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Abstract: Background: Virtual reality (VR), widely used in the medical field, may affect future medical
training and treatment. Therefore, this study examined VR’s potential uses and research directions
in medicine. Methods: Citation data were downloaded from the Web of Science Core Collection
database (WoSCC) to evaluate VR in medicine in articles published between 1 January 2012 and
31 December 2023. These data were analyzed using CiteSpace 6.2. R2 software. Present limitations
and future opportunities were summarized based on the data. Results: A total of 2143 related
publications from 86 countries and regions were analyzed. The country with the highest number
of publications is the USA, with 461 articles. The University of London has the most publications
among institutions, with 43 articles. The burst keywords represent the research frontier from 2020 to
2023, such as “task analysis”, “deep learning”, and “machine learning”. Conclusion: The number
of publications on VR applications in the medical field has been steadily increasing year by year.
The USA is the leading country in this area, while the University of London stands out as the most
published, and most influential institution. Currently, there is a strong focus on integrating VR and
AI to address complex issues such as medical education and training, rehabilitation, and surgical
navigation. Looking ahead, the future trend involves integrating VR, augmented reality (AR), and
mixed reality (MR) with the Internet of Things (IoT), wireless sensor networks (WSNs), big data
analysis (BDA), and cloud computing (CC) technologies to develop intelligent healthcare systems
within hospitals or medical centers.

Keywords: virtual reality; medicine; bibliometric analysis; research hotspots; trends

1. Introduction

Virtual reality (VR) is a three-dimensional (3D) artificial environment representing
realistic or non-realistic situations and comprises computers, human–computer interfaces,
graphics, and sensor technology. It enables participants and observers to immerse them-
selves and interact in real time [1]. And compared with training by a person, VR has higher
flexibility in time and space. This secure and real-time interactive virtual environment aids
in performing many medical activities. For example, in fields such as anatomy teaching [2],
surgical training [3], the treatment of children with autism [4], post-stroke rehabilitation [5],
the treatment of post-traumatic stress disorder (PTSD) [6], and telemedicine systems [7],
VR application produces outstanding results. With the development of VR, subcategories,
such as mixed reality (MR) [8], an overlay of synthetic content that is anchored to and
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interacts with objects in the real world-in real time, augmented reality (AR) [9], an overlay
of computer-generated content on the real world that can superficially interact with the
environment in real time, and extended reality (XR) [10], referring to all real and virtual
environments generated by computer technology and wearables, have been applied to
promote the development of medicine. Furthermore, the emergence of a 3D digital space
that blends the real and virtual worlds, the metaverse, could also significantly affect future
clinical practice and human health [11,12]. The future trend is to integrate VR technology
with innovative technologies such as digital twins (DTs), the Internet of Medical Things
(IoMT), blockchain-based metaverse platforms, and other novel technologies to create
intelligent medical care systems [13,14]. There is still a significant gap between current
work and future trends, which presents new challenges and provides new directions for
the development and application of VR technology in the medical field.

This study aimed to understand the application of VR technology in medicine in depth
by using bibliometric methods and analyzing Scientific Citation Index (SCI) papers on VR in
medicine. The data included countries or regions, institutions, study categories, keywords,
and hot references. At this study’s core, a visual and unbiased method was established to
explore hot knowledge frontiers in the research field. Using the research method proposed
in this study, information about the distribution and influence of this research in countries
or regions, institutions, and other aspects was obtained, and the research hotspots, future
developments, and potential challenges of VR in the field of medicine were discussed. This
will provide a reference for computer researchers, educators, and experts in the field of
medical engineering.

2. Materials and Methods

On 23 January 2024, all citation data published from 1 January 2012 to 31 December
2023 were obtained from the WoSCC. These data were independently verified by Guangxi
Zuo and Ruoyu Wang. The retrieval formula was TS = (VR or “virtual reality” or “virtual
simulation” or “augmented reality” or “mixed reality” or XR or extended reality) AND
TS = (medicine or medical). Only articles written in English were included in the research,
and proceeding papers, review articles, book chapters, early access, editorial materials,
letters, meeting abstracts, corrections, data papers, clinical trials, unspecified papers, case
reports, biographies, and retracted publications were excluded. After reading the title
and abstract of each paper, articles containing content unrelated to medical applications
of VR were eliminated manually in order to obtain more accurate results. Exclusion
criteria were as follows: (1) the research topic was not VR, (2) the research direction was
unrelated to medicine, and (3) the research was unrelated to VR applications in medicine.
The following basic data were collected for each publication: title, year of publication,
country or region, institution, subject category, and keywords. The processing details of
the retrieval and analysis are shown in Figure 1. The data included in this study are related
to VR in medicine. General data, countries or regions, institutions, subject categories,
references, and keywords were analyzed using CiteSpace 6.2. R2. This article includes the
features of all citations.



Healthcare 2024, 12, 1266 3 of 16
Healthcare 2024, 12, x  3 of 16 
 

 

 
Figure 1. A frame flow diagram showing the specific selection criteria and bibliometric analysis 
steps for the study of VR in medicine between 2012 and 2023. 

