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Abstract: The traditional training methods in radiological hot laboratories involve significant chal-
lenges, including the risk of radiation exposure and the development of radiophobia among learners.
Virtual reality (VR) presents an innovative educational solution by simulating realistic hot lab en-
vironments and procedures without associated risks. This mixed-method study investigates the
efficacy of VR in enhancing cognitive retention and practical skills and reducing radiophobia among
students. All participants (video and VR cohorts) were given a pre-test, same-day training post-test,
after 1 month, and after 3 months. In the 3-month test, 13% of the control group scored > 80%, and
87% of the VR group scored > 80% (6.69-fold more significant). VR simulated the real-world hot lab
more accurately than training videos, resulting in increased confidence and safety. Resulting in the
control group (video training), radiophobia decreased by 1.52-fold; in contrast, the VR training group
reduced by 2.42-fold. These reductions indicate that VR training was significantly more effective in
reducing radiophobia than traditional video training. VR enhanced knowledge retention, reduced ra-
diophobia, increased safety confidence, and reduced fear about pursuing a career in nuclear medicine.
Overall, VR created a safer working environment, and RT students responded more positively than
the instruction videos. Consequently, a mixed-method study revealed key codes of engagement, easy
understanding, memory, safety, confidence, learning experiences, implementation in the curriculum,

and getting ready for clinical practice.

Keywords: gamification; hot lab; immersive gaming; immersive learning; nuclear medicine;

radiophobia; radiation safety; 99MTe-MDP; technology-enhanced learning; virtual reality

1. Introduction

The utilization of ionizing radiation in the healthcare sector has witnessed a global
upsurge due to its wide-ranging applications and advancements in medical technology.
These advancements have yielded significant progress, leading to the development of
pioneering technologies and enhanced patient care. However, this upsurge is a significant
factor contributing to the possibility of increased cumulative radiation doses to medical
personnel [1-4]. Hence, there exists a growing imperative to mitigate the potential hazards
associated with radiation, including tissue harm and the development of cancer [5]. A
study by Boice et al. determined that 109,019 medical professionals linked with radiation
procedures between 1965 and 1994 were at an elevated risk for lung cancer [6]. In the
healthcare environment, occupational radiation exposure is well-established as a factor that
elevates cancer risk and contributes to premature vascular aging and cataract formation [7].

Furthermore, Hayashi et al. revealed that medical staff lacked adequate knowledge
of radiation protection principles [8]. Therefore, it is crucial to enhance training strategies
to foster greater awareness of the risks associated with radiological procedures and im-
prove comprehension of radiation safety principles [9]. In healthcare, ionizing radiation is
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widely used in medical imaging for various purposes, such as diagnosis, treatment, and
monitoring. These procedures occur in different healthcare settings, including radiology
departments, patient wards, intensive care units, and specialized areas like catheterization
labs and operating rooms. Therefore, healthcare professionals must prioritize radiation
safety to protect themselves and patients from the potential risks of radiation-induced
cancer. Moreover, every institution’s management team is responsible for educating and
implementing preventive strategies and operational norms [10].

As a result, digital learning, including virtual reality (VR), is on the rise in radiological
technology (RT) education. Since VR provides risk-free, realistic, and highly effective
training for medical staff, the healthcare industry is one of the key market sectors to
adopt VR technology. Moreover, VR offers a unique and immersive learning experience
that can significantly enhance the development of competencies among medical students.
Consequently, RT students can benefit from virtual reality training simulating working
in a hot radiopharmaceutical lab environment. Students can safely navigate around the
hot lab before hands-on training in the hot lab. It is imperative to ensure that students
can independently execute a comprehensive radiopharmaceutical preparation without any
errors or reliance on external support.

Students must comprehensively understand the various concerns about patients, staff,
and environmental safety when handling radioactive materials. Furthermore, they should
be capable of effectively applying this knowledge in practical settings, particularly when
preparing radiopharmaceuticals. Moreover, VR helps reduce the risk of errors and potential
harm from radioactive materials by providing a controlled environment for practicing
procedures. This focus on student safety is a significant advantage of incorporating VR
into RT and continuing medical education (CME). In addition, VR can also be used for
ongoing professional development, allowing medical staff to stay updated with the latest
medical advancements and techniques and radiation safety best practices. Various studies
have concluded that VR training enhances student engagement and increases their confi-
dence [11,12]. While the promise of VR in RT education is substantial, it is essential to note
that successful implementation requires careful design and integration into the curriculum.
As technology advances, we can expect even more sophisticated and practical applications
of VR in the RT field, ultimately leading to better-trained healthcare providers and skills
improvement [13,14].

According to Good Radiopharmaceutical Practice, technetium-99m (6.0058 h half-
life gamma emission) is typically prepared in hospital radiopharmacies. It is the most
used radiopharmaceutical in nuclear medicine, mainly processed for *™Tc-methylene
diphosphonate (™ Tc-MDP) for bone scintigraphy. The ALARA (as low as reasonably
achievable) principle, emphasizing minimal radiation exposure, is instilled throughout
lectures and simulations in laboratory settings, where hands-on training is restricted due to
potential health hazards. To overcome this limitation, virtual, augmented, and mixed-reality
simulations have been developed to offer a risk-free environment for trainees. Because RT
students’ practical training time is limited and restricted by access to hazardous materials,
specialist equipment, and limited instructor resources. This study focuses on creating a
virtual reality-enhanced, multi-layered meta-cognitive learning module specifically for
the preparation and quality control of the radiopharmaceutical *™Tc MDP. RT students
must be competent in preparing radiopharmaceuticals such as *™Tc-MDP and receive
specialist training in preparing sterile and pyrogen-free pharmaceuticals. Radiation safety
is a crucial element within RT training. VR simulation can be vital in educating students on
the safety protocols associated with radiopharmaceutical preparation, aiming to decrease
trainee radiation exposure.

2. Materials and Methods
2.1. Study Objectives

Create a virtual reality-enhanced, multi-layered meta-cognitive learning module as a
teaching aid for RT students’ preparing **™Tc-MDP to Good Radiopharmaceutical Practice.
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e  Understand the safety requirements for entering the radiopharmaceutical preparation
laboratory (hot lab) and protection from radiation hazards.

e  Gain competency in the simulated preparation of *™Tc-MDP.
Gain competency in quality control of **™Tc-MDP.
Understand health and safety legislation requirements.

2.2. Study Location

e Radiopharmaceutical Preparation Laboratory (hot lab), Department of Radiology,
Faculty of Medicine, Prince of Songkla University, Thailand.

e Laboratory 1 and 2, Radiological Technology Program, Department of Radiology,
Faculty of Medicine, Prince of Songkla University, Thailand.

2.3. Quantitative Study: Study Design and Participants

In this study, a mixed-method intervention design incorporating both qualitative and
quantitative components was employed. Initially, a non-randomized intervention using
various teaching methodologies was executed, adopting a quantitative approach within a
concurrent integrated design framework. The study’s second phase introduced a qualita-
tive method to delve into significant insights from the observed phenomena. Qualitative
data collection occurred after the VR interventions, aiming to uncover underlying mecha-
nisms that might explain the quantitative findings. This included exploring participants’
experiences, effort, motivation, satisfaction, and adherence.

