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Human anatomy is an important medical subject that includes abstract content and strong operability. The lack of specimens required for anatomical experimental teaching and unclear observation of fine structures of specimens lead to difficulties for students in learning. As a new technology in the field of computers, virtual reality (VR) has been widely used in the medical field and has great development potential and application value. Its use in the teaching of human anatomy has received increasing attention. This technology increases the sense of reality of medical students in learning and improves the learning effect, including initiative and enthusiasm of students. Publications were obtained from the Web of Science (WoS) Core Collection on April 30, 2022, with the following retrieval strategy: [(TS = VR) OR (TS = virtual reality)] AND (TS = anatomy) AND [(TS = education) OR (TS = train*) OR (TS = teach*) OR (TS = learn*) OR (TS = study*)] NOT TS = (surgery), and the time frame was from 1999 to 2022. Then, VOSviewer software, Excel and GraphPad Prism 9 were used to analyze the data. The keywords included cocitations, countries/territories, publication numbers, institutions, authors and journals of publications. A series of scientometric and visualized analyses were conducted, and a table for a detailed analysis of the application of VR in anatomy teaching was created. This paper mainly analyses the application status and progress of VR technology in anatomy teaching, which is shown to improve the anatomical learning effect of medical students. In conclusion, the application of VR technology in human anatomy has great potential.
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INTRODUCTION

Human anatomy basically studies the structure of the human body, and it’s a subject that bridges basic medical courses with clinical medicine courses. In addition to theoretical courses, human anatomy experimental teaching is required content of medical colleges and universities. Experimental teaching is essential teaching content, and usually occupies a large number of teaching hours. In order to deepen students’ understanding of the structure of the human body, as well as their mastery and memory of theoretical knowledge, anatomical experiment teaching is mostly carried out by autopsy, cadaver observation, and wall chart observation. However, this teaching method still has many defects. The current problems are the lack of medical specimens and the reduction of teaching hours (Moro et al., 2017). Despite the long history of cadavers in anatomy teaching, there are numerous financial, ethical and regulatory restrictions on their use. Currently, a greater emphasis on student autonomy has led to reductions in some basic science courses and a diminishing amount of time allocated to gross anatomy (Drake et al., 2002, 2009, 2014). As a result, many medical schools now use the teaching method of several students working together in groups to dissect specimens. In this case, a cadaver is usually shared by 10–12 students. This can lead to a lack of practical opportunities for each student. In addition, the availability of specimens, cost and time constraints greatly affect students’ learning outcomes, especially for small and complex structures, such as nerves, lymph nodes, and blood vessels (McLachlan and Patten, 2006). Substances used for fixation and preservation also pose a risk of contamination and toxicity (Akbar-Khanzadeh et al., 1994; Demiryürek et al., 2002). Another option is to use plastic models to study anatomy. It is not restricted by cadaver studies and has the advantage of presenting structures in three dimensions. However, these models are poor at showing fine structures and are expensive, and their decline in production has exacerbated the price problem in recent years (Nicholson et al., 2006). Therefore, VR technology provides a solution to these problems.

