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In recent years, huge progress has been made in the management of brain tumors, 
due to the availability of imaging devices, which provide fundamental anatomical and 
pathological information not only for diagnostic purposes. Every year, new surgical 
intraoperative and planning tools, such as intraoperative MRI, diffusion tensor imaging 
(DTI), tractography, and intraoperative fluorescent dyes, improve the extent of surgical 
resection. Similarly, recent advances in brain tumor imaging have offered unique 
anatomical as well as pathophysiological information that provides new insights into 
brain tumors. These insights can guide therapeutic decisions and provide information 
regarding prognosis. In addition, the use of virtual reality (VR) and augmented reality 
(AR) visualization interfaces in the field of neuroscience and neurosurgery has opened 
new horizons and new opportunities. 

Brain tumors are among the most fatal cancers and account for high morbidity and 
mortality. Malignant brain tumor incidence declined by 0.8% annually and overall 
survival remains low [1]. Only 36% of patients survive > 5 years and neurosurgical 
resection followed by chemotherapy and radiotherapy is advocated as the main treatment 
[2–4]. An increasing number of studies propose commercial AR Head-Mounted Displays 
(HMDs) as a navigation tool for neurosurgery, despite the technological and human-
factor limitations that still prevent achieving high accuracy levels [2,5–7]. The most 
relevant limitations are the perceptual conflicts between the view of the real world and 
the virtual image, the small field of view, the sub-optimal ergonomics, and calibration 
issues that hinder the attainment of a robust virtual-to-real alignment. Despite current 
technological limitations, HMDs are emerging as the most efficient and promising output 
medium for supporting complex manual surgical tasks typically performed under direct 
vision, since they allow the surgeon to maintain a “surgeon-centered’ point of view and 
to leave his/her hands-free to operate on the patient [8]. 

In recent years, several studies in the literature have proposed the use of general-
purpose wearable AR displays for neurosurgery [2,9,10]. AR in surgery has enormous 
potential to help the surgeon in identifying tumor locations, delineating the planned 
dissection planes, and reducing the risk of injury to invisible structures [8,11,12]. The use 
of AR HMDs for surgical resection of intracranial meningiomas has already been 
proposed in [9,10], which provide effective insights into the untapped potential of AR in 
neurosurgery. However, most reported studies describe ‘proofs of concept’ trials based 
on the use of consumer-level Microsoft HoloLens headsets beyond their recommended 
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uses. Today, there is a lack in neurosurgery of a clinically tested HMD, designed to be 
compliant with medical-device regulation, for guiding high-precision tasks. 

Novel telemedicine platforms with remote-pointing capabilities and AR interfaces 
are increasingly being investigated for their applications in several medical and surgical 
fields [13–15]. The use of new technologies aims to improve the guidance of surgical 
treatment of supratentorial tumors, to enable the surgeon to have adequate access, to 
decrease the need for repositioning the patient during the surgical procedures, and to 
reduce the invasiveness of the surgical approach [16–20]. Recent papers proposed the use 
of AR for a number of procedures: first, to eliminate reintervention to perform the 
cranioplasty reconstruction for en-plaque cranial vault meningiomas and for all those 
lesions affecting the bone that needs to be removed and replaced with a customized bone 
flap; second, to improve safety by ensuring a surgical resection without the occurrence of 
new neurological deficits; third, the achievement of gross total resection for high-grade 
glioma or a better resection for low-grade glioma; and fourth, to maximize the therapeutic 
ratio of radiotherapy [21–25]. In addition, all these technologies could lead to a reduction 
of blood loss during surgery, a reduction of postoperative pain, and a shorter hospital stay 
[26]. 

Author Contributions: Conceptualization, N.M. and S.C.; validation, N.M., M.C., N.C. and R.D.; 
writing—original draft preparation, N.M.; writing—review and editing, N.M., S.C., F.C. and V.F.; 
visualization, N.M., S.C., F.C. and M.C. All authors have read and agreed to the published version 
of the manuscript. 

