blocks.

Figure 4. Images used during listening to the vocal sound in the eye-tracking or pupillometry condition only. (A): woman silhouette. (B): man
silhouette. Not displayed during head orientation responses.

Finally, head position measurement is enabled through the
transmission of data recorded by the Supperware head tracker
to Unity via Max/MSP. During these phases, participants
receive verbal instructions generated using artificial intelli-
gence–assisted speech synthesis (ElevenLabs). At the end
of each block, Unity exports a comma-separated values file
sampled at 120 Hz, containing time-stamped information on
the presented sounds, head position, gaze position, and pupil

size (see the “ASA Assessment Tasks” section for a detailed
description of the block structure).

ASA Assessment Tasks
The tasks consist of 5 phases (Figure 5): 2 eye-tracking
phases (phases 1 and 2 in Figure 5) and 3 head-tracking
phases (phases 3‐5 in Figure 5).

Figure 5. Recordings consist of multiple tasks divided into 5 main phases. Phase 1 (material habituation): HA1 (HAbituation to the visual
environment) and HA2 (HAbituation to the audiovisual environment). Phase 2 (eye-tracking experimental task): EE1 to EE4. Phase 3 (habituation):
HA3 (equipment HAbituation). Phase 4 (head-tracking experimental task): HE1 and HE2. Phase 5 (head movement baseline): BH1.
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To perform the task, participants are seated 60 cm from
a computer monitor (HP E24i G4, 1920×1200 pixels,
51.84×32.4 cm) connected to the control computer (ROG
Strix G531G, Windows 10), which enables the experimenter
to regulate the timing and progression of the different
assessment phases. The control computer and experimenter
are located on the other side of a curtain, which serves to
attenuate room light and minimize the potential influence of
the experimenter’s presence, particularly when participants
have their eyes closed. Before beginning the ASA assess-
ment, eye-tracking is calibrated using Tobii’s native 6-point
procedure, and head tracking is calibrated using Supperware’s
native procedure.

The eye-tracking phases (phases 1‐2) are designed to
assess attentional orienting through gaze direction and
attentional cost through pupil-size variations. Participants sit
facing the computer screen with their eyes open and are
instructed to avoid large head movements. Two habituation

blocks are first provided. The first block (HA1) familiar-
izes participants with the visual environment. The second
block (HA2) familiarizes them with the complete trial
sequence, including the fixation cross, spatialized target
sounds presented from locations corresponding to the 5
silhouettes, and the associated visual display. The ration-
ale for using habituation rather than training is detailed
in Multimedia Appendix 2. Participants then complete 4
experimental blocks of 10 trials each (EE1-EE4), during
which target sounds are presented from 1 of the 5 prede-
fined spatial locations associated with the silhouettes, in
randomized order. Figure 6 illustrates the timeline of a single
trial. Following fixation on the fixation cross, participants
are instructed to identify the silhouette corresponding to the
region of space from which they perceive the target sound to
originate and to maintain their gaze on this silhouette until the
visual display disappears.

Figure 6. Representation of the experimental phase based on eye-tracking measurement (EE1 to EE4). The screen successively displays (A) the
fixation cross with dynamic arrows, (B) the fixation cross alone, and (C) the vocal sounds together with the silhouettes image that participants are
required to fixate.

The head-tracking phases (phases 3‐5) are designed to
assess attentional orienting through head direction. Partic-
ipants remain seated facing the computer screen, as the
fixation cross is used to recenter head position between
trials but perform the localization task with their eyes
closed. A habituation phase familiarizes participants with
the complete trial sequence, including the fixation cross,
auditory instructions indicating when to close their eyes,
spatialized target sounds, and auditory instructions indicating
when to open their eyes and return to the fixation cross.

Participants then complete 2 experimental blocks of 10 trials
each (HE1 to HE2), during which target sounds are presen-
ted from randomized spatial locations. They are instructed to
orient their head toward the perceived target sound source
and maintain this position until the sound ends. Figure 7
illustrates the timeline of a single trial. In the final block
(BH1), participants are instructed to turn their head twice as
far as possible to the right and twice as far as possible to the
left to measure their maximum head orientation amplitude.
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Figure 7. Representation of the experimental head-tracking phases (HE1 and HE2). The task successively presents (A) the fixation cross with
dynamic arrows, (B) the fixation cross alone, (C) the audio instruction to close the eyes and orient the head toward the sound, (D) the target sound
toward which participants must orient, and (E) the audio instruction to open the eyes and return gaze to the cross.

In both assessment modalities, target sounds are presented
from 5 spatial positions (L90, L45, C00, R45, and R90).
Target sounds are presented in all experimental blocks, with
half of the blocks including background sound and the
other half presented without background sound. Within each
10-trial block, each spatial position is presented twice, once
with a woman voice and once with a man voice, in random-
ized order. Each trial has a fixed duration of 3.1 seconds.
Detailed procedural descriptions and schematic representa-
tions of each phase are provided in Multimedia Appendix 2.
Phase 2 (Study 1): Preliminary Validity
and User Experience Evaluation With
Expert Clinicians (Ongoing)

Objectives and Overview
The first objective is to assess content and face validity
to determine whether the proposed assessment contains
components that are relevant, clear, comprehensive, and
appropriately aligned with the construct it is intended to
measure, that is, ASA. A second objective is to evaluate user
experience, including usability, satisfaction, and acceptance.
ASA assessment preliminary validation follows the steps
described in the Standards for Educational and Psychological
Test (2014) and the COSMIN methodology [20,23]. We will
use both qualitative and quantitative methods.

Trial Population and Recruitment
The target sample size is 15 expert clinicians, as this number
is considered sufficient for evaluating content and face
validity, which constitute the main objectives of study 1
[61]. Expert clinicians will be required to meet the following
inclusion criteria: being a speech therapist or neuropsycholo-
gist, having at least 1 year of clinical practice, and having
a minimum of 6 months of experience in attention assess-
ment. They will not be eligible if they self-report any of the
following exclusion criteria: neurological, neurodegenerative,
or psychiatric disorders, oculomotor impairments, visual or
auditory extinction, or hearing impairment. Hearing impair-
ment will also be assessed objectively using AudioSchool

pure-tone audiometry (mean hearing threshold across the
standard test frequencies of 500, 1000, 2000, and 4000 Hz)
and the Höra speech-in-noise test [62]. Participants with
a mean hearing threshold >25 dB HL or a Höra score
<50% will be excluded. As expert clinicians will be required
to perform the assessment tasks under evaluation, these
exclusion criteria will be applied to minimize the potential
influence of sensory, neurological, or oculomotor impair-
ments on validity and user-experience evaluations.

A snowball sampling strategy will be used to recruit
expert clinicians. While non–random sampling approaches
may limit the generalizability of findings, they are considered
appropriate for exploratory phases of assessment development
[63]. Expert clinicians will initially be contacted through
professional networks and will be invited to share the study
invitation with colleagues meeting the eligibility criteria.
Clinicians interested in participating will be asked to contact
the research team directly.

Data Collection
Data collection will be organized in five steps: (1) pretests,
(2) experimental tasks, (3) posttests, (4) postsession, and
(5) feedback session. Expert clinicians will participate in 3
sessions: 2 laboratory sessions of approximately 1.5 hours
(1 covering steps 1‐3 and 1 covering step 5) and 1 remote
session covering step 4.

Step 1: Pretest
Once written informed consent has been obtained, expert
clinicians will complete questionnaires including sociode-
mographic information, musical experience (questionnaire
developed by our team and inspired by items from the
MUSE questionnaire; [64]), and manual laterality (Edin-
burgh Inventory [62]). The experimenter will also admin-
ister additional assessments: tonal auditory perception
(AudioSchool audiometer), speech-in-noise perception (Höra
application, validated in French [65]), and ocular dominance
(near hole-in-the-card test [66]).
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Step 2: Experimental ASA Assessment
Expert clinicians will be seated at a desk in a quiet and dimly
lit room in front of a computer monitor. After completion
of the eye-tracking and head-tracking calibration procedures,
participants will complete the 5 phases of the ASA assess-
ment, during which eye-tracking and head-tracking data will
be acquired (see the “ASA Assessment Tasks” section).
During assessment, different measures will be collected: gaze
position, pupil size, and head position.

Step 3: Posttest
After completing all tasks of the ASA assessment, expert
clinicians will be asked to complete a questionnaire on user
experience (satisfaction) and face validity (English version is
available in Multimedia Appendix 3).

Step 4: Postsession
Expert clinicians will receive a questionnaire by email to
evaluate content validity, usability, and intention to use. A
brief reminder of the tasks will be provided before completion
of the questionnaire. The use of a self-administered question-
naire completed outside the laboratory setting is considered
appropriate, as expert clinicians will have returned to their
clinical environment and may be better able to envision
real-world use while having sufficient time to reflect on

each component (English version is available in Multimedia
Appendix 3).

Step 5: Feedback Session
Once the results have been analyzed, a feedback session
will be organized to present the findings, with particular
emphasis on the content-validity results. The objective of this
session will be to identify consensual solutions for assessment
components that did not reach the predefined validity criteria.
During the session, the item-level content validity index
(I-CVI) will be recalculated in real time after each proposed
modification to determine whether the predefined consensus
threshold has been reached. If consensus is not reached by the
end of the session and some assessment components remain
unvalidated, modifications will be implemented and presented
during up to 2 additional feedback sessions. This iterative
process is commonly used in consensus-building methodol-
ogies for which 2-3 rounds are often sufficient to achieve
agreement among participants [67].

Outcomes Measures
Different indicators will be used to assess preliminary
validation and user experience. For clarity, they are presented
in Table 1.

Table 1. Overview of outcomes, descriptions, and indicator.

