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Abstract

Virtual reality (VR) has emerged as a powerful tool in neuroscience and psychiatry, providing
immersive and ecologically valid environments to investigate human cognition. Stress is known to
disrupt core cognitive functions, particularly learning and memory, which are critical for mental
health. While classical paradigms such as the radial arm maze have yielded fundamental insights
into animal research, their application in humans is scarse. The aim of this study was to develop
NeuroHM, a VR-based radial arm maze, to evaluate spatial learning and memory in adults under
experimentally induced stress. A total of 100 participants were recruited and randomly assigned to
either a control group (n = 50) or a stress group (n = 50). Participants navigated the virtual radial arm
maze from a first-person perspective, relying on distal planetary landmarks to maintain spatial
orientation and recall spatial locations. The primary dependent variables were working memory
errors, reference memory errors, and latency. Salivary cortisol levels were collected to validate the
stress induction protocol and to examine the relationship between stress and cognitive performance.
Participants in the stress group showed increased latency and higher reference memory errors
compared to controls, with working memory exhibiting the most pronounced impairment. Our
findings show that acute stress significantly disrupts cognition and highlights the NeuroHM as a
promising tool for cognitive assessment in mental health research.

Keywords: spatial learning; working memory; reference memory; radial arm maze; human
navigation; stress; virtual reality

1. Introduction

Stress has been one of the most extensively investigated adaptive responses. It is defined as the
organism’s reaction to perceived demands or threats that challenge internal stability [1]. Exposure to
stressors activates the autonomic and neuroendocrine systems to restore homeostasis.
Physiologically, this involves stimulation of both the sympatho adreno medullary (SAM) system and
the hypothalamic pituitary adrenal (HPA) axis [2,3]. Activation of the SAM system triggers the
release of catecholamines such as adrenaline and noradrenaline, resulting in increased heart rate and
blood pressure. In parallel, activation of the HPA axis promotes the secretion of glucocorticoids such
as cortisol into the bloodstream. Cortisol exerts a profound influence on brain function, and the
hippocampus is particularly sensitive to its effects [4,5]. Neurobehavioral research has consistently
shown that stress related hippocampal dysfunction disrupts spatial learning and memory processes
in mammals [6-8], including humans [9-12].
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Spatial learning and memory are fundamental cognitive functions that allow individuals to
encode, store, and retrieve information about environmental layout and spatial orientation [13].
Numerous experimental paradigms have been developed to assess these abilities under stress
conditions. Among the most frequently protocols used in humans are psychological stressors such as
time pressured arithmetic, the Stroop task, or complex problem-solving matrices, which reliably
engage stress responsive systems and have become standard tools for acute stress induction in
laboratory settings [14-17].

In pre-clinical research, the radial arm maze (RAM) or Morris Water Maze (MWM) are the most
established paradigms for assessing spatial learning and memory in rodents [18,19]. In this task,
animals must learn to retrieve rewards from specific maze arms while avoiding repeated entries into
non rewarded ones. The mazes provide quantitative measures of reference memory, which reflect
long term learning of rewarded locations, and working memory, which reflect short-term updating
of recently visited locations [18,19]. However, adapting RAM to human testing presents significant
logistical and methodological limitations. A physical human scale maze would require considerable
space, and most human studies therefore rely on paper and pencil tasks. These traditional
neuropsychological assessments often lack ecological validity because they require participants to
imagine spatial transformations or manipulate visual objects in abstract contexts rather than navigate
real or realistic environments.

Given these constraints, there is a growing need for experimental tools that can more directly
assess hippocampal dependent spatial learning and memory. Tasks involving spatial navigation and
temporal sequencing of events provide a more comprehensive and sensitive measure of episodic
memory than conventional verbal or object recognition tests [20]. The recent advancement of VR
technology provides an unprecedented opportunity to meet these methodological needs [21]. VR
enables the creation of immersive and interactive environments that combine high ecological validity
with precise experimental control [22]. Virtual environments can be designed to simulate an almost
infinite range of conditions while maintaining cost effectiveness and experimental precision [23]. This
approach allows the assessment of behaviors that would be difficult or impossible to reproduce in
traditional laboratory settings, such as large-scale navigation or dynamic spatial problem solving.