3. Results 
3.1. Distribution of Articles Using Publication Year 

In total, 2143 studies focusing on VR in medicine, published between 1 January 2012 
and 31 December 2023, were analyzed. The data collected and counted from WoSCC were 
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Figure 2 shows the annual number of publications. 

Figure 1. A frame flow diagram showing the specific selection criteria and bibliometric analysis steps
for the study of VR in medicine between 2012 and 2023.

3. Results
3.1. Distribution of Articles Using Publication Year

In total, 2143 studies focusing on VR in medicine, published between 1 January 2012
and 31 December 2023, were analyzed. The data collected and counted from WoSCC were
deduplicated using the duplication removal function of the CiteSpace software.

Between 2012 and 2018, the number of annual articles on VR applications in medicine
grew steadily. This number began to grow rapidly in 2019 and has surpassed 300 in 2021.
Figure 2 shows the annual number of publications.
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Figure 2. The annual number of publications on VR in medicine between 2012 and 2023.

3.2. Countries or Regions

This paper made use of the preset values in the CiteSpace system to generate statistics
on the articles published in each country as well as the analysis of the cooperative relation-
ships between countries and regions. The citations covered 86 countries and regions. Each
green node area, as shown in Figure 3, represents the number of studies. Each individual
circle is designated to represent the aggregate volume of publications for a particular year,
with the magnitude of its radius serving as a direct indicator of the total number of pub-
lications. Specifically, a larger radius signifies a higher volume of publications, whereas
a smaller radius corresponds to a lower volume. Furthermore, the proximity of a circle
to the central point is inversely proportional to the chronological order of the year, with
circles nearer to the center representing earlier years. Correspondingly, the color intensity
of the circle darkens as it approaches the center, providing a visual cue for the earlier years.
The top three countries with the largest green nodes were the United States, China, and
England, with 461, 329, and 190 articles, respectively. Therefore, the links between nodes
express the cooperative relationships between countries. Furthermore, more connected
countries have more clouts. The academic leverage of a country is demonstrated by the
size of the pink circle, as shown in Figure 3. The more connections there are to the node,
the higher the country’s centrality and the wider the pink circle. According to the value
calculated by the Citespace software, the node with the widest pink circle (0.41, i.e., cen-
trality) is corresponded to the “USA” label, indicating that the articles published in the
United States had the greatest overall influence on the application of artificial intelligence
in medicine, and the data in Table 1 confirms this conclusion. The H-index is an indicator
of research output and contribution and shows a strong correlation with medical academic
promotion. The United States had the highest H-index for academic achievement, followed
by England and Italy. As shown in Table 1, the United States generally has the maximal
sum of publications and is considered the most predominant country.
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Table 1. Top 10 countries or regions with publications on VR in medicine between 2012 and 2023.

Rank Country or Region Counts Centrality H-Index

1 USA 461 0.41 43

2 China 329 0.08 26

3 UK 190 0.39 26

4 Italy 189 0.23 29

5 Germany 166 0.04 25

6 Canada 144 0.10 28

7 Spain 116 0.07 24

8 France 111 0.08 20

9 Republic of Korea 93 0.01 15

10 Japan 92 0.03 16

3.3. Institutions

Table 2 lists the 10 institutions that have carried out the most research on VR medicine
in the selected papers. The data displayed are processed from the default settings of
CiteSpace. The University of London in England had the highest participation in relevant
studies, with 43 articles included in the statistics. England has three institutions on the
list, while the United States and Denmark each have two institutions on the list. In
addition, institutions from Canada, France, and China were included. The nodes’ size
positively correlated with the number of articles published by an institution (Figure 4).
The link between the nodes reflects the collaborative relationship between institutions.
The University of Toronto in Canada had the highest H-index for academic achievement,
followed by institutions in the United States, England, and Denmark.
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Table 2. Top 10 institutions with publications on VR in medicine between 2012 and 2023.

Rank Institution Counts H-Index Country or Region

1 University of London 43 13 UK

2 University of California System 36 15 USA

3 University of Toronto 35 17 Canada

4 Imperial College London 33 12 UK

5 University of Copenhagen 33 13 Denmark

6 Centre National de la Recherche
Scientifique (CNRS) 31 11 France

7 Rigshospitalet 27 11 Denmark

8 University College London 26 11 UK

9 Harvard University 26 13 USA

10 Chinese Academy of Sciences 26 9 China
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3.4. Research Categories

Figure 5 shows the category-based clustering generated by the CiteSpace software. The
overlap of the clustering color blocks represents the connection between the subject areas.

Cluster 0: Engineering, Electrical and Electronic
This large cluster covers 25 categories that are related to engineering and the electrical

and electronic fields, such as computer science, information systems, telecommunications,
and software engineering, which are influential areas in virtual medicine. This cluster
overlaps with Cluster 4.

