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Abstract

Behavior in time-limited immersive virtual reality (VR) tasks can be characterized by
response accuracy, response time among submitted responses, and whether a response
is submitted before the available interval expires. This exploratory within-subject study
compared outcomes across two non-equivalent VR quiz blocks in 22 adults. The baseline
block presented a visual countdown, whereas the auditory-cue block used a different fixed
question bank and included prerecorded ticking that accelerated midway through the
nominal 15 s response interval. Block order was balanced across participants. Mixed-
effects models showed no statistically significant between-block contrast in all-trial accuracy
(OR = 0.93, 95% CI [0.22, 3.89], p = 0.909) or response time among submitted responses
(GMR = 0.93, 95% CI [0.74, 1.16], p = 0.492). Response expiration occurred in 33 of
220 baseline trials (15.0%) and eight of 220 auditory-cue trials (3.6%), with an estimated
between-block OR of 0.21 (95% CI [0.07, 0.65], p = 0.009). Because the question bank and
auditory configuration were permanently linked within each block, this contrast cannot be
attributed specifically to the auditory cue. The study demonstrates a practical approach
for reporting response expiration alongside accuracy and response time among submitted
responses in time-limited immersive interaction.

Keywords: immersive virtual reality; auditory deadline cue; response expiration; time-
limited interaction; human—computer interaction; mixed-effects models

1. Introduction

Time is an integral component of many interactive tasks. Digital assessments, train-
ing systems, simulations, games, and decision-support applications often require users
to act within a predefined interval [1]. Performance in these settings is commonly de-
scribed through response accuracy and response time, but a third outcome can also
be relevant: whether a response is produced at all before the available interval expires.
These dimensions need not vary together, particularly when decisions are made under
temporal constraints [2].

Auditory information has long been used to communicate urgency and temporal rele-
vance in human—computer interaction. Classical studies of auditory warnings showed that
acoustic characteristics such as repetition rate and rhythm influence perceived urgency [3].
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Subsequent work examined how auditory urgency related to behavioral responding, in-
cluding reaction time and task performance [4]. That literature established that sound can
convey information about the need to act, but the behavioral consequences depend on the
characteristics of both signal and task.

Time pressure is also closely related to the speed—accuracy relationship. Reducing the
time available for a decision can alter information processing, response latency, and cor-
rectness [5,6]. However, shortening a deadline and increasing the perceptual salience of an
unchanged temporal interval are not equivalent manipulations. Experimental work on tem-
poral preparation has shown that providing countdown information can modify response
readiness and reaction time even when the objective interval itself is held constant [7,8]. In
the latter case, the amount of available time does not change; rather, the interface provides
more explicit information about its progression.

Immersive virtual reality (VR) provides a controlled setting in which such tempo-
ral characteristics can be manipulated while behavioral responses are recorded during
interaction [9,10]. Immersive VR has been used across education, training, assessment, re-
habilitation, and human-computer interaction research [11-14]. The capacity of immersive
VR to coordinate visual, auditory, and interactive events also makes it suitable for studying
how users respond to temporal information [15].

Temporal interaction has itself become an increasingly relevant topic in VR. Bansal et al.
showed that altering the temporal relationship between user movement and virtual events
can produce temporal recalibration [16]. More recently, Wei et al. examined expected delays
during target selection in VR and demonstrated that temporal characteristics can influence
interaction behavior and performance [17]. Although these studies address different forms
of temporal manipulation, they illustrate that timing is not merely a background property
of an immersive system but can become part of the interaction itself.

One way of representing an approaching deadline is through an auditory deadline
cue. In the present study, this consisted of a ticking sound accompanying a visual count-
down, with the repetition rate increasing halfway through the nominal response interval.
The cue was intended to make the progression toward the deadline perceptually explicit.
Importantly, the term auditory deadline cue describes the interface manipulation and
does not imply that psychological stress or subjective time pressure was induced. Es-
tablishing such psychological responses would require direct self-report, behavioral, or
physiological measures [18].

An important methodological issue in timed tasks is that trials ending without
a response are often treated differently from completed trials or omitted from response-time
analyses altogether. Recent work has emphasized that response omissions under deadlines
can themselves contain information about decision behavior and should not necessarily be
regarded as ordinary missing data [19]. Likewise, research on speeded-up response tasks
has shown that deadlines can influence whether a response is produced as well as how
quickly it is produced [20]. Response expiration may therefore provide information not
captured by accuracy or response time among submitted responses.

This distinction is particularly relevant in immersive tasks with fixed response win-
dows. A user may respond correctly, respond incorrectly, or fail to commit to any response
before the deadline. Analyses limited to completed responses cannot fully represent these
alternatives. At the same time, knowledge-based tasks introduce additional variability
because individual questions can differ substantially in difficulty and response demands.
Accounting for item-level heterogeneity is therefore important when comparing behavior
across experimental blocks.

The present exploratory study examined behavioral performance during a time-limited
immersive VR quiz implemented on Meta Quest 3. Participants completed two within-
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subject blocks presented in balanced order. In the baseline block, a visual countdown was
presented without a time-related auditory signal. In the auditory-cue block, the same
countdown was accompanied by ticking whose repetition rate increased midway through
the nominal response interval. Response accuracy, response time among submitted re-
sponses, and response expiration were analyzed at the item level. Because each block
used a different fixed question bank, the study was not designed to estimate an isolated
causal effect of the auditory cue. The primary analyses therefore focused on descriptive
and model-based contrasts between the two implemented block configurations while ac-
counting for participant- and item-level variability. Questions were additionally classified
as Ecuador-related or international/general content. Analyses involving that classification
were treated as secondary and exploratory because the study was not powered to provide
precise estimates of content-category moderation, and the broad classification did not
constitute a direct measure of prior knowledge or item familiarity.
The study addressed the following research questions:

1. RQ1: What differences in response accuracy, response expiration, and response
time among submitted responses are observed between the two implemented VR
quiz blocks?

2. RQ2 (exploratory): How do participants perceive the usability of the immersive VR
application, and is perceived usability associated with overall task performance?

Secondary exploratory analyses examined whether behavioral outcomes varied de-
scriptively across Ecuador-related and international/general content categories and whether
the estimated block contrasts differed across those categories.

2. Materials and Methods
2.1. Study Design and Reporting Framework

This exploratory study used a balanced two-period within-subject design to compare
behavioral performance across two immersive VR quiz blocks. Each participant completed
both implemented block configurations: (A) a baseline block and (B) an auditory deadline-
cue block. The block-order schedule contained 11 AB and 11 BA assignments, with the
ordering of those assignments pseudorandomized before participant assignment. The
design therefore balanced presentation order but did not independently randomize question
bank and auditory configuration.

In the baseline block, the task included a visible nominal 15 s countdown without
a time-related auditory signal. In the auditory-cue block, the same visual countdown
was accompanied by a ticking signal whose repetition rate increased halfway through the
nominal response interval. The virtual environment, question-panel position, response
interface, interaction technique, and nominal response interval were otherwise maintained
across the two blocks.

The two blocks also used different fixed 10-item question banks. Bank and auditory con-
figuration were permanently linked: Bank A was always administered in the baseline block,
and Bank B was always administered in the auditory-cue block. Consequently, the within-
subject comparison contrasts two complete block configurations rather than independently
estimating the effect of the auditory cue. The banks were thematically paired by question
position but were not psychometrically calibrated or empirically equated. Accordingly,
the ordering of the fixed 11 AB and 11 BA sequence assignments was pseudorandomized,
whereas question bank and auditory configuration were not independently crossed.

The study was conducted as a human—computer interaction experiment rather than as
a clinical intervention. Reporting was informed by the CONSORT 2025 recommendations
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and, where applicable to the two-period within-participant structure, by the CONSORT
extension for randomized crossover trials [21,22].

Questions were additionally classified into two content categories: Ecuador-related and
international/general. Behavioral observations were recorded at the individual-question
level, yielding 20 trials per participant across the two experimental blocks.

2.2. Participants

Participants were recruited by convenience sampling through social media, local dis-
semination, and institutional communication at Universidad Tecnolégica Indoamérica,
Ambato, Ecuador. Data collection was conducted between April and May 2026.

Eligible participants were adults able to use an immersive VR headset and with nor-
mal or corrected-to-normal vision. Exclusion criteria included photosensitive epilepsy,
significant balance disorders, inability to complete the experimental task, previous adverse
experiences with VR, and self-reported marked susceptibility to motion sickness. No formal
audiometric screening was performed.

Twenty-nine individuals were initially assessed for participation. Seven did not enter
the experimental task: one reported a previous negative VR experience, five reported
marked susceptibility to motion sickness, and one reported influenza-like symptoms and
general malaise and chose not to participate. Twenty-two participants started the experiment,
completed both experimental blocks, and were included in the analyses. The analyzed
sample comprised 20 males (90.9%) and 2 females (9.1%), with a mean age of 23.91 years
(SD = 3.96, range = 18-31 years). Participants received no financial or academic compensation.