An assessment of radiological technology students preparing *™Tc-MDP radiophar-
maceuticals was carried out. The importance of selecting participants without previous
experience was highlighted by Karpicke and Blunt, studying retrieval practice highlighted
in the study subject to measure the true impact of retrieval practice [15]. Additionally,
Roediger and Butler emphasized the importance of accurately assessing prior knowledge
to measure the effectiveness of new educational interventions [16]. This study sample
size was based on research by Glenn D. Israel’s research, “Determining Sample Size” [17],
and consists of 29 second-year and 31 third-year radiological technology students (1 = 60).
Both cohort groups were selected as having no previous experience of radiopharmaceutical
preparation. The student selection criteria are detailed in the Supplementary Materials
(Quantitative Study: Study Design and Participants section), the sample was selected using
purposive sampling, which involves choosing individuals who meet specific criteria rele-
vant to the research and who represent the studied population. One cohort (n = 30) with no
experience preparing radiopharmaceuticals viewed video tutorials preparing **™Tc-MDP
radiopharmaceuticals and the quality control procedure (the control group). The second
cohort (n = 30) with no experience preparing radiopharmaceuticals viewed an immersive
digital twin virtual reality simulation preparing *™Tc-MDP radiopharmaceuticals and
the quality control procedure (the VR group). Both groups completed a questionnaire
before and after viewing the video tutorial and the immersive digital twin virtual reality
simulation. Both groups then completed a written test after viewing the video tutorial and
completing the VR training. Furthermore, 1 month after the test, both groups completed the
same test. Then, after 3 months, both cohort groups repeated the same test to re-evaluate
the knowledge retention of both learning modules.

The first cohort viewed a video tutorial preparing **™Tc-MDP radiopharmaceutical on
a computer, and the same tutorial was considered by the second cohort using an immersive
digital twin virtual reality simulation (Figure 1). Using photogrammetry [18], numerous
photographs of the radiopharmaceutical hot lab and **™Tc-MDP preparation and quality
control were superimposed to form a 3D virtual reality model. Photogrammetry is the
generation of a digital replica, sometimes called a “digital twin,” of a tangible entity or
physical environment using authentic photographic imagery [19]. Therefore, it pertains
to reconstructing forms and estimating the spatial location and measurements of objects
represented in photographic photographs. In this instance, we utilized an Insta360 X3
Action Camera (Arashi Vision Inc., Irvine, CA, USA) and then edited the filming on
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a Dell Optiplex 7010SFF Plus i7-13700/16GB/512GB PCle NVMe/Intel UHD Graphics
770/Windows 11 Pro (Dell Inc., Round Rock, TX, USA), with Adobe Premiere Pro 23.4
(Adobe Inc., San Jose, CA, USA). On completion, the photogrammetric 3D model was then
viewed using an Oculus Quest 2 All-In-One VR Headset (128 GB) (Reality Labs, Menlo
Park, CA, USA).

-
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Figure 1. Flow chart training modules for the control group and virtual reality training group. (BP = blood
pressure, HR = heart rate).

For the student evaluation questionnaires, the Likert scale psychometric scale was
utilized for students to express their responses and feelings about the video tutorial and
the immersive digital twin virtual reality simulation [20]. Likert-scale questionnaires can
quickly gather data from large numbers of respondents, provide highly reliable personal
ability estimates, establish the validity of interpretations made from the data, and compare,
contrast, and combine the data with qualitative data-gathering methods like open-ended
questions [21,22].

2.4. Ethical Considerations

Virtual reality training is gaining popularity in healthcare education as it has numer-
ous advantages. However, some ethical concerns must be addressed. Improving the VR
learning training experience typically requires acquiring and evaluating user data. There-
fore, it is vital to prioritize participants’ privacy, safeguard all sensitive data, and ensure
data usage rules are communicated to participants. Furthermore, participants should be
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able to opt out if any training component causes discomfort freely. Virtual reality can
simulate highly immersive and lifelike experiences that can affect participants psychologi-
cally. Hence, virtual reality designers must consider the potential for discomfort, anxiety,
or other adverse responses and develop modules with the user’s welfare as a primary
concern. Brewer-Deluce et al. reported that 3D VR can create eyestrain, although it is
not harmful and can be mitigated by enabling students to take short pauses [23]. Hence,
this research spent 15 min in the virtual hot lab, split into three 5 min intervals, which
avoided eyestrain, although slight confusion is inevitable when switching from virtual to
real-world. Furthermore, VR training risk mitigation includes identifying, analyzing, and
implementing solutions to minimize or eliminate risks. Virtual world technology requires
less physical action, reducing the risk of accidents and enabling participation. Moreover,
VR training settings should emphasize user safety, such as preventing real-world collisions,
and psychological safety, allowing participants to express their emotions intellectually,
emotionally, and physically [24].

2.5. Hot Lab: Assessment of Radiation Dose in Nuclear Medicine Controlled Areas during
Preparation and Handling of ¥ Te-MDP Radiopharmaceutical

Radiopharmaceuticals in vials, syringes, and sealed quality control sources expose RT
staff to radiation. Therefore, radiation dose assessment in nuclear medicine-controlled areas
is critical to ensuring the safety of patients and personnel working in these environments.
The goal is to monitor and limit radiation exposure to prevent adverse health effects.
Frequent radiation surveys and routine mapping of controlled areas are recommended to
identify hotspots and ensure that radiation levels are within permissible limits. Also, the
effectiveness of shielding should be regularly evaluated through surveys and assessments
to provide adequate shielding to minimize radiation exposure to personnel and the public.
Furthermore, the occupancy factor, which accounts for the time personnel spend in specific
areas, should be considered to determine effective dose equivalents for individuals based on
their work habits. All personnel should receive regular comprehensive training on radiation
safety protocols and procedures, educating staff on the potential risks associated with
radiation exposure and the importance of following established safety guidelines. Nuclear
medicine professionals can obtain significant dosages of radiopharmaceuticals during
preparation and administration [25,26]. Therefore, basic measures are necessary to reduce
exposure, including preparation in controlled areas and purpose-built facilities and wearing
personal protective equipment, which can reduce contamination hazards. In particular, the
safe production of radiopharmaceuticals requires laminar airflow cabinets and adequately
ventilated areas. Moreover, reducing contamination risks and ensuring patient safety
requires efficient quality management. Therefore, radiopharmaceutical production must
comply with strict adherence to radiation protection rules and pharmaceutical legislation.
Abiding by protocols and supported with quality assurance and QC procedures [26,27].

Before use, the dosimeters were calibrated using a traceable '3’Cs (662 keV) source,
which closely matched the energy range used in nuclear medicine. The calibration process
adhered to the guidelines set out by the Japanese Standards Association (JIS) Z 4345-3,
which included measuring uncertainty [28].

2.6. Personnel Dose Assessment from Radiation Exposure during Preparation and Handling of
99mTe-MDP Radiopharmaceutical

Continually evaluating the level of radiation exposure in nuclear medicine-restricted
areas is essential to guarantee the safety of staff and the general public. Publication 103
of the International Commission on Radiological Protection (ICRP) for nuclear medicine
personnel set a limit of 20 mSv/y (averaged over five consecutive years) and 50 mSv/y in
any given year [29]. Many countries have included International Atomic Energy Authority
(IAEA) safety standards in their national safety regulations. The IAEA publication GSG-
7 Occupational Radiation Protection also provides advice on controlling occupational
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exposure [30]. Furthermore, the IAEA publication Operational Guidance on Hospital
Radiopharmacy provides several recommendations [31].

Before the VR study, staff personnel dose measurements were recorded in the hot lab
over 3 days to evaluate the radiation exposure of the nuclear medicine scientist preparing
99MTe-MDP (Figure 2). The data were collected from measurements using nanoDot dosime-
ters calibrated for the personal dose equivalents Hp(10), Hp(0.07), and Hp(3), as well as
technetium dosage estimation. The symbol Hp(d) represents the personal dosage equiva-
lent in soft tissue at a specified depth (d), as defined by the International Commission on
Radiation Units and Measurements (ICRU) [32]. The whole-body personal dose equivalent,
also known as Hp(10), is a quantity used in individual monitoring to measure effective
doses at a depth of 10 mm in tissue. The Hp(0.07) dosage equivalent, commonly known
as the skin dose, is the dose to the skin, hands, and feet. Hp(3) is the dose to the skin at a
depth of 3 mm for monitoring the eye lens [33].

