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1. Summary
Digital Extended Reality (XR) technologies are a group of 3D vi-
sualization technologies that have been increasingly adopted in the 
field of entertainment, education and biomedicine. XR can provide 
an immersive environment, in which people experience a reality 
in a virtual background. In the current review, we discuss in detail 
the applications of modern XR technologies in the field of biomed-
icine, from classroom biomedical education, medical training to 
clinical surgical guidance, providing a comprehensive analysis of 
XR’s biomedical impact.

2. The Concepts of Digital Extended Reality and an
Overview
The development of digital Extended Reality (XR), including but 
not limited to Virtual (VR), Augmented (AR) and Mixed Reality 
(MR) blooms in the recent ten years, since when they have been 
wildly used in the field of commerce, education and biomedicine 
[1]. XR can be considered to include the entire spectrum of the 
reality- virtuality continuum from absolute reality to utter virtual-
ity. It is a kind of communications between reality and virtuality 
based on computer graphics, sensory input, computation and net-
work. Those technologies can offer an immersive and interactive 
Three-Dimensional (3D) environment for visualization. With XR 
technologies, we could dig ourselves into the reality-mimicking 
virtual surroundings, like the outer space, dangerous conditions 
and the microworld.

The features of XR technologies include multi-sensory, immer-
sion, interactivity and imagination. XR technologies were initially 
widely used in the entertainment sector, such as the Oculus Rift 
based on VR, created by Palmer Luckey and the famous game 
Pokémon GO [2] based on AR [7-9]. The working principles of 
different XR technologies differ slightly. The experience of VR 
involves total immersion and visualization a computer-generated 
environment using software and hardware in an interactive manner 
[3]. With AR, people experience a superimposition environment 
of digital elements with the real world in a real-time interaction 
manner [4]. While for MR, co-existing physical and virtual objects 
interact in real time [5].

As the accumulating deep investigation and development of XR 
technologies, the utility of them in the field of life science emerges 
and expands gradually. In the following sections, we would dis-
cuss the use of XR platforms in different aspects of biomedicine.

3. Use of XR Platforms in Classrooms for Interactive
Biomedical Education
The traditional teaching and learning manners in biomedicine ab-
solutely depend on knowledge transmission from experts to fresh-
ers, which is less effective and time- consuming. As XR technol-
ogies facilitate an environment of engagement that could aid the 
understanding of new concepts, they serve as ideal approaches in 
biomedical education [6-8].

First, XR technologies can be used but not limited in the subjects 
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of anatomy, physiology and pathology. Different from the 2D im-
ages on textbook, XR could provide a more vivid illustration of 
human organ structure and physiological process, and an easy way 
to zoom in to the detail. Second, virtual memory palaces could 
enhance the effectiveness of memorizing information. Studies 
showed that compared to standard desktop display [17-19], VR 
could result in a pretty better memory recall as the participants’ 
overall average recall performance was 8.8% higher in VR envi-
ronment [9]. Third, other studies demonstrated that neuroscience 
content delivered through a VR platform could lead to greater 
emotional engagement comparing with flat 2D and 3600 experi-
ences [10]. Indeed, by better engaging, motivating and arousing 
students, VR provides an ideal learning environment, indicating its 
potential utility in education.

In the past and present two years, the COVID-19 pandemic has 
posed a challenge for the educations especially of anatomy courses 
in medical schools as an online format has to be adopted instead 
of the real classroom [11]. In such circumstances, a VR workspace 
for anatomy lectures is really helpful.

4. Use of XR Platforms in Molecular Data Visualization
As XR provides 3D visualization, volumetric data could especially 
benefit from XR technologies. In such way, VR and AR have dra-
matically enhanced the microworld visualization like microscopic 
images and molecular data.