VR is the use of computer technology to create a realistic virtual environment with a variety of sensory functions, such as touch, hearing and sight. Users can learn human anatomy in an immersive virtual environment by interacting with entities through devices, such as a wearable perception helmet, tracking ball and perception gloves (Matthews, 2018). Compared with traditional human anatomy experiments, VR technology has many advantages. First, VR has the characteristics of digitalization, virtualization and automation, which creates a vivid environment for students to learn anatomy. In such a learning environment, students change from passive learning to active learning. Participants often find VR models interesting and engaging, with their enthusiasm for learning fully aroused (Weyhe et al., 2018; Erolin et al., 2019; Gloy et al., 2022). Second, the VR system provides a clear picture, which is convenient for students to observe. Seeing the anatomical structures from different angles and at different anatomical levels is very useful for learning complex structures, such as the heart, knee joint, and nervous system (Nicholson et al., 2006; Silén et al., 2008). In addition, VR constructs an immersive learning environment, making it easier for students to concentrate and improve their learning efficiency. Fun is recognized as an important factor in case learning and one of the key factors for success of problem-based learning in medical education (Neville, 2009; Telner et al., 2010). The interaction between the body and the three-dimensional model is crucial to understanding its physical structure, while autopsy has difficulty achieving interactivity. It is worth emphasizing that an important feature of VR that cannot be ignored is how much the users enjoy it, which is crucial to its application potential, as subjects often believe they will learn more while playing (Chittaro and Ranon, 2007b; Maresky et al., 2019). Moreover, the system allows students to repeat dissection exercises, which solves the problem of insufficient cadaver specimens and is conducive to the consolidation of students’ knowledge (Chittaro and Ranon, 2007a). Overall, the application of VR in anatomy teaching has great significance and broad prospects. Therefore, it is necessary to evaluate and analyze the current publications about VR in anatomy teaching. However, there is no precedent for a bibliometric analysis of this area.

Bibliometric analysis is a scientific method based on a large-scale literature database. It can be used to assess contributions to a field of research, including by countries, institutions, authors and journals. At present, it has gradually become a research hotspot in many fields (Ahmad and Slots, 2021; Bashir et al., 2021; Celik et al., 2021). In this study, VOSviewer (van Eck and Waltman, 2017), an important analytical tool, was used to perform a bibliometric analysis. The keywords, cocitations, countries/territories, publication numbers, institutions, authors, and journals of publications were analyzed. Finally, a series of scientometric and visualized analyses were done to provide a comprehensive knowledge map for the application of VR in anatomy teaching and to understand future research directions via bibliometric analysis.



MATERIALS AND METHODS


Data Source and Search Strategy

The Core Collection database of Web of Science (WoS) was chosen to collect publications, since it is widely regarded as the most authoritative database of scientific publications on a wide range of research areas. The data was obtained from the Web of Science (WoS) Core Collection on April 30, 2022, with the following retrieval strategy: [(TS = VR) OR (TS = virtual reality)] AND (TS = anatomy) AND [(TS = education) OR (TS = train*) OR (TS = teach*) OR (TS = learn*) OR (TS = study*)] NOT TS = (surgery), and the time frame was from 1999 to 2022. Then, 646 publications were obtained. Afterward, 646 publications (Figure 1) were read and screened, and 287 of them were included in the final data analysis. The inclusion and exclusion criteria were as follows:
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FIGURE 1. Flow chart for the analysis of virtual reality in anatomy teaching.


Inclusion Criteria:


(1)The publication year of the literature was from January 1, 1999, to April 30, 2022;

(2)The language of the literature was English;

(3)The type of literature was review or article;

(4)The research topic of the literature was the application of virtual reality to anatomy teaching.



Exclusion Criteria:


(1)The types of documents were conferences, reports and letters;

(2)The documents did not use VR as the research topic;

(3)The documents did not use anatomy teaching as the research topic;

(4)Non-English documents.





Statistical Analysis

VOSviewer software (Leiden, Netherlands), Excel and GraphPad Prism 9 were used to analyze the data. A comprehensive description of various publishing characteristics was provided, including keywords, cocitations, countries/territories, publication numbers, institutions, authors, and journals.




RESULTS


Key Words Analysis

As shown in Figure 2, VOSviewer was used to analyze keywords in 287 papers. Among all the keywords, reality, group, participant, application, and test, have higher frequencies. This shows that an increasing number of articles about the application of VR in anatomy teaching have been published. In addition, the emergence of the keyword “brain” was noted, which may indicate that the brain is a hot spot in VR applications due to its complex anatomical structure.
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FIGURE 2. The co-occurrence network of keywords.




