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Objective: To provide an overview of the current state of mixed reality (MR) technology’s application in medical education and to
review a research scope of the area.

Methods: According to the Joanna Briggs Institute’s scope-based review procedures, searches were conducted in the following
databases: PubMed, Embase, Web of Science Core Collection, Cochrane Library, CNKI, WanFang Database, and VIP Database. The
included literatures were compiled and examined, and the search period was limited to the period from the database’s creation to
April 20, 2025.

Results: In all, 4118 records were found. After eligibility assessment, 28 studies in English or Chinese that examine the use of MR in
education for medical students were included. Data extraction focused on theoretical/skills test scores, students’ satisfaction, testing
and evaluation of the system operation as well as students’ learning interest of MR. The majority of studies indicated MR technology
effectively enhances students’ theoretical knowledge and skill proficiency. Eighteen studies consistently reported a high students’
satisfaction level with MR-assisted instruction; MR systems demonstrated favorable usability due to its high consistency. Ten studies
showed students in the MR-assisted learning groups exhibit heightened learning interest.

Conclusion: MR Technology has demonstrated excellent performance in enhancing students’ mastery of theories/skills, improving
students’ satisfaction, and increasing students’ interest. However, it has not yet been widely adopted due to the high costs associated
with teacher training and the purchase and maintenance of equipment. The future should prioritize continuously developing the
immersive experience and engagement of MR technology, integrating ecological instantaneous evaluation methodologies and artificial
intelligence technology, and combining economic benefit analysis and feasibility testing to perform higher-quality original research.
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Introduction

The medical knowledge system is enormous, complicated, and continually changing.! The rapid evolution of medical
knowledge and surgical techniques places unprecedented demands on traditional “see one, do one, teach one” educational
models, necessitating innovative training solutions. This challenge is underscored by reports from organizations like the
British Medical Council, which highlight a flexible, fair and innovative training approach that is urgently needed to
address the mismatch between teaching quality and the demands of clinical medical work.> Currently, the teaching
resources for medical practice are still relatively limited. There are widespread problems such as insufficient medical
equipment, scarce real patient resources, and a lack of clinical practice opportunities.® Furthermore, it is challenging to
give students thorough and organized practical training because standard simulation trials are expensive and ineffective.
Students’ capacity to successfully translate theoretical knowledge into clinical practice is significantly hampered by this.*

When they finish their academic studies, the majority of medical students still lack excellent practical operating abilities,
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demonstrating a mismatch between theoretical knowledge and practical skills and making it challenging to naturally
merge the two.”

With the growing use of digital image processing technology in the medical industry, technologies such as virtual
reality (VR), augmented reality (AR), and three-dimensional (3D) printing have gradually been integrated into modern
medical education and training.® VR is a completely digital image, whereas AR just superimposes virtual visuals onto the
real world.” MR technology is a sophisticated technology built on the foundation of VR and AR technologies.® MR
technology advances this concept by not only overlaying virtual objects onto the real world but also anchoring them to it,
allowing the user to interact with digital content as if it were physically present. It can superimpose virtual images on
real-world photos, creating an interactive feedback information loop between the virtual world, the actual world, and the
user, thereby improving the user’s perception of reality.’

Virtual simulation experimental instruction introduces a new approach for talent development based on ability. This
teaching style has been used in a variety of teaching settings.'® Relevant research has demonstrated that it has benefits
such as strengthening students’ practical skills, widening educational resource channels, lowering teaching expenses, and
improving the efficiency and quality of experimental teaching.'' More and more medical scholars and educators are
beginning to recognize the value of virtual simulation teaching and are actively developing it.

As of now, some researchers have used MR technology in medical teaching.'? However, there is variability in many
dimensions, including intervention content, intervention form, implementation devices and types of intervention pro-
grams, and outcome measures. The scope review study does not rigorously limit the research design and sample size,
does not do complex data merging, but instead focuses on summarizing research topics, methodological variations, and
result distributions, allowing it to immediately convey the specific manifestations of “inconsistent” findings. Therefore,
this scoping review, which followed the scope review criteria established by the Joanna Briggs Institute (JBI) in
Australia, aims to answer the following questions: (1) What are the characteristics and content of MR interventions in
medical education? (2) What outcomes are being measured, and what are the reported effects? (3) What are the current

limitations and gaps in the literature?'?

