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Abstract: Immersive technology is a growing field in healthcare education—attracting educationalists
to evaluate its utility. There has been a trend of increasing research in this field; however, a lack of
quality assurance surrounding the literature prompted the narrative review. Web Of Science database
searches were undertaken from 2002 to the beginning of 2022. The studies were divided into three
mixed reality groups: virtual reality (VR), augmented reality (AR), 360 videos, and learning theory
subgroups. Appraising 246 studies with the Medical Education Research Study Quality Instrument
(MERSQI) indicated a gap in the validation of measures used to evaluate the technology. Although,
those conducted in VR or those detailing learning theories scored higher according to MERSQI. There
is an educational benefit to immersive technology in the healthcare setting. However, there needs to
be caution in how the findings are interpreted for application beyond the initial study and a greater
emphasis on research methods.

Keywords: immersive technology; technology-enhanced learning; virtual reality; augmented reality;
mixed reality; simulation-based education

1. Introduction

“See one, do one, teach one” is an adage often associated with learning in medicine [1].
Immersive technology enables a user to experience “seeing and doing”, and, arguably, with
increasing technical sophistication, “teaching one”. There is a rapid increase in the adoption
of technology in healthcare education [2], and the digital transformation of health and care
services opens a wide range of applications to immersive technologies. Health Education
England (HEE) established a strategy in 2020 to develop and strengthen the research and
evaluation of new technology [3]. Broadly this outlined the vision to improve patient
safety, deliver a modern trained workforce, innovate, and collaborate outside of healthcare.
However, limited evidence of pedagogical concepts and learning theory underpins the
technology [4].

Immersive technology can be defined as virtual reality (VR), augmented reality (AR),
mixed reality (MR), and extended reality (XR) [5]. The COVID-19 pandemic was a catalyst
for many educationalists experimenting with new immersive technology [6–12]. Immersive
technology has been associated with learning in numerous health disciplines using a variety
of measures [13,14], though a review [5] identified a gap in understanding user experience.
Educationalists would benefit from a more coherent understanding of the pedagogical
principles underlying existing studies, as well as an assessment of the methods used, the
results emerging, and the conclusions drawn.

This review aims to analyse the existing studies’ methodologies and demonstrate
our current understanding of immersive technology-enhanced learning in healthcare.
Specifically, the literature will aim to answer the following:

1. What are the trends in medical education research on immersive technology?
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2. What are the disciplines in healthcare (within the scope of the review) in which
immersive technology has been studied?

3. What is the quality of the medical education research on immersive technology,
including a formal assessment of instrument validity?

4. What are the pedagogical concepts used to understand learning and user experience
in the studies reviewed?

A scoping review strategy was adopted to examine how research has been conducted
to date in this field and combine this evidence in a critical appraisal and mapping of
these characteristics [15]. Additionally, this type of review suits a rapidly developing
research area.

Section 2 expands on the above with definitions, learning theories, and related reviews
to date to clarify how this review fills a research gap. Section 3 outlines the methodology
and charting of the data extraction. Section 4 relates the data outcomes to the research
questions, and Section 5 brings the review together to discuss the results, highlight the key
findings and limitations, and, finally, the conclusions drawn.

2. Literature Review
2.1. Definitions Relating to Immersive Technology

The definitions surrounding immersion and technology vary according to context and
perspective. One view considers the sensory component of the experience, for example,
how the environment simulates sounds and haptics. A valid sensorimotor response can
infer a place illusion for the user [16]. Fidelity refers to how the user experiences the
immersion and how similar it is to the real world [17]. The relevant technology has existed
for over 50 years, as first demonstrated in a laboratory-based construct called the ‘ultimate
display’, which considered how we might react to situations of prior knowledge, for
example, that an object will fall [18]. Since then, higher fidelity has developed to create
a simulated environment that feels real. Immersive technology can thus be defined as a
set of applications and interfaces that create a simulation of experiences using multimodal
techniques to create sensory stimuli [19].

A reality-virtuality fidelity continuum has been proposed in which VR and AR lie
at opposite ends of a mixed reality spectrum [20]. AR merges real and simulated worlds,
superimposing digital images or sounds onto views of the real world. In contrast, in VR,
users navigate an entirely computer-generated construct. Both technologies create MR
(Figure 1). Within the MR continuum, there is an experienced environment, and this model
does not infer different levels of immersion.
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For the purpose of the review, not all forms of VR will be considered, for example,
computer screens displaying an interactive program such as a sequential game-based
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virtual patient. More recent immersive VR allows users to interact via head-mounted
displays [21] as VR headsets contain 3D inertial sensors that can track and monitor move-
ment that is then reflected in the computer-generated display. Headsets thus allow virtual
presence (place illusion) to be experienced as part of a more immersive experience. Recent
examples of VR in healthcare use Oculus technology, such as the Rift, to recreate a patient
scenario [22] and AR using Microsoft HoloLens with overlayed digital assets for blood
transfusion technique [23]. However, simulators that mimic the surgical setting of keyhole
instrumentation, for example, early VR innovation of MIST VR for laparoscopic procedures
or later technology demonstrated by the EYESi ophthalmic simulator, are described as
virtual reality as computer-generated displays with interaction using haptic controllers.
These different hardwares still fall under the VR terminology seen in Figure 1.

There is a subset of VR involving passive viewing of 360-degree videos, with limited
interaction, though the user can view in multiple directions by turning their head, again
requiring inertial headset sensors to match head movement to screen movement. Additional
digital annotations to the recording can create some interactivity, suggested to influence
the audiences’ cognitive access to information and facilitate learning acquisition [24].

2.2. Related Literature of Medical Education, Theories of Learning, and Immersive Technology

Immersive technology has potential use in healthcare. For example, the use of VR has
been shown to be useful in acute and chronic pain management [25,26] and MR in-patient
stroke rehabilitation [27,28], severe burns [29], and lower extremity injuries [30]. The
virtual environment can mimic the real world and provide a stepwise approach to phobia
treatment. VR in-vivo exposure can lead to improvement in phobia management [31]. The
broader uses within telehealth were accelerated during the COVID-19 pandemic, which
enabled healthcare professionals to remotely track patients, allowing real-time feedback
and flexible instruction and promoting patient care using VR [32] or AR [33].

The implications for medical practice and direct patient benefit is numerous but de-
pend on the education of healthcare professionals (HCP) in the use of immersive technology.
A synthesis of the literature on workplace interventions to achieve adequate HCP education
highlighted the challenge of the rise in patient activity and the lack of a proportionate rise
in workforce numbers (33). Upscaling the number of trained HCP is a potential solution
offered by immersive technology [5].

Teacher and public perceptions of immersive technology in education were explored
through the analysis of 4721 social media posts to find what VR-enhanced immersion and
absorption into the learning activity offered [24]. A key finding was a strong association of
immersive technology in social media in general with education themes.