No formal a priori sample-size calculation was performed because the study was
designed as an exploratory experiment and no single primary behavioral outcome had
been prespecified. Accordingly, the precision of the study is characterized by the model-
based effect estimates and their 95% confidence intervals. The relatively small sample
should therefore be considered when interpreting imprecise or nonsignificant model-based
estimates. Figure 1 summarizes recruitment, sequence allocation, completion of both
experimental periods, and inclusion in the final analysis.

2.3. Randomization and Experimental Sequence

A fixed balanced sequence-allocation list containing exactly 11 AB and 11 BA assign-
ments was created before the experimental sessions. The ordering of these 22 assignments
was pseudorandomized in Microsoft Excel using the RAND() function and subsequently
linked to numerical participant identifiers. Thus, the procedure was not simple random-
ization: the number of participants assigned to each sequence was fixed in advance at
a 1:1 ratio, whereas the ordering of the AB and BA assignments was randomized. At the
time the allocation schedule was generated, the researcher did not know which individual
participant would subsequently receive each numerical identifier.

The allocation schedule was generated before participant assignment and was then
used without modification during data collection. One researcher generated the sequence
schedule, whereas a different researcher conducted the experimental sessions according
to the assigned sequence. Because the RAND() procedure did not use a prespecified re-
producible seed, the pseudorandom ordering cannot be independently regenerated from
a recorded seed. Future studies should use a dedicated randomization procedure with
a prespecified and archived seed or allocation record to permit exact reproduction of the
sequence-generation process.
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Individuals assessed for participation (n = 29)

Did not enter experimental session (n = 7)
Previous adverse VR experience (n = 1)
Marked tendency toward motion sickness (n = 5)

Acute influenza-like illness/general malaise;
elected not to participate (n = 1) J

A

y

| Randomized (n = 22) |

[
v '

| Sequence AB (n = 11) ‘ ‘ Sequence BA (n = 11) ‘

' '

| Period 1: Baseline I Period 1: Auditory deadline cue I

. '

| Approximately 1 min rest l ’ Approximately 1 min rest ‘
| Period 2: Auditory deadline cue I ‘ Period 2: Baseline ‘
‘ Completed both periods (n = 11) l ‘ Completed both periods (n = 11) ‘

I |
I

| Included in analysis (n = 22) ‘

r No withdrawals after experimental task began

Figure 1. Participant flow through recruitment, balanced sequence allocation, the two experimental
periods, and analysis. A denotes the baseline block and B the auditory-cue block.

Participants were informed that they would complete two VR blocks and that they
should attend to the visual and auditory elements presented by the system, but they were not
informed of the specific hypothesis regarding the auditory manipulation or of an expected
direction of effect.

Blinding to the presence of the auditory cue was not possible because the ticking signal
was perceptible during the auditory-cue block. Response accuracy, response time, response
expiration, and lifeline use were recorded automatically by the application, limiting observer
involvement in outcome acquisition.

2.4. Immersive VR System and Application
2.4.1. Hardware and Software Architecture

The immersive application ran directly on a Meta Quest 3 head-mounted display
(Meta Platforms, Inc.) as a standalone application, without PC tethering during the ex-
perimental session. The headset incorporates LCD displays with a physical resolution of
2064 x 2208 pixels per eye and an approximate field of view of 110° horizontally and 96°
vertically. Six-degree-of-freedom head and controller tracking was available through the
headset platform.

Participants interacted with the application using two Meta Quest Touch Plus con-
trollers. Either controller could be used during the task. Audio was delivered through the
headset’s integrated audio system.

The application did not explicitly override the headset display-refresh setting and
therefore operated under the Meta Horizon OS default application refresh rate of 72 Hz.
Runtime frame rate was not instrumented during data collection; consequently, empirical
mean or minimum frame-rate values were not available. Although 72 Hz defined the
nominal display-refresh configuration, actual rendering performance during individual
sessions could not be verified retrospectively and may have varied with runtime load.
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The application was developed in Unity 6, version 6000.0.34f1, using C# and the
Universal Render Pipeline (URP). OpenXR was used for XR-device integration, the Unity
XR Interaction Toolkit provided controller-based immersive interaction, and the Unity Input
System handled controller input. The final software was compiled for Android/ARM®64 as
an Android Package (APK) and installed directly in the internal storage of the Meta Quest 3.

Firebase Realtime Database was integrated using Firebase Unity SDK version 13.2.0. It
served both as the remote source of the experimental question banks and as the destination
for session and behavioral data recorded during the experiment. The headset therefore
communicated directly with Firebase through a Wi-Fi connection while the VR application
itself remained a standalone on-device application.

The software followed a modular architecture. The principal components controlled
interface navigation and experimental context, question retrieval, quiz progression, block-
specific auditory behavior, response timing, and session metrics. The QuizManager co-
ordinated question presentation and response processing; FirebaseLoader retrieved the
corresponding question bank; PerturbationManager and CountdownPerturbation con-
trolled block-specific clock audio; and SessionMetricsManager recorded behavioral events
and transferred the resulting data to Firebase. Figure 2 summarizes the development,
runtime interaction, and external data flow.
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Figure 2. Software architecture and data flow of the standalone immersive VR quiz application.

2.4.2. Virtual Environment and User Interface

The virtual environment was designed as a three-dimensional television game-show-
inspired studio. The scene combined reusable three-dimensional objects and prefabs from
the RedStudio asset package with custom interface, interaction, experimental-control, tim-
ing, quiz, and data-recording components. Environmental elements included studio furni-
ture, virtual screens, lighting elements, cameras, microphones, and other studio objects.

Participants remained seated throughout the experimental task and no virtual lo-
comotion was required. The main question-and-answer interface was implemented as
a world-space user interface positioned approximately 1 m in front of the participant. Each
trial presented one question, four response alternatives, a visible countdown, progression
information, and the available lifelines.

The visual configuration was kept constant between the baseline and auditory deadline-
cue blocks. In particular, the virtual environment, question panel, answer-button arrange-
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ment, visual countdown, and controller interaction were not intentionally modified as part
of the experimental manipulation. Question content nevertheless differed between blocks
because each block used its corresponding fixed question bank, as detailed in Section 2.5.

The initial application interface provided access to three components: Instructions,
Practice, and Start. Participants reviewed six sequential instruction screens and subsequently
completed three practice questions before beginning the experimental blocks.

Figure 3a shows the virtual environment, and Figure 3b presents the initial interface.
Figure 3c shows the question-and-answer panel, visual countdown, progression information,
and lifeline controls. Figure 3d illustrates controller-based pointing interaction with the
lifeline interface.

Figure 3. Immersive VR environment and user interface. (a) General view of the television game-
show-inspired virtual environment. (b) Initial interface providing access to the instructions, practice
session, and experimental task. (c¢) Experimental question interface showing four response alterna-
tives, the visual countdown, progression information, and the three available lifelines. (d) Controller-
based distal interaction with the lifeline interface using the virtual pointing ray. Interface text is shown
in Spanish because the application was administered in Spanish.

2.4.3. Interaction Technique and Task Mechanics

Interaction was based on distal controller pointing. Movement and orientation of either
Touch Plus controller defined a virtual ray through the XR Interaction Toolkit. Participants
pointed the ray toward an interface element and confirmed the selection by pressing the
controller trigger. Direct hand tracking, voice commands, physical touching of interface
elements, and application-level haptic feedback were not used.

Each experimental block contained 10 multiple-choice questions. Every question
displayed four response alternatives, of which one was correct. Questions were presented
in a fixed order within each block, and the ordering of the four response alternatives was
also fixed.

Three optional lifelines were available during each experimental block: elimination of
two incorrect alternatives (50/50), elimination of one incorrect alternative, and reset of the
response timer. Each lifeline could be used once per block.

Use of the timer-reset lifeline restarted the visible countdown at 15 s. In the auditory-cue
block, the reset also restarted the auditory sequence from its initial state: the approximately
1 Hz prerecorded ticking pattern resumed and, if no response had been submitted by the
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midpoint of the renewed interval, switched again to the approximately 2 Hz pattern when
7.5 s remained. The response-time measure itself was not reset and continued accumulating
from the initiation of the original question. Response times greater than 15 s were therefore
possible on trials in which the timer-reset lifeline was used.

2.4.4. Auditory Deadline-Cue Manipulation

Participants had a nominal 15 s response interval for each question. The visual count-
down was presented together with the question and its four response alternatives.

In the baseline block, participants viewed the 15 s visual countdown without a time-
related auditory cue. In the auditory-cue block, the same visual countdown was accompa-
nied by a prerecorded clock-ticking signal reproduced through the Meta Quest 3 integrated
audio system. During the first half of each initiated or restarted 15 s response interval
(15-7.5 s remaining), a looping ticking pattern with a repetition rate of approximately 1 Hz
was presented. When the countdown reached its midpoint (7.5 s remaining), the application
switched to a second prerecorded ticking pattern with a repetition rate of approximately
2 Hz. This accelerated pattern continued until a response was submitted, the countdown
expired, or the timer-reset lifeline restarted the countdown sequence.