Cluster 1: Surgery
This cluster, containing 24 items, including clinical neurology, radiology, nuclear

medicine and medical imaging, and orthopedics, indicates the application of VR technology
in medical surgery. The cluster mainly overlaps with Cluster 3 and Cluster 5.

Cluster 2: Mathematical and Computational Biology
This cluster, with 21 items, focuses on biotechnology, which is the use of an organism,

or a component of an organism or other biological system, to make a product or process.
This cluster has a considerable overlap with Cluster 3.

Cluster 3: Neurosciences
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This cluster consists of 19 items in the disciplines of psychology, geriatrics and geron-
tology, psychology, and experimental physiology and overlaps with Cluster 1 and Cluster 2.

Cluster 4: Materials Science, Multidisciplinary
This cluster contains 15 items, involving physics, chemistry, engineering, and surgery,

and mainly overlaps with Cluster 0.
Cluster 5: Healthcare Sciences and Services
This cluster of 13 items addresses the need to combine disciplines such as medical in-

formatics, public environmental and occupational health, educational scientific disciplines,
and health policy and services using a systematic approach. This cluster mainly overlaps
with Cluster 1.
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3.5. Keywords

To better understand VR applications in the medical field over the past 12 years, this
study analyzed the emerging keywords developed over time based on the keyword co-
occurrence cooperation network analysis diagram. This reflects the transfer of the research
focus, which is displayed in Figure 6. The bursting keywords for the time frame under
investigation are represented by the red squares in Figure 6. The emerging words during
2012–2023 include virtual reality simulator (2012–2017), acquisition (2012–2019), virtual real-
ity simulation (2012–2017), operating room (2012–2017), trial (2012–2017), construct validity
(2012–2017), residents (2013–2019), surgical skills (2012–2019), neurosurgery (2012–2015),
surgical simulation (2012–2015), competence (2012–2017), learning curve (2014–2019), ran-
domized controlled trial (2016–2019), skills (2016–2019), information (2018–2021), exposure
therapy (2018–2021), task analysis (2020–2023), deep learning (2020–2023), machine learning
(2020–2023), and three-dimensional displays (2020–2021).
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3.6. High-Impact Papers

Table 3 elaborates on the top 10 citations in the articles on VR in medicine. In Table 3,
articles are ranked from highest to lowest according to the number of citations.
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Table 3. Top 10 cited articles on VR in medicine between 2012 and 2023.

Rank. Title of
Citing Documents DOI Times Cited Subject Interpretation of the Findings Research Limitations

1
Using Technology to Maintain the
Education of Residents During the
COVID-19 Pandemic [15]

10.1016/j.jsurg.2020.03.018 502 Training and education

Several innovative solutions using
technology may help bridge the
educational gap for surgical
residents during the
COVID-19 pandemic.

Further clinical study is needed to
adequately demonstrate the
usefulness of these techniques in
maintaining resident education.

2
The Effectiveness of Virtual and
Augmented Reality in Health
Sciences and Medical Anatomy [16]

10.1002/ase.1696 421 Training and education

This paper introduces both VR and
AR as potent teaching tools, where
student learning is as fruitful as
using tablet-based applications.

1. There is no significant difference
in test scores between student
learning using VR and using the
traditional patterns.
2. Participants experienced side
effects such as blurred vision and
disorientation during the process,
which affected the results.

3

The virtual reality head-mounted
display Oculus Rift induces motion
sickness and is sexist in its
effects [17]

10.1007/s00221-016-4846-7 330 Technology assessment

The results suggest that users of
contemporary head-mounted
display systems are at significant
risk of motion sickness. Regarding
motion sickness, these systems may
be sexist in their effects.

This study’s finding has little
significance in guiding clinical work.
The guiding significance of this
study for clinical work was
not obvious.

4

Extending the technology
acceptance model to explore the
intention to use Second Life for
enhancing healthcare education [18]

10.1109/TMECH.2010.2090353 203 Training and education
This study constructs a virtual ward
for nursing students to practice
rapid sequence intubation.

There are still many differences
between the virtual simulation of
intubation and practical
clinical situations.

5

Learning Anatomy through Mobile
Augmented Reality: Effects on
Achievement and Cognitive
Load [19]

10.1002/ase.1603 187 Training and education

An AR-based anatomical learning
program has been shown to be
efficient in improving medical
students’ learning performance and
reducing cognitive load.

The sample size of this study
is insufficient.

6

Direct manipulation is better than
passive viewing for learning
anatomy in a three-dimensional
virtual reality environment [20]

10.1016/j.compedu.2016.12.009 186 Training and education

Direct manipulation of an
anatomical structure in a 3D VR
program benefits anatomy learning,
especially for participants with low
spatial ability.

Participants with greater
background knowledge were more
capable of effectively using the
system to learn, which exerts a great
influence on experimental results.
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Rank. Title of
Citing Documents DOI Times Cited Subject Interpretation of the Findings Research Limitations

7

Using virtual reality to characterize
episodic memory profiles in
amnestic mild cognitive impairment
and Alzheimer’s disease: Influence
of active and passive encoding [21]

10.1016/j.compedu.2012.05.011 184 Clinical use

A VR test is more suitable for the
early diagnosis and rehabilitation of
patients with suspected Alzheimer’s
disease than traditional (oral)
memory tools currently available.