Objective
Step
collection Description Outcomes measures Instrument

Face validity 3 Whether the assessment appears to measure
ASAa

Yes/no question with
justification

Study-specific questionnaire

Content validity
(comprehensiveness)

4 Whether the assessment includes all relevant
components for assessing ASA

Yes/no question with
justification

Study-specific questionnaire

Content validity
(relevance and clarity)

4 Whether the assessment includes components
that are relevant and clear for assessing ASA

5-point Likert scales Study-specific questionnaire

User experience— Usability 4 Overall usability of the assessment SUSb, 5-point Likert scale Validated questionnaire
(French SUS; Gronier and
Baudet [68])

User experience—
Satisfaction

3 Experience with the assessment, including
motivation, enjoyment, perceived sound
localization, and overall appreciation

Four open-ended questions
and four 5-point Likert
scale

Study-specific questionnaire

User experience— Intention
to use

4 Perceived usefulness of the assessment and
intention to adopt it in clinical practice

Four 5-point Likert items (2
perceived usefulness; 2
behavioral intention)

Study-specific questionnaire
inspired by TAMc (Davis
[69]) and UTAUTd
(Venkatesh et al [70])

aASA: auditory spatial attention.
bSUS: System Usability Scale.
cTAM: Technology Acceptance Model.
dUTAUT: Unified Theory of Acceptance and Use of Technology.

Statistical Analyses
All statistical analyses will be conducted using RStudio
(version 2026.07.0+139; Posit Software, PBC). Statistical
significance will be set at P<.05. Participants with missing
data will be excluded only from analyses requiring the
missing variables, while remaining eligible for all other
analyses. In the case of missing data, the number of partic-
ipants included in each analysis will be reported.

Validity
Face validity and content validity of comprehensiveness will
be analyzed through the percentage of clinician experts
expressing favorable or unfavorable opinions. In addition,
a thematic coding of the justifications provided will be
conducted using a general inductive approach combined with
a deductive method [71]. Agreement rates of at least 75%
will be considered supportive of consensus, in line with
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commonly used approaches such as Delphi studies [67].
Content validity of relevance and clarity will be established
using the I-CVI [72], calculated as follows: (number of
experts rating the item as 3 or 4)/(total number of experts).
To be considered relevant or clear, the threshold is set at 0.78,

which is commonly used in the literature [71,73]. Compo-
nents with scores below this threshold will be discussed
during the feedback session. See Table 2 for a detailed
overview of the links between the study hypotheses and the
planned validity analyses.

Table 2. Planned validity hypotheses, outcome measures, statistical analyses, and criteria supporting validity of study 1.

Validation domain Statistical hypothesis Statistical analysis
Result supporting
validity

Face validity A majority of clinicians will judge whether the proposed tasks
adequately engage auditory spatial attention processes.

Descriptive statistics (%) ≥75% agreement

Content validity
(comprehensiveness)

Clinicians will judge the assessment content to be sufficiently
comprehensive.

Descriptive statistics (%) ≥75% agreement

Content validity
(relevance and clarity)

Assessment components will reach predefined content validity
thresholds for relevance and clarity.

I-CVIa calculation All items: I-CVI ≥0.78

aI-CVI: item-level content validity index.

User Experience
Usability scores on the System Usability Scale will be
analyzed following the standard scoring procedure [68] and
interpreted using the threshold scores proposed by Bangor et
al [74]. Qualitative feedback from participants will also be
considered, as usability issues may be identified even when
overall System Usability Scale scores indicate low usability.
Satisfaction will be analyzed through the median scores of the

satisfaction items, which will be compared against the neutral
value (3) using 1-sided 1-sample Wilcoxon signed-rank tests.
Qualitative responses will be analyzed thematically. Intention
to use will be analyzed through the median scores of each
item, which will be compared against the neutral value (3)
using 1-sided 1-sample Wilcoxon signed-rank tests [75]. See
Table 3 for a detailed overview of the links between the study
hypotheses and the planned user experience analyses.

Table 3. Planned validity hypotheses, outcome measures, statistical analyses, and criteria supporting no modification of study 1.
User experience domain Statistical hypothesis Statistical analysis Result supporting no modification
User experience—Usability Clinicians are expected to report

acceptable usability, as this is a first
assessment version.

SUSa score versus interpretative
thresholds

SUS≥68 and no major usability issues
identified

User experience—Satisfaction Clinicians are expected to report
moderate levels of satisfaction, as this
is a first assessment version.

Thematic analysis + 1-sided 1-
sample Wilcoxon signed-rank test

Predominantly positive themes and
P<.05

User experience—Intention to use Clinicians are expected to perceive the
assessment as useful and report a
positive intention to use it.

Descriptive statistics + 1-sided 1-
sample Wilcoxon signed-rank test

P<.05

aSUS: System Usability Scale.

Progression to the next phase involving healthy participants
will depend on predefined face validity and comprehensive-
ness criterion of at least 75% agreement among expert
clinicians, as well as achieving the predefined content validity
threshold (I-CVI ≥0.78) for all components evaluated in
terms of relevance and clarity. If these criteria are not met,
additional iterations may be conducted (see Step 5: Feedback
Session section). In line with the iterative nature of the
validation process, the assessment will be further refined,
if necessary, based on findings from the validity and user
experience evaluations before initiating the next phase with
healthy participants.
Phase 2 (Study 2): Preliminary Validity
and User Experience Evaluation With
Healthy Participants

Objectives
The first objective is to gather different sources of validity
evidence. This includes evidence based on (1) reliability and

precision by evaluating the accuracy of localization respon-
ses relative to sound-source locations; (2) face and content
validity; (3) response processes by examining whether eye
tracking, head tracking, and pupillometric responses reflect
ASA as intended; and (4) internal structure by determining
whether performance patterns across spatial positions and
background noise conditions are consistent with the theoreti-
cal structure underlying the assessment. The second objective
is to evaluate fairness by determining whether individ-
ual characteristics unrelated to ASA artificially influence
assessment performance. The third objective is to evaluate
user experience, including usability, satisfaction, and sense of
presence as an indicator of ecological relevance.

Trial Population and Recruitment
The target analyzable sample size is 80 healthy participants,
equally distributed across 2 age groups (18‐40 years and
60‐80 years). The sample size was determined based on the
requirements of the generalized linear mixed-effects model,
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which requires the greatest sample size among the explor-
atory validation analyses (primary objective of the study).
Simulation-based power analyses were conducted in R using
the simr package [76]. Assuming a 2-sided significance
level of .05 and a statistical power of 80%, the simulations
indicated that a total sample of 80 participants provides
at least 80% power to detect medium-sized effects of the
primary predictors (sound position and background noise).
Other planned quantitative analyses require an equal or
smaller sample size. Participants will be eligible if they are
healthy adults within one of these age ranges and do not meet
any of the exclusion criteria described for study 1.

A convenience sampling strategy will be used to recruit
participants for the same reasons as those described for
study 1 [63]. Recruitment announcements will be distrib-
uted through social networks and public spaces. Individu-
als interested in participating will be invited to contact the
research team by email or telephone to obtain additional
information about the study and to verify their eligibility.
Eligible participants will then be provided with an informa-
tion sheet. If they remain interested after reviewing the study
information, they will be invited to notify the research team.
A member of the research team will then contact eligible
participants to schedule a data collection session, which will
take place after written informed consent has been obtained.

Data Collection
Data collection will follow procedures similar to those used
in the first 3 steps of study 1, as steps 4 and 5 will not
be included. Therefore, only the differences between the 2
protocols are presented in the following text. Participants will
engage in 1 session in the laboratory for approximately 1
hour.

1. Step 1 (pretest): This step will be the same as that of
study 1.

2. Step 2 (experimental ASA assessment): Unlike study 1,
the order of the 2 tracking modalities (eye-tracking first
or head-tracking first) will be counterbalanced across
participants to allow the evaluation of response process
validity.

3. Step 3 (posttest): After completing all tasks of the ASA
assessment, participants will be asked to complete a
questionnaire (English version is available in Multime-
dia Appendix 4) on face validity, content validity, user
experience (usability and satisfaction), and sense of
presence.

Outcomes Measures
Several new indicators will be used in this study to assess
preliminary validation and user experience. For clarity, they
are presented in Table 4.

Table 4. Overview of outcomes, descriptions, and indicators.
Objective Description Outcomes measures Instrument
Reliability or precision Accuracy of eye- and head-tracking responses

relative to the sound source location.
Gaze performance, head performance,
and sound source position

ASAa assessment task

Face and content validity Participants’ perception that the assessment
appropriately engages auditory spatial
attention and uses appropriate content

• Five closed-ended yes/no
questions

• Six 5-point Likert scale items

Study-specific questionnaire

Validity based on response
processes

Consistency of participants’ reported
strategies with spatial attention engagement

Two open-ended questions Study-specific question

Validity based on response
processes

Consistency between eye- and head-tracking
performances during sound localization

Gaze performance and head
performance

ASA assessment tasks

Validity based on response
processes

Influence of tracking order on ASA
performance and response patterns

Composite performance score (eye |
head)

ASA assessment tasks

Validity based on response
processes

Consistency between physiological responses
and perceived task difficulty

Mean and peak pupil size, 2 open-
ended questions

ASA assessment tasks and study-
specific questions

Validity based on internal
structure

Effect of sound-source position and
background sound on performance

• Measures: Gaze performance
and head performance

• Variables: sound position and
background sound (yes/no)

ASA assessment tasks

Validity based on internal
structure

Effect of sound-source position and
background sound on attentional load

• Measures: Pupil size (mean
and peak)

• Variables: sound position and
background sound (yes/no)

ASA assessment tasks

Fairness Whether assessment performance is
influenced by participant characteristics
unrelated to auditory spatial attention

Age group, hearing score, and speech-
in-noise score

Sociodemographic questionnaire,
audiometry, and ASA assessment
tasks

User experience— Usability Participants’ perception of the overall
usability of the assessment

SUSb; 5-point Likert scales Validated questionnaire (French
SUS [68])

User experience— Satisfaction Participants’ perceptions and experiences of
the assessment, including motivation,
enjoyment, perceived sound localization, and
overall appreciation

Twelve 5-point Likert scales and 3
closed-ended questions

Study-specific questionnaire
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Objective Description Outcomes measures Instrument
User experience— Sense of
presence

Participants’ perception of behaving as if the
testing situation were real

Eleven 5-point Likert scales Study-specific questionnaire

aASA: auditory spatial attention.
bSUS: System Usability Scale.