Cocitation Analysis

Then, an author cocitation analysis was conducted. The size of the nodes in the figure represents the author’s citation frequency, the thickness of the line represents the cocitation frequency, and different colors represent different clusters of clusters. Three distinct classes are seen, as shown in Figure 3. Among them, Moro, C, Yammine K. Nowinski, WL’s, articles were cited the most frequently. In addition, a cocitation analysis of the references was also carried out, as shown in Figure 4. There are four distinct classes. Among them, the paper published by Moro C (Moro et al., 2017) in 2006 is the most frequently cited, which is the classic literature in the application of VR in anatomy education.
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FIGURE 3. A visualization of author co-citation analysis.
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FIGURE 4. A visualization of co-citation analysis of reference.




Publication Distribution of Countries/Territories

As shown in Figure 5, the most published countries are the United States, Australia, and China. For further research, VOSviewer software was used to conduct visual analysis on cooperation relations between countries and territories, and the results are shown in Figure 6. Each country or region is represented by a circle, the size of which depends on the number of publications produced in that country. The curve connecting the two circles represents the cooperative relationship between the two connected countries. The thicker the curve is, the stronger the cooperation between the two countries. In general, there is less cooperation between countries. As seen from Figure 6, the cooperation between countries is not close. Among them, the United States has more cooperative relations with 10 countries or territories. Britain, China and Australia also have cooperation with a small number of countries. There is not much cooperation between other countries, so countries can strengthen cooperation in this field and jointly promote its development.
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FIGURE 5. The co-author relationship of countries.
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FIGURE 6. Country distribution for the articles.




Growth of Publications

The number of publications per year reflects the level and development of a field to some extent. We analyzed the number of published articles on the application of VR in anatomy teaching in the past decade (Figure 7). This indicates that the publications between 2011 and 2015 show an increasing trend year by year. After we fit the curve of the number of posts, we found that the number of posts in this field approaches an exponential relationship, which means that great breakthroughs of VR in anatomy education have been made in recent years.
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FIGURE 7. Year distribution of the articles between 2015 and 2021.




Publication Distribution of Institutions, Authors and Journals

Figure 8 shows the top 10 organizations with the number of publications. Universities, such as McMaster University, Bond University, and Radboud University Nijmegen, have made outstanding contributions to the application of VR in anatomy. Similarly, Figure 9 shows the top 10 authors with the number of publications. Among them, Moro Christian, Stromberga Zane, and Wainman Bruce are the top three. In Figure 10, according to the average citation rate, the published journals in this field are ranked in descending order, and a total of 20 journals are included. This picture summarizes the journals with high academic profiles, the number of published journals from 2010 to 2022 in this field, and the impact factors of these journals. Among the 20 journals, the journal Brit J Anaesth has the highest impact factor (IF = 9.17), and the journal Anat Sci Educ has the highest number of publications in this field (Publication = 43).
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FIGURE 8. The contribution of the top 10 institutions.
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FIGURE 9. The publication of top 10 authors.
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FIGURE 10. The impact factor and contribution of journal.





DISCUSSION

Human anatomy is the foundation for new medical students and an indispensable part of understanding other clinical disciplines, as it is closely related to other medical disciplines. Only on the basis of understanding the normal structure of the human body can one distinguish between pathological and physiological processes. Furthermore, the clinical operation and treatment of diseases are inseparable from human body structure and pathophysiological processes. However, due to the complexity of the course content and the limitation of traditional teaching methods, the teaching of anatomy is very difficult. Moreover, the lack of human specimens further increases challenges of anatomy teaching (George and De, 2010). Overall, there are many factors that hinder the application of traditional anatomy teaching, and new technologies are urgently needed to improve teaching methods in this area.

