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Editorial on the Research Topic


Virtual surgical planning and 3D printing in head and neck tumor resection and reconstruction


During the past two decades, we have witnessed rapid development of technology in the field of surgery. With the advancement of virtual surgical planning and medical three-dimensional (3D) printing (additive manufacturing), computer-assisted surgery (CAS) has revolutionized head and neck surgery and craniofacial surgery, leading to a new era of “digitalization and precision surgery” (1). CAS may refer to one or a combination of the following technologies: virtual surgical planning, navigation, 3D modelling, patient-specific surgical template/cutting guides, patient-specific implants, virtual reality (VR)/augmented reality (AR)/mixed reality (MR), and artificial intelligence (AI).

CAS consists of three phases (Figure 1). The first phase is the preoperative phase of virtual surgery and 3D-printing of patient-specific devices. While commercial services are currently available, in-house virtual surgical planning and 3D printing at the point-of-care have become increasingly popular in privileged centers (2, 3). Meanwhile, open-source software provides an alternative in low-resource settings (Ritschl et al.). The second phase is the intraoperative phase of precision-enhanced real surgery using patient-specific devices, navigation, and/or VR/AR/MR. The third phase is the postoperative phase of accuracy analysis, which is optional but beneficial in providing feedback for the surgical execution of preoperative planning (4). Evidence on the benefits of using CAS for head and neck reconstruction has been accumulating. Earlier, publications usually focused on technical aspects, and case reports or series with a low level of evidence. Recently, an increasing number of studies have provided a higher level of evidence regarding clinical efficacy, surgical accuracy, clinical outcomes, and oncology safety. These studies have advanced scientific research on CAS. Recently in some hospitals, virtual surgical planning and 3D printing for jaw reconstruction have become routine clinical practices.




Figure 1 | Schematic diagram of three phases of computer-assisted jaw reconstruction, including preoperative phase of computer panning and 3D printing, intraoperative phase of precision-enhanced surgery with the use of patient-specific devices, and postoperative phase of feedback of surgical execution by accuracy analysis.



The Research Topic of “virtual surgical planning and 3D printing in head and neck tumor resection and reconstruction” aims to collect the most recent evidence to popularize this cutting-edge technology in clinical practice. Altogether, 26 manuscripts from 185 contributing authors have been published on this Research Topic in Frontiers in Oncology and Frontiers in Surgery. We are excited to see that these publications cover the most advanced developments and reveal future research directions in this field.


Combination of CAS with the new emerging technologies

Traditionally, CAS uses surgical guides to transfer virtual surgical planning into real surgery. The use of patient-specific surgical plates further enhances surgical accuracy and clinical outcomes. In recent years, an increasing number of researchers have combined the use of new emerging technologies, such as VR, AR, MR, navigation, AI, and tissue engineering, in computer-assisted head and neck reconstruction, showing that technological innovation is still the driving force in surgery. These new technologies have been used to assist tumor resection and reconstruction.

For tumor resection, AR with navigation is advantageous in delineating tumor extension, thus helping achieve negative surgical margins, especially in anatomical locations that are suboptimal for open access, such as the sinonasal, midface, and intraorbital (Taboni et al., Sahovaler et al., Yang et al., Garcia-Sevilla et al., Tang et al., Tel et al., Wu et al., Ha et al.). Tang et al. considered MR and surgical navigation had complementary advantages in tumor resection, thus the combination of both was recommended. These new technologies enhance the accuracy of tumor excision and increase oncological safety, while reducing the invasiveness of surgery.

For reconstruction, computed tomography (CT) angiography is widely used for perforator mapping in virtual surgical planning (Knitschke et al.).The AR-based protocol has been used to assist fibula flap skin paddle harvesting on a 3D-printed phantom (Cercenelli et al.). AI-enabled CT segmentation has also shown its advantages over manual segmentation during computer planning (5). Most recently, 3D printed bone scaffolds with tissue engineering have been used in jaw reconstruction, which highlights a promising minimally invasive approach in the future (6). A multidisciplinary research group in Basel used an engineered, vascularized, prefabricated bone graft for the reconstruction of maxillary defects. Although bone resorption was identified, this technique demonstrated the safety and feasibility of composite graft engineering for the repair of complicated head and neck defects (Ismail et al.).



Accuracy and clinical outcomes of CAS

CAS not only enhances surgical efficiency but also improves clinical outcomes, including the accuracy of surgery (7, 8) Chen et al., Möllmann et al., Kang et al.). The studies in this Research Topic provide scientific data and evidence to support the benefits of the new technology, including precise tumor resection and satisfactory functional and aesthetic reconstruction outcomes.

Achieving surgical margin safety is of paramount importance for treatment outcomes. Previous studies have proved that predetermined resection margins during virtual planning do not compromise adequate surgical margin and oncologic outcome (9, 10). Wilkat et al. used navigation for mapping intraoperative frozen sections, leading to accurate 3D localization of the margins, which could be further incorporated into CT data for precise adjuvant radiotherapy planning. A higher rate of residual-free resections was reported in the CAS group than in the non-CAS group. Giannitto et al. used a 3D-printed specific tongue with ex vivo real-time magnetic resonance imaging to determine the orientation of the surgical margins. Regarding the accuracy of reconstruction, Pu et al. developed a lateral malleolus cap to overcome the sliding and rotational errors of fibula cutting guides and found that the accuracy of simultaneous dental implants could reach the accuracy of dental implants in native jaws. A preliminary analysis showed that the postoperative soft tissue contour of mid-face reconstruction was superior in the CAS group compared to that in the freehand group (Wang et al.). These studies provide solid evidence supporting the benefits of CAS in clinical practice.



Learning curve and change of surgical plan

One of the major criticisms of CAS is its lack of flexibility during surgery. Although many concerns have been raised regarding the learning curve and changes in computer plans during surgery, few studies have focused on this important topic so far. We are delighted that this previously neglected issue has been addressed well in this Research Topic.

Zhu et al. used cumulative sum analysis to reveal a three-stage learning curve of CAS with the use of patient-specific implants, including the initial learning, plateau, and overlearning stages. Two independent studies performed in Europe and Asia investigated surgical adherence and unexpected changes in surgical plans (Ma et al., Pu et al.). With thoughtful preoperative planning and proper execution of surgery, surgeons can minimize the rate of unexpected change of surgical plans during surgery to as low as 5.6%, which has well addressed the criticism. Four clinical scenarios of unexpected changes were summarized, which could help junior surgeons prevent unfavorable situations and rationalize contingency strategies in CAS (Antúnez-Conde et al.). These studies provide valuable experiences for beginners to learn and follow, which can help shorten their learning curve.



Dental rehabilitation and functional jaw reconstruction

With the use of virtual surgical planning and 3D printing in jaw reconstruction, we can achieve high surgical accuracy. This contributes to not only facial contour but also dental rehabilitation, which is important to increase the quality of life after oncological surgery. Virtual surgical planning and 3D printed patient-specific plates make simultaneous dental implantation during osseous free flap reconstruction easier and more controllable (Antúnez-Conde et al.). The design of “three-in-one” fibula surgical guide incorporates three major functions, including fibula segmentation, dental implantation, and positioning of patient-specific plates, which greatly facilitates the reconstructive surgery (11). Furthermore, with immediate loading, “Jaw-in-a-day” procedure can restore the teeth and function at the same time of tumor resection, especially for benign cases (12). In recent years, intraoperative navigation and AR have been incorporated into surgery to facilitate dental implantation in different bony flaps. The combination of AR with dynamic navigation reduced the deviation of dental implant in reconstructive patients with complex anatomical structure (Ochandiano et al.) Good implant success rates and optimal clinical outcomes of dental rehabilitation have been reported, which has laid the foundation for functional jaw reconstruction.

Alternatively, Korn et al. used a new design for patient-specific implant-borne dental rehabilitation in patients with large maxillary defects. This approach avoids osseous free flap surgery for jaw reconstruction, which shows that 3D printing technology may have other revolutionary potential to change the future of surgery.



Summary

In summary, virtual surgical planning and medical 3D printing are transforming head and neck surgery by increasing predictability and repeatability, improving efficiency, enhancing resection and reconstruction accuracy, and facilitating dental rehabilitation and functional jaw reconstructions. With the incorporation of other emerging technologies, such as AR, MR, and AI, smarter and more intelligent surgery will become a reality in the near future.
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Objective

To investigate the adherence to initially planned maxillofacial reconstructions using computer-assisted surgery (CAS) and to identify the influential factors affecting its compliance for maxillofacial reconstruction.



Patients and Methods

A retrospective analysis of 136 computer-assisted maxillofacial reconstructive surgeries was conducted from January 2014 to June 2020. The categorical parameters involved age, gender, disease etiology, disease site, defect size, bone flap segments, and flap type. Apart from descriptive data reporting, categorical data were related by applying the Fisher-exact test, and a p-value below 5% was considered statistically significant (P < 0.05).



Results

The main reasons for partial or non-adherence included unfitness, patient health condition, and other subjective reasons. Out of the total patient population, 118 patients who underwent mandibular reconstruction showed higher CAS compliance (83.9%) compared to the 18 midface reconstruction (72.2%) without any statistically significant difference (p = 0.361). Based on the size of the defect, a significantly higher CAS compliance (p = 0.031) was observed with a minor defect (80.6%) compared to the large-sized ones (74.1%). The bone flaps with two or more segments were significantly (p = 0.003) prone to observe a partial (15.4%) or complete (12.8%) discard of the planned CAS compared to the bone flaps with less than two segments. The malignant tumors showed the lowest CAS compliance when compared to other disorders without any significant difference (p = 0.1).



Conclusion

The maxillofacial reconstructive surgical procedures offered optimal compliance to the initially planned CAS. However, large-sized defects and multiple bone flap segments demonstrated a higher risk of partial or complete abandonment of the CAS.





Keywords: computer-assisted surgery (CAS), treatment adherence and compliance, patient-specific model, virtual surgical planning (VSP), 3D printing, oral and maxillofacial reconstruction, head and neck



Introduction

Reconstructive maxillofacial surgery following tumor resection, trauma, osteonecrosis, and other infectious diseases is vital for restoring facial aesthetics, function, oral rehabilitation and improving the patient’s quality of life (QOL) (1). Depending on the complexity of the defect, the reconstruction might range from a local flap with secondary bone grafting to microvascular free flap surgery. The maxillofacial region mandates special care from a surgeon as it occupies a central position concerning the aesthetics and functionality, as an inadequate reconstruction might negatively influence the final outcome (2).

Previously, maxillofacial reconstruction with the traditional freehand technique offered a challenge for optimally repositioning the grafted segments and maintaining facial symmetry. However, with the advent of computer-assisted surgery (CAS) and three-dimensional (3D) printing, the reconstructive surgical accuracy and patient- and surgery-related outcomes have significantly improved (3, 4). Additionally, CAS has also played a vital role in improving the oral rehabilitation by increasing the predictability of replacing missing teeth with both first- and second-stage dental implant placement in the grafted region (5). Thereby, making CAS an indispensable tool for reconstructive surgery.

Over the past few years, the significant technological advancements and availability of surgeon-friendly software programs have led to the domination of CAS for maxillofacial reconstruction compared to its conventional counterpart by offering multiple advantages, which commonly include, improved resection accuracy, reduction in the operation, ischemia and hospitalization time, improved functional and aesthetic outcomes and minimization of the intersegmental gap size (6–8). At the same instance, the disadvantages such as preparation and planning time, and cost aspects cannot be ignored (9–11). Although, multiple centers now offer in-house CAS services for decreasing the time to therapy initiation (TTI) (12). However, an issue still exists where certain centers with low-volume of reconstruction cases rely on out-of-house services, which might cause a delay in the delivery and treatment time, in turn leading to further growth of the tumor (13). All these limiting CAS factors should be taken into consideration, as TTI has been known to be an influential factor for pathologic tumor upstaging, where an untimely intervention might lead to further tumor progression and increased mortality (14, 15).

Various studies have focussed on the accuracy and reproducibility of the CAS for maxillofacial reconstruction. However, a lack of evidence exists pertaining to the CAS compliance during the reconstructive procedures. It is questionable whether a surgeon completely adheres to the planned CAS (16). Previous studies reporting on the CAS compliance have only briefly reported whether the planning was executed entirely, partially, or abandoned and also failed to assess the factors which might influence its adherence.

Therefore, the present study was conducted to investigate the CAS compliance for initially planned maxillofacial reconstruction and to identify potential influential factors that might affect its adherence to the initially planned CAS.



Material and Methods

The Local Ethics Committee approved the study (reference no.: S63615) and was conducted in compliance with the World Medical Association Declaration of Helsinki on medical research (clinicaltrials.gov, NCT04895319). A total of 210 patients who underwent CAS-based maxillofacial reconstruction were screened from January 2014 to June 2020. The inclusion criteria involved patients undergoing maxillofacial reconstruction with CAS, which included virtual surgical planning, CAD-CAM surgical guides/templates, and pre-bent plates on 3D printed models. The workflow in our single-center was illustrated in Figure 1. Reasons for reconstruction were oncologic, osteoradionecrosis, trauma, and osteoporosis. Patients undergoing computer-assisted implant surgery and orthognathic surgery were excluded.




Figure 1 | Workflow of Computer-assisted surgery in our single center.



All computer-assisted surgeries were planned by an experienced clinical engineer in discussion with the oral and maxillofacial surgical team. The virtual planning was performed to determine the resection, cut margins, and localize the optimal angles for performing osteotomies. After that, surgical cutting guides were designed utilizing a 3D designing software (3-Matic, Version 9.0-13.0, Materialise, Leuven, Belgium). The generated virtual templates and the planned 3D skeletal model were exported in a Standard Tessellation Language (STL) format and printed with a professional 3D printer (Connex 350 3D printer, Stratasys, Eden Prairie, MN, USA). The reconstructive plates were pre-bent on the 3D-printed model. A fixation tray was applied for the guided placement of the reconstructive plates. The screw holes’ locations were drilled and marked onto the surgical template by the surgeon (Figure 2).




Figure 2 | Computer-assisted surgical planning and execution for a squamous cell carcinoma reconstruction. (A) Preoperative virtual analysis and planning. (B) Fibular graft fabrication assisted by guided templates. (C) Preoperative and postoperative intraoral photos of squamous cell carcinoma resection with mandibular reconstruction. (D) Preoperative and postoperative panoramic radiographs.



The patients were divided into three groups depending on the CAS compliance either during the pre-operative or intra-operatively, which included; complete adherence, partial adherence, and no adherence (Figure 3). The recorded categorical parameters involved disease etiology classified by either malignant or non-malignant tumor, disease site (mandible or midface), bone flap segments (< 2 or ≥ 2 segments), and flap type (bone flap or others). (The defects were classified based on Brown classification, where class I, II of mandibular defect and class I, II, V, VI of maxillary and midface defect were defined as a small defect; Class III, IV of the mandibular defect and class III, IV of maxillary and midface defect were defined as a large defect (17, 18).




Figure 3 | Flowchart of surgical adherence to computer-assisted surgery.




Statistical Analysis

Data were analyzed using IBM SPSS Statistics version 25.0 (IBM Corp., Armonk, NY: IBM Corp, USA). Mean values and standard deviation were recorded for all parameters. The categorical data were compared by applying the Fisher-exact test. A p-value below 5% was considered statistically significant (p < 0.05).




Results

Following inclusion and exclusion criteria, clinical and image data of 136 consecutive patients (58 females, 78 males, mean age: 55.8 ± 18 years) undergoing CAS-based maxillofacial reconstruction were served further analysis. Table 1 describes the patient- and surgery-related characteristics, where the majority of the patients were diagnosed with malignant tumor (n = 72) followed by maxillofacial trauma (n=16), benign tumor or odontogenic keratocyst (n=13), osteoradionecrosis (n=25) and temporomandibular joint ankyloses/congenital maxillofacial defect (n=10). The main reasons for partial abandonment of the planned CAS included unfitness of the cutting guide (n = 4) and pre-bent plates (n = 2), patients health condition (n=7). Figure 4 illustrates an example of a case showing partial CAS compliance. In contrast, the complete discard of CAS was mainly attributed to subjective reasoning (Table 2).


Table 1 | Patients characteristics.






Figure 4 | A 56-year-old patient with mandibular squamous cell carcinoma showing partial computer-assisted surgical compliance. (A) Virtual surgical planning for mandibular reconstruction. (B) Plate prebending on the 3D printed model. (C) Intra-operative plate bending modified due to unfitness. (D) Postoperative superimposition verifying the 3-D deviation of the reconstructed region compared with the original virtual surgical plan.




Table 2 | Partially executed or discarded plan with reasons.



Table 3 describes the factors influencing the compliance to the planned CAS. When evaluating the CAS compliance based on the defect site, patients who underwent mandibular reconstruction showed higher complete adherence (83.9%) compared to the midface reconstruction (72.2%) without any statistically significant difference (p = 0.361). Based on the size of the defect, a significantly higher conformity to the CAS (p = 0.031) was observed for patients with a minor defect (80.6%) compared to the large-sized ones (74.1%). The bone flaps with more than two segments were significantly (p=0.003) prone to observe partial (15.4%) or complete discard of the CAS (12.8%). The malignant tumors showed the lowest conformity to the CAS when compared to other disorders without any significant difference (p=0.1). As for the patients treated with a bone flap, complete adherence was significantly higher (85.3%, p=0.016) when compared with the non-bony flap group (65.0%).


Table 3 | Influential parameters on the adherence of CAS.





Discussion

The present study explored the conformity to CAS for maxillofacial reconstructive procedures and investigated the influence of the parameters to identify the reasons it was partially executed or wholly discarded.

The present study’s findings suggested that the unfitness of the guided templates and patients’ health condition were most commonly observed in the partially abandoned CAS, whereas complete CAS discard was based on subjective reasoning. The factors which could have attributed to the reduced CAS compliance might include CT data segmentation accuracy, medical engineer proficiency, or precision of the printed stereolithographic model. Any error occurring due to the aforementioned factors would influence the CAS compliance. Besides, a prolonged waiting time for the surgery or an early CT scan in oncology patients caused the further growth of the malignant tumors, thereby requiring partial or complete discard of the plan. It should be kept that the CAS-based surgical planning and implementation only rely on the hard tissue, without considering the intra-operative influence of the soft tissue. The soft tissue and musculature have been known to forcefully position the bone flap in complex reconstructive procedures, which is not considered at the treatment planning phase and might lead to partial or complete discard of the CAS (19). Therefore, a surgeon should be aware of the biomechanical deformation of the soft tissue during CAS, and a patient-specific soft tissue predictive model should be generated based on the CT data, and finite element analysis at the planning phase improved planning (20).

Efanov et al. assessed the adherence to CAS for maxillofacial reconstruction and their findings were consistent with the results of the current study (21). However, their sample mostly involved orthognathic surgery patients, with only six patients requiring free tissue transfer, unlike our study where orthognathic surgical procedures were excluded to reduce the risk of bias. Hanken et al. reported a relationship between surgical accuracy and the number of bone flap segments for the maxillofacial reconstruction, where higher deviations occurred between virtual and real segment position in patients requiring reconstruction with two or three fibular or iliac crest segments compared to a single segment (22). The accuracy of CAS decreases with the increased number of segments, which might explain the partial adherence or complete discard. Previous evidence failed to report whether the defect size decreases the CAS compliance. Our findings suggested that a large-sized defect and increased bone segments were more prone to lower CAS compliance, especially in cases involving condylar region or mandibular angle where unfitness of pre-bent plates was mainly observed.

A variety of approaches can establish the improvement in CAS. Effective and constant communication between the surgeon and medical engineer might significantly improve the planned CAS. As the incomplete adherence not only leads to an increased risk of intra-operative complications but is also associated with higher financial costs if the plan is changed at the pre-operative stage (23). For improving the virtual planning and CAS, it is recommended to utilize a CT image with a slice thickness of less than 1mm and to advocate a professional 3D printing for printing the skull model to improve the contouring of the pre-bent plates (6). Another option could be the 3D printing of the patient-specific titanium plates which offers improved accuracy compared to the traditional pre-bent plates (24). Regarding the cutting guides, patient-specific titanium alloy cutting guides could be an alternative to improve fitness. These guides are thinner than the polyamide guides, allowing easier intraoral placement and decrease the amount of periosteal stripping and cutaneous resection (25).

The study had certain limitations. Firstly, the quantitative accuracy of the CAS was not assessed. Secondly, the retrospective nature of the study could have acted as a medium of bias. Thirdly, sample distribution was heterogeneous, mainly involving reconstruction following resection of the malignant tumors. Future studies should investigate the amount of error induced at each step of the planning to understand better and improve complex reconstructive procedures.



Conclusion

CAS-based maxillofacial reconstructive surgery offered optimal conformity to the initially executed plan. However, large-sized defects and an increased number of bone flap segments led to a higher rate of partial or complete abandonment of CAS. Thereby, a surgeon should be aware of the possibility of non-adherence to the planned CAS for complex reconstructive procedures.
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In the past years, endoscopic techniques have raised an increasing interest to perform minimally invasive accesses to the orbit, resulting in excellent clinical outcomes with inferior morbidities and complication rates. Among endoscopic approaches, the transantral endoscopic approach allows us to create a portal to the orbital floor, representing the most straightforward access to lesions located in the inferior orbital space. However, if endoscopic surgery provides enhanced magnified vision of the anatomy in a bloodless field, then it has several impairments compared with classic open surgery, owing to restricted operative spaces. Virtual surgical planning and anatomical computer-generated models have proved to be of great importance to plan endoscopic surgical approaches, and their role can be widened with the integration of surgical navigation, virtual endoscopy simulation, and augmented reality (AR). This study focuses on the strict conjugation between the technologies that allow the virtualization of surgery in an entirely digital environment, which can be transferred to the patient using intraoperative navigation or to a printed model using AR for pre-surgical analysis. Therefore, the interaction between different software packages and platforms offers a highly predictive preview of the surgical scenario, contributing to increasing orientation, awareness, and effectiveness of maneuvers performed under endoscopic guidance, which can be checked at any time using surgical navigation. In this paper, the authors explore the transantral approach for the excision of masses of the inferior orbital compartment through modern technology. The authors apply this technique for masses located in the inferior orbit and share their clinical results, describing why technological innovation, and, in particular, computer planning, virtual endoscopy, navigation, and AR can contribute to empowering minimally invasive orbital surgery, at the same time offering a valuable and indispensable tool for pre-surgical analysis and training.

Keywords: endoscopic surgery, virtual surgical planning, virtual endoscopy, navigation, augmented reality


INTRODUCTION

Technological development represented a powerful impulse in the way surgeons changed their attitude toward surgical approaches. In orbital surgery, this meant moving from traditional transcutaneous incisions to an increasing application of minimally invasive techniques in order to excise pathological masses. For instance, orbital endoscopy has surged in popularity in the past years, due to its limited invasiveness and magnified visualization (1–3).

In addition to endoscopy, modern maxillofacial surgery continues to benefit from technological improvement, which has led to a deep change in the conceptual approach to the pre-operative study of the patient, including simulation and training for individual cases.

Modern medical software has the power to create entirely virtual environments with a high degree of correspondence to reality, including the possibility to perform accurate modeling of structures using multiple imaging techniques for both bone and soft tissues. Moreover, design and animation software can replicate complex combined movements of objects, including deformations, and provide the user with the possibility to place multiple cameras, which can be seen through and animated following a pre-defined path, allowing to simulate a fully endoscopic view for each surgical maneuver (4).

Evolution of 3D printing has brought to the clinician the possibility to manufacture trustful replicas of virtual objects (5), while surgical navigation allows us to track step-by-step the position of surgical instruments in the operating field (6, 7).

Recent developments in the field of augmented reality (AR) have provided powerful software engines for object recognition and motion tracking, enabling to bring on mobile devices the possibility to superimpose virtual entities on the real-world targets (8).

A prominent example of this evolution is represented by orbital lesions arising in the inferior orbital space, which continue to be treated conventionally. Anatomically, the transmaxillary corridor has the peculiarity to provide the most straightforward access to the orbital floor, thus allowing the most direct vision of the inferior orbit (9).

In this study, the authors present how the meticulous use of technology allows us to take advantage of the surgical benefits of the transantral corridor to excise masses arising in depth in the inferior orbit. Technology appears in its main declinations in maxillofacial surgery: computerized virtual surgical planning, 3D printing, intraoperative navigation, and AR. The result is the adoption of the transmaxillary approach as the first choice for masses located in the inferior orbital compartment. We describe the workflow employed in our case series, including advantages for pre-operative study and simulation, in a mindful blending of technological resources, which are today available to the modern maxillofacial surgeon.



MATERIALS AND METHODS

Five patients were enrolled for this study in a time span ranging from January 2019 to April 2021. Table 1 details their demographic and clinical–pathological features. Patients came to clinical attention complaining of at least one of the following symptoms: eye swelling with globe proptosis in the past months, progressive onset of diplopia, and gradual loss of visual acuity. To be eligible for transmaxillary endoscopic surgery, patients had to fulfill the following inclusion criteria: the presence of an intraorbital mass located over the orbital floor, absence of sinusitis or maxillary sinus hypoplasia, radiological features suggestive for benignancy or, at least, evidence of well-defined boundaries of the lesion. This study was conducted in accordance with the declaration of Helsinki and is part of the protocol IRB_45_2020 approved by the Institutional Review Board (IRB) of the University of Udine.


Table 1. Demographic and surgical characteristics of patients enrolled in this study.

[image: Table 1]


Reconstruction of the Virtual Patient

In order to perform a computerized simulation of surgery, the first step is to replicate the real anatomy in a virtual environment. To acquire bone anatomy, all patients underwent volumetric CT scan with isotropic voxel, a 512 × 512 matrix, and a 0.6 mm slice thickness. Intraorbital lesions were studied using MR with the following parameters: sequences for optimal anatomical visualization, including enhanced VIBE-T1W, 3D-T2, and 3D-T1 with 1 mm slice thickness and isotropic 512 × 512 matrix, eventually resliced into 0.6-mm slices for optimal superimposition with the CT. DICOM data were imported within the software Mimics v23.0 (Materialise, Leuven, BE), where CT and MR were coregistered using an automatic registration function, yielding paired image sets with a shared coordinate system. Within Mimics, bone structures were semi-automatically segmented from the CT scan. The roof and the anterior wall of the maxillary sinus were thoroughly reconstructed to preserve all the bone contour, as this region is very thin, and the partial volume effect oftentimes causes artifactual bone loss on the virtual model. Moreover, thresholding directed to the mucosal lining density (range: 250–800 HU, Hounsfield Units) was used to reconstruct soft tissue paranasal sinuses. Therefore, soft tissue lesions were segmented from MR imaging initially using a combination of semi-automatic methods, including thresholding and dynamic region growing. Segmentation masks were further refined under the assistance of the radiologist applying a mask split function across the boundaries of the lesion and performing slice-by-slice editing on the most critical points. The same process was repeated for each anatomical subunit, to accomplish a detailed anatomical reconstruction of the intraorbital space, including the eye globe, the extraocular muscles, and the optical nerve. The intraorbital fat was obtained by subtraction of the already-segmented structures from the whole intraconal volume (Figure 1). Segmentation masks were then tessellated to be converted into three-dimensional objects and were exported as individual STL (Standard Tessellation Language) files. We suggest reconstructing the models with a high polygonal resolution to preserve intact anatomical detail: In the example shown in Figure 2, the tumor consists of ~30.000 triangles with 15.000 points. Particular care was taken to reconstruct the infraorbital nerve that is crucial when planning a transantral approach through the orbital floor. Once the reconstruction of anatomical models is complete, it is possible to explore the virtual orbit in every dimension, hide and show selectively any part, and draw osteotomies. Moreover, geometrical parts represent the pre-requisite to recreate a scene setup suitable for the digital animation and the simulation of virtual endoscopy.


[image: Figure 1]
FIGURE 1. CT and MR coregistration and segmentation. Axial, coronal, and sagittal projections are reported from left to right. Segmentation masks are defined as follows: the eye globe (G), tumor (T), optical nerve (ON) and infraorbital nerve (ION), extraocular muscles, including superior rectus (SR), lateral rectus (LR), inferior rectus (IR), medial rectus (MR), and superior oblique.



[image: Figure 2]
FIGURE 2. Virtual model reconstruction workflow of intraorbital structures, skull, and paranasal sinuses. (A) Paranasal sinuses model is composed with skull. (B) Extraocular muscles (EOM) and optical nerve (ON) are grouped with intraorbital fat (IF) and tumor's (T) models. (C) Complete anatomical model with the addition of infraorbital nerve (ION).




Virtual Surgical Planning

The STLs of anatomical parts were imported in 3-Matic software (Materialise, Leuven, BE), where virtual surgical planning was performed to simulate a transantral access. Two interrelated elements are to be defined in the virtual plan of a transantral access to orbital masses located over the orbital floor: the transmaxillary portal and the transorbital portal (Figure 3A). First, the lesion was intersected with the orbital floor to determine the optimal size of the osteotomy, which could enable the lesion to smoothly pass through the orbital floor. The orbital floor was pierced accordingly, and the resulting hole was taken as a reference to design the maxillary wall osteotomy using the same subtraction template (Figure 3B). It is important that the maxillary wall osteotomy be wide enough for the comfortable passage of the optics and surgical instruments within the sinus; moreover, the excised bone dowel might be used to reconstruct the orbital floor if the lesion has caused a bone erosion or if the bone breaks up when the osteotomy is performed. Once planning is complete, modified STL files are used to recreate the virtual scene in the animation software; moreover, they can be imported into the software iPlan CMF 3.0 (Brainlab, Munich, Germany) to create a navigation plan for transmaxillary navigation. Each skull and its surgical guide for the transmaxillary portal were 3D-printed to be used for AR tracking (the skull) and maxillary wall osteotomy (the guide).


[image: Figure 3]
FIGURE 3. Virtual surgical planning. (A) The transmaxillary and the transorbital portal are defined from a single geometrical template and are therefore correlated. (B) As a consequence, the orbital osteotomy template is used as a reference to design the maxillary wall osteotomy, to facilitate orbital floor reconstruction using an antral wall graft.




Animating the Sequence for Virtual Endoscopy

Individual STL files were imported in the software Autodesk Maya (Autodesk Inc., San Jose, CA, United States), a powerful 3D package that represents the industry standard for complex 3D animations. Maya requires to set up a “scene” project, namely, a virtual environment where the user defines not only the position of single geometrical entities, but also lights and cameras, although it provides default cameras for orthographic projections and perspective visualization, as well as a default lighting system. For the specific aim of simulating a fully endoscopic procedure, we reproduced a scene similar to the intraoperative scenario, in which the head of the patient is tilted slightly backward to allow easy optics insertion. Optics was simulated using a cylinder of the same size and caliber with a camera on its extremity, whose angulation was regulated to recreate a 0, 30, and 45° optics. The optics see-through function allowed us to inspect the virtual maxillary antrum exactly as if the surgeon were using a real endoscope. The virtual camera, mimicking the endoscope, was configured following the parameters provided by the manufacturer (KARL STORZ SE & Co. KG, Tuttlingen, Germany) using an image refreshing of 50 fps and a focal distance of 18 mm (Figure 4).


[image: Figure 4]
FIGURE 4. Setup of the scene in Autodesk Maya for the creation of virtual endoscopy. (A) The endoscope is recreated in its real size using a geometrical replica and a virtual camera. (B) Simulated endoscopic view of the transmaxillary portal, the paranasal sinuses, and the tumor.


The first step in animation was to represent the removal of the anterior wall of the maxillary sinus according to the virtual plan, which is necessary to introduce the optics within the maxillary antrum to perform a transantral approach to the orbital floor. Second, the orbital floor osteotomy was simulated from within the maxillary sinus: As this procedure is conducted entirely endoscopically, the simulation had the aim to recreate a foreseeable situation. The third step was to animate the tumor removal: Using three-dimensional manipulators to move objects in the virtual scene, we simulated the passage of the tumor through the orbital floor osteotomy and its removal through the opening designed on the anterior wall of the maxillary sinus. A lattice deformer was applied to the inferior rectus muscle and the infraorbital nerve to simulate their deformation when displaced by the traction maneuvers or the passage of the bulky tumor mass. The fourth step was represented by the animation of the orbital floor reconstruction, using the originally excised orbital floor or, if damaged by the osteotomy, the anterior wall of the maxillary sinus as well. The last animation step was dedicated to the camera: From the camera see-through panel, the operator moved the camera by setting its position in each key frame across the timeline, allowing the software to register the positional variation of the camera over time in the correct sequence for the surgical maneuvers. The whole animated sequence is shown in Supplementary Video 1.

Animation was refined and made more fluent by selectively smoothing and adapting movements of geometries and camera using the graph editor in Maya, which enables complete control over animation curves of single movements. The animation was rendered as a whole video sequence. The scene was exported from Maya in the FBX (FilmBoX) format, generating a single file containing the whole scene, including individual objects and their animation. Supplementary Video 1 shows the full animated sequence.



Introducing AR Pre-surgical Simulation

Unity (Unity Technologies, San Francisco, United States) and Vuforia Engine (PTC, Boston, United States) were used to recreate an AR environment where we simulated endoscopic procedures on the patient-specific printed model. First, Vuforia Engine SDK (software development kit) was added to the Unity project, allowing us to integrate AR features into the Unity cross-platform game engine. Vuforia license key was set as default through the License Manager in the developer portal; from the same portal, we exported a Target Manager database with a custom image that was later used as a locator for the virtual screen where the endoscopic view was simulated. Skull STL model was imported into Model Target Generator (PTC, Boston, United States) application: it provided a Vuforia Database which allows the Vuforia Engine to track the corresponding real-world object; optimal tracking was achieved with Advanced Views set at 360° on the transverse plane and 180° on the sagittal plane.

In Unity environment, AR camera, model target, image target, and default directional light were set as main objects. FBX data obtained from Maya were imported and unpacked to modify their components. The animation FBX file was optimally rescaled and rotated to match the model target dimensions (scale value: 0.1; rotation value: 90° on the x-axis). Animator controller was set to control the imported animation. The endoscopic lighting was obtained with a spotlight attached to the endoscopic camera (Figure 5).


[image: Figure 5]
FIGURE 5. Augmented reality simulation. All components of the virtual model are rendered over the physical 3D printed model. (A) Frontal view with simulated lightning over the transmaxillary portal. (B) Inferior view of the mucosal sinus roof with the infraorbital nerve highlighted in yellow.


A custom script was programmed to create a standard surface shader, which was applied to the skull STL file to generate a depth mask: This feature superimposes existing objects within the scene, but which are invisible through the camera, in order that they act as a mask. This allows them to still appear in the depth rendering, thus hiding everything that lies behind them. In our application, the virtual skull is therefore rendered as invisible, and the soft tissues are correctly seen in their natural position on the printed model only outside the contours of the skull (Figure 6).


[image: Figure 6]
FIGURE 6. Depth mask rendering. Soft tissues are correctly displayed without the skull virtual model. (A) Depth mask is disabled and anatomical structures are simulated as “seen through” the printed model. (B) Depth mask is enabled and soft tissues are seen in their natural position on the printed model.


The application was completed with the introduction of a Camera Focus Controller script and a canvas with buttons to reproduce the endoscopic animation and to hide/show every object imported with the FBX file. The project was finally built as an iOS application, and it was run with XCode (Apple Inc, Cupertino, CA, United States) to be tested using an iPhone 12 Pro. A dynamic application of AR simulating the procedure is shown in Supplementary Video 2.



Navigation-Assisted Surgery

The surgical navigator uses three spatial coordinates to define the position of a rigid body in the space. Therefore, it requires a stereocamera to be paired with a reference frame consisting of a metal tripod with photoreflective spheres was mounted on the head of the patient. Once the patient is visible in the stereocamera field, calibration is performed by univocally associating the real-time position of the probe with the correct location of the virtual patient.

A vestibular incision was performed to gain full exposure to the anterior wall of the maxillary sinus. Periosteum was lifted and a surgical guide was positioned over the anterior maxillary wall to design a bone window sized as the virtual plan. A 0° optics linked to the endoscope was introduced within the maxillary sinus to inspect the orbital floor. A mucosectomy was performed using monopolar cautery, and the orbital floor was exposed with a Freer elevator. An angulated piezosurgical insert was used to conduct the osteotomy of the orbital floor, which was designed under transmaxillary navigational guidance using the virtual template as a reference. Transmaxillary navigation was used as well to check the correct surgical position across all intraoperative phases (Figure 7).


[image: Figure 7]
FIGURE 7. Transmaxillary navigation during surgery using virtual models. The navigation probe indicates the medial edge of the orbital floor osteotomy.


During orbital floor disassembly, the infraorbital nerve was carefully dissected and isolated. Incision of periorbita was performed to access the intraorbital space. Inferior rectus muscle was dissected and isolated and laterally displaced to allow for tumor exposure. Tumor capsule was identified and dissected from intraconal fat, and the mass was progressively grasped using a Weil-Blakesley forceps, until satisfactory mobilization was achieved from the surrounding tissue. As dissection proceeded more distally, transmaxillary navigation allowed for the prompt identification of prominent anatomical landmarks, including the optic nerve. The mass was tractioned through the orbital floor opening (the transorbital portal) and extracted from the anterior maxillary sinus opening (the transmaxillary portal). Orbital floor was reassembled, when possible, using the original bone. However, due to the extreme fragility of this structure, it can oftentimes fracture when it is disassembled; therefore, the anterior wall of the maxillary sinus, grafted with the same size, was used in these cases. Supplementary Video 3 shows the key steps of surgery using the endoscopic transantral approach.




RESULTS

For all patients, the inferior orbital mass was excised through the transantral access and did not require any external incision. No surgery had to be converted into open approaches. After surgery, three patients reported mild transient intraorbital nerve paresthesia, which disappeared at long time follow-up. No permanent sensory loss was reported. No post-operative retrobulbar hematoma occurred, and no persistent diplopia was reported. Concerning orbital floor reconstruction, only in two patients, the orbital floor was entirely removed and was suitable for reconstruction, while in the other three patients, it broke into several pieces; therefore, the bone dowel from the transmaxillary portal had to be used.

Histopathological examination findings were cavernous hemangioma (three patients); schwannoma (one patient), and neurofibroma (one patient).

To assess whether virtual endoscopic animated sequence could trustfully reproduce the surgical procedure, we compared different surgical sequences with their virtual equivalents, subdividing the endoscopic procedure into seven phases: orbital floor osteotomy, orbital floor disassembly, infraorbital nerve retraction, inferior rectus muscle retraction (with possible tumor exposure), tumor removal, an inspection of the surgical site after tumor removal, reconstruction of the orbital floor (using originally disassembled floor or the antral wall graft). All phases were reproduced in advance in the animated planning and were compared with surgeries for each patient (Figure 8), showing that animated virtual planning could closely reproduce surgical maneuvers. Animated virtual surgical planning was successfully exported as a FBX file, and all objects and their planned movements were preserved exactly as planned in Maya.


[image: Figure 8]
FIGURE 8. Seven-phase procedure is shown by associating virtual and real endoscopic images. OF, orbital floor; ION, infraorbital nerve; PO, periorbita; IR, inferior rectus; MR, medial rectus; T, tumor; IF, intraconal fat; rOF, reconstructed orbital floor.


Concerning AR implementation, all 3D printed replicas were efficiently tracked, and computer-generated visual information was superimposed for each patient in the correct position. For each case, a separate iOS application was built and stored.

In all cases, pre-operative simulation using AR was used as a guidance system to visualize soft tissue and the process of tumor excision while the surgeon handled the physical 3D printed model and moved surgical instruments (Figure 9).


[image: Figure 9]
FIGURE 9. “Holographic pre-surgical training.” Pre-operative simulation with computer-generated visual information. Surgical instruments can be used to simulate interaction with the virtual model of soft tissues during all phases of the simulated virtual endoscopic procedure.




DISCUSSION

Compared with the past, modern surgeons consistently amplified their armamentarium, which now includes technological applications at all levels, ranging from image-guided surgery to rapid prototyping, customization of devices, and advanced visualization. We have simplified four areas that make up the technological backbone of maxillofacial surgery: virtual surgical planning, 3D printing, navigation, and AR. Two additional areas, namely, piezosurgery and ultra-high-definition endoscopy, represent the natural evolution of bone cutting and endoscopy, and have today undergone consistent improvements.

We chose the transantral approach for the enucleation of orbital masses arising in the deep inferior orbital space as the ideal setting to present how a multilevel application of technology can not only improve the surgical technique, but also the whole pre-operative phase focused on the study of the single case.

At present, the literature provides little evidence on the use of the transmaxillary endoscopic approach to excise masses located in the inferior orbital compartment. Although the transmaxillary portal anatomically represents the safest and most direct path to reach the orbital floor (10), orbital masses of the inferior orbit are generally excised using traditional transcutaneous approaches, which do not take advantage of endoscopic vision and bear an intrinsic risk of unfavorable scarring (11).

Anatomically, the transantral approach provides the most-straight trajectory to the inferior orbital space through the orbital floor. Our planning approach consists in the preliminary definition of two interrelated elements, namely, the transmaxillary portal, which identifies the opening on the anterior wall of the maxillary sinus, and the transorbital portal, represented by the osteotomy on the orbital floor, which provides access into the intraorbital compartment. Our strategy is to design such portals with the same size, allowing to use the anterior maxillary wall to reconstruct the orbital floor in the eventuality that the original orbital floor breaks during the osteotomy phase, a method that our group has already described for the endoscopic transmaxillary treatment of internal orbital floor fractures (12). Compared with traditional transcutaneous incisions, this approach provides several advantages, including the absence of visible scars, an almost direct vision of the orbital floor up to the orbital apex, which can be further improved using a 30° optics, and, as mentioned, it makes autogenous bone available for orbital floor reconstruction, if needed.

Moreover, in contrast with traditional nasal endoscopy, the maxillary sinus offers an empty and safe space, where no crucial structures are present, allowing to freely maneuver surgical instruments and the optics to scope the anatomy from every desired angulation (9, 13). Previous reports on the transantral endoscopic approach only describe its adoption in the setting of orbital decompression (14–16). On the other hand, excision of masses arising in depth in the orbit has only been reported in conjunction with transnasal endoscopic approaches (1, 17–19), including masses of the inferior orbit, which are well-documented in the work of Arai et al. (1). Some potential advantages of transnasal endoscopy should also be considered before planning the procedure, including functional preservation of ciliary mucosal cleaning, less infraorbital swelling, less infraorbital sensory disturbance, and avoidance of the anterior maxillary wall osteotomy.

In our opinion, the use of nasal endoscopy can be avoided for masses just above the orbital floor or with mild extension to the medial wall, which inferiorly is contiguous with the orbital floor. Nasal endoscopy does not provide a linear access to the medial orbital wall and often requires to cause additional iatrogenic damage to facilitate the passage of instruments in a very narrow space, including turbinate luxation, uncinectomy, and bullectomy, which contribute to substantial bleeding and impaired vision during surgery. On the contrary, the transantral endoscopic access provides a wide space to maneuver surgical instruments and represents a direct access to the inferior orbit, which is entirely exposed once the orbital floor is removed. To minimize complications of this approach, care has to be taken when dismantling the orbital floor not to injure the intraorbital nerve, which can be immediately visualized just beneath the mucosal layer, and whose position is pre-determined by virtual surgical planning and virtual endoscopy. As suggested by Donofrio et al. (9), the infraorbital canal subdivides the orbital floor into two halves, which can be separately opened depending on whether the orbital mass is dislocated more medially or laterally. When the mass size requires removing the whole orbital floor, the infraorbital nerve is gently freed from its canal and displaced during surgical maneuvers. However, the transantral endoscopic approach is not devoid of complications, which might include accidental damage to the nearby maxillary and sphenopalatine artery, disruption of the natural drainage in the maxillary sinus that may require future surgery, as well as closure of the maxillary wall osteotomy. In rare circumstances, even ophthalmological complications might occur; therefore, the presence of an ophthalmologist within the surgical team would represent an additional improvement to provide intraoperative monitoring of the pupil and to manage the eventuality of an orbital hemorrhage during the dissection or at the end of the procedure, as well as its consequences in the postoperative period.

Virtual reality and computer-generated geometrical models today can trustfully reproduce anatomy and disease processes and are therefore indispensable for the pre-operative study of the patient and planning of surgical approaches. For instance, the choice of which area of the orbital floor should be excised in relation to the infraorbital canal is made highly intuitive by assigning the orbital floor a semitransparent shader and highlighting the orbital mass above. Virtual planning also plays a crucial role to study anatomical relationships between the pathological process and surrounding structures, including extraocular muscles and the optic nerve, not even to mention its well-consolidated utility in planning correctly sized osteotomies. The conjunction between virtual surgical planning and surgery is undoubtedly represented by intraoperative navigation, a well-consolidated technology, whose use, however, has never been reported in endoscopic transantral approaches (3). In particular, the wide opening provided by the maxillary portal enables surgeons to navigate through the antral wall within the maxillary sinus, up to the inferior orbit, allowing for instance to be assisted by virtual planning in designing the osteotomy for the orbital floor, and to promptly identify anatomical structures as dissection proceeds.

In this paper, we introduce the concept of “animated virtual surgical planning,” namely, the possibility to simulate movements in the setting of virtual surgical planning, instead of designing purely static entities (4). This step requires proficiency with animation software, and the user can apply a variety of rigid body transformations and deformers to reproduce the variation in time of an object position as well as its dynamic modifications in shape, as shown by Supplementary Video 1. It is a highly innovative concept in the field of computerized planning for surgery, where the most widespread application of virtual planning is limited to osteotomy design. Applicating the animated VSP in the context of the transantral approach for orbital lesions translates in the possibility to simulate the excision of the tumor, which is useful to understand which path is the most comfortable to remove the lesion and therefore, how surgical accesses should be designed. To adapt animated VSP to an endoscopic procedure, we designed a virtual replica of the endoscope based on its effective size, linked to a virtual camera allowing to capture the image as if the surgeon were seeing through the real optics. The variation in time of the endoscope position, based on the optimal image simulated for each surgical phase, was then merged with the animation of the surgical procedure, allowing to simulate an entirely endoscopic vision for each surgical phase. In our opinion, this result is of great interest because of its potential advantages in simulating endoscopic procedures, and it could answer potential questions, including the choice of the most appropriate optics for each phase, which structures the surgeon will encounter before reaching the target and anatomical relationship between lesions and tissues scoped from an endoscopic vision. This differs from any other application of virtual endoscopy, consisting generally of a fly-through vision throughout a rendered CT model with no use of virtual models, and, most of all, the absence of animations (20–22).

The subsequent step toward further evolution in the pre-operative study of the patient concerns the adoption of AR, a technology destined to revolutionize image-guided surgery, but which still suffers from many inaccuracy biases and thus still very limited in its clinical application (8, 23–25). To make a step forward, we applied AR in the pre-operative study of the case, using a 3D printed phantom of the skull of the patient, merged with the animated planning exported from the animation software. Compared with virtual endoscopy, which still provides a two-dimension image, AR animated planning brings the pre-surgical training in a multidimensional scenario, allowing to handle a real model overlapped with the animated planning. This “holographic pre-surgical training” also offers the surgeon or learner the possibility to physically interact with the virtual image using real surgical tools, such as scalpels, elevators, and optics, within the boundaries provided by the physical 3D printed model, combined with the virtualization of surgery which is accurately overlapped on the real-world replica.

However, it should be acknowledged that this workflow requires both hardware and software availability, which not all centers might afford, as well as competencies in translational research, which are not routinely provided in traditional medical education. Although the presented workflow has the advantage of describing an AR application using commonly available technology, consisting of a high-level smartphone, intraoperative guidance requires a surgical navigator, which might not be present in all centers. However, software plays a prominent role in this protocol, and we are aware that medically certified software licenses have a considerable impact on the hospital budget, although for both Maya and Unity free education licenses are available for universities. Moreover, a substantial investment, both in terms of time and effort, has to be considered for clinicians wishing to implement this technology in their centers to acquire additional knowledge in medical image segmentation, animation techniques, and programming. This approach is very preliminary in its conceptualization, but, in our opinion, it may inspire subsequent development which may lead to surgery simulators based on AR, providing surgeons the possibility to anticipatively visualize all the surgical steps before the real surgery is performed. In a future perspective, further studies including more patients might investigate the advantages provided by the adoption of this technological workflow for the transantral approach in relation with conventional techniques.



CONCLUSIONS

This work aims to conceptualize the mindful use of technology in a multilevel approach, which considers several different applications for the pre-operative study of the patient, individualized training, and surgery. The transantral approach is one of the most prominent examples in our experience that can benefit from a complete implementation of technology, yielding a minimally invasive method to excise orbital masses of the inferior compartment with decreased morbidity and excellent simulation capabilities. We advocate that new generations of surgeons should master technology to maximize their benefit in the pre-surgical study of the case and the accuracy and reduced invasiveness of the procedure.
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Supplementary Video 1. Final rendering of virtual endoscopy and animated surgical planning.

Supplementary Video 2. Augmented reality for orbital surgery in a pre-clinical phase. 3D registration of virtual and real objects is shown through the alignment of the 2D GuideView Image and the corresponding anatomical traits. Simulated endoscopic transantral route is shown from the inferior view, and sinuses are hidden to show the orbital floor seen through the transmaxillary access. Depth mask is applied, the skull model is hidden, and the sinuses are rendered in transparent mode to correctly analyze how the soft tissues are visualized upon the real model. Lastly, the animated augmented reality surgical planning is played, and the tumor is correctly seen while moving across the extraction route.

Supplementary Video 3. Key steps of the endoscopic surgical procedure.
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Objective

Midface reconstruction is challenging for functional and esthetic reasons. The present study analyzed the effect of virtual surgical planning (VSP) of the deep circumflex iliac artery (DCIA) flap for midface reconstruction.



Patients and Methods

Thirty-four patients who underwent midface reconstruction with the DCIA flap were included in this retrospective study. Of the 34 patients, 16 underwent preoperative VSP, which used a three-dimensionally printed surgical guide, computer-assisted navigation system, and pre-bent titanium implants to transfer VSP into real-world surgery. The other 18 patients underwent traditional midface reconstruction. The following were compared between the two groups: bony contact rate in the buttress region (BCR), dental arch reconstruction rate (DAR), surgical approach, position of vascular anastomosis, and dental implantation rate. The independent-samples t-test and Fisher’s exact test were used for analysis. P < 0.05 was considered statistically significant.



Results

In total, 12 males and 22 females were included in this study. All patients underwent midface reconstruction using the DCIA flap at the same institution. The median age of patients was 33 years (range: 16–68 years). The average BCR and DAR values in the VSP group were 59.4% ± 27.9% and 87.5% ± 18.9%, respectively, which were significantly higher compared with the non-VSP group (P = 0.049 and P = 0.004, respectively). The dental implantation rate in the VSP group (50.0%) was significantly higher compared with the non-VSP group (11.1%; P = 0.023). The intraoral approach for tumor ablation and vascular anastomosis was the most frequent choice in both groups. There was no significant difference between the two groups. All patients were satisfied with facial symmetry postoperatively.



Conclusions

VSP could effectively augment the effect of midface reconstruction with the DCIA flap. Stronger bone contact in the buttress region and higher DAR provide more opportunity for dental implantation, which might be the best solution to improve masticatory function in patients with midface defects.
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Introduction

Midface reconstruction is challenging for functional and esthetic reasons (1–4). Many subregions form the midface, including the orbital floor, the zygomaticomaxillary complex, and the alveolar ridge. Many techniques for midface reconstruction were recommended by Brown in 2010 (5), including obturation, the soft tissue flap, and the hard tissue flap. The deep circumflex iliac artery (DCIA) bone flap, also known as the iliac crest flap, is the recommended method of reconstruction in the Brown II, III, and IV classifications (5).

The DCIA flap was first introduced by Urken in 1989 for oromandibular reconstruction (6). Brown used it for maxillary reconstruction in 1996 (7). The most obvious advantage of the DCIA flap is that it provides a reasonable bone height, not only to support the midface buttress, but also for dental implants. The disadvantages are equally obvious, including the short pedicle length and the difficulty in raising the flap. For now, use of vascularized bone flaps and dental implants to functionally reconstruct the midface is a growing trend. There are numerous studies on the fibular flap. However, our recent study showed that bone of the fibular flap for maxillary reconstruction is unlike mandibular reconstruction, since it is absorbed constantly over time (8). This makes the DCIA flap popular at our institution.

In the last decade, with the development of virtual surgical planning (VSP) for reconstruction of oral and maxillofacial defects, the accuracy and safety of midface reconstruction has been greatly improved, and it provides more possibilities for surgeons. At present, with the help of VSP and navigation systems, maxillary tumor resection can be performed through the intraoral approach in many cases. It solves the problem of facial scarring observed with the traditional Weber Ferguson approach. In addition, VSP achieves both esthetic and functional reconstruction results. However, there are few studies on midface reconstruction using the DCIA flap and VSP. The present study aimed to analyze the effect of VSP for midface reconstruction with the DCIA flap.



Materials and Methods


Patient Selection

Patients who underwent midface reconstruction with the DCIA flap at the Department of Oral and Maxillofacial Surgery, Peking University School and Hospital of Stomatology, Beijing, China, between May 2017 and December 2020 were enrolled in this retrospective study. The inclusion criteria were (1) a maxillary defect after tumor resection requiring reconstruction with the DCIA flap, (2) at least one iliac bone segment used to reconstruct the alveolar ridge, and (3) a normal occlusal relationship before surgery. The exclusion criteria was the flap did not survive. There were 34 patients who met the criteria. Patients were divided in two groups according to whether they underwent preoperative VSP. In the VSP group, VSP was transferred into real-world surgery using one or more techniques, including three-dimensionally printed surgical guides, navigation systems, and pre-bent titanium implants. Patients in the non-VSP group underwent reconstruction surgery using the traditional method. This study adhered to the principles of the Declaration of Helsinki in terms of medical protocols and ethics and was approved by the institutional ethics committee (PKUSSIRB - 202055065).



Virtual Surgical Planning

In the VSP group, preoperative computed tomography (CT) scans (120 kV, 25 mAs, SW = 1.25 mm) of the head and neck region and the iliac region were performed for VSP. The aim of VSP was to precisely reconstruct the midface buttress and alveolus for later dental implantation based on the symmetry of the midface contour. Maxillectomy and reconstruction were simulated using ProPlan CMF 3.0 (Materialize, Belgium) and iPlan CMF 3.0 (BrainLab, Germany). With the concept of occlusion-driven reconstruction, the position of the iliac bone segment not only met the requirement for implantation, but also met the contour of the maxilla. A resin stereo model was three-dimensionally printed to pre-bend the titanium plate. A surgical guide was used for DCIA flap harvesting and shaping (Figure 1). Maxillectomy was performed under guidance of the navigation system. After DCIA flap fixation, the location of bone grafts was also confirmed by the navigation system. In both groups, the titanium mesh was the first choice for orbital floor reconstruction.




Figure 1 | Virtual surgical planning. (A, B) Maxillectomy and reconstruction were simulated using software. (C) A resin stereo model was three-dimensionally printed to pre-bend the titanium plate. (D) A surgical guide was used for DCIA flap harvesting and shaping. DCIA flap: deep circumflex iliac artery bone flap.





Bone Contact Rate in the Buttress Region

Postoperative CT scans were performed to evaluate bone contact between iliac bone segments and the remaining native maxilla in the buttress region. The main vertical buttresses in the maxilla include the zygomaticomaxillary buttress, the nasomaxillary buttress, and the pterygomaxillary buttress. The buttress was considered reconstructed only if the gap between the iliac bone segment and the remaining native maxilla was less than 1 mm in CT images. BCR was defined as the percentage of reconstructed buttress of the total lost buttress.



Dental Arch Reconstruction Rate

Postoperative CT scans were reconstructed in three dimensions using ProPlan CMF 3.0 (Materialize, Belgium). The unaffected side of the dental arch of the maxilla was mirrored as a reference. DAR was defined as the percentage of iliac bone length overlapping the mirrored dental arch for alveolar reconstruction (Figure 2). This variable could reflect the intermaxillary relationship.




Figure 2 | (A, B) Dental arch reconstruction rate. DAR = a/b (a, the length of the iliac bone overlapping the dental arch; b, the total length of iliac bone segments for alveolar reconstruction).





Other Variables

The following were also assessed and compared between groups: the surgical approach, the position of vascular anastomosis, and the dental implantation rate. The surgical approach included the intraoral approach and the Weber Ferguson approach. The position of vascular anastomosis included the intraoral recipient area and the neck recipient area.



Statistical Analysis

All statistical analyses were performed using SPSS 20 (SPSS Inc., USA). The independent-samples t-test was used to investigate differences between the two groups in BCR and DAR. Fisher’s exact test was used to identify differences in dental implantation rate, surgical approach, and position of vascular anastomosis. A P value of <0.05 was considered statistically significant.




Results


Comparison of VSP and Non-VSP Groups

There were 34 patients (12 males and 22 females) enrolled in this study. All patients underwent midface reconstruction with the DCIA flap. VSP was used in 16 cases. The median age of patients was 33 years (range: 16–68 years). Patients’ characteristics and Brown defect classifications in the VSP and non-VSP groups are shown in Table 1. All patients were satisfied with postoperative facial symmetry.


Table 1 | Patients’ characteristics.



The easiest buttress to reconstruct was the nasomaxillary buttress, followed by the zygomaticomaxillary buttress and the pterygomaxillary buttress. The average BCR in the VSP and non-VSP groups was 59.4% ± 27.9% and 37.0% ± 35.5%, respectively. The average BCR in the VSP group was significantly higher compared with the non-VSP group (P = 0.049).

The average DAR in the VSP and non-VSP groups was 87.5% ± 18.9% and 64.9% ± 23.4%, respectively. The average DAR in the VSP group was significantly higher compared with the non-VSP group (P = 0.004).

The dental implantation rate in the VSP group was 50.0%, which was significantly higher compared with the non-VSP group (11.1%; P = 0.023). All patients were finished denture restoration in VSP group, seven of them were fixed denture and one was removable denture. Although two patients underwent dental implantation in none-VSP group, none of them finished denture restoration. The intraoral surgical approach and intraoral vascular recipient area were the first choice in the VSP group. The intraoral surgical approach was also popular in the non-VSP group, but the most frequent choice of vascular recipient area was the neck. There was no significant difference between the two groups (Table 2).


Table 2 | Choice of surgical approach and vascular recipient area in the VSP and non-VSP groups.





Case Presentation

A 23-year-old male patient was treated for right maxillary ossifying fibroma. VSP was performed preoperatively. During surgery, tumor resection was performed under guidance of the navigation system through the intraoral approach. A three-dimensionally printed surgical guide was used to assist flap harvesting and shaping. Two segments of the DCIA flap were used to reconstruct the defect after maxillectomy. An intraoral vascular anastomosis was performed, and the flap was fixed. The myo-fascial flap of the external oblique abdominis was used to repair the soft tissue defect. Three dental implants were inserted into iliac bone at 6 months postoperatively. Finally, an implant-based removable denture was applied. The patient was satisfied with the functional and esthetic results (Figure 3).




Figure 3 | (A, B) Maxillectomy and reconstruction were simulated using software. (C) DCIA flap harvesting and shaping under guidance of a three-dimensionally printed surgical guide. (D) Intraoral vascular anastomosis. (E, F) Postoperative CT scan and intraoral picture showing good bone contact and a good intermaxillary relationship. (G) Three dental implants were inserted. (H) An implant-based removable denture was applied.






Discussion

Some excellent teams have reported their work on midface reconstruction with the DCIA flap (9–11). However, to our knowledge, the sample size of the present study is the largest to compare VSP with traditional surgery for midface reconstruction with the DCIA flap. Compared with studies using the fibular flap, the number of studies that used the DCIA flap for midface reconstruction is very small. This is likely because the DCIA flap has some obvious disadvantages. First, the pedicle of the DCIA flap is shorter than that of the fibular flap, especially when the recipient area is the neck. Bianchi et al. (9) and Baliarsing et al. (10) solved this problem using vein grafts. Intraoral anastomosis is another good option to effectively reduce the need for a sufficient pedicle length. It was introduced by Gaggl (12) and is performed at our institution on a regular basis (13). In this study, intraoral anastomosis was the first choice in both the VSP and non-VSP groups. The second disadvantage of the DCIA flap is the difficulty in raising the flap. Abdominal herniation can be avoided by carefully closing the wound; however, this complication did not occur in any patient in this study. Moreover, different surgical techniques and modifications appear to reduce complications, such as DCIA flaps with only an inner cortex (14) and a medial approach to harvest the DCIA flap (15). Thus, in our experience, the DCIA flap is the same as the fibular flap in terms of midface reconstruction, and it is better than the fibular flap when used for Brown class II and III defects.

The advantages of VSP have been well-documented in recent years. VSP helps surgeons to virtually visualize the tumor and to locate the resection margin. The length and angle of bone segments can be cut precisely using surgical guides. Using navigation systems, tumor resection and bone flap placement can be finished with less surgical exposure. VSP also enhances functional and esthetic outcomes (16–19). However, one disadvantage of VSP is that it cannot consider soft tissues, which play an important role in dental implantation and restoration (20). The DCIA flap is more bulky than the fibular flap, although some modifications have been made at our institution to reduce the volume of soft tissue (21). To our knowledge, dental implantation at the second stage might be suitable in most cases requiring the DCIA flap. The bulky soft tissue of the DCIA flap made the condition unfavorable for implants. In this study, all dental implants were inserted at the second stage. Surplus soft tissue of the DCIA flap was removed at the same time as dental implantation was performed. A gingiva graft  was also essential for the long-term effect of dental implantation.

The BCR is a reliable indicator to evaluate the results of VSP (20, 22). The average BCR in the VSP group was significantly higher compared with the non-VSP group, which proved that patients benefited from VSP. The high BCR in the VSP group became one of the main reasons for a high dental implantation rate. Another reason for a high dental implantation rate was that VSP helped us to achieve a suitable intermaxillary relationship; a poor relationship might cause failure of dental implant-based restoration after reconstruction surgery (23). DAR reflected the degree of matching of iliac bone and the dental arch in a horizontal direction. The higher the DAR, the better the intermaxillary relationship.

Although the cost of VSP was not considered in this study, Mazzola et al. (24) demonstrated that a higher material cost might be encountered by patients undergoing VSP. Hua et al. (25) reviewed the literature and found that VSP can improve the dental implant rehabilitation rate after jaw reconstruction. Thus, the higher cost seems to be justified to achieve a better quality of life.

Unlike the fibula, iliac bone has an irregular shape. It is difficult for surgeons to perform iliac bone shaping, depending on their own experience. VSP, surgical guides, and navigation systems can help surgeons to precisely shape and fix iliac bone, which means better bone contact between iliac bone and the maxilla. A higher bone contact rate would result in better bone union (22). However, there are few studies on how to shape and place the DCIA flap. In most previous studies, the DCIA flap was only shaped in one segment for midface reconstruction, using its natural curvature to mimic maxillary alveolar ridge (5, 9–11). However, we use different shaping and reconstruction strategies for Brown class II and III defects. For Brown class II defects, a one-segment DCIA flap is recommended to primarily reconstruct the nasomaxillary and pterygomaxillary buttresses (Figure 4). In our experience, direct contact between the iliac bone and the zygoma should be avoided in one-segment situations, because it will lead to buccal shift of iliac bone from the dental arch, resulting in an incorrect intermaxillary relationship. For Brown class III defects, a two-segment DCIA flap is recommended to reconstruct the nasomaxillary and zygomaticomaxillary buttresses (Figure 5). The orbital floor and alveolus could both be reconstructed using this method. Irrespective of the defect classification, we strongly suggest that the end of the iliac bone segment, which is used for alveolar reconstruction, should reach the position of the maxillary first molar as far as possible to achieve a functional result.




Figure 4 | Shaping and reconstruction strategy for Brown class II defects.






Figure 5 | Shaping and reconstruction strategy for Brown class III defects.



In conclusion, VSP could effectively augment the effect of midface reconstruction with the DCIA flap. Stronger bone contact in the buttress region and higher dental arch reconstruction rate provide more opportunity for dental implantation, which might be the foundation to improve masticatory function in patients with midface defects. However, the majority of this study were benign tumors, the results might not be directly applied to those malignant patients who need post-operative radiotherapy or chemotherapy. The new reconstruction strategy should be performed in more cases to prove its effectiveness and practicability.
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Background

Computer-assisted jaw reconstruction (CAJR) has benefits in reducing operation time and improving reconstruction accuracy, compared to conventional freehand jaw reconstruction. However, no information is available regarding learning curves in CAJR with the use of 3D-printed patient-specific surgical plates (PSSP). The purpose of this study was to assess surgical outcomes and learning curve for the first 58 consecutive CAJR using 3D-printed PSSP performed by a single surgical team in a single institution.



Methods

In a prospective study, consecutive patients who underwent free flap CAJR using 3D-printed PSSP were included. The determination of proficiency, based on the cumulative sum of surgical success (no major adjustment of 3D-printed PSSP, flap survival) passing the acceptable boundary line of cumulative sum analysis, was the primary outcome. To find out any potential factors influencing the learning curve, baseline characteristics of patients were compared before and after proficiency achievement. Secondary outcomes included inflexion points of the total operation time, blood loss, length of hospital stay, and bone graft deviation, measured by the cumulative sum analysis.



Results

From December 2016 to November 2020, 58 consecutive cases underwent surgery performed by a single surgical team. The overall surgical success rate was 94.8% (55/58). A three-stage learning curve of primary outcome was observed. The proficiency was achieved after 23 cases. The proportions of advanced tumor staging and concomitant surgery after obtaining proficiency were significantly higher than those before achieving proficiency (p = 0.046 and p < 0.001, respectively). Mean values of operation time, intraoperative blood loss, length of hospital stay, and bone graft deviation were 532.5 ± 119.2 min, 1,006.8 ± 547.2 ml, 16.1 ± 6.3 days, and 0.9 ± 1.2 mm, respectively. Two trends of learning curve were observed in the CUSUM analyses of total operation time, length of hospital stay, and bone graft deviation, in which the first and second inflexion points occurred between 8 and 17 cases and between 43 and 46 cases, respectively.



Conclusion

Our results revealed a three-stage learning curve of CAJR with the use of PSSP, including initial learning, plateau, and overlearning. Based on CUSUM analysis, the surgical proficiency was achieved after 23 cases, and total operation time, length of hospital stay, and bone graft deviation stabilized after 8–17 cases.





Keywords: computer-assisted jaw reconstruction, virtual surgical planning, patient-specific surgical plate, three-dimensional printing technology, learning curve, cumulative sum analysis



Introduction

The emerging technique of computer-assisted jaw reconstruction (CAJR), which facilitates preoperative surgery simulation and transfers the virtual plan to a real operation, significantly impacted conventional surgical approaches (1, 2). Studies have reported the benefits of CAJR compared to conventional freehand jaw reconstruction, including reductions of ischemia time, operation time, and related costs, and improvement of reconstruction accuracy (3–10).

With the increasing popularization of CAJR surgery, the needs of standardizing surgical training and optimizing patient outcomes are urgent. The cumulative sum (CUSUM) control chart is a sequential analysis technique in statistical quality control, typically used for monitoring change detection (11). Now, the concept of CUSUM analysis has been used by surgeons to assess the learning curve in complex surgeries, such as robot-assisted surgery and endoscopic surgery (12–14). It allows surgeons to precisely detect potential imperfections and then improve surgical outcomes. However, very sparse data are available on learning curves of free flap jaw reconstruction (15–18). To our best knowledge, there is no study reporting the learning curve in the practice of CAJR.

Our team started performing CAJR using 3D-printed patient-specific surgical plates (PSSP) in December 2016. We reported our first experience in 2018 and indicated that CAJR with PSSP is feasible, safe, and precise (19). This study aimed to analyze the surgical outcomes and learning curve for the first 58 consecutive CAJR cases using 3D-printed PSSP performed by a single surgical team in a single institution.



Materials and Methods

This study was approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster (No. UW 16-315), registered in ClinicalTrials.gov with a No. of NCT03057223 and in The University of Hong Kong Clinical Trials Centre with a study identifier of HKUCTR-2113 (www.HKUCTR.com).


Surgical Interventions

From December 2016 to November 2020, all consecutive patients who underwent CAJR with 3D-printed PSSP performed by a single surgical team led by the same chief surgeon in the Queen Mary Hospital in Hong Kong were enrolled without dropout. Before December 2016, the surgical team had no previous experience in using PSSP.

The virtual planning, design, and fabrication of 3D-printed PSSP and surgical techniques have been described in our previous publications (19, 20). Patients indicated for jaw surgery were arranged to undertake contrast-enhanced CT scan of head and neck and the donor site. The virtual surgical planning was done using Proplan CMF 3.0 software (Materialise, Leuven, Belgium). To exactly transfer the surgical plan to the operation room, we designed PSSP in line with the planned surgery using the 3-Matic software (Materialise, Leuven, Belgium). The surgical templates were printed using the stereolithography technology from high-strength resin. The plates were printed using Grade 2 pure titanium by selective laser melting technology. All the surgical procedures and perioperative management were conducted in a routine manner, except that osteotomies, bone movements, and flap inset were guided by the prepared 3D-printed patient-specific surgical templates and fixed by the 3D-printed patient-specific pure titanium plate. Patients were followed up regularly. Plain x-ray image and CT/CBCT scanning were done approximately 1 month after surgery.



Outcomes

The primary outcome was the achievement of proficiency. All CAJR cases were recorded chronologically by operation date. Proficiency was based on the cumulative sum of surgical success reaching the acceptable boundary line of the CUSUM analysis. Surgical success was defined as no change of 3D-printed PSSP (major adjustment of plates, including the need for bending plate and conversion to conventional commercialized titanium plates) and flap survival. Cases were divided into two groups according to the achievement of proficiency, and the baseline characteristics were compared to analyze the potential factors influencing the learning curves.

The secondary outcomes were the stabilization of total operation time, intraoperative blood loss, length of hospital stay, and reconstruction accuracy to a steady state. The determination of stabilization was based on the inflection point of the cumulative graph. The accuracy of jaw reconstruction 1 month postoperatively was measured by calculating the deviation distance between preoperative planned and postoperative achieved bone graft positions using the same method described previously (4).



CUSUM Analysis

CUSUM analysis was performed to detect subtle deviations of the surgeon’s performance in primary and secondary outcomes (21).

The overall fibula flap failure rate was revealed as 7.0% (n = 161/2,305) by the latest systematic review and meta-analysis (22). Since fibula flaps were used in most of our cases, we utilized 7.0% as the current failure rate of free flap. We reviewed the available studies using PSSP in maxillofacial reconstruction (Table 1) and pooled the current failure rate of PSSP as 4.4% (n = 6/136) (19, 23–27). Therefore, the overall success rate of implementing free flap and PSSP was 88.9%, and the acceptable level of surgical failure (p0) was set at 11.1% [100% − (100% − 7.0%) × (100% − 4.4%)] in the CUSUM analysis. A chosen level of surgical failure rate (p1) reflecting a change in surgical performance was set as two times the acceptable level of surgical failure (28). All calculation procedures and intermediate values are shown in Appendix. Briefly, with each surgical success obtained, the line would rise by 0.162; with each failure, the line would fall by 0.838. Type 1 and type 2 errors, the probabilities of wrongly accusing the surgeon of unacceptable performance and acceptable performance, were set as 0.10, which were considered rational (28). Boundary lines were calculated to determine whether the surgical performance was acceptable (H1) or unacceptable (H0). Once the line reached H1 or H0, proficiency was obtained or lost, respectively.


Table 1 | Literature review on studies using PSSP in maxillofacial reconstruction.



The sequential differences of total operation time, intraoperative blood loss, length of hospital stay, and bone graft deviation between each case and the mean value were also detected by CUSUM (29). The mean values of each variable were calculated and used as the reference. Briefly, with each variable more or less than the mean value, the line would rise or fall by the absolute difference, respectively. The best-fit curve and its corresponding equation were determined with the cftool command in Excel (version 2019; Microsoft Corporation, USA).



Statistical Analysis

All statistics were calculated using SPSS Statistics (version 26.0; IBM Corporation, Chicago, IL, USA). Data were presented as number (percentage) for categorical data and mean ± standard deviation for continuous data. Independent samples t test was used to detect differences in the means in the patients’ age and donor bone length. Chi-square test was used to detect differences in the proportions of gender, diagnosis, TNM classification, surgical site, bone segments, and concomitant surgery. p < 0.05 was considered statistically significant.




Results

A total of 58 consecutive patients who underwent CAJR using PSSP were included. Baseline characteristics of total cases are shown in Table 2.


Table 2 | Baseline characteristics and surgical details.




Primary Outcome

Altogether, surgical failure occurred in 5.2% of patients (3/58). One was intraoperative flap failure due to sclerotic vessels and recurrent arterial thrombosis. The other two cases were postoperative flap failures caused by venous compromise of flap at postoperative day 4 and late-stage artery thrombosis at postoperative day 10. 3D-printed PSSP were successfully used in all the patients. Figure 1 shows the CUSUM analysis of the surgical success for the surgeon. After a surgical failure occurred in the 11th case, a steadily climbing line was seen and proficiency was first obtained after 23 cases. A new concomitant surgery of simultaneous dental implant placement with or without immediate loading was added to selective cases from the 23rd case. Two surgical failures occurred in the 26th and 33rd cases and the surgical performance line dropped below the acceptable boundary line. After that, proficiency was completely regained after 35 cases.




Figure 1 | CUSUM analysis of surgical success for the CAJR with PSSP performed by the surgical team. The x-axis shows the chronological sequence of cases. The black line indicates the cumulative sum of surgical success. The horizontal red dotted lines represent the acceptable boundary line H1 and unacceptable boundary line H0. Proficiency was first achieved after 35 cases.



According to the achievement of proficiency, we divided the patients into two groups. From the baseline characteristics of the two groups in Table 3, there was no significant difference in the patient’s baseline features, except TNM stage (p = 0.046) and concomitant surgery (p < 0.001). From the 24th to 58th cases, the proportions of stage III & IV malignancy and concomitant surgery were significantly higher than the first 23 cases, indicating an increased proportion of cases with advanced stage malignancy and more complex surgery after first achieving the proficiency.


Table 3 | Comparison of baseline characteristics among chronological 2 groups.





Secondary Outcomes

The mean operation time was 532.5 ± 119.2 min. The inflexion point is the 8th case, from which the operation time started to diminish, although there was a slight trend of increasing operation time from the 28th case to the 46th case. The linear and CUSUM analysis graphs of total operation time are shown in Figure 2.




Figure 2 | Linear graph and CUSUM analysis of total operation time in CAJR applying patient-specific surgical plates. The black line represents the curve of best fit in a general model with equation, y = 4E−06x6 − 0.0006x5 + 0.0299x4 − 0.3358x3 − 9.1732x2 + 168.85x − 187.47, R² = 0.8506.



Mean intraoperative blood loss was 1,006.8 ± 547.2 ml. There was a trend of decreasing blood loss in the first 22 cases. After that, the intraoperative blood loss was increasing. The linear and CUSUM analysis graphs of intraoperative blood loss are shown in Figure 3.




Figure 3 | Linear graph and CUSUM analysis of intraoperative blood loss in CAJR applying patient-specific surgical plates. The black line represents the curve of best fit in a general model with equation, y = 4E−06x6 − 0.0006x5 + 0.0274x4 − 0.2982x3 − 1.1805x2 − 94.942x + 133.67, R² = 0.7233.



Mean length of hospital stay was 16.1 ± 6.3 days. Four inflexion points were presented at the 5th, 17th, 28th, and 45th cases, respectively. The linear and CUSUM analysis graphs of hospital stay length are shown in Figure 4.




Figure 4 | Linear graph and CUSUM analysis of hospital stay length in CAJR applying patient-specific surgical plates. The black line represents the curve of best fit in a general model with equation, y = 6E−07x6 − 0.0001x5 + 0.0077x4 − 0.2461x3 + 3.7349x2 − 23.636x + 31.376, R² = 0.7912.



Mean bone graft deviation was 0.9 ± 1.2 mm. After 15 cases, the bone graft deviation started to diminish as a general trend. However, from the 31st to 43rd cases, a slightly increasing trend of bone graft deviation was observed. The linear and CUSUM analysis graphs of bone grafts deviation are shown in Figure 5.




Figure 5 | Linear graph and CUSUM analysis of bone grafts deviation in CAJR applying patient-specific surgical plates. The black line represents the curve of best fit in a general model with equation, y = 5E−08x6 − 8E−06x5 + 0.0005x4 − 0.0148x3 + 0.1689x2 − 0.2517x − 1.307, R² = 0.5936.






Discussion

The concept of learning curve in medicine was commonly defined as the time taken and/or the number of procedures an average surgeon needs to be able to perform a procedure independently with a reasonable outcome (30). As modern surgical training is always beset by problems like increased working hours, inadequate training facilities, lack of resources, and medicolegal issues (31), the understanding of learning curves on surgical procedures can make the training more efficient and standard. However, a study reviewed assessments of learning curve in health technologies and indicated that learning curves were rarely evaluated formally with a proper study design and statistical method (32). As a new tool, the CUSUM technique for learning curve has been introduced and proposed as a useful instrument in the field of surgical training, which allows quantitative monitoring of individual performance during the learning process (28, 33).

Nowadays, computer-assisted surgery is increasingly utilized in reconstructive surgery, while no literature has reported the learning curve for this surgical procedure. In the present study, we performed CUSUM analysis on the learning curve of CAJR using 3D-printed PSSP by a single surgical team. Although operation time is the most common determinant for the learning curve on surgery, the assessment on the basis of a single parameter might be simplistic (12, 34). We tried to analyze trends in multidimensional variables in the present study.

For the primary outcome, our study revealed a three-stage learning pattern of CAJR with the use of PSSP, including initial learning, plateau, and overlearning. The first stage is initial learning. The learning curve regarding surgical success stabilized after 11 cases, and first achieved proficiency after 23 cases. The second stage is plateau. When surgeons felt competent in this surgical procedure, the significantly increased proportions of tumor staging and concomitant surgery suggested that the complexity of surgery after 23 cases was higher than the earlier cases. The concomitant surgery, simultaneous dental implant placement with the aid of a “three-in-one” patient-specific surgical guide (35), was also a technically challenging procedure. Accordingly, a fluctuation of proficiency was observed at this stage. The final stage is overlearning. A steady proficiency was completely achieved after 35 cases. Overall, the surgical failures in our cohort were infrequent (5.2%), and no performance of the surgeon below the unacceptable boundary line was observed, which suggests that application of 3D-printed PSSP in CAJR with free flap is safe and feasible.