Figure 2. Personnel dose assessment to evaluate radiation exposure during the preparation and
handling of ™ Te-MDP radiopharmaceutical at various body parts, including Hp(0.07) measurements
at (A) the left thumb, (B) the left index finger, (C) the left ring finger, (D) the left palm, (E) the right
thumb, (F) the right index finger, (G) the right ring finger, and (H) the right palm; Hp(3) measurements
at (I) the left eye lens and (J) the right eye lens; and Hp(10) measurements for (K) the whole body.

Using a MicroStar reader (Landauer, Ltd., Glenwood, IL, USA), the nanoDot OSL-
based medical dosimeter (Nagase Co., Ltd., Bangkok, Thailand), along with a control, were
tested three times for Hp(10), Hp(0.07), and Hp(3). Three measurements from the nanoDot
dosimeters that were not exposed to radionuclides were averaged and removed from the
measurement readings from the exposed dosimeters to obtain one data point. It was found
that the coefficients of variation (CV) of the doses measured by the exposed dosimeters were:

CV(%) =

[SD

ave

] x 100 1)

where SD is the standard deviation of the dose recorded, and Dy, is the average exposure
measured by each dosimeter.

The recording of personnel dose equivalents was conducted using nanoDot [34],
optically stimulated luminescence dosimeters (OSLD) (Landauer nanoDot™), and the
dose coefficients of variance (CV) were calculated using Equation (2). Additionally, the
reading before preparation and handling of *™Tc-MDP radiopharmaceutical was used as
the background value.
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The mean of three dosimeter readings was used. Doses used the air kerma value:

OSLD reading value (count)
count

Dose(Sv) =
(59) [Reader calibration factor(¥2) x Dosimeter sensitivity factor|

The correction for the OSLD was calculated using the following equation:
D= DO X Ks,i X KQ (3)

where Dy is the air kerma, K;; is the relative sensitivity correction factor between the
individual elements of OSLD, and K is the energy correction factor in CT [35,36].

2.7. Evaluation of Virtual Reality as a Technological Tool
2.7.1. Technology Acceptance Model (TAM) Development of Virtual World Technology
Learning Media

The main goal of the technology acceptance model (TAM) is to provide insight into
the process of technology acceptance and forecasting. To explain technology’s success
to potential practitioners on pre-system implementation measures, in this instance, VR
training [37]. Based on social psychology and behavioral science, TAM maintains that
perceived utility and simplicity of use impact technology adoption. Among TAM's essential
elements are:

e  Perceived usefulness refers to users’ subjective evaluation of the extent to which
technology enhances performance or facilitates job processes. Individuals are more
likely to embrace and utilize technologies that offer significant value.

e  Perceived ease of use: the ease or difficulty of utilizing a certain technology; higher
acceptance levels are characterized by ease of use.

e  Behavioral intention refers to a user’s expressed willingness or intention to employ a
certain technology. According to TAM, the perceived usefulness and simplicity impact
this objective.

The present study employed TAM to examine the acceptance or rejection of VR training
for simulating radiopharmaceutical production among users. Hence, to assist in designing
a VR training module, we explored the factors that could influence users’ acceptance of
the module by investigating the aspects that might affect the user acceptability of the VR
training module to understand the numerous factors affecting students’ expectations and
build a training package that supports their engagement. In order to achieve this objective, a
cohort of 60 students studying RT was selected to participate in an online survey employing
a Likert scale. The scale ranged from 1, indicating significant disagreement, to 5, indicating
substantial agreement.

2.7.2. Content Validation: Content Validity Index (CVI)

The item content validity index (I-CVI) was applied to appraise the questionnaire’s
suitability and specificity [35]. This process entails comprehensively analyzing the questions
to ascertain their suitability in assessing the intended concept. Content validity pertains
to the extent to which the questions in a questionnaire accurately reflect the aims and
goals of the VR training module. The following steps were utilized to perform the content
validation and additionally calculate the content validity index:

Define the construct clearly to measure.

Select experts and identify a panel of experts knowledgeable in VR.

Item generation creates questions for the measuring tool based on the construct.
Content review by experts panel evaluation of the questions to ensure they are clear,
relevant, and indicative of the VR training module goals.

e  Gather expert advice on rephrasing, adding, or eliminating items to improve question-
naire validity.
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e  Content validity index (CVI) calculation: CVI is calculated separately for each item
and then averaged across all items, using the item content validity index (I-CVI).

Number of experts agreeing that the item is the content — valid
Total number of experts

I-CVI= (4)

In general, an I-CVI of 0.78 or greater is deemed acceptable.

2.8. Comprehensive Evaluation of the Effectiveness of VR-Assisted Teaching in Enhancing
Students’ Learning Experiences

Prior to the students undertaking the video and VR training, a 5 min multi-choice
pre-test was used to measure the students’ learning on completion of reading the study
notes. The test questions were specifically aligned to the manufacture and quality control
of #Tc-MDP radiopharmaceutical in compliance with radiation protection rules and
protocols. After the student groups had completed the video and VR training, the students
were given the same 5 min test. To evaluate student knowledge retention, a 5 min test was
given to the students 1 month after the training. Furthermore, the students took the same
test 3 months after the training to evaluate their long-term knowledge retention. Moreover,
VR has been shown to enhance memory retention by creating immersive, context-rich,
interactive, emotionally engaging, and personalized learning experiences that facilitate
deeper cognitive processing and recall [38-41].

2.9. Gamification Supporting Practical and Experimental Learning

Gamification entails incorporating game principles, methods, and game theory into
areas that are not naturally related to gaming. Using gamification in medical education
has shown considerable promise in enhancing motivation and engagement among medical
students [42]. This study applied gamification to simulate quality control spotting to assess
radiochemical purity. This process includes accurately transferring 10 pL of ™ Tc-MDP
radiopharmaceutical with a hypodermic needle onto chromatography paper coated with
instant thin layer chromatography medium (iTLC). The objective is to increase spotting
accuracy, increase student confidence, and reduce spillage and contamination.

2.10. Student Engagement: Physical Assessment Using Blood Pressure and Heart Rate

On the day of the study, the participants were assigned randomly to the control group
(30 students) or the VR group (30 students). All participants were given verbal instructions,
informing them they would participate in a control group video or VR immersive training.
All participants were directed that they should not consume any food or caffeinated bever-
ages one hour prior to the study. During the training exercise, the control and VR groups
wore a blood pressure cuff (Omron, utilized for measuring blood pressure and heart rates).
Similarly, the participants wore a blood pressure cuff during pre-tests and post-tests. Upon
completion, all participants remained in the laboratory for 10 min before a comprehensive
debriefing regarding the nature and objectives of the study. A diagram illustrating the
experimental procedure is depicted in Figure 3. Existing approaches to assessing student
participation in educational activities often utilize several indicators such as eye movement,
facial expressions, gestures, posture, and physiological and neurological sensors integrated
into wearable devices, which capture essential physiological characteristics [43,44]. Accord-
ing to a review by Bustos-Lopez et al., heart rate is a significant parameter used to detect
and track student engagement during educational events. Skin conductance, temperature,
and conductivity are also tremendous characteristics to consider [45]. Ribeiro et al. inves-
tigated the impact of a VR game on physiological parameters, including heart rate, heart
rate variability, oxygen saturation, and blood pressure, and found that it had a favorable
effect on these variables [46]. The impact of immersive digital twin VR simulations on
physiological parameters enables the link between heart rate and blood pressure to be
studied and the development of protocols to conduct navigation experiments [47]. This aids
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researchers in exploring new questions and refining theories on spatial abilities, strategies,
and performance.