1. The scope of the verified data
is limited.
2. The clinical value of the VR test
remains to be validated by
clinical trials.

8

Development of a Hand-Assist
Robot With
Multi-Degrees-of-Freedom for
Rehabilitation Therapy [22]

10.1016/j.neuropsychologia.2011.12.013 178 Clinical use

A virtual reality (VR)-enhanced new
hand rehabilitation support system
that enables patients to
exercise alone.

There are still many unresolved
issues regarding the further clinical
application of this rehabilitation
support system.

9 Augmented reality in medical
education? [23] 10.2196/mental.7387 157 Training and education

AR technology-supported learning
makes ubiquitous, collaborative,
and contextual learning possible. It
provides a sense of presence,
immediacy, and immersion that may
benefit the learning process.

Further research with abundant
samples and valid measurements
remains to be conducted.

10

Basic endovascular skills for trauma
course: Bridging the gap between
endovascular techniques and the
acute care surgeon [24]

10.1097/TA.0000000000000310 147 Training and education A VR-based simulation for
endovascular skill training.

Only 13 participants attended the
test. The small sample size of this
study makes the result
less convincing.
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4. Discussion
4.1. Principal Results

This study’s results indicate that the number of articles on VR applications in medicine
has increased dramatically in recent years. One of the critical factors contributing to
this is the COVID-19 pandemic [9], which began in the spring of 2020 and hampered
many conventional diagnoses, treatments, and teaching; therefore, people completed
teaching tasks and realized telemedicine services by building simulation models and
virtual environments. The United States had the greatest centrality and H-index in terms
of article count. This shows that the United States is a global leader in this area of study.
England and Italy also demonstrated great centrality and influence. China has published
a considerable number of papers; however, it lacks highly cited articles, indicating that
the country is actively exploring the field of virtual medicine. The best three research
institutions out of the many were England, the United States, and Canada in terms of the
quantity of publications. Regarding the H-index, the University of Toronto in Canada
and the University of California System in the United States have significantly impacted
this field. The broad range of topics covered by the selected data in Figure 5 suggests
there is positive room for expansion. Furthermore, through the burstiness and time zone
analysis of keywords, we obtained and analyzed the changing direction of active topics
over time. The focus of VR medicine research has shifted from the relatively single function
of improving the proficiency of surgical operations and assisting the rehabilitation of stroke
patients to a combination with artificial intelligence to solve complex clinical tasks, such as
the construction of skull defect prostheses [25] and the delineation of radiotherapy target
areas [26]. VR provides a strong sense of immersion and presence, which can improve
telesurgery effectiveness. The renewal and advancement of VR technology and equipment
and their integration with other cross-disciplinary disciplines have provided a new impetus
for the development of virtual medicine. VR has broad prospects in medicine, which are
anticipated to encourage the reform of clinical diagnosis, surgery, teaching and training,
and treatment systems; however, Kamphuis et al. [24] reported that the technology of
applying VR to medical education is not sufficiently mature and that it is only possible
to apply AR after an empirical study proves its added value to learning. Therefore, more
research is required to apply VR technology in clinical practice. The utilization of VR in the
realm of medicine affords young doctors the chance to engage in simulated practice, devise
treatment or palliation protocols for numerous ailments, and facilitate the advancement of
surgical navigation technology. Nevertheless, this endeavor poses a challenge as well, as
those physicians proficient in VR technology stand a higher chance of delivering superior
medical care and spearheading novel explorations in VR-assisted disease treatment. This
will be a complex and challenging task to achieve that requires cooperation between medical
professionals and computer network engineers who develop and design intelligent medical
systems and it would be beneficial for future generations and for innovative solutions.

4.2. Research Hotspots
4.2.1. Clusters of Categories

It can be clearly interpreted from Figure 5 that the application research of VR in the
medical field involves the integration of multiple disciplines, which combines engineering,
electronic science, materials science, information science and engineering, and other emerg-
ing technologies, aiming to further explore the application potential of VR technology in
fields such as surgery, neuroscience, and healthcare science.

4.2.2. Burst Keywords

The research of VR applications in the medical field can be roughly divided into three
periods by analyzing the burst keywords in Figure 6.

The first period was from 2012 to 2014. In this period, researchers mainly focused on
VR for surgical simulation training.
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VR simulation shows great potential and auspiciousness as an alternative to training
surgical residents outside the operating room [27]. The use of VR simulators in medical
training has increased over the past decade because they enhance trainees’ technical skills
in a risk-free environment. Numerous models have been developed to provide supplemen-
tary training sessions for trainee surgeons in fields such as laparoscopic techniques [28],
temporal bone surgery [29], and neurosurgery [30]. Individuals with different levels of
experience can be differentiated using simulator-generated objective metrics. Experienced
surgeons have shorter operation times and make fewer mistakes than novice surgeons.
This suggests the potential of VR simulation as a training tool and its role in formative and
terminal assessments [31].