Conventional neuropsychological assessments remain widely used in clinical contexts for
identifying cognitive decline. However, their diagnostic sensitivity can be reduced by confounding
variables such as education, age, examiner expertise, and testing environment. In contrast, VR based
paradigms can minimize these confounds by standardizing the testing context and engaging
participants in realistic and embodied cognitive experiences [24]. Despite the increasing interest in
immersive cognitive assessment, evidence is still scarce regarding the use of spatial memory
performance as a discriminative marker for different mental health conditions [25-27].

In the present study, we developed an immersive virtual reality adaptation of the radial eight
arm maze named NeuroHM, designed to evaluate spatial learning and memory under controlled
experimental conditions. The primary objective of this pilot study was to examine how
experimentally induced acute stress affects spatial learning and memory in adults and to evaluate
the feasibility of NeuroHM as a reliable tool for detecting early cognitive alterations related to stress
and mental health conditions.

2. Materials and Methods

All procedures were approved by the Ethical Committees of CUCS UdeG (CUCS/CINV/0017/25)
University’s Ethics Committee in accordance with the Declaration of Helsinki, Prior to testing,
subjects were explained on the study’s aims and required to sign informed consent forms. All
participants provided their consent. No participants reported being prescribed any psychiatric
medications.
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2.1. Participants

A demographic questionnaire was used to assess age, sex, education level, prescribed
medications situation, table 1. One hundred participants were recruited through advertisements
posted on the Universidad de Guadalajara, Centro Universitario de Ciencias de la Salud (CUCS)
campus. Male and female volunteers were randomly assigned to either the control group (n = 50) or
the stress group (n = 50), ensuring an equal distribution between conditions.

Table 1. Demographic summary of the 100 participants included in the study.

Total
(N =100)
Age (mean = SD) 25.27 + 6.41
F (55.6%)
Sex M (43.3%)
ingle (94.4%
Marital estatus I\S/;Zi;ég@ 6£/))
Level of education
Higher general 17.8%
Bachelor’s degree 57.7%
Master’s degree 11.1%
Doctoral degree (Ph.D.) 14.4%

2.2. Inclusion/Exclusion Criteria

Participants were selected according to predefined exclusion criteria. Individuals were excluded
if they presented (1) physical impairments that could interfere with task performance, (2) a diagnosis
or history of major neurocognitive disorders or psychiatric conditions, including mood disorders,
schizophrenia spectrum disorders, anxiety disorders, or developmental conditions, or (3) a history of
alcohol abuse or current use of illicit substances. Inclusion criteria recruited participants of 18 to 35
years of age, demonstrate normal or corrected-to-normal visual acuity (20/20), and possess the ability
to complete a demographic questionnaire and accurately follow the instructions required for the
allocentric navigation task.

2.3. Sample Size

Recruitment was conducted from May to August 2025. The sample size calculation was
performed to ensure adequate statistical power for the comparisons. The analysis was conducted
using GPower (v3.1.). Based on a Generalized linear model using within- and between-subjects
interaction and a power of 3 = 0.80, a significance level of a = 0.05, and a medium effect size of f =
0.25, a total number of 90 participants were needed, finally we adjust to 50 participants in each group.

2.4. Equipment and Software

The experiment was developed and executed using the Unity game engine on a desktop PC with
an Intel i7-12650H, 2300Mhz CPU (MSI Cyborg 15 A12V) RAM 64 GB and Nvidia RTX 4050 GPU.
Immersive presentation of the virtual environment was delivered through the Meta Quest 3S visor
(model P97), a standalone virtual reality headset featuring high-resolution displays, inside-out
tracking with integrated cameras, a 110° field of view, and ergonomic hand-held controllers that
enable precise interaction with three-dimensional environments.