Materials and Methods

Study Design

The specific review issues are as follows: Evaluating the content and impact of MR technology in medical education. The
specific content, outcome indicators, and application impact of MR technology in medical education. The limitations of

current research on the use of MR technology in medical education and the revelation for future study. This scoping
reviews’ protocol has been registered in the Open Science Framework (OSF) (10.17605/0OSF.I0/3X68M).

Search Strategy
A preliminary search was conducted in PubMed, Embase, Web of Science Core Collection, Cochrane Library, China
National Knowledge Infrastructure (CNKI), WanFang Data Knowledge Service Platform, and the VIP Chinese Science and
Technology Journal Database. The search was conducted using a combination of free and subject words. The search time ran
from the date the database was created until April 20, 2025. The search formula for PubMed in English was shown here.

#1 mixed realit* [Title/Abstract] OR MR [Title/Abstract]

#2 Students, Medical [Title/Abstract] OR Education, Medical [Title/Abstract] OR medical educat* [Title/Abstract]
OR medical school [Title/Abstract] OR medical train* [Title/Abstract] OR medical teach* [Title/Abstract]

#3 Search: Students, Medical OR Education, Medical [MeSH Terms]

#4 #2 OR #3

#5 Search: #1 AND #4

Eligibility Criteria
The inclusion criteria were defined using the PCC principle. The population (P) consisted of medical students. The
concept (C) involved the use of mixed reality technology to increase the effectiveness of medical teaching. The context
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(C) was the setting in which medical students received their education. The literature included randomized controlled
trials, quasi-experimental studies, previous experimental research, cohort studies, and other original research. Exclusion
criteria: Non-Chinese or English literature; unable to access the entire text; reviews or systematic reviews, conferences,
policies and guidelines, research programs.

Study Selection

The obtained literature records were imported into Endnote, and any duplicates were eliminated. Two master’s students
who had been trained in evidence-based medicine independently assessed the literature and abstracts for the first time
before reading the complete text for the second screening. In the event of a disagreement during the screening procedure,
a conversation with a third researcher was undertaken to determine the literature that satisfied the criteria.

Data Extraction and Analysis
Author, publication year, nation, study type, sample size, study population, assessment/intervention content, cycle/
frequency of the intervention, and outcome indicators were among the data extracted.

Result

Literature Search Results

Based on the pre-established inclusion and exclusion criteria and literature search strategy, an initial search yielded 4118
articles. After deleting duplicate articles, 2762 remained. After a step-by-step screening process, 28 articles were
included.'**' The flowchart of the literature screening process is shown in Figure 1.

Characteristics of Included Literature

A total of 28 articles were included, published from 2020 to 2025. Regarding the research types, there were 10 randomized
controlled studies, 16 quasi-experimental studies, 1 cohort study, and 1 previous experimental research. In terms of control
settings, 4 articles used self-control before and after, 2 articles did not set a control group, and 22 articles used traditional
teaching methods as the control group. The basic characteristics of the included articles are shown in Table 1.

Intervention Content

The key elements of MR technology intervention mainly include research topics, venues, frequency, duration, software and
equipment, etc. The research topics included in the study cover various fields of medical education, including clinical skills
operation, anatomical theory learning, surgical teaching, medical molecular testing, nursing education, etc. The intervention
venues included in the study were all carried out in indoor environments. The intervention duration of most included studies
was a one-time intervention,'#!%-1:22-24:28.29.32.33.35.36.39.41 gy me studies divided the intervention into multiple sessions, with
seven studies having medium-term interventions lasting from one week to three months,'”-'820-23:25:2637 Seven studies had
long-term interventions lasting from half a year to two years.'>'2721:343840 A research plans were implemented by
building relevant mixed reality platforms. Some studies introduced that the development process was to build 3D models
through Unity 3D, 360°VR simulation and perform virtual operation processing on three-dimensional data under visualiza-
tion to achieve human-machine integrated interaction actions.'>>2¢-282937-3840 gy me studies achieved the perfect combina-
tion of the real world and the virtual world through 3D printing.>*** Some studies constructed interactive holographic content
through Dynamics 365 forming Holographic patients.'”**** Most of the included studies used headset glasses as the main
equipment, and were used in conjunction with the MR system developed by the research group. Regarding the VR glasses