The second period was from 2015 to 2018 when the main research focus was aug-
mented reality surgical navigation systems.

A surgical navigation system (MIS) plays an increasingly important role in the field of
modern medicine, especially for the support of minimally invasive surgery (MIS), which
provides surgeons with medical images and the relative pose relationships between surgical
instruments and lesions, making the surgical process more accurate and efficient [32]. With
the rapid development of augmented reality technology, the surgical dynamic navigation
system based on this technology is constantly improving, and so in the fields of maxillofacial
surgery [33], spinal surgery [34], and neurosurgery [35], the demand for real-time accurate
navigation and positioning is increasingly prominent, and the related applications are
becoming more and more extensive. Aiming at this trend, Skulason et al. [36] were actively
involved in the research and development of augmented reality spine navigation technology.
Through the combination of intraoperative 3D imaging and instrument navigation, they
successfully improved the accuracy of pedicle screw placement. One of the advantages of
this technique is that it does not depend on X-ray fluoroscopy, which lays the foundation
for image-guided minimally invasive treatment of the thoracic spine and is expected to
further optimize the efficacy and safety of thoracic spine surgery in future clinical practice.

The third period is from 2019 to the present. The application of artificial intelligence
in the medical field has increasingly gained attention [37,38], and it has begun to combine
VR and deep learning to analyze complex clinical tasks. From the perspective of the time
evolution path, VR research in the medical field has gradually changed from simulation
training to clinical application.

Initially, AI was introduced for the processing of complex data, such as electroen-
cephalogram (EEG) readings from patients with Alzheimer’s disease and children with
attention deficit hyperactivity disorder (ADHD) in a VR environment to assess their levels
of attention and emotional responses [39,40]. Subsequently, it was discovered that AI could
rapidly process large volumes of images, leading to the development of an intraoperative
navigation system based on deep learning (DL). This included an intelligent navigation
technology that integrated AR, customized tactile surgical research tools, and lung biopsy
using deep neural networks (DNNs) [41]. Simultaneously, these technologies have been
applied to address more intricate clinical challenges, such as the automatic reconstruction
of cranial defects through DL and implant modeling frameworks [25].

A new trend in research has emerged that combines visualization technologies like VR,
AR, and MR with the Internet of Things (IoT), wireless sensor networks (WSNs), big data
analysis (BDA), and cloud computing (CC) to create diverse system architectures [42,43].
The integration of these technologies is anticipated to yield innovative medical technologies
for efficient and effective intelligent medical care systems. These advancements also serve
as a reliable technical foundation for realizing interconnectedness within the metaverse and
symbiosis between realities in the future. For instance, intelligent healthcare systems estab-
lished in hospitals or medical centers will be able to provide immediate and accurate data
to medical personnel so that they can provide precise diagnosis and treatment for patients.

However, the combination of visualization technologies and AI still faces many limi-
tations and obstacles in the face of practical medical problems. For example, the validity
of physiological data needs to be improved, the extensibility of methods needs to be
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evaluated, the current hardware capacity is limited, there is a lack of tactile feedback,
data privacy issues are controversial, the application cost of some systems may beyond
affordability, and there is still a gap between the progress made by neophytes in simulated
operation training and clinical practice; the latter is somewhat risky but the trainers make
greater progress [44–48]. This requires the collaboration of doctors, AI engineers, and other
professionals to develop a more powerful multi-modal treatment system.

4.3. Present Limitations of VR in Medicine

It was found that the limitations of VR in medicine could be divided into the following
two categories by summarizing the limitations of the top 10 cited studies listed in Table 3:

(1) The virtual simulation scene was still quite different from a real clinical work
situation, and there was an inadequate sense of presence. In addition, many unexpected
risks in surgical operations are not considered or are challenging to present on the simulator,
making it difficult to fully convert the technology learned by residents on the simulator
into true surgical skills.

(2) The existing virtual scenes have many types and wide coverage, such as simulating
patients, emergency operations, and surgical skill training. However, these virtual scenarios
are independent, indicating that they only focus on cultivating doctors’ abilities and ignore
doctors’ ability to grasp the entire diagnosis and treatment process.

The metaverse development may become a solution to these problems and a new
power source for the development of virtual medicine. What sets metaverse apart from
other medical imaging simulation models is its incomparable number and diversity of data
sets, vast social scale, and emphasis on user immersion, interaction, and collaboration [11,12].
This will give the virtual scene a stronger sense of immersion and bring it closer to clinical
reality. Furthermore, a metaverse can harmoniously integrate patients, doctors, researchers,
algorithms, devices, and data, improving doctors’ grasp of the diagnosis and treatment
process. In addition, real-time data sharing, telemedicine systems, and virtual comparative
scanning supported by metaverse systems may also be research frontiers of virtual medicine
in the future.