(A) (B)

Figure 3. Study setting and student engagement in control and virtual reality simulation groups.
(A,B) Interface of radiopharmaceutical quality control gamification. (C) Physical assessment of the
participant’s blood pressure and heart rate throughout the training. (D) Self-study using paper-based
learning materials. (E) YouTube videos using a desktop computer (control group). (F) Virtual reality
simulation (VR group). (G) Gamification of the control group. (H) Gamification of the VR group.

2.11. Assessment of Satisfaction in VR-Enhanced Learning Experiences: Prioritizing Educational
Significance and Practicality in VR-Assisted Teaching

Creating a student VR training satisfaction questionnaire requires careful consideration
of the areas to measure, the questions to ask for constructive feedback, and the questionnaire
structure. The main steps were to define the questionnaire’s purpose and objectives. Review
existing student satisfaction survey themes and questions for inspiration. Ensure the
question types are closed-ended Likert scale queries (strongly agree to disagree strongly).
Use simple questions that are easily comprehensible. Conduct a pilot test to find any
phrasing, clarity, or question flow concerns. Include positive and negative remarks for the
whole picture. Maintain anonymity and confidentiality, and convey that replies are private
and will not identify individual students. Use online survey technologies, ensuring the
platform is user-friendly. Set realistic expectations and inform the students of the survey
objectives and how their input will enhance the VR training material. Analyze and act
on the results to find patterns and opportunities for improvement. These steps enabled
the development of a well-structured and effective student satisfaction questionnaire to
provide valuable insights to enhance the student VR training module experience.

2.12. VR Training Module Questionnaire Analysis

The Likert scale is one of the most basic and widely used psychometric tools in
sociology, psychology, information systems, politics, economics, research, and other fields
for measuring attitudes, opinions, and behaviors. The construction of the Likert scale is
straightforward and is likely to yield a scale with excellent reliability. Furthermore, from
the standpoint of participants, it is clear to comprehend and fulfill. However, it might be
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challenging to establish validity, and this scale needs more reproducibility. Additionally,
participants may avoid selecting an extreme response, resulting in a central bias tendency.
Participants may respond to the questions by agreeing or disagreeing to appease the
experimenter, known as acquiescence bias. This research questionnaire has 5 points:
strongly agree, agree, neutral, disagree, and strongly disagree, and a numerical score is
assigned to each question to quantify the strength of response data. The response anchors
strongly agree and strongly disagree at the ends of the scale, whereas a neutral item
typically represents the midway in the middle of the 5-point scale.

2.12.1. Radiophobia and Safety Confidence

Radiophobia refers to an unreasonable fear or anxiety associated explicitly with being
exposed to radiation. It might appear as an overabundance of fears, anxieties, or avoidance
actions in reaction to the perceived danger of radiation, even when the amount of exposure
is minor or insignificant.

2.12.2. Assessment of Cybersickness in VR-Assisted Teaching Materials

Cybersickness involves symptoms similar to motion sickness, with nausea, eye strain,
and disorientation symptoms that are more pronounced in virtual and augmented reality
settings. Therefore, a cybersickness questionnaire gathered information on cybersickness
during VR-assisted teaching to understand the experiences and challenges faced by the
participants. Ask participants about their VR experience and whether they have encoun-
tered cybersickness, and if they have, inquire about the factors they believe contributed to
their cybersickness.

2.13. Qualitative Study of Students’ Perspectives

The objective of the qualitative study was to better understand the perspectives held
by the students who participated in VR training. Thematic analysis was used to identify
patterns in the data and find themes. The qualitative study and analysis adhered to the
Consolidated Criteria for Reporting Qualitative Research (COREQ), a comprehensive
checklist designed for interviews and focus groups [48].

The study employed purposive and snowball sampling methods, inviting eligible partic-
ipants to encourage others to join the focus group (1 = 10). Focus group interviews, lasting
approximately 50-60 min on average, were followed by a semi-structured guide [49-51]. This
guide explored participants’ perspectives on using VR in education and perceived benefits
and drawbacks. Open-ended probing techniques were used to delve deeper into participants’
responses. Data collection continued until no new themes emerged. All interviews were
conducted face-to-face and audio-recorded for analysis.

2.14. Statistical Analysis

In this study, each experiment was independently conducted with three replicates. The
results from these experiments were presented as mean values accompanied by standard
deviation. Furthermore, the normality of the data was assessed using residuals, while the
homogeneity of variances between groups was evaluated by analyzing the variance within
each group.

Statistical analyses were performed using Student’s t-test and one-way or two-way
analysis of variance (ANOVA), followed by a Student Newman—Keuls post hoc test to
determine statistical significance. The levels of significance were indicated as follows:
ns (not significant) if p > 0.05, * p < 0.05, ** p < 0.01, ** p < 0.001, and **** p < 0.0001.
All statistical analyses were conducted using GraphPad Prism 10.0 software (GraphPad
Software Inc., Boston, MA, USA).
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3. Results
3.1. Enhancing Virtual Reality Immersive Learning: Implementing Revised Bloom'’s Taxonomy in
VR Training

The Revised Bloom’s Taxonomy framework supports an immersive learning strat-
egy by mapping taxonomy steps, fostering skills, and developing student confidence
(Figure 4) [52,53]. An active learning approach enhances student involvement, enabling
improved cognitive processes. VR provides instant feedback and allows for user adaptation
in a safe environment. Furthermore, VR facilitates repetition at a low cost with minimal
resources, helping students master protocols at each cognitive level and achieve accuracy
safely. Moreover, when implemented through VR, this revised taxonomy improves tech-
nical proficiency and procedural knowledge and reduces radiophobia by familiarizing
students with high-risk situations in a controlled and safe setting. As a result, VR equips
students to react more calmly and knowledgeably in real-life hot lab situations.

A Revision of Bloom's Taxonomy of Educational Objectives:
The Cogpnitive Process Dimension and Knowledge Dimension

Combine parts into a functioning structure

Purposes Virtual Reality Immersive Learning as a Pedagogical Tool

Integrating information to enhance learning and confidence

Make judgments on Quality Control and safety Evaluatlng Trainees should consider safety measures and dangers when making decisions
Evaluate how training portions connect to one other or a goal Analyzi ng Trainees troubleshoot problems, requiring an understanding of the technical setup and safety
Perform or apply a technique in a certain context App|ying Applying learned protocols in simulated minor/major radiation contamination situations

Create meaning from instructional training

Retrieve knowledge from long-term memory

Understanding Use interactive lessons to understand radiation effects and protocols

Remembering VR requires recall of safety rules, and QC protocols

Figure 4. Revised Bloom’s Taxonomy framework supporting virtual reality immersive learning
strategy as a pedagogical tool in a radiological hot laboratory.

3.2. Hot Lab: Assessment of Radiation Dose in Nuclear Medicine Controlled Areas during
Preparation and Handling of %" Tce-MDP Radiopharmaceutical

The survey of the controlled areas is shown in Figure 5 to evaluate the potential risk to
medical staff and trainees. The highest dose rate of 600 uSv/h was recorded immediately
above the generator. To meet the occupational hourly dose rate of 25 uSv/h, radiochemists
and RT students should not expose themselves to more than 0.03 h (2.4 min) in the location
above the Mo /?*™Tc generator. The dose calibrator working area behind the lead shielding
radiation dose is 3.00 uSv/h, with a maximum working time in this location of 8.32 h to
comply with the occupational hourly dose rate of 25 pSv/h. The results of the radiation dose
survey of the nuclear medicine-controlled areas are shown in Supplementary Table S1.
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Figure 5. The hot lab floor plan illustrates the layout and arrangement of equipment and workstations
for the preparation and handling of 99MT-MDP radiopharmaceutical, with designated controlled
areas for assessing radiation dose in nuclear medicine procedures. The locations of workstations in hot
lab, including (1) hot lab entrance 1, (2) storage 1, (3) sink, (4) *Mo/*™Tc generator, (5) Mo /*™Tc
generator work area behind shielding, (6) dose calibrator 1, (7) dose calibrator work area behind
shielding, (8) storage 2, (9) waste storage room entrance, (10) waste storage freezer, (11) dry waste
storage, (12) waste storage room, (13) area at the side of Mo /9™ T generator, (14) laminar flow
cabinet, (15) laminar flow cabinet waste disposal area, (16) laminar flow cabinet dose calibrator,
(17) center of hot lab, and (18) hot lab entrance 2. The arrow indicates the direction for surveying the
controlled areas during the preparation and handling of the **™Tc-MDP radiopharmaceutical.

