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Abstract

As the healthcare domain faces increasing demands for training and rehabilitation tools,
Extended Reality (XR) and Serious Games (SGs) have emerged as promising solutions.
This thesis investigates how design elements of XR systems and SGs affect knowledge
and skill acquisition as well as user experience across three healthcare subdomains: pro-
cedural training for healthcare professionals, object-location spatial memory enhance-
ment in healthy individuals, and executive function training in both healthy and clinical
populations. The research proposes prototypes and describes user studies to evaluate
both subjective user experience and objective performance metrics.

In procedural training, the thesis presents a study exploring the effects of real-time
and post-performance feedback. Feedback, combined with refresher sessions, effectively
improved the performance of the Basic Life Support with Defibrillator procedure. The
thesis also presents qualitative and quantitative evaluations of a multi-user system for
STEMI management. While performance improvements relative to a control group did
not reach statistical significance, the results highlight a positive user experience.

Regarding object-location spatial memory, the thesis compared two versions of a SG:
an immersive VR version for VR headsets and a non-immersive VR version for mobile
devices. Results indicated that while immersive VR enhanced the sense of presence, the
cognitive benefits were comparable to those of the non-immersive version. Furthermore,
the thesis investigated the role of haptic interfaces in an object-location spatial memory
task, showing that handheld controllers facilitated faster task completion than force-
feedback gloves without altering memory performance.

In executive function training, the thesis proposes a SG with a sorting task to inves-
tigate the effects of adaptive difficulty and multi-user settings. The user study showed
that the proposed heuristic-based difficulty adaptation did not result in a significant ad-
vantage over linear difficulty increase, and the multi-player setting did not demonstrate
clear added value compared to the single-player. A variation of the SG based on the
Go/No-Go task is presented and modelled as a Discrete-Time Markov Chain, indicating
that the system could serve as a valuable instrument for clinicians to interpret patient
performance and assess disease staging. In addition, the thesis presents an enhanced
version of the SG that supports both immersive and non-immersive VR devices, along
with an evaluation protocol for older patients with mild neurocognitive disorders.

Overall, the thesis showed positive effects of XR and SG on procedural and cognitive
training in three different subdomains of healthcare. Most findings suggest that greater
technological fidelity and some advanced features (e.g., immersive VR, haptic feedback,
multi-player) do not necessarily lead to superior training outcomes, whereas other design
elements (e.g., feedback, retraining) do. The thesis discusses expected and unexpected
outcomes.
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1
Introduction

In recent years, technologies capable of delivering eXtended Reality (XR) have gained
increasing attention as immersive and interactive tools for professional education and
training. XR acts as an umbrella term that includes Virtual Reality (VR), Augmented
Reality (AR), and Mixed Reality (MR), which integrate real and virtual elements to
different degrees. In the virtuality continuum proposed by Milgram and Kishino [221],
AR enriches the physical world by overlaying digital content; MR blends real and vir-
tual elements more dynamically, enabling their real-time coexistence and interaction;
and VR immerses the user in a fully computer-generated Virtual Environment (VE).
Consistently, Jerald defines VR as a computer-generated VE that users can experience
and interact with as if it were real [150], where the sense of presence can be strong
enough to create the perception of acting within the simulated world [339].

Some XR applications are designed as Serious Games (SGs), i.e., video games that
use entertainment to further serious objectives [343]. The systematic review by Krath
et al. [171] on the theoretical foundations of game-based learning, SGs, and gamifica-
tion (i.e., the use of game elements in non-game contexts [84]) highlights several key
mechanisms through which game elements can support learning and training: i) clear
and relevant goals, as gamification can transparently illustrate objectives and their im-
portance; ii) immediate feedback, allowing users to receive direct information about
their actions; iii) positive reinforcement, rewarding users for performance and empha-
sizing the value of their achievements; and iv) adaptive content, which adjusts tasks and
complexity according to the user’s abilities and knowledge. SGs can also facilitate the
“flow state”, i.e., a mental state in which individuals are deeply engaged and intrinsically
motivated to pursue the activity itself [76, 231].

By enabling realistic and repeatable simulation scenarios, XR technologies support
training standardization, objective performance assessment, and large-scale dissemina-
tion. These features make XR particularly valuable in contexts where safety, cost, or
logistical constraints limit the use of traditional training methods [155, 253].

XR and SGs have been widely adopted across multiple domains, including education,
industrial training, workplace safety, and rehabilitation. For example, XR environments
are increasingly used to support professional [217] and vocational [64, 78] training, from
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health professions education [178] to broader occupational and industrial safety applica-
tions [258, 295]. In healthcare, XR has shown particular promise for training procedural
knowledge and psychomotor skills, with systematic reviews indicating that VR-based
training can improve learners’ procedural performance, clinical skills, and attitudes com-
pared with traditional approaches [153, 178].

Similarly, SGs have been deployed for education [308] and health-related purposes
(e.g., promoting health among adolescents [13]), for teaching social skills to individuals
with autism [299], medical training (e.g., training nursing students [223]) and rehabil-
itation ([238]), as therapeutic tools for individuals with mental health conditions [85],
and stand-alone interventions as well as adjuncts to conventional therapy [110, 238].

1.1 Training Needs of the Healthcare Domain

In the healthcare domain, three primary groups of people who need training can be
identified: professionals, healthy individuals, and patients. Health professionals, such as
doctors and nurses, typically require procedural training that helps them acquire, up-
date, and retain the procedures needed for safe and effective support for the population.
Healthy individuals often engage in cognitive or physical training to maintain or enhance
their abilities as part of preventive health strategies. Patients, for example, those with
neurological conditions or age-related decline, need training and rehabilitation aimed at
restoring or compensating for impaired cognitive or physical functions.

These different target users highlight the growing need for user-centered, adaptive,
and scalable training solutions that can meet evolving clinical demands, support cogni-
tive health, and ensure accessible rehabilitation, whether the target audience is health-
care professionals, healthy individuals, or patients with cognitive impairments.

1.1.1 Procedural Knowledge for Health Professionals

In healthcare education, procedural training for doctors and nurses focuses on acquiring
and retaining the sequence of actions, decision points, and contextual conditions that
underlie correct clinical performance, alongside the practical skills required to perform
procedures (e.g., the correct execution of chest compressions in the Basic Life Sup-
port procedure). Developing robust procedural knowledge is essential to ensure that
healthcare professionals can act consistently and effectively, particularly in uncertain or
high-stress situations.

Continuing Medical Education (CME) is a globally recognized necessity for the med-
ical profession [127]. It encompasses a broad spectrum of "educational activities which
serve to maintain, develop, or increase the knowledge, skills, and professional perfor-
mance and relationships that a physician uses to provide services for patients, the pub-
lic, or the profession" [5]. CME represents any opportunity for clinicians to acquire new
insights or refresh existing expertise [303]. These activities typically range from theoret-
ical updates in diagnostic and therapeutic strategies to hands-on training for practical
techniques and mixed events [7, 208, 303].

Evidence suggests that CME is most successful when it is treated as a truly con-
tinuous process rather than a series of isolated events [7]. Furthermore, its efficacy is
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significantly enhanced by the use of interactive strategies and multiple exposures to ed-
ucational content [208]. Beyond individual skill acquisition, CME is central to quality
improvement [46]. By refining a practitioner’s knowledge, attitudes, and clinical be-
haviors, education can translate directly into more appropriate patient care and lead
to better health outcomes [7, 106, 208]. Consequently, the World Health Organization
[326] identifies the embedding of continuous learning within health systems as a key
feature of healthcare quality.

However, traditional approaches, such as lectures, written protocols, or instructor-led
simulations, often offer limited opportunities for active practice, personalized feedback,
and realistic, context-based decision-making. In-person courses heavily depend on in-
structor availability and may lack the flexibility necessary to accommodate individual
learning needs.

To address these pedagogical limitations, this thesis investigates the application of
XR technologies to enhance the procedural knowledge acquisition specifically for emer-
gency healthcare professionals. Among healthcare professionals, emergency physicians
and nurses frequently face high-stress situations, and their training demands include
remembering procedures, making rapid decisions, and coordinating in teams during
high-stakes events such as cardiac arrest. Recent systematic reviews show that XR-based
simulations are particularly promising in emergency settings, suggesting educational
benefits in knowledge gain and retention as well as skills performance [1].

1.1.2 Cognitive Functions for Healthy People and Patients
Cognitive Functions (CF) encompass the mental abilities involved in daily living activi-
ties such as attention, executive functions, learning and memory, language, perceptual-
motor, or social cognition [213]. Following the Diagnostic and Statistical Manual of
Mental Disorders [213], a healthy individual presents cognitive functions within the nor-
mative range, allowing full independence in daily instrumental activities, while cognitive
impairments are characterized by measurable declines in one or more cognitive domains,
often accompanied by behavioral changes that interfere with everyday life. The degree
of impairment distinguishes between mild Neurocognitive Disorder (mNCD), in which
autonomy is preserved, and major Neurocognitive Disorder, in which independence is
significantly compromised [213].

Because CFs are fundamental for maintaining autonomy and quality of life, pre-
serving them through effective training is vital. Cognitive training aims to maintain or
enhance these functions in healthy individuals and to mitigate decline or support rehabil-
itation in clinical populations. However, cognitive training programs can face challenges
similar to those of procedural education, as professional-led sessions are costly, depend
on specialist availability, and may offer limited adaptability or engagement. These
constraints can result in low adherence, particularly when exercises are repetitive or
detached from meaningful real-world contexts.

In this context, eHealth solutions seem promising in support to people aging with
cognitive impairment but need further research [83], also addressing usability and par-
ticipation [170].

The work in this thesis will focus on two CFs, Object Location Spatial Memory
and Executive Functions, with a focus on Inhibitory Control. These skills are used in
everyday life tasks and can deteriorate due to age or cognitive impairments. Therefore,
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finding effective ways to enhance such skills is important for individuals with and without
impairments.

Object Location Spatial Memory

Remembering where everyday items are placed (e.g., the keys in the purse, a pen on
the desk, or a particular cup in the cupboard) and describing how objects are arranged
relative to ourselves and to one another are tasks that rely on OLSM. This skill involves
the ability to encode, store, and retrieve information about the location, orientation,
and spatial relations of objects within an environment, across both small-scale settings
(e.g., items on a desk) and larger spaces (e.g., rooms in a house) [225].

To perform OLSM tasks, individuals construct the “spatial image”, a short-lived in-
ternal representation in the working memory that can include multiple object locations,
simple paths, and oriented elements in space [195]. This representation is modality-
independent, meaning it can be formed and maintained through visual, auditory, or
haptic cues, spatial language, or retrieval from long-term memory [195]. OLSM involves
three mechanisms: (a) object processing – identifying the characteristics and meaning
of the visual object, (b) spatial-location processing – determining where in the space
the objects is, and (c) object-to-location binding, which creates a mapping between the
two [252]. Two frames of reference for the spatial relations of objects are described
in literature: egocentric self-to-object and allocentric object-to-object [9, 92, 283]. In
the egocentric frame, object locations are encoded relative to the observer (e.g., “the
shelf is behind me”). In the allocentric frame, spatial relations are encoded between
objects within the environment (e.g., “the pen is left of the keyboard”), independent of
the observer’s position.

OLSM tasks can be conducted in static environments or reaching spaces (i.e., they
correspond to the portion of space within grasping distance and do not require partic-
ipant displacement) or in navigational environments (i.e., involves the user performing
either real or virtual displacements in the environments to reach the objects’ locations)
[193].

In the educational context, research suggests that spatial thinking predicts achieve-
ment in STEM (i.e., Science, Technology, Engineering, and Mathematics). In particular,
children with higher ability in visualizing spatial relationships in preschool have more
advanced arithmetic skills in primary school [109, 291, 317, 318, 337].

Deficits in OLSM can arise from lesions in the hippocampus [160], infarcts in the
right or left hemisphere of the brain [158], or more general memory deficiencies, like
Alzheimer’s disease and dementia [159]. Indeed, impairments in spatial memory are
considered one of the early indicators of Alzheimer’s disease [107]. Because such deficits
severely affect independence and everyday functioning, spatial memory rehabilitation
constitutes a meaningful target for cognitive interventions.

OLSM training is a cognitive intervention designed to target both working memory
and spatial abilities. Although the primary goal is to enhance specific spatial skills,
training has been shown to generalize, improving other spatial abilities that were not
directly practiced [309]. Additionally, evidence suggests that OLSM training in rehabil-
itation settings can benefit broader cognitive functions, such as episodic memory and
reasoning [340], as well as cognitive flexibility [220].
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Executive Functions

Executive Functions (EFs) are described as a set of abilities that includes inhibitory
control, working memory, cognitive flexibility, planning, reasoning, and problem solving
[75]. In the model proposed by Diamond [88], it is reported how the three core EFs are
Inhibitory Control, Working Memory, and Cognitive Flexibility.

• Working Memory (WM) comprises the systems necessary for retaining information
while performing complex tasks such as reasoning, comprehension, and learning
[24]. Notably, Miller [222] proposed the “magic number” 7 ± 2 of uncompressed
chunks in WM. For example, when asked to memorize the sequence of ten total
digits, a person tends to group the numbers into sets to remember them later,
rather than memorizing the digits individually. The WM model consists of sev-
eral subsystems; one of these is the visuospatial sketchpad, which is responsible
for retaining visual material and element locations for short periods [23]. This
subsystem is most effective within the first 600 milliseconds after a stimulus and
decays over 10–20 seconds in the absence of active maintenance [248]. A common
way to assess the visuospatial working memory is the Corsi Block-Tapping Task
[73].

• Inhibitory Control (IC) refers to the ability to regulate one’s attention, behavior,
thoughts, and emotions in order to override a strong internal tendency or an
external distraction and instead act in a more appropriate, goal-directed way [88].
For example, IC allows individuals to suppress the impulse to attend to irrelevant
stimuli while performing a task. This capacity plays an important role in everyday
functioning and overall well-being. IC is commonly assessed through experimental
paradigms such as the Stroop Task, Wisconsin Card Sorting Test, Go/No-Go Task,
and Flanker Task [115].

• Cognitive Flexibility involves being able to shift attention or response sets, change
perspective, and adapt to changing rules or environments in contrast to being
rigid [88]. This ability builds upon the other two core EFs, as it generally requires
inhibiting a previous perspective and loading a different rule into working mem-
ory [88]. For example, this ability supports behaviors such as revising a strategy
when it no longer works, switching efficiently between multiple tasks, and consid-
ering alternative viewpoints in social interactions. Cognitive flexibility is typically
assessed using paradigms that require set-shifting or task-switching, such as the
Wisconsin Card Sorting Test [111].

EFs can decline due to multiple factors, including typical aging, neurocognitive dis-
orders, stress, sleep deprivation, and certain psychiatric conditions [88, 213]. Given
the central role of EFs in supporting everyday autonomy, their deterioration can sub-
stantially impact functional independence and well-being. Consequently, interventions
aimed at strengthening or slowing age-related decline of EFs have become increasingly
relevant. Evidence shows that EF performance can be enhanced through targeted cog-
nitive training, physical exercise, and enriched, cognitively demanding activities, with
improvements observed in both healthy individuals and populations at risk of cognitive
impairment [88, 115].



6 Chapter 1 — Introduction

1.2 Thesis Aims and Outline
Given the positive outcomes of integrating XR technologies [19, 178, 187] and SGs [3, 25,
49, 202] in healthcare training and rehabilitation, this thesis investigates how XR systems
can support both procedural training for healthcare professionals and cognitive training
for individuals with and without cognitive symptoms. In particular, it examines how
different design elements influence users’ experience and performance when acquiring
and retaining procedures, as well as when performing specific cognitive tasks.

Aligned with the distinct needs of healthcare training, this thesis focuses on three
main objectives targeting professionals, healthy individuals, and clinical populations:

1. Supporting the acquisition of procedural knowledge for healthcare professionals;

2. Maintaining and enhancing Object–Location Spatial Memory in healthy individ-
uals;

3. Training executive functions in both healthy and clinical populations.

The cognitive training research follows a classical progression in which experiments
are first conducted with healthy participants to establish feasibility, efficacy, and ref-
erence baselines. Once validated, these protocols are adapted and extended to clinical
populations. In this thesis, the investigation of executive function training culminates in
a dedicated study with patients with mNCD, developed through an international collab-
oration with the French research institute CoBTeK lab of the Université Cote d’Azur1
and the Memory Center of the Nice University Hospital2.

Chapter 2 presents the related work regarding the design elements investigated in
this thesis, which are: level of immersion, use of haptics (e.g., haptic gloves), feedback
modalities, dynamic difficulty adjustments, and multi-user setting. Furthermore, the
chapter presents the use of XR and SGs in healthcare training by outlining current
evidence on the effectiveness of XR technologies and SGs for procedural and cognitive
training.

Chapter 3 focuses on procedural training for healthcare professionals, presenting
three XR-based studies addressing different aspects of emergency procedural training.
The first study explores feedback modalities in a Basic Life Support with Defibrillation
(BLSD) training scenario, investigating the effects of real-time performance feedback and
post-procedure feedback on learning outcomes and user experience. The second study
and the third study, respectively, explore the qualitative and quantitative outcomes of a
multi-user VR simulation for managing a ST-Elevation Myocardial Infarction (STEMI),
involving three coordinated roles that simulate real emergency teamwork among medical
professionals.

Chapter 4 explores XR-based cognitive training for healthy individuals, focusing on
the maintenance and enhancement of OLSM. The first experiment compares immersive
VR and non-immersive VR versions of a SG to assess the effects of display and inter-
action fidelity on performance and engagement. The second experiment investigates
the effects of interaction fidelity in an immersive VR system, comparing standard VR
controllers with haptic gloves that provide force feedback.

1https://www.cobtek.fr/english-website
2https://www.chu-nice.fr/

https://www.cobtek.fr/english-website
https://www.chu-nice.fr/
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Chapter 5 investigates SGs designed to train executive functions. The chapter first
describes a study that examines the effects of adaptive difficulty and multi-user in-
teraction in a sorting task, comparing adaptive and linear difficulty progression and
single-player and multi-player modes. The chapter then introduces a theoretical model
of a SG based on a Go/No-Go task, aimed at enabling rigorous assessment of user
behavior across different cognitive health conditions. Finally, the chapter presents the
design and preliminary results of a clinical protocol to evaluate the SG with older adults
exhibiting mNCD.

Chapter 6 concludes the thesis by summarizing the main findings across procedural
and cognitive subdomains of healthcare, and outlining directions for future research.





2
Related Work

This chapter examines the design elements of XR-based experiences explored in this the-
sis and reviews existing evidence regarding XR applications and SGs in healthcare train-
ing. The literature review specifically addresses procedural knowledge, spatial memory,
and executive functions.

Design elements within XR and SGs can shape the user experience and impact
performances, thereby influencing the effectiveness of training outcomes. This thesis
focuses on five key dimensions: level of immersion, use of haptics (e.g., haptic gloves),
feedback modalities, dynamic difficulty adjustment, and multi-user setting.

2.1 Level of Immersion

The distinction between immersive (iVR) and non-immersive (nVR) experiences consti-
tutes a primary design element, defined by the degree to which users are perceptually
isolated from the physical world and surrounded by the Virtual Environment (VE).
Devices such as head-mounted displays (HMDs) or multi-projection environments (e.g.,
CAVE systems) can deliver iVR experiences that surround users with the VE and allow
for real-time updates of the visual scene based on head and body movements [265]. In
contrast, interaction with the VE in nVR setups typically occurs via flat displays and
conventional input devices (e.g., a mouse or touchscreen). The level of immersion can
significantly influence the user’s sense of presence, the subjective feeling of “being there”
in the virtual space [276].

Following the Cognitive Affective Model of Immersive Learning (CAMIL) proposed
by Makransky and Petersen [205], the higher presence and agency that iVR systems can
deliver may facilitate learning, interest, intrinsic motivation, and self-efficacy. However,
high immersion acts as a double-edged design element as it may increase extraneous
cognitive load depending on task complexity [205].

Meta-reviews indicate that iVR is particularly effective for perceptual–motor and
spatial learning, supporting skills such as spatial reasoning, visual information process-
ing, and hand–eye coordination [149]. Furthermore, iVR benefits the motivational and
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affective domains, enhancing enjoyment and self-efficacy while reducing perceived ex-
ertion in physically demanding tasks [224]. Evidence suggests that these benefits have
a greater impact in education and skills-focused training, notably in K–12 settings,
science learning, and simulated practice, where iVR training may improve knowledge
acquisition, skill development, and long-term retention [327].

Focusing on training for both physicians and nurses, iVR systems are frequently
associated with higher learner satisfaction, engagement, and self-efficacy compared to
nVR or traditional instructional approaches [54, 134, 190, 270]. In nursing education,
iVR has demonstrated advantages in knowledge retention and skill performance [53, 134],
with some reviews suggesting greater knowledge gains compared to nVR systems [218].
In medical education, head-mounted displays are perceived as salient and motivating
[28, 63], and may reduce the learning curve for complex surgical procedures [305].

However, these advantages are not universal. Studies highlight that iVR offers no
added benefit if the experience induces cybersickness or if overly intense immersion
diverts attention from the learning objective [149]. Indeed, several works found no
significant differences between iVR and nVR for acquiring spatial knowledge of object
locations [42], gaining procedural knowledge in aviation safety [40], or promoting con-
ceptual learning [227]. Similarly, the systematic review of Salatino et al. [275] on VR
protocols for Unilateral Spatial Neglect (i.e., a debilitating disorder of spatial aware-
ness) rehabilitation suggests that training effectiveness may depend more on simulation
quality and task design than on immersion level alone.

Multiple studies report that objective learning outcomes (e.g., examination perfor-
mance or procedural metrics) often do not significantly differ between iVR, desktop-
based VR, MR, and traditional classroom instruction [89, 184, 190, 229, 270]. Similarly,
engagement levels can be comparable across immersive and non-immersive VR modali-
ties [181]. While virtual environments promote active learning through trial and error,
they may fail to reproduce the psychological pressure and environmental complexity of
real clinical emergencies, potentially limiting their effectiveness for high-stress training
scenarios [306].

Highly immersive systems can also introduce practical limitations. Learners report
technical difficulties, physical discomfort, and higher implementation costs compared to
desktop or traditional solutions, which may hinder large-scale adoption [218, 274].

Evidence comparing different levels of immersion consistently indicates that benefits
for OLSM depend more on task demands, environmental fidelity, and the availability of
meaningful spatial cues than on immersion alone. MR appears particularly advantageous
for recall tasks that benefit from anchoring virtual information to the physical environ-
ment. For instance, Hurter et al. [138] showed that MR outperformed two-dimensional
displays and fully virtual conditions in recalling object locations and semantic details,
despite comparable levels of reported presence in VR and MR. Their finding suggests
that the coupling between virtual content and stable real-world reference frames plays
a more critical role in memory recall than subjective immersion per se.

Within fully virtual environments, several studies have examined which aspects of
immersive systems influence spatial memory acquisition and transfer. Xu et al. [330]
investigated the transfer of spatial knowledge from a VE to the real world using different
locomotion techniques and found no significant differences in placement errors, indicat-
ing that locomotion mode alone may not be a determining factor. Similarly, Hinterecker
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et al. [128] reported that memory for object locations did not differ between horizon-
tally and vertically aligned layouts when learning occurred from a single viewpoint, while
also showing that judgments relied not only on object-to-object relations but also on
object-to-environment relations. Complementing these results, Huang and Klippel [135]
examined visual realism alongside individual differences, gaze, and movement, finding
that high realism affords positive spatial learning opportunities even though no direct
relationship with OLSM performance was observed.

Increasing immersion through head-mounted displays may support encoding by pro-
viding embodied orientation cues, particularly during learning phases. In the virtual
memory palace task developed by Krokos et al. [174], iVR yielded higher recall accu-
racy than desktop-based nVR, with participants reporting an enhanced sense of spatial
awareness attributable to head-tracked and body-based interaction. However, evidence
for the benefits of immersion remains mixed. Kargut et al. [156] reported no clear
consensus in the literature regarding the effectiveness of immersion for spatial learning
and object selection. In their comparison of nVR and iVR setups for object location
learning, more immersive conditions resulted in poorer selection performance and did
not improve spatial learning outcomes. Despite this, most participants subjectively per-
ceived immersive conditions as more effective for learning and expressed a preference for
iVR. In two virtual OLSM tasks conducted inside an aircraft and outside the airport,
Buttussi and Chittaro [42] found that although iVR improved distance estimation and
perceived spatial presence, it did not outperform tablet-based nVR in object location
retention. In line with these findings, the systematic review by Llana et al. [193] con-
cluded that immersion alone is insufficient to support OLSM without rich and reliable
environmental cues such as landmarks.

Comparisons between VEs and real-world learning further highlight the limitations
of immersion in reproducing natural spatial experience. While both iVR and nVR
can support spatial learning and transfer, Hejtmanek et al. [124] reported that real-
world navigation resulted in superior performance, particularly during early stages of
spatial acquisition. The authors suggested that the advantage may be attributed to the
presence of intact visual detail, somatosensory feedback, and proprioceptive cues that
were not fully replicated in the VE. When learning transfer over time is considered,
AR shows complementary strengths. In a control-room spatial memory task Caluya
et al. [47] reported that although VR supported stronger immediate recall, AR led
to better delayed retention, likely due to the persistent alignment of learned spatial
representations with real-world reference frames.

2.2 Use of Haptics

The second design element explored is the use of haptic feedback to increase the fidelity
of immersive experiences by adding physically interactive elements.

In the context of XR and SGs, haptics involve simulating the sense of touch, which
includes both cutaneous feedback (sensations on the skin surface, such as texture, tem-
perature, and roughness) and kinesthetic feedback (forces felt in muscles and joints, in-
cluding weight, inertia, and resistance) [237]. Technologies range from wearable haptic
gloves to external force-feedback devices and instrumented mannequins. These addi-
tions can be designed to prevent users from unrealistically "passing through" virtual
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objects (e.g., using an haptic glove to block the fingers when grabbing an object) and to
be interacted with in order to increase the fidelity of the experience (e.g., by integrating
sensors in real-world objects and then using the real-time data in the XR simulation).

Force feedback gloves are hand gloves composed of sensors that can track the fingers’
movements, apply vibrotactile feedback, and deliver kinesthetic feedback when grasping
virtual objects. Force-feedback gloves, in particular, combine motion tracking, vibro-
tactile cues, and kinesthetic resistance to support realistic object manipulation. With
the growing diffusion of consumer VR kits, several commercial companies have begun
investing in haptic glove technologies [6]. Importantly, the addition of tactile other than
visual information plays a critical role in forming efficient representations of near-body
space, underscoring the relevance of haptics for spatial interaction and learning in XR
environments [199].

Research consistently shows that haptic technologies enhance the fidelity and real-
ism of immersive experiences by simulating physical constraints [261] and strengthening
users’ sense of presence [114, 173, 204, 226]. Specific studies showed how haptic feed-
back has been effectively applied in domains where realistic tactile interaction supports
skill acquisition: in procedural tasks, force-feedback gloves have reduced execution time
[173] and errors [232]; in entertainment and training-oriented gameplay, combining hap-
tics with hand tracking and immersive displays improved usability and engagement
compared to visual-only setups [226]. Comparative evaluations of glove configurations
suggest trade-offs between task accuracy and perceived tactile quality [255]. Beyond
performance, haptic devices can also increase user motivation, such as by enhancing
perceived playfulness in home-based rehabilitation [320] or by enabling interactions that
more closely mirror physical learning models in educational contexts [108].

Regarding training, haptic feedback have been reported to enhance the fidelity and
realism of XR simulators and support training outcomes, particularly in surgical and
other psychomotor domains [261]. Furthermore, integrating haptic technologies can
lead to better task performance, retention, and transfer when compared to non-haptic
systems [204]. Concluding, combining haptic cues with other sensory modalities (e.g.,
visual, auditory, and proprioceptive information) produces synergistic benefits for psy-
chomotor skill acquisition and conceptual understanding, highlighting the role of haptics
as a key design element for enhancing XR training effectiveness [114]. The integration
of haptic feedback is widely regarded as critical for psychomotor skill acquisition in both
nursing and medical training, as tactile sensation is essential for understanding tissue
resistance, force application, and procedural accuracy [179]. Systematic reviews indi-
cates that haptics can enhance procedural performance and accuracy [22, 305], and help
bridge the theory–practice gap by enabling trainees to physically experience procedures
rather than relying exclusively on visual cues [251].

For example, Gani et al. [104] showed that integrating haptic feedback into an immer-
sive VR bone-drilling simulation resulted in significantly better performance compared
to a non-haptic condition. Similarly, in CPR training, Delahaye et al. [82] reported
that combining VR with physical mannequins substantially improved chest compression
quality. However, findings are not uniformly positive. In a comparison between a MR
system and traditional manikin-based simulation, Vega et al. [313] observed superior
compression performance in the control group, potentially due to visual distortion or
insufficient tactile fidelity in the MR system.
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Limitations in haptic realism have also been highlighted in systematic reviews.
Shorey and Ng [284] noted that early VR-based nursing simulations often failed to
accurately replicate tactile sensations associated with procedures such as cannulation,
reducing perceived realism. Overall, the widespread adoption of haptics remains con-
strained by high development costs and the need for specialized hardware, resulting in
limited availability of such systems within standard curricula [22, 251].

The integration of haptics in XR systems can enhance users’ spatial representations of
virtual environments by simulating tactile interaction with virtual objects and surfaces.
Through haptic feedback, users can perceive properties such as object shape, texture,
and resistance, as well as environmental features, thereby enriching embodied interaction
within the space where the task is performed.

The recent research of Siqueira Rodrigues et al. [287] in assessing the effectiveness of
visuohaptic integration in promoting object retention across different display environ-
ment employed a Delayed Match-to-Sample (DMTS) task (i.e., a cognitive evaluation
tool that involves presenting a sample stimulus for participant encoding, followed by a
delay where the encoded stimulus disappears to prompt participants to retain its mental
representation) and report that haptics can improve object retention without requiring
fully immersive setups, offering insights for the design of interactive systems that assist
professionals who rely on precise mental representations of digital objects.

2.3 Feedback Modalities

The third design element explores how feedback is delivered to the user.
XR systems can implement visual, auditory, and haptic feedback to facilitate learn-

ers to recognize procedural errors and enable timely self-correction, as well as evaluate
their performance, identify knowledge gaps, and obtain correct knowledge [212]. For ex-
ample, a system might simultaneously trigger a red glow, an error sound, and controller
vibration when an incorrect button is pressed.

Feedback timing is generally categorized into two modalities: real-time feedback
(rt-FB), which provides immediate information to promote faster and more accurate
performance during the task [155, 259]; and post-performance feedback (pp-FB), which
offers a summary after completion to foster reflection and long-term retention [97].
By using these mechanisms, XR serves as a powerful tool for delivering standardized,
adaptive, and evidence-based training [285].

In the clinical context of many European countries, "Audit and Feedback" (A&F)
strategies are frequently employed to align professional practice with normative bench-
marks [147]. "Audit" refers to evaluating performance against explicit standards, while
"Feedback" involves reporting these results back to professionals to illustrate their stand-
ing relative to peers or targets [144, 147]. A&F interventions can lead to improvements
in the quality of care [144, 145] and the way feedback is provided may affect effectiveness
[144]. The literature reports positive results also when the emergency setting is analyzed
[186, 267].

Automating A&F process within XR systems allows for consistent, objective, and
data-driven evaluation, thereby reducing instructor bias. For example, the systematic
review conducted by Gugelmin-Almeida et al. [116] indicates that automated systems
delivering real-time feedback in CPR training can significantly enhance skill acquisition
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and procedural accuracy. Furthermore, the American Heart Association emphasizes
that simulation feedback should be quantitative, reliable, and provided both during and
after training to maximize learning outcomes [59, 60].

Meta-analytic evidence suggests that integrating performance feedback within XR
environments can significantly enhance technical performance in healthcare training,
with effects depending on feedback timing, modality, and learning objectives. Real-time
and post-event feedback mechanisms are particularly effective for supporting psychomo-
tor skill acquisition and adherence to clinical guidelines.

For istance, in CPR training the meta-analysis by Lyngby et al. [197] showed that
real-time feedback significantly improves compression depth and rate, whereas post-
event feedback primarily enhances compression depth and fraction. The authors con-
clude that combining real-time feedback for immediate correction with post-event feed-
back for reflective consolidation would produce the most significant performance im-
provements. These findings are supported by multiple controlled studies reporting higher
proportions of guideline-compliant compressions when quantitative or visual feedback
is provided compared to no-feedback conditions [21, 152, 281]. AR systems offering
real-time visual overlays similarly improve CPR performance relative to no-feedback
baselines, although no clear advantage over other feedback modalities has been estab-
lished [61].

Beyond CPR, XR real-time feedback has shown benefits in other high-precision do-
mains. In surgery, AR visualizations support improved accuracy and reduced errors
during complex procedures (e.g., implant placement and neurosurgery) [305]. In MR en-
vironments, real-time feedback has been introduced to train non-technical skills, such as
communication and empathy, among nursing students [166]. This approach has enabled
novice learners to outperform more experienced peers in both cognitive and psychomo-
tor assessments [168]. Systems that integrate multimodal feedback (e.g., audiovisual
cues and physiological indicators, such as stress monitoring) provide actionable insights
for both trainees and instructors [95, 334].

Despite these advantages, XR feedback is not consistently superior to conventional
instructional methods. In CPR training, XR feedback improves performance relative
to no-feedback conditions but does not outperform instructor-led or device-based feed-
back [61]. In addition, the effectiveness of visual feedback is context-dependent. For
example, displaying performance indicators in HMDs provides limited added value when
physical mannequins are already used [82], and some feedback elements increase learner
motivation without measurably improving task performance [333].

In the context of spatial memory, feedback mechanisms in serious games serve to val-
idate navigational decisions and reinforce spatial associations. For example, systems like
"CityQuest" inherently provide outcome-based feedback where the successful location
of landmarks validates the user’s egocentric spatial processing [220].

2.4 Dynamic Difficulty Adjustment

The fourth design element explores the implementation of Dynamic Difficulty Adjust-
ment (DDA) mechanisms. These systems are designed to maintain an optimal level of
challenge by continuously monitoring user behavior and dynamically tuning task pa-
rameters to match the learner’s current proficiency. DDA techniques seek to optimize
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the user’s engagement and performance throughout the training session.
In the context of XR and SGs, DDA strategies typically involve monitoring perfor-

mance metrics (e.g., error rates, reaction times) or, in more advanced implementations,
physiological states (e.g., heart rate variability) to infer user stress and engagement lev-
els [250]. These data are utilized to adjust the parameters of the experience in real-time,
such as altering the stimulus speed (e.g., by reducing the time interval for a reaction),
modifying the required precision, or changing the number of distractors in the environ-
ment.

The systematic review of Mortazavi et al. [230] indicates that DDA can significantly
influence user experience, with several studies reporting positive effects on enjoyment,
flow, motivation, engagement, and immersion. Furthermore, Paraschos and Koulourio-
tis [242] observed in their literature review that adaptive and personalized games can
enhance the experience for students and the rehabilitation process for patients. These
benefits are often realized through the dynamic modeling of distinct user characteristics,
including personal interests and exhibited emotions.

DDAs mechanisms in XR environments aim to maintain learners in a state of op-
timal challenge by continuously balancing task demands with individual competence.
This approach is particularly relevant in healthcare training, where learners exhibit het-
erogeneous prior knowledge and tasks combine cognitive, psychomotor, and affective
components.

An example of an area in which DDA mechanisms are supported is the emergency
and disaster response training for paramedics. For example, in the VR triage system
described by Vogt et al. [319], trainers can manually adjust parameters such as the num-
ber of victims, symptom complexity, environmental conditions, and sensory distractions
based on trainee skill level. Although not automatically adaptive, this approach re-
flects a DDA-inspired progression strategy, and the system received high ratings for
motivation and user experience.

Similarly, the fully immersive "First Responder" system proposed by Kman et al.
[164] dynamically alters environmental chaos (e.g., lighting, smoke, debris, and ambient
noise) as well as the number of patients and their injury severity. Novice trainees are
exposed to controlled scenarios, while advanced learners encounter increasingly complex
environments. Learner evaluations indicate that such progressive escalation enhances
perceived realism and training effectiveness [322], supporting the relevance of DDA
principles in high-stress XR simulations.

In the context of spatial memory, mechanisms for adaptive training can automatically
adjust the complexity of spatial tasks—such as the number of landmarks to memorize
or the intricacy of the maze—based on real-time performance tracking [288].

2.5 Multi-user Setting

The fifth design element concerns whether a task is performed individually or in a multi-
user setting as they can introduce social dimensions that might influence engagement
and learning outcomes.

The theoretical foundations for multi-user design choices draw from Social Learning
Theory [26], suggesting that individuals learn effectively by observing and interacting
with others. In XR and SG contexts, collaborative environments can enhance presence,
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co-presence, and communication, strengthening users’ sense of “being together” and
enabling more naturalistic teamwork behaviors [290].

The implementation of multi-user settings in XR and SGs generally follows two main
configurations: asymmetric and symmetric [38, 93]. Asymmetric interaction involves a
single trainee in the VE interacting with others who play specific support roles, such
as an instructor controlling a character. This setup is widely used in healthcare to
train non-technical skills like communication, leadership, and crisis resource manage-
ment [35]. Conversely, symmetric collaboration involves multiple learners with equal
roles working together or competing. While this configuration exploit social interdepen-
dence to enhance motivation [151], it imposes coordination-related "transaction costs"
that must be managed to prevent cognitive overload [163]. A systematic review con-
ducted by van der Meer et al. [311] identified five key affordances of multi-user settings:
enhanced engagement and motivation, support for remote collaboration, provision of
interdisciplinary learning spaces, development of social skills, and compatibility with
constructivist learning paradigms.

Research comparing individual and collaborative learning in XR and SG environ-
ments reveals distinct advantages for each approach. Individual scenarios often are
better in efficiency and clarity with learners demonstrating faster task completion [280]
and users rate single-user modes higher for perspicuity, efficiency, and dependability in
specific tasks [102]. These individual settings tend to drive users toward specific perfor-
mance goals, such as attaining the highest possible score [68]. Conversely, collaborative
scenarios are linked to higher accuracy and significantly greater engagement of cogni-
tive resources through distributed processing [280]. Multi-user dynamics can benefit
knowledge construction, where activities like joint summarization prove more effective
than individual efforts [246], and may induce players to adopt maximizing strategies for
team roles [68]. However, these benefits can be offset by more complex shared environ-
ments and higher cognitive load as without immersive avatars or high social presence,
collaborative scenarios may suffer from slightly lower usability and motivation [10].

Multi-user XR environments are increasingly recognized for supporting interpro-
fessional education and the development of teamwork and communication skills. For
nursing students, SGs and collaborative VR environments facilitate teamwork training
[214, 251]. The study conducted by Yang [332] show that multi-user VR significantly
improves team coordination and system usability compared to single-user or control
conditions in neonatal resuscitation scenarios. Furthermore, interprofessional courses
combining medical and nursing students in VR have also demonstrated improvements
in handover performance and learner confidence [233].

Schild et al. [277] introduced the EPICSAVE XR system, a multi-user training en-
vironment in which paramedic trainees collaborate while a trainer actively controls and
adapts the emergency scenario. Their findings indicate that positive learning outcomes
were closely linked to high levels of presence and interactivity. At the same time, the au-
thors highlighted that usability limitations could have disrupted presence and increased
cognitive load. These results suggest that the educational effectiveness of multi-user XR
depends not only on shared virtual co-presence, but also on the quality of interaction
design and the reliability of the underlying system.

Concluding, evidence regarding the impact of multi-user XR on complex collabora-
tive competencies remains limited. Several reviews highlight a research gap concern-
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ing interaction, teamwork, and decision-making in multi-user scenarios [268], and some
learners report insufficient opportunities for authentic team dynamics and leadership
development [306].