To determine eye-tracking and head-tracking performance,
the proportion of correct final fixations or head positions
relative to the total number of trials will be calculated
separately for each sound position and background sound
condition. For eye tracking, correct final fixations will be
analyzed relative to the predefined regions of interest (ROIs).
For head tracking, correct final head positions will be
analyzed relative to predefined angular areas, with the central
area corresponding to ±2.5° around 0°, values below −2.5°
classified as left, and values above +2.5° classified as right. A
composite score will also be created by calculating the total
number of correct responses obtained from eye tracking and
head tracking.

Hearing ability will be assessed using a hearing score
based on pure-tone audiometry with the AudioSchool
audiometer (mean pure-tone threshold across both ears,
expressed in dB HL) and a speech-in-noise score obtained
with the Höra application (score out of 100).

Eye-Tracking and Head-Tracking Measures
Overview
The developed methodology will enable fully automa-
ted processing of eye- and head-tracking data, thereby

eliminating the labor-intensive manual steps usually required,
such as selecting candidate fixations or calculating pupil size.
This automation will be particularly relevant for eye-tracking
data and will offer several advantages: it will remove the risk
of analyst-induced bias [77], ensure optimal reproducibility
by making results independent of the operator, and substan-
tially reduce analysis time. In addition, the pipeline will
require no advanced technical expertise, which will enhance
its transferability to clinical settings where time and resour-
ces are often limited. The pipeline will include (1) fixation
detection, (2) pupil diameter calculation, and (3) determining
the head position (Multimedia Appendix 5).

Fixation Detection
To analyze fixations, ROIs will be defined for the 5 sound-
source locations (L90, L45, C00, R45, and R90). For each
ROI, we will extract fixation measures such as the total
number and duration of fixations, horizontal amplitude of
eye movement, total gaze path length, total explored area,
last fixation duration and latency, and the name of the ROI
containing the last fixation [78] (Table 5). The ROI contain-
ing the last fixation will serve as the primary eye-tracking
outcome used to determine task performance.

Table 5. Measures used for the analysis of fixations. The regions of interest correspond to the silhouettes that are assumed to have emitted the
sounds: L90, L45, C00, R45, and R90.
Description Unit
Full image
  Total number of fixations N/Aa

  Total fixation duration Milliseconds
  Horizontal amplitude of eye movement Pixels
  Total gaze path length Pixels
  Total explored area Pixels
Last fixation
  Duration Milliseconds
  Latency Milliseconds
  Name of the ROIb containing the fixation (if applicable) N/A

aN/A: not applicable.
bROI: region of interest.

Additionally, a data-driven analysis without predefined ROIs
will be conducted using the iMap4 toolbox [79] to generate
statistical fixation maps and validate the relevance of the
predefined ROIs.

Pupil Diameter Calculation
Pupil data will be segmented into baseline-corrected epochs
ranging from 300 milliseconds before sound onset to the
end of image presentation and categorized according to
sound spatial position, with the 300-milliseconds prestimulus

interval used exclusively for baseline correction. Pupil
responses will then be averaged sample-by-sample across
identical sound positions. For each position, the follow-
ing measures will be extracted over the 0‐ to 3.1-sec-
ond poststimulus interval: mean pupil size (millimeters),
maximum pupil size (millimeters), and latency to peak pupil
dilatation (milliseconds).

JMIR RESEARCH PROTOCOLS Lelaumier et al

https://www.researchprotocols.org/2026/1/e88231 JMIR Res Protoc 2026 | vol. 15 | e88231 | p. 13
(page number not for citation purposes)

https://www.researchprotocols.org/2026/1/e88231


Head Position
For each sound, head rotation along the azimuthal axis will
be analyzed from the onset of the auditory stimulus until the
end of the trial. For each epoch, the final head position will be
computed in radians.

Statistical Analysis
Overview
Statistical analyses will be conducted using RStudio.
Statistical significance will be set at P<.05, with false
discovery rate correction applied separately within each
predefined family of analyses (eye tracking, head tracking,
and pupillometry) [80]. Spearman correlation coefficients will
be interpreted according to commonly used guidelines in the
literature [81], distinguishing weak (r=0.10‐0.39), moder-
ate (r=0.40‐0.69), and strong (r=0.70‐1.00) associations. A
threshold of 75% will be used to indicate consensus, in line
with commonly used approaches such as Delphi studies [67].
The management of missing eye tracking, head tracking, and
pupillometry data is described in Multimedia Appendix 5.
Participants with missing data for the strategy questionnaire,
perceived difficulty ratings, age, or pure-tone audiometry will
be excluded from the corresponding analyses, and the number
of excluded participants will be reported.

Validity
For data analysis, the 5 sound positions will be reduced to
3 attentional areas (Sound Position variable): left (L90 +
L45), center (C00), and right (R45 + R90). Precision will
be assessed by comparing performance scores against the
theoretical chance level associated with random allocation
across spatial categories using 1-sided 1-sample Wilcoxon
signed-rank tests [82]. Chance level was set according to
the number of possible response locations: 40% for the left
and right hemifields, corresponding to the probability of
correctly identifying the left or right hemifield by chance
(2 out of 5 possible response locations), and 20% for the
central position, corresponding to the probability of cor-
rectly identifying the central position by chance (1 out of

5 possible response locations). Subsequently, an exploratory
analysis will examine performance across the 5 original
spatial positions (L90, L45, C00, R45, and R90) against the
theoretical chance level of 20% (1 out of 5 possible response
locations).

Face and content validity will be examined descrip-
tively using frequencies, percentages, and 95% CIs for
each item. Consensus will be evaluated based on the
proportion of participants providing positive responses for
each item. Response process evidence will be examined
through four complementary sources: (1) the relation-
ship between eye-tracking and head-tracking performance
scores, as both response modes are intended to capture
ASA, using Spearman rank correlation coefficient; (2)
the strategies reported by participants to complete the
assessment, analyzed using inductive thematic analysis,
to determine whether they are consistent with ASA; (3)
the impact of tracking order (eye tracking first vs head
tracking first) on performance, assessed using the Mann-
Whitney U  test; and (4) the relationship between self-
reported task difficulty and changes in pupil diameter,
assessed using Spearman rank correlation coefficient, as
pupillometry is assumed to reflect attentional load.

Because both sources of validity evidence rely on the
same explanatory factors, internal structure and fairness
will be examined simultaneously within 4 separate linear
mixed-effects models: 2 binomial generalized linear mixed-
effects models with a logit link function for eye-tracking and
head-tracking performance, and 2 linear mixed-effects models
for pupillary responses (mean and maximum pupil size).
Sound position, background sound, tracking order, hearing
score, and speech-in-noise score will be included as fixed
effects where relevant, while participant will be included
as a random effect to account for repeated measurements.
Age group will be included only in the pupillometry models
because of its known influence on pupil size and will be
modeled as a 2-level categorical fixed effect (18‐40 years
and 60‐80 years). See Table 6 for a detailed overview of the
links between the study hypotheses and the planned validity
analyses.

Table 6. Planned validity hypotheses, outcome measures, statistical analyses, and criteria supporting validity of study 2.
Validation domain Statistical hypothesis Statistical analysis Result supporting validity
Precision (eye tracking) Sound spatial area is correctly identified

through gaze orientation
1-sided 1-sample Wilcoxon signed-rank
tests

FDRa-corrected P<.05

Precision (head tracking) Sound spatial areas are correctly identified
through head orientation

1-sided 1-sample Wilcoxon signed-rank
tests

FDR-corrected P<.05

Face and content validity The assessment appropriately engages
ASAb using content adapted.

Frequency analysis ≥75% positive responses

Response process (eye vs head
tracking)

Eye tracking and head tracking are expected
to provide consistent measures of auditory
spatial orienting

Spearman correlation FDR-corrected P<.05; Ρ>.39

Response process (reported
strategies)

Participants report strategies consistent with
auditory spatial attention

Inductive thematic analysis and
frequency analysis

≥75% strategies consistent with
ASA

Response process (pupillometry) Pupil dilation reflects perceived attentional
demand

Spearman correlation FDR-corrected P<.05; Ρ>.39
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Validation domain Statistical hypothesis Statistical analysis Result supporting validity
Response process (tracking
order effect)

If both response modalities capture the
same underlying auditory spatial attention
processes, tracking order is not expected to
influence performance

Mann-Whitney U test Evidence of a meaningful
tracking-order effect will be
examined

Internal structure Eye-tracking or head-tracking performance
varies according to sound position and
background sound

For head and eye movements separately:
binomial generalized linear mixed-
effects model with a logit link function;
Performance∼Sound
Position+Background+Tracking
Order+Hearing Score+Speech-in-Noise
Score+(1 | Participant)

Significant main effects of sound
position and/or background
sound (FDR-corrected P<.05),
after accounting for tracking
order, hearing score, and speech-
in-noise score

Fairness (auditory measure) Eye-tracking or head-tracking performance
is not influenced by hearing abilities

For head and eye movements separately:
binomial generalized linear mixed-
effects model with a logit link function;
Performance∼Sound
Position+Background+Tracking
Order+Hearing Score+Speech-in-Noise
Score+(1 | Participant)

Potential associations between
hearing score and performance,
including interactions, will be
examined

Internal structure Attentional load is influenced by sound
position and background sound

For mean and peak pupil size separately:
mixed-effect model; Pupil Size∼Sound
Position+Background+Tracking
Order+Age Group+Hearing
Score+Speech-in-Noise Score+(1 |
Participant)

Significant main effects of sound
position and background sound
on pupil size (FDR-corrected
P<.05), after accounting for
tracking order, age group,
hearing score, and speech-in-
noise score

Fairness (age and auditory
measures)

Pupillometry remains sensitive to
attentional load regardless of age and
hearing ability

For mean and peak pupil size separately:
mixed-effect model; Pupil Size∼Sound
Position+Background+Tracking
Order+Age Group+Hearing
Score+Speech-in-Noise Score+(1 |
Participant)

Potential effects of age group,
hearing score, and speech-in-
noise score, including their
interactions, will be examined.

aFDR: false discovery rate.
bASA: auditory spatial attention.

