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Abstract—Innovation in higher education increasingly requires
more than the adoption of new technologies: it requires the redesign of
learning opportunities and assessment. Nuclear Medicine is a
particularly demanding context because practical training in SPECT is
constrained by equipment availability, operational costs, clinical
workload and radiation-protection requirements. This paper presents
SPECT Explorer, a gamified immersive Virtual Reality platform
designed to complement SPECT education and training, and describes
the educational framework underpinning its development. The work
focuses on the pedagogical principles guiding platform development,

the three knowledge gaps identified by a scoping review, the
learning architecture, gamification, learning analytics, and the
integration of Biomedical Engineering metrics. The platform was
implemented in Unity for Meta Quest 3 and organises learning through
six sequential missions covering the main SPECT workflow. Learner
actions are captured and analysed through indicators such as execution
time, errors, attempts, action sequence and protocol compliance, while
image-related activities incorporate image quality metrics as signal-
to-noise ratio, Contrast-to-Noise Ratio, contrast, spatial resolution,
uniformity and artefact identification. A multidimensional pre-
validation framework combines knowledge, usability, workload,
behavioural and technical indicators. The main contribution extends
beyond the use of VR itself and lies in an educational architecture that
connects authentic procedural learning, formative feedback, Learning
Analytics and domain-specific technical evidence. SPECT is used as a
case because it provides a strong relationship between learner
decisions, procedural consequences and measurable image-quality
outcomes. The platform provides a structured foundation for future
empirical evaluation of learning outcomes and competency
development in SPECT training.
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|. INTRODUCTION

IInnovation in education is increasingly necessary when the
technological environment in which students are expected to
work evolve more rapidly than traditional training contexts.
Higher education cannot simply add new technologies to
established teaching practices; it must redesign learning
experiences so that technology is used to create educational
opportunities that would otherwise be difficult, costly, unsafe
or impractical to provide.. This is particularly relevant in health
and biomedical engineering, where practical competence
depends on interaction with complex equipment, procedures
and decision-making under constraints. Domingues et al.
(2022) argue for education capable of responding to accelerated
social and technological change, while Sim&es and Domingues
(2018) emphasise the need to reconsider education in the
context of human-technology interaction. These principles
motivate the present work.

Nuclear Medicine plays an important role in the diagnosis,
stagimg and monitoring of various diseases by providing
functional information about organs and tissues. However,
practical training in this field faces limitations related to
equipment availability, operational costs, and radiation
protection requirements, restricting students’ opportunities for
training in clinical environments. In SPECT, students must
integrate clinical information, patient preparation, detector and
collimator selection, acquisition parameters, image processing
and image-quality assessment. The educational challenge
extends beyond access to equipment. It is the difficulty of
providing repeated opportunities to practise a complete
procedural workflow while maintaining safety, consistency and
meaningful assessment.

Virtual Reality (VR) can complement conventional teaching
by providing safe, repeatable and controlled practice. Recent
evidence supports the educational potential of immersive VR
while also showing that outcomes depend on instructional
design, assessment strategy and implementation conditions
(Zhang et al., 2025; Torosian et al., 2025). Gamification can
structure progression and feedback, but its educational value
depends on the pedagogical function assigned to game elements
rather than on their mere presence (Aster et al., 2024). The
present work therefore does not treat VR or gamification as
ends in themselves. It addresses their integration into a
pedagogically structured learning environment supported by
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Learning Analytics and domain-specific performance metrics.
The work presented here was developed from a dissertation
whose first phase comprised a Scoping Review of immersive
technologies and gamification in health education, followed by
the design of the SPECT Explorer platform. The review
(-
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model resulting from that evidence and its operationalisation in
a SPECT case
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Fig. 1. Educational objectives and integrated components of SPECT Explorer.

The scoping review identified three related gaps. First, there
is a domain-specific gap: immersive educational applications
are increasingly reported in medicine and medical imaging, but
applications addressing Nuclear Medicine and the complete
SPECT workflow remain scarce. The scoping review identified
only a small number of Nuclear Medicine applications,
including an immersive hot-laboratory simulation and a VR
programme for myocardial perfusion imaging (Marshall et al.,
2024; Kung et al., 2026). These studies demonstrate feasibility
of immersive technologies in Nuclear Medicine education, but
they do not establish a comprehensive educational environment
for the full SPECT workflow.

Second, there is a pedagogical integration gap. The literature
includes simulation, immersive environments, serious games,
game-based learning and gamification, but these approaches are
heterogeneous. The relevant question is not whether a platform
contains VR or game elements, but whether its technology,
learning objectives, tasks, feedback and progression are
coherently aligned within an instructional design framework.
This distinction is consistent with recent reviews of serious
games and immersive learning, which emphasise the
importance of theoretical and pedagogical grounding (Aster et
al., 2024; Stracke et al., 2025).