Suh et al. [5] considered the educational foundations of this technology by applying a
stimulus-organism-response framework as a theoretical platform. This classification aimed
to evaluate behaviours with “stimuli” and “organism” and reflecting concepts of immersion
and presence with affective reactions. The authors reflected on “response” encompassing
the learning performance and processes that occurred from which benefit could be derived.
This would translate to improved cognitive states and, in turn, behavioural changes,
i.e., incorporating technology [34]. Multiple learning theories arose from the 54 papers
analysed, many of which were in settings outside of healthcare. Flow theory was described,
whereby immersion in a flow state aids concentration, and a balance between challenges
and skills is met. A meaningful experience transforms this into eventual testing of newly
acquired knowledge and skills, as described in experiential theory [35]. AR technology
has a digital addition to the real world and a distinct learning space, which forms the
conceptual blending theory [36]. Furthermore, the real-world enhancement of digital
overlay in AR can be experienced as different levels of cognitive load [37]. Constructive
learning theory dictates that learning is an active process, and learners are participants in
knowledge forming and connecting it to established knowledge [38]. This active process
is in part stimulated by how the learning environment motivates the learner and forms
satisfaction, with motivational theory describing how motivation promotes attention [39].
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Self-actualised behaviour is self-regulated, and motivation is a pivotal control. Finally,
as indicated in definitions of immersion, how we perceive our presence influences our
learning engagement and focus, with the interaction between learning technology and
ourselves. The presence theory is conceptualised in any virtual learning environment [40].

In separate work, a scoping review considered the pedagogical underpinning of
360-video in healthcare [4]. The authors felt two theories were of significance: the Cone of
Experience [41] and the ARCS-V model of motivational learning [42]. These theories were
the framework used to analyse papers’ outputs. Dale’s theory on experience hypothesised
that purposeful experiences are the cone base, moving towards the pinnacle of verbal
symbols with increasing degrees of abstraction. There is an overlap with experiential
theory as three key stages are denoted as learning by: doing, observation, and abstraction.
When applied to multimedia, the proposed experience by doing is accomplished with VR
creating a real experience [43]. Keller’s ARCS-V model is broken down into five domains:
attention, relevance, confidence, satisfaction, and volition. All contribute to the motivation
to achieve self-regulated goals. It was concluded that 360-degree video in healthcare has
relevance to the five domains and has significant effects on users’ motivation to learn.

There are two areas our study aims to discover. Firstly, the learning theories researchers
considered with their work on immersive technology in healthcare education, and secondly,
the author’s intentions to employ a deductive stance without leaning on the analysis of
preconceived learning theories.

A systematic review from 1990–2017 of the effectiveness of VR educating HCP found
an improvement in postintervention VR scores of knowledge gained versus traditional
learning [44]. While the quality of included papers was measured, the papers that were
extracted from searches used an evaluated score to rate the quality. However, the framework
used did not explicitly review the validity of the measures used for the data collection
of the papers and hence, could not reliably make conclusions. Tang et al. [13] described
numerous findings of value in their systematic review. They identified an upward trend
of research in medical education with immersive technology and the varied disciplines
covered. This was considered best explained by the Gartner Hype Cycle for technology
adoption, which is an adaptation of the Kubler-Ross change curve.

Furthermore, a meta-analysis demonstrated significantly improved surgical procedure
scores and operating times when using VR (13). The paper quality assessment was a
derived measure of three questions relating to research quality and relevance to the study’s
research questions.

A 2019 review of non-technical skill acquisition regarding immersive technology
in healthcare education found that the majority of papers considered technical skills that
could be measured, i.e., task performance scores, and validated tools to assess non-technical
skills were not widely used [45]. The authors advocated for more work to validate how
we measure outputs in relation to VR studies. Similarly, an integrative review of users’
experiences of VR systems noted a significant proportion of articles failed to determine the
validity of the instruments used [46].

Medical education traditionally is a pedagogy related to the training and practice of a
medical doctor. However, definitions have modernised and vary depending on the source.
Learning and training in a clinical setting for non-medical healthcare professionals and
interprofessional and non-medical clinicians form an important contribution to medical
education [47].

In summary, meta-analyses show improved technical scores following VR use in
surgical specialties [13], improved knowledge acquisition [44], and improved non-technical
skills, for example, communication skills and teamwork [45] with immersive technology.
There are numerous theoretical propositions that authors have used to attempt to explain
findings [5], and many outcomes have been captured using non-validated measures [46].
Gaps inevitably exist in how we construct meaning from immersive technology in medical
education, given that questions exist about the methods of research and what learning
took place.
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This review aims to describe the landscape and capture the nature, quality, and
interpretation of existing measures.

3. Methods
3.1. Purpose and Reporting

To achieve our aims, a literature review and synthesis of the relevant studies between
2002 and early 2022 was conducted, with searches occurring over 2 weeks from 7 January
2022. The research questions were registered with the Open Science Framework in January
2022 [48], which indicated the research intention.

3.2. Search Methods

The database Web of Science (WoS) was chosen as the primary publication search.
It is a trusted multi-source search engine that indexes academic journals and conference
proceedings. WoS database searches included a MEDLINE search. The combination of
WoS and those indexed with MEDLINE has been reported in recent medical education
knowledge syntheses [49,50]. On completion of electronic searches, a hand-search of Google
Scholar was undertaken to ensure all relevant articles were reviewed, which included
grey literature.

3.3. Eligibility Criteria

To answer the research questions, the papers were required to be from medical-
related fields with the applications of immersive technology for educational purposes. Any
media within the MR spectrum could be evaluated at the screening stage, and users were
identified as trainees or qualified HCPs. The study years included in the searches were
2002–early 2022.

The inclusion criteria for medical participants were expanded beyond doctors or
medical students. Studies within paramedic science, nursing, physician associate, mid-
wifery, and radiography were screened to be included. The characteristics of inclusion
were healthcare professionals with a clinically orientated or procedural purpose to the
research study.

Themes that pertained to technology hardware within the MR umbrella were devices
described as VR if allowing for the manipulation of a virtual environment using controls
or head movement with a head-mounted display. AR studies to be included required
hardware that enabled interaction with the environment. Smartphone AR software that
could not allow appropriate user interactivity and could not be clarified as an immersive
experience was excluded.

Exclusion criteria were pre-determined and seen in Table 1.

Table 1. Exclusion criteria for review.