User Experience
Usability will be analyzed using the same procedure as
in study 1. Satisfaction will be analyzed using the same
approach, with Likert-scale items analyzed as in study 1 and
frequencies reported for closed-ended questions. In addition,
study 2 will include an assessment of sense of presence.
Participants are expected to perceive a great level of sense
of presence. Median scores for each dimension and for the
overall questionnaire will be compared against an agreement
threshold of 4 (Agree), using 1-sample Wilcoxon signed-rank
tests. A median score ≥4 will support no modification of the
intervention.

Results
This study is part of a broader doctoral research project
that was funded in 2021 and officially launched in 2022.
Recruitment for study 1 (expert clinicians) began in Novem-
ber 2025 and was completed in January 2026. Data analysis
is in progress, and the corresponding results are anticipated
to be submitted for publication during the winter of 2026‐
2027. Recruitment for study 2 (healthy participants) began
in March 2026. As of July 2026, 48 participants had been
enrolled, and recruitment is expected to be completed in
October 2026. Data analysis is expected to be completed, and
the corresponding manuscript is anticipated to be submitted

for publication in winter 2027‐2028. Any protocol modifica-
tions that may arise following step 1, particularly based on
clinicians’ feedback, will be documented and reported in the
final publications.

Discussion
Expected Findings
Although ASA impairments may affect many neurological
populations, no validated assessment is currently available for
routine clinical practice. We expect that this pilot study will
provide (1) preliminary evidence supporting the validity of
the developed ASA assessment and (2) information regarding
user experience. These findings are intended to support the
refinement of the prototype and inform the design of larger-
scale studies for its validation. In this context, successful
implementation is expected to be facilitated by the consider-
ation of multiple factors from the earliest stages of develop-
ment, including the characteristics of the technology, clinical
settings, patients, clinicians, and health care policies [83,84].

Comparison With Prior Work
Despite the relevance of physiological measures such as gaze
orientation, head orientation, and pupil-size variation, as well
as the potential of spatialized auditory environments delivered
through headphones for assessing ASA, to our knowledge,
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these approaches have never been combined into a clinically
implementable assessment. Nevertheless, recent advances in
eye tracking and head tracking and auditory virtual reality
technologies have increased their accessibility for clinical
applications [85,86]. In contrast to existing ASA paradigms,
which have primarily been developed for experimental
research [1,6-9,11], the proposed assessment was specifically
designed for clinical implementation. Furthermore, whereas
eye tracking has already demonstrated value for assessing
visual spatial attention and exploration [44], the present work
extends its application to the assessment of ASA, poten-
tially increasing the clinical usefulness of this technology
across neuropsychological domains. Thus, the present work
aligns with the growing movement toward digital neuropsy-
chology while addressing the lack of clinically applicable
tools for assessing ASA. Rather than simply digitizing an
existing assessment, this approach uses technology both to
create controlled auditory virtual environments and to capture
objective physiological markers that are not readily accessi-
ble through conventional assessment methods. More broadly,
the integration of digital assessments into routine neuropsy-
chological practice is rapidly expanding because of their
potential to improve assessment efficiency, provide objective
behavioral measures, and support patient care [87,88].
Limitations
However, we acknowledge the potential limitations of this
study and encourage readers to interpret these analyses as
preliminary. First, the sample size remains insufficient to
support robust inferential analyses, and the single-center
recruitment of healthy French-speaking participants limits the
generalizability of the findings to broader clinical popula-
tions. Second, limitations related to psychometric evalua-
tion should be noted. The exploratory analyses of age and
hearing ability were designed to identify early indications
that these variables may influence assessment performance
and therefore warrant further investigation in subsequent
validation studies. Detecting statistically significant differen-
ces at this preliminary stage would provide an early indica-
tion of potential fairness issues that should be examined in
larger and more diverse samples. Conversely, the absence
of statistically significant associations would not be inter-
preted as evidence of fairness or equivalence. Additionally,
other factors such as hearing impairments and language
should also be investigated to provide evidence related to
fairness. Furthermore, as the assessment was administered
during a single session, test-retest reliability could not be
examined. However, this pilot study represents an essential
and preliminary step in the validation process [20], and
the limitations identified will be addressed in subsequent
phases of the project. In particular, the digital nature of the
assessment offers opportunities for personalization, includ-
ing adaptations based on language and hearing impairment.
Indeed, patients may fail the ASA assessment not because
of an attentional impairment but because unilateral hearing
impairments or interaural asymmetries alter their perception
of auditory space. For this reason, this pilot study was
restricted to participants with normal hearing in order to
evaluate the assessment without the influence of peripheral

auditory factors. However, whether hearing impairments
significantly affect performance in the present auditory
environment remains to be determined. Future studies will
therefore be required to investigate these effects and, if
necessary, develop hearing-informed calibration procedures,
or adapt the sound-rendering algorithms to the patient’s
hearing profile [89].

Third, the visual support may represent a limitation.
Because the ASA assessment is intended for clinical settings,
the selected tools need to remain as close as possible
to those already commonly used in clinical practice. This
led us to implement the visual environment required for
eye-tracking measures on a standard computer screen. We
acknowledge that this choice introduces a mismatch between
the spatial coordinates of the auditory virtual environment
and those represented by the silhouettes displayed on the
computer screen. Nevertheless, two considerations suppor-
ted this decision: (1) the objective of the assessment is to
determine whether participants orient their attention toward
broad spatial regions rather than to evaluate precise sound
localization, so auditory stimuli were widely spaced while
remaining within the anterior and lateral auditory space, and
(2) alternative technologies such as HMDs and eye-tracking
glasses were considered but were judged less suitable for
clinical implementation. Future studies will be required to test
this assumption directly within the ASA assessment and to
determine whether the visual support influences performance
in patients presenting with visual-spatial attention disorders.
Futures Directions
If this pilot study provides conclusive evidence, the next
phase will refine the prototype of the ASA assessment. Future
work should involve a broader range of patient populations to
further evaluate the validity, reliability, precision, and fairness
of the assessment, as well as the need for accommodations
or adaptations [20]. In addition, as the ultimate objective of
the ASA assessment is to provide clinicians with a diagnostic
tool for use with patients presenting neurological disorders,
future studies will evaluate the characteristics required for
medical device development and establish normative data
based on a large sample of healthy participants. This step is
particularly important, as many neuropsychological assess-
ments, including attention measures, lack robust normative
data, thereby limiting interpretive accuracy, and increasing
the risk of false diagnoses of cognitive disorders [90]. At the
present stage, none of the statistical analyses or effect sizes
are intended to provide clinically interpretable thresholds or
diagnostic indicators.

Over time, we hope that ASA assessment will become
part of standard cognitive evaluation. Being able to assess
ASA through a fast, simple, and systematic evaluation
may contribute to a better understanding of its impact on
daily functioning and of patients’ complaints across a range
of clinical populations. For example, ASA impairments
have been associated with learning difficulties in attention-
deficit/hyperactivity disorder [91] and may contribute to
difficulties in social learning among children with autism
spectrum disorder [1]. Furthermore, some authors have
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suggested that ASA impairment may contribute to difficul-
ties that are often attributed to other cognitive functions,
such as working memory, in Alzheimer disease. Indeed,
specific deficits in ASA have been reported in Alzheimer
disease, independently of peripheral hearing loss or nonspatial
auditory impairments [92], and may even emerge at early
stages of the disease. It would also facilitate the initiation,
replication, and extension of the limited number of studies
currently available on ASA.

Dissemination Plan
The findings of this study will be disseminated through
peer-reviewed publications and presentations at national and
international scientific conferences. Results will also be
shared with clinicians, researchers, and other stakeholders
involved in neuropsychological assessment and neurological
rehabilitation.

