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REVIEW OF MIXED REALITY IN ORAL AND MAXILLOFACIAL SURGERY: A COMPREHENSIVE LITERATURE ANALYSIS

	ABSTRACT
The use of mixed reality in healthcare is expanding quickly, integrating immersive experiences to patient care, surgery planning, and medical education. Mixed reality [MR], users can see both the real world and the digital elements [virtual objects] that are displayed on the displays. MR applications replicate 3D images for the visualization of anatomical features in complex visceral-surgical operations, therefore reducing the offset between working space and visualization. MR technologies are boosting surgical efficiency and patient outcomes by advancing safety, precision, and education. A total of 100 studies were retrieved. Their references were also checked to find other relevant studies. Duplicate copies were excluded. After the abstract and full-text screening, only 24 studies were included. Upcoming developments in hardware, such smaller and more comfortable headsets, will improve accessibility and user comfort. Even more exact and dependable overlays during surgery will be possible with advancements in tracking precision and display resolution. The combination of MR and artificial intelligence [AI] will further transform surgical practice.
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INTRODUCTION & BACKGROUND
Mixed reality [MR] technology is a new digital holographic image technology, which appears in the field of graphics after virtual reality [VR] technology and augmented reality [AR] technology (Tepper OM et.al., 2017) [1] . Mixed reality has the potential to revolutionize oral and maxillofacial surgery by providing surgeons with a more advanced toolset and improving patient outcomes. The development of virtual and augmented reality, will allow perform complex oral surgical procedures with at most accuracy, speed, and safety (Eck U, Winkler A ., 2018) [2] . Furthermore, mixed reality can also be used to train oral and maxillofacial surgeons. Global restrictions in working hours and increased scrutiny of patient outcomes have improved patient safety but have reduced the exposure of surgical trainees to the volume and breadth of cases (Zhang J, Lu V, Khanduja V,2023 ) [3] . Mixed reality can also be used to educate patients about their surgical procedures, allowing them to better understand what will happen during the surgery and what they can expect during recovery. Surgical operations can be more precise when 3D technology is used, because it improves visualization of the surgical site (Wang, Y et.al., 2021 ) [4] . The use of mixed reality/MR in healthcare is expanding quickly, integrating immersive experiences to patient care, surgery planning, and medical education likewise. This is an encouraging innovation, leading to better overall healthcare results. By providing novel methods for diagnosis, treatment, and therapeutic interventions, the merging of augmented and virtual reality technology is transforming the entire medical horizon.
Surgeons may see complex anatomy in three dimensions prior to surgery with the help of ‘Mixed Reality’, which increases their accuracy and self-assurance. Furthermore, surgeons can practice and improve their methods, through the use of virtual simulations, which likewise decreases the number of errors made during procedures performed realtime. This creating a snowball effect , improves surgical quality and helps to increase patient safety. As a result, the expansion of this market is encouraging the healthcare sector to implement mixed reality in all its glory  [5].
REVIEW :
Mixed Reality (MR) seamlessly integrates virtual elements into the real environment, enabling users to interact with digital objects as if they were physically present. In contrast, Augmented Reality (AR) enhances the real-world setting by overlaying virtual information without facilitating direct interaction with the added elements.. As a result, AR and VR should only be used as ‘complementary solutions’.( Elsayed, M et.al., 2020) (Sutherland J et.al., 2019) [6-7]

Table 1 : Mixed Reality In Surgical Speciality :
	Author & Year
	Technology
	Study Size
	Surgical Procedure
	Study Summary

	Qi et al., 2021 [8]
	MR
	37 Patients
	Various intracranial lesion surgeries
	Developed and tested a semiautomatic registration MRN system on HoloLens smart glasses. Multimodal imaging-based holograms of lesions and surrounding structures were created and projected onto patients' heads. The system's accuracy was compared with standard neuronavigation, showing a median deviation of 4.1 mm. The study demonstrated the technical feasibility and accuracy of using a wearable head-mounted device for neuronavigation.

	McJunkin et al. 2018 [9] Skull
	MR
	Temporal bone models
	Base Anatomy [simulation]
	3D interactive holograms displayed on HoloLens Head mounted Display

	Incekara et al. 2018 [10]
	MR
	25 Patients
	  Tumor[preoperative]
	MRI based 3D holograms of patient’s data projected on patient via MR Head Display HoloLens

	Wu et al. 2018 [11]
	MR
	undefined
	Orthopedics [intraoperative]
	A navigation system based on Mixed Reality (MR) includes components such as a display, magnetic launcher, passenger sensor, and processor.

	Coelho et al. 2019 [12]
	MR
	18 Participants
	Craniosynostosis [Simulation]
	Videos created using 3DS Max were utilized, and Renier’s “H” technique for craniosynostosis correction was implemented during the simulation.