It is reported that a combined research team from Carnegie Mel-
lon University and Benaroya Research Institute at Virginia Ma-
son created a method by pairing a nanoscale imaging technique 
(expansion microscopy) with VR technology which could allow 
researchers to ‘step inside’ the biological data [12, 13]. With it, 
scientists could enlarge, explore and analyze cell structures far be-
yond the capabilities of traditional microscopy. ExMicroVR was 
proposed to be used remoted by up to six persons simultaneously 
in order to improve collaborations.

ConfocalVR was created by Stefani et al for the purpose of study-
ing the complexity of cell architecture by exploiting consum-
er-grade VR systems to help the users fully immerse in the 3D cel-
lular images [14]. As well, confocal VR could also allow multiple 
users to work together simultaneously.

Pathology remains the golden diagnostic method in clinic, and dig-
ital slides obtained from whole slide imaging (WSI) platforms are 
typically by pathologists in 2D manner on computers. Oculus Rift 
and VR technology were reported for examining digital pathology 
slides in a VR environment. In such way, the diagnosis accuracy 
remained 90% with much easily viewable confirmation, greater 
image quality and more diagnostic confidence in a VR environ-
ment [15].

5. Use of XR Platforms in Medical Training
Back to 1995, a program of ‘3D frog anatomy’ was created on 

the internet, by which the participants could dissect the frogs from 
the screen, explore anatomy of frogs in great details while going 
through labeled body systems from every possible angle. This was 
the first trying of medical training with XR platform. Such training 
could include anatomy, diagnosis and surgery.

Nowadays, the immersive VR (iVR) system for medical surgical 
training is getting quite popular. It has the advantages of provid-
ing accessible, low cost, realistic training adjuncts and financially 
constrained systems in time. Surgical training with iVR ranged 
from orthopedic surgery [16-20] to obstetrics and gynecology [21, 
22]. A wide variety of different software and hardware have been 
used in iVR surgical training, including Oculus Rift [23], HTC 
Vive [24, 25], Oculus Quest [26, 27], and Samsung Odyssey [28]. 
IVR can improve surgical skills acquisition, lead to significant im-
provements in time to completion and movement efficiency [29].

6. Use of XR Platforms in Clinical Surgery Guidance
XR technologies showed great usefulness in clinical surgery guid-
ance especially those demand specific skills and fine manifesta-
tions. VR offers medical students an opportunity to practice ex-
tensively and easily before the real surgery. Multiple VR- based 
simulators, for instance RASimsAs, SimSurgery and AnatomyX 
were created supplying unexpected scenarios during surgery pro-
cedures. Teber and his colleagues showed that use of an AR-based 
soft tissue navigation system in urologic laparoscopic surgery 
could greatly enhance the surgeon’s perception and provide deci-
sion-making guidance [30]. In recent years, the FDA (U.S. Food 
and Drug Administration) approved the first AR applications for 
elective spinal surgery [31, 32]. Microsoft HoloLens is a holo-
graphic MR HMD. It can be used by doctors to look at 3D images 
including anatomical structures with high clarity. In such way it 
can help surgeons virtually visualize complex organs during sur-
gery [33].

7. Challenges and Perspectives of XR Platforms
Although there is great promising of XR platforms used in the 
field of biomedical, it still has some challenges. First is some hard-
ware and software in the XR platform system for specific medical 
applications are quite expensive, costing up to tens of thousands 
of dollars, thus limiting their wide adoption. Second is computa-
tional limitation; as lower computational bandwidth could result 
in latency [34]. Tracking issue is another challenge for XR, for 
example, for location-based AR systems, the dependency on GPS 
may provide inaccurate location predictions [35]. Other challeng-
es like privacy, security and ethical concerns also need to be ad-
dressed carefully. Besides those challenges, XR platforms brings 
side effects for the users, such as motion sickness, eye fatigue and 
headaches, all of which should be paid attention and improved in 
the future.