The change from approximately 1 to 2 Hz was selected to create two clearly distin-
guishable temporal phases within the same nominal response interval. Previous auditory-
warning research has shown that repetition rate and the temporal spacing of warning pulses
can influence perceived urgency and behavioral responding [3,4,23]. The present 1-to-2 Hz
transition should therefore be understood as a temporal interface design choice informed
by this broader literature rather than as a previously validated threshold for inducing
subjective time pressure. Because perceived urgency or subjective time pressure was not
directly measured, the study does not establish that this specific frequency change induced
either psychological state.

The two phases were implemented using separate prerecorded audio clips rather than
by changing playback pitch or dynamically modifying the repetition rate of a single clip.
Analysis of the audio signals indicated inter-tick intervals of approximately 0.998 s for the
initial pattern and 0.499 s for the accelerated pattern, corresponding to approximately 1 and
2 ticks/s, respectively. Software-level audio volume was not intentionally changed when the
application switched between the two patterns. However, the device-level volume setting
was not recorded during individual sessions, acoustic output at the listener’s ears was not
calibrated in sound-pressure-level units, and the spectral characteristics of the prerecorded
signals were not formally quantified as experimental parameters. Consequently, the exact
acoustic exposure experienced by each participant cannot be reconstructed retrospectively.

No additional background music or block-specific environmental sound was presented.
The implemented comparison therefore combined two auditory features: the presence of
repetitive ticking throughout the auditory-cue block and an increase in its repetition rate
from approximately 1 to 2 Hz halfway through the nominal response interval. The present
design cannot distinguish behavioral responses to the presence of repetitive sound from
responses specifically attributable to its temporal acceleration.

If the response interval expired without selection of an answer, the trial was recorded
as a response-expiration event, the response was scored as incorrect for the all-trial accuracy
outcome, and the application continued to the subsequent feedback and transition sequence.
Use of the timer-reset lifeline could restore the visible countdown to 15 s; therefore, 15 s
represents the nominal response interval rather than an absolute maximum response time.

The temporal structure of the two experimental blocks and the possible trial outcomes
are summarized in Figure 4.
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Figure 4. Trial flow and temporal structure of the quiz task. (A) Question presentation, controller-
based response selection, optional lifelines, and feedback following a submitted answer or response
expiration. (B) Baseline block with a nominal 15 s visual countdown and no time-related auditory cue.
(C) Auditory-cue block with the same visual countdown and ticking whose repetition rate increased
at 7.5 s remaining. A selected answer terminates the response interval, whereas absence of a response
at expiration generates a response-expiration event.

2.4.5. Data Acquisition and Storage

Firebase Realtime Database supported bidirectional communication with the stan-
dalone VR application. Before and during each experimental block, the application retrieved
the predefined question bank corresponding to the active block. During task execution,
behavioral information was recorded automatically and associated with the participant’s
numerical identifier.

Trial-level records included the question identifier, response time, correct/incorrect
status, response expiration, and use of each lifeline. Session-level information included task
progression, score, accumulated timing information, and lifeline use. Data were transmitted
from the headset to Firebase through the available network connection.

Response time was measured locally within the Unity application from initiation of the
question-loading routine to registration of the submitted response. The start timestamp was
therefore an application-level software event rather than an instrumented measurement of
the physical onset of the rendered question display. The elapsed interval was computed
and stored locally in memory before session data were transmitted to Firebase, so network
transmission latency was not included in the recorded response-time measure. No external
display-onset sensor or frame-synchronized event marker was used to quantify any delay
between initiation of the question-loading routine and visual presentation on the headset.

This configuration separated experimental execution from the development computer:
the PC was required to develop and compile the Unity project but was not tethered to the
Meta Quest 3 during participant testing.

2.5. Question Banks and Content Categories

Two fixed question banks containing 10 items each were used. One bank was per-
manently associated with the baseline block and the other with the auditory-cue block.
All participants therefore received the same question bank in a given block, regardless of
whether they completed sequence AB or BA.
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In each bank, six items were classified as international/general content and four as
Ecuador-related content. Ecuador-related items occupied positions 2, 4, 7, and 9, whereas
international/general items occupied positions 1, 3, 5, 6, 8, and 10.

The two banks were organized using corresponding thematic domains by question po-
sition. The ten paired domains comprised world geography, Ecuadorian literature, physics,
Ecuadorian history, art, computing and technology, Ecuadorian geography, biology, Ecuado-
rian geography, and environmental knowledge. Thus, question position was thematically
matched across blocks, although the specific item presented at each corresponding position
differed between banks.

The two question sets were not psychometrically calibrated or empirically equated
for difficulty or discrimination before the experiment. Because each bank was observed
only under the block configuration with which it was permanently associated, post hoc
estimation of bank equivalence would not disentangle item-bank characteristics from the
block configuration. In addition, the present sample size was not designed for stable item-
response-theory parameter estimation. Consequently, no post hoc psychometric equating
analysis was used to claim equivalence between the two banks. Block configuration and
question-bank characteristics therefore cannot be separated by the present design. Ac-
cordingly, all between-block contrasts in this study should be interpreted as comparisons
between the two implemented block configurations rather than as isolated estimates of the
causal effect of the auditory deadline cue.

The complete Spanish wording of all questions, response alternatives, correct answers,
content-category classifications, thematic pairings, and item-level descriptive results are
provided in Supplementary Material S1.

2.6. Experimental Procedure

Experimental sessions were conducted individually. Upon arrival, participants received
information about the study, eligibility was confirmed, and written informed consent was
obtained. Each participant was associated with the numerical identifier corresponding to
the previously randomized experimental sequence.

Participants were seated and fitted with the Meta Quest 3 headset and Touch Plus
controllers. They first reviewed the six instruction screens and completed three practice
questions to become familiar with question selection, controller pointing, the response
deadline, and lifeline use. The practice trials used a 20 s visual countdown and did not
include the auditory deadline cue; thus, familiarization with the ticking signal occurred
only when participants first entered the auditory experimental block.

Participants then completed the first 10-question experimental block according to their
assigned sequence. At the end of the first block, the application displayed an instruction
indicating that the block had ended. Participants removed the headset and rested for
approximately 1 min before beginning the second experimental block. They then completed
the other block using its corresponding question bank.

After completing both experimental blocks, participants removed the headset and
completed the System Usability Scale (SUS) digitally using Microsoft Forms on a tablet. The
complete session, including instructions, practice, both experimental blocks, the inter-block
rest period, and post-task assessment, lasted approximately 15-20 min.

No participant discontinued the experiment after beginning the VR task, and no
adverse event requiring termination of the session was observed. One participant who
wore prescription glasses reported some physical discomfort associated with wearing the
headset over the glasses but completed the experimental procedure.
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2.7. Outcomes and Measures
2.7.1. Behavioral Outcomes

The behavioral dataset comprised 440 item-level observations (22 participants x
2 blocks x 10 questions).

Response accuracy was recorded automatically for each question and coded as correct (1)
or incorrect (0). For the all-trial accuracy outcome, a trial in which the response interval
expired without submission of an answer was scored as incorrect.

Response time was defined as the locally measured elapsed interval from initiation
of the question-loading routine to registration of the submitted answer. Response time
was observable only for trials in which an answer was submitted; trials ending in response
expiration therefore had no response-time value and were not included in this analysis.
Because the probability of submitting a response differed between blocks, the set of trials
contributing to the response-time analysis also differed between blocks. Accordingly, re-
sponse time was analyzed only among submitted responses and does not characterize the
complete temporal response process. When the timer-reset lifeline was used, the visible
countdown and auditory sequence were restarted, but the response-time measure continued
accumulating from the initiation of the original question. Response times greater than 15 s
were therefore possible.

Response expiration was defined as a binary trial-level outcome indicating whether
the available response interval ended before an answer was submitted (0 = response
submitted; 1 = response expired). The application stored this event using the technical
variable name timeout; throughout the manuscript, the behavioral outcome is referred to as
response expiration.

Use of the three lifelines was recorded at the trial level. These records were used
to characterize interaction behavior and to support sensitivity analyses concerning the
timer-reset function and the original 15 s deadline.

2.7.2. System Usability Scale

Perceived usability was evaluated after completion of both experimental blocks using
the Spanish-language System Usability Scale (SUS) [24,25]. The SUS comprises 10 state-
ments rated on a five-point Likert scale and yields a global score ranging from 0 to 100, with
higher values representing greater perceived usability.

Standard SUS scoring was applied. For odd-numbered items, one point was subtracted
from the participant’s response; for even-numbered items, the response was subtracted
from five. The resulting adjusted values were summed and multiplied by 2.5. Internal
consistency of the 10-item scale was assessed using Cronbach’s alpha.