Table 2: Summary of studies highlighting clinical applications of MR in General Surgery
	Author & Year 
	Technology
	Study Size
	Surgical Procedure
	Study Summary

	Sauer et al., 2017 [13]
	MR
	Single case study
	Open hepatic surgery [intraoperative]
	A 3D visualization of the patient’s complex liver anatomy was superimposed onto the surgeon’s field of view using an MR head-mounted display (HMD)

	Ameri et al. 2019 [14] 
	MR
	1 phantom/25 surgeons
	Internal Jugular Vein (IJV) Cannulation [simulation/intraoperative]
	Utilized an MR-based ultrasound guidance system, incorporating a SonixTouch scanner (Ultrasonix, Analogic Corp., USA) and a magnetic tracking system (Aurora, Northern Digital, Canada).



APPLICATIONS OF MIXED REALITY IN ORAL AND MAXILLOFACIAL SURGERY:
The maxillofacial bones and the base of the skull provide an anatomical basis for the therapeutic use of digital navigation technologies in the oral and maxillofacial regions (Juergens Pet.al., 2012) [15].
Preoperative Planning and Simulation :
The surgical process consists of three key phases:
1. Preoperative Phase – This stage involves virtual surgical planning and the creation of patient-specific devices using 3D printing ( Su Yu-xionget.al., 2022) (Figure 1) [16].
2. Intraoperative Phase – Precision-driven real-time surgery is performed utilizing patient-specific devices, navigation systems, and immersive technologies such as VR, AR, or MR.
3. Postoperative Phase – An optional but valuable step that involves analyzing surgical accuracy, offering insights to refine future preoperative planning and execution. [16]
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Figure 1: A schematic representation of the three phases involved in computer-assisted jaw reconstruction:
1. Preoperative Phase – Computer-based surgical planning and 3D printing of patient-specific devices.
2. Intraoperative Phase – Precision-enhanced surgery utilizing patient-specific devices to improve accuracy.
3. Postoperative Phase – Assessment of surgical execution through accuracy analysis, providing feedback for refinement. [16]
The navigation system, utilizing mixed reality equipment, enables the seamless and continuous spatiotemporal alignment of the patient's surgical anatomy with the pre-planned three-dimensional model (Chen G., 2018) [17] [Figure 2].
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FIGURE 2:
[A] The conventional navigation system relies on a single-point display screen, requiring the surgeon to interpret tomographic images and mentally reconstruct the spatial layout. This setup prevents simultaneous observation of both the surgical field and the display screen.
[B] The mixed reality navigation system, in contrast, projects the surgical plan and three-dimensional virtual model directly within the surgical field. Surgeons can interact with the display using voice commands and gesture controls, enhancing real-time adjustments.
[C] The head-mounted device integrates with the navigator to continuously configure intraoperative spatial and temporal data, enabling the direct overlay of the patient’s anatomical structures with the virtual model in the surgical field [17].
Educational Tools:
Mixed reality (MR) enhances surgical education for both surgeons and medical students by enabling immersive interaction with virtual anatomical models. AEducaAR, an advanced tool, combines 3D-printed anatomical components with augmented reality to teach anatomy effectively (Cercenelli , et.al., 2022)   [18] [Figure : 3 ]
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Figure 3. The AEducaAR tool experienced with HoloLens 2.
Patient Education and Informed Consent: By using MR to provide interactive visualisations, physicians may better educate patients about their conditions, available
treatments, and possible surgical outcomes. This can increase patient satisfaction by enabling patients and surgeons to have better informed interactions.
Intraoperative Assessment :
Koyama et al has described cases in which MR surgical support using Microsoft® HoloLens was used in the extraction of mesiodens. Using preoperative CT data, a 3D image was created and presented as a hologram [Figure 4]. The extraction of the maxillary central supernumerary teeth followed. This procedure has two advantages: firstly, it does not require the surgical field to be moved; secondly, by altering the hologram, it is possible to examine the target tooth and adjacent teeth clearly .The first benefit lowers the risk of incorrect tooth extraction, even in cases where the jawbone contains multiple impacted teeth, as seen in the mixed dentition phase. The second benefit is that there is less chance of adjacent teeth's roots being lost as a result of bone drilling when impacted teeth are visible (Yu Koyamaet.al., 2023) [19]
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Figure 4: Preoperative preparation and MR technology used during extraction and intraoperative view using MR technology[19]