Exclusion Criteria Rationale

Patient education Study aims to explore HCP education

Use of new prototypes/designs/haptics These papers focus on technological development

Reviews Prior material was considered in background

Virtual patients or virtual learning
environment studies Falls outside MR scope for this study

VR or AR without user interaction This review aimed to focus on immersive
environments

Animal studies Human participants only are relevant

Gamification without medical content Serious gaming is within MR domain, however, there
needs to be a medical focus for purpose of review

Non-medical By definition this excluded vets, dentists,
pharmacists, and optometrists
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3.4. Search Terms

The string search used in WoS:
ALL = (virtual reality OR VR) OR ALL = (Mixed reality OR MR) OR ALL = (augmented

reality OR AR) OR ALL = (mixed reality OR MR) OR ALL = (360 video) AND ALL = (health-
care OR medic*) AND ALL = (learn* OR educat* OR train*) AND ALL = (Student).

Boolean operators and partial words maximised article inclusion.

3.5. Selection Processing

A total of 5102 articles were filtered after the removal of duplicates using Rayyan
software. Author CJ screened all 4751 publications for suitability using the PRISMA scoping
review guidelines [51]. Of these, 318 were sought for full article-level screening: 73 met the
exclusion criteria.

The process detail is seen in the PRISMA flow diagram (Figure 2) and was supported
by Rayyan online management system [52] for screening abstracts and duplicate removal.
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3.6. Paper Quality Assessment Instrument

All papers fulfilling the inclusion criteria were scored according to the Medical Edu-
cation Research Quality Instrument (MERSQI). Internal consistency, interrater reliability,
and criterion validity were demonstrated for the 10-item instrument [53,54]. In MERSQI,
6 domains reflect the study quality: study design, sampling, data type, the validity of
assessments, data analysis methods, and outcomes. Total MERSQI scores range from
5 to 18. There was no cut-off score for exclusion as supported by prior MERSQI tool
development [54].

Author CJ independently reviewed and scored all papers, and GF scored 20% of
papers for a comparison of score agreement and discussion for those with a different score.

3.7. Charting the Data

The included papers were separated into 3 MR subtypes: VR, AR, and 360 videos. A
further subtype consisted of papers that had outcomes or discussions relating to learning
theory regardless of the type of technology employed. The data extracted included: medical
specialty, year of publication, country of origin, sample size, study outcomes, and reviewers’
judgment on paper limitations. Full data extraction is available in the Supplementary
Material: Table S1 of VR, AR, 360 videos, and learning theory studies.

3.8. Data Analysis

Total MERSQI, including the study validity domain, scores were summarised with
descriptive statistics.

ANOVA with Bonferroni comparisons was used to examine associations between
total MERSQI scores and the MR study subtype. A p-value of < 0.05 was considered to be
significant, and data were analysed with StatsDirect version 3.3.5.

4. Results
4.1. Study Characteristics—Research Questions 1 and 2

Studies eligible for review were published from 2002 to early 2022 in peer-reviewed sources.
Table 2 summarises the 246 paper characteristics, which together had 11,427 par-

ticipants. The highest proportion of study participants were undergraduate students,
10,801/11,427 (92%), and the proportion of qualified physicians or surgeons was 626/11,427
(5.5%). Papers recruiting qualified doctors were predominantly in the VR subgroup
(n = 568/7879), which reflected this being the largest paper group of 163 (66%).

Table 2. Summary of characteristics of reviewed papers. Learning theory subgroups compromises
papers from VR, AR, and 360 themes.

Theme Subtype Number of
Studies

Total Participants
(Number of

Qualified HCP)
Sample Size

Range
Average Sample

Size

VR 163 7879 (568) 5–289 98
AR 68 2520 (10) 10–292 55
360 15 1028 (48) 34–207 69

Learning theory 44 2342 (115) 10–200 56

A trend of increasing research interest with time was evident in all fields of MR. There
was a lag in publications with AR and 360, with the first publications in the years 2010
and 2015, respectively, which reflects the availability of AR and 360 technologies. The
most active years were from 2015 to early 2022, with research in all subtypes, as seen in
Figure 3. Additionally, the selected papers that considered learning theory demonstrated
this pattern.
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There were 18 varied specialties involved as settings for the technology, particularly
general surgery (n = 51, 31%) in VR and anatomy (n = 13, 28%) in AR (Figures 4–6).
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There were over 30 countries publishing work in English on immersive technology in
medical education (Figure 7). The USA accounted for 25% of the published work (n = 60).
In one paper, the country of origin could not be established.
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The interrater reliability (ICC) of MERSQI scores between the two reviewers was 0.8,
indicating good ICC.

The mean (SD) total MERSQI score was 10.58 (2.33) for the VR group, 9.57 (3.17) for
the AR group, and 8.86 (2.66) for the 360 group. The highest mean score of 10.85 (2.03)
was calculated for the learning theory group. Furthermore, the instrument validity scores
(maximum 3) were highest in the learning theory group at 1.94 (0.75). The VR group mean
was 1.25 (1.42), the AR group was 1.30 (1.50), and the 360 group was 1.28 (1.54).

A one-way ANOVA revealed the total mean MERSQI scores were statistically different
between groups (F (3, 262) = [4.66], p = 0.003). Post-hoc Bonferroni comparisons of mean
MERSQI scores were significantly higher for VR than AR (1.0, 95% CI: 0.20 to 1.82, p < 0.05)
or 360 (1.8, 95% CI: 0.51–3.12, p < 0.05). The highest mean was in the learning theory group,
but it was not significantly different from the VR group (0.23, 95% CI: −0.60–1.06, p = 0.57).
When comparing instrument validity scores, the learning theory group reported higher
validity when compared to all groups (0.64, 95% CI: 0.15–1.14, p < 0.05). Table 3 below
summarises the descriptive statistics on MERSQI scores for all subgroups.

Table 3. Descriptive statistics of MERSQI scores and instrument scores for all groups.

Variables Score
VR

Score
AR

Score
360

Score
Learning
Theory

Instrument
Validity

Score VR

Instrument
Validity

Score AR

Instrument
Validity

Score 360

Instrument Validity
Score Learning

Theory

Mean 10.57 9.58 8.86 10.85 1.26 1.30 1.29 1.88
Standard deviation 2.33 3.17 2.66 2.03 1.42 1.50 1.54 1.40

Standard error of mean 0.18 0.47 0.71 0.31 0.11 0.22 0.41 0.22
Upper 95% CL of mean 10.93 10.52 10.39 11.48 1.48 1.75 2.18 2.32
Lower 95% CL of mean 10.21 8.63 7.32 10.21 1.03 0.86 0.40 1.44

Maximum 15.50 14.50 13.00 14.50 3.00 3.00 3.00 3.00

4.3. Instruments in VR

There were over 50 different methods of collecting participant data in the VR group,
with task performance being the most commonly reported measure, n = 71/163 (44%).
Task performance was a term applied to any study in which the VR system recorded data



Int. Med. Educ. 2022, 1 53

of participant interactions within a clinical procedure, for example, laparoscope extent
of movements, reaction times, and accuracy of movement. The composite scores from
simulators were specific to the simulator and the selected procedure of interest. This created
heterogeneous outputs that, on consideration by review authors, were not suitable for
meta-analysis.