In conclusion, XR’s widespread use in biomedicine is growing, 
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and indeed facilitate a lot in this field not only for education, but 
also for the clinical practice. However, it is far from reaching its 
full potential as multiple challenges still existing. XR technology 
is expected to be widely used as a daily tool in public in the future 
through increasing the users’ better experience and decreasing its 
side effects [35].

        References:

1.	 Venkatesan M, Mohan H, Ryan JR, Schurch CM, Nolan GP, Frakes 
DH, et al. Virtual and augmented reality for biomedical applications. 
Cell Reports Medicine. 2021; 2: 100348.

2.	 Rauschnabel PA, Rossmann A, tom Dieck MC. An adoption frame-
work for mobile augmented reality games: The case of Pokémon Go. 
Comput. Human Behav. 2017; 76: 276-86.

3.	 Peugnet F, Dubois P, Rouland JF. Virtual reality versus conventional 
training in retinal photocoagulation: a first clinical assessment. Com-
put. Aided Surg. 1998; 3: 20-6.

4.	 Wagner A, Ploder O, Zuniga J, Undt G, Ewers R. Augmented real-
ity environment for temporomandibular joint motion analysis. Int J 
Adult Orthodon Orthognath Surg. 1996; 11: 127-36.

5.	 Hughes CE, Stapleton CB, Hughes DE, Smith EM. Mixed reality in 
education, entertainment, and training. IEEE Comput. Graph. Appl. 
2005; 25: 24-30.

6.	 Bin S, Masood S, Jung Y. Virtual and augmented reality in medicine. 
In Biomedical Information Technology, Second Edition. D.D. Feng, 
ed. (Academic Press). 2020: 673-686.

7.	 Khor WS, Baker B, Amin K, Chan A, Patel K, Wong J, et al. Aug-
mented and virtual reality in surgery - the digital surgical environ-
ment: applications, limitations and legal pitfalls. Ann. Transl. Med. 
2016; 4: 454.

8.	 Pottle J. Virtual reality and the transformation of medical education. 
Future Healthc. 2019; 6: 181-5.

9.	 Krokos E, Plaisant C, Varshney A. Virtual memory palaces: immer-
sion aids recall. Virtual Reality. 2019; 23: 1-15.

10.	 YuMe Inc Ni.elsen. Groundbreaking virtual reality research show-
cases strong emotional engagement for brands, according	 t o 
YuMe	 and Nielsen. 2016.

11.	 Nakai K, Terada S, Takahara A, Hage D, Tubbs RS, Iwanaga J, et al. 
Anatomy education for medical students in a virtual reality work-
space: a pilot study. Clin Anat. 2021. 

12.	 Duffy J. Microscopy and VR Illuminate New Ways to Prevent and 
Treat Disease. 2019.

13.	 Benaroya Research Institute. Expansion Microscopy VR. 2019.

14.	 Stefani C, Lacy-Hulbert A, Skillman T. ConfocalVR: Immersive Vi-
sualization for Confocal Microscopy. Mol. Biol. 2018; 430: 4028-35.

15.	 Farahani N, Post R, Duboy J, Ahmed I, Kolowitz BJ., Krinchai T, et 
al. Exploring virtual reality technology and the Oculus Rift for the 
examination of digital pathology slides. J Pathol Inform. 2016; 7: 22.

16.	 Hooper J, Tsiridis E, Feng JE. Virtual reality simulation facilitates 

resident training in total hip arthroplasty: a randomized controlled 
trial. J Arthroplasty. 2019; 34: 2278-83.

17.	 Logishetty KR udran B, Cobb JP. Virtual reality training improves 
trainee performance in total hip arthroplasty: a randomized con-
trolled trial. Bone Joint J. 2019; 101: 1585-92.

18.	 Logishetty K, Gofton WT, Rudran B, Beaule PE, Cobb JP. Fully 
immersive virtual reality for total hip arthroplasty: objective mea-
surement of skills and transfer of visuospatial performance after a 
competency-based simulation curriculum. J Bone Joint Surg Am. 
2020; 102: 27.