For the secondary outcomes, we found that although the four graphs of CUSUM analysis had different curve shapes, a similar ascending trend occurred from 23–31 cases to 43–46 cases. The increased complexity after 23 cases could also reasonably explain the increased total operation time and intraoperative blood loss. As a result, we actually observed two phenomena of “learning curve” in the CUSUM analysis graphs of the total operation time, length of hospital stay, and bone graft deviation. In the first learning curve (from 1st to 28th–31st cases), the inflexion points occurred between 8 and 17 cases, from which operation time, length of hospital stay, and bone graft deviation started to diminish. In the second learning curve (from 28th–31st to 58th cases), stabilizations of the operation time, length of hospital stay, and bone graft deviation occurred between 43 and 46 cases.

The main novelty of this study was using the CUSUM technique to analyze the learning curve of CAJR with PSSP. We utilized a chosen level of surgical failure rate as strict as two times the currently acceptable level (11.1%) to determine proficiency, which was one strength of our study (28). The cohort of patients from a prospective clinical trial without dropout was also the strength. Since no study described the learning curve of CAJR surgery, our work can provide the first quantitative assessment on this topic to the literature. It should be noted that our surgical team had previous experience in conventional free flap jaw reconstruction surgery and also CAJR without the use of PSSP (36), which could help shorten the learning process. Learning curve varies from different surgeons, but its stage pattern may be similar. Among three stages, the occurrence and persistence of a plateau depend on many reasons, such as the interference by previous experience, the nature of the task, and the motivation (37). Finding out the correct cause and getting over this period will be an important portion in surgical training.

There are certain limitations of the present study that need to be addressed. First, the CUSUM analysis included different diseases (malignant and benign tumors), surgeries (maxillary and mandibular reconstructions), and free flaps (fibular and iliac flaps), which influenced the homogeneity of enrolled cases. A multi-center clinical trial, with a big enough sample size of the same disease and surgery, might be needed to overcome this limitation. However, it will lead to other limitations of different expertise of multiple surgical teams and hospital setting. Second, post-operative oral function and quality of life are important outcomes for jaw reconstruction. However, there are a lot of confounding factors influencing these outcomes, which will need a well-designed prospective randomized control trial for further investigation. Thus, we did not include them in the present analysis. Last, the learning curve of time spent on preoperative preparation, such as virtual surgical planning and PSSP design, was not reported in this study. Previously, we reported that the time spent on virtual surgery and plate design was 18.8 ± 13.2 h, and the time taken for 3D printing, post-processing, and product delivery was 162.9 ± 55.2 h (38). The consecutive data of the time spent on preoperative preparation with a large sample size would provide a better understanding of the whole learning process of CAJR using PSSP.



Conclusion

A three-stage learning pattern of CAJR with the use of PSSP was revealed, including initial learning, plateau, and overlearning, which may guide the clinical teaching and training of CAJR using PSSP. Based on CUSUM analysis, surgical proficiency was obtained after 23 cases. Stabilization of total operation time, length of hospital stay, and bone graft deviation occurred after 8–17 cases. Our study provided evidence to guide the training of this new surgical procedure to ensure patient safety and clinical outcomes.
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Appendix

Current acceptable failure rate (p0)=0.111

Chosen level of failure rate (p1)=0.222

Type 1 error (α)=0.1

Type 2 error (β)=0.1

P=ln(p1/p0)=ln(0.222/0.111)=ln2 = 0.690

Q=ln[(1-p0)/(1-p1)]=ln[0.889/0.778]=ln1.143 = 0.133

a=In[(1-β)/α]=In(0.9/0.1)=2.197

b=In[(1-α)/β]=In(0.9/0.1)=2.197

s=Q/(P+Q)=0.133/(0.690 + 0.133)=0.162 (With success, graph goes 0.162 upwards, and with failure, graph goes 0.838 [1-s] downwards.)

Unacceptable boundary line: H0=-b/(P+Q)=-2.197/(0.690 + 0.133)=-2.670

Acceptable boundary line: H1=a/(P+Q)=2.197/(0.690 + 0.133)=2.670
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Background

Mandibular reconstruction is conventionally performed freehand, CAD/CAM-assisted, or by using partially adjustable resection aids. CAD/CAM-assisted reconstructions are usually done in cooperation with osteosynthesis manufacturers, which entails additional costs and longer lead time. The purpose of this study is to analyze an in-house, open-source software-based solution for virtual planning.



Methods and Materials

All consecutive cases between January 2019 and April 2021 that underwent in-house, software-based (Blender) mandibular reconstruction with a free fibula flap (FFF) were included in this cross-sectional study. The pre- and postoperative Digital Imaging and Com munications in Medicine (DICOM) data were converted to standard tessellation language (STL) files. In addition to documenting general information (sex, age, indication for surgery, extent of resection, number of segments, duration of surgery, and ischemia time), conventional measurements and three-dimensional analysis methods (root mean square error [RMSE], mean surface distance [MSD], and Hausdorff distance [HD]) were used.



Results

Twenty consecutive cases were enrolled. Three-dimensional analysis of preoperative and virtually planned neomandibula models was associated with a median RMSE of 1.4 (0.4–7.2), MSD of 0.3 (-0.1–2.9), and HD of 0.7 (0.1–3.1). Three-dimensional comparison of preoperative and postoperative models showed a median RMSE of 2.2 (1.5–11.1), MSD of 0.5 (-0.6–6.1), and HD of 1.5 (1.1–6.5) and the differences were significantly different for RMSE (p < 0.001) and HD (p < 0.001). The difference was not significantly different for MSD (p = 0.554). Three-dimensional analysis of virtual and postoperative models had a median RMSE of 2.3 (1.3–10.7), MSD of -0.1 (-1.0–5.6), and HD of 1.7 (0.1–5.9).



Conclusions

Open-source software-based in-house planning is a feasible, inexpensive, and fast method that enables accurate reconstructions. Additionally, it is excellent for teaching purposes.
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Introduction

The application of computer-aided design and computer-aided manufacturing (CAD/CAM) technology in primary and secondary mandibular reconstruction with the free fibula flap (FFF) following ablative surgery is considered to be state of the art nowadays. Several studies have proven its benefits and superiority in terms of operating time, ischemic time, symmetry, bony consolidation, and function (1–4), which may result in a positive cost–benefit balance sheet (5, 6) as well as better functional and aesthetic results (7–9).

After increasing standardization of the surgical processes and the integration of virtual planning processes in the last decade, the trend continues toward cost reduction, as patient-specific cutting guides and osteosynthesis plates are usually offered and produced by various osteosynthesis manufacturers and may even not have led to overall cost reduction (10). On the one hand, this necessitates a functioning infrastructure with nationwide coverage by these companies, and on the other hand, the effort expended entails additional costs for the surgical department and ultimately the healthcare system (10). In addition, the dependence on the industry reduces flexibility of planning timing and, depending on the complexity of the case, requires a lead time of at least seven to ten working days, during which one to three web meetings are held to discuss the planning and its implementation. In this context, two developments can be observed in the daily routine and more recent literature: first, the establishment of low-cost solutions for the in-house production of cutting guides using open-source software and in-house printers (11–14) and, second, the use of partially adjustable resection aids such as the ReconGuide (KLS Martin Group; Gebrüder Martin GmbH & Co. KG; Tuttlingen, Germany) and the MUC-Jig (15, 16).

The purpose of this study was to evaluate our workflow and results of in-house-planned mandibular reconstructions with the FFF and to describe potential pitfalls and solutions for a wider application of this versatile opportunity.



Materials and Methods


Ethical Statement and Enrolled Patients

All clinical investigations were conducted according to the principles expressed in the Declaration of Helsinki. The exploratory cross-sectional study of a historical cohort was approved by the institutional ethics committee of the Technical University of Munich, Klinikum rechts der Isar (Approval number: 326/21 S-EB).

All patients who underwent mandibular resection and a reconstruction with an in-house-planned CAD/CAM FFF in our department for a benign or malignant disease between January 2019 and May 2021 were included. Patients without a postoperative computed tomography (CT) scan or with any otherwise planned and performed mandibular reconstruction (for example the use of partially adjustable resection aids or other microvascular bone flap) within this observation period were excluded (Figure 1). Data collection included: gender, age, indication for mandibular reconstruction, extent of resection according to Brown et al. (I–IV) (17), number of fibular segments, duration of surgery [min], ischemia time [min], and estimated resin volume and printing duration per case. Ischemia time was defined as the interval between ligation of the pedicle, mandibular reconstruction with completed osteosynthesis and opening of the vessel clamp following microvascular anastomoses.




Figure 1 | Patient enrollment protocol of this exploratory cross-sectional study of a historical cohort. (FFF, free fibula flap; DCIA, microvascular iliac crest flap, deep circumflex iliac artery).



All enrolled FFF cases were preoperatively planned and flaps were harvested by either the first- or last-named author (LMR, AMF), using the lateral approach (18) and using templates printed in-house (cutting guides and repositioning aids).



Blender-Based In-House CAD/CAM Planning

The digital workflow for the production of the in-house-planned and printed cutting and reconstruction guides complies with the general principles of CAD/CAM-assisted techniques as described elsewhere in detail (1, 19–21).

Available pre- and postoperative CT scans of enrolled patients were collected. Corresponding Digital Imaging and Communications in Medicine (DICOM) data sets of the CT scans were anonymized and converted to corresponding standard tessellation language (STL) files using Mimics® software (Mimics® 17.0, Materialise; Leuven, Belgium). The open-source software solution Blender (Blender® Version 2.79; Blender Foundation and Institute; Amsterdam, Netherlands) was used for the in-house computer planning and design of corresponding mandibular and fibular cutting guides and repositioning aids (Figure 2). No validation or comparison of the Blender-based planning with another software was performed.




Figure 2 | Workflow for in-house Blender-based (Blender® Version 2.79; Blender Foundation and Institute; Amsterdam, Netherlands) planning and design of corresponding mandibular and fibular cutting guides and repositioning aids for mandibular reconstruction with the free fibula flap. (A) preoperative mandibular situation, (B) simulated resection planes and designed mandibular cutting guides, (C) corresponding fibular cutting guides, (D) repositioning aids (at angle and neomandibular/mandibula body junction), and (E) final virtually reconstructed mandible.



The purely Blender-based planning procedure contained following key steps (Supplementary Data): First, the preoperative STL file of the mandible was imported to the Blender software and positioned in three-dimensional space (“Object_Transform_Geometry to Origin”). Then the necessary cutting planes were set and aligned as surgically required (paramedian, corpus, ramus, etc.) (“Create_Cube” → transform and manipulate in object and edit mode). Now, depending on the number of necessary fibula segments, the STL file of the fibula was imported and superimposed onto the expected mandibular defect according to the functional and reconstructive requirements. After simulation of the reconstructive result (= neomandibula) and final adjustment of the fibula segment positions, the corresponding cutting guides for the mandible and the fibula, as well as the repositioning aids for the final neomandibula, were designed (“Create_Cube” → transformation and manipulation in object and edit mode, and “Add Modifier_Boolean_Difference”). Repositioning aids were only created for the junction between neomandibula body and original mandibular as well as for the neomandibular angle. No repositioning aids were designed for the ramus/condylar junction due to lack of space. In this region, pre-bent miniplates were the only aid to transfer the virtual plan.

In addition, holes with a diameter of 4.2 mm were integrated to incorporate drill sleeves for safe intraoperative temporary fixation (KLS Martin Group; Gebrüder Martin GmbH & Co. KG; Tuttlingen, Germany).

The cutting guides and repositioning aids were printed in-house with a Form 2 stereolithographic printer (Form 2, Formlabs; USA) using a Class 1 autoclavable, biocompatible photopolymer resin (Dental SG, FLDGOR01; Formlabs; USA) with a layer thickness of 50 µm. The post-processing of the printed geometries was carried out according to the manufacturer’s instructions.



Conventional Measurements and Three-Dimensional Analysis of Postoperative Results

Postoperative analysis of the surgical results included conventional measurements and three-dimensional surface matching methods. The conventional measurements included the following distances: horizontal distance condylar head–condylar head (head–head) medial (1), lateral (2), and the condylar angles left (3) and right (4) according to Ueki et al. (22).

After the segmented pre- and postoperative mandibles and the virtual model were six-point-aligned, the following three three-dimensional parameters were determined for the comparison of three possible constellations [preoperative vs. virtual model (pre-virt); preoperative vs. postoperative model (pre-post); virtual model vs. postoperative (virt-post)]: root mean square error [RMSE, [mm)], mean surface distance [MSD, (mm)], and Hausdorff distance [HD, (voxel)] (23–25) (Figure 3). All conventional and three-dimensional analyses were performed using the open-source software MeshLab (MeshLab_64bit_fp v2020.12) and Blender.




Figure 3 | Three-dimensional analyses were done with the open-source software MeshLab (MeshLab_64bit_fp v2020.12) showing root mean square error [RMSE, (mm)] in the left column and Hausdorff distance [HD, (voxel)] in the right column: (A, B) preoperative vs. virtual (pre-virt) model, (C, D) preoperative vs. postoperative (pre-post), and (E, F) virtual model vs. postoperative (virt-post).



All measurements were performed independently by two investigators (PK and FDG). All analyses were performed twice; the second round of analysis was performed at least seven to fourteen days later to minimize a habitual landmark setting and six-point alignment (26).



Statistical Analysis

The intraclass correlation (ICC) coefficient (Cohen’s kappa = κ) was calculated to determine the intra- and interrater reliability and consistency of measurements performed by two raters applying a two-way mixed model. For the analysis of pre- and postoperative differences of the conventional parameters the Wilcoxon signed-rank test was used. For the differences of RMSE, MSD, and HD between pre-virt vs. pre-post models uni- and multivariate regression analyses were performed.

All statistical tests were performed on an exploratory two-sided 5% significance level. No adjustments were made for multiple testing. Analysis was done with IBM SPSS 24 for Mac software (IBM Corp, Armonk; New York, United States).




Results


General Information and Descriptive Statistics

Twenty patients (9 female, 11 male) met the inclusion criteria (Figure 1). Age, indication for surgery, distribution of mandibular defect class according to Brown et al. (17), and the distribution of corresponding number of segments are shown in Table 1.


Table 1 | Overview of enrolled patients with regard to registered parameters: gender, age, indication for surgery, mandibular defect class according to Brown et al. (17), number of segments.



The overall median estimated resin volume and printing duration per case were 43.6 ml (13.8–77.4) and 180 minutes (120–255). Median costs per case were EUR 14.30 (4.50–25.30). The median overall operation duration was 650 minutes (480–840) and ischemic time was 165 minutes (90–240). In the class II mandibular defect constellation the operation duration was 630 minutes (480–840) and ischemic time was 150 minutes (90–240). In the class IV mandibular defect constellation the operation duration was 660 minutes (600–750) and ischemic time was 180 minutes (120–185) (p = 0.180; p = 0.928, respectively).



The Intraclass Correlation Coefficients

The ICC coefficients (κ) for the horizontal distances head–head medial and lateral showed very good intra- and interrater reliabilities (κ>0.9). The condylar angle measurement showed only satisfactory intra- [between ICC κ 0.552, 95% CI -0.292–0.844 and ICC κ 0.866, 95% CI 0.655–0.948)] and good interrater reliability (between ICC κ 0.845, 95% CI 0.579–0.942), especially in the preoperative measurements. The postoperative condylar angle measurements again showed good to very good agreement (ICC κ>0.9).

ICC coefficients of all three-dimensional parameters (RMSE, MSD, and HD) consistently showed very good intra- and interrater reliability (ICC κ>0.9) (Supplementary Tables 1 and 2).



Conventional and Three-Dimensional Analyses

The detailed results of the conventional pre- and postoperative measurements (horizontal medial and lateral head–head distances and left and right condylar angles) are summarized in Table 2.


Table 2 | Results of conventional and three-dimensional analyses.



The three-dimensional alignment analyses of the preoperative and virtually planned neomandibula models (= pre-virt = expected deviation from “ground truth” model) were associated with a median RMSE of 1.4 (0.4–7.2), MSD of 0.3 (-0.1–2.9), and HD of 0.7 (0.1–3.1). The three-dimensional alignment analyses of preoperative and postoperative models (= pre-post = postoperative, real deviation from “ground truth” model) showed a median RMSE of 2.2 (1.5–11.1), MSD of 0.5 (-0.6–6.1), and HD of 1.5 (1.1–6.5) and the differences were significantly different for RMSE (p < 0.001) and HD (p < 0.001). The difference was not significantly different for MSD (p = 0.554).

Three-dimensional alignment analyses of the virtual and postoperative models (= virt-post = postoperative, real deviation from planned situation) had a median RMSE of 2.3 (1.3–10.7), MSD of -0.1 (-1.0–5.6), and HD of 1.7 (0.1–5.9) (Table 2 and Figure 3).

The results for the RMSE, MSD, and HD analyses as a function of number of bone segments or mandibular defect class (II vs. IV) are shown in Figure 4.




Figure 4 | The results for the RMSE, MSD, and HD analyses as a function of number of bone segments (upper row) or mandibular defect class (lower row).





Uni- and Multivariate Linear Regression Analyses

Uni- and multivariate regression analyses were performed to analyze possible confounding factors (gender, age, indication for surgery, dignity, mandibular defect class, and number of segments) on the RMSE, MSD, and HD of the virtual postoperative model alignment. Gender and number of segments did not have a significant influence on RMSE, MSD, or HD and were thus excluded from the multivariate linear regression analyses. Dignity (benign vs. malign) showed a significant influence on RMSE and MSD (p = 0.047 95% CI = 0.015–1.987 and p = 0.001 95% CI = 0.461–1.767), but not on HD (p = 0.223 95% CI = -0.210–0.886). The significant influence of the factors age, indication, dignity, and mandibular defect class remained in the multivariate linear regression analyses (Table 3).


Table 3 | Uni- and multivariable linear regression model of the virtual-postoperative RMSE, MSD, and HD results and possible confounding factors.






Discussion

This study is one of the few studies on in-house CAD/CAM solutions that presents a critical contemporary three-dimensional evaluation of virtually planned mandibular reconstructions with FFF. Tarsitano et al. described that the use of CAD/CAM-assisted mandibular reconstruction is economically viable, as the money saved by the reduction of operation duration offsets the associated costs of approximately EUR 3,450 (5). Rommel et al. calculated the increased costs for planning and the use of patient-specific cutting guides offered and manufactured by osteosynthesis manufacturers to be EUR 2,250 per case (3). According to reviews and meta-analyses others reported the cost of virtual surgical planning to range from USD 3,000–8,200 (6, 10). These higher costs can be explained by the fact that the studies included in the reviews/meta-analyses were published between 2013 and 2016, at a time when 3D printing, for example, was even more expensive than it is today, and usually included the production of patient-specific reconstruction plates. Costs resulting from cost-effective in-house design and printing solutions are reported to be significantly lower. Bosc et al. calculated their cost per case for in-house design and printing at EUR 989 (13). In contrast, our reported median costs per case were EUR 14.30 (4.50–25.30). This represents an excellent cost–benefit ratio, We have deliberately omitted recent non-negligible cost items (acquisition and maintenance costs, sterilization time, and planning time of approximately five to six hours, salary, etc.) and did also not calculated overall potential cost savings for simplicity, as have many other authors, and focused exclusively on material costs. More recently, Moe et al. reported their cost per case to be USD 3.87 for in-house design and printing. Dell’Aversana Orabona et al. reported a cost per case of EUR 3 (27). At EUR 14.30, the calculated costs per case are comparable with data from the literature and are completely negligible in relation to the surgical costs. Our slightly higher costs can be explained by two factors: we created and printed repositioning aids for each osteotomy site, and the neomandibula segment was also printed in order to bend the miniplates preoperatively.

The total lead time (planning, designing, printing, post-processing, final preparation with drill sleeves, and sterilization) is two to three days, which agrees very well with the times reported in the literature (13, 14) – and can be expedited further with growing experience and optimization of the processes. Another essential aspect raised by Numajiri et al. is that this form of cost-effective planning is done in the surgeon’s time and is not outsourced to the osteosynthesis manufacturers and their clinical engineers as is usually the case (28). Geusens et al. reported that they have employed a full-time clinical engineer, which could be another solution to the altruistic behavior of interested and motivated surgeons (21). According to Tang et al., the economic benefits and limitations associated with the application of virtual surgical planning must be weighed against patient outcomes (4). The introduction of in-house solutions may represent the ideal approach in this respect, as costs can be saved and treatment optimized.

The study design and methodical analyses of the mandibular reconstruction is generally heterogenous among the available studies (4), which makes a direct comparison difficult. In a recent systematic review and meta-analysis on virtual surgical planning in mandibular reconstruction Barr et al. were not able to define a valuable parameter and result for “accuracy”, even though many authors highlight the introduction of CAD/CAM algorithms as beneficial (6). The reason is again the heterogeneity of parameters. The majority of studies compared the preoperative virtual plan to the postoperative situation by measuring the fibula segment lengths (21, 29–31), point-to-point distances and angles (3, 13, 14), intercondylar distance (32), or intercoronoid distance (21) or by comparing interfragmentary gap distances (33). Numajiri et al. analyzed an algorithm for the production of low-cost cutting guides designed and printed in-house (28). They reported an error deviation of 2.4 mm in 12 studied in-vitro model surgeries. For this laboratory setting under ideal conditions, an error deviation of 2.4 mm seems to be quite high. Four years later, Numajiri et al. published a clinical study comparing freehand and in-house-planned CAD/CAM FFF cases (14). Based on a point-to-point analysis, they describe their in-house Blender-based solution as accurate. Interestingly, the results of the more recent study are more precise than the results of their in vitro studies, which can probably be attributed to the research group’s growing experience with CAD/CAM-based surgical planning and the improvement of the processes. Yu et al. aligned the virtual plan and the postoperative result. But the evaluation was again limited only to distance measurements between corresponding points (8). Bosc et al. analyzed their postoperative results of in-house (Meshmixer or Blender) planned and printed cutting guides after surface alignment using CloudCompare, another potent open-source software solution for this purpose (13). However, the authors only used surface matching to get the maximum points of convergence for better correspondence of analyzed distances and angles. In all studies mentioned, the deviations between planning and operative results were 1–3 mm.

The disadvantage of all “conventional” measurement methods, which essentially involve only the analysis of distances (point-to-point or bone segment lengths) and angles, is that the effect of a small deviation on the entire three-dimensional geometry is neglected. An involuntary deviation from the planned osteotomy angle, fibula segment length, or fibula segment position will result in the derotation of the remaining mandible, and consequently in changes to the condyle angle.

For this reason and unlike most studies that have performed analyses of CAD/CAM-assisted mandibular reconstructions with the FFF, our focus has been on a three-dimensional analysis that encompasses the entire mandibular geometry. For example, Wallner et al. and van Eijnatten et al. applied three-dimensional parameters to compare the accuracy and comparability of open-source software solutions and influence of threshold setting for DICOM data set segmentation (23, 24). This approach seems to be a contemporary and objective way to compare two similar and rather complex objects but has not yet been used routinely in analyses of mandibular reconstructions (11, 12, 27). Each of our examined three-dimensional parameters – RMSE, MSD, and HD – had both excellent intra- and interobserver reliability, making the measured results valid for further analyses and discussion. In contrast, the conventional measurement of condylar angles in particular showed poorer intraobserver reliability for both examiners, which was confirmed by comparable interobserver reliability (Supplementary Tables 1, 2). Horizontal distances also revealed very good intra- and interobserver reliabilities. Dell’Aversana Orabona et al. used the open-source software InVesalius for in-house planning in four consecutive cases (27). They reported a distance between three-dimensional pre- and postoperative mesh points of 1.63 mm and a standard deviation of 5.45 mm in a volume overlay analysis. Recently, Moe et al. published results about their in-house workflow and described a mean surface overlay difference of 1.90 mm with an RMSE of 3.72 mm for 29 virtually planned cases, including 24 FFF (12). These results coincide with ours (virt-post MSD -0.1 (-1.0–5.6); virt-post RMSE 2.3 (1.3–10.7)). A novel aspect of our study is the comparison of preoperative situation and virtual model (pre-virt), which reflects the expected deviation from the “ground truth” model. Consequently, the difference between pre-post and pre-virt also reflects the accuracy when the value reaches 0. For this new parameter, we revealed excellent results for RMSE, MSD, and HD (Table 2).

In addition to potential cost savings and increased accuracy, we believe that this in-house planning has a great advantage especially in the training of junior surgeons. Dealing with virtual planning leads to the trainees intensively dealing with the clinical case, and potentially developing a higher demand for the final surgical result. Therefore, in our department, junior surgeons are introduced to virtual in-house fibula planning and learn to independently plan and create resection and repositioning guides. Unlike clinical engineers, they also perform flap elevation and mandibular reconstruction under the guidance of experienced specialists, so they will be involved in all steps of these complex reconstruction cases at an early stage in their careers. But this aspect (e.g. evaluation of junior surgeon´s satisfaction, confidence or virtual planning) was no not evaluated this study.


Limitations, Pitfalls and Solutions

A major drawback of this study was the application of an license-based segmentation software that is associated with an additional acquisition cost (Mimics® 17.0, Materialise; Leuven, Belgium with an one-time acquisition cost in 2014 of EUR 11,700). But, we used Mimics in order to reduce potential software-based pitfalls in our in-house workflow. Nevertheless, there exist reliable and accurate open-source solutions for segmentation like Slicer, as described by Wallner et al. and Egger et al. (23, 34, 35).

Through precise planning the original position of the mandible should be imitated as closely as possible from an esthetic and functional point of view. With regard to occlusion and jaw movement, the correct position of the temporomandibular joint is important, and the course of the neo-alveolar ridge is decisive for subsequent dentoalveolar rehabilitation, while from an esthetic point of view the projection of the chin and jaw angle region is particularly decisive. After a learning period, the planning of complex and heterogenous reconstructive cases with the open-source software Blender was feasible and led to excellent results with regard to the realization of virtual plans (Figure 5). But incorrect virtual planning can lead to poor postoperative results even if all surgical steps are basically correct and performed as planned. In the experience of the authors, one key pitfall region is the mandibular ramus. When reconstructing it, the transition of the outer surfaces of the fibula and the remaining cranial ramus portion must blend perfectly. If this is not the case, the application of the osteosynthesis will derotate the ramus portion and consequently change the condyle angle and position. But condylar position changes may occur also later in a longer observational interval than it was in our study (36). But nevertheless, a derotation of the condylar head because of the cranial ramus rotation will be visible immediately. The functional sequalae is uncertain and needs further evaluation (37). A further prerequisite is the optimal design of ramus/collum resection guides. Aspects that should be taken into account here are that the mandibular angle is gripped caudally, so that the correct vertical positioning of the guide is ensured. In addition, the guide must not be too thick cranially to allow sawing; if necessary, an angled micro saw can be used, which is usually not a problem with regard to the general bone thickness in this area.




Figure 5 | Clinical example with intraoperative images of a case with hemimandibulectomy with exarticulation (Brown IIc) due to chronic osteomyelitis. Reconstruction was performed with a three-segment free fibular flap (FFF), with the corpus section reconstructed with a double-barrel component for better neomandibula contouring and crestal bone position for secondary enossal implant insertion. (A) FFF following osteotomies with temporarily applied cutting guides, (B, C) reconstruction of the ramus including neo-condylar head and crestal corpus section applying a repositioning aid and pre-bent 2.0 miniplate osteosynthesis, (D) positioning of the neomandibula with another repositioning aid, and (E) final reconstructive result with the double-barreled caudal FFF section for optimized bony countering.



Lastly, we think that the usage of repositioning guides is an excellent alternative to intraoperative navigation as described by Yu et al. (8) to critically feedback the reconstructive result intraoperatively. Especially the combination of repositioning guides and pre-bent osteosynthesis plates enhance the overall accuracy. This is also reflected by the fact that the number of bone segments had no significant effect on RMSE, MSD, or HD (Table 3) and might explain our better results for MSD and RMSE compared to Dell’Aversana Orabona et al. and Moe et al. (12, 27). Regarding the design of the repositioning guides, we recognized that we achieved better fit of the guides when designing multiple, osteotomy-specific guides rather than one large, contiguous guide. The supposed inaccuracy of the large repositioning guides is most likely due to 3D printing itself.




Conclusion

After a certain learning period, open-source software facilitates cost-effective and precise in-house virtual planning of mandibular reconstructions with a short lead time and without the need for external companies. Even highly complex reconstructions are thus possible with favorable results. In addition, the open-source software offers an excellent possibility to illustrate the surgical procedure. This might enhance the understanding for younger colleagues and increase their likelihood and frequency of an ideal surgical result.
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Introduction

Vertical discrepancy between the fibula flap and the native mandible results in difficult prosthetic rehabilitation. The aim of this study was to evaluate the outcomes of 3D reconstruction of the mandible in oncologic patients using three different techniques through virtual surgical planning (VSP), cutting guides, customized titanium mesh and plates with CAD/CAM technology, STL models and intraoperative dynamic navigation for implant placement. Material and methods



Material and Methods

Three different techniques for mandibular reconstruction and implant rehabilitation were performed in 14 oncologic patients. Five patients (36%) underwent VSP, cutting guides, STL models and a customized double-barrel titanium plate with a double-barrel flap and immediate implants. In six patients (43%), VSP, STL models and a custom-made titanium mesh (CAD/CAM) for 3D reconstruction with iliac crest graft over a fibula flap with deferred dental implants were performed. Three patients (21%) underwent VSP with cutting guides and customized titanium plates for mandibular reconstruction and implant rehabilitation using intraoperative dynamic navigation was accomplished. Vertical bone reconstruction, peri-implant bone resorption, implant success rate, effects of radiotherapy in vertical reconstruction, bone resorption and implant failure, mastication, aesthetic result and dysphagia were evaluated.



Results

Significant differences in bone growth between the double-barrel technique and iliac crest graft with titanium mesh technique were found (p<0.002). Regarding bone resorption, there were no significant differences between the techniques (p=0.11). 60 implants were placed with an osseointegration rate of 91.49%. Five implants were lost during the osseointegration period (8%). Peri-implant bone resorption was measured with a mean of 1.27 mm. There was no significant difference between the vertical gain technique used and implant survival (p>0.385). Implant survival rates were higher in non-irradiated patients (p<0.017). All patients were rehabilitated with a fixed implant-supported prosthesis reporting a regular diet (80%), normal swallowing (85.7%) and excellent aesthetic results.



Conclusions

Multi-stage implementation of VSP, STL models and cutting guides, CAD/CAM technology, customized plates and in-house dynamic implant navigation for mandibular defects increases bone-to-bone contact, resolves vertical discrepancy and improves operative efficiency with reduced complication rates and minimal bone resorption. It provides accurate reconstruction that optimizes implant placement, thereby improving facial symmetry, aesthetics and function.
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Introduction

Mandibular defects in oncologic patients cause severe bone and soft tissue defects, with their consequent aesthetic and functional sequelae, and immediate mandibular reconstruction is mandatory. Mandibular segmental defects lead to malocclusion, mandibular deviation, TMJ alterations and soft tissue retraction (1). Retrusion of the lower third of the face occurs, especially in cases where the mandibulectomy includes the symphysis and mandibular body. In addition, there is significant lower lip ptosis and lip incompetence. When resection is located on the body of the mandible, facial asymmetry is evident, with soft tissue collapse on the affected side (2–4). If the tumor resection in the mandible includes the mandibular condyle, these sequelae are even more significant (1). In addition to lip incompetence, other disabling functional sequelae include salivary incontinence, difficulty in chewing, swallowing, and speech articulation. Patients undergoing mandibular resection who do not receive reconstruction present progressive deviation and retrusion towards the affected side, increasing the functional sequelae exposed (1, 2). In addition, vertical masticatory movements are replaced by oblique and diagonal movements directed by a single temporomandibular joint which, added to the limited lingual mobility in many cases, increases the patient’s difficulties in social interaction.

Advances in reconstructive surgical techniques in the head and neck area have allowed a comprehensive treatment and a complete surgical approach with a significant improvement in the aesthetic and functional reconstruction of these patients. Microsurgical techniques, virtual surgical planning (VSP), CAD-CAM (computer-aided design/computer-aided manufacturing) technology, intraoperative dynamic navigation and advanced implantology have improved significantly the comprehensive reconstruction of the oncologic patients with segmental mandibular defects (5–8).

Free flaps are considered the main reconstructive technique for segmental defects of the mandible and adjacent soft tissues (9). Among them, the fibula free flap, the scapular flap, and the iliac crest flap stand out. The fibula flap has been the flap of choice since it was described for mandibular reconstruction due to several advantages: great length of bone which allows reconstructions of defects longer than 10 cm (10), medullary and periosteal vascular supply, a long and anatomically constant vascular pedicle (11), large skin paddle for soft tissue reconstruction, bicortical bone (10) and the feasibility for dental rehabilitation with implant-supported or implant-retained prostheses (12). The bicortical bone is ideal in order to achieve primary stability of dental implants, it provides the possibility of a two-team approach and the morbidity of the donor area is relatively low (2, 13). However, the fibula flap does not provide sufficient height of bone to restore the native height of the mandible (3). The vertical discrepancy between the remnant mandible and the fibula flap results in a reduction of the vertical dimension of the lower third of the face with the consequent aesthetic and functional sequelae and difficulty in implant placement and prosthetic rehabilitation that may cause implant overloading and endanger both the functional and aesthetic long-term results (9). There are several surgical techniques to solve this problem through virtual surgical planning: a double-barrel flap with a double-barrel customized titanium plate and immediate implant placement, a CAD/CAM titanium mesh filled with iliac crest onlay graft over the fibula flap in a second stage procedure, and a vertical distraction osteogenesis of the fibula flap. To complete the mandibular reconstruction and the aesthetic and functional oral rehabilitation of these patients, the placement of dental implants needs to be optimal. Therefore, intraoperative navigation allows highly accurate and predictable results necessary in cases with altered and complex mandibular anatomy.

The aim of this study was to evaluate the outcomes of three-dimensional aesthetic and functional reconstruction of the mandible in oncologic patients using three different techniques through virtual surgical planning: 1) VSP, STL models and cutting guides for mandibular resection and reconstruction with a double-barrel free flap and a customized double-barrel titanium plate with immediate implant placement; 2) VSP, STL models and a CAD/CAM titanium mesh with iliac crest graft in a second surgical procedure with delayed placement of dental implants; 3) VSP with cutting guides for mandibular reconstruction and intraoperative dynamic navigation for implant placement in a delayed surgical procedure. An additional aim of this study was to compare the success rate of the implants and the bone resorption between irradiated and non-irradiated patients. The specific aims were: a) to compare the vertical reconstruction of the mandible; b) to compare the peri-implant bone resorption; c) to compare the implant failure between the different techniques; d) to compare the effects of radiotherapy in vertical reconstruction and bone resorption; e) to stablish the association between radiotherapy and implant failure; f) to evaluate mastication; g) to evaluate the aesthetic result and h) to evaluate the presence or absence of dysphagia. The aesthetic result, the mastication and dysphagia were evaluated 1 year after prosthetic rehabilitation. The aesthetic and functional results with deglutition and speech articulation were evaluated 1 year after prosthetic rehabilitation. The review of medical records and data collection and the subsequent analysis of the data collected is endorsed by the Hospital Ethics Committee at Gregorio Marañón General Hospital, Madrid, Spain.



Materials and Methods

To address the research purpose, the investigators designed and implemented a retrospective study during a 5-year period (2015–2020). Fourteen patients with segmental mandibular defect due to their oncologic process and mandibular segmental reconstruction with implant rehabilitation were included in this study at Hospital General Universitario Gregorio Marañón, Madrid, Spain. The inclusion criteria were: 1) oncologic patients with segmental mandibulectomy reconstructed through VSP with double-barrel fibula free flap, double-barrel customized plate and immediate implant placement with surgical guides; 2) oncologic patients with segmental mandibulectomy reconstructed with fibula flap and iliac crest graft with customized titanium mesh through VSP, CAD/CAM technology and dental implants in a second surgical stage; 3) oncologic patients with segmental mandibulectomy reconstructed with fibula flap and implant rehabilitation through VSP and “in house” dynamic navigation in a second surgical procedure. Patients with previous history of radiotherapy or chemotherapy were excluded from this study.

Eight oncologic patients were diagnosed with ameloblastoma and six patients were diagnosed with squamous cell carcinoma. In all cases, MRI was performed prior to surgical planning to ensure the viability of the patients’ tibioperoneal vessels. In patients in which a skin paddle was necessary to reconstruct the soft tissue defect, the perforating vessels were marked on the skin, and the fibula flap was designed to include the perforators. Oncologic resection with clear margins was achieved in all patients through virtual surgical planning and cutting guides that improved the precision of the bone resection. Immediate reconstruction with fibula flap through VSP was performed in all patients. Patients were distributed into three groups according to the mandibular reconstruction and implant rehabilitation techniques employed.

In five patients (35%), the reconstruction technique used was the double-barrel fibula flap through virtual surgical planning, 3D printed models and a double-barrel customized titanium plate manufactured with a CNC milling machine (plate thickness: 2.0 mm with 1.5 mm in the upper extension and a 2.0 mm screw system) (KLS Martin). Immediate implant placement was accomplished through the 3D printed cutting guide This technique was performed in patients in which sufficient length of bone and length of vascular pedicle was available to allow an optimal reconstruction without compromise of microvascular anastomoses. The design of the peroneal cutting guide included the surgical guide for immediate implant placement (Ticare®, Valladolid, Spain).

In six patients (43%), a secondary 3D reconstruction of the mandible was accomplished through VSP, STL models and a custom-made titanium mesh (CAD/CAM) (Maffinter®, Madrid, Spain) with iliac crest graft and dental implants to enable both vertical and horizontal reconstruction of the fibula flap. This technique was performed in patients in which no sufficient length of bone was available to perform a double-barrel flap for complete reconstruction of the defect or in patients in which a previous single fibula flap was performed and a secondary 3D reconstruction of the fibula was needed prior to achieve an optimal prosthodontic rehabilitation with dental implants. In non-irradiated patients the second surgical stage was performed 4 months after initial surgery. In one irradiated patient the surgery was performed one year after the end of radiotherapy. A two-team approach was accomplished and a cortico-cancellous graft from the anterior superior iliac crest was harvested due to its thicker cortical layer. As it was a cortico-cancellous graft and not a microsurgical flap, no cutting guides were used, and the adaptation of the graft to the CAD/CAM titanium mesh was performed using a standard freehand procedure. A cervical approach was performed to expose the fibula flap and remove the osteosynthesis material. In this way, the cortico-cancellous graft was isolated from the oral cavity. In all patients cortico-cancellous graft was fixed using CAD/CAM titanium mesh, adapted and fixed to the remaining fibula. Six months later, the three dimensions of the mandible were evaluated by the Radiology Department through CT scan, providing relevant quantitative data regarding bone volume and bone resorption. The height of the graft was measured in both sagittal and coronal CT sequences, while the width of the graft was measured in the axial CT sequences. An intraoral approach was planned, the titanium mesh was removed and dental implants (Ticare®, Valladolid, Spain) were placed in all patients, who were subsequently rehabilitated with a fixed implant-supported prosthesis with the aim of achieving a comprehensive reconstruction, both aesthetic and functional.

Three patients (22%) underwent VSP with cutting guides and customized titanium plates with fibula flap with minimal vertical discrepancy that did not require complementary techniques. Rehabilitation with dental implants was performed using intraoperative dynamic navigation in a second surgical stage in patients previously reconstructed with fibula flap. The intraoperative dynamic navigation technique for implant placement is a recent technique in our department and, therefore, in patients in whom the vertical discrepancy between the fibula flap and the remnant mandible was not significant, implant placement was performed using an “in house” intraoperative dynamic navigation. Virtual 3D models of the jaw and surrounding tissues were generated from preoperative CT scan using 3D Slicer open-source software. The models were imported into a dental planning software and optimal position of the implants were determined. The virtual planning was transferred into the navigation software and a Polaris Spectra (NDI, Waterloo, Canada) optical tracking system was used to assess the real-time positioning of the surgical instruments. Tracked instruments included the drilling handpiece, and a pointer device in order to register the landmarks. The handpiece tracking was possible due to the attachment of a 3D printed adaptor specifically designed which included the optical markers. A 3D printed reference with optical markers was also designed in order to track the patients’ position during surgery. This printed reference was attached to the jaw using a silicone jig fitted on the teeth. These references were manufactured with polylactic acid using a 3D printer at the hospital’s FabLab. A software application was developed in 3D slicer showing the real-time position of the handpiece with respect to the preoperative images, 3D models and virtual planning. The handpiece tip position was recorded during drilling and the application enabled an accurate control of the drilling trajectory in order to achieve the virtual planning. Intraoperative measurements were performed to assess the position and angular deviation of the dental implants. Postoperative CT scan and panoramic radiographs were performed to evaluate the surgical outcomes.

The prosthetic rehabilitation of the oncologic patients was carried out in the Maxillofacial Surgery Department with fixed implant-supported prostheses with the aim of achieving the best aesthetic and functional reconstruction. During the follow-up period, the vertical gain obtained after surgery with each technique, the peri-implant bone resorption, the implant success rate and the effects of radiotherapy, were evaluated. Measurement of vertical bone gain was performed in all patients before implant placement. Esthetic assessment by the patients was performed in all groups to address scores in facial symmetry, facial scarring and facial projection, and the results were classified with scores 1 (poor), 2 (fair), and 3 (good). Functional outcomes such as mastication and deglutition were also evaluated. Dysphagia was reported as “yes” or “no”, and mastication was assessed in all groups, and results were classified with scores 1 (liquid-soft diet), and 2 (regular/unrestricted diet).

Statistical analysis: qualitative variables were expressed as frequencies and percentages. Quantitative values were expressed as mean +/- standard error of mean. Mann-Whitney’s tests were used to compare differences between groups of quantitative variables. Qualitative variables were compared using Chi-squared test. The statistical analysis was performed using the software SPSS 25.0. p value < 0.05 was considered statistically significant.



Results

The mean follow-up time was 26 months (range 6-48 months) with no flap loss observed in any of the cases. The vertical discrepancy was solved, achieving in two patients a partial overcorrection of 112%. Fourteen patients with segmental mandibular defects were reconstructed with a free fibula flap. In all patients the origin of the defect was oncologic of which eight patients (57%) presented diagnosis of ameloblastoma and six patients (43%) of squamous cell carcinoma. In five patients (35%), mandibular reconstruction was performed in a single stage by means of VSP, double-barrel fibula flap, double-barrel customized titanium plate and immediate implant placement through surgical guides. Six patients (43%) underwent a second surgery with an iliac crest graft adapted according to the titanium meshes made specifically for each patient using CAD-CAM technology. Six months later, the titanium meshes were removed and dental implants were placed. In 3 patients (22%), the vertical dimension of a simple fibula flap was sufficient to provide a good aesthetic and functional result and implant placement was performed through VSP and dynamic navigation in a second surgical procedure. Therefore, 65% of patients required more than one surgical intervention for complete rehabilitation. The smallest mandibular segment was 6.3 cm and the largest was 16.4 cm, with a mean of 10.2 cm. In six patients, the fibula flap was exclusively a bone flap (43%) and in eight patients osseocutaneous flaps were harvested (57%). One flap required surgical revision due to partial thrombosis of one of the anastomosed veins in the immediate postoperative period.



Virtual Surgical Planning for Double-Barrel Free Flap, Cutting Guides, Customized Double-Barrel Plate and Immediate Dental Implants

Patients reconstructed with double-barrel fibula flap had a mean age of 46.4. Four patients were male (80%) and one patient was female (20%). Two patients were diagnosed with squamous cell carcinoma, 2 patients with multicystic ameloblastoma and 1 desmoplastic ameloblastoma. Three patients (60%) did not receive postoperative radiotherapy and two patients were irradiated (40%). Vertical reconstruction was 27.8+/-0.5mm and bone resorption was 1.23+/-0.09mm. A total of 20 implants were immediately placed with a mean of 3.8+/-0.26 implants per patient. There were no major complications. In one patient there was intraoral exposure of the osteosynthesis material, which was treated conservatively without incident. This technique allowed reconstruction of the natural mandibular height. Two patients (40%) with 8 implants were irradiated with 60Gy. Twelve implants (60%) were placed in the 3 non-irradiated patients. Of the implants placed in irradiated patients, one implant (12.5%) presented osseointegration failure. In non-irradiated patients there was loss of one implant (8.3%). The rest of the implants showed correct osseointegration (90%). All patients were rehabilitated with fixed implant-supported prostheses. One year after prosthetic rehabilitation, mesial and distal peri-implant bone resorption was evaluated. The mean bone resorption was 1.23 mm. In irradiated patients the resorption was slightly higher than in non-irradiated patients, where it was not relevant. (Table 1A).


Table 1 | Outcomes with three different techniques for mandible reconstruction and implant rehabilitation in oncologic patients.




Case Presentation

A 29-year-old male patient was diagnosed with mandibular desmoplastic ameloblastoma with involvement of the symphysis and right mandibular body and disruption of the lingual cortical bone. A virtual surgical planning was performed for resection with clear margins and reconstruction of a double-barrel fibula flap with four segments and immediate placement of five dental implants were performed (Figure 1). Cutting guides were designed for both resection and reconstruction, as well as a design for immediate implant placement (Osteoplac Innovations®, Madrid, Spain). For the reconstruction, a customized double-barrel titanium plate was designed and manufactured with a CNC milling machine (plate thickness: 2.0 mm with 1.5 mm in the upper extension and a 2.0 mm screw system) (KLS Martin) specifically so that the placement of the implants did not interfere with the osteosynthesis material (Figure 2). A two team approach was performed simultaneously and the cutting guides were used to perform the segmental mandibulectomy and to perform the osteotomies for a double-barrel fibula flap with four segments. The fibula cutting guide incorporated in its design the slots for the placement of the implants that were drilled during the harvesting of the flap. Once the mandible had been reconstructed and the microsurgical anastomoses had been performed, five dental implants were placed (Ticare®) (Figures 3, 4). Postoperative CT scan and panoramic radiograph demonstrated a correct union between the fibula flap and the remnant mandible and accurate implant placement as planned in the virtual surgical planning. Prosthetic rehabilitation was performed with an implant fixed prosthesis with an optimal aesthetic and functional result (Figure 4).




Figure 1 | (A) CT scan showing a right ameloblastoma. (B) Virtual planning of the mandibular resection. (C) Cutting guides designed for tumor resection with clear margins. (D) Fibula cutting guide designed for a double-barrel flap in 4 segments with the implant slots for implant placement.






Figure 2 | (A) Double-barrel fibula flap designed in four segments for 3D reconstruction of the mandible. (B) Fibula cutting guide including the slots for implant placement. (C) Customized double-barrel titanium plate for rigid fixation. (D) Final design for mandibular reconstruction including the double-barrel flap, the double-barrel titanium plate and the position of dental implants.






Figure 3 | (A, B) STL printed models with cutting guides and customized titanium plate. (C) Double-barrel fibula flap fixed to the titanium plate prior to vascular pedicle clamping. (D) Mandibular reconstruction after microvascular anastomoses.






Figure 4 | (A, B) Immediate implant placement between the osteosynthesis material as previously planned in the VSP. (C) Postoperative CT scan demonstrating the 3D reconstruction with the double-barrel free flap, the double-barrel customized plate and the immediate implants. (D) Panoramic radiograph after surgery with 3D reconstruction of the mandible. (E) Final aesthetic and functional result.






Virtual Surgical Planning, Stereolitographic Models and CAD/CAM Titanium Mesh for 3D Reconstruction of Fibula Flap With Iliac Crest Graft and Dental Implants

The patients reconstructed with fibula flap and titanium mesh with iliac crest graft had a mean age of 52 years. Three patients were female (50%) and three patients were male (50%). Three patients were diagnosed with squamous cell carcinoma, 1 patient developed a recurrent ameloblastoma and 2 patients were diagnosed with multicystic ameloblastoma. One patient (17%) received postoperative radiotherapy while 5 patients (83%) were not irradiated. Mean vertical reconstruction was 12.1 mm (range 13.4 - 10.1 mm). Mean bone resorption was 1.48 mm. One patient received radiotherapy and iliac crest graft was delayed one year after the end of radiotherapy. In the remaining patients (83%), reconstruction of the vertical dimension with iliac crest graft and custom CAD-CAM titanium mesh was performed four months after initial surgery. In all cases a two-team approach was performed, at the cervical area and the anterosuperior iliac spine, respectively. The cervical approach allowed placement of the iliac crest graft without contamination of the oral cavity in all cases. Six months later, an intraoral approach was performed for mesh removal and implant placement. Twenty-eight implants were inserted in this group of patients with an average of 4.6 implants per patient. Osseointegration failure was evident in one implant (3.5%) in the irradiated patient. The osseointegration success rate was 92.86%. All patients were rehabilitated with an implant-supported fixed prosthesis (Table 1B).


Case Presentation

A 38-year-old patient was referred to our Department reporting progressive deformity of the mandibular symphysis. 3D CT scan showed a lytic lesion with destruction of the external mandibular cortex (Figure 5A). A multicystic ameloblastoma was diagnosed. Tumor resection with segmental mandibulectomy and clear margins, and immediate reconstruction with a two-segment fibula flap was performed (Figure 5A). A vertical discrepancy between the remnant mandible and the fibula flap was assessed and a virtual surgical planning (VSP) with a cortico-cancellous iliac crest graft was planned in a second surgical procedure. VSP was performed with the biomedical engineer (Maffinter®, Madrid, Spain) and a three-dimensional virtual reconstruction of the defect was performed with two titanium CAD/CAM meshes (Figure 5B). STL model and CAD/CAM titanium mesh were printed and checked before surgery (Figure 6A). Under general anesthesia, a cervical approach was performed to expose the fibula and remove the osteosynthesis material without communicating with the oral cavity (Figure 6B). Simultaneously, a cortico-cancellous graft of the left anterosuperior iliac crest was obtained. The graft was fixed to the fibula using the CAD/CAM titanium mesh and 1.5 mm screws (Figure 6C). There was no intraoral exposure of the graft and an increase in the vertical dimension of the fibula was achieved and demonstrated by panoramic radiograph and CT scan. Panoramic radiograph revealed a bone gap between the iliac crest graft and the remnant mandible mesial to the left first molar due to the angular shape of the titanium mesh at this level. Six months later, the ossification of the graft and volume of the soft tissue were verified. An intraoral approach was performed, the titanium mesh was removed and the increase in height and width achieved with the graft was verified, showing the space beneath the titanium mesh completely filled with new hard tissue (Figure 7). Seven dental implants were placed (Ticare®, Valladolid, Spain) and, four months later, the second surgical procedure of the implants was performed. Despite the gap between the iliac crest graft and the remnant mandible, the prosthetic rehabilitation was carried out by means of a fixed implant-supported prosthesis providing normal occlusion (Figure 8). Three years later, there was no evidence of significant peri-implant bone resorption. The prosthetic rehabilitation allowed a correct aesthetic and functional result with a regular diet and intelligible speech.




Figure 5 | (A) CT Scan showing destruction of the mandibular symphysis, segmental mandibulectomy from left mandibular body to right mandibular angle and immediate reconstruction with fibula free flap. (B) VSP for vertical reconstruction of the fibula with two CAD/CAM titanium meshes adapted to the two segments of the fibula flap.






Figure 6 | (A) (STL) showing the vertical bone discrepancy and the adaptation of CAD/CAM titanium mesh to the fibula for three-dimensional bone reconstruction. (B) Cervical approach to avoid intraoral communication and exposure of the peroneal flap with good bone vascularization. (C) Iliac crest cortico-cancellous graft to reconstruct mandibular height and preserve the horizontal dimension of the fibula. Adjustment of the titanium mesh to the upper and lateral part of the two fibula segments.






Figure 7 | (A) Panoramic radiograph showing a bone gap between the iliac crest graft and the remnant mandible mesially to the lower molar due to the angular shape of the titanium mesh at this level. CT Scan (B) with three-dimensional reconstruction of the mandible. CT Scan demonstrating the stability of the transverse dimension of the fibula with respect to the remnant mandible. (C) The three-dimensional preservation of the iliac crest graft with CAD/CAM mesh makes it possible to double the height of the fibula. (D) Intraoral approach showing the three-dimensional preservation of the customized mesh.






Figure 8 | (A) Placement of Ticare® dental implants. (B) Final dental restoration. (C) Panoramic radiograph demonstrating the reconstruction of the previous height of the mandible with a correct osseointegration of the implants. (D) Aesthetic result with mandibular symmetry. (E) Morphing performed after implant rehabilitation, demonstrating a significant aesthetic improvement after 3D reconstruction with iliac crest graft.






Virtual Surgical Planning and In-House Implant Dynamic Navigation for Mandibular Reconstruction and Dental Rehabilitation

In three cases (21%), reconstruction with a free fibula flap was sufficient to obtain a vertical dimension of the segmental defect similar to the remnant mandible, and no further techniques for vertical reconstruction were needed. In patients reconstructed with simple fibula flap, we usually deferred the placement of the implants because the possible interference of the osteosynthesis material could lead us to place the implants in a non-desirable position for future prosthetic rehabilitation. Therefore, implant dynamic navigation was performed to place dental implants in patients previously reconstructed with a simple fibula flap in whom implants had not been placed in the first surgical procedure. Implant rehabilitation of these patients was performed using 3D customized splint and intraoperative dynamic navigation. The mean age of these patients was 43 years. One patient was diagnosed with squamous cell carcinoma and 2 patients were diagnosed with ameloblastoma. Two patients (67%) did not receive radiotherapy, and implant surgery was performed four months after mandibular reconstruction. One patient (33%) was irradiated after surgery and implant placement was performed one year after completion of radiotherapy. Twelve implants were placed assisted by this technology, of which seven (58.3%) were placed on non-irradiated peroneal flap and five (41.6%) on the irradiated patient. The average deviation in implant position was less than 1 mm and the average deviation in implant angulation was less than 5°. No major complications occurred. The mean peri-implant bone resorption measured in mesial and distal locations was 1.1 mm. One implant loss occurred in the irradiated patient, with a success rate of 91.6% (Table 1C).


Case Presentation

A 53-year-old patient was diagnosed with a recurrent left mandibular ameloblastoma. A virtual surgical planning of a segmental mandibulectomy from the parasymphysis to the left subcondylar area was performed, with the corresponding cutting guides designed. Virtual planning of mandibular reconstruction with fibula flap and customized titanium plate was designed simultaneously with the cutting guides for the fibula flap to perform the osteotomies. The patient underwent segmental mandibulectomy with clear margins through the printed cutting guides and immediate reconstruction with a fibula free flap and a customized titanium plate. In the control panoramic radiograph, the mandibular reconstruction showed the mandibular reconstruction carried out by means of virtual surgical planning (Figure 9). Four months later, when planning the implant placement, it was decided to perform a dynamic intraoperative navigation. Splints were manufactured for CT scan and navigation planning of Ticare® implant placement. The placement of the implants was planned by means of in-house dynamic navigation using the 3D Slicer software (Figure 10). The “In House” navigation system uses an optical system with two infrared cameras and a free 3D Slicer software. The navigator detects the reflective spheres placed on the pointer, the handpiece adapter and the silicone key kit that is used as intraoral reference. This kit allows the navigator to compensate mandibular movements with submillimetric precision. The Ticare® implants were placed in the fibula flap using dynamic navigation with a mean deviation of less than 1 mm and an angular deviation of less than 5°. In the comparison between the preoperative planning of the implants and the postoperative panoramic radiograph after implant placement using “in house” navigation, it was observed that the accuracy achieved was submillimetric (Figure 11). Prosthetic rehabilitation was performed with an implant supported prosthesis and aesthetic and functional results were reported as excellent.




Figure 9 | (A) Recurrent ameloblastoma. (B) Virtual surgical planning of the oncologic resection with cutting guides. (C) Virtual reconstruction with fibula free flap and customized titanium plate. (D) Cutting guides for fibula flap. (E) Immediate reconstruction with fibula flap and customized titanium plate.






Figure 10 | (A) Panoramic radiograph after mandibular reconstruction. (B) Splint manufactured for dynamic navigation. (C) Virtual surgical planning of 4 Ticare® implants. (D) Intraoperative dynamic in-house navigation for implant placement.






Figure 11 | (A) Virtual planning of dental implants. (B) Intraoperative implant placement through dynamic navigation. (C) Panoramic radiograph after surgery showing a high accuracy compared with the virtual planning. (D) Prosthetic rehabilitation with implant fixed prosthesis. (E) Aesthetic and functional result.




Vertical Mandible Reconstruction and Bone Resorption

Using Mann-Whitney test, the authors demonstrated significant differences in bone vertical gain in millimeters between the double barrel technique and iliac crest graft with titanium mesh technique (p<0.002). Regarding bone resorption in millimeters after implant placement and loading, the Mann-Whitney test determined that there were no significant differences between the double-barrel technique and the iliac crest graft technique (p=0.11).



Implant Success Rate

The overall implant success rate was 91.49%. By groups, the success rate of immediate implants on double-barrel fibula flap was 90%, 92.86% on iliac crest graft and 91.6% on peroneal flap with intraoperative navigation. Statistical analysis using the Chi-square table showed no statistically significant differences between the vertical gain (mm.) technique used and implant survival (p>0.385) (Table 2).


Table 2 | Implant failure between the different techniques.





Effect of Radiotherapy in Vertical Reconstruction and Bone Resorption 

The Mann-Whitney test was applied to compare bone height and bone resorption in patients submitted to radiotherapy and showed no statistically significant difference, and radiotherapy was not associated with higher bone resorption (Table 3).


Table 3 | Effects of radiotherapy in vertical reconstruction and bone resorption.





Association Between Radiotherapy and Implant Failure 

Of the 60 implants, 43 implants were placed in non-irradiated bone with two losses (4.6%) and a success rate of 95.4%. Seventeen implants were inserted in irradiated bone, with two failures of osseointegration (11.7%) and a success rate of 88.3%. Chi-square analysis demonstrated significant results between both groups (p<0.017) (Table 4).


Table 4 | Association between radiotherapy and implant failure.






Mastication

Mastication was assessed in all groups, and results were classified with scores 1 (liquid-soft diet), and 2 (regular/unrestricted diet). Four patients reconstructed with a double-barrel flap and dental implants reported an unrestricted diet (80%), while 1 patient referred a soft diet (20%). Five patients reconstructed with a titanium mesh, iliac crest graft and implants reported a regular diet (83.3%), while 1 patient referred a liquid diet (16.7%). All patients in which oral rehabilitation was performed through dynamic navigation reported a regular diet (100%) (Table 1).



Aesthetics Outcomes

Esthetic assessment by the patients was performed in all groups to address scores in facial symmetry, facial scarring and facial projection. Ten patients (71.4%) reported a good aesthetic result while 4 patients referred a fair result (28.6%). A good aesthetic result was reported by 4 patients reconstructed with double-barrel flap, 4 patients reconstructed with CAD/CAM titanium mesh and 2 patients with dynamic navigation (Table 1).



Dysphagia

Dysphagia was reported by the patients as “yes” or “no”. Only 2 patients reported dysphagia, while 12 patients referred normal swallowing (85.7%) (Table 1).

All patients were rehabilitated with an implant-supported fixed prosthesis, obtaining excellent esthetic and functional results in terms of lip competence and speech articulation. No statistically significant differences were found in prosthetic rehabilitation between the three techniques and all patients reported an intelligible speech.




Discussion

The use of computer-assisted surgery and navigation technology in head and neck oncology was described in the early 90’s by A. Wagner (14). In recent years, the concept of “precision medicine” has become part of standard hospital practice, allowing different products to be adapted to each patient in a specific way (15). There has also been a significant development of this technology in the field of maxillofacial surgery: virtual surgical planning (VSP), CAD-CAM design and modeling and intraoperative navigation techniques have contributed, over the past few years, to simplify and improve the accuracy of surgeries. These techniques allow the pre-planning of the oncological resection, the dimensions of the neomandible and the precise location of the osteotomies in bone flaps (15, 16). CAD-CAM cutting guides help the surgical team to faithfully carry out the treatments devised, improving the precision, accuracy and reliability of the results in oncological resections and reconstructions. Intraoperative dynamic navigation systems allow immediate insertion of osseointegrated implants, contributing to faster dental rehabilitation (2, 17). Therefore, the combination of VSP and intraoperative navigation can guarantee the best possible postoperative results, especially in complex mandibular defects without occlusal stability. The main advantages of this technology are: 1) preoperative visualization of each patient’s anatomy (18); 2) it enables oncologic resection with clear margins (19); 3) it improves the accuracy of the reconstruction by simplifying the osteosynthesis of the reconstruction increasing contact surfaces and achieving a better aesthetic contour (18, 19); 4) preoperative visualization of reconstruction limitations and preventing possible complications; 5) it decreases surgical time, especially ischemia time during the free flap harvest (19); 6) it provides more predictable results, increasing the stability of the results and patient outcomes (2, 18). On the other hand, the main disadvantages of virtual surgery planning are: 1) increased costs, often due to the need for an external digital laboratory (15, 18); 2) the surgical delay involved in surgical planning and obtaining the different models and cutting guides, which can delay the beginning of treatment in oncologic patients. Although a study of the economic costs using these techniques was not carried out as it was not an objective of this study, future studies are needed to evaluate the accuracy achieved compared with standard surgery and the total value added and the cost efficiency of VSP-CAD/CAM. Overall, the decreased patient morbidity and complications and the generalized improved outcomes may potentially offset the technological costs.

The fibula flap is the technique of choice for mandibular reconstruction. One of its main disadvantages is its low height of bone to be adapted to the remaining mandible in segmental defects, resulting in a reduction of the lower facial third with the consequent aesthetic and functional sequelae (2–4). In addition, this flap allows the implantological rehabilitation of oncologic patients, although it is necessary to perform a correct distribution of the masticatory dynamic loads to avoid overloading the implants in the flap bone and the remnant mandible (2, 3). The main disadvantage of this flap is the considerable vertical discrepancy between the remnant mandible and the fibula flap, which limits the prosthetic rehabilitation of the patients due to the unfavorable crown to implant ratio (4). To solve this problem, 3D mandibular reconstruction can be complemented by using the double-barrel technique and iliac crest grafts guided by titanium mesh over the fibula flap (3). The aim of this study was to describe three different options for mandibular reconstruction and rehabilitation with dental implants in oncologic patients with segmental defects, as well as to compare the different techniques in terms of vertical bone reconstruction, peri-implant bone resorption, implant success rate, the influence of radiotherapy and the aesthetic and functional outcomes such as deglutition and swallowing.

The study shows that vertical bone augmentation is higher in patients reconstructed with double-barrel fibula flap or with iliac crest graft over the fibula. The double-barrel flap will provide a vertical dimension dependent on the thickness of the fibula bone itself, so that the bone height to be achieved can be predicted intraoperatively. This gain is greater than the amount of the vertical dimension of each segment of the fibula, since there is usually a gap between them, secondary to their adaptation to achieve an adequate ridge and basal profile of the neomandible. Besides, the iliac crest graft over the fibula presents some bone resorption. Therefore, when performing the technique, the mandibular volume is usually overcorrected. In these cases, reconstruction is less predictable although the vertical gain is similar to that achieved with the double-barrel technique.

One of the limitations of this study is the sample size. Although implant survival is favorable in all three groups, larger studies are needed to highlight significant differences. Likewise, no differences were observed between vertical bone augmentation and bone resorption between patients treated with radiotherapy and non-irradiated patients. We consider important to emphasize that this is one of the few studies that demonstrates the stability of the reconstructive results achieved with VSP, double-barrel flap, STL models, titanium CAD-CAM meshes and implants placed with intraoperative navigation in any of the three variants presented. The stability of the implant rehabilitation of the oncologic patients submitted to these techniques is also shown, with very high functional and aesthetic results.

There are very few studies comparing vertical mandibular reconstruction techniques. Navarro-Cuéllar compared in his study a series of twenty-four patients submitted to vertical reconstruction of the fibula by means of double-barrel fibula, fibula with iliac crest onlay graft and distraction osteogenesis of the fibula. The good results mainly for the first two techniques stand out, in which a vertical bone augmentation of 18.5 mm and 17.75 mm is achieved, respectively, both in patients without adjuvant treatment and in irradiated patients. In addition, bone resorption was measured and compared, and no differences were observed between these two techniques or with respect to the group of irradiated patients, showing an average bone resorption of less than 1.5mm in both groups (2). Worse results were obtained in the group treated by distraction osteogenesis, in which the mean resorption was higher than 2 mm. Yue He reported the reconstruction of seven patients with the double-barrel fibula flap with a gain of more than 30 mm. Three patients had not been irradiated and one patient received radiotherapy. However, the author provides no data on bone resorption (4). Shen published a series of forty-five cases of double-barrel fibula with implant rehabilitation in eleven of them, with good esthetic and functional results (6); however, the author did not describe the implant success rate or the peri-implant bone resorption. Ferreti described the vertical reconstruction of mandibular atrophy by means of iliac crest grafts but did not show its application in cases of segmental defect or reconstruction with peroneal flap (20). None of the works consulted compared the ratio between the width of the flap and the remaining mandible. Given the small sample size of our study, this is another of its limitations. Further studies are needed to compare the values according to anatomical variations and patient-dependent factors. Very few studies have reported comparisons of techniques for mandibular reconstruction using peroneal flap with VSP and CAD-CAM technology. Navarro-Cuéllar reported a series of eight cases in which the author demonstrated an excellent result with this technique (3). Previously, Verhoeven had reported two-dimensional reconstructions with bone resorption of up to 25% of the height provided by the iliac crest graft (21). Vermeeren described a resorption close to 50%, results similar to those obtained by Johansson (22, 23). Casap reported a case of alveolar bone augmentation by impression of a titanium shell with BMP-2/allograft with excellent results in graft ossification but with a high rate of mesh exposure (24). Roser studies the accuracy of VSP in 11 patients comparing the distance between the real mandibular osteotomies and the virtual mandibular osteotomies with an accuracy rate of 2.0 ± 1.1 mm (25). Our study demonstrates that mandibular reconstruction can be achieved safely and effectively using an iliac crest graft adapted to preformed titanium mesh using VSP and CAD-CAM technology. This mesh is optimally adapted to the peroneal flap and the patient’s anatomy. The stability of this reconstruction and the low bone resorption evaluated during the follow-up time by CBCT have also been demonstrated. The high rate of osseointegration of the implants on this bone regeneration has also been reported, providing a long-term stable occlusal rehabilitation with optimal aesthetic and functional outcomes.

The development of tissue engineering has provided the possibility to regenerate tissues from cells that develop on a matrix that guides their growth (26). Bone regeneration by means of iliac crest grafting is a form of autogenous regeneration considered to be of choice due to its osteogenic potential and its osteoinductive and osteoconductive properties (27). The success of bone grafts depends on the surfaces in contact with each other and their three-dimensional arrangement (3, 27). The design of the recipient site and its stability are also important. The fibula flap is a high quality recipient site due to its good vascularization and the provision of an extensive bone surface on which to place the graft and titanium mesh. The advantages of the iliac crest graft for 3D reconstruction of the mandible are (28): 1) high quality and quantity of cellular supply; 2) capacity for compacting the graft, which allows greater density of bone cells per unit of space; 3) good vascularization and the possibility of placing the graft in stable and well vascularized cavities. It also has certain disadvantages such as the need for a second surgical intervention, the morbidity secondary to iliac approach, the risk of exposure of the mesh containing the graft -which is higher in previously irradiated patients- and the deferred time of at least 6 months until implant surgery.

At this point and, considering the described techniques as good surgical options for vertical mandibular reconstruction, the choice of each technique will depend on the clinical status of each patient. An important point of discussion would be whether it is preferable to reconstruct the mandible in a single surgical time using a double barrel fibula flap or to delay the reconstructive process with two surgical procedures in patients in which bone regeneration is performed with titanium mesh-guided iliac crest grafting. Obviously, in patients in whom the height of the peroneal flap does not involve a high vertical discrepancy, implant rehabilitation will be faster and high accuracy can be achieved through dynamic navigation. The double-barrel fibula flap is the ideal technique for mandibular height reconstruction in order to solve the problem of bone discrepancy with the remaining mandible (2, 10). In addition, VSP, computer-aided design/computer-aided manufacturing (CAD/CAM), surgical navigation and advanced implantology complement this reconstructive technique with high precision. It has the following advantages: 1) great length of bone, allowing double-barrel reconstructions of 8-10 cm (10); 2) one surgical procedure, compared to iliac crest onlay grafts or techniques such as distraction osteogenesis (2); 3) it is a flap particularly suitable for dental implant rehabilitation and early implant placement due to the high primary stability provided by the cortical bone (12, 13); 4) this flap can be designed as an isolated bone flap or by providing a skin paddle to allow soft tissue reconstruction (2, 10); 5) it is a flap with low morbidity at the donor site; 6) it is the best surgical option for patients who will undergo radiotherapy due to the high vascularization and the minimal bone resorption of the flap (29); moreover, in cases of implant rehabilitation, low peri-implant resorption has been demonstrated. The major disadvantage of this technique is the limitation in patients with defects larger than 12-14 cm, which would require a flap length of almost 25 cm, which would increase the morbidity of the donor site (29) and decrease the length of the vascular pedicle for microvascular anastomosis. In these cases, an alternative surgical option is to reconstruct with the double-barrel only the mandibular region compromised with the occlusion in which the dental implants will be placed. Therefore, in oncologic patients, especially those receiving radiotherapy and, in patients with segmental defects smaller than 12-14 cm, this is the technique of choice. It allows early prosthetic rehabilitation and high success rate of the implants (2, 12, 13).

The cortico-cancellous iliac crest graft allows deferred mandibular reconstruction. It presents low bone resorption and high success rate of dental implants. It allows an adequate vertical reconstruction of the mandible, solving the problem of discrepancy with the remaining mandible and provides high volumes of autologous bone that supports well the treatment with radiotherapy (20). However, it has a number of disadvantages: it requires a second surgical procedure; it is essential to overcorrect the area to be treated by approximately 25% to compensate for the loss due to bone resorption, which entails the need for remodeling in some cases (30); the donor area implicates certain morbidity (6); it is necessary to wait at least six months for the ossification of the graft before placing dental implants, thus prolonging the prosthetic rehabilitation time (9). This technique is recommended mainly in patients who are not going to receive radiotherapy with extensive defects in the symphysis and mandibular body in which a double-barrel flap is not possible (2). When harvesting this technique, it is important to perform a cervical approach for the placement of the graft on the peroneal flap to avoid its contamination by flora of the oral cavity (1, 2). Implant success rates and peri-implant bone resorption are similar to those presented by the double bar fibula flap; however, the need for several surgical procedures and the impossibility of receiving radiation while the titanium mesh maintains the graft until ossification, limit the use of this technique, remaining as a second option in oncologic patients. Titanium mesh is ideal for the execution of this technique. It is a biocompatible material, with a high capacity to prevent deformation, and a 3D stability and adaptation that prevents the graft from collapsing. It is a non-absorbable material and protects the graft from invasion by adjacent soft tissue. It provides a smooth surface that isolates the graft from bacterial colonization and the elasticity of titanium prevents compression of the graft by intraoral tissues and mobile elements. In addition, the micropores on its surface maintain the vascular supply to the recipient area. Several studies have reported mesh exposure and bone resorption (31, 32); however, in our series we have demonstrated maintenance of the mesh without exposure in the oral cavity and minimal bone resorption due to the virtual surgical planning and the cervical approach performed to avoid contact between the graft and the oral cavity. Conventional surgery for titanium mesh with bone graft may show inadequate adaptation, irregular edges that may lead to exposure of the mesh and dead spaces that result in early bone resorption and the development of complications such as infection. Optimal mesh adaptation and proper design achieved by VSP and STL model production are critical for good aesthetic and functional results. Thus, it is possible to recreate and maintain the shape of the previous mandible, allowing a correct maxillo-mandibular position and a more predictable implant placement. The major limitation of VSP is the added cost of the surgical procedure; in any case, the notorious improvement of the results obtained needs to be valued with respect to the cost of the technology. Since this is one of the few works that report the experience with the use of this technology for mandibular reconstruction in oncologic patients, more studies are needed to evaluate and compare the results obtained with surgery performed using VSP, CAD-CAM technology, STL models and intraoperative navigation with respect to conventional surgery.

Although it is not the subject of this study, several authors advise against osteogenic distraction of the fibula in oncologic patients with a potential need for adjuvant radiotherapy treatment because of the 3-5 month period until stable vertical gain is achieved and, above all, because of the risk of exposure of the distractor and the bone during radiotherapy treatment. In addition, the technique requires three surgical procedures since the reconstruction until the distractor removal and implant placement (2).

In house navigation of dental implants allows real-time anatomical assessment of the patient’s neo-mandible on which they are to be inserted. While VSP and CAD-CAM technology allow a more predictable flap design and mandibular reconstruction, it also provides the advantage of knowing the limitations of implant placement in an anatomically complex site (33). Thus, in patients rehabilitated with this technique, the VSP made possible to predict the exact position of the osteosynthesis material in the neomandible, proceeding to total or partial removal if it interfered with the correct position of the implant for a correct occlusal rehabilitation. The titanium plates with high adaptation to the anatomy of the flap used for the reconstruction may lead, in many cases, to place the implants to avoid interference with osteosynthesis screws. Intraoperative navigation allows in these cases to redirect the position of the implant and to achieve predictable, more accurate results with a reduction in surgical time. We used the in-house navigation technique for patients without dental implants in the previous fibula flap. Nowadays, and due to VSP, it is possible to perform mandibular reconstruction both in double-barrel or single fibula with immediate implant placement without the need of a second surgical time for implant placement through dynamic navigation. Therefore, we recommend this technique in patients in whom implant placement has not been performed previously.

From the aesthetic and functional point of view, mandibular reconstruction according to its original dimensions will provide a good projection of the lower third of the face. Otherwise, tissue collapse will occur, resulting in aesthetic and functional sequelae. Another point of discussion would be whether it is necessary to place the fibula at the inferior border of the mandible or in the midbody proximal to the alveolar ridge of the remnant mandible. Although the fibula positioned in the upper part of the defect is widely described in the literature, our recommendation would be to reconstruct the inferior border of the mandible to achieve optimal facial symmetry with a harmonious facial profile and to perform complementary techniques such as the double-barrel fibula flap to restore the previous height of the mandible and to place immediate implants. The reconstruction of the mandible by means of VSP, CAD-CAM and STL models makes possible to restore bone volumes similar to the previous dimensions, leading to a harmonious physical appearance of the patients. Mandibular profiles similar to the native mandible are achieved and osteosynthesis material arrangements that could compromise esthetics are avoided. In addition, functional results such as lip competence, deglutition and speech articulation are excellent in the patients of our study. In this study, the authors evaluated the functional outcomes according to patients’ oral feeding ability. Patients were classified according to their ability to develop an unrestricted diet or a soft/liquid diet. Only 2 patients referred dysphagia and most of the patients reported a normal diet, and masticatory function was preserved after mandibular reconstruction with the described techniques. Similarly, 71.4% of the patients obtained good esthetic results both objectively and from the subjective evaluation of each patient.

It should be noted that segmental mandibular defects secondary to oncologic processes reconstructed with peroneal flap can solve the problem of vertical discrepancy and three-dimensional volume of the deficient mandible by means of double barrel techniques or by cortico-cancellous iliac crest grafting with titanium mesh developed by VSP, STL models and CAD-CAM technologies. In all cases the reconstruction can be completed by implant rehabilitation and intraoperative navigation. These techniques allow a precise 3D reconstruction and can be combined according to the needs of each patient, obtaining excellent esthetic and functional results.

Finally, it is important to emphasize that it is necessary to acknowledge all these surgical techniques, in order to individualize the mandibular reconstruction in oncologic patients. Multi-stage implementation of virtual surgical planning (VSP) with the use of stereolithographic models (STL), 3D printing of patient-specific surgical guides, CAD/CAM titanium mesh and intraoperative implant dynamic navigation for 3D mandibular defects offer a reconstructive accuracy improving the operative efficiency, reducing the complication rate and enabling the comprehensive rehabilitation of the patients, providing aesthetic and functional results that return quality of life to oncologic patients.
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Curatively intended oncologic surgery is based on a residual-free tumor excision. Since decades, the surgeon’s goal of R0-resection has led to radical resections in the anatomical region of the midface because of the three-dimensionally complex anatomy where aesthetically and functionally crucial structures are in close relation. In some cases, this implied aggressive overtreatment with loss of the eye globe. In contrast, undertreatment followed by repeated re-resections can also not be an option. Therefore, the evaluation of the true three-dimensional tumor extent and the intraoperative availability of this information seem critical for a precise, yet substance-sparing tumor removal. Computer assisted surgery (CAS) can provide the framework in this context. The present study evaluated the beneficial use of CAS in the treatment of midfacial tumors with special regard to tumor resection and reconstruction. Therefore, 60 patients diagnosed with a malignancy of the upper jaw has been treated, 31 with the use of CAS and 29 conventionally. Comparison of the two groups showed a higher rate of residual-free resections in cases of CAS application. Furthermore, we demonstrate the use of navigated specimen taking called tumor mapping. This procedure enables the transparent, yet precise documentation of three-dimensional tumor borders which paves the way to a more feasible interdisciplinary exchange leading e.g. to a much more focused radiation therapy. Moreover, we evaluated the possibilities of primary midface reconstructions seizing CAS, especially in cases of infiltrated orbital floors. These cases needed reduction of intra-orbital volume due to the tissue loss after resection which could be precisely achieved by CAS. These benefits of CAS in midface reconstruction found expression in positive changes in quality of life. The present work was able to demonstrate that the area of oncological surgery of the midface is a prime example of interface optimization based on the sensible use of computer assistance. The fact that the system makes the patient transparent for the surgeon and the procedure controllable facilitates a more precise and safer treatment oriented to a better outcome.




Keywords: midfacial tumors, computer assisted surgery, navigated resection, computer assisted reconstruction, orbital volume measurement



Introduction

Progress in the planning and implementation of computer assisted surgery (CAS) with the aid of 3D images for the area of the jaw and facial tumors has been recorded over the past two decades, particularly in order to optimize the interface-supporting procedure in tumor surgery (1, 2). Especially during staging, computer-assisted planning and multi-planar as well as -modal evaluation and analysis of data (CT, MRT) have become indispensable and represent an essential pillar of tumor surgery and tumor management.