2.8. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics version 26. Descriptive
statistics were calculated at both participant and item levels. Continuous variables were
summarized using means, standard deviations, ranges, and, where informative, medians;
categorical variables were summarized using frequencies and percentages. All inferential
tests were two-sided, with statistical significance set at « = 0.05. Given the exploratory
nature of the study and the absence of a single prespecified primary behavioral outcome,
response accuracy, response expiration, and response time among submitted responses
were analyzed separately.

To complement the trial-level description of response expiration, participant-level
expiration counts were aggregated separately for the baseline and auditory-cue blocks.
For each participant, a paired difference was calculated as the baseline count minus the
auditory-block count. Participants were then descriptively classified as having fewer, equal,
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or more response-expiration events in the auditory-cue block relative to baseline. The
paired difference was summarized using its mean, standard deviation, and 95% confidence
interval based on the paired-samples t distribution. This participant-level summary was
treated as a descriptive complement to, rather than a replacement for, the trial-level mixed-
effects analysis.

All-trial response accuracy was analyzed using a generalized linear mixed-effects model
with a binomial distribution and logit link. Block configuration (baseline vs. auditory-cue
block), content category (Ecuador-related vs. international/general), experimental period
(first vs. second), and the block-configuration x content-category interaction were specified
as fixed effects. Random intercepts for participant and individual question were included
to account for repeated observations within participants and heterogeneity among items,
consistent with mixed-effects approaches that treat participants and stimuli as crossed
sources of variability [26].

Because the block-configuration x content-category interaction model produces
an overall marginal block contrast that equally weights the two content-category levels,
an additional reduced accuracy model excluding the interaction was fitted as an alterna-
tive specification. This reduced model estimated a common block contrast across content
categories and was treated as a sensitivity analysis rather than as the main accuracy model.

Response expiration was analyzed using an analogous binomial generalized linear
mixed-effects model, with expiration as the binary trial-level outcome and the same fixed-
and random-effects structure as the main accuracy model.

Response-time analyses were restricted to trials in which an answer was submitted. Be-
cause raw response times showed substantial positive skew, response time was transformed
using the natural logarithm before inferential analysis. Log-transformed response time was
analyzed using a linear mixed-effects model with a normal distribution and identity link.
The fixed-effects structure comprised block configuration, content category, experimental
period, and the block-configuration x content-category interaction, with random intercepts
for participant and individual question.

Degrees of freedom were estimated using the Satterthwaite approximation. Estimated
marginal means were obtained for the two block configurations and for combinations of
block configuration and content category. Simple block comparisons within content cat-
egories were adjusted using the sequential Bonferroni procedure. For binary outcomes,
marginal logit contrasts comparing the auditory-cue block with the baseline block were ex-
ponentiated to obtain odds ratios (ORs) and 95% confidence intervals. For log-transformed
response time, the corresponding block contrast was exponentiated to obtain a geometric
mean ratio (GMR) and 95% confidence interval.

Content-category main effects and block-configuration x content-category interactions
were treated as secondary exploratory analyses. The study was not designed or powered
to provide precise estimates of content-category moderation, and the broad content clas-
sification was not a direct measure of prior knowledge or item familiarity. Accordingly,
nonsignificant interaction tests were not interpreted as evidence that the between-block
contrast was equivalent or consistent across content categories.

Several supplementary and sensitivity analyses were conducted to evaluate the ro-
bustness of the behavioral results. First, because response-expiration trials were coded as
incorrect in the all-trial accuracy outcome, accuracy was reanalyzed after restricting the
dataset to trials in which an answer had actually been submitted. The same fixed- and
randome-effects structure as the main accuracy model was retained.

Second, the potential influence of the timer-reset lifeline was examined in two ways.
The response-time model was repeated after excluding trials in which the timer-reset lifeline
had been used. In addition, a supplementary binary outcome was constructed to indicate
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whether a response had been submitted within the original 15 s interval, irrespective of
any subsequent timer reset. Trials ending in response expiration and submitted responses
occurring after 15 s were both classified as failures to respond within the original deadline.
This outcome was analyzed using the same binomial mixed-effects structure used for
response expiration.

Third, lifeline use was summarized separately for the 50/50, remove-one-option, and
timer-reset functions. Because each lifeline could be used at most once per block, within-
participant differences in use of each individual lifeline were evaluated using exact McNemar
tests. The total number of lifelines used per block was compared using a paired Wilcoxon
signed-rank test.

Fourth, experimental sequence (AB vs. BA) was added as a fixed effect to the accu-
racy, response-expiration, and response-time models to examine whether the main results
depended on presentation order.

Fifth, supplementary models included thematic question pair, experimental period,
and experimental sequence as fixed effects to examine whether the overall between-block
pattern remained after accounting for corresponding thematic domains across the two
question banks. Content category and thematic pair were not entered simultaneously
because content category was determined by question position and therefore by thematic
pairing. These analyses were treated as robustness checks and not as a means of eliminating
the fundamental confounding between block configuration and fixed question bank.

Participant-level random slopes for block configuration were additionally examined as
model-robustness checks. These models were used to assess whether allowing the block
contrast to vary across participants materially changed the conclusions of the random-
intercept models. Because random-slope specifications require sufficient within-participant
information to estimate both the average block contrast and its between-participant hetero-
geneity, models showing convergence problems or a non-positive-definite random-effects
covariance matrix or Hessian were considered insufficiently supported by the available
data and were not interpreted. The random-intercept specification was retained for the
main analyses because it accounted for clustering by participant and item without requiring
estimation of an additional participant-specific block-effect variance that the data could not
always support reliably.

Because three behavioral outcomes were examined, the three overall between-block
p-values from the main behavioral models were additionally subjected to a Holm correction
as an exploratory multiplicity sensitivity analysis. This correction was not used to redefine
the individual models but to assess whether the overall statistical pattern was sensitive to
simultaneous consideration of the three behavioral outcomes.

SUS scores were summarized descriptively, and internal consistency was evaluated
using Cronbach’s alpha. Two exploratory Spearman rank correlations were performed to
examine the association of SUS score with overall response accuracy and overall response
time. The corresponding p-values were adjusted using the Holm procedure. No imputation
was performed for behavioral or usability outcomes. The SPSS syntax used for the principal
and sensitivity analyses is provided in Supplementary Material S3.

2.9. Ethical Considerations

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the Ethics Committee of Universidad Tecnolégica Indoameérica (approval code
UTI-VI-060-2025; 30 July 2025). The approved protocol covered the present immersive VR
experiment and the planned participant exposure to both experimental blocks.

All participants provided written informed consent before beginning the experimental
session. They were informed of the study procedure, the voluntary nature of participation,
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the possibility of discomfort associated with immersive VR, their right to discontinue par-
ticipation, and the scientific use of the collected data. Experimental records were associated
with numerical participant identifiers for analysis.

3. Results
3.1. Participant Characteristics and Experimental Flow

Twenty-nine individuals were initially assessed for participation. Seven did not enter
the experimental phase, leaving 22 participants who were assigned according to the pre-
defined balanced block-order schedule. Eleven participants completed the baseline block
followed by the auditory-cue block (AB), whereas 11 completed the blocks in the reverse
order (BA). All participants who began the experiment completed both periods and were
included in the analyses (Figure 1).

The final sample comprised 22 participants with a mean age of 23.91 years (SD = 3.96;
range = 18-31). Twenty participants (90.9%) were male and two (9.1%) were female.
Participant characteristics are summarized in Table 1.

Table 1. Characteristics of the analyzed sample.

Characteristic Value
Participants analyzed, n 22
Age, years, mean (SD) 23.91 (3.96)
Age range, years 18-31
Male, n (%) 20 (90.9)
Female, n (%) 2(9.1)
Sequence AB, n (%) 11 (50.0)
Sequence BA, n (%) 11 (50.0)
Completed both experimental periods, n (%) 22 (100)

3.2. Descriptive Behavioral Performance

The behavioral dataset comprised 440 item-level observations, corresponding to 22 par-
ticipants completing 10 questions in each of the two experimental blocks. Of these trials,
399 resulted in a submitted response, and 41 ended in response expiration.

At the participant level, mean all-trial accuracy was 47.27% (SD = 17.78) in the baseline
block and 49.55% (SD = 18.89) in the auditory-cue block. Mean response time among
submitted responses was 7.78 s (SD = 1.56) in the baseline block and 7.29 s (SD = 1.57) in
the auditory-cue block. These standard deviations represent variability across participant-
level means rather than variability across individual trials.

The most pronounced descriptive contrast concerned response expiration. Thirty-
three of 220 baseline trials (15.0%) ended in response expiration, compared with eight of
220 trials (3.6%) in the auditory-cue block. At the participant level, 13 of 22 participants
(59.1%) showed fewer response-expiration events in the auditory-cue block than in the
baseline block, whereas nine participants (40.9%) showed the same number of expirations
in both blocks. No participant showed more expirations in the auditory-cue block than in
baseline. The mean paired baseline-minus-auditory difference was 1.14 response-expiration
events per participant (SD = 1.17, 95% CI [0.62, 1.65]).