Funding: This research received no external funding. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Miller, K.D.; Ostrom, Q.T.; Kruchko, C.; Patil, N.; Tihan, T.; Cioffi, G.; Fuchs, H.E.; Waite, K.A.; Jemal, A.; Siegel, R.L.; et al. Brain 

and other central nervous system tumor statistics, 2021. CA A Cancer J. Clin. 2021, 71, 381–406. https://doi.org/10.3322/caac.21693. 
2. Li, X.-Z.; Li, Y.-B.; Cao, Y.; Li, P.-L.; Liang, B.; Sun, J.-D.; Feng, E.-S. Prognostic implications of resection extent for patients with 

glioblastoma multiforme: A meta-analysis. J. Neurosurg. Sci. 2017, 61, 631–639. https://doi.org/10.23736/S0390-5616.16.03619-5. 
3. Montemurro, N.; Fanelli, G.N.; Scatena, C.; Ortenzi, V.; Pasqualetti, F.; Mazzanti, C.M.; Morganti, R.; Paiar, F.; Naccarato, A.G.; 

Perrini, P. Surgical outcome and molecular pattern characterization of recurrent glioblastoma multiforme: A single-center 
retrospective series. Clin. Neurol. Neurosurg. 2021, 207, 106735. https://doi.org/10.1016/j.clineuro.2021.106735. 

4. Pasqualetti, F.; Montemurro, N.; Desideri, I.; Loi, M.; Giannini, N.; Gadducci, G.; Malfatti, G.; Cantarella, M.; Gonnelli, A.; 
Montrone, S.; et al. Impact of recurrence pattern in patients undergoing a second surgery for recurrent glioblastoma. Acta Neurol. 
Belg. 2022, 122, 441–446. https://doi.org/10.1007/s13760-021-01765-4. 

5. Liu, P.; Li, C.; Xiao, C.; Zhang, Z.; Ma, J.; Gao, J.; Shao, P.; Valerio, I.; Pawlik, T.M.; Ding, C.; et al. A Wearable Augmented 
Reality Navigation System for Surgical Telementoring Based on Microsoft HoloLens. Ann. Biomed. Eng. 2021, 49, 287–298. 
https://doi.org/10.1007/s10439-020-02538-5. 

6. Yoon, J.W.; Chen, R.E.; Kim, E.J.; Akinduro, O.O.; Kerezoudis, P.; Han, P.K.; Si, P.; Freeman, W.D.; Diaz, R.J.; Komotar, R.J.; et 
al. Augmented reality for the surgeon: Systematic review. Int. J. Med. Robot. Comput. Assist. Surg. 2018, 14, e1914. 
https://doi.org/10.1002/rcs.1914. 

7. Low, D.; Lee, C.K.; Dip, L.L.T.; Ng, W.H.; Ang, B.T.; Ng, I. Augmented reality neurosurgical planning and navigation for 
surgical excision of parasagittal, falcine and convexity meningiomas. Br. J. Neurosurg. 2010, 24, 69–74. 
https://doi.org/10.3109/02688690903506093. 

8. Satoh, M.; Nakajima, T.; Yamaguchi, T.; Watanabe, E.; Kawai, K. Evaluation of augmented-reality based navigation for brain 
tumor surgery. J. Clin. Neurosci. 2021, 94, 305–314. https://doi.org/10.1016/j.jocn.2021.10.033. 

9. Jang, S.Y.; Kim, C.H.; Cheong, J.H.; Kim, J.M. Extracranial Extension of Intracranial Atypical Meningioma En Plaque with 
Osteoblastic Change of the Skull. J. Korean Neurosurg. Soc. 2014, 55, 205–207. https://doi.org/10.3340/jkns.2014.55.4.205. 

10. Atlas, S.W. Adult supratentorial tumors. Semin. Roentgenol. 1990, 25, 130–154. https://doi.org/10.1016/0037-198x(90)90046-7. 
11. Condino, S.; Fida, B.; Carbone, M.; Cercenelli, L.; Badiali, G.; Ferrari, V.; Cutolo, F. Wearable Augmented Reality Platform for 

Aiding Complex 3D Trajectory Tracing. Sensors 2020, 20, 1612. https://doi.org/10.3390/s20061612. 
12. Condino, S.; Montemurro, N.; Cattari, N.; D’Amato, R.; Thomale, U.; Ferrari, V.; Cutolo, F. Evaluation of a Wearable AR 

Platform for Guiding Complex Craniotomies in Neurosurgery. Ann. Biomed. Eng. 2021, 49, 2590–2605. 
https://doi.org/10.1007/s10439-021-02834-8. 

13. Wang, S.; Parsons, M.; Stone-McLean, J.; Rogers, P.; Boyd, S.; Hoover, K.; Meruvia-Pastor, O.; Gong, M.; Smith, A. Augmented 
Reality as a Telemedicine Platform for Remote Procedural Training. Sensors 2017, 17, 2294. https://doi.org/10.3390/s17102294. 