The complex 3D structures of the face and head require a lot of experience and skill on the part of the surgeon. Without computer-assisted planning and navigation, therapy is only possible with difficulty (3–5). Tumor resection is often associated with the loss of essential, functional structures of the face (6). To reconstruct the affected areas of the face, patient-specific autogenic or alloplastic solutions are used. Computer-assisted systems are increasingly used today to determine the optimal anatomical position and for navigation (7). These systems make use of the possibility of visualizing tumors and their boundaries in CT data as well as planning the reconstruction on virtual three-dimensional models, which delivers very good results in individual planning. However, the planning effort and the costs of previous systems are still high and additional tools and engineering know-how are required to perform the segmentation in the various data sets (MRT, CT, CBCT) manually and in a complex manner. In addition to multimodal image analysis, modern image analysis platforms allow the automatic segmentation of tumors (8, 9), the extension of this segmentation by a defined safety distance, the simulation of the bony reconstruction, the import of preformed three-dimensional reconstructions such as titanium grid structures, as well as the image fusion of the planning with the postoperative result (1, 10). It is suitable for preoperative analysis as well as intraoperative, interactive image information exploitation (navigation, intraoperative CT/CBCT) as well as for connection to other interfaces, such as postoperative tumor staging or radiation planning.

In our study we focused on application possibilities of CAS for oncologic surgery of the midface. These anatomically complex tumors require a highly sophisticated treatment planning in terms of resection and reconstruction. This is enabled through the usage of CAS. Moreover, CAS might contribute to a better interdisciplinary networking and an improved quality of life for the patient.

The task of the present work was therefore to evaluate to what extent oncological surgery of the midface can benefit from the use of CAS and in which areas it is superior to conventional therapy.



Materials and Methods


Study Design

This prospective clinical study was approved by the local ethics committee at the Hannover Medical School, Germany. The patient collective considered in this work was treated within the period from 2011 to 2019 in the Department for oral and maxillofacial surgery at the Hannover Medical School and at the University Hospital Düsseldorf.

31 patients with tumors of the upper jaw were treated through computer-assisted tumor resection including tumor mapping and primary reconstruction. A retrospectively analyzed patient sample of 29 cases which were treated through conventional methods without the use of computer assisted surgery served as a control group. The patients of the control group were selected with regard to tumor sizes and tumor locations that were comparable with the random sample of 31 patients that had been treated using CAS.The two groups were compared with regard to descriptive data, resection results and quality of life.

Due to the tumor extent, 15 of the above mentioned 31 patients had defects involving the orbit which needed primary orbit reconstruction. These 15 cases of primary reconstruction of the midface involving the orbit were evaluated for the pre- and postoperative volume of the orbit.



Conventional Tumor Resection

For conventional tumor resection the surgeon evaluated the tumor extent on basis of the clinical findings involving inspection and palpation and the contemplation of the preoperative standard imaging procedure. The resection border was chosen to include a safety margin of 1 centimeter. Afterwards, the resection was performed followed by taking of circular resection-bed driven specimen of the mucosal resection margin and the deep resection margin for frozen section control. The mucosal resection margin was removed with a minimum of two specimen, while the deep resection margin was removed with a minimum of 1 specimen. In cases of extraoral skin resection, the skin resection margin was collected with a minimum of 2 specimen. The anatomical orientation of these taken resection margins were marked by indicating sutures whose orientation was written into the accompanying pathology request document. In case of positive frozen sections further resection was performed in the area indicated by the pathologist. The final resection status which also involved the bony margins was described in the definitive pathology report.



Computer Assisted Surgery - Digital Workflow

The whole workflow of data acquisition, preoperative planning, tumor resection and mapping using intraoperative real-time navigation as well as reconstruction of midfacial defects involving the orbit after ablative surgery using CAD/CAM is demonstrated (see Figure 1).




Figure 1 | Complete workflow of computer-assisted surgery. Computer-assisted surgery involving preoperative planning with data acquisition and processing including segmentation and virtual resection and reconstruction as shown in blue, surgery with real-time navigation, resection with tumor mapping and reconstruction as shown in red, postoperative evaluation as shown in green. Except for adjuvant radiotherapy as shown in yellow, the illustrated workflow has been used as clinical routine for treatment of midface tumors.





Data Acquisition and Preoperative Planning

The process of digital planning was carried out using the planning software iPlan® (version 3.0.5, Brainlab, Feldkirchen, Germany). With regard to intraoperative navigation-supported tumor mapping and tumor resection, imaging was acquired first (see Figure 2).




Figure 2 | Clinical findings and virtual data in a case of Ewing’s sarcoma of the midface. (A) Frontal/intraoral and (B) side view of a 19-year-old patient with an Ewing’s sarcoma of the midface presenting with an ulcerating neoplasm in the area of the hard palate, the maxillary vestibule and the right medial nasal slope which has lead to a sinking of the right eyeball. (C) Segmented tumor extent (red) in the multi-planar view of the MRI images.



Imaging data was collected following a standard procedure for all cases. CT data was acquired during arteriovenous phase using contrast medium (field of view 20 cm, pitch 1.0, slice thickness 1.0 mm, 140-160 mA, pixel density 512 × 512). MRI imaging was additionally collected (T1- and T2-weighted images, 1.5T (1T = 800 kA/m), slice thickness 2 mm, pixel density 512 × 512) and merged via iPlan® software (version 3.0.5, Brainlab, Feldkirchen, Germany) using the automatic ‘best fit’ algorithm. After automated fusion the result was manually checked in a multi-planar view considering the axial, coronal and sagittal planes. Conformation of best fit was indicated by manually accepting the result.

As soon as the image data were available in the required format, segmentation followed (see Figure 3). Segmentation was performed by the same senior surgeon as investigator for all 31 cases. In particular, the extent of the primary tumor was segmented, and the area of resection was defined by adding a three-dimensional safety margin in a freely selectable distance. Safety margin was set at 1 centimeter. On the basis of the segmented resection volume the bony resection margins were defined and used for designing resection guides. Moreover, anatomical subunits were segmented such as the bony orbit and the alveolar process of the upper jaw which both could be mirrored from the unaffected site for reconstruction purposes if applicable (see Figures 3, 4).




Figure 3 | Virtual segmentation and planning of the functional defect reconstruction in a case of Ewing’s sarcoma of the midface. (A, B) Segmentation of the tumor extent (brown) and the planned bony resection (blue) with the resection border indicated by the cutting guides (red). The anatomical subunit of the left orbit has been mirrored to reconstruct the right orbit (both green) as a planning template for the right orbital floor reconstruction with a patient specific PEEK implant (pink). The outer contour of the maxilla is reconstructed with a patient specific titanium reconstruction plate (purple). (C) Both PSIs are displayed.






Figure 4 | Virtual reconstruction planning using the principle of mirroring. (A) Segmented tumor of the left maxillary sinus with infiltration into the left floor of the orbit (yellow). (B) Template of the healthy right midface mirrored to the left (blue). (C) Postoperative CT shows the reconstruction of the orbit and the midface using two PSIs.





Set Up of Intraoperative Navigation

During the acquisition of the CT data set, either an individual dental splint with 4 additional titanium mini screws or in cases of a reduced or loosened set of teeth or planned resection which involved more than half of the dental arch in the upper jaw four surgically inserted 2.0 cross-drive titanium mini screws (DePuy Synthes®) have been used as reference markers during the individual registration of the patient.

Before the operation, the patient was placed in a headrest. The reference star was fixed on the skull via the “Skull Reference-Array” plus osteosynthesis (see Figure 5A). The reference star was identified by the infrared camera of the navigation system Kick® (Brainlab, Feldkirchen, Germany). identifying the exact position of the patient during operation. As mentioned above the previously inserted reference markers (a dental splint with additional titanium mini screws or titanium mini screws inserted to the skull) were navigated to in order to match their position to the coordinates of the reference markers previously saved in the data record. Additionally, a landmark test was carried out in order to compare the patient on the operating table with the virtual image in the data set and ensure that referencing has been successful.




Figure 5 | Intraoperative navigation during midfacial tumor ablation in a case of Ewing’s sarcoma of the midface. (A) Skull reference array attached for intraoperative navigation after coronal approach. (B) Real time navigation monitor showing the planned bony resection segmented in red color. (C) Data post-processing of the landmarks set intraoperatively after receipt of the histopathological report (green = tumor-free, red = tumor residual).



The time for intraoperative navigation set-up has been measured to evaluate the mean surgery prolongation.



Navigation-Guided Tumor Resection and Tumor Mapping

The treatment of midfacial tumor patients involving the tumor resection and the reconstruction was performed by only one team with the same senior surgeon being in charge during all CAS operations. Using the navigation probe, the extent of the virtually planned resection could be transferred to the intraoperative situation. Moreover, resection guides indicated the virtually planned resection margins concerning the bony margin (see Figure 6A). After navigated resection of the tumor (see Figures 6B, C), the resection-bed driven margins for frozen section analysis were collected with the aid of navigation by setting intraoperative landmarks with the help of the iPlan software (Version 3.0.5). At least 12 specimens were taken from the mucosal resection margin following the clockwork technique accompanied by at least four specimens from the deep resection margin. In cases of extraoral skin resection further specimen were taken following the clockwork technique. Coordinates of every three-dimensional position of a taken specimen were saved in the software. All these coordinates were thereby integrated into the virtual data to determine the exact three-dimensional position of the taken specimen of the resection margin. Moreover, screenshots of every coordinate were acquired, printed out and send to the pathologist accompanied by the specimen and the pathology request document to pass on the three-dimensional localization of the taken specimen. The information of specimen position has been linked to the pathology result of the corresponding specimen later on by color-coding: red meaning the specimen was positive for tumor residual, green meaning the specimen was tumor-free (see Figure 5).




Figure 6 | Resection of Ewing’s sarcoma of the midface with primarily functional reconstruction. (A) Bone resection using a cutting guide. (B, C) Tumor resection en bloc preserving the eyeball. (D) Primarily functional reconstruction reconstruction of the zygomatic bone and orbit floor using two patient specific implants (combined SLM titanium and PEEK (KLS Martin®, Tuttlingen) using the virtually mirrored left orbit as a template) both visible intraorally. (E, F) Dissection of the temporal muscle flap. (G) Wound closure with temporal muscle flap sewn in.



In order to evaluate whether the method of intraoperative navigation-assisted tumor resection and mapping was successful in the sense that more complete resections could be carried out, tumor resection of the upper jaw with CAS were compared with the control group. Resection status was defined by the final report of the pathologist. This report considered the main tumor resection specimen - including the bony margins which needed more time for processing compared to soft tissue margins due to the necessary decalcification - as well as the taken resection margin specimen for frozen section analysis. It was differentiated between complete resection (R0), microscopically residual tumor mass (R1) and macroscopically residual tumor mass (R2).



Primary Reconstruction After Ablative Surgery

The analysis of the tumor and resection margins showed the extent to which the reconstruction was restricted. Midface reconstruction true to original using titanium mesh structures or PEEK implants with soft tissue transplants was the aim (see Figures 6D–G). With unilateral tumor growth the virtual mirroring of the opposite healthy side served as a reference point for the reconstruction of the shape and the volume of the orbit true to the original so that not only the functional but also the aesthetic restoration was achieved (see Figure 4). The virtual reconstruction planning was exported as a stereolithography file (STL format) and printed out three-dimensionally or milled via “rapid prototyping” to create a bio-model made of cheap composite materials, which could also be autoclaved. On the basis of the virtual model a patient-specific 3D implant was pre-formed by cold forming titanium mesh. Alternatively, a PEEK implant or a titanium implant was manufactured via additive CAD/CAM procedure by KLS Martin (Tuttlingen, Germany) (see Figure 3). During the intraoperative navigation, the reference probe was used to check whether the implant has been inserted anatomically correctly, since the data set acted as a virtual template. For pre-bent titanium meshes the thickness of the mesh itself had to be considered. Therefore an offset according to the used mesh thickness has been used during navigational reconstruction control. In cases of CAD/CAM processed implants the STL-file of the implant itself was integrated into the data set for navigation control.

The software iPlan 4.0 beta was used to measure the intra-orbital volume. It is able to virtually subtract a pre-formed cuboid with a defined volume from the segmented bony boundaries so that the volume can be calculated. This algorithm is integrated in the currently available software and enables the surgeon to calculate the volume by simply clicking on the “Orbital cavity” button (see Figure 7).




Figure 7 | Calculation of orbit volume. Orbital cavity algorithm calculates the orbit volume not only within the bony boundaries (green), but also on the adjacent orbit 3D mesh (yellow). The volume calculation works automatically.



Patient specific implants were covered by autologous soft tissue transplants (see Figure 8). Transplants were selected according to the resulting soft tissue deficiency to ensure a sufficient soft tissue coverage of the implant to prevent implant exposure.




Figure 8 | Early secondary soft tissue reconstruction of the upper lip and jaw using an anterolateral thigh flap in a case of Ewing’s sarcoma of the midface. (A–C) Skin marking, flap harvest and wound closure of the anterolateral thigh flap of the right lower extremity. (D) Anterolateral thigh flap sewed in. (E) Postoperative CT scan in coronal plane shows the patient specific implant in situ reconstructing the right orbital floor while the symmetrical position of the eyeball has been restored. (F) Frontal and (G) half site view of the patient two months after tumor resection and two stage reconstruction (primary orbital floor and early secondary soft tissue of the upper lip and jaw).





Determination and Definition of the Irradiation Field

The use case of integration of the data of tumor mapping into the irradiation protocol has not yet been established as a clinical routine during the time of the treatment of the 31 CAS patients. However, in 3 cases the information of tumor mapping collected intraoperatively was post-processed and forwarded to the radiation therapist. The data was stored in the preoperative data set in XBrain format. After receipt of the histological findings the virtual points were marked in color depending on the resection status result. The virtual points that were not within the calculated safety distance were also marked in color accordingly. Thus, the radiation therapist could recognize in the data set which points indicated the supposed residual tumor, which points marked an excessively small safety distance and which points were free of tumor tissue.

After the operative reconstruction of the bony midface, the reconstruction result was checked with the help of a postoperative CBCT by default. The XBrain data was merged with the postoperative CBCT data set. Thus, the preoperative data set, the intraoperative tumor marking, the postoperative data set and the tumor mapping, which had been post-processed depending on the histological findings were available to the radiation therapist as an entire DICOM data set for his irradiation field planning. Moreover, the radiation therapist had the option of merging the data made available by the surgeon with a planning CT for irradiation.



Quality of Life

The quality of life of patients was measured using the University of Washington Quality of Life Questionnaire (UW-QOL v4) (11), a short multifactorial questionnaire that contains specific questions about head and neck tumors. It consists of twelve domains (appearance, activity, recovery, mood, fear, pain, swallowing, chewing, speech, shoulder, taste, saliva). Each of these domains relates to the last seven days and should be rated on a scale that ranges from symptom-free to severe impairment. In addition, the patients should indicate which of these areas was most important to them in the past week. Finally, three global questions were asked about the current state of mind, health-related quality of life and overall quality of life, which were to be answered on a five-point Likert scale. The questionnaire has a high level of validity and is particularly suitable for the questions at hand, as it addresses the specific problems of the patient collective (12, 13).



Statistical Evaluation

The statistical analyzes were calculated with SPSS for MAC OS X version 22.0 (SPSS Inc., Chicago, IL, USA). The socio-demographic data were analyzed using descriptive statistics. The mean values and standard deviations are given for interval-scaled data and the frequencies are given for ordinal-scaled data. In the case of interval-scaled data, t-tests were calculated for independent samples to compare the mean values. The chi-square test was calculated for the ordinal scaled data. A p-value less than 0.05 was considered significant for all tests.




Results


Time for Set-Up of Intraoperative Navigation

Table 1 gives an overview of the intraoperative navigation times. The registration process in the form of comparing the instruments with the markers took an average of 3.7 minutes with a standard deviation of 1.1 minutes. The duration of the registration depended on the landmarks used. In 22 cases dental splints were used for referencing. Preoperatively intraosseous inserted, screws were used in 9 cases. There was no significant difference in the duration of the registration process comparing dental splints with intraosseous screws, as the screw heads were not covered by skin after preoperative insertion, which abolished the need for exposure. The registration accuracy was measured in millimeters and in the case of the present patient collective was 1.2 mm with a standard deviation of 0.4 mm. The registrations carried out from time to time during the operation to compare the registration accuracy did not show any significant deviations from the original registration accuracy. There was no significant difference in the registration accuracy comparing dental splints with intraosseously inserted screws.


Table 1 | Time and accuracy of intraoperative navigation.



The intra-operative navigation took 8.8 minutes (SD = 1.3 min.), The data transfer to the navigation system including the co-registration with the planning data was carried out automatically and took 3.9 minutes (SD = 0.9 min.).

While set-up of navigation requires a certain amount of time, navigation itself helps to save time during surgery due to the following aspects: improved orientation in the imaging data set, improved selection of the biopsy position and faster surgery due to the real-time navigation feedback. However, the overall saving of time cannot be quantified due to the lack of a comparison of the highly individual cases. Besides assumably shortened operating time CAS offers also advantages concerning quality control due to instant merging of pre- and intraoperative data sets, high consistency between pre-, intra- and postoperative data sets and automatic data saving for postoperative quality control.



Intraoperative Tumor Marking and Resection

Table 2 shows the distribution of the descriptive characteristics of the patients with a tumor of the upper jaw treated with CAS as the intervention group compared to those patients treated conventionally without CAS as the control group. The two groups mostly match in their composition. There is no statistically significant difference between the means of the two groups: neither in age calculated by t-test, nor in gender, TNM classification, adjuvant therapy (radiotherapy and chemotherapy), mode of reconstruction or diagnosis checked for by chi-square tests.


Table 2 | Test characteristics of patients with tumors of the upper jaw treated with the help of CAS in the intervention group compared to the control group treated conventionally without CAS.



In the CAS group, 19 (61.3%) patients suffered from squamous cell carcinoma, 4 patients (12.9%) had an adenocystic carcinoma and two patients (6.6%) had an ossifying fibroma. One person each (3.2%) suffered from a keratocyst, a sinunasal carcinoma, a mucoepidemoid carcinoma, a B-cell non-hodgkin lymphoma, an Ewing’s sarcoma or an osteosarcoma as displayed in Table 2.

With a number of 16 (51.6%) most patients of the intervention group treated with CAS were reconstructed with a latissimus dorsi flap, three patients (9.7%) were reconstructed with a radial forearm flap and for another four patients (12.9%) a local primary wound closure was sufficient. A serratus anterior muscle flap and an upper arm flap were used in 2 patients (6.5%), respectively. One patient (3.2%) was reconstructed with a temporal muscle flap, one patient (3.2%) with a pedicled palatinal flap and one patient (3,2%) received an anterolateral thigh flap. One of the patients (3.2%) was not reconstructed but received an obturator prosthesis. 8 patients (25.8%) received a chemotherapy after the surgical procedure, 23 patients (74.2%) a radiotherapy.

In the CAS group, frozen sections samples were collected in higher numbers and smaller sizes compared to the control group. An average of 15.3 frozen sections were collected per CAS patient with an average size of 8.7 mm. In the conventional group an average of 5.3 frozen sections were collected per patient with an average size of 23.2 mm. More R0 resections were achieved in patients treated with CAS in the intervention group compared with the control group as displayed in Figure 9. In the CAS group, an R0 resection could be performed in 22 patients (71.0%), while in the control group there were 16 patients (55.2%). An R1 resection was performed in 8 patients (25.8%) in the CAS group compared to 12 patients (41.4%) in the control group. In both groups one patient showed an R2 resection (CAS = 3.2%; control group = 3.4%), which was performed because the tumor had infiltrated the internal carotid artery as a vital structure. However, the differences are not significant (df = 58; t = -1.112; p = 0.271).




Figure 9 | Resection result of the group that was treated using the CAS, compared to the control group. R0: No tumor detectable in the organism R1: Microscopic residual tumor at the resection border R2: Macroscopically tumor or metastases remaining in the patient. Dark blue = intervention group treated with CAS, grey = control group treated without CAS.





Reconstruction After Ablative Surgery

Resection defects after the loss of hard and soft tissue due to ablative surgery of the midface result in considerable functional and aesthetic deficits. These changes are even more dramatic if the orbit is affected by the resection. Once the orbital bony boundaries and/or the intra-orbital soft tissues are impaired, the resulting imbalance between the eyeball and the supporting structures lead to symptoms such as enophthalmus, double vision and facial asymmetry. This particularly applies for orbital prosthesis in cases of anophthalmic patients. Reconstruction of these cases involves a repositioning of the eye globe/prosthesis which might need a reduction of the intra-orbital volume due to intra-orbital soft tissue loss achieved by a reforming of the boundaries of the orbital cavity. Due to the intricate three-dimensional anatomy and the wish for a better prediction of the result, it is advisable to use modern principles of CAS in these cases. CAS allows a backwards planning, which enables the virtual planning of the desired position of the eyeball/eye prosthesis first followed by the calculation of the necessary intra-orbital volume reduction and thus the needed recontouring of the orbital boundaries. This recontouring is achieved via rapid prototyping and prebenting of titanium meshes. The anatomically correct positioning is monitored via intraoperative navigation. The extra-orbital soft tissue defect can be replaced via autologous tissue transfer.

Here we present data of 15 primary cases in need of midfacial reconstruction after ablative tumor surgery involving the orbit. Pre-operative planning took 25 min for the surgeon and 60 min for the technical staff on average, while manufacturing of the model and the implant took 2 working days. Table 3 compares the pre- and postoperative volumes of these patients after ablative surgery using CAS. In all cases the intra-orbital volume was reduced, which led to a more symmetrical positioning of and improved support for the eye globe/prosthesis and thereby for the accompanying structures like the eye lids.The mean preoperative volume for primary reconstructions was 30.97 cm3 (SD = 3.25 cm3) and the postoperative volume was 28.23 cm3 (SD = 3.70 cm3). A t-test for independent samples showed that the mean difference between the pre- and postoperative volumes was significant (df = 28; t = 2.085; p = 0.046) (see Figure 10).


Table 3 | Pre- and postoperative volumes of the patients with a primary reconstruction of the orbit using the CAS.






Figure 10 | Comparison of the pre- and postoperative intraorbital volumes after ablative surgery and primary reconstruction using CAS. The difference between the preoperative and postoperative volume is significant. * shows significance with a p-value < 0.05





Optimization of the Interface Between Surgery and Radiation Therapy Using CAPP and CAS

So far, only the treatment results of three patients could be evaluated, because although the data could be passed on from the surgeon to the radiation therapist, the radiation therapists do not yet routinely include this information, but rather use their planning CTs as a basis for their therapy. However, since the first results are very promising, our efforts are aimed at routinely providing the protocols, which were mainly prepared with the help of the CAS, to the radiotherapists in order to use these protocols as a basis for their therapy. We assume that this procedure will gain a foothold in routine clinical practice. Since this method is still new, the post-processing of the data for passing on to the radiation therapist currently still takes some time. According to previous experiences, this takes about 10 minutes.



Case Study of Selective Irradiation After Virtual Tumor Marking With the Help of CAS

With the help of this case study, the advantages of intraoperative data collection and transfer to the radiation therapists are explained. A 67-year-old patient with a primary SCC of the left maxilla invading the orbital floor (cT4) was operated on using CAS. Intraoperative, navigation-assisted tumor mapping and tumor resection were used. The histopathological findings near the base of the skull still showed parts of a residual tumor in two localizations of the tumor map, there were no close margin areas. This information was highlighted in color in the intra-operative tumor map.

Due to the location of the residual and the reduced general health condition of the patient a further resection could not be performed. Therefore, the files were passed on to the radiation therapist in DICOM format. The iPlan 4.0 beta software was used. Only those coordinates (voxels) that represented a positive histology or a close-margin resection were marked with the Houndsfield unit of 3500 H. This value has been chosen well above the usual maximum limit of 3100 H to ensure that the original DICOM data record could not be manipulated any further. This provided another advantage as the marked points could be quickly found again using the threshold algorithm. This improved data set was exported as “enhanced DICOM format” (enDICOM) and could be imported into common irradiation devices.

In this case, the enDICOM data set was imported in the Oncentra MasterPlan System (version 3.3, Nucletron, Netherlands/USA) and co-registered with the postoperative radiation therapy planning CT scan. With this additional information, a more selective irradiation of the midface resulting in smaller volumes of high dose irradiation could be guaranteed.



Quality of Life

For the calculation, the responses of the intervention group that were treated using CAS for tumors of the upper jaw were compared to the responses from the control group which were treated conventionally without CAS. A mean value comparison was calculated using the t-test for independent samples. Out of the included 60 patients a total of 42 patients fully completed and returned the QoL-questionnaire and thereby were included in the calculation. The group that was treated using CAS had a response rate of 68% and the control group a response rate of 72% which results in 21 patients of each group.

Figure 11 shows the distribution of the score rating with regard to the global question about health-related quality of life and overall quality of life. For both, the CAS group tends to have a better scoring (health-related quality of life: M = 3.70; SD = 0.66, overall quality of life: M = 3.60; SD = 0.75) than the control group (health-related quality of life: M = 3.35; SD = 0.90, overall quality of life: M = 3.20; SD = 1.01). However, the differences do not become significant neither in terms of health-related quality of life (df = 38; t = 1.872; p = 0.069) nor for the overall quality of life (df = 38; t = 1.424; p = 0.163).




Figure 11 | Comparison of health-related and overall quality of life of the patients of the intervention group treated using CAS compared to the control group treated conventionally without CAS.



When looking at the question of how the patients are doing compared to the months prior to diagnosis, the group treated with CAS (M = 2.80; SD = 1.19) tended to have better scores than the control group (M = 2.65; SD = 1.23) without the difference becoming significant (df = 38; t = -0.392; p = 0.698).

With regard to the domains, it was found that there tended to be differences in the areas of mood and appearance. In the control group, more patients stated that they were bothered by their appearance and that their mood was impaired. There were no differences between the groups with regard to the other domains. Figure 12 compares the results of both groups with regard to the variables appearance and mood. For the sake of clarity, the items have been combined into two or three statements.




Figure 12 | Distribution of answers of the intervention group treated with CAS compared to the control group treated without CAS. In the upper part distribution of answers regarding the question of the mood in recent weeks are displayed while in the lower part distribution of answers regarding the question of ‘how you feel about your own external appearance in recent weeks’ are shown.






Discussion

The routine use of CAPP and CAS in the treatment of upper and lower jaw tumors in the maxillofacial surgery was often prevented by the high costs and poor user friendliness due to the high technical complexity and the demanding operation of the systems. Regarding the costs we have the beneficial situation in Germany that the total use of computer-assisted surgery and orbital reconstruction is being reimbursed because of many publications and the clear consensus in the indication having the benefit of precise reconstruction, excellent surgical results and saving time in terms of operation hours.However, there is a need for a comprehensive system with which the entire procedure, from planning to implementation and result control, can be carried out efficiently and easily in order to optimize patient treatment and reduce overall costs. In the present work such a method for the therapy optimization of tumors of the upper jaw and midface area with the necessary treatment steps was presented and evaluated based on the analysis of 31 patients with a tumor of the midface and their surgical treatment with the help of CAS. The preoperative planning, intraoperative navigation with navigated tumor resection and tumor mapping, the reconstruction after ablative surgery and optimization of the interface between surgery and radiation therapy were examined in detail. The CAPP and CAS introduce a new level of quality control and quality assurance and thus promote the professionalization of surgery, because the success of the treatment can now be quantified. From a medico-legal perspective, the surgeon can protect himself externally with the CAPP and CAS, since the documentation of the individual operative sub-steps makes all therapeutic measures transparent, traceable and verifiable at all times. At the same time, the demands on one’s own performance increase because the intervention is no longer carried out intuitively or on the basis of experience. Due to the technical possibilities, the aim is to plan and implement the intervention down to the millimeter.

Advantages of these procedures has been presented before (14–18). The current study provides data of a prospective clinical study including 31 patients with midfacial tumors treated with CAS in comparison with 29 patients treated conventionally.


Intraoperative Navigation

The steps associated with intraoperative navigation such as referencing, registration, intraoperative navigation and data transfer took an average of 19.6 minutes (SD = 2.8 minutes). In order to be able to decide whether this additional effort pays off in terms of a cost-benefit ratio, the additional time effort must be compared with indicators of the benefit. Initial studies show that the additional time invested of around 30 minutes predominates (19, 20) and that the more experienced the user is with the method of navigation, the quicker the intra-operative set-up of navigation devices (21). First of all, the operating time itself is important, but it is difficult to quantify objectively, as the operating time depends on the patient’s individual clinical situation. However, there are already studies that have shown a shortening of the operating time (22, 23). In addition to the time saved, the qualitative benefit for the patient should also be taken into account (24). With regard to the time savings, it should be remembered that the detailed preparation for the operation means that all structures are known and that better orientation in the image data set is possible (25). Due to the prior planning and virtual simulation of the access routes, the best access route including alternatives is determined before the operation, so that targeted control of the desired structures is possible, which not only makes the intervention safer, but also reaches the goal faster (26). The reconstruction does not have to be carried out according to the time-consuming “trial and error” procedure in which the best position for the implant has to be selected (27, 28). By planning and adapting the implant beforehand using rapid prototyping, the correct implant position can be controlled directly and immediately adapted using the feedback from the intraoperative navigation (29). It is also positive that the patient is not exposed to further radiation during surgery due to the x-rayless navigation system. A high degree of consistency between the pre-, intra- and postoperative data evaluated through the merging of the data sets allows a statement to be made about the success of the intervention and thus makes the procedure more transparent for all involved (30–32). By storing all the data sets, the patient has the benefit of a complete treatment plan, since the radiation therapist can also benefit from the data and can plan his therapy precisely tailored to the patient (33).



Navigation-Assisted Tumor Resection and Tumor Mapping

A considerable problem of conventional tumor resection without navigation is that the anatomical three-dimensional position of the specimen is described in words written down in the surgery report and in the pathology request document by the operating surgeon. The achieved accuracy can hardly be compared to the method of navigated tumor resection and tumor mapping. This method links the specimen to a coordinate in the three-dimensional anatomy of the patient. Technically this coordinate represents one precise point in space which refers to a sphere-shaped volume with a radius of 1.2 mm due to the measured registration accuracy during navigation. With a mean specimen size of the taken resection margins of 8.7 mm the virtual coordinate does not congruently match in full size. However, by taking at least 12 specimen the outline of the resection margin is adequately captured. Together with the histopathological result, this serves as an objective virtual marking of the true tumor extent. This higher number of taken specimen seems only applicable with the help of CAS since differentiation during relocation cannot be achieved with conventional location- and orientation-labeling by simple word description. The orientation-labeling and achieved accuracy of relocation with intraoperative navigation method adequately serves the technical achievable accuracy especially in cases of re-resection and should lie above the accuracy of the previous used conventional method. Even in view of soft tissue shifting presenting a well-known problem with intraoperative navigation (24, 34, 35), the presented method of mapping of midfacial tumors seems still applicable because in the anatomical region of the midface there are many bony structures giving stability to the adjacent soft tissue and thereby limiting the bias of soft tissue shifting.

In combination with the preoperative virtual planning of the resection extent which relies on merging of different imaging modalities combining the different information of these modalities (36), this method of navigated tumor resection and tumor mapping harbors promising results. In our study, we showed that with this method there were more R0 resection possible within tumors of the upper jaw compared to the conventional tumor resection. However, the difference between the two groups was not significant probably due to the sample size. It seems debatable that the observed increase in R0 resections in the CAS group may be achieved by the higher number of frozen sections rather than the use of navigation and CAS. However, in our opinion this high number of frozen sections cannot be adequately labeled with conventional methods allowing precise relocation in case of re-resection. Therefore, a technically applicable sampling of a high number of frozen sections is only reasonably achievable through CAS as already stated above. The comparison of the groups with regard to age, gender, radiation, diagnosis and reconstruction method shows that the groups did not differ in any respect. The CAS is therefore not only indicated for certain patients but can be used in all cases in everyday clinical practice. It has been proven to be particularly advantageous in the case of T4-tumors, since here, a successful operation without the use of CAS in terms of free resection margins is less likely (37, 38).

Even though no clear statements can be made about the long-term success of the CAS compared to previous methods, it should be noted that the CAS makes it easier to maintain the safety margin (37–39). Longitudinal studies will show whether the recurrence rate can be reduced in the long term, as this is already the case in other disciplines (40–42).

Another advantage of the CAS is that all information about the patient’s anatomy is available preoperatively. This means that it is known how far the safety distance can be maintained before the intervention. If, for example, the safety margin touches the base of the skull, bony structures can be removed or preserved with greater certainty, since the distance to intracranial perforation is known. Our experience has shown that CAS has proven itself particularly well in the midface area, since most tumors are closely related to bony structures. This is precisely why the CAS is particularly suitable for T3 and T4 tumors.



Reconstruction After Ablative Surgery

The loss of hard and soft tissue after tumor resection is associated with substantial functional and aesthetic deficits (43). CAS in the form of computer-assisted design and models (CAD/CAM) has by far improved the possibilities of reconstructive surgery, especially in the planning of symmetrical aspects of the bony contour (28, 44–47). With regard to the primary reconstruction of the midface, the focus of the functional and aesthetic rehabilitation is, in addition to the chewing function, on the reconstruction of the orbital region. Since the secondary reconstruction can be expected to show poorer functional and aesthetic results due to various challenges, the focus should be on the primary reconstruction, in which the implants are inserted directly after the tumor resection. In doing so, not only the resection but also the implant insertion is carried out with the help of a template, since the position of the implant can be planned preoperatively according to the prosthetic situation. With the rapid prototyping or computer-assisted design/modeling (CAD/CAM) process, it is possible to create a virtual template for unilateral defects using simple processes such as mirroring the unaffected side onto the affected side, through which the midface can be restored (3). If there are bilateral defects, there is also the option of importing the midface from the atlas segmentation and adapting it to the remaining bony structures (elastic and rigid deformation) (48). This is used, for example, for complex tumors of the midface. Once the tumor has been resected, the periorbital region is reconstructed with alloplastic materials and autologous bone grafts. Various CAS procedures can be used here.

These procedures have opened up new possibilities and also a new claim for reconstructive surgery of the facial skull since it is now possible to achieve better aesthetic results through the symmetrical and thus faithful restoration of the removed structures. While prior to the introduction of these methods it was primarily a matter of repositioning the vascular or avascular bone in such a way that functionality was restored, the steps necessary to completely restore the face can now be planned preoperatively, taking into account the aesthetic subtleties (44, 45).

Our data showed that when the orbit is reconstructed after tumor surgery using CAS, the postoperative volume decreases. The postoperative reduction in volume is needed in cases of intra-orbital soft tissue deficiencies. Moreover, potential soft tissue atrophy and scaring may occur after surgery in this area which can cause enophthalmus. Therefore, we preferred a slight undercorrection rather than an overcorrection But even if the intra-orbital soft tissue was not touched, the postoperative volume was decreased. On the one hand, this is due to the fact, that a new implant is inserted which has its own volume, which must be taken into account. The segmented orbit mesh has an average volume of about 1.3 cm3. If this number was added to the postoperative orbital volume, the difference between the pre- and postoperative volumes would no longer be significant. Deviations are also more likely with regard to the orbit compared to midface reconstruction since the structures are more filigree and complex and manual adjustments are therefore often necessary. On the other hand, the orbit mesh is bent manually using the STL models, so that minor errors can occur.



Successful Irradiation With Computer-Assisted Surgery

According to Boehm et al. only a few technical solutions for structured data storage and processing of all patient-related data are scientifically described (49). As already described above, after an operation it is necessary to transmit the data to the radiation therapist so that he can optimally plan the therapy. Without the CAS, the radiation therapist has insufficient information available in the form of histological findings, surgical reports and CT data sets, according to which he must plan a strategy. With the help of the CAS, screenshots in form of jpeg files and even enhanced DICOM data sets can be transmitted to the pathologist after the surgical procedure, so that the information can be passed on in a language-independent and unambiguous manner. The 3D volume rendering enables the pathologist to identify the location of the tumor in the image. Based on the histological results, positive boundaries can then be marked in the data set or drawn in in color. As part of further oncological treatment, this data can be saved and transmitted in DICOM format to oncologists, radiologists and pathologists so that they can receive specific tumor information such as the invasion of adjacent structures. Therefore, CAS can serve to enhance the interdisciplinary collaboration and improve patients’ outcome. This is especially relevant for the treatment planning of adjuvant radiation therapy. While radiation therapy has been shown to reduce loco-regional recurrence rates (50), it harbors significant side effects such as xerostomia. These side effects occur due to the damaging of healthy tissue surrounding the tumor tissue. The planning of dose distribution during radiation relies on post-operative imaging (51). However, it can be challenging to differentiate on the basis of the imaging data between tissue aberrations due to remaining tumor or due to postoperative changes. The described procedure of tumor mapping can link the pathological information to a definitive three-dimensional coordinate and thereby helps reduce any doubt during interpretation of the imaging data. This allows a more precise dose distribution. However, if this procedure leads to a further reduced loco-regional recurrence rate or to lesser side effects during radiation therapy remains to be seen in further studies focusing on statistically representative patient groups which underwent adjuvant radiation therapy relying on CAS.



Quality of Life

It is difficult to quantify patients’ quality of life in terms of CAS due to various problems. On the one hand, due to the lack of a comparison option, the patient is often not even aware that the CAS, for example, was able to remove the tumor more effectively or that vital structures could be better preserved. In addition due to the fact that patients are suffering from cancer and have to undergo an operation, the level of suffering among patients is so high that the quality of life is impaired for all patients, whether they were operated with or without the use of CAS (52–54). Large numbers of cases would be necessary to calculate significant differences between the groups. However, our data showed that those patients who were operated on using CAS had higher scores, especially in the areas of mood and appearance. These factors in turn correlate with one another.

When asked about the worst event since the operation, patients with oral cancer above all mentioned the realization of facial distortions, even if these seemed minor to third parties (55, 56). This shows that the patient’s appearance is particularly important, which is understandable in terms of social integration after treatment. Appearance is also related to mood. While in the past the patient’s survival was in the foreground and the operation was therefore extremely radical, CAS offers far more options here. By setting a safety distance in advance as part of the preoperative planning, it becomes evident which structures need to be removed, so that the reconstruction of the face can be planned in detail in advance and patient-specific implants can be made. Therefore, there was a tendency towards a higher health-related and overall quality of life, on which the factors appearance and mood exert a decisive influence. In particular for health-related quality of life, our results became almost significant, which suggests that a larger sample might show significant results.




Conclusion

The CAS offers great advantages over the previously established therapy methods in ablative tumor surgery, which are primarily reflected in the precision, safety and success of the treatment. Thanks to sophisticated systems for merging data sets from different imaging processes and the resulting possibilities for precise preoperative planning, in which the treatment goal can be determined in advance, taking into account all the necessary information, the operation can be less invasive while still maintaining a successful and more predictable result. Moreover, the possibility of computer-assisted implementation and documentation enables interdisciplinary, language-independent and thus unambiguous communication due to the broad database. Given these advantages of CAS, it is surprising that CAS is not yet routinely used in clinics. Due to the costs and the time required for the implementation and familiarization with the systems it becomes understandable that some surgeons have not yet been convinced of the use of the CAS.

In this study, we showed distinct advantages of CAS in the complex oncologic surgery of the midface. The operation and the planned expected results of the operation can be simulated preoperatively on the computer, afterwards an intraoperative implementation of the simulation is possible with the help of the navigation. The postoperative control through image fusion of the preoperative plan with a postoperative data set enables an evaluation of the reconstruction result with millimeter precision, as it is desired for complex reconstructions.

Another great advantage of this system is that all steps in the diagnosis and therapy of the patient are traceable at any time. If surgical obstacles arise intraoperatively, an alternative procedure with this system can be carried out with a minimum of effort and the complete tumor resection can still be ensured. Thus, the goal of improving the success of the treatment, optimization of interdisciplinary collaboration and the patient’s quality of life through complete tumor resection and adequate reconstruction is retained.
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Background

Reconstruction of maxillary defect resulting from trauma or oncology surgery is of great importance for patients with physical and psychological complications. The virtual surgical planning (VSP) and 3D printing technics had been used in recent years which simplified the surgical procedure and promoted success and accuracy. To assess the accuracy and outcome of VSP surgery, here we report our experience in maxillary reconstruction retrospectively.



Method

Patients who received maxillary defect reconstruction from 2013 to 2020 were analyzed retrospectively. These patients were divided into two groups. Group 1 received VSP and 3D printed guiding plates in the surgery, while group 2 underwent free-hand surgery (FHS). Patients with different vertical and horizontal defects were classified according to Brown and Shaw classification. Clinical information and postoperative complications of all patients were collected. For patients with unilateral maxillary defect, orbit volume, orbit height, and the contour of the reconstructed side were compared with the normal side.



Result

Thirty-four patients who achieved the criteria were analyzed, of which 20 patients underwent VSP surgery. There were primary and secondary reconstruction cases in both two groups. Vascularized iliac crest flap was used in three cases, and fibula flap was performed in the other cases. One flap collapse occurred in FHS group. Seven patients in VSP group received dental implants, while the number in FHS group was 0. In vertical class III cases, the differences in orbit height (ΔD) and orbit volume (ΔV) between normal side and reconstructed side were measured and compared in the two groups. The mean ΔD is 1.78 ± 1.33 mm in VSP group and 4.25 ± 0.95 mm in FHS group, while the mean ΔV is 2.04 ± 0.85 cm3 in VSP group and 3.25 ± 0.17 cm3 in FHS group. The alterations of orbit height and volume in VSP group were much smaller than that in FHS group with statistical significance. From the perspective of aesthetics, the color-gradient map indicates a more symmetric and smoother curve of post-operation appearance in VSP group.



Conclusion

Compared with traditional free-hand surgical technics, VSP and 3D printing guiding plates can allow for a more accurate maxillary reconstruction with improved aesthetics.





Keywords: maxillary defect, virtual surgical planning (VSP), 3D printing, free flap, accuracy reconstruction



Introduction

The reconstruction of maxilla or midface with the rehabilitation of occlusion, speech, and normal vision was challenging in head and neck reconstructive surgery. Patients with maxillary defects usually suffered great psychological and physical trauma, compelling surgeons to try their best to achieve the ideal result of maxillary reconstruction. The optimal maxillary reconstruction includes separation of oral cavity and nasal cavity, rehabilitation of alveolar ridge and maxillary buttress, restoration of normal visual function, and satisfied soft tissue contour (1–3). With the development of microvascular surgery, several free flaps had been described for use in reconstruction of the maxillary defect, such as anterolateral thigh flap, scapular flap, fibula osteomyocutaneous flap, iliac crest flap, et al. (2–10).

In the past two decades, virtual surgical planning (VSP) had been developed to improve the surgical and anatomic accuracy, and consequently aesthetical appearance, vision function, and occlusion. Due to the high accuracy of VSP, surgical resections with good tumor margin control can be obtained during ablation (11–13), and the use of bone flap containing several segments can be possible and simplified. To assess the accuracy and outcome of VSP surgery, here we report our experience in maxillary reconstruction retrospectively, including traditional free-hand surgery (FHS) and VSP surgery. The facial appearance and reconstruction outcome of both groups were evaluated. The VSP surgery group exhibited better accuracy and improved satisfaction with appearance. Still there are some special considerations that need to be addressed.



Patient and Methods


Patients

From 2013 December to 2020 October, 34 patients undergoing maxillary reconstruction in Department of Oral & Maxillofacial–Head & Neck Oncology, Shanghai Ninth People’s Hospital were incorporated, including 20 patients receiving operation with the use of VSP and three-dimension (3D) printing technics, and 14 patients received FHS. Clinical details are shown in Table 1 and Supplementary Table S1. The maxillary vertical and horizontal defects were classified according to Brown’s revised defect classification of maxilla and midface (14). Primary diagnosis result in the defect included malignant tumor, benign tumor, and trauma. Surgical techniques including donor site of flap, usage of titanium mesh or Polyetheretherketone (PEEK), and recipient artery were recorded. Complications and the treatment during follow-up were traced. Our study was approved by the Ethics Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine.


Table 1 | Patient demography and clinical details.





Virtual Surgical Planning and Surgical Techniques

All patients underwent preoperative computed tomography (CT) scans of craniofacial and lower extremities or pelvis. These CT images were converted into 3D virtual models, and surgical planning was performed using Mimics software (Materialise, Leuven, Belgium). The 3D image of fibula or iliac crest free flap (ICFF) were superimposed onto the mirrored maxilla image reconstructed by the software, and osteotomies were performed in the digital fibula or ICFF so that the curve of the segments would match the contour of maxillary alveolar ridge and pterygomaxillary buttress (Figure 1).




Figure 1 |  Virtual surgical planning (VSP) strategy. (A) A virtual maxilla vertical defect of Class II; (B) a virtual maxilla vertical defect of Class III; (C) a virtual plan of osteotomy on fibula for defect in (A), two segments were designed to render the curve of alveolar ridge and pterygomaxillary buttress; (D) virtual position of fibular segments according to defects in (A, C); (E) a virtual plan of osteotomy on iliac crest for defect in (A), osteotomies were performed to generate three segments, and the middle one was removed; (F) virtual position of ICFF segments according to defects in (A, E); (G) a virtual plan of osteotomy on fibula for defect in (B), two segments were designed to render the curve of alveolar ridge and pterygomaxillary buttress; (H) virtual position of fibular segments according to defects in (B, G), titanium mesh was used to restore the infraorbital rim; (I) a virtual plan of osteotomy on fibula for defect in (B), three segments were designed to render the curve of infraorbital rim, alveolar ridge and pterygomaxillary buttress; (J) virtual position of fibular segments according to defects in (B, I).



Fibula flap was used in most cases for maxillary reconstruction. For Brown’s class II vertical defects (Figure 1D and Figure 2C), the distal end of fibula bone graft was placed to the alveolar ridge according to the digital cutting plane, and the proximal end to pterygomaxillary cutting plane. So the vessel pedicle of fibula flap can traverse to anterior tragus area, and the anastomosis was accomplished with superficial temporal artery and vein. The reconstructed maxillary alveolar ridge was usually rehabilitated to the location of first molar, and another segment turned to form pterygomaxillary buttress in necessity.




Figure 2 | Bone and soft tissue contour of cases in VSP group. Cases in VSP group were classified by vertical defect classification and surgery stage. CT images of all cases were converted into Mimics, and the bone and soft tissue contours were calculated. The color-gradient map indicating differences between mirrored symmetrical face and postoperative soft tissue contour was generated by Geomagic studio. Red color indicates ridge area, and blue indicates depressed area. (A), case of primary reconstruction with vertical defect class II; (B), case of primary reconstruction with vertical defect class III; (C), case of secondary reconstruction with vertical defect class II; (D) case of secondary reconstruction with vertical defect class III. A1~A5, B1~B5, C1~C5, D1~D5 showed the pre-operation bone contour, post -operation bone contour, pre-operation soft tissue contour, post-operation soft tissue contour, pre-operation and post-operation soft tissue contour difference respectively.



For Brown’s class III vertical defects, there were two strategies. One design strategy was just like what was used for class II defects (Figures 1G, H). Additionally, titanium mesh was used to form the floor of orbit and the infraorbital rim. Individualized titanium mesh was prebended according to the 3D model of reconstructed maxilla. Soft tissue like fat tissue of the skin paddle or part of flexor pollicis longus muscle should be placed around the titanium mesh to prevent its exposure. In terms of the other strategy (Figures 1I, J), the distal end of fibula bone graft was placed to form infraorbital margin, and the proximal part was shaped to form the alveolar ridge. In this case, the digital cutting plane of alveolar ridge was restricted posterior to canine; therefore, the vessel pedicle can traverse to submandibular area through a tunnel in buccal, and anastomosis was accomplished with facial artery and vein or others.

For cases using ICFF (Figures 1E, F), the surgical planning was performed as described before (15). Briefly, the contour of maxilla could be divided into two subunits of paranasal region and infraorbital region through a line segment from nasion to distal alveolar crest of maxillary second premolar. Osteotomies were performed in the bone graft of ICFF, and three segments were generated. The middle segment was removed, and the other two segments were spliced to match the curve of maxillary alveolar ridge and pterygomaxillary buttress. For Brown’s class III vertical defects, the floor of orbit and the infraorbital rim were established by bone graft of ICFF, too.



Special Surgical Technique

In FHS group, one case was graded class IIId (Figure 3B). To prevent enophthalmos, the anterior part of mandibular ramus including coracoid was cut off from sigmoid notch to retromolar area, with attachment of temporalis muscle. This pedicled bone graft was shaped and placed to form the floor of orbit (Figure 3B2). This technique was called coracoid-temporalis flap.




Figure 3 |  Bone and soft tissue contour of cases in FHS group. Cases in FHS group were classified by vertical defect classification and surgery stage. CT images of all cases were converted into Mimics, and the bone and soft tissue contours were calculated. The color-gradient map indicating differences between mirrored symmetrical face and postoperative soft tissue contour was generated by Geomagic studio. Red color indicates ridge area, and blue indicates depressed area. (A), case of primary reconstruction with vertical defect class II; (B), case of primary reconstruction with vertical defect class III; (C), case of secondary reconstruction with vertical defect class II; (D) case of secondary reconstruction with vertical defect class III. A1~A5, B1~B5, C1~C5, D1~D5 showed the pre-operation bone contour, post -operation bone contour, pre-operation soft tissue contour, post-operation soft tissue contour, pre-operation and post-operation soft tissue contour difference respectively.





Reconstructive Accuracy Analysis

For cases classified as Brown’s class III vertical defects, DICOM images of the postoperative CT scan were imported into Mimics software. Then a mask was established using bone tissue thresholds, and a 3D model was produced by calculation. In the frontier view, two lines were drawn as shown in Figure 4A. The upper line was horizontal to the lowest point of supraorbital margin, and the lower line was horizontal to the highest point of infraorbital margin. In the normal side, the vertical distance between these two lines was defined as D1. Accordingly, in the reconstructed side, the vertical distance was defined as D2. The absolute value of difference between D1 and D2 was defined as ΔD.




Figure 4 | Orbit height and orbital volume analysis in VSP and FHS group. (A) The definition of D1 and D2. In the frontier view, two lines were drawn. The upper line was horizontal to the lowest point of supraorbital margin, and the lower line was horizontal to the highest point of infraorbital margin. In the normal side, the vertical distance between these two lines was defined as D1. In the reconstructed side, the vertical distance was defined as D2; (B) the content of orbit was delineated in the normal side and reconstructed side; (C) the 3D model of orbital volume was established, the volume of normal orbit was defined as V1, and the volume of reconstructed orbit was defined as V2, which was calculated by Materialise Magics; (D) the absolute value of difference between (D1, D2) was defined as ΔD, which was analyzed in both VSP and FHS groups by two-tailed t test with statistical significance (p<0.05); (E) the absolute value of difference between V1 and V2 was defined as ΔV, which was analyzed in both VSP and FHS groups by two-tailed t test with statistical significance (p<0.02). *p < 0.05; **p < 0.02.



A new mask was established and the content of orbit was selected in all the slides (Figure 4B), then the 3D models of orbit were calculated (Figure 4C). The volume of the orbit 3D model was calculated using Materialise Magics software (Materialise, Leuven, Belgium). The volume of normal orbit was defined as V1, and the volume of reconstructed orbit was defined as V2. The absolute value of difference between V1 and V2 was defined as ΔV.

Both ΔD and ΔV were calculated in VSP group and FHS group. SPSS (Statistic Package for Social Sciences) 13.0 was used for data analysis. Two tailed t-test was used for statistical analysis.

Postoperative soft tissue contour of all case was analyzed using Geomagic studio software (Raindrop, USA) (Figures 5, 6). Subsequently, a mask was established using soft tissue thresholds, and a 3D model was generated by calculation. Using the mirror tool, a symmetrical face was obtained by mirroring to the normal hemiface. The.STL files of the symmetrical face and postoperative face exhibiting the soft tissue contour were imported into the software of Geomagic studio. The 3D models of symmetrical face and postoperative face were aligned with some anatomy landmarks, including nose, supraorbital and infraorbital line, zygoma, and midline. Then a color-gradient map showing differences in soft tissue contour of the reconstructed face and the contralateral normal side was obtained. The color-gradient maps were quantitatively analyzed using Geomagic control X (3D systems, USA). Four key points were set to analyze: Point1: midpoint of lower eyelid; Point 2: the cross point of ala nasi and nasofacial sulcus; Point 3: the point of philtrum; Point 4: point of mouth corner (Figure 7). The location of every point on the reconstructed face and the mirrored face was recorded as a three-dimensional coordinate, and the shift of every point was analyzed in X, Y, and Z axis, respectively. SPSS (Statistic Package for Social Sciences) 13.0 was used for data analysis. Two-tailed t-test was used for statistical analysis.




Figure 5 | Soft tissue contour of pre-operation and post-operation alignment in VSP group. (A) Pre-operation soft tissue contour; (B) post-operation soft tissue contour; (C) mirrored hemiface of normal side to form a symmetrical face; (D) post-operation soft tissue contour aligned with the symmetrical face in (C); (E) the color-gradient map indicating the differences of soft tissue contour in (D), red color indicates ridge area, and blue indicates depressed area.






Figure 6 | Soft tissue contour of pre-operation and post-operation alignment in FHS group. (A) Pre-operation soft tissue contour; (B) post-operation soft tissue contour; (C) mirrored hemiface of normal side to form a symmetrical face; (D) post-operation soft tissue contour aligned with the symmetrical face in (C); (E) the color-gradient map indicating the differences of soft tissue contour in (D), red color indicates ridge area, and blue indicates depressed area.






Figure 7 | Quantitative analysis of soft tissue appearance of reconstructed face. (A) Point 1: midpoint of lower eyelid; (B) point 2: the cross point of ala nasi and nasofacial sulcus; (C) point 3: the point of philtrum; (D) point 4: point of mouth corner.






Results


Patient Demography

In the VSP group, there are 14 male and 6 female patients with the average age of 37.2 years (range from 12 to 52 years). Of the 20 subjects, 7 patients underwent primary reconstruction and 13 patients underwent secondary maxillary reconstruction. According to Brown’s revised defect classification of maxilla and midface, cases in this study were classified upon vertical defect or horizontal defect. Eight cases had undergone radiation therapy at the time of reconstructive surgery. To reconstruct the defect, 17 cases were designed using fibula flap, and in the other cases, ICFF were carried out. During follow-up, seven patients got implant-anchored prosthesis.

In the FHS group, there are nine male and five female patients with the average age of 37.9 years (range from 25 to 58 years). Half of the patients underwent primary reconstruction, and the other half underwent secondary maxillary reconstruction. Among them, three patients had received radiotherapy at the time of reconstructive surgery. The vertical and horizontal defect was classified as described above. All cases of defect were repaired with fibula flap.

Comparison of perioperative characteristics including fibula segments, operation time, blood loss and transfusion, patient cost is shown in Supplementary Table 1. Two-tailed t-test was used for statistical analysis and showed no statistical significance between two groups.



Complications

In VSP group, titanium mesh was used in four cases to establish the floor of orbit and the infraorbital rim for class III vertical defect, while two cases, belonging to secondary maxillary reconstruction, exhibited exposure of the titanium mesh. Additional operation was performed to remove the mesh, and then enophthalmos developed. Temporalis muscle or free fat tissue transplantation was performed to improve the height of globe. The infraorbital rim was not settled up in only one case showing enophthalmos. In the VSP group, flap vascular crisis occurred in three cases, and all flaps were rescued.

In the FHS group, titanium mesh was used in three cases and exposed in two cases of class III vertical defect. In one case of class IIId (Figure 3B), the anterior part of mandibular ramus including coracoid was cut off from sigmoid notch to retromolar area, with attachment of temporalis muscle. This pedicled bone graft was shaped and placed to form the floor of orbit, and enophthalmos was prevented, while infraorbital rim was depressed yet. In the FHS group, flap vascular crisis occurred in two cases, and one of them was not rescued.



Reconstructive Accuracy Analysis

The bone and soft tissue contour of all patients were established and classified according to the vertical defect classification, and the corresponding primary or secondary reconstruction was shown in Figures 2, 3. For the aesthetical assessment, color-gradient map indicating the soft tissue contour difference was performed in cases of both VSP and FHS group. The typical cases of two groups are exhibited in Figures 5, 6, respectively. In case of FHS group, the differences in area of infraorbital rim and the maxillary alveolar ridge were much bigger than that of case in VSP group, exhibiting larger area of orange and blue. In the VSP group, Figure 2A shows that a case of vertical class II reconstructed with ICFF exhibited a uniform change in the infraorbital region, and Figure 2B shows that a case of vertical class III reconstructed with fibula flap and titanium mesh exhibited better contour of infraorbital rim than the cases without titanium mesh as shown in Figures 2D and 3B. For secondary reconstruction, cases in VSP group had smoother curve in the reconstructed region, whereas cases in FHS group showed some point with deep blue indicating obviously depressed surface. In vertical class III cases, the differences in orbit height (ΔD) and orbit volume (ΔV) between normal side and reconstructed side were measured and analyzed by t-test, the result of which is listed in Table 2. Mean ΔD is 1.78 ± 1.33 mm in VSP group and 4.25 ± 0.95 mm in FHS group, while mean ΔV is 2.04 ± 0.85 cm3 in VSP group and 3.25 ± 0.17 cm3 in FHS group. The differences in VSP group were significantly smaller than that in FHS group (Figures 4D, E).


Table 2 | Orbit height and orbital volume analysis in VSP and FHS group.



The results of quantitative analysis of soft tissue appearance of reconstructed face are shown in Table 3. The distance shift in Z axis of Point 1 (midpoint of lower eyelid) and Point 4 (point of mouth corner) had statistical significance indicating more accurate of the reconstructed appearance.


Table 3 | Quantitative analysis of soft tissue appearance of reconstructed face.






Discussion

The maxillectomy usually produces complex defect involving several structures, like tooth-bearing alveolar, nasal cavity, orbit cavity, palate, etc. Bone reconstruction was recommended for the defect higher than class II according to the Brown’s vertical classification, while class I vertical defect was usually repaired by prosthesis (14). The complexity of maxillary reconstruction lends itself well to VSP surgery, which streamlines the shape of bone graft and improves the surgical and anatomical accuracy.

In VSP surgery, with the mirror function of the software, the images of contralateral normal maxilla were superimposed over the asymmetric flap side. The virtual plan and the bony framework were determined according to the mirrored normal maxilla to achieve a symmetric contour. With the introduction of 3D printing models and fabrication of surgical guides, complex resections can be planned preoperatively. In the reconstruction process, custom-made cutting guides helped to decide location and angulation of osteotomies, and the reposition guides determined precise position of the bone graft conducive for prosthesis rehabilitation. Studies analyzed vertical and horizontal changes between bone graft and normal side had demonstrated the better accuracy of VSP than FHS or traditional surgery (16–19). In our study, similar conclusion was obtained by comparing the orbit height and orbit volume in vertical defect Class III cases. More similar of orbit height and orbit volume in the reconstructed side indicated better sight function. And as shown in Table 1, seven cases in VSP group got implant denture, while no one in FHS group got prosthesis rehabilitation.

Complication comparation between two groups revealed a higher rate of complication in FHS groups (10/14). The other comparison of operation time, blood loss and transfusion, patient cost revealed no statistical difference in two groups, too, indicating that application of virtual surgical plan and 3D print in maxillary reconstruction was safe and economical and acceptable with better result.

To achieve the ideal goal of maxillary reconstruction, several variants of forearm flap, anterolateral thigh flap, fibula flap, scapular flap, and iliac crest free flap had been described. The fibular flap may be harvested as osseous flap, or chemical flap with muscle or muscle and skin paddle allowing to repair multi-kind of potential defects. And fibula flap usually provides a bone graft longer than 20 cm, which can be osteotomized into multiple segments (20, 21). Proper osteotomy makes the curve of fibula bone graft align well to the alveolar arch and maxillary buttress. The drawback of fibula flap was obvious that the width of the bone, 10 to 15 mm, was not enough for high maxillectomy defect. For class III vertical defects, titanium mesh or artificial-like specified PEEK should be installed combined with fibula bone graft. However, in secondary reconstruction, especially in cases with a history of radiation therapy, exposure of titanium mesh or artificial happened frequently. In our research, exposure of titanium mesh or PEEK occurred in three cases of VSP group and two cases of FHS group. In this situation, soft tissue like fat tissue of the skin paddle or flexor pollicis longus muscle is needed to insert between the recipient skin and titanium mesh. Alternatively, double barrel of fibula bone graft can be taken into consideration. Just as shown in Figure 3D, the infraorbital rim and alveolar arch were both restored by bone tissue, exhibiting a good contour of bony framework. But the soft tissue contour showed a depressed area between this two-layer bone graft, which reduced aesthetics. The ICFF comes to be a better choice.

The ICFF, as described by Taylor, Sanders, and Mayou (22, 23), has demonstrated considerable utility in midface reconstruction when used as either an osseous, osteocutaneous, or osteomyocutaneous composition. ICFF provides a bulky bone graft of about 9 cm in length, which is enough for a hemimaxilla reconstruction, and 4 cm in height, which is enough for repairing a class III vertical defect. The iliac crest bone graft can be shaped to conform to the contour of infraorbital rim. Otherwise, the combination of ICFF with titanium mesh, if needed, prevents the exposure of titanium mesh. The iliac crest bone graft was a whole piece in vertical, which is another advantage of ICFF, preventing the depressed soft tissue contour as mentioned before in Figure 3D. In the situation of bulky soft tissue defect, ICFF can be raised with the internal oblique, assisting line oral cavity and nasal cavity wound. Furthermore, the caliber of the vessel pedicle of ICFF, the deep iliac circumflex artery (DCIA), is consistent with superficial temporal artery. Thus, adoption of ICFF for maxillary reconstruction should be considered and popularized in clinical practice.

Numerous researches before focused on the bone framework and the accuracy of bone graft position in VSP surgery, and the advantage of virtual surgery planning in modeling bone framework was obvious, but in terms of appearance or soft tissue contour, VSP was not always that useful. In our research we reported the soft tissue contour analysis and suggested that “Bone is bone, soft tissue is independent”. To achieve aesthetical results, more attention should be given to soft tissue reconstruction, especially in some secondary reconstruction cases. For secondary reconstruction, the soft tissue defect is usually more complex than bone defects because of scar contracture deformities or stiffness caused by radiation therapy, limiting the applicability of VSP in real clinical practice. In our study, the exposure and inflammation of titanium mesh was not rare in VSP group. Titanium mesh was used in four cases, and two cases of secondary reconstruction exhibited titanium mesh exposure (Table 1). For secondary cases of class III vertical defect, soft tissue surrounding infraorbital region collapsed at varying degrees. When the contracture tissue was released completely with Weber-Fergusson incision, titanium mesh increased tension of the suture. The artificial infraorbital rim shaped by the titanium mesh overlapped with the incision, increasing the possibility of titanium mesh exposure greatly. Therefore, additional soft tissue was needed to cover the mesh, especially in cases after radiation therapy. In the case of complications of the exposed mesh, a secondary operation was performed to remove the mesh while transferring fat or pedicled muscle to prevent enophthalmos. The strategy that combines one-layer fibular bone graft and titanium mesh had been abandoned for reconstruction of class III vertical defect. Butterwort and Rogers reported a method of zygomatic implant perforated microvascular soft tissue flap (ZIP) to repair maxillary defect (24). For cases with bulky soft tissue deficit, using ZIP to fill the defect with soft tissue and rehabilitate occlusion by zygomatic implants, improved the quality of life, which could be taken into consideration.

Our research retrospectively analyzed 34 cases of maxillary reconstruction and proved the safety, accuracy, and functionality of virtual surgery versus traditional free-hand surgery. However, limitations remain in the application and the ultimate outcomes. For example, the application of virtual surgical plan and custom-made cutting guide simplified the bone framework modeling and positioned the bone graft precisely, but errors still occurred at the time of titanium plate shaping and fixation, for example. In this situation, introducing a navigation system that can discover the errors during surgery contributes to improve the outcomes. Also, we focused on the soft tissue appearance after surgery and revealed that soft tissue contour was an independent topic and should be taken into consideration. As the development of surgery planning software, we expect the utilization of soft tissue planning in software. Further study in maxillary reconstruction could focus on occlusion rehabilitation, combination of virtual surgical plan and navigation, aesthetical soft tissue reconstruction, etc., to resolve the limitation of this research.



Conclusion

VSP surgery and 3D printing techniques helped to improve accuracy and precise rehabilitation of normal contour, especially in bone framework. But soft tissue appearance was not always reflected by the bone contour, suggesting flexible treatment strategies to suit particular circumstance. In addition, the virtual planning of soft tissue reconstruction deserves further investigation.
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Background

Computer-assisted and template-guided mandibular reconstruction provides higher accuracy and less variation than conventional freehand surgeries. The combined osteotomy and reconstruction pre-shaped plate position (CORPPP) technique is a reliable choice for mandibular reconstruction. This study aimed to evaluate the accuracy of CORPPP-guided fibular flap mandibular reconstruction and analyze the possible causes of the deviations.



Patients and Methods

From June 2015 to December 2016, 28 patients underwent fibular flap mandibular reconstruction. Virtual planning and personalized CORPPP-guided templates were applied in 15 patients while 13 patients received conventional freehand surgeries. Deviations during mandibulectomy and fibular osteotomy, and overall and triaxial deviation of the corresponding mandibular anatomical landmarks were measured by superimposing the pre- and postoperative virtual models.



Results

The deviation of the resection line and resection angle was 1.23 ± 0.98 mm and 4.11° ± 2.60°. The actual length of fibula segments was longer than the designed length in 7 cases (mean: 0.35 ± 0.32 mm) and shorter in 22 cases (mean: 1.53 ± 1.19 mm). In patients without ramus reconstruction, deviations of the ipsilateral condylar head point (Co.), gonion point (Go.), and coracoid process point (Cor.) were 6.71 ± 3.42 mm, 5.38 ± 1.71 mm, and 11.05 ± 3.24 mm in the freehand group and 1.73 ± 1.13 mm, 1.86 ± 0.96 mm, and 2.54 ± 0.50 mm in the CORPPP group, respectively, with significant statistical differences (p < 0.05). In patients with ramus reconstruction, deviations of ipsilateral Co. and Go. were 9.79 ± 4.74 mm vs. 3.57 ± 1.62 mm (p < 0.05), and 15.17 ± 6.53 mm vs. 4.36 ± 1.68 mm (p < 0.05) in the freehand group and CORPPP group, respectively.



Conclusion

Mandibular reconstructions employing virtual planning and personalized CORPPP-guided templates show significantly higher predictability, convenience, and accuracy of mandibular reconstruction compared with conventional freehand surgeries. However, more clinical cases were required for further dimensional deviation analysis. The application and exploration of clinical practice would also continuously improve the design of templates.





Keywords: mandibular reconstruction, virtual surgical planning, template-guided surgery, 3D printing, deviation analyses



1 Introduction

Mandibular defects can be caused by radical surgery of oral and maxillofacial tumors, osteomyelitis, or trauma of the jaw, and can lead to severe functional and aesthetic deficits, negatively affecting quality of life. Vascularized autologous bone grafting, especially the fibular free flap, serves as the workhorse for segmental mandibular defect reconstruction (1–4). Successful reconstruction includes restoration of symmetrical appearance, sufficient chewing space, and correct joint position, signifying its great demand for accurate position of both the fibula and the remaining mandible (5, 6). However, due to the interruption of the mandibular continuity, even a small displacement may cause the entire jaw to be deflected.

With the aid of computer-assisted surgery (CAS) and three-dimensional (3D) printing technology, template-guided surgeries are gaining increasing popularity (7). Personalized guiding templates can be fabricated, and the titanium plates can be pre-shaped in advance to shorten the operation duration. Template-guided mandibular reconstruction provides higher accuracy, acceptability, and less variation than the conventional free-hand surgeries (8–12).

The combined osteotomy and reconstruction pre-shaped plate position (CORPPP) technique, as previously described, is a reliable choice for mandibular reconstruction (13). In this study, we evaluated the accuracy of CORPPP-guided mandibular reconstruction with fibula free flaps and analyzed the possible causes of the deviations. Furthermore, we applied coordinate conversion to analyze the deviations between the designed model and the actual model in triaxial directions. Results were analyzed to provide suggestions for further accuracy improvement of mandibular reconstruction.



2 Patients and Methods


2.1 Clinical Characteristics of Patients

This study was approved by the Center of Medical Ethics of Central South University (Changsha, China; serial number 201512515). Written informed consents were obtained from the patients in accordance with the Declaration of Helsinki. All methods were performed in accordance with the relevant guidelines and regulations approved by the institutional review board of the Center of Medical Ethics of Central South University.

From June 2015 to December 2016, 28 patients were recruited in this study and underwent segmental mandibulectomy. Clinical characteristics of all the patients are presented in Table 1. Reconstruction with fibula free flaps were conducted either by the conventional freehand procedure (freehand group, 15 patients) or the CORPPP-guided surgical templates (CORPPP group, 13 patients) based on their personal preference. The mandible defects after surgical resection were classified by the Urken’s CRBS (Condyle, Ramus, Body, Symphysis) classification criteria (14).


Table 1 | Clinical characteristics of the patients.





2.2 Surgical Simulation and Design of the CORPPP Guiding Template

Preoperative virtual surgical simulation and design of the CORPPP guiding template were conducted as previously described (13). First, imaging data were obtained from the patients’ maxillofacial region by large-field cone-beam computed tomography (CBCT; 0.25-mm slice interval; Imaging Sciences International 17-19 System, KaVo, USA) at intercuspal position, and from the fibular donor sites by Spiral CT (0.5-mm slice interval; SOMATOM Definition AS, SIEMENS, Germany). Then imaging data were loaded into the E3D CMF software (Digital Medicine and Virtual Reality Research Center, Central South University, China) for surgical simulations. Based on the mandibular lesion, the resection range was determined (Figure 1A), and simulated fibula segments were arranged into mandibular defects to fit the curved contour of the mandible (Figure 1B), generating the expected reconstructed mandibular model (Figure 1C). The fibular osteotomy was designed accordingly with consideration of proper length of the distal end of the fibula as well as the peroneal artery (Figures 2A, B).




Figure 1 | Virtual surgery simulation of mandibular lesion resection and fibular reconstruction. (A) Determination of the range of the mandibulectomy. (B) Arrangement of the fibula segments into the defect region according to the contour of the original mandible. (C) Expected virtual mandibular model after fibular reconstruction.






Figure 2 | Virtual surgery simulation of designing the location fibular flap osteotomy. (A) Determination of proper osteotomy location and arrangement of all segments on the virtual fibula model (purple and orange). (B) The fibular flap was designed in consideration of preserving proper length at the distal end of the fibula as well as the location of proximal end of the peroneal artery.



The titanium template was shaped and fixed to the ideal position with plastic ligatures on a 3D printout of the expected reconstructed mandibular model, and proper fixing holes were chosen from the titanium template. Then, the model was scanned again together with the titanium template by CBCT to generate the composite model. By overlapping the composite model and the expected model in the software, location of the fixing holes can simply be transferred onto both the remaining mandible as well as each fibula segment in expected model. Resection guiding templates (Figures 3A–C) and fibular osteotomy templates (Figures 3D, E) were then designed to include the designed fixing holes, and the guide wings (or grooves) of the templates were consistent with the expected osteotomy template. In this way, the fixing holes were unified, which play the dual role of fixing the guiding template to the bone surface and determine the position for the subsequent fixation of the titanium template.




Figure 3 | Virtual design of the CORPPP guiding template. (A–C) Lateral and frontal view of placement of CORPPP mandibulectomy guiding templates with guiding wings and designed fixing holes. (D, E) Medial and external view of the placement of CORPPP fibular osteotomy templates.



All the designed guiding templates are stored in Stereolithography (STL) documents and the 3D printout templates and models were fabricated using polymer nylon materials by Hunan Huaxiang Incremental Manufacturing Co. Ltd (Figure 4). The templates and the pre-shaped titanium template were then sterilized and prepared for further use.




Figure 4 | 3D printout templates of models and CORPPP guiding templates. (A) Expected mandible model after reconstruction. (B) CORPPP mandibulectomy guiding templates with fixing holes. (C) CORPPP fibular osteotomy template. (D) CORPPP positioning template.





2.3 Surgical Procedures and Postoperative Data Collection

The mandibular reconstruction with fibular flaps were conducted as previously described (6, 13). For the patients in the CORPPP-guided group, segmental mandibulectomy was performed with the assistance of the resection guiding template (Figures 5A, B). Through the fixing holes, the mandible was drilled, and the fixing holes were used for fixation of the titanium plate to restore the correct occlusal relation and the position of the condyles (Figure 5C). At the same time, fibular flaps were harvested with the osteotomy template (Figure 5D). With the assistance of the positioning templates, the fibula segments were arranged and fixed as designed (Figure 5E). For patients in the freehand group, conventional procedures were performed without guiding templates. Vascular anastomosis was then processed, and the skin paddle was used to repair the defect as well as monitoring the circulation of the flap if needed (Figure 5F).




Figure 5 | Surgical procedure of CORPPP-guided mandibular reconstruction. (A) Placement of the resection guiding templates with the designed fixing holes and screws. (B) Mandibular lesion specimen after segmental resection. (C) Placement of the pre-shaped titanium plate with the designed fixing holes. (D) Design of the fibular flap. (E) Fixation of fibula segments into the defect.



All patients received conventional free flap post-operative care and medication. During the routine follow-up visit at the 6th month after operation, CBCT scan was performed to obtain the post-operative data for deviation evaluation.



2.4 Virtual Model Superimposing and Deviation Evaluation

Post-operative image data were used to reconstruct the actual 3D model in the software. Superimposing of the actual model and the expected model was conducted using the model superimpose tracing function in 3D analysis module of the InVivoDental software (Version 5.2.4, Anatomage, USA).


2.4.1 Deviation Measurement in CORPPP-Guided Mandibular Lesion Resection

To measure the deviation during mandibulectomy, both (1) the deviation of osteotomy angle and (2) the deviation of lesion resection line were measured. Three points were selected on the expected mandibular model in the software to form the designed osteotomy plane, and the actual osteotomy plane was formed on the post-operative model with the same method. The acute angle formed by the two planes was defined as the resection angle deviation. The inferior mandibular margin points were marked in both the actual model and the expected model, and the distance between them was defined as the deviation of the lesion resection line.



2.4.2 Deviation Measurement in CORPPP-Guided Fibular Osteotomy

The length of all fibula segments was measured in both the expected mandibular model and the actual model in CORPPP-guided patients. The absolute value of the actual length minus the designed length was recorded as the deviations in CORPPP-guided fibular osteotomy.



2.4.3 Overall Deviation Measurement of the Mandibular Anatomical Landmarks

Patients were divided into two groups based on whether the ramus was reconstructed. To evaluate the displacement and rotation of the remaining mandible, the maxillary was used for superimposing the pre- and postoperative virtual models. Mandibular anatomical landmarks including the condylar head point (Co.), gonion point (Go.), and coracoid process point (Cor.) on the ipsilateral side were chosen for measurement. Those points were marked on both the postoperative actual model and the preoperative expected model, and the distance was recorded as the overall deviation.



2.4.4 Establishment of Coordinate System and Triaxial Deviation Measurement of the Mandibular Anatomical Landmarks

We applied coordinate conversion to analyze the deviations between the designed model and the actual model in triaxial directions. A coordinate system was established as follows. Plane A, an imaginary plane that was parallel to the Frankfort plane, was established at the level of the mandibular incisal notch. The midpoint of the line segment connecting the central fossa points of the bilateral mandibular first molars was projected to Plane A, forming the origin of the coordinate axis. In the first molar missing situation, the bilateral central fossa points were substituted in the order of bilateral outermost points of the condyle, bilateral points of the mandibular angle, or bilateral points of the sigmoid notch. The x-axis was defined as the horizontal axis passing through the origin and Plane A, and the positive direction was defined from the contralateral side to the ipsilateral side, and from right to left in patients with bilateral lesions by default. The y-axis was formed by connecting the origin and the aforementioned midpoint, and the positive direction was defined posteriorly. The z-axis was formed vertical to Plane A, defining the positive direction superiorly.

We further analyzed the overall deviations of each mandibular anatomical landmarks in three-dimensional directions. Matrix Laboratory (R2014B version, MathWorks, USA) was used to complete the coordinate conversion of the landmarks from the actual model and the expected model into the same coordinate system. Vectors of each point (from the actual model towards the expected model) were calculated respectively, generating the triaxial deviation, and the signs (positive or negative) of the coordinates represent the direction.




2.5 Statistical Analyses

Deviations were measured and presented as mean ± SD. Homogeneity of variance was evaluated by Levene Variance Equality Test first, and t test or Mann–Whitney test was performed accordingly. Statistical significance was reached for p < 0.05. All statistical analyses were performed using SPSS Version 19.0.




3 Results

All patients in both the CORPPP group and the freehand group underwent successful mandibular reconstruction. All flaps survived and postoperative recovery was uneventful. The design and preparation of the CORPPP guiding templates for all 13 cases were successful. In the CORPPP group, the lesions were resected in accordance with the preoperative designs, the pre-shaped titanium plates and titanium screws were placed smoothly, and the occlusal relation was well recovered. All patients came for follow-up visits as expected.

Deviations were inevitable despite the assistance of the guiding templates. The deviation of the resection line was 1.23 ± 0.98 mm with a maximum of 2.54 mm, while the deviation of the mandibular resection angle was 4.11° ± 2.60° and the maximum was 9.53°. The actual length of fibula segments was longer than the designed length in 7 cases (mean: 0.35 ± 0.32 mm, maximum: 1.12 mm), and shorter in 22 cases (mean: 1.53 ± 1.19 mm, maximum: 4.61 mm).

The overall deviation of the mandibular anatomical landmarks in cases without ramus reconstruction was measured and presented in Table 2. The deviations of all anatomical landmarks (Co., Go., and Cor.) in the CORPPP group (1.73 ± 1.13 mm, 1.86 ± 0.96 mm, and 2.54 ± 0.50 mm, respectively) were significantly smaller than that in the freehand group (6.71 ± 3.42 mm, 5.38 ± 1.71 mm, and 11.05 ± 3.24 mm, respectively). Similarly, the overall deviations of Co. and Go. in cases with ramus reconstruction were also compared. In the CORPPP group, among seven cases, the deviation of Co. was 3.57 ± 1.62 mm, and the deviation of Go. was 4.36 ± 1.68 mm. In the freehand group, the deviation of condylar head was 9.79 ± 4.74 mm, and the deviation of gonion was 15.17 ± 6.53 mm in eight cases (Table 3).