19.	 Lohre R, Bois AJ, Pollock JW, Lapner P, McIlquham K, GS Athwal 
GS, et al. Effectiveness of immersive virtual reality on orthopedic 
surgical skills and knowledge acquisition among senior surgical 
residents: a randomized clinical trial JAMA Netw Open. 2020; 3: 
2031217.

20.	 Lohre R, Bois AJ, Athwal GS, Goel DP. Canadian Shoulder and El-
bow Society (CSES). Improved complex skill acquisition by immer-
sive virtual reality training: a randomized controlled trial. J Bone 
Joint Surg Am. 2020; 102: 26.

21.	 Bing EG, Parham GP, Cuevas A. Using low-cost virtual reality sim-
ulation to build surgical capacity for cervical cancer treatment. J 
Glob Oncol. 2019; 5: 1-7.

22.	 Frederiksen JG, Sørensen SMD, L Konge L. Cognitive load and per-
formance in immersive virtual reality versus conventional virtual re-
ality simulation training of laparoscopic surgery: a randomized trial. 
Surg Endosc. 2020; 34: 1244-52.

23.	 Hooper J, Tsiridis E, Feng JE. Virtual reality simulation facilitates 
resident training in total hip arthroplasty: a randomized controlled 
trial. J Arthroplasty. 2019; 34: 2278-83.

24.	 Logishetty K, Rudran B, Cobb JP. Virtual reality training improves 
trainee performance in total hip arthroplasty: a randomized con-
trolled trial. Bone Joint. 2019; 101: 1585-92.

25.	 Logishetty K, Gofton WT, Rudran B, Beaule PE, JP Cobb JP. Fully 
immersive virtual reality for total hip arthroplasty: objective mea-
surement of skills and transfer of visuospatial performance after a 
competency-based simulation curriculum. J Bone Joint Surg Am. 
2020; 102: 27.

26.	 Lohre R, Bois AJ, Athwal GS, Goel DP. Canadian Shoulder and El-
bow Society (CSES). Improved complex skill acquisition by immer-
sive virtual reality training: a randomized controlled trial. J Bone 
Joint Surg Am. 2020; 102: 26.

27.	 Luca A, Giorgino R, Gesualdo L, Peretti GM, Belkhou A, G Banfi 
G, et al. Innovative educational pathways in spine surgery: advanced 
virtual reality-based training. World Neurosurg. 2020; 140: 674-80.

28.	 Berezowsky CA, Elguero PJ, Cruz MAA, Fresnedo JQ. Usefulness 
of immersive virtual reality simulation during femoral nail applica-
tion in an orthopedic fracture skills course. J Musculoskelet Surg 
Res. 2019; 3: 326-33.

29.	 Mao RQ, Lan L, Kay J, Lohre R, Ayeni OR, Goel DP, et al. Immer-
sive virtual reality for surgical training: a systematic review. Journal 
of Surgical Research. 2021; 268: 40-58.