We designed a Virtual Radial Eight Arm Maze program (NeuroHM) using a Unity game engine
(Unity Technologies, San Francisco, CA, USA version 6000.1.0f1). The virtual environment was
constructed in three dimensions with a central octagonal platform (width: 6m x length: 6m) from
which eight immersive equidistant arms (width: 2m x length: 12m x height: 4m) extended radially,
figure 1. Each arm was designed with a uniform width and length, bounded by walls to prevent
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participants from leaving the defined pathway. All arms of the maze ended in visible doors, with
four exit doors fixed in place. To provide distal spatial cues for allocentric navigation, four large
planetary objects were positioned at the cardinal points around the maze. Participants were able to
survey their surroundings in full 360° by rotating their heads and bodies while wearing the Meta
Quest 35 VR headset, and their movement direction was controlled via a handheld controller.

Dia del Ensayo:

Dial NV

Niimero de Ensayos:
]
Tlempomxlnq:

60 segundos e )

|Iniciar Ensayo|

| salir |

Figure 1. NeuroHM. (A) Virtual waiting room used between trials, where participants in the control group were
allowed to move freely. (B) Main menu interface for configuring experimental parameters, including session
day, number of trials, and maximum time allowed. (C) First-person perspective within the maze, showing doors
at the end of arms and distal spatial cues such as planetary objects and galactic textures for allocentric navigation.
(D) Overhead view of the radial eight-arm maze layout, illustrating the spatial arrangement of arms with exit

and closed pathways.

2.5. Experimental Design

Subjects were allocated into two groups of fifty individuals to complete the virtual reality
navigation task. Before the experimental session, all participants received a standardized tutorial
designed to habituate them to the immersive environment and to provide instruction on the use of
the hand-held controllers for navigating the maze and identifying exit doors. Each participant
completed five consecutive trials, each lasting 60 seconds, with a two-minute resting interval between
trials.

Participants were randomly assigned to either the control or the stress condition. The control
group was not exposed to additional stimuli and remained in a quiet environment using noise-
cancelling headphones throughout the session. In contrast, the stress group underwent cognitive
stress induction during each two-minute intertrial interval. Specifically, they were required to
perform a mathematics-based task under continuous time pressure, administered via the Quick Brain
application (Brainsoft Apps). Incorrect responses forced participants to restart the task repeatedly
until the interval concluded, thereby maintaining a sustained level of cognitive load and stress.
Immediately after the completion of the final trial, salivary samples were collected to assess activation
of the HPA axis, figure 2.
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Figure 2. Experimental design.

2.6. Procedure VR Radial Arm Maze for Humans

Cognitive performance was assessed using the NeuroHM virtual radial eight-arm maze task.
The primary objective of the task was to locate the four exit doors within a maximum duration of 60
seconds per trial, minimizing the number of errors by employing mnemonic and spatial mapping
strategies. The main dependent variables in NeuroHM were quantified through three behavioral
parameters: (1) latency, defined as the total time required to complete the maze; (2) reference memory
errors, defined as the number of first entries into arms that did not contain an exit; and (3) working
memory errors, defined as the number of re-entries into previously visited arms that did not contain
an exit. All behavioral variables were automatically recorded within the virtual environment for each
of the five trials completed by every participant.

2.7. Statistical Analysis

All statistical analyses were conducted using GraphPad Prism (version 8.0; GraphPad Software,
San Diego, CA, USA). Data were first examined for normality and homogeneity of variances using
the Shapiro-Wilk and Levene tests, respectively. Descriptive statistics are expressed as mean *
standard error of the mean (S.E.M.). Between-group comparisons (control vs. stress) for the main
dependent variables (latency, reference memory errors, working memory errors, and salivary cortisol
concentrations) were analyzed using independent-sample ¢ tests. Trial-by-trial performance across
the five sessions was evaluated using repeated measures ANOVA, Sidak’s post hoc multiple
comparison test was applied to identify specific differences. A significant level of p < 0.05 was used
for all analyses.