Descriptive behavioral outcomes by block and content category are presented in Table 2.

The fixed effects from the three main mixed-effects models are summarized in Table 3.
In the original statistical models, the predictor was labeled “experimental condition”;
throughout the results, estimates for this predictor are described as between-block contrasts
because question bank and auditory configuration were permanently linked. They therefore
compare the two implemented block configurations rather than representing an isolated
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auditory-cue effect. For accuracy, the OR reported from the interaction model is an equally
weighted marginal contrast across the two content categories; the reduced-model estimate
is reported in Section 3.3. Effect estimates are reported with 95% confidence intervals, and
exploratory Holm-adjusted p-values are shown for the three overall block contrasts.

Table 2. Descriptive behavioral outcomes by experimental block and content category.

Outcome

Content Category

Baseline Block

Auditory-Cue Block

Accuracy (%),
mean (SD)

Response time (s),
mean (SD)

Submitted responses,
n / N ( % )

Response expiration,
n / N ( % )

International/general

Ecuador-related
Overall

International/general

Ecuador-related
Overall

International/general

Ecuador-related
Overall

International/general

Ecuador-related
Overall

51.52 (19.18)

40.91 (25.05)
47.27 (17.78)

7.64 (1.52)

7.91 (2.43)
7.78 (1.56)

111/132 (84.1%)

76/88 (86.4%)
187/220 (85.0%)

21/132 (15.9%)

12/88 (13.6%)
33/220 (15.0%)

61.36 (22.05)

31.82 (26.93)
49.55 (18.89)

7.38 (1.80)

7.15 (1.64)
7.29 (1.57)

129/132 (97.7%)

83/88 (94.3%)
212/220 (96.4%)

3/132 (2.3%)

5/88 (5.7%)
8/220 (3.6%)

Note: Accuracy and response-time values are participant-level means. For these outcomes, the reported
SDs represent variability across participant-level means rather than variability across individual trials.
Response time includes only trials with a submitted response. Submitted-response and response-
expiration values are trial-level n/N (%).

Table 3. Fixed effects from the main mixed-effects models comparing the two experimental block
configurations.

. Effect Estimate
Outcome Fixed Effect F (df) P (95% CI) Holm p
. . OR =0.93

Accuracy Block configuration 0.014 (1, 14) 0.909 (0.22-3.89) 0.984
Content category 2.537 (1, 14) 0.134 — —
Period 0.375 (1, 435) 0.540 — —
Block configuration 0.568 (1, 14) 0.464 . .
x content category

Response expiration Block configuration 8.148 (1, 23) 0.009 OR =021 0.027

P P & : ' : (0.07-0.65) :
Content category 0.705 (1, 23) 0.410 — —
Period 0.020 (1, 435) 0.887 — —
Block configuration 0.959 (1,23) 0.338 . .
x content category
. . . GMR = 0.93

Log response time  Block configuration 0.494 (1, 16) 0.492 (0.74-1.16) 0.984
Content category 0.011 (1, 16) 0.919 — —
Period 0.051 (1, 357) 0.821 — —
Block configuration 0.009 (1, 16) 0.927 . .

x content category

Note: Block-configuration estimates compare the auditory-cue block with the baseline block. Because
block configuration was permanently linked to the question bank, these estimates describe the contrast
between the two implemented blocks and should not be interpreted as isolated effects of the auditory
cue. OR = odds ratio; GMR = geometric mean ratio. Holm-adjusted p-values refer to the exploratory
correction across the three overall block-configuration tests.
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3.3. Response Accuracy

All-trial response accuracy was analyzed using a binomial generalized linear mixed-
effects model including block configuration, content category, experimental period, and the
block-configuration x content-category interaction as fixed effects, with random intercepts
for participant and individual question.

No statistically significant between-block contrast was detected, F(1,14) = 0.014,
p = 0.909. Content category was also nonsignificant, F(1,14) = 2.537, p = 0.134, as was
experimental period, F(1,435) = 0.375, p = 0.540. The block-configuration x content-
category interaction was not significant, F(1,14) = 0.568, p = 0.464.

The model-estimated probabilities of a correct response were 0.540 (95% CI [0.239,
0.815]) for international/general items and 0.402 (95% CI [0.121, 0.766]) for Ecuador-related
items in the baseline block. Corresponding probabilities in the auditory deadline-cue block
were 0.643 (95% CI [0.327, 0.870]) and 0.273 (95% CI [0.070, 0.651]), respectively.

Sequential Bonferroni-adjusted comparisons showed no significant between-block
contrast within international/general items (p = 0.622) or Ecuador-related items (p = 0.580).
Comparisons between content categories were also nonsignificant within the baseline block
(p = 0.555) and within the auditory-cue block (p = 0.086).

The marginal between-block contrast from the main interaction model yielded an
auditory-versus-baseline OR of 0.93 (95% CI [0.22, 3.89]). Because this contrast equally
weighted the two content-category levels, an additional reduced model without the block-
configuration x content-category interaction was fitted as an alternative specification to
estimate a common between-block contrast across content categories. In this reduced
model, the contrast was nonsignificant, F(1,14) = 0.001, p = 0.973, with an auditory-versus-
baseline OR of 1.02 (95% CI [0.26, 4.05]). Thus, the alternative specification did not alter
the substantive conclusion that no statistically significant between-block contrast in all-trial
accuracy was detected.

Substantial heterogeneity was observed across individual questions. The random-
intercept variance was 0.470 for participants (SE = 0.241; 95% CI [0.173, 1.282]) and 1.867
for individual items (SE = 0.819; 95% CI [0.790, 4.413]). Observed item accuracy ranged
from 4.55% to 100% across the 20 experimental questions. Complete item-level descriptive
results are provided in Supplementary Material S1.

3.4. Response Expiration

Response expiration was analyzed using a binomial generalized linear mixed-effects
model with the same fixed- and random-effects structure used for all-trial accuracy.

A statistically significant between-block contrast was detected, F(1,23) = 8.148,
p = 0.009. Averaged over content category, the estimated odds of response expiration
in the auditory-cue block were lower than in the baseline block (OR = 0.21, 95% CI [0.07,
0.65]). Because question bank and auditory configuration were permanently linked, this
odds ratio represents the contrast between the two implemented block configurations and
must not be interpreted as an isolated effect of the auditory cue.

For international/general items, the model-estimated response-expiration probability
was 0.133 (95% CI [0.057, 0.278]) in the baseline block and 0.019 (95% CI [0.005, 0.070]) in
the auditory-cue block. For Ecuador-related items, the corresponding probabilities were
0.124 (95% CI [0.045, 0.299]) and 0.049 (95% CI [0.014, 0.154]), respectively.

Content category was not significantly associated with response expiration, F(1,23) =
0.705, p = 0.410, and experimental period was also nonsignificant, F(1,435) = 0.020,
p = 0.887. The block-configuration x content-category interaction was not statistically
significant, F(1,23) = 0.959, p = 0.338.
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These content-category analyses were secondary and exploratory. Given the limited
sample size and number of items within each category, the nonsignificant interaction should
not be interpreted as evidence that the between-block contrast was equivalent or consistent
across Ecuador-related and international/general items.

Sequential Bonferroni-adjusted simple comparisons yielded a statistically significant
between-block contrast within international/general items (p = 0.038), whereas the corre-
sponding comparison within Ecuador-related items was nonsignificant (p = 0.230). Because
the overall interaction was not statistically significant and the content-category analyses
were exploratory, the difference between these two simple-comparison p-values was not
interpreted as evidence that the block contrast differed across content categories.

Figure 5 shows the participant-level paired response-expiration counts across the two
VR quiz blocks. Thirteen of 22 participants (59.1%) had fewer response-expiration events in
the auditory-cue block than in the baseline block, whereas nine participants (40.9%) had the
same number in both blocks; no participant had more expirations in the auditory-cue block.
The mean number of expirations was 1.50 in the baseline block and 0.36 in the auditory-cue
block. Individual observations are connected within participants, and small horizontal
offsets are used only to reduce overplotting of identical counts.
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Figure 5. Participant-level response-expiration counts across the baseline and auditory-cue VR
quiz blocks.

Random-intercept variances were 1.316 for participants and 1.596 for individual ques-
tions, indicating variability in response-expiration probability at both levels.