https://www.sciencedirect.com/science/article/abs/pii/S0747563217304521
https://www.sciencedirect.com/science/article/abs/pii/S0747563217304521
https://www.sciencedirect.com/science/article/abs/pii/S0747563217304521
https://pubmed.ncbi.nlm.nih.gov/9699075/
https://pubmed.ncbi.nlm.nih.gov/9699075/
https://pubmed.ncbi.nlm.nih.gov/9699075/
https://pubmed.ncbi.nlm.nih.gov/9046634/
https://pubmed.ncbi.nlm.nih.gov/9046634/
https://pubmed.ncbi.nlm.nih.gov/9046634/
https://ieeexplore.ieee.org/document/1528429
https://ieeexplore.ieee.org/document/1528429
https://ieeexplore.ieee.org/document/1528429
https://pubmed.ncbi.nlm.nih.gov/28090510/
https://pubmed.ncbi.nlm.nih.gov/28090510/
https://pubmed.ncbi.nlm.nih.gov/28090510/
https://pubmed.ncbi.nlm.nih.gov/28090510/
https://pubmed.ncbi.nlm.nih.gov/31660522/
https://pubmed.ncbi.nlm.nih.gov/31660522/
https://www.researchgate.net/publication/325187855_Virtual_memory_palaces_immersion_aids_recall
https://www.researchgate.net/publication/325187855_Virtual_memory_palaces_immersion_aids_recall
https://pubmed.ncbi.nlm.nih.gov/34487367/
https://pubmed.ncbi.nlm.nih.gov/34487367/
https://pubmed.ncbi.nlm.nih.gov/34487367/
https://pubmed.ncbi.nlm.nih.gov/29949752/
https://pubmed.ncbi.nlm.nih.gov/29949752/
https://pubmed.ncbi.nlm.nih.gov/27217972/
https://pubmed.ncbi.nlm.nih.gov/27217972/
https://pubmed.ncbi.nlm.nih.gov/27217972/
https://pubmed.ncbi.nlm.nih.gov/31056442/
https://pubmed.ncbi.nlm.nih.gov/31056442/
https://pubmed.ncbi.nlm.nih.gov/31056442/
https://pubmed.ncbi.nlm.nih.gov/31786991/
https://pubmed.ncbi.nlm.nih.gov/31786991/
https://pubmed.ncbi.nlm.nih.gov/31786991/
https://pubmed.ncbi.nlm.nih.gov/31929324/
https://pubmed.ncbi.nlm.nih.gov/31929324/
https://pubmed.ncbi.nlm.nih.gov/31929324/
https://pubmed.ncbi.nlm.nih.gov/31929324/
https://pubmed.ncbi.nlm.nih.gov/31929324/
https://pubmed.ncbi.nlm.nih.gov/33369660/
https://pubmed.ncbi.nlm.nih.gov/33369660/
https://pubmed.ncbi.nlm.nih.gov/33369660/
https://pubmed.ncbi.nlm.nih.gov/33369660/
https://pubmed.ncbi.nlm.nih.gov/33369660/
https://pubmed.ncbi.nlm.nih.gov/31972694/
https://pubmed.ncbi.nlm.nih.gov/31972694/
https://pubmed.ncbi.nlm.nih.gov/31972694/
https://pubmed.ncbi.nlm.nih.gov/31972694/
https://pubmed.ncbi.nlm.nih.gov/31070982/
https://pubmed.ncbi.nlm.nih.gov/31070982/
https://pubmed.ncbi.nlm.nih.gov/31070982/
https://pubmed.ncbi.nlm.nih.gov/31172325/
https://pubmed.ncbi.nlm.nih.gov/31172325/
https://pubmed.ncbi.nlm.nih.gov/31172325/
https://pubmed.ncbi.nlm.nih.gov/31172325/
https://pubmed.ncbi.nlm.nih.gov/31056442/
https://pubmed.ncbi.nlm.nih.gov/31056442/
https://pubmed.ncbi.nlm.nih.gov/31056442/
https://pubmed.ncbi.nlm.nih.gov/31786991/
https://pubmed.ncbi.nlm.nih.gov/31786991/
https://pubmed.ncbi.nlm.nih.gov/31786991/
https://pubmed.ncbi.nlm.nih.gov/31929324/
https://pubmed.ncbi.nlm.nih.gov/31929324/
https://pubmed.ncbi.nlm.nih.gov/31929324/
https://pubmed.ncbi.nlm.nih.gov/31929324/
https://pubmed.ncbi.nlm.nih.gov/31929324/
https://pubmed.ncbi.nlm.nih.gov/31972694/
https://pubmed.ncbi.nlm.nih.gov/31972694/
https://pubmed.ncbi.nlm.nih.gov/31972694/
https://pubmed.ncbi.nlm.nih.gov/31972694/
https://pubmed.ncbi.nlm.nih.gov/32797993/
https://pubmed.ncbi.nlm.nih.gov/32797993/
https://pubmed.ncbi.nlm.nih.gov/32797993/
https://www.researchgate.net/publication/337213430_Usefulness_of_immersive_virtual_reality_simulation_during_femoral_nail_application_in_an_orthopedic_fracture_skills_course
https://www.researchgate.net/publication/337213430_Usefulness_of_immersive_virtual_reality_simulation_during_femoral_nail_application_in_an_orthopedic_fracture_skills_course
https://www.researchgate.net/publication/337213430_Usefulness_of_immersive_virtual_reality_simulation_during_femoral_nail_application_in_an_orthopedic_fracture_skills_course
https://www.researchgate.net/publication/337213430_Usefulness_of_immersive_virtual_reality_simulation_during_femoral_nail_application_in_an_orthopedic_fracture_skills_course
https://www.sciencedirect.com/science/article/abs/pii/S0022480421004169
https://www.sciencedirect.com/science/article/abs/pii/S0022480421004169
https://www.sciencedirect.com/science/article/abs/pii/S0022480421004169