Twenty studies (12%) created multiple-choice questionnaires (MCQ) as a measure of
learning, objective scores by clinical assessors (i.e., OSCE) were used in 14 studies (8.5%),
and a global rating scale was used in 12 papers (6%). Five papers were qualitative, and in
these, a thematic analysis was undertaken.

Table 4 below separates all of the measures into four domains: procedural or objective
tool, learning assessment tool, subjective measure of experience, and physical measure-
ments recorded. This broadly relates to study outcomes within the MERSQI instrument
that scores the paper to whether the outcomes are opinion, knowledge, skills, or patient
health outcomes. Supplementary Table S1 for this study include this data.

Table 4. Summary of the measures in domains of primary outcomes of the VR group with number
(no.) of papers reporting this tool.

Procedure/Objective Tool No. Learning
Assessment Tool No. Subjective Measure No. Physical Measure No.

Task performance 72 MCQ 20 User experience
questionnaire 4 Heart rate 2

Global rating scale (GRS) 12 NASA TLX 4 System usability
scale (SUS) 3 Cortisol levels 1

OSCE 7 Visual-spatial ability 3 Confidence rating 3 EEG 1

Objective score by an
assessor 4

Cube subtest of
standard

intelligence test
1 Presence

questionnaire 3

Objective structured
assessment of technical

skills (OSATS)
3 Intrinsic motivation

inventory 1 Difficulty rating 1

Arthroscopic surgery skill
evaluation tool (ASSET) 2 Learner evaluation

questionnaire (LEQ) 1
Instructional

materials motivation
survey (IMMS)

1

Reaction time 2 Lasater clinical
judgment rubric 1

Interprofessional
socialization and

valuing scale (ISVS)
1

Procedure checklist 2 Learning survey 1 iGroup presence
questionnaire (IPQ) 1

Basic life support 2 Mental rotation test 2 Scale of experience 1

Bronchoscopy skills and
tasks assessment tool

(BSTAT)
2 Learning style

(MIDAS) 1 Nursing anxiety and
self-confidence 1

Cannulation score 1
Pictorial surface
orientation test

(PicSOr)
1

Serious gaming
usability scale

(SGUS)
1

Xray procedure score 1 Social validity
questionnaire 1 Simulation design

questionnaire 1

Neurological exam 1 Spatial orientation
test 1 Student satisfaction 1

Cochlear implant
assessment (CISAT) 1 Stress mental

readiness form 1 VR experience
survey 1

Score of communication 1

Students’
engagement in school

four-dimensional
scale

1

Emergency medicine crisis
resource management

(EMCRM)
1

Technology
acceptance

questionnaire
1

Modified Welling score 1

Total measures 115 41 23 4
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When analysing the papers’ MERSQI scores by type of outcome measure used, the VR
task performance total mean score was 11.01 (SD 1.69), with a mean instrument validity
score of 1.0 (SD 1.3). Assessment of learning by an OSCE yielded a total mean score of 10.67
and an instrument validity score of 1.42 (SD 1.5). The MCQ assessment studies had a total
score of 9.54 (SD 1.8) and an instrument validity score of 0.58 (SD).

Studies outside of the most commonly used measures collectively had a total MERSQI
score mean of 10.15 (SD 2.48) and a mean instrument validity score of 1.76 (SD 1.43).

The post-hoc Bonferroni comparison of mean MERSQI scores of studies that used task
performance were significantly higher than those using MCQs (0.62, 95% CI: 0.30–2.74,
p < 0.05), but there was no difference in the instrument validity subscales (0.41, 95% CI:
−0.80–164, p = 0.50).

The task performance group had the highest mean total scores (1.41, 95% CI: 06.5–2.16,
p < 0.05) compared with other studies. However, the instrument validity was the highest of
all groups in those outside task performance, OSCE, and MCQ papers (<0.05).

4.4. Instruments in AR

There were 20 instruments utilised in collecting participant data in the AR group
(Table 5), with MCQ being the most commonly reported measure, n = 13 (19%). A system
usability scale was reported in six studies and five other studies reported a usability
assessment. Task performance was only featured in seven papers (10%). One paper was a
qualitative paper in which thematic analysis was undertaken.

Table 5. Summary of the measures in domains of primary outcomes of the AR group with number
(no.) of papers reporting this tool.

Procedure/Objective Tool No. Learning
Assessment Tool No. Subjective Measure No. Physical Measure No.

Task performance 7 MCQ 13 System usability scale 6 EEG 1

OSCE 3 Mental rotation test 2 Usability questionnaire 2

Anesthetist non-technical
skills (ANTS) 1 NASA TLX 1 AttrakDiff 2

usability score 2

Angle of hip surgery 1 Cambridge brain
psychomotor test 1 Profile of mood states

(POMs) 2

Global rating scale 1 The nine-point
cognitive load scale 1 Subjective rating 2

Kakarla scale of EVD
insertion 1 Simulation

effectiveness Tool 1 Experience survey 2

Skill competency checklist 1 Overall perception of
headset score 1

Evaluating
technology-enhanced

learning materials
(ETELM)

1

Attention/confidence
with scale 1

Written feedback 1

Instructional measure of
motivation survey 1

Total 15 19 21 2

Table 5 shows the summary of a breakdown of measures used in the AR group,
which is presented as the VR group was. Similarly, a statistical analysis of the group
characteristics follows.

Papers that selected MCQ as a measure of learning had a MERSQI mean total of 9.78
(SD 2.40), with an instrument score of 1.71 (SD 1.60). Those focusing on usability had a
MERSQI total mean of 8.50 (SD 3.21) and an instrument score of 1.50 (SD 1.64).
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There was no statistical difference when comparing MCQ and usability MERSQI
scores (1.29, 95% CI: −0.88–3.45, p = 0.24) or their instrument validity scores (0.21, 95% CI:
−1.95–2.38, p = 0.85).

4.5. Instruments in 360

This group was the smallest (Table 6): of the 15 studies, 5 (33%) assessed knowledge by
MCQ. One paper was qualitative and used ethnographic analysis, and no papers measured
the biometrics of participants.

The MCQ group of papers had a mean total MERSQI score of 9.10 (SD 1.75) and an
instrument domain score of 1.20 (SD 1.34).

Table 6. Summary of the measures in domains of primary outcomes of the 360 group with number
(no.) of papers reporting this tool.

Procedure/Objective Tool No. Learning
Assessment Tool No. Subjective Measure No.