Table 2 | Deviation comparison between CORPPP group and freehand group in patients without ramus reconstruction.




Table 3 | Deviation comparison between CORPPP group and freehand group in patients with ramus reconstruction.



The triaxial deviations of all mandibular anatomical landmarks of the ipsilateral side of the mandible in the CORPPP-guided patients were measured. Patients without ramus reconstruction (Table 4) and with ramus reconstruction (Table 5) were calculated separately. However, statistical analysis could not perform due to the limited case numbers.


Table 4 | Triaxial deviation of mandibular anatomical landmarks in CORPPP-guided patients without ramus reconstruction.




Table 5 | Triaxial deviation of mandibular anatomical landmarks in CORPPP-guided patients with ramus reconstruction.





4 Discussion


4.1 Advantages and Limitations of the Template-Guided Mandibular Reconstruction

Digital surgical technology has yielded excellent clinical results in personalized functional mandibular reconstruction. Although surgical navigation is currently considered one of the best solutions for real-time confirmation in mandibular reconstruction, it can hardly be widely promoted due to the expensive equipment and time-consuming matching procedure (15).

Virtual surgery allows simulation of all the critical steps before the actual operation, including determination of the range for lesion resection, design of the fibula osteotomy, and the positioning and contouring of the fibular segments. By combining with the 3D printing technology, models and surgical guiding templates are designed and fabricated. In addition, it facilitates young surgeon training, and enhances the predictability and streamlining of surgery (7, 16, 17).

CORPPP technique, as previously designed and applied by our group, were specially designed for better positioning of the titanium plate and the seating of the bone grafts (13). The titanium plates were pre-shaped according to the 3D-printed mandible model preoperatively. Templates referring to each specific step are “printed-out” in advance, and the operation was processed step by step under the guidance. This advantage was also shared by other similar 3D-printed patient-specific surgeries. Gupta et al. reported that the total operation time was significantly reduced by nearly 1/3 in 3D-guided surgeries, which was 83.9 min in the 3D group and 124 min in the freehand group (18). Another study reported by Weitz et al. showed that the operations were 34 min shorter in virtually planned cases with optimizing accuracy (19). With the help of the models and templates, the intraoperative time was significantly reduced, improving the efficiency of the surgery and contributing to rapid recovery of patients.

The cost of the guiding template was mainly dependent on the type and the dosage of the material for 3D printing. Compared to other 3D-printed guiding templates, CORPPP neither changed the type nor increased the dosage of the material, and the manufacturing cost was generally the same as other guiding templates. In addition, the special fixing holes of CORPPP were designed to stabilize the guiding template to the bone surface as well as determine the position for the subsequent fixation of the titanium template. This special design can also be applied in combination with other similar 3D-printed guiding templates to reduce the skewing of the titanium plates, improve accuracy, and facilitate the reconstruction process. However, even under the guidance of the CORPPP guiding template, there were still inevitable deviations when each step was performed.



4.2 Deviation Analyses in CORPPP-Guided Mandibular Lesion Resection

By comparing the postoperative measurement with the preoperative virtual design, the average deviation of mandibulectomy line was 1.23 ± 0.98 mm, and the average deviation of osteotomy angle was 4.11° ± 2.60°. We believed that these deviations were produced by a tiny shift of the templates and the saw blades. The setting of the resection guiding template was designed by matching its inner surface with the specific structures on the external surface of the mandible. However, the chosen surface structures on the mandible were not so prominent that a tiny slippage of the template happens during positioning, which would lead to deviation of the mandibulectomy line. The simple solution was to increase the contact area between the template and the mandible surface, but expansion of the template would increase the stripping range of the remaining healthy mandible, resulting in loss of muscle attachment and periosteal blood supply, which might aggravate the mandibular ischemia, especially in patients with osteoradionecrosis.

As for the deviation of mandibulectomy angle, when performing mandibular resection, it was important to ensure that the saw blade travels along the guiding wings of the template to ensure accurate angulation of the osteotomy plane. However, during actual operation, the saw blade might tilt away from the wings when working in the blind field of the vision such as the lingual side of the mandible, thus causing a certain rotation of the mandibular osteotomy plane. Increased restriction and directional guidance of the saw blade path to ensure that the blade did not drift during osteotomy would reduce the deviation.

Integrating the above solutions, another template with guiding wing was added on the lesion side of the mandible, covering the mandibular lesion, and changing the design of the unilateral guiding wing to a guiding groove (17, 20). The contact area between the template and the mandible surface was greatly increased without extra stripping of the muscle attachment and periosteum. At the same time, the slot generated a stronger guiding effect on the saw blade, which effectively reduced the osteotomy angle deviation. Therefore, in our later recruited CORPPP cases, guiding grooves were used instead of wings, as shown in Supplementary Figure 1.



4.3 Deviation Analyses in CORPPP-Guided Fibular Osteotomy

In total, 28 fibular segments were measured, and the average length deviation was only 1.24 ± 1.17 mm, confirming the reliability and repeatability of CORPPP techniques. Interestingly, we found that most (22/28, 78.6%) of the fibular segments were shorter than the original design. The main reason was considered to be the excessive trimming during the fibula positioning. Similar to the mandibular resection step, deviations happened during fibular osteotomy, resulting in increased fibular length.

However, the positioning templates and the pre-shaped titanium plate were made strictly according to the design. Thus, the extra intercepted part of the fibula formed early contact points, resulting in changes in the overall length and the angles of the fibular segments, and the fixing holes on the fibula could not be matched with the corresponding holes on the pre-shaped titanium plate, so repeated trimming and grinding was frequently required. The fibula was stiff in texture and hard for trimming after osteotomizing into small segments. Ultimately, the grafted fibula segment would be shorter than designed. That was also the reason for the gaps between fibular segments found on review of the postoperative CBCT images.



4.4 Overall and Triaxial Deviation Analyses of Mandibular Anatomical Landmarks in CORPPP-Guided Mandibular Reconstruction

Conventional absolute deviations were measured by superimposing the reconstructed mandibles onto the preoperative virtual models based on the healthy side of the mandible. However, in the physiological state, the reconstructed mandible was distracted by muscles and adapted to occlusion, leading to physiological deviations on both the lesion side and the healthy side. Yang et al. discussed the novel algorithm for physiological deviation assessment. In the 3D-printed plate group, greater impact of temporomandibular joint (TMJ) deviations were found on the lesion side than the healthy side. Moreover, patients without preservation of both the condyle and ramus had significantly higher deviations of the condyle and joint space (21). This result was consistent with our study. We evaluated the physiological deviation on the ipsilateral side, and the CORPPP group showed significantly lower deviations of the mandibular anatomical landmarks on the ipsilateral side than the freehand group, suggesting that CORPPP technique improved the physiological position of reconstructed mandible.

The recruited 13 patients were divided into two groups according to whether the ramus was restored. There were two main reasons for grouping. Firstly, for measurement reason, due to the great difference in shape between mandible and fibula, anatomical landmarks on the residual mandible should be priorly selected for measurement to reduce the selection error, so the presence or absence of the ramus on ipsilateral side might affect the deviation (22, 23). Secondly, the deviations of the reconstructed mandible were assumed to be affected by the resection range, especially the posterior part of the mandible (24). The anatomical anchor of the fossa-condyle structure and the intact joint capsule stabilized the TMJ, and the masticatory muscles were mainly attached to the posterior mandible (21). Therefore, when the ramus was involved in the defect, the stability from the TMJ and the muscles greatly decreased, and reconstruction procedures became more complex at the same time, leading to increasing deviation.

It was generally accepted that the overall deviation was directly related to the final reconstruction outcome. Our result showed that among all the patients, no matter with or without ramus reconstruction, there were significantly smaller overall deviations of Co., Go., and Cor. in the CORPPP-guided group than the conventional free-hand group. Several studies have also reported less overall deviation of length and angles in the computer-aided group versus the conventional freehand group, when superimposing the virtual planning on post-operative mandible. Foley et al. reported the average deviation for free fibula flap 0.9 mm in the A–P dimension, 2.7 mm from condyle to condyle, and 2.5 mm from gonial angle to gonial angle in the transverse dimension (25). In a retropective study conducted by Zhang et al., the deviation in fibula segment length was 1.34 ± 1.09 mm, the angular deviation was 2.29° ± 1.19°, and the mean 3-D deviation was 0.53 ± 0.06 mm in the computer-aided group, indicating high accuracy in templated guided fibular flap mandibular reconstruction (26). Those findings were consistent and comparable with our results. As for esthetic evaluation, Bartier et al., in a CT symmetry study of 25 patients in the 3D group and 8 in the freehand group, found that deviations in the 3D group of the coronal mandibular angle, mandibular body height, and ramus length on the affected side were significantly lower, and the sagittal mandibular angle symmetry was better, indicating that 3D-guided mandibular reconstruction with fibula free flaps helped to restore a greater symmetry and improved esthetic outcome (27).

To find other potential causes for the offset of CORPPP-guided mandibular reconstruction, we further analyze the deviations of each mandibular anatomical landmarks in three-dimensional directions. Our results revealed that in almost all the CORPPP-guided cases with preserved ramus, deviations of the Cor. happened towards the medial, superior, and posterior directions, with the most pronounced displacement in the medial direction, averaging 1.26 mm. Unfortunately, the results of Co. and Go. could not be statistically analyzed due to the limited cases.

The reasons for the deviation of Cor. in CORPPP-guided cases were considered as follows. Firstly, intraoperative stripping of the muscles attached to the surface of the mandible affected the force balance of masticatory muscle groups. Therefore, under the traction of the temporalis muscle, posterior–superior displacement of the coracoid process happened. Secondly, after detailed observation of the overlapping images in the InVivoDental software, it was found that the inward migration was not only present at the coracoid process, but the entire anterior edge of the ramus had the tendency to rotate inward in some cases. The inward rotation also led to an inadequate fit of the ramus to the titanium plate, indicating that the ramus was not sufficiently stable during fixation.

The commercialized mandibular reconstruction plate that is commonly used consisted of two parts: the horizontal part and the ascending part, which were connected by an arched turn of nearly 130°. Usually, the screws on the ascending part were arranged in a linear pattern after ramus fixation, which was not stable enough. In addition, the pre-shaped titanium plate did not fit perfectly to the surface of the mandible, so rotation might occur during fixation. Since the rotation towards the lateral side was blocked by the titanium plate, the anterior edge of the ramus could only rotate towards internally.

Therefore, when designing the fixation position of the titanium plate, we should consider appropriate posterior displacement and try to use a few nail holes on the horizontal part of the titanium plate to increase the stability of ramus fixation. It was also possible to increase the fitting of the titanium plate to the surface of the mandible and to reduce the forces exerted on the mandible by the titanium plate and screws in additional directions during fixation.

With further advances in 3D printing technology, personalized mandibular titanium plates can also be printed for better fitting, higher reconstruction accuracy (28). Based on preoperative CT-scan data, personalized titanium plate can be precisely preformed. Even for patients who underwent double-barrel fibular flap reconstruction, a special “one-piece” reconstruction plate has been reported to fix both barrels simultaneously, achieving satisfactory outcomes (29). After being sterilized, those personalized plates can be used directly without the need for bending. Moreover, it provides stronger guiding for the alignment and fixation of bone segments that may help reduce the deviations.

This study suggested that the CORPPP technique significantly improved the predictability, convenience, and accuracy of mandibular reconstruction. However, more clinical cases were required for further dimensional deviation analysis. The application and exploration of clinical practice would also continuously improve the design of templates.




Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

JC: Writing—original draft preparation, writing—review and editing. RZ: Data curation, formal analysis, resources, and software. YL: Conceptualization, visualization, software, and methodology. YM: Writing—original draft and writing—review and editing. SS: Writing—original draft and writing—review and editing. CJ: Conceptualization, funding acquisition, surgical operator supervision, methodology, and validation. All authors contributed to the article and approved the submitted version.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.719466/full#supplementary-material



References

1. Kakarala, K, Shnayder, Y, Tsue, TT, and Girod, DA. Mandibular Reconstruction. Oral Oncol (2018) 77:111–117. doi: 10.1016/j.oraloncology.2017.12.020

2. Brown, JS, Lowe, D, Kanatas, A, and Schache, A. Mandibular Reconstruction With Vascularised Bone Flaps: A Systematic Review Over 25 Years. Br J Oral Maxillofac Surg (2017) 55(2):113–26. doi: 10.1016/j.bjoms.2016.12.010

3. Dupret-Bories, A, Vergez, S, Meresse, T, Brouillet, F, and Bertrand, G. Contribution of 3D Printing to Mandibular Reconstruction After Cancer. Eur Ann Otorhinolaryngol Head Neck Dis (2018) 135(2):133–6. doi: 10.1016/j.anorl.2017.09.007

4. Hou, JS, Chen, M, Pan, CB, Tao, Q, Wang, JG, Wang, C, et al. Immediate Reconstruction of Bilateral Mandible Defects: Management Based on Computer-Aided Design/Computer-Aided Manufacturing Rapid Prototyping Technology in Combination With Vascularized Fibular Osteomyocutaneous Flap. J Oral Maxillofac Surg (2011) 69(6):1792–7. doi: 10.1016/j.joms.2010.07.047

5. Bak, M, Jacobson, AS, Buchbinder, D, and Urken, ML. Contemporary Reconstruction of the Mandible. Oral Oncol (2010) 46(2):71–6. doi: 10.1016/j.oraloncology.2009.11.006

6. Chen, J, Yin, P, Li, N, Wu, L, Jian, X, and Jiang, C. Functional Mandibular Reconstruction With Double-Barrel Fibular Flap and Primary Osseointegrated Dental Implants Improve Facial Esthetic Outcome. J Oral Maxillofac Surg (2019) 77(1):218–25. doi: 10.1016/j.joms.2018.08.008

7. Louvrier, A, Marty, P, Barrabe, A, Euvrard, E, Chatelain, B, Weber, E, et al. How Useful Is 3D Printing in Maxillofacial Surgery? J Stomatol Oral Maxillofac Surg (2017) 118(4):206–12. doi: 10.1016/j.jormas.2017.07.002

8. Ince, B, Ismayilzade, M, Dadaci, M, and Zuhal, E. Computer-Assisted Versus Conventional Freehand Mandibular Reconstruction With Fibula Free Flap: A Systematic Review and Meta-Analysis. Plast Reconstr Surg (2020) 146(5):686e–7e. doi: 10.1097/PRS.0000000000007295

9. Nobis, CP, Kesting, MR, Wolff, KD, Frohwitter, G, Rau, A, and Weitz, J. Development of a Template Tool for Facilitating Fibula Osteotomy in Reconstruction of Mandibular Defects by Digital Analysis of the Human Mandible. Clin Oral Investig (2020) 24(9):3077–83. doi: 10.1007/s00784-019-03177-4

10. Ren, W, Gao, L, Li, S, Chen, C, Li, F, Wang, Q, et al. Virtual Planning and 3D Printing Modeling for Mandibular Reconstruction With Fibula Free Flap. Med Oral Patol Oral Cir Bucal (2018) 23(3):e359–66. doi: 10.4317/medoral.22295

11. Powcharoen, W, Yang, WF, Yan Li, K, Zhu, W, and Su, YX. Computer-Assisted Versus Conventional Freehand Mandibular Reconstruction With Fibula Free Flap: A Systematic Review and Meta-Analysis. Plast Reconstr Surg (2019) 144(6):1417–28. doi: 10.1097/PRS.0000000000006261

12. Yang, WF, Powcharoen, W, and Su, YX. Computer-Assisted Surgery Increases Efficiency of Mandibular Reconstruction With Fibula Free Flap. Plast Reconstr Surg (2020) 146(5):687e–8e. doi: 10.1097/PRS.0000000000007296

13. Liang, Y, Jiang, C, Wu, L, Wang, W, Liu, Y, and Jian, X. Application of Combined Osteotomy and Reconstruction Pre-Bent Plate Position (CORPPP) Technology to Assist in the Precise Reconstruction of Segmental Mandibular Defects. J Oral Maxillofac Surg (2017) 75(9):2026.e1–10. doi: 10.1016/j.joms.2017.04.046

14. Urken, ML, Weinberg, H, Vickery, C, Buchbinder, D, Lawson, W, and Biller, HF. Oromandibular Reconstruction Using Microvascular Composite Free Flaps. Report of 71 Cases and a New Classification Scheme for Bony, Soft-Tissue, and Neurologic Defects. Arch Otolaryngol Head Neck Surg (1991) 117(7):733–44. doi: 10.1001/archotol.1991.01870190045010

15. Abbate, V, Orabona, GDA, Solari, D, Bonavolonta, P, Iaconetta, G, and Califano, L. Mandibular Surgical Navigation: An Innovative Guiding Method. J Craniofac Surg (2017) 28(8):2122–6. doi: 10.1097/SCS.0000000000003816

16. Wilde, F, Cornelius, CP, and Schramm, A. Computer-Assisted Mandibular Reconstruction Using a Patient-Specific Reconstruction Plate Fabricated With Computer-Aided Design and Manufacturing Techniques. Craniomaxillofac Trauma Reconstr (2014) 7(2):158–66. doi: 10.1055/s-0034-1371356

17. Lu, T, Shao, Z, Liu, B, and Wu, T. Recent Advance in Patient-Specific 3D Printing Templates in Mandibular Reconstruction. J Mech Behav BioMed Mater (2020) 106:103725. doi: 10.1016/j.jmbbm.2020.103725

18. Gupta, S, and Goil, P. Formulating an Easy, Affordable, and Reproducible Method for Virtual Planning and 3D Reconstruction: A State Institution's Approach for Mandibular Reconstruction. Ann Plast Surg (2021) 87(1):65–72. doi: 10.1097/SAP.0000000000002832

19. Weitz, J, Bauer, FJ, Hapfelmeier, A, Rohleder, NH, Wolff, KD, and Kesting, MR. Accuracy of Mandibular Reconstruction by Three-Dimensional Guided Vascularised Fibular Free Flap After Segmental Mandibulectomy. Br J Oral Maxillofac Surg (2016) 54(5):506–10. doi: 10.1016/j.bjoms.2016.01.029

20. Ganry, L, Quilichini, J, Bandini, CM, Leyder, P, Hersant, B, and Meningaud, JP. Three-Dimensional Surgical Modelling With an Open-Source Software Protocol: Study of Precision and Reproducibility in Mandibular Reconstruction With the Fibula Free Flap. Int J Oral Maxillofac Surg (2017) 46(8):946–57. doi: 10.1016/j.ijom.2017.02.1276

21. Yang, WF, Choi, WS, Zhu, WY, Zhang, CY, Li, DTS, Tsoi, JK, et al. Spatial Deviations of the Temporomandibular Joint After Oncological Mandibular Reconstruction. Int J Oral Maxillofac Surg (2021) S0901-5027(21)00129-6. doi: 10.1016/j.ijom.2021.02.033

22. Sawh-Martinez, R, Parsaei, Y, Wu, R, Lin, A, Metzler, P, DeSesa, C, et al. Improved Temporomandibular Joint Position After 3-Dimensional Planned Mandibular Reconstruction. J Oral Maxillofac Surg (2017) 75(1):197–206. doi: 10.1016/j.joms.2016.07.032

23. Shiozaki, M, Terao, Y, and Taniguchi, K. Evaluation of Temporomandibular Joint Movement After Mandibular Reconstruction. J Craniofac Surg (2019) 30(1):154–7. doi: 10.1097/SCS.0000000000005046

24. Wang, L, Liu, K, Shao, Z, and Shang, ZJ. Management of the Condyle Following the Resection of Tumours of the Mandible. Int J Oral Maxillofac Surg (2017) 46(10):1252–6. doi: 10.1016/j.ijom.2017.04.029

25. Foley, BD, Thayer, WP, Honeybrook, A, McKenna, S, and Press, S. Mandibular Reconstruction Using Computer-Aided Design and Computer-Aided Manufacturing: An Analysis of Surgical Results. J Oral Maxillofac Surg (2013) 71(2):e111–9. doi: 10.1016/j.joms.2012.08.022

26. Zhang, L, Liu, Z, Li, B, Yu, H, Shen, SG, and Wang, X. Evaluation of Computer-Assisted Mandibular Reconstruction With Vascularized Fibular Flap Compared to Conventional Surgery. Oral Surg Oral Med Oral Pathol Oral Radiol (2016) 121(2):139–48. doi: 10.1016/j.oooo.2015.10.005

27. Bartier, S, Mazzaschi, O, Benichou, L, and Sauvaget, E. Computer-Assisted Versus Traditional Technique in Fibular Free-Flap Mandibular Reconstruction: A CT Symmetry Study. Eur Ann Otorhinolaryngol Head Neck Dis (2021) 138(1):23–7. doi: 10.1016/j.anorl.2020.06.011

28. Yang, WF, Choi, WS, Wong, MC, Powcharoen, W, Zhu, WY, Tsoi, JK, et al. Three-Dimensionally Printed Patient-Specific Surgical Plates Increase Accuracy of Oncologic Head and Neck Reconstruction Versus Conventional Surgical Plates: A Comparative Study. Ann Surg Oncol (2021) 28(1):363–75. doi: 10.1245/s10434-020-08732-y

29. Yang, WF, Choi, WS, Zhu, WY, and Su, YX. One-Piece" Patient-Specific Reconstruction Plate for Double-Barrel Fibula-Based Mandibular Reconstruction. Int J Oral Maxillofac Surg (2020) 49(8):1016–9. doi: 10.1016/j.ijom.2019.12.006




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer W-FY declared a past co-authorship with one of the authors CJ to the handling editor.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Chen, Zhang, Liang, Ma, Song and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	CASE REPORT
published: 27 October 2021
doi: 10.3389/fsurg.2021.718725






[image: image2]

Case Report: Simultaneous Resection of Bone Tumor and CAD/CAM Titanium Cranioplasty in Fronto-Orbital Region
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Background: Simultaneous resection of bone tumors in the fronto-naso-orbital region is a great challenge due to the need for adequate reconstruction of the facial skeleton. Pre-operative virtual planning of resection margins and the simultaneous fabrication of the cranioplasty using computer-aided design/computer-aided manufacturing (CAD/CAM) technology could allow combining the tumor resection and cosmetic restoration steps into a single procedure.

Methods: We present five consecutive cases of patients with bone tumors of the fronto-naso-orbital region. The indications for surgery included: (1) the presence of a major cosmetic defect; (2) progressive tumor growth. The histological examination revealed vascular malformation, hemangioma, and fibrous dysplasia in two cases. Tumor resection was performed with the help of a drilling template in form of a tumor. The computer-designed cranioplasty formed based on the non-involved side of the skull of the patient was manufactured. In one patient, the reconstruction was performed using two separate implants.

Results: The position of the implant fits in with pre-operative planning in two cases; in those cases, the additional trimming of the implant or bone defect was required. Good cosmetic outcomes were noted in all patients, and no complications occurred. No repeat surgery was necessary. The template has proved to have high application potential.

Conclusion: Simultaneous resection and CAD/CAM cranioplasty in the case of bone tumors in the fronto-orbital region is a promising technique with the aim of minimizing operation time and achieving a good esthetic outcome.

Keywords: CAD/CAM, cosmetic outcome, drilling template, single-step resection and reconstruction, skull bone tumors, titanium cranioplasty, custom-made implants, skull reconstruction


INTRODUCTION

In patients with skull bone tumors, it was demonstrated that not only the oncological but also the cosmetic result has a significant influence on the long-term outcome (1, 2). It becomes more significant in the case of lesions in the fronto-orbital area, having an important functional and aesthetic role.

The adequate reconstruction of facial contours after craniofacial traumas is a great challenge due to the unique sophisticated spatial complexity of this region (3). A more challenging task is a restoration of facial symmetry during a one-step resection of lesions in the craniofacial region, following a skull reconstruction, where contour and shape may be difficult to achieve with intraoperative modeling of autogenous bone grafts, titanium, or another synthetic material (4). Thus, the two-step procedure has been proposed: a pre-operative-performed patient specific implant (PSI) is inserted in a second surgery. However, two-step-technology determinates to weigh the pros and cons, with calculation, the risk of surgery-associated complications in relation to the profit for the patient, which, most of all, is a cosmetic improvement.

To improve the precision of surgical resection and reconstruction procedures, computer pre-operative planning and intraoperative navigation can be used (4–6). The next step is performing a one-step template-assisted resection of bone tumor following a cranioplasty with the PSI based on the virtual planning of the resection margins, which has already been reported in the cases of fibrous dysplasia and intraosseous skull base meningiomas (7, 8).

In this article, we present the results of simultaneous resection and computer-aided design/computer-aided manufacturing (CAD/CAM) titanium cranioplasty in four consecutive treating patients with bone tumors in the fronto-orbital region. This technology looks most promising in this group of patients, with the aim of minimizing operation time and achieving a good esthetic outcome.



METHODS


Patients

Four surgical cases with a pathology involving the fronto-orbital region were included in the study. The general characteristics of patients are summarized in Table 1. The indications for surgery were: (1) the presence of a major cosmetic defect; (2) progressive tumor growth. The histological examination revealed vascular malformation, hemangioma, and fibrous dysplasia in two cases. The details of the surgical procedure were discussed before hospitalization, and informed consent was obtained from the patients. Written informed consent was obtained from the individuals for the publication of any potentially identifiable images or data included in this article. This study was carried out in accordance with the recommendations of the World Medical Association's Declaration of Helsinki. The protocol was approved by the Ethical Committee of the Privolzhsky Research Medical University of the Ministry of Health of the Russian Federation. The post-operative follow-up was up to 5 years.


Table 1. Patient profiles, surgery, and results.

[image: Table 1]



Pre-operative Planning and Manufacturing of the Cranioplasty

Resection planning and manufacturing of the cranioplasty in one session were planned in several steps in collaboration with the specialists of two manufacturing companies: Endoprint Innovation and Technology Company (Endoprint ITK LLC, Moscow, Russian Federation) and LOGEEKS DM (Logix LLC, Novosibirsk, Russian Federation). Using 0.5-mm computer tomography (CT) scan slices, the surgeon drew a digital resection line (Figures 1a1–a3). Based on this resection line, the reconstruction of future defect margins was performed using CAD software (Figures 1b1–b3). The skull surface in the resection area is generated as a CAD surface by mirroring the opposite side of the skull.


[image: Figure 1]
FIGURE 1. Modeling of template-assisted resection of bone tumor, following cranioplasty based on virtual planning of the resection margins: (a1–a3) based on CT scans, planning of resection margins made by the surgeon; (b1–b3) 3D modeling of tumor resection and the anatomical shape of the resected part of the bone; (c1, c2) 3D modeling of the implant and resection template; (c3) a pre-operative planning template.


Corresponding to this CAD surface, the computer modeling of the implant was performed, and screw holes over the non-affected bone are integrated (Figures 1c1–c3). In three cases, a resection template was constructed for the defect using the identical geometric data of the resected bone with tumor. When both the implant and the template are constructed completely, the design has to be released by the neurosurgeons.

Based on the results of virtual surgical planning of the proposed skull defect after lesion resection, the implants were growing by the 3D metal printing method—direct metal laser sintering (DMLS). After that, during manufacturing, the implants go through stages such as sandblasting, ultrasonic washing, and disinfection.



Surgical Procedure

The procedures were performed under general anesthesia according to the pre-operative virtual plan (Figure 2). The part of the cranium that matched the interior surface of the template was identified, and the osteotomy line was drawn along the edge of the template. An osteotomy was performed along the line, resulting in the removal of the tumor with the bone. In no one case, the reconstruction of the dura was necessary to perform. The implant was then placed in the skull defect and fixed with screws. In one patient, the reconstruction was performed using two separate implants.


[image: Figure 2]
FIGURE 2. Simultaneous resection of bone tumor and titanium cranioplasty in patients with a lesion in the fronto-orbital region (b1–b4) according to pre-operative virtual planning of resection margins (a1), using a drilling template (a2) and the simultaneous fabrication of the cranioplasty (a3,a4).





RESULTS

The position of the implant fits in with pre-operative planning. In three cases, the complete resection confirmed on post-operative CT scans of the lesion was achieved. In one case of fibrous dysplasia, the subtotal resection was performed. On post-operative CT scans, no continued growth was detected at up to 5-year follow-up. Good cosmetic outcomes were noted in all patients, and no complications occurred (Figures 3a1–c4). No repeat surgery was necessary. The usage of the template was highly practicable. Perioperative trimming of the implant or bone defect was not required in two patients. In one patient, the implant was additionally modeling during the procedure, preserving the branches of nervus supraorbitalis (Figures 3b1–b4). The template used was not possible in the case of severe fibrous dysplasia due to the shape and the size of resection (Figures 3a1–a4). Therefore, additional bone drilling was required for adequate implant positioning.


[image: Figure 3]
FIGURE 3. The 3D reconstructions of CT scans before (a1–c1,a2–c2) and after (a3–c3,a4–c4) simultaneous resection of bone tumor and titanium cranioplasty in different cases of lesions in the fronto-orbital region, using two (a1–a4) or one (b1–b4,c1–c4) implants.




DISCUSSION

Individual CAD/CAM cranioplasty for the reconstruction of extensive and complex skull defects has been a recently actively developing field of neurosurgery and craniomaxillofacial surgery (9, 10). The patient-specific reconstruction of a bone flap becomes a preferred method in clinical practice due to a favorable functional and cosmetic outcome compared with the other methods. Pre-operative computer modeling and using CAD/CAM technologies have expanded the possibilities of surgery for achieving good cosmetic and functional results in the treatment of bone tumors. It allows abandoning the conventional techniques of reconstruction or two-step procedures that are particularly important in the case of tumor resection in the fronto-orbital region.

The one-step template-assisted resection of bone tumor following cranioplasty has been already reported in the cases of including fibrous dysplasia and intraosseous meningiomas (7, 8, 11). This method looks promising for intraosseous tumors compared with other modalities, such as intraoperatively modeling an artificial bone flap without a template (1, 12) or manufacturing the custom-made implant based on the stereolithographic model (13). It has several advantages over other reported methods: (1) pre-operative time and costs benefits, all steps of modeling are performed virtually, so no additional production steps are needed; (2) operation time, the using of the template allows to perform resection and cranioplasty fast and precisely; (3) the best available cosmetic and functional result for resection of fronto-orbital region tumors. This corresponds to the results of the application of CAD/CAM custom implants in patients with skull defects with satisfactory aesthetic results, technically simplicity, reducing surgery times, and surgical blood loss (14).

In most cases of bone tumor location, the skull reconstruction would have not required a patient specific implant since a standard titanium cranioplasty could have been easily adapted. However, we believe that in the case of the location of the tumor in the bones forming the facial region of the skull, using PSI will be the method of choice, achieving the best congruence and cosmetic results. Moreover, using the customized template can help with the resection and reduce the time of the procedure even when the reconstruction does not require a PSI. Using a template as an alternative to navigation systems, especially in the case of the poorly visible extracranial component, is controversial. It is obvious that navigation can be very useful for contouring tumors (6, 15). Also, the specific approach combining “mirroring” virtual computational planning with intraoperative-guided surgical navigation was suggested (5). We believe that the combination of navigation and a drilled template provides the best results since navigation can be used for the planning of the site and the size of skin resection and clarification of the resection margins.

For cranioplasty, a variety of alloplastic biomaterials can be used, including standard hydroxyapatite (HA), polymethylmethacrylate (PMMA), polyetheretherketone (PEEK), titanium, and actively developing new substances (16–18). Each has its own advantages and disadvantages; most of them are suitable for CAD/CAM pre-fabrication, and all of them are potentially biologically toxic, with the likely exception of hydroxyapatite (14). For simultaneous tumor resection and cranioplasty, titanium seemed to be the most suitable, overcovering the area of resection and allowing correction of the resection area. In the case of other biomaterials, the exact match of the resection area and the implant is more challenging. However, several studies have shown good results after one-step bone lesions resection and cranioplasty (8, 19).

Another important issue is the tumor nature. As we mentioned above, single-stage cranioplasty with a template is usually performed for benign tumors since the surgical resection is potentially curative. However, this method can be used for malignant tumors (20). In this, it must be mentioned that (1) the time between CT scanning, cranioplasty manufacturing, and performing surgery should be minimized due to interim growth of the tumor; (2) presence of malignant tumors may require further radiation therapy; therefore, the implants material should be chosen to prevent radiation ulcers. Considering this, titanium does not seem to be the best choice due to high backscatter radiation to the scalp among other materials (21).

The limitation of our study is the small number of patients. However, skull lesions are not frequent, and reconstruction in the fronto-orbital region is not a surgery performed often. Including for this reason, up to date, there is no consensus on the optimal approach for simultaneous tumor resection and cranioplasty based on virtual surgical planning. The approaches differ by the modeling and manufacturing technologies and materials used. The general problem is difficulties in the evaluation of the cosmetic result. In our study, we based on the feelings of the patients themselves.



CONCLUSION

Simultaneous resection and CAD/CAM titanium cranioplasty in the case of benign bone tumors in the fronto-orbital region is also a promising technique, with the aim of minimizing operation time and achieving a good esthetic outcome. Using a resection template allows to perform a practicable and precise craniotomy; however, in the case of large tumors with compound contours, it can be difficult. Unfortunately, there are a limited number of studies reproducing this approach with individualities. Future studies including more patients are needed for the standardization of this technique.
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Objective

To report the first use of a novel projected augmented reality (AR) system in open sinonasal tumor resections in preclinical models and to compare the AR approach with an advanced intraoperative navigation (IN) system.



Methods

Four tumor models were created. Five head and neck surgeons participated in the study performing virtual osteotomies. Unguided, AR, IN, and AR + IN simulations were performed. Statistical comparisons between approaches were obtained. Intratumoral cut rate was the main outcome. The groups were also compared in terms of percentage of intratumoral, close, adequate, and excessive distances from the tumor. Information on a wearable gaze tracker headset and NASA Task Load Index questionnaire results were analyzed as well.



Results

A total of 335 cuts were simulated. Intratumoral cuts were observed in 20.7%, 9.4%, 1.2,% and 0% of the unguided, AR, IN, and AR + IN simulations, respectively (p < 0.0001). The AR was superior than the unguided approach in univariate and multivariate models. The percentage of time looking at the screen during the procedures was 55.5% for the unguided approaches and 0%, 78.5%, and 61.8% in AR, IN, and AR + IN, respectively (p < 0.001). The combined approach significantly reduced the screen time compared with the IN procedure alone.



Conclusion

We reported the use of a novel AR system for oncological resections in open sinonasal approaches, with improved margin delineation compared with unguided techniques. AR improved the gaze-toggling drawback of IN. Further refinements of the AR system are needed before translating our experience to clinical practice.





Keywords: augmented reality, intraoperative navigation, surgical margins, sinonasal tumors, surgical margin delineation



Introduction

The complex anatomy and close proximity of critical structures in the sinonasal region represent a major challenge for surgeons when treating advanced tumors in this location, and incomplete resections are not uncommon, both in open and endoscopic approaches (1, 2). Intraoperative navigation (IN) has been proposed as a potential strategy to improve surgical margins (3). IN enables co-registration of computed tomography (CT) and/or magnetic resonance imaging (MRI) studies with surgical instruments. As a result, real-time feedback of instrument location is provided in order to help the surgeon during the operation.

Our group has recently published an advanced IN system for open sinonasal approaches during the resection of locally aggressive cancers (4). This technology not only allows the surgeon to locate a registered instrument or pointer tool in two dimensions but also introduces planar cutting tool capabilities along with three-dimensional (3D) volume rendering. Therefore, the surgeon can anticipate the direction of the cutting instrument in 3D planes with respect to the tumor and improve accuracy of margin delineation. Still, one key drawback of all IN systems is that the information is displayed outside the surgical field, and therefore surgeons are forced to switch their gaze between the actual procedure and the navigation monitor, which can impact safety and efficiency.

Augmented reality (AR) uses visual inputs to enhance the user’s natural vision and therefore can integrate navigation information onto the surgical field (5). This feature can potentially address the gaze-toggling drawback of IN and at the same time provide valuable information to the surgeon, for example, facilitating tumor localization and delineation. Reports of AR in otolaryngology–head and neck surgery are scarce, and most of them come from endoscopic sinus surgery (6), transoral robotic surgery (7), and otology (8, 9). Nevertheless, open sinonasal procedures also represent an adequate indication for AR. The rigid structure of the sinonasal region facilitates the co-registration processes required for AR, and the high rates of incomplete resections in advanced sinonasal tumors could be improved with the use of this technology.

The objective of this study was to report the first use of a novel AR system in open sinonasal tumor resections in preclinical models and to compare an AR approach with an advanced IN navigation system.



Materials and Methods


Tumor Models

Two artificial skulls (Sawbones®) and a moldable material (Play-Doh®) mixed with acrylic glue were employed to build four locally advanced sinonasal tumor models (Figure 1A). Tumor surfaces were disguised with tape. Five different areas to be osteotomized were delineated: palatal osteotomy (Pa), fronto-maxillary junction (FMJ), latero-inferior orbital rim (LIOR), zygomatic arch (Zy), and pterygomaxillary junction (PMJ) (Figure 1B).




Figure 1 | Tumor models, image acquisition, and tumor contouring. (A) Artificial skulls with moldable material simulating advanced sinonasal tumors. (B) Final tumor model, with the tumors covered with white tape. The areas to be osteotomized are delineated with visible tape and marked with numbers. A four-sphere reference tool drilled to the skull to co-register the intraoperative navigation. (C) Higher attenuation of the artificial tumor models in the cone-beam computed tomography (CBCT) images. (D) Three-dimensional (3D) contouring of the left tumor.





Image Acquisition and Tumor Contouring

Cone-beam computed tomography (CBCT) scans acquired 3D images of the skull models (9). Tumors showed higher x-ray attenuation than the artificial bone (Figure 1C). Tumor contouring was performed semiautomatically (10). First, a global threshold was applied to provide a quick, coarse segmentation, and then manual refinement was used to smooth the segmentation (Figure 1D).



Advanced Intraoperative Navigation System

An in-house navigation software package, GTx-Eyes, processed and displayed the CBCT images (11). This software has been proven useful in a breadth of surgical oncology subspecialties (12–15), and the technical aspects are described elsewhere (16). Tumor and margin segmentations were superimposed on triplanar views and also shown as 3D surface renderings (Figure 2A). Tool tracking was achieved by a stereoscopic infrared camera. Image-to-tracker registration was obtained by paired-point matching of predrilled divots in the skull by means of a tracked pointer. A four-sphere reference tool was drilled to the skull. A fiducial registration error of ≤1 mm was deemed acceptable. A three-sphere reference was attached to an osteotome and calibrated. This advanced IN system allows visualization of the entire trajectory of the cutting instrument with respect to the tumor in 3D views (Figures 2B–D, Supplementary Video).




Figure 2 | Advanced intraoperative navigation system. (A) Setup of the system, depicting the triplanar cutting views and the three-dimensional (3D) rendering of the tumor on the screen. The skull and the cutting instrument (in this case an osteotome) are referenced to be tracked and co-registered. (B–D) The system allows users to visualize cutting trajectories of the instrument with respect to the tumor. (B) Cutting of the latero-inferior orbital rim, (C) pterygomaxillary junction, and (D) palate.





Augmented Reality System

The AR system was composed of a portable high-definition projector (PicoPro, Celluon Inc., Federal Way, WA, USA), a stereoscopic infrared camera (Polaris Spectra, NDI, Waterloo, ON, Canada), a USB 2.0M pixel generic camera (ICAN Webcam 2MP, China), and a laptop computer (M4500, Precision laptop, Dell, Round Rock, TX, USA). A custom-made 3D printed case was fabricated to anchor a four-sphere reference tool and contain the other elements of the AR system (Figure 3). The technical details of this system including the kinematic transformation, reference system, and conventional image-to-tracker registration method have also been described elsewhere (17).




Figure 3 | Augmented reality system mounted and projecting.



The AR system was registered into a single coordinate system by pairing correspondent landmarks using fiducial markers identifiable in both the images and projection surface (Figure 4). GTx-Eyes provided the 3D surface rendering of the tumors, which were projected by the AR system onto the skulls. The virtual tumor was delineated with CBCT imaging through ITK-SNAP software (ref below). The optical sensor mounted to the projector case facilitated real-time tracking of the AR device to allow the projector and/or skull to be repositioned during tasks without compromising projection accuracy (Supplementary Video), with a registration error <1 mm. This approach facilitated identification of the tumors and in consequence guided the virtual cuts of the participants (Supplementary Figure S1).




Figure 4 | Projection of the four sinonasal tumors using augmented reality, which enables tumor localization. The alignment points are depicted as well as the three-dimensional (3D) reconstruction of the tumors. Pictures were taken without light for demonstration purposes, but good visualization is obtained with light as well.





Gaze-Tracking System

A wearable gaze tracker headset was developed to continuously monitor and locate the user’s gaze (e.g., surgical field vs. navigation monitor) during surgical tasks. This headset was used solely for gaze-tracking and did not project any information. The eye tracker (Pupil Labs, Berlin, Germany) consists of two cameras: one trained on the eye and the other, a “world camera”, recording the individual’s field of view. A series of computer vision algorithms are applied to the input from the eye camera to reliably detect the pupil throughout the eye’s range of motion. A calibration step provides a triangulating mapping function between the pupil and world cameras, which enables the user’s gaze to be precisely tracked (Figures 5A–D).




Figure 5 | (A) Gaze-tracking system with the two cameras that allow it to visualize the pupils and also the participant’s view. (B) The device placed on one of the participants. (C, D) The “world camera” showing the participant’s view, which could be either on the screen (C) or on the surgical field (D). The green dot indicates the exact position of the gaze. A small picture-in-picture screen (upper left) shows the position of the pupil.





Simulations

Five head and neck fellowship-trained surgeons with 3–5 years of experience in oncologic ablations from the Department of Otolaryngology–Head and Neck Surgery of the University Health Network participated in the simulations.

Surgeons were instructed to position the osteotome between the delineated areas of the different osteotomy sites in a sequential order (Pa-FMJ-LIOR-Zy-PMJ) and to provide a 1-cm margin from the tumor along the plane trajectory. Instead of cutting the skulls, virtual cuts were performed in order to allow the reutilization of the models. This involved recording the osteotome position and orientation in the navigation software after the surgeon placed the osteotome in a certain direction and provided confirmation of obtaining the proposed cut. The analysis was performed on the virtual cutting trajectory after all the simulations were completed.

Four procedures were performed: 1) Unguided using axial, sagittal, coronal images; 2) Guided -AR-; 3) Guided -IN-; and 4) Guided -AR and IN-. This last group was possible, as both systems are contained in the same platform software and can be used simultaneously. Analysis of cutting planes was performed using MATLAB software. An area of 4 cm × 2 cm (1 cm on both sides with respect to the longitudinal axis) along the longitudinal axis of the cut was isolated from each plane. The minimal distance with respect to the tumor surface was calculated for each point making up the isolated area and reproduced as a distribution of distances shown as a 4 cm × 2 cm color scaled image. Distance from the tumor surface was classified as “intratumoral” when ≤0 mm, “close” when >0 mm and ≤5 mm, “adequate” when >5 mm and ≤15 mm, and “excessive” when >15 mm. The percentages of points at intratumoral, close, adequate, and excessive distances were calculated for each simulation plane.

The gaze-tracking system was calibrated to each participant, and it was used in all the simulations. The eye-tracking data were analyzed to identify each time point the participants switched their gaze between the navigation monitor and the surgical field. The metric reported is the percentage of total study time spent looking at the navigation monitor.

Finally, a NASA Task Load Index (NASA-TLX) questionnaire that measures the workload of a task was completed by the participants to evaluate the different approaches (18). This questionnaire is widely used and validated and rates the perceived workload to assess a task, system, or other aspects of performance (19–21). It has been employed to assess the workload of new technologies during surgical procedures (22). The total workload is divided into six subjective subscales, which assess mental, physical, and temporal demand, performance, effort, and frustration. Scores range between very low and very high.



Statistical Analysis

Statistical analysis was run through XLSTAT® (Addinsoft®, New York). Simulations were grouped into four categories: unguided, AR, IN, and AR + IN. Rate of intratumoral virtual cuts was the main outcome and was assessed with the Fisher’s exact test. Multivariable analysis adjusting for surgeon and tumor was performed through logistic regression analysis. The groups were also compared in terms of percentage of intratumoral, close, adequate, and excessive distances from the tumor and duration of the simulations through the bilateral Kruskal–Wallis test and Steel–Dwass–Critchlow–Fligner post-hoc test. The Kruskal–Wallis test was also employed to analyze the gaze-tracking outcomes and the NASA-TLX scores. Level of significance was set at 0.05 for all statistical tests.




Results


Intratumoral Cuts

A total of 335 cuts were simulated. Intratumoral cuts were observed in 20.7%, 9.4%, 1.2%, and 0% of the unguided, AR, IN, and AR + IN simulations, respectively (p < 0.0001). Univariate analysis comparing different procedures with AR showed that this technology improved margins with respect to unguided simulations. The advanced IN approach reduced the intratumoral cut rates compared with AR, and the combination of AR and IN did not significantly decrease the intratumoral cut rate compared with IN alone (p = 0.51). These differences were also seen in a multivariate model adjusted for tumor and surgeon (Table 1).


Table 1 | Intratumoral cuts analysis.





Distribution of Points Forming Simulation Planes

The percentage of points forming the simulation planes was also registered. We observed that only the advanced IN system and the combined approach significantly decreased the percentage of intratumoral (p < 0.0001) and close margin points (p = 0.008) compared with the unguided resections (Supplementary Table S1).



Duration of Simulations and Gaze-Tracking Results

Mean total duration of the simulation was 215 s for unguided procedures and 117, 134, and 120 s in the AR, IN, and AR + IN, respectively. Participants required significantly more time to perform the unguided simulations compared to the AR- and IN-guided ones (p = 0.004). There were no differences between the AR-, IN-, and AR + IN-guided procedures. The percentage of time looking at the screen during the procedures was 55.5% for the unguided approaches and 0%, 78.5%, and 61.8% in AR, IN, and AR + IN, respectively (p < 0.001). Adding the AR technology to the combined approach significantly reduced the screen time compared with the advanced IN procedures alone (Supplementary Table S2).



NASA-TLX Scores

We found no differences in scores between the unguided and the AR procedures, and both of them exhibited a high degree of mental demand, effort, and frustration. Combining AR to IN showed a significant improvement on the previous scores (Supplementary Graph 1 and Supplementary Table S3).




Discussion

In this study, we observed that both advanced IN and AR technologies improved margin delineation compared with unguided procedures. Advanced IN was better for margin delineation than AR but required gaze-toggling between the surgical field and the navigation monitor, whereas AR allowed the surgeon to focus only on the surgical field. The combination of both technologies partially improved the flaws on margins and staring outside the surgical field of the AR and IN techniques, respectively. The integration of AR and IN also improved Mental Demand, Performance, Effort, and Frustration domains in the NASA-TLX questionnaires.

Margin control is among the most important prognostic factors and the only surgeon-controlled variable in head and neck cancer, and efforts have been centered around obtaining clear margins after tumor resections. Nevertheless, positive surgical margins represent a major issue, even in the hand of experienced surgeons. In a report from the largest tertiary referral head and neck cancer center in the Netherlands, 39% out of 69 resections of advanced maxillary tumors (>T3) were incomplete, being posterior and superior margins the most commonly involved (23). In a bi-institutional study from the Cleveland Clinic and the UC San Francisco (24), 24% out of 75 post-maxillectomy patients had positive margins in definitive pathology. Positive margins were associated with a 2-fold increase of risk of death, and in multivariate analysis after controlling for age, nodal stage, and surgical treatment, margins were independently associated with survival (25). Moreover, it has been reported that intraoperative frozen sections (which are probably the only intraoperative resource to evaluate adequacy of the resection) have only 40% sensitivity in open sinonasal approaches (26).

Currently, IN is employed in many centers in endoscopic sinonasal procedures (27–29). By point-tracking an instrument and locating it on two dimensions in triplanar views, IN has shown an increase in accuracy and a reduction in operative time, impacting favorably surgical outcomes and complications. Utilization of IN in open procedures to resect malignant tumors has been less reported, but promising results were obtained in margin status in small cohorts (3, 30, 31). Our group has recently published a preclinical experience utilizing the same advanced IN system used in the present study to assist in open sinonasal approaches (4). The main novelty is that our advanced IN system allows surgeons not only to track the desired instrument but also to visualize the entire cutting trajectory of a tracked cutting tool in 3D. In our previous experience using this technology, eight head and neck surgeons performed 381 simulated osteotomies for the resection of seven tumor models. The use of 3D navigation for margin delineation significantly improved control of margins: unguided cuts had 18.1% intratumoral cuts compared to 0% intratumoral cuts with 3D navigation (p < 0.0001). Furthermore, a clinical study using this advanced IN system for mandibulectomies demonstrated a <1.5-mm accuracy between the planned cuts and the actual bone resection in the post-resection imaging (15). One of the main criticisms to the system by the surgeons in this report was the multitasking challenge between the surgical field and the IN monitor, which can ultimately impact not only efficiency but also patient safety, as the surgeon has to look away from the surgical field.

AR enhances the surgeon’s vision rather than replacing it: CT, PET-CT, or MRI scans can be visualized in 3D and in real time, granting “X-ray vision” to the physician (32, 33). It has recently gained interest by computer-assisted surgery researchers, as it integrates the imaging information onto the surgical field. This has the potential to overcome the main drawback of the IN technology, which stems from the frequent switching of focus from the navigation screens to the surgical field and the translation of 2D imaging data to a 3D anatomical structure (33). Despite having reports on AR application in the field of otolaryngology–head and neck surgery, the majority describe the use of AR using wearable computers (Microsoft HoloLens®, Microsoft Corporation, Redmond) and other head-mounted displays (HMDs), which might be cumbersome especially in long procedures, and preclude the use of loupes/headlights. There are literature reports about HMD limitations including heaviness of the devices, breaches in patient privacy/information, battery life, potential lag time secondary to preoperative image processing, and the potential of signal interferences of wireless Internet or Bluetooth connections that may cause intermittent data transmission of image (34). Moreover, most reports of HMD rely solely on the operator visual alignment between the projected images and the anatomical area of interest (35) without any co-registration steps between the projecting surface and the AR system, which can lead to errors. Lastly, there are descriptions of the use of AR in the operating room, but they are merely descriptive and not aimed to improve a surgical task (36) or for educational purposes only (37).

Our study reports several innovations. Tracking the AR projector as well as the projection surface with reflecting markers allowed us to be able to reposition the skull models and the projector without losing accuracy (17, 38), and this is something that was not described previously in head and neck surgery. This is paramount in computer-assisted surgery, as it allows precise projection even when movement occurs, as in real-time situations in the operating room. Another key aspect of our approach is the use of an external projector, which avoids the need for heavy wearable headsets. As a clarification, the headsets used in our study were for gaze-tracking only. The sinonasal/skull base region rigidity represents an excellent indication for AR, as the deformation of tissue is minimal and co-registration is facilitated. Deformation has to be taken into consideration during soft-tissue resections, as it is not possible to adjust the projections during AR (7, 39). By tracking the gaze of the participants, we were able to quantitatively measure the percentage of time that the surgeons had to look away from the surgical field. As our results suggest, there is significant improvement when AR is employed both alone or in combination with IN, addressing the main disadvantages of IN utility. Our AR system shares the same software platform as the advanced IN system, and both approaches can be used concurrently, allowing to evaluate the combination of both. Finally, there is a lack of user evaluation analysis with AR, so we utilized a validated questionnaire to investigate the differences between approaches.

Despite being significantly superior than unguided simulations in terms of intratumoral cut rates, there is room for improvement in our AR system. The advanced IN technology performed better than the AR in terms of intratumoral cut rates, as well as intratumoral and close distribution of points forming the simulation planes. This might be explained by the challenge in finding the correct angle between the projector and the projecting surface. We observed that if the angle differed greatly from 90 degrees, the image can be distorted and therefore lead to inaccuracies in surgical guidance to the operator. For example, when performing the PMJ cuts, by turning the skull 180 degrees, there were cases that the alignment was lost that might have impacted the positive margin cuts. Another important limitation is that the sense of depth can be lost in the projections, and the image can be interpreted in 2D on the surface rather than in 3D, especially with changes in ambient light. One last limitation of image projection is the parallax issue (40). This phenomenon occurs when there is a 3D space non-alignment between the viewer and the projection perspectives. Our system minimizes this issue by adjusting the perspective of the pico-projector close to the surgeon’s sight. In addition, the AR system is fully integrated into our intraoperative navigation system with real-time tracking technology; therefore, the relocation/movement/displacement of the projector will not affect projection accuracy, with no need for further recalibration and registration procedure. These limitations were also reflected on the NASA-TLX scores, where mental demand, effort, and frustration rates for AR were higher than those for IN and similar to those of unguided approaches. Participants commented on the fact that when the adequate angle of projection was lost, they had difficulties interpreting the information from the AR system, which negatively impacted the aforementioned domains of the NASA-TLX questionnaire. A plausible way of improving these flaws, and in consequence improving the margin delineation, is to project the cutting trajectory using AR. Similar to the advanced IN capabilities, the AR could further incorporate the intended cut trajectories on the surgical field, in addition to its projection of the tumor for localization. We also acknowledge the limitations of using preclinical models that may not perfectly replicate the conditions of the operating room. Lastly, another limitation is the non-randomization of the simulated cuts. This was done in order to prevent the participant’s retained memory of the guided views if seen prior to the unguided cuts. Still, the fact that the sequence unguided-AR-IN-AR + IN was followed by all surgeons could have resulted in some degree of learning effect by the participants toward the end of the tasks.



Conclusion

We reported the use of AR for open sinonasal approaches and improved margin delineation compared with unguided techniques. The advanced IN performed better in terms of margin delineation, but the AR improved the gaze-toggling drawback of IN. Further research within our group is currently underway before translating our experience to clinical practice.
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Background

The resection of advanced maxillary sinus cancers can be challenging due to the anatomical proximity to surrounding critical anatomical structures. Transnasal endoscopy can effectively aid the delineation of the posterior margin of resection. Implementation with 3D-rendered surgical navigation with virtual endoscopy (3D-SNVE) may represent a step forward. This study aimed to demonstrate and quantify the benefits of this technology.



Material and Method

Four maxillary tumor models with critical posterior extension were created in four artificial skulls (Sawbones®). Images were acquired with cone-beam computed tomography and the tumor and carotid were contoured. Eight head and neck surgeons were recruited for the simulations. Surgeons delineated the posterior margin of resection through a transnasal approach and avoided the carotid while establishing an adequate resection margin with respect to tumor extirpation. Three simulations were performed: 1) unguided: based on a pre-simulation study of cross-sectional imaging; 2) tumor-guided: guided by real-time tool tracking with 3D tumor and carotid rendering; 3) carotid-guided: tumor-guided with a 2-mm alert cloud surrounding the carotid. Distances of the planes from the carotid and tumor were classified as follows and the points of the plane were classified accordingly: “red”: through the carotid artery; “orange”: <2 mm from the carotid; “yellow”: >2 mm from the carotid and within the tumor or <5 mm from the tumor; “green”: >2 mm from the carotid and 5–10 mm from the tumor; and “blue”: >2 mm from the carotid and >10 mm from the tumor. The three techniques (unguided, tumor-guided, and carotid-guided) were compared.



Results

3D-SNVE for the transnasal delineation of the posterior margin in maxillary tumor models significantly improved the rate of margin-negative clearance around the tumor and reduced damage to the carotid artery. “Green” cuts occurred in 52.4% in the unguided setting versus 62.1% and 64.9% in the tumor- and carotid-guided settings, respectively (p < 0.0001). “Red” cuts occurred 6.7% of the time in the unguided setting versus 0.9% and 1.0% in the tumor- and carotid-guided settings, respectively (p < 0.0001).



Conclusions

This preclinical study has demonstrated that 3D-SNVE provides a substantial improvement of the posterior margin delineation in terms of safety and oncological adequacy. Translation into the clinical setting, with a meticulous assessment of the oncological outcomes, will be the proposed next step.





Keywords: intraoperative navigation (NIV), 3D-virtual endoscopy, surgical margins, maxillary sinus cancers, transnasal endoscopic surgery



Introduction

Resection of advanced maxillary sinus cancers can be particularly challenging due to the anatomical proximity to surrounding neural and vascular structures. This challenge creates a dilemma for surgical treatment as one is balancing between an adequate margin of resection and potential morbidity. Over the last three decades, the evolution of transnasal endoscopic surgery and improvements in adjuvant treatments have been considerably impacting the management of sinonasal cancer (1–13). Transnasal endoscopy can be considered the standard of treatment for many adequately selected nasoethmoidal malignancies; in addition, it can effectively aid the delineation of critical margins of resection even in the setting of open approaches for advanced sinonasal cancers (i.e., endoscopic-assisted maxillectomy and cranioendoscopic resection) (13, 14). With the era of endoscopic and minimal access surgical ablations, there has been increasing reliance on imaging for patient selection and for prediction of volume of ablation. The ability to increasingly employ intraoperative near real-time on-the-table surgical navigation (SN) to improve margin-negative resection is upon us.

With the advent of new technologies, particularly in the area of intraoperative imaging, the ability to increase the confidence and performance of margin-negative tumor resections while maximizing the preservation of normal anatomical structures is imminent. Specifically, determining the posterior margin (PM) of the resection during maxillectomy surgery is a challenge and has prompted researchers to propose solutions addressing this problem (13, 15–19). Correct delineation of the PM of a maxillectomy requires the surgeon to build a three-dimensional (3D) mental image of the tumor based on preoperative imaging. Even in the hands of experienced surgeons, this process can be difficult, and minor deviations in the position and orientation of the margin can significantly affect the cut trajectory with respect to the tumor and critical anatomical structures.

Since the early 1990s, SN has emerged as a useful aid and evolved parallel to transnasal endoscopic surgery, particularly with the intent to avoiding complications (20). SN in the craniomaxillofacial region has been proven to be useful in the assessment of the adequacy of reconstruction and for the planning of osteotomies during oncologic ablations (21–23). Moreover, SN has provided improved accuracy of craniomaxillofacial osteotomies (24, 25), and proportional improvement of clinical outcomes can be hypothesized based on preliminary experiences (26–29). Implementation of endoscopy with 3D-rendered SN with virtual endoscopy (3D-SNVE) may represent a significant step forward.

The aims of this preclinical study were to test and quantify the benefits provided by 3D-SNVE in terms of adequate delineation of the PM in models of advanced maxillary tumors that would require an open maxillectomy.



Materials and Methods


Tumor Model Preparation

Four artificial skulls (Sawbones®, Vashon Island, WA, USA) and a moldable material (Play-Doh®, Hasbro®, Pawtucket, RI, USA) mixed with acrylic glue were employed to build four models (S1–S4) of locally advanced maxillary sinus tumors with varying degrees of posterior tumor extension. The degree of posterior extension in each model is described in terms of the involvement of anatomical spaces/structures and the closest distance from the internal carotid artery (ICA) (tumor–carotid distance, T–C distance), as follows: 1) invasion of the pterygopalatine fossa (PPF) (T–C distance = 14.9 mm, model S1); 2) invasion of the medial pterygoid plate, pterygoid fossa, and base of the pterygoid process (T–C distance = 10.2 mm, model S2); 3) complete invasion of the pterygoid process (T–C distance = 6.2 mm, model S3); and 4) invasion of the anterior foramen lacerum and upper parapharyngeal space (T–C distance = 3.5 mm, model S4) (Figure 1). Each tumor model was created based on actual cases of maxillary cancers treated between January 2016 and December 2018 in the Unit of Otorhinolaryngology – Head and Neck Surgery of the University of Brescia (Brescia, Italy). The tumor models were based on preoperative magnetic resonance imaging (MRI) (Figure 1). Soft tissues in the models were simulated using medical gauzes to restrict tumor visualization to only the endoscopic and transoral views (i.e., simulating tumors ulcerating into the sinonasal and/or oral cavity). The anterior third of the nasal septum was simulated with a 3-mm slice of silicon, fixed orthotopically to the skull with acrylic glue. As a result of silicon elasticity, the anterior nasal septum could be partially tilted and displaced with the scope and instruments during simulations. The ICAs in the models were created from an angio-CT that was done in a neurological workup for an anonymized patient and were semi-automatically contoured through Mimics® (Materialise, Leuven, Belgium). Firstly, a global threshold was applied to provide a quick gross segmentation, and then manual refinement was used to smooth the segmentation. Respective stereolithography (STL) files were generated and ICAs were 3D printed (3D Printer Dimension 1200es System; Stratasys, Eden Prairie, MN, USA) and painted with red dye mixed with iodine solution for CT contrast (Omnipaque; GE Healthcare, Chicago, IL, USA). A carotid canal was manually created in the base of the artificial skulls, and each ICA was fixed in the anatomical situation. The area for simulation of transnasal PM delineation was marked by horizontal lines in the phantoms and further classified into a superior and an inferior part based on the plane passing through the inferior aspect of the nasopharyngeal vault (Figure 2C). 




Figure 1 | Panel with four phantoms, as seen from an inferior perspective (superior row); 3D rendering of the tumor and the carotid alongside the tumor–carotid distance for each model (second row); and appearance of tumors at the computed tomography imaging alongside contouring of the tumor and the carotid (third row); and preoperative magnetic resonance imaging (MRI) of four actual cases of maxillary cancers (inferior row).






Figure 2 | (A) Simulation setting. (B) Pointers with different types of angled tips. (C) Endoscopic view, with red lines indicating the superior and inferior potions of the posterior margin (PM); (D) Pointers with angled tips with different angles (0°, 30°, 45°, 60°, and 90°) and directions (right or left).





Surgical Pointer Tool Preparation

Custom surgical pointers were designed using Autodesk Fusion 360 software (San Rafael, CA, USA) and 3D printed on a Dimension 1200es System (Stratasys, Eden Prairie, MN, USA). Surgeons participating in the simulations were provided with color-coded pointers with different angulations (0°, 30°, 45°, 60°, and 90°) (Figures 2A, B, D). Each pointer was meant to simulate the trajectory of delineation of the PM of resection, so that the surgeon could select which trajectory best represented the way he/she would have set the PM of resection from a transnasal perspective.



Image Acquisition and Tumor Contouring

Three-dimensional images of each skull model were acquired using a prototype cone-beam computed tomography (CBCT) imaging system on a mobile C-arm (30, 31). The mentioned flat-panel imaging system was validated for guidance of head and neck procedures involving significant bone resection and/or complex anatomical reconstruction (32). In this study, 3D volumes (256 × 256 × 192) covered a field of view of 20 × 20 × 15 cm3 using isotropic 0.8-mm 3D voxels. On CBCT imaging, the tumor and carotid models were clearly distinguishable from the artificial bone, as they showed a much higher X-ray attenuation (Figures 1 and 3). Contouring of the tumors and the ICAs was obtained semi-automatically using a two-step process within the NIRFAST-Slicer software (33). Firstly, a global threshold was applied to provide a quick, coarse segmentation, and then manual refinement was used to smooth the segmentation. To visualize a virtual surgical margin around the ICA (Figure 3), a semi-transparent wireframe was generated at 2 mm from the vessel surface using volumetric image dilation processing in MATLAB software (MathWorks, Natick, MA, USA).




Figure 3 | (A–C) Panel showing the appearance of the different settings of data acquisition: unguided simulations with cross-sectional imaging pre-simulation analysis (A), tumor-guided (B), and carotid-guided (C) simulations with real-time surgical navigation indicating the position of the instrument and the posterior margin delineation. (D) Pictures showing the appearance of the 3D rendering of the skull with the positions of the scope and pointer. Virtual margin delineation, simulating the cut of 3D objects (skull, tumor, and carotid). (E) Comparison of the 3D virtual endoscopy appearance in the tumor-guided and carotid-guided settings.





Navigation System

CBCT images were displayed within an in-house navigation software package (GTx-Eyes) based on the open-source Image-Guided Surgery Toolkit (34, 35). Tumor and margin segmentations were superimposed on three-planar views and separately as 3D surface renderings. Surgical tool tracking in this study was provided by a stereoscopic infrared camera (Polaris Spectra, NDI, Waterloo, Canada). Image-to-tracker registration was obtained by paired-point matching of predrilled divots by means of a tracked pointer. A small four-sphere reference tool (NDI, Waterloo, Canada) was anchored to the skull throughout the registration and simulations. A registration error of 1 mm or less was considered acceptable for the navigation experiments. A four-sphere reference (Medtronic, Jacksonville, FL, USA) was secured to each 3D printed tool (surgical pointer) and to a Storz® endoscope (Karl Storz Group, Tuttlingen, Germany), which was then calibrated using a custom calibration jig. Angled pointer navigation was implemented using software features for virtual planar tool clipping (e.g., osteotome or saw) and colored accuracy indicators for distance, pitch, and roll developed previously for orthopedic oncology applications (36) and subsequently applied to open head and neck procedures (24, 25, 37). In this study, for transnasal simulations, the 3D rendering of the virtual endoscopic view could be freely rotated and the skull rendering clipped along the virtual cutting plane during the transnasal delineation of the PM (Figure 3).



Surgical Simulation

Surgeons from the Department of Otolaryngology – Head and Neck Surgery of the University Health Network (Toronto, ON, Canada) and from the Unit of Otorhinolaryngology – Head and Neck Surgery of the University of Brescia (Brescia, Italy) were recruited for the simulations. Each surgeon received a brief explanation of the steps of the simulation and of the subsequent analysis methods. The surgical task was to choose among pointers with different angulations (0°, 30°, 45°, 60°, and 90°) and position the selected pointer under transnasal endoscopy guidance within the delineated areas (i.e., superior and inferior parts of the PM of resection) to provide a clear margin from the tumor posterior surface while avoiding intersection with the ipsilateral ICA. No physical cuts were performed to allow reuse of the models; rather, the pointer position and orientation were recorded when the surgeon gave vocal confirmation of his/her proposed delineation of the margin, and the analysis was performed on the virtual trajectory. Surgeons were asked to define the superior and posterior parts of the PM with two endoscopes (0° and 45°), first using only the surgical corridor of the ipsilateral nasal cavity and then through either a bilateral (i.e., with the scope through one nostril and pointer through the other) or a contralateral approach (i.e., with both scope and the pointer through the contralateral nostril). Surgeons were required to perform the PM delineation in three settings—1) unguided, 2) tumor-guided, and 3) carotid-guided—as shown in Figure 3. In the unguided simulation, the surgeons could only view the cross-sectional images (i.e., axial, sagittal, and coronal) prior to starting transnasal endoscopy, with no access to the real-time navigation system or the 3D tumor/margin renderings. In the tumor-guided simulation, virtual angled pointers were guided using real-time tool tracking and the 3D tumor and carotid segmentation (Figure 3). Finally, in the carotid-guided simulation, a 2-mm alert cloud surrounding the carotid was added to the tumor-guided setting; in this setting, a sonic alarm reproducing the arterial flow sound at Doppler examination was sounded when the trajectory of the PM definition was through the proximity alert zone (38), and a beeping sonic alarm was activated when the trajectory of the PM definition was through the ICA (Figure 3).

To avoid recall bias, the phantoms were randomized for each surgeon and the sequence of the phantoms was arranged such that the guided and unguided simulations were never performed at close intervals. The rationale for this was based on the belief that guided simulations could have enhanced adequate pointer orientation in a subsequent unguided task. Written informed consent was obtained from the individuals for the publication of any potentially identifiable images or data included in this article.



Virtual Cutting Plane Analysis

Analysis of the cutting planes was performed by means of MATLAB software (MathWorks, Natick, MA, USA). An area of 30-mm length along the longitudinal axis of the cut and 11-mm width (5.5 mm on both sides with respect to the longitudinal axis) was isolated from each plane starting from the pointer tip. The minimal distance with respect to the tumor and ICA surfaces was calculated for each point making up the isolated area and reproduced as a distribution of distances shown as a 30 × 11-mm2 (length × width) color-scaled image (Figure 4). The cutting plane was deemed to be “intratumoral” when the distance from the cutting plane to the tumor was ≤0 mm and “adequate” when it was >0 mm. If the cutting plane was ≤0 mm to the ICA wall, the ICA was considered “damaged”, while a 0- to 2-mm margin to the ICA was deemed to be a “danger zone”. An “adequate” distance was defined as >2 mm. Each point of the isolated area was classified as follows: “red” (R), into the ICA; “orange 1” (O1), <2 mm from the ICA and into the tumor; “orange 2” (O2), <2 mm from the ICA and <5 mm from the tumor; “orange 3” (O3), <2 mm from the ICA and 5–10 mm from the tumor; “orange 4” (O4), <2 mm from the ICA and >10 mm from the tumor; “yellow 1” (Y1), >2 mm from the ICA and into the tumor; “yellow 2” (Y2), >2 mm from the ICA and <5 mm from the tumor; “green” (G), >2 mm from the ICA and 5–10 mm from the tumor; and “blue” (B), >2 mm from the ICA and >10 mm from the tumor. Each isolated area was described as a distribution among the above-mentioned categories.




Figure 4 | Example of the analysis of posterior margin delineation. Each point of the isolated area was classified as follows: “red” (R), into the internal carotid artery (ICA); “orange 1” (O1), <2 mm from the ICA and into the tumor; “orange 2” (O2), <2 mm from the ICA and <5 mm from the tumor; “orange 3” (O3), <2 mm from the ICA and 5–10 mm from the tumor; “orange 4” (O4), <2 mm from the ICA and >10 mm from the tumor; “yellow 1” (Y1), >2 mm from the ICA and into the tumor; “yellow 2” (Y2), >2 mm from the ICA and <5 mm from the tumor; “green” (G), >2 mm from the ICA and 5–10 mm from the tumor; and “blue” (B), >2 mm from the ICA and >10 mm from the tumor. PM, posterior margin.





Surgeon Questionnaire

At the end of the simulations, each surgeon was asked to complete a validated questionnaire (38) (Table 1) in order to quantify opinions about the gain in terms of speed, accuracy, and self-confidence using tool tracking and the proximity alerts alongside the readiness for clinical translation of the technology.


Table 1 | Questionnaire answers and surgeons’ responses.





Statistical Analysis

Statistical analysis was run through XLSTAT® (Addinsoft®, Long Island, NY, USA). Simulations were grouped into three categories: unguided, tumor-guided, and carotid-guided. These three groups were compared in terms of the distance distributions through a bilateral Kruskal–Wallis test and the Steel–Dwass–Critchlow–Fligner post-hoc test. The rates of intratumoral and intra-ICA virtual cuts among the three groups of simulations were assessed with Fisher’s exact test. Intraindividual differences in terms of percentage of adequate distance (G area) between the tumor/carotid-guided and unguided groups of simulations were calculated and considered as the “gain” provided by 3D-SNVE. The level of significance was set at 0.05 for all statistical tests.




Results

Eight head and neck surgeons with heterogeneous experience (ranging from 3 to 13 years of experience) in oncologic endoscopic resections participated in the study. Five surgeons completed head and neck fellowship training, while three were attending a residency training program at the time of simulations. Overall, 612 PM transnasal delineations were simulated, namely, 204 per group (i.e., unguided, tumor-guided, carotid-guided). The registration error was <1 mm in all simulations. Surgeons chose to use the 0°, 30°, 45°, 60°, and 90° pointers in 0 (0%), 61 (11%), 99 (18%), 246 (45%), and 138 (25%) transnasal simulations, respectively. Surgeons indicated that the surgical exposure was not adequate in 68 (11%) of the simulations, of which 61 (90%) were through a transnasal ipsilateral approach, and no plane trajectories were recorded in these cases.

The virtual delineation of the PM of resection in maxillary tumor models transgressed the tumor in 47 (25.4%), 7 (4.0%), and 4 (2.2%) cases in the unguided, tumor-guided, and carotid-guided procedures, respectively (p < 0.0001). The virtual margin delineation was more than 2 mm to the ICA in 80 (43.2%), 104 (59.4%), and 111 (60.3%) cases in the unguided, tumor-guided, and carotid-guided procedures, respectively (p < 0.0001) and involved the ICA in 79 (42.7%), 30 (17.1%), and 25 (13.6%) cases in the unguided, tumor-guided, and carotid-guided procedures, respectively (p < 0.0001).

Simulation tumor model S1 had a significantly lower rate of points falling into the carotid (at least one point into the carotid in 6% of simulations) and in the 2-mm carotid alert zone (at least one point into the alert zone in 7% of simulations) when compared to phantoms S2, S3, and S4 (32%, 30%, and 18% of intra-carotid simulations and 32%, 36%, and 35% of intra-alert zone simulations, respectively; p < 0.0001 for both comparisons). The rate of clear margin (i.e., margin not crossing the tumor) was not significantly different among the four phantoms (92%, 86%, 90%, and 87% for S1, S2, S3, and S4, respectively; p = 0.33).

The percentage of points falling within the tumor volume was significantly higher in the group of unguided simulations compared to the tumor- and carotid-guided ones (p < 0.0001) (Table 2). In a bivariate analysis, the guidance proved to be associated with a higher rate of clear margin (p < 0.0001) and a lower rate of carotid damage (p < 0.0001), independently of the increasing difficulty of the tumor–carotid model.


Table 2 | Average percentage of points of the virtual margin delineation in each category of the “color code” according to the guidance setting.



3D-SNVE significantly improved the rate of identification of an adequate plane of dissection while reducing the risk of carotid damage: the percentage of “red” points was significantly lower in the two guided groups with respect to the unguided group (p < 0.0001) (Table 2), and the percentage of points with an adequate distance from the carotid and the tumor simultaneously (i.e., “green” points) was significantly higher in the guided groups when compared to the unguided group (p < 0.0001) (Table 2).

The gain of margin delineation provided by 3D-SNVE (considering both tumor- and carotid-guided settings) was, on average, 24.2% (ranging from 0.0% to 33.3%, when analyzing single-surgeon results) in terms of obtaining clear margins and 25.7% (ranging from 1.8% to 59.6%, when analyzing single-surgeon results) in terms of avoiding carotid damage. The heterogeneity of training and experience resulted in a significant variability of the rates of intratumoral unguided cuts between surgeons (average value = 9.6%, range = 0.0%–16.7%, p = 0.039), but the gain in the adequacy of margin delineation provided by 3D-SNVE was statistically independent of the operator (p = 0.202).


Surgeon Preference

All surgeons preferred using a bilateral transseptal approach to have better vision and working volume in all models. Surgeons felt more self-confident using the 0° and 45° scopes in 68% and 32% of unguided simulations and in 46% and 54% of guided simulations, respectively. When using 3D-SNVE, surgeons preferred the carotid-guided setting in 61% of the simulations and the tumor-guided in 39%.



Questionnaire Score

The seven-point Likert scale questionnaire statements and median (interquartile range, IQR) responses are shown in Table 1. No subject strongly disagreed (scores 1–2) with any of the statements. Only one gave a negative response (score of 3) to question 1. One gave a negative response (score of 3) and two gave a neutral response (score of 4) to question 7. There was universal agreement (scores 5–7) for all other questions, with uniform responses across the subjects.




Discussion

The present preclinical study demonstrates the beneficial role of 3D-SNVE in PM delineation and ICA preservation in ablative surgery for advanced maxillary tumors.

The frequency of “positive” margins decreased from 27% to 3% when the surgeon used navigation during the simulation, and carotid damage decreased from 41% to 15%. Since margin control still represents a challenging goal in the surgical management of such cancers, implementation of 3D-SNVE into surgical practice is a promising strategy for the future. Furthermore, the possibility of adding 3D rendering of the critical structures on virtual views and cross-sectional imaging with associated sound alerts may increase the confidence of the surgeon during the procedure and help avoid life-threatening complications.

While surgery combined with neoadjuvant and adjuvant radiation and chemotherapy has improved the overall outcomes of advanced sinonasal cancers, surgery still remains the principal modality of treatment (39–41). Clear-margin resection has been proven to significantly impact patient prognosis and can be considered the most important surgeon-controllable variable (13, 42–45). Endoscopic surgery has been shown to improve the surgical precision and to reduce the morbidity of certain procedures. The benefits of guiding margin delineation in open maxillectomies through an endoscopic transnasal approach was demonstrated by Deganello et al. (13), who reported this technique as facilitating the detachment of the maxilla from the skull base and allowing for a more precise delineation of the posterior and medial margins of resection. This endoscopic technique was used to treat 79 advanced tumors involving the maxilla with a low rate of microscopic involvement of the PM (3.8%) (13). The authors classified posterior endoscopic resection into three types according to the anatomical structures progressively involved and found that, even in the most complex scenario (i.e., type 3 resection), the rate of free PM was remarkably high (87.5%) (13).

In previous clinical studies by Catanzaro et al. (26) and Tarsitano et al. (29), 3D navigation was helpful in achieving a significantly higher rate of clear deep margin when implemented to the standard procedure for advanced maxillary, oral, or orbital cancers (i.e., ablation followed by mapping of the surgical bed with frozen section biopsies). More recently, in studying maxillectomy surgery, Ricotta et al. (46) confirmed that the rate of overall positive margins was higher in the control group (10 patients) compared to that in a group of 18 patients operated on with SN.

A preclinical study by Ferrari et al. (24) was performed using a previous version of the same in-house navigation system employed here. That study evaluated cutting planes for osteotomies in open surgery of sinonasal advanced cancers and demonstrated a substantial benefit in the delineation of the virtual osteotomies both for novel and experienced surgeons.

The present study adds to this previous work by testing the navigation system in a more complex setting, with critical anatomical structures close to the tumor. In addition to the complexity of the tumor–vessel model, further development of real-time tool tracking with 3D virtual endoscopy for angled endoscopes allowed visual overlay of the structures beyond the confines of the nasal wall and further allowed clipping of the endoscopic 3D rendering along the angled pointer trajectory.

The surgical treatment of maxillary tumors requires accurate delineation of the posterior boundary of the resection in a very complex area with surrounding critical anatomical structures. The surgeon needs to base the ablation planning on a mental representation of the tumor and surrounding structures, relying upon specific anatomical landmarks identified throughout the dissection, and this task becomes particularly challenging at the PM owing to poor visualization and maneuverability. Furthermore, cancers frequently have an irregular shape and have complex patterns of invasion into neighboring structures (47). The use of 3D navigation provides the surgeon with a real-time direct visualization of the tumor and the adjacent critical structures and facilitates positioning and orienting the margin with respect to the tumor and critical structures. The clinical translation of this navigation approach may help in achieving a balance between the adequacy of the oncological resection and preservation of the uninvolved surrounding anatomical structures. This benefit of the navigation has already been demonstrated in the field of pelvic tumor resection (36).