3.5. Response Time Among Submitted Responses

Response-time analyses were restricted to the 399 trials in which an answer was sub-
mitted. Raw response times had a mean of 7.41 s (SD = 3.27; range = 2.24-25.87 s) and
showed positive skewness (skewness = 1.535; kurtosis = 4.935). These descriptive statis-
tics were calculated at the individual-trial level and therefore differ from the participant-
level response-time SDs reported in Table 2. Following natural-log transformation, the
distribution was approximately symmetric (M = 1.914, SD = 0.422; skewness = 0.001;
kurtosis = —0.200). Inferential analyses therefore used log-transformed response time.
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No statistically significant between-block contrast was detected, F(1,16) = 0.494,
p = 0.492. Content category was also nonsignificant, F(1,16) = 0.011, p = 0.919, as was
experimental period, F(1,357) = 0.051, p = 0.821. The block-configuration x content-
category interaction was not significant, F(1,16) = 0.009, p = 0.927.

The estimated marginal mean on the log scale was 1.977 (95% CI [1.800, 2.154]) for base-
line and 1.902 (95% CI [1.726, 2.079]) for the auditory-cue block. After back-transformation,
these estimates corresponded to geometric mean response times of approximately 7.22 s
and 6.70 s, respectively. The auditory-versus-baseline geometric mean ratio was 0.93 (95%
CI[0.74,1.16], p = 0.492).

For the combinations of block configuration and content category, back-transformed
estimated response times were approximately 7.22 s for international/general items and
7.21 s for Ecuador-related items in baseline, compared with 6.77 s and 6.63 s, respectively,
in the auditory-cue block. Between-block contrasts were nonsignificant within interna-
tional/general (p = 0.637) and Ecuador-related items (p = 0.614).

These estimates describe response time only for trials in which an answer was submitted.
Because response completion itself differed between experimental blocks, the response-time
model is conditional on a selected subset of trials and should not be interpreted as evidence
that the overall temporal response process was equivalent between blocks.

3.6. Sensitivity and Robustness Analyses

Several supplementary analyses examined whether the main behavioral pattern de-
pended on alternative outcome definitions, timer-reset use, lifeline behavior, presentation
order, thematic pairing, random-effects specification, or multiplicity.

Accuracy was reanalyzed after excluding trials that ended in response expiration.
Among submitted responses, 104 of 187 baseline responses were correct (55.6%), compared
with 109 of 212 responses (51.4%) in the auditory deadline-cue block. The correspond-
ing mixed-effects model showed no significant between-block contrast, F(1,14) = 0.261,
p = 0.617, and no significant block-configuration x content-category interaction, F(1,14) =
0.520, p = 0.483. Model-estimated probabilities of a correct response among submitted
responses were 0.552 (95% CI [0.307, 0.775]) for baseline and 0.470 (95% CI [0.241, 0.711])
for the auditory-cue block.

The influence of the timer-reset lifeline was examined using the original 15 s dead-
line. Under this alternative definition, trials ending in response expiration and submitted
responses occurring after 15 s were both classified as failures to respond within the original
deadline. Thirty-seven of 220 baseline trials (16.8%) and 12 of 220 auditory deadline-cue
trials (5.5%) met this criterion. The mixed-effects model yielded a significant Type III test
of the between-block contrast, F(1,17) = 4.880, p = 0.042. Model-estimated probabilities
were 0.131 (95% CI [0.059, 0.266]) for baseline and 0.041 (95% CI [0.016, 0.104]) for the
auditory-cue block. The baseline-minus-auditory marginal probability difference was 0.089
(95% CI [—0.011, 0.189], p = 0.076), indicating greater uncertainty when the contrast was
expressed on the original probability scale.

The response-time model was also repeated after excluding trials in which the timer-
reset lifeline had been used. The conclusion remained unchanged: the between-block
contrast was not significant, F(1,16) = 0.437, p = 0.518. Back-transformed estimated
response times were approximately 6.98 s in baseline and 6.55 s in the auditory-cue block.

Lifeline use showed no statistically significant within-participant differences between
blocks. The 50/50 lifeline was used by 11 of 22 participants (50.0%) in baseline and 14
of 22 (63.6%) in the auditory-cue block (exact McNemar p = 0.453). The remove-one-
option lifeline was used by 13 participants (59.1%) and 11 participants (50.0%), respectively
(p = 0.500), whereas timer reset was used by seven participants (31.8%) and eight par-
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ticipants (36.4%), respectively (p = 1.000). Participants used a mean of 1.41 lifelines
(SD =1.14) in baseline and 1.50 (SD = 1.06) in the auditory-cue block. The paired Wilcoxon
signed-rank test showed no difference in total lifeline use (Z = —0.368, p = 0.713).

Experimental sequence was added as a fixed effect to each of the three main models.
Sequence was not significantly associated with accuracy, F(1,19) = 1.376, p = 0.256,
response expiration, F(1,28) = 0.014, p = 0.907, or response time, F(1,20) = 0.431,p = 0.519.
Inclusion of sequence did not alter the main between-block contrasts: neither the accuracy
contrast (p = 0.907) nor the response-time contrast (p = 0.492) was significant, whereas
the response-expiration contrast remained significant, F(1,23) = 8.138, p = 0.009.

Supplementary models accounted for the ten corresponding thematic question pairs
together with experimental period and sequence. For accuracy, neither the between-block
contrast, F(1,8) = 0.005, p = 0.948, nor thematic pair, F(9,8) = 0.465, p = 0.862, was
statistically significant. For response time, the between-block contrast was nonsignificant,
F(1,9) = 0.566, p = 0.471, as was thematic pair, F(9,9) = 1.023, p = 0.487.

For response expiration, the thematic-pair model retained a significant between-block
contrast, F(1,8) = 6.046, p = 0.040, whereas thematic pair itself was not significant, F(9,6) =
0.376, p = 0.909. The auditory-versus-baseline odds ratio was 0.19 (95% CI [0.04, 0.91]).
This analysis provides a robustness check for broad thematic matching but does not remove
the confounding between block configuration and fixed question bank.

Participant-level random slopes for the model’s original “experimental condition”
predictor (coding block configuration) were examined. Random-slope models for all-
trial accuracy and response time converged without warnings and produced conclu-
sions consistent with the main random-intercept models. The between-block contrast
remained nonsignificant for accuracy, F(1,14) = 0.014, p = 0.909, and response time,
F(1,17) = 0473, p = 0.501. The corresponding response-expiration model produced
a non-positive-definite random-effects covariance matrix and Hessian. Response expiration
was relatively sparse, with 41 events across 440 trials and only eight events in the auditory
deadline-cue block. Together with the sample of 22 participants, this provided limited
information for reliably estimating an additional participant-specific variance for the origi-
nal “experimental condition” predictor. The non-positive-definite covariance matrix and
Hessian therefore indicated that the more complex random-slope specification was not
adequately identified by the available data rather than providing a reliable estimate of
between-participant heterogeneity in the between-block contrast. Accordingly, the random-
slope response-expiration model was considered unstable, its estimates were not interpreted,
and inference was retained from the more parsimonious random-intercept model.

Finally, the three overall between-block contrast p-values from the main behavioral
models were subjected to an exploratory Holm correction. The response-expiration con-
trast remained below the conventional significance threshold (Holm-adjusted p = 0.027),
whereas the adjusted p-values for accuracy and response time were both 0.984.

3.7. System Usability

The mean SUS score was 80.91 (SD = 11.09), with a 95% confidence interval from
75.99 to 85.83. The median score was 81.25, and observed scores ranged from 52.5 to 100.
Because the SUS was administered once after completion of both experimental blocks, this
score characterizes participants’ perception of the VR application as a whole and cannot be
attributed separately to either block configuration.

Internal consistency of the 10 SUS items was modest, with Cronbach’s « = 0.611
(standardized & = 0.590). The SUS findings were therefore treated primarily as a descrip-
tive characterization of perceived usability in this sample rather than as a highly precise
individual-difference measure.
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Two exploratory Spearman correlations examined the relationship between SUS score
and overall behavioral performance. Overall participant accuracy had a mean of 48.41%
(SD = 15.69), whereas overall response time had a mean of 7.54 s (SD = 1.43). SUS score
was positively associated with overall accuracy (p = 0.432, unadjusted p = 0.044), but
this association did not remain statistically significant after Holm correction (adjusted
p = 0.088). No statistically significant association was observed between SUS and overall
response time (p = —0.096, adjusted p = 0.671).

4. Discussion
4.1. Principal Findings

This exploratory within-subject study compared behavioral performance across two
non-equivalent, time-limited immersive VR quiz blocks. All-trial accuracy was 47.27% in the
baseline block and 49.55% in the auditory-cue block, with no statistically significant between-
block contrast. Response time among submitted responses likewise showed no statistically
significant contrast. Response expiration occurred in 33 of 220 baseline trials (15.0%) and
eight of 220 auditory-cue trials (3.6%), corresponding to an estimated between-block OR of
0.21 (95% CI[0.07, 0.65], p = 0.009).

At the participant level, 13 of 22 participants showed fewer expirations in the auditory-
cue block, nine showed equal counts, and none showed more expirations. The mean paired
baseline-minus-auditory difference was 1.14 expiration events per participant (SD = 1.17,
95% CI[0.62,1.65]). These results characterize the two implemented block configurations
rather than an isolated effect of the auditory cue.