Acknowledgments
The authors would like to thank all the participants who helped test the material to ensure that the equipment (eye tracker and
sound) functioned properly, as well as Solenn Bocoyran, Clémentine Piet, and Clémentine Payen for their clinical feedback on
the development of this approach and its pipelines, and Chloé Fruleux for her assistance with graphics. The authors declare the
use of generative AI (GenAI) during the preparation of this manuscript. According to the GAIDeT taxonomy (2025), GenAI
was used under full human supervision for (1) the translation of selected sections of the manuscript for publication purposes
and (2) language editing, including refinement, correction, and improvement of the clarity and readability of the English text.
The GenAI tool used was ChatGPT (version 5.5; OpenAI). All AI-generated content was critically reviewed, verified, and
revised by the authors, who take full responsibility for the final content of the manuscript. GenAI tools are not listed as authors
and bear no responsibility for the final outcomes.
Funding
CL was supported by a grant from ANRT (n°2021/1319), which had no role in the study design, data collection, analysis,
interpretation, writing, or publication decisions. VB’s funding was supported by the Fondation John Bost pour la Recherche.
Data Availability
Not applicable.
Authors’ Contributions
All authors contributed to the conceptualization of the paper. CL and FD designed the approach and prepared the manuscript.
BF developed the Unity component, and AP developed the MaxMSP component; both also contributed to editing the sections
on the system, sound processing, and task. VB developed the principle for connecting the hardware and contributed to editing
the sections on sound processing and the theoretical framework. HP participated in designing the approach, provided overall
supervision of the research, and carried out critical revisions of the manuscript.
Conflicts of Interest
The first author (CL) is a PhD candidate employed by Wivy through a CIFRE doctoral fellowship. The third author (BF)
is also employed by Wivy. This dual role of CL and role of BF represents a potential conflict of interest. However, no
commercial product, patent, intellectual property protection, licensing agreement, or commercial exploitation is currently
associated with the assessment. The assessment was developed using hardware specifically developed by Wivy for research
purposes and equipment from the Neuropsychological Imagery and Human Memory Laboratory. None of the academic
supervisors (FD, VB, and HP) are affiliated with Wivy. To ensure scientific independence, data collection and analysis were
conducted in the laboratory and independently of Wivy. Wivy does not have access to the study data. All developments and
findings arising from this project are intended for dissemination through the public scientific literature. The assessment is
currently a research prototype and is not associated with any patent, intellectual property protection, commercial product, or
commercialization agreement.
The authors declare these relationships in the interest of transparency and consider that they did not influence the conduct or
reporting of this study.
Multimedia Appendix 1
Detailed auditory environment specifications.
[DOCX File (Microsoft Word File), 284 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Detailed procedural descriptions of each phase.
[DOCX File (Microsoft Word File), 595 KB-Multimedia Appendix 2]

Multimedia Appendix 3
Posttest and postsession questionnaires for study 1.
[DOCX File (Microsoft Word File), 46 KB-Multimedia Appendix 3]

JMIR RESEARCH PROTOCOLS Lelaumier et al

https://www.researchprotocols.org/2026/1/e88231 JMIR Res Protoc 2026 | vol. 15 | e88231 | p. 17
(page number not for citation purposes)

https://jmir.org/api/download?alt_name=resprot_v15i1e88231_app1.docx
https://jmir.org/api/download?alt_name=resprot_v15i1e88231_app1.docx
https://jmir.org/api/download?alt_name=resprot_v15i1e88231_app2.docx
https://jmir.org/api/download?alt_name=resprot_v15i1e88231_app2.docx
https://jmir.org/api/download?alt_name=resprot_v15i1e88231_app3.docx
https://jmir.org/api/download?alt_name=resprot_v15i1e88231_app3.docx
https://www.researchprotocols.org/2026/1/e88231


Multimedia Appendix 4
Posttest and postsession questionnaires for study 2.
[DOCX File (Microsoft Word File), 131 KB-Multimedia Appendix 4]

Multimedia Appendix 5
Detailed preprocessing and analysis pipeline for eye-tracking, pupillometry, and head-tracking data.
[DOCX File (Microsoft Word File), 792 KB-Multimedia Appendix 5]
References
1. Soskey LN, Allen PD, Bennetto L. Auditory spatial attention to speech and complex non-speech sounds in children with

autism spectrum disorder. Autism Res. Aug 2017;10(8):1405-1416. [doi: 10.1002/aur.1790] [Medline: 28371413]
2. Kong L, Michalka SW, Rosen ML, et al. Auditory spatial attention representations in the human cerebral cortex. Cereb

Cortex N Y N. Mar 1, 2014;24(3):773-784. [doi: 10.1093/cercor/bhs359]
3. Sardari S, Pourrahimi A, Fathi M, Talebi H, Mazhari S. Auditory processing in schizophrenia: behavioural evidence of

abnormal spatial awareness. Laterality. Jan 2022;27(1):71-85. [doi: 10.1080/1357650X.2021.1955910] [Medline:
34293997]

4. Gutschalk A, Dykstra A. Auditory neglect and related disorders. Handb Clin Neurol. 2015;129:557-571. [doi: 10.1016/
B978-0-444-62630-1.00031-7] [Medline: 25726290]

5. Wang Y, Tang Z, Zhang X, Yang L. Auditory and cross-modal attentional bias toward positive natural sounds:
behavioral and ERP evidence. Front Hum Neurosci. 2022;16:949655. [doi: 10.3389/fnhum.2022.949655] [Medline:
35967006]

6. Deng Y, Choi I, Shinn-Cunningham B, Baumgartner R. Impoverished auditory cues limit engagement of brain networks
controlling spatial selective attention. Neuroimage. Nov 15, 2019;202:116151. [doi: 10.1016/j.neuroimage.2019.116151]
[Medline: 31493531]

7. Popov T, Gips B, Weisz N, Jensen O. Brain areas associated with visual spatial attention display topographic
organization during auditory spatial attention. Cereb Cortex. Mar 21, 2023;33(7):3478-3489. [doi: 10.1093/cercor/
bhac285] [Medline: 35972419]

8. Golob EJ, Mock JR. Auditory spatial attention capture, disengagement, and response selection in normal aging. Atten
Percept Psychophys. Jan 2019;81(1):270-280. [doi: 10.3758/s13414-018-1611-y] [Medline: 30338454]

9. Breuer C, Schmitt RJ, Leist L, et al. The influence of complex classroom noise on auditory selective attention. Sci Rep.
Sep 25, 2025;15(1):32926. [doi: 10.1038/s41598-025-18232-2] [Medline: 40998912]

10. Deng Y, Choi I, Shinn-Cunningham B. Topographic specificity of alpha power during auditory spatial attention.
Neuroimage. Feb 15, 2020;207:116360. [doi: 10.1016/j.neuroimage.2019.116360] [Medline: 31760150]

11. Garg A, Schwartz D, Stevens AA. Orienting auditory spatial attention engages frontal eye fields and medial occipital
cortex in congenitally blind humans. Neuropsychologia. Jun 11, 2007;45(10):2307-2321. [doi: 10.1016/j.
neuropsychologia.2007.02.015] [Medline: 17397882]

12. Robertson IH, North N. Spatio-motor cueing in unilateral left neglect: the role of hemispace, hand and motor activation.
Neuropsychologia. Jun 1992;30(6):553-563. [doi: 10.1016/0028-3932(92)90058-t] [Medline: 1641119]

13. Frassinetti F, Rossi M, Làdavas E. Passive limb movements improve visual neglect. Neuropsychologia.
2001;39(7):725-733. [doi: 10.1016/s0028-3932(00)00156-1] [Medline: 11311302]

14. Cohen YE, Andersen RA. A common reference frame for movement plans in the posterior parietal cortex. Nat Rev
Neurosci. Jul 2002;3(7):553-562. [doi: 10.1038/nrn873]

15. Schut MJ, Van der Stoep N, Van der Stigchel S. Auditory spatial attention is encoded in a retinotopic reference frame
across eye-movements. PLoS One. 2018;13(8):e0202414. [doi: 10.1371/journal.pone.0202414] [Medline: 30125311]

16. Parsey CM, Schmitter-Edgecombe M. Applications of technology in neuropsychological assessment. Clin Neuropsychol.
2013;27(8):1328-1361. [doi: 10.1080/13854046.2013.834971] [Medline: 24041037]

17. Maggio MG, Giambò FM, Barbera M, et al. Moving toward the digitalization of neuropsychological tests: An
exploratory study on usability and operator perception. Digit Health. 2025;11:20552076251334449. [doi: 10.1177/
20552076251334449] [Medline: 40343060]

18. Hameed A, Möller S, Perkis A. A holistic quality taxonomy for virtual reality experiences. Front Virtual Real. 2024;5.
[doi: 10.3389/frvir.2024.1434016]

19. Fiani F, Napoli C, Randieri C, Russo S. Current trends and future directions in eye tracking technology: a literature
review. Eng Appl Artif Intell. Jan 2026;163:112908. [doi: 10.1016/j.engappai.2025.112908]

20. Diakow R. Standards for educational and psychological testing. In: The SAGE Encyclopedia of Educational Research,
Measurement, and Evaluation. SAGE Publications, Inc; 2018. [doi: 10.4135/9781506326139]

JMIR RESEARCH PROTOCOLS Lelaumier et al

https://www.researchprotocols.org/2026/1/e88231 JMIR Res Protoc 2026 | vol. 15 | e88231 | p. 18
(page number not for citation purposes)