Task performance 1 MCQ 5 System usability
scale 1

Simple triage and rapid
treatment protocol (START) 1 Communication

accuracy 1 Engagement scores 1

NASA TLX 1

Ease to learn 1

Motivation and
learning 1

Task unrelated
images of thoughts 1

Total 2 10 2

So far, we have seen the trends of research output in immersive technology in medical
education, which featured a rise in publications in all subgroups. Additionally, by applying
an assessment of paper quality, we see varied MERSQI scores with studies in the different
technologies. The next section will provide the reader with a summary and synthesis of
outcomes in the VR, AR, and 360 papers included in the review, followed by the learning
theory group to answer the final research question.

5. Synthesis of Main Study Findings—Research Question 4

For transparency, the MERSQI score, with the total and instrument validity subscore in
brackets, will be presented with the reported study in the synthesis, i.e., Le et al. work on a
VR eye simulator was appraised with a total score of 13.5, and the task performance instru-
ment had undergone testing in all three validity areas: structure, content, and relationship
to variables (13.5/3).

5.1. VR Group

Task performance as a primary outcome is a composite score that is derived from
computer-based simulators [55–62]. Creating a system-based score and broadly defining
thresholds for acceptable performance allows the VR intervention to be tested.

Pre- and post-scores of task performance following a VR experience improved with
participants from a medical background [58–103].

Studies that recruited a mixed background of medical students and qualified surgeons
demonstrated a learning curve whereby novices improved most over successive VR ses-
sions when compared to experienced surgeons [58–60,67,68,71,75,83,88,91,94,96,97,103–106].
Le et al. [71] conducted a multi-centre trial (13.5/3) on the EyeSi ophthalmological simulator
and established content validity, with participants with greater experience achieving signifi-
cantly higher total scores than those who were less experienced: level of training predicted
performance (p < 0.05). In an experiment on VR training for gynaeological surgery (13/3) [97],
there was a learning curve in which performance improved over the first 10 repetitions
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across multiple metrics for all the exercises. Senior trainees performed the suture exercise
significantly faster than the junior trainees during the first and last repetitions (p < 0.004
and p < 0.003, respectively). It was also noted that features such as depth perception and
interaction of instruments in the laparoscopic VR surgery model added realism (13/3) [102].
In a final session of a course of VR ophthalmology training (13/3), the highest median score
was achieved by the most experienced vitreoretinal surgeons (p < 0.01). However, two of the
six modules of VR performance did not correlate with experience [103]. An early plateau of
improvements with experience was found with robotic VR simulation (13/3) [107], which
could indicate results are dependent on the task under experiment and a ceiling effect oc-
curred (13/3) [82]. Harden et al. [108] also noted that if VR was used prior to actual robotic
surgery, then a ceiling effect occurred, and no further improvements in task performance
measures were demonstrable when doing real-life robotic surgery. Although there was a
higher perceived improvement by participants, the mix of learning curves and a small sample
makes it difficult to make comparisons (14/3). A similar disconnect between task performance
and perceived performance occurred in a VR model of basic life support training [109] when
perceived performance improved, but flow time for conducting life support compressions
was worse for VR compared to traditional training. Berg et al. [110] demonstrated a correct
order to the ABCDE approach in life support and described VR training as non-inferior to
traditional practice equipment (14.5/3).

Global rating scales (GRS) are a procedural checklist for an objective assessment of
performance, which has high interrater reliability through processes of the instrument
validity [111–113]. It is an anchored scale that aims to score from novice to expert with
respect to the skill in question. In a study using VR as a tool to teach intubation [114], there
were significant improvements in GRS scores in the expert review of real intubations in the
experimental VR group when compared to a control group (15.5/3). Mulligan et al. [113]
compared GRS in arthroscopy using VR and were able to differentiate between the novice,
intermediate, and expert groups (12.5/3). The use of GRS in VR demonstrated improved
performance in all studies within this review [63,111–119].

MCQs have been used to assess educational outcomes [120], and in comparison to
control groups undergoing standard teaching, VR improved the MCQ scores of participants’
learning more than standard teaching [121–126]. In a large study of 168 participants using
video teaching as a control group versus VR to train medical students in the assessment of
infants in respiratory distress, recognition of respiratory status, and the need to escalate
care was significantly better with VR (p < 0.01). In this study, Zackoff et al. [126] reported a
great interpretation of a patient’s mental status (14/3). Whilst exploring the benefits of VR
bronchoscopy training, Gopal et al. [127] demonstrated a 55% gain in students’ bronchial
anatomy knowledge (12/3).

Subjective measures that consider the participant reported perceived benefits as the
primary outcome are valuable as they can establish additional information surrounding
satisfaction, attitudes, and perceptions that are outside the scope of other outcomes [54].
A strongly positive experience was found in more than 50% of users of VR in medical
education [128–130].

Evaluation of an individual’s physiological response while experiencing high cognitive
demands with subsequent inference on performance quality is an established concept [131]
and can be applied to medical education and simulation. Using an electroencephalogram
(EEG), researchers matched increasing cognitive load with participants’ surgical perfor-
mance in VR [132] (11/2). Alternatively, measuring serum cortisol levels as a marker for
stress was used in a stress-inducing experience of a mass casualty assessment in VR [133].
Serum cortisol levels did not rise as high in the VR group when compared to in-situ sim-
ulation (13.5/3). Lower heart rates were also seen in VR simulation compared to live
simulation [134], although there was no difference in the accuracy of allocating correct
triage (14.5/3).
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5.2. AR Group

Task performance measures have been used to measure the impact of AR. A head-
mounted AR display improved the pattern and accuracy of breast examination of novices,
as measured by task performance [135]. In this study, 69 participants went on to perform
real patient examinations (14.5/3). Projecting an anatomical pathway for accurate liver
biopsy needle insertion in an AR model reduced failure rates from 50% to 30% [136], which
included surgeons in the sample (10/3).

Head-mounted AR displaying real-time video as a means of instruction has been
shown to improve procedural skills, such as suturing [137] and joint injection [138], though
both of these studies used measures scoring 0/3 on validity. However, when using a
validated instrument for joint injection, Van Gestel et al. [106] found the AR-guided extra-
ventricular drain placement as performed by inexperienced individuals was significantly
more accurate compared with freehand placement on models (14.5/3).

Studies measuring ARs impact using MCQs had mixed outcomes, with few papers
presenting the validity of the instrument. Those that used validated measures included a
study on AR head and neck anatomy teaching, in which there was a significant improve-
ment in scores (15% higher, p < 0.05) compared to traditional screen work [139] (12/3).
Moro et al. [8] had two experimental groups of mobile AR and head-mounted AR, which
found no significant differences in scores between lessons on brain anatomy and physiology
teaching (12/3). In assessing anatomy education by randomising groups of students to ei-
ther a screencast or AR, both groups increased post-test; however, the screencast group had
the highest gains [140] (12/3). In a study that focused on respiratory microanatomy, there
was no significant difference in AR anatomy when compared to teacher-led microscope
slides on initial MCQ scores [141]. Moreover, a follow-up test found that the experimen-
tal group assessment maintained a higher score compared with the control group, with
averages of 86.7% and 83.3%, respectively (9/0).