Collaborative XR environments introduce social dimensions to spatial learning, though
the benefits regarding OLSM specifically are complex. Research utilizing a virtual shop-
ping mall indicated that multi-user settings, whether cooperative or competitive, dis-
tinctly alter user navigation patterns and spatial knowledge acquisition compared to
single-user modes [185].

2.6 XR and SG for Training of Healthcare Profession-
als

XR and SGs have emerged as tools in healthcare education, offering advantages to
traditional training formats. A primary advantage of these technologies for healthcare
professionals lies in their flexibility with respect to time and location. Unlike traditional
role-play courses or mannequin-based simulations, XR-based training is not inherently
location-dependent and allows for repeated practice, which is particularly valuable for
mastering clinical skills [251, 284].

This adaptability also extends to safety. For instance, the work of Rezaei et al.
[263] presented how VR-based training can reduce radiation exposure for cardiologists
and nurses compared to traditional instruction, while simultaneously enhancing protocol
retention [263]. XR simulations further enable safe practice in high-risk or restricted
environments, such as isolation wards, without endangering patients or learners [336].

Meta-analytic evidence consistently indicates that, for nursing students, XR and SG
interventions are effective in enhancing theoretical knowledge [134, 189, 191, 268, 286],
practical skills [134, 189, 191], and learner satisfaction [134, 189, 191]. Across broader
healthcare populations, including medical students and residents, immersive technologies
similarly support knowledge acquisition and skill development [28, 270].

However, learning outcomes are frequently reported as comparable rather than su-
perior to those achieved with conventional teaching methods [62, 190, 223, 270]. While
benefits in cognitive and psychomotor domains are well supported, evidence for improve-
ments in higher-order outcomes such as critical thinking and complex clinical decision-
making remains mixed or limited [134, 191, 268].

VR allows trainees to learn in immersive and highly interactive environments that
simulate real-world contexts (e.g., practicing procedures on virtual patients without
posing risks to actual individuals), supporting experiential learning and learning by
doing [207], in line with constructivist and situated learning theories [66]. In addition,
VR could enhance learner motivation [136, 307], engagement [40, 41, 136, 270], and
presence [40, 41] through high levels of immersion and interactivity, while also showing
potential for improving post-intervention knowledge and skills compared to conventional
approaches [178].

The scientific literature on education using VR for medical doctors [20, 28, 50, 86,
143, 219, 229, 269, 274, 302, 338] and nurses [131, 146, 251] has grown rapidly in recent
years, underscoring the broader recognition of immersive technologies as valuable tools in
health professional training [19, 187]. The COVID-19 pandemic further accelerated VR
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adoption, particularly for distance learning, where it offered innovative ways to sustain
educational continuity with generally positive outcomes for training medical doctors
[20, 241, 274] and nurses [131, 181, 241]. In the context of cardiovascular medicine,
VR is changing the training approach [18, 289, 312], with simulation-based training
especially used in interventional cardiology [247].

XR-based training is an effective complement to traditional learning approaches [284,
286]. Surveys and studies indicate how VR training can enhance theoretical knowledge
[57, 67, 134, 189, 190, 268, 284, 286, 335], practical skills [131, 134, 182, 190], and
psychomotor performance [67, 189]. Positive outcomes have also been reported for
procedure-specific training and motivation to learn [63, 284], learning satisfaction [63,
134], emergency response capacity [335], as well as skill retention [190, 263].

However, there is no clear evidence that VR training yields better results than tra-
ditional teaching methods for medical and nursing students [126], primarily due to dif-
ferences in study design and the small number of participants involved [19, 57, 219, 229,
302]. In particular, two meta-analyses as well as a recent study found no statistically
significant difference in nurses’ procedural skills between learners using VR and those
using conventional educational approaches [34, 54, 57]. Similarly, findings on the impact
of VR training on critical thinking skills are inconsistent, as some meta-analyses report
no significant effects [134, 190]. Finally, the evidence concerning self-efficacy is mixed,
as several studies document improvements, while others show no meaningful change
[63, 134, 146, 180, 189, 284]. Technological limitations and a lack of realism may have
led to inconclusive findings, especially in early studies [284].

2.7 XR and SG for Training Spatial Memory

XR and SGs have been increasingly adopted to assess and train OLSM. The recent
systematic review conducted by Llana et al. [193] about the use of XR in navigational
OLSM highlights that, compared to other memory systems, OLSM has received less
attention overall. Non-clinical OLSM research still concentrates mainly on healthy young
adults. OLSM was primarily assessed using 2D or 3D computerized tasks, with high-
semantic-value items for participants (e.g., everyday objects). The main focus on small-
scale environments suggests a common trend toward investigating OLSM in simpler
spatial contexts. [193].

XR and SG technologies can offer capabilities for standardization and rehabilitation.
For example, in the medical context Maidenbaum et al. [203] compared the performance
of epilepsy patients and healthy individuals in an OLSM task and showed that patients’
data are comparable to the general population’s data. Belger et al. [29] developed an
iVR neuropsychological assessment tool for spatial memory that was positively rated in
terms of usability, and Park [243] investigated the effects of XR based training for older
adults with mNCD highlighting how the VR training yielded to statistically significant
greater improvements in spatial cognition and episodic memory when compared to the
control group.

Moreover, in previous sections, it is already noted that benefits for OLSM depend
more on task demands, environmental fidelity, and meaningful spatial cues than on im-
mersion alone. Hurter et al. [138] reported how MR settings demonstrate particular
advantages for recall tasks through anchoring virtual information to stable real-world
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reference frames, outperforming both 2D and fully virtual conditions. Head-mounted
displays provide modest encoding support through embodied orientation cues, as evi-
denced in virtual memory palace tasks [174]; however, evidence remains mixed, with
some studies showing limited performance and no improvement in spatial learning out-
comes despite subjective user preferences for immersive conditions [42, 156].

Real-world navigation outperformed VE during early spatial acquisition due to intact
visual detail, somatosensory feedback, and proprioceptive cues absent in VEs [124].
In a control-room spatial memory task Caluya et al. [47] reported that although VR
supported stronger immediate recall, AR led to better delayed retention.

User studies investigating SGs for training OLSM have yielded positive outcomes
across several spatial memory measures and executive functions [220]. Collaborative
XR environments introduce social dimensions that distinctly alter navigation patterns
and spatial knowledge acquisition compared to single-user modes [185].

2.8 XR and SG for Training Executive Functions
XR-based cognitive training offers an effective and engaging method to enhance cognitive
functions. Preliminary evidence shows that immersive VR environments improve visual
memory and sustain attention beyond training sessions, making them well-received tools
for healthy elderly populations [298]. While most executive function interventions still
use traditional paper-and-pencil tasks, recent pilots integrate SGs and exergames as
innovative alternatives especially suitable for older adults or people with neurological
impairments [87]. Targeting younger audiences, Homer et al. [130] proposed two versions
of a SG (one focusing on speed, the other on accuracy) to train inhibitory control in
adolescents. Their findings support the general claim that playing SGs can improve
EF skills, particularly when the game is explicitly designed to target those skills. In
addition, exergames show particular promise for cognitive-motor rehabilitation across
neurological conditions [201].

SGs serve as valuable tools for both assessing and treating cognitive decline by cap-
turing objective behavioral data to complement standard neuropsychological tests and
enable early detection [264, 273]. Studies confirm the feasibility of SG-based cognitive
assessments [304, 310], their efficacy in Alzheimer’s training [14, 148], and greater ap-
peal to elderly users over conventional exercises [122, 215]. A systematic review by Zuo
et al. found that digital SGs significantly improved cognition, daily functioning, and
depression in adults with Alzheimer’s or MCI. However, results warrant caution due to
limited randomized control trials, small samples, and low-quality evidence [342].

Long-term engagement poses a key challenge as SGs boost initial motivation, but
sustaining interest is difficult [49]. The LightSword VR exergame, blending physical
and cognitive tasks, improved inhibition in older adults over eight months, with effects
lasting six months afterwards [49]. However, usability issues persist. For example,
the “Brain-IT” exergame was acceptable for patients with mNCD but was limited by
technical and hardware problems [206].

SGs and XR training for executive functions hold strong promise, but evidence on
scalability, motivation, and sustained impact is limited. Findings from Hassandra et al.
affirm good acceptance among older adults, yet efficacy validation remains essential
[122].





3
XR Procedural Training in

Healthcare

Building on the growing demand for Continuing Medical Education (CME) and the
effectiveness of Audit and Feedback (A&F) strategies in XR, this chapter introduces two
XR systems designed to optimize training for emergency healthcare professionals. These
systems are the result of a multidisciplinary collaboration between the Human-Computer
Interaction Lab at the University of Udine and the Azienda Sanitaria Universitaria Friuli
Centrale (ASUFC).

The first system focuses on Basic Life Support and Defibrillation (BLSD). It fea-
tures an iVR simulation integrated with a physical manikin, enabling real-time mea-
surement and feedback on compression depth and frequency. The study evaluates how
real-time and post-performance feedback influences the performance and user experience
of trainees.

The second system is a multi-user application designed for training teams in the
rescue of patients experiencing a STEMI (ST-Elevation Myocardial Infarction) heart
attack. The system underwent two evaluations: a qualitative study capturing the subjec-
tive perceptions of emergency professionals, and a comparative study measuring training
efficacy between a VR-trained group and a traditional control group.

3.1 Role of Feedback in XR Systems with Haptics for
BLSD Training

This section presents a study investigating the impact of performance feedback on key
metrics during BLSD training. This training is delivered via an XR system integrated
with a physical manikin, which provides realistic haptic feedback to enhance the simu-
lation’s fidelity.



22 Chapter 3 — XR Procedural Training in Healthcare

3.1.1 Background

BLSD is a life-saving technique applied to rescue an unresponsive person with abnormal
or no breathing who is suspected to be in cardiac arrest. The BLSD algorithm consists of
several steps: recognizing a cardiac arrest, alerting emergency medical services, running
a high-quality cardiopulmonary resuscitation (CPR) and applying early defibrillation
[236]. About one-third of the patients with out-of-hospital cardiac arrest enrolled in the
large EuReCa Study (n=37,054) had a return of spontaneous circulation after bystanders
performed CPR [112], but when health professionals performed resuscitation on in-
hospital cardiac arrests, the goal was achieved in higher proportions, ranging from 36%
to 79% [119, 256, 257, 278].

However, performing correct CPR requires procedural knowledge and manual skills
that must be regularly practiced [31, 60] and many factors affect CPR skills retention
among healthcare providers, such as educational level, experience, type and frequency of
training, equipment and facilities, and clinical case review [154]. The most recent Guide-
lines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care published
by the American Heart Association (AHA) [60], developed through a process of evidence
review, strongly recommend booster training sessions to improve skills retention over
time and provide a moderate recommendation for a spaced learning approach, while a
mastery learning and deliberate practice model for resuscitation training is only weakly
recommended [60].

Unfortunately, a recent review showed that instructors’ assessment skills for chest
compressions are suboptimal [165] and the 2022 International Liaison Committee on
Resuscitation’s Consensus on Cardiopulmonary Resuscitation and Emergency Cardio-
vascular Care Science With Treatment Recommendations was not able to suggest the
most appropriate training strategy to overcome this flaw, due to a lack of consistent
scientific evidence [328]. In addition, extending traditional manikins with corrective
feedback devices (such as a visual display of compression depth) or prompt devices
(e.g., metronomes set to the correct compression frequency, pressure-sensing devices) is
strongly recommended by AHA because it leads to skills improvement and retention [60],
but may also help in reducing the variability of the instructor’s subjective assessment.
Furthermore, to improve training efficacy through increased realism, AHA moderately
recommends using high-fidelity manikins (i.e., patient simulators reacting as if they were
alive) and enriching traditional courses with in situ education (i.e., training is performed
in the patient’s actual setting) [60].

Building on the benefits of XR-based training in CPR, this study extends the XR
system originally proposed by Buttussi et al. [43], which integrates immersive VR with a
physical manikin. The system has been modified by adding defibrillation and updating
the procedure to align with the European Resuscitation Council’s COVID-19 guidelines
[235] to evaluate the impact of real-time (rt-FB) and post-performance (pp-FB) feed-
back. To achieve this, a single-blinded controlled trial with doctors and nurses was
conducted to determine if training with these feedback types improved efficacy com-
pared to training without them (RQ1). Furthermore, the research measured knowledge
retention after one month (RQ2), the effectiveness of a subsequent refresh training ses-
sion (RQ3), and the participants’ overall perceptions regarding the system’s usability
and value (RQ4).
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3.1.2 Description of the system and the simulation
The XR system is composed of the following:

• a software that simulates a virtual emergency scenario (Fig. 3.1A);

• a workstation (CPU: i9-10900X, GPU: NVIDIA Quadro RTX 4000, RAM: 32GB)
to run the software;

• a monitor (Dell P2720D) to allow the experimenter to see the progress of the
simulation;

• a binocular VR headset (HTC Vive Pro Eye), sensing the head position and ori-
entation, with integrated headphones (Fig. 3.1B);

• two wrist trackers (HTC Vive Tracker 3.0), sensing the position and orientation
of the trainees’ hands (Fig. 3.1C);

• a traditional BLSD manikin (Laerdal Resusci Anne), integrated with an Arduino-
based pressure sensor; the manikin position in the real world is mapped in the VE
with two trackers so that the trainees’ interaction with the manikin in the real
world is applied to the virtual patient in the VE (Fig. 3.1D).

The wrist trackers and the pressure sensor acquire information about trainees’ actions
and send them to the software.

Figure 3.1: The software simulating the virtual scenario and a user wearing the devices
to use it: A) the software as seen by the user, B) the VR headset, C) the wrist trackers,
D) the manikin with trackers.

The virtual emergency scenario concerns a heart attack affecting an employee in his
office. A threat to safety (personal computer with electrical problems) is also in the
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office. The trainee is asked to help the victim following the BLSD sequence described
in the European Resuscitation Council COVID-19 guidelines [235], as translated and
integrated by the Italian Resuscitation Council [74].

The simulation involves a virtual colleague of the victim, who arrives on the scene
after the 9th step of the sequence so that the trainee can send him to look for an AED.
The virtual colleague also brings a reanimation balloon, places it on the victim’s face,
and keeps it in the correct position for ventilation.

The correct sequence of actions that need to be performed by the trainee, adapted
from [74], is the following:

1. Wear gloves (self-protection)

2. Wear the FFP2 mask (self-protection)

3. Turn off the electricity (safety)

4. Shake the victim gently by the hips and ask: “Are you all right?”

5. Uncover the victim’s chest

6. Check for thorax movements, coughing, and normal breathing for 10 seconds

7. Alert the emergency medical service through a mobile phone call

8. Put a surgical mask on the victim

9. Perform chest compressions

10. Send the virtual colleague to get an AED

11. Switch the AED on when it is brought on the scene

12. Attach the electrode pads to the victim’s chest

13. Ensure no one is touching the victim

14. Push the shock button on the AED

15. Perform 30 chest compressions

16. Use the virtual reanimation balloon (2 insufflations)

17. Perform 30 chest compressions

18. Use the virtual reanimation balloon (2 insufflations, then the victim moves, coughs,
and opens his eyes)

19. Check if the victim is conscious by looking for thorax movements, coughing, and
normal breathing for 10 seconds

The XR system complies with the above-described sequence and can be run in two
modes:
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• Tutorial XR-BLSD, which gives trainees the chance to learn the sequence with the
help of speech instructions as well as written text and illustrations in pop-up win-
dows describing each step (Fig. 3.2D); in addition, semi-transparent head/hands
(Fig. 3.2A) or directional arrows (Fig. 3.2B) suggest how/where to perform the
step;

• Test XR-BLSD, in which trainees must repeat the same sequence without help,
with the only exception of the semi-transparent head/hands (Fig. 3.2A) or di-
rectional arrows (Fig. 3.2B) if trainees were not able to proceed alone after a
predefined time.

The XR system follows the A&F process. In the Audit phase, the headset and
trackers acquire all the actions performed by the trainees, and the software compares
them to the expected sequence (correct steps). Moreover, the system can acquire and
calculate data about cardiac massage in terms of:

• compression depth (correct if ranging between 5 and 6 cm);

• compression frequency (correct if ranging between 100 and 120 compressions per
minute);

• correct compressions considering depth, release, and hand position;

• too-weak compressions (less than 5 cm);

• too-deep compressions (more than 6 cm);

• compressions with incomplete release (depth at release higher than 1 cm);

• compressions with wrong hand position (more than 10 cm away from the center
of the chest).

The Feedback phase provides real-time Feedback (rt-FB) and post-performance Feed-
back (pp-FB) implemented as follows:

• rt-FB, during the cardiac massage steps, showing a panel with the compression
depth and frequency (Fig. 3.2C) supporting trainees in immediately correcting
them to stay in the expected ranges;

• pp-FB, at the end of the simulation, displaying a debriefing panel (Fig. 3.2E)
with trainees’ performance at each step (right if performed correctly and within 5
seconds) as well as, for each of the three series of compressions, a graph showing
the compression depth and frequency, and textual information about percentages
of compressions that were correct, too weak, too deep, and with an incomplete
release.

3.1.3 Materials and Methods
The study was conducted in the Virtual and Augmented Reality Laboratory of the
Lab Village facility at the University of Udine. The protocol involved participants who
agreed to train using the XR system on a voluntary basis by signing an informed consent
module.
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Figure 3.2: Interfaces displayed by the XR system: A) semi-transparent hands sug-
gesting how to perform the step, B) directional arrows suggesting where to perform
the step, C) panel with the compression depth and frequency, D) pop-up window with
written text and illustrations describing each step, E) debriefing panel. All interfaces
are localized in the participants’ native language.

Design and Hypothesis

Our goal was to assess the effects of two independent variables in a two-part study.
In the first part, we organized participants into two groups, i.e., Group 1 (G1) and

Group 2 (G2). Both groups underwent a first training session with the XR system,
Session 1 (S1), where they first received initial training (Tutorial XR-BLSD and Test
XR-BLSD), and then we assessed post-training performance (using Test XR-BLSD).
During the training, G1 received rt-FB and pp-FB from the system, while G2 did not.
After the post-training performance, both groups received pp-FB. In this part, the
independent variable (between-subjects) is initial training feedback and has two values:
present if rt-FB and pp-FB were provided in the initial training phase with the XR
system or absent if not.

In the second part, about a month after S1, all participants who agreed to continue
underwent a second training session, Session 2 (S2). In S2, we first assessed retention
performance (using Test XR-BLSD), then all participants received the same refresh
training (Tutorial XR-BLSD and Test XR-BLSD), and finally, we assessed post-refresh
performance (using Test XR-BLSD). In this part, the independent variable (within-
subjects) is time of measurement and has three values: post-training, i.e., immediately
after initial training; retention, i.e., about a month after initial training; or post-refresh,
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i.e., immediately after refresh training.
We formulated the following hypotheses:

• H1) Participants who receive rt-FB and pp-FB in the initial training phase with
the XR system (initial training feedback = present) should perform better than
participants who do not receive it (initial training feedback = absent) because
we conjecture that the positive effects of feedback found in traditional medical
education [60, 249, 321] should extend to XR;

• H2) The performance of all participants should decrease from post-training to
retention due to natural decay that occurs with the knowledge and skills that are
not refreshed [17, 79];

• H3) Refresh training in XR should be effective in restoring knowledge and skills as
it happens with traditional refresh training in medical education [12, 60, 152, 154].

Questionnaires

The study employed the following questionnaires:

• Initial questionnaire. It collects information about participants’ age, gender, job
role (doctor or nurse), working in the emergency area (yes or no), the number of
resuscitations performed in the last 12 months, previous VR use (yes or no, and
hours of use), experience as BLSD instructors (yes or no), months since last BLSD
training, and participation in a workshop that included a brief presentation of the
system (yes or no).

• Usefulness, Satisfaction, and Ease of use (USE) questionnaire. We used the trans-
lation of the USE questionnaire proposed in [196] and evaluated in [105]. It assesses
an overall score and four subscales: usefulness (8 items), satisfaction (7 items),
ease of learning (4 items), and ease of use (11 items) of the system, as perceived by
participants, who are asked to rate their agreement with the statements through
a seven-point Likert rating scale ranging from strongly disagree to strongly agree.

• Willingness to use questionnaire. It includes 9 items about participants’ preferred
setting (at work or home), purpose (personal or professional) of use of the system,
and the preferred time lapse between training sessions (1 month, 6 months, 1
year). A blank box was available at the end of the questionnaire to collect any
comments, suggestions, or advice concerning the system.

Data collected during XR sessions were recorded in “.json” files, while all question-
naire data were collected using Microsoft Forms 1. All data were exported to “.csv” files
for analysis.

Measures

To assess participants’ knowledge about the BLSD procedure at post-training, retention,
and post-refresh times of measurement, we measured CorrectSteps counting the number

1https://forms.office.com

https://forms.office.com
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of correct steps autonomously performed by participants in the Test XR-BLSD mode
without the help of the directional arrows or semi-transparent head/hands.

To assess participants’ skills at the same measurement times, we considered the data
acquired and calculated by the XR system (Section 3.1.2), and we derived the following
measures:

• Frequency, i.e., the mean of compression frequency,

• FrequencyDifference, i.e., 0, if the mean compression frequency is in the correct
range, mean compression frequency - 120, if the mean compression frequency is
above 120, 100 - mean compression frequency, if the mean compression frequency
is below 100,

• FrequencyInRange, i.e., a boolean value that indicates if the mean compression
frequency is in the correct range,

• Depth, i.e., mean compression depth,

• DepthDifference, i.e., 0, if the mean compression depth is in the correct range,
mean compression depth - 6, if the mean compression depth is above 6, 5 - mean
compression depth, if the mean compression depth is below 5,

• DepthInRange, i.e., a boolean value that indicates if the mean compression depth
is in the correct range,

• TooWeak, i.e., percentage of too-weak compressions,

• TooDeep, i.e., percentage of too-deep compressions,

• IncompleteRelease, i.e., percentage of compressions with incomplete release,

• WrongPosition, i.e., percentage of compressions with wrong hand position,

• CorrectCompressions, i.e., percentage of correct compressions.

The immersive XR simulation requires performing the chest compressions three times
during each execution of the procedure. However, during the first sequence, the partici-
pant had to interrupt the compressions to send the virtual colleague to get an AED, and
during the third sequence, tiredness could have affected the performance. Therefore, we
decided to focus our attention on the data of the second sequence, which was the first
that always required to perform 30 chest compressions.

Notably, the number of compressions with wrong hand position was 0 or close to
0 for all participants, in all executions of the procedure, so we decided to discard the
WrongPosition measure from the results.

Considering subjective measures, we assessed the overall USE score and its four
subscales, after training and after re-training with the XR system. We also assessed the
9 items about willingness to use the XR system at the end of S2.

In the first part of the study, to find possible differences between G1 and G2, we
compared the measures of the two groups at post-training, considering data from all
participants.

In the second part of the study, to assess possible knowledge and skill decay as
well as the effect of refresh training, we compared the measures at the three times of
measurement considering data from participants who attended both sessions.
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Participant

For the first part of the study, we calculated the sample size considering a minimum
mean difference of 2 correct steps between G1 and G2, i.e., about 10% of the 19 steps of
the BLSD sequence, to find at least the effect reported by Kubal et al. [175]. Assuming
a standard deviation of 3 and a ratio of 1 between G1 and G2, 36 participants per group
is needed to obtain a power of 0.8 with a significance level of 0.05. Assuming a possible
dropout of 10% during the first part of the study, we increased the sample size to 40
per group.

Participants were recruited among doctors and nurses working in public hospitals,
departments, or healthcare districts of the Friuli Venezia Giulia Region. Inclusion cri-
teria were a degree in Medicine or Nursing and participation in a residential BLSD
training course within the previous 3 years. Having tried previous prototypes of the
system was an exclusion criteria.

Specific advertising posters were affixed in all public health structures of Friuli
Venezia Giulia Region, and a digital version of the poster was sent via e-mail to in-
stitutional recipients for dissemination. On the poster, a link to an online calendar
was provided to allow willing health professionals to book participation in S1, choosing
among the available dates and times. The booking process provided the information to
reach the facility of the University of Udine where the sessions took place.

We assigned participants to G1 or G2, aiming at minimizing differences between
groups in the results of the initial questionnaire. In particular, we aimed at having the
same number of participants in each group and at minimizing the differences between
the two groups in terms of:

1. Workshop participation

2. Being a BLSD instructor

3. Working in an emergency department

4. Professional role

5. Previous use of VR

6. VR hours of use, for those who previously used VR systems

7. Age

8. Gender

9. Number of resuscitations performed in the last 12 months

10. Months from the last retraining course

We devoted particular attention to having the same number of users per group for
the first three characteristics because a participant who answered affirmatively to those
questions would respectively: 1) have already seen the system (but without using it),
2) already have accurate BLSD knowledge, 3) be more likely to have performed the
procedure on a patient during work time.
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Between May and October 2022, we recruited 80 participants (55 doctors and 25
nurses), who were involved in the first XR-BLSD training session in the same period. We
assigned each participant to G1 (n=41) or G2 (n=39). Groups were balanced according
to the variables collected through the initial questionnaire (Table 3.1).
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Procedure

Both sessions lasted about an hour. In each one, participants were asked to train in
BLSD using the XR system and to fill in two questionnaires (for a total of four), following
the procedure explained below. All data were collected and recorded anonymously. To
correctly match S1 and S2 results, a random code was assigned to each participant at
the beginning of S1. The code was only kept by participants and was never associated
with their identity.

Session 1 The experimenters led each participant to the laboratory, explained the
aim of the research, and checked the fulfillment of the inclusion criteria. Participants
provided written informed consent for participation and data collection. Then, the
experimenters guided participants through S1, explaining each step of the procedure
with the help of written instructions to guarantee the standardization of the procedure
for each participant.

Each participant was asked to fill in the initial questionnaire, and answers were used
to assign the participant to either G1 or G2. To smooth out possible differences in
prior knowledge, we gave participants seven minutes to read a summary of the BLSD
step-by-step instructions, consistent with the Italian Resuscitation Council Guidelines
[74]. Then, the participants first experienced a training consisting in a Tutorial XR-
BLSD and a subsequent Test XR-BLSD, both with rt-FB and pp-FB present or absent
according to their group. At the end of Test XR-BLSD, the trainees were asked to
complete the satisfaction, usability, and usefulness questionnaire. Finally, they were
invited to experience a second Test XR-BLSD (post-training), in which no participant
received rt-FB because this test was meant to assess performance without any help from
the system. At the end of S1, however, both groups received pp-FB, so that they could
all complete this session with an evaluation on their performance. A calendar link was
provided to allow each trainee to book an appointment for S2, one month after S1.

Session 2 In S2, both groups followed the same procedure. The participants per-
formed a Test XR-BLSD to evaluate the knowledge retained after one month (retention
time), followed by a Tutorial XR-BLSD providing both rt-FB and pp-FB. The par-
ticipants were then asked to complete the satisfaction, usability, and usefulness ques-
tionnaire. After filling in the questionnaire, the participants underwent another Test
XR-BLSD (post-refresh), at the end of which both groups received pp-FB. Finally, the
participants were asked to complete the willingness to use questionnaire.

3.1.4 Results

In descriptive analyses, we expressed continuous variables as mean ± standard deviation
or median and first and third quartiles and categorical variables as absolute frequencies
and percentages.

We checked for normality with Kolmogorov–Smirnov test.
To compare continuous variables between independent groups, we used Student’s

t-test for normally distributed variables and Wilcoxon–Mann–Whitney test otherwise.
For categorical variables, we used the chi-square test when no more than 20% of cells
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had expected frequencies <5 and no cell had an expected frequency <1, and Fisher’s
exact test otherwise.

In the second part of the study, to compare dependent groups on repeated mea-
surements, we used Friedman’s test for not normally distributed interval variables and
Cochran’s Q test for dichotomous variables. To assess paired differences, we used
Wilcoxon signed rank test.

Data analysis was performed using R software version 4.0.2 [101] and SAS© software
version 9.4 [142].

RQ1: Effectiveness of rt-FB and pp-FB in an XR system for BLSD training

We compared the performance of G1 and G2 at the end of S1 to assess whether there were
differences in the results due to the presence of rt-FB and pp-FB during training (Figure
3.3 and All participants columns in Table 3.2). CorrectSteps were similar between G1
and G2 (median 17.00 vs. 16.00, p=0.472). However, CorrectCompressions was much
higher in G1 than in G2 (46.70% vs. 3.30%; p=0.005). Moreover, the DepthDifference
was smaller in G1 than in G2 (0 vs 0.36; p=0.018) and, consistently, DepthInRange was
higher (51.22% vs 30.77%), although the difference between groups, for this variable,
did not reach statistical significance (p=0.103). No statistically significant difference
was found for the other objective measures.
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Table 3.3: Comparison between completers and non completers, by group, in the ini-
tial questionnaire, post-training measures, and USE questionnaire scores. Dichoto-
mous variables are described as absolute frequencies (percentage); continuous variables
are described as mean ± SD, median (first quartile-third quartile). 1Chi-square test;
2Wilcoxon rank sum test; 3Fisher’s exact test.

Completers Non completers Completers vs
(G1: n=28) (G1: n=13) non completers
(G2: n=22) (G2: n=17) p-value

INITIAL QUESTIONNAIRE

Gender

Male G1 13 (46.43%) 6 (46.15%) 1.0001

G2 12 (54.54%) 7 (41.18%) 0.6131

Female G1 15 (53.57%) 7 (53.84%) 1.0001

G2 10 (45.46%) 10 (58.82%) 0.6131

G1 33.80 ± 9.64 32.20 ± 6.54 0.8772
Age 30.00 (27.80-35.30) 30.00 (29.00-32.00)

G2 35.50±10.50 34.80 ±9.18 0.7762
31.00 (28.00-38.30) 33.00 (30.00-35.00)

Job role

Nurse G1 8 (28.57%) 5 (38.46%) 0.7201

G2 4 (18.18%) 8 (47.06%) 0.0823

Doctor G1 20 (71.43%) 8 (61.54%) 0.7201

G2 18 (81.82%) 9 (52.94%) 0.0821

Working in the G1 9 (32.14%) 6 (46.15%) 0.6041

emergency area G2 5 (22.73%) 10 (58.82%) 0.0491

G1 1.04±2.13 4.69 ± 7.40 0.1482
Resuscitations in 0 (0-2.00) 0 (0-5.00)

the last 12 months G2 0.91±3.26 4.53 ± 7.05 0.0102
0 (0-0) 1.00 (0-4.00)

G1 15.90±14.90 9.54 ± 7.71 0.2852
Months since 11.50 (4.50-24.00) 7.00 (2.00-15.00)

last BLSD training G2 16.40±12.50 12.90 ±11.10 0.3402
12.00 (10.30-22.50) 11.00 (5.00-15.00)

BLSD instructor G1 6 (21.43%) 2 (15.39%) 1.0001

G2 2 (9.09%) 6 (35.29%) 0.0591

Previous VR use G1 6 (21.43%) 3 (23.08%) 1.0001

G2 5 (22.73%) 2 (11.77%) 0.4381

G1 0.73±2.17 0.39±0.77 0.9232
Hours of VR use 0 (0-0) 0 (0-0)

(only users) G2 0.86±2.34 0.13±0.49 0.3412
0 (0-0) 0 (0-0)

Workshop G1 4 (14.29%) 0 (0%) 0.2881

participation G2 2 (9.09%) 2 (11.77%) 1.0001

POST-TRAINING MEASURES

G1 15.50 ± 3.29, 16.70 ± 2.29, 0.2952
CorrectSteps 17.00 (13.80-18.00) 17.00 (16.00-18.00)

(out of 19) G2 15.50 ± 3.25 15.80 ± 2.54 0.9322
16.00 (14.30-18.00) 16.00 (15.00-17.00)

G1 109.00±13.60 108.00±13.50 0.9452
Frequency 106.00 (99.70-113.00) 104.00 (101.00-112.00)

(cpr/min) G2 112.00±21.40 114.00±18.70 0.5852
110.00 (104.00-119.00) 108.00 (106.00-124.00)

G1 3.42±6.85 2.80±6.94 0.5592
FrequencyDifference 0 (0-4.79) 0 (0-1.79)

(cpr/min) G2 6.88±14.50 6.57±10.60 0.7082
0 (0-4.58) 0 (0-9.35)

FrequencyInRange G1 17 (60.71%) 9 (69.23%) 0.8581

G2 13 (59.09%) 9 (52.94%) 0.9531

Continued on next page
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Table 3.3: Comparison between completers and non completers, by group, in the ini-
tial questionnaire, post-training measures, and USE questionnaire scores. Dichoto-
mous variables are described as absolute frequencies (percentage); continuous variables
are described as mean ± SD, median (first quartile-third quartile). 1Chi-square test;
2Wilcoxon rank sum test; 3Fisher’s exact test.

Completers Non completers Completers vs
(G1: n=28) (G1: n=13) non completers
(G2: n=22) (G2: n=17) p-value

G1 4.77±1.16 5.17±0.92 0.2982
Depth (cm) 5.14 (4.43-5.44) 5.10 (5.05-5.75)

G2 5.02±1.08 3.63±1.54 0.0062
5.33 (4.22-5.78) 3.43 (2.54-4.67)

G1 0.54±0.94 0.29±0.61 0.3132
DepthDifference (cm) 0.06 (0-0.57) 0 (0-0.16)

G2 0.48±0.71 1.58±1.23 0.0022
0 (0-0.78) 1.57 (0.33-2.46)

DepthInRange G1 13 (46.43%) 8 (61.54%) 0.5061

G2 10 (45.46%) 2 (11.77%) 0.0373

G1 47.70±39.90 33.60±36.20 0.2492
TooWeak 35.00 (9.18-87.50) 30.00 (0-46.70)

G2 40.30±43.60 79.20±38.30 0.0182
13.50 (4.15-95.00) 100 (73.30-100)

G1 13.20±25.80 22.80±36.00 0.3062
TooDeep 0 (0-12.50) 0 (0-20.00)

G2 27.70±34.50 13.30±30.50 0.0522
6.65 (0-52.10) 0 (0-0)

G1 8.21±21.00 7.95±17.30 0.6662
IncompleteRelease 0 (0-3.30) 0 (0-3.30)

G2 17.60±33.10 6.27±14.40 0.6042
1.65 (0-12.50) 0 (0-6.70)

G1 37.40±32.70 43.10±33.10 0.6822
CorrectCompressions 40.00 (2.50-66.70) 53.30 (10.00-70.00)

G2 27.60±30.90 7.46±13.70 0.0232
15.00 (0-44.40) 0 (0-6.70)

USE QUESTIONNAIRE

G1 5.63±1.07 5.48±1.29 0.8552
Usefulness score 5.75 (4.94-6.44) 5.63 (4.63-6.63)

G2 5.22±1.19 5.57±1.22 0.2282
5.56 (4.63-6.00) 6.00 (4.88-6.38)

G1 5.82±0.98 5.54±1.01 0.3692
Ease of use score 6.18 (5.27-6.64) 5.36 (5.00-6.36)

G2 5.55±1.04 6.01±0.80 0.1002
5.73 (5.30-6.32) 6.36 (5.45-6.45)

G1 6.08±1.07 6.19±0.82 0.9432
Ease of learning score 6.50 (5.44-6.75) 6.50 (5.75-7.00)

G2 5.76±1.06 6.43±0.62 0.0362
5.88 (5.31-6.69) 6.50 (6.00-7.00)

G1 6.04±0.75 6.10±1.02 0.4992
Satisfaction score 6.07 (5.54-6.61) 6.57 (5.43-7.00)

G2 5.73±1.14 5.79±1.11 0.9102
6.00 (5.32-6.54) 6.00 (5.14-6.71)

G1 5.85±0.88 5.74±0.97 0.6952
Overall score 6.02 (5.25-6.54) 6.07 (5.20-6.43)

G2 5.53±1.00 5.90±0.86 0.2022
5.63 (5.18-6.21) 6.30 (5.20-6.50)
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Figure 3.3: Comparisons of the measures between G1 and G2 at the end of S1. Capped
vertical bars indicate the standard error for non-dichotomous measures. The horizontal
grey bar in the “Frequency (cpr/min)” and “Depth (cm)” graphs indicate the correct
ranges. The ∗ and ∗ ∗ ∗ signs indicate differences with p-values < 0.05 and < 0.005
respectively.
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RQ2: Knowledge retention after one month

Between June and November 2022, 50 of 80 recruited participants attended S2 (time
elapsed since S1: median 35 days; first and third quartile 32 and 42 days, respectively):
28 out of 41 in G1 and 22 out of 39 in G2, with similar dropouts (31.71% and 43.59%,
respectively; chi-square p=0.386). However, the comparison between completers and
non-completers in each group showed a differential dropout in G1 and G2 (Table 3.3).
In fact, while there were no statistically significant differences between completers and
non-completers in G1, non-completers from G2 were more likely than completers to work
in the emergency area (58.82% vs 22.73%; p=0.049) and performed more resuscitations
in the previous year (median 1.00 vs 0; p=0.010), but had poorer results in terms
of Depth (median 3.43 cm vs 5.33; p=0.006), DepthDifference (median 1.57 cm vs 0;
p=0.002), DepthInRange (11.77% vs 45.46%; p=0.037), TooWeak (100% vs 13.50%;
p=0.018), and CorrectCompressions (0% vs 15.00%; p=0.023).

Due to differential dropout, we cannot attribute differences between groups in S2 to
receiving rt-FB and pp-FB or not during training in S1, so we did not compare groups
in S2; on the other hand, since training was different, G1 and G2 cannot be simply
considered as a whole. Thus, in the following sections, we decided to report both pooled
and separate results for each group.

In S2, we measured performance during the first XR-BLSD and after refresh training.
The comparison between the results of S1 and those of the first XR-BLSD of S2

(Figure 3.4 and Completers columns in Table 3.2) showed a natural decay in Correct-
Steps when G1 and G2 were analyzed separately (G1 median: 17.00 vs 13.00; p<0.001;
G2 median: 16.00 vs 14.00; p=0.008) and pooled (median: 16.50 vs 13.50; p<0.001). A
decrease in Frequency between post-training and retention was only found in G2 (110.00
vs 105.00; p=0.039), while a decay in CorrectCompressions was only found in G1 and
was not statistically significant (40.00% vs 16.70%; p=0.134). No statistically significant
difference was found for the other objective measures.

RQ3: Effectiveness of a refresh training session with rt-FB and pp-FB

Friedman’s and Cochran’s tests analyses revealed statistically significant differences be-
tween the three measurements over time for CorrectSteps (G1: p<0.001; G2: p<0.001;
pooled: p<0.001), FrequencyDifference (G2: p=0.009; pooled: p=0.016), Depth (pooled:
p=0.024), DepthDifference (G1: p=0.042; pooled: p=0.003), DepthInRange (G2: p=0.020,
pooled: p=0.020).

The comparison between the retention and post-refresh measurements performed
during S2 (Figure 3.4 and Completers columns in Table 3.2) showed that refresh train-
ing was effective in improving CorrectSteps (G1 median: 13.00 vs 18.00, p<0.001; G2
median: 14.00 vs 17.50, p<0.001; pooled median: 13.50 vs 18.00, p<0.001), Depth
(pooled: 5.29 vs 5.43, p=0.037), DepthDifference (G1: 0.31 vs 0, p=0.007; G2: 0.98 vs 0,
p=0.033; pooled: 0.13 vs 0, p<0.001), DepthInRange (G2: 40.91% vs 72.73%, p=0.045;
pooled: 40.00% vs 60.00%, p=0.024). Despite Friedman’s tests were not significant, we
also found a noticeable difference in TooWeak (G1: 68.30 vs 33.40, p=0.041; pooled:
28.40 vs 11.70, p=0.021) and CorrectCompressions (G1:16.70% vs 45.00%, p=0.023;
pooled: 16.70% vs 45.00%, p=0.012).