Third, there is an assessment gap. The studies mapped in the
dissertation used knowledge tests, performance assessments,
guestionnaires, satisfaction measures, usability instruments and

https://doi.org/10.17758/EARES26.EAP1026101

22

qualitative approaches. Such measures are valuable but often
provide evidence of outcomes after the learning activity rather
than detailed information about learner behaviour during task
execution."

Recent work on VR assessment likewise identifies
assessment as an emerging use rather than a mature practice
(Neher et al, 2025). Learning Analytics offers a
complementary route because it can capture what learners
actually do during an activity, while recent higher-education
research points to the need for stronger frameworks connecting
emerging technologies, assessment and feedback (Sembey et
al., 2024).

The SPECT case is particularly suitable for addressing these
gaps. It combines a constrained clinical learning environment
with a structured workflow, authentic technical decisions and
measurable consequences for image formation and quality. It
therefore enables the integration of four elements that are often
evaluated separately:: learning activity, learner action,
procedural performance and technical outcome

II. METHOD AND DESIGN BASIS

The study adopted an applied design-oriented approach
centred on the development of a SPECT training platform.. The
scoping review was used as a design process rather than as the
main object of the paper. Evidence concerning immersive
learning, gamification, evaluation methods and Nuclear
Medicine applications was used to derive educational and
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functional requirements.. The resulting case study focused on
the design and implementation of SPECT Explorer and on the
definition of a framework for preliminary validation

The platform was implemented in Unity using C# for the
Meta Quest 3. Its architecture comprises distinct modules for
authentication and user management, the virtual environment,
simulation, gamification, learning analytics, data storage, and
performance reporting . The design principle is that a learner
interaction should generate an educational state and, where
appropriate, an analysable data point. This is the basis for
moving from a VR demonstration to an educational platform.

TABLE I. KNOWLEDGE GAPS IDENTIFIED IN THE SCOPING REVIEW
AND THEIR OPERATIONALISATION IN SPECT EXPLORER.

Response in
SPECT Explorer

Dedicated
immersive SPECT
environment and

Gap Evidence identified

Few immersive
solutions address

Domain-specific  |Nuclear Medicine

end-to-end
and the complete rocedural
SPECT workflow, [PrO¢
missions.
Learning
VR, simulation and |objectives, tasks,
game elements are  |progression,
Pedagogical heterogeneous and | feedback and

Knowledge,
satisfaction,
usability and
perception are

Learning Analytics
is combined with
behavioural

Assessment common; indicators and
automatically SPECT-related
captured technical |engineering
evidence is less metrics.

integrated.

SPECT Explorer was conceived as an immersive learning
environment rather than as a virtual replica of a Nuclear
Medicine room. The virtual environment provides the context,
but learning is organised through explicit tasks and decisions.
The platform includes a reception and case area, a gamma-
camera acquisition area, a control room for acquisition
parameters, and a processing and reconstruction area. The
resulting environment represents the workflow that the student
is expected to understand and execute.

The architecture is modular. Authentication and user
management provide individual progression; the virtual
environment provides spatial context and interaction; the
simulation engine represents procedural rules; gamification
manages progression and feedback; Learning Analytics
captures interaction data; the database stores session
information; and performance reports make the resulting
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Fig. 2. Modular architecture of SPECT Explorer.
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The architecture was designed around a simple educational
data cycle: action, state change, measurement, feedback. For
example, selecting a collimator is not treated only as an
interaction with a virtual object. It is an educational decision
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~

Fig. 3. Virtual Nuclear Medicine environment and workflow represented in the platform.

The resulting platform therefore has three simultaneous
roles. It is a simulation environment in which the learner
performs a procedure; it is a learning environment in which
activities are sequenced and supported by feedback; and it is an
assessment environment in which interactions can generate
quantitative evidence. This integration is the central design
choice of the proposed educational innovation.

The platform does not attempt to reproduce all clinical
complexity. Real clinical work includes patient
communication, teamwork, unexpected events, equipment-
specific interfaces, institutional protocols and responsibilities
that cannot be fully represented in a virtual environment. The
purpose of SPECT Explorer is instead to create an intermediate
learning layer between conceptual instruction and clinical
practice. In this sense, its educational value should be assessed
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as complementary rather than substitutive.