4.2. Response Expiration Across the Two VR Quiz Blocks

The methodological relevance of response expiration in the present study does not
arise from the claim that deadline-related omissions constitute a newly identified behav-
ioral phenomenon. Previous research on speeded-up and deadline-constrained tasks has
already shown that failures to respond within an available interval may contain information
about the response process and should not automatically be treated as ordinary missing
observations [19,20,27].

The more specific contribution of the present study is to operationalize and report
response expiration explicitly within a standalone immersive VR quiz alongside all-trial
correctness and response latency among submitted responses. At the trial level, the imple-
mentation distinguished among submission of a correct response, submission of an incor-
rect response, and expiration of the available response interval without submission. This
preserved response-expiration events in the behavioral record while allowing completed-
response latency to be analyzed using the appropriate subset of submitted trials.

Response expiration and completed-response latency summarize different parts of the
observed data: latency is available only when a response is submitted, whereas response
expiration identifies trials that reach the response boundary without submission. Reporting
both prevents deadline expirations from disappearing from the characterization of temporal
task behavior. However, the different statistical patterns observed for these outcomes do
not establish that they are psychologically or statistically separable constructs.

The mechanism underlying the observed between-block difference cannot be identified
from the present design. The auditory-cue block combined repetitive ticking with an in-
crease in repetition rate, no direct manipulation check of perceived urgency or time pressure
was administered, and auditory configuration was linked to question bank. Future studies
should independently cross item set and auditory configuration and include acoustically
controlled comparison conditions and direct manipulation checks.
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4.3. Response Accuracy and Response Time Among Submitted Responses

No statistically significant between-block contrast was detected for all-trial accuracy.
In the main model including the block-configuration x content-category interaction, the
auditory-versus-baseline marginal OR was 0.93 (95% CI [0.22, 3.89], p = 0.909). Because
this marginal contrast equally weighted the two content-category levels, a reduced model
without the interaction was additionally examined as an alternative specification. That
model estimated a common block contrast of OR = 1.02 (95% CI [0.26, 4.05], p = 0.973).
Although the two specifications produced slightly different point estimates, both were
highly uncertain and led to the same substantive conclusion: no statistically significant
between-block association with all-trial accuracy was detected.

The conclusion also remained unchanged when accuracy was restricted to the 399 trials
in which an answer was submitted. Under this alternative definition, the between-block
contrast was nonsignificant (p = 0.617), with observed correct-response proportions of
55.6% in the baseline block and 51.4% in the auditory-cue block.

This distinction is important because the all-trial accuracy measure treated response ex-
pirations as incorrect responses. Although this is a defensible scoring rule for a time-limited
quiz, it combines two qualitatively different events: submitting an incorrect answer and
failing to submit an answer before the deadline. The submitted-response analysis separated
these components and showed no evidence that the higher completion rate observed in the
auditory-cue block was accompanied by greater correctness among submitted responses.

Response time among submitted responses likewise showed no statistically significant
between-block contrast. The model-estimated geometric mean was approximately 7.22 s in
the baseline block and 6.70 s in the auditory-cue block, with a geometric mean ratio of 0.93
(95% CI [0.74,1.16], p = 0.492).

This result should be interpreted conditionally because response time was observed
only when participants submitted an answer, while response completion differed between
the two experimental blocks. The response-time analysis therefore characterizes latency
among submitted responses rather than the full temporal behavior of all trials. The non-
significant contrast should not be interpreted as evidence that the complete response process
was equivalent between blocks.

This pattern differs from experimental paradigms in which objective time pressure
is created by physically reducing the time available for a decision. Such manipulations
can alter response latency, accuracy, or confidence [28,29]. In the present experiment, the
nominal response interval remained unchanged; instead, the auditory-cue block provided
an additional auditory representation of its progression. This distinction cautions against
assuming that an auditory representation of an unchanged deadline will produce the same
behavioral consequences as shortening the available decision time.

Other studies similarly indicate that temporal constraints do not produce a single
universal speed-accuracy response. Hermanns and Teubner reported that time constraints
in a human-AI evaluation task affected performance and included trials in which responses
were not completed within the available interval [30]. Usai et al. also described situations
in simulator and VR settings in which responding faster in high-demand task settings could
occur at the expense of accuracy [31].

The present dataset showed different descriptive patterns across the three behavioral
outcomes. Response expiration differed more markedly between the two implemented
blocks, whereas the estimated between-block contrasts for accuracy and response time
among submitted responses were imprecise and their confidence intervals included the
null value. A statistically significant contrast for one outcome together with nonsignificant
contrasts for the others does not demonstrate differential responses across outcomes, estab-
lish equivalence for accuracy or response time, or show that response completion, accuracy,
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and response time are empirically separable dimensions. Such conclusions would require
a direct statistical comparison or a joint model specifically designed to test differential
responses across outcomes.

4.4. Temporal and Auditory Information in Immersive VR

Temporal characteristics increasingly form part of the interaction design of immer-
sive systems. Schatzschneider et al. demonstrated that manipulated temporal cues,
cognitive load, and immersion can influence time estimation within immersive virtual
environments [32]. More recently, Picard and Botev examined rhythmic stimulation and
temporal experience in VR, showing that tempo and sensory characteristics can interact
with task context and behavioral performance [33].

Wei et al. showed that expected delays during moving-target selection in VR can
alter user behavior and performance, illustrating how temporal characteristics become
incorporated into interaction strategies [17]. Bansal et al. likewise demonstrated that
manipulating the temporal relationship between movement and virtual events can modify
perceived duration [16]. Although these manipulations differ from an auditory countdown,
they reinforce the broader view that timing is an active component of immersive interaction
rather than merely a background property.

The present experiment examines a different form of temporal manipulation: an audi-
tory representation of an otherwise unchanged response deadline. The visual countdown
and nominal 15 s interval were maintained across the two blocks, while the auditory block
added ticking whose repetition rate increased at the midpoint of the countdown.

Auditory stimulation should nevertheless not be assumed to facilitate performance
simply because it provides additional information. Cucinella et al. found that different
visual, auditory, and cognitive demands in an immersive shopping task influenced workload
and task behavior differently [34]. Their auditory manipulation consisted of environmental
auditory demand rather than a temporally informative signal, so the studies are not directly
comparable. The contrast is nevertheless relevant because the behavioral consequence of
sound depends on its functional relationship with the task.

A useful direction for future work would therefore be to separate the informational
content of the deadline cue from the mere presence of auditory stimulation. A factorial
design could compare an accelerated temporal cue, a temporally uninformative sound with
matched acoustic characteristics, and a silent baseline while holding the item set constant
or independently counterbalanced. Such a design would provide a stronger test of whether
any observed behavioral difference arises from temporal information, auditory stimulation,
or their combination.

From an immersive HCI design perspective, the present findings do not support
recommending accelerated ticking as a general strategy for improving performance in time-
limited tasks. Instead, they highlight the need to evaluate auditory deadline information
under designs that separate the auditory manipulation from item characteristics.

Future studies should independently manipulate item set and auditory configuration
and compare silent, constant-rate, and accelerated auditory conditions under calibrated
acoustic and temporal control. Such designs could determine more specifically whether
behavioral differences are associated with auditory stimulation, temporal information,
signal acceleration, or their combination.

4.5. Exploratory Content-Category Analysis and Item-Level Heterogeneity

The content-category analyses were secondary and exploratory. No statistically signifi-
cant main effect of content category or block-configuration x content-category interaction
was detected for accuracy, response expiration, or response time. Given the small sam-
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ple, limited number of items within each category, and uncertainty around several model
estimates, these nonsignificant tests should not be interpreted as evidence that the between-
block contrast was equivalent or consistent across Ecuador-related and international/
general items.

The category labels also require caution. Classification as Ecuador-related does not
establish greater familiarity for an individual participant, nor does classification as interna-
tional/general imply lower familiarity. Because item-specific familiarity, prior exposure, and
domain knowledge were not measured, these analyses describe broad content categories
rather than direct differences in prior knowledge or cultural familiarity.

Individual-question heterogeneity was nevertheless substantial. In the accuracy model,
item-level random-intercept variance exceeded participant-level variance, and observed
accuracy across individual items ranged from 4.55% to 100%. This variability reinforces the
importance of treating individual questions as a source of heterogeneity in knowledge-based
HCI experiments.

Prior knowledge and contextual representations can influence retrieval and learn-
ing [35,36], but broad content classifications cannot capture all determinants of item diffi-
culty. Question wording, distractor plausibility, semantic accessibility, prior exposure, and
domain-specific knowledge may also contribute to item-level performance.

The thematic-pair analysis therefore serves only as a supplementary robustness check
for broad domain matching; it does not eliminate the confounding between question bank
and auditory configuration or alter the exploratory status of the content-category findings.