15,19,20,23,24,27-29,32,35,36,41

used in the intervention plan, most studies used Hololens, and some studies used Meta Oculus 3,

HTC Vive pro 2.0, and Magic Leap Inc Plantation.'®**

Intervention Outcomes
The intervention of mixed reality technology in medical education outcomes include theoretical/skills test scores, students’
satisfaction, testing and evaluation of the system operation, students’ learning interest. Of the 28 papers included, 24 described
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[ Identification of studies via databases ]
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5 PubMed (n = 839)
= Embase (n = 782) o
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% Studies included in review (n =28)
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Figure | Flowchart of literature screening process.

the effect of MR training on students’ theoretical/skill test scores, 4 2!-2326.28:2933-41 18 regearch examined student satisfac-
tion following the use of mixed reality technology in medical education,'®!>-17"19-21730-3234-3638:40 ko sydies described
how students evaluated system operation following the use of mixed reality technology.”'*>***! Ten research examined the

effect of mixed reality technologies on students’ learning interests,'#'>:7-21:29:31.34.35.37.38

Theoretical/Skills Test Scores
The theoretical scores of the MR group and the control group were compared in sixteen investigations.
21:23.25.26.28.31.3438 Three of these investigations concluded no difference in theoretical scores between the MR inter-

15-17,19—

vention group and the control group.'>*'° Twelve investigations showed that following the intervention, the MR
intervention group’s made more progress than the control group.'®:'7-1920-23-26.2831.34736.38 A ¢cording to one study, the
teaching group using MR technology had a lower theoretical level than the group using textbooks.>’

The performance on skill tests of MR group and the control group was compared in 14 studies.'*!%2!-24.29.33.3841

Three of these investigations concluded no difference in skill operation between the MR intervention group and control
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Table | Characteristics of Included Studies

Author, Country/ | Study Design | Sample Size (n) | Teaching Theme Control Group Experimental Group MR Device Duration of | Outcome
Year Region Measure Measure Intervention | Indicator
Zeng China Cohort study Experimental Bimanual pelvic Traditional MR gynecologic examination MR System, 3 hours ©o®
H etal,' group: 60 examination gynecologic training system combining Traditional
2025 Control group: 60 examination model | traditional gynecologic operation model
examination model
Zhang SH | China RCT Experimental Orthopedic clinical | Traditional Traditional knowledge teaching Bao Hulu 3D About @
etal,"” group: 40 skills operation knowledge teaching | methods, 3D Surgical planning surgical planning one year
2025 Control group: 40 methods, learning teaching system, outpatient teaching system
with 3D-printed follow-up visit V2.0, VR glasses
models of distal (Microsoft,
radius fracture, Hololens 2)
outpatient follow-
up visit
Zhou M,'® | China QES Experimental Medical molecular Traditional Training in MR medical Virtual scene of About @
2025 group: 240 testing training educational molecular testing techniques smart classroom | one year
Control group: practice methods training
240
Ma CY China QES Experimental Teaching of oral Traditional teaching | The combination of holographic | Digital software 3 months @
etal,"” group: 16 and maxillofacial mode image superposition and
2025 Control group: 63 | surgery interactive operation of real
models
Meliagros America QES Experimental Lumbar punctures Traditional faculty Mixed reality lumbar puncture Virtual reality 15 minutes / 0]
Petal'® group: 29 training led high-fidelity training headset (Meta 12 times
2024 Control group: 29 mannikin-based Oculus 3),
simulation training A Kyoto Lumbar
Puncture
Simulator lla,
a modified
lumbar puncture
kit
Lee HD Korea QES 40 (Comparison Major trauma care | N/A MR-based first aid training Holones 2 HMD | 30 minutes 0]
etal," before and after) system (Microsoft Corp,
2024 Redmond, WA)
(Continued)
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Table | (Continued).