I1l. PEDAGOGICAL DESIGN, M1SSIONS AND GAMIFICATION

A distinctive feature of SPECT Explorer is the integration of
image-quality metrics into the learning activities related to
image acquisition, processing and evaluation. These activities
incorporate technical parameters associated with SPECT image
quality , including signal-to-noise ratio (SNR), contrast-to-
noise ratio (CNR), contrast, spatial resolution, uniformity and
artefact identification. These parameters are relevant to the
characterisation of image quality and system performance in
Nuclear Medicine (Cherry et al., 2012; International Atomic
Energy Agency [IAEA], 2014).
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(A) Movement artefact

Image with artefact Reference image

Patient movement during
acquisition

Image without artefact

(C) Extravasation artefact

Image with artefact Reference image

Extravasation of activity into
adjacent structures

Image without artefact

Misalignment of the rotation centre

(B) Attenuation artefact

Image with artefact Reference image

Attenuation by dense tissues
(e.g. diaphragm or breast)

Image without artefact

(D) Centre of rotation artefact

Image with artefact Reference image

Image without artefact

causes radial distortion

Fig. 4. Examples of artefacts observed in Nuclear Medicine: (A) movement artefact; (B) attenuation artefact; (C) extravasation artefact; and (D)
centre-of-rotation artefact.

Artefact identification is particularly relevant to the
educational design of SPECT Explorer because it links
technical procedures and acquisition conditions with
observable consequences in the reconstructed image. The
examples in Figure 5 illustrate how errors or specific
acquisition conditions may alter image appearance and
therefore provide a basis for procedural reasoning and
feedback.

However, technical image-quality metrics should not be
interpreted automatically as validated measures of competence.
Parameters such as SNR, CNR, contrast, spatial resolution and
uniformity characterise technical properties of the image. The
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fact that a learner's decision produces a particular change in one
of these parameters does not, by itself, establish that the
parameter is a valid measure of professional competence.

The learning experience is structured through 5 sequential
missions corresponding to the main stages of a SPECT
procedure: clinical case and patient preparation; gamma-
camera configuration; acquisition-parameter configuration;
image processing and reconstruction; and final image
evaluation and feedback. Each mission combines a learning
objective, a contextualised task, an expected decision or
procedure, immediate feedback and automatically recorded
evidence
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Fig. 5. Learning missions and progressive procedural structure.

The mission structure operationalises experiential learning.
The student acts within a realistic context, observes the
consequences of the action, receives information about errors
or outcomes, and can repeat the activity. The sequence is
deliberately procedural because the educational target is not
isolated knowledge about SPECT but the ability to integrate
knowledge into a coherent workflow.

Table 1 summarises the principal gamification elements and
their intended educational functions.

TABLE Il. GAMIFICATION ELEMENTS AND INTENDED
PEDAGOGICAL FUNCTIONS.

Element Pedagogical function

Structure the SPECT workflow
and progressive complexity.

Sequential missions

Clarify expected learning

Objectives outcomes and task criteria.

Identify errors and support

Immediate feedback formative correction.

Enable deliberate practice after

Repetition :
P errors or incomplete performance.

Represent progress and provide

Points / experience - .
an explicit performance signal.

Control progression and sequence

Level rogression AR
evels / progressio access to activities.

Introduce contextualised decision-

Challenges / cases making.

Support reflection on decisions,

Final report / debriefing errors and performance.
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Gamification is therefore treated as a pedagogical
mechanism rather than as decoration. Objectives clarify what
must be achieved; progression structures increasing
complexity; challenges introduce contextualised decisions;
immediate feedback supports formative correction; repetition
enables practice; points and experience indicators represent
progress; and the final report supports reflection. This
interpretation is consistent with evidence that the educational
value of game elements depends on how they are connected to
learning activities and assessment (Aster et al., 2024).

Learning Analytics extends this design by preserving
evidence of the learning process. Instead of recording only
whether a mission was completed, the platform can capture how
it was completed. Time, errors, attempts, sequence of actions,
parameter selections and protocol compliance can be examined
at mission and session level. Such data can support formative
feedback to students and diagnostic information to educators.

The educational logic can therefore be represented as:

learning  objective authentic task —  learner
decision/action — procedural consequence — quantitative
evidence — feedback — repetition/reflection.

This structure is relevant beyond SPECT. It provides a
general pattern for designing immersive procedural learning
environments in which the technology supports the learning
process rather than becoming the learning objective itself.

The most distinctive component of the proposed approach is
the integration of behavioural Learning Analytics with
Biomedical Engineering metrics. The platform records
operational indicators such as execution time, number of errors,
number of attempts, task completion, action sequence,
parameter selection and compliance with the expected

—
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procedure. For image-related activities, it considers SNR, CNR,  (International Atomic Energy Agency, 2009, 2014; Cherry et
contrast, spatial resolution, uniformity and artefact al., 2012).

identification. These parameters are grounded in the technical
principles of SPECT image formation and quality assurance
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Fig. 7. Quantitative behavioural and image-quality metrics considered by the platform.
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The key conceptual relation is:
learner action/decision — procedural consequence —
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These actions were carried out by the student and converted into quantitative data,
allowing a objective assessment of the evolution of skills and of the achievement of the learning objectives.