4.6. Lifeline Use and the Original Response Deadline

The availability of lifelines was a distinctive feature of the task because these functions
could alter either response difficulty or the effective duration of an individual trial. The 50/50
and remove-one-option lifelines reduced the number of response alternatives, whereas the
timer-reset function restored the visible countdown to 15 s.

The observed frequencies did not suggest a pronounced systematic imbalance in
lifeline use between blocks. The 50/50 lifeline was used by 50.0% of participants in baseline
and 63.6% in the auditory-cue block; the remove-one-option lifeline by 59.1% and 50.0%,
respectively; and timer reset by 31.8% and 36.4%. None of the paired comparisons was
statistically significant, and the total number of lifelines used was also similar across blocks.
Nevertheless, the absence of significant paired differences does not establish that lifeline
use had no effect on individual trials.

The sensitivity analysis based on the original 15 s deadline provided a more direct
assessment of the timer-reset issue. Reclassifying submitted responses occurring after
15 s as failures to respond within the original deadline increased the number of deadline
misses from 33 to 37 in baseline and from eight to 12 in the auditory-cue block. Thus, four
additional post-15 s responses were identified in each block.

The Type III test of the between-block contrast from this alternative mixed-effects
model remained significant (p = 0.042). However, the baseline-minus-auditory marginal
probability difference was 0.089 and had greater uncertainty (95% CI [—0.011, 0.189],
p = 0.076). These two results refer to different scales of inference and should not be
interpreted as contradictory.

The timer-reset sensitivity analysis preserved the descriptive between-block pattern,
although uncertainty increased when the outcome was expressed on the marginal probabil-
ity scale. These analyses do not establish that lifeline use was behaviorally irrelevant at the
individual-trial level.
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4.7. Usability and Its Relationship with Performance

The mean SUS score was 80.91 (SD = 11.09; 95% CI [75.99, 85.83]). Because usability
was assessed only once after participants had completed both VR blocks, the score represents
a global post-task evaluation of the application rather than a block-specific assessment. It
therefore cannot be used to determine whether perceived usability differed between the
baseline and auditory-cue configurations.

Interpretation should also account for the modest internal consistency of the SUS in
this sample (« = 0.611) and the small sample size. Accordingly, the SUS result is reported
descriptively rather than used to support a strong categorical claim about usability or precise
individual-difference inferences.

The exploratory association between SUS and overall accuracy (p = 0.432) did not
remain statistically significant after Holm correction (p,q = 0.088), and no statistically
significant association was observed between SUS and overall response time. The available
data therefore do not provide sufficient evidence that participants who reported higher
usability ratings also performed better on the quiz task.

4.8. Limitations and Future Research

The principal limitation concerns the experimental design. Each block was permanently
linked to a different fixed question bank, and the two banks were thematically paired but
were not psychometrically calibrated, empirically equated, or independently crossed with
auditory configuration. Consequently, the observed between-block differences may reflect
the auditory cue, question-bank characteristics, or both. Item-level random effects and
thematic-pair sensitivity analyses account statistically for some heterogeneity but cannot
replace an experimental crossing that was absent from the design. The item-level descriptive
results illustrate the relevance of this limitation: at question position 1, the baseline item
produced eight expirations and three correct responses, compared with zero expirations
and 16 correct responses for the corresponding auditory-block item; at position 10, the
respective values were seven versus zero expirations and four versus 20 correct responses.
These two pairs alone accounted for 15 of the net difference of 25 response-expiration
events between blocks. The reported block contrasts, including the odds ratio for response
expiration, therefore characterize the two complete block configurations and should not be
interpreted as isolated effects of the auditory cue. Future work should independently cross
question bank and auditory configuration or use psychometrically calibrated parallel forms.

Interpretation is also limited by the sample. The final sample comprised 22 convenience-
recruited participants from a single institution in Ecuador, with a mean age of 23.91 years
(SD = 3.96; range = 18-31); the sample was also markedly imbalanced by sex (20 males
and two females). These characteristics limit statistical precision and generalizability and
preclude meaningful assessment of sex-related moderation. Larger and more demograph-
ically diverse samples would permit more precise estimates and more flexible random-
effects structures.

Temporal measurement also had technical limitations. Response time was recorded
locally in Unity from initiation of the question-loading routine rather than from an in-
strumented physical display onset. Although network-transmission latency was excluded,
runtime frame rate was not recorded; therefore, actual rendering performance under the
nominal 72 Hz headset configuration could not be verified. Future studies requiring pre-
cise temporal inference should use event- or frame-synchronized timing together with
continuous frame-rate monitoring.

The auditory manipulation was likewise incompletely characterized at the participant
level. The auditory-cue block used prerecorded ticking at approximately 1 Hz during
the first half of the nominal response interval and approximately 2 Hz during the second
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half. However, sound-pressure level at the ear was not calibrated, device-volume settings
were not recorded for each session, spectral characteristics were not formally quantified
as experimental parameters, and formal audiometric screening was not performed. In
addition, the manipulation combined the presence of repetitive sound with an increase in
repetition rate, so their individual contributions cannot be separated. Future experiments
should compare silent, constant-rate, and accelerated auditory block configurations while
standardizing acoustic output and documenting participant hearing status.

No validated manipulation check was included for perceived urgency, subjective time
pressure, workload, or stress. The study therefore characterizes behavioral responses to the
implemented interface configuration rather than a verified psychological state. Future work
should include direct manipulation checks and, where theoretically justified, workload
or physiological measures to examine whether behavioral differences are associated with
perceived deadline salience or other psychological mechanisms. Similarly, the Ecuador-
related and international/general classifications represent broad content categories rather
than direct measurements of prior knowledge, familiarity, or cultural relevance; these
exploratory analyses should therefore not be interpreted as tests of prior knowledge.

Several task-design features may also have influenced individual trials. Questions and
response alternatives were presented in fixed order, and the practice phase used a 20 s
visual countdown without the auditory cue. Thus, item-position effects and a short-lived
novelty or familiarization response to the ticking signal cannot be excluded. Although
AB/BA block ordering reduced systematic period imbalance, it did not randomize item
order within blocks or eliminate possible carryover in attention to the visual countdown.
Future studies should randomize or counterbalance item and response-option order where
feasible and include auditory familiarization before experimental measurement.

Finally, lifelines altered either response difficulty or the effective response interval. In
particular, timer reset restarted the 15 s countdown and the auditory sequence, while option-
elimination functions reduced the number of available alternatives. Sensitivity analyses
did not show a pronounced between-block imbalance and preserved the overall descriptive
expiration pattern, but lifeline use was self-selected and may itself have formed part of
participants’ response strategies. Studies designed specifically to isolate temporal behavior
should therefore remove, experimentally manipulate, or prespecify lifeline availability.

More broadly, the findings derive from one VR application, one nominal 15 s response
interval, one auditory escalation pattern, and one knowledge-based quiz implementation.
Generalization to other interfaces, timing parameters, auditory designs, populations, and
task domains remains to be established. Taken together, the limitations primarily constrain
causal attribution, precision, and generalizability. Stronger inference will require indepen-
dently crossed item sets and auditory configurations, larger and more diverse samples,
direct manipulation checks, and tighter auditory and temporal control.

5. Conclusions

This exploratory study compared response accuracy, response expiration, and response
time among submitted responses across two non-equivalent, time-limited immersive VR
quiz blocks. Response expiration occurred in 33 of 220 baseline trials (15.0%) and eight of
220 auditory-cue trials (3.6%), whereas no statistically significant between-block contrasts
were detected for all-trial accuracy or response time among submitted responses. At the
participant level, 13 of 22 participants showed fewer expirations in the auditory-cue block,
nine showed equal counts, and none showed more expirations; the mean paired baseline-
minus-auditory difference was 1.14 expiration events per participant (SD = 1.17, 95% CI
[0.62, 1.65]).

https://doi.org/10.3390/electronics15215029


https://doi.org/10.3390/electronics15215029

Electronics 2026, 15, 5029

26 of 28

These findings characterize the two implemented block configurations rather than
an isolated effect of the auditory deadline cue. Auditory configuration and question bank
were permanently linked, and the two banks were not psychometrically equated or inde-
pendently crossed. The observed item-level heterogeneity further reinforces the need for
caution when attributing the between-block expiration difference specifically to the auditory
manipulation. Similarly, the nonsignificant contrasts for accuracy and response time should
not be interpreted as evidence of equivalence between the blocks.

The methodological contribution of the study is the explicit retention and reporting
of response expiration alongside all-trial accuracy and response time among submitted
responses in a time-limited immersive task. This approach preserves information from
trials in which the available response interval expires without treating those observations
as ordinary missing response-time data. Stronger evaluation of auditory deadline cues
will require independently crossed item sets or psychometrically calibrated parallel forms,
larger and more diverse samples, calibrated auditory stimuli, direct manipulation checks,
and event-synchronized temporal measurement.
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