3. Results

To evaluate task performance, Student’s t tests were conducted on the principal dependent
variables. Latency, defined as the total time required to complete the maze, was significantly
increased in the stress group compared with the control group (53.11 + 0.66 vs 48.55 + 0.82, t = 4.290,
p <0.001), figure 3. Trial-by-trial analysis revealed that this effect was particularly pronounced in the
second trial (t = 2.710, p = 0.03) and the fifth trial (t = 2.925, p = 0.02). Despite this impairment, both
groups demonstrated a progressive reduction in completion time across successive trials, indicating
learning of the task rules and successful identification of the four exit doors.
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Figure 3. Latency. Time employed to complete the maze. Data show Mean + S.E.M. control vs stress group. The
left panel illustrates the overall time employed to complete the task across all trials. The right panel represents

trial-by-trial performance, showing group differences in learning dynamics across the five consecutive trials.

Reference memory performance, quantified as the number of initial entries into arms that did
not contain an exit, did not differ significantly between groups (2.55 + 0.07 vs 2.35 + 0.08), figure 4.
This indicates that both stressed and control participants were equally able to acquire long-term
knowledge of the location of correct exits.

Reference memory
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Figure 4. Reference memory. The number of initial entries into arms did not contain an exit. Data show Mean +
S.E.M. control vs stress group. The left panel illustrates the total errors during the task. The right panel shows

trial-by-trial performance, showing group differences in reference memory across the five consecutive trials.

In contrast, working memory, operationalized as the number of re-entries into arms that did not
contain an exit, showed a significant impairment in the stress group relative to controls (1.015 + 0.14
vs 0.47 +0.66, t = 3.416, p < 0.001), figure 5. The magnitude of this effect was especially evident in the
first trial (t = 2.303, p = 0.03) and the fifth trial (t = 2.273, p = 0.03). These findings suggest that acute
stress selectively disrupted short-term trial-to-trial updating, leading to an increased tendency to
revisit previously explored incorrect paths.
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Figure 5. Working memory. The number of re-entries into arms did not contain an exit. Data show Mean + S.E.M.
control vs stress group. The left panel illustrates the total errors during the task. The right panel shows trial-by-

trial performance, showing group differences in reference memory across the five consecutive trials.

Finally, analysis of salivary cortisol concentrations confirmed the effectiveness of the stress
induction procedure. The stress group exhibited a significant post-test increase compared with the
control group (5.60 + 0.28 vs 4.72 + 0.30, t = 2.142, p = 0.03), confirming the efficacy of the stress
induction protocol, figure 6.
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Figure 6. Salivary cortisol concentrations. Data show Mean + S.E.M. control vs stress group.

4. Discussion

The results confirmed that the laboratory stress protocol successfully elicited a physiological
stress response, as reflected by a significant increase in salivary cortisol concentrations among
participants in the stress condition. As hypothesized, acute stress exposure led to a deterioration in
cognitive performance, characterized by longer maze completion times and a higher number of
working memory errors.

The observed data support the hypothesis that acute stress induces a shift in navigation
strategies from flexible, cognitive, hippocampal-dependent mechanisms toward more rigid, habit-
based, cortico-striatal strategies [28,29]. This finding aligns with previous studies reporting that stress
alters the balance between memory systems, favoring procedural responses over spatial or
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declarative strategies [6,30-32]. Here, stressors were applied during the navigation task itself,
including the intertrial intervals, suggesting that both the HPA and SAM axis were simultaneously
active [33]. Consistent with this interpretation, participants in the stress group exhibited significantly
higher salivary cortisol [34] concentrations following task completion.

The interaction between cognitive and affective cortical networks and the HPA axis suggests
that stress-related hormonal activity can directly modulate cognition. One plausible mechanism for
this shift involves catecholaminergic signaling within the basolateral amygdala (BLA), which
promotes a transition from hippocampal-based memory retrieval toward striatal-based memory
encoding [35]. Catecholamines such as noradrenaline rapidly enhance excitatory transmission and
synaptic plasticity through (3-adrenergic receptors, while a-adrenergic receptors also contribute to
stress-induced modulation. In parallel, corticotropin-releasing factor (CRF) acting through CRF1
receptors increases limbic excitability and promotes glutamate release, thereby enabling rapid
structural and synaptic changing in hippocampal CA1 neurons [36,37]. Furthermore, catecholamines
and neuropeptides exert rapid effects within minutes through membrane-bound receptors, whereas
corticosteroids act more slowly by binding to intracellular glucocorticoid receptors that regulate gene
transcription [38]. Consequently, stress mediators can alter neuronal activity and plasticity over a
broad temporal range—from minutes to hours to explain why brief stress exposure can influence
memory management. In the current study, we observed a transient increase in working memory
errors in the stress group, likely reflecting prefrontal cortical involvement and the short-term impact
of acute stress on executive processes [35].