Moreover, the comparison between the post-training and post-refresh measurements
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Figure 3.4: Comparisons of the measures for all completers between post_training, re-
tention and post_refresh. Capped vertical bars indicate the standard error for non-
dichotomous measures. The horizontal grey bar in the “Frequency (cpr/min)” and
“Depth (cm)” graphs indicate the correct ranges. The ∗, ∗ ∗ ∗, and ∗ ∗ ∗∗ signs in-
dicate differences with p-values < 0.05, < 0.005, and <= 0.001 respectively.



42 Chapter 3 — XR Procedural Training in Healthcare

(Figure 3.4 and table 3.2) showed that the refresh training with the XR system further
improved knowledge and skills with respect to the training in S1 in terms of CorrectSteps
(G1 median: 17.00 vs 18.00, p=0.015; G2 median: 16.00 vs 17.50, p=0.006; pooled
median: 16.50 vs 18.00, p<0.001), FrequencyDifference (G2: 0 vs 0, p=0.014, pooled:
0 vs 0, p=0.011), Depth (pooled median: 5.26 vs 5.43, p=0.023), and DepthDifference
(G1: 0.06 vs 0, p=0.037; pooled: 0.07 vs 0, p=0.004). Despite the Friedman’s tests were
not significant, we found a noticeable difference in DepthDifference also in G2 (0.07 vs
0, p=0.044), as well as a difference in TooWeak (pooled: 26.70 vs 11.70, p=0.048) and
IncompleteRelease (G2: 1.65 vs 0, p=0.045).

RQ4: Participants’ perception of the XR system

At S1, users described the XR system as useful (median 5.75), easy to use (6.05), easy
to learn (6.50) and satisfying (6.00). The median overall USE score was 6.08. There
were no statistically significant differences between G1 and G2 for the overall USE and
its subscales. Even better results were reported by completers at S2 when compared to
S1 in terms of overall score (G2: 5.98 vs 5.63, p=0.022; pooled: 6.00 vs 5.82, p=0.005),
Usefulness score (G2: 6.00 vs 5.56, p=0.004; pooled: 6.06 vs 5.69, p=0.001), Ease of
Use score (pooled: 6.00 vs 5.95, p=0.02), Ease of Learning score (G1: 6.63 vs 6.50,
p=0.023; pooled: 6.25 vs 6.13, p=0.017). Only the increase in Satisfaction score was
not statistically significant. All data about each subscale of USE for G1, G2, and pooled
at S1 and S2 are available in Table 3.3.

In S2, most participants assigned the highest score (median 7.00) to the willingness to
use for professional reasons (86.00% agree or strongly agree) and personal improvement
(92.00% agree or strongly agree), at home (82.00% agree or strongly agree) and in their
workplace (86.00% agree or strongly agree). Most participants would use it again in
six months (76.00% strongly agree, 14.00% agree) and would gladly use similar XR
applications to improve other knowledge/skills (76.00% strongly agree, 20.00% agree).
All data about each item of the questionnaire for G1, G2, and pooled are available in
Table 3.3.

3.1.5 Discussion

To assess whether the combination of rt-FB and pp-FB is effective for BLSD training
with an XR system (RQ1), we compared two groups: one that received both types
of feedback and the other that did not receive these types of feedback during initial
training. Participants who received rt-FB and pp-FB during initial training performed
compressions significantly better during assessment, consistently with the effect of rt-
FB reported by Augusto et al. [21]. The statistically significant positive effect of rt-FB
and pp-FB was confirmed also for DepthDifference, which was smaller in G1 than in
G2, a result that is in line with found by Augusto et al. [21]. Also FrequencyInRange
was higher when rt-FB and pp-FB were present during initial training, although the
difference was not statistically significant. A similar but statistically significant result
was reported by a study on healthcare professionals receiving rt-FB [21]. On the con-
trary, the two groups showed a similar number of correct steps. This can be partly
explained because, in our XR system, both rt-FB and pp-FB provide information on
compression depth and frequency, and the former allows the trainees to adapt their ac-
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tions according to the measurements displayed while they are performed. Instead, only
pp-FB conveys information on steps’ correctness, and such information can be used to
improve procedure performance in the following sessions. Since pp-FB, by its nature,
is provided when the simulation is over, it might be overlooked if trainees do not take
their time to examine the summary assessment. Nevertheless, we can accept our H1
hypothesis because participants who received rt-FB and pp-FB in the initial training
phase performed better compressions than participants who did not receive it.

At S2, 37.5% of participants dropped out. Although a similar dropout occurred and
completers were still balanced between G1 and G2 for the variables collected through
the initial questionnaire, a difference between participants who dropped out in the two
groups was still a concern [30]. In fact, the comparison between participants attending
only S1 and completers revealed that, while in G1 the differences between completers and
non-completers were not statistically significant, the worst performers dropped out in
G2: G2’s non-completers performed worse than G2’s completers as for Depth, DepthDif-
ference, DepthInRange, TooWeak, and CorrectCompressions. Surprisingly, in the same
group, non-completers were more likely to work in the emergency area than completers
and consistently had performed more resuscitations in the previous 12 months. It may
be hypothesized that those performing worse in G2 could have decided not to partici-
pate in S2 because of the lack of feedback, which prevented them from ascertaining their
need for improvement. This could have been further underrated by those working in
the emergency area, who were more likely to abandon the study. Moreover, not having
their performance measured and fed back could have caused those in G2 to lose interest
in the XR system, so only the more motivated participants could have remained in the
study.

To assess RQ2, we measured performance decay one month after the initial train-
ing and observed similar results in both groups. As expected, completers showed a
statistically significant decay in the number of correct steps, consistently with the re-
sults reported in a study conducted on medical students [228], and confirming our H2
hypothesis. Performance also worsened for Depth and Frequency, as well as for Correct-
Compressions (from 23.30% to 16.70%), although differences did not reach statistical
significance or were statistically significant only in one group, possibly due to the small
sample size and the short time lapse between the two measurements. Even in a 3-month
retention study conducted on nursing students, correct compressions did not differ be-
tween post-training and 3 months later, but the performance was much higher [16] than
in our study. Moreover, a study on 6-month retention among health sciences students,
training in the VE using a mannequin providing rt-FB, showed a decay at correct hand
positioning, median compression depth, correct compressions, and correct compression
frequency [51].

Considering RQ3, we assessed whether a refresh training session with rt-FB and pp-
FB is effective in restoring knowledge and skills after the decay. Refresh training was
effective in terms of number of correct steps, Depth, DepthDifference, and DepthIn-
Range, confirming our H3 hypothesis. Notably, these measures improved even when
compared to post-training: correct steps, FrequencyDifference, Depth, and DepthDif-
ference. A study using a mannequin with a device providing pp-FB on a screen showed
an improvement in the mean compression depth and frequency after retraining [152].

Considering subjective measures (RQ4), we did not find statistically significant dif-
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ferences in overall score and subscales of USE between the two groups. Indeed, scores
were positive in both groups, showing that the proposed XR system was perceived as
useful, easy to learn, easy to use, and satisfactory, regardless of the presence of rt-FB
and pp-FB. It is however interesting to note that in an item of the Usefulness subscale,
we found a statistically significant difference favoring G1: the system with rt-FB and
pp-FB feedback was perceived as more helping to be more effective. It is also interesting
to note that in S2, the system was perceived as more useful, easy to learn, and easy to
use than in S1, leading also to a statistically significant difference in the overall USE
score. This can be likely due to two reasons: i) during S2 both groups received rt-FB
and pp-FB, and the introduction of feedback could have motivated G2 participants to
give higher ratings; ii) all participants could have become more familiar with the system
and appreciated its usefulness also as a frequent retraining tool. The latter motivation
is supported by the very positive scores in the Willingness to use questionnaire. The
large majority of participants said they were willing to use the system in their workplace
or at home for both professional reasons and personal improvement. In particular, 90%
of them agreed on using it every six months, and almost all participants were open to
using VR to improve other knowledge/skills. This result is of particular importance,
given that knowledge and skills naturally decay if they are not refreshed [17, 79].

A limitation of the study is the lack of a baseline BLSD performance measurement,
which would enable us to completely exclude that differences among groups are due
to pre-experimental different skills. However, groups were balanced for many subject
characteristics, including age, which may influence both the performance [12] and the
effect of feedback [209], and gender, a known predictor of CPR performance [12]); thus,
a selection bias can reasonably be excluded. Another limitation is that the Willingness
To Use questionnaire was not validated, and the USE questionnaire was not validated
in its Italian version.

3.1.6 Conclusion
We evaluated an immersive XR system for BLSD training conducting a study on doctors
and nurses. To the best of our knowledge, this is the first study to combine rt-FB and pp-
FB in the context of an immersive XR system to teach BLSD. The study also observed
the effects of training after one month and the effects of a refresh training session with
the XR system, as well as participants’ subjective opinions.

We showed that rt-FB and pp-FB as well as refresh training are useful in improv-
ing and maintaining BLSD performance among nurses and doctors. Since, even after
retraining, the median percentage of correct compressions was only 45.00%, with one
quarter of participants performing 11.70% or less correct compressions, systems that
allow for frequent retraining and provide feedback, as the one we described, are funda-
mental to maintain CPR skills. For this reason, a future version of the system could
invite trainees to repeat the simulation until a satisfactory performance level is reached,
according to objective and quantitative measurements. The positive willingness to use
the XR system reported by participants who completed both sessions is promising to
support its adoption as a regular retraining tool.

Another possible future work could consist in nesting pp-FB inside a replay of the
simulation so that the trainee could possibly be more engaged and not skip pp-FB.
In such replay, the whole performance should be described with a positive approach,
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highlighting correct behaviors and giving advice about how to correct inaccurate or
ineffective actions.

Additional hints for future work came from the participants’ feedback in the final box
of the last questionnaire: a participant suggested to add the count of the compressions
as an additional type of rt-FB, another to enable speech interaction with the virtual
characters, one to allow performing the first three steps (self-protection and safety) in
any order, two to offer the simulation also to lay people, and three to use similar systems
also for training in other scenarios or procedures (e.g., advanced life support).

3.2 Acceptance and Effectiveness of a Multi-user XR
System for STEMI Training

This section presents a multi-user VR application designed for training teams in the
rescue of patients experiencing a STEMI (ST-Elevation Myocardial Infarction) heart
attack. The system underwent two evaluations: a qualitative study capturing the subjec-
tive perceptions of emergency professionals, and a comparative study measuring training
efficacy between a VR-trained group and a traditional control group.

3.2.1 Background

STEMI is a life-threatening acute coronary syndrome caused by complete thrombotic
occlusion of a coronary artery branch. It is characterized by a distinct electrocardio-
graphic pattern and represents a true time-dependent emergency [71]. Timely initiation
of appropriate reperfusion therapies (e.g., primary percutaneous coronary intervention,
stenting, or thrombolysis) is essential to improve prognosis and limit irreversible my-
ocardial damage [162]. Early diagnosis is therefore a critical determinant of outcomes,
and current European Society of Cardiology guidelines recommend that, when an acute
coronary syndrome is suspected, an ECG is performed and interpreted by an experienced
clinician within 10 minutes of first medical contact [44].

To address such time-critical emergencies, healthcare authorities establish action
plans and procedures and implement targeted training programs. For example, the
Friuli Venezia Giulia region in Italy published a document in 2019 and updated it in
20222 that describes the procedures to adopt for rescuing, diagnosing, providing clinical
assistance, and providing cardiologic rehabilitation of patients with STEMI.

Currently, nurses and doctors in emergency medical services usually follow Advanced
Life Support (ALS) courses, consisting of theoretical and practical content and a final
exam [94]. These courses provide specific skills to deal with cardiac arrest and peri-arrest
situations, manage resuscitated patients until their transfer to an intensive care setting,
and communicate effectively with the other rescue team members and the patient’s fam-
ily [94]. However, specific training courses to teach how to deal with STEMI patients
are rare and based on role-playing simulations where different team members pose as
STEMI patients, family members, or healthcare providers. Unfortunately, training ex-
periences conducted by instructors suffer from high variability, issues in replicability,

2https://www.regione.fvg.it/rafvg/export/sites/default/RAFVG/salute-sociale/sistema-sociale-
sanitario/FOGLIA53/allegati/11022019_PDTA_STEMI-FEB.pdf

https://www.regione.fvg.it/rafvg/export/sites/default/RAFVG/salute-sociale/sistema-sociale-sanitario/FOGLIA53/allegati/11022019_PDTA_STEMI-FEB.pdf
https://www.regione.fvg.it/rafvg/export/sites/default/RAFVG/salute-sociale/sistema-sociale-sanitario/FOGLIA53/allegati/11022019_PDTA_STEMI-FEB.pdf
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and subjective evaluation [120, 157, 165, 262, 293, 328, 329].
As shown in Section 2.6, VR has been found to be a valuable tool in medical and

nursing education, offering opportunities for standardized training and objective eval-
uation [72, 169, 253, 338], and its usage in the broader healthcare field is expanding
[2, 35, 254].

Notably, in the context of pre-hospital emergency care training for nurses, current
VR applications are focused primarily on simulating minor accident scenes and disaster
response scenarios [184]. Consequently, further research is needed in other time-critical
areas, one of which is the STEMI pre-hospital management . To the best of our knowl-
edge, no VR system has been yet proposed to train nurses and doctors in the STEMI
pre-hospital management.

This section presents a VR training system used to reproduce scenarios representing
patients with out-of-hospital STEMI heart attacks. The system engages two trainees
simultaneously: an emergency nurse who manages the patient in the VE, and a case
manager (CM) doctor in the real world. The CM can either be a cardiologist working in a
coronary care unit or an emergency room doctor: they evaluate the clinical information
and electrocardiogram received by the nurse, managing the patient’s pathway from
diagnosis to treatment. The proposed VR system uses an A&F strategy [144]. This
aims to encourage healthcare professionals to improve clinical practice by correcting
behaviors not meeting standards.

3.2.2 The Proposed VR System for STEMI Training

The proposed system simulates the rescue operation of a STEMI patient in several
scenarios characterized by different anamnestic data and vital parameters. The system
comprises three applications used by one instructor and two trainees simultaneously:

• The course instructor uses a tablet-based Instructor Application to control differ-
ent aspects of the simulation in real time (e.g., changing vital parameters).

• The case manager doctor uses a tablet-based Case manager Application that pro-
vides a phone call communication with the nurse, and displays the data sent by
the nurse during the simulation (e.g., patient’s electrocardiogram).

• The nurse wears a VR headset (Meta Quest 2)3 in which a Nurse Application
(NA) displays the VEs.

Instructor Application

The Instructor Application manages the entire simulation. In addition to serving as a
server for communication between the various devices, its functionalities include:

• Loading premade scenarios.

• Real-time modification of the patient’s vital parameters during the simulation.

• Managing the loading of the different scenes.
3https://www.meta.com/it/en/quest/products/quest-2/

https://www.meta.com/it/en/quest/products/quest-2/
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• Storing the actions performed by the nurse during the simulation.

Before the simulation starts and during its execution, the instructor can change the
patient’s vital parameters by using the graphical interface in the application, as shown
in Fig. 3.5. The interface is divided into four parts: i) the left side contains the log of
every action the nurse had performed in the simulation; ii) the center part contains the
anamnestic data of the patient for the simulation; iii) the right side contains the current
state of the patient that can be updated in real-time by the trainer; iv) the bottom part
let the instructor load the different VEs.

Figure 3.5: The user interface of the Instructor Application, localized in the language
of course instructors.

The anamnestic data of the patient comprise name, age, domicile, time of the begin-
ning of the symptoms, description of symptoms, current illnesses, presence of bleeding
diathesis, and which medications have already been taken by the patients. The patient’s
vital parameters are heart rate, presence and type of infarction, presence and type of ar-
rhythmia, respiratory rate, presence of pulmonary edema or dyspnea, blood saturation,
blood and systolic pressure, presence of vagal seizure, presence of pain, and presence of
nausea and vomiting.

As the instructor changes the patient’s status, it is transmitted to the simulation
running in the VR headset, and the virtual patient changes according to the updated
values of the vital parameters. Fig. 3.9 shows an example of changes in the virtual
patient’s status.

The Instructor Application is also responsible for storing all the actions performed
by the nurse, changes in the patient’s vital parameters by the instructor, details on
calls made between the case manager doctor and nurse (timestamp and the subject
of request events, call initiation and termination), and communication events between
nurse, patient, and case manager doctor indicated by the instructor.
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During scenario simulation, feedback messages are displayed in the control app cor-
responding to errors the nurse performs during the rescue. From the analysis of the
generated log file, the application generates a final report that identifies whether spe-
cific actions necessary for the proper execution of a rescue intervention were performed
correctly.

Case Manager Application

The case manager is the medic responsible for the management of the patients. They
can talk with the nurse via a phone call and receive the data gathered by the nurse in the
simulation. The data concerns vital information about the patient as the 12-derivations
ECG track, blood pressure, and heart rate. Figure 3.6 shows the interface of the Case
Manager application. It shows the patient’s data mentioned above and two buttons to
handle the call with the nurse (answer the phone call and mute microphone).

Figure 3.6: The user interface of the Instructor Application, localized in the language
of course instructors.

Nurse Application

The Nurse Application (NA) has three Virtual Environments (VE) and supports differ-
ent interactions with the objects in the VE and the patient.

VEs in the NA The three VEs (Fig. 3.7) represent the sequence of real-world en-
vironments encountered during a STEMI rescue: i) the crew room, ii) the ambulance,
and iii) the patient’s house.

• Crew Room In this VE (Fig. 3.7a), the nurse can become familiar with the VR
headset and hand tracking. The VE includes a table with the medical equipment
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to be used in the training scenarios (monitor with defibrillator, medication bag,
smartphone, oxygen tank). In this scenario, the trainee does not use yet the
equipment.

• Ambulance In this VE (Fig. 3.7b), the nurse receives briefing information while
reaching the emergency scene.

• Patient’s house In this VE (Fig. 3.7c), the nurse acts on the patient. Emergency
equipment is placed near the nurse to minimize the need for walking around.

Figure 3.7: The user interface of the Instructor Application, localized in the language
of course instructors.

Interactions The interactions (Fig. 3.8) supported by the Nurse Application exploit
both head and hands tracking. The simulation was designed to allow for a natural
interaction with the VE. The nurse can interact with the patient and the objects in the
living room VE in four different ways:

• Movement. The nurse can move freely by walking directly to the desired location.
We minimized the need for movement, ensuring that a simple rotation allows to
reach objects and interact with them.

• Proximity. Some objects are automatically activated when the nurse’s hand is close
(e.g., when it approaches the pouches at the side of the monitor, they display their
contents as in Fig. 3.8a) to simplify interaction with objects, allowing the nurse
to focus on reasoning and learning about the medical procedures.

• Grasping. Objects can be grasped and moved by approaching them with the hand
and performing the pinch gesture. Regardless of the object’s size, when the fingers
come in contact, the object is grasped and can be moved to the desired position.
When the nurse moves the two fingers apart, the object is released. Some objects
are automatically released if they are moved close to specific interaction points
(e.g., the face mask in Fig 3.8b automatically sticks to the patient’s face).

• Press. The monitor buttons can be pressed using the forefinger, as in the real
world. The button lights up when the finger is sufficiently close (Fig 3.8c), indi-
cating that continuing the movement will complete the interaction.
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Interactions with Objects The nurse can use all the tools typically used during a
rescue:

• Monitor with defibrillator (LIFEPAK 15)4 to monitor the patient’s vital parame-
ters. Several sensors (SpO2, band for noninvasive pressure measurement, periph-
eral and precordial leads and electrodes for electrocardiogram measurement, plates
for external electrostimulation) are available in two side pouches attached to the
monitor and must be applied to the patient to display his vital parameters. To
allow for proper functionality during the rescue, the relevant monitor’s functions
are reproduced during the simulation: manual pressure measurement and setting
automatic pressure measurement in preset time intervals; calculation of the 12-lead
electrocardiogram and printing of the paper report; sending the electrocardiogram
to the CM; administration of resuscitation discharges; and activation of external
pacing. Fig. 3.8a and 3.8c show examples of interaction with the monitor.

• Oxygen cylinder and mask. A mask connected to an oxygen cylinder can be at-
tached to the patient’s mouth to administer oxygen (Fig. 3.8b), regulating its flow
through an interface appearing at the cylinder’s regulating valve.

• Medication bag. Pills, intravenous drugs, and intravenous bags can be adminis-
tered to the patient during the simulation. All medications are contained in the
medication bag (Fig. 3.8d) and can be accessed through an interface that opens
as the user’s hand approaches the bag.

• Smartphone. This device manages the communications between the nurse and the
CM. When the nurse’s hand approaches the smartphone in the scene, an interface
appears to make, terminate, or answer a call (Fig. 3.8e).

Figure 3.8: The user interface of the Instructor Application, localized in the language
of course instructors.

4https://www.stryker.com/us/en/emergency-care/products/lifepak-15.html

https://www.stryker.com/us/en/emergency-care/products/lifepak-15.html
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Interactions with the Patient The nurse can interact with the patient by apply-
ing sensors, oxygen masks, and administering medications. During the simulation, the
instructor impersonates the patient, responding directly to questions the nurse asks.

The patient’s representation in the VE adapts according to the vital parameters set
by the instructor via the IA. The patient’s state is visualized through facial animation,
body animation, and skin characteristics, that change according to vital parameters
(Fig. 3.9):

• When events that are painful to the patient occur, his face takes on increasingly
pronounced suffering expressions. In case of fainting or deep sedation, eyelids are
lowered.

• To give more direct visual feedback, the animations the patient performs change
according to his consciousness, respiratory rate, and pain.

• The parameters representing the patient’s skin are changed according to vital
parameters, to simulate decreased perfusion or sweating.

Figure 3.9: The user interface of the Instructor Application, localized in the language
of course instructors.

3.2.3 Qualitative evaluation of the STEMI training system

The study’s goal was to evaluate the perceptions and opinions of nurses and doctors
attending the CME blended learning course with the VR system to train participants
in rescuing STEMI patients.

Methods

To evaluate the subjective perceptions and opinions of the learners about the VR system,
we conducted an interview consisting of a sequence of structured open-ended questions
(Fig. 3.10). Questions were intentionally general and allowed to collect information
from the point of view of both nurses and doctors. Data were analyzed by employing
thematic analysis, as described by Braun and Clarke [37] The study was approved by
the Institutional Review Board of the Department of Mathematics, Computer Science,
and Physics of the University of Udine.
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Figure 3.10: Flow diagram of questions in the interview. The interview was conducted
in the language of participants. Sentences have been translated here for readers’ conve-
nience.
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Use in the course The iVR system was integrated into the educational protocol
of an institutional Continuing Medical Education (CME) accredited training course,
resulting in a Blended Learning Course (BLC). The course was conducted in a total of
six editions from October 2022 to January 2023 at the Azienda Sanitaria Universitaria
Friuli Centrale in Northeastern Italy.

Each edition consisted of a four-hour session, beginning with a theoretical intro-
duction and followed by practical simulations of STEMI patient rescue using the iVR
system. During the simulations, the cardiologist instructor operated the Instructor Ap-
plication, role-playing the patient and dynamically adjusting the scenario according to
the learner’s actions (e.g., if the scenario involved nausea symptoms and the nurse omit-
ted the prescribed drug, the virtual patient began vomiting after a set time), without
offering feedback on the correctness of the actions performed during the simulation.

Trainee doctors assumed the role of Case Manager doctors through the Case Manager
Application, coordinating the in-hospital response. Since there were fewer Case Manager
doctors than nurses, each doctor used the CA for one or more scenarios. Trainee nurses
engaged with the Nurse Application on the VR headset in one scenario. To replicate the
spatial separation typical of real-world prehospital emergencies, the doctor and nurse
completed the simulation from different rooms, communicating exclusively through the
immersive VR system.

Each edition of the BLC included the same seven scenarios to illustrate the variety
of medical situations that may arise in STEMI rescue. Each simulated scenario lasted
about 10-15 minutes. While one doctor–nurse pair actively engaged with the iVR sys-
tem, the other participants observed the session projected on a wall. The projected
image combined the nurse’s headset view and the patient’s physiological parameters as
seen by the instructor. This participatory course approach was meant to allow nurses
and doctors to gain the most from the experience.

After each simulation, the cardiologist instructor conducted a debriefing session to
review the actions performed by the nurse in the Nurse Application, explaining both
correct and incorrect steps, and encouraged discussion among participants.

At the end of the course, all participants were invited, via a dedicated form, to
indicate their availability for follow-up contact by phone or email to participate in future
user studies. When all six editions of the course were concluded, the report containing
all the errors made during the simulation was sent to the learners.

Participants Among the 48 emergency nurses and 15 CM doctors who attended one
of these editions, 17 participants volunteered to be interviewed about their experience
with the VR system and the blended learning course. Twelve nurses and five doctors
(9M, 8F) among the course participants volunteered to be interviewed. All but one
also provided information about their age, years of experience in the role and in the
emergency area, and previous use of VR (Table 3.4).
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Procedure At the end of the CME course, we asked participants if they would like
to volunteer for a subsequent interview about the experience. The volunteers left their
e-mail and phone number to be contacted and book an interview time slot. After the
interviewer defined the available time slots and assigned an online meeting link for
each of them, two other team members contacted the volunteers and sent them the
privacy policy and the consent module. After receiving the signed consent, the team
members recontacted each volunteer, arranged a time slot and then confirmed it via
e-mail, also including an anonymous code and the instructions to blind their identity
to the interviewer (i.e., join the meeting without using a personal account, use the
anonymous code and not the real name, do not use a webcam, possibly apply a filter to
change the voice). Participants were also informed that the interview would be audio
recorded and then deleted after transcription. At the defined time slot, the interviewer
met the participant online and started the audio recording. After briefly introducing the
interview and inviting the participant to freely express opinions, taking the time needed
to reason about them, the interviewer asked the openended questions following the flow
in Fig. 3.10. When needed, the interviewer also asked some additional questions (e.g.,
what, when, how?) to clarify participants answers.

Each audio recording was saved with the participant’s anonymous code and then
verbatim transcribed. Two members of the research team, with different background
(one in medicine and one in computer science), performed the thematic analysis by
repeatedly listening to the interviews, checking the transcripts back against the original
audio recording, actively reading the transcripts many times, generating initial codes
using a data-driven approach to include all potentially interesting content, collating them
into potential themes and subthemes, and finally reviewing and refining them to create
a codebook [37, 81]. The final themes and subthemes were chosen to describe the entire
blended learning course (ReflectOnExperience, PositiveAspect, Critique) and the VR
system (Realism, UsageDifficulty), and to acquire useful information for improvement
(Proposal, Opinions). After agreeing on the codebook with the supervision of a third
team member (a senior medical doctor), each of the coders independently assigned sub-
themes to chunks of data extracted from the interviews using the Taguette software
[260]. Then, the two coders discussed on the disagreements. In case of assignments for
which no agreement was found, the third team member was involved to break the tie.

Results

The coders identified seven themes and 31 sub-themes in the interviews (Table 3.5).
After the independent assignment of the codes, Cohen’s Kappa inter-coder reliability
was 0.76 (95% CI 0.71-0.82). After discussion, the two coders reached an agreement on
all but six assignments, which were decided by the third team member.
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Here we report in more depth the results of the qualitative analysis by including
sample interview extracts. In the extracts, the parts in square brackets are words or
phrases added to clarify the sentence.

• ReflectOnExperience_Yes. Fourteen people reflected on the virtual reality experi-
ence and/or talked about it with colleagues in the following weeks. For example:

N4 - I’ve thought about it.

• ReflectOnExperience_No. Three people did not reflect on the virtual reality ex-
perience in the following weeks. For example:

N9 – No.

• PositiveAspect_PositiveExperience. Seventeen people perceived participation in
the course to be positive and enjoyable and/or valuable and/or would not change
anything of the experience. For example:

D3 – We can simply say I liked it.

• PositiveAspect_EngagingLearning. Four people praised the application stating
that the experience engages those who experience it and enables them to memorize
the notions effectively learned. For example:

N2 – [This mode of explaining a topic] is very active learning.

• PositiveAspect_Innovative. Five people praised the innovative technology of the
course compared to the traditional material used in other lessons. For example:

D3 – [I appreciated] the quality of the experience itself, the technique, and my
experience. Moreover, the fact that I had not tried [something like that] before
left me pleasantly surprised.

• PositiveAspect_TechnologyPotential. Ten people told us how the technology used
is beneficial for this educational aim. For example:

N2 – I think it gives you many extra things in specific courses. Because you really
drop into the actual situation, and so you get yourself involved.

• PositiveAspect_Retry. Two people would have liked to try the system several
times, perhaps with different scenarios. For example:

N8 – I would maybe try a few more times. We each tried once. Possibly in the
idea of having more time, it would be nice to do several different scenarios and try
several times.

• PositiveAspect_FutureParticipation. Three people would like more sessions of the
course to be held. For example:

N5 – The only thing I hope is that it is a course that is done every year because
it fits, as I said before, relating to the various figures, in my opinion, is essential,
as far as our work is concerned.
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• PositiveAspect_Realism. Thirteen people stated how the experience during the
course is like what happens during an actual rescue operation. For example:

N5 – It very much reflects reality. Of course, you emphasize a little bit more, in
the sense that when you talk to the cardiologist, you lose a little bit more time.
However, it’s a course that allows you to relate to the patient as you relate to
them in the real world. And the treatments you do are the real ones, whether it’s
the ECG, administering the medications, or contacting the cardiologist, which is
an important thing anyway.

• PositiveAspect_Challenge. Five people appreciated challenging themselves by
putting their knowledge to the test. For example:

D2 – Well, let’s say [that the application also helps] to understand the difficulties
in interfacing with practitioners who are not your colleagues. I’m used to being
a case manager for my nurses who, in short, I know off the top of my head, so I
know what I [expect] when someone tells me something, and [I understand] what
they mean. When I give directives, I know what is received. Doing it instead with
people I don’t know is definitely something that, let’s say, is very helpful.

• PositiveAspect_IncreasedConfidence. Four people praised the course for helping
them to increase the confidence level of their knowledge. For example:

N4 – In my opinion, it gives you more confidence; afterward, you will know what
to do in the real world [when you are in similar situations].

• PositiveAspect_SafeEnvironment. Three people praised the safety of the virtual
environment, stating that it is possible to practice handling risky situations in a
protected environment. For example:

N3 – This [mode of learning] is the middle ground. It allows you to apply practical
theory while being in a safe scenario.

• PositiveAspect_ShareOpinions. Eight people told us how the course can be a good
opportunity to exchange views with others. For example:

N7 – I liked the fact that we still got together with different operators from the
same company. We have become a big company now, so this is a time to meet
[with other colleagues].

• PositiveAspect_HighlightingProblems. Four people praised the course as an op-
portunity to highlight issues encountered during operations on the territory. For
example:

N11 – There is a big gap between those who work on the ground and those who
work in the hospital. They don’t understand our situation, so they don’t help us
when requests are made.

• PositiveAspect_InstructorsExpertise. Two people expressed how the course in-
structors were well-trained and experienced. For example:

N4 – The interlocutors, that is those who empathized with the part, were also
realistic, so it was a very good experience.
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• PositiveAspect_NoIssues. Six people did not report any negative aspects of the
experience. For example:

D1 – In fact, there is not one thing that I did not like.

• Critique_Discomfort. Five people report how the presence of other people makes
them feel uncomfortable and under pressure. For example:

D4 – There were still many other people, and somehow [I had] the feeling of being
a little bit under examination.

• Critique_FamiliarTopics. Seven people report how the topics in the course are
already known, and so nothing new is provided for them. For example:

N7 – So, honestly, that course was not helpful to me in the sense that all the topics
that were being talked about I have already consolidated over time.

• Realism_OverSimplification. Five people report how the system simplifies or
speeds up some procedures that are not simple or that, in the real world, take
a certain amount of time to be performed. For example:

N10 – Instead, the difficulty and the time to do those tasks in the real world are
not like that. That is, the fact that I touched the wires and brought them to the
patient was instantaneous. In a real situation, it takes me several seconds in which
more questions can be processed, and I take more time to think about what I need
to do. It was too fast.

• UsageDifficulty_MissingActions. Two people complained about the lack of the
possibility to perform within the system all the actions that would normally be
performed during a rescue. For example:

D2 – It certainly wasn’t entirely realistic, having to be limited to two or three
actions that need to be codified at some point.

• UsageDifficulty_Patient. Three people stated that the patient is unrealistic, too
still, and there is no noticeable pallor or sweat. For example:

N8 – The operator was giving some somewhat nonspecific information that then,
in the mannequin within the virtual reality, you could not see. The person was
standing there, so there was a moment of inconsistency.

• UsageDifficulty_Sensorial. Four people reported how only sight and hearing are
used, leading to a lacking of stimulation of the other senses. For example:

D2 – The learner perceives not only by hearing and with sight but with all the
senses, including touch and smell.

• UsageDifficulty_BecomeFamiliar. Thirteen people had difficulties with the system
since it was their first time using it, and they did not have a chance to become
familiar with it before the test. For example:

N2 – You have to get a little bit of practice with this kind of technology.
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• UsageDifficulty_Interaction. Ten people had difficulties interacting with the sys-
tem because of the need to use unnatural gestures to interact with various elements.
For example:

N8 – I found myself not performing things that I have performed, as if my inter-
vention was not detected by the instrument.

• UsageDifficulty_Cybersickness. Five people reported experiencing headaches, nau-
sea, dizziness, or colleagues suffering from it. For example:

N2 – To some people who were with me at the course, the system made them a
little dizzy.

• UsageDifficulty_None. Ten people reported no difficulties when using the system.
For example:

D5 – The tablet that was being provided and the communications were both
[good] at the level of technology and the degree of communication; I think they
were absolutely congruent with the situation [we were facing].

• Proposals_Environments. Five people suggest increasing the inter-scenario vari-
ability to avoid making them too repetitive. For example:

D2 – Maybe trivially change the structure of the room or the patient lying down
rather than finding them in bed or on the stairs. [These situations] in practice
often change the practitioner’s approach.

• Proposals_UncommonEnvironments. Five people suggest using this technology to
create unusual scenarios which do not happen frequently. For example:

D2 – In the sense that along the lines of this course, I think so many other kinds
of pathways can be done, right? I’m thinking of the stroke pathway rather than
a trauma pathway, the shock patient pathway, that is, in those in which you have
to add the figure of the central doctor.

• Proposals_Realism. Seven people wish that the system was more similar to reality.
For example:

N9 – So, the monitor definitely maybe needs to be fixed a little bit in the sense
that it’s not really very accurate. When you go to press some of the times, it takes
one thing for another. And the backpack definitely, the medication backpack, is
not really with the proper dosages. In my opinion, the medication dosages should
be adjusted a little bit.

• Opinion_UsefulForNovices. Five people think that the experience is more positive
for new staff rather than for people who have been working for years. For example:

N1 – I would have done them very gladly at the beginning of my career.

• Opinion_UsefulForExperts. Six people think the system could be a good knowl-
edge check to repeat protocols for experienced staff. For example:

N2 – You have to [already] know the things. It’s not like you learn them there.
I mean, it could be a suitable method of verifying learning and not so much for
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education because the things that we learned, I mean, in my opinion, [within the
system] we verified what we know or not during the course, we didn’t learn new
things.

Discussion

The methodological paper by Pedram et al. [245] recommends that VR systems should
“provide motivation through enjoyment, satisfaction, engagement, attention and chal-
lenge” and in other studies a positive experience was reported in terms of enjoyment
[103, 274], satisfaction [52, 161, 307], attentiveness [274, 307], motivation [307], and ac-
ceptability and feasibility [86]. The results of our study confirm those of the literature
in the context of STEMI: all participants appreciated the course and the use of the VR
system, and 14 out of 17 said they thought about the experience in the weeks following
the course (Reflect on Experience theme).

All participants contributed to at least 3 sub-themes of the broad Positive Aspect
theme and six did not find any negative aspects; the VR system was considered engaging
(n=4), as reported in other studies [86, 132, 272, 307], innovative (n=5) and promising
for training courses (n=10). For example, N2 reported “I think it gives you many extra
things in specific courses. Because you really drop into the actual situation, and so you
get yourself involved” and D3 declared “[I appreciated] the quality of the experience itself,
the technique, and my experience. Moreover, the fact that I had not tried [something
like that] before left me pleasantly surprised”.

In addition, some participants would have liked to try more simulations (n=2) or
more course sessions (n=3), as reported in other studies where the willingness to use a
VR system again was described [18, 132].

The VR system was also described as an opportunity to test knowledge and skills
in a safe environment (n=3), as positively described in previous work [18, 270]. Some
trainees described the blended learning course as an opportunity to discuss and exchange
opinions (n=8) and to point out issues (n=4); for example, N11 reported: “There’s a big
gap between those who work on the ground and those who work in the hospital. They
don’t understand our situation, so they don’t help us when requests are made”. The
presence of experienced instructors was also appreciated (n=2), consistently with other
studies, where a supervisor and peer interaction were positively considered [272, 307].

Moreover, most participants reported that the VR experience was highly similar to
what happens during actual emergency interventions (n=13), as in other studies [274].
For example, N5 reported: “It very much reflects reality. Of course, you emphasize a
little bit more, in the sense that when you talk to the cardiologist, you lose a bit more
time. However, it’s a course that allows you to relate to the patient as you relate to them
in the real world. And the treatments you do are the real ones, whether it’s the ECG,
administering the medications, or contacting the cardiologist, which is an important
thing anyway” and it is interesting to note that realism was appreciated both by doctors
and nurses, although only nurses lived the VR experience using the VR headset, while all
participants watched it on the projected screen. However, some participants complained
about the procedures’ oversimplification (n=5) and missing actions (n=2) and suggested
to improve realism (n=7), as in Hood et al. [132]. For example, under the Realism theme,
N10 reported: “Instead, the difficulty and the time to do those tasks in the real world
are not like that. That is, the fact that I touched the wires and brought them to the
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patient was instantaneous. In a real situation, it takes me several seconds in which more
questions can be processed, and I take more time to think about what I need to do. It
was too fast.”

Participants also showed their interest (Proposal and Opinion themes) suggesting to
modify scenarios to increase their variability (n=5; e.g. D2: “Maybe trivially change the
structure of the room or the patient lying down or finding them in bed or on the stairs”),
like requested in another study [132], and to describe infrequent situations (n=5). Five
participants reported it could be beneficial to naive health personnel (N1: “I would
have done them very gladly at the beginning of my career”), while six reported that
experienced personnel could benefit from it as a refresher training.

Nine participants contributed to the Critique theme, seven of them describing the
blended learning course as not useful for them because they already knew the topics
and five reporting discomfort and embarrassment due to the presence of other people
(e.g. D4: “There were still many people, and somehow [I had] the feeling of being
a little bit under examination). On the other hand, four found the course beneficial
to improve self-confidence and five said that they liked the challenge. For example,
D2 reported: “Well, let’s say [the system also helps] to understand the difficulties in
interfacing with practitioners who are not your colleagues. I’m used to being a case
manager for my nurses who, in short, I know off the top of my head, so I know what I
[expect] when someone tells me something, and [I understand] what they mean. When
I give directives, I know what is received. Doing it instead with people I don’t know
is definitely something that, let’s say, is very helpful”. Challenge was indeed one of
the aims suggested by Pedram et al. [245] and the trainee confidence following the VR
training was already described as an advantage in previous studies [86, 274].

The Usage Difficulty theme revealed that ten did not mention any but a few partici-
pants thought the virtual patient was too static, finding it difficult to appreciate clinical
signs such as paleness or sweating (n=3), or felt the interaction limited by the only
use of sight and hearing (n=4). Moreover, thirteen reported the need to get familiar
with the system and ten to learn specific interaction gestures (e.g. N8: “I found myself
not performing things that I have performed, as if my intervention was not detected by
the instrument”). This happened despite all participants were invited to watch a video
tutorial before attending the course. These results are consistent with those described
by other authors [132, 241, 272] and explain the recommendation for VR knowledge or
practice before approaching VR systems for medical education [272].