Author, Country/ | Study Design | Sample Size (n) | Teaching Theme Control Group Experimental Group MR Device Duration of | Outcome
Year Region Measure Measure Intervention Indicator
MOON Korea QES 39 (Comparison Care for acute N/A Simulation program integrating Head-mounted 2 days, 6 hours | @
SH et al,®® before and after) coronary syndrome MR preparation into ACS displays (the
2024 simulation (IMRP-ACSS) HoloLens 2),
Microsoft
Dynamic 365
software
(solution version
900.1.0.1)
Zimmer Germany | RCT Experimental Teaching thoracic 10 different CT- Same morphologies in terms of | Elements 90 minutes OEEe®
L etal? group: 6 aortic anatomy scans showing a 3-D-object using the MR- Viewer software,
2024 Control group: 6 various system HMD, Controller,
morphologies of Digital device
the thoracic aorta
and its branches
Silvero Germany | QES Experimental Undergraduate Practice with Interact virtually with virtual 3D | MR-Viewer I day @
Isidre group: 103 neurosurgical computer- simulation model was (Brainlab, Munich,
A et al,?? Control group: hands-on course generated images reconstructed from the Germany),
2023 120 (CG) computed Immersive
tomography (CT) angiography headsets (Magic
scan, Plan a surgical strategy Leap Inc,,
Plantation, FL,
USA)
Liu LY China QES Experimental Nursing care for Basic theoretical Basic theoretical teaching of 3D | Mimics software, | week, 8 00
etal,® group: 25 intracranial knowledge in virtual and physical models + 3D printing sessions
2023 Control group: 24 | aneurysms multimedia format One-on-one guidance on 3D technology,

+ Case
presentation +
Guidance on care
plans + Teaching

ward rounds

data construction +
Independently conducting 3D
reconstruction of aneurysms and
virtual reality scene construction
+ Teaching ward rounds

Hololens device
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Guha United RCT Experimental Basic arteriotomy Conventional Received the same structured Microsoft | class session | @@
P et al,2* Kingdom group: 18 and closure video-based tutorial | surgical tutorial, addition of HoloLens 2,
2023 Control group: 18 bespoke interactive holographic | Microsoft
content and instruction Dynamics 365
Guides,
Commerecial
bench top
synthetic surgical
model
Kim SK Korea QES Experimental Nursing care for Video 360° Virtual Reality 360° VR 2 days, 00©)
etal,? group: 25 patients with demonstration Demonstration Learning simulator, 360° 16 hours
2023 Control group: 23 | arrhythmia learning camera
Lou YL China RCT Experimental Clinical teaching of | Anatomical Novel clinical cases + imaging 3D virtual, I week, 4 ©@
et al,? group: 18 Chiari teaching with the data + MR technology teaching dynamic 3D case | sessions
2023 Control group: 18 | malformation aid of a spinal models
model + textbook
learning + PPT
learning
Ali Pakistan QES 97 (Comparison Anatomy using N/A The mixed-reality simulator- Hololens 2 years ®
A etal,? before and after) peer assisted based course on the anatomy of
2023 learning approach the heart and liver via peer-
assisted learning (PAL) method
D’Aiello Italy QES Mixed reality Anatomy Learning | Regular slideware Mixed reality group: head- Microsoft 30 minutes 00©)
AF et al,?® group: 19 in Congenital Heart | group: traditional mounted devices (HMD) to HoloLens 2.0, an
2023 Regular slideware | Disease slides were interact directly with R&D version of
group: 20 projected onto holographic anatomical models the software
Holographic a flat screen immersively platform
videos group: 20 Holographic videos ARTICOR®
group: slides
incorporating
videos of
holographic
anatomical models
(Continued)
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Table | (Continued).