https://jmir.org/api/download?alt_name=resprot_v15i1e88231_app4.docx
https://jmir.org/api/download?alt_name=resprot_v15i1e88231_app4.docx
https://jmir.org/api/download?alt_name=resprot_v15i1e88231_app5.docx
https://jmir.org/api/download?alt_name=resprot_v15i1e88231_app5.docx
https://doi.org/10.1002/aur.1790
http://www.ncbi.nlm.nih.gov/pubmed/28371413
https://doi.org/10.1093/cercor/bhs359
https://doi.org/10.1080/1357650X.2021.1955910
http://www.ncbi.nlm.nih.gov/pubmed/34293997
https://doi.org/10.1016/B978-0-444-62630-1.00031-7
https://doi.org/10.1016/B978-0-444-62630-1.00031-7
http://www.ncbi.nlm.nih.gov/pubmed/25726290
https://doi.org/10.3389/fnhum.2022.949655
http://www.ncbi.nlm.nih.gov/pubmed/35967006
https://doi.org/10.1016/j.neuroimage.2019.116151
http://www.ncbi.nlm.nih.gov/pubmed/31493531
https://doi.org/10.1093/cercor/bhac285
https://doi.org/10.1093/cercor/bhac285
http://www.ncbi.nlm.nih.gov/pubmed/35972419
https://doi.org/10.3758/s13414-018-1611-y
http://www.ncbi.nlm.nih.gov/pubmed/30338454
https://doi.org/10.1038/s41598-025-18232-2
http://www.ncbi.nlm.nih.gov/pubmed/40998912
https://doi.org/10.1016/j.neuroimage.2019.116360
http://www.ncbi.nlm.nih.gov/pubmed/31760150
https://doi.org/10.1016/j.neuropsychologia.2007.02.015
https://doi.org/10.1016/j.neuropsychologia.2007.02.015
http://www.ncbi.nlm.nih.gov/pubmed/17397882
https://doi.org/10.1016/0028-3932(92)90058-t
http://www.ncbi.nlm.nih.gov/pubmed/1641119
https://doi.org/10.1016/s0028-3932(00)00156-1
http://www.ncbi.nlm.nih.gov/pubmed/11311302
https://doi.org/10.1038/nrn873
https://doi.org/10.1371/journal.pone.0202414
http://www.ncbi.nlm.nih.gov/pubmed/30125311
https://doi.org/10.1080/13854046.2013.834971
http://www.ncbi.nlm.nih.gov/pubmed/24041037
https://doi.org/10.1177/20552076251334449
https://doi.org/10.1177/20552076251334449
http://www.ncbi.nlm.nih.gov/pubmed/40343060
https://doi.org/10.3389/frvir.2024.1434016
https://doi.org/10.1016/j.engappai.2025.112908
https://doi.org/10.4135/9781506326139
https://www.researchprotocols.org/2026/1/e88231


21. Zamanzadeh V, Ghahramanian A, Rassouli M, Abbaszadeh A, Alavi-Majd H, Nikanfar AR. Design and implementation
content validity study: development of an instrument for measuring patient-centered communication. J Caring Sci. Jun
2015;4(2):165-178. [doi: 10.15171/jcs.2015.017] [Medline: 26161370]

22. Harris DJ, Bird JM, Smart PA, Wilson MR, Vine SJ. A framework for the testing and validation of simulated
environments in experimentation and training. Front Psychol. 2020;11:605. [doi: 10.3389/fpsyg.2020.00605] [Medline:
32296379]

23. Terwee CB, Prinsen CAC, Chiarotto A, et al. COSMIN methodology for evaluating the content validity of patient-
reported outcome measures: a Delphi study. Qual Life Res. May 2018;27(5):1159-1170. [doi: 10.1007/s11136-018-
1829-0] [Medline: 29550964]

24. Dwivedi YK, Rana NP, Jeyaraj A, Clement M, Williams MD. Re-examining the Unified Theory of Acceptance and Use
of Technology (UTAUT): towards a revised theoretical model. Inf Syst Front. Jun 2019;21(3):719-734. [doi: 10.1007/
s10796-017-9774-y]

25. Lewis JR, Sauro J. Usability and user experience: design and evaluation. In: Handbook of Human Factors and
Ergonomics [Internet]. John Wiley & Sons, Ltd; 2021:972-1015. [doi: 10.1002/9781119636113]

26. Klatt LI, Getzmann S, Schneider D. Attentional modulations of alpha power are sensitive to the task-relevance of
auditory spatial information. Cortex. Aug 2022;153:1-20. [doi: 10.1016/j.cortex.2022.03.022] [Medline: 35576669]

27. Mock JR, Seay MJ, Charney DR, Holmes JL, Golob EJ. Rapid cortical dynamics associated with auditory spatial
attention gradients. Front Neurosci. 2015;9:179. [doi: 10.3389/fnins.2015.00179] [Medline: 26082679]

28. Parsons TD, Gaggioli A, Riva G. Virtual reality for research in social neuroscience. Brain Sci. Apr 16, 2017;7(4):42.
[doi: 10.3390/brainsci7040042] [Medline: 28420150]

29. Slater M, Sanchez-Vives MV. Enhancing our lives with immersive virtual reality. Front Robot AI. Preprint posted online
on Dec 19, 2016. [doi: 10.3389/frobt.2016.00074]

30. Geronazzo M, Barumerli R, Cesari P. Shaping the auditory peripersonal space with motor planning in immersive virtual
reality. Virtual Real. Dec 2023;27(4):3067-3087. [doi: 10.1007/s10055-023-00854-4]

31. Rafaely B, Tourbabin V, Habets E, et al. Spatial audio signal processing for binaural reproduction of recorded acoustic
scenes – review and challenges. Acta Acust. 2022;6:47. [doi: 10.1051/aacus/2022040]

32. Georgiou F, Kawai C, Schäffer B, Pieren R. Replicating outdoor environments using VR and ambisonics: a methodology
for accurate audio-visual recording, processing and reproduction. Virtual Real. 2024;28(2):111. [doi: 10.1007/s10055-
024-01003-1] [Medline: 38765056]

33. Kiridoshi A, Otani M, Teramoto W. Spatial auditory presentation of a partner’s presence induces the social Simon effect.
Sci Rep. Apr 4, 2022;12(1):5637. [doi: 10.1038/s41598-022-09628-5] [Medline: 35379870]

34. Bruschi V, Grossi L, Dourou NA, et al. A Review on head-related transfer function generation for spatial audio. Appl
Sci. 2024;14(23):11242. [doi: 10.3390/app142311242]

35. Carlile S, Leung J. The perception of auditory motion. Trends Hear. Apr 19, 2016;20:2331216516644254. [doi: 10.1177/
2331216516644254] [Medline: 27094029]

36. Ito S, Si Y, Feldheim DA, Litke AM. Spectral cues are necessary to encode azimuthal auditory space in the mouse
superior colliculus. Nat Commun. Feb 27, 2020;11(1):1087. [doi: 10.1038/s41467-020-14897-7] [Medline: 32107385]

37. Carlini A, Bordeau C, Ambard M. Auditory localization: a comprehensive practical review. Front Psychol.
2024;15:1408073. [doi: 10.3389/fpsyg.2024.1408073] [Medline: 39049946]

38. Gutierrez-Parera P, Lopez JJ, Mora-Merchan JM, Larios DF. Interaural time difference individualization in HRTF by
scaling through anthropometric parameters. J Audio Speech Music Proc. Dec 2022;2022(1):9. [doi: 10.1186/s13636-022-
00241-y]

39. Väljamäe A, VDL P, Kleiner M. Auditory presence, individualized head-related transfer functions, and illusory ego-
motion in virtual environments. Semantic Scholar. 2004. URL: https://www.semanticscholar.org/paper/Auditory-
Presence%2C-Individualized-Head-Related-and-V%C3%A4ljam%C3%A4e-V%C3%A4stfj%C3%A4llDLarsson/
828e5be04cd50ffa5f786df219bfe6cf05370b91 [Accessed 2026-09-08]

40. Begault DR, Wenzel EM, Anderson MR, New Collective Author. Direct comparison of the impact of head tracking,
reverberation, and individualized head-related transfer functions on the spatial perception of a virtual speech source. J
Audio Eng Soc Audio Eng Soc. Oct 2001;49(10):904-916. [Medline: 11885605]

41. Brimijoin WO, Boyd AW, Akeroyd MA. The contribution of head movement to the externalization and internalization of
sounds. PLoS One. 2013;8(12):e83068. [doi: 10.1371/journal.pone.0083068]

42. McAnally KI, Martin RL. Sound localization with head movement: implications for 3-d audio displays. Front Neurosci.
2014;8:210. [doi: 10.3389/fnins.2014.00210] [Medline: 25161605]

43. Brungart DS, Kordik AJ, Simpson BD. Effects of head tracker latency in virtual audio displays. J Audio Eng Soc.
2006;54:32-44. URL: http://www.aes.org/e-lib/browse.cfm?elib=13665 [Accessed 2026-09-21]

JMIR RESEARCH PROTOCOLS Lelaumier et al

https://www.researchprotocols.org/2026/1/e88231 JMIR Res Protoc 2026 | vol. 15 | e88231 | p. 19
(page number not for citation purposes)

https://doi.org/10.15171/jcs.2015.017
http://www.ncbi.nlm.nih.gov/pubmed/26161370
https://doi.org/10.3389/fpsyg.2020.00605
http://www.ncbi.nlm.nih.gov/pubmed/32296379
https://doi.org/10.1007/s11136-018-1829-0
https://doi.org/10.1007/s11136-018-1829-0
http://www.ncbi.nlm.nih.gov/pubmed/29550964
https://doi.org/10.1007/s10796-017-9774-y
https://doi.org/10.1007/s10796-017-9774-y
https://doi.org/10.1002/9781119636113
https://doi.org/10.1016/j.cortex.2022.03.022
http://www.ncbi.nlm.nih.gov/pubmed/35576669
https://doi.org/10.3389/fnins.2015.00179
http://www.ncbi.nlm.nih.gov/pubmed/26082679
https://doi.org/10.3390/brainsci7040042
http://www.ncbi.nlm.nih.gov/pubmed/28420150
https://doi.org/10.3389/frobt.2016.00074
https://doi.org/10.1007/s10055-023-00854-4
https://doi.org/10.1051/aacus/2022040
https://doi.org/10.1007/s10055-024-01003-1
https://doi.org/10.1007/s10055-024-01003-1
http://www.ncbi.nlm.nih.gov/pubmed/38765056
https://doi.org/10.1038/s41598-022-09628-5
http://www.ncbi.nlm.nih.gov/pubmed/35379870
https://doi.org/10.3390/app142311242
https://doi.org/10.1177/2331216516644254
https://doi.org/10.1177/2331216516644254
http://www.ncbi.nlm.nih.gov/pubmed/27094029
https://doi.org/10.1038/s41467-020-14897-7
http://www.ncbi.nlm.nih.gov/pubmed/32107385
https://doi.org/10.3389/fpsyg.2024.1408073
http://www.ncbi.nlm.nih.gov/pubmed/39049946
https://doi.org/10.1186/s13636-022-00241-y
https://doi.org/10.1186/s13636-022-00241-y
https://www.semanticscholar.org/paper/Auditory-Presence%2C-Individualized-Head-Related-and-V%C3%A4ljam%C3%A4e-V%C3%A4stfj%C3%A4llDLarsson/828e5be04cd50ffa5f786df219bfe6cf05370b91
https://www.semanticscholar.org/paper/Auditory-Presence%2C-Individualized-Head-Related-and-V%C3%A4ljam%C3%A4e-V%C3%A4stfj%C3%A4llDLarsson/828e5be04cd50ffa5f786df219bfe6cf05370b91
https://www.semanticscholar.org/paper/Auditory-Presence%2C-Individualized-Head-Related-and-V%C3%A4ljam%C3%A4e-V%C3%A4stfj%C3%A4llDLarsson/828e5be04cd50ffa5f786df219bfe6cf05370b91
http://www.ncbi.nlm.nih.gov/pubmed/11885605
https://doi.org/10.1371/journal.pone.0083068
https://doi.org/10.3389/fnins.2014.00210
http://www.ncbi.nlm.nih.gov/pubmed/25161605
http://www.aes.org/e-lib/browse.cfm?elib=13665
https://www.researchprotocols.org/2026/1/e88231