Finally, three participants suffered dizziness or nausea; this was expected, since
cybersickness represents a known drawback of VR systems [272, 323].

There are different positive aspects to notice about the system and the course. We
implemented a VR system that supports all control requirements recommended by Pe-
dram et al. [245]: i) including “gesture recognition”, ii) providing “motion sensitivity of
controls”, iii) meeting “minimum position tracking thresholds”, iv) enabling “kinesthetic
manipulation of virtual objects of interest”, v) providing “efficient movement controls”,
vi) providing “control element granularity commensurate with the virtual layout needed”.
Moreover, it provides “effective feedback to the user” [245], both during the simulation
(when the patient reacts to the user’s actions) and at the end, through a description of
the steps and their correctness. Participants in Hood et al. [132] appreciated feedback
on timing and decision making and asked for more specific feedback, such as more in-
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formation on mistakes. In our study, further feedback was provided by the instructor,
a senior cardiologist complementing VR simulation.

As recommended by Pedram et al. [245], visual and auditory cues (e.g., monitor’s
display contents and sounds) are also provided, while haptic cues are currently missing.
As for the course, training was performed in small groups (from 6 to 13 participants),
and this is described as a facilitator aspect [272]. Moreover, in contrast to another
study, where the roles of distinct health workers were not differentiated, resulting in
the disappointment of participants [132], nurses and doctors played their own roles
in our system and their collaboration was accurately reproduced, as also reported by
some participants. This partnership is essential in the STEMI patient rescue, since the
emergency nurse on the field and the doctor in the hospital need to work together to
save the patient’s life.

Costs are traditionally mentioned among the limitations of VR systems [241, 307],
of which users are also aware [272]. However, we specifically implemented our system to
run on the low-cost Meta Quest 2 VR headset. Moreover, cost-effectiveness may improve
if economic costs are analyzed in the long-term, and counterbalanced by potential risks
and medical errors that could be avoided thanks to a training conducted in a safe
environment [18].

Conclusions

This is the first proposal and study of a VR system to train nurses and doctors in the
pre-hospital management of STEMI patients. The system was embedded in a CME
course, making it a blended learning course. We performed a thematic analysis of the
answers of course participants who volunteered to be interviewed. This possibly led to a
self-selection of those more interested and satisfied and to a consequent overestimation
of the blended learning course and VR system. An additional limitation was the small
sample size, even though representative of the highly specialized healthcare personnel
who deal with prehospital STEMI emergencies. In addition, the interviews did not take
place immediately after the course and this allowed participants to reflect on the course,
but it could also have caused memory fading and detail loss.

The analysis showed that all participants perceived the VR system and the blended
learning course as a positive experience and provided interesting feedback on positive
aspects and possible areas of improvement.

Following the advice, we worked on additional scenarios to increase variety. More-
over, we plan to improve the VR system as an evaluation tool and use it to compare the
performance of participants of the course with the performance of nurses and doctors
who had not yet attended the course, to quantitatively measure the effectiveness of the
proposed form of VR-based medical education.

As the main implication for practice, this study highlighted that a VR system in-
tegrated in a blended learning course with a strong collaborative approach is much
appreciated by all participants and could be inspiring when designing novel medical ed-
ucation programs for nurses and doctors. Interestingly, the training course also received
a positive reaction at the regional level and was included in the current Training Plan of
the Friuli Venezia Giulia Region, thus allowing nurses and doctors to receive a consistent
education, smoothing possible geographical differences.
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The work presented in this section was published in the Cyberpsychology, Behavior,
and Social Networking journal [99].

3.2.4 Quantitative evaluation of the STEMI training system
The previous section presented the study based on the thematic analysis of how partic-
ipants felt subjectively the VR system reporting how the training with this technology
was engaging, realistic, and well-received. This section describes the evaluation inves-
tigating the educational efficacy of integrating our immersive VR system into the BLC
by comparing a group of participants who followed the BLC with a control group.

Methodology

The goal of this study is to investigate the efficacy of the BLC held between Octo-
ber 2022 and January 2023. The analysis focuses specifically on nurses, as they were
the primary users of the immersive VR system employed in the BLC. Case manager
physicians were excluded from this analysis because, unlike nurses, they did not directly
utilize the immersive VR system. To evaluate the impact of the BLC on procedu-
ral knowledge acquisition, the study employed a between-subjects design, comparing
nurses who participated in the BLC (G1) with a control group of nurses who did not
(G2). All participants in both G1 and G2 received traditional training, consisting of
the Advanced Life Support or Advanced Cardiac Life Support course. Thus, the VR
experience represented an additional component integrated into the traditional training
for G1.

Following the literature suggesting that VR training is an effective complement to
traditional learning approaches [284, 286] and the positive subjective outcomes reported
in our previous study [99], our hypothesis is that G1 would report greater procedural
knowledge than G2.

Simulation Setup The iVR system was employed for evaluation using the 7 clin-
ical scenarios originally designed for the BLC, which encompass the combinations of
anamnestic data and vital parameters addressed during the course. For the purposes
of this study, in order to reduce the heterogeneity among the simulation tested by the
participants, the scenarios presenting a higher level of difficulty due to additional compli-
cations were simplified by excluding those complications. In addition, four new scenario
variations were specifically developed and used exclusively within this user study. Over-
all, the use of 11 scenario variations allowed for a more comprehensive and balanced
assessment, aiming to have an aggregate measure of the group’s competence across a
broad yet controlled range of clinical conditions.

The Nurse Application was installed on a Meta Quest 2 headset, and the Instructor
Application and Case Manager Application were installed on two Lenovo Tab P11 Pro
tablets.

Each simulation involved an instructor (using the Instructor Application) who also
impersonated the patient, a medical doctor (using the Case Manager Application) who
impersonated the case manager physician, and another experimenter acting as a nurse of
the regional operating center who briefed the participant before the interaction with the
patient with standardized information on the patient’s location (e.g., city), triage code,
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age, and symptoms reported during the emergency call. Although 5 experimenters alter-
nated in these roles, the combinations were balanced across groups to minimize potential
confounding variables. Additionally, the same software developer was always present to
manage the system setup and address any technical issues that arose. No further op-
erators or observers were involved to minimize distractions and maintain experimental
control.

Measures Nurses’ procedural knowledge of STEMI management was evaluated using
a checklist based on their performance during the VR simulation. This checklist com-
prises 33 distinct procedural steps, each corresponding to a recommended action in pre-
hospital STEMI management according to the guidelines developed in the region where
the study was conducted. Certain steps involve specific operational parameters (e.g., ac-
quiring data within a defined time frame following sensor placement). In such cases, the
parameter-dependent component was considered as a separate parameter-component
step. The procedure, which combines distinct steps and parameter-component steps,
comprises a total of 40 steps (Table 3.6).

The measures to assess the effectiveness of the BLC are divided into step-level and
nurse-level:

• At the step-level, the aim is to identify which procedural steps were performed
correctly or incorrectly most frequently. The analysis evaluated performance on
each of the 40 checklist items individually across the entire participant group,
thereby assessing adherence to specific steps of the procedure by counting how
many nurses per group performed correctly a specific step.

• At the nurse level, a score is assigned at each step that reflects the clinical impor-
tance (Table 3.6). The analysis aggregated each participant’s performance across
the steps of the checklist. The steps were grouped into the six clinical areas de-
tailed in Table 3.7. The total score for each of the six areas was calculated by
summing up the scores of its constituent steps.

The metrics for the step and nurse level are summarized in Table 3.8.

Table 3.6: Checklist of the steps the nurse has to perform in the simulation with score as-
signed that reflects the clinical importance. Steps with “p” suffix refers to the parameter
component of the related step.

Step Category Action Score
S1 Demographics Asked for patient’s name and surname 0.5
S2 " Asked for patient’s age 0.5
S3 Symptoms Asked patient to describe symptoms 0.5
S4 " Asked for time of symptom onset 0.5
S5 Pathological history Asked about bleeding diathesis 0.5
S6 " Asked about current illnesses 0.5
S7 Pharmacological history Asked about ongoing treatments 1.0
S8 Blood pressure BP sensor applied 0.5
S8p " BP sensor applied within 2 minutes 0.5
S9 SpO2 SpO2 sensor applied 0.5
S9p " SpO2 sensor applied within 2 minutes 0.5
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Table 3.6: Checklist of the steps the nurse has to perform in the simulation with score as-
signed that reflects the clinical importance. Steps with “p” suffix refers to the parameter
component of the related step.

Step Category Action Score
S10 Venous access Venous line applied 0.5
S10p " Venous line applied within 5 minutes 0.5
S11 ECG – Peripheral leads Electrodes applied 0.5
S11p " Electrodes applied within 2 minutes 0.5
S12 ECG – Precordial leads Electrodes applied 0.5
S12p " Electrodes applied within 2 minutes 0.5
S13 ECG – Recording ECG print performed 0.5
S13p " ECG print within 1 minute from electrode placement 0.5
S14 ECG – Transmission ECG sent to case manager 0.5
S14p " ECG sent within 1 minute 0.5
S15 Call Nurse called CM after sending ECG 1.0
S16 Data transfer Communicated patient’s name and surname 0.5
S17 " Communicated patient’s age 0.5
S18 " Communicated symptom description 0.5
S19 " Communicated time of symptom onset 0.5
S20 " Communicated bleeding tendency 0.5
S21 " Communicated current illnesses 0.5
S22 " Communicated ongoing treatments 1.0
S23 MANOB protocol Correct administration of morphine 1.0
S24 " Correct administration of acetylsalicylic acid 1.0
S25 " Correct administration of sublingual nitroglycerin 1.0
S26 " Correct administration of oxygen 1.0
S27 " Correct administration of beta-blocker 1.0
S28 Other therapy Correct intravenous administration of heparin 1.0
S29 " Correct administration of ticagrelor 1.0
S30 Communication Informed patient of diagnosis 0.5
S31 " Informed patient of destination hospital 0.5
S32 " Informed patient of future treatments 0.5
S33 Defibrillation Pads applied after STEMI identification on ECG 1.0

Table 3.7: Overview of Assessment Areas and total score obtainable by each nurse during
the simulation.

Category Number
of items

Focus Area Composing Steps Area
Score

Area 1 7 Patient’s medical history Steps from S1 to S7 4
Area 2 15 Acquisition of medical

data
Steps from S8 to S15
considering parameter-
dependent component

8

Area 3 7 Nurse - Case Manager
communication

Steps from S16 to S22 4

Area 4 7 Ancillary therapies Steps from S23 to S29 7
Area 5 3 Nurse - Patient communi-

cation
Steps from S30 to S32 1.5

Area 6 1 Defibrillation Step S33 1
Total 40 - - 25.5
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Table 3.8: Summary of Performance Metrics at the step and nurse level.

Metric Description
For each step Nurse_completed Number of nurses who completed the spe-

cific procedure step.
For each step with a
parameter

Nurse_correct_parameters Number of nurses who met the re-
quired parameters in the parameter-
specific step.

For each nurse Total_score Total score obtained by the nurse
For each nurse and
each area

Total_score_in_area Total score obtained by the nurse in the
specific area

Each checklist item was marked as either ’performed’ or ’not performed’. Verbal
items were assessed by the instructor using a tablet to track each step of the procedure.
Other items were automatically tracked by the system. The list of items performed
was then verified by a second medical doctor supported by the software developer using
system logs, and a third medical doctor resolved any remaining discrepancies.

Participants The sample size calculation was based on the total performance score as
the primary outcome, with a maximum achievable score of 25.5. Power analysis assumed
a comparison between two groups of equal size, aiming to detect a minimum difference
of 5 points in the mean total score. A standard deviation of 4, an alpha level of 0.05,
and a statistical power of 0.8 were applied. Based on these parameters, a minimum of
11 participants was required per group.

The evaluation involved 22 nurses (G1: N = 11; G2: N = 11). All participants were
volunteers. Nurses in G1 were those who had previously indicated their availability
for follow-up studies after the BLC, while nurses in G2 were recruited through nurse
coordinators and personal contact. An initial questionnaire collected demographic data,
professional background, and prior training. Table 3.9 presents the questions asked in
the questionnaire along with corresponding results.

Table 3.9: Demographic characteristics, professional background, prior training, and
self-rated knowledge of STEMI procedures of participants. Data are reported as absolute
values with percentages relative to each group, and self-rated knowledge is presented as
Mean / SD.

G1 G2 Total
ALS certification
No 2 (18.2%) 4 (36.4%) 6 (27.3%)
Yes 9 (81.8%) 7 (63.6%) 16 (72.7%)
ACLS certification
No 8 (72.7%) 2 (18.2%) 10 (45.5%)
Yes 3 (27.3%) 9 (81.8%) 12 (54.5%)
Sex
F 4 (36.4%) 3 (27.3%) 7 (31.8%)
M 7 (63.6%) 8 (72.7%) 15 (68.2%)
Age range
25-34 5 (45.5%) 3 (27.3%) 8 (36.4%)
35-44 3 (27.3%) 6 (54.5%) 9 (40.9%)
45-54 2 (18.2%) 2 (18.2%) 4 (18.2%)
55+ 1 (9.1%) 0 (0%) 1 (4.5%)
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Table 3.9: Demographic characteristics, professional background, prior training, and
self-rated knowledge of STEMI procedures of participants. Data are reported as absolute
values with percentages relative to each group, and self-rated knowledge is presented as
Mean / SD.

G1 G2 Total
Years of work experience in emergency
and urgent care (hospital or prehospital)
0-4 3 (27.3%) 3 (27.3%) 6 (27.3%)
5-9 4 (36.4%) 2 (18.2%) 6 (27.3%)
10-14 0 (0%) 1 (9.1%) 1 (4.5%)
15-19 1 (9.1%) 1 (9.1%) 2 (9.1%)
20-24 2 (18.2%) 4 (36.4%) 6 (27.3%)
25-29 1 (9.1%) 0 (0%) 1 (4.5%)
Work in a Hub or a Spoke center
Hub 5 (45.5%) 1 (9.1%) 6 (27.3%)
Spoke 6 (54.5%) 10 (90.9%) 16 (72.7%)
Years of work experience in current professional role
0-4 1 (9.1%) 1 (9.1%) 2 (9.1%)
5-9 4 (36.4%) 4 (36.4%) 8 (36.4%)
10-14 2 (18.2%) 1 (9.1%) 3 (13.6%)
15-19 1 (9.1%) 1 (9.1%) 2 (9.1%)
20-24 1 (9.1%) 3 (27.3%) 4 (18.2%)
25-29 2 (18.2%) 0 (0%) 2 (9.1%)
30-34 0 (0%) 1 (9.1%) 1 (4.5%)
Self-rated knowledge of the PDTA
for STEMI patients (0 = no knowledge,
10 = complete knowledge)

7.09 / 0.83 6.91 / 1.14 7.00 / 0.98

Procedure The evaluation took place from March to April 2023. A researcher con-
ducted an initial telephone contact to confirm participant availability, provide a concise
overview of the study protocol and simulation procedures, and address preliminary ques-
tions. The researcher then sent the study information sheet and written consent form
to participants by email for prior review.

On the day of the user study, written informed consent was obtained in person
by the experimenter, who collected the signed forms and assigned each participant an
anonymous identification code to be used for questionnaires and simulations, ensuring
confidentiality. After providing consent, the participant filled up the initial questionnaire
and then attended a standardized briefing session. The instructor and the software
developer guided them through an identical series of exercises to build familiarity with
the immersive VR system and develop the manual skills needed for interactions with
the simulation tools.

Each nurse completed one simulation scenario lasting approximately 10 minutes.
Overall, the 11 scenarios were each performed twice, once by a G1 participant and once
by a G2 participant, so that every nurse in each group faced a different case.

Results

All data have been statistically analyzed with R version 4.3.0 [301]. Given the rela-
tively small sample size, comparisons are performed using the Mann–Whitney test for
continuous variables and the Fisher’s exact test for categorical variables.
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Metrics at step-level Considering the metrics at step level for completed steps (Ta-
ble 3.10 and Fig 3.11) and parameter dependent steps (Table 3.11 and Fig 3.12), the
analysis reported no statistically significant differences among all the metrics between
the two groups.

Table 3.10: Number of nurses who completed the step of the procedure. 1Fisher’s exact
test; 2Chi-square test.

Overall G1 G2 p-value
(N=22) (N=11) (N=11)

S1 Not Completed 13 (59.1%) 5 (45.5%) 8 (72.7%) > 0.051

Completed 9 (40.9%) 6 (54.5%) 3 (27.3%)
S2 Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S3 Not Completed 5 (22.7%) 2 (18.2%) 3 (27.3%) > 0.051

Completed 17 (77.3%) 9 (81.8%) 8 (72.7%)
S4 Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S5 Not Completed 20 (90.9%) 9 (81.8%) 11 (100%) > 0.051

Completed 2 (9.1%) 2 (18.2%) 0 (0%)
S6 Not Completed 12 (54.5%) 5 (45.5%) 7 (63.6%) > 0.051

Completed 10 (45.5%) 6 (54.5%) 4 (36.4%)
S7 Not Completed 11 (50.0%) 5 (45.5%) 6 (54.5%) > 0.052

Completed 11 (50.0%) 6 (54.5%) 5 (45.5%)
S8 Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S9 Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S10 Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S11 Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S12 Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S13 Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S14 Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S15 Not Completed 3 (13.6%) 1 (9.1%) 2 (18.2%) > 0.051

Completed 19 (86.4%) 10 (90.9%) 9 (81.8%)
S16 Not Completed 21 (95.5%) 11 (100%) 10 (90.9%) > 0.051

Completed 1 (4.5%) 0 (0%) 1 (9.1%)
S17 Not Completed 4 (18.2%) 1 (9.1%) 3 (27.3%) > 0.051

Completed 18 (81.8%) 10 (90.9%) 8 (72.7%)
S18 Not Completed 5 (22.7%) 2 (18.2%) 3 (27.3%) > 0.051

Completed 17 (77.3%) 9 (81.8%) 8 (72.7%)
S19 Not Completed 1 (4.5%) 0 (0%) 1 (9.1%) > 0.051

Completed 21 (95.5%) 11 (100%) 10 (90.9%)
S20 Not Completed 20 (90.9%) 9 (81.8%) 11 (100%) > 0.051

Completed 2 (9.1%) 2 (18.2%) 0 (0%)
S21 Not Completed 13 (59.1%) 6 (54.5%) 7 (63.6%) > 0.051

Completed 9 (40.9%) 5 (45.5%) 4 (36.4%)
S22 Not Completed 14 (63.6%) 6 (54.5%) 8 (72.7%) > 0.051

Completed 8 (36.4%) 5 (45.5%) 3 (27.3%)
S23 Not Completed 12 (54.5%) 6 (54.5%) 6 (54.5%) > 0.052



72 Chapter 3 — XR Procedural Training in Healthcare

Table 3.10: Number of nurses who completed the step of the procedure. 1Fisher’s exact
test; 2Chi-square test.

Overall G1 G2 p-value
(N=22) (N=11) (N=11)

Completed 10 (45.5%) 5 (45.5%) 5 (45.5%)
S24 Not Completed 9 (40.9%) 4 (36.4%) 5 (45.5%) > 0.051

Completed 13 (59.1%) 7 (63.6%) 6 (54.5%)
S25 Not Completed 3 (13.6%) 1 (9.1%) 2 (18.2%) > 0.051

Completed 19 (86.4%) 10 (90.9%) 9 (81.8%)
S26 Not Completed 12 (54.5%) 7 (63.6%) 5 (45.5%) > 0.051

Completed 10 (45.5%) 4 (36.4%) 6 (54.5%)
S27 Not Completed 10 (45.5%) 5 (45.5%) 5 (45.5%) > 0.052

Completed 12 (54.5%) 6 (54.5%) 6 (54.5%)
S28 Not Completed 13 (59.1%) 6 (54.5%) 7 (63.6%) > 0.051

Completed 9 (40.9%) 5 (45.5%) 4 (36.4%)
S29 Not Completed 11 (50.0%) 5 (45.5%) 6 (54.5%) > 0.052

Completed 11 (50.0%) 6 (54.5%) 5 (45.5%)
S30 Not Completed 6 (27.3%) 2 (18.2%) 4 (36.4%) > 0.051

Completed 16 (72.7%) 9 (81.8%) 7 (63.6%)
S31 Not Completed 6 (27.3%) 4 (36.4%) 2 (18.2%) > 0.051

Completed 16 (72.7%) 7 (63.6%) 9 (81.8%)
S32 Not Completed 20 (90.9%) 10 (90.9%) 10 (90.9%) > 0.051

Completed 2 (9.1%) 1 (9.1%) 1 (9.1%)
S33 Not Completed 18 (81.8%) 8 (72.7%) 10 (90.9%) > 0.051

Completed 4 (18.2%) 3 (27.3%) 1 (9.1%)

Table 3.11: Number of nurses who met the required parameter in the parameter specific
step. 1Fisher’s exact test.

Overall G1 G2 p-value
(N=22) (N=11) (N=11)

S8p Not Completed 0 (0%) 0 (0%) 0 (0%) /
Completed 22 (100%) 11 (100%) 11 (100%)

S9p Not Completed 0 (0%) 0 (0%) 0 (0%) /
Completed 22 (100%) 11 (100%) 11 (100%)

S10p Not Completed 1 (4.5%) 0 (0%) 1 (9.1%) > 0.051

Completed 21 (95.5%) 11 (100%) 10 (90.9%)
S11p Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S12p Not Completed 0 (0%) 0 (0%) 0 (0%) /

Completed 22 (100%) 11 (100%) 11 (100%)
S13p Not Completed 8 (36.4%) 3 (27.3%) 5 (45.5%) > 0.051

Completed 14 (63.6%) 8 (72.7%) 6 (54.5%)
S14p Not Completed 1 (4.5%) 0 (0%) 1 (9.1%) > 0.051

Completed 21 (95.5%) 11 (100%) 10 (90.9%)

Metrics at nurse-level Considering the metrics at nurse level (Table 3.12 and Figure
3.13), the analysis reported no statistically significant differences among all the metrics
between the two groups.
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Figure 3.11: Number of nurses who completed the specific step in groups G1 (blue) and
G2 (orange). The y-axis indicates the total number of nurses per group.

Figure 3.12: Number of nurses who completed the specific step meeting the required
parameter in groups G1 (blue) and G2 (orange). The y-axis indicates the total number
of nurses per group.
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Table 3.12: Mean, Standard deviation, and Wilcoxon-Mann-Whitney test results for the
metrics at nurse level.

Overall G1 G2 Wilcoxon
M SD M SD M SD z p

Total Score 16.70 2.46 17.50 2.16 15.90 2.60 1.22 0.22
Area 1 Score 2.36 0.71 2.59 0.58 2.14 0.78 1.32 0.19
Area 2 Score 7.64 0.58 7.77 0.34 7.50 0.74 0.88 0.38
Area 3 Score 1.91 0.70 2.14 0.60 1.68 0.75 1.49 0.14
Area 4 Score 3.82 1.50 3.91 1.51 3.73 1.56 0.23 0.81
Area 5 Score 0.77 0.43 0.77 0.47 0.77 0.41 0.11 0.92
Area 6 Score 0.18 0.40 0.27 0.47 0.09 0.30 1.03 0.30

Figure 3.13: Mean scores for nurse level metrics in groups G1 (blue) and G2 (orange).
Error bars represent ± SE. The y-axis indicates the full obtainable score range for the
scale (minimum to maximum).

Discussion

This study aimed to evaluate the efficacy of the BLC incorporating the iVR system to
enhance nurses’ pre-hospital procedural knowledge of STEMI management.
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Notably, nearly all nurses in both groups successfully completed the steps and param-
eters related to medical data acquisition via sensors (Figure 3.11, S8–S14, and Figure
3.12). In contrast, fewer than half of the participants in either group performed the
steps involving the collection (Figure 3.11, S5–S7) and communication (Figure 3.11,
S20–S22) of pharmacological and pathological history. Furthermore, almost none of the
participants completed the item regarding communicating name and surname to the
case manager doctor (S16) and future treatments to the patient (S32). This perfor-
mance gap may be attributed to the nature of real-world clinical practice. On one hand,
nurses typically operate within a team, thus participants may have struggled to execute
all procedural steps individually without the support of colleagues they usually rely on.
On the other hand, nurses may have prioritized the assessment of current symptoms (S3
and S4) and the communication of this information to case managers doctors (S18 and
S19), as this reflects standard protocols for pre-hospital emergency care.

The findings provide inconclusive support for the hypothesis; while G1 participants
achieved higher mean scores than G2 across several metrics, these differences did not
reach statistical significance. Consequently, the hypothesis that G1 would have greater
procedural knowledge could not be confirmed. This is particularly noteworthy because
our previous qualitative analysis [99] indicated that participants found the iVR system
immersive and motivating. However, this positive subjective perception did not trans-
late into a statistically significant improvement in performance compared to G2. These
results align with literature suggesting that integrating VR into traditional healthcare
courses does not always yield superior knowledge gains compared to conventional ap-
proaches [134, 190]. The following discussion explores the potential factors that may
have limited the efficacy of VR integration.

Statistical power and participants knowledge Regarding the statistical power,
our power analysis was set so that the study had sufficient power to detect a large effect
size (a minimum difference of 5 points in the mean total score). The observed results of
measurements at nurse-level (Table 3.12), report how G1 achieved higher mean scores
than G2 without statistical significance, suggesting that the true effect size is smaller
than anticipated and would require a larger sample to be detected. Furthermore, an
additional analysis of the initial question about self-perceived knowledge about reported
in Table 3.9 revealed no statistically significant differences (Wilcoxon test, z=0.17, p >
0.05) between G1 and G2. The lack of statistically significant differences may indicate
that nurses in both groups had similar self-perceived knowledge of the pre-hospital
management procedure for STEMI. Therefore, it is plausible that while G1 acquired
its knowledge through our structured BLC, G2 may have gained comparable knowledge
from other sources, such as field experience or other educational courses, thus narrowing
the measurable gap between the groups.

VR influence on steps Another potential explanation for the lack of significant
differences may lie in the specific implementation of VR during the course. The system
immersed nurses within a VE where they interacted with a virtual patient managed by
the instructor, thereby mirroring the instructional design of the traditional course. While
the iVR system enables simple interactions with medical equipment (e.g., simulating and
simplifying practical tasks such as electrode placement or IV line insertion), the increased
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immersion provided by the headset may not have enhanced the complex clinical decision-
making required. In this scenario, nurses must still recall and execute a specific sequence
of steps in response to the evolving clinical situation.

Our results aligns with existing literature suggesting that evidence for VR-based
training of higher-order outcomes, such as critical thinking, remains mixed or limited
[134, 191, 268].

Observation role might have mitigated results and learn by doing Another
factor contributing to the lack of statistical significance may be the structure of the VR
simulation activities. Throughout the course, seven scenarios were presented in each
edition. However, G1 nurses engaged in active practice with the iVR system in only
one scenario, while observing the remaining six. This limited hands-on engagement may
have reduced the potential impact of the immersive VR training, as participants had
fewer opportunities for direct active learning compared to their time spent as observers.

As reported in studies [33, 117] and a scoping review by Rogers et al. [266] in the
broader field of simulation-based education, observational learning can produce similar
outcomes to active participation under certain conditions. For instance, Ham et al. [117]
found no statistically significant differences in knowledge or clinical reasoning between
observers and active participants in a study on nursing care for hip arthroplasty. In our
study, observers were actively engaged through instructor-led group discussions focused
on the errors made during the VR simulations.

Therefore, the combination of limited iVR practice and the observation of many
scenarios as in the traditional courses may not have provided enough differentiation to
outperform traditional learning or field experience. However, since G1’s scores were
higher overall, it is possible that multiple hands-on sessions with the VR system may
be required to produce more conclusive effects, as Woon et al. [325] suggest in their
meta-analysis.

Feedback A further explanation for the lack of significant differences between G1 and
G2 may relate to the feedback modality used in the iVR system and the timing of feed-
back delivery. In the BLC, feedback regarding the correctness of actions was provided at
two specific points: first, by the instructor during the post-simulation discussion phase,
and second, upon the conclusion of all six editions of the BLC, coinciding with the
invitation for G1 participants to join this user study.

Providing feedback at the end of a simulation aligns with traditional simulation-based
learning, where post-simulation debriefing is a common practice in nursing education
[96]. While instructor-led debriefing allows for tailored feedback based on a learner’s
preparation level, it introduces subjectivity. Instructors must constantly balance the
need to address clinical mistakes with the challenge of preserving the students’ sense of
psychological safety [183]. Furthermore, instructors in this study prioritized procedural
errors based on clinical relevance, focusing on major mistakes while placing less emphasis
on minor deviations. Consequently, participants in both G1 and G2 likely received
similar feedback regarding the most critical steps of STEMI management, while less
clinically relevant actions received limited attention. This selective instructional focus
may have attenuated potential differences in procedural knowledge acquisition between
the groups regarding the specific management of STEMI.
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A primary advantage of XR-based systems is the potential to implement A&F mech-
anisms. Such automation would allow the iVR system to objectively identify when an
action is incorrect or deviates from established protocols. This could ensure that feed-
back is delivered in a consistent and standardized way, either in real-time during the
simulation or during a structured post-session debriefing.

Furthermore, the provision of personalized debriefing was subject to considerable
delay. This personalized debriefing provided the specific mistakes made by participants
within the iVR system. Because these reports were sent only after all six editions of
the BLC were completed, some learners received feedback one week after their session,
while others waited up to three months. This delay likely hindered the reinforcement of
procedural knowledge.

Therefore, the absence of real-time feedback, coupled with the delayed provision
of personalized reports and the subjectivity of instructor-dependent debriefing, likely
resulted in a learning experience for G1 that was comparable to G2, attenuating the
potential added value of the iVR component. Our findings align with current literature
suggesting that iVR learning outcomes are frequently comparable, rather than superior,
to those achieved through conventional teaching methods [62, 190, 223, 270].

Knowledge Decay and Refresh The timing of the post-training assessment may
have influenced the observed results. In this study, evaluations were conducted between
March and April 2023, whereas the course took place from October 2022 to January
2023. Consequently, participants were reassessed between two and six months after
completing the BLC. The literature indicates that procedural skills with a substantial
motor component can deteriorate markedly within weeks or months [300], while knowl-
edge related to advanced life support generally declines after approximately six months
[331].

The checklist comprises 33 distinct procedural steps based on guidelines developed
in the region where the study was conducted. The first part of the checklist (items S1 to
S22) involves gathering patient information and communicating it to the hospital case
manager. This is standard practice in other pre-hospital protocols (e.g., in managing
the n-stemi protocol 5) thus, nurses working in the field perform these steps regularly. In
contrast, the second part (S23 to S33) involves tasks that are performed less frequently.
Therefore, the absence of significant differences between G1 and G2 may also reflect a
decay of procedural knowledge over time in G1 rather than a lack of initial learning. If
this interpretation holds, these findings underscore the importance of regular refresher
training, as recommended by CME guidelines, to mitigate knowledge loss and support
long-term retention.

Conclusions

This study investigated the efficacy of integrating an iVR system into the educational
protocol of an institutionale CME training course for the pre-hospital management of
STEMI. While the results did not report statistically significant differences between

5https://www.regione.fvg.it/rafvg/export/sites/default/RAFVG/salute-sociale/sistema-sociale-
sanitario/FOGLIA53/allegati/11022019_PDTA_NSTEMI-FEB.pdf

https://www.regione.fvg.it/rafvg/export/sites/default/RAFVG/salute-sociale/sistema-sociale-sanitario/FOGLIA53/allegati/11022019_PDTA_NSTEMI-FEB.pdf
https://www.regione.fvg.it/rafvg/export/sites/default/RAFVG/salute-sociale/sistema-sociale-sanitario/FOGLIA53/allegati/11022019_PDTA_NSTEMI-FEB.pdf
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nurses who followed the BLC course and the control group, a consistent positive trend
was observed in the mean scores of G1.

The positive subjective impressions reported by the participants in the qualitative
analysis, alongside the upward trend in performance metrics, suggest that the value of
iVR extends beyond immediate score improvements. In the context of medical educa-
tion, iVR have been reported as a powerful support tool that enhances the learning
experience. By providing a safe and engaging environment for high-stakes rehearsal,
iVR may increase motivation, potentially encouraging nurses to engage more frequently
in voluntary refresher training.

Future research should investigate training designs that explore iVR’s motivational
potential through repeated hands-on practice and shorter assessment intervals to better
capture long-term retention and clinical readiness in time-critical care.



4
XR Training for Object Location

Spatial Memory

Building on the need for cognitive training aimed at preserving and enhancing mental
functions, this chapter focuses on the use of XR technologies to support Object–Location
Spatial Memory (OLSM) in healthy individuals. Through two studies involving XR
technologies, the chapter aims to understand how different design choices can affect
training efficacy and user experience.

The first system investigates display fidelity by comparing two versions of the same
serious game (headset and smartphone), evaluating how the degree of immersion in-
fluences spatial memory performance in a real-world task, as well as inside the SG,
engagement, and perceived effort.

The second system examines user experience and performance during a spatial task
by comparing the use of standard VR controllers with haptic gloves capable of delivering
force feedback.

4.1 Effectiveness of Display and Interaction Fidelity
in a SG for OLSM Training

Given the positive results in literature of iVR, nVR, and SGs for different kinds of
training, and current research on the use of VR in training in spatial abilities is promising
2.7, and that research in OLSM training is limited [193], this section presents a serious
game designed to train OLSM, developed for both VR headsets and mobile devices. The
study evaluates user perception regarding immersion, usability, and player experience,
as well as its efficacy in improving performance in a real-world OLSM task.
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Figure 4.1: Setting of the VE (left) and of the real environment (right) where the user
study was conducted.

4.1.1 The proposed SG

The SG to train OLSM is designed for both nVR and iVR devices, specifically mobile
smartphones and VR headsets. The SG was developed with Unity 2020.3 LTS1 and the
3D models were made with Blender2.

Game VE

The SG is set in a VE (Fig. 4.1 on the left) that replicates a room from the University
of Udine building (Fig. 4.1 on the right). The objects that the players interact with are
common items (i.e., a white bottle, a pile of poker fiches, a blue book, a chessboard, an
orange videotape cover, a black shoe box, a red bowl, and a red cube) without labels
or distinctive markings to prevent the player evoking specific memories or associations.
Players can place objects in 12 designated positions represented by fading black boxes,
as shown in the left part of Fig. 4.1. Each of the three tables in the room has four
positions above it.

Players can place objects using the quick inventory and the shelf inventory (Fig 4.2 on
the right). The first, with a light-blue background, temporarily stores objects removed
from the room for quick reuse and displays a numbered label indicating the quantity
in the inventory. The second, with a yellow background and grid layout, provides an
unlimited supply of objects. Figure 4.3 illustrates both inventories in the iVR and nVR
versions.

OLSM training task and implementation in the SG

The OLSM training task we designed consists of three phases: memorization, rearrange-
ment, and restoration.

1. Memorization: A set number of virtual objects are placed randomly in the room
based on the level’s difficulty. Some objects may appear multiple times (e.g., two
tapes, one white bottle, one chessboard). To proceed, the player, without any

1https://unity.com/
2https://www.blender.org/

https://unity.com/
https://www.blender.org/
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Figure 4.2: User playing with the iVR version of the SG during the memorization phase
(on the left) and selecting an object from the shelf inventory during the restoration
phase (on the right).

Figure 4.3: User interfaces of the Serious Game showing the quick inventory and the
shelf in the iVR (left) and nVR (right) versions.
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Figure 4.4: Visual feedback on the locations given to the player when the object placed
is correct (on the left) or wrong (on the right).

time limit, must interact with each object to ensure they have observed all the
objects they need to remember (as in Fig 4.2 on the left).

2. Rearrangement: The room undergoes up to four possible changes: (i) adding a new
object, (ii) moving an object, (iii) removing an object and placing it in the quick
inventory, or (iv) removing an object without adding it to the quick inventory. To
prevent reliance on short-term visual memory, all objects are temporarily hidden.
The waiting time is set to five seconds, allowing the visuospatial sketch pad to
fade its maximum efficiency so the player has to create the spatial configuration
of the objects over the tables in their working memory. The time of five seconds
is also set aiming to maintain engagement without loss of concentration.

3. Restoration: The player must restore the room’s original arrangement from mem-
ory. Objects can be moved, retrieved from the quick inventory, or taken from
the shelf (as in Fig 4.2 on the right). The system provides immediate visual feed-
back during the restoration phase to indicate whether an object has been correctly
placed. When an object is positioned, the black transparent box at that location
changes color to green for a correct placement (Fig 4.4 on the left) and red for an
incorrect one (Fig 4.4 on the right), allowing players to instantly recognize and
adjust their actions accordingly. If players fail to complete the task within the
time limit, they lose the level.

SG levels progression

The SG is designed to allow the level designer to adjust difficulty by modifying param-
eters for each level, which are the total number of objects to remember, and how many
to add, move, remove, or move to the quick inventory. In its current configuration, the
first four levels introduce game mechanics, while subsequent levels gradually increase in
difficulty so players can play at their current skill level, possibly contributing to reaching
the flow state [231]. The “target time" value estimates the level’s difficulty by calculat-
ing the time a player has to complete the restoration phase to earn the highest trophy
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Figure 4.5: Player’s target time in the SG to obtain the best trophy for the different
levels (bottom blue line) and maximum time to complete the level (top orange line).
The X axis indicates the levels, the Y axis indicates the time in seconds.

successfully. This value is based on all level parameters, assuming two seconds per re-
quired move and an increase relative to the total number of objects to remember. The
“maximum time" is calculated by rounding the “target time" up to the next full minute,
then adding one additional minute to allow extra time. As a result, the average player
is expected to complete the restoration phase of each level within the range between the
target time to earn the highest trophy and the maximum time before failure, while the
more skilled players can complete the restoration phase closer to the target time or even
faster. Figure 4.5 shows how the target time and the maximum time change across the
24 levels of the SG.

To encourage progression in the SG, players earn a trophy upon completing a level,
the quality of which (bronze, silver, and gold) depends on completion time and the
number of errors (i.e., fewer mistakes and more remaining time result in a better trophy).

Interactions with the SG in iVR and nVR

In the iVR version (Figure 4.3, on the left), players move physically in the VE to
reach the different locations. User interface elements appear as floating posters, and
interaction involves pointing a ray from the player’s hand and pressing the controller’s
trigger button. To remove an object, players grab it while pressing the grip button and
move it outside the designated area. To add an object, players open the quick inventory
(left controller button) or shelf (right controller button), then either point the ray at
the desired object and press the trigger button to spawn it in the air or grab it directly
by pressing the grip button. Finally, they place the object by moving it to the desired
location and releasing the grip button.

In the nVR version (Figure 4.3, on the right), players can see the VE by moving the



84 Chapter 4 — XR Training for Object Location Spatial Memory

Figure 4.6: A user playing the SG developed in the iVR version (on the left) and nVR
version (on the right).

smartphone, exploiting its gyroscope, and pinching the screen to zoom. They interact
with the user interface via touchscreen, while UI elements overlay the environment. To
remove an object, players tap it, adding it to the quick inventory. To place an object,
they select it from the inventory and either tap the desired location or use drag-and-drop
from the inventory or shelf.

Figure 4.6 shows a player playing with both versions of the SG.

4.1.2 User Study

The user study aims to examine how the iVR and nVR versions of the SG impact player
experience and OLSM training. We designed a between-subjects study, with two groups:
the iVR group uses a VR headset, and the nVR group plays on a mobile device.

We formulated the following hypotheses:
H1) We expect that the iVR group will feel a higher sense of presence than the nVR

group as in the related work [41, 45, 140, 192, 194, 239, 240].
H2) We expect that both groups will perform better in a OLSM task after being

trained with the SG, considering the positive effects of VR and SGs on training in
general [56], on cognitive training [49] and on training in spatial abilities [124].