Author, Country/ | Study Design | Sample Size (n) | Teaching Theme Control Group Experimental Group MR Device Duration of | Outcome
Year Region Measure Measure Intervention | Indicator
Wu China RCT Experimental Teaching of spinal Traditional lectures | MR technology-assisted learning | HoloLens 2, 70 minutes Oe®
L etal” group: 10 blockade in which the with the previously constructed | Mimics software
2023 Control group: 10 | procedures instructor taught 3D virtual model and the to reconstruct
the course by puncture path a 3D model
creating multimedia
slides
Zhang China PER 120 Teaching on N/A Simulation teaching of HoloLens glasses, | NR @
B et al,®® electrocardiograph monitoring instruments based 3DMAX
2023 monitoring on mixed reality technology software, Unity
instruments modeling
JuX] China QES Experimental Teaching of Traditional teaching | Teaching methods integrating Mixed reality A teaching ©0]
etal’ group: 55 Ultrasonic mode mixed reality technology technology cycle (60 class
2023 Control group: 55 | Examination virtual laboratory | hours)
Technology course
Kang Y] Korea QES Medical students: Online N/A MR-based online HoloLens, 120 minutes @
et al,? 15 interprofessional interprofessional education holographic
2022 Nursing students: education standardized
15 (comparison patients
between two
groups of
students)
Du China QES 20 (Comparison Training N/A MR-based platform for training VR glasses, SLAM | 170 minutes @
W et al,?® before and after) Nontechnical Skills nontechnical skills in battlefield skills and spatial
2022 of Battlefield First first aid anchoring
Aid techniques
Wang China QES Experimental Neuroimaging Traditional teaching | Mixed reality teaching mode of 3D I-course- ©o®
Yetal group: 37 teaching mode (two- Neuroimaging teaching reconstruction, semester
2022 Control group: 34 dimensional images) 3D printing teaching time
Malik United RCT Experimental Otolaryngology Conventional 3D holographic model of the Microsoft 40~45 minutes | Q@®
R et al,® Kingdom group: 35 case-based learning | methods of remote | neck to teach anatomy HoloLens2™
2022 Control group: 21 teaching
Wu RL China RCT Experimental Clinical teaching of Bronchoscopy Atlas | Bronchoscopy Atlas Teaching + Hololens MR 40 minutes ©0)
et al’® group: 15 airway anatomy Teaching Immersive bronchoscopy
2022 Control group: 15 | under bronchoscopy teaching processing system
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Veer
Vetal¥
2022

Hu TQ
et al,®
2021

Liu
B et al,*®
2021

Sun YC
et al,*
2021

Schoeb
DS et al,*!
2020

Australia

China

China

China

Germany

RCT

QES

QES

RCT

RCT

Experimental
group: 33
Control group: 34

Experimental
group: 34
Control group: 34

Experimental
group: 40
Control group: 40

Experimental
group: 41
Control group: 41

Experimental
group: 57
Control group:
107

Knowledge
retention

in Physiology,
Anatomy,
Pathology, and
Pharmacology
interdisciplinary
education

Clinical orthopedic
professional

practical teaching

Out-of-hospital
cardiopulmonary
resuscitation

teaching

Clinical practice
teaching for
medical student

Teaching of
catheter insertion
for medical
students

Textbook-style

resource

Traditional
orthopedic
internship teaching
methods

Theoretical
teaching + Regular
simulation
mannequin first aid
operation practice
Practical operation

exercises

Perform bladder
catheter placement
on a male
catheterization

training model

Three-dimensional mixed reality

HoloLens resource

Mixed reality holographic image
observation + 2D and 3D

superimposed image observation

Mixed reality medical emergency

interactive system

Practical operation in MR three-
dimensional image
reconstruction case treatment

scenarios

MR practical operation guidance

system

Unity 3D, Cinema
4D v2, Visual
Studio v2019

Visual Volume 3D
Reconstruction
software System,
Nebula MR
Cloud
Collaboration
Platform

Bionic drive and
holographic
influence
superposition
technology

MR three-
dimensional
image
reconstruction
technology
Head-mounted
display (HMD)
using Microsoft
HoloLens2™

2 weeks

About | year

4 sessions

About | year

| session

O®

OO®

00

O®

Notes: @ Theoretical/skills test scores. @ Students’ satisfaction. ® Testing and evaluation of the system operation. @ Students’ learning interest.
Abbreviations: RCT, Randomized controlled trial; QES, Quasi-experimental study; PER, Previous experimental research; NR, Not Reported; N/A, not applicable.
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group.'*'®% But according to Du W et al, MR technology intervention could improve the Nontechnical skills of
Battlefield First Aid in conflict, even though it could not boost skill ratings.>® Eleven investigations showed that
following the intervention, the MR intervention group’s skill operation level made more progress than the control
group,1517:21:24.29.38-41