The system usability scale (SUS) is a reliable measure to evaluate the usability of a wide
range of products and services [142], which include technology in medical education [143].
After watching a projection of a video in a head-mounted display to demonstrate accurate
catheter insertion, participants were assessed on performance and usability [144]. While
the control group rated teacher instruction higher with the SUS, OSCE performance was
better in the experimental AR group (14/3). Similarly, lower SUS scores were found when
assessing AR in mass casualty triage, with a preference for simulation without immersive
technology [145]. Nurses additionally scored the AR experience lower in the simulation
effectiveness tool (9.5/3). However, augmented lumbar puncture training demonstrated
greater SUS over a traditional monitor displaying an instructional video [138] (10.5/3).

EEG recordings of participants learning neuroanatomy from a textbook versus AR
3D images were not significantly different [146]. Short-term memory assessment found
that textbook recall was superior to AR; however, long-term memory assessment found
that the retention of spatial information was maintained in the AR group only (14.5/3).
Several themes emerged when interviewing the same students who commented on spatial
advantages to AR but expressed dissatisfaction at not being able to draw ‘like on a book’,
and technical difficulties arose.

5.3. 360 Group

In an RCT randomising medical students to learn suture knot-tying via a 360-degree
video or a traditional monitor, greater accuracy of knot tying was associated with the
360 video (median score 5.0 vs. 4.0, p < 0.05) [147] (9/0). Lowe et al. [148] conducted an
observational study of triage training using 360-degree video in an out-of-hospital setting
in paediatrics. The triage protocol scored on field intervention selected by users following
the video, and scores were able to discriminate between levels of emergency medicine
experience (11.5/3). Based on a 5-point Likert scale (1 lowest, 5 highest score), participants
felt the 360-degree video experience was engaging (median = 5) and enjoyable (median = 5).
The majority felt that 360 video was more immersive than mannequin-based simulation
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training (median = 5). It should be noted that validity had not been demonstrated for
this questionnaire.

A study comparing a traditional interactive lecture to 360-degree videos of effective
communication with patients found higher MCQ scores out of 20 in the experimental
group (17.4 vs. 15.9, p-value < 0.001) [149]. In addition, students underwent an OSCE with
simulated patients and achieved higher scores in the 360 group. The overall satisfaction
of the 360 experience was rated 7.36/10, and 93% agreed with the statement that 360 can
be used in medical education (11/3). As with the work of Lowe et al. above, instrument
validity on subjective measures was not demonstrated. Student communication featured
in a sensory deprivation study using 360 to simulate deafness. In this qualitative work,
themes emerged on empathy, and as an experience, it granted the user more than merely
watching a video [150].

MCQ performance was non-inferior in comparing the 360-degree video to the hy-
brid mannequin simulation in a clinical scenario of opioid overdose and administration of
naloxone [151] (11/3). Similarly, in gynaecology education, the 360-degree video had no sta-
tistically significant difference in MCQ scores when comparing conventional teaching [152].
Indeed, those in the 360 group wanted more 360-degree content (8/0).

The system usability scale (SUS) results were high in the 360-degree presentation of
sepsis prevention, with it being relaxing and acceptable functionality [153]. A cognitive load
questionnaire was reported with the imposed mental demand categorised as a medium
mental demand, which implied an acceptable mental load range to learn (9.5/3).

5.4. Learning Theory

Pedagogical concepts and theories were identified in an extensive number of studies
in this review [11,17,72,84,88,90,93,132,134,146,154–184].

Hu et al. [163] demonstrated that after completing a course of ultrasonographic train-
ing in VR, there was improved performance in identifying anatomical structures. Authors
applied the principles of the psychomotor domain of Bloom’s taxonomy [185] and theo-
rised that VR anatomical training improves learner’s ability to use sensory cues to guide
motor activity (Perception), increase action readiness (Set), and the ability to learn complex
motor skills by imitation, trial, and error (Guided response). Hence, VR can aid the user in
appropriate procedural clinical instrument movements required for medical investigations.

Furthermore, if using VR to teach pelvic anatomy, the recalling of information aligns
with the ‘remember’ level, and functional questions align with ‘understand’ by inferring
a response [183]. The complexity of understanding is fostered by VR users comparing
structures spatially in the environment. In this study, matching visuospatial ability with a
physical model found equivalent short-term recall and matched scores on mental rotation
tests to immersive technology. However, those with the lowest visuospatial scores faired
best on a real model. Sommer et al. [11] demonstrated visual-spatial ability as a predictor
for performance in a VR simulator, those with low visuospatial results caught up with those
with pre-existing high scores after two training sessions. Three-dimensional visualisation
is not limited to VR, as a study of AR neuroanatomy was found to be non-inferior when
compared with traditional cross-sectional images when testing MCQ and mental rotation
scores [162]. Thematic analysis of a group of students’ comments found limitations with
the AR technology, which introduced complications of holding a device and could not fully
replicate a cross-section at all angles (unlike real anatomy). Hence, MR as an instructional
tool may need to consider individual abilities and preferences.

The work by Henssen et al. [162] on learning neuroanatomy additionally applied
a cognitive load measure, which had similar scores between AR and real cross-sections.
Cognitive load (CL) theory suggests that the designs of instruction impose cognitive
load on learners’ limited working memory and that the CL, in turn, influences learning
outcomes [186]. CL scores were much higher when using real cross-sections, either because
AR created a less demanding learning tool or the cross-sections were too complex for the
level of the student. When a 9-point CL score was utilised in a study of AR anatomy
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versus traditional lessons, higher MCQ results with reduced cognitive load were found
in the AR group [169]. The National Aeronautics and Space Administration Task Load
Index (NASA TLX) can also be used to assess workload, which can be seen to reduce
scores in VR simulations of surgery [184]. Mass triage scenarios were tested using VR and
live simulation by Mills et al. [134]. Lower NASA TLX scores, reduced heart rate, and
reduced simulation design scale scores were associated with the VR simulation. The heart
rate measurement was to capture stress levels. At present, subjective measures, such as
NASA TLX, are the most common methods of measuring cognitive load. Advantages exist
with objective psychophysiological measurements, such as EEG, that can be used to detect
subtle changes in alpha and beta waves that can be inferred as load change [132]. Using
an EEG, scores from the NASA-TLX score, and heart rate, it was demonstrated on three
fundamental surgical tasks in VR that CL reduces as participants’ skill proficiency improves
with subsequent practice. Yu et al. [132] considered that developed skills might indicate a
lower cognitive load.