4.4. Limitations of This Bibliometric Study

This bibliometric study has a few limitations. First, only articles published between
2012 and 2023 were analyzed. However, some ongoing studies have not been published yet,
thus affecting this study’s prospects. Second, only articles written in English in the WoSCC
academic database were analyzed. This implies that some studies may have inevitably
been missed. Because it is not feasible to fuse and analyze data from different databases
or languages simultaneously, articles from other databases or languages were excluded
from this study. Third, inherent researcher bias cannot be ruled out, even if the 2143 articles
analyzed in this study were all read.

5. Conclusions

Medical products incorporating VR have been used or are being used worldwide and
are under continuous development. The number of publications on VR applications in the
medical field has been steadily increasing year by year. The USA is the leading country
in this area, while the University of London stands out as the most published, and most
influential institution. VR is applied in many medical fields, focusing on anatomy teaching,
surgery training, treatment of patients with neurological diseases, post-stroke rehabilitation,
and telemedicine systems. It not only improves the teaching quality at the educational
level but also improves the efficiency of operation and reduces the medical risk in practice.
However, there are also limitations to consider. For instance, VR technology alone can
only provide stereoscopic effects, offering limited assistance in addressing complex clinical
issues. With the development of artificial intelligence technology, researchers combine AR
and VR to make it possible to process many complex tasks quickly, assist in diagnosis,
and provide diagnosis and treatment plans, indicating the robust development potential
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in the medical field. In the information age, there is a growing demand for the diversity,
immediacy, and quality of healthcare services. Therefore, the trend of future research is
to establish intelligent healthcare systems in hospitals or medical centers by integrating
visualization technologies such as VR, AR, and MR with IoT, WSNs, BDA, and CC to
provide medical personnel with instant and accurate data, enabling them to provide precise
diagnoses and treatments for patients.
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19. Küçük, S.; Kapakin, S.; Göktaş, Y. Learning anatomy via mobile augmented reality: Effects on achievement and cognitive load.
Anat. Sci. Educ. 2016, 9, 411–421. [CrossRef]

20. Jang, S.; Vitale, J.M.; Jyung, R.W.; Black, J.B. Direct manipulation is better than passive viewing for learning anatomy in a
three-dimensional virtual reality environment. Comput. Educ. 2017, 106, 150–165. [CrossRef]

21. Plancher, G.; Tirard, A.; Gyselinck, V.; Nicolas, S.; Piolino, P. Using virtual reality to characterize episodic memory profiles in
amnestic mild cognitive impairment and Alzheimer’s disease: Influence of active and passive encoding. Neuropsychologia 2012,
50, 592–602. [CrossRef] [PubMed]

22. Ueki, S.; Kawasaki, H.; Ito, S.; Nishimoto, Y.; Abe, M.; Aoki, T.; Ishigure, Y.; Ojika, T.; Mouri, T. Development of a Hand-Assist
Robot with Multi-Degrees-of-Freedom for Rehabilitation Therapy. IEEE/ASME Trans. Mechatron. 2012, 17, 136–146. [CrossRef]

23. Kamphuis, C.; Barsom, E.; Schijven, M.; Christoph, N. Augmented reality in medical education? Perspect. Med. Educ. 2014, 3,
300–311. [CrossRef] [PubMed]

24. Brenner, M.; Hoehn, M.; Pasley, J.; Dubose, J.; Stein, D.; Scalea, T. Basic endovascular skills for trauma course: Bridging the gap
between endovascular techniques and the acute care surgeon. J. Trauma Acute Care Surg. 2014, 77, 286–291. [CrossRef] [PubMed]

25. Wodzinski, M.; Daniol, M.; Socha, M.; Hemmerling, D.; Stanuch, M.; Skalski, A. Deep learning-based framework for automatic
cranial defect reconstruction and implant modeling. Comput. Methods Programs Biomed. 2022, 226, 107173. [CrossRef] [PubMed]

26. Gurgitano, M.; Angileri, S.A.; Rodà, G.M.; Liguori, A.; Pandolfi, M.; Ierardi, A.M.; Wood, B.J.; Carrafiello, G. Interventional
Radiology ex-machina: Impact of Artificial Intelligence on practice. Radiol. Med. 2021, 126, 998–1006. [CrossRef] [PubMed]

27. Cohen, A.R.; Lohani, S.; Manjila, S.; Natsupakpong, S.; Brown, N.; Cavusoglu, M.C. Virtual reality simulation: Basic concepts and
use in endoscopic neurosurgery training. Child’s Nerv. Syst. 2013, 29, 1235–1244. [CrossRef] [PubMed]

28. Shetty, S.; Zevin, B.; Grantcharov, T.P.; Roberts, K.E.; Duffy, A.J. Perceptions, Training Experiences, and Preferences of Surgical
Residents toward Laparoscopic Simulation Training: A Resident Survey. J. Surg. Educ. 2014, 71, 727–733. [CrossRef]

29. Arora, A.; Swords, C.; Khemani, S.; Awad, Z.; Darzi, A.; Singh, A.; Tolley, N. Virtual reality case-specific rehearsal in temporal
bone surgery: A preliminary evaluation. Int. J. Surg. 2014, 12, 141–145. [CrossRef]