Regarding users’ ability improvement to perform the OLSM task in the real world
after the training, the study takes an exploratory approach. According to the framework
proposed by [205], a higher sense of presence can lead to greater satisfaction, which in
turn may enhance learning outcomes. However, contrasting findings from [8] suggest
that increased spatial presence may actually impair memory recall. Moreover, some
previous studies have reported better training outcomes in iVR conditions [42, 316],
others have found nVR systems to be more effective for delivering procedural knowledge
[325], and others found no significant differences in training outcomes attributable to
the level of immersion [40, 275].

Finally, the study is explorative considering usability, players’ experience, and progress
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in the SG: on one hand, the nVR group may find the SG more usable, have a smoother
experience, and progress faster in the SG because of the use of a familiar device3; on the
other hand, the iVR group might benefit from the natural interaction with the tracked
controllers and the higher sense of presence (if H1 is confirmed).

Materials

We conducted the user study in the room of the University of Udine that was presented
in Fig. 4.1 on the right. This room is dedicated to user studies, with access restricted
to authorized personnel only and windows covered to prevent participants from being
distracted by outside stimuli. The nVR version has been tested with the Zte Axon 7
Android smartphone. The iVR version has been tested with the HTC Vive Pro with
the application running on a desktop computer with Intel i7-3820 processor and Nvidia
GTX 1070 graphics card.

The performance of the player within the SG has been recorded with a logger included
in the SG that saves four kinds of data: i) the level’s current configuration, ii) every
action of the player inside the application (e.g., objects added and removed during the
gameplay, iii) the user results at the end of the level, and iv) the hardware characteristics
of the device the SG is running on.

Measures

Sense of presence We measured sense of presence with the Igroup Presence Ques-
tionnaire [279]. It includes a specific item for the sense of "being there" IPQ-G1P, three
different subscales (spatial presence IPQ-SPP, involvement IPQ-INVP, and realness of
the simulation IPQ-REALP), and a global value of presence IPQ-TOTP calculated by
averaging all the items, after reverting the scale of negative items. These scales range
from 0 to 6, where 6 indicates the greatest sense of presence.

Usability The usability of the SG was evaluated with the System Usability Scale
(SUS) [39] questionnaire, which includes 10 items and gives results on a scale 0-100.

Player Experience We measured player experience using the Player Experience In-
ventory [4], which includes 30 items assessing experience on two levels. The first, Func-
tional Consequences (PXFUN), captures immediate reactions to game design elements
such as audiovisual appeal and ease of control. The second, Psychosocial Consequences
(PXPSY), reflects emotional and social responses as a second-order effect of those game
design choices. Both PXFUN and PXPSY are scored on a scale from 1 to 7, with 7
indicating the most positive result.

Progress within the SG We measured the progress in the SG with the logger inside
the application. The MLW value indicates the maximum level the players have won in
their gameplay.

3https://www.radicati.com/wp/wp-content/uploads/2021/Mobile_Statistics_Report,_2021-
2025_Executive_Summary.pdf

https://www.radicati.com/wp/wp-content/uploads/2021/Mobile_Statistics_Report,_2021-2025_Executive_Summary.pdf
https://www.radicati.com/wp/wp-content/uploads/2021/Mobile_Statistics_Report,_2021-2025_Executive_Summary.pdf
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Performance in an OLSM task in the real world We designed a real-world task
that was similar to the one in the SG. We attached tape on the tables in the real room
(Figure 4.1, on the right) to indicate the 12 locations of the objects, and the participants
could use two boxes, one in the center of the room as the quick inventory and another
at the side of the room as the shelf with all the objects. The selected objects for the
real-world task were: a box of paper clips, an envelope, a blue folder, a green folder, a
box, and a remote controller.

The task is structured in three phases that correspond to those in the SG:

1. Memorization. Participants have two minutes to remember the position of the
seven items placed above the crosses marked with tape over the three tables in
the room. They are allowed to move freely around that part of the room but are
not permitted to move the objects.

2. Rearrangement. The experimenter performs the following room modifications:
relocating an object, introducing a new object, placing an object in the quick
inventory box, and completely removing an object from the tables. To prevent
participants from observing these changes, the experimenter brings them outside
the experiment room. The modifications take approximately 30 seconds, and
bringing the participant in and out of the room adds about another 30 seconds.

3. Restoration. Participants are informed that some objects have been added, re-
moved, and moved compared to the original setup. Without any time limit, they
have to restore the object configuration based on their memory and indicate com-
pletion by saying “I’m done.” The experimenter then starts a stopwatch to measure
the restoration time and, upon task completion, stops the timer and takes a photo
of the final arrangement to assess errors later.

After completing the restoration phase, the experimenter removes all the objects
from above the tables. The participant performs the task two times, one before and one
after the gameplay session. Figure 4.7 shows the objects configuration of the first task
(top row) and second task (bottom row) before (left column) and after (right column)
the rearrangement.

The number of errors and the time elapsed during the restoration phase are the
measures used to track the user performance in the task.

Participants

We involved a sample of 51 students, all from the computer science bachelor degree pro-
grams at the University of Udine. After excluding those involved in pilot tests (N=4)
and those who had technical problems during the experience (N=2), the data of 45 par-
ticipants (43M, 2F) were used for the analysis. Participants’ age ranged from 20 to 26
(M=21.44, SD=1.47). We asked participants how many hours they play with videogames
(VGH) on average every week (M=6.56, SD=6.70). We also asked participants if they
had previously used VR headsets and, if they had, for how many hours (VRH): 29 had
not used them, while 16 participants had used them (M=1.75, SD=1.26). Participants
were assigned to the two groups (iVR: 22 participants; nVR: 23 participants) in such a
way that the groups were similar in terms of gender (both the iVR and the nVR group
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Figure 4.7: Object configurations for the first (A, B) and second (C, D) real-world
OLSM tasks. Configurations A and C show the initial setups to be memorized by
the participant, while B and D show the room arrangements after the experimenter’s
modifications.
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had one female participant), age (iVR: M=21.36, SD=1.26; nVR: M=21.52, SD=1.68),
frequency of video game use (iVR: M=7.05, SD=6.96; nVR: M=6.09, SD=6.57), and pre-
vious experience with VR headsets (iVR: M=1.79, SD=1.47; nVR: M=1.71, SD=1.16).
Each of the variables for which we aimed at minimizing between-group differences was
submitted to a t-test that confirmed no statistically significant difference between the
two groups.

Procedure

The experimenter told the participants we were testing a SG that aimed at training
memory. The experimenter also informed participants that VR users might suffer from
nausea or headache in rare cases, and they could refrain from continuing the experiment
at any time and for any reason. The experimenter then explained that he would ask
participants to fill out some questionnaires in an anonymized form. After they gave
written informed consent, the experimenter asked participants to turn off or silence
their smartphone to minimize distractions during the experiment and then asked them
to complete an initial questionnaire concerning the information described in Section
4.1.2.

Then, after the preparation of the room, the experimenter explained and asked
participants to perform the first OLSM task in the real world as described in Section
4.1.2.

After removing all the objects from the tables, the experimenter asked participants
to move in the middle of the tables and provided them with a one-minute explanation
on how to interact with the technology (headset for the iVR version and smartphone for
the nVR one). Regardless of the version, participants played with the SG for 15 minutes
(as the user in Figure 4.6). For the iVR version of the SG, the experimenter positioned
himself where he could monitor participants for their safety without interfering with
their experience. For the nVR version, the experimenter stood behind a column in an
alcove of the room, out of the participants’ view, to avoid distracting them.

Then, the experimenter asked participants to fill out the IPQ, SUS, and PXI ques-
tionnaires. Finally, participants performed the second OLSM task in the real world as
described in Section 4.1.2.

4.1.3 Results
All data were statistically analyzed with SPSS software4, version 28. Results concerning
the sense of presence, usability, player experience, and progress within the SG were
analyzed with the t-test. Results concerning the performance in the OLSM task were
analyzed with a mixed-design ANOVA where the version of the SG is the between-
subjects variable, and the instant of measurement (pre or post training with the SG) is
the within-subjects variable.

Sense of Presence

Regarding presence (Table 4.1), the analysis revealed statistically significant differences
between the groups for several measures. The general sense of being there (IPQ-G1P, p <

4https://www.ibm.com/spss

https://www.ibm.com/spss
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Table 4.1: Mean, standard deviation, t-test results, and effect size for presence (IPQ
scales), usability (SUS), player experience (PXFUN and PXPSY), and progress in the
SG (MLW).

iVR nVR t-Test Effect size
Measures M SD M SD t df p Cohen’s d
IPQ-G1P 4.59 1.33 3.09 1.16 4.04 43 < .001 1.20
IPQ-SPP 4.35 0.76 3.18 1.08 4.16 43 < .001 1.24

IPQ-INVP 4.11 1.21 3.39 1.36 1.88 43 > .05 0.56
IPQ-REALP 2.92 0.66 2.68 0.81 1.07 43 > .05 0.32
IPQ-TOTP 3.89 0.67 3.09 0.85 3.47 43 < .005 1.04

SUS 75.80 12.01 79.13 7.93 −1.10 43 > .05 0.33
PXFUN 5.50 0.75 5.46 0.76 0.17 43 > .05 0.05
PXPSY 4.84 1.02 4.26 1.12 1.83 43 > .05 0.55
MLW 11.73 1.86 14.57 2.54 −4.27 43 < .001 1.28

0.001) and the spatial presence subscale (IPQ-SPP, p < 0.001) both showed statistically
significant differences, as did the overall presence score (IPQ-TOTP, < 0.005), with
higher means in the iVR group compared to the nVR group and a large effect size for
all of them. Instead, no statistically significant differences were found for involvement
(IPQ-INVP, p > 0.05) or experienced realism (IPQ-REALP, p > 0.05).

Usability

Regarding usability (Table 4.1), the analysis showed no statistically significant difference
between groups in the overall System Usability Scale (SUS, p > 0.05).

Player Experience

Regarding player experience (Table 4.1), the analysis showed no statistically significant
differences between groups in both functional consequences (PXFUN, p > 0.05) and
psychosocial consequences (PXPSY, p > 0.05) scores.

Progress in SG

Regarding the progress in the SG (Table 4.1), the analysis revealed that the difference
in the MLW variable was statistically significant (p < 0.001), with higher means in the
nVR group compared to the iVR group and a large effect size.

OLSM task in the real world

Figure 4.8 shows the number of errors and the time elapsed in the pre and post (on x
axis) OLSM tasks in the real world and the version of the SG (separate columns). The
analysis showed a main effect of the instant of measurement for the number of errors
(f(1,43)=6.51, p < 0.05, η2p = 0.13) and the time elapsed (f(1,43) = 21.03, p < 0.001,
η2p = 0.33), both higher before the training with the SG, with a medium effect size for
the number of errors and a large effect size for the time elapsed. Instead, there was
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Figure 4.8: Number of errors (left part) and time elapsed (right part) in the pre and post
(on x axis) OLSM tasks in the real world and version of the SG (separate columns).
Capped vertical bars show standard error. The * and **** signs indicate differences
with p-values respectively < 0.05 and < 0.001

no main effect of the version of the SG either for the number of errors (f(1,43) = 1.90,
p > 0.05, η2p = 0.04) or for the time elapsed (f(1,43) = 0.15, p > 0.05, η2p < 0.01).
There was also no interaction between the independent variables either for the number
of errors (f(1,43) = 0.37, p > 0.05, η2p = 0.01) or for the time elapsed (f(1,43) = 0.23,
p > 0.05, η2p = 0.01).

4.1.4 Discussion

The aim of this study was to explore how the iVR and nVR versions of the SG affect
users’ sense of presence, usability of the SG, player experience, and progress within the
SG, and if the training with the SG could enhance users’ ability to perform OLSM tasks
in the real world.

As hypothesized (H1), participants who played the SG in the iVR version reported a
significantly higher sense of presence than those in the nVR version. This was reflected
in: the general sense of “being there” (G1P), the spatial presence subscale (IPQ-SPP),
and the overall presence score (IPQ-TOTP). These results confirm our hypothesis, align
with previous findings in the literature [41, 45, 140, 192, 194, 239, 240], and extend
them to a SG designed for OLSM training. Notably, according to the interpretation of
IPQ presence scores of [216], the average IPQ-TOTP for the iVR version is satisfactory,
while the average IPQ-TOTP for the nVR version is unacceptable. No statistically
significant differences were observed for involvement (IPQ-INVP), although the effect
size was medium. Moreover, the average IPQ-INVP for the iVR version is satisfactory,
while it is unsatisfacotory for the nVR version. Statistical significance was not reached
also for experience realism (IPQ-REALP), but for this subscale this is likely because
both versions used the same 3D models. Notably, for both versions, the average IPQ-
REALP scores were unsatisfactory according to interpretation of [216]. This can be due
to the absence of detailed textures (e.g., with labels or distinctive markings) that was
intended to prevent the player evoking specific memories or associations as described in
Section 4.1.1.

Regarding usability, both versions of the SG received high SUS scores, with no
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statistically significant difference between the two versions, and a small effect size. Since
the minimum acceptable SUS score for usability is 70, and both versions scored above
75 (iVR=75.79, nVR=79.13), participants found both versions of the SG to have good
usability [27]. The lack of differences between iVR and nVR aligns with the results of
[42, 192, 240], suggesting that, despite most of the participants lacked prior experience
with VR headsets, the natural interaction offered by the use of tracked controllers in
the iVR version may have compensated the familiarity with the smartphones.

Regarding player experience at the functional consequences level (PXFUN), the mean
scores (iVR=5.50, nVR=5.46) indicate that players gave a positive evaluation to both
versions of the SG, with no statistically significant differences between groups, and a
negligible effect size. This high similarity in the PXFUN scores is likely due to the
fact that the core game content remains the same, and the differences lie only in the
interaction methods and participants rated the usability good for both versions of the
SG, as described above. For psychosocial consequences (PXPSY), while no statistically
significant difference was found, the mean scores (iVR=4.84, nVR=4.26) suggest that
players in the iVR group reported a more favorable emotional response, with a medium
effect size. A possible explanation for the medium effect size for the PXPSY score is the
novelty effect, since, for many participants, it was the first time they used an immersive
VR headset, and this may have influenced their overall perception of the experience.

Regarding progress within the SG, a statistically significant difference was found in
the maximum level reached. On average, the nVR group completed three more levels
than the iVR group. This result is different from the one of [240], who did not find
differences between the final level reached by their participants. A possible explana-
tion for our result is that participants in the iVR group might have spent part of the
gameplay time familiarizing themselves with the VR headset and the tracked controller
(especially those using a VR headset for the first time) rather than immediately focusing
on progressing through the levels.

Considering the users’ ability improvement in performing the OLSM task in the real
world, the mixed-design ANOVA confirmed hypothesis H2. Specifically, both the num-
ber of errors and the time elapsed significantly decreased between the pre-test and the
post-test, supporting the effectiveness of the SG for OLSM training and extending to
this kind of training the positive effects of VR SGs from the literature [56]. Although
participants in the nVR group completed more levels, thus training in more complex
OLSM tasks, their improvement in the real-world OLSM task was comparable to that
of the iVR group. Statistical analysis found no significant difference in effectiveness
between the two SG versions (no main effect of the SG version and no interaction),
and both groups showed similar benefits. In the literature, some studies have reported
superior performance in iVR conditions when training specific abilities [42, 316], while
others have found nVR systems to be more effective for delivering procedural knowledge
[325]. Meta-analyses have also concluded that no single VR setup is universally supe-
rior across training domains [133]. These findings suggest that the benefits of higher
immersion may be task-dependent rather than universally applicable. This perspective
is supported by [275], who reported that the success of VR protocols in rehabilitating
Unilateral Spatial Neglect, a spatial awareness disorder, depended more on other aspects
than the level of immersion alone.

In particular, our design of the OLSM task mainly relies on an allocentric strategy,
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as the positions of the objects are anchored to fixed landmarks in the environment, such
as tables (e.g., the blue book is to the right of the table under the window). While both
versions of the SG support the allocentric object-to-object frame of reference, the iVR
version potentially supports also the egocentric self-to-object frame, as users can remain
stationary while exploring the environment by simply turning their heads, thus they can
more easily define a consistent egocentric frame of reference (e.g., “in front of me,” “to
my left,” “to my right”). Instead, in the nVR version, users must physically turn around
to explore the VE and observe the positions of the different objects, which makes it
more difficult to rely on egocentric self-to-object references. Possibly, in a OLSM task
relying more on the egocentric frame, the iVR version might lead to better performance.

Another possible explanation for the lack of statistically significant differences be-
tween the iVR and the nVR versions on the improvement in the real-world OLSM task
can be that the possibly positive effect of completing a higher number of levels in the
nVR version was compensated by the greater sense of presence experienced in the iVR
version, which could have enhance training outcomes as suggested by [205].

Overall, the study provides evidence that the proposed SG can effectively train users’
spatial abilities, with both the iVR and nVR versions contributing to an improvement
in an OLSM task. Interestingly, the increased sense of presence of the iVR version
did not result in significantly better performance in the real-world OLSM task com-
pared to the nVR version. Therefore, while iVR can offer a more immersive experience,
the comparable outcomes suggest that even the non-immersive version of the SG can
effectively support the training of spatial abilities. These results suggest that future
research should explore the development of mobile-based OLSM SGs, which, due to the
widespread availability and familiarity of smartphones, have the potential to benefit a
broader population compared to the number of individuals who own an iVR headset at
home. This approach was already successfully explored in the context of aviation safety,
where [40] showed that an nVR and an iVR version of the same SG led to comparable
knowledge gain and retention, and then released a more rich nVR version of the SG
called “Prepare For Impact" on mobile app stores, reaching several million users [65].

4.1.5 Limitations
Some limitations of our study should be acknowledged. First, the sample of involved
participants was not diverse, as they were mostly young individuals with a background
in computer science, and only two female participants were included. This limits the
generalizability of the findings to broader populations. Future studies should involve a
more heterogeneous sample to assess whether the observed trends hold across different
age groups, genders, as well as educational and technological backgrounds.

Second, the lack of a statistically significant difference in the real-world OLSM task
may be due to the task not being sufficiently challenging to reveal differences in train-
ing effectiveness between the two SG versions. The low error rates in the post-test
(iVR=0.05; nVR=0.22) suggest that the task may have been too easy, leading to a
ceiling effect. Therefore, future research should consider OLSM tasks with increased
complexity to assess whether, in this case, a difference between the iVR and nVR ver-
sions could be noted.

Considering the two limitations together, the lack of statistically significant differ-
ences in OLSM task performance may have been influenced by the sample used in the
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study. The same real-world OLSM task might yield different outcomes if it were con-
ducted with individuals affected by medical conditions that impair spatial abilities. In
such cases, the considered task might be considered more challenging by the users and
lead to higher times and errors. To support the training of individuals with spatial
impairments, the SG’s adjustable level parameters (described in Section 4.1.1) could be
used to tailor the difficulty, making the SG more suitable for enhancing OLSM skills in
that specific population.

A possible additional limitation that could have reduced the advantages of the iVR
version of the SG is the use of controllers instead of bare-hand or glove-based hand
tracking. A more natural interaction might have led to shorter familiarization times
and a higher number of completed levels with the iVR version of the SG, possibly
resulting in a performance improvement in the OLSM task.

4.1.6 Conclusion and future work

Considering the positive results of VR and SGs in training found in the literature and
the limited research on VR and SGs for OLSM training, we proposed a SG for OLSM
training, also comparing a iVR and nVR version and evaluating their efficacy with a
user study.

Both versions were found usable, and participants positively perceived the experi-
ence, but the iVR group had a greater sense of presence compared to the nVR group,
while the progress in the SG was greater for the nVR group. OLSM results show that
playing the SG leads to a statistically significant improvement in the performance of a
real-world OLSM task (fewer errors and less time elapsed after playing), regardless of
the SG version used.

The task designed in this study primarily engages an allocentric object-to-object
frame of reference, emphasizing relationships independent of the user’s position. It
would, therefore, be interesting in future research to compare the two SG versions using
a task that relies more on an egocentric self-to-object reference frame. Such a comparison
could help determine whether the iVR version provides advantages compared to the nVR
version for that kind of task.

Since our study involved young people with a computer science background, we
plan to extend our results to people of different ages and technological competencies in
future studies. In particular, we would like to exploit the SG to train older adults with
impairments related to spatial memory.

It will also be interesting to study the long-term effects of the SG by training OLSM
with it over time, e.g., by deploying the nVR version on mobile app stores and the iVR
version on stores available from VR headsets. Finally, following the results of [118], it
would be interesting to add cues and other stimuli near the objects in the room and
then compare the results with and without those stimuli to eventually support mnemonic
strategies for remembering object locations in a rehabilitation context.
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4.2 Effects of Haptics in an XR System for Object-
Location Spatial Memory Training

This section details an experiment in which users perform an OLSM task using either
handheld controllers or force-feedback gloves, investigating how different haptic devices
influence performance and metrics of presence, usability, and fatigue.

Given the positive results of using iVR in OLSM tasks and the enhanced experiences
users perceive with FGs, this work will investigate if and how FGs could improve OLSM
performance in a specific task in iVR.

4.2.1 User Study

This user study investigates whether the hardware used to interact in the iVR can
influence OLSM. More precisely, two interaction methods with virtual objects are com-
pared: 6-DOF tracked handheld controllers (HCs) and 6-DOF tracked force-feedback
gloves (FGs).

We designed a task to train OLSM that consists of remembering different objects’
spatial locations. The task is composed of four steps:

1. Memorize the locations of different objects over a table.

2. Move the objects one by one to a box over another table.

3. When all objects are moved inside the box, wait for the objects to be shuffled.

4. Move the objects from the box to the starting table in the memorized locations.

The task is repeated three times with an increasing level of difficulty. The difficulties
were chosen according to Miller [222] magic number 7 ± 2 of uncompressed chunks in
working memory[211]. The first level (3 items) has few objects to remember, so the users
can perform the task while familiarizing themselves with the system. The difficulty of
the second level (5 items) was chosen as the lower bound of the magic number, and the
third level (10 items) as the upper bound with an additional object to give a higher
challenge.

Design and Hypotheses

We conducted a within-group user study to evaluate the HCs and FGs interaction meth-
ods. Half of the users tried the HCs first and the FGs next, while the other half did the
opposite. All the users attempted the three different levels of the application two times,
one for each interaction method.

The within-group design was chosen to balance the possible differences in the OLSM
ability of the participants, since each user provides data for both conditions, and to
improve the statistical efficiency, as pointed out by Greenwald [113]. The main problem
of this design is that the subjects are susceptible to the possible effect of practice,
sensitization, and carryover [113]. In this user study, however, these effects are limited for
these reasons: i) the task is focused mainly on WM, and the task does not involve LTM;
ii) the objects to remember are not significative, and thus they should not stimulate
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LTM; iii) between the two trials, there is a break from performing the task where the
participants have to fill out the questionnaires and, therefore, it should empty the WM;
iv) the groups are counter-balanced in the order they tried the two conditions.

Besides evaluating the performance of the task, we considered other aspects of the
experience that may have an impact on training: i) presence may influence the user’s
focus on the OLSM task rather than being distracted by external distractions in the
real environment; ii) the system’s usability could lead to a high task success rate, as
pointed out by [167], and thus it may lead to more successful training of the OLSM; iii)
muscle fatigue could lead to a deterioration in cognitive performance [324], thus to an
inefficient effect of the OLSM training.

We made seven hypotheses: four regarding the performance of the OLSM tasks and
three for the overall experience.

• H1) We expected that users would remember more object locations with the FGs
than HCs throughout the levels because, as described in Section 1, the FGs could
provide haptic inputs about the shape of the objects. This FG capability can
contribute to updating users’ spatial image of the environment [195], enhancing
the OLSM.

• H2) We expected that the proportion of correctly placed objects after the shuffle
would be higher in the first two levels than in the third one, because the number
of objects in the third level is higher than the upper bound of Miller [222] magic
number, while it is lower in the first two levels.

• H3) We expected that users would complete the task in less time with the FGs
than HCs because they can use their hands like in the real world, thus using the
same abilities to move objects acquired during their lifetime.

• H4) We expected that the average time elapsed to handle an object would be
higher in the first level than in the last two, because the first time the users try a
new interaction method they would need to familiarize with it.

• H5) We expected that users would feel a greater sense of presence with the FGs
because of the more natural interaction with the objects, in line with the results
seen in [226].

• H6) We expected that users would find the application more usable with the FGs
because of the more natural interaction with the objects, in line with the results
seen in [226].

• H7) We expected that users would feel more fatigue in the fingers and the wrist
with the FGs because of the weight of the glove, as suggested by [255].

Materials

Figure 4.9 shows the VE used for the OLSM task. The VE is composed of an empty
room to limit distractions, the two tables necessary for the task, and the instructions in
the users’ native language. There are several slots based on the number of objects to
remember over the table on which objects are located at step 1 of the task. The objects
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used for the OLSM task are 3D shapes of different solids: a cube, an ovoid, a capsule, a
sphere, and a cylinder. The application has three levels of difficulty as described above.

Figure 4.9: Virtual Environment used for the task composed by an empty room, the
two tables, and the instruction in the users’ native language.

The HCs employed for the task were the HTC Vive Pro Controllers 5. Users could
press or release the “Grip” or “Trigger” buttons to grab or drop objects. Instead, the
FGs worn by users were the SenseGlove DK1 gloves 6. Users could grab and release
objects like in real life by closing or opening their hands near a target object. Figure 4.10
presents an example of the user interacting with the HC and the FG. In both conditions,
users could see the VE using a commercial VR headset (HTC Vive Pro).

Figure 4.10: The two interaction methods used to handle virtual objects. On the left
side, the user has the HC (HTC Vive Pro Controller) in his hand, and on the right side,
he is using the FG (Senseglove DK1).

The application was developed with Unity 2020.3 LTS 7 and the Open XR framework

5https://www.vive.com/us/accessory/controller/
6https://www.senseglove.com/
7https://unity.com/

https://www.vive.com/us/accessory/controller/
https://www.senseglove.com/
https://unity.com/
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8. A logger in the application saved in a file the total number of correctly placed objects
after the shuffle and the time elapsed to complete the task. The simulation was run on
a PC equipped with a 3.30 GHz Intel i7-5820K processor, 16 GB RAM, and a Nvidia
GTX 980 graphic card.

Participants

The evaluation involved a sample of 24 participants (17M, 7F). Participants were vol-
unteers that received no compensation and were recruited through personal contact.
Age ranged from 20 to 28 (M = 22.71, SD = 2.01). We asked participants if they
had previously used any HMDs and, in case of a positive answer, for how many hours.
Answers of the 9 participants who had previously used an HMD ranged from 0.3 to 20
hours (M = 3.59, SD = 6.31). We also asked all participants how many hours per week
they use video games. Answers ranged from 0 to 18 hours (M = 4.44, SD = 5.34), with
7 of them not playing at all and 4 of them playing at least 10 hours.

Measures

Performance of the OLSM task The performance was evaluated with the data
gathered by the application logger. More precisely, we considered two measures: i) the
proportion of correctly placed objects (PO) after the shuffle (correctly placed objects
over total objects in that level); ii) the average time elapsed (TE) to handle an object
during the OLSM task at each level (total time spent for the task without the waiting
time over total objects in that level).

Sense of presence We measured sense of presence by administering participants the
Igroup Presence Questionnaire [279]. It includes a general item for the sense of “being
there” (IPQ-G1P), and 13 other items organized in three different subscales (spatial
presence IPQ-SPP, involvement IPQ-INVP, and experienced realism IPQ-REALP). The
global value of presence IPQ-TOTP is calculated by averaging answers from all items.
Global value and subscales can range from 0 to 6, where 6 indicates the greatest sense
of presence.

Usability The system usability was evaluated with the well-known SUS questionnaire
[39], which includes 10 items and gives the result on a scale from 0 to 100.

Fatigue The fatigue was measured with the Device Assessment Questionnaire (DAQ)
[90], which includes 13 items concerning the required force, smoothness, mental and
physical effort, the accuracy and speed of the movements, the fatigue in different parts
of the body, the general comfort, and the ease of use. Each item can be rated on a
5-point scale, ranging from 1 to 5. For items 1, 3, 4, 6, the most desirable value is at the
central point (3). For items 2, 12, 13 the most desirable value is the highest endpoint
(5). For items 5, 7, 8, 9, 10, 11 the most desirable value is the lowest endpoint (1).

8https://www.khronos.org/OpenXR/

https://www.khronos.org/OpenXR/
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Procedure

The experimenter told participants we were testing different interaction methods in an
iVR experience. He also informed participants that VR users could suffer from nausea
or headache in rare cases, and they could refrain from continuing the experiment at any
time and for any reason. The experimenter then explained that he would ask participants
to fill out some questionnaires in an anonymized form. After they gave informed consent,
participants completed an initial questionnaire concerning the information described in
Section 4.2.1.

Then, the experimenter asked participants to go to the middle of the room, and he
helped them wear the HMD and the HCs or the FGs. As described in Section 4.2.1,
half of the participants tried the HCs first and the FGs next, while the other half did
the opposite. For the HCs, the experimenter explained the “trigger” and “grip” buttons
to interact with for grabbing the objects. Instead, for the FGs, the experimenter asked
the participants to move their fingers to calibrate the gloves and told them that they
can grab and drop the virtual objects like in the physical world.

Then the experimenter explained the task participants had to perform in the iVR
experience as described in Section 4.2.1. The experimenter told the participants to
notify him when they had finished the task so he could make the application proceed to
the next level.

After completing all levels for the first interaction method, the experimenter helped
the participants to remove the devices and invited them to fill out the three question-
naires described in Section 4.2.1: IPQ, SUS, and DAQ. Then participants tried the
second interaction method and filled the questionnaires a second time.

4.2.2 Results
All data have been statistically analyzed with SPSS, version 28 9. Results concerning
performance in the OLSM task were analyzed using 3x2 repeated measures ANOVA,
since each participant tried all the three levels with both interaction methods. When
Mauchly’s test indicated that the assumption of sphericity was violated, degrees of free-
dom were corrected using Greenhouse-Geisser. When we found a main effect of level,
we proceeded with Bonferroni pairwise comparisons. When we found an interaction be-
tween the two independent variables, we analyzed simple effects, considering the effects
of level separately for each of the two interaction methods, and the effects of interaction
method separately for each level. Results concerning measures of presence and usability
were analyzed using paired t-Tests. Results concerning the items of DAQ questionnaire
were analyzed using Wilcoxon Signed-Ranks Tests.

Performance

Figure 4.11 shows the results of the performance measures for each level (on x axis) and
condition (separate lines).

Considering PO (Figure 4.11a), we found no main effect of interaction method,
F (1, 23) = 0.00, p > 0.05, η2p = 0.00, a main effect of level, F (2, 46) = 61.41, p < 0.001,
η2p = 0.73, and no interaction, F (2, 46) = 0.68, p > 0.05, η2p = 0.03. Post-hoc analyses

9https://www.ibm.com/products/spss

https://www.ibm.com/products/spss
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showed that PO was higher in the first two levels than in the third, p < 0.001, and no
statistically significant difference between the first and the second level, p > 0.05.

Considering TE (Figure 4.11b), we found a main effect of interaction method, F (1, 23) =
74.15, p < 0.001, η2p = 0.76, a main effect of level, F (1.59, 36.55) = 28.79, p <
0.001, η2p = 0.56, and an interaction between the two independent variables on TE,
F (1.24, 28.62) = 5.91, p < 0.05, η2p = 0.20. TE was higher with FG than HC, p < 0.001.
Post-hoc analyses showed that TE was higher in the first than in second and third level,
p < 0.001, and that TE was lower in the second than in the third level, p < 0.05. The
analysis of simple effects showed that TE was higher with FG than HC at all levels,
p < 0.001. When interaction method was FG, TE was higher in the first than in the
last two levels, p < 0.001, and no statistically significant difference was found between
the second and the third level. When interaction method was HC, TE was higher in
the first than in the second level, p < 0.005, TE was lower in the second than in the
third level, p < 0.05, and no statistically significant difference was found between the
first and the third level.

Figure 4.11: PO (a) and TE (b) for each level (on x axis) and condition (separate lines).
Capped vertical bars show 95% CI. The ∗, ∗ ∗ ∗, ∗ ∗ ∗∗ signs indicate differences with
p-values respectively < 0.05, < 0.005, < 0.001.

Presence

Considering presence (Table 4.2), the analysis revealed that the difference in the means
for the general item about the sense of being there (IPQ-G1P) was statistically signif-
icant, p < 0.05. The mean was higher with FGs than with HCs. The differences in
the means for the spatial presence subscale (IPQ-SPP), the involvement subscale (IPQ-
INVP), the experienced realism subscale (IPQ-REALP), and the global value (IPQ-
TOTP) were not statistically significant.

Usability

Considering usability (Table 4.2), the analysis revealed no statistically significant differ-
ence for the overall SUS score.
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Table 4.2: Mean, Standard Deviation, and paired t-Test results for IPQ scales and
usability.

HC FG Paired t-Test
Measures M SD M SD t df p bilateral

IPQ-G1P 4.50 1.14 4.92 1.02 -2.10 23 < .05
IPQ-SPP 4.48 1.06 4.85 0.51 -1.63 23 > .05
IPQ-INVP 3.96 1.19 4.14 1.09 -0.95 23 > .05
IPQ-REALP 2.66 0.97 3.05 0.85 -1.94 23 > .05
IPQ-TOTP 3.81 0.84 4.14 0.61 -1.85 23 > .05
SUS 83.54 11.28 83.13 11.23 0.14 23 > .05

Table 4.3: Mean, Standard Deviation, and Wilcoxon Signed-Ranks Test results for the
items of the DAQ questionnaire.

HC FG Wilcoxon Signed-Ranks Test
Item M SD M SD Z p

1 Required force 1.08 0.28 1.58 0.65 -2.97 < 0.005
2 Smoothness of movements 4.21 0.59 3.63 0.65 -2.73 < 0.01
3 Mental effort 2.25 0.99 1.96 1.00 -1.71 > 0.05
4 Physical effort 1.25 0.44 1.29 0.55 -0.33 > 0.05
5 Accuracy of the movements 2.25 0.85 2.46 0.93 -0.82 > 0.05
6 Speed of the movements 3.00 0.51 3.04 0.46 -0.33 > 0.05
7 Finger fatigue 1.13 0.34 1.79 0.88 -3.18 < 0.005
8 Wrists fatigue 1.08 0.28 1.54 0.93 -0.24 < 0.05
9 Arms fatigue 1.17 0.38 1.38 0.65 -1.51 > 0.05
10 Shoulder fatigue 1.13 0.34 1.33 0.70 -1.67 > 0.05
11 Neck fatigue 1.29 0.75 1.29 0.75 0.00 > 0.05
12 General comfort 4.33 0.70 3.92 0.72 -1.85 > 0.05
13 Overall ease of use 4.79 0.42 4.54 0.59 -1.90 > 0.05

Fatigue

Regarding perceived fatigue (Table 4.3), the analysis of the DAQ questionnaire re-
ported that the differences in the means for Item 1 (p<0.005), Item 2 (p<0.01), Item
7 (p<0.005), and Item 8 (p<0.05) were statistically significant. Instead, the differences
in the other DAQ items were not statistically significant.

4.2.3 Discussion

Considering H1, we expected that users would remember more object locations with
the FGs than HCs, thanks to the FG’s capability of suggesting the shape of the ob-
jects and the possible influence of haptic feedback in updating the spatial image of the
environment[195]. We could not confirm our hypothesis since there were no statistically
significant differences in the PO.
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Hypothesis H2 was instead confirmed by statistically significant differences in the
means that showed how, on average, the PO was higher in the first two levels than in
the third one for both interaction methods. This result aligns with the literature about
the limited capacity of the WM. More precisely, users had reached higher values of PO
in levels 1 (3 items) and 2 (5 items) than in level 3 (10 items) because, in the last level,
the total number of the objects was over the upper bound of Miller’s magic number
[222], and thus users’ WM might not have been capable of memorizing all the locations.

Considering H3, we expected that users would employ less TE to perform the task
with the FGs than HCs because they could use the abilities already acquired during
their lifetime to grab and move objects in the VE. Since results in terms of TE showed
that HCs led participants to spend much less time performing the task, we rejected H3.
The differences in the TE means were statistically significant in favor of the HCs for all
levels. The HC interaction method took, in general, about 60% of the time to complete
the OLSM task compared to the FGs.

Regarding H4, we expected a higher TE in the first level than the last two because
of the need for familiarization with a new interaction method. The main effect of level
supported our hypothesis. However, the significant interaction and the analysis of simple
effects showed that the difference between the first and the second level was statistically
significant for both HCs and FGs, and the difference between the first and the third was
significant only when using the FGs.

A possible explanation for these results is that participants could not fully take
advantage of the FG capability of providing users with haptic inputs about the shape of
the objects over HCs because of the fatigue and discomfort of using those FGs, as shown
by the DAQ results. In particular, it is possible that the fatigue from using the FGs
could impede some users’ movements, leading them to spend more effort for opening
and closing their hands rather than simply clicking the “grip” or “trigger” button of the
HCs. Furthermore, the statistically significant difference in the means for Item 2 of the
DAQ questionnaire showed how the perceived smoothness of movements is greater for
the HCs.

Interestingly, in an object identification task, the combined results of Kreimeier and
Götzelmann [172] and Kreimeier et al. [173] showed that FGs significantly increased
the execution time with respect to HCs, contradicting the authors’ hypothesis as in our
OLSM task. In [173], authors explained this discrepancy between hypothesis and results
with the bulkiness of the HGs, which are the same that we used in our study.

The absence of differences between the interaction methods for the OLSM task re-
garding PO and the lower TE could also indicate that this type of OLSM task does not
benefit from specialized FGs. A possible explanation is that participants remembered
the items regardless of the haptic capabilities of the devices because they focused more
on visual than haptic feedback to remember the shape of the objects to be placed at
the different memorized locations. Even if the combination of visual and haptics are
useful to build a representation of the near-body space [199], in our particular type of
task with the employed FGs, the haptic input could not improve the spatial image of
the environment in a significant way.

Considering hypothesis H5 regarding presence, we expected that users would feel a
greater sense of presence with the FGs because of the more natural interaction with the
VE, in line with the results seen in [226]. Indeed, we found a statistically significant



102 Chapter 4 — XR Training for Object Location Spatial Memory

difference in favor of the FGs for the general item about the sense of “being there”
(G1P). However, we could not confirm our hypothesis about the sense of presence for
the global value (IPQ-TOTP) and the subscales of IPQ. The differences suggested that
using the FGs could increase presence, but the data collected did not reach statistical
significance.

Regarding hypothesis H6 about system usability, both interaction methods received
high mean SUS scores with a negligible difference between the two. Therefore, we
rejected the hypothesis about the greater usability of the FGs compared to HCs. This
contrasts with the results in [226]. Interestingly, compared to the usability results in
[255] for the same commercial FGs, users in our study reported higher usability values.
A possible interpretation is that our task consisted of remembering the object locations
rather than performing different actions that could lead users to focus more on grabbing
and moving the objects in the VE.

Results confirmed hypothesis H7: the participants felt more fatigue in the fingers
and wrists with FGs, as suggested by [255]. Statistically significant results concerning
Item 1, 7, and 8 of the DAQ questionnaire showed that using FGs required participants
to use more force to interact with the system and caused participants more fatigue in
their wrists and fingers. In addition, despite statistical significance was not reached,
the difference between the means for fatigue of the other body parts (Item 9 and 10)
might suggest that FGs could increase the fatigue also of the arms and the shoulders.
However, for both interaction methods, it must be noted that the average reported
values for fatigue were very low.

4.2.4 Limitations
This user study is a preliminary evaluation of a system for OLSM training conducted
with young people with no history of Alzheimer’s disease. This evaluation serves as
a preliminary step to identify which characteristics of the system could affect OLSM
training. Therefore, future work with patients is needed to assess the effectiveness of
the system on the target users.