3.3. Personnel Radiation Exposure during Preparation and Handling of %" Te-MDP Radiopharmaceutical

The nuclear medicine staff personnel dose measurements recorded in the hot lab over
3 days are shown in Figure 6. As expected, the Hp(0.07) dosage equivalent to the hands is
significantly different from Hp(3) and Hp(10). The dose equivalents are based on a personal
exposure of 30 min. Potentially, RT students’ training in the preparation and quality control
of 9" Te-MDP can receive a Hp(0.07) personal dose of 13.14 uSv/h in 30 min of training,
increasing to 26.27 uSv/h after 1 h of training. The current personal dose limits whole
body Hp(10) < 500 mSv/y, Hp(0.07) skin dose, hands, and feet < 500 mSv/y and the eyes
Hp(3) 20 mSv/y (average in 5 years). VR training for the preparation and quality control of
9mTe-MDP mitigates students’ receiving a personal dose.

0.5+

Dose (uSv)

0.25+

0.0625-] BRS
0.015625-_ R4 |

Hp(0.07)

Figure 6. Personnel radiation exposure during the preparation and handling of *™Tc-MDP radiopharma-
ceutical includes exposure measurements at various body parts, including Hp(0.07) at the right thumb,
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right index finger, right ring finger, right palm, left thumb, left index finger, left ring finger, and left
palm; Hp(3) at the right eye lens and left eye lens; and Hp(10) for the whole body. The data are
presented as the mean =+ standard deviation (n = 3).

3.4. Evaluation of Virtual Reality as a Technological Tool: Technology Acceptance Model (TAM)
and Content Validation: Content Validity Index (CVI)

The results of the technology acceptance model (Table S2) reveal that an overall I-CVI
score of 0.93 is considered good, confirming that the experts believe the questions are
relevant. In addition, the substantial content validity index score means that the questions
are acceptable and appropriate. The CVI scale ranges from 1 to 5; the score of 4.93 is close
to the maximum score and suggests that the students perceive a high value in VR training.
Additionally, the TAM score of 4.90 is generally considered relatively high, indicative of
solid acceptance and a positive attitude towards VR training, and highly accepted as a
training aid.

3.5. VR-Assisted Teaching Can Improve Students’ Learning Effectiveness (Pre-Test, Same Day
Post-Test, after 1 Month, and after 3 Months)

The video training group (control group) and the VR training group were given a
pre-test (PT) of 10 multiple-choice questions, each with 5 probable answers. As shown in
Figure 7A, the PT’s control group and VR group test results had a similar mean score of
~34% correct answers. Immediately after the PT, both cohort groups were given lecture
notes detailing the concise core knowledge of preparing and carrying out quality control of
9IMTe-MDP to study for 15 min. Afterward, both groups were given the same 10 multiple-
choice questions on the lecture notes. The results shown as PS in Figure 7A indicate an
increased mean score of ~65%.

Then, the control group watched 3 x 5 min training videos on the preparation and
quality control of *™Tc-MDP on a computer. Similarly, the VR group undertook 3 x 5 min
training with immersive digital twin virtual reality simulation preparation and the quality
control of ™Tc-MDP. On completion, both cohort groups were tested again with the
same questions. The results indicate that the control group score (C-A) was ~78%, and
the VR group test score (VR-A) was ~89%. A further test with the same 10 multiple-
choice questions was conducted 1 month after the video and VR training to ascertain the
knowledge retention of both groups. The control group score (C-1M) was ~68%, a reduction
of ~13%, and the VR group score (VR-1M) of ~88%, in comparison, was only marginally
lower after 1 month. Both cohort groups carried out a further knowledge retention test
with the same questions 3 months after the video and VR training. The control group score
(C-3M) of ~59% was significantly lower. Whereas the VR group score (VR-3M) of ~90%
was marginally higher than previous scores.

The distribution of the correct answers to the three tests is illustrated in Figure 7, the
control group’s correct answers are shown in Figure 7B-D, and the VR group’s correct
answers are shown in Figure 7E-G. Immediately after the self-study, the test resulted in 25%
of all the participant groups scoring > 80%. After the control group completed the video
training, 57% scored > 80% (Figure 7B). In comparison, after completing the VR training,
87% of the VR group scored > 80%, 1.52-fold more significantly than the control group
(Figure 7E). The control group knowledge retention test 1 month after the achieved 80% or
above scores declined to 37%, representing a 2.16-fold decrease (Figure 7C). The VR group
scored after 1 month, achieving scores of > 80% and declined to 80%, a 1.09-fold reduction
(Figure 7F). All participants were tested again 3 months after the initial training using the
same 10 multi-choice questions. The control group’s correct answers declined further, with
only 13% scoring > 80% (Figure 7D). The group’s decline in incorrect answers from the test
after training to the 3-month test resulted in a 4.38-fold decrease. In contrast, 87% of the
VR group scored > 80% in the 3-month test (Figure 7G). This signifies that a 6.69-fold more
significant number of VR group participants scored > 80% than the control group.
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Figure 7. Evaluation of the effectiveness of VR-assisted teaching in enhancing students’ learning
experience at various time points: pre-test, same-day post-test, after 1 month, and after 3 months.
(A) Test scores (%) are presented for the following conditions: pre-test (PT), same-day post-test of
self-study (PS), same-day post-test of watching videos using a desktop computer (control group)
(C-A), same-day post-test of virtual reality simulation (VR group) (VR-A), post-test of the control
group after 1-month training (C-1M), post-test of VR after 1-month training (VR-1M), post-test of the
control group after 3 months training (C-3M), and post-test of VR after 3 months training (VR-3M).
The distribution of the number of correct responses for the control group is shown in (B) same-
day post-test, (C) post-test after 1 month of training, and (D) post-test after 3 months of training.
Similarly, the distribution of the number of correct responses for the VR training group is depicted
in (E) same-day post-test, (F) post-test after 1 month of training, and (G) post-test after 3 months of
training. The data are presented as mean + standard deviation (n = 30). Statistical significance is
indicated as follows: ns (not significant) when p > 0.05, * p < 0.05, and ** p < 0.01.

3.6. Supporting Practical and Experimental Gamification of Learning

The objective of the gamification was to represent quality control spotting to evaluate
the radiochemical purity, which involves the precise transfer of a minute quantity of radio-
pharmaceutical substance using a hypodermic needle onto the surface of chromatography
paper using instant thin layer chromatography medium (iTLC). The control group scored
marginally higher than the VR group, as shown in Figure 8; this could be because the
control group used a computer mouse to manipulate the cursor while the VR group used
VR hand controllers. Both groups were more conversant with using a computer mouse
than the VR hand controllers. Hence, the control group scored higher than the VR group.
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Figure 8. Practical and experimental gamification of learning. (A) Number of correct responses
(out of 3 targets) for the control group, virtual reality simulation, and hands-on labeling quality
control training. (B) Targeting accuracy (%) for the training simulation and hands-on labeling of the
control and virtual reality simulation training groups. (C) Targeting precision (%) for the training
simulation and hands-on labeling of the control and virtual reality simulation training groups. The
data are presented as the mean =+ standard deviation (n = 30). Statistical significance is indicated as
ns (insignificant) when p > 0.05.