Fortunately, the application of VR has solved these problems. Virtual scenes of the real world significantly improve the intuition, accuracy, and real-time nature of the user’s sensory world (Shi et al., 2020). Therefore, the emergence of VR has an important influence on the development of medicine, especially the application of anatomy teaching. VR is a helpful tool for learning human anatomy and a useful adjunct to teaching (Fairen et al., 2020). To further understand what advantages VR has in anatomy teaching, the following 9 articles were analyzed (Table 1), which highlight the advantages of VR in anatomy teaching. The total citations of 287 articles were ranked and screened according to the following inclusion criteria: (1) the paper discusses the application of VR in anatomy teaching; (2) the paper compares the difference between VR teaching and anatomy teaching; (3) there are clear evaluation criteria for teaching effects; (4) participants have clear grouping criteria; and (5) the total citations were more than 50 times. Finally, the nine most cited articles were selected that met the criteria for analysis. Nicholson et al. (2006) conducted a study in 2006 to test the educational effectiveness of computer-generated three-dimensional models of the middle and inner ears. The subjects were divided into two groups, 29 in the control group and 28 in the experimental group. Students in the control group took the tutorial without exposure to the model, and students in the experimental group completed a Web-based tutorial that included the interactive model. However, there were some limitations to the study. For example, students in the experimental group took more time to complete the lessons and quizzes, which might indicate that the experimental group and the control group had different levels of effort, on average. A study on cardiac anatomy teaching conducted by Maresky et al. (2019) also suggested that VR could significantly improve learning effects and students’ interest in learning compared with traditional teaching methods. In 2015, Kockro et al. (2015) conducted an experiment on 169 second-year medical students. They were randomized into 2 groups. In the control group, they were taught by a standardized prerecorded audio lecture detailing the anatomy of the third ventricle, complete with a two-dimensional (2D) PowerPoint presentation. DextroBeam was used to visit the third ventricle. Immediately after class, students completed a 10-question multiple-choice exam based on what they learned and their subjective evaluation of the teaching methods. The results of this research showed that the students in the 2D group achieved a mean score of 5.19 (± 2.12) compared to 5.45 (± 2.16) in the 3D group, with the results in the 3D group being statistically non-inferior to those of the 2D group (p < 0.0001). The students rated the 3D method higher than 2D teaching in four domains. According to this research, stereoscopic enhanced 3D lectures are an effective way to learn anatomy, and students benefited greatly from the lectures. However, some studies suggested that VR teaching did not significantly improve students’ learning. Khot et al. (2013) showed that there was no significant difference in the teaching effects of VR, AR, and TB, and participants in VR teaching were more likely to suffer from headache, dizziness, blurred vision, and other adverse reactions.


TABLE 1. Summary table of published studies applying virtual reality in anatomy education.

[image: Table 1]
Through our analysis, VR plays a positive role in the learning process of anatomy, not only for students’ learning of normal anatomical structure, but also for students’ thinking and enthusiasm of anatomy learning. However, due to the small number of current studies, small sample size and variable control problems, the research results are also different, to some extent. Therefore, more research is needed to demonstrate the role of VR in anatomical learning. On the whole, there is great promise for the effective use of virtual as a means to supplement lesson content in anatomical education.



CONCLUSION

Through systematic analysis, one fully understands the advantages of VR in anatomy learning, especially during the epidemic. To avoid the risk of exposure, VR has become an excellent tool for students to learn anatomy, which is the basis of medical knowledge. VR enables medical students to understand the complex structures of the human body comprehensively and systematically. Generally, knowledge in textbooks and practical anatomy training is very practical for medical students, which is conducive to better understanding the structure of the human body, but VR enables them to understand knowledge from a new dimension. For example, in VR, students can take a muscle from the human body to understand the interaction and innervation of each muscle during exercise.

In addition, this research shows that VR has great potential in anatomy teaching in the future. In the past two decades, the overall number of publications has shown a significant upwards trend. Through literature research, it was found that VR has significant advantages in teaching results compared with traditional teaching modes. In recent years, VR has also been used in other fields, such as surgical teaching (Seymour et al., 2002; Sumdani et al., 2022), which reflects the broad development prospects of this technology.