4.2.5 Conclusion
In this experiment, we investigated the influence of haptic feedback on an OLSM task
in iVR by comparing a pair of FGs and a pair of HCs to perform the same OLSM
task. Regarding presence, statistically significant differences were found in favor of
interacting with FGs for the general item about the sense of being there. Regarding
usability, participants judged the system almost equally usable when interacting with
HGs and FGs. There was a statistically significant difference in the fatigue experienced
after the task with the FGs, possibly because of the position of the weight of the gloves.
The fatigue and discomfort of the FGs could have influenced the OLSM task results,
in which there were no statistically significant differences about PO and participants
employed less time to do the task with the HCs. This opens the possibility that other,
more comfortable, and lighter FGs may lead to different results.

We plan to carry out a study on a OLSM task using a different, new model of FGs
to check if it could lead to better results. If new studies would instead confirm the lack
of differences between the FGs and HCs, we could conclude that a basic commercial VR
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kit may be sufficient to perform this type of OLSM tasks without requiring specialized
hardware. The absence of a requirement for specialized hardware could be helpful in
the rehabilitation context, where patients, especially those with locomotion disabilities,
would be able to do the rehabilitation at home without necessarily needing costly special
hardware that could be available only in specialized clinics.

Another important aspect that needs to be evaluated in rehabilitation is the transfer
of the improved spatial skills from the VE to the real world. In this direction, we plan
to develop an OLSM task for rehabilitation in iVR concerning an everyday activity to
investigate if the training in the VE improves spatial memory in the physical world.

A final aspect that could be evaluated for rehabilitation is the influence of performing
the OLSM task in a multi-user setting, where users could collaborate or compete with
each other. Indeed, the results of [185] showed different behaviors for single and pairs
of users in an OLSM task not concerning rehabilitation, so it would be interesting to
explore if rehabilitation could be more effective in a multi-user setting than doing the
rehabilitation exercises individually.

The work presented in this section was published in the Proceedings of the 15th
Biannual Conference of the Italian SIGCHI Chapter [98].





5
XR Training for Executive

Functions

Building on evidence that Executive Function performance can be enhanced through
targeted cognitive training and physical exercise [88, 115], this chapter focuses on the
use of XR Serious Games aimed at training executive functions. Through studies that
include healthy validation and clinical applications, the chapter aims to understand how
different design choices influence performance and user experience across populations,
and how theoretical models enable rigorous analysis of user and patient behavior during
gameplay.

The first study examines the effects of adaptive difficulty and multi-user interaction
in a sorting task, serving as a preliminary validation with healthy participants before
engaging patients with mild Neurocognitive Disorder (mNCD). This section evaluates
performance and engagement by comparing adaptive versus linear difficulty progression
and single-player versus multi-player modes.

The subsequent section introduces a theoretical model of an XR SG that proposes
a Go/No-Go task based on the single-player adaptive difficulty-scaling version of the
previously proposed SG. The theoretical model aims to predict user behavior across
different cognitive health conditions.

In conclusion, the chapter presents the design, preliminary implementation, and
preliminary results of a clinical protocol established to evaluate an enhanced version of
the SG featuring expanded levels and interaction fidelity (immersive vs non-immersive
VR), with older adults exhibiting mNCDs.

5.1 Effects of Difficulty Adaptation and Multi-user Set-
ting in an XR SG for Sorting Tasks

Recent literature indicates that exergames can improve global cognition, highlighting
their potential to enhance physical fitness while also providing cognitive improvements
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[55, 88, 115]. Specifically, studies have shown improvements in executive functions,
attentional processing, and visuospatial skills [294].

Building upon this premise, we propose an immersive Serious Game that involves a
sorting task. The system aims to train Executive Functions in older adults diagnosed
with mNCD within a fully immersive VE. Following standard clinical validation proto-
cols, the system will be evaluated first with healthy participants and subsequently with
the target patient population.

Driven by positive findings in the literature regarding DDA (Section 2.4) and multi-
user settings (Section 2.5), this study investigates the optimal conditions for maximizing
both user performance and experience.

To this end, we propose a system that implements: i) distinct difficulty scaling modes,
a linear progression versus an adaptive mode based on real-time performance data; and
ii) two gameplay modalities, single-player and multi-player. The adaptive system aims
to maintain the player in the flow state [77], thereby minimizing boredom or frustration
that can arise when the challenge level does not match the player’s current skill. The
multi-user setting allows us to investigate how social presence and collaboration may
influence performance and perceived motivation during gameplay.

5.1.1 The Proposed Serious Game

Task in the Game

The core gameplay consists of a sorting task in which players categorize and throw balls
that emerge from two lateral sliders. Throwable balls are divided into three categories:
red, blue, and junk (identified by distinct stains, regardless of their base color).

To earn points, players must match the color of the ball to the corresponding con-
tainer. Junk items must be discarded by throwing them onto the floor. Figure 5.1
illustrates the four types of objects and their respective target containers.

Players can grab a ball by moving their hand near it and pressing the "Trigger"
button on the controller. To throw, players mimic a throwing motion and release the
button.

Game Virtual Environment and Navigation

The SG is set in a minimalist virtual gym designed to minimize cognitive overload (Fig.
5.2). The player is positioned in front of a central table equipped with two lateral sliders
that continuously generate objects. By alternating the generation of items (e.g., if a ball
is created on the left side, the next one will be on the right), the game prevents any
physical advantage for right- or left-handed users.

The central table features a concave design to gather the balls, serving as the primary
interaction zone from which players grab objects before throwing them into the rear
containers.

The SG includes a familiarization phase in which all ball types are continuously
generated, allowing the player to practice the throwing mechanic. Figure 5.1 illustrates
the VE during this phase.

To prioritize safety and mitigate the risk of cybersickness, the SG is designed for a
seated experience. This limits the risky behaviors that can arise when the user has to
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Figure 5.1: Types of balls to throw: red, blue, stained red (junk), and stained blue
(junk). Behind them are the containers in which the balls have to be thrown (red on
the left, blue on the right).

Figure 5.2: Virtual Environment of the sorting task. Objects move down the sliders
toward the central table, where the player sorts them into the red or blue container or
onto the floor.
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walk in the physical world but cannot see it because they are wearing a VR headset.

Scoring and Progression Systems

A correct throw rewards the player with a base score of 5 points. While incorrect throws
(e.g., placing a red ball in a blue container) do not deduct points, they do disrupt the
combo system. Discarding junk on the floor is a required task, but does not yield points.

To increase player engagement and encourage skillful play, we implemented a combo
system:

• Multipliers: Every sequence of five consecutive correct throws increases the score
multiplier (1x to a maximum of 4x).

• Resets: The multiplier resets to 1x if a wrong throw occurs or if a valid ball is
dropped on the floor.

Furthermore, a competitive ranking system features simulated scores gained by other
players. To provide a realistic sense of competition, these scores are spaced approxi-
mately 500 points apart, with the top rank positioned about 1,000 points ahead. The
gameplay interface, including the combo tracker and scoreboard, is shown in Figure 5.3.

Figure 5.3: Gameplay user interface. On the left: current combo multiplier, total score,
current combo, and error icons. On the right: real-time leaderboard highlighting the
player’s current rank.

Game Over conditions

The game-play session terminates under two conditions:

1. Table Overflow: If more than four balls accumulate on the table because the player
struggles to throw the balls.

2. Accuracy Threshold: If the player commits four sorting errors (e.g., misplacing
a ball in the wrong container). Dropping a ball on the floor is treated as a
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"miss" rather than a "sorting error." This distinction prevents penalizing play-
ers for physical dexterity issues or accidental drops while still enforcing the rules
of the categorization task.

Difficulty Scaling

The difficulty of the game sessions is determined by three key parameters:

• Spawn Interval: The time elapsed between the generation of consecutive balls.

• Visual Similarity: The density of stains on junk objects, which dictates how closely
they resemble standard balls. Figure 5.4 shows the extremes of this similarity
range.

• Junk Frequency: The probability that a generated object will be a "junk" item
rather than a standard red or blue ball.

Figure 5.4: Comparison of junk object similarity. The figure shows the minimum and
maximum stain densities for both red and blue variants.

The SG features 10 levels of difficulty, with parameters scaling linearly from Level 1
to Level 10. Following pilot testing, the boundary values were established as shown in
Table 5.1.

Table 5.1: Difficulty parameter scaling from Level 1 to Level 10.

Parameter Level 1 (Minimum) Level 10 (Maximum)
Spawn Interval 3.00 seconds 0.75 seconds
Visual Similarity 20% 80%
Junk Frequency 0% 33.3%

At Level 1, there is a 50/50 probability of spawning either a red or blue ball. By
Level 10, the distribution shifts so that there is an equal 1/3 probability for a red ball,
a blue ball, or a junk object. The linear progression of these three variables across all
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levels is visualized in the difficulty plots (Fig. 5.5) for spawn interval, visual similarity,
and junk frequency.

Progression Modalities and Difficulty Adaptation

The SG features two distinct progression modes: a fixed linear progression and a DDA
system. Difficulty adjustments occur every 30 seconds, a period defined as the Session-
Duration.

Fixed Progression In the default mode, the difficulty increases from Level 1 to
Level 10 at fixed intervals. The system triggers a level increment at the end of each
SessionDuration. Under this regime, a player reaches the maximum difficulty level after
270 seconds of gameplay, provided that the game-over conditions (i.e., table clutter or
excessive errors) are not met.

DDA To better accommodate varying player skill levels, we implemented an adaptive
modality based on player performance using two normalized metrics within the range
[0, 1]:

• Throw Accuracy (TA): The ratio of correct actions (e.g., throwing the blue ball
in the blue container, or the ball with stains on the floor) to the total number of
balls thrown.

• Table Management Efficiency (TME): The percentage of the SessionDuration
during which two or fewer objects are present on the table. A high TME suggests
the player is clearing objects faster than they are generated, indicating that the
current difficulty level may be insufficient to maintain the flow state.

To determine the difficulty adjustment, these two metrics are averaged and scaled
to a 100-point Performance Score (PS):

PS =
TA+ TME

2
× 100

At the conclusion of each SessionDuration, the difficulty level is adjusted according
to the logic presented in Table 5.2. The values were determined after pilot testing.

Table 5.2: DDA Level Adjustment Logic

Performance Score (PS) Level Adjustment
PS < 80 -2
80 ≤ PS < 85 -1
85 ≤ PS < 90 0
90 ≤ PS < 95 +1
PS ≥ 95 +2

This logic aims to maintain the player within the flow state by dynamically respond-
ing to their proficiency. If a player demonstrates near-perfect performance, the system
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Figure 5.5: Bar plot of each variable that defines a level’s difficulty.
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accelerates the difficulty to reach a challenging state more quickly. Conversely, if the
player struggles, the system reduces the pressure to prevent frustration and disengage-
ment.

Multi-user Implementation

In the multi-user mode, the SG employs a cooperative multi-player format, where two
players simultaneously perform the sorting task. In this mode, the individual points
earned by each player are aggregated into a single cumulative score displayed on a
shared scoreboard. The SG implements a collective loss condition, meaning that the
failure of a single player results in a simultaneous loss for both players.

In the virtual environment, an additional set of baskets and sliders is added, visu-
alized in front of each player, mirroring the workspace and real-time actions of their
partner. This allows both participants to remain aware of each other’s actions without
leaving their designated stations. Figure 5.6 illustrates this shared virtual environment.

Figure 5.6: Multi-player setting in the VR. Players are placed in front of each other but
far enough away to limit distractions.

The difficulty scaling logic varies based on the selected mode:

• Linear Progression: Difficulty is globally synchronized. Both players experience
identical level increments simultaneously, regardless of individual performance.

• DDA Progression: Difficulty is calculated independently for each participant.
While both players follow the DDA logic, their current difficulty levels may di-
verge based on their specific performance scores (PS). For instance, a highly
proficient player may reach Level 8, while their partner remains at Level 5. This
approach aims to maintain the game at an appropriately challenging level for both
users, regardless of their individual skill levels.

5.1.2 User Study
The primary objective of this study is to determine which experimental condition yields
better user experience and performance within the SG.
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Design and Hypothesis

We employed a 2 × 2 between-subjects factorial design with two variables: Difficulty
Scaling (Linear or Adaptive) and Game Mode (Single-player or Multi-player). The four
groups are defined as depicted in Table 5.3.

Table 5.3: Experimental Conditions and Group Assignments

Group Game Mode Difficulty Scaling

G1 Single-player Linear
G2 Single-player Adaptive
G3 Multi-player Linear
G4 Multi-player Adaptive

To ensure consistency, the same designated experimenter acted as the second player
for every participant. As an expert, this experimenter maintained a uniform level of play.
This approach aimed to ensure that match outcomes depended solely on the participant’s
performance, thereby avoiding the variability introduced by different partners.

We formulated the following hypotheses:

• H1: Participants in the Adaptive Difficulty condition will exhibit greater progress
in the SG. By mitigating difficulty during moments of struggle, the system is
expected to prevent premature failure, thereby extending gameplay duration.

• H2: We posit that dynamic adjustments will better maintain players within the
flow state [77] by continuously balancing challenge against player skill prevent-
ing boredom or frustration. Consequently, we hypothesize that participants in
the Adaptive Difficulty condition will report a higher quality of user experience
compared to those in the Linear Difficulty condition, as suggested by Chen [58].

Finally, the study adopts an explorative approach regarding the Game Mode. On one
hand, the cooperative multi-player mode could enhance user experience and performance
due to the Köhler effect, which occurs when a less capable individual performs better in
a team situation than they would if performing individually [234]. On the other hand,
the single-player environment prioritizes user autonomy, which is a critical factor in
player motivation [271].

Materials

Software and Hardware The SG was developed for desktop devices using Unity
2022.3 LTS1. All 3D assets and environment models were created using Blender2. To
interact with the SG, a virtual reality headset is required.

Player performance was monitored by an internal logging system that recorded var-
ious metrics upon game termination, including the final score and game duration. In
multi-player mode, the system tracked the progress of each participant individually,
generating a distinct log file for each user.

1https://unity.com/
2https://www.blender.org/

https://unity.com/
https://www.blender.org/
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During the study, the SG was executed on a workstation (CPU: i9-10900X, GPU:
NVIDIA Quadro RTX 4000, RAM: 32GB) and played via a Meta Quest Pro headset.

Questionnaires Data collection was conducted using the online software PsyToolkit
[296, 297]. The study employed the following questionnaires:

• Initial Questionnaire. Gathered demographic data (gender, age) and assessed prior
experience (in hours) with Head-Mounted Displays (HMDs) and weekly hours of
sports and video games.

• Self-Assessment Manikin (SAM) [36]. A 3-item non-verbal pictorial assessment
measuring the Pleasure (SAM_P), Arousal (SAM_A), and Dominance (SAM_D)
associated with the participant’s affective reaction to stimuli. For each scale, there
are 5 images representing the intensity of an emotion. Participants are asked
to indicate how they feel on that scale. As intermediate states are also valid,
participants have to select one of the 9 possible values for each of the three scales.

• Igroup Presence Questionnaire (IPQ) [279]. A 13-item questionnaire measuring
the sense of presence in a Virtual Environment (VE). Items are scored on a scale
from 0 to 6 (where 6 indicates maximum presence). It comprises a general item
on the sense of "being there" (IPQ-G1) and three subscales: (i) Spatial Presence
(IPQ-SP), (ii) Involvement (IPQ-INV), and (iii) Realness (IPQ-REAL). A global
presence score (IPQ-TOT) is calculated by averaging all items after reverse-scoring
negative items.

• Game Experience Questionnaire (GEQ) [141]. This questionnaire requires the
participant to indicate the degree of agreement with several items in a 5-point
Likert Scale. The GEQ includes three distinct modules:

(i) The Core Module (33 items) assesses feelings during gameplay across seven
dimensions: Competence (GEQ_CO), Sensory and Imaginative Immersion
(GEQ_SII), Flow (GEQ_F), Tension/Annoyance (GEQ_TA), Challenge
(GEQ_Ch), Negative Affect (GEQ_NA), and Positive Affect (GEQ_PA).

(ii) The Social Presence Module (17 items) assesses Empathy (GEQ_SP_E),
Negative Feelings (GEQ_SP_NF), and Behavioral Involvement (GEQ_SP_BI).

(iii) The Post-Game Module (17 items) assesses participants’ feelings after play:
Positive Experience (GEQ_PE), Negative Experience (GEQ_NE), Tiredness
(GEQ_Ti), and Return to Reality (GEQ_RtR).

Measures

Performance within the SG was analyzed using data extracted from the internal logger.
Two primary metrics were used to quantify progress:

• Game Duration: The total time elapsed before game termination.

• Final Score: The maximum score achieved by the participant during the session.
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User experience was evaluated across four distinct dimensions using the question-
naires detailed in Section 5.1.2:

• Affective Reaction: Measured via the SAM, assessing Pleasure, Arousal, and
Dominance.

• Presence: Measured via the IPQ to determine the sense of presence within the
VE.

• Game Experience: Measured using the Core and Post-Game modules of the
GEQ, to assess how participants felt during gameplay and right after the end of
it.

• Social Presence: Measured using the Social Presence module of the GEQ. This
was administered exclusively to participants in the Multi-player conditions (G3
and G4).

Ethical Approval

The study was approved by the Institutional Review Board of the Department of Math-
ematics, Computer Science, and Physics of the University of Udine.

Participants

A total of 146 students were involved in the study. The students were enrolled in the
Bachelor’s degree programs in Digital Philosophy or Computer Science at the University
of Udine.

Data from 34 participants were excluded from the final analysis. The exclusion
criteria were as follows: participation in pilot evaluations (n=23), hardware malfunctions
(n=4), and environmental distractions (noise) during the session (n=2). Additionally,
we excluded a participant who did not provide written informed consent (n=1), an
extreme outlier in VR experience (>300 hours, n=1), the only non-binary participant
(because of the impossibility to balance this gender among the four groups having only
one participant, n=1), a participant who failed to understand game rules (n=1), and a
participant who was unable to play due to a physical injury (hand brace, n=1).

The final sample consisted of 112 participants evenly distributed across the four
experimental conditions (n = 28 per group). The number of female participants was
similar across groups (G1: 6, G2: 5, G3: 6, G4: 6). Table 5.4 presents the descriptive
statistics derived from the initial questionnaire. To ensure that no statistically significant
differences were present among the groups, a one-way ANOVA was conducted, and the
test revealed no statistically significant results.

Procedure

The experimenter informed participants that they would be testing a SG. Participants
were informed that VR usage might occasionally cause nausea or headaches, and they
were free to withdraw from the experiment at any time. After providing written informed
consent, participants were asked to silence their smartphones to minimize distractions
and completed the initial questionnaire detailed in Section 5.1.2.
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Table 5.4: Participant demographics including age, HMD experience, weekly sport ac-
tivity, and weekly video game usage (Mean ± SD).

Group Age HMD Exp Sport Videogame

G1 23.80± 8.67 0.95± 2.11 3.39± 3.62 7.53± 9.03
G2 24.50± 10.40 1.44± 5.67 4.05± 3.12 5.31± 6.68
G3 23.00± 5.18 0.64± 1.12 4.31± 2.80 6.89± 10.30
G4 23.50± 6.71 1.14± 3.78 4.45± 3.20 6.61± 9.53

Participants were then seated and introduced to the VE. They received instructions
on how to interact with virtual objects via the controller. The experimenter explained
the game mechanics, which required participants to sort colored balls into corresponding
baskets while discarding "dirty" balls onto the floor. Participants were informed that
accumulating excessive sorting errors or allowing the counter to become overcrowded
would result in a "Game Over." In such instances, participants were instructed to select
"Play Again" to start a new gameplay session.

Before performance data collection began, the familiarization phase of the SG allowed
participants to practice the task in the VE. They were encouraged to ask clarifying
questions during this time.

For participants in the multi-player conditions (G3 and G4), the researcher explained
that they would be playing cooperatively.

Once ready, participants started the gameplay session by pressing "Play" and en-
gaged in consecutive game sessions for a total of 20 minutes.

Finally, the experimenter asked participants to complete the SAM, the IPQ, the
GEQ Core module, the GEQ Post-game module, and the PXI questionnaires (see Sec-
tion 5.1.2). Participants in groups G3 and G4 additionally completed the GEQ Social
Presence module after the GEQ Core questionnaire.

5.1.3 Results

Statistical analyses were performed using SPSS Version 28.0.1.13. A 2 × 2 ANOVA
examined the effects of Game Mode (GM) and Difficulty Scaling (DS) on all dependent
variables. In case of interactions, we analyzed simple effects of DS separately at the
two levels of GM, and simple effects of GM separately at the two levels of DS using
Bonferroni correction. Effect sizes are reported as partial eta squared η2p. Scores from
the GEQ Social Presence Module, which was administered exclusively to multi-player
groups (G3 and G4), were compared using a Mann-Whitney U test as the data did not
meet the assumption of normality.

Progress within the SG

Figure 5.7 shows the results of the measures for the progress within the SG, the dura-
tion of the longest game match and the maximum final score reached. No statistically
significant results were found for either the main effects or the interaction (all p > 0.05).

3https://www.ibm.com/products/spss

https://www.ibm.com/products/spss
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Figure 5.7: Means of maximum score gained and maximum duration (seconds) in the
four groups. Capped vertical bars indicate ± SE.

Player Experience

Affective Reaction Figure 5.8 shows the results for affective reaction, measured
using the SAM questionnaire. No statistically significant results were found for either
the main effects or the interaction (all p > 0.05).

Figure 5.8: Means of affective reaction for Pleasure, Arousal, and Dominance in the four
groups. Capped vertical bars indicate ± SE.

Presence in the VE Figure 5.9 shows the results for presence perceived in the VE,
measured using the IPQ questionnaire. No statistically significant results were found
for either the main effects or the interaction (all p > 0.05).

Game Experience Figure 5.10 shows the results for the player experience measured
with the GEQ questionnaire Core Module. No statistically significant results were found
for either the main effects or the interaction for almost all dependent variables. The only
statistically significant result is for the variable GEQ_PA of the GEQ Core Module, for
which there was a significant interaction between GM and DS, F (1, 108) = 4.263, p <
0.05, n2

p = 0.038. Despite the statistically significant interaction, none of the pairwise
comparisons reached statistical significance after applying the Bonferroni correction (all
p > 0.05).

Figure 5.11 shows the results for player experience, measured with the GEQ Post-
Game Module. No statistically significant results were found for either the main effects
or the interaction for all dependent variables (all p > 0.05).
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Figure 5.9: Means of presence total score, general item about the sense of “being
there,” spatial subscale, involvement subscale, and experience realism subscale in the
four groups. Capped vertical bars indicate ± SE.

Figure 5.10: Means of Competence, Sensory and Imaginative Immersion, Flow, Ten-
sion/Annoyance, Challenge, Negative Affect, and Positive Affect in the four groups.
Capped vertical bars indicate ± SE.

Figure 5.11: Means of Positive Experience, Negative Experience, Tiredness, and Return
to Reality in the four groups. Capped vertical bars indicate ± SE.
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Social Presence Figure 5.12 shows the results for the player experience measured
with the GEQ questionnaire Social Presence Module. No statistically significant results
were found for all depended variables (all p > 0.05).

Figure 5.12: Means of Psychological Involvement in Empathy, Negative Feeling, and
Behavioural Involvement in the four groups. Capped vertical bars indicate ± SE.

5.1.4 Discussion

Difficulty Scaling

Regarding H1, we hypothesized that adaptive difficulty scaling would facilitate better
player progress. However, analyses of maximum scores and gameplay duration yielded
no statistically significant differences between the two modalities. Consequently, H1 is
not supported.

We had posited that DDA would enhance the user experience by maintaining players
in a flow state; however, without the extended gameplay or mitigated failure predicted in
H1, it may be that participants in both conditions had a similar user experience. Results
of the comparative analyses regarding user experience metrics showed no statistically
significant differences between the groups. Thus, H2 cannot be confirmed.

Although we involved more than 100 users, the effect sizes for both the maximum
score (F (1, 108) = 0.009, p > 0.05, η2p < 0.001) and max game duration (F (1, 108) =
0.482, p > 0.05, η2p = 0.004) were negligible and the observed power was low (0.051 for
max score and 0.106 for duration). Regarding user experience, nearly all comparisons
yielded negligible effect sizes (η2p < 0.01); the exceptions were SAM_A (η2p = 0.025),
GEQ_NA (η2p = 0.011), and GEQ_NE (η2p = 0.01), which had small effect sizes. Similar
to the performance measures, the observed power for user experience metrics was low
(all < 0.2, except SAM_A at 0.381). Consequently, while we cannot definitively reject
differences between the adaptive and linear difficulty groups, the effect sizes are so small
that even if statistical significance were achieved with a larger sample, the difference
would likely lack practical relevance.

A plausible explanation for these results is a ceiling effect, as participants appeared
sufficiently skilled to reach and sustain the maximum difficulty level across the scaling
modalities. To further investigate the ceiling effect, we analyzed an additional mea-
sure derived from the logs recorded during gameplay: the mean throw accuracy (TA)
maintained over the 20 minutes of gameplay. While the maximum score and maximum
time duration were virtually uncapped, since the condition for termination was based on
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maximum errors and fulfillment of the table, the TA is strictly bounded within the [0, 1]
interval. This standardization permits a more precise evaluation of the player’s skill,
as a player who plays perfectly will achieve a TA of 1. Although an ANOVA revealed
a statistically significant main effect of Difficulty Scaling favoring the Linear modality
(F (1, 108) = 5.31, p < .05, η2p = 0.047), the practical difference was small as mean accu-
racy was high across all groups: G1 (M = 0.96, SD = 0.02), G2 (M = 0.95, SD = 0.03),
G3 (M = 0.96, SD = 0.02), and G4 (M = 0.95, SD = 0.03). With accuracy consis-
tently hovering around 95%, it suggests that participants encountered minimal difficulty
performing the task correctly in either condition. This lack of a proper challenge likely
flattened potential performance and user experience variance, resulting in similar fi-
nal scores and gameplay duration, as well as comparable subjective ratings, given the
uniform proficiency in the core game mechanic.

Related to the ceiling effect is the calibration of the adaptive scaling parameters. The
SG was developed with the intent of future deployment for older adults with mild NCD.
Consequently, the initial parameter configuration prioritized accessibility, anticipating
that the target demographic would face significant challenges. For instance, the original
design featured a lower baseline pacing (one ball every 4 seconds) and a progression
system of 7 difficulty levels. Although a pilot phase with younger participants suggested
a recalibration for which we expanded the range to 10 levels and modified the adjustment
logic (e.g., the original thresholds had a Performance Score < 60 that triggered the
"−2" level reduction), the results indicate that these adjustments were insufficient for
the young participants involved in the formal experiment. The consistent gameplay
among participants suggests that, despite the "harder" configuration, the difficulty curve
remained too simple for this demographic. These findings align with the systematic
review by Souza et al. [292], who noted the trade-off that while heuristic-based parameter
manipulation benefits from not requiring extensive background data, these methods
remain heavily dependent on the game designer’s ability to accurately predict player
behavior.

Game Mode

The exploratory analysis regarding Game Mode yielded no statistically significant dif-
ferences between the Single-player and Multi-player conditions for either performance
or user experience metrics.

Similar to the findings for Difficulty scaling and despite the substantial sample size,
effect sizes remained negligible for most variables (η2p < 0.01). Exceptions showing small
effect sizes included SAM_A (η2p = 0.028), IPQ_SP (η2p = 0.013), GEQ_F (η2p = 0.014),
GEQ_TA (η2p = 0.019), and GEQ_NE (η2p = 0.024). Observed power was consistently
low (< 0.3), with the exception of SAM_A (0.42) and GEQ_NE (0.364). Consequently,
while we cannot definitively reject the existence of differences between Single-player
and Multi-player modes, the observed effect sizes are so small that, even if statistical
significance were achieved with a larger sample, the differences are likely to lack practical
relevance.

The lack of significant differences between the single-player and multi-player condi-
tions can be attributed to several factors involving game design and participant char-
acteristics. Since each player managed a personal pool of balls with no functional re-
quirement to compete for shared resources or coordinate actions with the partner to
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succeed, the sorting task was inherently individualistic. Therefore, the specific nature
of the game mechanics favored parallel play [244] rather than truly cooperative interde-
pendence [151]. Consequently, players likely prioritized their individual sorting perfor-
mance over social interaction, thereby limiting the potential added value of playing the
task with other players.

The limited social interaction was also likely facilitated by the VE’s spatial layout.
To minimize potential visual or cognitive distractions, the cooperative partner was posi-
tioned at a significant distance in front of the active player. Although participants could
see the other player by checking the pair’s ranking as the avatar of the other player was
placed behind the user interfaces of the SG (See Section 5.1.1), it is reasonable to as-
sume that players were focused on to the sorting task since a sustained concentration
is required to maintain, especially at higher difficulty levels, the high precision found
in the log files across all groups (about 95%). Consequently, despite the cumulative
scoring mechanic, the combination of physical distance and task demand likely limited
the sensation of social presence [32], preventing participants from perceiving the session
as a genuinely cooperative gameplay.

This interpretation is also supported by the GEQ Social Presence Module scores,
which show a floor effect. Behavioral Involvement (M = 0.25, SD = 0.41) and Empathy
(M = 0.63, SD = 0.67) were notably low, indicating that participants neither coordinated
their actions nor felt an emotional connection to the other player. For example, in the
item ’What the other did affected what I did,’ the majority of participants selected ’Not
at all.’ When combined with the near-absence of Negative Feelings (M = 0.18, SD =
0.37), the results point to a dynamic of parallel play rather than collaboration. It is
possible that reducing the physical distance between players would alter the sense of
social presence.

Overall User Experience

In the absence of statistically significant differences between groups, we discuss the
aggregate scores for the user experience.

Considering affective reactions, the results from the SAM indicate that after playing
with the SG, participants had a generally positive, stimulating emotional response. On
the Pleasure dimension (SAM_P), the mean score (M = 2.61, SD = 1.36) suggests that
users felt pleased and satisfied. This was accompanied by a moderately high level of
activation, as indicated by the average SAM_A score (M = 3.63, SD = 1.89). Fur-
thermore, the SAM_D score (M = 6.10, SD = 1.77) places participants in the upper
range of perceived dominance. Collectively, these results suggest that participants felt
stimulated and happy while retaining a sense of control over the experience [36].

Regarding presence in the VE, we applied the benchmarks proposed by Melo et al.
[216]. The results indicate that the SG achieved marginally acceptable levels for Overall
Presence (M = 3.70, SD = 0.776), Spatial Presence (M = 4.37, SD = 0.82), and
Involvement (M = 3.87, SD = 1.33). However, the Realism subscale (M = 2.48, SD =
0.94) was rated as not acceptable. This specific lower rating may be attributed to the
decision to minimize player distraction during the task by excluding detailed textures
from the environment.

Considering user engagement more broadly, the in-game results of the GEQ further
support the generally positive experience. Participants reported above-average Positive
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Affect (M = 2.90, SD = 0.81) and Flow (M = 2.61, SD = 0.76) scores, indicating that
the activity was both enjoyable and compelling. Similarly, the Competence dimension
(M = 2.60, SD = 0.77) indicates that participants felt capable and effective during the
task. In contrast, measures such as Tension/Annoyance (M = 0.27, SD = 0.43) and
Negative Affect (M = 0.47, SD = 0.53) remained low, reflecting minimal frustration or
discomfort. The Challenge subscale (M = 1.43, SD = 0.66) indicates that the task was
perceived as moderately demanding but not overwhelming, consistent with the sense
of control described in the SAM results. The lower rating on Sensory and Imaginative
Immersion (M = 1.58, SD = 0.81) may align with the intentionally simplified visual
design noted earlier, which prioritized task focus over environmental realism.

Additional post-experience ratings echo this pattern. While participants reported
modest Positive Experience scores (M = 1.56, SD = 0.86), indicators of discomfort
or fatigue, such as Negative Experience (M = 0.19, SD = 0.27) and Tiredness (M =
0.46, SD = 0.67), remained relatively low. The moderate Return to Reality score (M =
0.63, SD = 0.55) suggests that players transitioned smoothly back to their everyday
context after the task, indicating an adequate but contained level of immersion.

Overall, these findings report that the SG provided a balanced, enjoyable, and non-
fatiguing experience, characterized by a positive emotional tone.

5.1.5 Conclusions

The evaluation presented in this section investigated the impact of adaptive difficulty
and multi-player interaction in an XR serious game for executive function training on
both objective performance metrics and subjective user experience with a healthy demo-
graphic. Although quantitative analysis of game performance and questionnaire scores
showed no statistically significant differences across conditions, participants reported
the experience as engaging, emotionally positive, and physically sustainable.

The results highlighted that, while heuristic-based difficulty adaptation offers im-
plementation simplicity through not requiring extensive background data, it lacks the
generalization required to maintain a flow state across different demographics without
recalibrating the parameters. Furthermore, in the context of the proposed task, the
multi-user setting introduced technological and logistical overhead without demonstrat-
ing clear added value.

To further investigate the adaptive difficulty system, we will use probabilistic player
modeling. By modeling the gameplay evolution across different player categories, it
would be possible to predict how various parameters would affect gameplay for players
ranging from healthy individuals to patients with mNCD, as described in the next
section, focusing on a single-player version of the SG.

5.2 Prediction of User Behavior in an XR SG for In-
hibitory Control Training using Model Checking

Neurodegenerative diseases like Alzheimer’s and Parkinson’s often impair CFs, necessi-
tating early detection and ongoing monitoring by clinicians. Accurate diagnosis typically
requires extensive neuropsychological and biomarker tests, which can be time-intensive
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for practitioners and patients. To address this, there is growing interest in using SGs
to identify quick, objective behavioral markers that complement traditional assessments
and aid early detection of cognitive decline (see Section 2.8).

Building upon the conclusions of the previous work (see Section 5.1.5), the lack of
distinct clinical benefit of the multi-user component of the developed SG, the organiza-
tional difficulties in scheduling synchronous sessions for patients, and the interest in the
literature in using SGs as a assessments for cognitive decline, in this work we introduce a
single-player SG based on the Go–NoGo Task. This cognitive task requires participants
to press a button when a stimulus appears, except in the cases where they should refrain
from pressing because a different stimulus is presented [129]. The new version of the
SG is probabilistically modeled as a Discrete-Time Markov Chain using the tool PRISM
[177]. While PRISM has already been used in the literature to model and verify SGs
[80, 198], the novelty of this work is that we consider a game that evolves dynamically
based on the patient’s performance.

The idea is that when patients play with the SG, some scenarios occur more fre-
quently than others that are rarer. To quantify these behavioral variations, proba-
bilities reflecting the patient’s Cognitive Impairment stage (healthy, mild NCD, major
NCD) are assigned to key game actions. The probabilistic model checker PRISM is then
used to validate the models with respect to key temporal properties and to determine
the probabilities associated with crucial classes of paths patients take during gameplay.
This system aims to serve as a support tool for diagnosing cognitive impairments by
comparing expected with observed behavior in the SG.

5.2.1 Proposed Serious Game
Based on the SG presented in Section 5.1.1, a variation of the exergame was developed
that employs a Go-NoGo task instead of a sorting task. This was meant to tune the
SG specifically for inhibitory control, whereas the previous version was more generally
for executive functions. Following the scoping review by Sharifzadeh et al. [282], which
emphasizes the need for multidisciplinary teams to create effective and engaging SGs
for health, during the development of this new version of the SG, we involved medical
staff at the Cognition Behavior Technology Laboratory (CoBTeK Lab) of the Université
Côte d’Azur experienced with inhibitory control disorders.

The task implemented in the SG requires players to throw balls, replacing the button-
press mechanism found in traditional Go-NoGo tasks. Specifically, the players’ task is to
throw balls into a basket in front of them (Go-Basket) if the ball’s appearance matches
the active rule (Go-Ball), or onto the floor (NoGo-Basket) if it does not match the rule
(NoGo-Ball). Figure 5.13 shows an example of gameplay in which the active rule is to
throw only the red balls in the Go-Basket.

The game ends when the player throws more NoGo-Balls in the Go-Basket than
the maximum allowed (MaxNoGoInGoBasket) or when the number of balls available
to throw exceeds the limit on the container (MaxBallsOnTable). A match lasts for a
fixed number of TotalGameSessions, each consisting in SessionDuration seconds. At the
end of each session, the Game Manager evaluates the PlayerScore and adjusts difficulty
(LevelIncrement). The PlayerScore is calculated similarly to the Performance Score of
the previous version of the SG (see Section 5.1.1). It is based on the ratio of correct
throws (TotalCorrectThrows) relative to the total throws (TotalThrows) and the time
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Figure 5.13: Example of SG gameplay. The rule is to throw red balls into the container
and black-dotted ones away. The user interface on the left displays the score, combo
streak, and NoGo-Balls mistakenly thrown in the Go-Basket (marked with red crosses)
and the user interface on the right shows player ranking.

with few objects available to throw (FewObjectsOnTableLimit) relative to the session
duration using the following formula:

PlayerScore =

(︃
TotalCorrectThrows

TotalThrows
+

TotalT imeWithFewObjects

SessionDuration

)︃
∗ 1

2

As in the previous version of the SG, the LevelIncrement is calculated to modify the
game difficulty by matching the player’s current skill level: i) increasing the difficulty if
the PlayerScore is over the IncDiffBound, ii) decreasing the difficulty if it is lower than
the DecDiffBound, iii) or staying at the same level if it is between the bounds. Table
5.5 summarizes how the LevelIncrement is calculated.

Table 5.5: Level Increment calculation logic.

PlayerScore Level Increment
PlayerScore < DecBound -1
DecBound ≤ PlayerScore ≤ IncBound 0
PlayerScore > IncBound +1

The game’s difficulty involves three levels where the changing parameter is the time
elapsed before creating a new ball (TimeToGenerateBall), ranging from the first level
with one ball every 5 seconds to the last one with an ball every 3 seconds. Each new
ball has a GoBallProb to be a Go-Ball and a NoGoBallProb to be a No-Go.

These actual parameters used in the proposed game have been set after discussing
them with the medical team and conducting pilot evaluations and are presented in table
5.6
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Table 5.6: Parameters used in the SG and in the model with their values.

Variable Name Value
GoBallProb 0.7

NoGoBallProb 0.3
MaxNoGoInGoBasket 3

MaxBallsOnTable 4
SessionDuration 30

TotalGameSessions 40
FewObjectsOnTableLimit 2

DecDiffBound 0.7
IncDiffBound 0.8

5.2.2 Preliminaries on PRISM and Temporal Logics

PRISM [177] is a state-of-the-art tool for formal modeling and verification of systems
with a random or probabilistic behavior. It supports various types of probabilistic mod-
els, including both discrete and continuous ones. In this study, we focus on discrete-time
Markov chains (DTMCs), which are transition systems extended with probabilities. In
DTMC, the likelihood of transitioning between states is determined by discrete proba-
bility distributions. DTMCs are characterized by their memoryless property, meaning
that their current state encompasses all the information required to compute future
states.

PRISM features a state-based modeling language inspired by the reactive modules
formalism from [11]. A model consists of a set of modules that can interact with each
other. The behavior of each module is defined through a set of commands of the form:
[ ] guard → prob1 : update1 + ...+ probn : updaten; where the guard is a predicate over
the model’s variables, representing a condition that must be satisfied for the command
to be executed. Each update specifies a potential state transition, defined by assigning
new values to the variables. Each update is associated with a probability, and for each
command, the sum of these probabilities must equal 1. The square brackets at the
beginning of a command can either be empty or contain labels denoting actions. These
actions enable synchronization, allowing two or more modules to transition simultane-
ously. PRISM models can also incorporate rewards [176], which associate real-valued
rewards with specific states or transitions in the model.

The behavior of DTMCs can be expressed in PRISM using PCTL (Probabilistic
Computation Tree Logic) [121], an extension of CTL (Computation Tree Logic) [69]
that incorporates probabilities.