Students’ Satisfaction

According to eighteen research, trainees expressed more satisfaction with MR-assisted operation education than they did
with conventional teaching techniques.'®'>-!7~19-21730-3234-36.3840° A ¢oording to two investigations, the MR-using inter-
vention group experienced more pleasure.'”® According to three investigations, the MR intervention group’s trainees
expressed greater satisfaction with immersion and learning focus.'>'%*® In terms of improving teaching interactivity and
fostering information understanding, five studies showed that trainees were more satisfied with MR training,'>-'"-23-4-3¢
Testing and Evaluation of the System Operation

The MR systems are comparatively available, according to four research.?’*>?%4! Among these, Zimmer L et al used the
NASA-TLX to assess the MR system’s usability, and the findings showed that it was very user-friendly.”' The majority
of participants (84.0%) in the study by Kim SK et al reported that using the head-mounted virtual reality equipment was
extremely simple.”’

Students’ Learning Interest

Ten research demonstrated that MR technology makes instruction more engaging.
14,34

14,15,17,21,29,31,34,35,37,38 Two studies

and another two showed that students in the
29,35

showed that MR technology can improve students’ attention in class,
MR intervention group were more proactive and participated more actively.

Limitations of the Included Studies

So far, there is a gap between operability and reality, and MR technology is unable to accurately replicate specimen
models that are as realistic as the actual ones.'> Patient respiration, body shape, and tissue deformation all have an impact
on the guidance effect and accuracy of MR equipment in clinical practice, and these aspects can easily result in puncture
errors.*? Furthermore, the cost of MR equipment is the greatest barrier to its widespread use in medical education.”” The
significant costs associated with the initial purchase of MR equipment, teacher training, and ongoing technical main-
tenance significantly impede its widespread use and incorporation into medical colleges’ and universities’
curricula.'**"%

Furthermore, according to current studies, relatively few trainees expressed dissatisfaction with the MR devices’
initial difficulty,”® and operators had to exert some effort to get adjusted to the new apparatus.*’ The majority of studies
had issues with single sources and small sample sizes, which will limit the generalizability of the findings and the
capacity to examine the impacts of particular subgroups.'*'® A thorough evaluation of MR system was limited since the
majority of the included studies used traditional evaluation criteria and did not establish appropriate grading standards
based on the features of the MR system.'*'? Significant changes to teaching strategies and available resources are needed
to include MR into medical institutions’ current curricula.'* According to research, wearing wearable helmets for
extended periods of time can cause symptoms including weariness or headaches.** A student who had minor and
temporary negative reactions in a mixed reality simulation but continued to participate in the study has only been
documented in one study.'®

Discussion

The use of MR technology in medical education includes a wide range of intervention types and contents.* Its features
of virtual-real fusion, real-time interaction, and accurate matching have all showed outstanding teaching benefits.
However, there is significant variation in the components of intervention content between studies. The lowest interven-
tion time was 30 minutes, while the longest might last up to two years. In terms of intervention strategies, each study
developed medical education platforms with unique characteristics using mixed reality technology. In general, instruc-
tional objectives were met primarily through the creation of three-dimensional virtual spaces, the generation of high-
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precision three-dimensional images, and the use of holographic projection technology to superimpose virtual images onto
the user’s visual field. Meanwhile, by combining 3D printing and Internet of Things (IoT) sensing technologies, students
might feel real-world things through touch, boosting multi-sensory learning. Furthermore, the “Holographic Patient”
produced using MR technology enhanced the engagement and immersion of instruction.

Most studies revealed that mixed reality systems were generally rated highly in terms of usability. Its benefits were
mostly seen in the consistency of instructional content. Although teachers might focus on different topics or make
suitable changes during the teaching process, standardized MR teaching tools could ensure that the teaching content is
consistent and stable each time. However, the usefulness of MR systems was yet be improved. Kim SK et al discovered
that using controllers and head-mounted displays (HMDs) requires additional operational steps.”' Schoeb DS et al also
noted that in actual operation, participants frequently need to rely on technical support workers for assistance, which will
provide some challenges to autonomous learning.*!