44. Adhanom IB, MacNeilage P, Folmer E. Eye tracking in virtual reality: a broad review of applications and challenges.
Virtual Real. Jun 2023;27(2):1481-1505. [doi: 10.1007/s10055-022-00738-z] [Medline: 37621305]

45. Maddox RK, Pospisil DA, Stecker GC, Lee AKC. Directing eye gaze enhances auditory spatial cue discrimination. Curr
Biol. Mar 31, 2014;24(7):748-752. [doi: 10.1016/j.cub.2014.02.021] [Medline: 24631242]

46. Volck AC, Laske RD, Litschel R, Probst R, Tasman AJ. Sound localization measured by eye-tracking. Int J Audiol.
2015;54(12):976-983. [doi: 10.3109/14992027.2015.1088968] [Medline: 26576626]

47. McCloy DR, Lau BK, Larson E, Pratt KAI, Lee AKC. Pupillometry shows the effort of auditory attention switching. J
Acoust Soc Am. Apr 2017;141(4):2440-2451. [doi: 10.1121/1.4979340] [Medline: 28464660]

48. Koelewijn T, de Kluiver H, Shinn-Cunningham BG, Zekveld AA, Kramer SE. The pupil response reveals increased
listening effort when it is difficult to focus attention. Hear Res. May 2015;323:81-90. [doi: 10.1016/j.heares.2015.02.
004] [Medline: 25732724]

49. Koelewijn T, Shinn-Cunningham BG, Zekveld AA, Kramer SE. The pupil response is sensitive to divided attention
during speech processing. Hear Res. Jun 2014;312:114-120. [doi: 10.1016/j.heares.2014.03.010] [Medline: 24709275]

50. Ahrens A, Lund KD, Marschall M, Dau T. Sound source localization with varying amount of visual information in
virtual reality. PLoS One. 2019;14(3):e0214603. [doi: 10.1371/journal.pone.0214603] [Medline: 30925174]

51. Blignaut P, Wium D. Eye-tracking data quality as affected by ethnicity and experimental design. Behav Res Methods.
Mar 2014;46(1):67-80. [doi: 10.3758/s13428-013-0343-0] [Medline: 23609415]

52. Thaler L, Schütz AC, Goodale MA, Gegenfurtner KR. What is the best fixation target? The effect of target shape on
stability of fixational eye movements. Vision Res. Jan 14, 2013;76:31-42. [doi: 10.1016/j.visres.2012.10.012] [Medline:
23099046]

53. Populin LC. Human sound localization: measurements in untrained, head-unrestrained subjects using gaze as a pointer.
Exp Brain Res. Sep 2008;190(1):11-30. [doi: 10.1007/s00221-008-1445-2] [Medline: 18575853]

54. Lu H, Brimijoin WO. Sound source selection based on head movements in natural group conversation. Trends Hear.
2022;26:23312165221097789. [doi: 10.1177/23312165221097789] [Medline: 35477340]

55. Carpentier T. Spat: a comprehensive toolbox for sound spatialization in Max. Ideas Sonicas. Ideas Sonicas.
2021;13(24):12-23. URL: https://hal.science/hal-03356292 [Accessed 2026-09-21]

56. Engineered for health assessment. Tobii. URL: https://www.tobii.com/products/integration/screen-based-integrations/
tobii-eye-tracker-5l [Accessed 2026-09-07]

57. Kim H, Kim DJ, Chung WH, et al. Clinical predictors of cybersickness in virtual reality (VR) among highly stressed
people. Sci Rep. 2021;11(1):12139. [doi: 10.1038/s41598-021-91573-w]

58. Sokołowska B. Impact of virtual reality cognitive and motor exercises on brain health. Int J Environ Res Public Health.
Feb 25, 2023;20(5):4150. [doi: 10.3390/ijerph20054150] [Medline: 36901160]

59. Javaid M, Haleem A. Virtual reality applications toward medical field. Clin Epidemiol Glob Health. Jun
2020;8(2):600-605. [doi: 10.1016/j.cegh.2019.12.010]

60. Niehorster DC, Santini T, Hessels RS, Hooge ITC, Kasneci E, Nyström M. The impact of slippage on the data quality of
head-worn eye trackers. Behav Res Methods. Jun 2020;52(3):1140-1160. [doi: 10.3758/s13428-019-01307-0] [Medline:
31898290]

61. Gunawan J, Marzilli C, Aungsuroch Y. Establishing appropriate sample size for developing and validating a
questionnaire in nursing research. Belitung Nurs J. 2021;7(5):356-360. [doi: 10.33546/bnj.1927] [Medline: 37496511]

62. Ceccato JC, Duran MJ, Swanepoel DW, et al. French version of the antiphasic digits-in-noise test for smartphone hearing
screening. Front Public Health. 2021;9:725080. [doi: 10.3389/fpubh.2021.725080] [Medline: 34722438]

63. Ahmed SK. How to choose a sampling technique and determine sample size for research: A simplified guide for
researchers. Oral Oncol Rep. Dec 2024;12:100662. [doi: 10.1016/j.oor.2024.100662]

64. Chin T, Rickard NS. The Music USE (MUSE) Questionnaire: an instrument to measure engagement in music. Music
Percept. Apr 1, 2012;29(4):429-446. [doi: 10.1525/mp.2012.29.4.429]

65. Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia. Mar
1971;9(1):97-113. [doi: 10.1016/0028-3932(71)90067-4] [Medline: 5146491]

66. Rice ML, Leske DA, Smestad CE, Holmes JM. Results of ocular dominance testing depend on assessment method. J
AAPOS. Aug 2008;12(4):365-369. [doi: 10.1016/j.jaapos.2008.01.017] [Medline: 18455935]

67. Shang Z. Use of Delphi in health sciences research: a narrative review. Medicine (Baltimore). Feb 17,
2023;102(7):e32829. [doi: 10.1097/MD.0000000000032829] [Medline: 36800594]

68. Gronier G, Baudet A. Psychometric evaluation of the F-SUS: creation and validation of the French version of the System
Usability Scale. Int J Hum-Comput Interact. Oct 2, 2021;37(16):1571-1582. [doi: 10.1080/10447318.2021.1898828]

69. Davis FD. Perceived usefulness, perceived ease of use, and user acceptance of information technology. MIS Q. Sep 1,
1989;13(3):319-340. [doi: 10.2307/249008]

JMIR RESEARCH PROTOCOLS Lelaumier et al

https://www.researchprotocols.org/2026/1/e88231 JMIR Res Protoc 2026 | vol. 15 | e88231 | p. 20
(page number not for citation purposes)

https://doi.org/10.1007/s10055-022-00738-z
http://www.ncbi.nlm.nih.gov/pubmed/37621305
https://doi.org/10.1016/j.cub.2014.02.021
http://www.ncbi.nlm.nih.gov/pubmed/24631242
https://doi.org/10.3109/14992027.2015.1088968
http://www.ncbi.nlm.nih.gov/pubmed/26576626
https://doi.org/10.1121/1.4979340
http://www.ncbi.nlm.nih.gov/pubmed/28464660
https://doi.org/10.1016/j.heares.2015.02.004
https://doi.org/10.1016/j.heares.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25732724
https://doi.org/10.1016/j.heares.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24709275
https://doi.org/10.1371/journal.pone.0214603
http://www.ncbi.nlm.nih.gov/pubmed/30925174
https://doi.org/10.3758/s13428-013-0343-0
http://www.ncbi.nlm.nih.gov/pubmed/23609415
https://doi.org/10.1016/j.visres.2012.10.012
http://www.ncbi.nlm.nih.gov/pubmed/23099046
https://doi.org/10.1007/s00221-008-1445-2
http://www.ncbi.nlm.nih.gov/pubmed/18575853
https://doi.org/10.1177/23312165221097789
http://www.ncbi.nlm.nih.gov/pubmed/35477340
https://hal.science/hal-03356292
https://www.tobii.com/products/integration/screen-based-integrations/tobii-eye-tracker-5l
https://www.tobii.com/products/integration/screen-based-integrations/tobii-eye-tracker-5l
https://doi.org/10.1038/s41598-021-91573-w
https://doi.org/10.3390/ijerph20054150
http://www.ncbi.nlm.nih.gov/pubmed/36901160
https://doi.org/10.1016/j.cegh.2019.12.010
https://doi.org/10.3758/s13428-019-01307-0
http://www.ncbi.nlm.nih.gov/pubmed/31898290
https://doi.org/10.33546/bnj.1927
http://www.ncbi.nlm.nih.gov/pubmed/37496511
https://doi.org/10.3389/fpubh.2021.725080
http://www.ncbi.nlm.nih.gov/pubmed/34722438
https://doi.org/10.1016/j.oor.2024.100662
https://doi.org/10.1525/mp.2012.29.4.429
https://doi.org/10.1016/0028-3932(71)90067-4
http://www.ncbi.nlm.nih.gov/pubmed/5146491
https://doi.org/10.1016/j.jaapos.2008.01.017
http://www.ncbi.nlm.nih.gov/pubmed/18455935
https://doi.org/10.1097/MD.0000000000032829
http://www.ncbi.nlm.nih.gov/pubmed/36800594
https://doi.org/10.1080/10447318.2021.1898828
https://doi.org/10.2307/249008
https://www.researchprotocols.org/2026/1/e88231