In our preclinical study, a significant improvement in the virtual delineation of maxillectomy PM with high rates of complete and ICA-sparing virtual resection was demonstrated when 3D-SNVE was employed. The benefit of margin delineation guided by SN in terms of oncologic adequacy and critical structure preservation was remarkable (average gain of 24.2% in obtaining clear margins and 25.7% in avoiding carotid damage). Despite the heterogeneity of training and experience, which resulted in a significant variability of the rates of intratumoral unguided cuts (p = 0.039), the gain in the adequacy of margin delineation when relying on 3D-SNVE was statistically independent of the surgeon (p = 0.202). This result suggests that SN could be beneficial both for expert and novice surgeons. The most reasonable explanation is that the 3D visualization of the tumor facilitates margin delineation, thus partially compensating for lack of experience in 3D mental representation of the tumor position and boundaries. In addition, with more extensive use of this technology, a learning curve with further improvements in surgical precision and time required can be expected, as already observed in other studies focusing on SN in the sinonasal area (21).

Margins were not classified into either adequate or close for two main reasons: 1) the definition of a “negative”, “close”, or a “positive” margin is not clear for sinonasal cancer resections, and 2) a complete resection with a 5-mm or wider margin is hardly ever achievable in sinonasal cancers. In the present study, we created phantoms with tumor models mimicking real cases with a very critical posterior extension, in which the minimal distance between the ICA and the tumor was 8.7 mm, on average (median = 8.2 mm, range = 3.5–14.9 mm).

The preclinical nature of the present study represents its main limitation, as the results could be potentially biased by the “ideal” conditions of the laboratory setting. Therefore, the benefits conferred by 3D-SNVE should be interpreted cautiously. However, the preliminary clinical data published in the literature are in agreement with the conclusion of our experiment (26, 28, 29, 37, 46). Translation of 3D-SNVE into clinical research should be the next step in order to test the potential benefits on patient outcomes with application in live surgery and in the environment of an operating room. Another limitation was that an arbitrary area of 30 × 11 mm was chosen to simulate the endoscopic PM delineation; in real surgery, the margin shape would result more irregular and variably sized.

The authors acknowledge that repeating simulations with the same technology, even if with different guidance modalities, may have caused a “learning effect”. Future studies will also investigate the benefits of navigation across a wider range of experience levels, including senior staff.



Conclusion

This preclinical study has demonstrated the substantial benefit of 3D-SNVE for PM definition in advanced maxillary tumors. This technology is expected to improve resection margins and potentially reduce critical structure injury, thus optimizing the oncological adequacy and overall safety of the resection simultaneously. Translation into the clinical setting, with a thoughtful analysis of oncological outcomes, is the proposed next step.
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Objectives

This retrospective study compared two mandibular reconstruction procedures—conventional reconstruction plates (CR) and patient-specific implants (PSI)—and evaluated their accuracy of reconstruction and clinical outcome.



Methods

Overall, 94 patients had undergone mandibular reconstruction with CR (n = 48) and PSI (n = 46). Six detectable and replicable anatomical reference points, identified via computer tomography, were used for defining the mandibular dimensions. The accuracy of reconstruction was assessed using pre- and postoperative differences.



Results

In the CR group, the largest difference was at the lateral point of the condyle mandibulae (D2) -1.56 mm (SD = 3.8). In the PSI group, the largest difference between preoperative and postoperative measurement was shown at the processus coronoid (D5) with +1.86 mm (SD = 6.0). Significant differences within the groups in pre- and postoperative measurements were identified at the gonion (D6) [t(56) = -2.217; p = .031 <.05]. In the CR group, the difference was 1.5 (SD = 3.9) and in the PSI group -1.04 (SD = 4.9). CR did not demonstrate a higher risk of plate fractures and post-operative complications compared to PSI.



Conclusion

For reconstructing mandibular defects, CR and PSI are eligible. In each case, the advantages and disadvantages of these approaches must be assessed. The functional and esthetic outcome of mandibular reconstruction significantly improves with the experience of the surgeon in conducting microvascular grafts and familiarity with computer-assisted surgery. Interoperator variability can be reduced, and training of younger surgeons involved in planning can be reaching better outcomes in the future.
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Introduction

After continuity resections of the lower jaw in case of carcinoma, osteonecrosis, osteomyelitis, or trauma, a mandibular reconstruction is essential to restore function and esthetics (1, 2). The size of the defect is determined by the preoperative extent, the entity of the pathology, and the resulting radicality of the resection.

Defects of the mandible are reconstructable using either a reconstruction plate without bony reconstruction or immediately with a combination of reconstruction plate and primary bone flap. For reconstructing with a fibula flap, hand-bended (conventional reconstruction) plates (CR) or patient-specific implants (PSI) can be used. Despite the considerable progress in microvascular surgery, complications, such as tissue necrosis, failure of the graft, infections (donor site or recipient), prolonged hospital stay, and a long recovery process, occur (3, 4).

Advancements in computer-assisted surgery (CAS), particularly with regard to computer-aided design/computer-aided manufacturing (CAD/CAM) technology, are beneficial compared to the traditional method of mandibular reconstruction with hand-bent plates (5–15). The accuracy of CAD/CAM or selective laser melting plates is superior to the manually bent reconstruction plates. These plates provide greater results in terms of strength and intraoperative positioning (16). The decisive factors for this procedure are anatomical and symmetrical bone shaping, restoration of a stable dental occlusion, and condylar repositioning into a centric relation (5, 17–19).

In the conventional technique, in contrast to CAS, the plates are bent intraoperatively or preoperatively manually before their adaptation. Depending on the complexity of the case and the skills as well as experience of the surgeon, this procedure might be very time-consuming. The standard plates offered by manufacturers do not always possess the required size and number of holes for the intraoperative situation. An advantage is offered by the PSI, which are more resistant to fracture while normally being thinner than CR. PSI do not need to be bent to fit the mandible of the patient and do not require predefined bending points such as with CR (20, 21). With the advancement of CAD/CAM technology, it is possible to accurately plan the reconstruction of craniofacial defects preoperatively, manufacture precise patient-specific implants, and place them in shorter operating times. The implant can be designed and shaped by the surgeon according to the defect size, shape, and morphology (22, 23). By selecting the appropriate design method, manufacturing process, and implant material, it is possible to perform a precise surgical procedure and reduce complications (24–31). The integration of this technology in the pre- and intraoperative workflow has simplified the production of cutting guides and has been shown to shorten the operation time and the length of stay and to improve osseus consolidation, symmetry, and morphology (10, 29, 32). Recent research demonstrated additional advantages, for instance, minimized interoperator variability caused by the experience of the surgeon and improved teaching possibilities for younger colleagues involved in the planning procedures/sessions with a senior consultant and/or biomedical engineer (33).

The preoperative planning of the exact position of dental implants is enabled for an early satisfying functional outcome (22). In contrast to the reported advantages, the time-consuming preoperative planning and associated costs need to be considered. With precise preoperative planning, it is challenging to react to unexpected intraoperative changes. Implementing changes in virtual planning is complicated (33, 34) and might increase the risk of R1 resections in tumor surgery in cases of primary reconstruction. An R1 resection is the macroscopic removal of the tumor. In histopathology, however, smaller portions of the tumor can be detected in the resection margin. The aim of this study was, on the one hand, to compare the results of patients regarding surgical technique and, on the other hand, to evaluate the accuracy and reproducibility of virtual surgical planning.

The use of modern technologies offers novel possibilities in the treatment of complex defect situations. With the development of preoperative virtual planning as well as PSI, another possibility emerged for achieving a true-to-the-original contour of the resected bone. Surgeons and users can use IPS Gate® to request, plan, and complete patient-specific products. The PSI, planning guidance, and anatomical models are manufactured using various materials with the help of the latest construction technologies. Through computer-based planning and functionalized PSI, preoperative planning can be transferred to higher precision of surgeries. For case creation, patient data and case-related information are uploaded to the web-based IPS Gate® platform. Based on the information and requirements of the users, the IPS® developer prepares the case planning in close collaboration with the surgeon. Once the resection margins have been defined, the donor region is virtually projected onto the recipient region, and the graft is designed for the best possible esthetic and functional restoration. Drilling and marking templates as well as a case-specific optimized implant are created. The type, diameter, and length of the osteosynthesis screws are defined. Finally, the surgeon approves the design for production.

In the study at hand, we analyze the restoration of the mandible with a PSI or with the conventional technique regarding their accuracy of reconstruction, the associated complication rate, and the outcome. To evaluate the reconstruction, six clinically relevant distances of the preoperative and postoperative conditions were evaluated. This is a less-followed approach but highly suitable for determining pre- and post-operative dimensions. With our research, clinicians comprehend the extent to which a PSI or conventional reconstruction is advisable for recovery with low complication rates and improved outcomes.



Materials and Methods

This study was approved by the local ethics committee at the University of Düsseldorf, Germany (approval number 2018-250). In this retrospective study, the results of mandibular reconstructions of osseous defects treated with patient-specific or conventional implants in 2014–2019 in the Department of Oral and Maxillofacial Plastic Surgery at the University Hospital Düsseldorf were evaluated.


Inclusion Criteria

All patients who underwent mandibular reconstruction at the Center for Operative Medicine II Clinic for Oral and Maxillofacial Plastic Surgery at the University Hospital Düsseldorf between 2014 and 2019 were included. Both alloplastic reconstructions and free microvascular grafts were included in this study. All cases operated on using the standard method with CR (hand-bended reconstruction plates) and those who received a PSI were included, as well as cases from secondary reconstruction.



Acquisition of Patient Data

Based on patient data, the course, the healing process, and the postoperative quality of life are compared. A group of 46 patients (PSI) were compared to 48 patients who were treated with a conventional procedure (CR). The following patient- and implant-related data were collected from clinical documentation, surgical reports, and findings:

	patient data (name, age, date of birth, and gender)

	preoperative findings (previous operations, concomitant diseases/pretreatments with possible effect on wound healing, etiology of the defect, histology of the defect, preoperative radiological findings, localization of the defect, and size of the defect)

	surgery (date, type of graft resection limits, ischemia time, duration of surgery, surgical technique, implant material, intraoperative fitting accuracy, complications during insertion and fixation of the implant, and necessary adjustment of the bony graft bed or the implant)

	inpatient stay (wound healing process, postoperative imaging, position of the implant, symmetry of the reconstruction, signs of loosening, complications, and length of stay)

	postoperative course (sensitivity disorders, pain, pressure sensitivity, skin conditions, scar conditions, and complications)

	preoperative and postoperative intercondylar distance





Selection of CT Data Sets

The preoperative CT image should accurately depict the current condition before partial mandibular resection and allow the measurement of the defined measurement distances. The postoperative dataset was the first postoperative image to show all relevant anatomical structures. For evaluation, the distances of the corresponding points were measured pre- and postoperatively and tabulated. In addition, the differences of the distances were determined by subtracting the postoperative value from the value determined preoperatively.



Determination of the Defect Extent and Size

To localize the osseous defect or lesion, the bony and soft tissue portions of the mandible were divided into sections. In the bony portion, four areas were defined according to the anatomy: the alveolar process (pars alveolaris mandibulae), the ascending branch (ramus mandibulae), the mandibular angle (angulus mandibulae), and the mandibular body (corpus mandibulae). If partial resection of the mandible is indicated, the sections can be resected individually or in combination, as well as unilaterally or bilaterally. The soft tissue portion of the mandible was divided into the tongue, floor of the mouth, cheek, and lip for localization in the presence of a lesion. With the aid of histopathology, radiology, or surgical reports, the defect size and localization were documented.



Measuring Points and Distances

To evaluate the reconstruction, six clinically relevant distances of the preoperative and postoperative situation were compared. The dataset was oriented according to the Frankfurt horizontal plane and mid-sagittal plane. Measurements were conducted from the capitulum (most lateral and most medial points), incisura (most caudal points), mandibular foramina, to the coronoid process (most cranial points), dorsal tip of the mandible closest to the gonion point) using preoperative and postoperative CT or CBCT. They run between the following bilateral anatomical structures: D1, capitulum mandibulae lateralmost point; D2, capitulum mandibulae medialmost point; D3, incisura mandibulae; D4, foramen mandibulae; D5, processus coronoideus; and D6, gonion dorsalmost tip of the mandible (cf. Figure 1). The measurements were captured using dicomPACS®.




Figure 1 | Representation of the measurement distances. D1, lateralmost point of condyle mandibulae right to the lateralmost point of condyle mandibulae left; D2, medialmost point of condyle mandibulae right to the medialmost point of condyle mandibulae left; D3, most caudal point of the incisura mandibulae on the right to the most caudal point of the incisura mandibulae on the left; D4, foramen mandibulae on the right to the foramen mandibulae on the left, D5, processus coronoideus on the right to processus coronoideus on the left; D6, gonion on the right to gonion on the left.



To evaluate the accuracy of the reconstruction, the distances measured pre- and postoperatively were compared. This enables verifying whether the original position of the condyles and the symmetry of the mandible have been restored for ensuring functionality and esthetics. The restoration of the individual dimensions is a key quality factor after resection and the reconstruction of the mandible. Whether a narrowing or widening of the respective measured distance between the corresponding anatomical points has occurred postoperatively is reflected in the sign of the calculated difference. A deviation into the negative range means a narrowing of the section in question, while a deviation into the positive range is to be interpreted as a widening in this area. If the differences calculated for a patient have positive and negative signs, this means that opposing movements have taken place during the reconstruction, i.e., the mandibular segments have rotated.



Statistical Analysis

The determined values of the measurements as well as the clinical data were statistically analyzed using jamovi (version 1.6.9). The Shapiro–Wilk test was conducted to check the data for normal distribution, and the Mann–Whitney U-test and Student’s t-test were used to compare the means of the two groups. The Mann–Whitney U-test is a parameter-free statistical test that compares two independent samples that are not normally distributed. Thus, it is used to test the significance of the consistency between two distributions. A p-value of <.05 was defined as significant, a value of <.01 as very significant, and a value of <.001 as highly significant. A significance level of p >.05 is set for hypothesis testing. For associations between two variables, like A and B, Pearson’s product–moment correlation (r) is calculated if the assumptions of linear relationship and exclusion of outliers tested by visual inspection of scatterplots and normal distribution of data, assessed with Shapiro-wilk test, were met. For non-normal data, Spearman’s rank-order correlation (ρ) is calculated. Mean differences are tested with independent t-test when significant outliers, identified with boxplots, were excluded and normal distribution of the dependent variable, tested with Shapiro–Wilk test, and homoscedasticity, tested with Levene’s test, were met. Mean differences of non-normal dependent variable data were analyzed with Mann–Whitney U-test.




Results


Descriptive Statistics

The patient collective was distributed in two groups and analyzed according to age at the time of surgery, gender, clinical picture, and resection size. The collective consists of 94 patients. Forty-six patients received a PSI, and forty-eight patients were treated with a CR. (cf. Table 1).


Table 1 | Descriptive statistics [conventional reconstruction plates (CR) vs. patient-specific implants (PSI)].



The age of the patients was between 37 and 90 years (MD = 66.3; SD = 12.5) and distributed as normal. In the PSI group, the age ranged between 42 and 82 years (MD = 66.2; SD = 11.3), with 28 (60.9%) being male. Within the group of patients receiving the CR, the patients were between 37 and 90 years old (MD = 66.5; SD = 13.6), of which 54 (57.4%) were male. The mean age of groups PSI and CR did not differ significantly.

All patients were divided according to medical conditions that led to the indications of partial mandibular resection and subsequent reconstruction. Forty-five subjects were diagnosed with squamous cell carcinoma (SCC) (47.8%), and 20 received reconstruction with a PSI (44.4%). In each case, eight of 18 patients (44.4%) followed a diagnosis of maxillary necrosis with reconstruction using a PSI. A pathologic fracture was present in 17.0% (n = 16) of cases. Fracture was diagnosed in 2.0%, (n = 2), secondary reconstruction in 9.0% (n = 9), and osteomyelitis in 3.1% (n = 3) of patients. One patient developed basal cell carcinoma. In the patient population treated with PSI, four diagnoses occurred: SCC, osteomyelitis, secondary reconstruction, and pathological fracture.

Of the total of 46 patients who received a PSI, 20 (43.5%) had a resection indication based on the diagnosis of squamous cell carcinoma. In contrast, 25 patients with the same diagnosis were treated conventionally. Of the total of 18 patients diagnosed with mandibular necrosis, eight (44.4%) were treated with PSI, and 10 (55.6%) patients received a conventional reconstruction plate.

To investigate associations between a previous disease and a specific diagnosis, a differentiation was made between seven relevant previous diseases. These included cardiovascular, pulmonary, and metabolic diseases, nicotine and alcohol abuse, mental and neurological diseases, and the occurrence of another carcinoma. Considering the presence of previous diseases in each diagnostic group, it was found that 41 of 45 (91.1%) patients who developed squamous cell carcinoma had one or more previous diseases. All patients diagnosed with osteonecrosis of the jaw (n = 18) had a preexisting disease prior to this diagnosis. Patients with osteomyelitis (n = 3) or basal cell carcinoma (n = 1) had one or more prior diseases. In 33.3% (n = 3) of the cases, no previous disease was present in the secondary reconstructions. Using χ2 test, no stochastic dependence between the general presence of a previous disease and a specific diagnosis was demonstrated [χ2(1,94) = 10.9; p = .09].

Fourteen of 18 patients diagnosed with osteonecrosis of the jaw, another carcinoma, were already present in terms of medical history, and a stochastic dependency between a prior disease and diagnosis was found [χ2(1;94) = 11.3; p = .002]. There was a stochastic dependence likewise between the diagnosis of pathologic fracture and the prior disease of nicotine abuse [χ2(1;94) = 6.2; p = .013]. In the sample, an average of M = 1.78 complications occurred (SD = 1.8).

On average, patients who received a PSI had two complications in the postoperative course (SD = 1.9). Patients who received a CR developed an average of 1.5 complications (SD = 1.7). The maximum number of complications was six in the PSI patient group and five in the CR patient group. No significant mean difference was tested with an achieved power of 15.8%.

The documented and possible complications that may occur after reconstruction include dehiscence, the development of hematoma, exposed reconstruction plate, dysphagia, necrosis, infection, flap congestion, chyle fistula, restricted mouth opening, recurrence, revision, patient death, dislocation of the reconstruction plate, fistulation, and wound healing problems at the graft harvest site. The mean number of complications in the PSI and CR groups was not significantly different (U = .57; p >.05).

Overall, postoperative complications occurred in 64 of 94 patients (68.1%), and no complications occurred during follow-up in 30 patients (31.0%) after the use of PSI or CR. Of the patients with documented complications during the postoperative course, 48.4% (n = 31) had received a CR and 51.6% (n = 33) a PSI. No stochastic dependence could be determined between the occurrence of complications and the use of a PSI or CR. The probability of revision is not statistically dependent on diagnosis in the sample.



Mortality

Of the 45 patients diagnosed with SCC, 22.2% (n = 10) died. A stochastic dependence between the diagnosis of squamous cell carcinoma and the complication death could not be demonstrated using the chi-square test [χ2(1;94) = 3.7; p = .056]. The complication death was also not dependent on any of the diagnoses. Statistically, in patients in whom the complication of revision was documented, reconstruction ended lethally in the further course [χ2(1;94) = 5.6; p = .018].



Defect Size

The defect size of the collective varies from the minimum extension of 8 mm to a maximum of 120 mm (M = 61.7; SD = 28.7). In the patient-specific implant group, the size varies from the minimum extension of 12 mm to a maximum size of 120 mm (M = 64.7; SD = 29.2), which was not significantly different to the defect size of the conventional reconstruction plate group that varies from 8 to 120 mm (M = 58.8, SD = 28.1) (cf. Figure 2).




Figure 2 | Defect sizes in both groups (conventional reconstruction plates vs. patient-specific implants).





Operating Time

The mean operating time (OR) time of the sample was 431 min (SD = 236 min), the maximum OR time was 1,000 min, and the shortest OR time was 73 min. The mean OR time of PSI (M = 467 min, SD = 240 min) did not differ significantly to the OR time of CR (M = 397 min, SD = 229 min) [t (89) = -1.42; p = .159) (cf. Figure 3).




Figure 3 | Operation times in both groups (conventional reconstruction plates vs. patient-specific implants).





Length of Stay

The average length of stay of the group with PSI was 34.6 days (SD = 32.4) and was not significantly different to the group with CR which was 26.4 days (SD = 22.4; U = -1.4; p = .154). The shortest length of stay for the group with PSI was 6 days, and the longest length of stay was 125 days. For the patients with CR, the shortest length of stay was 4 days, and the longest was 97 days.

The mean values of the lengths of stay of the groups PSI and CR are not significantly different. Comparing the length of stay, the mean length of stay of patients with a microvascular graft is highest at 36.1 days (SD = 27.8). Patients who did not receive reconstruction stayed on the ward for an average of 16.4 days (SD = 26.5) and those with local reconstruction for 15 days (SD = 8.8).

In the group of PSI patients who received a microvascular graft, the mean inpatient length of stay was 36.7 days (SD = 30.6) and in CR patients 35.4 days (SD = 24.0). Thus, length of stay for patients in the microvascular reconstruction group did not differ between those who received a patient-specific implant and those who received a conventional reconstruction plate.  



Reconstruction Groups

Three reconstruction groups and seven reconstruction types are differentiated. The three groups consist of patients who received no reconstruction, local reconstruction, and microvascular reconstruction. Reconstruction options include grafts in the form of lingual, radial, pectoralis, and latissimus dorsi flaps as well as fibula grafts. In addition, combinations of grafts are possible for more complex defects.

In the sample, 21.3% (n = 20) of patients did not receive any reconstruction, 7.4% (n = 7) took place locally, and most reconstructions were microvascular at 71.3% (n = 67). On average, patients who received a microvascular graft developed the most complications (M = 2.1; SD = 1.8), followed by those who received local reconstruction (M = 1.3; SD = 1.8). Patients who did not receive reconstruction developed the least number of complications on average 0.9 (SD = 1.4).

Of the 45 patients diagnosed with SCC, 88.9% (n = 40) received a microvascular graft, two received no reconstruction, and three received local reconstruction, with a dependence between diagnosis and the use of a microvascular graft. In patients with the diagnosis of osteonecrosis of the jaw (n = 18), in 80% of these cases (n = 8), a microvascular graft was used. When considering complications in the postoperative course, a stochastic dependence was determined between the use of a microvascular graft and the development of dehiscence as a postoperative complication [χ2(1;94) = 6.3; p = .012]. Dehiscence was documented in 31 of the 67 patients who received a microvascular graft. Examination of the dependence between preexisting disease and reconstruction type revealed a stochastic dependence between preexisting disease in the form of alcohol abuse and the use of a microvascular graft [χ2(1;94) = 4.8; p = .029]. There were 15 patients diagnosed with the preexisting condition of alcohol abuse who received a microvascular graft. In the local reconstruction group, most patients had a prior cardiovascular disease (n = 5), four patients had a history of another CA, and three each were affected by nicotine abuse and metabolic disease. The most common prior disease in patients with microvascular reconstruction was also cardiovascular (n = 33), followed by nicotine abuse (n = 26), another carcinoma (n = 25), mental/neurological disease (n = 18), and alcohol abuse (n = 15).

Of the 94 patients included in the study, 45.7% (n = 43) were patients with a tumor disease. Of these 43 patients, 18 received a PSI, and 25 patients received a conventional reconstruction plate. No stochastic dependence was demonstrated between a tumor disease and the use of a PSI [χ2(1;94) = 1.6; p = .208].



Squamous Cell Carcinoma

The number of complications between the group of tumor patients (M = 2.2, SD = 1.8) and the group with no tumor diagnosed (M = 1.4, SD = 1.6) does not differ significantly (U = 855, p = .051, r = .255). Thus, on average, significantly more complications develop in patients with a tumor disease. The mean number of complications in group PSI (M = 2.6; SD = 2.0) and in group CR (M = 2.2; SD = 1.8) did not differ significantly.



Differences Between the Measurements for PSI and Conventional Restorations

The defined measurement distances run between the following bilateral anatomical structures: D1, capitulum mandibulae lateralmost point; D2, capitulum mandibulae medialmost point; D3, incisura mandibulae; D4, foramen mandibulae; D5, processus coronoideus; and D6, gonion dorsalmost tip of mandible. Post-operative CT scans were, on average, taken 69.6 days after the surgery. Considering the differences of the measurement distances of the group supplied with PSI, on average, the smallest deviations occurred at the measurement point D4 (M = -.341; SD = 3.2) and the largest differences, on average, occurred at the measurement point D5 (M = 1.9; SD = 6.0). On average, the measurement points at the coronoid process seem to undergo the greatest change in position during repositioning of the resection parts. In group CR, the largest dimensional changes are drawn at D2 (M = -1.6; SD = 3.8) and the smallest postoperative changes at D5 (M = -.217; SD = 4.2). A direct comparison of the differences in the respective measured distances reveals the following: at D1, an average change of -.48 (SD = 4.4) is shown in group CR and -.585 (SD = 4.2) in group PSI. D2 showed an average change of -1.56 (SD = 3.6) for CR and -1.66 (SD = 4.1) for PSI, and D3 showed an average change of.838 (SD = 5.9) for group CR and -1.2 (SD = 3.8) for group PSI. In D5, group PSI experienced a mean postoperative difference of -1.86 (SD = 6.0) and group CR -.22 (SD = 4.2). The mean differences of the differences are significantly different at D6 [t(56) = -2.217; p = .031, d = .0286]. In all other measurement stretches, the mean postoperative differences are not significantly different between groups. Point D6 shows the mean postoperative differences of -1.04 (SD = 4.9) in group PSI and differences of 1.52 (SD = 3.9), on average, in group CR. Thus, there are significantly lower average postoperative differences between the measurement points at the gonion (cf. Figure 4).




Figure 4 | Differences between the measurements (D1–D6) for conventional reconstruction plates and patient-specific implants; D6 [t(56) = -2.217; p = .031 <. 05].





Localization

For a more precise localization of the defect, nine sections were defined. These sections are divided into the tongue, floor of the mouth, alveolar process, mandibular ramus, mandibular angle, mandibular corpus, cheek, lip, and combinations of these localizations. The most frequent complications occurred in patients whose defect was localized to the mandibular corpus. A dependency between defects in the mandibular angle and the postoperative complication of wound healing disorders at the extraction site was found [χ2(1;94) = 11.90; p = .049] Another dependency exists between the complication in the form of exposed plates and combined defects [χ2(1;94) = 4.39; p = .036]. Complications most frequently occur in patients with defects localized to the floor of the mouth.



Defect Size Quartile

To validly compare defect sizes and examine them with respect to complications and dependencies on diagnosis, four quartiles were defined. Quartile 1 includes all patients whose defect is in the range of 0–30 mm, quartile 2 includes defects from 31 to 60 mm, all defects from 61 to 90 mm are in the third quartile, and all defects from 91 to 120 mm are in the fourth quartile. A statistical dependence between defects located in the first quartile and the diagnosis of pathologic fracture was determined [χ2(1;94) = 8.87; p = .003]. Patients diagnosed with a pathologic fracture statistically had post-resection defects ranging in size from 0 to 30 mm. Similarly, patients had defect sizes in the range of 31-60 mm in 24% of cases because of a diagnosis of squamous cell carcinoma and subsequent resection. A statistical dependence between diagnosis and defect size was demonstrated again [χ2(1;94) = 3.77; p = .046]. Regarding the complications occurring post-resection, statistical dependencies between resection size and a complication exist in the first three quartiles. Patients with defect sizes in the range of up to 30 mm developed wound healing disorders at the donor site more frequently in the postoperative course [χ2(1;94) = 8.57; p = .003].




Discussion

Clinical parameters were retrospectively evaluated for obtaining differences in CR and PSI. The virtual planning is intended to support the surgeon in adhering resection limits. The use of computer-assisted planning and manufacturing of PSI should prevent oversizing the extent of resection while achieving R0 status. We investigated how the success of the operation is influenced by pre-existing diseases, previous operations, the size and etiology of the defect, localization, and occurring complications. The question arises as to whether the extensive preoperative virtual planning of the resection procedure leads to certain benefits: a reduced operation time, an optimal fit of the implants without dimensional changes of the bony mandible, and a reduction of the postoperative complication rates for patients.

The results further identified that there is no preferred approach when the defect exceeds a certain size. In the CR group, the mean defect size was 58.8 mm (SD = 28.1) and in the PSI group 64.7 mm (SD = 29.2). There was no significant difference regarding the mean defect size. The decision for or against a PSI is thus not linked to the size of the defect but rather depends on the discretion of the surgeon and the overall complexity of each case in this study. PSI are used primarily for extensive reconstruction (i.e., multi-fragmentary fibula graft), multi-fragmentary fractures, or pseudarthrosis (35–38). Virtual preoperative planning might simplify the selection of a flap suitable for covering a defect as well as provide the basis for the design, shape, and positioning of the graft based on the previously produced three-dimensional model (39).

In CAD/CAM implants, intraoperative steps can be performed more effectively and efficiently compared to conventional methods in terms of minimizing the burden for patients as well as the risks of postoperative complications (1, 14, 15, 39–41). This approach was also followed by Rustemeyer et al. in their investigation of intraoperative times in osseous reconstructions with free fibular grafts. No significant differences were found between the CAD/CAM group and the conventional implant group (42). This was also shown by Ritschl et al. (43) who also revealed no significant differences between these groups (43). In contrast, other researchers reported shorter operation times in patients with CAD/CAM implants compared to conventionally performed operations (14, 15, 40). The results of this study are consistent with the current literature by Rustemeyer and Ritschl who determined no significant differences in operating times. On average, operations lasted 467 min (SD = 240 min) for patients who received PSI compared to 397 min (SD = 229 min) in the CR group. An exact prefabricated fit for reducing the insertion time of the implant as well as the overall duration of the surgery was not given. However, in case of a more complex operation with a pronounced defect and complex reconstruction, the step of dimensioning the resection margins and the graft can take place preoperatively. Intraoperatively, the prefabricated template makes these steps considerably easier for the surgeon and leads to shorter operation times in the long term (1, 44). In future studies, operations of equivalent complexity should be compared in terms of required time for the individual steps between the two groups—for example, tumor resections in which a radical neck dissection is also performed increase the time required compared to less complex resections. According to a recent study by Vaira et al., unilateral neck dissections require an average operative time of 71.2 min (SD = 27.2 min) (45). Accordingly, the time required doubles for bilateral operations, although variability can be assumed depending on the surgeon. Another component worth to be considered are consolidated workflows through the repeated use of PSI between 2014 and 2020. The growing experience with computer-planned and manufactured implants leads to minimized time for the individual steps. A comparable hypothesis was pursued in a study by Cho et al. who investigated the use of CAD/CAM-assisted surgery for craniosynostosis and concluded that even less experienced surgeons achieved equivalent long-term results with this method (46). Accordingly, gaining knowledge when performing computer-assisted surgery could be proportional to experience.

Comparing the inpatient length of stay of the two groups showed no significant differences. The same conclusion was reached by other researchers who examined the hospital stay between PSI and CR (12, 15, 43). The average length of stay of patients with PSI was approximately 9 days longer compared to patients with CR. Including all patients without differentiation might not yield significant results since, depending on whether reconstruction or resection was performed, the patients require longer recovery under inpatient monitoring. Therefore, a distinction was needed between patients who received a local reconstruction, microvascular reconstruction, and no reconstruction. The group of microvascular grafts showed the longest mean length of stay, followed by the local grafts and the group without reconstruction. Due to the higher complexity of the microvascular reconstructions, this group was divided into PSI and CR patients to compare the healing process and duration based on the inpatient length of stay. However, there were no significant differences between the two groups; this has also been shown by other researchers (13). The healing process might thus be independent of the type of reconstruction used.

The three reconstruction groups were examined regarding dependencies on different diagnoses. A total of 88.9% of patients diagnosed with squamous cell carcinoma received a microvascular reconstruction. An equally high proportion of microvascular grafts (80.0%) is found in patients who underwent resection due to osteonecrosis of the jaw. There is a statistical dependence on the use of a microvascular graft for both the diagnosis of SCC and the diagnosis of osteonecrosis of the jaw (p <.05). During the postoperative course, 46.3% of patients who received a microvascular graft developed dehiscence. Considering whether any of the documented pre-existing conditions predisposed to a particular graft, it was found that patients received a microvascular graft after C2 abuses in most cases (n = 15). Cardiovascular pathologies were recorded as the most frequent previous disease in the microvascular group. However, this association can also be attributed to the increasing morbidity in older age which also results in a higher susceptibility to developing cardiovascular diseases (47–49).

A total of 45.7% of all patients had a tumor disease, and 41.8% of these tumor patients received a PSI. Especially for patients with complex tumors in the jaw region, preoperative virtual planning can be very important for restoring function and contour (40). Thus, with the help of stereolithic models, the resection margins are precisely dimensioned so that these are tumor-free and less bone is resected (40). Oversizing and resection of healthy bone should be avoided by the CAD/CAM method. Moreover, the implant does not have to be bent to the osseous conditions intraoperatively but is already existing for exact insertion (50). In addition, a statistical dependency showed that patients with a tumor disease developed more complications regardless of whether they were treated with a PSI or a CR.

When looking at the measurement distances, significant differences were found in one measurement point. The difference between the gonion (defined as point 6) experienced an average dimensional change of 1.52 mm (SD = 3.9) in the group of CR patients and differed significantly from the group PSI, which only showed average differences of -1.04 mm (SD = 4.9). Recent research identified additional dimensional changes in patients who were restored with CR (31). A changed distance between the mandibular and the intercondylar angle after using intraoperatively bended plates was documented (51). This goes in line with previous research indicating that better three-dimensional precision is achieved when using PSI (1, 16, 31, 44, 51). Dimensional changes due to rotation errors of the resection parts are avoided by prescribing exact positioning in the preoperative planning aiming at restoring the physiological position (51).

The division into four quartiles allowed a more specific examination of the extent to which the size of the defect depends on the diagnosis and predisposes to certain complications. In 24.0% of SCC patients, the resection extent was between 31 and 60 mm, thus in the second size quartile. Tumor size in oral squamous cell carcinoma is a risk factor for the development of systemic inflammation and postoperative complications (52). In size quartile two, where the patients with SCC are located, an increased incidence of dehiscence in the postoperative course was identified. In defect size quartile three, between 61 and 90 mm, most frequent complications were exposed plates in the healing process. The literature indicates that a low number of residual teeth is a significant prognostic factor for reconstruction plate loss (53). The results of this study are consistent with the literature as bone loss in the 61–90-mm range is associated with loss of dentition. The choice of reconstruction has no impact on plate exposure in the healing process (54). Other risk factors are rather intraoperative blood loss and the choice of reconstruction flap (55).



Conclusion

For the reconstruction of mandibular defects, regardless of their etiology, the options available to the treating surgeon include CR and reconstruction using PSI. In each case, the advantages and disadvantages of the options must be weighed. Regardless of the method of fixation, the functional and esthetic outcomes of mandibular reconstruction have been significantly improved by the experience of the surgeon with microvascular grafts along with preoperative planning. In line with extant research, we highlighted that three-dimensional precision seems to be superior with a PSI. Interoperator variability can be reduced, and the training of younger surgeons involved in planning can be improved for better outcomes.

In future research, scholars might be interested in not only comparing the two methods used in this study but also validating the individual procedures. Thereby, the comparison of pre- and postoperative CT scans might be validated within the planning software (merging images). In a prospective study design, the required time for the individual virtual planning might be assessed along with relevant economic aspects, such as cost and time spent on patients receiving different surgical procedures.
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Case Report: Reconstruction of a Large Maxillary Defect With an Engineered, Vascularized, Prefabricated Bone Graft
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The reconstruction of complex midface defects is a challenging clinical scenario considering the high anatomical, functional, and aesthetic requirements. In this study, we proposed a surgical treatment to achieve improved oral rehabilitation and anatomical and functional reconstruction of a complex defect of the maxilla with a vascularized, engineered composite graft. The patient was a 39-year-old female, postoperative after left hemimaxillectomy for ameloblastic carcinoma in 2010 and tumor-free at the 5-year oncological follow-up. The left hemimaxillary defect was restored in a two-step approach. First, a composite graft was ectopically engineered using autologous stromal vascular fraction (SVF) cells seeded on an allogenic devitalized bone matrix. The resulting construct was further loaded with bone morphogenic protein-2 (BMP-2), wrapped within the latissimus dorsi muscle, and pedicled with an arteriovenous (AV) bundle. Subsequently, the prefabricated graft was orthotopically transferred into the defect site and revascularized through microvascular surgical techniques. The prefabricated graft contained vascularized bone tissue embedded within muscular tissue. Despite unexpected resorption, its orthotopic transfer enabled restoration of the orbital floor, separation of the oral and nasal cavities, and midface symmetry and allowed the patient to return to normal diet as well as to restore normal speech and swallowing function. These results remained stable for the entire follow-up period of 2 years. This clinical case demonstrates the safety and the feasibility of composite graft engineering for the treatment of complex maxillary defects. As compared to the current gold standard of autologous tissue transfer, this patient’s benefits included decreased donor site morbidity and improved oral rehabilitation. Bone resorption of the construct at the ectopic prefabrication site still needs to be further addressed to preserve the designed graft size and shape.




Keywords: complex 3D bone defect, vascularized composite graft, bone–soft tissue interface, regenerative surgery, graft prefabrication



Introduction

Reconstruction of large bone defects in the maxillofacial region, typically relying on autologous vascularized bone grafts or synthetic biocompatible materials, remains a clinical challenge. Apart from reconstructing the hard and soft tissues, the masticatory rehabilitation of the patient by conventional (removable) or implant-supported prostheses needs to be addressed. Autologous bone grafting is associated with limited availability, significant donor site morbidity, and restrained or even impossible oral rehabilitation. Synthetic materials represent only a temporary solution, not only because of frequency of infections but also due to limited integration and thus inadequate separation of oral and nasal cavities (1–3).

The potential for de novo bone formation of cells from the stromal vascular fraction (SVF) of adipose tissue, even if not cultured or primed in vitro, has been shown in preclinical and clinical models, if implanted orthotopically (4) or exposed to low doses of bone morphogenetic protein (BMP)-2 (5, 6). Moreover, efficient vascularization of critically sized, SVF-based bone grafts was achieved in a rodent model by the insertion of arteriovenous (AV) bundles (7, 8) by analogy with typical microsurgical techniques (9, 10).

Here we describe the pioneering clinical implementation of an ectopically prefabricated (i.e., including a vascular pedicle for transfer) and prelaminated (i.e., multilayer composite including a soft tissue interface) (11) flap as osteogenic and vasculogenic graft for hemimaxillary reconstruction in a patient with Cordeiro type IIIa maxillectomy. The implant was first constructed in a latissimus dorsi muscle flap by combining a custom-shaped scaffold with autologous SVF cells, BMP-2, and an AV bundle. The resulting prevascularized composite graft was then transferred to the maxilla defect with the ultimate goal to durably restore midface symmetry, separate naso- and oropharyngeal spaces, allow physiological swallowing, and establish airway function.



Materials and Methods

In this study, we report the case of a 39-year-old female patient diagnosed with an ameloblastic carcinoma of the left maxilla in September 2010. She underwent subsequent hemimaxillectomy in October 2010, which resulted in a Cordeiro type IIIa (total maxillectomy defect sparing the orbital contents) (12, 13), Okay Type II (14), Brown Type 3 (15) maxillectomy defect. The defect was replaced with a palatal obturator prosthesis (Figures 1A–C), which gave an unsatisfactory functional result. The orbital floor has been reconstructed with a titanium mesh (Synthes) during primary ameloblastoma resection. The patient suffered from recurrent infections and had problems drinking water due to insufficient separation of the oral and nasal cavity. After a 5-year cancer-free follow-up, the patient needed adequate and long-term surgical reconstruction of the left maxilla. The complexity of the patient’s three-dimensional composite defect, in combination with her young age and her desire to bypass morbidity and limited effectiveness of a free vascularized autologous bone graft (e.g., fibula, scapula or the iliac crest), prompted for the implementation of an innovative strategy. The patient had no other relevant comorbidities. This case study conforms with the Declaration of Helsinki. It was approved by the national competent authority, Swissmedic, under exceptional permission (SBH 16-0172) and by the competent ethical committee (EKNZ), with the patient’s written informed consent.




Figure 1 | Midface defect, immediate temporary reconstruction, and two-step patient specific planning. (A) Intraoperative aspect of exposed ameloblastic carcinoma of the left hemimaxilla prior to resection. (B) Left hemimaxillectomy specimen with preservation of midface soft tissue and missing inner nasal lining (mucosa). (C) Intraoperative situation after PEEK implantation with obturator prosthesis. (D) Ectopic prevascularization by surgical insertion of an arteriovenous (AV) bundle (serratus branch of the thoracodorsal vessel) and wrapping of the construct into a split latissimus muscle. (E) CAD-CAM reconstruction on the patients CT scan showing the customized Tutoplast® scaffold with the tunnel planned for the serratus AV bundle and its branching after implantation.



The patient’s treatment consisted of a two-step reconstructive plan, namely, an ectopic implant prefabrication (Figure 1D), followed by its orthotopic transfer (Figure 1E). A three-dimensional scaffold was manufactured, based on the patient’s computed tomography (CT) data of the defect site and contralateral side by computer-aided design and computer-aided manufacturing (CAD-CAM) techniques. As scaffolding material, allogenic and decellularized cancellous bone (Tutoplast®, Tutogen Medical, Neunkirchen, Germany) with a porosity of approximately 60% was used. The scaffold, with a total volume of 27.6 cm3, was designed as a set of four pieces, which could be intraoperatively assembled and fixed with preheated absorbable pins, leaving space for a central tunnel to allow for the intraoperative insertion of an AV bundle (Figure 1E, Figure 2B).




Figure 2 | Graft prefabrication and histological analysis (bone biopsy at moment of transfer at week 32) and volume assessment over time. (A) 3D scaffold of devitalized bone manufactured to match the patient’s defect size and shape and seeded with SVF cells and BMP-2. (B) Ectopic implantation with serratus AV bundle. (C, D) Construct with vascular pedicle before and after being wrapped in split latissimus muscle. (E, F) High magnification of representative figures of bone biopsy after staining with Masson Trichrome. The Tutoplast® scaffold is characterized by purple staining, representing mature bone and cellular lacunae (white arrowheads), showing devitalized bone tissue. Newly formed bone tissue, represented by light green color, is deposited on the Tutoplast® scaffold and contains nuclei (pink arrowheads). The yellow dashed line delineates the original scaffold material and apposition of newly formed bone. A vessel (red circle) demonstrates that the scaffold is vascularized. (G) Overview figure shows appositional bone growth on the Tutoplast® scaffold (asterisk). Osteocytes (arrows) are visible in the newly formed bone. The proportion of scaffold vs. new bone formation is close to 50:50. A blood vessel is present within the newly formed bone (yellow circle). Osteoclasts (full arrowheads) fringe the Tutoplast® scaffold (asterisks), which shows clear signs of degradation at site of interaction. There is no major osteoclast infiltration at the level of the newly formed apposed bone and no sign of degradation visible. (H) CT-reconstruction and volume calculation show volume decrease over time.



All surgeries were performed under general anesthesia. To collect stromal vascular fraction (SVF) cells, a hand-assisted abdominal liposuction was performed and a final volume of 320 ml of sedimented fat was harvested. SVF cells were intraoperatively isolated with an automated device (Celution 800/CRS System, Cytori Therapeutics Inc., UK) and counted with a NucleoCounter NC-200™ (ChemoMetec, Denmark), leading to a total number of 106 × 106 cells with a viability of 76.8 +/- 3.2%. After assembling the four Tutoplast pieces with pins, the scaffold was cellularized by gentle loading of 105 × 106 SVF cells, resuspended in 8.5 ml of fibrin gel (Tisseel®, Baxter, AT) in the presence of 60 µg/ml recombinant human bone morphogenetic protein-2 (BMP-2, Infuse®, Medtronic, CH) (Figure 2A). Following SVF cell seeding, a distally ligated arteriovenous (AV) bundle (serratus branch of the thoracodorsal vessels) was surgically inserted in the central scaffold tunnel for axial prevascularization (Figure 2B). The whole construct was wrapped in a split latissimus dorsi muscle flap and placed under the patient’s left breast (Figures 2C, D). Total surgery time was 6 h and 30 min, while flap raise including vessel dissection and ectopic construct preparation (fixation of the scaffold parts, SVF isolation, seeding of the scaffold) was performed simultaneously.

Vascularization of the construct was analyzed by perfusion magnetic resonance imaging (MRI) after 1 and 6 weeks. Bone metabolism inside the construct was assessed with single-photon emission computed tomography (SPECT) after 6 weeks.

After 8 months and proven neovascularization with manifest bone metabolism as seen on the SPECT scan, the composite graft was harvested and positioned into the recipient site, while a punch biopsy (4 × 5 mm) was taken from the central volume for histological analysis. The thoracodorsal vessels were dissected free, cut, and anastomosed in an end-to-end fashion to the left facial artery and vein. Graft vascularization after transfer was intraoperatively assessed by fluorescent indo cyanine green (ICG) visualization (VisionSense, Philadelphia). The donor site was then settled by primary closure. Postoperative monitoring at the intensive care unit (ICU) was uneventful. Total surgery time was 8 h 18 min. The patient was hospitalized for 7 days. Suction drains at the donor site were removed on the third postoperative day. Antibiotic therapy with amoxicillin/clavulanic acid for a total of 5 days was administered perioperatively.

Regular follow-up appointments were scheduled at 2 and 6 weeks as well as 3, 6, and 12 months post-reconstruction. Final imaging by CT scan and logopedic evaluation to assess speech and swallowing function were conducted 24 months after orthotopic transfer.



Results


Ectopic Implant Prefabrication

The patient had an uneventful course after ectopic graft placement in December 2016, without intraoperative complications such as major bleeding or pedicle damage. The patient did not report any implant-related discomfort, and neither hematoma nor infection was noted.

Vascularization of the construct was assessed during ectopic graft development after 1 week (Figure 3A) and 6 weeks (Figure 3B) by dynamic contrast-enhanced MR perfusion imaging. The AV bundle proved to be patent, providing intrinsic perfusion to the construct. The latissimus dorsi muscle wrap was viable, with a perfusion pattern comparable or superior to the subscapularis muscle, chosen as a reference for physiological perfusion in this anatomic region. At both time points, the subscapularis muscle, the latissimus muscle, and the AV bundle showed a normal, steadily increasing perfusion over time. When focusing on the engineered construct, no signal increase after injection of the contrast agent was observed after 1 week, whereas a steep increase in signal intensity was visible after 6 weeks, demonstrating functional internal vascularization.




Figure 3 | Longitudinal assessment of vascularization and bone formation. Transversal images of a golden-angle radial sparse parallel (GRASP) MRI showing the perfusion of the engineered construct adjacent to the left ribcage over time as well as corresponding signal-time curves at 1 week (A) and at 6 weeks (B). The Maxilla construct is highlighted by white rectangles. Signal intensity in relation to t = 0 (injection of contrast agent) on the Y-axis, time in seconds on the X-axis. Violet region of interest (ROI) located in the construct, blue ROI located in the left M. subscapularis in situ and yellow ROI encompassing the AV bundle. Orange ROI indicates M. latissimus dorsi flap covering the construct. M. subscapularis was used as a reference for physiological vascularization in this area. Planar images (C) and SPECT and SPECT/CT images (D) after 6 weeks of the bone scintigraphy, showing strong DPD uptake in the construct, indicating bone turnover and vitality of the construct. In a region-of-interest (ROI) analysis of the maxilla construct at its largest diameter in comparison to the sternum (as a bone with similar structure/size). (E) VRT (volume rendering technique) from the SPECT illustrates the location of the prefabricated construct.



Bone metabolism of the construct was assessed after 6 weeks by SPECT/CT (Figures 3C–E). Active 3,3-diphosphono-1,2-propanodicarboxylic acid (DPD) uptake in the construct revealed traits of viable bone tissue (maximum counts: 112), in the range between the sternal bone (maximum counts: 95) and the highly compact thoracic vertebral body (maximum counts: 154), used as reference structures of similar size and position (Figures 3C, D). Bone biopsy at the phase of construct transfer, 32 weeks after ectopic implantation, morphologically confirmed de novo bone formation (Figures 2E–G). Masson Trichrome staining showed a clear distinction between the Tutoplast® scaffold material, consisting of devitalized bone, and newly deposited bone matrix. The latter was less dense and less mature, as shown by the green color and reduced lamellar structure. The deposited bone contained stained cell nuclei as sign of living tissue, clearly distinguishable from the devitalized bone of the scaffold, where cells were visible as empty lacunae. Vascularization of the construct was histologically verified by piercing vessels in the scaffold material (Figures 2F, G). Osteoclasts were found around the Tutoplast® scaffold, which displayed morphological signs of active resorption. Within the newly formed, apposed bone, there was no major osteoclast infiltration and no signs of degradation. Quantitative histomorphometry of the biopsy specimen indicated an average of 30.2% (SD = 10.3) of newly formed bone over the total bone area.

Mineralized tissue volume in the construct was assessed by CT scan at 3, 6, and 9 months postoperatively (Figure 2H). Progressive resorption of the mineralized mass was observed, down to 43%, 24%, and 9% of the initial scaffold volume.



Orthotopic Transplantation

After 32 weeks, despite advanced resorption, the ectopically engineered composite graft was transferred into the maxillary defect. It was anastomosed to the facial artery and external jugular vein as a free tissue transfer (Figures 4A, B). The graft was augmented with calvarial bone struts from the patient’s left parietal region in order to compensate for the loss of bone volume from the initial design. The postoperative course was uneventful. After one night in the ICU, the patient was transferred to the general ward and dismissed after 7 days. Wound healing and flap integration were satisfactory.




Figure 4 | Orthotopic graft transfer and follow-up imaging. Free tissue transfer of the engineered bone-soft tissue composite was performed 9 months after the first step of prefabrication. (A) Harvesting of the composite graft, consisting of wrapped latissimus dorsi muscle and the engineered vital bone germ and the AV-bundle. (B) Transfacial incision. Exposure of the defect after removal of PEEK implant. (C, D) Tabula externa (white arrows) struts served as a substitute for missing bone parts in order to reconstruct the infraorbital rim. (E) 3D rendering with symmetric soft tissue coverage. Follow-up CT-imaging 24 months after the orthotopic transfer of the graft from (F) coronary, (G) sagittal, and (H) transverse views. The arrows point to the reconstructed bone tissue present after 24 months.



After additional 24 months, oral rehabilitation was evaluated with a clinical assessment of the swallowing and speech function as well as a palatogram and myometric measurement of the lips, tongue, masseter muscle, and mentalis muscle by a speech therapist. The patient yielded a near-to-normal oropharyngeal function with normal speech. She was able to eat an unrestricted diet, presented no ectropion, enophthalmos, or diplopia corresponding to normal globe position and function. No microstomy was observed, and oral competence was restored including normal tongue movement, mouth opening, and oral and lip sensation (Table 1). Although the patient reported increased trapezius and suboccipital muscle tonicity and slight drooling on the left side, facial symmetry was achieved with aesthetic satisfaction, based on self- and clinical assessment. The CT scan 24 months after orthotropic transfer showed a resorption of the construct with a remaining bone core (Figures 4C–H).


Table 1 | Comparison of the functional outcome between standard of care with autologous tissue transfer and experimental procedure.



Symmetry and subjective aesthetic outcome were assessed after reconstruction (Figure 5).




Figure 5 | Photographic documentation after reconstruction shows symmetrical and aesthetically pleasing result.






Discussion

This case describes the unique combination of bone tissue engineering, ectopic prefabrication, and microvascular free-flap strategies for the reconstruction of a highly complex defect of the left hemimaxilla in a young female patient. With this concept, we were able to create a prefabricated, composite maxilla substitute providing both bone and a soft tissue interface, thus avoiding the use of a non-autologous structural support material, such as a titanium cage, and the morbidity associated with autologous vascularized bone tissue transfer.

It is known that midface defects, especially of the maxilla, can have a substantial functional impact. Conventional reconstructive options, including freely transferred or local tissue flaps, typically fail to provide a sufficient anatomical and functional coverage for defects involving the hard and soft palate, as well as the orbital floor (19, 20). This leads to inadequate mastication, food processing, and lack of separation between the oral and nasal cavities. Traditionally, combinations of non-vascularized bone grafts with myocutaneous free flaps as well as free osteomyocutaneous flaps have been used for the coverage of these defects, all of them with specific advantages and disadvantages. Several chimeric free flaps have been described from the fibula or scapula with skin island. Extensive defects involving the palate and orbital floor, as in the patient described, have a better functional outcome and quality of life if reconstructed with free flaps, compared to prostheses. Still, this is a valuable option in mild to moderate-sized palatal defects or in elderly, multimorbid patients (21, 22). Free flaps in general inherently cause a donor site defect and associated complications. In free fibula bone flaps, which are often used in maxillofacial reconstruction, perioperative donor site complications occur in about one-third of cases and long-term morbidities of 17% have been described, including leg weakness, ankle instability, hallux contracture, and decreased ankle mobility (23). Other osteocutaneous flaps, such as the iliac crest flap, can lead to a sensory deficit (up to 27%), chronic pain (8%-26%) (24, 25), or impaired gait and reduced range of hip motion (25%) (26). For the radial forearm osteocutaneous flap, wound breakdown with tendon exposure is known to occur in 5%-46% (27, 28), whereas fracture of the residual radius occurs in 0%-18% (28–30) and chronic pain in 16.7% (31).

To avoid harvesting large amounts of autologous bone tissue, we decided to combine strategies of tissue engineering with approaches of plastic and reconstructive surgery, implementing a “regenerative surgery” paradigm (32). The bone-forming capacity of the engineered graft was based on three traditional osteogenic principles (33), namely, (i) osteoconduction, provided by the allogenic, devitalized scaffolding material, (ii) osteogenesis, through the patient’s own osteoprogenitor cells derived from the intraoperatively gained adipose stromal vascular fraction (SVF), and (iii) osteoinduction, through the delivery of BMP-2. The intraoperative tissue engineering approach was substantiated by previous preclinical and clinical studies (4, 5) and bypassed complex, time-consuming and costly in vitro cell culture. The engineered graft, ectopically prefabricated with an associated AV bundle, achieved efficient vascularization and bone formation within a confined space. Moreover, its composite nature, including an interface with soft tissues, enabled to restore the patient’s anatomical and functional deficit, to provide support to the eye globe, to obliterate the communication between the orbit and the nasopharynx, and to reconstruct the palatal surface.

Table 1 shows in detail the clinical advantages of the developed technique as compared to the expected outcome following the standard of care described by Moreno (17), Cordeiro (16), or Sweeney (18). Moreover, in contrast to previously described cases of tissue engineering-based mandibular defect reconstructions, we were able to avoid foreign material (titanium cage), as used by Warnke et al. and Wiltfang et al. (34, 35). By doing so, we avoided not only the postoperative risk of developing an implant-associated infection which, for titanium implants, is reported to be around 7% but also the life-long risk of later hematogenous infection of the implant (36) and the so-called foreign body reactions, where the implant is encapsulated and cannot be integrated with the surrounding tissue (37).

In contrast to previous studies, we used SVF cells from adipose tissue instead of bone-marrow mesenchymal stromal cells (BM-MSC). Adipose stromal cells have recently emerged as a viable source for clinical applications, because of their abundance and easy access. When compared to BM-MSC, SVF cells do require an osteogenic priming, here offered by the BMP2 delivery, but display higher resistance to hypoxia-induced apoptosis and oxidative stress-induced senescence and have more potent proangiogenic activity (38–41).

The main limitation of the developed procedure was a significant resorption of the original scaffold material during the construct prefabrication, so that a sufficient bone stock could not be maintained for dental implants, representing the ultimate solution for mastication and phonation. One possible explanation for the observed resorption might be due to an effect of the supplied BMP-2. Besides their osteoinductive properties, BMPs are known to invoke a seemingly dose-dependent allograft resorption mediated by osteoclasts. Pradhan et al. reported that BMP-2 treatment of a bone graft might cause a higher non-union rate compared with non-treatment, which was attributed to an aggressive bone-resorptive phase prior to osteoinduction (42). Similarly, Vaidya et al. showed that BMP-2-treated bone grafts for spinal fusion lost their original height and structure, likely due to activated bone resorption (43). In addition, Seeherman et al. recently reported that treatment with BMP-2 in a primate bone defect model increased the size of the defect and the number of osteoclasts, so that the expected bone formation was preceded by bone resorption (44). These clinical studies are consistent with experimental evidences that BMP-2 and BMP-7 may reduce bone size by directly or indirectly activating osteoclasts (45). Other possible explanations for the bone resorption observed in the present case could be related to the missing mechanical load during the ectopic prefabrication phase (46) or to the biological influence of the muscle tissue in direct contact with the construct. In fact, it was reported that in calcium sulfate/apatite bone substitutes with direct contact to muscle, the calcium sulfate phase was resorbed after 6 weeks and the hydroxyapatite content decreased significantly over time (47).

Further studies are therefore required to identify the underlying cause of bone resorption and to possibly counteract it. For example, combined anti-resorptive therapies, such as bisphosphonates, have been preclinically validated in a variety of bone repair models, especially to reduce BMP catabolic effects (48–51), and may be considered in future developments. More bone mass would allow the patient to receive tooth implants after the primary procedure and without need of additional bone transfer to the defect site.

Despite this limitation, the engineered graft and its surgical implementation achieved a separation between the oral and nasal cavities in the setting of a critical maxilla defect and provided structural support to the orbital floor. This was of substantial benefit to the patient, without drawbacks of free vascularized autologous bone grafting procedures or foreign body implantation. The clinical case thus represents a proof of principle for a “regenerative surgery”-based prefabrication concept and warrants consideration for reconstruction of complex composite defects in functionally and aesthetically highly demanding areas.
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Background

A surgical margin is the apparently healthy tissue around a tumor which has been removed. In oral cavity carcinoma, a negative margin is considered ≥ 5 mm, a close margin between 1 and 5 mm, and a positive margin ≤ 1 mm. Currently, the intraoperative surgical margin status is based on the visual inspection and tissue palpation by the surgeon and intraoperative histopathological assessment of the resection margins by frozen section analysis (FSA). FSA technique is limited and susceptible to sampling errors. Definitive information on the deep resection margins requires postoperative histopathological analysis.



Methods

We described a novel approach for the assessment of intraoperative surgical margins by examining a surgical specimen oriented through a 3D-printed specific patient tongue with real-time Magnetic Resonance Imaging (MRI). We reported the preliminary results of a case series of 10 patients, prospectively enrolled, with oral tongue carcinoma who underwent surgery between February 2020 and April 2021. Two radiologists with 5 and 10 years of experience, respectively, in Head and Neck radiology in consensus evaluated specimen MRI and measured the distance between the tumor and the specimen surface. We performed intraoperative bedside FSA. To compare the performance of bedside FSA and MRI in predicting definitive margin status we computed the weighted sensitivity (SE), specificity (SP), accuracy (ACC), area under the ROC curve (AUC), F1-score, Positive Predictive Value (PPV), and Negative Predictive Value (NPV). To express the concordance between FSA and ex-vivo MRI we reported the jaccard index.



Results

Intraoperative bedside FSA showed SE of 90%, SP of 100%, F1 of 95%, ACC of 0.9%, PPV of 100%, NPV (not a number), and jaccard of 90%, and ex-vivo MRI showed SE of 100%, SP of 100%, F1 of 100%, ACC of 100%, PPV of 100%, NPV of 100%, and jaccard of 100%. These results needed to be validated in a larger sample size of 21- 44 patients.



Conclusion

The presented method allows a more accurate evaluation of surgical margin status, and the first clinical experiences underline the high potential of integrating FSA with ex-vivo MRI of the fresh surgical specimen.
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Introduction

A surgical margin is the apparently healthy tissue around a tumor that has been surgically removed. Most commonly, in oral cavity carcinoma, a margin larger than or equal to 5 mm is considered as “negative”, a margin between 1 and 5 mm as “close”, and a margin less than 1 mm as “positive” (1, 2). Radicality and negative margin status represent the most successful outcome in oral cancer surgery. Close or positive margins require re-resection or adjuvant (chemo)radiotherapy contributing to costs, morbidity, and reduced quality of life of the patients who have to undergo these treatments. Mitchell et al. (3) showed that in oral carcinoma five-year survival was 81%, 75%, and 54% for clear, close, and involved margins, respectively, which highlights the importance of clear margins.

Currently, the intraoperative surgical margin status is based on the visual inspection and tissue palpation by the surgeon during surgery and intraoperative histopathological assessment of the resection margins by frozen section analysis (FSA). FSA technique is limited and susceptible to sampling errors (4, 5). Definitive information on the deep resection margins requires postoperative histopathological analysis.

The margin revision of initially positive margins to ‘‘clear’’ based on FSA guidance does not equate to an initially negative margin and does not significantly improve local control. Prospective studies should determine what system of resected specimen analysis best predicts completeness of resection (6).

Real-time Magnetic Resonance Imaging (MRI) on surgical specimen has been used in a few previous studies (7, 8). In particular, Heidkamp et al. (8) showed a positive predictive value (PPV) and negative predictive value (NPV) for Oral Squamous Cell Carcinoma (OSCC) localization of 87-96% and 75-79%, respectively, and a PPV and NPV for identification of margins <5 mm of 5-38% and 87-91%.

When studying correlations between imaging and histological data, the different spatial resolution of the two methods can increase bias, and the evaluation of the piece of the organ as opposed to the whole organ without orientation references could be challenging for the pathologist. The introduction of a 3D-printed anatomic model of the tongue of the patient, obtained from staging MRI for surgical specimen orientation, reproducing the anatomic context from which the specimen has been excised could improve surgeon, pathologist, and radiologist communication in the assessment of margins.

The employment of MRI to examine the surgical specimen oriented through the 3D model could allow for a better macroscopic radial margin evaluation and measurement of the distance to all margins, avoiding sampling errors of FSA.

The purpose of this paper was to report the preliminary results of the diagnostic accuracy of FSA and MRI in evaluating intraoperative surgical margins in oral tongue carcinoma, by examining the surgical specimen oriented through the 3D-printed specific patient tongue model.



Materials and Equipment

We described the steps of the process in a sequential workflow, diagrammed in a flow chart (Figure 1), to clarify how these steps have been executed.




Figure 1 | This figure shows pre-operative, intra-operative and post-operative steps of the study workflow.




Pre-Operative Workflow: Design and Implementation of 3D Printed-Tongue Model

We obtained a 3D-printed model of the patient’s tongue on which the area which should have been resected has been reproduced. We implemented the model by the 3D post-contrast fat suppressed gradient-echo T1weighted sequence (VIBE) of staging MRI examinations on a 1.5T MRI System (Magnetom Aera, Siemens Healthineers, Erlangen, Germany) using a phased array surface coil. 3D post-contrast anonymized images demonstrating a good contrast between the tumor and the tongue parenchyma were selected and transferred into ITK-SNAP, a software application used to segment structures in 3D medical images (http://www.itksnap.org/pmwiki/pmwiki.php). The tongue tumor and tongue parenchyma were segmented as separate anatomical regions of interest (ROIs). For all ROIs, both threshold and manual editing were performed to ensure that only the anatomy of interest would be selected. Each ROI was converted to a separate 3D object and combined into a 3D virtual model. The segmentation data, in DICOM format, were converted to STL format so that the 3D printer could recognize them. Surgeons and radiologists segmented tongue tumor, and a 3D virtual model (Figure 2) of the tongue with the pathological area was printed by a 3D printer (VERVE, Kentstrapper, Florence Italy).




Figure 2 | Lateral view of the 3D-printed model shows the protuted tongue (inside the dotted line), the floor of the mouth (outside the dotted line), and the tumor in red.





Intraoperative Workflow: Intraoperative FSA and Ex Vivo-MRI of Surgical Specimen Oriented on a 3D Printed-Tongue Model

The surgeon determined the intended boundaries of resection and, following resection, sampled the tumor bed to establish intraoperative margin status. The positive margins at FSA have been radicalized. While maintained at the operating room, fresh specimens were fixed on the 3D-printed model for the correct orientation of the resected surgical specimen (Figures 3, 4). The specimen was immersed in perfluoropolyether (Galden, Solvay Solexis, Thorofare, New Jersey) to eliminate magnetic susceptibility artifacts arising from the air tissue transition (7).The specimen oriented on the 3D model was placed on an MRI phantom with a reference placed on the tumor. A four channel phased array surface carotid coil (Magnetom Aera, Siemens, Erlangen, Germany) was mounted underneath and on top of the 3D model which was positioned in a 1.5 T clinical MRI system (Magnetom Aera, Siemens, Erlangen, Germany). Axial, Coronal, Sagittal T2‐weighted (T2W) turbo spin echo (TSE) sequences (using Field of View (FoV) read 130 mm, FoV phase 100.0%, slice thickness 3.0 mm, TR 3430.0 ms, TE 92.0 ms, Averages 3) and Diffusion weighted spin‐echo echo planar images (using FoV read 140 mm, FoV phase 100.0%, slice thickness 3.0 mm, TR 3500 ms,TE 55.0 ms) were acquired. Apparent diffusion coefficient (ADC) maps were calculated based on acquired b values of 50, 500, and1000  s/mm2 using the standard post processing available on the MRI system.




Figure 3 | Superior (A) and Lateral (B) views of surgical specimen of a left hemiglossectomy oriented on a 3D-printed model of the protuted tongue and the floor of the mouth obtained from the staging MRI of the patient.






Figure 4 | Dissection of the specimen into 3–5 mm slices (A, B) parallel to MRI planes to evaluate the distance from the tumour to the surface of the specimen.





Post-Operative Workflow: Specimen Sampling

Following MRI acquisition, surgical specimen oriented on the 3D-printed tongue model was transported to the pathology laboratory for formalin fixation. Next, the specimen oriented on the 3D model was completely cut up into 4 mm thick slices parallel to the coronal plane of MRI evaluation (Figure 4) and whole-mount paraffin was embedded to evaluate the macroscopic depth of invasion of the tumor and the radial distance of the tumor to all of the margins. In addition to this, the radial margin at the periphery has been submitted. The serial slices of the specimen were sequentially laid out, numbered, and photographed.




Methods


Study Design and Patients

This was a pilot observational prospective mono-institutional cohort study including all consecutive adult patients with a histological diagnosis of OSCC who underwent a primary surgical treatment of lingual resection (hemiglossectomy or partial glossectomy) between February 2020 and April 2021. We prospectively included all the cases with an intraoperative margin status evaluation by FSA and ex-vivo MRI. Institutional review board approval and informed consent for all the patients enrolled were obtained.



Qualitative and Quantitative Analysis of Ex-Vivo MRI

The mean time duration of Ex-vivo MRI examination was 22.7 minutes (range 16-40 minutes).

For the qualitative analysis, two radiologists (CG and LB, dedicated head and neck radiologists with respectively 5 and more than 20 years experience), in consensus, evaluated the image quality of the acquired MRI series, enabling visualization of even small structures.

They, blinded to histological results, radially measured the distance (in millimeters) from all the margins to the tumor (Figure 5).




Figure 5 | Coronal, sagittal, and axial T2 TSE MRI sequences of the surgical specimen oriented on a 3D-printed model. Multiplanar MRI sequences show the tumor (T) and its macroscopic radial distance (dotted line) from the surface of the specimen in all the planes.



To differentiate tumor from edema they calculated ADC values within ROI drawn on the tumor and surrounding tissue.

They considered a margin clear if > 5mm, close if =1–5 mm, and involved if <1 mm.

The patients were stratified into three groups depending on the analysis of their margins. The three groups were negative, close, and involved.



Reference Standard: Radio-Pathological Correlation

A dedicated head and neck pathologist with more than of ten years of experience (BF) without knowledge of the MRI results annotated tumor location and measured the distance from the tumor to the margins, which was considered the gold standard.

The serial coronal slices were correlated with the T2 coronal sequences of ex-vivo MRI of specimen oriented on the 3D-printed tongue model (Figures 1, 4).

The patients were stratified into three groups depending on the final analysis of their margins on the specimen. The three groups were negative, close, and involved.



Statistical Analysis


Diagnostic Accuracy

To compare the performance of the initial bedside FSA and ex-vivo MRI in predicting definitive negative, close, and involved margins we computed the weighted sensitivity(SE), specificity(SP), accuracy(ACC), area under the ROC curve (AUC), F1-score, Positive Predictive Value (PPV), and Negative Predictive Value (NPV), where the weights are proportional to the cardinality of each class.

In addition to this, to express the concordance between FSA and ex-vivo MRI, we reported the jaccard index, computed as the number of equal classifications, divided by the number of total samples. Final pathological diagnosis was the gold standard.



Intended Sample Size for Conclusive Results

In a study published in the literature (6), 640 consecutive patients over an 11-year period with at least five years’ follow up were studied. A total of 213 patients (33%) had resection margins that were clear (5 mm or more), 314 (49%) were close (1 - 4.9 mm), and 113 (18%) were involved (0 - 0.9 mm). The required sample size was determined in order to detect a significant difference with an accuracy 0.2-0.3 times greater than 0.50 (which practically corresponds to a random classifier) with a power of 0.90. Assuming equal variance, a total of 21-44 patients should be enrolled to report conclusive results.





Results


Participants

We enrolled 10 patients (6 females and 4 males with a median age 53.1 years, range 30-89) with a histological diagnosis of squamous cell carcinoma of the oral cavity (OSCC) who underwent surgery (5 hemiglossectomies and 5 partial glossectomies) for oral tongue squamous carcinoma between February and April 2021. The definitive margin status was negative in nine cases and positive in one case. In ex-vivo MRI, margin status was negative in nine cases and positive in one case (revision was not performed in this case because FSA was negative). The final pathological T status was T1 in one case, T2 in seven cases, and T3 in two cases. In the 10 cases, the mean maximum diameter of the tumor at the final histological diagnosis was 22.3 (range 10-37 mm). The average time taken for each MRI examination was 24.7 minutes (range 16-38 minutes). The T2 series of MRI was therefore the series that was matched to histology and was subsequently annotated.



Preliminary Results

MRI succeeded in margin prediction in all the cases, and FSA failed in one case.

In this group of patients initial bedside FSA showed SE of 90%, SP of 100%, F1 of 95%, ACC of 90%, PPV of 100%, NPV (not a number), and jaccard of 90%, and ex-vivo MRI showed SE of 100%, SP of 100%, F1 of 100%, ACC of 100%, PPV of 100%, NPV of 100%, and jaccard of 100%.

These results needed to be validated in a larger sample size of 21- 44 patients.




Discussion

Intraoperative assessment of the resection margins can provide valuable information, enabling additive resection to obtain negative margin status. Despite this, the clinical value and the method of assessing the intraoperative margin are not well defined (5, 9, 10). Many factors influence the evaluation of surgical margins, making it more or less adequate; these include the sampling of the margins (from the block sample compared to the surgical defect alone), the ability and methods used to determine the distance to margins, the communication between the surgeon and the pathologist involving the specimen, orientation and areas of concern, and the subsite in the head and neck (11).

Several techniques aiming for intraoperative assessment of surgical margins in oral cavity/tongue squamous cell carcinoma have been investigated. These include elastic scattering spectroscopy (12) fluorescence (13–15), hyperspectral imaging (16), optical coherence tomography (17), spectroscopy (18), ultrasound (19, 20) and intraoperative slicing of the whole specimen by the pathologist (21). Only MRI, ultrasound, and intraoperative slicing of the whole specimen by the pathologist can allow sampling of the entire specimen and/or probing depth of the lesion.

With our study, we have found it helpful to report and demonstrate to our surgical team the gross distance to all margins by using the intraoperative ex- vivo MRI, and to improve surgeon and pathologist communication by introducing a 3D-printed tongue model to allow pathologists to understand specimen orientation and to learn what margins will be revised based on gross impression.

To our knowledge this is the first study in which a surgeon provided orientation of the specimen on the 3D-printed model of the tongue with the reproduced bed of resection. Generally, the surgeon provides orientation by designating one or two points on the specimen.

The specimen orientation on the 3D-printed model from patient MRI facilitates review and correlation.

By maintaining the orientation of the specimen, the pathologist is facilitated in noting the distance of the tumor from each margin and in communicating the site of positive and close margins to the submitting surgeon.

While most surgeons sample margins only from the surgical bed without margin assessment from the resection specimen, as demonstrated by a survey of American Head and Neck Society members (22), we introduced ex-vivo MRI to outcome the limit of the lack of a true measurement of the distance of the invasive tumor from the resection margin. According to FSA, a margin can only be determined as positive or negative and the margin presented separately can be thin <5 mm in thickness. Additionally, without a defined margin orientation it is not clear how the separately submitted margins reflect the true areas of the en block specimen that are noted to be close or positive. In our preliminary experience, ex vivo MRI was more accurate than intraoperative FSA in predicting margin status.

The results of a previous study (7) showed high specificity and low sensitivity of MRI in identifying margins less than 5 mm. According to these results, ex-vivo MRI assessment of the pathologic en bloc specimen could direct intra-operative defect-derived FSA margin assessment and margin revision, determining the closest margins on gross assessment and requiring separately submitted tissues of correct size to have negative margins. The orientation of the specimen on the 3D model could allow a better match between the separately submitted margins and the true areas of the en bloc specimen that are noted to be close or positive. This could be because the revised margin is not taken from the correct location (23).

Some limitations of our study should be discussed. First, the sample size was small and heterogeneous. Our cohort contained a broad range of cases with various T classifications. Furthermore, a relatively small proportion of the margins were less than 5 mm. As established in our statistical analysis on intended sample size, our preliminary results should be validated in a larger cohort of patients.

The limitation of ex- vivo MRI could be the lack of identification of microscopic tissue changes. Conventional MRI could not eneable thin differentiations between tumor and surrounding tissue in the presence of edema. Diffusion weighted imaging (DWI) can be used to evaluate the rate of microscopic water diffusion within tissues. DWI may be measured by means of apparent diffusion coefficient (ADC). Areas of decreased ADC values within tumors could be used as a powerful imaging biomarker of cancer (24, 25).

Tumor shrinkage after formalin fixation could lead to an underestimation of tumor margins (26). This could be demonstrated by performing ex-vivo MRI of the specimen after formalin fixation. We performed MRI after formalin fixation in one case but the changes of the signal intensity of the specimen did not allow us to evaluate the effect of shrinkage.

Other limitations were the inexperience of the MRI readers, who had experience with in vivo applications of MRI but not in ex-vivo MRI of tongue resection specimens, and the fact that only one pathologist evaluated histopathology.

Ex-vivo MRI is a costly and time consuming process. It requires the use of MRI equipment, subtracting time for performing diagnostic tests. It also requires excellent communication and coordination between surgeons, operating room staff, pathologists, and radiologists to avoid additional operating time. Considering that the operating times for these types of complex resections and reconstructions, with the maximum operating time of 160 minutes in which flap reconstruction was not required and 700 minutes of microvascular reconstruction, MRI does not unreasonably lengthen the time in the operating room (21). This intervention has the potential to both reduce rates of close pathological margins and the need for postoperative radiotherapy, as shown in our preliminary experience with the detection of positive margins not detected by intraoperative FSA.

In conclusion, considering the staffing and expensive nature of integrating FSA with ex-vivo MRI of the fresh specimen for evaluation on macroscopic proximity of the tumor to the margins of resection, this intervention can be performed with some planning and coordination between the radiologists, pathologists, and surgeons in a selected subset of patients most likely to benefit by avoiding adjuvant radiotherapy. Finally, we would recommend consideration of intraoperative MRI tumor margin assessment for selected cases potentially be cured with surgery alone, i.e. T1/T2N0 tumor.
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Purpose of the Study

Patients undergoing ablative tumor surgery of the midface are faced with functional and esthetic issues. Various reconstructive strategies, such as implant-borne obturator prostheses or microvascular tissue transfer, are currently available for dental rehabilitation. The present study shows the first follow-up of patients treated with patient-specific implants (IPS Implants® Preprosthetic) for the rehabilitation of extended maxillary defects following ablative surgery.



Patients and Methods

All patients treated with patient specific implants due to postablative maxillary defects were included. 20 implants were placed in the 19 patients (bilateral implants were placed in one of the cases). In 65.75% of the cases, resection was performed due to squamous cell carcinoma. In addition to the primary stability, the clinical implant stability, soft tissue management, successful prosthodontic restoration, and complications were evaluated at a mean follow-up period of 26 months.



Results

All patient-specific implants showed primary stability and were clinically stable throughout the observation period. Definitive prosthodontic restorations were performed in all patients. No implant loosening was observed. Major complications occurred only in previously irradiated patients with insufficient soft tissue conditions (p = 0.058). Minor complications such as exposure of the underlying framework or mucositis were observed, but they never led to failure of restorations or implant loss.



Conclusions

Treatment of postablative maxillary defects with patient-specific implants offers a safe alternative with predictable results for full and rapid dental rehabilitation, avoiding time-consuming augmentation procedures and additional donor-site morbidity.





Keywords: maxillary defect, patient-specific implants, postablative surgery, dental rehabilitation, dental implants



Introduction

Ablative tumor surgery of the midface often leads to esthetic and functional limitations that burden patients physically as well as psychologically (1). In addition, reconstruction of these defects is challenging, and a wide variety of reconstructive procedures have been described (2–4). Management of extended maxillary defects symbolizes technical achievements in maxillofacial surgery over the last 100 years. It started with obturating intra-oral defects and the use of prosthesis, followed by techniques of pedicled and free tissue transfer (5, 6). However, the overall goal is the full dental rehabilitation of compromised patients with implant-borne prostheses. The technique of subperiosteally placed but not bone-anchored implants was described as early as the 1940s, but was subsequently abandoned due to high complication rates (7, 8). The most technically advanced concept to achieve this goal was introduced by Dennis Rohner and Beat Hammer by combining the idea of immediate dental rehabilitation following a prosthodontic backwards planning protocol with the insertion of conventional dental implants into the fibula; prelaminating the perimplant soft tissues around the fibula with skin grafts and in a second stage, harvesting of the fibula bone flap using patient-specific cutting guides to accomplish the backwards-planned design; and mounting the individual prostheses onto the osseointegrated dental implants with plate fixation of the microvascular bone flap and into the maxillary defect site (9, 10). This technique was first published in 2000 and has only two potential drawbacks: first, microvascular bone transfer is mandatory, and second, to achieve a stable result of the backwards planned dental rehabilitation concept, the patients’ biology has to comply without forming pseudarthroses in the area of the fibular “wedge” cuts as well as the contact zones between the bony recipient site and bone flap. However, in cases where the patient is not eligible for harvesting a microvascular bone flap, the whole technique cannot be used. Nevertheless, this concept was unique in times of analogous planning and was benchmarked as the most advanced concept for rehabilitating patients with extended maxillary or mandibular defects. Today, this protocol can be realized using virtual planning and digital 3D printing technology to fabricate patient-specific cutting guides or plates (11–13). In cases where bony reconstruction was either not possible or failed and conventional implants were not an option, the bail-out strategy limited to the lateral maxilla was the insertion of zygomatic implants to enable prosthodontic restoration (14).