PCTL provides the following temporal operators: X (next time), F (eventually or
sometimes in the future), G (always in the future), and U (until). PCTL replaces the
CTL path quantifiers A (forall) and E (exists) with probabilities. This means that
properties are expressed in terms of the fraction of paths for which they hold, rather
than for all or some paths [121]. The key operator in PCTL is P, which is used to
specify probabilities of events. For example, the PCTL property P= 0.5 [X (y = 2)]
holds in a state if the probability that y = 2 in the next state is 0.5. Additionally, the
P operator can be used to compute the actual probability of a behavior occurring with
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the form P=?. For instance, the property P=? [G (y = 1)] represents the probability
that y is always equal to 1.

PRISM also supports reward-based properties. The R operator is used to retrieve
expected reward values. To validate DTMCs against PCTL properties and reward-based
properties, PRISM provides model-checking algorithms [70]. These algorithms can also
compute the probability of certain behaviors when required.

5.2.3 Prism Model of the proposed SG
Representation in the Prism Language

The model encodes the game match of a patient playing for 20 minutes and it is rep-
resented with three modules that manage the aspects of the SG: the Manager tracks
how many sessions have been played and decides the difficulty to use for the sessions
given the above rules; the Gameplay encodes the behavior of every session of the SG
with the Go and NoGo balls available to throw, the timers for the total time with few
balls and the countdown to create a new ball; the Patient describes how the player
reacts to what happens in the SG by encoding the throws of the balls (Go and NoGo,
correct and wrong), the recovery time and the possibility of stopping the game match
prematurely.

The adaptation strategy is encoded in the Manager module that calculates how the
difficulty level changes between the sessions.

Each transition of the global model (all the three modules) represents a time elapsed
in the game of 1 second. In every state of the model, the guards of the set of commands
(belonging to any of the modules) are satisfied in such a way that only one transition
can happen, thus removing the possibility of having a non-deterministic choice between
different transitions.

Description of the model

The three modules have local variables that encode the possible states of the SG and
commands that represent the behavior of the model. Table 5.7 presents the different
local variables of each module.

Table 5.7: Local variables of the three modules and their purpose.

Manager
CurrenSession Integer representing the total sessions played
HaveToPrepareSession Boolean indicating if the Manager has to change the difficulty

and update the session counter
RunningSession Boolean indicating if the session is been played
GameMatchIsOver Boolean indicating if the game match is over
ActiveTicks Integer variable that influences the spawn rate of the balls,

affecting the difficulty simulated
Patient

HaveToBegin Boolean indicating the patient have to start play
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RecoveryT Integer representing the countdown before the patient is ready
to throw a ball again

PrematureEnd Boolean indicating if the patient has left the game before the
end or tecnical problems

CorrectThrowsC Integer representing how many total correct throws were made
during the current session

WrongThrowsC Integer representing how many total wrong throw were made
during the current session

ThrowMadeType Integer representing the current throw made by the patient.
The values it assumes indicate respectively: 0 - None, 1 -
Correct Go Ball, 2 - Wrong Go Ball, 3 - Correct NoGo Ball,
4 - Wrong NoGo Ball

NoGoWrongThrowsC Integer representing how many NoGo balls were mistakely
thrown in the Go container

Gameplay
TimerToSpawn Integer representing the countdown before creating a new ball
FewBallsOnTableT Integer that represents how much time for the current session

there were less or equal to FewObjectsOnTableLimit
InGameGoBallsC Integer representing how many Go balls are available to be

thrown
InGameNoGoBallsC Integer representing how many NoGo balls are available to be

thrown

There are 9 different labelled commands for syncronizing the behavior of the modules:

• StartGameMatch: Encodes the beginning of the game match, when the patient
clicks on the start button. This transition can happen only once.

• StartNewSession: Encodes the starting of each game session by enabling the
Gameplay and Patient modules and resetting their local variables.

• EndSession: Encodes the ending of each game session by disabling the Gameplay
and Patient modules while the Manager transits to the next session and updates
the level of difficulty or ends the simulation.

• EndGameMatchManager: Encodes the ending of the game match because the
patient has performed all the scheduled game sessions.

• EndGameMatchGameplay: Encodes the ending of the game match because of
excessive NoGo Throws in the GO Basket or because the number of balls available
to throw exceeds the limit.

• EndGameMatchPatient: Encodes the ending of the game match because of a
technical issue or because the patient decided to end the game prematurely.

• ThrowGoBall and ThrowNoGoBall: Encode ball’s throw by the patient and:
i) increase the relative counter (i.e., TotalCorrectThrows and TotalWrongThrows
for the Go and NoGo balls); ii) decrease the total balls available to throw; iii)
decides the RecoveryTime the patient needs.
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• Update Timers: Encodes the updating of the timers used to create a new ball
and the patient’s recovery time.

The Manager has seven commands to adjust game difficulty: remaining at any of the
three levels, switching between the first and second, or switching between the second
and third. The Gameplay includes a command for generating a new throwable ball. The
Patient selects which ball to throw, prioritizing the most abundant type when multiple
options are available.

Patient Parameters

The player’s behavior in the game match simulation is driven by probabilities encoded
in the model, determining the likelihood of specific transitions when conditions are met.
These probabilities influence the chances of making a correct or incorrect throw (Go or
NoGo), the required recovery time before throwing again, and the likelihood of ending
the game early. Recovery time can be: fast (immediate readiness to throw); normal
(3-second rest); slow (6-second rest). The probability of premature game termination
accounts for both technical issues and the player’s decision to stop due to fatigue or loss
of interest.

To estimate these probabilities, we consulted medical staff at the Cognition Behav-
ior Technology Laboratory (CoBTeK Lab) of Université Côte d’Azur, specifically seven
doctors experienced with inhibitory control disorders who provided us probability esti-
mates for each disease level (healthy, mild, major). The collected data is summarized
in Table 5.8.

Table 5.8: Percentage probabilities calculated as the mean of the medical staff’s re-
sponses regarding the likelihood of patients performing specific actions in the SG.

Healthy Mild NCD Major NCD

throw_correct_go 96.571 81.143 67.143
throw_wrong_go 3.429 18.857 32.857

throw_correct_no_go 83.571 64.286 47.143
throw_wrong_no_go 16.429 35.714 52.857

fast_recovery 58.286 17.143 0.000
normal_recovery 32.571 60.857 37.143
slow_recovery 7.571 19.571 58.286
premature_end 1.571 2.429 4.571

Description of the flow of the model

Figure 5.14 illustrates the flow of the model. The synchronized StartGameMatch com-
mand resets the session counter, sets the initial difficulty, and initiates the first session.
As described earlier, commands are structured so that only one occurs at a time. Af-
ter execution, all guards are reevaluated to determine the next action, ensuring mutual
exclusivity. Guard evaluation follows the SG rules: i) check if the player has lost the
game; ii) execute a throw if possible; iii) generate a new ball; iv) update the timers.
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Figure 5.14: Representation of the flow of the model. The three trapezoid shapes at
the top of the figure contain the names of the modules. The white boxes with dotted
borders mean a transition that involve all the modules, and the ones with continued
borders represent a synchronized transition between two modules. The colored boxes
represent a transition that involve only that particular model. The hexagons encode a
guard, showing how the flow changes between the possible outputs enabling a particular
transition. The light-grey background groups the parts included in the game loop or
the session loop.
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5.2.4 Probabilistic queries and results

The model built depends on the patient’s disease level, as reflected in the probabilities
defined in Section 5.2.3, since some transitions cannot occur when the probabilities are
zero. All PRISM models are accessible on GitHub 4.

The model construction and query execution were performed using PRISM soft-
ware on a desktop computer with an AMD Ryzen 3700X processor and 32GB RAM @
3200MHz. The structure of a PRISM model is automatically compiled into a transition
system, a graph comprising states and transitions. Table 5.9 presents the total states
and transitions of the different models built.

Table 5.9: Total states and transitions of the different models built.

Model Type Total States Total Transitions
Healthy 3,257,476 5,244,133
Mild NCD 3,257,476 5,244,133
Major NCD 2,158,555 3,200,512

We defined probabilistic queries to test the model with two separate objectives: to
validate the model and to study the evolution of the patient’s gameplay based on their
disease level, as defined in Section 5.2.3.

Queries 1 and 2 ensure that the model behaves as expected and must be independent
of the patient’s properties defined in Section 5.2.3, otherwise it indicates an error in the
model’s encoding.

Queries 3 and 4 calculate how the patient’s behavior changes within the model based
on the parameters defined in Table 5.8. To assess this, we use PRISM rewards to count
the average number of states in which the conditions are met before the end of the game.

Query 1 What is the probability of reaching the final state of the model?

P=? [F ( gameOverCondition ) & (X gameMatchIsOver ) ) ]

One property of the model is that all model scenarios must reach the final state, meaning
that at least one transition among EndGameMatchManager, EndGameMatchGameplay,
and EndGameMatchPatient must occur, updating the variable gameMatchIsOver to
true in the next state. If the result is below 1, there exists a possibility of never reaching
the final state.

Query 2 What is the probability of throwing a ball when there is one available?

P=? [G( ! ( gameRunning & patientCanThrow ) | (X bal lThrowing ) ) ]

We want to confirm that in every possible state of the model, when the patients are
playing and they can throw (i.e., there is at least a ball, the patients are not throwing a
ball and have their recoveryTimer equal to zero), in the next state the variable throw-
MadeType will be assigned to a value indicating the throw made. If the result is below
1, there exists a possibility to not throwing a ball when possible.

4https://github.com/AlessandroForgiarini/InhibitoryControlSGModel

https://github.com/AlessandroForgiarini/InhibitoryControlSGModel
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Query 3 How long will the patient be playing on average?

R{" runn ingSes s ion "}=? [ F dmGameMatchIsOver ]

We can provide an estimation of the average time a patient will play with the game.

Query 4 How many times will the difficulty of the game be reduced?

R{" d i f f i c u l t yD e c r e a s e "}=? [ F dmGameMatchIsOver ]

We can provide the estimation of the average total times the Manager will reduce the
game difficulty in a game match.

Results The results of the defined queries are shown in Table 5.10.

Table 5.10: Results of the considered queries and relative times to compute expressed
in seconds.

Q1 Q2 Q3 Q4
Result Time Result Time Result Time Result Time

Healthy 1.00 3.55 1.00 285.79 396.15 30.88 0.0002 11.59

Mild NCD 1.00 3.28 1.00 267.74 266.38 28.20 0.09 29.20

Major NCD 1.00 2.67 1.00 121.78 159.50 12.83 0.42 15.00

5.2.5 Discussion and Conclusions
The work presented in this paper extends the literature on the use of SG in combination
with theoretical modeling and verification of SG and the patient’s behavior within it to
support medical doctors in diagnosing the patient’s level of cognitive impairment.

The results of Queries 1 and 2 (result=1 for all the considered classes of impairment)
show that the model behaves as expected. Concerning the queries on the patient’s
behavior, the results of Query 3 allow one to predict that, on average, healthy people
will play a single game match for about 6-7 minutes, while mild NCD patients will play
for about 4-5 minutes, and, lastly, major NCD patients will play for only 2-3 minutes.
The results of Query 4 anticipate that, on average, the game difficulty will be increased
and then reduced significantly more often for individuals with mild and major NCDs
than for healthy individuals. These changes indicate how the SG will adapt its difficulty
to accommodate patients who could struggle more due to their impairments.

The results of the presented probabilistic queries reveal differences in the predicted
patient behavior in the SG across the three disease levels considered in this work, sug-
gesting that the tool can help medical doctors interpret patient performance and assess
the stage of their disease. More precisely, we can deduce how relevant the patient’s
scenario is. For instance, if a healthy individual plays the SG as expected for a mild
NCD patient, our methodology can spot this discrepancy. The same goes if a major
NCD patient plays like a healthy individual. Furthermore, the results of probabilistic
queries can help customize the game for different patient groups.
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We created a simple 3-level SG model to verify its feasibility and viability as a
support tool. We are developing a more complex version of the SG and probabilistic
model to handle more difficulty levels and different ball color combinations.

This proof-of-concept model and the gathered results will allow us to discuss and
refine the model with the medical team, adding more user queries that can be encoded
and used to provide insight into the patient’s condition. Furthermore, in the next
Section, a user study with mild NCD patients is presented. Data collected from real
patients could be used to adjust doctors’ probabilities in the model, thereby improving
its results.

The work presented in this section was published in the Proceedings of the 23rd
International Conference AIME 2025 [100].

5.3 Acceptance and Efficacy of an XR SG for Inhibitory
Control Training of Old Patients

The number of people aged 65 and over is projected to double to 1.5 billion in 20505,
and by 2030 one in six people worldwide will be aged 60 or over. At the biological
level, aging results from the impact of the accumulation of a wide variety of molecular
and cellular damage over time that leads to a gradual decrease in physical and mental
capacity and a growing risk of disease6.

Building on the need for interventions aimed at strengthening or slowing age-related
decline of Executive Functions (EF) and that XR SGs have shown positive outcomes
across various fields (see Chapter 2), this work explores their application specifically for
older adults with mNCD.

A high level of immersion could bring the participants to a deeper level of engagement
than conventional therapy [137]. Furthermore, VR systems for cognitive impairments
tend to use nVR interfaces and have yet to demonstrate the potential of iVR [137].

Preliminary evidence indicates that older adults could enjoy the experience of iVR
technologies [139]. For instance, Mascret et al. [210] examined with a survey among
older adults the acceptance before use of a headset designed to prevent falls. Their
results showed that intention to use the headset was positively predicted by perceived
usefulness, perceived enjoyment, and perceived ease of use.

The acceptability of SGs with older people with mNCD symptoms is still being
assessed. For instance, Hassandra et al. [122] developed and evaluated a SG regarding
Alzheimer’s disease, suggesting that the SG is acceptable and usable, but its efficacy
need to be assessed.

Therefore, given the positive outcomes of the application of SGs in other fields, the
present study aims to assess the use and acceptability by older people with mNCD of a
VR SG for training and rehabilitation of IC by comparing immersive and non-immersive
versions of the game.

5https://www.ohchr.org/en/older-persons
6https://www.who.int/news-room/fact-sheets/detail/ageing-and-health

https://www.ohchr.org/en/older-persons
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
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5.3.1 The proposed SG
Task in the Game

Based on the game presented in Section 5.2.1, we created a different version of the SG
by adding another environment, difficulty levels, and additional rules.

The player’s task is to throw objects in a basket in front of him/her and match the
active rule. These objects can be of three colors (light red, yellow, and purple) and
may have stains. The object’s color is hidden until the player interacts with it. Fig.
5.15 shows an example of the gameplay for all the environments and conditions created.
Focusing on Fig. 5.15C, it shows the active rule to throw in the basket only the objects
red, yellow with stains, and purple. To earn points, the player must match the rule
presented to them and throw it away if it does not match.

The ratio of Go objects to NoGo is 70/30. On average, for every 100 objects, 70
should be placed in the container and 30 discarded on the floor.

Figure 5.15: SG environments for the proposed IC training task. The top row (A,
B) displays the nVR versions, and the bottom row (C, D) displays the iVR versions.
Columns represent the Gym environment (A, C) and the Warehouse environment (B,
D).

As in the original version of the SG presented in Section 5.1.1 and in the one pre-
sented in Section 5.2.1, the conditions for game over are table overflow (when more
than four objects are present on the table) and accuracy threshold (when player com-
mits four sorting errors by throwing a NoGo object in the Go container). Similarly, we
have implemented the scoring system, combo system, and the ranking systems work as
presented in Section 5.1.1. These systems aim to improve the player’s willingness to
perform skillfully in the SG.

Consistent with the previous version of the SG and following the results of Arlati
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et al. [15], we ensure the safety and reduce the risk of cybersickness of the player by
designing the SG so that it is possible to play with it without the need to move inside
the VR by walking in the physical world. This limits the risk of behaviors that can
arise when the user has to walk in the physical world but cannot see it because they are
wearing a VR headset.

Game Virtual Environment

To mitigate potential player disengagement, we designed two versions of the same SG:
one is set in a gym, as shown in Fig. 5.15 on the right, and the other in a food warehouse
where the player has to throw vegetables instead of balls, as shown in Fig. 5.15 on the
left.

Difficulty Scaling

To further investigate the efficacy of DDA techniques based on heuristics and given
the positive results of adaptivity in the context of rehabilitation [137], we designed
the SG so that the task’s challenge can be changed in real time. The SG uses the
same approach as in previous versions; every SessionDuration (30s), the GameManager
evaluates the player’s score and updates the difficulty of the task. After attempting the
difficulty by changing linearly the time to spawn the objects of the level, we noticed
that the difficulty increased faster than expected. Therefore, in this version of the SG
we changed the approach to it by changing linearly the total objects to spawn in each
level. Two parameters define the task difficulty:

• Object Count: The total number of objects generated within the session interval.

• Color Variety: The number of distinct object colors active in the scene.

The SG features 10 levels of difficulty, with parameters scaling from Level 1 to Level
10. Following pilot testing and discussions with medical staff at the Cognition Behavior
Technology Laboratory (CoBTeK Lab) at Université Côte d’Azur, which is experienced
with inhibitory control disorders, the boundary values were established as shown in
Table 5.11.

Table 5.11: Difficulty parameter scaling from Level 1 to Level 10.

Parameter Level 1 (Minimum) Level 10 (Maximum)
Object Count 1 3
Color Variety 5 20

At Level 1, the player must sort a total of five objects. These objects are limited to
a single color variation (e.g., only red, or only stained red). By Level 10, the density
increases to twenty objects, involving all three colors (red, yellow, and purple). In this
highest difficulty setting, the active rule can be any permutation of the three colors in
either their clean or stained states (e.g., Stained Red – Yellow – Stained Purple).

The progression of these variables across all levels is visualized in the difficulty plots
(Fig. 5.5) for object count and color variety.
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Figure 5.16: Bar plot of each variable that defines a level’s difficulty.
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Interactions with the SG in iVR and nVR

In the iVR version (Figure 5.15, bottom row), players can see the VE via head tracking.
To throw an object, the player must reach towards it, grab it by holding the controller’s
trigger button, mimic a physical throwing gesture, and release the trigger to launch the
object. User interface elements are rendered as floating canvases within the 3D space;
interaction is performed by pointing a ray-cast from the controller and pressing the
trigger.

In the nVR version (Figure 5.15, top row), the camera view is fixed. Interaction
relies on touchscreen inputs: players can either touch and drag an object to a target
position, releasing to drop it, or swipe towards the desired location to simulate a throw.
Unlike the iVR version, UI elements are interacted with directly via touch.

5.3.2 Methodology
Our primary objective is to evaluate the acceptability of iVR and nVR serious games
for the training and rehabilitation of inhibitory control (IC) in patients with Mild Neu-
rocognitive Disorder (mNCD).

Our secondary objectives are to:

• Compare user experience and performance evolution between the iVR and nVR
conditions.

• Assess the effects of iVR and nVR on patients’ IC compared to a control condition.

• Compare the longitudinal evolution of patients’ IC between the iVR and nVR
conditions.

For these purposes, we conduct a randomized controlled trial with 4 arms: immersive
VR (iVR), non-immersive VR (nVR), waiting immersive VR (W-iVR), and waiting non-
immersive VR (W-nVR). Specifically, half of the participants will try immediately one
of the two conditions (iVR or nVR) while the other half will wait to try one of the
two conditions two months later. In this way we can compare the two VR conditions
with a control condition and at the same time have all participants try one of the VR
conditions.

Materials

Software and Hardware The SG was developed for desktop platforms using Unity
2022.3 LTS7. All 3D assets and environment models were created using Blender8. To
assess player performance, an internal logging system recorded metrics (e.g., the final
score and game duration) upon the termination of each game session.

The software ran on a local laptop (CPU: i7-6700HQ, GPU: NVIDIA GeForce GTX
1080, RAM: 16GB). The VR version of the SG will be played by participants with a
Meta Quest 39, while the nVR version will be engaged by participants with an external
10.1-inch touchscreen display (1920× 1200 resolution, 16:10 aspect ratio) connected to
the laptop.

7https://unity.com/
8https://www.blender.org/
9https://www.meta.com/it/quest/quest-3/

https://unity.com/
https://www.blender.org/
https://www.meta.com/it/quest/quest-3/
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Neuropsychological assessment A neuropsychological assessment focused on in-
hibitory control will be performed, including:

• The Go/No-Go task from the TAP battery [341], which assesses response inhibi-
tion by measuring the ability to suppress a prepotent motor response (established
through the frequent occurrence of Go trials).

• The Stroop test [200], which evaluates selective attention, processing speed, and
the ability to inhibit the automatic tendency to read words while naming ink color
(the primary inhibitory mechanism in the task).

• The Sustained Attention to Response Task (SART) [125], a high-frequency Go/No-
Go task designed to assess sustained attention and response inhibition. The task
presents participants with a rapid sequence of digits (1–9), requiring responses to
frequent non-targets (Go trials) and response withholding to rare targets (No-Go
trials, typically 3).

• The Frontal Assessment Battery (FAB) [91] is a brief tool assessing executive
functions, yielding a total score (FAB_TOT) obtained by summing six subtests,
each scored from 0–3 points (maximum 18): (i) Conceptualization (FAB_Co):
evaluates the ability to conceptualize the links between two objects from the same
category (e.g., an apple and a banana). (ii) Mental Flexibility (FAB_MF): assesses
lexical fluency (phonemic fluency task) by asking subjects to recall as many words
as they can beginning with a given letter. (iii) Motor Programming (FAB_MP):
tests the ability to perform series of motor acts (Luria motor series); (iv) Sensitivity
to Interference (FAB_SI): measures conflict resolution using conflicting instruc-
tions by asking subjects to provide an opposite response to the examiner’s alter-
nating signal, (e.g., tapping once when the examiner taps twice); (v) Inhibitory
Control (FAB_IC): assesses the ability to suppress an automatic response (go–no
go task) by subjects must inhibit a response that was previously given to the same
stimulus (e.g., not tapping when the examiner taps twice); (vi) Environmental
Autonomy (FAB_EA): evaluates the ability of being independent from environ-
mental cues by assessing prehension behavior (the sight or sensory perception of
the examiner’s hands compels the patient to take them)

Questionnaires Several questionnaires are used in the user study:

• Initial Questionnaire. Gathered demographic data (gender, age) and assessed prior
experience (in hours) with Head-Mounted Displays and weekly hours of sports and
video games.

• Questionnaire for the unified theory of acceptability and use of technology 2. The
acceptability of the proposed solution was assessed using the French version [123]
of the Unified Theory of Acceptance and Use of Technology (UTAUT) [314] and
its extension (UTAUT2) [315]. The questionnaire comprises 22 items rated on
a 7-point Likert scale and evaluates eHealth acceptability across seven subscales:
(i) Performance Expectancy (UTAUT_PE), the degree to which an individual
believes that using the system will help them achieve gains in job performance or
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daily activities; (ii) Effort Expectancy (UTAUT_EE), the degree of ease associ-
ated with using the system; (iii) Social Influence (UTAUT_SI), the extent to which
an individual perceives that important others (e.g., family, friends, or peers) be-
lieve they should use the new system; (iv) Facilitating Conditions (UTAUT_FC),
the belief that organizational and technical infrastructures exist to support sys-
tem use; (v) Hedonic Motivation (UTAUT_HM), the fun or pleasure derived from
using the technology; (vi) Price Value (UTAUT_PV), the price value is positive
when the benefits ofusing a technology are perceived to be greater than the mon-
etary cost and such price value has a positive impact on intention; and (vii) Habit
(UTAUT_H), the extent to which people perform behaviors automatically due to
learning or prior experience.

• Self-Assessment Manikin (SAM) [36]. A 3-item non-verbal pictorial assessment
measuring the Pleasure (SAM_P), Arousal (SAM_A), and Dominance (SAM_D)
associated with the participant’s affective reaction to stimuli. For each scale, there
are 5 images representing the intensity of an emotion. Participants are asked to
indicate how they feel on that scale by choosing the corresponding image.

• Igroup Presence Questionnaire (IPQ) [279]. A 13-item questionnaire measuring
the sense of presence in a Virtual Environment. Items are scored on a scale from
0 to 6 (where 6 indicates maximum presence). It comprises a general item on
the sense of "being there" (IPQ-G1) and three subscales: (i) Spatial Presence
(IPQ-SP), (ii) Involvement (IPQ-INV), and (iii) Realness (IPQ-REAL). A global
presence score (IPQ-TOT) is calculated by averaging all items after reverse-scoring
negative items.

• Game Experience Questionnaire (GEQ) [141]. This questionnaire asks partici-
pants to indicate their level of agreement with several items on a 5-point Likert
scale. The GEQ comprises distinct modules:

(i) The Core Module (33 items), which assesses feelings during gameplay across
seven dimensions: Competence (GEQ_CO), Sensory and Imaginative Im-
mersion (GEQ_SII), Flow (GEQ_F), Tension/Annoyance (GEQ_TA), Chal-
lenge (GEQ_Ch), Negative Affect (GEQ_NA), and Positive Affect (GEQ_PA).

(ii) The Post-game Module (17 items), which assesses participants’ feelings af-
ter play: Positive Experience (GEQ_PE), Negative Experience (GEQ_NE),
Tiredness (GEQ_Ti), and Return to Reality (GEQ_RtR).

• - Device Assessment Questionnaire (DAQ) [90], which includes 13 items rated on a
5-point scale. Item 1 rates force required for actuation ("too low" to "too high").
Item 2 assesses smoothness during operation ("very rough" to "very smooth").
Item 3 measures mental effort for operation ("too low" to "too high"). Item 4
assess physical effort ("too low" to "too high"). Item 5 evaluates accurate pointing
("easy" to "difficult"). Item 6 rates operation speed ("too fast" to "too slow").
Items 7-11 quantify fatigue in specific areas ("none" to "very high"): fingers, wrist,
arm, shoulder, and neck. Item 12 assesses general comfort ("very uncomfortable"
to "very comfortable"), and Item 13 overall usability ("very difficult to use" to
"very easy to use").
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Semi-structured interviews To evaluate the subjective perceptions and opinions
regarding the XR SG experience, participants were asked to answer questions in semi-
structured interviews at two distinct stages. First, an interview (I1) was administered
after each game session, as illustrated in Figure 5.17a. Furthermore, to gather cumu-
lative information about the participants’ overall acceptability and experience, a final
interview (I2) will be conducted at the conclusion of the experiment, as depicted in
Figure 5.17b.

(a) Interview conducted after each session
(I1).

(b) Interview conducted at the end of the
experiment (I2).

Figure 5.17: Flow diagrams of questions in the semi-structured interviews. The inter-
views were conducted in the language of the participants; sentences have been translated
here for readers’ convenience.

Measures

The acceptability of the use of iVR and nVR SGs by patients with mNCD will be assess
using scores gathered with questionnaires regarding the acceptability of the technology
[123] and answers to the questions in qualitative interviews regarding the experience.

The user experience will be evaluated in terms of affective reaction with the SAM
questionnaire [36], presence with the IPQ questionnaire [279], game experience with
the GEQ questionnaire [141], device assessment with the DAQ [90], and answers to the
questions in qualitative interviews regarding the experience.

The performance in the SG will be used with the data gathered by the logger inside
the application.

The patients’ inhibitory control level will be assesses with the metrics introduced in
Section 5.3.2, namely: The Go/No-Go task from the TAP battery, the Stroop test, the
SART test, and the FAB test.
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Participants

Our main objective is to evaluate the acceptability of the technology in a quantitative
and in a qualitative way, for which we aim at collecting the data of a total of 40 par-
ticipants, 20 for the iVR condition and 20 for the nVR. Assuming that there will be a
dropout of about 20%, we will enroll 48 participants.

The estimated sample size was based on previous studies assessing acceptability of
VR interventions for elderly people, such as in the work of Campo-Prieto et al. [48] and
Liepa et al. [188].

Participants were recruited from the Nice Hospital Memory Center. To be eligible for
the study, individuals were required to be more than 60 years of age, fluent in French,
and diagnosed with either Mild Neurocognitive Disorder or slight Major Neurocogni-
tive Disorder according to DSM-5-TR diagnostic criteria [213]. Additionally, inclusion
required the presence of deficits in inhibitory control, defined as a score of < 3 on the
Conflicting Instructions subtest of the FAB. All participants are required to demonstrate
the capacity to understand the informed consent form and provide voluntary consent.

Criteria for non-inclusion comprise significant self-reported motion sickness, or the
presence of vision or motor impairments substantial enough to hinder task performance.
Furthermore, individuals protected by law, under guardianship or curator ship, or other-
wise ineligible to participate under Article L.1121-16 of the French Public Health Code
are not enrolled. Participants retained the right to withdraw consent at any time; ad-
ditionally, the protocol provides exclusion in the event of significant side effects (e.g.,
cybersickness) following the sessions.

Study Design

Participants in the iVR and w-iVR group will engage with the SG using the headset,
while participants in nVR and w-nVR conditions will play using the touchscreen monitor
connected to the laptop.

Group assignment of the participant Each participant will receive an anonymous
user code so that all the stored information will be anonymous. A pseudo-randomization
will be performed in order to balance the groups in terms of demographic and clinical
features.

A combined value representing the participant’s Disease Level (DL) will be calculated
based on the results of the Neuropsychological assessment described in Section 5.3.2 as
follows:

DL = w1
MMSE

30
+ w2

FAB
18

+ w3
(GO/NO-GO)z + 1

2

The weighting constants are set to w1 = 0.2, w2 = 0.3, and w3 = 0.5 to prioritize
the tests most specific to the proposed IC task.

The first 8 participants will be pseudo-randomly assigned to the four groups (iVR,
nVR, W-iVR, W-nVR) until every group has 2 participants. Then, following Buttussi
and Chittaro [42] the data gathered by the initial questionnaire and the DL will be used
to assign the subsequent participants to the groups. Specifically, each parameter has a
weight based on its possible influence on the proposed task (1 for the DL and previous
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experiences with VR, 0.75 for sports activities and video games weekly, 0.5 for gender
and age).

After calculating the weighted parameters, the assignment is made in such a way
to minimize the weighted sum of the differences in the means and variances between
the groups. Moreover, the assignment will maintain a maximum difference in number
of participants between groups of 2 (for example, if at some point the iVR group has 8
participants and the W-iVR group has 10, a new participant will be assigned to W-iVR
group only after assigning one the iVR group), and no group will have more than 12
participants at the end.

Visit 1 - Inclusion During the first visit informed consent will be collected, and
inclusion and non-inclusion criteria verified. The scores at the Mini-Mental State Ex-
amination (MMSE) will be retrieved from the patient’s medical records at the memory
center. After filling out the Initial Questionnaire and the UTAUT2 questionnaire, par-
ticipants are asked to perform the neuropsychological assessments focused on inhibitory
control described in Section 5.3.2.

The data of the UTAUT2 questionnaire and the results of the neuropsychological
assessments are used as a baseline for comparisons with the subsequent gathered data.

Game Sessions The trial of the SG consists of eight sessions (2 times per week for
a total of 4 weeks) that last one hour each in which the participants will play the SG
for 20 minutes, fill out some questionnaires, and answer some questions in an interview
(I1) following the flow in Figure 5.17a.

In the odd sessions (S1, S3, S5, S7), participants will play the gym version of the
SG, and in the even sessions (S2, S4, S6, S8), they will play the vegetable warehouse
version. The participant in the waiting list will have no session planned during these 4
weeks.

The SG provides a familiarization stage to be performed before playing, during
which participants can learn how to play the SG. The first time a participant plays in
an environment (S1 and S2), this stage is mandatory. Instead, in the following sessions,
the experimenter will ask participants if they want to do the familiarization before
starting to play.

Following each gameplay session, participants will assess their experience by com-
pleting the SAM and responding to questions from Interview 1. Additionally, after the
first and last sessions conducted within a Virtual Environment (gym or food warehouse),
participants are required to complete the IPQ, GEQ, and DAQ

Visit 2 - session 8 After completing the Interview 1, participants are asked to fill up
the UTAUT2 questionnaire, and to perform the neuropsychological assessments focused
on inhibitory control described in Section 5.3.2.

Visit 3 Then, after waiting 28 days, the experimenter will administer the UTAUT2
questionnaire to participants, conducting the second interview (I2) that ask the final
questions of the study and assessing perform the neuropsychological assessments focused
on inhibitory control described in Section 5.3.2.
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This will be the last visit for participants in iVR and nVR group. The study ends
at this visit for these participants.

Participants in the WL groups will begin the game session as described before and
have 2 additional visits:

• Visit 4 (the same as visit 2)

• Visit 5 (the same as visit 3)

The diagram in Fig. 5.18 summarizes the recording protocol, showing which ques-
tionnaires will be administered to the participants.
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5.3.3 Preliminary results
Due to challenges in recruiting participants meeting the particular inclusion criteria, the
user study, which started in October 2024, is still ongoing. This section reports prelim-
inary findings. This section reports questionnaire data covering acceptance, immersion,
game experience, and device assessment.

To date, 30 participants have been enrolled out of the targeted 48, with 15 having
fully completed the experimental protocol. The results reported are restricted to these
15 completers, distributed across groups as follows: iVR (n = 4), nVR (n = 4), w-iVR
(n = 4), and w-nVR (n = 3). Data are reported as mean values and standard deviations
by group.

Participants demographic

Table 5.12 reports the average values and standard deviations for the demographic data
and disease levels calculated.

Table 5.12: Participants characteristics (initial questionnaire) and Disease Level. Di-
chotomous variables are described as absolute frequencies; continuous variables are de-
scribed as Mean ± SD.

iVR nVR w-iVR w-nVR
Gender
Male 1 2 1 0
Female 3 2 3 3
Age Range
60-69 1 1 0 0
70-79 1 3 0 2
>= 80 2 0 4 1
DiseaseLevel 0.46 ± 0.10 0.52 ± 0.09 0.49 ± 0.18 0.49 ± 0.11
VRHours 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
SportHours 8.13 ± 9.06 2.50 ± 1.22 5.13 ± 2.84 3.67 ± 2.52
GameHours 3.50 ± 7.00 3.75 ± 6.85 3.50 ± 7.00 0.00 ± 0.00

Acceptability

The acceptability of the proposed solution was assessed using the french version [123] of
the Unified Theory of Acceptance and Use of Technology and its extension (UTAUT2).
These models evaluate user acceptance with a 7-point Likert scale across seven dis-
tinct constructs: (i) Performance Expectancy (UTAUT_PE), (ii) Effort Expectancy
(UTAUT_EE), (iii) Social Influence (UTAUT_SI), (iv) Facilitating Conditions (UTAUT_FC),
(v) Hedonic Motivation (UTAUT_HM) , (vi) Price Value (UTAUT_PV), (vii) Habit
(UTAUT_H). Table 5.13 details the descriptive statistics collected during the visits.
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Table 5.13: Descriptive Statistics for UTAUT Constructs at different time instants.
Values are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
VISIT 1

UTAUT_PE 4.58 ± 1.07 3.92 ± 0.50 4.58 ± 0.74 4.11 ± 0.84
UTAUT_EE 2.50 ± 1.24 3.25 ± 1.10 3.63 ± 0.66 3.75 ± 2.46
UTAUT_SI 4.25 ± 0.50 5.00 ± 0.72 3.92 ± 1.13 4.89 ± 2.01
UTAUT_FC 3.75 ± 0.74 4.67 ± 0.82 4.17 ± 0.96 3.67 ± 2.40
UTAUT_HM 3.25 ± 1.37 4.33 ± 1.19 5.33 ± 0.72 5.22 ± 1.35
UTAUT_PV 3.75 ± 1.20 4.58 ± 1.10 3.58 ± 1.83 4.33 ± 1.53
UTAUT_H 2.00 ± 0.82 2.67 ± 0.27 2.42 ± 1.13 2.44 ± 1.39

VISIT 2
UTAUT_PE 4.00 ± 1.36 5.58 ± 1.17 5.67 ± 0.00 4.67 ± 1.53
UTAUT_EE 4.44 ± 1.55 4.06 ± 2.11 4.08 ± 1.13 3.58 ± 1.42
UTAUT_SI 4.58 ± 1.40 5.92 ± 0.83 3.22 ± 1.95 5.56 ± 1.50
UTAUT_FC 5.58 ± 0.32 5.50 ± 0.69 5.67 ± 1.45 4.00 ± 1.33
UTAUT_HM 6.08 ± 0.50 4.17 ± 2.22 5.00 ± 1.15 4.56 ± 1.58
UTAUT_PV 4.58 ± 0.69 4.00 ± 0.72 3.78 ± 1.26 4.33 ± 1.53
UTAUT_H 3.42 ± 1.71 3.50 ± 1.00 3.78 ± 2.46 2.67 ± 1.67

VISIT 3
UTAUT_PE 5.00 ± 1.63 4.17 ± 1.17 5.42 ± 1.40 5.44 ± 0.51
UTAUT_EE 3.63 ± 1.39 4.75 ± 1.19 3.25 ± 1.71 3.17 ± 1.53
UTAUT_SI 3.50 ± 2.65 5.75 ± 0.96 3.50 ± 2.08 4.33 ± 1.53
UTAUT_FC 5.83 ± 0.96 5.00 ± 1.59 4.50 ± 1.14 3.00 ± 1.53
UTAUT_HM 2.75 ± 1.91 4.08 ± 1.73 4.92 ± 0.92 3.44 ± 1.35
UTAUT_PV 3.42 ± 0.83 4.00 ± 1.63 3.67 ± 1.41 5.22 ± 0.69
UTAUT_H 4.00 ± 1.87 3.17 ± 0.58 4.25 ± 1.52 3.67 ± 1.53

VISIT 4
UTAUT_PE / / 5.17 ± 1.45 4.67 ± 2.60
UTAUT_EE / / 4.38 ± 0.75 2.58 ± 1.51
UTAUT_SI / / 3.50 ± 2.74 2.67 ± 2.89
UTAUT_FC / / 3.83 ± 1.23 2.11 ± 1.39
UTAUT_HM / / 5.67 ± 1.89 6.67 ± 0.58
UTAUT_PV / / 4.00 ± 0.82 5.00 ± 1.00
UTAUT_H / / 4.83 ± 0.96 2.33 ± 1.20

VISIT 5
UTAUT_PE / / 5.83 ± 1.04 4.56 ± 2.50
UTAUT_EE / / 4.75 ± 2.30 3.00 ± 0.87
UTAUT_SI / / 4.00 ± 2.80 3.44 ± 1.35
UTAUT_FC / / 5.42 ± 0.96 3.78 ± 1.02
UTAUT_HM / / 6.00 ± 0.82 3.67 ± 2.03
UTAUT_PV / / 4.92 ± 0.83 4.44 ± 0.39
UTAUT_H / / 4.42 ± 1.23 2.44 ± 1.26
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Inhibitory Control

Go/No-Go task from the TAP battery

Table 5.14: Descriptive Statistics for the Inhibitory Control test of the TAP battery
at different time instants. Categorical variables are described as absolute frequencies.
Continuous variables are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
VISIT 1

Nb_correct_responses 20.00±0.00 20.00±0.00 19.50±1.00 18.30±1.53
Nb_errors 0.75±0.96 1.00±0.82 2.25±1.26 0.33±0.58

VISIT 2
Nb_correct_responses 19.00 ± 1.41 18.80 ± 1.89 19.00 ± 1.00 15.70 ± 7.51
Nb_errors 2.25 ± 3.86 0.50 ± 0.58 2.67 ± 2.52 0.33 ± 0.58

VISIT 3
Nb_correct_responses 19.00 ± 1.41 16.80 ± 5.85 19.80 ± 0.50 19.00 ± 1.00
Nb_errors 1.75 ± 2.87 2.25 ± 2.87 1.00 ± 1.41 0.33 ± 0.58

VISIT 4
Nb_correct_responses / / 20.00 ± 0.00 19.70 ± 0.58
Nb_errors / / 0.75 ± 0.96 0.00 ± 0.00

VISIT 5
Nb_correct_responses / / 19.30 ± 0.96 19.30 ± 1.15
Nb_errors / / 1.00 ± 1.15 0.67 ± 0.58

Stroop test

Table 5.15: Descriptive Statistics for Stroop test at different time instants. Categorical
variables are described as absolute frequencies. Continuous variables are reported as
Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
VISIT 1

Stroop_indice_if 1.05 ± 0.18 1.16 ± 0.21 1.04 ± 0.20 1.33 ± 0.28
Stroop_indice_IF 1.84 ± 0.45 1.24 ± 0.83 1.93 ± 0.81 2.23 ± 0.17
Stroop_errors 2.25 ± 2.06 1.50 ± 1.91 5.50 ± 4.36 2.33 ± 2.08

VISIT 2
Stroop_indice_if 1.44 ± 0.22 1.21 ± 0.44 1.13 ± 0.26 1.36 ± 0.18
Stroop_indice_IF 2.74 ± 0.17 1.19 ± 0.95 2.94 ± 1.09 2.76 ± 0.75
Stroop_errors 3.00 ± 1.83 3.75 ± 1.26 3.67 ± 2.31 2.67 ± 3.06

VISIT 3
Stroop_indice_if 1.19 ± 0.13 1.23 ± 0.20 1.10 ± 0.34 1.23 ± 0.16
Stroop_indice_IF 2.84 ± 1.26 1.39 ± 0.94 2.23 ± 0.90 2.66 ± 1.20
Stroop_errors 1.00 ± 0.82 2.75 ± 2.06 2.25 ± 1.71 2.33 ± 2.52

VISIT 4
Stroop_indice_if / / 0.83 ± 0.18 1.46 ± 0.22
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Table 5.15: Descriptive Statistics for Stroop test at different time instants. Categorical
variables are described as absolute frequencies. Continuous variables are reported as
Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
Stroop_indice_IF / / 1.92 ± 1.02 2.44 ± 0.45
Stroop_errors / / 3.50 ± 3.11 2.00 ± 1.00

VISIT 5
Stroop_indice_if / / 1.09 ± 0.21 1.29 ± 0.04
Stroop_indice_IF / / 2.10 ± 0.67 1.97 ± 0.18
Stroop_errors / / 1.25 ± 0.96 1.67 ± 2.08

SART test

Table 5.16: Descriptive Statistics for SART test at different time instants. Values are
reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
VISIT 1

errors_Go 22.50 ± 14.70 25.30 ± 6.13 16.80 ± 22.50 32.30 ± 7.37
errors_NoGo 4.75 ± 4.57 5.50 ± 3.42 4.75 ± 4.03 4.00 ± 2.65
temps_Go 490 ± 52.70 605 ± 109 396 ± 266 629 ± 42.10
nb_anticipatory 4.00 ± 3.74 5.25 ± 4.79 1.75 ± 2.06 6.33 ± 3.79
temps_anticipatory 29.90 ± 20.30 34.20 ± 23.10 17.40 ± 26.40 42.70 ± 8.96

VISIT 2
errors_Go 42.80 ± 63.20 24.50 ± 7.33 21.70 ± 24.50 32.00 ± 8.00
errors_NoGo 4.50 ± 2.65 6.75 ± 3.95 6.00 ± 3.61 6.00 ± 4.58
temps_Go 509 ± 48.80 584 ± 107 502 ± 53.30 622 ± 46.20
nb_anticipatory 2.50 ± 2.08 4.75 ± 2.36 1.67 ± 2.08 5.33 ± 4.73

VISIT 3
errors_Go 34.30 ± 46.30 18.50 ± 14.50 13.00 ± 12.10 33.30 ± 16.90
errors_NoGo 5.75 ± 3.59 3.25 ± 2.22 7.25 ± 4.50 5.33 ± 3.21
temps_Go 480 ± 49.70 611 ± 95.60 388 ± 242 641 ± 30.90
nb_anticipatory 3.50 ± 4.43 8.88 ± 14.50 2.50 ± 2.65 3.67 ± 2.08

VISIT 4
errors_Go / / 10.30 ± 13.40 19.70 ± 14.40
errors_NoGo / / 4.75 ± 2.06 5.67 ± 4.62
temps_Go / / 464 ± 34.10 526 ± 7.24
nb_anticipatory / / 2.00 ± 2.71 5.67 ± 4.04

VISIT 5
errors_Go / / 15.50 ± 15.20 24.7 ± 7.64
errors_NoGo / / 6.50 ± 2.89 9.00 ± 2.00
temps_Go / / 469 ± 22.70 485 ± 46.50
nb_anticipatory / / 2.25 ± 4.50 6.67 ± 5.51
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Frontal Assessment Battery The last metric used to assess inhibitory control was
the Frontal Assessment Battery (FAB) with its six subscales and total score (FAB_TOT):
(i) Conceptualization (FAB_Co), (ii) Mental Flexibility (FAB_MF), (iii) Motor Pro-
gramming (FAB_MP), (iv) Sensitivity to Interference (FAB_SI), (v) Inhibitory Control
(FAB_IC), and (vi) Environmental Autonomy (FAB_EA).