3.7. Student Engagement: Physical Assessment of Blood Pressure and Heart Rate

Before the study, participants were told to abstain from alcohol, caffeine, nicotine,
chocolate, soda, and energy drinks and engage in vigorous physical activity [54]. During
the procedures, participants wore a cuff blood pressure and pulse monitor (Omicron).
The systolic blood pressures and heart rates recorded pre-test (BH-PT) for the control and
VR groups were very similar (Figure 9). However, during the first VR module, the VR
group’s systolic, diastolic, and heart rates rose markedly compared to the control group.
Furthermore, VR modules 2 and 3 recorded elevated systolic, diastolic, and heart rates.
Implying the immersive simulated radiopharmaceutical preparation was life-like and
stimulated the participant’s senses more than the video training. VR can stimulate the
users’ vision, hearing, and, in some cases, even touch.
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Figure 9. Physical assessment of blood pressure and heart rate for student engagement responses:
(A) systolic blood pressure; (B) diastolic blood pressure; (C) heart rates are presented for the following
conditions: pre-test (BH-PT), same-day post-test of self-study (BH-S), before watching video 1 of the
control group (BH-C1), after watching video 1 of the control group (BH-C2), after watching video 2 of
the control group (BH-C3), after watching video 3 of the control group (BH-C4), before gamification
of the control group (BH-CGL1), after gamification of the control group (BH-CG2), before VR 1 of the
VR group (BH-V1), after VR 1 of the VR group (BH-V2), after VR 2 of the VR group (BH-V3), after VR
3 of the VR group (BH-V4), before gamification of the VR group (BH-VG1), after gamification of the
VR group (BH-VG2) (1 = 30).
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3.8. Satisfaction in VR-Enhanced Learning Experience: Prioritizing Educational Significance and
Practicality in VR-Assisted Teaching

The results of the five-question Likert questionnaire, evaluating students’ satisfaction
with both video and VR training, are illustrated in Supplementary Table S3. It is evident
that there is a significant difference (*** p < 0.001) in six out of the eight questions. VR
training was deemed more understandable, engaging, and accessible to follow. More-
over, it enhanced understanding with better examples and exercises and achieved greater
confidence compared to video training.

3.9. VR Training Module Questionnaire Analysis
3.9.1. Radiophobia

The analysis of the radiation phobia five-question Likert questionnaire is illustrated
in Figure 10A. Before the training, both cohorts scored 4.21, strongly agreeing they were
concerned about radiation exposure and their health. After watching the radiolabeling
training videos, the control group response indicated a 1.52-fold decrease. In comparison,
the VR group reduced 2.42-fold, suggesting that VR training was more successful than
video training in easing students’ radiation and health worries (Figure 10B). Both student
groups before training had concerns about radiation exposure during training, scoring
3.45. The control group was 1.41-fold less anxious after the video training, and the VR
training group scored 2.90-fold lower. Verifying that the VR training significantly reduced
radiation exposure concerns (36.23% difference). Regarding the fear of radiation exposure
mistakes, both groups scored 4.14 before the training, indicating substantial agreement
with the question. After the training, the control group was less likely to be influenced by
their worries, with a 1.33-fold reduction. The VR training group’s concerns about working
in radiological technology decreased 1.98-fold, significantly more different than the control
group. Students discussing their concerns about radiation exposure with each other or
instructors in both groups scored 4.12. After the video training, the control group’s score
decreased by 1.06-fold, and the VR group decreased by 1.36-fold. Suggesting that both
training modes reduced students” worries, with the VR simulation dispelling the students’
fears better than the control group video training, with a 20.6% difference (Figure 10B).

Control group VR (B)

. " % Difference between
| vt 2025 < 000001
ii. worried 36.23 < 0.00001
iii. fear 25.12 < 0.00001
iv. concerns to pursue career 573 < 0.00001
v. discuss concerns 20.63 <0.00001

Percentage reduction after training (%)

(D)
Control group VR
. % Difference between
163.33 206,00 Safety confidence VR & Control group p-value
1ess a. confident_tu detect and correct errors in 42,67 <0.00001
safety practices
4806 | 53.00 b. confident to implement safety protocols 4293 < 0.00001
c. seek guidance or clarification from instructors 4.95 <0.00001
1425 2748 d. manage personal safety concerns 12.93 < 0.00001
e. adequately informed about safety protocols 3.29 0.000079
1318 16.47 f. experienced avoidance behaviors -20.26 < 0.00001
2092 065

in safety after training (%)

Figure 10. Training module questionnaire analysis. (A) The percentage reduction and (B) percentage
difference between the control group and virtual reality simulation (VR group) and radiophobia (%)
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after training, including (i) I am anxious about the potential health effects of radiation exposure
during my training. (ii) I often worry about being exposed to radiation during my training. (iii) The
fear of making a mistake and causing radiation exposure affects my training performance. (iv) My
concerns about radiation exposure affect my motivation to pursue a career in radiological technology.
(v) I often discuss my concerns about radiation exposure with fellow trainees or instructors. (C) The
percentage increase and (D) percentage difference between the control group and virtual reality
simulation (VR group) and in safety confidence (%) after the training, including (a) I am confident
in my ability to detect and correct errors in radiation safety practices during my training. (b) I am
confident about implementing radiation safety measures during procedures or experiments. (c) I
often seek instructor guidance or clarification regarding radiation safety procedures. (d) The training
program prepares me well to manage my safety concerns related to radiation exposure. (e) I feel
adequately informed about the training program’s radiation safety protocols and practices. (f) I have
experienced avoidance behaviors (e.g., avoiding specific tasks or procedures) due to my concerns
about radiation exposure during the training. The questionnaire consists of 5 points: strongly agree,
agree, neutral, disagree, and strongly disagree. A numerical score is assigned to each question to
quantify the strength of the response data. The response anchors “strongly agree” and “strongly
disagree” are positioned at the ends of the scale. At the same time, a neutral item typically represents
the midway point in the middle of the 5-point scale. Data are presented as mean =+ standard deviation
(n =30).

3.9.2. Safety Confidence

Safety is a critical factor in the training of RT students. Figure 10C illustrates that the
control group’s confidence in detecting and correcting errors in radiation safety practices
during their training increased 2.63-fold after the video and hands-on training. In compari-
son, the VR group’s confidence increased 3.06-fold, a difference of 42.67%. As both cohorts
completed training, the scores regarding the student’s ability to understand and implement
safety protocols increased. The control group score increased 1.13-fold, whereas the VR
group score was higher, with a difference of 42.93% between the two groups (Figure 10D).
As can be seen, the VR training resulted in the RT students feeling more confident about
radiation safety than the training videos. In summary, radiological technology students
responded more positively to the VR immersive learning experience addressing radiation
safety than the computer-based training videos (control group), as the VR-simulated hot
lab was more like the real-world hot lab setting than the videos.

3.9.3. Assessment of Cybersickness in VR-Assisted Teaching Materials

The assessment of cybersickness for the control group and VR training group is
illustrated in Supplementary Figure S1. As can be seen, there is little difference between the
control group and the VR group, with the VR group scoring marginally higher, as expected.
Overall, the assessment indicates that cybersickness was not an issue in this study.