Recently, subperiostally placed and multi-vector anchored patient-specific implants with immediate loading for a one-step reconstruction of the maxilla (IPS Implants® Preprosthetic, KLS Martin, Tuttlingen, Germany) have become available (15, 16). The authors present the first follow-up of patients treated with this type of implants following ablative surgery of the maxilla.



Patients and Methods

This is a retrospective single-center study, which included patients treated with a patient-specific implant (IPS Implants® Preprosthetic) in course of secondary reconstruction after ablative surgery of the maxilla, at Hannover Medical School (Germany).The exclusion criteria were implant insertion without previous tumor resection, for example due to a failed augmentative procedure or a defect caused by trauma or cleft lip and palate. 20 of these patient-specific implants were included in this study, which were placed in 19 patients (10 males and 9 females) as one bilateral implantation was performed. The mean age of the patients at the time of surgery was 65 years (30–85 years). Most of the defects were due to a malignant tumor; in 65.75% of the cases, resection was performed due to squamous cell carcinoma, but rare tumor entities or benign lesions were also etiological for the defects. Depending on the underlying pathology, five patients received adjuvant radiotherapy prior to implant placement, and in most cases, primary reconstruction included free tissue transfer (Table 1). The defects were classified according to Brown’s classification, in which the number describes the vertical extent of the defect and the letter indicates the resected part of the alveolar process or palate, as shown in Figure 1 (17).


Table 1 | Synopsis of patients.






Figure 1 | Examples of different Brown’s classifications (defect size marked with red circles). (A) Class 1 without oroantral fistula. (B) Class 2 after resection of parts of the maxillary sinus and covering with microvascular anastomosed soft tissue flaps. (C) Class 3 with resection of the orbital floor (arrow: patient-specific orbital implant). *Radiopaque scanning templates for prosthodontic backwards planning of IPS Implants® Preprosthetic.



The implants used for reconstruction were digitally backwards-planned based on the subsequent prosthodontic restoration as shown in Figure 2. The manufacturing process using selective laser melting allows 3D printing of a one-fit-only implant, which is placed subperiostally and anchored multi-vectorially by osteosynthesis screws, especially in the area of the load-bearing paranasal and lateral facial buttresses as well as implementing other features such as functionalization e.g. due to positioning aids in the area of the piriform aperture, tapering implant edges or a protruding pillar alignment to compensate for the maxillary tissue deficit. Depending on the defect or compromise of the load-bearing buttresses, the design of the patient-specific implant has to be adapted. With a higher Brown´s class 1 often a more distant anchorage is required, so that the implant is extended over the zygomatic arch, for example. The implementation of numerous screw holes guarantees multi-vector anchorage even in patients with poor bone quality. The authors prefer not to place under 20 screws, if this is possible.




Figure 2 | Examples of patient-specific implants from stereolithographic biomodels (A, B) as well as digital planning (C, D). *Additional anatomical landmarks are included in the implant design as little flanges on both sides of the piriform aperture. Arrow: protrusion of the antagonizing implant against the massive (pseudo-) class III relationship.



Using a standardized protocol, the clinical implant stability as well as insertion of the definitive prosthodontic restoration were documented during follow-up as primary outcome variables. The duration of the operation, the number and size of the osteosynthesis screws, and the need for additional soft tissue procedures, such as local flaps, as well and complications were assessed as secondary variables. Descriptive statistical analyses were performed using Microsoft Excel 2010 and SigmaStat 4.0. Group comparisons were performed using the Fisher’s exact test. Statistical significance was set at p < 0.05, based on a 95% confidence interval. Written informed consent from the patients and ethical approval from the institutional ethics committee were obtained (reference number 8552_BO_K_2019).



Results

Most of the patients were assigned to Brown’s class 2, suggesting that although the maxillary sinus was affected, the orbital floor remained intact. Table 2 shows an overview of the extent of defects in the examined patient population.


Table 2 | Defects according to Brown’s classification.



At the time of surgery, the average age of the patients was 65 years (30–87 years). The observation period was 6–74 months, with an average of 26 months. Adapted to the defect, the implants were designed with 2–4 posts. The average operating time was 127 min (69–205 min). A multivectorial screw-based anchoring of the subperiosteally placed implants was performed using an average of 22 (16–48) partly locking screws sized 1.2–2.0 mm, which always resulted in primary stability. In order to achieve soft tissue coverage of the implants, local flaps (n = 14), such as gingival advancement flaps (n = 11) were used just as regional flaps (n = 8), for example, by mobilization of Bichat’s fat pad (n = 6) or by using palatine artery flaps (n = 2) (Figure 3).




Figure 3 | Soft tissue coverage of the left side using the Bichat’s fat pad (green arrow) (A) and postoperative orthopantomogram of the patient (B). The red circle indicates the same implant area clinically and radiologically.



All implants showed clinical implant stability and were restored prosthetically. There were no clinical signs of implant loosening at any point of time, and no implant was lost. Figure 4 shows a clinical case, from resection to the final prosthodontic restoration.




Figure 4 | Patient with a multilocular malignant mucosal melanoma of the upper jaw (A), which was treated with extended maxillectomy (B) and a latissimus dorsi free flap (C). After irradiation, reconstruction using a patient-specific implant (IPS Implants® Preprosthetic) and bar suprastructure; arrows: separation of anatomical units anterior to the implant posts (D). Definitive palate-free prosthodontic restoration (E) and the clinical result (F).



In two cases, hardware related interventions had to be performed: in one case two exposed screws had to be removed as well as in the second case where in addition to screws a single implant post was reduced without affecting the stability of the implant or the prosthetic restoration per se. The implants are still in place, and patients are free of complaints. Partial exposure of the underlying framework was observed in nine cases (47.36%), without affecting implant stability or compromising a rapid prosthetic restoration (Figure 5). An additional soft tissue coverage using a radial free forearm flap was necessary in one case (with a history of radiotherapy in the course of tumor treatment). In the area of the soft tissue surrounding the implant posts that penetrate into the oral cavity, an inflammatory reaction in the form of mucositis was observed in some cases. The denture saddle should shield the soft tissues to prevent movement of the implant posts, especially if separation of the anatomical units is not guaranteed (Figure 5). Two postoperative infections in the form of abscesses were observed, both of which occurred in irradiated patients; one of the abscesses progressed to an extraoral fistula. A trend toward a higher rate of major complications in irradiated patients was observed (p = 0.058), without any influence on the endpoints, such as implant survival or final prosthetic restoration.




Figure 5 | Minor complications during follow-up. IPS Implants® preprosthetic with a bar-retained superstructure. The red circle shows mucositis of the soft tissue surrounding the dorsal post. The green arrow indicates an exposure of the underlying framework without any signs of inflammation.





Discussion

Autologous bone grafting and prosthodontic restoration using obturators represent the most commonly used techniques for post-ablative maxillary reconstruction (2). Both treatment options have individual disadvantages: in case of autologous bone grafts, there are issues of donor-site morbidity and risk of graft loss, and in case of obturators, nasal leakage as well discomfort (e.g., instability) may cause problems. Thus, valid recommendations regarding the best therapy, especially those concerning the quality of life, are still missing (18, 19). The use of patient-specific implants (IPS Implants® Preprosthetic) offers a one-step palate-free implant-borne prosthodontic restoration without any donor-site morbidity. In addition, time-consuming and invasive augmentative procedures, which pose a risk of graft loss and are often refused by patients, are avoided. The only prerequisite for this approach to rehabilitate patients with extended maxillary defects is that the compromised anatomical units should be separated by soft tissue reconstruction prior to IPS preprosthetic implant placement. Depending on the individual defect size and extent of tissue damage, including post-radiation sequelae, the surgeon has to move up the soft tissue repair scale, from local flaps to microvascular soft tissue free flaps (fasciocutaneous or myocutaneous), in patients with extended maxillary defects. However, microvascular bone flaps donor sites when compared to microvascular soft tissue flaps are much fewer and donor-site morbidity is significantly higher (20, 21). In addition, after tumor resection, patients often shy away from complex reconstructions requiring tissue transplantation or augmentative procedures. Such patients require an alternative strategy similar to those with a history of failed reconstructions. Furthermore, many tumor patients are not eligible for major surgical interventions because of their reduced general condition. The excellent survival rates up to a follow-up period of up to 74 months indicate that this method is safe, with predictable results in terms of implant stability and definitive prosthodontic restoration. With regard to the quality of life, initial data show that restoration with patient-specific implants achieves outcomes that are comparable or even superior to those of conventional implants (22). This treatment option appears at first glance to be similar to the previously used subperiosteal implants, that were abandoned due to high complication rates (23). However, this is not true because the multivectorial and distant fixation of the implant using the midfacial buttresses or even the lateral skull base in selected cases fundamentally differs as an average of 22 screws achieves primary stability and allows full and immediate loading. Due to the possibilities of digital technologies, the abandoned idea of subperiosteally placed implants has been revisited and several approaches have been published (24–26), whereby individual designs and anchoring methods differ significantly. It is precisely this distant fixation as well as the multivectoral alignment of the comparatively large number of screws that distinguishes the implant system used from others that initially may appear similar. Particularly in compromised bone conditions, as in the patient group studied, anchoring with only a few screws appears dangerous, since patient-specific implants - unlike osteosynthesis plates, for example - cannot be repositioned due to their “one-fit-only” design if a screw fails to tighten.

Occasionally, signs of inflammation around the soft tissue surrounding the post were observed, but in contrast to conventional dental implants, where local infection may lead to implant loss via peri-implantitis, this does not seem to occur in IPS preprosthetic implants. The posts are not anchored directly in the bone and due to the distant fixation by screws, inflammation seems to remain limited to the soft tissue only. In contrast to osseointegrated conventional implants mucositis does not spread to the bone. This may be one reason that long-term stable conditions could be achieved even with recurrent episodes of mucosal inflammation and superficial exposure of framework structures. Severe postoperative complications, such as abscesses or dehiscence, requiring additional microvascular tissue transfer, only occurred in previously irradiated patients in whom the need for soft tissue was primarily underestimated. The principle of separating the anatomical units prior to IPS implant placement has to be strictly followed. As well as in alternative procedures, a history of irradiation leads to a higher rate of complications (27, 28).

Zygomatic implants used for implant-borne prosthodontic restoration are quite technology-dependent and often require an additional equipment, such as intraoperative real-time navigation (29). Furthermore, multiple complications such as sinusitis or incorrect positioning have been described (30, 31). This did not occur in the present study. Since the IPS preprosthetic implants are inserted under direct vision, there is no need for such technical prerequisites. The technical requirements for planning patient-specific implants are also shifted from the surgeon toward industrial partners. Furthermore, 3D features such as flanges toward the piriform aperture or around the transition zone between the malar prominence and zygomatic arch guarantee a one-fit-only position of IPS preprosthetic implants, in contrast to conventional dental or zygomatic implants. In addition, the possibility of positioning the implant shoulder of zygomatic implants is only possible up to the molar or premolar region and not in the esthetic zone. Zygomatic implants also do not offer a real solution to compensate for the severe postablative (pseudo-) skeletal class III relation. Owing to the patient-specific design of the IPS preprosthetic implant, a massive protrusion of the implant posts is feasible, especially in the anterior part of the (former) maxilla, enabling a functionally and esthetically satisfactory result. In contrast to restoration with conventional dental implants, the posts are aligned parallel from planning to implant insertion and final restoration. The noticeably shorter and less invasive surgical procedure compared to microvascular tissue transfer were noted, with an average duration of approximately 2 hours. Thus treatment as an outpatient is feasible.

Postablative maxillary defects often result in facial disfigurement and compromised function (6). Patients’ desire for rapid functional and esthetic rehabilitation is often not possible with microvascular bone transplantation. After tumor resection or adjuvant therapy (in some cases), patients are often tired of treatment and shy away from complex reconstructions, especially after failure of tissue transfer or augmentation. Nevertheless, there is an understandable desire for dental rehabilitation with fixed palate-free dentures. The treatment algorithm presented here provides a predictable reconstruction, even after extended maxillary ablation, without time-consuming bone augmentation. With irradiated patients, the complication rate appears to increase, although all patients examined in this study were successfully rehabilitated. The patient cohort in this study is small, although the results are encouraging and the portfolio for the treatment of postablative maxillary defects is expanded. Especially if microvascular bone grafting seems not feasible or patients refuse such a procedure, secondary reconstruction using a patient-specific implant may be an alternative option.
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Biopsies of brain tissue are sampled and examined to establish a diagnosis and to plan further treatment, e.g. for brain tumors. The neurosurgical procedure of sampling brain tissue for histologic examination is still a relatively invasive procedure that carries several disadvantages. The “proof of concept”-objective of this study is to answer the question if laser technology might be a potential tool to make brain biopsies less invasive, faster and safer. Laser technology might carry the opportunity to miniaturize the necessary burr hole and also to angulate the burr hole much more tangential in relation to the bone surface in order to take biopsies from brain regions that are usually only difficult and hazardous to access. We examined if it is possible to miniaturize the hole in the skull bone to such a high extent that potentially the laser-created canal itself may guide the biopsy needle with sufficient accuracy. The 2-dimensional, i.e. radial tolerance of the tip of biopsy needles inserted in these canals was measured under defined lateral loads which mimic mechanical forces applied by a surgeon. The canals through the skull bones were planned in angles of 90° (perpendicular) and 45° relative to the bone surface. We created a total of 33 holes with an Er : YAG laser in human skull bones. We could demonstrate that the achievable radial tolerance concerning the guidance of a biopsy needle by a laser created bone canal is within the range of the actual accuracy of a usual navigated device if the canal is at least 4 mm in length. Lateral mechanical loads applied to the biopsy needle had only minor impact on the measurable radial tolerance. Furthermore, in contrast to mechanical drilling systems, laser technology enables the creation of bone canals in pointed angles to the skull bone surface. The latter opens the perspective to sample biopsies in brain areas that are usually not or only hazardous to access.
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Introduction

In case of unclear brain lesions in imaging studies, tissue biopsies are mandatory for a definitive histologic diagnosis and adequate treatment planning, e.g. for brain tumors. In many of these cases, navigated brain biopsies are routinely performed by directing a biopsy needle in the brain’s affected area. Depending on the institution and the surgeon’s preferences, this kind of biopsy often includes a skin incision of up to more than 4 centimeters and a burr hole of up to 14 millimeters in diameter. Furthermore, an incision of the dura mater and the insertion of the biopsy needle, often through functional brain tissue, are necessary. The guidance of the biopsy needle by a navigation system warrants the necessary accuracy (1–7).

The depicted current method is relatively invasive, often time-consuming and carries several risks and side effects. In general, symptomatic intracerebral hemorrhages are reported in 1 – 10% of cases and are among the main risks because they may be associated with permanent morbidity or mortality (2, 3, 5, 8, 9). The reported rate of asymptomatic hemorrhages ranges from 8 – 54% (4, 8, 10). The accuracy of navigated brain biopsies is dependent on the used methodology and lies between 1 and 3 millimeters but may be impaired by the phenomenon of brain shift after the opening of the dura mater. The size of the bone opening, respectively, the opening of the dura mater and the duration of the procedure may be associated with the observed degree of brain shift (7, 11, 12). A further disadvantage of the current method is cosmetic impairment by a relatively large scar (13, 14).

The “proof of concept”-objective of this study is to answer the question if laser technology might be a suitable tool to make brain biopsies less invasive, perhaps also faster and safer. Laser technology might potentially enable us to miniaturize the necessary burr hole and also to angulate the burr hole much more tangential in relation to the bone surface in order to take biopsies from brain regions that are usually only difficult and hazardous to access.

We examined if it is possible to miniaturize the hole in the skull bone to such a high extent that potentially the laser-created canal itself may guide the biopsy needle with sufficient tolerance. The 2-dimensional, radial tolerance of the tip of the biopsy needles inserted in these canals was measured under defined lateral loads which mimic the mechanical forces applied by a surgeon during the procedure.

The use of pulsated Er : YAG lasers in bone ablation has been shown to produce precise hole geometries and chemical surface characteristics comparable to conventional drilling (15).

Due to the pulsation and the ER : YAG laser parameters in the “cold ablation” range (16), melting or carbonization typically associated with CO2-laser ablation can be avoided. Moreover, bone healing, under certain conditions, was found to be similar for osteotomies performed with Er : YAG lasers and piezoelectric osteotomes (17, 18). Bone healing might be improved in comparison to mechanical trepanation (10–21).

Furthermore, in contrast to conventional rotating drilling systems, lasers offer the possibility to create holes in pointed angles relative to the bone surface. The latter offers the opportunity to position the entry point of the biopsy needle in, e.g., hair-covered regions that are virtually invisible after the biopsy or to obtain biopsies from areas of the brain that are otherwise inaccessible or at least difficult and hazardous to reach.

Taken together, laser technology could have the potential to improve several aspects of the current practice of brain biopsies.

This proof of concept study examines if an Er : YAG laser can cut holes in different angles to the surface in native human skull bones with such a high level of precision that the created canal in the bone itself might act as a useable guide for the biopsy needle along the predefined trajectory. The radial tolerance of guidance of the tip of the inserted needle was measured under different predefined lateral loads applied to the “outside part” of the needle (i.e. at the outer surface of the skull bone) which mimic mechanical forces applied by a surgeon.



Material and Methods


Skull Bone

Vital human skull bone was immediately cryoconserved at -80° C after explantation. Frontal, temporal and parietal parts of human skull bones have been used to experiment with a realistic reconstruction of a usual brain biopsy setup. The thickness of the skull bone samples ranged from 1.5 - 11.2 millimeters. For the experiments, the skull bone samples were thawed to room temperature.

According to the responsible ethics committee, formal ethical approval was not required due to anonymized bone material from deceased donors.



Laser Osteotome

To create the holes in the bone samples for the biopsy needle along predefined trajectories, the CARLO®-system (Cold Ablation Robot-guided Laser Osteotome; AOT, Basel, Switzerland) was used. CARLO® consists of an Er : YAG laser which is mounted on a navigated multiaxial robotic arm. The used Er : YAG laser is designed to perform “cold ablation” with a pulse energy of 650 mJ and a pulse duration of 200 µs as described in (16, 22).

The Er : YAG laser-emitted light has a wavelength of 2943 nanometers with a pulse repetition frequency of 10 Hertz. The achievable bone ablation of the used laser osteotome is around 1 millimeter in depth and 0.8 millimeters in width per pulse.



Experimental Setup

The skull bone samples were securely fastened on a workbench. The canals through the skull bones were planned in angles of 90° (perpendicular) and 45° relative to the bone surface. After referencing the navigation system, the robotic arm with the attached Er : YAG laser was programmed concerning the planned trajectories and the 1.8-millimeter diameter of the hole, i.e. the diameter of the biopsy needle (BrainPro, PAJUNK®, Germany), and activated (Figures 1A–C)




Figure 1 | Experimental setup with navigated Er : YAG laser and skull bone (A), detailed photos of the laser in action (B), and a laser-created hole in skull bone (C).



Following the creation of the hole, the biopsy needle was inserted up to a predefined depth (5.0 cm), and the axis of the biopsy needle was oriented perpendicularly to a scale paper with millimeter-division. By using a tension spring balance, lateral forces of 0.05 N, 0.1 N, 0.2 N, 0.5 N, and 1 N were applied to the proximal part (i.e. at the outer surface of the skull bone, 10.0 cm distance from the bone surface) of the biopsy needle and the correlating radial tolerance, as reflected by the measured deflection, of the tip of the biopsy needle was measured (Figure 2).




Figure 2 | Schematic drawing of the experimental setup to measure the deflection of the tip of the biopsy needle under different lateral loads.



These applied lateral forces represent different forces during the handling of the biopsy needle by the neurosurgeon. The radial tolerance of the distal tip of the biopsy needle, i.e. at the inside of the skull bone at the different applied forces was then recorded by using the underlying scale paper with an accuracy of 0.5 millimeters.




Results

In three skull bone samples, 33 holes were created by the Er : YAG laser. The planned diameter of the bone canals was 1.8 millimeters which equals the outer diameter of the biopsy needle. 13 holes had been created at an angle of 45°, 20 holes at an angle of 90° to the outer bone surface.

The first eight holes were utilized to identify the appropriate laser parameters to cut skull bone. These eight holes have not been used for the further examinations.

In all of the the next 25 holes, the biopsy needles could be introduced with low resistance with a perceptible defined guidance along the trajectory due to the holes’ exact fit. These 25 holes have been used for further examinations.

In the following, measurement of the radial tolerance of the tip of the biopsy needle after lateral load application as described above, has been performed. An increase of the applied lateral force was generally associated with a slightly increased deflection of the tip of the biopsy needle. Figure 3 displays the deflection of the tip of the biopsy needle at 5.0 cm distance from the skull bone sample’s inner surface. The colored dots represent the deflection at different defined lateral forces (0.05 N, 0.1 N, 0.2 N, 0.5 N, 1.0 N). Correlated to the applied loads, no differences in the deflection values were found for the holes in 45°- and 90°-orientation to the surface. A longer canal through the bone was associated with less deflection, i.e. a more accurate guidance of the needle along the trajectory. The bone canal’s length is influenced by the thickness of the bone and the angle of the hole in relation to the bone surface. It is notable that forces of more than 0.2 N cause a visible bending of the biopsy needle on the outside part of the needle, where the load was applied.




Figure 3 | Deflection of the tip of the biopsy needle in 5.0 cm distance from the inner bone surface to the bone canal’s length. Different colors represent the applied lateral loads at the outer part of the biopsy needle (10.0 cm distance from outer bone surface): blue – 0.05 N; orange – 0.1 N; grey – 0.2 N; yellow – 0.5 N; green - 1.0 N.





Discussion

Brain biopsies are a routinely used diagnostic tool, but the usual current brain biopsy procedure is still a relatively invasive intervention that carries several disadvantages and risks.

The ongoing evolution of laser technology might carry the opportunity to improve the procedure of brain biopsies regarding aspects of invasiveness, safety and surgery time. Lasers have been shown to cut biologic tissue such as bone, fascia, or soft tissue with high precision and less thermal strain to adjacent tissue than mechanical bone drilling techniques and good or even superior postoperative wound healing (20, 21, 23, 24). Concerning Er : YAG lasers, the absorption of the transmitted energy is nearly exclusively by the water molecules in the tissue, resulting in only minimal thermal stress of surrounding tissue (21, 25, 26). In contrast to conventional drills, lasers do not leave metal debris at their site of action, which might produce artifacts in subsequent MR-imaging studies (22, 27).

Finally aiming at the further development of less invasive brain biopsy techniques, the presented study aims to evaluate as a first “proof of principle”-step if it is possible to miniaturize the hole in the skull bone to such a high extent that potentially the laser-created canal itself may guide the biopsy needle with acceptable tolerance.

A potential future scenario could be the use of high-precision holes in the skull bone as a guidance for the biopsy needle without the need for an additional and error prone mechanical navigated guiding system.

In our examinations, we at first established knowledge about high-precision cutting of the skull bone with an Er : YAG laser. Subsequently, with the adequate laser parameters, we found that the laser provided reproducible and exact fitting apertures in the skull bone to insert the biopsy needle. The needle was inserted to a depth of 5.0 cm distance to the inner surface of the skull bone. By applying defined lateral forces to the part of the biopsy needle at the skull’s outer surface, we simulated the manipulation of the needle by the neurosurgeon during a biopsy. A trained neurosurgeon will not exceed forces of 0.2 N during insertion resp. manipulation of the needle. However, we also examined excessive forces up to 1.0 N of lateral load. In 87 of 93 measurements, the deflection, i.e. the radial tolerance, of the tip of the biopsy needle was less than 3 millimeters.

Assuming a usual scenario with bone canal lengths of more than 4 millimeters and the expectable lateral loads during the procedure, the deflection of the tip of the biopsy needle was less than 2.5 millimeters. In clinical application, the accuracy of a mechanical navigated guiding system would be the equivalent to the observed radial tolerance.

Notably, the observed primary determinant for the biopsy needle’s deflection was the bone canal’s length and not the lateral force applied to the biopsy needle (see Figure 3). However, bone canal lengths of less than 3 millimeters did not provide sufficient guidance if one presumes that a maximum deviation of 3 millimeters in 5 centimeters distance from the inner skull surface is sufficient for the planned biopsy. This tolerance is within the range of reported accuracy-values of different conventional navigation systems (28).

The depicted results demonstrate the potential that lies in this technology. Regarding the whole procedure of brain biopsies, these results can be regarded as a first and groundbreaking step in the further development of brain biopsies that use laser technology. There are several other steps of the whole biopsy procedure that need to be re-thought. The necessary short skin incision itself could potentially also be created by a laser or, if using a conventional scalpel, at least substantially be shortened to introduce a small speculum-like device to keep the incision open. In practical use, when creating the canal through the skull bone by laser technology, the laser energy transmission needs to be terminated when the thickness of the skull bone is traversed, and the dura mater is the only remaining firm mechanical barrier to the brain. The technique of optical coherence tomography can terminate the transmission of laser energy at precisely this point and is part of current research (29, 30). A laser could also perform the puncture and hemostasis of the dura mater with adapted parameters. The corticotomy at the entry site of the biopsy needle in the brain could be done by laser or by electrocautery. After obtaining the biopsy, an appropriate laser could be employed to improve the subcutaneous wound closure. Regarding this wide range of potential applications, laser technology could be a tool to make the procedure of brain biopsies much faster because the usual multiple change of instruments becomes unnecessary. A shorter surgical procedure time and the smaller operative situs might lower the perioperative risk profile. Furthermore, the much smaller incision and smaller hole in the bone would improve patient satisfaction due to better cosmetic results.



Conclusion

Laser technology might be a valuable tool to improve the procedure of brain biopsies regarding invasiveness, procedure time and finally risk profile. In this “proof of principle”-study with an Er : YAG laser we could show, as a prerequisite for further research, that this technology can create canals in skull bone with such a high degree of precision that these canals alone could act as a sufficient guide for the biopsy needles.
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Adenoid Cystic Carcinoma is a rare and aggressive tumor representing less than 1% of head and neck cancers. This malignancy often arises from the minor salivary glands, being the palate its most common location. Surgical en-bloc resection with clear margins is the primary treatment. However, this location presents a limited line of sight and a high risk of injuries, making the surgical procedure challenging. In this context, technologies such as intraoperative navigation can become an effective tool, reducing morbidity and improving the safety and accuracy of the procedure. Although their use is extended in fields such as neurosurgery, their application in maxillofacial surgery has not been widely evidenced. One reason is the need to rigidly fixate a navigation reference to the patient, which often entails an invasive setup. In this work, we studied three alternative and less invasive setups using optical tracking, 3D printing and augmented reality. We evaluated their precision in a patient-specific phantom, obtaining errors below 1 mm. The optimum setup was finally applied in a clinical case, where the navigation software was used to guide the tumor resection. Points were collected along the surgical margins after resection and compared with the real ones identified in the postoperative CT. Distances of less than 2 mm were obtained in 90% of the samples. Moreover, the navigation provided confidence to the surgeons, who could then undertake a less invasive and more conservative approach. The postoperative CT scans showed adequate resection margins and confirmed that the patient is free of disease after two years of follow-up. 




Keywords: surgical navigation, augmented reality, 3D printing, head and neck cancer, adenoid cystic carcinoma



Introduction

Salivary gland tumors account for approximately 5% of head and neck cancers (1) and are, in most cases, benign. Only 20% of these neoplasms are malignant, although this rate varies depending on the gland of origin (2, 3). Unlike most head and neck cancers, which are squamous cell carcinomas, salivary gland tumors comprise multiple histologic entities, each presenting a different clinical behavior (4). Mucoepidermoid carcinoma is the most frequent malignancy, followed by adenoid cystic carcinomas, representing less than 1% of all malignancies in head and neck cancers (5). These tumors can appear in both minor and major salivary glands. Most major salivary tumors occur in the parotid glands, while the palate is the most common location for minor salivary gland tumors (6).

Tumors located in the palate are often diagnosed in advanced stages of the disease due to indolent growth during early stages, with vague and unspecific symptoms (5, 7). In some cases, this phenomenon leads to extensive involvement of surrounding structures, such as the nose, paranasal sinuses, orbits, and even the middle cranial fossa, with the subsequent implication of vital structures such as the internal carotid artery, the jugular vein, and cranial nerves.

Regardless of whether it is followed by radiotherapy, surgery is the treatment of choice for midface tumors. To date, the surgical management of these tumors consists of radical maxillectomies combined with transfacial approaches, which are usually associated with significant functional and aesthetic sequelae. However, achieving safety margins is a therapeutic challenge. This is due to the complexity of the anatomical region, the reduced field of vision, the restrictive surgical field hindering the access and maneuverability of surgical instruments, and the risk of complications (bleeding, nerve injuries, or even cerebrospinal fluid leaks) (8). In addition, middle third tumors are frequently irregular in shape and invade neighboring structures. Consequently, it is not uncommon to set suboptimal cutting trajectories, which results in a high rate of positive margins.

An alternative approach for centrofacial tumors is the endoscopic-based resection, which considerably reduces the morbidity of surgery compared to open craniofacial resections. However, open surgery is still necessary for the most advanced stage cancers, often combined with endoscopic resection (9).

In these scenarios, tools facilitating local control during surgical resection and confirming adequate margins while minimizing morbidity are capital (10).


Computer-Assisted Surgery in Oral and Maxillofacial Surgery

In recent years, intraoperative navigation in craniofacial surgery has become an effective tool, improving results and safety while minimizing the risk of injuries (11, 12). Surgical navigation, also called image-guided surgery, was first described in the medical literature in the 70s when framed stereotaxy was introduced. This involved rigid fixation of the region to be treated, a situation that, on many occasions, entails significant mechanical limitations for the surgeon. Navigation was initially confined to neurosurgery as it provides a rigid and stable frame (13). However, technical advances in image processing and computed tomography allowed the development of frameless stereotaxy devices over the years, enabling the location of tools in 3D space intraoperatively without the need for rigid fixation. This 3D information, synchronized with preoperative computed tomography (CT) or magnetic resonance images (MRI), has given rise to 3D intraoperative navigation systems (14).

Surgical navigation enables the translation of the preoperative plan to the operating room, where anatomical structures can be identified in real-time. This technology allows intraoperative orientation regarding resection margins and surrounding vital structures, improving the safety and accuracy of the procedure. Also, recent advances have enabled navigation systems to be used not only as a simple localization device but also as a measurement tool that can provide other relevant information to the surgeons during different stages of the procedure.

There are currently several navigation solutions to track the positions of surgical instruments relative to patient anatomy. Usually, the selection of the tracking device depends on the specific surgical procedure. Optical tracking systems based on infrared cameras are the most common solution in interventions where a direct line of sight between the camera and the surgical instruments can be maintained. They are widely chosen, as they provide a large field of view and high accuracy (13, 15). In these interventions, retroreflective markers are fixed to the patient through a dynamic reference frame, allowing tracking of the patient’s movements. The real-time position of these sensors is captured by the camera and translated to the navigation software. Other navigation solutions include mechanical or electromagnetic tracking systems (16).

Recent studies have also presented augmented reality as a tool for navigation. With this technique, virtual models can be superimposed onto the patient’s anatomy instead of displaying them on an external screen. The virtual components can be represented in place either by following a manual alignment with the patient’s anatomy (17, 18) or by using different tracking solutions such as electromagnetic or optical tracking systems (19, 20), features recognition (21), or optical markers (22–25). The information can be presented on an external screen, a smartphone, or a head-mounted display such as the HoloLens. Some examples include spine surgery (26, 27), craniosynostosis treatment (24), orthopedics (23, 28), or dental implant placement (29).

One of the most critical steps in surgical navigation is image-to-patient registration. This technique estimates the transform that aligns the preoperative images with the patient during the intervention. Registration can be either rigid or nonrigid. Nonrigid registrations are used as a secondary registration for pose refinement or to work with nonrigid surgical fields (30, 31). The most common algorithm is paired-points registration, where corresponding anatomical or artificial landmarks are located in the image and patient. Many systems include a secondary registration for refinement based on surface-points matching. In oral and maxillofacial surgery, the selected paired points are either anatomical landmarks or artificial fiducials, including skin stickers (32), dental splints (33), or bone-implanted screws (34). Surface-points matching is also widely applied by collecting points in the facial skin surface and aligning them with their corresponding landmarks in soft tissue models obtained from preoperative images (32, 35, 36).

The progressive evolution of intraoperative navigation systems has led to the use of this technology almost routinely in the field of neurosurgery (skull-base surgery, vascular lesions), otorhinolaryngology (endoscopic sinus surgery, lateral skull-base surgery, cerebrospinal fluid leaks), and, recently, orthopedic surgery (hip and knee arthroplasty, spinal procedures) (13). However, the extended application of this technology has not been widely evidenced in maxillofacial surgery (37, 38). In 2015, Dubois et al. (39, 40) presented the benefits of surgical navigation for accurate implant positioning secondary to orbital trauma by performing a cadaveric study. Four years later, Wu et al. (41) demonstrated the feasibility of using surgical navigation for zygomatic implant placement. Many other studies found in the literature have proved the benefits of surgical navigation, especially for complex procedures where a personalized approach is required.

Some applications of computer-assisted surgery (CAS) and intraoperative navigation have been described in this field, including orbital reconstruction (42, 43), implant surgery (44–46), or orthognathic surgery (47). Surgical navigation has also been used in tumor removal to delineate surgical margins and achieve safe and accurate resections (11, 48–50). The results are promising, but the clinical adoption is still reduced. The main limitations of this approach include complexity, technical support, cost, steep learning curve, or the rigid fixation of navigation references (14, 49), which are perceived as an entry barrier. Nevertheless, several commercial solutions exist in the market for oral and maxillofacial surgery. Some examples of navigation systems based on optical tracking are Columbia Scientific SIM/Plant software (Columbia scientific, USA) (51, 52), VISIT surgical navigation software (Vienna, Austria) (53, 54), and Vector Vision (Brainlab, Munich, Germany) (45) for dental implants placement, or Stryker Leibinger navigation system (Stryker, Leibinger, Freiburg, Germany) (50, 55, 56) for the removal of foreign bodies and tumors, or repairing orbital bone fractures. Although some studies have presented AR-based surgical navigation systems for oral and maxillofacial surgery applications (24, 57, 58), no commercial systems are available.

The application of CAS and intraoperative navigation in the midface, specifically in resections involving the maxilla and the middle cranial fossa, can become a valuable tool in complex procedures. Additionally, the presence of bone structures that do not modify their contours and volumes during the intraoperative process due to surgical maneuvers is an essential advantage for navigation (59). Therefore, these interventions provide an adequate scenario for navigation and can highly benefit from this technique.

In addition to intraoperative navigation, there are more resources that CAS procedures can provide in this field. Advances in preoperative planning with computer-aided design (CAD) and computer-aided manufacturing (CAM) have enabled the development of customized and prefabricated templates that facilitate both surgical resections and reconstruction (60–62). The recent introduction of intraoperative imaging, particularly computerized tomography (CT), has solved the limitations of morphological change, intraoperative edema, and soft tissue distortion that appear during the surgical resection and could not be considered in preoperative planning. Thus, the acquisition of intraoperative images once the resection surgery has been carried out provides additional information, allowing the verification and the achievement of adequate surgical margins (63, 64).

With the same objective of safety, accuracy, and minimization of sequelae in the treatment of tumors that involve the maxilla and midface, it is worth mentioning the endoscopically-assisted maxillectomy. The endoscopic transnasal approach provides advantages such as better control of the medial and posterior margins and the possibility of avoiding transfacial approaches when combined with intraoral procedures, minimizing the radicality of surgical resections (10).



Adenoid Cystic Carcinoma

Adenoid Cystic Carcinoma (ACC) is a rare malignant tumor accounting for 1% of head and neck cancers and 10% of salivary gland tumors (65). It is commonly found in palate small salivary glands, from where it spreads slowly but aggressively. These tumors settle in the upper palate and maxillary region and tend to local infiltration and perineural spread. Consequently, they may behave in an indolent and silent manner until late diagnosis, appearing as destructive masses that can even involve intracranial structures. In addition, this histologic type is characterized by a high predisposition to systemic dissemination, mainly hematogenous (lung, liver, brain, and bone) and lymph nodes. They present a high propensity to local recurrence and distant metastasis (5). The primary treatment consists of surgical removal with clear margins and complementary radiotherapy when needed. Data on the efficacy of systemic therapy or radiotherapy in recurrent or metastatic salivary gland tumors are limited, with some benefits described in proton-based radiotherapy (66–68) or the recent systemic use of Lenvatinib (69). Consequently, an effective primary surgical treatment with adequate margins is the best prognostic factor for these patients.

However, this intervention is highly challenging due to the occasional centrofacial tumor location, complex elective surgical approach, limited line of sight, and the need for immediate reconstruction. Additionally, the tumor boundaries are difficult to discriminate from the normal surrounding tissue.

In this type of intervention, where complex anatomy is present and high accuracy is needed, surgical navigation becomes a valuable tool to improve clinical outcomes. It can provide guidance that can help achieve accurate safety margins and protect vital structures. However, despite its great potential in these clinical applications, there are currently limited studies using CAS for midfacial tumor resection. Wei et al. (11) tested surgical navigation in patients who underwent surgery near the skull base, including five patients with adenoid cystic carcinoma at minor salivary glands of the palate. Their approach was limited by the invasive attachment of a reference frame to the patients’ forehead and an image-to-patient registration based on non-precise anatomical landmarks, which can significantly reduce the navigation accuracy. Tarsitano et al. (49) followed a similar setup for maxillary tumors resection, screwing a dynamic reference frame to the patient’s skull.

The aim of this study is to present and assess the accuracy of three different alternatives for surgical navigation in head and neck tumors based on 3D printing, optical tracking, and augmented reality visualization. These alternatives are less invasive than previous solutions (11, 49) and more convenient for these procedures than conventional registration solutions used in other disciplines such as neurosurgery as they do not involve fixation of the patient’s head. A 3D printed patient-specific phantom was used for validation and assessment of the three navigation systems. One of the proposed solutions was then used to guide the tumor resection of a patient presenting a central palate carcinoma invading the nasal fossa floor and septum.




Methods


Clinical Case

A 62-year-old woman was referred to the Oral and Maxillofacial Unit at our center for treatment. The patient presented an exophytic tumor of approximately 3x2 centimeters in the middle of the hard palate with normal oral mucosa (Figure 1A). Endoscopy showed a nasal extension of the lesion, and biopsy results confirmed an adenoid cystic carcinoma. A CT scan showed hard palate bony erosion, invasion for the nasal septum and floor of the right fossa, and an intact ipsilateral inferior turbinate (Figures 1E, F).




Figure 1 | Hard palate midline submucous bulging lesion (A) and palate reconstruction with radial forearm free flap (3 weeks after surgery) (B). Resected specimen from (C) palate and (D) nasal view. (E) Coronal and (F) axial views of the CT image.



The chosen procedure consisted of an endoscopic nasal approach, a navigated transoral resection of the central palate with at least 2 cm margin (Figures 1C, D), and immediate reconstruction of the central hard and soft palate with a radial forearm free flap (Figure 1B). Alternative surgical approaches considered were a Le Fort I osteotomy (downfracture of the whole maxilla and resection of the central part) or a IIb maxillectomy (Brown classification, sacrificing the intact alveolar process and denture) reconstructed with a fibula free flap. Our purpose was to achieve functional rehabilitation, including a tight palate seal and maintaining the whole alveolar process of the maxilla. The proposed solution presented a more straightforward reconstruction involving only soft tissue, as bone reconstruction is not needed in horizontal class a defects.

The preoperative CT scan was used to extract the 3D anatomical models (bone and tumor) and perform the preoperative plan, defining the desired tumor margins for the resection. Using Autodesk Meshmixer software (Autodesk, Inc., USA), we increased the size of the tumor model 1 cm. The intersection of this model with the bone in the palate determined the surgical margins (1 cm margin with a thickness of 1 mm). Before image acquisition, five screws were attached to the maxilla above the upper teeth under local anesthesia as proposed by Zavattero et al. (70). This procedure provides unobtrusive, rigid, and exact landmarks that are clearly visible on virtual data sets (CT images) as well as during the navigation procedure. The position of these screws was identified in the scan for later use during intraoperative image-to-patient registration.



Surgical Navigation: Simulation

Based on the anatomical models of the patient, we designed and manufactured a phantom in polylactic acid using the desktop 3D printer Ultimaker 3 extended (Ultimaker B.V., NL). The phantom was used to simulate the intervention and to test the precision of three different solutions for surgical guidance (Figure 2).




Figure 2 | Solutions for surgical navigation tested on the patient’s anatomical model: (A) navigation with an optical tracking system and registration with screws (black arrows); (B) navigation with an optical tracking system and registration with a splint; (C) navigation with an AR application and registration with a cubic marker.



The first solution consists in using an optical tracking system (NDI Polaris Spectra, CA) for computer-assisted navigation (Figure 2A). We attached a 3D printed dynamic reference frame to a silicone jig fabricated to fit on the patient’s upper left teeth. The dynamic reference frame is used to compensate for head movements. This silicone jig consists of a mass given the shape of the patient’s teeth during its malleable state. A picture of the fabrication procedure is provided as Supplementary Material. The image-to-patient registration is performed using the screws described in the previous section as artificial landmarks.

A second solution involves the same tracking device, but the reference frame is installed by means of a splint (Figure 2B) instead of using a silicone jig. This splint is designed from the 3D models of the teeth obtained from the preoperative images, and 3D printed in a biocompatible resin (Biomed Clear), using the Formlabs Form2 (Formlabs Inc., Somerville, MA, USA) 3D printer. In contrast to the first method, the registration in this case is computed with artificial landmarks added on the splint during the design process.

Finally, the third solution uses AR for surgical navigation (Figure 2C). We developed a specific smartphone app to visualize the patient’s anatomy and the tumor margins. The application was implemented on the Unity platform (version 2019.3), using the Vuforia development kit (Parametric Technology Corporation Inc., Boston, MA, USA) for pattern recognition. The application displays the 3D models of the bone, tumor and surgical margins (obtained from the preoperative image and planning) and includes buttons to change the visibility of the models (modify opacity or hide). In order to display the virtual models in the correct position with respect to the patient’s phantom, we attached a 3D-printed marker to the splint in a fixed and known position. This AR marker contains a unique black and white pattern printed using the double extruder functionality of the Ultimaker 3 extended 3D printer. The smartphone’s camera detects this marker and displays the virtual models on the screen on top of the patient. Figure 2C and the video included as Supplementary Material show the appearance of the developed AR application.

The three configurations were tested on the phantom, where we performed the corresponding registration procedure for each configuration. After that, each navigation system displayed the position of the surgical margins defined preoperatively. Using the optical tracker and the pointer, we collected points (with distances of 1 mm between each other) following the indicated surgical margins. The process was repeated three times for each configuration, including the registration step. A similar number of points was recorded for each sample (around 100 points).

Inaccuracies in the registration step would generate errors in the displayed margins. Therefore, the collected points would present deviations from the position of the real surgical margins. In order to assess the accuracy for each configuration, we computed the distances between the collected points (following the margins indicated by each navigation system) and the real position of the tumor margins. For that, we obtained the closest point of the resection margins (a 3D model or pointcloud) to every recorded point and stored the distance. Then, we computed the median and quartiles for each solution. Finally, we conducted a statistical analysis to identify significant differences in accuracy between methods.

The surgical margins used as ground truth for evaluating the three methodologies were the ones defined during preoperative planning with the preoperative CT (1 cm margin). The real position of the tumor margins was obtained during assessment thanks to the rigid attachment of a reference frame to the phantom and a registration performed with artificial landmarks distributed all over the surface to ensure accurate registration. These artificial landmarks were added as conical holes in the bone region and the base of the phantom and can be seen in Figure 2.



Surgical Navigation: Setup

Apart from tracking the patient with the 3D-printed dynamic reference frame (Figure 3B), two different instruments were tracked during surgery: a pointer tool to record points and a piezoelectric handpiece for tumor resection. We designed and 3D printed an adaptor with optical markers to fit in the handle (Figure 3C) for handpiece tracking. An additional tool was also designed and 3D-printed to fit the instrument at a specific position. This tool included six small conical holes for registration. The Supplementary Material shows a picture of the designed tool. Finally, as the handpiece is composed of an interchangeable saw with a non-fixed rotation around the longitudinal axis, we added an extra step in the registration procedure. This step consists in recording the position of the saw tip and automatically finding the rotation that corrects the orientation of the saw in the navigation scene. That is the rotation that minimizes the distance between the virtual tip point and the recorded point. The pointer and all 3D printed tools, including the dynamic reference frame, were sterilized before the intervention to maintain the asepsis of the surgical field.




Figure 3 | Surgical navigation setup during the intervention: (A) surgical navigation software; (B) 3D-printed patient’s dynamic reference frame; (C) 3D-printed adaptor for tracking of the piezoelectric handpiece.



We developed a custom module for surgical navigation in the 3D Slicer platform (71), a free and open-source software package for clinical and biomedical applications. We used the SlicerIGT kit (72) and the PLUS toolkit (73) to define the graphical user interface and manage the transforms sent by the optical tracker through the OpenIGTLink protocol. Intraoperative imaging was not used during the procedure. However, our software allowed the visualization of the CT preoperative image and the 3D models obtained of the patient (bone, tumor, and surgical margins) and the position of the instruments (Figure 3A). The three views of the CT (axial, sagittal, and coronal) could be updated in real-time to match the position of the instrument’s tip for better guidance. The software also included other functionalities, such as modifying the point of view in the 3D view or recording points. The Supplementary Material includes a video showing the use of the software during the intervention.



Surgical Navigation: Intervention

Resection margins were controlled in real-time using the developed software through constant visual feedback displayed on a screen adjacent to the surgical field. During the intervention, we increased the surgical margin 1 cm from the preoperative segmentation to ensure adequate en-bloc resection with 2 cm of tissue free of disease. The final resection margins were recorded using the pointer. While not used for surgical guidance, AR was tested on the patient to validate the AR setup using the splint (Figure 4). The smartphone was introduced in a sterile case (CleanCase, Steridev Inc., Lansing, MI, USA) so that surgeons could hold it close to the patient.




Figure 4 | Use of the augmented reality app during the intervention.



After resection, a radial forearm free flap was harvested and placed to reconstruct the palate with an adequate seal. A postoperative CT scan was performed a week after surgery to assess the surgical outcome. Navigation accuracy was measured as the absolute distance between the points recorded intraoperatively and the real resection margins identified in the postoperative CT. A secondary CT scan was acquired 15 months after surgery for the patient’s follow-up.




Results


Surgical Navigation: Simulation

We analyzed the accuracy provided by each navigation solution on the 3D printed phantom by computing the distances between the collected points during guidance and the real resection margins. The results for each configuration are presented in Table 1.


Table 1 | Mean and standard deviation of the distances between the tumor margins and the collected points with each navigation solution.



All methods presented median values below 0.7 mm. Most of the points recorded using the optical tracking system for guidance presented deviations from the surgical margins below 1 mm. The results obtained when using AR for guidance presented the lowest median value (0.4 mm). However, they also presented the highest variation, with an interquartile range (IQR) of 0.89 mm compared to the ones obtained with optical tracking, where the IQRs for the screws and surgical guide configurations were 0.24 mm and 0.37 mm, respectively.

A Kruskal-Wallis test was performed to explore the differences between each configuration proposed for this study. No statistically significant differences were obtained [H(3) = 4.27, p = .12]. Therefore, we can conclude that the three configurations present similar accuracy. The configuration using screws for registration was the one presenting lower error. Thus, it was the one chosen for the intervention.



Surgical Navigation: Intervention

The selected navigation system (optical tracker with screws for registration) was successfully used for guidance during the resection. Surgical instruments were accurately tracked with respect to the patient’s anatomy, providing valuable feedback to the surgeons. The registration step was repeated three times during the intervention, obtaining a fiducial registration error of 0.77, 0.93, and 0.81 mm.

The points collected along the surgical margins with the navigation system were compared with the real surgical margins identified in the postoperative CT by measuring their absolute distance. We separated the analysis into four regions divided by left and right sides and posterior and anterior locations. Figure 5 displays the results.




Figure 5 | Distances between the resection margins collected intraoperatively with the navigation system and those identified in the postoperative CT.



The mean distances were around 1 mm and below 2 mm in 90% of the samples. The posterior region presented higher errors compared to the anterior. The left side showed higher deviations than the right one. However, this deviation appears to be caused by the jig, which was still in place during the points collection and limited the pointer movements (Figure 6).




Figure 6 | Points collected intraoperatively along the resection margins.



The AR app was also used inside the operating room, where surgeons visualized models of the patient’s anatomy overlayed on the camera’s image of an iPhone 6 (Apple Inc., Cupertino, CA, USA). The splint was inserted correctly and enabled AR display, where virtual models were represented aligned with the patient’s anatomy.




Discussion

The resections of head and neck tumors in deep and less accessible regions represent complex surgical scenarios requiring extreme dexterity, as the field of view and instruments maneuverability is limited. For middle third tumors such as palate ACCs, the preservation of normal bony tissue and surrounding soft tissues should be maximized. Tel et al. (67) advocate an open “box resection” where the tumor is resected within a three-dimensional volume of healthy tissue. In these scenarios, CAS represents a valuable tool to plan (74), guide (9) and verify (49) the resection margins.

Pu et al. (75) concluded in their study with 37 patients that surgical margins can be predetermined without compromising oncological safety, and that the difficulty in determining these margins lies more on soft than hard tissue. Thus, the use of CAS should be limited to cases with mainly bone involvement (76). Ricotta et al. (74) demonstrated how performing a volumetric virtual plan of the resection can improve accuracy and reduce the probability of finding positive margins.

Intraoperative navigation is highly indicated for resections in areas with restricted access (8), where the deep portion of the tumor is not clearly visible. Such is the case of deep maxilla cuts, where Hasan et al. (63) have reported resections errors below 2 mm when using intraoperative navigation. Surgical navigation systems also helps in achieving R0 (absence of disease) in deep sinonasal tumors (77).

Midfacial tumors usually present a small soft tissue involvement with a predominant three-dimensional bone infiltration, making them adequate for virtual planning. Tumors may be located in areas with limited access, making surgical navigation a valuable tool in these scenarios. In addition, the proximity to vital structures that cannot be damaged adds another advantage for guided resection of centrofacial tumors.

Although the use of surgical guidance for tumor resections is a routine procedure in neurosurgery, the reports in the maxillofacial middle third tumors are scarce. The existing CAS applications mainly focus on virtual planning, intraoperative guidance for the free flap defect reconstruction, or validation of the reconstruction after trauma, not on the ablative procedure. Moreover, most existing commercial systems for surgical navigation use a three-point clamp (Mayfield clamp or similar) to fix the patient’s skull and prevent head movements. Then, a dynamic reference frame is attached to the clamp to define a reference system for the patient and perform the image-to-patient registration. This setup is suitable for neurosurgery, and it can help achieve high accuracy. However, in the resection of middle third tumors, surgeons need free movement of the head to adjust the line of sight with the surgical field and enable proper angulation of the saw and surgical tools. Therefore, other solutions for tracking and registration need to be found for these procedures.

Some studies have presented alternative setups for tracking and registration. Malham et al. (78) use the SpineMask (Stryker, Leibinger, Freiburg, Germany) to track the patient’s back and perform an automatic registration. This device is non-invasive, as it is an adhesive surgical tracker designed to be placed on the patient’s back. The device contains markers for automatic registration, which are placed surrounding the surgical field. Other studies remove the dynamic reference frame from their setup and use conventional optical cameras to detect fiducial markers and constantly update the registration. These setups are usually based on computer vision algorithms for the detection of adhesive skin markers (79) or anatomical features in the bone (21). Other frameless systems use different devices such as hyperspectral cameras to detect skin features (80) or advanced methods such as 3D digital image correlation (also called stereo DIC). This last solution presents precise real-time tracking at a lower cost and based on small markers. Xue et al. (81) tested it for tracking the maxilla after a Lefort I osteotomy. However, it was not tested in a clinical setup where light conditions and external factors such as blood or saliva can condition the tracking and accuracy of the system.

Most of the existing alternatives focus on anatomical regions presenting deformations, where installing a dynamic reference frame and performing a rigid registration becomes inaccurate. Others are designed for specific applications, such as SpineMask, and are not applicable for reduced regions like the mouth. Also, we consider the systems based on skin markers not adequate for an open transfacial approach. Registration markers must be placed surrounding the surgical field to ensure an accurate registration, but in our scenario, the space is limited and a rigid position between markers is difficult to maintain.

Tarsitano et al. (49) presented a surgical navigation setup for the resection of maxillary tumors in a study with twenty patients, obtaining promising results with clear margins in 91% of cases. In their setup, a dynamic reference frame was screwed to the patient’s skull. The registration was performed first with a point-to-point registration based on anatomical landmarks, obtaining a mean error of 2 mm, followed by surface matching for refinement. They computed the errors in preoperatively defined target points, finding values between 0.30 and 1 mm, and a mean error of 0.47 mm. Wei et al. (11) also used a similar setup in 15 patients with tumors involving the skull base, five of them presenting an ACC in the palate. In their case, they also installed the dynamic reference frame in the patient’s skull but used bony skull landmarks and tooth cusps for registration. The registration errors and the resection accuracy in this study were not reported. Although these studies present a feasible setup for ACC resection, the installation of the dynamic reference frame is invasive. Moreover, the use of anatomical landmarks and surface matching with points in the face presents a suboptimal registration for ACC resection. Points used for registration should be close to the surgical area and surround it to provide accurate results. Anatomical landmarks and tooth cusps are not clearly defined and subject to intra- and inter-observer variability, leading to higher errors.

In our study, we have explored two different configurations for tracking and registration in ACC resection. They provide a non-invasive installation of the reference frame allowing for head movements and a registration based on artificial landmarks located close to the surgical field. The dynamic reference frame is fixed to the patient’s teeth either through a silicone jig molded with the shape of the teeth or by means of a splint. The registration landmarks for the first solution (jig) consist of screws placed preoperatively. For the second solution, registration is performed through conical holes included in the splint. Both configurations were evaluated in an anatomical phantom providing equivalent accuracy results with no significant differences, and with deviations from the planned surgical margins of 0.57 and 0.61 mm respectively. These results are similar to the ones obtained by Tarsitano et al. (49). The jig and screws configuration was finally used in a surgical scenario of ACC resection, obtaining deviations from the surgical margin around 1 mm and below 2 mm in 90% of the collected points along the surgical margins. Errors were higher in deeper regions. This behavior was expected, since accuracy usually decreases in areas further from the registration landmarks (82, 83). The splint was also placed in the patient during the intervention for testing. Although the installation of screws in the maxilla has been previously described in other works as an unobtrusive and precise method for registration (68), we believe that using a splint could provide similar results while presenting a straightforward and less-invasive approach.

We have also proposed an alternative guiding method based on AR. A splint was again used for registration, to fix an AR marker in a known position and display virtual models of the patient. The precision of this system has been evaluated in a previous study, obtaining visualization errors below 3 mm (28). This solution was also evaluated in our phantom study, where we obtained a 0.4 mm (IQR = 0.89) median deviation from the planned surgical margins.

Previous studies have reported other registration methods for AR visualization. Gibby et al. (84) displayed the CT and virtual models indicating trajectories for pedicle screw placement in a lumbar spine phantom. They used the OpenSight software for the HoloLens to automatically register the data with the phantom. However, a manual adjustment was needed to correct the alignment. The pedicle screws were placed with deviations between 1.3 and 1.53 mm from their planned trajectory. Other studies rely only on manual alignment for registration (17) or use additional instruments like electromagnetic or optical tracking systems (19, 20).

Although all configurations are feasible, we found the AR app to be less convenient for this procedure, as the limited line of sight of the surgical field also restricts the movements and visibility with the smartphone. The sterilization of the smartphone was easily solved by introducing it in the sterile case. However, the need to hold the smartphone, leaving only one hand free, can present a limitation. The use of head-mounted displays such as HoloLens offers an alternative to the smartphone, although the possible points of view are as limited or more than with the phone. Therefore, AR can complement conventional navigation by allowing an inspection of the margins before or after surgery but is not adequate for resection guidance. The accuracy of the system depends on the quality with which the camera sees the AR marker. This factor is highly dependent on lighting conditions and the pose of the camera with respect to the marker. The detection is optimal when the camera is close to the marker and looks at it from the front. However, when the camera moves and detects the marker from a different angle, some inaccuracies can arise. This inherent holographic instability has already been noted by Gibby et al. (84) with the HoloLens.



Conclusions

The resection of an ACC in the palate is very challenging due to the limited visibility and the proximity to vital structures. Surgical navigation becomes a valuable tool to ensure adequate margins in such complex scenarios while performing a conservative approach. This study proposes and evaluates three different navigation setups for ACC resection. All configurations aim to provide accuracy with a non-invasive surgical procedure, improving the solutions proposed in previous studies (11, 49). Apart from providing a less invasive solution, the novelty of the proposed setups relies on the fact that all configurations, including AR guidance, are based on 3D printing to fabricate tools that enable navigation of the patient and surgical instruments. The splint, dynamic reference frame, AR marker, and adaptor for tracking the surgical instrument are all 3D printed with desktop 3D printers at a low cost. The three solutions were evaluated in an anatomical phantom, where they provided similar results, and tested in a surgical case. The configuration using an optical tracker and screws for registration was chosen for resection guidance during the procedure.

Surgeons combined the transoral navigated surgery with a nasal endoscopic approach, performing an optimal resection while preserving the whole alveolar process of the maxilla and upper teeth. The postoperative CT scans showed adequate resection margins. The pathological result was low-grade adenoid cystic carcinoma cribriform type, invading the mucosa, hard palate, nasal septum, and nasal floor with clear margins and perineural invasion. Head and neck tumor board established surveillance without adjuvant radiotherapy and a close follow-up. After two years, the patient is free of disease.

The results obtained from this surgery showing the accuracy and convenience of the proposed setups are promising. Navigation provided the confidence needed to undertake a more conservative approach and avoided the complete removal of the maxilla. The proposed navigation setup allowed a less invasive procedure compared to previous studies. We believe that image-guided surgery and 3D printing can provide a personalized, safe, and conservative en-bloc resection minimizing the need for reconstruction.
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Objectives

Although computer-assisted surgery using fibula flap has been widely applied for oncologic jaw reconstruction in recent years, the inaccurate positioning of the fibula harvest guide brings sliding and rotational errors, which leads to compromised accuracy in simultaneous implant placement and dental rehabilitation. This study aimed to develop a novel three-dimensional (3D)-printed patient-specific fibula malleolus cap to increase oncologic reconstruction accuracy.



Methods

In this prospective comparative study with a recent historical control cohort, patients in need of oncologic jaw reconstruction with fibula free flaps were recruited. In the study group, the fibula was harvested with the guide of the malleolus cap, whereas in the control group, without the malleolus cap. Deviations of location and angulation of distal fibula osteotomies, jaw reconstruction segments, and simultaneous dental implants were compared.



Results

Twenty patients were recruited, with 10 in each arm. The application of the malleolus cap significantly reduced the deviations in locations and angles of distal fibula osteotomies, from 9.5 to 4.1 mm and 25.3° to 8.7°. For the simultaneous dental implants placed in the fibula flaps, there was a significant increase in the accuracy of implant platform locations (the average deviation from 3.2 to 1.3 mm), apex locations (from 3.8 to 1.5 mm), and angles (from 11.3° to 4.6°). No significant difference was detected in the accuracy of fibula reconstruction segments.



Conclusions

We developed a novel fibula malleolus cap to overcome the sliding and rotational errors during fibula flap harvesting for oncologic jaw reconstruction, with increased accuracy in simultaneous dental implants. This is a step forward to achieve a satisfactory functional outcome of jaw reconstruction with dental rehabilitation.





Keywords: oncologic reconstruction, fibula free flap, head and neck cancer, jaw reconstruction, simultaneous dental implant, computer-assisted surgery (CAS), virtual surgical planning (VSP)



1 Introduction

Computer-assisted surgery (CAS) and three-dimensional (3D) printing have revolutionized head and neck oncologic reconstruction (1–5). Our serial studies on CAS and 3D printing facilitated a paradigm shift in jaw reconstruction, leading to a new era of “digitalization and precision surgery” (6–8). However, even with recent technology, the discrepancy between the surgical outcome and preoperative planning was 3.1 ± 1.4 mm (9). The recent publication by Zavattero et al. (10) reported the osseous accuracy ranging from 0.5 to 3 mm using patient-specific computer-aided design and computer-aided manufacturing (CAD-CAM) plates. Previous reports established the protocols for free flap reconstruction of jaws with simultaneous dental implant insertion, making the jaw-in-a-day technique the new state of the art (11–13). This required an even higher level of precision in planning and execution, as the deviation in osseous segments can be further amplified in the error in location and angulation of simultaneous dental implants, compromising the functional jaw reconstruction with dental rehabilitation. How to improve reconstruction accuracy to facilitate the accurate functional oncologic jaw reconstruction and dental rehabilitation is the last piece of the puzzle in computer-assisted jaw reconstruction.

Fibula free flap is the most commonly used reconstruction method for bony defects of jaws. Although fibula looks like a uniformly shaped long bone, the geometric shape of its cross-sectional anatomy actually differs a lot along its axis (Figure 1A). Thus, the accurate positioning of the fibula harvest guide is of premier importance to achieve the desired virtual surgical plan (VSP) in real surgery. However, it is well known that the fit for fibula harvest guides is less than ideal (14). In fact, in order to avoid undercuts that might prevent adaptation of guide to the fibula surface and protect the vessel pedicle on the medial surface of the fibula, only the geometry of the lateral surface can be used as a reference when designing the fibula harvest guide (Figures 1B, C). This leads to sliding and rotational errors when positioning the fibula harvesting guide. The traditional approach is to measure the distance from the skin marking over the lateral malleolus to locate the fibula harvesting guide. However, this approach brings inaccuracy. The lateral malleolus is a rounded 3D structure. The surgeon might take different reference points in the virtual surgical planning. Besides, the movable and sometimes distorted soft tissue will prevent the reliable and reproducible positioning of the ruler when the measurement is done intraoperatively. In addition to the longitudinal sliding error, the harvest guide may also rotate around the long axis of the fibula due to the relatively smooth rounded lateral surface of fibula especially when covered with periosteum and a thin cuff of muscle. Therefore, a method to reduce the sliding and rotational errors of the fibula harvest guide is urgently needed to increase the accuracy of jaw reconstruction.




Figure 1 | The sliding and rotational error occurred in fitting of fibula harvest guide will lead to inaccuracy in the reconstruction due to the different geometric shapes of the fibula in cross-section along its length. (A) Different geometric shapes of fibula (oval, triangular, quadrilateral, and pentagonal) of the fibula in cross-section along its length from the CT scan of a patient. (B) Illustration of the sliding error in the axial direction. (C) Illustration of the rotational error in cross-sectional direction.



Therefore, we developed a novel 3D-printed malleolus cap for fibula flap harvest and performed a comparative study to evaluate its effectiveness in enhancing the accuracy of fibula osteotomy, jaw reconstruction, and simultaneous dental implant placement.



2 Materials and Methods


2.1 Study Design

This was a two-arm clinical comparative study to evaluate the effectiveness of the malleolus cap design. The presurgical treatment plan, virtual surgery design, and surgical procedures were standardized in both arms. The single independent variable was whether a 3D-printed patient-specific fibula malleolus cap was applied to accurately locate the harvest guide intraoperatively.



2.2 Patient Recruitment

Patient selection criteria were consistent for both groups under the 3DJP16 clinical study (ClinicalTrials.gov Identifier: NCT03057223). Briefly, patients with oral and maxillofacial benign or malignant tumors or osteoradionecrosis who needed jaw resection and fibula flap reconstruction with 3D-printed patient-specific titanium plates were recruited. All patients were operated on by the same chief surgeon in a single center. Ten consecutive patients were prospectively recruited to the study group from June 2020 to December 2020, and 10 consecutive patients operated on from June 2019 to June 2020 were retrospectively recruited as the historical control group. This study was approved by the institutional review board of the University of Hong Kong Hospital Authority Hong Kong West Cluster (UW 16-315) with the informed consent signed.



2.3 Preoperative Virtual Surgical Planning

The workflow of our team in computer-assisted jaw reconstruction with 3D-printed patient-specific titanium implants was reported by Yang et al. (15). CT data were acquired and segmented to construct the 3D model of the donor fibula and the recipient jaw. Virtual reconstructive surgeries were conducted using ProPlan CMF 2.0 software (Materialise, Leuven, Belgium). Positions of simultaneous dental implants were determined in the prosthetically driven approach. Patient-specific fibula harvesting guides were designed using 3-Matic 13.0 (Materialise).



2.4 Design of the Malleolus Cap

The lateral malleolus is a tilted pyramid structure with the most prominent point located posteroinferiorly, which makes its lateral surface slant anteromedially. As illustrated in Figure 2, the lateral malleolus cap was designed as a 3-mm-thick cap that fits the surface morphology of the specific patient. The inner surface of the cap was relieved by 0.5 mm for the compressible skin covering the bony malleolus when under finger pressure. A distal stopper of 5 mm in length was added inferior to the posteroinferior end of the fibula to prevent the axial sliding error. The cap was connected to the routine harvest guide using 1-cm-diameter rigid connecting bars. We used a malleolus cap to locate the conventional fibula segmentation guide in a predetermined position by using the same fixation screw holes (Figure 2D) . So, once the malleolus cap was fixed, the final position of the fibula segmentation guide was also determined. With this design, we can minimize the axial and rotational errors caused by inaccurate positioning of the fibula segmentation guide. The surgical guides were printed with ISO-certified biocompatible autoclavable MED610 resin (Stratasys Ltd., USA) or NextDent SG (Vertex Dental, Netherlands).




Figure 2 | Two cases of fibula flap harvest using conventional measuring method vs. malleolus cap method. (A) Virtual surgical planning for a three-segment fibula flap in the control group. (B) Virtual surgical planning for a three-segment fibula flap in the study group. (C) Fibula harvest guide in the control group. Location of the guide intraoperatively depends on the measurement from the distal end of the guide to the lateral malleolus. (D) Two guides used in the study group. Yellow: Segmentation guide in the study group with a similar design as the fibula guide in the control group. Gray: Fibula guide for the distal osteotomy with malleolus cap design. Green: Rods showing the corresponding screw holes on the two guides in the study group.





2.5 Surgical Techniques

During the surgery, the 3D-printed patient-specific cutting guides were fitted to the tumor resection sites, and the osteotomies were made according to the VSP (Figure 2).

In the study group, the malleolus cap was fitted onto the lateral malleolus with the manual pressure in a posteromedial direction to locate the cap anteroposteriorly. Then, the cap was pushed superiorly until the distal stopper tightly engaged the inferior end of the malleolus. The thin compressible soft tissue over the lateral malleolus allowed the correct fitting of the patient-specific malleolus cap under finger pressure. When the cutting guide was accurately located, the osteotomy guide fitted onto the fibula bone surface automatically and fixed with 8-mm screws that were inserted perpendicular to the surface of the bone to minimize the rotational error induced by the incorrect torque of the screws. In this way, the location of the fibula harvest guide was controlled in all three dimensions.

In the control group, the lateral malleolus was marked on the skin by palpation. After exposure of the fibula, the harvest guide was fitted to the estimated location by measuring the distance from the lateral malleolus skin marking to the osteotomy site according to the VSP.

Distal fibula osteotomies were performed with the fibula harvest guides in both groups. Simultaneous dental implants were placed into the fibula before segmentation and division of the vessel pedicle. Fibula flap segments were transferred to repair the defect and fixed to the remaining jaw with 3D-printed patient-specific titanium plates. The fixation screw holes of the patient-specific titanium plates corresponded to the screw holes in the harvest guides of fibula and cutting guides of the recipient jaws (Figure 3).




Figure 3 | A case illustration of a 32-year-old male diagnosed with ossifying fibroma in the anterior mandible who received segmental mandibulectomy and reconstruction using fibula free flap harvested with lateral malleolus cap. (A) Preoperative CT image indicates the destructive mass in the anterior mandible. (B) The 3D-printed patient-specific surgical plate designed to fix bone segments with dental implants. (C) Harvest guide with malleolus cap applied in the surgery. (D) The fibula guides. Gray: Fibula harvest guide with malleolus cap for distal osteotomy cut. Blue: Segmentation and implant guide. Green: Rods showing the corresponding screw holes on the two guides. (E) The bone-plate complex is transferred to repair the defect site. (F) Intraoral image shows the accurate position of implants as planned. “Jaw-in-a-day” procedure was completed by immediate loading of dental implants with fixed dental bridges. An excellent occlusal relationship was achieved. (G) Postoperative photo (frontal view). (H) Postoperative photo (right profile view).





2.6 Outcomes Assessment

Spiral CT of the lower limbs and reconstructed jaws were acquired postoperatively. Based on the data of CT scan, 3D models of the distal end of the remaining fibula, reconstructed jaws, and simultaneous dental implants were built using ProPlan CMF 2.0 software (Materialise, Leuven, Belgium). The 3D models were imported to 3-Matic 13.0 (Materialise) for comparison of the corresponding items with the preoperative plan. The references used for analyses are illustrated in Figure 4.




Figure 4 | References used in accuracy analyses. (A) Fibula distal osteotomy accuracy analyses. Blue: Distal end of fibula after harvest. Pink: Fibula in preoperative virtual surgical planning. O: Center of the planned osteotomy plane. O’: Center of the actual osteotomy plane. O-O’: Axial deviation of the osteotomy plane. α: Angle deviation of the osteotomy plane. (B) Reconstruction segment accuracy analyses. Colored: Fibula segment at recipient site in postoperative CT scan. Pink: Fibula segment in preoperative virtual surgical planning. C: Center of the planned fibula segment. C’: Center of the actual fibula segment. C-C’: Center point deviation of the fibula segment. β: Angle deviation of the fibula segment. Absolute distance deviation represented in the color map. (C) Implant accuracy analyses. Yellow cylinder: Implant position in the virtual surgical plan. Pink cylinder: Actual implant position in the postoperative CT scan. P: Center point of implant platform in the virtual surgical plan. P’: Center point of implant platform in the actual implant. A: Apex of the implant in the virtual surgical plan. A’: Apex of actual implant placed. P-P’: Deviation in implant platform position (mm). A-A’: Deviation in implant apex position (mm). γ: Angle deviation of long axes of implants.




2.6.1 Fibula Osteotomy Accuracy Analyses

The postoperative fibula model was superimposed with the preoperative fibula using the best fit calculation embedded in the program. The real osteotomy plane was taken as the best plane that fits the osteotomy end of the distal remaining fibula. The angulation between this plane and the planned osteotomy plane was measured as the deviation in angulation of the osteotomy cut, representing the rotational error of distal fibula osteotomy. The long axis of the fibula was created and the intersection points between the long axis and the two osteotomy planes were taken to mark the location of the osteotomy planes. The distance between the intersection points generated by the real and planned osteotomy planes was measured as the axial deviation of the distal osteotomy, representing the sliding error of fibula harvesting.



2.6.2 Mandible Reconstruction Analyses

As described in our previous study, the postoperative reconstructed jaw was superimposed with the preoperative plan with the best fit of the non-operated part of native mandible (Figure 5) (9). The absolute distance deviation between the surfaces of reconstruction segments postoperatively and the preoperative plan was calculated and represented by a hot map. The distance between two center points was measured to represent the spatial deviation. The long axis of each segment was generated and compared to measure the angle deviation from the plan.




Figure 5 | The postoperative reconstructed jaw was superimposed with the preoperative plan with the best fit of the non-operated part of the native mandible.





2.6.3 Simultaneous Dental Implant Accuracy Analyses

Similar to our published methodology, the actual location of implants inserted was represented as the 3D models built from the postoperative CT scan (16). Long axes of the actual and the planned dental implants were compared to demonstrate the angle deviation in implant insertion. The intersection points of the long axis with the top and bottom of the dental implant were taken as the center of the platform and the implant apex. Deviation in platform and apex locations was measured to assess the accuracy of implant location.




2.7 Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics Version 25. Categorical data were presented as counts with proportions and compared using chi-square test or Fisher’s exact test where appropriate. The normality of continuous data was tested using Shapiro–Wilk’s test (p > 0.05). Descriptive statistical analyses were performed with results presented by mean with standard deviation (SD) for normally distributed data and medians with interquartile range (IQR) for skewed data. Independent-samples t-test and Mann–Whitney U test were used to compare the difference between the two groups for normally distributed data and skewed data, respectively. All tests and reported p values were two-sided. A p value of <0.05 was considered statistically significant.




3 Results


3.1 Patient Demographic Background

Twenty patients who underwent jaw reconstructions with fibula free flaps and 3D-printed patient-specific titanium plates were included in the study, with 10 patients in each arm. All 20 patients were of Han Chinese ethnicity. All 20 fibula free flaps survived. The postoperative follow-up rate was 100%. A total of 13 and 18 simultaneous dental implants were inserted in the study and control groups, respectively. The demographic data and reconstruction characteristics are presented in Table 1. No significant difference was detected between the two groups.


Table 1 | Patient demographics and reconstruction characteristics.





3.2 Outcomes Analyses

The accuracy of distal osteotomies of the fibulas, reconstruction segments, and implants was analyzed for all 20 cases and compared between the study and the control groups. The postoperative measurements for accuracy analyses were performed by two independent assessors blinded from the grouping. The inter-assessor agreement was good to excellent. The average values of the two assessors were taken for the final analyses. The results are presented in Table 2.


Table 2 | Accuracy analyses results.




3.2.1 Fibula Donor Site Osteotomy Accuracy Analyses

The accuracy of the distal osteotomy of the fibula increased significantly in the malleolus cap group. The axial deviation in location of the osteotomy plane from the VSP decreased from 9.5 ± 6.3 mm to 4.1 ± 2.7 mm (mean difference = -5.5 mm, 95% CI = -0.9 to -10.0, p = 0.02). The deviation of the distal osteotomy angle decreased from 25.3° ± 13.1° (mean difference = -16.6°, 95% CI = -6.9 to -26.4, p < 0.01).



3.2.2 Reconstruction Segment Analyses

Three-dimensionally printed patient-specific titanium plates were used in both groups. No significant difference in the accuracy of reconstruction segments was detected in terms of absolute distance deviation, reconstruction segment angle deviation, or reconstruction segment center point deviation.



3.2.3 Implant Accuracy Analyses

There was a significant improvement in the accuracy of simultaneous dental implants in the malleolus cap group. The platform deviation from the VSP decreased from 3.2 ± 1.4 mm to 1.3 ± 0.8 mm (mean difference = -1.8 mm, 95% CI = -1.1 to -2.6, – < 0.01). The deviation of apical point of the implants decreased from 3.8 ± 1.3 mm to 1.5 ± 0.8 mm (mean difference = -2.2 mm, 95% CI = -1.4 to -3.1, p < 0.01). The angle deviation reduced to 4.6° ± 1.7° in the study group compared to 11.3° ± 7.3° in the control group (mean difference = -6.8°, 95% CI = -3.1° to -10.5°, p = 0.01).





4 Discussion

To the best of our knowledge, this is the first clinical study aiming to reduce the sliding and rotational errors of fibula flap harvest. We propose and develop a novel fibula malleolus cap, which has demonstrated the effectiveness in accurately guiding the location and angulation during fibula flap harvest in a clinical comparative study.

The difference in geometric shape of cross-sectional anatomy of fibula has been overlooked in fibula flap oncologic jaw reconstruction so far. When simultaneous dental implantation is planned, the changes in cross-sectional shapes (such as oval, triangle, quadrilateral, and pentagonal) (Figure 1A) can make a significant impact to the dental implant position and angulation. The sliding and rotational errors may lead to implant thread exposure. Rotational error will add to the problem with prosthetic rehabilitation due to wrong angulation. Traditionally, when harvesting the fibula free flap, the location of the fibula cutting guide was determined by the measurement from the lateral malleolus. This leads to sliding and rotational errors as shown in Figures 1B, C. In our study, the sliding error in the control group was as large as 9.5 mm. With the application of the malleolus cap design, the error was reduced by more than half to 4.1 mm. This sliding error will lead to different shapes of the fibula harvested compared to the preoperative plan. The rotational error was also a concern especially when the fibula was covered with the periosteum and a thin cuff of muscle when the fibula cutting guide was fitted. Our results showed that the malleolus cap could significantly reduce the rotational error and improve the accuracy of cutting angle from 25.3° to 8.7°.

Interestingly, our results showed no significant difference in the accuracy of reconstructive fibula segments with or without the use of malleolus cap. Although there is no consensus on the parameters to use for the analysis of jaw reconstruction accuracy, the relatively commonly used measurements such as the average deviation of the surface location, center point, and angulation were adopted in this study (17). The results were comparable to the studies by Schepers et al. (18) and De Maesschalck et al. (19). The accuracy of fibula segments in the reconstructed mandible is mostly determined by the mandible osteotomy guides and 3D-printed patient-specific titanium plate (9). This also explains the practice in some parts of the world where a generic fibula CT scan data are used for designing the fibula harvest guide when the CT scan for the specific patient is not available (20). The sliding and rotational errors in fibula harvest might not be clinically significant if simultaneous dental implants were not planned. Although, currently, there has been no widely accepted criteria for minimal clinically important difference (MCID) in jaw reconstruction, MCID will be different whether dental implant rehabilitation is to be performed or not. The application of simultaneous dental implants has further pushed the front of functional jaw reconstruction with dental rehabilitation. When simultaneous dental implants were planned, it required high accuracy of the fibula harvest guides to insert the implants into the designated position and angulation.