Int. J. Environ. Res. Public Health 2022, 19, 6347 3 of 3 
 

 

14. Montemurro, N. Telemedicine: Could it represent a new problem for spine surgeons to solve? Glob. Spine J. 2022, 1, 25–26. 
https://doi.org/10.1177/21925682221090891. 

15. Munzer, B.W.; Khan, M.M.; Shipman, B.; Mahajan, P. Augmented Reality in Emergency Medicine: A Scoping Review. J. Med. 
Internet Res. 2019, 21, e12368. https://doi.org/10.2196/12368. 

16. Lizana, J.; Montemurro, N.; Aliaga, N.; Marani, W.; Tanikawa, R. From textbook to patient: A practical guide to train the end-
to-side microvascular anastomosis. Br. J. Neurosurg. 2021, 7, 1–5. https://doi.org/10.1080/02688697.2021.1935732. 

17. Gallos, P.; Georgiadis, C.; Liaskos, J.; Mantas, J. Augmented Reality Glasses and Head-Mounted Display Devices in Healthcare. 
Stud. Health Technol. Inform. 2018, 251, 82–85. https://doi.org/10.3233/978-1-61499-880-8-82. 

18. Montemurro, N.; Scerrati, A.; Ricciardi, L.; Trevisi, G. The Exoscope in Neurosurgery: An Overview of the Current Literature 
of Intraoperative Use in Brain and Spine Surgery. J. Clin. Med. 2021, 11, 223. https://doi.org/10.3390/jcm11010223. 

19. Carbone, M.; Cutolo, F.; Condino, S.; Cercenelli, L.; D’Amato, R.; Badiali, G.; Ferrari, V. Architecture of a Hybrid Video/Optical 
See-through Head-Mounted Display-Based Augmented Reality Surgical Navigation Platform. Information 2022, 13, 81. 
https://doi.org/10.3390/info13020081. 

20. Rahman, O.F.; Nahabedian, M.Y.; Sinkin, J.C. Augmented Reality and Wearable Technology in Image-guided Navigation and 
Preoperative Planning. Plast. Reconstr. Surg.-Glob. Open 2016, 4, e1057. https://doi.org/10.1097/gox.0000000000001057. 

21. Montemurro, N.; Condino, S.; Cattari, N.; D’Amato, R.; Ferrari, V.; Cutolo, F. Augmented Reality-Assisted Craniotomy for 
Parasagittal and Convexity En Plaque Meningiomas and Custom-Made Cranio-Plasty: A Preliminary Laboratory Report. Int. J. 
Environ. Res. Public Health 2021, 18, 9955. https://doi.org/10.3390/ijerph18199955. 

22. Mishra, R.; Narayanan, M.K.; Umana, G.E.; Montemurro, N.; Chaurasia, B.; Deora, H. Virtual Reality in Neurosurgery: Beyond 
Neurosurgical Planning. Int. J. Environ. Res. Public Health 2022, 19, 1719. https://doi.org/10.3390/ijerph19031719. 

23. Moon, H.C.; Park, S.J.; Kim, Y.D.; Kim, K.M.; Kang, H.; Lee, E.J.; Kim, M.-S.; Kim, J.W.; Kim, Y.H.; Park, C.-K.; et al. Navigation 
of frameless fixation for gamma knife radiosurgery using fixed augmented reality. Sci. Rep. 2022, 12, 4486. 
https://doi.org/10.1038/s41598-022-08390-y. 

24. Montemurro, N.; Santoro, G.; Marani, W.; Petrella, G. Posttraumatic synchronous double acute epidural hematomas: Two 
craniotomies, single skin incision. Surg. Neurol. Int. 2020, 11, 435. https://doi.org/10.25259/sni_697_2020. 

25. Li, C.; Lu, Z.; He, M.; Sui, J.; Lin, T.; Xie, K.; Sun, J.; Ni, X. Augmented reality‐guided positioning system for radiotherapy 
patients. J. Appl. Clin. Med. Phys. 2022, 23, e13516. https://doi.org/10.1002/acm2.13516. 

26. Elmi-Terander, A.; Burström, G.; Nachabé, R.; Fagerlund, M.; Ståhl, F.; Charalampidis, A.; Edström, E.; Gerdhem, P. Augmented 
reality navigation with intraoperative 3D imaging vs fluoroscopy-assisted free-hand surgery for spine fixation surgery: A 
matched-control study comparing accuracy. Sci. Rep. 2020, 10, 707. https://doi.org/10.1038/s41598-020-57693-5. 


	References