30. Schirmer, C.M.; Elder, J.B.; Roitberg, B.; Lobel, D.A. Virtual Reality–Based Simulation Training for Ventriculostomy. Neurosurgery
2013, 73 (Suppl. 1), 66–73. [CrossRef]

31. Khemani, S.; Arora, A.; Singh, A.; Tolley, N.; Darzi, A. Objective Skills Assessment and Construct Validation of a Virtual Reality
Temporal Bone Simulator. Otol. Neurotol. 2012, 33, 1225–1231. [CrossRef] [PubMed]

32. Wang, J.; Suenaga, H.; Liao, H.; Hoshi, K.; Yang, L.; Kobayashi, E.; Sakuma, I. Real-time computer-generated integral imaging
and 3D image calibration for augmented reality surgical navigation. Comput. Med. Imaging Graph. 2015, 40, 147–159. [CrossRef]
[PubMed]

33. Wang, J.; Suenaga, H.; Yang, L.; Kobayashi, E.; Sakuma, I. Video see-through augmented reality for oral and maxillofacial surgery.
Int. J. Med. Robot. Comput. Assist. Surg. 2017, 13, e1754. [CrossRef] [PubMed]

34. Gibby, J.T.; Swenson, S.A.; Cvetko, S.; Rao, R.; Javan, R. Head-mounted display augmented reality to guide pedicle screw
placement utilizing computed tomography. Int. J. Comput. Assist. Radiol. Surg. 2019, 14, 525–535. [CrossRef] [PubMed]

35. Léger, É.; Drouin, S.; Collins, D.L.; Popa, T.; Kersten-Oertel, M. Quantifying attention shifts in augmented reality image-guided
neurosurgery. Healthc. Technol. Lett. 2017, 4, 188–192. [CrossRef] [PubMed]

36. Elmi-Terander, A.; Skulason, H.; Söderman, M.; Racadio, J.; Homan, R.; Babic, D.; van der Vaart, N.; Nachabe, R. rgical Navigation
Technology Based on Augmented Reality and Integrated 3D Intraoperative Imaging: A Spine Cadaveric Feasibility and Accuracy
Study. Spine 2016, 41, E1303–E1311. [CrossRef] [PubMed]

37. Deng, X.-Y.; Liu, H.; Zhang, Z.-X.; Li, H.-X.; Wang, J.; Chen, Y.-Q.; Mao, J.-B.; Sun, M.-Z.; Shen, L.-J. Retinal vascular morphological
characteristics in diabetic retinopathy: An artificial intelligence study using a transfer learning system to analyze ultra-wide field
images. Int. J. Ophthalmol. 2024, 17, 1001–1006. [CrossRef] [PubMed]

38. Xiao, L.; Wang, C.-W.; Deng, Y.; Yang, Y.-J.; Lu, J.; Yan, J.-F.; Peng, Q.-H. HHO optimized support vector machine classifier for
traditional Chinese medicine syndrome differentiation of diabetic retinopathy. Int. J. Ophthalmol. 2024, 17, 991–1000. [CrossRef]
[PubMed]

39. Seo, J.; Laine, T.H.; Oh, G.; Sohn, K.-A. EEG-Based Emotion Classification for Alzheimer’s Disease Patients Using Conventional
Machine Learning and Recurrent Neural Network Models. Sensors 2020, 20, 7212. [CrossRef]

40. Delvigne, V.; Wannous, H.; Dutoit, T.; Ris, L.; Vandeborre, J.-P. PhyDAA: Physiological Dataset Assessing Attention. IEEE Trans.
Circuits Syst. Video Technol. 2022, 32, 2612–2623. [CrossRef]

41. Tai, Y.; Qian, K.; Huang, X.; Zhang, J.; Jan, M.A.; Yu, Z. Intelligent Intraoperative Haptic-AR Navigation for COVID-19 Lung
Biopsy Using Deep Hybrid Model. IEEE Trans. Ind. Inform. 2021, 17, 6519–6527. [CrossRef] [PubMed]

42. Tai, Y.; Zhang, L.; Li, Q.; Zhu, C.; Chang, V.; Rodrigues, J.J.P.C.; Guizani, M. Digital-Twin-Enabled IoMT System for Surgical
Simulation Using rAC-GAN. IEEE Internet Things J. 2022, 9, 20918–20931. [CrossRef]