Most studies conducted the use of MR technology in teaching can significantly increase students’ theoretical
performance. The rationales can be distilled into four main points: engaging students, developing spatial awareness,
offering immersion, and fostering interactivity. According to research, MR-assisted teaching increased the frequency with
which students communicate in class. Students were more enthusiastic about participating than in traditional remote
teaching.’ Some study used three-dimensional reconstruction of CT angiography image data of intracranial aneurysms to
present their internal structure in a stereoscopic manner, making it easier for students to understand complex spatial
structures and thus improving their ability to read images.?* Teachers could control picture display using interaction
methods including gesture recognition and voice commands. At the same time, by incorporating 3D printing technology,
students were able to operate real models, which increased the excitement and interactivity of teaching while also
improving students’ concentration and engagement in class.***® Although a few studies have found no significant
difference in theoretical scores between the MR technology intervention group and the control group, this could be due to
factors such as a large sample size dispersion in random grouping.'>*"** For example, Kim SK’s study found no
statistical difference between the groups, but it did show that the participants randomly assigned to the MR group made
slightly more progress.”> Furthermore, one research indicated that the traditional teaching group achieved a greater
improvement in theoretical scores. This could be because the users in the mixed reality group were swayed by the
novelty of the equipment, or their attention was diverted from the essential content by learning interaction mechanisms
like gestures and voice commands.®’

According to the majority of research, MR-assisted teaching can greatly raise students’ operational proficiency in
practical skills by structured training, repetitive practice, and facilitating immersive interactive learning. Therefore, the
use of MR technology in surgical training by Guha P et al showed that students’ ability to choose instruments had
significantly improved.** This could be explained by the fact that MR technology has given students a more methodical
approach to skill development. Students were presented with learning material in a phased and guided fashion through its
interactive tutorials, which produced holographic pictures of each surgical tool in the order of use, rapidly reinforcing and
confirming important operation procedures. According to a research, students could use expert-validated MR modules to
accomplish standardized simulation training, which providing them repetitive practice.”” This method successfully gets
around a lot of the drawbacks of traditional real-time simulation teaching, like the need for a lot of human resources, the
strong reliance on teacher dominance, and the considerable influence of individual teacher differences and environmental
factors. By repetitive practice, students can gradually increase their operational proficiency. Furthermore, MR technology
could incorporate interactive patient monitoring features, voice prompts, and customized training situations to improve
the immersive learning environment. This greatly enhances learning results while also igniting students’ interest in skill
development.'®° Three studies have concluded that MR technology is just as effective as traditional teaching methods in
improving students’ skill proficiency. The reasons for this can be summarized as the lack of precise scoring criteria and
insufficient time for repeated practice.

MR could help students improve their situational management skills, teamwork skills, and self-esteem.'***2*2333 Ly
Bin et al used the MR system’s bionic drive and holographic image overlay technology to conduct more realistic drills,
fostering students’ teamwork and rescue abilities when confronted with various physiological states of the simulation
manikin.*® Meanwhile, the immersive experience powered by MR technology could dramatically increase the operator’s
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self-confidence and self-efficacy.”’ Furthermore, two investigations found that the MR intervention group was more
likely to retain long-term memory.”*>’ When training future medical professionals, any impact on long-term memory is
critical because a thorough comprehension of complex concepts promotes the retrieval of long-term knowledge, which is
especially significant when dealing with complicated cases. MR-based teaching promotes blended learning by using
a conversational explanation approach as well as visual aids such as holographic pictures and real-world settings.
Blended learning is more effective at long-term memory retention than single-mode learning, resulting in effective
learning.*’

The students’ satisfaction level in the MR intervention group was quite high, showing that interactive and active
learning methods outperformed standard teaching methods.*® According to research studies, the majority of participants
regarded MR to be engaging, helpful, and innovative.?**” The novelty of this notion, as well as the enjoyable
components of the game mode, could be one of the reasons for the high acceptability among students. This is consistent
with the findings of other research, all of which have found that immersive technologies improve learning, self-efficacy,
and engagement while providing high levels of enjoyment.*” MR technology minimizes difficulty, improves engagement
and immersion, captures students’ attention, and piques their interest. For example, the study by Wu L et al developed
MR holographic visuals that are immersive and interactive, which raises interest in learning processes in general.”’
Meanwhile, in order to lessen the operational difficulty for students with weak anatomical foundations, Wang Y et al
introduced MR technology into neurosurgery training practice. This technology simulated the human neuroanatomical
structure, restored the surgical process from various angles, and presented a three-dimensional interactive picture. The
pupils demonstrated increased enthusiasm in studying and improved classroom focus.**