3.10. Qualitative Study of Students’ Perspectives

Table 1 encapsulates the thematic analysis of students” feedback, revealing their em-
powerment through immersive virtual reality learning in radiological technology. The
analysis follows the method outlined by Braun and Clarke [55]. Participants expressed a
number of positive experiences and perspectives regarding using VR in their learning envi-
ronment. They highlighted how VR enhances their focus and engagement, making learning
more immersive and interactive. Additionally, VR provides a safe space for trial and error,
facilitating better understanding and retention of information. Participants appreciated
the opportunity to familiarize themselves with the processes and protocols before practical
sessions, contributing to increased confidence and reduced anxiety in real-life scenarios.
The interactive nature of VR, including features like recorded voices, enhances the learning
experience and makes it more enjoyable and memorable. Participants also emphasized the
importance of integrating VR into the curriculum to maximize learning opportunities and
practice sessions, particularly in settings like hot lab practical and clinical practice, where
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opportunities for hands-on experience may be limited. Overall, participants recognized
VR as a valuable tool for enhancing learning outcomes and preparing them for real-world
scenarios in radiological technology education.

Table 1. Summary of thematic analysis regarding students’ perspectives in virtual reality immersive

learning in radiological technology students (1 = 10).

Theme Code

Examples

Frequency

%

Engage
Easy to
understand
Memory

Safety
confidence

Learning
experiences

Useful learning tool

Implement in curriculum

Getting ready for the clinical
practice

“VR improves my focus and engagement, ensuring that I
remain completely focused without breaks in concentration.”
“Easier to learn and understand the radiopharmaceutical
preparation process and quality control steps.”
“Opportunity to see all the process and steps before lab
practice and easy-to-follow protocols.”

“It (VR) helps me remember information by doing and
interacting rather than reading/hearing.”

“You may fail, make mistakes, and learn from them.”

“VR.. It’s building my confidence through providing a
secure environment conducive to experimentation and trial
and error.”

“I am not so scared of working in the hot lab.”

“I really liked the recorded voice. That makes the experience
even better for me, because I actually interacted with that
voice and interactions, and, sure, it is pleasant, I feel to myself
[smiles].”

“It’s memorable because it’s more interactive, enjoyable, and
personal.”

“VR might be used in every lesson; could you incorporate it
into the curriculum.”

“There are only a few opportunities for me to practice the
skills during hot lab practical, and while I am in clinical
practice, I do not have the chance to practice them as
frequently as I would want. VR training would enable me to
practice as much as possible before clinical practice. It would
be fantastic if there were booster classes that utilized virtual
reality training before clinical practice.”

“VR before hot lab practice and clinical practice would be
beneficial.”

“If I'm in clinical practice, I think I'll feel nervous, especially
when attempting something for the first time. This is where
VR could be incredibly useful. It would allow me to practice
hands-on procedures in a simulated environment and gain
experience and confidence without the pressure of being in
an actual clinical setting.”

10

60

90

80

70

70

80

100

Resources
incurred by the
technology

Simulation

Challenges and threats
sickness

Interactivity limitations

Lack of
personalization

“Due to costs, it is not feasible to train many students at the
same time.”

“It could be that insufficient VR devices could lead to
students lagging behind, as some might not be able to
complete the learning materials until a week after others have
finished. As a result, the initial group would have a
seven-day learning advantage, while the latter group would
be left waiting without actively participating.”

“T'have experienced discomfort or motion sickness when
using VR systems, which can limit the duration and
effectiveness of training sessions.”

“While VR can provide engaging experiences, the amount of
involvement may be restricted compared to real-world
interactions, reducing the depth of learning and skill
development.”

“I think VR simulations may not always match individual
learning methods or preferences, limiting their efficacy for all
interested students.”

70

20

30

20

Participants identified several challenges and limitations associated with using VR in
education. Cost constraints may limit the feasibility of training multiple students simulta-
neously, potentially leading to unequal learning opportunities and delays in completing
learning materials. Additionally, issues such as discomfort or motion sickness experienced
by some users may impact the duration and effectiveness of training sessions. Despite
offering engaging experiences, VR interactions may only partially replicate real-world
interactions, potentially limiting the depth of learning and skill development. Furthermore,
VR simulations may not always align with individual learning methods or preferences,
reducing their efficacy for certain students. These considerations highlight the importance
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of addressing challenges and optimizing the use of VR technology to maximize its benefits
in educational settings.

4. Discussion

The International Atomic Energy Authority report IAEA-TCS-39 noted that most
Member States have a severe shortage of radiopharmacists, and other countries have no
trained pharmacists with radiopharmacy competence. Primary issues included inadequate
education and training, particularly clinical training that was poorly planned and managed,
and lack of professional recognition [56]. An IAEA technical meeting in 2021 assessed
the strengths, weaknesses, and possible radiation protection education and training alter-
natives, recognizing the need for improved global radiation protection and health safety
education [57]. Similarly, a recent EU study on health professionals, radiation safety ed-
ucation, and training found a major resource deficit [58]. In addition, Newhauser et al.
further claimed that most training programs are inadequate, declining, or nonexistent.
Therefore, to meet society’s needs, appropriate resources must be allocated to recruit and
retain workers [59,60], and training programs must be developed that encourage careers in
radiation profession fields [61].

Moreover, according to the latest United Nations estimates in 2019, there are 83 million
new births annually, and it predicts that the global population will increase to 8.6 billion by
2030, 9.8 billion by 2050, and by 2100, 11.2 billion by [62]. Healthcare services, especially
nuclear medicine departments, will be strained. Equipment and skilled staff will become
scarce as more patients need diagnostic and therapeutic services, resulting in equipment
and competent staff constraints, requiring significant infrastructure investment and hiring
and training staff to handle the extra load. Additionally, workforce development, focused
training, and incentives are crucial to attracting and retaining nuclear medicine professionals.
Resources are required to promote the nuclear medicine profession and maintain trained staff.

Consequently, VR has a role in training; a meta-analysis and systematic review of
VR in medical education for healthcare professionals by Kim et al. found significant
improvements in competence and satisfaction [63]. Similarly, this research demonstrated
that VR could improve student learning. The VR learning effectiveness was demonstrated
by 87% of the VR group scoring > 80% in the 3-month test (Figure 7G), which was 6.69-fold
higher than that of the control group. We gave radiological technology students the same
exam one month and three months after training to determine the durability of learning
from the video tutorials and immersive digital VR simulation. Research shows that periodic
testing can accurately evaluate long-term retention and teaching strategies. Roediger and
Butler found that repeated testing improves and assesses knowledge retention. They found
that retrieval practice via testing improves long-term memory retention more than passive
reviews [16]. Similarly, Brown et al. found that spacing learning and testing sessions,
known as the “spacing effect,” improve learning retention [64]. Administering the exam
one month and three months later lets us see the spacing effect in action and whether the
immersive VR simulation helps recall complex procedural information better than video
tutorials. Assessing knowledge retention one month and three months after training is a
technique that follows educational research and seeks to determine the long-term efficacy
of video tutorials against immersive VR simulations in radiological technology instruction.
The results confirm our hypothesis that VR can improve long-term memory of complicated
procedural knowledge.

Furthermore, VR learning has been shown to significantly impact confidence levels
amongst medical students concerning their understanding of radiation safety matters, with
student feedback supporting integrating VR simulation-based learning into the radiography
and medical curriculum alongside lectures [65]. Miguel-Alonso et al. found that immer-
sive VR influences learning via affective and cognitive processes. That immersion and
enjoyment in VR immersive features resulted in better emotional learning results [66,67].
Moreover, this study determined that VR training enhanced the student’s learning experi-
ence and was valued more highly than video training by RT students (Figure 7). Similarly,
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Chavez et al. established that medical students’ perception of immersive virtual reality
(IVR) gamification helped the most to improve their learning performance [68]. Addi-
tionally, Liu et al. investigated the long-term effects of IVR teaching on undergraduate
healthcare students’ learning outcomes and found that undergraduates had better learning
outcomes and experiences [69]. Moreover, Karpicke and Blunt demonstrated that retrieval
practice (e.g., through tests) enhances learning more effectively than merely reviewing
the information. They showed that students who were tested retained information longer
than those who only studied the material [15]. Similarly, Bjork and Bjork discussed the
concept of “desirable difficulties,” where challenging learning activities, such as spaced
repetition and varied practice, lead to better long-term retention [70] as well as Agarwal
et al. emphasized the benefits of frequent quizzing on students’ long-term retention of
information, noting that quizzes can serve both as a learning tool and a means to assess
knowledge retention [71].