EEGs have been used, for example, in the comparison of anatomy learning of visu-
alisations from textbooks, computer screen 3D visualisations, and in an MR device. EEG
waveforms were interpreted as a marker for wakefulness and potential CL and did not
differ between any of the three groups. An anatomy test indicated better performance with
textbook and worse with MR, though subsequent retesting at over a month showed the MR
group had higher retention, especially in spatial recall [146]. There may be added benefits
to participants in being able to manipulate anatomy images, hence, the improved spatial
recall in the MR group.

Students’ motivational reactions to self-directed learning of anatomy using AR have
been studied. Researchers applied the Instructional Measure of Motivation Survey (IMMS),
which is based on Keller’s ARCS model. In this study, there was no statistical difference
in IMMS scores between participants learning anatomy from AR or cross-sections [162].
VR was found to be non-inferior in anatomy learning compared to textbook learning [178].
However, in this study, IMMS scores and self-reported perceived learning were signifi-
cantly higher in the VR group (p < 0.01). An alternative motivation subjective questionnaire
that captured interest, value, and importance, based on Ryan’s intrinsic motivation inven-
tory [187], enabled authors to see if multiple-player VR could benefit anatomy learning.
Both single-player and multiple-player VR stimulated and motivated users most when
compared to using textbooks [160].

Constructive learning describes the active process of learning in immersive envi-
ronments, as motivation, attention, and knowledge forming are connected. MR creates
the perception of being dissociated from the real-world (presence) and the user’s loss
of time (flow). Sense of presence can be associated with the realism of the image and
user control and reduces with prolonged exposure [188,189]. Measuring presence in the
IGroup Presence Questionnaire (IPQ) in VR gave higher scores in a semi-autonomous ward
environment compared to a PC setup [17]. With more experienced doctors describing a
feeling of greater involvement and immersion. Additionally, an immersive tendencies
questionnaire (ITQ) applied to a mass casualty immersive VR simulation found a high level
of sense of presence and was correlated with individual immersion propensity [190].

Deliberate practice is an instructional method that relates to skill acquisition [191].
This method is based on four domains: motivation, goal orientation, repetition, and focused
feedback, to create an iterative cycle of progressing from a novice to an expert. Furthermore,
these procedures can be broken down into a series of microskills that have deliberate
steps [192] and eventually can form mastery learning. Feedback can be implemented at
different stages of the learning curves demonstrated in VR [84]. A study of the complex
surgical task investigated by Paschold et al. [84] found that separating lower performers
in VR and providing tailored instruction could close the gap in performance to higher
performers early on. Learning curves, as measured by a procedural task performance,
are demonstrated in a number of studies [58,72,75,93,98,117,177,193–195]. There is varia-
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tion in the number of repetitions to accurately perform a procedure at a matched expert
measured performance.

Kolb’s experiential learning theory, in part, maps on the deliberate practice model
as both represent an iterative cycle that experience is converted to knowledge and skill,
although the experiential cycle does not explicitly refer to feedback. A simulation curricu-
lum in VR was assessed using experiential learning as the model for the development of
a training program [175]. A mixed methods study evaluated the clinical judgement and
competency of nurses in the virtual environment. Self-reported measures found the learn-
ing experience transformed the thinking process of critical thinking, clinical judgement,
and metacognition. Similarly, using group self-practice as a form of instructor feedback in
completing an ABCDE (airway, breathing, circulation, disability, and exposure) assessment
in VR showed it was non-inferior to practice with physical equipment [196]. Additionally,
the VR software provided feedback to the users related to knowledge and passive positions.

Finally, learning styles have been described as how we might learn in different ways
and how technology can be designed to accommodate our differences [181]. Multiple
intelligence theory complements learning styles and holds that learning is pluralistic. Cate-
gorising these and relating them to surgical experience found that the kinaesthetic learning
style was associated with the best VR laparoscopic performance. The majority of novices
exhibited a malleability to learning, and styles were convergent and accommodative, which
favour hands-on experience.

6. Discussion

A total of 246 papers were selected in this review for a more detailed appraisal from
an initial search resulting in 5102 papers.

The research on MR is steadily increasing (Figure 2) and at a series of points could be
interpreted as matching the Gartner Hype Cycle as Tang et al. [2] proposed. In particular,
the period 2014–2016 saw a downward turn in output in VR, which could be understood as
the point of disillusionment whereby this phase is identified as a time with greater difficulty
applying the technology to current medical education needs. The following increase in
publications is then a re-emergence of ideas as technology evolves and acceptability in the
medical education arena increases, though the time period evident in this review in relation
to technology adoption differs from that described by Tang et al. [2]. Additionally, the
differences in graphs could relate to search criteria, and this review had a greater number
of included papers. It may be simpler to consider the process as waves, with technologi-
cal utilisation depending on affordability, availability, accessibility, and appropriateness
according to the region and specialty [197]. This considers digital adoption not only in
the context of users but also in wider influences, such as the economy and COVID-19.
Extrapolating from Figure 2, there will be an increase, with new technology becoming a
trigger for successive interest within the spectrum of MR.

A total of n = 11,427 participants were studied across the 246 papers. However, only
5% (n = 573) were qualified medical professionals, with the overwhelming majority of
participants being students (n = 10,801, 92%). This proportion is lower than other reviews
have identified [198]; however, a significantly higher number of participants contributed to
the study synthesis when compared to other reviews. There is a challenge in trying to study
the population of medical professionals [199] when medical students offer a relatively
easily accessed and well-motivated group, usually attached to a setting in which there is a
culture of and structure for research.

General surgery teaching in VR and anatomy teaching in AR were the most common
applications, which mirrors other reviews [2,198,200]. Eighteen medical specialties were
evaluated with MR, and this represents a broad mix of different areas of medicine testing
the utility of these technologies in education. Of the 30 countries in the collected data, the
USA was the most common country of research origin (25%). A possible explanation is the
mandatory requirement of simulation training in North American surgical training [88].
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How we assess learning in MR environments was a primary focus of this review. The
MERSQI instrument was selected for this purpose. Mean MERSQI scores from subgroup
analysis were highest in papers on VR (10.57) and learning theory (10.85), then AR (9.58) and
360 (8.86). MERSQI scores were assessed as lower than in the recent review of immersive
technology in healthcare student education by Ryan et al. [198]. However, MeSh terms
differed, and 29 papers were analysed compared with 246 in this review. An explanation
for subgroup differences could relate to Figure 2, which tracks trends in publications. VR
is the most established research area, whilst 360 is the newest. Although development
papers that only assessed the technology without measuring an area of educational benefit
were excluded, the lower scores reflect the pilot study nature of 360 papers and the lower
instrument validity scores found. This is the first review to categorise subgroups in MERSQI
and to critically look at instrument methods to assess learning in detail. Instrument validity
scores were statistically higher (p < 0.05) in the learning theory group (1.88) and similar in
the MR subgroups (range 1.26–1.30). This confirms previous research that studies do not
fully report validity assessments for the instruments used [54,201–203]. In a review of the
quality of evidence in serious gaming in medical education, only 28.5% of instruments had
internal validity tests [204]. The MERSQI average score of 10 was similar to this review. It is
worth being aware of the validity of instruments used to capture outcomes when assessing
evidence in this (or any) field.