https://doi.org/10.1002/ase.1696
https://doi.org/10.1007/s00221-016-4846-7
https://www.ncbi.nlm.nih.gov/pubmed/27915367
https://doi.org/10.1016/j.compedu.2012.05.011
https://doi.org/10.1002/ase.1603
https://doi.org/10.1016/j.compedu.2016.12.009
https://doi.org/10.1016/j.neuropsychologia.2011.12.013
https://www.ncbi.nlm.nih.gov/pubmed/22261400
https://doi.org/10.1109/TMECH.2010.2090353
https://doi.org/10.1007/S40037-013-0107-7
https://www.ncbi.nlm.nih.gov/pubmed/24464832
https://doi.org/10.1097/TA.0000000000000310
https://www.ncbi.nlm.nih.gov/pubmed/25058255
https://doi.org/10.1016/j.cmpb.2022.107173
https://www.ncbi.nlm.nih.gov/pubmed/36257198
https://doi.org/10.1007/s11547-021-01351-x
https://www.ncbi.nlm.nih.gov/pubmed/33861421
https://doi.org/10.1007/s00381-013-2139-z
https://www.ncbi.nlm.nih.gov/pubmed/23702736
https://doi.org/10.1016/j.jsurg.2014.01.006
https://doi.org/10.1016/j.ijsu.2013.11.019
https://doi.org/10.1227/NEU.0000000000000074
https://doi.org/10.1097/MAO.0b013e31825e7977
https://www.ncbi.nlm.nih.gov/pubmed/22858711
https://doi.org/10.1016/j.compmedimag.2014.11.003
https://www.ncbi.nlm.nih.gov/pubmed/25465067
https://doi.org/10.1002/rcs.1754
https://www.ncbi.nlm.nih.gov/pubmed/27283505
https://doi.org/10.1007/s11548-018-1814-7
https://www.ncbi.nlm.nih.gov/pubmed/29934792
https://doi.org/10.1049/htl.2017.0062
https://www.ncbi.nlm.nih.gov/pubmed/29184663
https://doi.org/10.1097/BRS.0000000000001830
https://www.ncbi.nlm.nih.gov/pubmed/27513166
https://doi.org/10.18240/ijo.2024.06.03
https://www.ncbi.nlm.nih.gov/pubmed/38895683
https://doi.org/10.18240/ijo.2024.06.02
https://www.ncbi.nlm.nih.gov/pubmed/38895691
https://doi.org/10.3390/s20247212
https://doi.org/10.1109/TCSVT.2021.3061719
https://doi.org/10.1109/TII.2021.3052788
https://www.ncbi.nlm.nih.gov/pubmed/37981912
https://doi.org/10.1109/JIOT.2022.3176300


Healthcare 2024, 12, 1266 16 of 16

43. Minopoulos, G.M.; Memos, V.A.; Stergiou, C.L.; Stergiou, K.D.; Plageras, A.P.; Koidou, M.P.; Psannis, K.E. Exploitation of
Emerging Technologies and Advanced Networks for a Smart Healthcare System. Appl. Sci. 2022, 12, 5859. [CrossRef]

44. Rus, G.; Andras, I.; Vaida, C.; Crisan, N.; Gherman, B.; Radu, C.; Tucan, P.; Iakab, S.; Al Hajjar, N.; Pisla, D. Artificial Intelligence-
Based Hazard Detection in Robotic-Assisted Single-Incision Oncologic Surgery. Cancers 2023, 15, 3387. [CrossRef] [PubMed]

45. Memos, V.A.; Minopoulos, G.; Stergiou, K.D.; Psannis, K.E. Internet-of-Things-Enabled Infrastructure Against Infectious Diseases.
IEEE Internet Things Mag. 2021, 4, 20–25. [CrossRef]

46. Qu, J.; Zhang, Y.; Tang, W.; Cheng, W.; Zhang, Y.; Bu, L. Developing a virtual reality healthcare product based on data-driven
concepts: A case study. Adv. Eng. Inform. 2023, 57, 102118. [CrossRef]

47. Winkler-Schwartz, A.; Bissonnette, V.; Mirchi, N.; Ponnudurai, N.; Yilmaz, R.; Ledwos, N.; Siyar, S.; Azarnoush, H.; Karlik, B.;
Del Maestro, R.F. Artificial Intelligence in Medical Education: Best Practices Using Machine Learning to Assess Surgical Expertise
in Virtual Reality Simulation. J. Surg. Educ. 2019, 76, 1681–1690. [CrossRef]

48. Zhao, J.; Lu, Y.; Zhou, F.; Mao, R.; Fei, F. Systematic Bibliometric Analysis of Research Hotspots and Trends on the Application of
Virtual Reality in Nursing. Front. Public Health 2022, 10, 906715. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/app12125859
https://doi.org/10.3390/cancers15133387
https://www.ncbi.nlm.nih.gov/pubmed/37444497
https://doi.org/10.1109/IOTM.0001.2100023
https://doi.org/10.1016/j.aei.2023.102118
https://doi.org/10.1016/j.jsurg.2019.05.015
https://doi.org/10.3389/fpubh.2022.906715

	Introduction 
	Materials and Methods 
	Results 
	Distribution of Articles Using Publication Year 
	Countries or Regions 
	Institutions 
	Research Categories 
	Keywords 
	High-Impact Papers 

	Discussion 
	Principal Results 
	Research Hotspots 
	Clusters of Categories 
	Burst Keywords 

	Present Limitations of VR in Medicine 
	Limitations of This Bibliometric Study 

	Conclusions 
	References