70. Venkatesh V, Morris MG, Davis GB, Davis FD. User acceptance of information technology: Toward a unified view.
MIS Q. Sep 1, 2003;27(3):425-478. [doi: 10.2307/30036540]

71. Domensino AF, Aarts E, Visser-Meily JMA, Spikman JM, van Heugten C. Development and content validity of the
cognition in daily life scale (CDL). Neuropsychol Rehabil. Feb 7, 2025;35(2):382-407. [doi: 10.1080/09602011.2024.
2343149]

72. Polit DF, Beck CT. The content validity index: are you sure you know what’s being reported? Critique and
recommendations. Res Nurs Health. Oct 2006;29(5):489-497. [doi: 10.1002/nur.20147] [Medline: 16977646]

73. Ceberio I, Al-Rashaida M, García M, et al. Content and face validity in virtual reality with children: a validation in five
steps+1 of a wheelchair basketball game. Front Virtual Real. 2025;5. [doi: 10.3389/frvir.2024.1505630]

74. Bangor A, Kortum P, Miller J. Determining what individual SUS scores mean: adding an adjective rating scale. J
Usability Stud. 2009;4:114-123.

75. Ličen S, Prosen M. Spirituality, culture and job satisfaction in the holistic assessment of nurses’ well-being at work: a
cross-sectional survey study. J Nurs Manag. 2025;2025:4922972. [doi: 10.1155/jonm/4922972] [Medline: 41477675]

76. Green P, MacLeod CJ. simr: an R package for power analysis of generalized linear mixed models by simulation.
Methods Ecol Evol. Apr 2016;7(4):493-498. [doi: 10.1111/2041-210X.12504]

77. Hooge ITC, Niehorster DC, Nyström M, Andersson R, Hessels RS. Is human classification by experienced untrained
observers a gold standard in fixation detection? Behav Res Methods. Oct 2018;50(5):1864-1881. [doi: 10.3758/s13428-
017-0955-x] [Medline: 29052166]

78. Carter BT, Luke SG. Best practices in eye tracking research. Int J Psychophysiol. Sep 2020;155:49-62. [doi: 10.1016/j.
ijpsycho.2020.05.010] [Medline: 32504653]

79. Caldara R, Miellet S. iMap: a novel method for statistical fixation mapping of eye movement data. Behav Res Methods.
Sep 2011;43(3):864-878. [doi: 10.3758/s13428-011-0092-x] [Medline: 21512875]

80. García-Pérez MA. Use and misuse of corrections for multiple testing. Methods Psychol. Nov 2023;8:100120. [doi: 10.
1016/j.metip.2023.100120]

81. Schober P, Boer C, Schwarte LA. Correlation coefficients: appropriate use and interpretation. Anesth Analg. May
2018;126(5):1763-1768. [doi: 10.1213/ANE.0000000000002864] [Medline: 29481436]

82. Türker B, Musat EM, Chabani E, et al. Behavioral and brain responses to verbal stimuli reveal transient periods of
cognitive integration of the external world during sleep. Nat Neurosci. Nov 2023;26(11):1981-1993. [doi: 10.1038/
s41593-023-01449-7] [Medline: 37828228]

83. Damschroder LJ, Aron DC, Keith RE, Kirsh SR, Alexander JA, Lowery JC. Fostering implementation of health services
research findings into practice: a consolidated framework for advancing implementation science. Implement Sci. Aug 7,
2009;4(1):50. [doi: 10.1186/1748-5908-4-50] [Medline: 19664226]

84. Cane J, O’Connor D, Michie S. Validation of the theoretical domains framework for use in behaviour change and
implementation research. Implement Sci. Apr 24, 2012;7(1):37. [doi: 10.1186/1748-5908-7-37] [Medline: 22530986]

85. Haddad-Santos D, Moura CB, Martinez MT, et al. Portable eye-tracking in neurology: current uses and future
perspectives in cognition. Arq Neuropsiquiatr. Jan 2026;84(1):1-10. [doi: 10.1055/s-0046-1817035] [Medline:
41856514]

86. Picinali L, Grimm G, Hioka Y, et al. VR/AR and hearing research: current examples and future challenges. Presented at:
10th Convention of the European Acoustics Association Forum Acusticum 2023; Sep 11-15, 2023:1393-1400; Turin,
Italy. [doi: 10.61782/fa.2023.0322]

87. Maggio MG, Maresca G, De Luca R, et al. The growing use of virtual reality in cognitive rehabilitation: fact, fake or
vision? A scoping review. J Natl Med Assoc. Aug 2019;111(4):457-463. [doi: 10.1016/j.jnma.2019.01.003]

88. Chen L, Zhen W, Peng D. Research on digital tool in cognitive assessment: a bibliometric analysis. Front Psychiatry.
2023;14:1227261. [doi: 10.3389/fpsyt.2023.1227261] [Medline: 37680449]

89. Kumpik DP, King AJ. A review of the effects of unilateral hearing loss on spatial hearing. Hear Res. Feb
2019;372:17-28. [doi: 10.1016/j.heares.2018.08.003] [Medline: 30143248]

90. delCacho-Tena A, Christ BR, Arango-Lasprilla JC, Perrin PB, Rivera D, Olabarrieta-Landa L. Normative data
estimation in neuropsychological tests: A systematic review. Arch Clin Neuropsychol. Apr 24, 2024;39(3):383-398. [doi:
10.1093/arclin/acad084] [Medline: 37950923]

91. Fu T, Li B, Yin W, et al. Sound localization and auditory selective attention in school-aged children with ADHD. Front
Neurosci. 2022;16:1051585. [doi: 10.3389/fnins.2022.1051585] [Medline: 36620456]

92. Golden HL, Nicholas JM, Yong KXX, et al. Auditory spatial processing in Alzheimer’s disease. Brain. Jan 2015;138(Pt
1):189-202. [doi: 10.1093/brain/awu337] [Medline: 25468732]

JMIR RESEARCH PROTOCOLS Lelaumier et al

https://www.researchprotocols.org/2026/1/e88231 JMIR Res Protoc 2026 | vol. 15 | e88231 | p. 21
(page number not for citation purposes)

https://doi.org/10.2307/30036540
https://doi.org/10.1080/09602011.2024.2343149
https://doi.org/10.1080/09602011.2024.2343149
https://doi.org/10.1002/nur.20147
http://www.ncbi.nlm.nih.gov/pubmed/16977646
https://doi.org/10.3389/frvir.2024.1505630
https://doi.org/10.1155/jonm/4922972
http://www.ncbi.nlm.nih.gov/pubmed/41477675
https://doi.org/10.1111/2041-210X.12504
https://doi.org/10.3758/s13428-017-0955-x
https://doi.org/10.3758/s13428-017-0955-x
http://www.ncbi.nlm.nih.gov/pubmed/29052166
https://doi.org/10.1016/j.ijpsycho.2020.05.010
https://doi.org/10.1016/j.ijpsycho.2020.05.010
http://www.ncbi.nlm.nih.gov/pubmed/32504653
https://doi.org/10.3758/s13428-011-0092-x
http://www.ncbi.nlm.nih.gov/pubmed/21512875
https://doi.org/10.1016/j.metip.2023.100120
https://doi.org/10.1016/j.metip.2023.100120
https://doi.org/10.1213/ANE.0000000000002864
http://www.ncbi.nlm.nih.gov/pubmed/29481436
https://doi.org/10.1038/s41593-023-01449-7
https://doi.org/10.1038/s41593-023-01449-7
http://www.ncbi.nlm.nih.gov/pubmed/37828228
https://doi.org/10.1186/1748-5908-4-50
http://www.ncbi.nlm.nih.gov/pubmed/19664226
https://doi.org/10.1186/1748-5908-7-37
http://www.ncbi.nlm.nih.gov/pubmed/22530986
https://doi.org/10.1055/s-0046-1817035
http://www.ncbi.nlm.nih.gov/pubmed/41856514
https://doi.org/10.61782/fa.2023.0322
https://doi.org/10.1016/j.jnma.2019.01.003
https://doi.org/10.3389/fpsyt.2023.1227261
http://www.ncbi.nlm.nih.gov/pubmed/37680449
https://doi.org/10.1016/j.heares.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30143248
https://doi.org/10.1093/arclin/acad084
http://www.ncbi.nlm.nih.gov/pubmed/37950923
https://doi.org/10.3389/fnins.2022.1051585
http://www.ncbi.nlm.nih.gov/pubmed/36620456
https://doi.org/10.1093/brain/awu337
http://www.ncbi.nlm.nih.gov/pubmed/25468732
https://www.researchprotocols.org/2026/1/e88231


Abbreviations
ASA : auditory spatial attention
HMD: head-mounted display
HRTF: head-related transfer function
I-CVI: item-level content validity index
ILD: interaural level difference
ITD: interaural time difference
ROI: region of interest
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