Implications for Future Research

Future study should focus on continuously optimizing 3D reconstruction technology and software performance to
improve simulation authenticity and immersion. Simultaneously, multimodal teaching integration approaches should be
studied in order to organically merge mixed reality technology with traditional teaching methods, resulting in compli-
mentary advantages. Future virtual models can be built using the ecological momentary assessment (EMA) method’s
real-time data collection to create a big data system that includes the vital signs of patients in virtual simulations.*® This
will increase the simulation’s clinical relevance and authenticity. To thoroughly assess the usefulness of this technology
in medical education, a learner-centered research paradigm should be used in the study design. Nowadays, the majority of
research uses quasi-experimental methods without a random grouping mechanism. Future multi-center, large-sample
randomized controlled trials are needed to reduce systematic errors and improve the scientificity and generalizability of
the research findings.

Furthermore, in order to assess the impact of MR technology in medical education, measurement instruments and
assessment methods must be further developed and validated. To fully evaluate the sustainability of its teaching
effectiveness, long-term tracking metrics should be incorporated in addition to short-term learning results. To obtain
a thorough grasp of the attitudes, expectations, worries, ideas for improvement of students and pertinent staff regarding
the use of MR technology in medical education, qualitative research based on interviews is advised. In order to evaluate
the economic viability of MR technology in educational settings with restricted resources, a cost-benefit analysis should
be carried out from a practical feasibility standpoint. It is anticipated that MR technology will become an essential
teaching tool in medical education if the irreplaceable synergy of real and virtual objects can be realized in particular
teaching scenarios.

In the future, in the field of medical education, integrating MR technology with Al technology will have broad
application prospects. Firstly, Al technology-driven virtual patients will possess the ability to simulate dynamic disease
progression. Combined with the spatial immersion feature of MR technology, they can conduct the entire training and
teaching process, from consultation, physical examination to emergency treatment, within a virtual environment.
Secondly, integrating MR technology with Al technology can achieve more precise surgical navigation, enabling precise
1:1 matching and digital twin creation of human body images, which helps to enhance the accuracy and safety of surgical
room teaching. Then, in MR teaching scenarios, Al is used to rapidly produce complex cases, including those with rare
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diseases. The geographical boundaries of medical education resources can be broken down by utilizing virtual class-
rooms and features like intelligent annotations and real-time translation to reduce disparities in training worldwide.

Conclusion

Compared to traditional practical instruction, medical education based on mixed reality technology is more valid and
beneficial. It has demonstrated efficacy in enhancing students’ theoretical performance and practical skill acquisition by
leveraging MR systems to facilitate structured practice, repetitive training, and heightened immersion and interactivity.
The standardized and consistent nature of MR systems results in favorable usability evaluations. The immersive and
interactive learning modalities afforded by MR systems contribute to higher student satisfaction and learning interest.
However, there is currently a gap between the operational feasibility of MR technology and the actual situation. The
accuracy of 3D scene construction and the precision of virtual reality interaction need to be improved. Most current
research has issues such as a single source of research subjects and a small sample size, which limits the general
applicability of the research results. At the same time, the initial purchase and maintenance costs of equipment, as well as
the training expenses for teachers, are relatively high, which hinders the wide application and integration of this
technology in medical education.

The consistent findings of high student engagement and improved practical skills are particularly significant, as they
suggest MR can directly address the long-standing challenges of the theory-practice gap and the scarcity of real-world
clinical training opportunities. Due to limitations in current research types and sample sizes, large-scale, high-quality
randomized controlled studies should be conducted to pay more attention to the role of MR technology in medical
education and increase relevant objective outcome indicators to more objectively evaluate its intervention effect.
Ultimately, large-scale, methodologically sound trials are essential to unlock the full potential of MR, moving it from
a novel supplement to an integrated and indispensable tool for training the next generation of healthcare professionals.
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