Overall, in this review, the use of immersive technology has been associated with
improved learning, echoing the association of high-fidelity simulation-based medical
education with learning [205]. However, MR must be studied thoughtfully. For example,
feedback is necessary for the development of non-technical and technical skills but cannot
be fully derived purely from computer-derived procedural scores.

A major challenge in studying MR is that many different categories and examples of
outcomes exist. Task performance was the most commonly reported outcome, followed by
OSCE scores and GRS. MCQs were the most common method of knowledge assessment.
MCQs and task performance measures had the lowest MERSQI scores for validity. The
composite scores generated by simulators are individual to the device and task at hand.
Furthermore, a high score in a simulator cannot be assumed as an assessment to reflect
real-world performance. If a novice and an experienced surgeon are at similar levels by
the 10th repetition, one cannot infer a novice is as capable and experienced in surgery but
only on the metrics of the task performance analysed (95). The final MERSQI question
related to the Kirkpatrick level [206], with the highest score achieved if ‘patient benefit’
was an outcome. While difficult to demonstrate, patient benefit was shown in only 5%
(n = 8) of papers in VR, compared to the impact on knowledge/skills being measured in
66% (n = 111) of papers.

GRS and OSCE had higher instrument validity scores as those measures more com-
monly than others had undergone validity testing in all three domains (structure, relation-
ship to variables, and content). Numerous other instruments had been previously studied,
for example, OSAT, NASA TLX, SUS, IMMS, and psychophysical EEG data.

AR and 360 subgroups were of a similar nature, with task performance and MCQ
as the primary outcomes. There was no difference evident in validity scores between the
measures used in AR and 360 studies, probably partially due to the smaller size of these
two groups.

Limitations and biases exist in the field. For example, there is a high proportion of
novice users in immersive technology, skewing the samples tested. Learning as tested with
mental rotation tests and procedural tasks in VR simulators [174] have produced contrary
results [207]. Isolating the effect of MR per se may be difficult, as MR and traditional
methods used as controls differ in several ways, such as variability in the information given
by instructors or the MR software [10,100,178,195,208].

The learning theories considered by the papers in this review were extensive, and the
author selected these papers during the full-text review as ones that detailed pedagogy
and was a subjective admission and risk to bias. There was a finding of higher MERSQI
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and instrument validity scores, which is not unexpected as the MERSQI is a measure of
paper quality. The theories discussed in this review focus on different processes of learning.
Presence and immersion can be captured with questionnaires, CLT can be measured by
various instruments, e.g., NASA-TLX, and motivation is considered an important domain
in how users approach simulation and practice. The multifaceted and abstract nature
of learning will not be fully captured by one measure; however, this synthesis of papers
supports the argument that immersive technology can create a learning environment, and
the applications are broad. It also creates a dialogue on how we might begin to understand
the evolution of this technology and where it might sit with traditional learning models,
e.g., Dale’s cone of experience.

This review has limitations, firstly, only English language papers were considered, and
the reflexivity of the substantive author as a medical educationalist influenced which papers
were included and how they were interpreted. Methodologically, the MERSQI is a well-
established scale to rate paper quality; however, it groups knowledge and skill as one for
assessing outcomes [204]. The validity assessment is limited to three traditional conceptions.
Messick [209] described this viewpoint as fragmented and suggested six distinguishable
aspects of construct validity (content, substantive, structural, generalisability, external, and
consequential) [210]. Further work considering the newer concepts of validity assessment
integrated into an updated MERSQI could yield a more detailed assessment of paper
research methodology. Researchers could use a MERSQI framework in research design to
ensure a robust methodology is in place prior to conducting trials. Furthermore, there was
numerous additional information that could have been gleaned from MERSQI, which was
not included in this review, i.e., the proportion of studies using RCT design. Analysis of
the use of controls could add to the evaluation of immersive technology in education.

Although research questions were proposed, scoping reviews have methodological
limitations and the risk of bias [15]. In particular, an assessment of bias was not conducted,
and in this review, only one author conducted the screening process. The importance
of identifying knowledge gaps was demonstrated in this review. The breadth of papers
included in the synthesis was the largest to date in this field; however, the primary multi-
source database (WoS) will invariably miss relevant studies. A MEDLINE search was
included, and this incorporated most but not all PubMed publications. Further inclusion of
educational databases, such as the Education Resources Information Center (ERIC) online
library, would strengthen this review. Not all medical education journals are indexed in
MEDLINE, and this needs to be considered when understanding the scope of this review.
The definition of medical education varies, and the author’s interpretation of this and
the inclusion criteria of studies at the screening stage will invariably bias this review.
Furthermore, a scoping protocol was not published alongside the OSF title and research
aims. A priori protocol registration and publication are best practices.

The taxonomy of MR is expanding as new hardware and software are created. The
inclusion of all available technologies was not possible in this review, and immersion
is a subjective quality. The review appraised the existing evidence for the different MR
technologies included and created a discussion about how we define learning.

The immersive field is rapidly developing. In the adoption of such technology, there
is a need for rigorous validation that empirically evaluates the methodology employed
and the assumptions made. The following recommendations are suggested to assist those
evaluating MR as a learning tool:

1. Apply a methodology that is grounded in learning theory and literature.
2. Avoid basing conclusions on a newly created instrument but consider existing vali-

dated measures for further analysis.
3. Do not assume a novice versus expert investigation equates to a thorough study

of validity.
4. Reframe the position on evidencing the superiority of TEL over traditional teaching

methods and apply a non-inferior mindset.
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5. Technology is a tool, and the way technology is used to supplement learning is varied.
MR may help some learning environments but not others.

7. Conclusions

Presence and the motivated learner that employs a deliberate action of experiential
practice are important concepts in relation to the application of immersive technology in
healthcare education. This review adds to the literature in that technology can improve
learning in a broad number of medical specialties with evidence at mid-level strength,
according to the MERSQI tool. Currently, this study is the only review that uses a validated
measure for evaluating paper quality in immersive technology for clinical-based education
and a novel approach to present a synthesis of findings to a reader that incorporates
paper quality scores. The pedagogy supports the use of immersive technology that can
replicate clinical experiences and engage healthcare learners, with objective and subjective
outcomes being evident. If we are to progress beyond a relationship with critically uncertain
assumptions, rigorous methodology needs to be applied to future studies.
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