Fig. 8. Relationship between learner actions, recorded metrics and performance indicators.

This relation addresses the assessment gap identified in the
scoping review. It makes the learner's interaction observable at
a finer level and creates the possibility of relating decisions to
technical outcomes. However, a critical distinction must be
maintained. SNR, CNR, contrast, spatial resolution and
uniformity are technical image-quality metrics. They are not,
by themselves, validated measures of competence. Their
educational validity must be established by future empirical
research using expert judgement, competency criteria and
appropriate comparison designs.

The pre-validation framework consequently combines
complementary dimensions rather than relying on a single
score. Learning is addressed through pre-test and post-test
knowledge measures; usability through the System Usability
Scale (Brooke, 1996); workload through NASA-TLX (Hart &
Staveland, 1988); behavioural performance through
automatically captured interaction data; and technical
performance through procedural and image-quality indicators.

TABLE Ill. MULTIDIMENSIONAL PRE-VALIDATION FRAMEWORK.

. . Indicators /
Dimension . Purpose
instrument
Explore changes in
Learning Pre-test / post-test |conceptual
knowledge.
- Assess perceived
- System Usability -
Usability Scale (SUS) usability of the
platform.
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Characterise
Workload NASA-TLX perceived task
workload.
Time, errors,
attempts, .
Behavioural sequence, tizalreaa(\:rtr?:rseet:?c\),\rlms
performance completion, P
the task.
parameter
selection
SNR, CNR .
! T Characterise
Technical ;:gsnotlrstsitéspatlal technical
performance uniformit ! consequences of
artefacts Y simulated decisions.

The proposed pre-validation is exploratory. The dissertation
defines a convenience sample of approximately 20-30
Biomedical Engineering students, individual sessions,
familiarisation with the HMD, execution of the missions,
automatic data capture and post-session questionnaires.
Descriptive statistics, normality testing and paired comparisons
are proposed where appropriate. The absence of a control group
is deliberate at this stage because the objective is to establish
feasibility, usability, data quality and preliminary relationships
rather than causal effectiveness.

This distinction is important for the educational contribution.
The present work demonstrates that an educational
measurement architecture can be implemented. It does not yet
demonstrate that the platform improves learning, that the
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gamification increases motivation, or that the proposed
engineering metrics validly measure competence. These are
subsequent research questions.

IV. EDUCATIONAL CONTRIBUTION AND CONCLUSIONS

SPECT Explorer illustrates a form of educational innovation
in which technology is introduced to address identifiable
pedagogical constraints. The VR environment responds to
restricted access to equipment and radiation-sensitive practice;
the mission structure converts the clinical workflow into a
sequence of learning activities; gamification supports
progression and formative feedback; learning analytics
provides the means to capture and analyse learner behaviour;

; and Biomedical Engineering metrics create a route towards
objective, domain-sensitive assessment.

The advantages of SPECT as a case study are therefore
methodological as well as clinical. It offers a structured
workflow,  multidisciplinary  knowledge  requirements,
consequential technical decisions and measurable image-
quality outcomes. This combination makes it possible to
investigate links between procedural reasoning and technical
performance that are difficult to establish in learning
environments where outcomes are mainly conceptual or
subjective.

The approach also extends the educational research agenda
beyond the common question of whether students like VR.
Recent evidence indicates positive potential for immersive VR
in medical education, but also highlights heterogeneity,
usability issues, technology-induced workload and the need for
robust assessment (Zhang et al., 2025; Neher et al., 2025). The
contribution here is to treat assessment as part of platform
design from the beginning rather than as an evaluation added
after technological development.

Three contributions emerge. First, the paper proposes an
educational design model for immersive procedural learning in
a high-constraint health context. Second, it presents a platform
architecture linking authentic learning activities, gamification,
Learning Analytics and SPECT-related engineering indicators.
Third, it establishes a multidimensional pre-validation
framework capable of supporting future research into learning,
usability, workload, behaviour and competence.

The main limitation is that the present work reports the
design and implementation of the platform and the pre-
validation methodology, not completed evidence of educational
effectiveness. The proposed metrics also require validation
against expert performance and established competency
criteria. SPECT Explorer should therefore be understood as a
complementary educational tool and as a research platform for
studying technology-supported learning, rather than as a
replacement for clinical training.

Future work should complete the pre-validation, establish the
validity and reliability of the behavioural and technical
indicators, compare the platform with conventional training,
examine transfer to clinical performance, and investigate
adaptive learning based on learner analytics. The broader
implication is that VR can support innovation in higher
education most effectively when it is integrated with explicit
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pedagogical design and meaningful assessment. In SPECT
Explorer, the technology is not the innovation by itself; the
innovation lies in using the technology to create a safer,
repeatable and measurable learning process
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