Of note, the accuracy of simultaneous implants was significantly increased in the fibula malleolus cap group. Theoretically, with perfect execution of the plan, the implant location, direction, and depth should all be guided. However, during the surgery, due to the sliding and rotational error in the fibula harvest guide in the control group, the segment of fibula used for the dental implants is not exactly the segment used in the preoperative planning. Considering the different shape and size of fibula at different locations (Figure 1A), the best fit for the implant guide is not at the planned position. Moreover, when the shape and angulation of the fibula are different from the one in the preoperative planning, there may be a problem of thread exposure at the platform level or overdrilling and exposure of implant apices. In these situations, surgeons may adjust the depth and less often the angle of the implants in the fibula intraoperatively to fully submerge the implants into the fibula. This further contributes to the inaccuracy in simultaneous dental implants in fibula free flap with bone-borne guides in the control group. Previous studies investigated various methods for improving the accuracy of simultaneous dental implants in jaw reconstruction. Zweifel et al. (21) reported the use of a tooth-borne or plate-borne implant position verification guide for improving the accuracy of dental implants. This method relied on the patient’s existing dentition or the accurate location of the patient-specific fixation plates. Schepers et al. (22) advocated the fabrication of an occlusal splint to assist in the fixation of fibula segments intraoperatively in order to obtain a satisfactory location for dental implant-supported prosthesis, which required accurate registration of jaw relation before the operation and the reproduction of a correct condyle position intraoperatively. Literature showed that the designs of implant positioning guides and methods of accuracy analyses varied, which made the comparison between studies difficult. In paper series by Schepers et al. (13, 22), they reported a center deviation of 5.5 mm and an angle deviation of 6.1° in their group of simultaneous dental implants in jaw reconstruction. With the application of the malleolus cap in the present study, implant platform and apex deviations were reduced to 1.3 and 1.5 mm, respectively, with an angular deviation of 4.6°. This accuracy level approached what we could achieve with the conventional guided dental implant placement directly into the native maxilla and mandible. This was consistent with the result by Zweifel et al. (21) in a comparative study that aimed to verify the use of a splint for verification of correct location and angulation of simultaneous dental implants. Meta-analysis by Tahmaseb et al. (23) reported a deviation of 1.2 mm at the entry point and 1.4 mm at the apex with an angle deviation of 3.5°. Another review by Zhou et al. (24) also yielded similar results of an average horizontal deviation of 1.25 mm at entry point and angulation deviation of 4.1° in guided dental implants. This proved that with careful presurgical planning and good intraoperative execution, the accuracy of simultaneous dental implants in fibula free flaps with bone-borne implant guides can be comparable to the dental implants placed directly into the native jaws.

There are certain limitations in our study that need to be addressed. The anatomy of fibula may vary among different races. The current study was based on Han Chinese population. Experience and data on different ethnicity groups of patients are still yet to be reported. Sample size calculation was not possible due to the lack of previous publication/data to estimate the power. With a total of 20 patients, our results reached statistical significance and served the purpose of proving the feasibility and effectiveness of this new innovation. A further randomized controlled clinical trial can be designed with an estimated sample size based on our results. A recent historical control group was adopted in our study. There was no randomization between the two groups. However, all the surgeries were performed by the same chief surgeon with the same design of surgical guides and patient-specific titanium plates except the difference of malleolus cap, and the difference of median date of surgery between the two groups was only 6.5 months, thus reducing the bias to a minimum. A prospective randomized clinical trial would be preferred to achieve a more persuasive conclusion. However, because of the significant improvement of the clinical outcomes, the novel malleolus cap design has become a routine practice for computer-assisted jaw reconstruction with simultaneous dental implants in our center, which makes a randomized trial less likely in the future.

This is the first study assessing the accuracy of the fibula harvest guide in guiding the location and angulation of the fibula osteotomy. The novel fibula malleolus cap developed by us can significantly increase the accuracy of the fibula osteotomy, thus making the dental prosthetic rehabilitation with simultaneous dental implants more precise, approaching a similar accuracy level of the guided implant surgeries in native maxilla and mandible. The results will push forward the frontiers of computer-assisted functional oncologic jaw reconstruction with dental rehabilitation.
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Background

Augmented Reality (AR) represents an evolution of navigation-assisted surgery, providing surgeons with a virtual aid contextually merged with the real surgical field. We recently reported a case series of AR-assisted fibular flap harvesting for mandibular reconstruction. However, the registration accuracy between the real and the virtual content needs to be systematically evaluated before widely promoting this tool in clinical practice. In this paper, after description of the AR based protocol implemented for both tablet and HoloLens 2 smart glasses, we evaluated in a first test session the achievable registration accuracy with the two display solutions, and in a second test session the success rate in executing the AR-guided skin paddle incision task on a 3D printed leg phantom.



Methods

From a real computed tomography dataset, 3D virtual models of a human leg, including fibula, arteries and skin with planned paddle profile for harvesting, were obtained. All virtual models were imported into Unity software to develop a marker-less AR application suitable to be used both via tablet and via HoloLens 2 headset. The registration accuracy for both solutions was verified on a 3D printed leg phantom obtained from the virtual models, by repeatedly applying the tracking function and computing pose deviations between the AR-projected virtual skin paddle profile and the real one transferred to the phantom via a CAD/CAM cutting guide. The success rate in completing the AR-guided task of skin paddle harvesting was evaluated using CAD/CAM templates positioned on the phantom model surface.



Results

On average, the marker-less AR protocol showed comparable registration errors (ranging within 1-5 mm) for tablet-based and HoloLens-based solution. Registration accuracy seems to be quite sensitive to ambient light conditions. We found a good success rate in completing the AR-guided task within an error margin of 4 mm (97% and 100% for tablet and HoloLens, respectively). All subjects reported greater usability and ergonomics for HoloLens 2 solution.



Conclusions

Results revealed that the proposed marker-less AR based protocol may guarantee a registration error within 1-5 mm for assisting skin paddle harvesting in the clinical setting. Optimal lightening conditions and further improvement of marker-less tracking technologies have the potential to increase the efficiency and precision of this AR-assisted reconstructive surgery.





Keywords: augmented reality, virtual planning, 3D printing, Head and Neck Cancer, Microsoft HoloLens, registration, reconstructive surgery, 3D modeling



1 Introduction

Augmented reality (AR) in medicine is a technology that expands on image-guided surgery, allowing intraoperative guidance and navigation. This technique integrates imaging information with the real-world surgical field to give the surgeon a sort of “x-ray vision”.

In recent years, AR technology has been proposed and applied in neurosurgery (1, 2), urology (3–5), orthopedics (6, 7) and craniomaxillofacial surgery (8, 9), among others.

A variety of technologies including traditional projectors, mobile devices such as tablets and smartphones, and head mounted displays (HMDs) have been proposed and used to perceive the augmented surgical field (8, 10). Specifically, several commercial optical see-through HMDs, such as Microsoft HoloLens (Microsoft, Redmond, WA) and Google Glass (Google Inc., Mountain View, California, USA), have gained broad availability and are being explored for applications in surgery. However, a small number of AR-based solutions for intraoperative surgical guidance have been successfully demonstrated in humans, e.g. for spine and hip surgery (11–13), while other promising solutions have been described and demonstrated on phantom (14–16).

In craniomaxillofacial surgery, the AR technology can be considered an evolution of the navigation-assisted surgery, and it represents a promising tool in aiding complex surgical procedures, such as mandible reconstruction with fibula flap, with potential to avoid or limit the use of cutting guide technology. The osteomyocutaneous microvascular fibular flap harvesting represents the reconstructive gold standard for complex mandibular defects resulting from tumor resections, trauma or malformations (17). For these cases, the use of 3D technologies and computer-aided design/computer-aided manufacturing (CAD/CAM) is essential to provide an accurate planning and to enhance the quality of the surgical outcomes. While CAD/CAM has become a quite common practice to virtually plan the bony resection and reconstruction, for skin paddle incision the surgeon still relies on measurements made on radiological imaging which are then reported on the patient’s skin. Besides computerized tomographic angiography and magnetic resonance tomography, Doppler sonography is an affordable and harmless method commonly used to preoperatively determine arterial supply to the lower extremity. i.e. to identify the cutaneous perforators in fibula osteocutaneous free tissue transfer patients (18–20).

Only few recent experiences reported the use of accurate virtual planning and CAD/CAM technology for skin paddle harvesting and localization of the cutaneous perforator vessels of the fibula vascular anatomy for supplying the free flap (21, 22). In this field, the AR technology may offer an alternative or combined approach to assist intraoperatively the surgeon in skin paddle harvesting.

It would be possible to plan and reproduce the soft tissue resection and reconstruction and not only the bony part of the 3D-aided surgery. In order to achieve this goal, once the planning is carried out either on the resection and on the fibular skin area planned for soft tissue reconstruction, the reconstructed 3D virtual plan may be transferred to AR technology. This will give the surgeon the opportunity to reproduce the planned reconstruction, based on the three-dimensional position and reciprocal position to the bony segments and flap insetting, in restoring the defect.

As great advantage, the AR technology, when deployed on a wearable head mounted display, allows the direct view of the planned resection and reconstruction on the surgical field without the need for the surgeon to alternate viewing between the surgical field and external monitors such as in the case of standard navigation systems, with potential clinical benefits of reducing operative time and improving surgical outcomes. We have recently reported preliminary case series where the feasibility of a proof-of-concept AR based protocol implemented on a tablet for assisting procedures of free fibula bone harvest (23) and of galeo-pericranial flap harvest (24) was demonstrated. In those experiences the AR guidance was based on a marker-less registration, i.e. without the need of invasive placement of fixed fiducial markers on the patients. However, the provided registration accuracy between the real and the virtual content, that will affect the reliability of the virtual planning overlaying the patient anatomy, requires to be systematically evaluated before widely promoting this AR protocol in the clinical practice. Indeed, virtual-to-real scene registration, patient position tracking and projection of the digital content onto the targeted anatomical structures are crucial steps of AR-guided navigation systems (8, 25, 26).

In this paper, we describe the AR based protocol we developed for assisting skin paddle harvesting in osteomyocutaneous fibular flap reconstructive procedure, usable both with a handheld device, such as a tablet, and with a HMD, such as Microsoft HoloLens 2 smart glasses. The study was also designed to evaluate the registration errors associated with the two display solutions, and the achievable success rate when simulating the AR-guided task of skin paddle harvesting on a 3D printed human leg phantom.



2 Materials and Methods

The study was designed in order to first implement the AR based protocol on both the tablet and the HoloLens 2 smart glasses. Then, a first testing session to quantify the achievable registration accuracy with the two display solutions, and a second testing session to evaluate the success rate in executing the AR-guided skin paddle incision task on a 3D printed leg phantom were performed.

In the following sections the development and implementation phase, as well as the experimental phase of the study were reported.


2.1 Development Phase

This phase consists of three steps: A) Image segmentation and virtual content preparation; B) Design and manufacturing of the human leg phantom; C) Development of the AR application (Figure 1).




Figure 1 | Description of the development work flow. (A) Image segmentation and virtual content preparation; (B) Design and manufacturing of the human leg phantom; (C) Development of the AR application.




2.1.1 Image Segmentation and Virtual Content Preparation

The process started from acquisition of real computed tomography angiography (CTA) datasets of a patient lower leg, which represents the donor-site for osteomyocutaneous fibular flap harvesting procedure. CTA scans were acquired after administering nonionic contrast media intravenously (Xenetix 350 Guerbet) and with a slice thickness of 0.6 mm (Lightspeed VCT LS Advantage 64 slices; General Electric Medical System).

Anatomical areas of interest of the subject’s leg were segmented using D2P™ software (3D Systems Inc., Rock Hill, SC, USA): bones (tibia and fibula), arterial vessels (popliteal, fibular, tibial and perforating arteries) and leg skin (distinguishing the skin paddle profile for harvesting, according to the virtual planning for mandibular reconstruction).

Three-dimensional meshes were then generated from all the segmented masks, and saved in STL format.



2.1.2 Design and Manufacturing of Human Leg Phantom

From the virtual models obtained in the previous step, a tangible phantom made of photosensitive resin was produced via a stereolithography (SLA) 3D printer (Form 3, Formlabs, Somerville, MA, USA).

To make the virtual leg model compatible with the build volume of Form 3 printer (14.5 × 14.5 × 17.5 cm), CAD processing was carried out using MeshMixer software (Autodesk Inc., CA, US) in order to create a modular phantom composed of several parts. In detail, for the skin layer and the bones/vessels block, three cross sections were designed, each divided into two symmetrical portions defined by a longitudinal cutting plane, and a set of joints among the various separate parts was created. Each component was printed individually, using a grey resin for the skin (4 mm thick shell) and a clear resin for bone and vessel structures. Then, arteries were colored red to differentiate them from bones, and all pieces were assembled (Figure 2).




Figure 2 | Virtual (A) and 3D printed (B) model of the designed human leg phantom, used for the experimental phase.





2.1.3 Development of AR Application

The obtained virtual models of the lower leg, i.e. bone anatomy, arteries and the planned skin paddle profile with the corresponding selected perforator vessel, were imported into Unity 3D software (Unity Technologies, San Francisco, CA, USA) extended with a specific software development kit for creating augmented reality apps (Vuforia Engine package, PTC, Inc., Boston, MA, USA).

The tracking algorithm and registration between the virtual content and the real scene were implemented using the “Model Target” function of Vuforia Engine, which allows the marker-less tracking of a physical object in the real world by recognition of the shape of the 3D object itself observed from a certain perspective. Model Target function enables to recognize and track objects in the real world based on their shape. To make a Model Target for a particular object the 3D model data for the object, such as a 3D CAD model or a 3D scan of the object, is necessary. A Model Target requires that the user holds the AR display device at a particular angle relative to the object, and at a particular distance to initialize the tracking. To aid with this process, the application typically draws an image (“guide view”) showing an approximation of the object shape from this distance and viewing angle, so that the user just needs to move the AR display until the object matches this guide view. After that, tracking can begin (Figure 3).




Figure 3 | Example of the “guide view” in the Model Target function (A), showing an approximation of the object shape used for tracking the phantom leg and matching to it the virtual content (B).



In this study, the CAD model of the leg skin was used as Model Target for virtual-to-real scene registration. The created AR application was built both as an Android app for mobile devices then deployed on a Samsung Galaxy TAB S5E (Figure 4), and as a UWP (Universal Windows Platform) app deployed on Microsoft HoloLens 2 smart glasses (Figure 5).




Figure 4 | The AR application generating the holographic overlays superimposed on the real phantom anatomy, as displayed to surgeon via tablet.






Figure 5 | The AR application generating the holographic overlays superimposed on the real phantom anatomy, as displayed to surgeon via HoloLens 2 smart glasses.



In both cases, the AR application generates “holographic” overlays, by rendering the bony and vascular anatomy of the simulated patient leg, and also the planned skin paddle profile for harvesting to be used as guiding information during the experimental task performed on leg phantom.

Interactable user interface toggles (check boxes) were added to turn off and on the rendering of each virtual anatomical structure (skin paddle, bones, vessels) (see Suppl_Video_1_Tablet_DEMO and Suppl_Video_2Holo_DEMO).

For the HoloLens application, voice commands to show/hide the virtual anatomical structures were also implemented in order to provide a completely hand-free AR guidance system.

A portable high-performance workstation (Intel(R) Core i7-10750H, CPU@ 2.60GHz, 16GB RAM, NVIDIA GeForce RTX 2070) was used for the virtual content preparation and for development of the AR application that was then deployed and run directly in the tablet or HoloLens 2 smart glasses.




2.2 Experimental Phase

Experimental tests on phantom were carried out in the following two phases.


2.2.1 Test Session 1

We evaluated the registration error of the two AR display types (tablet-based and HoloLens-based). For each solution, we tested two lighting conditions: 1) environment illuminated by natural daylight (OFF_lamp); 2) artificial lamp light that points directly on the phantom (ON_lamp).

In order to evaluate the registration error, the “real” skin paddle profile and the virtual one projected in AR were compared. The “real” skin paddle profile was obtained from the planned skin paddle: from patient CT angiography the 3D model of the chosen perforator vessel was also reconstructed, then the skin paddle outline was drawn in order to centre this perforator, as we have already described in a previous work (23). Then, we designed and printed a customized guide (template) based on calf proximal and distal diameters, that includes the planned skin paddle outline centering the perforator, and we used this CAD/CAM template to transfer the planned skin paddle profile to the 3D printed phantom (Figure 6).




Figure 6 | The virtual planning of the skin paddle outline centering the perforator (A) and the CAD/CAM template used to transfer this planned skin paddle profile to the 3D printed phantom (B). Comparison between the virtual paddle projected in AR and the real one obtained from the CAD/CAM template applied to the leg phantom (C).



The real profile was obtained by tracing a line on an adhesive tape applied over the leg phantom while following the groove of the CAD/CAM template (Figure 6B). The 3D printed template was also provided with a central hole in the paddle (diameter = 1.5 mm) which was used to trace on the tape the central point of the paddle. The same central point was included in the virtual paddle as a green dot. Registration error was quantified as mean deviations between the central point traced on the tape and the virtual one, both in horizontal (X) and vertical (Y) directions (Figure 6C). The X, Y deviations were automatically calculated using a Matlab code applied to screenshots acquired for each test. Each testing condition was repeated 12 times and means values ± SD were calculated.



2.2.2 Test Session 2

As second phase, we quantified the success rate in performing on the leg phantom the AR-guided task of skin paddle profile tracing by a group of 8 subjects (5 females and 3 males, aged between 25 and 50, being students, researchers and engineers at University of Bologna, without specific experience with augmented reality systems). Each subject performed the task using both the tablet-based and the HoloLens-based AR application.

The virtual skin paddle profile was designed and displayed as a dashed line to facilitate the optimal visibility of both the virtual and the real trajectory drawn gradually with the pencil during the execution of the AR-guided task, thus avoiding that the line traced by the user become occluded, to some extent, by holograms (Figure 7). Push buttons and voice commands allow to control the appearance and disappearance of the virtual objects, thus facilitating the optimal visibility of relevant elements during the task (e.g. the skin layer used as Model Target for marker-less registration can be removed after having checked the achievement of a good registration).




Figure 7 | Example of virtual skin paddle profile displayed as a dashed line to avoid occlusion of the real scene by holograms.



For tests using tablet, the mobile device was anchored to an articulated arm fixed to the table on which the leg phantom was placed. By means of the articulated arm the tablet can be oriented and locked in the most appropriate position to allow the correct visualization of the holographic overlay, and the user to freely carry out the task.

For tests using HoloLens 2, a preliminary user experience with the mixed reality headset was provided, also including the calibration procedure which is required to ensure the best hologram viewing experience for each subject.

Each subject was instructed that the primary goal of the test was to accurately trace a line following the virtual skin paddle profile displayed in AR (see Suppl_Video_3_Tablet_TASK), both through the tablet, and through the HoloLens 2 smart glasses.

For both test sessions, the AR-guided task was performed after the tracking of leg phantom profile has been achieved, and the optimal registration between the holographic virtual content and the real phantom has been visually checked and verified using the cutting guide.

A 0.5 mm pencil was used to draw the perceived profile on an adhesive tape applied over the leg phantom surface. The success rate in tracing the AR-displayed profile was evaluated using CAD/CAM templates to be positioned on the surface of the phantom model using a similar setting adopted in our previous works (14, 16). Each template for skin paddle outline can be uniquely positioned on the leg phantom as it is a customized CAD/CAM design starting from the leg model reconstructed from CT scan. The anatomical fitting of each template on phantom calf is obtained thanks to the shape of the template itself: two customized flanges embrace circumferentially the proximal and distal portions of the leg, allowing to position it univocally in all dimensions (Figure 8).




Figure 8 | CAD/CAM templates used to evaluate the success rate in performing the AR-guided task, using different levels of accuracy (template “1 mm”, template “2 mm”, template “4 mm”).



The templates were 3D printed (Form 3, Formlabs) with a groove of different widths (4 mm, 2 mm, 1 mm) in order to evaluate three levels of achievable accuracy: ± 2.0 mm, ± 1.0 mm, and ± 0.5 mm (Figure 8). A millimeter adhesive tape was associated to each template and used to measure the cumulative length of the traced skin paddle profile falling within the groove, and then to calculate the percentage of successful traced trajectories (“percentage success rate”) (Figure 8). We considered as successful competition of the task (100% success rate) those trials in which the traced skin paddle profile fell within the groove of the cutting guide along its entire length (16.5 cm).




2.3 Statistics

All results about the registration errors (Test Session 1) and the percentage of success rate in performing the AR-guided task (Test Session 2) were reported as mean values and standard deviation (SD).

For Test Session 1, T-test for unpaired data was used to compare the mean registration errors, both in X and Y direction, for the tablet-based and HoloLens-based groups, as well as to evaluate for each AR display type the difference of mean values between the “OFF_lamp” and “ON_Lamp” lightening condition.

For Test Session 2, the difference of the mean percentage success rate obtained with the two AR display types was evaluated using T-test for paired samples.

SPSS software (IBM, Armonk, New York, US) was used to perform the statistical analysis, and a p value of <0.05 was considered statistically significant.




3 Results

On average, we found a similar registration errors for tablet-based and HoloLens-based solutions, ranging between 1-5 mm (Figure 9). The largest deviations between virtual and real content were in the vertical (Y) direction for “OFF_lamp” lightening condition, while lower registration errors (within 2 mm) resulted in the horizontal (X) direction (blue bars in Figure 9).




Figure 9 | Resulting registration errors calculated as mean horizontal and vertical deviations between the real and virtual content, for two lighting conditions: environment illuminated by natural daylight (OFF_Lamp); artificial lamp light that points directly on the phantom (ON_Lamp).



For tablet-based application, the “ON-Lamp” lightening condition provided a statistically significant reduction of the registration error in the vertical direction if compared with “OFF-lamp” condition (3.6 ± 0.7 mm vs 5.0 ± 0.9 mm, p <0.005), while the registration error in horizontal direction did not significantly change. The “ON-Lamp” lightening condition seems to reduce also the registration error for Hololens-based application, particularly in vertical direction, although this reduction did not result statistically significant (2.7 ± 1.2 mm vs 4.2 ± 2.4 mm, p = 0.072).

Results from Test Session 2 are summarized in Table 1. With HoloLens 2 all subjects (100%) were able to successfully trace the skin paddle profile with an accuracy level of ±2.0 mm (verified with the “4 mm” template); with tablet, on average, the 97% of the traced trajectories was within ±2.0 mm accuracy level.


Table 1 | Resulting mean percentage success rate in performing the AR-guided task using both tablet and HoloLens 2, for different accuracy levels (“1 mm”, “2 mm”, “4 mm” templates).



For accuracy level ±1 mm and ±0.5 mm, lower success rates resulted for both tablet and HoloLens solutions (53%, 19% and 71%, 41%, respectively), (Table 1). We found no statistically significant difference in success rate between tablet-based and HoloLens-based AR application, except for ±0.5 mm accuracy level, where AR guidance with HoloLens 2 showed a success rate higher than the one achievable with tablet (p<0.05).

From Test Session 1 we realized that the implemented marker-less registration is quite sensitive to environment lightening conditions, and that holograms can appear to project accurately over the leg phantom only from a certain perspective (i.e. a quite frontal perspective corresponding to the one chosen for Model Target creation in Vuforia Engine), whereas from other perspectives the hologram revealed very inaccurate placement.

In performing Test Session 2, we observed some inherent drawbacks of the marker-less registration based on the recognition of the 3D object profile using Vuforia Engine Model Target function. Especially in tablet-based application we observed that the hologram tends to shift away a little bit from the optimal registration position as soon as the subject approaches the hand to the phantom to start drawing the AR-guided trajectory. This behavior may be due to the fact that the subject places his hand between the camera and the tracked real object, thus interfering with the correct recognition of the skin layer profile of the leg phantom used as Model Target.

In terms of user experience, all subjects reported greater usability and ergonomics of the HoloLens solution, although the brightness of the virtual content was lower than the one displayed on the tablet.



4 Discussion

AR is a promising technology for craniofacial surgeons to obtain a “see-through” effect in the operating room. However, some problems with AR, such as depth perception (27) and registration errors (28), i.e. the difference between virtual content and actual reality resulting in bias for users, still remain.

The present study aims to increase the information regarding the achievable registration accuracy with a marker-less AR application usable via a tablet and a HoloLens 2 headset, that we developed for assisting skin paddle harvesting in osteomyocutaneous fibular flap procedure for mandibular reconstruction. The perspective of clinical application of the proposed AR protocol for head and neck reconstruction is the 3D planning of the soft tissue resection and reconstruction, having the opportunity to reduce the donor site morbidity, improving eventually the three-dimensional reconstructive outcome.

From a technical point of view, the primary challenge that needs to be addressed for AR to become a viable tool for surgery is the accuracy of registration between the displayed virtual content and the real scene. The registration error, mainly caused by registration method and camera performance, results in a “misalignment” effect in the subjective perception for virtual and reality image. The registration error is divided into static registration error and dynamic registration error. The static registration error deals with the error caused by the system when the user’s viewpoint is still at rest with the real object, whereas the dynamic registration error refers to the error that occurs when the real object has relative motion in the user’s view or environment (29). In our study we quantified the static registration error obtained for both tablet and HoloLens solutions, when using a marker-less tracking method based on the recognition of the 3D object profile.

Most of the current AR approaches are limited to invasive marker fixation to provide virtual-to-patient registration. In craniomaxillofacial surgery, AR solutions based on a marker-less tracking, like the one we propose, may offer the advantage to overcome the inherent drawbacks of standard navigation systems, such as the use of reference marks to be positioned on the patient, and the need for a quite long registration procedure. Therefore, a marker-less tracking approach offers a less intrusive solution and limits the need for manufacturing dedicated CAD/CAM trackers anchored for example to occlusal splints, which may obstruct the operative field.

On the other hand, marker-less solutions, as we observed in our experiments, may suffer from poor robustness, being sensitive to ambient light conditions, to changes in viewpoint, to contrast image and to the integrity of the 3D object profile used as Model Target. Indeed, in our previous experience in real clinical setting (23) we observed evident registration errors due to the posterior leg soft tissue displacing after the skin incision, since this surgical action alters the correct recognition of the leg profile used for registration. In general, while hard tissues can be registered with a high degree of success, the ability to accurately track mobile or deformable anatomy still remains a challenge, since soft tissue deformations during intraoperative maneuver reduce the stability of AR tracking which is based on a static rigid 3D model.

In the present study we found mean registration errors ranging within 1-5 mm, for both tablet-based and HoloLens-based solution, considering two dimensions, i.e. horizontal (X) and vertical (Y) directions. Our findings were quite in line with other studies on HoloLens accuracy for surgical applications that reported visualization errors up around 2 millimeters (30–32) and more than 5 millimeters in one case (33).

We observed largest deviations in the vertical (Y) direction. This may be due to the “Model Target” registration function which is based on recognition of the shape of a 3D object (i.e. the leg) observed from a certain perspective. In horizontal direction (X) there is an excellent fitting between the real and virtual content since the proximal and distal edge of the leg are correctly recognized and matched; however, the virtual-to-real matching with the Model Target function can occur also with a persisting rotational component along the leg long axis; this leads to a more relevant misalignment of the projected skin paddle profile in the vertical direction (Y).

Typically, the skin paddle used for reconstruction is a soft tissue area of average 6x4cm2 at least, so a sub-millimetric accuracy in virtual-to-real registration is not required and even an error of 5-10 millimeters can be acceptable, since it does not affect the clinical outcome. Therefore, our findings are satisfying in terms of accuracy since the resulting average registration errors are absolutely compatible with the objectives and clinical applications of the proposed AR protocol.

For marker-less tracking we chose the external profile of the leg skin as Model Target to be used in Vuforia Engine package; this means that all the virtual structures of interest to be projected in AR (fibula, arterial vessels, skin paddle profile) are included in the chosen Model Target. This could be a favorable aspect to minimize the registration error, since the farther the augmented virtual object is from the object used for tracking, the greater the registration error.

For the AR-guided task we found a good success rate (around 100%) in completing the task within an error margin of 4 mm for both AR display solutions. These results have to take into account that for each test we started from a condition of optimal registration error (around 2 mm), which was visually checked before the subject started tracing the trajectory under the AR guidance, in order to maximize the achievable success rate.

Regarding AR display types, HMDs are emerging as efficient and promising media to support complex manual surgical tasks typically performed under direct vision (8, 34), 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. Nowadays, optical-see-through HMD, like Microsoft HoloLens 2 smart glasses, are the leading wearable AR technology that are being explored also for applications in surgery. Nevertheless, technological and human-factor limitations, such as the small augmentable field of view, the low contrast image, and the still limited registration accuracy for high-precision surgical tasks, still hinder their routine use.

This does not exclude that they can be useful and usable, as in the case of the present study, to assist surgical procedures where there are no stringent accuracy requirements (i.e. submillimetric accuracy). Indeed, the expectation for AR system accuracy should be commensurated with the surgical tasks for which the tool is intended. In our study, all the performed AR-guided tracings on phantom encompassed appropriate skin regions to include the planned perforator vessel for fibular flap harvesting, also in those cases where low percentage of success rate resulted from accuracy verification through CAD/CAM templates.

When surgeons need to accomplish extremely delicate procedures such as precise drilling or cutting in narrow operative areas, AR systems specifically designed for high-precision surgical tasks, i.e. capable of guaranteeing a submillimetric accuracy level, should be preferred (8, 14, 35, 36).

From our experience, comparing the tablet-based and the HoloLens-based solution the following pros and cons emerged. The major advantage of a tablet solution is the good brightness of the virtual rendered anatomy. On the other hand, the advantage of a “surgeon-centered’ point of view is lost, and it is necessary to fix the mobile device in a suitable position that allows the AR view for the surgeon and at the same time the possibility to perform manually the AR-guided surgical task.

Regarding HoloLens 2 we received feedbacks from users of a quite comfortable and ergonomics headset, that offers the advantages of optical see-through technology and hands-free operation. However, the provided contrast image is quite low.

The preoperative planning time for the proposed AR protocol is about 3 hours: 2 hours for CT image segmentation and virtual content preparation, if good quality imagining is provided, and 1 hour for AR application development and its deployment on HoloLens smart glasses. This time would not represent a limitation for clinical use. Indeed, the proposed AR protocol for skin paddle incision can be used as an alternative to CAD/CAM approach based on skin paddle outline guides that require a comparable or even longer preoperative planning time (if we consider also the 3D printing time). Moreover, the AR technology, implemented in a mark-less way, has the great potential of being a “streamlined”, non-obstructive technology, which can be easily transferred and applied in the surgical setting.

Our study has some limitations. In Test Session 1 we quantified only the static registration error, while dynamic misalignment that occurs when the leg phantom has relative motion in the user’s view or environment was not evaluated.

Moreover, in Test Session 2, each subject performed the task consecutively using the two different AR display types, so in the second execution of the same task he/she could have benefited from a little training effect. We tried to limit this bias, inverting the order of execution of the test with tablet and HoloLens between one subject and another.

As future development, we plan to enriched the AR based protocol with additional features that allow the simultaneous tracking of multiple 3D objects, e.g. a target anatomical region and a movable bone segment to be repositioned or displayed relative to the target. This may open the way to exploring new surgical or outpatient applications of augmented reality in the craniomaxillofacial field.

Future perspective will address to transfer the proposed AR protocol in the real clinical field to assist the skin paddle harvesting in osteomyocutaneous fibular flap reconstructive surgery. Surely, the head mounted display such as the HoloLens 2 solution is the most promising and viable option for use in the operating room setting. So, our future efforts will be focused on promoting a clinical study on the use of the AR protocol with HoloLens 2 headset.



5 Conclusions

In this study we present the development of a marker-less AR based protocol proposed to assist skin paddle harvesting in osteomyocutaneous fibular flap procedure for mandibular reconstruction. The developed AR guidance system was evaluated on a 3D printed leg phantom, thus allowing a systematic comparison of the achievable static registration accuracy and of the success rate in performing the AR-guided skin paddle harvesting task, when using two different AR display solutions, i.e. a tablet and HoloLens 2 headset. Results revealed that the AR based protocol provides a registration error within the range 1-5 mm for assisting skin paddle harvesting in the clinical setting, in both solutions. Greater usability and ergonomics resulted for HoloLens 2. Optimal lightening conditions and further improvement of marker-less tracking technologies have the potential to increase the efficiency and precision of this AR-assisted reconstructive surgery.
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Objective

To evaluate the feasibility and accuracy of mixed reality combined with surgical navigation in oral and maxillofacial tumor surgery.



Methods

Retrospective analysis of data of seven patients with oral and maxillofacial tumors who underwent surgery between January 2019 and January 2021 using a combination of mixed reality and surgical navigation. Virtual surgical planning and navigation plan were based on preoperative CT datasets. Through IGT-Link port, mixed reality workstation was synchronized with surgical navigation, and surgical planning data were transferred to the mixed reality workstation. Osteotomy lines were marked with the aid of both surgical navigation and mixed reality images visualized through HoloLens. Frozen section examination was used to ensure negative surgical margins. Postoperative CT datasets were obtained 1 week after the surgery, and chromatographic analysis of virtual osteotomies and actual osteotomies was carried out. Patients received standard oncological postoperative follow-up.



Results

Of the seven patients, four had maxillary tumors and three had mandibular tumors. There were total of 13 osteotomy planes. Mean deviation between the planned osteotomy plane and the actual osteotomy plane was 1.68 ± 0.92 mm; the maximum deviation was 3.46 mm. Chromatographic analysis showed error of ≤3 mm for 80.16% of the points. Mean deviations of maxillary and mandibular osteotomy lines were approximate (1.60 ± 0.93 mm vs. 1.86 ± 0.93 mm). While five patients had benign tumors, two had malignant tumors. Mean deviations of osteotomy lines was comparable between patients with benign and malignant tumors (1.48 ± 0.74 mm vs. 2.18 ± 0.77 mm). Intraoperative frozen pathology confirmed negative resection margins in all cases. No tumor recurrence or complications occurred during mean follow-up of 15.7 months (range, 6-26 months).



Conclusion

The combination of mixed reality technology and surgical navigation appears to be feasible, safe, and effective for tumor resection in the oral and maxillofacial region.





Keywords: virtual surgical plan, mixed reality, surgical navigation technique, oral and maxillofacial tumor, jaw surgery



Introduction

The oral and maxillofacial region is anatomically complex, housing many vital vessels and major nerves. Because tumors in this region are often deep seated, resection surgery can be challenging. Thorough understanding of the tumor site and margins, individualized surgical planning, and accurate implementation of the surgery are of paramount importance (1). Recent advances in computer-assisted surgery (CAS), particularly in three-dimensional (3D) reconstruction, virtual surgical planning, and surgical navigation, have greatly improved the safety and accuracy of surgery in the maxillofacial region (2, 3). Surgical navigation offers real-time visual feedback and greatly facilitates implementation of the virtual surgical plan, but it does have limitations. Pietruski et al. (4) noted that constant gazing at the monitor screen adversely affects the surgeon’s hand–eye coordination and, thereby, surgical efficiency and accuracy. Moreover, despite continuing improvements in surgical navigation (5), the 3D image display remains two-dimensional, and accurate projection of the images to the surgical field still depends on the surgeon’s experience and imagination (6).

Mixed reality is an emerging holographic technology that combines the advantages of virtual reality and augmented reality. Image processing and mathematical computation is used to generate and project a real-time 3D hologram with which the user can interact. Mixed reality technology has been applied in the fields of hepatobiliary surgery and neurosurgery, but its application in oral and maxillofacial surgery remains limited.

In the maxillofacial region, satisfactory functional and aesthetic reconstruction is as important as accurate and safe tumor ablation. With mixed reality technology it is possible to project a 3D hologram on to the surgical field, but accurate registration is difficult. With surgical navigation, however, it is possible to achieve satisfactory registration accuracy. We hypothesized that the combination of mixed reality and surgical navigation could be used for safe and accurate resection of tumors located in the oral and maxillofacial region, and have applied the technique at our hospital. The aim of this retrospective study was to describe the technique and evaluate its feasibility and accuracy in oral and maxillofacial tumor surgery.



Materials and Methods


Patients

A total of seven patients diagnosed with oral and maxillofacial tumors in the Department of Oral and Maxillofacial Surgery, Peking University School of Stomatology between January 2019 and January 2021 were included in this study. All seven patients 1) had diagnosis confirmed by preoperative incisional biopsy; 2) had tumor involving both hard and soft tissues of the oral and maxillofacial region and required maxillectomy or mandibulectomy; 3) had no absolute contraindication for surgery; and 4) received treatment planning and tumor resection with the combination of mixed reality and surgical navigation.

This study was approved by the Institutional Review Board of Peking University School of Stomatology (approval number: PKUSSIRB-202054028). Written informed consent was obtained from all patients preoperatively.



Multimodal Image Fusion

All patients were subjected to standard preoperative head and neck computed tomography (CT) scan (field of view, 20 cm; pitch, 1.0; slice thickness, 1.25 mm; 140-160 mA, pixel density, 512 × 512); and magnetic resonance imaging (MRI; T2-weighted sequence, 1.5T (1T = 800 kA/m); slice thickness, 2 mm; pixel density, 512 × 512). Patients were required to maintain full intercuspal position during imaging. Digital Imaging and Communication in Medicine (DICOM) data of CT and MRI were uploaded to iPlan CMF 3.0 software (BrainLAB, Feldkirchen, Germany). Image fusion was performed using automatic fusion technique, with the tumor set as the region of interest (ROI) in both datasets. After accurate alignment of CT and MRI images at each slice, tumor mapping was performed on the MRI dataset (Figure 1A). The iPlan CMF 3.0 software enabled automatic registration of the two datasets, with bony structures as the references (Figure 1B). Finally, the mapped tumor margins on MRI were projected on to the CT datasets (Figure 1C). Using the multimodal image fusion technique, tumor margins were mapped and the surgical margins were planned virtually to ensure safe surgical margins during the actual surgery.




Figure 1 | MRI image, with tumor boundary depicted in blue (A) the software automatically recognized the bone tissue structure of the CT and MRI images in the same slice and fused them (B) the tumor boundary is marked in blue in the CT image (C).





Virtual Surgery Design

Following image fusion, the datasets were imported into a virtual surgical planning software (ProPlan CMF 3.0; Materialise, Belgium) for planning of osteotomy planes. The preoperative plan was designed under the cooperation of a well-experienced oral and maxillofacial surgeon and an experienced biomedical engineer. For each osteotomy plane, two reference points were marked manually (Figure 2). The virtual surgical plan was exported in STL format into the navigation workstation (VectorVision, Brainlab, Germany) for intraoperative navigation.




Figure 2 | More than two points are marked on the designed osteotomy line.





Mixed Reality and Navigation Connection Registration

Under general anesthesia, a 1-cm scalp incision was made. Then, following fixation of dynamic reference frame, laser surface scanning was used for skin surface registration. Synchronization of mixed reality and surgical navigation was completed using the IP address of surgical navigation via IGT-link port connection with both workstations. Open IGT-link is a network protocol that allows network communication among medical devices and supports image data transfers, based on the agreement by National Alliance for Medical Image Computing (NA-MIC). The devices (including tablet and camera) were connected to the mixed reality workstation (Visual3d, China) through the local network portal. Image data from the surgical navigation workstation was cached in the mixed reality workstation prior to its projection to the head-mounted mixed reality device, HoloLens (Microsoft Corp, USA), and other devices via a wireless network. Upon completion of patient registration, the surgeon could visualize the preoperative STL model in the HoloLens and interact with the hologram using predetermined gesture controls. The surgeon could also adjust the position of the 3D hologram in the surgical field to allow visualization of both the 3D hologram and the surgical plan in real time without having to take hands or eyes away from the surgical field.



Surgical Process

After the tumor was exposed, the surgeon donned the head-mounted HoloLens to facilitate the osteotomy procedure. Using gesture controls, the surgeon manipulated the 3D holographic image—enlarging, shrinking, rotating, hiding or adjusting the transparency as necessary. Before making the osteotomy lines, the surgeon used a hand-held navigation probe to verify the surgical plan through the predetermined reference points on the osteotomy lines. This could be performed without taking the eyes off the surgical field, as the probe pointer and its spatial distance from objects and its relationships were projected in the HoloLens. The allowance for error of the mixed reality system was set at 2 mm, which will lead the surgeon to find the accurate position of the osteotomy lines as soon as possible. The pointer changed color from red to green when the distance between the navigation probe and the reference point was ≤2 mm, thus ensuring the accuracy of the osteotomy lines (Figure 3). Through the 3D image and the distances displayed in HoloLens, the surgeon could adjust the direction and position of the hand-held navigation probe and thus verify the osteotomy lines. (Figure 4). In patients requiring mandibulectomy, the occlusion was stabilized with maxillo-mandibular fixation, to ensure the relative position of the mandible to the maxilla was the same as in the CT data. The osteotomies and tumor resection were then completed using a reciprocating saw. All surgeries were performed by the same experienced surgeon and his surgical group. Intraoperative frozen section examination was performed in all cases to ensure negative surgical margins.




Figure 3 | When the tip of the probe was 1.67 mm away from the marked point, the color of the marked point displayed in green.






Figure 4 | From the view of spectator, the image is located above the surgical area, and the three-dimensional reconstructed image and the actual surgical area are both in the surgeon’s field of view (A) the osteotomy line is determined with the help of the mixed reality image (B).





Postoperative Evaluation

Facial CT scan was performed for all patients at 1 week after surgery to evaluate the accuracy of the mandibular, maxillary dentoalveolar, and maxillary-zygomatic osteotomy planes. DICOM data of the postoperative CT scan was imported into ProPlan CMF 3.0 for segmentation and reconstruction of the postoperative 3D models. The preoperative and postoperative 3D models included only the remaining mandible or maxilla and both of them were imported into Geomagic Qualify software (Geomagic, Cary, NC, USA) for accuracy evaluation(Figure 5). The preoperative and postoperative 3D models were registered based on the unaffected maxilla and skull base for maxillary tumors, or on the unaffected mandible for mandibular tumors. The operator delineated the osteotomy plane of the maxilla/mandible on preoperative model (Figure 6A), then clicked the “Normal To” button and selected one point of the osteotomy plane. “Normal To” function means adjusting a user’s view of an object (but does not modify object’s transformation matrix) so that a selected point appears “closest” to the user. At this time, the osteotomy plane was perpendicular to the user’s view of sight (Figure 6B). Within such view, the surface on the postoperative maxilla/mandible model was selected (Figure 6C). Accuracy analysis was performed based on the osteotomy planes of the selected areas (7). The program automatically recognized the corresponding points from the two areas and calculated the distance between the corresponding points, then mean deviation and color map were computed automatically (Figure 7). All patients received standard oncological follow-up for at least 6 months postoperatively. Tumor recurrence and/or postoperative complication(s) (if present) were recorded during review. All data analyses were conducted using SPSS 21.0 (IBM Corp, Armonk, NY, USA).




Figure 5 | Preoperative and postoperative 3D models included only the remaining maxillary or mandible. (A) Preoperative plan. (B) Postoperative three-dimensional reconstructed image.






Figure 6 | (A) The alveolar osteotomy plane was selected on the preoperative maxillary model. (B) After clicking “Normal to” button, the view of the models was adjusted as the selected plane was perpendicular to the user’s view of sight. (C) The corresponding osteotomy plane on the postoperative model was selected under the adjusted view.






Figure 7 | Chromatographic analysis of the maxilla and osteotomy surface using Geomagic software.






Results

Among the seven patients enrolled in this study (Table 1), four had maxillary tumors and three had mandibular tumors. The median age of the patients was 45 years. There were a total of 13 groups of osteotomy planes. The mean deviation between preoperative virtual osteotomy plane and actual postoperative osteotomy plane was 1.68 ± 0.92 mm, with the largest deviation being 3.46 mm. Color map analysis showed that 80.16% of mean deviations from the actual osteotomy surface was within 3 mm. The mean deviations of maxillary and mandibular osteotomy planes were approximate (1.60 ± 0.93 mm vs. 1.86 ± 0.93 mm). Of the seven patients, five had benign tumors and two had malignant tumors. The mean deviations of osteotomy planes of patients with benign and malignant tumors were comparable (1.48 ± 0.74 mm vs. 2.18 ± 0.77 mm). Intraoperative frozen section biopsy confirmed negative margins in all cases. Mean follow-up was for 15.7 months (range, 6-26 months). The postoperative course was uneventful in all patients, and no patient had tumor recurrence or major complications during follow-up.


Table 1 | Basic data and follow-up outcomes of the seven patients.





Discussion

Surgery remains the mainstay of management for neoplasms in the oral and maxillofacial region (8). Surgical resection with negative surgical margin can be challenging, particularly for deep-seated tumors. Accurate and safe tumor resection requires thorough understanding of the tumor site and tumor size, characteristics, and margins. CT and MRI are important tools for diagnosing and staging neoplasms (9). While CT scan is especially useful for identifying tumors of bony origin, MRI is better for evaluation of soft tissue masses. The combination of the two modalities provides comprehensive assessment of tumor extension and its relationship with adjacent vital structures.

The CAS technique, which includes 3D image reconstruction, computer-aided design and computer-aided manufacturing (CAD/CAM), surgical navigation, and robotic surgery, has been widely applied in the field of oral and maxillofacial surgery in the past decade to improve surgical accuracy and final outcomes (2). With the image fusion technique, CT and MRI data can be combined to provide highly informative data for accurate diagnosis and treatment planning (10). CAD/CAM cutting guides permit accurate translation of virtual surgical planning to the surgical field (11). However, the surgical guides or plate may not be located easily and the incisions needed to be extended leading to enlarged damage to the normal tissue (2).

Several studies have shown surgical navigation to be a cost-effective and efficient method for translating the virtual surgical plan into operative reality and enhancing surgical accuracy and safety. Andrews et al. (12) used surgical navigation for orbital reconstruction and found that implant position can be verified using intraoperative navigation, thus reducing the risk of optic nerve injuries. Zhang et al. (13) applied surgical navigation in maxillary tumor resection and orbital reconstruction, and were able to accurately restore orbital volume, without encountering postoperative complications such as diplopia, restriction of ocular movements, or impaired visual acuity. Inthecurrentstudy (5), the registration accuracy of surgical navigation using a dynamic reference frame and laser surface scanning was ≤1 mm, and the overall surgical accuracy was ≤2 mm.

Current intraoperative navigation systems enable surgeons to inspect and interact with 3D images and objects on a flat-panel display (14). For realistic images, optimal contrast and depth perception is essential, but conventional image presentation on a 2D screen cannot provide spatial relationship and depth information effectively. Distractions due to any cause (e.g., reorientating of the radiographic images, the surgical plan, or equipment issues) during surgical procedures can be deleterious (15). With the holographic imaging technology, it is now possible for users wearing a head-mounted display to manipulate and interact with virtual objects in real time (16). In this study, HoloLens was used as the display unit to project holograms onto the surgical field; this reduced the distraction of surgeons when viewing the surgical navigation plane display.

In previous studies on mixed reality, the superimposition method was used to overlay holograms over actual anatomical structures, and manual matching was then performed. Zhu et al. (17) matched the reference points in the surgical field to the reference points in the 3D image. Mitsuno et al. (18) introduced a new and fast mechanism of alignment; they matched corresponding reference points in the hologram and the actual surgical field, and the mean time for alignment within 50 seconds, with mean error controlled to within 3 mm. The main drawbacks of manual matching are the time-consuming matching process and the low matching accuracy. Li et al. (19) used mixed reality technology to guide external ventricular drain insertion, and reported a mean deviation of 4.34 ± 1.63 mm and additional preoperative preparation time of 40.20 ± 10.74 minutes. It must be noted that in previous research (18–20), the manual matching was applied in the process of adjustment of hologram. Under such circumstance, the spatial position of the hologram was fixed. The physical movements of the surgical field will require re-adjustment of the hologram and the surgical field to keep the hologram consistent with the object in the surgical area. These issues prevent wider application of mixed reality in surgical procedures.

To the best of our knowledge, the application of mixed reality technology plus surgical navigation has not been previously reported in oral and maxillofacial surgery. This study used IGT-link port to connect the intraoperative navigation and mixed reality workstations, thus enabling projection of holograms on to the surgical field through HoloLens in real-time. It has the following advantages (1): The tumor, with the important surrounding structures and the virtual surgical plan can be visualized in real time, helping the surgeon to notice and protect them during the operation. (2) The real-time display of the distance between the marker point and the probe tip can help the surgeon determine the position of the osteotomy line efficiently. (3) Hololens supports gesture operation, so the surgeon can manipulate the 3D hologram (translation or rotation) without touching the object.

The evaluation of accuracy was carried out by two oral and maxillofacial surgeons, and each surgeon repeated the measurement twice. The final result was the average of four values. The intraclass correlation was also calculated to check the repeatability of evaluation method. In our patients, the mean deviation between virtual and actual osteotomy planes was 1.68 ± 0.92 mm. The mean deviation was larger for mandibular osteotomy planes than for maxillary osteotomy planes (1.86 ± 0.93 mm vs. 1.60 ± 0.93 mm), likely due to the mobile nature of mandible. Huang et al. (20) incorporated surgical navigation in mandibular reconstruction with free fibula flap and reported a mean deviation of 4 mm between preoperative virtual surgical plan and the actual length, width, and height of the reconstructed mandible. Casap et al. (21) compared two surgical navigation systems and noted lower navigational error with dental implants navigation system (<0.5 mm) than with otorhinolaryngology navigation system that used a head-mounted reference frame (~3-4 mm). In our own previous study (22), we integrated personalized cutting guides and intraoperative navigation system in mandibular reconstruction and found a mean deviation of 2.017 ± 0.910 mm. In the present study, the direct visualization of mandibular hologram in the surgical field with the use of mixed reality, and the maxillo-mandibular fixation, both helped reduce deviation during mandibulectomy.

In navigation-assisted surgery, surgical efficiency and accuracy is adversely affected by the need for the surgeon to verify the surgical plan repeatedly using a hand-held navigation probe on axial, sagittal, and coronal images displayed on a flat-panel screen. HoloLens, by projecting the image directly on to the surgical field, largely avoids the need for shifting gaze. The distance between the hand-held navigation probe and the actual reference point is continuously displayed with color and numerical indicators and thus increase the efficiency and safety of the surgery.

Previous authors have pointed out several issues with the use of HoloLens. One important problem is visual discrepancy. The hologram may appear in a different spatial position in the assistant’s view, even after registration by the surgeon. Galati et al. (14) reported a discrepancy of 4.5 cm when the same reference point was viewed from different perspectives. Visual discrepancy is potentially dangerous. Another problem that has been reported is that overlap of the hologram with the surgical field may obstruct the view of anatomical structures. The operating light might also affect the quality of the hologram (23). In our patients, we overcame the problem of visual discrepancy by using mixed reality in combination with surgical navigation (to establish the coordinates). Since the structure in hologram could be displayed real-time by surgical navigation, the surgeons could place the hologram at anywhere in his/her field of view, which meant it was not necessary that the hologram overlapped with the corresponding surgical field. The surgeons could translate or rotate the hologram to a proper place where the surgeons could simultaneously get the sight of hologram and the surgical field. This could help to reduce the disturbance caused by the overlapping between hologram and surgical field.

Mixed reality technology has its limitations. The HoloLens device is relatively bulky and heavy, and wearing it for long periods can be uncomfortable. Although mixed reality technology provides hologram display in real-time, the registration and “passive verification” still relies on navigation system. It required additional steps to combined mixed reality with surgical navigation, including equipment connection, fixation of dynamic reference frame and surgical navigation registration, which may require more preparation time.

This study was to explore the feasibility of combining navigation system with mixed reality in surgery. Accuracy is an aspect of evaluating the application effect of this technique. Our research team has proved the accuracy of surgical navigation in previous studies (13, 24). Whether the combination of mixed reality and surgical navigation was more accurate than single surgical navigation remains to be solved in the future. After verifying the feasibility of mixed reality combined with surgical navigation, we will set up a control group in which tumors are resected under the guidance of only surgical navigation.



Conclusion

The combination of mixed reality technology and surgical navigation appears to be safe and effective for tumor resection in the oral and maxillofacial region. The two technologies have complementary advantages. However, further research is needed to validate the application of surgical navigation in the mixed reality environment.
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Background

Virtual surgical planning (VSP) for jaw reconstruction with free fibula flap (FFF) became a routine procedure and requires computed tomography angiography (CTA) for preoperative evaluation of the lower limbs vascular system and the bone. The aim of the study was to assess whether the distribution and density of periosteal branches (PB) and septo-cutaneous perforators (SCP) of the fibular artery have an impact on flap success.



Method

This retrospective clinical study assessed preoperative CTA of the infra-popliteal vasculature and the small vessel system of 72 patients who underwent FFF surgery. Surgical outcome of flap transfer includes wound healing, subtotal, and total flap loss were matched with the segmental vascular supply.



Result

A total of 72 patients (28 females, 38.9 %; 44 males, 61.1 %) fulfilled the study inclusion criteria. The mean age was 58.5 (± 15.3 years). Stenoses of the lower limbs’ vessel (n = 14) were mostly detected in the fibular artery (n = 11). Flap success was recorded in n = 59 (82.0%), partial flap failure in n = 4 (5.5%) and total flap loss in n = 9 (12.5%). The study found a mean number (± SD) of 2.53 ± 1.60 PBs and 1.39 ± 1.03 SCPs of the FA at the donor-site. The proximal FFF segment of poly-segmental jaw reconstruction showed a higher rate of PB per flap segment than in the distal segments. Based on the total number of prepared segments (n = 121), 46.7% (n = 7) of mono-, 40.4% (n = 21) of bi-, and 31.5 % (n = 17) of tri-segmental fibula flaps were at least supplied by one PB in the success group. Overall, this corresponds to 37.2% (45 out of 121) of all successful FFF. For total flap loss (n = 14), a relative number of 42.9% (n = 6) of distinct supplied segments was recorded. Wound healing disorder of the donor site was not statistically significant influenced by the detected rate of SCP.



Conclusion

In general, a correlation between higher rates of PB and SCP and the flap success could not be statistically proved by the study sample. We conclude, that preoperative PB and SCP mapping based on routine CTA imaging is not suitable for prediction of flap outcome.





Keywords: virtual surgical planning, jaw reconstruction, CTA, flap failure, head and neck tumor, fibula free flap



Introduction

Taylor presented the free fibula flap (FFF) for the first time in 1975 (1), and Hidalgo employed it for mandible reconstruction 14 years later (2). This flap has a high success rate and is commonly used in reconstructive surgery (3). It allows the treatment of both bone and soft tissue defects with a single free flap from a single donor site (4). The FFF is the gold standard in mandibular reconstruction as it may be molded to a nearly ideal form of the missing jaw sections (5). Sufficient jaw reconstruction improves the quality of life (QoL) after ablative cancer surgery. After successful treatment, the overall QoL is comparable to that of the general population (6, 7). The osseous FFF permits for stable long-term prosthetic rehabilitation with dental implants with manageable donor-site complications (8–11). Computed tomography (CT) scans and DICOM data sets of the donor and recipient sites are required for virtual surgical planning (VSP) and the facilitation of custom-made, laser-melted, patient-specific titanium osteosynthesis plates (12, 13), which becomes widespread routine in many reconstructive centers (14). MRA was found as a reliable and non-invasive technique to identify anatomical variants and arterial stenoses (15, 16) without radiation in preoperative FFF planning (17). But CTA has been shown to be better than MRA for perforator mapping (18), as well as being more widely available, adequately accurate, and economic (19–21). The method of VSP was described by Eckardt and Swennen in 2005 for mandible reconstruction (22) and becomes more popular since than (23–27). The transfer from virtual planning to operating fields became accurate due to the possible because of the three-dimensionally designed and configured plate (28). Thank this planning method an exact and predictable uni- and poly-segmental bone restorations are possible (14, 29, 30). Success rates of the FFF ranging between 90% to 95% have been reported in the literature (31–34). Despite these significant benefits, surgery remains challenging in terms of insufficient perforator vessels, vascular bundle complications, or inadequate resections margins (35, 36). A thorough preoperative examination of the vascular system using a computed tomography angiography scan (CTA) to reduce those risks is required, as CTA scans allow for simultaneous evaluation of bony and vascularly structures (37).

The descriptive term periosteal branch (PB) is very general and has to be precise. Studies showed that bone perfusion of the skeleton is maintained by a system of three types of vessels (38, 39): endosteal nutrient vessels, penetrating periosteal vessels, and non-penetrating periosteal vessels. There are crosslinks between periosteal and endosteal vessels but without clear borders of perfusion. Experimental studies show that the inner two-thirds of the cortical bone is supplied by the endosteal system and the outer third by the periosteal system (40). Age seems to play a vital role, as the endosteal supply dominates the perfusion of cortical bone in youth, while in advanced age, a greater cortical thickness can be supplied by periosteum (41). While the nutrient vessels contribute to periosteal and endosteal blood supply (41), the non-penetrating branches do not appear to have a contribution to the endosteal perfusion (39, 42). The FFF is supplied by the non-penetrating perforator vessel subtypes direct periosteal and musculo-periosteal and nutrient vessels (1, 43). Several studies supported the thesis that non-penetrating branches only perfuse the outer section of the cortical bone (42, 44).

An anatomical examination of 30 formalin-fixed legs revealed that 27 legs (90%) had a singular nutrient vessel, and two (6.6 %) had a double nutrient vessel. In one leg, no nutrient vessel was observed. These vessels enter the fibula predominantly in the middle third, at its medial crest. In contrast, only one entered from the posterior surface and showed, on average, a diameter of 0.9 mm – 1.5 mm (45). Based on 54 cadaveric legs, it was found that the fibular nutrient artery, which arose from the fibular artery as a short descending branch, penetrated the M. flexor hallucis longus to enter the fibular nutrient foramen (46). Between the distal half of the first-quarter and second-quarter segments of the fibula, the fibular nutrient artery, and up to three arcuate arteries were located constantly (47). The term periosteal branch summarizes, therefore, nutrient and non-penetrating vessels.

Previous radiological analyzes of our research group on the same study sample revealed different distribution patterns and frequencies for PB and SCP based on CTA scans of both legs. A bimodal distribution pattern for PB and three peaks for SCP in performed CTA for VSP were recorded (48). Further, significant differences concerning the number of periosteal branches in the bone segment of different sizes were found compared to cadaver studies (49). The more proximal the FFF segment, the more frequently a potential PB was observed in the CTA scans. So that a comparison of the previous published radiological findings to the clinical data of the same patient’s collection is of great interest, which is the topic of this paper.

This investigation aimed to evaluate the impact of detected small vessels (PB and SCP) on the surgical outcome after VSP of uni- and poly-segmental mandible reconstruction with FFF. Additionally, the following questions were evaluated in the study.

	How do infra-popliteal branching pattern and fibular artery vascular anomalies (stenoses) affect the outcome of flap surgery?

	How does the distribution of CTA-based detected PB and SCP influence the surgical result of mono- and poly-segmental jaw reconstructions with partial or total flap loss?

	Does the observed distribution of PB and SCP impact wound healing of the donor site?





Material and Methods


Patient Collection, Ethical Consideration and Inclusion Criteria

The ethics committee of the Justus-Liebig-University Giessen approved the study (approval number: AZ33/20, approval date: 25.5.2020). No written obtained consent was required from the considered patients. Individuals meeting the following criteria were included: Immediate or delayed mandible reconstruction using FFF planned virtually, availability of preoperative CTA scans with a maximum slice thickness of 1.5 mm, treatment performed between January 2015 and December 2020.

A total number of 77 patients fulfilled the inclusion criteria. Five could not be included because of one fibula CTA after reconstruction with contralateral fibula after flap loss (n = 4) and after tumor recurrence (n = 1). Finally, 72 patients with CTA scans of 144 legs were available for the analyzis (Figure 1).




Figure 1 | Workflow of the present study. A total number of n = 72 computed tomography angiography (CTA) DICOM-datasets of virtual planned jaw reconstructions with a free fibula flap were included in the investigation. Findings on the vascular infra-popliteal branching pattern, stenoses, and distribution and density of periosteal branches and septo-cutaneous perforators of the fibular artery were matched with flap surgery outcome.



Dissection of the fibula flap was conducted using Gilbert’s lateral approach (50). A segment of 8cm at the proximal end and the distal end, a 6-8cm length, was left in place to preserve knee and ankle stability. When a composite flap was harvested, the perforators were protected with a muscle cuff of M. soleus and M. flexor hallucis longus. A summarized clinical example is given in Figures 2–4. Wound closure of the donor site was done primarily in cases of non-composite FFF. When composite FFF were harvested, all donor site defects were covered with meshed split thickness skin graft.




Figure 2 | 56 years old male with an infiltrative growth of oral squamous cell carcinoma (T4) in regio 38 (ID 18 in Figure 5). (A) Extension of osseous destruction in OPT and (B) cinematic volume rendering CT reconstruction.






Figure 3 | (A) CTA scan (axial plane) of the donor site. Yellow lines connect found PB and SCP with virtual surgical planning. (B) Final virtual surgical planning for bi-segmental mandible reconstruction with free fibula flap. (C) Yellow lines connect corresponding vessels with the operating field. (D) Applied cutting guide, performed osteotomies, and shaped neo-condyle. Case is ID 18 in Figure 5. In CTA assessment were 5 PB and one SCP of the FA at donor site recorded. Each fibula flap segment was supplied by one PB, while three were located proximal to the designed flap. The CTA-based SCP position was in the middle of the skin paddle in the proximal fibula flap segment. The radiological examination of the FA was without pathological findings (type I-B: infra-popliteal branching pattern, which means trifurcation of the popliteal artery in ATA, PTA, and FA). Overall, there were no radiological reservations or restrictions to surgery. Figure 3A, C shows that there was a discrepancy between the radiological and the operative findings. The number of SCP was at least 4 (green arrows).






Figure 4 | (A) Final molded bi-segmental composite fibula flap and (B) neo-mandible. Additional triangular free bone transplant to smooth the contour of neo-mandible’s jawline. Finally, total flap loss occurred in this case. The surgical revision revealed a combined arterial and venous thrombosis.



All CTA scans were done at the University Hospital Giessen’s Departments of Diagnostic and Interventional Radiology and Pediatric Radiology. The CT scans were done using a first-generation dual-energy CT scanner and a third-generation dual-energy CT scanner (SOMATOM Definition AS & Force, Siemens Healthineers, Forchheim, Germany). Above the aortic bifurcation to the feet, scans of both legs were performed with a slice thickness of 1.5 mm (70 kV, 300 mA max, pitch 0.5, collimation 0.6 mm, matrix size 512 x 512). Intravenously, non-ionic contrast fluids containing 350 mg of iodine per milliliter (Ultravist 370, Bayer, Leverkusen, Germany) were given. The amount of contrast media used is determined on the patient’s weight.

CTA DICOM data sets were analyzed in HOROS-Software for Mac (Version 4.0.0 RC5, Horosproject). Horos is a free and open-source code software (FOSS) program distributed free of charge under the LGPL license at Horosproject.org and sponsored by Nimble Co LLC d/b/a Purview in Annapolis, MD, USA. The CTA quality was assessed by side-by-side comparison with an ROI in the center of the popliteal artery and dorsal vessels of the dorsum of the foot. For every CTA, the measurements were performed on both patients’ legs.



Study Parameters

The following parameters were collected in a previous investigation on the study sample: Length of the fibula, bone and vascular anomalies, vascular anatomy and branching pattern of the infra-popliteal vessels will the classified concerning Kim et al. (51), length of TTF, number and localization of SCPs and PBs from the distal tip of the fibula bone to branching and between the branches.

These findings were matched with the surgical outcome including: Patient’s age (at CT scan), gender, body height, and weight, BMI, flap-type (composite or non-composite flap), site of flap harvesting, distance to the distal tip of the fibula (ankle), as well as the number, length, and position of fibula segments. Additionally, total transplant length, which were taken out of the virtual planning report was recorded. Information about flap status (complete flap success, partial (bone or skin paddle), or total flap loss) was extracted from the medical records. PFF was defined as any loss of parts of the skin paddle (skin), parts or segments (poly-segmental reconstruction) of bone grafts (bone), or a combination of both (52). The donor site’s wound healing disorder (WHD) was classified as minor WHD when only a conservative wound had been performed. Major WHD implicates large wounds with exposed tendons and surgical treatment by applying split-thickness skin graft after wound debridement.



Statistical Analysis

Pearson’s χ2 test, Fisher’s exact test, and the Freeman−Halton extension (53) were conducted on the categorical variables used to analyze flap outcome concerning: gender, flap-type (composite or non-composite flap), donor site, number of bone segments, and number and type of included perforators and ASA-score. Kruskal-Wallis test was performed to analyze defined flap outcome groups concerning metric parameters. The continuous parameters: age, body height, and weight, body-mass-index (BMI), the total length of the fibula, the length of the fibular artery (FA) from origin to the distal tip of the fibula bone, the diameter of the fibular artery, the length and the diameter of the truncus tibiofibularis (TTF), the number and the distance of septo-cutaneous perforators (SCP), the periosteal branches (PB), overall reconstruction length, and the segment length were verified for normality. The distribution was presented as a mean (standard deviation), and Student’s t-test was performed. p < 0.05 was defined as statistically significant. The statistical analyzes were carried out with SPSS (IBM SPSS Statistics, v28.0, Armonk, NY, USA).




Results

A total of 72 patients (28 women, 38.9 %; 44 men, 61.1 %) fulfilled the inclusion criteria. The mean age was 58.5 ± 15.3 years (range: 14.8 – 82.6 years). Firstly, the vascular system of the study sample was assessed and the sample was categorized into donor and non-donor site for further analyzis.

In the gender-mixed sample, no significant difference in fibular bone length was found. Concerning the infra-popliteal branching pattern type as classified by Kim et al., all donor fibulae had a regular vascular supply equivalent to types I-A through II-C. In contrast, at the non-donor site, two cases of type III-A and two cases of type III-B were found (51). Out of 144 legs, 88.9 % (n = 128) were assigned as type I-A. Detailed evaluation of the donor site vascular architecture revealed that type I-A was found in 93.1 % (non-donor site: 84.7 %). Two donor site vascular systems were classified as type I-B, and one case was assigned to categories I-C to II-B. Four legs of the non-donor site showed dominant fibular artery (FA) variants (III-A: n = 2; III-B: n = 2). No type III-C branching pattern was observed, defined as a dominant fibular artery, that can lead to critical perfusion (Tables 1 and 2).


Table 1 | CTA assessment for fibular bone and vascular system parameters of the study sample.




Table 2 | Infrapopliteal arterial branching variations were classified by Kim (51) of the investigated sample (n = 144).



At all, 14 stenoses of the lower limbs’ vessels were recognized. Five stenoses of the FA were detected at the donor site, while in the non-donor site, stenoses in all three vessels had been found (FA: n = 6; ATA: n = 1; PTA: n = 2). In donor vs. non-donor site comparison, no significant differences for the total length of the TTF and FA and the diameters were found. PB and SCP were located in equal parts at donor- vs. non-donor sites. The study detected a mean number (± SD) of 2.53 ± 1.60 PB and 1.39 ± 1.03 SCP of the FA at the donor-site in the region of interest between the exit of FA from the TTF and 5.0 cm above the distal tip of the fibula bone. Compared to the non-donor site, a non-significant difference in the mean number of recorded PB and SCP was found.

The findings were matched with virtual surgical planning (VSP) and surgery results, and flap outcome was categorized concerning complete flap success (FS), partial (PFF), and total flap failure (TFF). Partial flap failure was defined as (sub-)total loss of the skin paddle and/or parts or segments of poly-segmental reconstructions. The detailed results are summarized in Table 3 and Figure 5. Total flap loss was recorded in n = 9 cases (12.5%). The highest average age with 64.9 ± 8.0 years was found in the TFF-group, while the lowest mean age with 49.8 ± 20.6 years was estimated in the PFF group. The finding was without statistical significance. Differences concerning body weight were found significant for PFF in comparison to FS (PFF: 92.3 ± 10.6 kg vs. TFF: 64.9 ± 8.0 kg; p = 0.012) and a trend towards significance concerning the TFF (PFF: 92.3 ± 10.6 kg vs. FS: 58.4 ± 15.6 kg; p = 0.061). About 43.1 % of the study sample were classified at least ASA-score 3. PFF and TFF were found only for ASA-score 2 and 3 and within each class in equal proportions. All registered PFFs and TFFs (except for one type, I-B) occurred in a I-A branching pattern.


Table 3 | Demographic and surgery-associated parameters.






Figure 5 | Sample of n = 72 virtual planned jaw reconstructions. Matching virtually planned parameters, CTA detected vessels (PB and SCP), and surgical outcome. All position marks (x-axis) are given in centimeters.



The donor site was in nearly two-thirds of the cases (63.9 %) the right leg, and a minimal distance to the distal tip of the fibular of more than 70 mm was planned in 91.7 % of our cases to preserve ankle stability. TFF has not been observed when tri-segmental jaw reconstruction has been performed.

No significant difference (p = 0.431) was found for the length of TTF concerning flap outcome (FS: 31.3 ± 12.2 mm vs. TFF: 40.1 ± 14.9 mm).

Only when composite flaps were used, wound healing disorders of the donor site were registered. Harvesting defects were standardized covered with a meshed split-thickness skin graft (0.4 mm). The proportion of significant wound healing disorders (WHD) was almost twice as high as that of minor WHD in the FS-group (33.9 % vs. 18.6 %). In the TFF-group, this proportion quadrupled and must be viewed critically due to the small number of cases. No WHD was observed summarized in half of the patients in all groups (Table 4).


Table 4 | Wound healing disorders of the donor site.



The total number of in FFF included SCP and PB of the FA were analyzed in relation to the found vessels beyond the flap and classified concerning flap outcome (Figure 6). No significant differences were observed for different flap outcomes and the number of included SCP (CS 46.3 % vs. PFF 50.0 %, TFF 45.4 %) and PB (CS 37.7 % vs. PFF 38.5 %, TFF 28.6 %).




Figure 6 | Impact of relative distribution of (A) SCP and (B) PB concerning FFF outcome: Complete success, n = 59; Partial flap failure, n = 4; Total flap failure, n = 9. An absolute number of recorded vessel types are noted in the bars. Annotation: All possible SCP were recorded without consideration of including a skin paddle (composite FFF type). FFF, free fibula flap; PB, periosteal branch; SCP, septo-cutaneous perforator.



Further, the number of every single segment of a mono- and poly-segmental reconstruction which was supplied by at least one PB (Table 5), and analog for SCP (only for composite flaps, n = 61) (Table 6) was assessed. Based on the number of prepared segments, at least one PB supplied 46.7% in the mono-, 40.4% in the bi-, and 31.5 % in the tri-segmental group. Overall, this corresponds to 37.2% (45 out of 121) of all successful FFF. For TFF, a relative number of 42.9% of single addressed segments was calculated. The findings were non-significant. In summary, the number of SCP per segment were lower in poly-segmental composite FFF than in mono-segmental composite reconstruction (Table 6). These results are without significance.


Table 5 | Absolute (n) and relative (%) number of fibular segments were addressed by at least one periosteal branch (PB) based on preoperative CTA for VSP.




Table 6 | Absolute (n) and relative (%) number of fibula segments of composite FFF, which were addressed by at least one septo-cutaneous perforator (SCP) based on preoperative CTA for VSP.



Minimal and maximal segment length of each virtually shaped FFF segment was assessed and categorized concerning flap outcome. With an increasing number of used FFF segments for reconstruction, the mean segment length decreases (Table 3). With the same number of used segments, no statistically significant differences could be found. In detail, the shortest segment length was found in mean with ≥ 34.5 ± 14.2 mm for successful tri-segmental reconstructions, with ≥ 27.1 ± 6.4 mm for partial flap failure in tri-segmental reconstructions, and with ≥ 40.3 ± 16.8 mm for total flap failure in bi-segmental reconstructions. The length of each fibula flap segment was non-significant different in mono- (p = 0.194) and bi-segmental (p = 0.752) reconstructions concerning flap success. In poly-segmental jaw reconstructions, the proximal FFF segments (proximal in bi- and proximal > medial in tri-segmental reconstruction), a higher rate of PB per flap segment was assessed than in the distal segments (Figure 7).




Figure 7 | Impact of FFF outcome concerning length of fibular bone segments of mono- (1 SFFF), bi- (2 SFFF) or tri-segmental (3 SFFF) flap for achieving jaw reconstruction (left y-axis). The relative number of periosteal branches (PB) per segment (right y-axis) was calculated and superimposed (magenta cross). 1 SFFF flap success: n = 16 vs. total flap failure: n = 4; 2 SFFF flap success: n = 28 vs. n = 5; 3 SFFF flap success: n = 19 vs. n = 0; Amount of observed PB in region of transplanted fibular bone segments n = 66 based on the preoperative CTA.





Discussion

Despite advances in the planning of free flaps, improvements of microsurgical techniques (54), and flap monitoring (55–57), the result of surgical reconstruction is still threatened by perfusion disorders of macro- and microcirculation. Flap loss severely disturbs patients’ quality of life and increases the risk of further surgical procedures. Intensive preoperative assessment and imaging evaluation are necessary to decrease peri- and postoperative complications and increase flap success (58–63). CTA has been shown as a sensitive and specific method for microsurgical free flap (21, 64–66) and perforator flap harvesting in reconstructive surgery (67–75).

Over 43 % (n = 31) of the included study subjects were classified at least ASA-score 3. PFF occurred in 2 cases (6.5 %) and TFF in 4 cases (12.9 %). On the other hand, in the ASA-score 1 and 2 groups (n = 41), we documented n = 2 PFF (4.9 %) and n = 5 (12.2 %) TFF. Despite the presence of comorbidities, we did not observe an increase in complications and flap loss. These results are comparable to the literature reported by other study groups (76–78).


How do Infra-Popliteal Branching Pattern and Fibular Artery Vascular Anomalies (Stenoses) Affect the Outcome of Flap Surgery?

Evaluation of the donor site vascular architecture revealed that type I-A was found in 93.1 % (non-donor site: 84.7 %) according to the classification by Kim et al. (51). Two donor site vascular systems were classified as type I-B, and one case was assigned to categories I-C to II-B. Four legs of the non-donor site showed dominant FA variants (III-A: n = 2; III-B: n = 2). The foot’s blood supply is then shared between FA and non-hypoplastic ATA or PTA in type III-A and B, and FA is enlarged as a result (79–81). It was previously estimated that 5.2 % of limbs have dominant FAs (66). The study sample presented either on the donor or non-donor site none peroneal artery magna (type III-C), in which FA supplies blood to the lower leg and foot.

Overall, the distribution of the recorded branching variants of the popliteal artery is comparable to previous published data (82). However, it is imperative to identify this particular singular vasculature before FFF harvesting to prevent critical limb and foot ischemia (63, 83, 84). The investigation revealed that all but one of the PFF and TFF cases could be assigned to type I-A and I-B branching patterns. In accordance with the literature, type I-A is the most common branching pattern. Successful flap transfers occurred in types I-B, I-C, II-A, and II-B (each n = 1).

9.7 % of cases with vascular stenoses (n = 14) were identified in the sample, and from these, 11 were localized in the FA. There were five stenoses in the distal course of the FA run-off at the donor site, and two of these were associated with TFF. On the other hand, three cases of FA stenoses did not impact flap success. Remarkably, the majority of the recorded stenoses were located in FA. Other studies suggest the FA is not as severely affected by the peripheral arterial occlusive disease (PAOD) as the tibial arteries (60, 85, 86). Despite vascular calcifications impacting the flap vascular pedicle, successful microvascular FFF has been described, with a 0 % complete flap failure rate and a 7 % partial flap failure rate (87). Preoperative optimizing of leg perfusion by endovascular interventions has also been reported as a therapeutic option in possible critical limb perfusion (88).

Further study findings revealed significant differences concerning the length of TTF in the flap failure group compared to flap success and were assessed with an extended length of 40.1 ± 14.9 mm (p = 0.034). A more prolonged TTF implicates a decreasing length of the FA and, therefore, the entire vascular pedicle of the FFF. While short pedicle length can aggravate microsurgical anastomosis (89), a long pedicle is endangered for kinking and twisting with critical blood flow of the vascular axis (90). Published literature hypothesizes a relation between length and course of TTF and high body mass. This condition may contribute to enlarged and curved/twisted TTF, promoting local atherosclerosis and impeding microsurgery (91).

Summarized, the infra-popliteal branching pattern types I-A to II-B did not affect the flap surgery outcome in the present study. Furthermore, despite recorded vascular stenoses of the FA, flap success was observed in more than the half of those cases.



How Does the Distribution of CTA-Based Detected PB and SCP Influence the Surgical Result of Mono- and Poly-Segmental Jaw Reconstructions With Partial or Total Flap Loss?

The results of this study show that a PB and SCP (musculo-fascio-periosteal perforators) could not be visualized in every virtually planned and transplanted segment in the preoperatively performed lower limb CTA scan. Nevertheless, mono- and poly-segmental reconstructions were successful when no PB was found in CTA evaluation and failed, although PB (and SCP) were verifiable.

When matching harvested segments with detected PB, 38.5 % of all virtual planned segments (n = 143 in 72 patients) were congruent to one or more PB localization. If the segments which at least one PB distinctively supplied are assigned to the defined flap outcome groups, it was found that the FS group has the lowest rate with 37.2 %, the PFF group has the highest rate with 50.0 %, and the TFF group is between both with 42.9 % (Table 5). Therefore, the rate of in CTA detected PB found per segment did not provide information concerning expected flap success. The explored distribution patterns reflect PB and SCP clustering and confirm the high variability of the localization and course. It is noticeable that in poly-segmental reconstructions, the probability of observing a PB in the CTA increases in the more proximal segment. Previous investigations on the study sample revealed a bimodal distribution pattern for PB and three peaks for SCP in performed CTA for VSP (48). These patterns of distribution are similar to the results of other studies (17, 20, 92).