Our research tool is meaningful because it introduces an immersive virtual reality version of the
radial arm maze specifically designed for human participants, addressing the ecological and
methodological limitations of previous two-dimensional or non-immersive adaptations. Earlier
studies employing virtual mazes for humans often relied on flat monitors or simplified environments
[39-41], which restricted the participant’s sense of presence and reduced engagement of spatial
navigation systems. More recently, Kim, Park, and Kim (2018) implemented a head-mounted display
version of the radial arm maze to assess spatial learning and memory in humans, demonstrating that
virtual navigation tasks can successfully reproduce spatial learning patterns similar to those observed
in rodents [42]. However, their design remained limited in environmental complexity and
interactivity, highlighting the need for more immersive and ecologically valid approaches.

The NeuroHM task builds upon and extends these developments by providing a fully
interactive three-dimensional environment that allows natural exploration through a head-mounted
display, enhancing both ecological validity and the realism of spatial cues. We developed a fully
immersive virtual reality maze that offers a 360-degree navigational experience, allowing participants
to move freely and explore the environment. The maze design faithfully replicates the classical
configuration of the radial arm maze, incorporating elevated walls along each corridor to recreate the
perception of enclosed escape arms and maintain spatial orientation. The central platform was
intentionally enlarged and designed as an active navigational area rather than a simple transition
zone, allowing participants to integrate distal cues into their route-planning strategies. Furthermore,
the maze was specifically configured to support real-time data acquisition, thereby allowing for
immediate retrieval and comprehensive analysis of behavioral metrics by researchers.

The main limitation of the present study concerns the restricted sample size, which limited the
statistical power of the analyses and the generalizability of the findings. Large-scale population
studies, such as that conducted by Coutrot et al. [43], who assessed spatial navigation ability in more
than 2.5 million participants worldwide using a mobile application, emphasize the importance of
extensive datasets for characterizing individual variability in spatial learning and memory. Future
research should therefore aim to increase the number and diversity of participants to enhance
statistical robustness and external validity. Another limitation is the absence of complementary
neuropsychological assessments. Including standardized cognitive batteries would enable direct
comparisons between traditional measures of memory and performance on immersive spatial
navigation tasks, providing stronger construct validity. It is also important to consider that the
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technological characteristics of different virtual reality systems (display resolution, field of view,
frame rate, and motion tracking precision), may influence the encoding and retrieval of spatial
information. These variations could account for discrepancies among studies employing different
hardware or software configurations. Furthermore, future investigations could integrate
neuroimaging and electrophysiological techniques to examine the neural correlations of virtual
navigation under experimental conditions. Moreover, future research should experimentally assess
individuals with clinically diagnosed cognitive impairments. These evaluations would yield critical
evidence on the sensitivity of the NeuroHM task in detecting hippocampal-dependent dysfunctions
and would further substantiate its utility as a diagnostic and monitoring instrument.

5. Conclusions

The current study presents NeuroHM, a novel virtual reality system for assessing spatial
learning and memory in humans. This immersive adaptation of the radial eight-arm maze proved
sensitive to stress-induced cognitive alterations, as participants under acute stress showed increased
cortisol levels and reduced performance. These findings highlight NeuroHM as a promising tool for
cognitive assessment and translational research in mental health.
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The following abbreviations are used in this manuscript:

CRF Corticotropin-Releasing Factor

HPA Hypothalamic Pituitary Adrenal axis
MWM Morris Water Maze

RAM Radial Arm Maze

SAM Sympathy Adrenal Medullary axis
VR Virtual Reality
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