However, little is known about how VR can be effectively used in medical education (Galvez et al., 2021). The reasons may include: First, VR equipment is expensive under the current conditions, which is a large expense for schools. Second, VR technology is not mature enough at present, and new theories are needed to break through the bottleneck to be more conducive to popularization. Third, VR-related technicians have not developed well in the medical field, which further hinders the popularization of VR in anatomy. Overall, the application of VR in anatomy still has considerable obstacles, and the efforts of relevant personnel are needed. According to Figure 4, which indicates that publications about VR in anatomy education show exponential growth, the field is at a rapid development stage, with new breakthroughs constantly. The future should focus more on establishing technological standards with high data quality and developing approved applications (Joda et al., 2019).

We have reason to believe that with the development of science and technology, VR will have a wider application in the field of anatomy and will also become a powerful modern teaching method in medical research institutions.
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the control group took the tutorial
without exposure to the model

and in experimental group

completed a Web-based tutorial

that included the interactive
model

Randomized into two conditions:

manipulation and viewing.
Manipulation: directly

manipulated a virtual anatomical
structure (inner ear). Viewing:
passively viewed an interaction in
a stereoscopic, 3-D environment.
Randomized into one of three
groups: model, key views (KV),

and VR

Randomized into each groups.

Phase 1: (1) learner

control/multiple views (LMV); (2)
learner control/key views (LKV);
(8) program control/multiple views
(PMV); (4) program control /key

views (PKV); Phase 2: 2

conditions: low learner control
/key views (PKV) vs. no learner

control /key views (SKV)

Randomized into one of the three
groups: traditional group, control

group and model group

Randomized into control and

variable groups

Randomized into two groups: a
two-dimensional (2D) PowerPoint
presentation (n = 80) and a 3D

animated tour of the third

ventricle with the DextroBeam

Divided into three groups: 1
(conventional method), 2

(interactive non-stereoscopic),

and 3 (interactive and
stereoscopic)

Assessments

An anatomical
knowledge
assessment

15 Quiz questions

A test on ear
anatomy
knowledge

A 25-item test

A 30-item post-test

A knowledge test

A ten-question quiz

A 10-question
multiple-choice
exam

A written theory
test and a lab
practicum

Results

No significant differences
were found between mean
assessment scores in VR (a
mean score of 64.5%), AR
(62.5%), or TB (66.5%).
The experimental group
scored higher than the
control group

Participants from the
manipulation condition
achieved significantly higher
scores than their yoked
partners in the viewing
condition

No significant differences
were found between mean
assessment scores in VR,
AR, or TB

In phase 1:The PKV group
attained the best post-test
score and the PMV group
received the worst; In
phase 2:The SKV group
performed similarly to those
students in the PKV group

The model group mean test
score to be higher than the
control group and not
significantly different to the
traditional methods group

The students exposed to
VR scored 23.9% higher
overall (p < 0.001.)
Students in the 2D group
achieved a mean score of
5.19 (£ 2.12) compared to
5.45 (+ 2.16) in the 3D
group, with the results in
the 3D group statistically
non-inferior to those of the
2D group

Groups 2 and 3 showed
the highest mean scores in
pedagogic evaluations and
differed significantly from
Group 1. Group 2 did not
differ statistically from
Group 3.
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Web of science core collection
n=646
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460 publications identified
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186 publications were excluded: Meeting(168),Book
chapters(10), editorial article(5),letters(3)

Screening based on inclusion and exclusion criteria:
Inclusion criteria :

research topic;
(4)Non-English documents.

(1)The publication year of the literature was from January
1, 1999 to April 30, 2022;

(2)The language of the literature was English;

(3)The type of the literature was review or article;

(4)The research topic of the literature was the application
of virtual reality on anatomy teaching.

Exclusion criteria:

(1)The types of documents were conferences, reports and
letters;

(2)The documents did not use VR as the research topic;
(3)The documents did not use anatomy teaching as the

%
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