clinicsofsurgery.com                                                                                                                                                                                                                                                                       4

Volume 6 Issue 6-2021                                                                                                                                                                                                                                       Review Article

30.	 Teber D, Guven S, Simpfendorfer T, Baumhauer M, Guven EO, 
Yencilek F, et al. Augmented reality: a new tool to improve surgical 
accuracy during laparoscopic partial nephrectomy? Preliminary in 
vitro and in vivo results. Eur Urol. 2009; 56: 332-8.

31.	 Molina CA, Theodore N, Ahmed AK, Westbroek EM, Mirovsky Y, 
Harel R, et al. Augmented reality-assisted pedicle screw insertion: 
a cadaveric proof-of-concept study. J Neurosurg Spine. 2019; 1-8.

32.	 Gibby JT, Swenson SA, Cvetko S, Rao R, Javan R. Head-mounted 
display augmented reality to guide pedicle screw placement utiliz-
ing computed tomography. Int J Comput Assist Radiol Surg. 2019; 
14: 525-35.

33.	 Limonte K. AI in	 healthcare: HoloLens in surgery. 2018.

34.	 Parveau M, Adda M. 3iVClass: a new classification method for Vir-
tual, Augmented and Mixed Realities. Procedia Comput. Sci. 2018; 
141: 263-70.

35.	 Akc ayır M, Akc ayır G. Advantages and challenges associated with 
augmented reality for education: A systematic review of the litera-
ture. Educ. Res. Rev. 2017; 20: 1-11.

https://pubmed.ncbi.nlm.nih.gov/19477580/
https://pubmed.ncbi.nlm.nih.gov/19477580/
https://pubmed.ncbi.nlm.nih.gov/19477580/
https://pubmed.ncbi.nlm.nih.gov/19477580/
https://pubmed.ncbi.nlm.nih.gov/30925479/
https://pubmed.ncbi.nlm.nih.gov/30925479/
https://pubmed.ncbi.nlm.nih.gov/30925479/
https://pubmed.ncbi.nlm.nih.gov/29934792/
https://pubmed.ncbi.nlm.nih.gov/29934792/
https://pubmed.ncbi.nlm.nih.gov/29934792/
https://pubmed.ncbi.nlm.nih.gov/29934792/
https://www.sciencedirect.com/science/article/pii/S1877050918318301
https://www.sciencedirect.com/science/article/pii/S1877050918318301
https://www.sciencedirect.com/science/article/pii/S1877050918318301
https://www.sciencedirect.com/science/article/abs/pii/S1747938X16300616
https://www.sciencedirect.com/science/article/abs/pii/S1747938X16300616
https://www.sciencedirect.com/science/article/abs/pii/S1747938X16300616