Moreover, medical mistakes endanger patients and healthcare professionals, and the
fear of sanctions, inadequate feedback, and organizational culture impede reporting [72].
VR offers safe practice for students and healthcare staff, reducing risks and psychological
factors such as anxiety that impact clinical performance [73]. Inexperienced students enter-
ing clinical practice face challenges due to limited clinical knowledge and skill competency,
which increases anxiety and decreases self-confidence. Engaging in a secure VR learning
environment can enhance students’ ability to do tasks with more composure and compe-
tence, as VR increases the efficiency of the learning process [74]. Real-world objects can be
represented visually in a VR environment; settings can be created that users cannot visit in
real life due to various limitations with real-time interactions [75].

Notably, VR has been shown to improve learning strategies, life aims, emotional
clarity, and emotional healing in research by Redondo-Rodrguez et al., which encouraged
university students to study [76]. Gan et al. investigated medical students’ long-term
practice performance after VR simulator teaching; after a one-year follow-up, students
exhibited more defined career goals, an engaged willingness to learn, improved surgical
clinical practice instructor assessments, and higher physical exam scores [77]. Furthermore,
Thompson et al. verified that VR participants had a more favorable learning outcome in
evaluating content and a more pronounced enhancement in their cognitive frameworks,
in contrast to individuals who engaged in a two-dimensional game [78]. Through its
immersive and interactive nature, VR engages many senses and delivers context-rich
learning settings, improving memory retention. VR has been found to increase memory
and recall. An immersive experience that facilitates cognitive processing and contextual
learning helps VR users retain knowledge better than conventional approaches, according
to Essoe et al. [79]. According to recent research, augmented reality-based strategies
may improve knowledge acquisition by around 18% for standard augmented reality and
almost 25% for enhanced augmented reality [80]. We believe that VR-enhanced multi-
layered metacognitive learning modules are suited for nuclear medicine radiological hot
lab simulation. This strategy utilizes VR’s immersive and interactive nature, incorporates
varied learning demands, improves metacognition, and promotes sustainable education.
Research validates this strategy and may significantly enhance educational results in this
specialized and vital field [81-83]. In addition, repeated testing over extended periods
is essential to evaluate the effectiveness of educational interventions in fostering long-
term knowledge retention. The findings from this study could inform best practices in
educational methodologies for radiological technology, potentially influencing curriculum
design to favor methods that ensure sustained competence and confidence in preparing
radiopharmaceuticals.

Radiation phobia can result from ignorance, a lack of understanding, or exaggerated
fears, with many individuals developing radiophobia without a rational explanation,
causing anxiety. Historical and sociopsychological factors have made radiation a feared
process [84]. Moreover, despite the benefits of nuclear medicine, the general public’s
perception of ionizing radiation remains negative [85,86]. For example, a longitudinal
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amyloid-PET study found that 26% of refusals to participate were because of radiation-
related concerns [87]. As shown in Figure 10A, the radiophobia Likert scale verified that VR
training in this study reduced student fear more than video training and helped students
overcome anxiety better.

Additionally, the Kirkpatrick evaluation model was utilized to assess the training [88]
and initial reactions to a training graded at the reaction level. The results ascertained that
the VR training received a higher score than the video training (Figure 7). Learning is the
next level in the Kirkpatrick model, which is to ascertain if the learning objectives were
fulfilled and verify that the students gained new knowledge and skills and how attitudes
and beliefs were changed. The next level, behavior, examined how training affects perfor-
mance, with the results indicating that VR training improved knowledge and improved
the implementation of quality control procedures. Moreover, qualitative approaches are
employed in academic medical education to study complex phenomena [89]. This study’s
qualitative research identified the students’ perspectives after the VR training, empha-
sizing the significance of their opinions, with “more engaged”, “easier to understand”,
“better memory”, “a bridge between theoretical and practical”, and “add VR training to the
curriculum” some of the key patterns.

5. Conclusions

The primary objective of healthcare education is to cultivate competent and empathetic
healthcare practitioners capable of delivering safe and effective care to those seeking medi-
cal treatment. Utilizing virtual reality simulation has substantially impacted healthcare, as
it has focused on maximizing its application to improve overall safety, efficacy, and pro-
ductivity. Virtual reality helps students become acquainted with the hot lab environment
before clinical practice to reduce radiophobia and safety concerns. This capability enabled
students to pre-emptively practice aspects of radiopharmaceutical preparation that they
previously saw as daunting. By giving students a way to bridge the gap between theory and
practice, virtual reality allowed users to engage in simulated radiopharmaceutical prepara-
tion that made it possible for “safe fails”. This experience is critical in building confidence
and developing the skills required. Moreover, this study verified that 3 months after the
virtual reality training, the student knowledge retention was significantly more significant
than the video training. The VR group had a 6.69-fold more significant number of virtual
reality group participants, scoring > 80% than the control group. Radiological technology
students reacted more favorably to the VR immersive learning experience addressing
radiation safety than the computer-based training (control group), as the VR-simulated
hot lab was more comparable to the real-world hot lab scenario than the videos. Virtual
reality as a pedagogical tool enhanced students” information retention, active participation,
performance, and satisfaction, and students requested it be added to the curriculum.

Developing a VR pedagogical tool for hot laboratory simulation shows promise for
enhancing learning outcomes and reducing radiophobia in nuclear science education. By
providing immersive experiences and addressing psychological barriers, VR has the poten-
tial to revolutionize the way complex subjects are taught and understood. Further research
and refinement of VR educational tools are warranted to maximize their impact on learning
and student engagement. Repeated testing over extended periods is essential to evaluate
the effectiveness of educational interventions in fostering long-term knowledge retention.
The findings from this study could inform best practices in educational methodologies for
radiological technology, potentially influencing curriculum design to favor methods that
ensure sustained competence and confidence in preparing radiopharmaceuticals.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app14125041/s1. Table S1: Assessment of radiation dose in nuclear
medicine controlled areas during preparation and handling of *™Tc-MDP radiopharmaceutical
in hot lab. The data are presented as mean =+ standard deviation (1 = 3); Table S2: Evaluation of
virtual reality as a technological tool: technology acceptance model (TAM) and content validation:
content validity index (CVI). The data are presented as mean =+ standard deviation (n = 3); Table S3:


https://www.mdpi.com/article/10.3390/app14125041/s1
https://www.mdpi.com/article/10.3390/app14125041/s1

Appl. Sci. 2024, 14, 5041 22 of 26

Satisfaction in VR-enhanced learning experience: prioritizing educational significance and practicality
in VR-assisted teaching. The data are presented as mean =+ standard deviation (n = 30). Statistical
significance is indicated as follows: ** p < 0.01 and *** p < 0.001; Figure S1: Assessment of the
cybersickness questionnaire in the training module after training simulations of the control group
and VR group. The questionnaire consists of 5 points: strongly agree, agree, neutral, disagree, and
strongly disagree. A numerical score is assigned to each question to quantify the strength of the
response data. The response anchors “strongly agree” and “strongly disagree” are positioned at
the ends of the scale. At the same time, a neutral item typically represents the midway point in the
middle of the 5-point scale. Data are presented as mean =+ standard deviation (n = 30).
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