CASE STUDIES :
1. Surgical Navigation Assisted Oral and Maxillofacial Tumor Resection (Zu-Nan Tang et.a;., 2022) [20] :
Two reference points were manually identified for each osteotomy site, and a handheld navigation probe was employed to validate the surgical plan.The HoloLens facilitated this process by displaying the spatial relationships and distances between the probe and objects within the surgical field.The mixed reality system maintained an error margin of 2 mm, with the pointer turning green when the reference point fell within this range. Surgeons utilized 3D images and distance measurements from the HoloLens to fine-tune the probe's orientation, ensuring accurate osteotomy lines [Figure 5]. To stabilize occlusion, maxillo-mandibular fixation was performed before using a reciprocating saw to complete the osteotomy and tumor resection.
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Figure 5: From the spectator's perspective, the image appears above the surgical area, allowing the surgeon to view both the three-dimensional reconstructed image and the actual surgical site simultaneously. [A] The osteotomy line is identified with the assistance of the mixed reality display. [B]
2. Utilization of Mixed Reality and 3D-Printed Models for Maxillary Tumor Resection (Keisuke Sugahara et.al., 2020) [21] :
During the procedure, the surgical team used Microsoft® HoloLens [Figure 6], employing virtual reality (VR) to visualize the nasal cavity, maxillary sinus, and tumor anatomy in three dimensions. The VR program enabled all surgeons to observe and modify the 3D model, with distinct colors highlighting key anatomical structures. Preoperative simulations with full-scale 3D models improved the understanding of bone movement and occlusion, resulting in a more precise and efficient surgery [Figure 7]. Eighteen months after the operation, the expected alveolar morphology was achieved, with no signs of recurrence, and the swelling in the left upper lip and buccal mucosa had resolved.
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Figure 6: Integration of extended reality in medical imaging. The Microsoft® HoloLens application is set up for use.
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Figure 7: A view of the ongoing surgery. [A] The surgeon and assistants use head-mounted displays to collectively view VR images. [B] Intraoperative photographs. [C] Virtual reality is overlaid onto biological specimens. VR – Virtual Reality.
3. Mixed-reality and computer-aided design/computer-aided manufacturing technology for mandibular reconstruction: A case description - (Masahide Koyachi et,al.2023), [22]
A 49-year-old female patient with a swollen right mandibular ramus, previously treated for ameloblastoma, underwent segmental resections and a graft in 2009. In preparation for surgery, CT data from the head, neck, and ilium were analyzed using TRUMATCH CMF. A virtual meeting between an engineer and oral surgeon determined tumor excision, osteotomy guidelines, and graft planning to avoid complications. The surgery in November 2020 involved a right iliac bone transplant and mandibular excision, using MR for superimposition and verification [Figure 8]. Postoperative CT and STL data confirmed accuracy with minimal surface deviation. The patient experienced no recurrence or complications, and the occlusal state was stable with a mouth opening of 30 mm or more.
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Figure 8: Intraoperative visualization of mandibular reconstruction utilizing mixed reality technology. (A, B) To verify the feasibility of reconstruction at the planned site, mixed reality was overlaid, allowing three-dimensional position confirmation from multiple angles. (C) Displayed holographic projection [22].
4.Head and Neck Oncologic Surgery Using Mixed Reality Technologies (Nadia Karnatz et.al , 2022) [23]
Mixed reality (MR) integrates computer-assisted surgery datasets into a 3D environment, enhancing surgical and pathological collaboration [Figure 9] 
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Figure 9: Sequential steps for planning mixed reality visualizations. To maximize the effectiveness of each imaging modality in surgical planning, the first step involves merging individual imaging datasets. Based on the combined imaging data, structures of interest can be segmented automatically or, for pathological structures, semi-automatically with manual corrections if needed. With the mixed reality head-mounted display (HMD) fully integrated into the planning software, the segmented structures can then be wirelessly transferred to the devices and rendered with photorealistic detail [23].
5.Optimizing Mixed Reality in Orthognathic and Maxillofacial Surgery (Tomita D et.al.,2023 ) [24] :
The proposed osteotomy method improves patient safety and satisfaction by using a head-mounted device (HMD) to project cutting paths, eliminating the need for costly cutting guides. A study of 42 patients showed reduced surgical complications, shorter recovery times, and lower costs when using the Sonopet IQ UBA, highlighting its potential for enhancing precision and reducing surgeon fatigue in orthognathic surgery.

CHALLENGES AND FUTURE DIRECTIONS:
1. Technical Challenges of Mixed Reality in Oral and Maxillofacial Surgery
· Hardware Limitations:
Issues include device weight, high-resolution displays, precise tracking, and computational needs.
· Software Integration and Compatibility:
MR platforms must integrate seamlessly with existing surgical tools, requiring new software or significant modifications.
· Accuracy and Reliability of Data:
Inaccurate data affects 3D models and surgical outcomes; data validation and stable algorithms are essential.
· User Training and Acceptance:
Surgeons need extensive training, and skepticism may hinder MR adoption. A multidisciplinary approach is required to overcome these challenges.

2. Key Considerations and Future Innovations
· Ethical and Legal Considerations:
Concerns around patient privacy, data security, and system reliability must be addressed. Legal guidelines are required for MR integration.
· Patient Acceptance and Education:
Clear communication and MR-enhanced simulations can improve patient trust and comfort during procedures.
· Future Innovations in MR for Surgery:
Advancements include more comfortable headsets, AI integration for predictive insights, remote surgery for global access, and improved MR-based training programs.

CONCLUSIONS
Mixed Reality (MR) is transforming oral and maxillofacial surgery by improving surgical precision, planning, and execution. It allows for accurate 3D modeling and real-time visualization, minimizing errors and enabling minimally invasive procedures. MR enhances surgical education through interactive simulations and collaborative learning. Future advancements, including AI integration and remote surgery, promise to expand MR’s capabilities and accessibility. Overall, MR is revolutionizing surgical practice and education, improving patient outcomes and efficiency.
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