Table 5.17 reports the descriptive statistics collected across visits.

Table 5.17: Descriptive Statistics for FAB Constructs at different time instants. Values
are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
VISIT 1

FAB_TOT 11.80 ± 0.96 13.80 ± 3.30 11.50 ± 4.43 12.30 ± 1.53
FAB_Co 1.75 ± 1.50 2.50 ± 0.58 2.75 ± 0.50 3.00 ± 0.00
FAB_MF 2.75 ± 0.50 2.25 ± 1.50 1.50 ± 1.00 2.33 ± 0.58
FAB_MP 1.25 ± 1.50 2.25 ± 0.96 1.75 ± 1.50 1.00 ± 0.00
FAB_SI 2.50 ± 0.58 2.50 ± 0.58 2.25 ± 1.50 2.33 ± 0.58
FAB_IC 0.50 ± 0.58 0.75 ± 0.50 0.75 ± 0.96 0.67 ± 0.58
FAB_EA 3.00 ± 0.00 3.00 ± 0.00 2.50 ± 1.00 3.00 ± 0.00

VISIT 2
FAB_TOT 14.00 ± 3.37 15.30 ± 0.96 12.30 ± 3.06 11.30 ± 1.53
FAB_Co 2.25 ± 0.96 3.00 ± 0.00 2.67 ± 0.58 3.00 ± 0.00
FAB_MF 2.75 ± 0.50 2.25 ± 1.50 1.67 ± 1.15 2.00 ± 1.00
FAB_MP 2.50 ± 1.00 2.50 ± 0.58 1.67 ± 1.15 1.00 ± 1.00
FAB_SI 2.50 ± 0.58 3.00 ± 0.00 2.67 ± 0.58 1.67 ± 1.53
FAB_IC 1.00 ± 1.41 1.25 ± 1.26 0.67 ± 1.15 0.67 ± 0.58
FAB_EA 3.00 ± 0.00 3.00 ± 0.00 3.00 ± 0.00 3.00 ± 0.00

VISIT 3
FAB_TOT 15.00 ± 0.82 14.80 ± 0.50 11.80 ± 4.03 12.30 ± 0.58
FAB_Co 2.75 ± 0.50 2.75 ± 0.50 2.75 ± 0.50 3.00 ± 0.00
FAB_MF 2.50 ± 0.58 2.50 ± 1.00 1.75 ± 1.50 1.33 ± 0.58
FAB_MP 2.50 ± 0.58 2.50 ± 0.58 1.75 ± 0.96 2.00 ± 1.73
FAB_SI 2.75 ± 0.50 2.75 ± 0.50 2.25 ± 1.50 2.33 ± 0.58
FAB_IC 1.50 ± 1.00 1.25 ± 1.50 1.00 ± 1.41 0.67 ± 0.58
FAB_EA 3.00 ± 0.00 3.00 ± 0.00 2.25 ± 1.50 3.00 ± 0.00

VISIT 4
FAB_TOT / / 13.80 ± 0.96 11.30 ± 1.53
FAB_Co / / 3.00 ± 0.00 3.00 ± 0.00
FAB_MF / / 1.75 ± 0.96 1.67 ± 0.58
FAB_MP / / 2.75 ± 0.50 1.33 ± 1.53
FAB_SI / / 1.50 ± 1.29 2.00 ± 1.73
FAB_IC / / 1.75 ± 0.96 0.33 ± 0.58
FAB_EA / / 3.00 ± 0.00 3.00 ± 0.00

VISIT 5
FAB_TOT / / 13.30 ± 1.71 14.30 ± 2.52
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Table 5.17: Descriptive Statistics for FAB Constructs at different time instants. Values
are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
FAB_Co / / 2.75 ± 0.50 3.00 ± 0.00
FAB_MF / / 1.75 ± 0.96 1.33 ± 1.15
FAB_MP / / 2.50 ± 1.00 2.33 ± 0.58
FAB_SI / / 2.50 ± 0.58 3.00 ± 0.00
FAB_IC / / 0.75 ± 1.50 1.67 ± 1.15
FAB_EA / / 3.00 ± 0.00 3.00 ± 0.00

User Experience regarding SG

Affective Reaction The affective reaction was measured with the SAM[36] picto-
rial assessment measuring the Pleasure (SAM_P), Arousal (SAM_A), and Dominance
(SAM_D). Table 5.18 details the descriptive statistics collected after each game session.

Table 5.18: Descriptive Statistics of affective reaction for Pleasure, Arousal, and Domi-
nance at different time instants. Values are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
SESSION 1

SAM_P 2.50 ± 1.29 2.50 ± 1.29 2.75 ± 1.71 2.00 ± 1.00
SAM_A 2.75 ± 0.50 3.25 ± 1.26 3.75 ± 0.96 4.33 ± 1.15
SAM_D 3.00 ± 1.41 3.00 ± 0.00 3.25 ± 1.26 4.00 ± 1.00

SESSION 2
SAM_P 3.25 ± 1.26 2.25 ± 0.50 3.25 ± 1.50 1.33 ± 0.58
SAM_A 3.75 ± 0.96 3.50 ± 1.29 4.00 ± 0.82 3.67 ± 0.58
SAM_D 3.25 ± 0.96 3.50 ± 0.58 4.25 ± 0.96 3.33 ± 1.15

SESSION 3
SAM_P 3.00 ± 0.82 3.00 ± 1.15 2.25 ± 0.96 1.33 ± 0.58
SAM_A 3.50 ± 1.29 3.75 ± 1.26 2.00 ± 1.41 4.00 ± 1.00
SAM_D 3.25 ± 1.71 3.00 ± 1.63 3.00 ± 1.41 4.00 ± 1.00

SESSION 4
SAM_P 2.75 ± 0.50 1.67 ± 0.58 2.50 ± 0.58 2.33 ± 0.58
SAM_A 4.50 ± 0.58 3.67 ± 1.53 2.25 ± 0.96 4.33 ± 1.15
SAM_D 3.75 ± 1.89 4.00 ± 1.00 4.75 ± 0.50 3.67 ± 1.15

SESSION 5
SAM_P 3.00 ± 1.41 3.00 ± 0.82 2.00 ± 0.82 2.33 ± 0.58
SAM_A 4.25 ± 0.96 3.25 ± 1.26 2.75 ± 1.71 4.67 ± 0.58
SAM_D 2.75 ± 2.06 2.75 ± 1.71 4.25 ± 0.50 3.33 ± 2.08

SESSION 6
SAM_P 2.75 ± 0.50 2.50 ± 1.00 2.25 ± 1.89 1.33 ± 0.58
SAM_A 4.00 ± 0.82 4.00 ± 1.15 2.50 ± 1.73 3.67 ± 1.53
SAM_D 4.25 ± 0.96 3.75 ± 0.96 4.25 ± 0.50 4.67 ± 0.58
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Table 5.18: Descriptive Statistics of affective reaction for Pleasure, Arousal, and Domi-
nance at different time instants. Values are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
SESSION 7

SAM_P 2.50 ± 0.58 2.00 ± 1.41 1.75 ± 0.50 1.00 ± 0.00
SAM_A 3.50 ± 1.29 3.50 ± 1.91 3.75 ± 0.50 4.00 ± 1.41
SAM_D 3.75 ± 1.89 3.25 ± 1.50 4.25 ± 0.50 4.50 ± 0.71

SESSION 8
SAM_P 3.00 ± 0.00 2.50 ± 0.58 2.00 ± 0.82 2.00 ± 1.00
SAM_A 4.00 ± 0.82 3.25 ± 1.26 2.75 ± 1.50 3.67 ± 0.58
SAM_D 3.75 ± 1.26 3.75 ± 0.96 4.75 ± 0.50 4.33 ± 0.58

Presence The sense of presence in the VE was measured using the metrics provided
by the IPQ questionnaire [279], which are a total score (IPQ-TOTP), a general item
assessing the sense of "being there" (G1P), and three subscales: spatial presence (IPQ-
SPP), involvement (IPQ-INVP), and experienced realism (IPQ-REALP). Table 5.19
reports the descriptive statistics collected after game sessions. Sessions 1 and 7 were
conducted in the gym VE, while Sessions 2 and 8 used the warehouse VE.

Table 5.19: Descriptive Statisticstistics for the sense of presence at different time in-
stants. Values are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
SESSION 1

G1P 5.25 ± 0.96 3.75 ± 0.96 4.75 ± 2.50 5.00 ± 1.73
IPQ-SPP 4.60 ± 0.52 3.15 ± 0.77 5.15 ± 1.14 3.47 ± 0.76
IPQ-INVP 4.56 ± 1.13 3.31 ± 1.39 4.63 ± 1.16 3.75 ± 1.52
IPQ-REALP 2.63 ± 0.97 1.56 ± 1.07 2.75 ± 1.27 1.58 ± 2.13
IPQ-TOTP 4.07 ± 0.54 2.79 ± 0.62 4.29 ± 1.19 3.12 ± 1.34

SESSION 2
G1P 4.25 ± 2.87 4.00 ± 2.45 5.50 ± 1.00 5.33 ± 0.58
IPQ-SPP 4.25 ± 1.11 3.80 ± 2.08 5.50 ± 0.66 4.13 ± 0.83
IPQ-INVP 4.38 ± 1.71 3.25 ± 1.90 4.56 ± 1.13 4.25 ± 2.41
IPQ-REALP 3.31 ± 0.77 1.63 ± 1.13 3.19 ± 0.85 0.83 ± 0.63
IPQ-TOTP 4.02 ± 0.85 3.04 ± 1.27 4.57 ± 0.47 3.31 ± 1.16

SESSION 7
G1P 5,00 ± 1.41 4.25 ± 2.87 5.75 ± 0.50 6.00 ± 0.00
IPQ-SPP 4.50 ± 1.25 3.85 ± 1.82 5.10 ± 0.48 4.80 ± 0.00
IPQ-INVP 4.00 ± 0.74 4.63 ± 1.45 5.06 ± 0.83 5.25 ± 1.06
IPQ-REALP 3.38 ± 1.36 2.38 ± 1.23 2.25 ± 1.37 0.13 ± 0.18
IPQ-TOTP 4.07 ± 0.67 3.68 ± 1.54 4.32 ± 0.43 3.68 ± 0.25

SESSION 8
G1P 5.50 ± 1.00 5.00 ± 0.82 5.75 ± 0.50 4.33 ± 1.53
IPQ-SPP 4.95 ± 0.76 4.20 ± 0.67 4.85 ± 0.77 3.47 ± 0.23
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Table 5.19: Descriptive Statisticstistics for the sense of presence at different time in-
stants. Values are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
IPQ-INVP 5.31 ± 0.55 3.56 ± 0.47 4.19 ± 1.96 2.75 ± 2.05
IPQ-REALP 2.75 ± 1.57 1.88 ± 1.53 2.69 ± 1.55 1.00 ± 1.73
IPQ-TOTP 4.46 ± 0.39 3.41 ± 0.74 4.11 ± 0.24 2.62 ± 0.95

Game Experience during gameplay The game experience during gameplay was
measured using the GEQ Core Module [141] with its seven subscales: (i) Competence
(GEQ_CO), (ii) Sensory and Imaginative Immersion (GEQ_SII), (iii) Flow (GEQ_F),
(iv) Tension/Annoyance (GEQ_TA), (v) Challenge (GEQ_Ch), (vi) Negative Affect
(GEQ_NA), (vii) and Positive Affect (GEQ_PA). Table 5.20 reports the descriptive
statistics collected after game sessions. Sessions 1 and 7 were conducted in the gym VE,
while Sessions 2 and 8 used the warehouse VE.

Table 5.20: Descriptive Statistics for GEQ constructs at different time instants. Values
are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
SESSION 1

GEQ_Co 3.25 ± 1.05 3.35 ± 0.66 3.80 ± 1.21 3.40 ± 0.60
GEQ_SII 2.29 ± 1.03 2.67 ± 0.72 2.58 ± 0.62 2.89 ± 1.13
GEQ_F 4.20 ± 0.63 3.80 ± 1.21 4.70 ± 0.38 4.20 ± 0.92
GEQ_TA 1.50 ± 0.64 1.25 ± 0.32 1.08 ± 0.17 1.11 ± 0.19
GEQ_Ch 2.35 ± 0.53 2.60 ± 0.33 3.85 ± 1.59 1.87 ± 0.46
GEQ_NA 1.44 ± 0.59 1.50 ± 0.54 1.00 ± 0.00 1.00 ± 0.00
GEQ_PA 3.20 ± 1.48 3.30 ± 1.31 4.15 ± 0.70 4.20 ± 0.80

SESSION 2
GEQ_Co 2.85 ± 0.38 3.30 ± 0.68 3.95 ± 0.60 3.27 ± 0.42
GEQ_SII 2.17 ± 1.21 2.83 ± 0.76 2.79 ± 0.69 2.28 ± 0.77
GEQ_F 4.15 ± 1.23 3.65 ± 1.00 4.35 ± 1.05 4.20 ± 0.40
GEQ_TA 1.25 ± 0.17 1.08 ± 0.17 1.33 ± 0.47 1.00 ± 0.00
GEQ_Ch 2.65 ± 0.53 2.00 ± 0.52 2.15 ± 0.55 2.07 ± 0.92
GEQ_NA 1.56 ± 1.13 1.06 ± 0.13 1.25 ± 0.50 1.00 ± 0.00
GEQ_PA 2.60 ± 0.63 4.05 ± 1.00 4.15 ± 0.60 4.20 ± 0.53

SESSION 7
GEQ_Co 3.15 ± 0.34 3.75 ± 0.50 4.05 ± 0.25 4.50 ± 0.71
GEQ_SII 1.96 ± 0.42 2.33 ± 0.69 2.25 ± 0.32 2.08 ± 0.12
GEQ_F 4.40 ± 0.59 3.40 ± 1.10 4.55 ± 0.90 5.00 ± 0.00
GEQ_TA 1.58 ± 0.42 1.33 ± 0.67 1.08 ± 0.17 1.00 ± 0.00
GEQ_Ch 2.45 ± 1.32 2.20 ± 0.28 2.05 ± 1.00 2.10 ± 1.56
GEQ_NA 1.44 ± 0.72 1.94 ± 1.23 1.13 ± 0.25 1.00 ± 0.00
GEQ_PA 2.75 ± 0.97 3.60 ± 1.08 4.20 ± 0.65 4.50 ± 0.14

SESSION 8
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Table 5.20: Descriptive Statistics for GEQ constructs at different time instants. Values
are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
GEQ_Co 3.40 ± 0.49 3.90 ± 0.53 4.25 ± 0.76 4.07 ± 0.81
GEQ_SII 2.58 ± 0.55 2.75 ± 0.65 2.46 ± 0.46 2.39 ± 0.54
GEQ_F 5.05 ± 0.74 3.40 ± 0.91 4.20 ± 0.78 3.73 ± 0.83
GEQ_TA 1.50 ± 0.64 1.25 ± 0.50 1.00 ± 0.00 1.00 ± 0.00
GEQ_Ch 2.45 ± 1.00 1.50 ± 0.62 2.60 ± 0.94 1.67 ± 0.99
GEQ_NA 1.25 ± 0.29 1.69 ± 0.77 1.06 ± 0.13 1.17 ± 0.29
GEQ_PA 3.30 ± 0.68 4.05 ± 0.76 4.25 ± 0.62 4.67 ± 0.12

Game Experience after gameplay The Post-game Module of the GEQ [141] was
used to assess game experience after gameplay with its four components: (i) Positive Ex-
perience (GEQ_PE), (ii) Negative Experience (GEQ_NE), (iii) Tiredness (GEQ_Ti),
(iv) and Return to Reality (GEQ_RtR) Table 5.21 reports the descriptive statistics
collected after game sessions. Sessions 1 and 7 were conducted in the gym VE, while
Sessions 2 and 8 used the warehouse VE.

Table 5.21: Statistics for GEQ Post Game Module constructs at different time instants.
Values are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
SESSION 1

GEQ_PE 1.95 ± 0.57 2.30 ± 1.16 2.90 ± 0.58 2.87 ± 0.61
GEQ_NE 1.25 ± 0.32 1.25 ± 0.29 1.04 ± 0.08 1.06 ± 0.10
GEQ_Ti 1.75 ± 0.50 2.38 ± 1.11 2.13 ± 1.31 1.67 ± 0.29
GEQ_RtR 1.25 ± 0.50 1.25 ± 0.32 1.25 ± 0.32 1.67 ± 1.15

SESSION 2
GEQ_PE 1.85 ± 0.66 2.70 ± 0.38 3.35 ± 0.44 2.53 ± 0.31
GEQ_NE 1.38 ± 0.55 1.04 ± 0.08 1.00 ± 0.00 1.00 ± 0.00
GEQ_Ti 2.00 ± 1.35 1.25 ± 0.50 1.63 ± 0.48 1.50 ± 0.87
GEQ_RtR 1.00 ± 0.00 1.08 ± 0.17 1.42 ± 0.50 1.00 ± 0.00

SESSION 7
GEQ_PE 2.35 ± 1.12 2.35 ± 1.08 3.45 ± 0.64 3.10 ± 0.99
GEQ_NE 1.13 ± 0.16 1.42 ± 0.83 1.00 ± 0.00 1.00 ± 0.00
GEQ_Ti 2.75 ± 1.85 2.13 ± 1.65 1.75 ± 0.65 2.00 ± 1.41
GEQ_RtR 1.17 ± 0.33 1.17 ± 0.33 1.50 ± 0.43 1.00 ± 0.00

SESSION 8
GEQ_PE 2.10 ± 0.66 2.80 ± 0.91 3.65 ± 0.92 2.87 ± 0.64
GEQ_NE 1.13 ± 0.25 1.17 ± 0.19 1.17 ± 0.33 1.00 ± 0.00
GEQ_Ti 3.25 ± 1.50 1.00 ± 0.00 1.63 ± 0.48 2.33 ± 2.31
GEQ_RtR 1.00 ± 0.00 1.17 ± 0.33 1.25 ± 0.50 1.00 ± 0.00

Device Assessment The user experience in using the technology was assessed using
the Device Assessment Questionnaire (DAQ) [90]. Table 5.22 reports the descriptive
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statistics collected after game sessions. Sessions 1 and 7 were conducted in the gym VE,
while Sessions 2 and 8 used the warehouse VE.

Table 5.22: Descriptive statistics for the items of the DAQ questionnaire at different
time instants. Values are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
SESSION 1

Required force 2.50 ± 0.58 2.75 ± 0.50 2.75 ± 0.50 2.67 ± 0.58
Smoothness of movements 4.25 ± 0.96 4.00 ± 0.82 3.75 ± 0.50 4.33 ± 0.58
Mental effort 3.25 ± 0.50 3.50 ± 0.58 3.50 ± 1.29 3.33 ± 0.58
Physical effort 2.75 ± 0.50 2.50 ± 1.00 2.50 ± 0.58 2.67 ± 0.58
Accuracy of the movements 1.25 ± 0.50 2.25 ± 0.96 3.50 ± 1.00 2.00 ± 1.73
Speed of the movements 2.50 ± 0.58 2.75 ± 0.50 2.25 ± 0.96 2.33 ± 1.15
Finger fatigue 1.00 ± 0.00 1.75 ± 1.50 1.75 ± 1.50 1.00 ± 0.00
Wrists fatigue 1.00 ± 0.00 1.50 ± 1.00 1.00 ± 0.00 1.00 ± 0.00
Arms fatigue 1.25 ± 0.50 1.50 ± 1.00 1.25 ± 0.50 1.00 ± 0.00
Shoulder fatigue 2.00 ± 1.15 1.25 ± 0.50 1.00 ± 0.00 1.00 ± 0.00
Neck fatigue 1.50 ± 0.58 2.00 ± 1.41 1.00 ± 0.00 1.00 ± 0.00
General comfort 3.00 ± 1.41 3.75 ± 0.50 3.50 ± 0.58 4.33 ± 0.58
Overall ease of use 4.25 ± 0.96 3.50 ± 0.58 4.00 ± 0.00 4.00 ± 0.00

SESSION 2
Required force 3.25 ± 0.50 2.75 ± 0.50 3.25 ± 0.50 2.67 ± 0.58
Smoothness of movements 4.00 ± 1.41 3.50 ± 0.58 4.00 ± 0.82 4.00 ± 1.00
Mental effort 3.50 ± 1.29 3.25 ± 0.50 3.50 ± 1.00 3.33 ± 0.58
Physical effort 3.75 ± 0.50 3.50 ± 0.58 2.50 ± 1.29 2.00 ± 1.00
Accuracy of the movements 2.75 ± 1.26 2.25 ± 1.50 3.25 ± 1.71 2.00 ± 1.73
Speed of the movements 2.00 ± 0.82 2.25 ± 0.96 2.25 ± 0.96 1.67 ± 1.15
Finger fatigue 1.75 ± 1.50 1.75 ± 1.50 1.00 ± 0.00 1.00 ± 0.00
Wrists fatigue 1.00 ± 0.00 1.75 ± 1.50 1.00 ± 0.00 1.00 ± 0.00
Arms fatigue 1.00 ± 0.00 1.50 ± 1.00 2.00 ± 1.41 1.00 ± 0.00
Shoulder fatigue 3.25 ± 1.71 1.75 ± 1.50 1.25 ± 0.50 1.00 ± 0.00
Neck fatigue 1.00 ± 0.00 2.00 ± 2.00 1.00 ± 0.00 1.00 ± 0.00
General comfort 3.00 ± 0.82 3.75 ± 0.96 4.25 ± 0.50 4.33 ± 0.58
Overall ease of use 3.50 ± 1.29 3.75 ± 1.26 4.25 ± 0.96 4.33 ± 0.58

SESSION 7
Required force 2.75 ± 0.50 3.00 ± 0.00 2.25 ± 0.50 2.00 ± 1.41
Smoothness of movements 3.50 ± 1.29 4.00 ± 1.15 4.00 ± 0.00 4.00 ± 1.41
Mental effort 3.75 ± 1.26 3.00 ± 0.00 2.25 ± 0.50 1.50 ± 0.71
Physical effort 4.25 ± 0.50 3.00 ± 0.00 2.00 ± 0.00 2.50 ± 0.71
Accuracy of the movements 1.25 ± 0.50 3.25 ± 1.71 2.25 ± 0.96 1.00 ± 0.00
Speed of the movements 2.25 ± 0.96 3.00 ± 0.00 2.50 ± 0.58 2.50 ± 0.71
Finger fatigue 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 2.00 ± 1.41
Wrists fatigue 1.00 ± 0.00 2.00 ± 2.00 1.00 ± 0.00 1.00 ± 0.00
Arms fatigue 2.50 ± 1.91 1.75 ± 1.50 1.00 ± 0.00 1.00 ± 0.00
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Table 5.22: Descriptive statistics for the items of the DAQ questionnaire at different
time instants. Values are reported as Mean ± Standard Deviation.

iVR nVR w-iVR w-nVR
Shoulder fatigue 3.50 ± 1.73 1.00 ± 0.00 1.25 ± 0.50 1.00 ± 0.00
Neck fatigue 1.25 ± 0.50 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
General comfort 2.25 ± 0.96 3.75 ± 0.96 4.00 ± 0.00 5.00 ± 0.00
Overall ease of use 4.25 ± 0.50 4.00 ± 1.15 3.75 ± 0.50 5.00 ± 0.00

SESSION 8
Required force 2.50 ± 0.58 3.25 ± 0.50 2.75 ± 0.96 2.33 ± 1.53
Smoothness of movements 4.00 ± 1.15 3.75 ± 0.50 4.00 ± 0.82 4.33 ± 0.58
Mental effort 3.50 ± 0.58 3.00 ± 0.00 2.75 ± 0.96 3.33 ± 1.53
Physical effort 3.00 ± 0.82 3.50 ± 1.00 2.25 ± 1.26 3.33 ± 1.53
Accuracy of the movements 2.00 ± 1.41 2.75 ± 1.26 1.50 ± 0.58 1.67 ± 1.15
Speed of the movements 2.00 ± 0.82 3.00 ± 0.00 2.00 ± 0.82 2.00 ± 1.00
Finger fatigue 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
Wrists fatigue 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
Arms fatigue 1.50 ± 1.00 1.00 ± 0.00 1.50 ± 1.00 1.00 ± 0.00
Shoulder fatigue 3.00 ± 1.41 1.00 ± 0.00 1.25 ± 0.50 1.00 ± 0.00
Neck fatigue 1.25 ± 0.50 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
General comfort 3.50 ± 0.58 3.50 ± 0.58 4.25 ± 0.50 4.67 ± 0.58
Overall ease of use 4.25 ± 0.96 4.00 ± 1.41 4.00 ± 0.00 4.00 ± 1.00



6
Conclusions and Future Work

This thesis investigated the potential of XR and SGs in healthcare. Specifically, it
addressed the need for effective procedural training for nurses and doctors, as well as
cognitive training for healthy and clinical populations. Through a series of user studies
and protocol developments, this work has examined how specific design elements (level
of immersion, use of haptic devices, feedback modalities, use of adaptive techniques to
calibrate in real-time the difficulty of the task, and multi-user settings) impact learning
outcomes, user experience, and performance in procedural and cognitive tasks.

6.1 XR Procedural Training for Nurses and Doctors

The thesis investigated two distinct design elements within the context of training
healthcare professionals.

To assess how different feedback modalities within the VE affect user experience and
BLSD performance, we evaluated an immersive XR system that combines VR with a
physical mannequin. The XR system provided two types of feedback: real-time feedback
on compressions and post-performance debriefing on the correctness of procedural steps
and compression series. Our study highlighted that this dual-feedback approach, when
combined with refresher training sessions, is effective for improving and maintaining
BLSD skills. However, the results highlighted a critical need for continuous practice;
even after retraining, the median percentage of correct compressions was 45.00%, with
one-quarter of participants performing 11.70% or fewer correct compressions. This result
underscores that while XR is a viable tool for professional retraining, systems that
facilitate frequent, accessible repetition are fundamental to maintaining CPR proficiency.

To investigate the influence of multi-user settings on pre-hospital STEMI manage-
ment training, this thesis presented a multi-user XR system involving an instructor, a
medical doctor simulating a Case Manager, and a nurse executing the rescue within the
VE. The system was used in a blended learning Continuing Medical Education course
for nurses and doctors. Qualitative analysis revealed that learners highly valued the
system, particularly its collaborative nature and its provision of a safe and engaging en-
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vironment for high-stakes rehearsal. However, quantitative analysis showed that, despite
a positive trend, nurses trained in the blended course achieved procedural performance
comparable to that of a control group, with no statistically significant differences in
performance scores during a STEMI simulation rescue.

Overall, the positive subjective feedback for both BLSD and STEMI systems suggests
that the value of iVR extends beyond immediate knowledge retention scores. XR systems
can serve as effective motivational tools, possibly encouraging more frequent voluntary
training.

Based on the findings of this thesis, future research could:

• Enhanced Feedback Mechanisms: Investigate nesting post-performance feed-
back within a simulation replay. This approach would allow trainees to review
their performance from an external perspective (third-person view), reducing the
likelihood of skipping feedback. Such replays should emphasize positive reinforce-
ment, highlighting correct behaviors while offering constructive advice to rectify
ineffective actions.

• Collaborative Multi-Learner Scenarios: Support multiple active learners si-
multaneously, i.e., two or more nurses wearing the VR headset and performing
interventions on the same virtual patient. In real-world dynamics, nurses typi-
cally rescue patients as part of a team, coordinating with team members to per-
form several tasks in parallel (e.g., one nurse speaks with the Case Manager doctor
while another applies the IV to the patient). A system that supports synchronous,
multi-role intervention would enable the simulation of these real-world dynamics
and facilitate the training of the soft skills required for team coordination.

• Automation and Adaptive Difficulty: Integrate algorithms capable of iden-
tifying protocol deviations in real-time (e.g., if the learner did not follow a stan-
dardized procedure). This data could be used to provide immediate feedback on
the correctness of actions and to drive an adaptive difficulty system that dynami-
cally calibrates the simulation by tailoring the experience to the learner’s specific
expertise level, without requiring an instructor.

6.2 XR Training for Object Location Spatial Memory

In the context of training OLSM of healthy people, this thesis focused on two design
elements: the level of immersion and the use of force-feedback haptic gloves to enhance
the realism of VR experiences.

The level of immersion was investigated in a SG aimed at training OLSM, developed
for both VR headsets and mobile devices. The user study with healthy participants
showed that both versions were highly usable, and the game experience was positively
perceived. While the iVR group reported a significantly higher sense of presence, the
nVR group demonstrated faster in-game progress. Regardless of the SG version partic-
ipants played with, results showed that playing the SG led to a statistically significant
improvement in a subsequent real-world OLSM task. These results suggest that while
immersion enhances the sense of presence, the cognitive benefits of the SG may also be
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delivered effectively through non-immersive platforms, thereby avoiding the additional
hardware and development costs required by VR headsets.

The second design element investigated was how different haptic feedback modalities
influence user experience and performance in an iVR OLSM task. Specifically, a user
study comparing force-feedback gloves with standard handheld controllers found that
while force-feedback gloves significantly enhanced the “sense of being there,” they also
led to higher fatigue and discomfort, likely due to the device’s weight and ergonomics.
Notably, these ergonomic factors appeared to influence efficiency; participants using
handheld controllers completed tasks in less time, with no statistically significant differ-
ence in OLSM performance between the two conditions. These findings suggest that for
standard OLSM tasks, common commercial VR hardware may be sufficient, avoiding
the fatigue and superior costs associated with force haptic devices.

Overall, these experiments highlight that while immersion and haptic realism signif-
icantly enhance the subjective user experience, they deliver similar acquisition of OLSM
skills compared to more common devices.

Based on these findings, future research could:

• Adaptive Difficulty: Implement DDA techniques to calibrate the task difficulty
in real-time. By dynamically adjusting parameters (e.g., the number of objects or
the time available to remember their positions), based on the user’s performance,
the system could maintain the user in a flow state by constantly providing a task
difficulty that is neither too easy nor too hard.

• Haptic Hardware: Investigate the benefits of haptic feedback by replicating the
OLSM task with different force-feedback gloves. Using different haptic gloves may
reveal whether they can enhance memory performance in ways previously masked
by physical discomfort.

• Multi-User Setting: Implement multi-user settings enhanced with haptic gloves,
to explore whether performing OLSM tasks in these settings may influence engage-
ment and training efficacy compared to individual exercises.

6.3 XR Training for Executive Functions
Focusing on training Executive Functions in both healthy participants and older adults
with mNCD, this thesis investigated three design elements: DDA, multi-user settings,
and immersion levels.

In the first system, an XR SG involving a sorting task is proposed to investigate
the effects of adaptive difficulty and multi-user settings. Specifically, a user study com-
pared an adaptive difficulty progression based on heuristics against linear difficulty incre-
ments, and single-player against multi-player modes. The results highlighted that while
heuristic-based difficulty adaptation offers implementation simplicity by not requiring
extensive background data, it lacks the necessary scalability to maintain a flow state
across diverse demographics without frequent parameter recalibration. Furthermore, in
the specific context of this sorting task, the multi-user setting introduced technologi-
cal and logistical overhead without demonstrating clear added value compared to the
single-user experience.
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To further investigate how adaptive difficulty progression affects gameplay for users
with varying degrees of cognitive impairment (healthy, mild NCD, and major NCD), a
variant of the SG was developed based on the Go/No-Go task. This variant of the SG was
modeled as a Discrete-Time Markov Chain, allowing for the evaluation of probabilistic
queries that reveal distinct predicted behaviors across the three disease levels. The
results suggest that the system can serve as a valuable instrument for clinicians to
interpret patient performance and assess disease staging. Specifically, with probabilistic
query data, it may be possible to identify discrepancies between expected and actual
performance when playing with the SG (e.g., a healthy individual exhibiting behavior
characteristic of an mNCD patient, or vice versa).

Building on these insights, we developed an enhanced version of the Go/No-Go
SG aimed at training Inhibitory Control. This system features ten levels of difficulty,
two distinct environments, and supports both iVR and nVR modalities. The primary
objective of the evaluation protocol is to assess the acceptability of XR SG technologies
as training tools for patients with mild NCD. Secondary objectives include a comparative
analysis of user experience, in-game performance, and cognitive metrics between iVR
and nVR conditions, utilizing a control group for cognitive benchmarking. This system
is currently undergoing validation with mild NCD patients at the Cognition Behaviour
Technology research institute of the Université Côte d’Azur.

Overall, these investigations suggest that XR offers promising tools for executive
function training. Results from DDA techniques suggest that simple heuristics may be
sufficient for general gameplay but lack the precision required for clinical patients, where,
if needed, continuous updating of difficulty parameters may not be feasible. Instead,
probabilistic modeling offers a framework for predicting how changes in parameters can
affect user performance without involving participants. Additionally, the inclusion of
multi-user elements requires careful consideration of the trade-off between social engage-
ment and system complexity, as its benefits in repetitive cognitive training scenarios are
less immediate.

Based on such findings, future research could:

• Haptic-Enhanced Training: Assess how integrating haptic gloves into XR
training for executive functions affects user experience and training efficacy. Hap-
tic gloves can simulate physical resistance and provide more tactile cues than
standard controllers, potentially increasing immersion and engagement. Future
studies should test whether differentiated haptic feedback for incorrect actions
(e.g., triggering a distinct vibration when grabbing a “No-Go” object) provides a
stronger reinforcement signal than visual or auditory cues alone.

• Physiological-Based Adaptation: Integrate physiological sensors (e.g., EEG,
heart rate variability, eye tracking) into the DDA loop to capture physiological
data in real time. By correlating these markers with in-game performance, the
system could detect frustration or disengagement before performance declines and
enable more precise difficulty calibration based on physiological data.

• Machine Learning-Driven DDA: Use a an alternative approach to relying on
the DTMC-based model by investigating the application of machine learning algo-
rithms to improve the DDA logic of the SG. Unlike heuristic or static probabilistic
models, reinforcement learning techniques can learn how specific difficulty changes
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affect users in real-time. By continuously analyzing metrics such as reaction times
and in-game performance, a reinforcement learning agent can dynamically adjust
difficulty parameters. This approach may maintain a flow state more effectively
throughout the rehabilitation period than static rules.

6.4 Overall Conclusion
By evaluating different XR design elements (level of immersion, use of haptics, feedback
modalities, dynamic difficulty adjustment, and multi-user setting), this thesis offers
insights into the application of XR technologies in healthcare training. The collective
findings do not support the assumption that higher technological fidelity automatically
yields superior learning outcomes. For example, in the context of OLSM training, while
high-immersion VR and force-feedback devices consistently enhanced user engagement
and presence, they did not outperform less immersive devices in skill acquisition. In fact,
lower-fidelity options reduced fatigue and the need for specialized hardware, increasing
the availability of such systems.

Moreover, multi-user settings proved valuable for the validity of procedural knowl-
edge training for healthcare professionals on a rescue team in the context of STEMI pro-
cedure. However, in the context of an individual cognitive task, the multi-user setting
did not report clear added value compared to the single-user experience. Furthermore,
the investigation into adaptive difficulty shows that simple heuristics are limited in ef-
fectively tailoring difficulty to player skill, suggesting to experiment with more robust,
data-driven modeling.
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