Investigations of CT-scans in fresh frozen cadaver lower limbs showed in mean 12.8 periosteal branches of the fibular artery with a mean intersegmental distance of 1.36 cm between them, and at least one branch in 65.1% in 1.0 cm segments, and up to 94% of the 2.0 cm segments (49). Their radiological findings of the detected periosteal branches (49) support the measurements of fibular segments perfusion in cadavers (93), but differ from our conclusions presented. The previous analysis of the study sample has shown that in 10.8 %, one PB was found in a 1.0 cm fibula section in our defined region of interest between the origin of the FA and a plane 5 cm above the distal tip of the fibula section. The likelihood increases in 2.0 cm segment up to 21.1 % and in 3.0 cm segment length to 29.2 %, having included at least one PB (48). Further, there is no difference regarding the density of periosteal and musculo-periosteal vessels in the long and short fibula segments. Existing collaterals between the superficial, periosteal, and the internal endoperiosteal system, were not able to compensate for the work of the non-functional vessels if the segment length was too short. However, this is more likely to occur if the segments are longer (93). Larger segments and fewer osteotomies were associated with higher perfusion (94). Battaglia et al. reported a series of 20 patients in matching in CTA images identified perforators with the intraoperative perforator location while FFF harvesting (65). An average distance between CTA perforator positions and intraoperative perforator positions of 1 mm (range 0 to 2 mm) was assessed. They concluded that preoperative CTA evaluation to investigate lower-extremity vascular patterns for patients undergoing composite FFF is a valuable approach for reducing VSP complications due to variable vascular anatomy. Still, more follow-up studies are needed to assess this modern technique’s long-term outcomes and benefits (65). Ettinger et al. report that further development of CTA imaging protocols and existing VSP workflows is necessary to be optimized to allow faster and more accurate preoperative modeling of cutaneous perforator anatomy for consideration in VSP of reconstructions (64). These authors point out also, that CTA for VSP allows taking the position of perforators into account when planning poly-segmental reconstruction and skin paddle (64). A previous study found that CTA could detect the size, course, and penetration pattern of all perforators with a diameter more than 0.3 mm (21). Recent investigation on the study population confirmed these statements (48). However, it can be assumed that the discrepancy in anatomical findings is based on the quality of the CTA scans. Several other factors influence CTA scan accuracy, including the timing, dosage, and coordination of the contrast bolus with the sequence of images (95).

Overall, the rate of CTA detected PB per segment did not indicate flap success. Mono- and poly-segmental reconstructions were successful when no PB (and SCP) were found in the CTA evaluation and even were unsuccessful when PB (and SCP) were recorded.



Does the Observed Distribution of PB and SCP Impact Wound Healing of the Donor Site?

WHD of the donor site were recorded only in the composite flap group, and the proportion of WHD was less high in the TFF-group (55.5 %) than in the FS-group (52.5 %). The differences should be viewed critically according to the small number of cases. A separation between minor WHD (small wound area and local therapy) and major WHD (large wound, exposed tendon, and need of surgical therapy with debridement, new skin grafting) had been done and showed, that major WHD (33.9%) had been recorded near to twice than minor WHD (18.6%) in the FS-group. In summary, more than 52.8 % of the entire study sample WHD were found. Published literature shows complication rates from 0% to 33% (62, 96, 97). In the present study, donor site defect of composite FFF were covered in all cases with a meshed split-thickness skin graft, and every (sub-)total graft loss was counted and defined as WHD. Primarily wound closure was only performed after non-composite FFF harvesting, and wound healing disorder was not found in this group.

According to SCP per segment matching rate, only composite flaps were evaluated. A total number of n = 126 segments in 64 patients has shown that overall, 28.6 % of all virtual planned segments were congruent to one or more SCP localization. However, this finding does not allow providing information concerning wound healing disorder. On the one hand, the authors believe that the size of the skin paddle and the donor site defect, and the patient’s general condition with comorbidities play a decisive role in wound healing. Heavy tobacco use was found to have as a risk factor for wound impairment (97).

The problem of WHD as a donor site morbidity has been known in the literature for a long time. Up to now, closure of the donor site is controversial and ranges from primarily closure, open wound healing, split-thickness skin graft, full skin graft, free flap (96, 98). Open healing of the fibular donor site and meshing of the surrounded tissue has been reported as a modification to decrease the wound area and avoid the morbidity associated with graft and resulted in a good cosmetic outcome (99). The use of vacuum-assisted closure allows patients to be mobilized sooner, assures greater graft acceptance, and reduces healing time up to 50% (100).

Up to now, information about the number and course of PB and SCP has not been of interest in our entire virtual planning process. Designing the composite flap and especially the skin paddle’s dimension depends on the defect size and visible SCP in the posterior intermuscular septum. From our clinical experience, we agree with others that handheld Doppler sonography examination is often unsuitable in general anesthesia to identify SCP reliably. Identifying tiny perforators and distinguishing between superficial muscular perforators and cutaneous perforators is difficult (101). Islam et al. discovered that real-time, color-flow Doppler ultrasonography was beneficial in the planning and harvesting free perforator flaps and suggested that it be used more widely than traditional hand-held Doppler equipment (102). We prefer the direct assessment and visualization of the SCP during dissection (Figure 3).

The distribution of in preoperative CTA detected PB and SCP per segment was not associated with the rate of wound healing disorders of the donor site after composite flap harvesting.



Limitations of the Study

There are some limitations in this retrospective study. Only patients who underwent the following FFF procedure were included in the investigation. Patients who were not suitable for FFF after CTA scan were not included, and the number of cases remains unclear. The investigated study population consisted a mixture of malignant and benign diseases which give an inhomogeneity to the study subjects. Another limitation is that multiple surgeons were involved in the treatment of the study population. Three different surgeons were involved in FFF harvesting over the entire study period. Evaluated CTA scans were not performed under experimental, controlled conditions. Instead, they were run as routine clinical imaging which reported by different radiologists.

Furthermore, as concluded in a previous study, the in CTA observed number of PBs and SCPs is substantially less than accurate as the anatomical findings (48). Therefore, the number of small vessels could be underestimated. Further studies using better developed volume visualization software to improve the illustration of small vessels are necessary as a future research step in this topic.




Conclusion

Preoperatively CTA for VSP of free fibula flap (FFF) is suitable for vascular mapping of the infra-popliteal vascular system and smaller vessels. Despite recorded stenoses of fibular artery in five cases, FFF was in 60% successful.

Correlation between higher rates of PB, SCP and the flap success could not be statistically proved in study sample. We conclude, that preoperative PB and SCP mapping based on routine CTA imaging is not suitable for prediction of flap outcome.
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Image-guided surgery, prosthetic-based virtual planning, 3D printing, and CAD/CAM technology are changing head and neck ablative and reconstructive surgical oncology. Due to quality-of-life improvement, dental implant rehabilitation could be considered in every patient treated with curative intent. Accurate implant placement is mandatory for prosthesis long-term stability and success in oncologic patients. We present a prospective study, with a novel workflow, comprising 11 patients reconstructed with free flaps and 56 osseointegrated implants placed in bone flaps or remnant jaws (iliac crest, fibula, radial forearm, anterolateral thigh). Starting from CT data and jaw plaster model scanning, virtual dental prosthesis was designed. Then prosthetically driven dental implacement was also virtually planned and transferred to the patient by means of intraoperative infrared optical navigation (first four patients), and a combination of conventional static teeth supported 3D-printed acrylic guide stent, intraoperative dynamic navigation, and augmented reality for final intraoperative verification (last 7 patients). Coronal, apical, and angular deviation between virtual surgical planning and final guided intraoperative position was measured on each implant. There is a clear learning curve for surgeons when applying guided methods. Initial only-navigated cases achieved low accuracy but were comparable to non-guided freehand positioning due to jig registration instability. Subsequent dynamic navigation cases combining highly stable acrylic static guides as reference and registration markers result in the highest accuracy with a 1–1.5-mm deviation at the insertion point. Smartphone-based augmented reality visualization is a valuable tool for intraoperative visualization and final verification, although it is still a difficult technique for guiding surgery. A fixed screw-retained ideal dental prosthesis was achieved in every case as virtually planned. Implant placement, the final step in free flap oncological reconstruction, could be accurately planned and placed with image-guided surgery, 3D printing, and CAD/CAM technology. The learning curve could be overcome with preclinical laboratory training, but virtually designed and 3D-printed tracer registration stability is crucial for accurate and predictable results. Applying these concepts to our difficult oncologic patient subgroup with deep anatomic alterations ended in comparable results as those reported in non-oncologic patients.
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Introduction

Head and neck tumor treatment entails an irreversible anatomical distortion and a loss of essential functions such as chewing, swallowing, or phonation. Facial contour disfigurement is also common, especially when adjuvant radiotherapy is required. Therefore, functional restoration of the oral cavity is one of the main challenges for head and neck surgeons. In this context, microsurgical free flaps enable the three-dimensional (3D) repair of orofacial defects on an individual basis to restore lost tissue.

In 1991, Urken (1) stated the main functional objectives for the reconstruction of the oral cavity (1): primary restoration of bone continuity with rigid fixed vascularized bone (2), immediate positioning of osseointegrated implants to ensure rapid rehabilitation of occlusion (3), placement of thin and pliable tissue for reconstruction of the floor of the mouth and tongue, and (4) restoration of soft tissue sensitivity: labial competence and restoration of sensation in intraoral tissue.

In 1988, Riediger (2) was the first author that fitted delayed implants in an iliac crest microsurgical flap. One year later, Urken et al. (3) were the pioneer in fitting implants immediately during the hard tissue reconstructive procedure with DCIA flap (deep circumflex iliac artery, the iliac crest flap). Since then, shape reconstruction using flaps and function restoration with implant-supported prostheses have become well-established methods.

As stated by Schoen et al. (4), in any curative cancer treatment, the placement of dental implants should be evaluated. Roumanas et al. (5) studied chew impairment after tumor resection. They concluded that microsurgical reconstruction and conventional dental restoration contribute to chewing function recovery. However, this study showed a statistically significant improvement when dental rehabilitation was based on osseointegrated implants. It is well reported that quality of life improves after dental implant-supported rehabilitation in oncologic patients in terms of self-assessed masticatory ability, social and psychological disability (6), or good to excellent speech intelligibility and aesthetics (7).

Prosthetic-based implant placement in oncologic patients poses major challenges for the surgeon because these patients have small mouth openings, flat reconstructed ridges, reduced tongue mobility and lip seal, thickened and retracted mucosa, xerostomia, skin scars, etc. (8). An ideal prosthetic rehabilitation should provide appropriate support, retention, and stability, preventing soft tissue injuries; this is why we consider that implant-based dental restoration is the only alternative to reestablish cosmesis and function in oncologic patients.

Smolka et al. (9) reported a significant difference between successful osseointegration and the ability of implants to provide valuable and functional restoration. A 92% osseointegration success rate fell to 42% in the functional evaluation owing to factors such as lack of patient cooperation or implant malpositioning. In our department, Cuesta-Gil et al. (10) found that 4.4% of malpositioned implants are due to a critical lack of parallelism, excessive angulation, or else lingual or vestibular deviation, demonstrating that adequate implant placement is crucial for long-term prosthetic success. More recently, we reported less than 2% of malpositioned, non-load-bearing, osseointegrated implants in oncologic patients (11). Clark et al. (12) estimated that about 7% of complications might be related to implant malposition. Nowadays, the goal is not only to load all the osseointegrated implants but also to place the fixtures so that they are guided by the prosthesis in an accurate and biomechanically ideal position. Poor implant positioning would lead to biological complications due to the inability to maintain proper hygiene, peri-implantitis, unfavorable mechanical load, and, finally, loss of implant at an early stage (13).

In head and neck oncology, virtual surgical planning (VSP) and image-guided surgery (IGS) have become widely accepted methods to improve resection and reconstruction reproducibility, speed, and accuracy (14). Based on CT or MRI data, this concept could also be applied to implant surgery in cancer patients to overcome the aforementioned challenges. Our dental implant placement philosophy has changed in numerous ways. From placing freehand implants in maximum bone volume and density, we moved to prosthetically driven surgery, guided surgery, and finally, computer-assisted surgery.

Computer-assisted implant surgery (CAIS) was introduced in 1995 by Fortin et al. (15), seeking an increased precision and accuracy with a particular interest in complex oncologic reconstructed patients. Several authors have demonstrated the CAIS concept in treating oncologic patients reconstructed with free flaps (8, 16, 17).

The prosthetically driven implant placement method is based on 3D image reconstruction and planning of virtual implant placement in the optimal position. Gargallo-Albiol et al. (18) classified implant navigation surgery as dynamic and static. The ideal plan is transferred to the actual surgical site through a custom-made template in the case of static CAIS (sCAIS) or through real-time tracking and guidance of the surgical drill in dynamic CAIS systems (dCAIS) (19).

Regarding the type of drilling and implant placement, static navigation can also be divided into fully guided (FG) and half-guided (HG) implant surgery. During FG navigation, drilling and insertion of the implants are performed through the rigid guide, whereas during HG navigation the drilling procedure is guided while the implants are inserted freehand without the guide in place. Furthermore, depending on the type of surgical visibility and guide support, we can differentiate between open and closed guided (flapless) or mucosa, bone, and tooth-crown-supported guided navigation. Both approaches, static and dynamic, rely on how the presurgical information is translated into the surgical procedure, offering different advantages and limitations.

When comparing dynamic and static guidance versus freehand placement, the literature shows consistently improved accuracy for the guided procedure (20). When studying guided techniques, Kaewsiri et al. (21) and Mischkowski et al. (22) concluded that dynamic navigation provided higher accuracy than the static guide system. Therefore, any guided method yielded better results than freehand implant placement techniques (17). Dynamic navigation is accurate, is useful in edentulous and mouth-restricted opening patients, and allows intraoperative updates. Static-guided surgery is simple, is cheaper, allows flapless surgery, and produces excellent results in dentate patients.

Another cutting-edge technology used in computer-aided surgery is augmented reality (AR). AR enables the surgeon to visualize virtual information from the patient (e.g., virtual surgical plan or medical images) overlaid on the surgical field (23). Clinical application reports of AR in implantology are scarce. Pellegrino et al. (24) presented the feasibility of adopting AR to facilitate the use of dynamic navigation for dental implantology and evaluated AR’s accuracy compared to dynamic navigation in two cases.

To the best of our knowledge, this is the first time where the advantages of combining both guided techniques, static and dynamic navigation, are presented through a workflow that comprises virtual surgical planning, patient-specific 3D-printed tools, dynamic guidance based on real-time optical tracking, and augmented reality visualization. We have already applied these technologies to improve the surgical management of craniosynostosis (25–27). Our research has demonstrated that integrating these solutions into the surgical workflow has a positive impact on surgical outcomes, increasing the reproducibility and efficiency of the interventions (28). Therefore, we hypothesize that virtual prosthetically driven implant placement planning could be accurately translated to our oncologic reconstructed patients by combining static navigation, dynamic navigation, and AR visualization.



Materials and Methods


Population

Eleven head and neck reconstructed oncologic patients (5 epidermoid carcinomas, 1 mucoepidermoid carcinoma, 1 adenoid cystic carcinoma, and 4 ameloblastomas), 9 males and 2 females, ages ranging from 18 to 84 years, with different bone and soft tissue defects, were treated with virtually planned and fully guided dental implant placement to restore form and function. Surgical reconstructions included free and regional flaps, 2 iliac crest free flaps, 2 double-barrel fibula flaps, 4 conventional osteocutaneous fibula flaps, 1 ALT with vastus lateralis flap, 1 radial forearm flap, and 1 pectoralis major after a failed fibula flap. Two patients received adjuvant radiotherapy. Table 1 summarizes the characteristics of each patient included in this study.


Table 1 | Characteristics of the patients participating in this study.



All patients signed an informed consent for study participation. The study was performed in accordance with the principles of the 1964 Declaration of Helsinki as revised in 2013 and was approved by the Research Ethics Committee at Hospital General Universitario Gregorio Marañón in Madrid.



Treatment Protocol for Computer-Assisted Implant Surgery

Our treatment protocol follows these fundamental steps:

	Cone-beam computed tomography (CBCT) and patient plaster model scanning.

	Virtual planning: virtual dental prosthesis design, definition of prosthesis-guided implant location, and surgical guide design, including a modification for dynamic navigation (holes and sleeves for registration markers).

	Fabrication of surgical drilling guides on biocompatible resin with a 3D printer.

	Surgical-guided procedure. Static, dynamic, or mixed technique. Intraoperative verification with augmented reality

	Postoperative CBCT and analysis of position differences between planned and final results.



A bimaxillary CBCT scan was acquired for each patient (Figure 1A). Then, impressions of both arches were taken with either silicone or alginate materials, and the plaster was scanned to obtain 3D digital models with a D700 3Shape® scanner. These 3D models were manually aligned with the CBCT scan using anatomical landmarks. Then, VSP was performed on a computer workstation for optimal prosthetically guided dental implant placement using either Nobel Clinician-DTX® studio implant licensed software or Blue Sky Bio® open software (Figure 1B). VSP started with the virtual screw-retained prosthesis design. Once teeth are in the ideal occlusal position, implant locations were defined, focusing on achieving an appropriate angulation and depth while avoiding any interference with osteosynthesis screws. Finally, we ended with a virtual objective of treatment (Figures 1C–F). In all patients we placed Ticare®Osseous (Mozo-Grau, SA, Valladolid, Spain) and Ticare®Osseous Quattro (Mozo-Grau, SA, Valladolid, Spain).




Figure 1 | (A) Double barrel fibula flap CBCT 16 months after irradiation with 70 Gy. A basal reconstructive plate and a crestal miniplate. (B) Scanned lower jaw plaster model merged with the CBCT and virtual tooth design. (C) Prosthetically driven implant planning and in blue the teeth supported rigid splint designed with windows for insertion verification. (D) Lingual view seen from the floor of the mouth of the crestal fibula segment and the prosthetically driven implant placement. (E) VSP, preoperative implant planned position superimposed in the CBCT (F) Postoperative orthopantomogram.



Regarding virtual surgical planning translation to the surgical field, in our initial four patients (Figure 2) we followed a silicone jig tooth-supported dynamic navigated procedure. We built the virtual plan in the NobelClinician-DTX® studio implant software (Nobel Biocare®, Zurich, Switzerland) and manually created a silicone tooth-retained jig to hold the 3D-printed dynamic reference frame by articulating upper and lower jaw plaster impressions on a semi-adjustable articulator. Registration was based on fiducial markers and in some previous foreign bodies attached to the oncologic patient, including in-situ osseointegrated implant heads or fixed osteosynthesis devices, screws, and reconstructive plates.




Figure 2 | Initial protocol example, from the ablative surgery to the final orthopantomogram (A) Right segmental mandibulectomy. (B) Double-barrel fibula flap in place. (C) Postoperative orthopantomography. (D) Redundant fibula skin paddle. (E) Implant placement virtual surgical planning with Nobel Clinician-DivX software. (F) Teeth supported silicone jig holding the 3D-printed dynamic reference frame. (G) Intraoperative screen view of the navigated handpiece and the real-time drilling trajectory. (H) Handpiece and patient’s optical markers ready for dynamic navigation. (I) Still redundant skin paddle after implant surgery. (J) Intraoral view after vestibuloplasty and implant second phase. (K) Screw retained porcelain fused to metal fixed prosthesis lingual view. (L) Final occlusion. (M) Final panorex with the prosthesis in place.



In the third patient, we encountered a problem with the stability of the silicone tooth-supported jig intraoperatively. This finding forced us to end that procedure in a conventional non-guided freehand way. From this third patient, we decided to stop using the silicone jig as the retention method for the dynamic reference frame.

Therefore, for the subsequent seven cases, rigid resin tooth-supported guides were designed with 3D CAD (Blue Sky Bio software) and manufactured by 3D printing technology, seeking intraoperative stability. With this approach, the 3D-printed surgical guide provided excellent stability and was also used for intraoperative registration, avoiding the need for anatomical landmarks. For that purpose, the 3D CAD conventional rigid guide design was imported in Meshmixer software (Autodesk Inc., San Rafael, CA, USA) for design modifications. Several pinholes were added to the surgical guide surface to be used as reference landmarks during patient-to-image registration (Figure 3A). A specifically designed socket was also included to attach the dynamic reference frame during navigation or a 3D-printed marker during AR visualization. This socket was positioned on the same jaw as the planned implant but on the opposite side of the arch to avoid interference with the surgical instruments (Figure 3B). In general, our rigid guides were designed with a 9- to 12-mm offset between implant head and surgical guide for a 23- or 28-mm drill length. In addition, guiding tubes with a 5.2-mm diameter without metallic sleeves were included to mark the trajectories of the defined implants. Surgical guides were manufactured by the stereolithographic technique with a Formlab Form 2 3D printer and using BioMed Clear V1 biocompatible resin (Formlabs Inc., USA). Finally, surgical guides’ stability was evaluated by fitting them on the cast models and on the patient before surgery. With the advantageous rigid guide in place, holding the registration tracers, we could consider dynamic- or static-guided surgery, augmented reality, or a combination of all of them.




Figure 3 | (A) Virtual model of the surgical guide with four pinholes (red) for intraoperative registration and a socket for the attachment of the dynamic reference frame. (B) 3D-printed biocompatible teeth-supported resin guide holding the dynamic reference frame during computer-assisted surgery in a right hemotingue epidermoid carcinoma reconstructed by means of an ALT with vastus lateralis free flap.



Therefore, VSP surgical translation was individualized in each patient. For example in two of them presenting almost an ideal restored anatomy, or when treating a non-reconstructed jaw, we applied a close transmucosal surgical technique with conventional static-guided surgery concept. In one patient, the mandible was treated with dCAIS and the maxilla with sCAIS. In four patients, we mixed both concepts in the same jaw, starting with a half-guided sCAIS, drilling with the static guide and then placing the implant with dynamic navigation.

A customized in-house software application was developed in 3D Slicer to assist surgeons during dental implant placement. A Polaris Spectra (Northern Digital Inc., Waterloo, ON, Canada) optical tracking system was used for real-time positioning of the surgical instruments with respect to the patient’s anatomy, attaching a dynamic reference frame to the surgical guide. Patient-to-image registration was computed by recording the pinholes included on the surgical guide. This approach ensures an accurate registration when the surgical guide is correctly fixed on the patient. In addition, optical markers were included in the handpiece to track the movements of the tool and guide the drilling trajectory. A calibration step is required to compute the position of the tip of the handpiece with respect to the optical markers. This calibration was performed by fitting the handpiece tool on a specifically designed calibration platform and recording a total of six pinholes located on the platform (Figure 4). Head immobilization is no more a requisite for accurate navigation with this workflow due to real-time positioning.




Figure 4 | Calibration of handpiece tool prior to dynamic navigation. (A) Surgeons recording reference points in the tool calibration platform. (B) 3D model of the calibration platform.



The developed software application displayed the real-time position of the handpiece with respect to the preoperative CT images, anatomical 3D models, and VSP. Optimal drilling trajectory was controlled through constant visual and acoustic feedback to ensure accurate matching with the VSP (Figure 5A). The navigation software displayed two target images: one to visualize the linear deviation of the insertion point of the implant (Figure 5B), and the other to control the angular deviation of the drilling trajectory (Figure 5C, Video 1).




Figure 5 | Visualization layout during dynamic navigation. (A) 3D view of the handpiece position during drilling with respect to the virtual surgical plan. (B) 2D target view to control linear deviation of the handpiece tip at the entry crestal point. (C) 2D target view to control angular deviation of the drilling trajectory.



AR visualization was also available for the surgical team and applied in five cases as a tool to verify the final position of the implants. A customized AR smartphone application was developed to project the patients’ virtual models onto the real-world image. This application uses the smartphone camera to detect and track the position of a 3D-printed cubic reference marker for real-time positioning of the virtual models (Figure 6). The tracking marker was designed to contain unique black and white patterns on each face (29). This cubic reference was 3D printed in polylactic acid and sterilized with ethylene oxide at low temperature (37°C) before surgery (25).




Figure 6 | Verification of implant position using augmented reality visualization. (A) Surgeon using a smartphone inserted into a sterile cover. (B) Augmented reality visualization of the virtual surgical plan overlaid on the patient’s anatomy.



The developed application was deployed on an iPhone 6 (Apple Inc., Cupertino, CA, USA) and used after the implants were placed on the patient to verify their final position. Once the reference marker was attached to the surgical guide socket, an automatic registration was performed. Then, the smartphone was introduced in a sterilized case (CleanCase, SteriDev Inc., Lansing, MI, USA) and held by one physician. The surgeon pointed with the smartphone camera to the cubic marker, and once it was detected, the virtual models were projected on the smartphone display (Figure 6A). The AR device enabled the surgeons to visualize VSP directly on the patient’s anatomy, showing the bone, target implant location, and the optimal drilling trajectories in their expected position (Figure 6B), (Video 2).

Postoperative CBCT scans were acquired to evaluate surgical outcomes and navigation accuracy. Implants were segmented from the postoperative CT study, comparing their position with the VSP. Accuracy evaluation metrics included (1) linear deviation of the implant entry point (platform or crestal point of insertion) (2), linear deviation of the implant apex or apical endpoint, and (3) absolute angular deviation (Figure 7). We calculated the mean and standard deviation values of these metrics for each group under study.




Figure 7 | Metrics used to compare the final position of implants with the preoperative virtual surgical plan.






Results

We placed a total of 56 implants, 25 in the upper jaw, and 31 in the lower jaw. 18 implants were inserted into the fibula bone (conventional or double barrel), 6 into the iliac crest, and 32 in the patient remnant bone; 15 implants were placed in irradiated bone (1 fibula and the ALT with vastus lateralis case).

In those eleven patients, we treated 14 jaws, 3 jaws exclusively with sCAIS (closed transmucosal technique, 13 implants), 4 jaws with dCAIS (13 implants), and the other 7 with a combination of both methods (30 implants). In those 11 navigated jaws, we opened a flap for proper bone visualization and soft tissue remodeling. Adequate bone width control is advisable in extremely narrow alveolar bone cases. Vestibular cortical plate fenestration was noticed in three implants, so we extracted the implants and placed them again in different locations. Those three freehand implants were visually oriented and placed in the best-quality bone that was found available intraoperatively without considering the virtual planning. That is why they were withdrawn from the statistical analysis. We also withdrew our third patient (3 implants) from the analysis, since we did not achieve enough stability of the optical markers. Hence, the navigation procedure was not accurate enough, ending the surgery in a conventional non-guided freehand method. Consequently, the implants were placed with an eye-oriented insertion axis and without considering the prosthetically driven surgical planning. Despite the intraoperative complication, the osseointegration was uneventful in the fibula and we ended with the planned fixed screw-retained prosthesis (Table 1, patient 5, orthopantomogram with the prosthesis in place). Therefore, we withdrew a total of 6 freehand placed implants from our data analysis

All implants except one achieved a successful osseointegration measured during follow-up by ISQ stability (frequency of resonance), resulting in a 98% osseointegration success rate. This follow-up is, however, too short to extract conclusions.

Figure 8 shows an example of the comparison between the virtual surgical planning and the final intraoperative position. Complete data are provided as supplementary material, including patient information, angular deviation, crestal point of insertion, and apical deviation.




Figure 8 | Virtual surgical planning in yellow comparison with final intraoperative position. Excellent accuracy in implants 1,2,4,5, mismatch error in implant 2. Implant 2 while inserting into an extremely narrow alveolar bone developed a vestibular complete fenestration. We intraoperatively corrected the position freehand seeking adequate bone volume. Since this implant is not guided, we withdrew the final result from our study.



The average crestal point insertion error (Table 2) was 1.96 mm, with values between 0.35 and 4 mm (standard deviation 0.95 mm). The combination of static and dynamic navigation offers the best accuracy with an average error of 1.52 mm. Static alone has a 1.56-mm average error, and only-dynamic procedures raise the error to 2.7 mm.


Table 2 | Results of the insertion point deviation in mm.




The endpoint or apical deviation error (Table 3) was 2.66 mm, with a range from 0.62 to 7.5 mm (standard deviation 1.33 mm). Considering different guiding techniques, static shows the best accuracy (1.27 mm), followed by the combination with a 2.94-mm error and dynamic alone (3.94 mm).


Table 3 | Results of the end point deviation in mm.




The angular deviation (Table 4) average error was 8.98°, ranging from 1.4° to 30° (standard deviation 5.38°). The combination of static and dynamic and the static alone shows a similar accuracy (8.07 and 8.1 degrees, respectively). Only-dynamic navigation has a 10.5° average error.


Table 4 | Results of the angular deviation in degrees.




Table 5 summarizes the results for angular deviation and crestal and apical deviation. Each variable is subdivided into three groups for descriptive data analysis: static-guided surgery or dynamic navigation alone, and the combination of both.


Table 5 | Average, standard deviation and maximum and minimum values of the results for angular deviation, insertion point deviation, and end point deviation.



A fixed screw-retained prosthesis has already been placed in five patients as planned, while the last six patients are waiting to complete the osseointegration period. We duplicate the period of osseointegration in irradiated bone.

At the end of the surgical procedure, we were able to display planned implant placement intraoperatively with the AR app on our mobile phone in five patients. The final platform and the insertion point deviation were visually verified in 30 implants. The match between virtual planning and final surgical results was observed and recorded.



Discussion

Virtual computerized implant surgery has opened a new horizon in the management of complex cases when the anatomy of the jaw bones has been altered due to trauma or pathology (30). In free flap oncologic reconstructed patients, there are several reports regarding guided static surgery-based implant placement (8, 16, 17) but only a few about dynamic navigation and none reporting a combination of both or augmented reality guidance.

There is a gap between surgical planning and interventional procedures in oral and maxillofacial surgery. Medical CAD/CAM technologies ensure a precise virtual plan. However, their translation to the operating room cannot be guaranteed due to the lack of accurate surgical guidance and anatomical visualization during the procedure (31).

The deviation range of an ideal surgical navigation system to meet the clinical requirements should be between 0.5 and 1.5 mm. The more complicated the surgical procedure is, the greater the error should be expected (32–34). The literature seems to indicate that one has to accept a dynamic unavoidable inaccuracy of 2.0 mm in any guided surgery procedure (35). The accuracy of the registration process between the virtual image and the surgical site has the most significant impact on the precision of the navigation system since subsequent tasks depend on that step. Several registration methods have been proposed in craniofacial surgery: bone implants (plates and screws), occlusal splint fitted to the teeth, anatomical landmarks, and laser surface scanning. Occlusal splints provide a non-invasive, highly accurate registration method that is steadily fitted to stable bony landmark-dental cusps (33).

The position of the dynamic reference frame in relation to the surgical site requires consideration. The aim is to position the reference frame as close as possible to the surgical field to maximize navigation accuracy, but considering that it should not limit the surgeon’s maneuvers during the intervention. Jiang et al. (33) found that the closer (further) the distance from the reference frame, the smaller (larger) the positional deviation, showing a similar trend for the angular error. They concluded that an occlusal splint might be sufficient for the navigation of maxillary and mandible surgery.

Nevertheless, our first four cases were splintless dynamic-guided surgeries (one iliac crest, one fibula double barrel, and two conventional fibula flaps). We applied the tooth-supported silicone jig dCAIS concept for patient registration, which was the most inaccurate method (linear crestal insertion error 2.7 mm, apical deviation 3.94 mm, and 10° of angular mismatch). These values are similar to those reported in the literature for conventional freehand non-guided placement in simple non-oncological cases. Vercruyssen et al. (35) revealed a crestal error of 2.7 mm, an apical error of 2.9 mm, and an angular deviation of 9.9°. For the same features, Block et al. (36) reported 1.67 mm, 2.51 mm, and 7.69°, respectively. In our study, the tooth-supported silicone jig provided an adequate registration. However, it resulted unstable during surgery. Consequently, the cases with large anatomical distortion (fibula cases patients 3 and 4 with a basal fibula bone placement and a thick skin paddle) showed the lowest accuracy. Moreover, we had to stop the navigation procedure in the third patient and continue with a conventional freehand method. Despite the mismatch, osseointegration was uneventful and the initial group of four patients ended with adequate screw-retained implant-supported prosthesis.

To overcome this stability problem, we introduced the sCAIS in our study, based on a 3D-printed teeth-supported surgical guide that not only stabilized the fiducial markers for accurate registration and navigation but also demonstrated to be a good alternative for implant placement if needed.

Static CAIS systems are limited due to undesirable cooling methods, restricted direct visual contact with the working surgical site (blind technique), and the impossibility of modifying the planned position intraoperatively. Placement and stability of the guide during the surgical procedure are critical to achieving precision. Some sources of error, in oncological reconstructed patients, could be the following: limited mouth opening in patients, nature of the guide support, tooth availability, tooth position or mobility, template fabrication process or flap approach, in particular concerning posterior surgical sites, and the need of long drills in restricted mouth opening patients (37). Previous studies have shown that tooth-supported guides provide better results than mucosa or bone-supported guides. Implants in distal extension gaps resulted in more significant deviation when compared to implants placed in posterior areas with adjacent bilateral teeth support due to possible intraoperative guide movement, tilting, and bending, particularly in long cantilever lengths. Although the mismatch between the planned and final achieved positions can be measured, no information on the source of inaccuracy can be assessed (38). Most of our patients belonged to the group of long posterior extension gaps prone to bending and tilting of the static guide. Therefore, we expected difficulties with static guide accuracy in most of our cases. In addition, sCAIS needs specific surgical drills and instruments.

We restricted the use of static surgery to three patients, 13 implants, carefully choosing the jaws with minimal anatomical distortion, ideal tooth support for splint stabilization, non-restricted mouth opening, and almost average mucosal or soft tissue flap thickness.

sCAIS accuracy results in a healthy population (partially edentulous non-oncological cases) were analyzed by two systematic reviews, Tahmaseb et al. (39) and Jung et al. (40). They reported an entry point error ranging from 1.04 to 1.45 mm, apex mean error between 1.38 and 2.99 mm, and angular error around 4°. Therefore, it is considered a highly accurate method, but many studies are biased reporting single-unit cases with ideal tooth support on both sides of the edentolous space. Our results after a careful selection of patients are respectively 1.56 mm, 1.27 mm, and 8°, similar to non-oncological series. sCAIS usefulness is limited in oncologic patients due to the aforementioned restrictions. It should be considered in irradiated patients when feasible because it allows a close surgical approach. Flapless surgery is a less invasive and traumatic procedure, avoiding raising a flap and detaching undamaged soft and hard tissue from its vascularization, which could be crucial in irradiated patients (8).

On the other hand, open dynamic image-guided navigation techniques enable real-time surgical tool tracking and visualization with respect to surrounding anatomical structures, allowing the surgeon to accurately place the implant on the position defined during preoperative virtual planning. The surgeon’s perception of the drilling sequence and implant placement is not affected by a splint. There is no need for a specific set of drills or instruments and can be used in almost all patients, even in cases with limited mouth opening. Kalaivani et al. (13) stated that the major value of the dynamic design is the ability to adjust the planned implant positioning intraoperatively.

dCAIS tracking depends on the registration procedure. Errors in that step could be detected and corrected with continuous recalibration paying attention to reference fixation and position stability. Nevertheless, there are some limitations to evaluate since the registration process is technically sensitive and requires time. In addition, the surgeons need a steep learning curve and the cost of the equipment is high (41). Sun et al. (42) reported that the learning curve plateau is not reached until the surgeon has placed at least 15 dental implants with these systems. Our group created a workflow based on open software, avoiding extra costs, and included laboratory practice with biomodels to reduce the learning curve.

dCAIS in healthy non-oncological case results are excellent, and similar to the sCAIS, Yimarj et al. (19) reported a 1.24-mm crestal insertion error, 1.58-mm apical mismatch, and 3.78° angular deviation. In another systematic review and meta-analysis, Wei et al. (17) reported that the average global platform deviation, global apical deviation, and angular deviation were 1.02 mm, 1.33 mm, and 3.59°, respectively. Our subgroup of five patients, 30 implants, placed by means of a splint-based registration dynamic navigation technique yielded values of 1.52 mm, 2.49 mm, and 8°, respectively, slightly higher than in non-oncological patients.

When comparing sCAIS with dCAIS, Kaewsiri et al. (21), Mischkowski et al. (22), and Block et al. (36) concluded that dynamic navigation provided higher accuracy than any static guide system but without statistical significance. On the other hand, Jorba-García et al. (43) considered that not all commercial dynamic systems are suitable for treating difficult fully edentulous cases, suggesting the use of static systems as the first-line option in guided implant surgery.

Our workflow shares the best capabilities from both methods. Assuming that the surgical template is difficult to use alone in anatomically altered reconstructed oncologic patients and that dynamic navigation information allows intraoperative real-time modifications, we combine both techniques. The rigid tooth-supported acrylic 3D-printed splint provides a stable platform for patient registration and optical marker display. It also holds all the information for guided surgery and the cylinders for static drilling. In our last five patients, we placed the tip of the drill inside the cylinder using dynamic navigation to find the virtually planned crestal insertion point and the best handpiece axis orientation before starting to drill. The main difference with a conventional static drilling technique is that we have a certain degree of freedom within the guiding 5.2-mm-diameter tube, to slightly change the drill insertion point and axis as suggested by the intraoperative dynamic navigation display in order to match the virtual surgical plan. With this combined approach, our results in the last three oncologic patients resemble those achieved in healthy non-oncological patients.

In many implants, we noticed an intraoperative mismatch in the crestal insertion point between the static surgical guide and the dynamic navigation. We give more credit to the position provided by the navigation technique, and the postoperative implant position analysis reveals that dynamic navigation based on a stable splint offers superior accuracy to translate the virtual surgical planning into the operating room (Figure 9).




Figure 9 | (A) Mismatch between the initial 2-mm drilled holes suggested by the static splint (see white arrows) and the final intraoperative implant position achieved with dynamic navigation guidance. (B) Static splint-based dynamic navigation accuracy is higher than static navigation alone in this double-barrel fibula case. Postoperative implant position analysis, the achieved position in red, the virtual surgical planned position in green.



Considering the image-guided surgery learning curve, it is difficult to draw conclusions because all our oncologic patients are different and each case should be individualized while planning (Table 6). Our series showed a progressive increase in accuracy and indeed a learning curve despite preclinical laboratory training. The combination of a modified navigation static 3D-printed splint and infrared optical navigation yielded the best results in all the measured variables.


Table 6 | Learning curve, from the initial jig dynamic navigation to combined, static-dynamic-AR, guided surgery.



Clinical studies about augmented reality in maxillofacial implantology are scarce with very few publications investigating this technology. Pellegrino et al. (24) presented two cases where they evaluated the feasibility of adopting Hololens glasses-guided AR as a means of facilitating the use of dynamic navigation. Pellegrino placed just one implant on each patient and found a 0.5–0.53-mm deviation at the entry point, a 0.46–0.48-mm deviation at the apical portion, and an angular deviation between 2.19° and 3.05°. They concluded that AR overcomes one of the disadvantages of the dynamic guided system: the need to simultaneously pay attention to the patient and the output from the navigation system display. However, when a 3D virtual layer is displayed and laid over the real environment, there is often a discrepancy between the real and virtual images due to an overlay or positional error. In their opinion, the main limits of AR are the inconvenient virtual window positioning and orientation together with the working distance of the glasses, which could force the surgeon to operate in an uncomfortable position, and the lack of depth perception. In addition, when comparing visual perception of depth on a 3D image with a 2D screen projection, stereo and motion parallax are two missing essential cues (34). These reasons explain why AR is still a field of in vitro investigation in maxillofacial surgery with few clinical reports.

We developed a smartphone-based AR navigation system combining an AR application with a 3D-printed reference marker. One of the main advantages of our approach is that there is no need to wear special heavy and bulky head-mounted displays or divert surgeons’ eyes from the surgical site, since the smartphone display could overlap the operating area. Another advantage is the automatic patient-to-image registration method, thanks to the reference marker placed into the surgical guide socket. Wang et al. (31) presented an interesting alternative with a stereo camera marker-less image registration method where the only requirement to generate correct AR scenes is to expose the patient’s teeth to the camera.

The smartphone was easy to use in the surgical field thanks to the sterilized case. The proposed smartphone app could display the bone, virtual implant planning, and plaster model holding the fixed screw-retained planned prosthesis in the real position on top of the patient. Regarding the implants, it was easy to superimpose, with different degrees of translucency, the planned virtual implant over the final intraoperative position. We applied this in five patients as a final validation method of the guided surgery with favorable results. However, depth perception is still a limitation in AR. Therefore, we believe that using AR technology for surgical guidance is still challenging, and further research and laboratory practice are needed to overcome barriers.

Increasing economic costs and operating time should be mentioned as potential limitations. There are no extra costs in our proposal since planning and splint design is based on free software. We establish a negligible 20 Euros cost for splint exportation and printing. The software allows subsequent splint modifications and impression for a bimaxillary splint without new extra fees for each patient. Regarding surgical time, we calculate that 15 min of extra time are needed for subsequent iterative registration procedures during a three-implant-guided placement.

Despite that, non-oncological implant placement is gradually becoming a navigated surgery. Dental implantologists are increasingly applying this method due to the undoubted advantages. As stated by Michael S. Block in 2017: “Clinicians placing implants should consider routinely using dynamic navigation on daily basis to improve their accuracy and not just for special cases” (41). In our experience, any guided method, even the most inaccurate, yielded at least similar results when compared to the freehand technique.



Conclusion

Oncologic patients reconstructed with free flaps represent a challenge for implant treatment. Image-guided implant surgery should be used with caution, since previous results from these techniques cannot be directly translated from normal healthy non-oncologic cases. The static surgery concept could be easily used in non-reconstructed jaws or when the anatomical distortion is minimal and good tooth support ensures surgical guide stability.

Combining a modified static-guided surgery tooth-supported 3D-printed resin guide with dynamic navigation (modified for accurate registration and optical markers display) in oncologic patients could achieve equivalent results to those obtained with guided methods in healthy non-reconstructed patients.

Furthermore, intraoperative flexibility allowing alignment and orientation modifications during implant placement is a significant advantage of VSP and dynamic guided surgery. Augmented reality is a valuable tool for intraoperative verification but needs further research to be considered an alternative guided method for implant surgery.

Computer-aided implant surgery based on dynamic navigation and 3D-printed surgical modified guides is an accurate and valuable technique for prosthetically driven implant placement in free flap oncologic reconstructed patients.
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Objective: To realize the three-dimensional visual output of surgical navigation information by studying the cross-linking of mixed reality display devices and high-precision optical navigators.

Methods: Applying quaternion-based point alignment algorithms to realize the positioning configuration of mixed reality display devices, high-precision optical navigators, real-time patient tracking and calibration technology; based on open source SDK and development tools, developing mixed reality surgery based on visual positioning and tracking system. In this study, four patients were selected for mixed reality-assisted tumor resection and reconstruction and re-examined 1 month after the operation. We reconstructed postoperative CT and use 3DMeshMetric to form the error distribution map, and completed the error analysis and quality control.

Results: Realized the cross-linking of mixed reality display equipment and high-precision optical navigator, developed a digital maxillofacial surgery system based on mixed reality technology and successfully implemented mixed reality-assisted tumor resection and reconstruction in 4 cases.

Conclusions: The maxillofacial digital surgery system based on mixed reality technology can superimpose and display three-dimensional navigation information in the surgeon's field of vision. Moreover, it solves the problem of visual conversion and space conversion of the existing navigation system. It improves the work efficiency of digitally assisted surgery, effectively reduces the surgeon's dependence on spatial experience and imagination, and protects important anatomical structures during surgery. It is a significant clinical application value and potential.

Keywords: maxillofacial surgery, digital surgery, surgical navigation, mixed reality, three-dimensional visual output


BACKGROUND

The combination of surgery and digital navigation technology is the international mainstream and frontier development trend in this field. In the oral and maxillofacial regions, the rigidity characteristics of the skull base and maxillofacial bones provide an anatomical basis for the clinical application of digital navigation technology (1). Existing digital technologies such as surgical planning, intraoperative real-time navigation, and others have significantly improved oral and maxillofacial surgery accuracy. They can avoid secondary injuries to the greatest extent on the premise of completing the established resection goals of the operation (2). The advantages of current digital navigation technology are summarized as follows: (1) Precisely locate the anatomical structures and pathological tissues of the operation area; (2) Perfect surgical planning and approach before surgery; (3) Precisely control the resection range to protect important anatomical structures; (4) Accurate Repair the morphology of maxillofacial defect (3).

Although the existing digital navigation system-assisted surgical system has matured day by day, there are still some problems. (1) There is no direct spatial relationship between the patient and the surgical planning and the output image of the navigation system. The surgeon needs to watch the tomographic image output by the surgical planning and the navigation system through the display screen. When using images to locate anatomical structures, the surgeon needs to imagine the actual relationship between the image and the patient's anatomy, which requires a solid anatomical foundation and robust spatial imagination ability, which raises the technical threshold (4). (2) The existing navigation system is single-point navigation. It means that it can see only a particular point of navigation information during the operation but not a full grasp of the surgical area (5). (3) The existing navigation system is a display screen output. During use, the surgeon needs to repeatedly switch the field of vision between the display screen and the operation area. In addition to affecting the operation process and reducing the operation efficiency, it also quickly causes the doctor's visual fatigue and affects the operation effect (6). The above problems limit the further promotion and development of the existing navigation system in oral and maxillofacial surgery.

With improved computing capabilities and image processing technology, it has become possible to introduce augmented reality and mixed reality technologies into the medical field. Mixed reality technology integrates the technical advantages of augmented reality and virtual reality, can present virtual model information in natural scenes, integrate virtual models and real locations, and create a better realistic experience through stage superimposition (7). Intraoperative navigation is one of the best application scenarios of mixed reality technology in the medical field. Mixed reality equipment can assist the navigation system in integrating the surgical planning three-dimensional model with the actual patient's anatomy during the operation and complete the continuous spatiotemporal registration of the patient's surgical area anatomy and the planned three-dimensional model. Mixed reality technology can extend the surgeon's field of vision, enhance the visual system, and obtain the internal structure of organs invisible to the naked eye. The accurate spatial information of the surgical site and surrounding critical anatomical structures are further obtained (8).

Therefore, the introduction of mixed reality technology into the navigation system of oral and maxillofacial surgery can realize three-dimensional visual navigation and better solve spatial imagination and graphic conversion of existing navigation systems. The following introduces the project team's cross-linking of mixed reality display equipment with high-precision optical navigators, developing a digital maxillofacial surgery system based on mixed reality technology, and successfully implemented mixed reality-assisted tumor resection and reconstruction in 4 cases.



METHODS


MR Display Equipment and Patient Tracking Calibration Technology

The dynamic tracking of the optical positioner mainly realizes the change from real space to MR space. The process has two steps: the change from the real space to the space of the optical positioner and the change from the distance of the optical positioner to the MR display device. The reference frame fixed on the patient's head and the reflective ball on the MR display device's positioning frame can define the real space and the MR space. Using the optical positioner to track the reflective balls on the two positioning frames can directly obtain the change from the positioner to the MR space. Sum these two changes can get the transformation relationship from the real space to the MR space. Moreover, the MR equipment can scan the operating room environment through the depth camera for auxiliary calibration, further improving the accuracy of the tracking calibration.



Development of Maxillofacial Digital Surgery System Based on Mixed Reality Technology

The hardware used in this system includes HoloLens, a commercial head-mounted mixed reality display device from Microsoft Corporation in the United States, Passive Polaris Spectra, an infrared positioning tracking device from NDI Corporation in Canada, and infrared-reflective balls and reference frames.The software architecture used in this system includes HoloLens application development kit Mixed Reality Toolkit, Unity3D game engine for middleware development, open-source toolkit IGSTK developed by the National Institute of Biomedical Imaging and Bioengineering, National Institutes of Health, cross-platform QT, and communication-based on TCP protocol. The software used in this system is a commercial development kit or an open-source kit.



Preliminary Clinical Application of Maxillofacial Digital Surgery System Based on Mixed Reality Technology

A total of four patients who were treated at the Ninth People's Hospital of Shanghai Jiaotong University were selected. All patients had mandibular tumors that needed resection and reconstruction. We collected the patient's original CT data, completed the patient's preoperative three-dimensional reconstruction and surgical planning, and used the mixed reality technology of the maxillofacial digital surgery system to assist the surgery (Table 1).


Table 1. Information of the 4 patients and surgical results.

[image: Table 1]

The patients were re-examined 1 month after the operation, the postoperative CT data of the patient were collected, and the data were processed through the 3DMeshMetric to form the error distribution map, and completed the error analysis and quality control.




RESULTS


MR Display Equipment and Patient Tracking Calibration Technology

The preoperative CT or MRI inspection data can be transformed into a virtual visual model through three-dimensional modeling. Select the anatomical landmarks accurately identified in the surgical site as the marker points. Calculate the coordinates of the marked points on the virtual model in the original coordinate system of the virtual model, denoted as {Mi}, which is the coordinates of the patient's accurate anatomical marked points in the actual model coordinate system. During the operation, the navigation system tracks the surgical probe. The anatomical landmarks preset as the marker points on the actual model are sequentially selected to obtain the position of the marker point in the coordinate system of the navigation device. Click the anatomical landmarks preset as marker points on the actual model in turn to obtain the position of the marker point in the coordinate system of the navigation device, and further calculate the coordinates of the marker point in the reference frame coordinate system of the actual model, denoted as {Ni}.

Use the least-square method to find the optimal transformation matrix NTM to make the transformed coordinates NTM (Mi) to (Ni) closer to complete the tracking calibration of the MR display device and the patient. When performing point registration, as the number of marker points increases, the registration error will decrease. However, too many marker points in the actual operation will prolong the registration time and affect the efficiency of the process (9). Based on the research data, we set the number of marking points to six and control the point registration error within 1 mm, which achieves a balance of accuracy and efficiency (Figure 1).


[image: Figure 1]
FIGURE 1. Tracking calibration of MR display equipment, navigation system, and actual patients.




Development of Maxillofacial Digital Surgery System Based on Mixed Reality Technology

The surgical system software system includes MR image processing and selection module, registration module, control module, target area depth calculation module. The design interface of the software system is simple and straightforward. It can display the MR virtual three-dimensional model and CT/MRI cross-section conditions simultaneously, switch arbitrarily, and realize the distance measurement and real-time display of the target area and the position of the surgical instrument.

MR image processing and selection module: including 3D model rendering optimization algorithm, image segmentation selection algorithm and display, mainly used for MR image processing optimization and separate production; registration module: assists the virtual and actual matching of the MR 3D model and the patient's factual anatomical structure Accuracy, including the extraction and matching of virtual and real landmarks, and the identification of landmarks and positioning frames by the navigator; control module: the surgeon mainly operates and sets the entire navigation system through this module, including the hardware interface program of the navigator and MR display equipment; Target area depth calculation module: Calculate the depth of the surgical instrument and the target area, and optimize the navigation accuracy of the target area. The hardware system required for the prototype includes MR image display equipment, navigator, reference system (probe, positioning frame, reflector...). The MR image display device completes the real-time communication with the navigator through the data transmission interface based on the TCP/UDP transmission protocol.

The MR image display device is the key to the navigation system. This article uses the finished head-mounted wireless MR display device-HoloLens as the display device. The image rendering optimization, intraoperative registration, tracking calibration algorithm, and hardware real-time communication protocol involved are all designed and developed by this project team (Figure 2).


[image: Figure 2]
FIGURE 2. Construction of a prototype of a digital maxillofacial surgery system based on mixed reality technology.




Preliminary Clinical Application of Maxillofacial Digital Surgery System Based on Mixed Reality Technology

The operation of the four patients went smoothly. During the operation, the surgeon could observe the operation plan and virtual three-dimensional model in the operation field in real time, and adjust it through voice and gesture operations. In all cases, the mandible and other anatomical structures were well displayed, and the information response of the reconstructed fibula was accurate.By comparing the CT and surgical planning models before and after the operation, and through the error analysis chart, the maximum error of all patients is not more than 6.08 mm, and the error in most areas is <4.79 mm. Besides, The errors in all cases are mainly concentrated in the chin, which may be caused by the difference between the surface of the chin and the shape of the fibula. The error of the selected case in this article meets the requirements, and the patient's surgical wound were normal healing according to the Southampton scoring system without related complications (Figure 3).


[image: Figure 3]
FIGURE 3. Error distribution diagram formed by point-to-point comparison between preoperative planning and model postoperative CT reconstruction model. The bar graph on the right represents the value of the error (unit: mm). The color in the figure corresponds to the point error.





DISCUSSION

The existing navigation system is a single-point display screen output mode, which cannot establish an effective spatial connection between the surgical planning image and the patient's actual anatomical structure. The surgeon needs to view the output of the tomographic image by the surgical planning and navigation system through the display screen and then imagine the actual relationship between the image x‘and the patient's anatomical structure. There is a problem with the spatial conversion. The doctor's repeated switching of the field of view between the operation area and the display screen will reduce the operating efficiency and affect the operation effect (6).

This paper introduces mixed reality technology into the existing navigation system, so the navigation system can output three-dimensional images and display them together with the patient's actual anatomy in real-time. Mixed reality equipment can assist the navigation system in integrating the surgical planning three-dimensional model with the actual patient's anatomy during the operation and complete the continuous spatiotemporal registration of the patient's surgical area anatomy and the planned three-dimensional model (8). The whole process includes importing the preoperative planning 3D model, the fusion registration of the 3D projection of the intraoperative planning model, and the patient's actual anatomical structure. And surgeon can see the patient's anatomical structure and the 3D model simultaneously in the operation field. Therefore, the introduction of mixed reality technology into the navigation system of oral and maxillofacial surgery can realize three-dimensional visual navigation, better solve spatial imagination and graphic conversion of existing navigation systems (10) (Figure 4).


[image: Figure 4]
FIGURE 4. The main procedures of MR-based surgical navigation.


The mixed reality display device used in this study is a commercial wireless headset (Hololens) developed by Microsoft Corporation in the United States. As the most advanced mixed reality display device, its display technology is optical transmission (near-eye 3D diffraction) display. Unlike the more researched video-based display technology, the visual transmissive display can integrate the three-dimensional model image and the natural ambient light in the translucent lens, thereby completely restoring the three-dimensional human vision (11). The three-dimensional model is directly superimposed on the patient's actual surgical area and maintains consistency with the patient's corresponding anatomical structure through continuous Spatio-temporal registration. Therefore, the surgeon can visually observe the patient's internal anatomy in the surgical field of view, accurately determine the resection range, and avoid secondary injuries. In addition, the device is operated through gesture recognition and voice control, avoiding physical contact during use, providing conditions for its application in surgery. The US Microsoft Corporation launched a commercial head-mounted mixed reality display device (Hololens) in 2015 and used it in mechanical processing and manufacturing. Due to its excellent three-dimensional display performance quickly gained clinical applications in the medical, especially the surgical field. Scholars such as Sun et al. (12) first reported using mixed reality technology to assist accurate breast tumor resection in a domestic journal in 2017; Tepper et al. (13) also said using mixed reality technology to help jaw reconstruction surgery in the same year. Based on the excellent optical performance of HoloLens and the open software development environment, more and more scholars have begun to use this device for mixed reality technology-assisted surgery-related research in the past 2 years (Figure 5).


[image: Figure 5]
FIGURE 5. (A) The existing navigation system is a single-point display screen navigation. According to the tomographic image on the display screen, the surgeon needs to imagine the space independently and cannot observe the surgical field and the display screen simultaneously. (B) The working model of the mixed reality navigation system, which can directly display the surgical planning plan and three-dimensional virtual model in the surgical field, and the surgeon can adjust it through voice and gesture operations. (C) The head-mounted device uses the navigator to perform continuous intraoperative temporal and spatial configuration, directly realizing the superimposed display of the patient's anatomical structure and the virtual model in the surgical field.


In the research of Chinese scholars, mixed reality technology has been reported in neurosurgery, orthopedics, thoracic surgery and other fields for preoperative planning and doctor-patient communication. Scholar Yang Dezhen used mixed reality technology to holographically display individualized 3D virtual models of tumors, blood vessels, brain tissues, and others. They were used for preoperative planning, intraoperative guidance, preoperative talks, and teaching rounds. Research shows that mixed reality technology can display individualized holographic images of patients in a three-dimensional and intuitive manner in any scene. So that surgeons, patients and family members can have a comprehensive understanding of the lesion and surrounding anatomical structures, which improves surgeons' understanding of the anatomy of the operation area and the efficiency of doctor-patient communication. Huang et al. (14) Scholars use mixed reality technology to assist surgical treatment of osteoporotic femoral neck fractures. This technology can shorten the operation time while optimizing the femoral neck nail passage, increasing the femoral neck cortical support, and improving the efficacy; Ma et al. (15) Scholars have introduced mixed reality technology in the percutaneous kyphoplasty of the spine, which accurately displays the compression fracture site and surrounding anatomical structures in three dimensions during the operation. The operation path is clear, and the compression fracture forming site can be accurately located; Tang et al. (16) and Ma et al. (17) tried to introduce mixed reality technology in the field of thoracic surgery and achieved good results in the precise resection and reconstruction of chest wall tumors and the precise positioning and resection of small pulmonary nodules. Tang et al. (18) has completed preoperative three-dimensional reconstruction, intraoperative three-dimensional display and postoperative evaluation for eight patients with head and neck tumors. Although they successfully completed the operations with a control error of 5 mm, their system is mainly used for intraoperative display and lacks an effective positioning tracking system.

Mixed reality technology-assisted surgical navigation is also a hot topic in this field by international scholars in the past 2 years. In 2018, García-Vázquez and other scholars from the University of Lübeck in Germany (19) discussed the possibility of using mixed reality technology to assist endovascular aortic repair (EVAR) in the field of vascular surgery, and found that three-dimensional visual display can be a better alternative Intraoperative angiography reduces radiation exposure and the use of contrast agents, but its calculation speed and intraoperative registration accuracy cannot meet clinical needs; in 2019, Checcucci and other scholars from the University of Turin, Italy (20) performed nephron-preserving surgery in the urology department (NSS) tried to use mixed reality display equipment for three-dimensional visual surgery planning. Research shows that using mixed reality display equipment to assist surgery planning has better performance in plan display and anatomical accuracy, which helps surgeons better understand surgery Complexity, but the research is limited to preoperative planning and presentation and does not involve intraoperative navigation; in the field of Otorhinolaryngology-Head and Neck Surgery, American Rose and other scholars (21) affirmed the superiority of mixed reality display technology in a three-dimensional display. And its potential value in improving surgical efficiency and patient safety also pointed out the need to further enhance the computing speed and registration accuracy of head-mounted devices to meet clinical needs.

Worldwide scholars agree that mixed reality technology-assisted surgery has broad application prospects, and it is becoming a hot research topic in digital surgery. However, although the current mixed reality display device (Hololens) can scan the surrounding environment in real-time through a depth camera for positioning, it is limited by hardware conditions. Its positioning accuracy and speed cannot meet the needs of surgical operations. Pepe et al. (22) tried to improve the system's accuracy by improving the registration algorithm. The average error in the three-dimensional direction was reduced to 3–5 mm, but it still could not meet the needs of oral and maxillofacial surgery. Therefore, it is necessary to improve further the response speed of mixed reality equipment and the accuracy of intraoperative registration in the following research.

At this stage, the related research involving improving the registration accuracy of mixed reality devices is trying to improve the system response speed and intraoperative registration accuracy through the software development and algorithm optimization of the mixed reality display device (Microsoft's HoloLens) (22, 23). Scholars such as Faith (24) tried to use manual registration methods to improve the registration accuracy of mixed reality display devices. Studies have shown that the deviation from standard neurosurgical navigation systems reaches 4 mm, which still cannot meet clinical needs. At present, it is generally believed that the mixed reality display device (HoloLens) is an essential factor that limits its registration accuracy. Because the volume and weight of the head-mounted device are strictly limited, the accuracy of the depth camera and the computing power of the processor used is far inferior to that of the desktop Class equipment (25). The limitation of hardware restricts the improvement of the mixed reality system's overall registration accuracy and operation speed by this research idea. This paper innovatively proposes and realizes the research idea of combining mixed reality display devices with high-precision optical navigation systems.

By leveraging the advantages of the existing optical navigation system's computing power and positioning accuracy, the overall registration accuracy of the mixed reality navigation system is improved. And computing speed (10). Moreover, the maxillofacial surgery planning software and navigation system involved in this article are all independently developed by the project team, with critical technologies and systems with independent intellectual property rights, which have broad clinical transformation and application prospects (26–28). However, the system still needs some preliminary data preparation work. The overall registration speed and overall accuracy cannot fully meet the clinical needs, that is, the target average error for bone tissue is controlled at 1 mm. There is still room for improvement in real-time registration and tracking and the surgeon has certain equipment learning requirements.



CONCLUSIONS

The maxillofacial digital surgery system based on mixed reality technology can superimpose and display three-dimensional navigation information in the doctor's surgical field of vision, which solves the problem of visual conversion and space conversion of the existing navigation system work efficiency of digitally assisted surgery. It improves the work efficiency of digitally assisted surgery, effectively reduces the surgeon's dependence on spatial experience and imagination, and protects important anatomical structures during surgery. It is a significant clinical application value and potential. However, the current cross-linking speed of the mixed reality display device and the navigation system and the system's overall accuracy still cannot fully meet the clinical needs. Further research is needed to improve the system accuracy and response speed.
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Background

Computer-assisted surgeries (CAS) are increasingly being adopted as the treatment of choice for jaw reconstructions with osseous free flaps. Although unexpected change of surgical plans remains a major concern of CAS, there are few studies focusing on this unfavorable clinical scenario. The aim of the present study was to investigate the rate of unexpected change of surgical plans and potential influential parameters, and to discuss the contingency strategies.



Methods

A retrospective study was performed to evaluate all the patients who underwent computer-assisted jaw resections and osseous free flap reconstructions. The postoperative radiographs were reviewed and compared with the preoperative surgical plans. Operating records were examined to analyze the reasons for unexpected change of surgical plans and the management. The potential influential parameters for the change of surgical plans were analyzed using Fisher-exact test. The difference was regarded as statistically significant for a p-value less than 5%.



Results

From Nov 2014 to Oct 2021, a total of 98 consecutive computer-assisted free flap jaw reconstruction cases with osseous free flaps were included in this study. Our experience showed that 5.1% of the patients (five cases) needed intra-operative change of the surgical plans. We summarized the unexpected change of surgical plans and the contingency strategies as four clinical scenarios, including extended resection and reconstruction, shortened resection and reconstruction, modified resection without changing reconstruction, and modified reconstruction without changed resection. None of the potential influential parameters was identified as significant in relation to unexpected change of surgical plans intraoperatively.



Conclusion

Our experience shows that with the comprehensive methodology for computer-assisted free flap jaw reconstruction surgery planning, we can minimize the possibility of unexpected change of surgical plans during surgery. The lessons learned from our 98 consecutive cases can help beginners prevent unexpected change of surgical plans and rationalize contingency strategies in computer-assisted free flap jaw reconstruction.
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Introduction

Computer-assisted surgeries (CAS) are increasingly being adopted as the treatment of choice for jaw reconstructions (1, 2). Although unexpected change of surgical plans remains a major concern of CAS, there are few studies focusing on this unfavorable clinical scenario.

Our previous systematic review showed that CAS increased the efficiency of surgery in terms of ischemic time, total operative time, reconstruction time and length of post-operative hospital stay (3). Increased accuracy and reduced interfibular gaps with the use of virtual surgical planning were reported by Pucci et al. and Stirling Craig et al. respectively (4, 5). However, there are also criticisms about CAS in head and neck reconstruction. Although our previous report on oncological safety of CAS proved that with careful clinical examination and proper utilization of imaging modalities, there was no significant difference in margin status and patient survival outcome between CAS and non-CAS groups of patients (6), some authors were still concerned as they found it difficult to accurately determine the resection margins before the real surgeries (7). In CAS, all resection guides and plates are determined pre-operatively. In cases with rapid tumor growth over a short period of time before the operation or uncertain bone margins for osteonecrosis, CAS leaves little room to accommodate the unexpected changes in surgical plans during the operation if the pre-surgical planning was not applicable or needed to be changed (8).

Compared to ‘trial and error’ in free hand surgery, CAS offers high predictability and repeatability that most surgeons desire. However, when unexpected situations arise intraoperatively, surgeons may have to abandon the virtual surgical planning and convert to free hand surgery. Not only does this waste the effort engaged in the pre-operative planning, but also lengthens the operating time and increases the psychological burden of the surgical team. Several studies briefly mentioned whether changes in surgical plans were needed in CAS (9, 10), but no detailed analysis was provided. Efanov et al. reported the reasons for abandoning the CAS plans (11). However, the paper was mostly focused on orthognathic surgery. The sample size for craniomaxillofacial reconstruction (8 patients) was too small for a more reproducible conclusion. Recent publication by Ma et al. investigated the adherence to CAS in maxillofacial reconstructions (12). However, nonvascular grafts, bridging plates and obturator prosthesis were also included in the study. While surgeons always need to prepare for troubleshooting when things go wrong during surgery, so far, no study comprehensively discussed the detailed contingency strategies for these unfavorable clinical scenarios.

The aim of the current study is to review the CAS free flap reconstruction cases in a single center, investigate the rate of unexpected change of surgical plans and potential influential parameters, and discuss the contingency strategies.



Methods


Study Design

This study was approved by the institutional review board of the University of Hong Kong Hospital Authority Hong Kong West Cluster (UW 15-315). We conducted a retrospective study on all the CAS head and neck free flap reconstruction cases in our center performed by the same chief surgeon.

The patients’ demographic data and operating theater records were obtained from chart review. Pre-operative computer assisted surgical planning files were retrieved from the department database. Post-operative CT scans of the patients were reviewed to verify the execution of the pre-surgical plans.


Inclusion Criteria

Patients with the age of 18 years old or above at the time of diagnosis; Underwent jaw resections and reconstructions by bony free flaps; Computer assisted surgery technique was adopted with predetermined resection margins and reconstruction plans; Treated by the same surgical team in The Division of Oral and Maxillofacial Surgery, The University of Hong Kong.



Exclusion Criteria

Patients below 18 years old at the time of diagnosis; Patients who did not undergo jawbone reconstruction or underwent jaw resection and reconstruction by freehand techniques.




Workflow of CAS


Preoperative Imaging and Building of Models

As described in our previous publications, preoperative CT scan of head & neck and lower extremities was performed for the patients. MRI and PETCT were acquired for the selected cases (6, 13). Digital intraoral scanning was performed when simultaneous dental implants were planned. The patient’s CT scan and intraoral scan data were imported to ProPlan CMF 2.0 software (Materialize, Leuven, Belgium) and segmentation was performed to build the 3D virtual models of the lesion in the jaw and the donor site of fibula or iliac crest (Figure 1).




Figure 1 | Superimposing intraoral scan to CT data for designing of surgical margin. (A) Clinical photo of a patient with squamous cell carcinoma at left palate. (B) Intraoral scan superimposed to the digital model built from CT scan. (Yellow line: planned resection margins).





A Comprehensive Methodology for Computer-Assisted Free Flap Jaw Reconstruction Surgery Planning

Virtual surgical planning was performed in house by a “surgeon-dominated” approach with pre-determined osteotomies and desired reconstructions with fibula or iliac crest (9). Firstly, the extent of resection and reconstruction depended on the extension of the pathology. When determining resection margins for malignancy cases, the histopathology of the tumor, clinical signs and symptoms and imaging results were taken into consideration and safe distances of 15mm and 10mm were adopted for bone and soft tissue margins respectively. We used three methods to decide the surgical margins. Combining CT scan with careful clinical examination for soft tissue involvement was the most commonly used and straightforward approach. In addition, image fusion of CT, MRI and/or PETCT was performed with the use of iPlan Cranial 2.0 (BrainLAB, Feldkirchen, Germany) in selected cases to further assess the soft tissue and bone invasion of the lesions. Fusion of CT scan with intraoral digital scan in ProPlan software, in particular for superficial mucosa tumors, was a fast, simple, and low-cost technique, which could also provide high resolution images for dentition especially when simultaneous dental implants were planned (Figure 1). After the 3D composite model was built, the model was imported back to the CT scan to double check the accuracy of the model. Secondly, the recipient site was carefully assessed. This included the estimated location and size of the soft tissue defect which would determine the inset of the free flap skin paddle. The recipient vessels for anastomosis were planned based on the pedicle length and vessel diameter of the flap. Previous surgeries and radiation therapy to the head and neck were also taken into consideration. Thirdly, CT angiogram was performed for the donor sites. Donor vessel conditions were carefully assessed. Length of the pedicle was traced and matched with the recipient site. Large skin perforators were identified, which would be taken into account when designing the osteotomies.



Designing and Fabrication of Surgical Guides and/or Plates

When designing bony flap reconstruction, considerations were given to the size and shape of the defect, need for dental rehabilitation, location of the recipient vessels, length, and position of the free flap pedicles, and inset of the skin paddle. After the virtual surgical plan was confirmed, the surgical guides and/or plates were designed using 3-matic 13.0 software (Materialise). The guides were printed with biocompatible and autoclavable resin, either MED610 (Stratasys Ltd, Eden Prairie, MN, USA) or NextDent SG (Vertex Dental, The Netherlands). The patient-specific titanium plates were printed using selective laser melting technology. When patient-specific titanium plates were not used, either multiple mini-plates were bent intraoperatively or reconstruction plates pre-bent according to 3D-printed models were fixed intraoperatively.



Confirmation of the Surgical Plan Before the Surgery

When the surgical guides and plate were ready, patients were reviewed and examined right before their scheduled surgeries. The surgical plans were double confirmed by the chief surgeon and the team.



Execution of Surgery

Intraoperatively, osteotomies of jaws were performed with prefabricated osteotomy guides or surgical navigation (Kolibri Navigation Station 2.0, BrainLAB, Feldkirchen, Germany). Donor fibulas and iliac bones were harvested using the prefabricated harvest guides. Donor bones were fixed to the recipient jaw bones with commercially available Titanium plates (DePuy Synthes, United States) or 3D-printed patient-specific Titanium plates. The detailed workflow of the 3D-printed titanium plates of our team was previously described (14). Panoramic radiograph and CT scan of the recipient sites were performed after the surgery to confirm the results of the reconstruction.




Post-Operative Analysis

Operative records were reviewed. Intraoperative photos and post-operative radiographs were retrieved and compared with the preoperative virtual surgical plans. Cases where changes were made intra-operatively were analyzed.

Data analyses were performed using IBM SPSS Statistics version 25.0. Fisher-exact test was adopted to identify the potential risk factors for intraoperative change of surgical plans.



Outcome

The outcome of this study was to evaluate the percentage of unexpected change of plan in computer-assisted free flap jaw reconstruction, and to analyze the potential influential parameters. We also rationalized contingency strategies according to our experience.




Results


Proportion of Unexpected Changes and Potential Influencing Factors

From Nov 2014 to October 2021, there were a total of 98 consecutive computer-assisted bony free flap jaw reconstruction cases in our center. Three free flap failures (3.1%) were recorded due to arterial (2 cases) and venous (1 case) failures. More than three fourths of the patients presented with defects at mandible and the fibula free flap was the workhorse for bony reconstruction (91.8%). Patient-specific plates were used in 73.5% of the patients.

There were five cases where intra-operative adjustments of the surgical plans were recorded. The rate of unexpected change plan in our cohort was only 5.1%. We analyzed the potential influencing factors including patient-specific surgical plates versus conventional plates, gender of the patients, maxilla versus mandible reconstruction, donor site of the osseous free flap, malignancy versus non-malignancy, reasons for reconstruction, number of segments of osseous flaps. The results showed that none of them led to significant difference. The demographic data and statistical analyses are presented in Table 1.


Table 1 | Demographic data and influencing factor analysis.





Lessons Learned From the Unexpected Change of Plans

The clinical scenarios of unexpected changes and contingency strategies are summarized as follows.


Clinical Scenario 1: Extended Resection and Reconstruction

In scenario 1, the actual resection margin is extended from the junction between jaw remnant and the flap, leading to a defect that is larger than planned. An extended or an extra segment of bony flap is needed to reconstruct the defect.

Two cases of scenario 1 were recorded, including one adenoid cystic carcinoma and one osteoradionecrosis. Figure 2 shows a case illustration. The patient was a 65-year-old male presented with osteoradionecrosis of the jaw. The original plan was to resect the affected part of the mandible body with preservation of the angle and reconstruct it with a three-segment fibula free flap. However, after planned resection, the blood supply of the remaining ramus was unsatisfactory, leading to additional resection of the whole ramus. To reconstruct the defect, an additional fibula segment was harvested. 3D-printed patient-specific titanium plates were still able to be used, with the proximal part of the plate fixed to the additional fibula segment instead of ramus. The neo-condylar head was trimmed and reshaped to fit into the condylar fossa.




Figure 2 | Clinical scenario 1: Extended resection and reconstruction. A case illustration of a 65-year-old male presented with osteoradionecrosis of jaw. (A) Original virtual plan of resection. (B) Original virtual plan of reconstruction. (C) Extended resection. (D) Contingency solution for reconstruction. (E) Real surgery of resection. (F) Real surgery of reconstruction.





Clinical Scenario 2: Shortened Resection and Reconstruction

In clinical scenario 2, the planned amount of resection is deemed unnecessary based on the intraoperative findings. The actual resection is shortened compared to the pre-operative planning which requires shorter or less segments of the donor flap.

There was one case of scenario 2 in the series. As shown in Figure 3, this was a second-stage mandible reconstruction in a 49-year-old female presented with fracture and displacement of the non-vascular bone graft segments. The original plan was to reconstruct the hemi-mandibulectomy defect with a three-segment fibula free flap. Intraoperatively, the remaining ramus segment was found to be well-vascularized. The decision was made to keep the remaining ramus segment and reconstruct the mandible with two fibula segments.




Figure 3 | Clinical scenario 2: Shortened resection and reconstruction. A case illustration of a second-stage mandible reconstruction of a 49-year-old female presented with fracture and displacement of the mandible segments. (A) Original virtual plan of resection. (B) Original virtual plan of reconstruction. (C) Shortened resection. (D) Contingency solution for reconstruction. (E) Real surgery of resection. (F) Real surgery of reconstruction.





Clinical Scenario 3: Modified Resection Without Changing Reconstruction

In clinical scenario 3, the resection margin is extended without changing the junction between the remaining jaw and the bone flap. For example, adding a marginal mandibulectomy without involving the lower border of mandible. Reconstruction can still be performed according to the original plan regardless of the extended resection.

One case of scenario 3 was documented (Figure 4). A 76-year-old male was diagnosed with squamous cell carcinoma at the right mandibular gingiva. The plan was to perform segmental mandibulectomy and reconstruct the defect with a fibula free flap. However, a very small ulcerative lesion at the left mandibular gingiva was identified during surgery and confirmed malignant with intraoperative frozen section. Accordingly, in addition to originally planned segmental mandibulectomy, an extended marginal mandibulectomy was added. Although the bony defect was extended, the fibula could still be fixed to the remnant of mandible with 3D-printed patient-specific titanium plate without any adjustment.




Figure 4 | Clinical scenario 3: Modified resection without changing reconstruction. A case illustration of a 76-year-old male presented with lower alveolar squamous cell carcinoma. (A) Original virtual plan of resection. (B) Original virtual plan of reconstruction. (C) Extended resection. (Blue dotted line: planned resection; yellow ling: actual resection.) (D) Actual reconstruction. (E) Real surgery of resection. (F) Real surgery of reconstruction.





Clinical Scenario 4: Modified Reconstruction Without Changed Resection

In scenario 4, the planned resection doesn’t change. However, the reconstruction may be modified due to different reasons, such as changes in the side of donor bone due to vessel variation, skin paddle inset and the side of recipient vessels in vessel-depleted neck, and compromised vascularity of donor bone segments, etc.

We encountered one case of scenario 4 in our series (Figure 5). A 22-year-old girl presented with a benign peripheral nerve sheath tumor at the mandible. The original plan was a three-segment fibula reconstruction with a double barrel design for the anterior mandible, followed by a second-stage sagittal split osteotomy at the contralateral side to correct the facial profile. However, arterial spasm was encountered shortly after the vessel anastomosis and the blood supply to the most distal segment was unsatisfactory despite multiple attempts of re-anastomosis. The distal segment which was folded as the upper layer of the double barrel fibula flap was abandoned. The other two segments remained unchanged and fixed at the lower border of mandible according to the original plan.




Figure 5 | Clinical scenario 4: Modified reconstruction without changed resection. A case illustration of a 22-year-old female presented with benign peripheral nerve sheath tumor. The presentation of open bite was due to the planned sagittal split on the contralateral side to advance the mandible at a later stage to improve facial esthetics. (A) Original virtual plan of reconstruction. (B) Actual reconstruction. (C) Post-operative x-ray.







Discussion

Lack of flexibility during surgery has been considered a main drawback of computer-assisted free flap jaw reconstruction. In this study, we analyzed unexpected change of surgical plans and corresponding contingency strategies in computer-assisted free flap jaw reconstruction. In a total of 98 consecutive cases, only 5.1% required intraoperative adjustments of the pre-operative planning, the lowest percentage in the literature so far. With proper contingency management during surgery, no patient-specific plate was abandoned.

Our experiences showed that the three methods for predetermination of surgical margins played an important role in obtaining favorable clinical outcomes. Firstly, a careful history taking and clinical examination helped us assess the clinical behavior of the lesion. For tumors with an aggressive behavior, wider surgical margins are warranted. Multiple imaging techniques might be used together with clinical examination when determining the tumor resection margins. CT scan with contrast was the main imaging modality used, and its fusion with MRI and PETCT was performed in selected cases for accurate assessment of the tumor extension in soft tissue and bone (15, 16). Superimposition of intraoral scan with the skull model built from the patient’s CT scan was a useful way to incorporate the clinical presentation of the lesion, especially for superficial mucosa lesion, to the virtual surgical planning process (Figure 1). The intraoral scan of the dentition also overcame the limitation of low resolution of teeth in CT model if simultaneous dental implantation was planned. Secondly, careful planning of the vessel condition and soft tissue defects of recipient site was mandatory. This is the difference between free flap reconstruction and other techniques such as non-vascular bone graft and reconstructive plates. Thirdly, CT angiogram of lower extremities was proved to be a valuable tool in predicting the vessel conditions and planning the osteotomies in fibula free flap harvesting (17, 18). In recent years, CT angiogram was performed for all patients when the free fibula or DCIA flap reconstructions were planned in our center. This might have contributed to the fact that in our case series, we never encountered situations where change in the side of donor flaps or recipient vessels were necessary. Our data proved that with careful preoperative planning and proper execution, computer-assisted-surgery is a reliable method in jaw reconstruction with minimal need for intraoperative change of plan.

Wilde 2015 reported 6 cases of change of plan intraoperatively in the series of 32 patients (19%). The reasons for changes included the decision to extend the osseous resection margins, change of side of the donor fibula and the recipient vessels and unknown reasons in two cases. In one case, the upper barrel of the double barrel fibula reconstruction was abandoned with the reason unrevealed (10). The recent publication by Ma et al. also reported the rate of intraoperative change of plans of 17.6% (12). The rate of modification of preoperative surgical plans during real surgery was much lower in our series of patients (5.1%). In our center, all the virtual surgical planning was performed by the junior surgeons and confirmed by the chief surgeon at multiple time points along the planning process. In comparison to the virtual planning by the engineer, this could have avoided the miscommunications between the engineer and the surgeons. This also warranted careful assessment and discussion of the cases among surgeons, accordingly some reasons identified in the previous studies such as surgical protocol change and treatment plan alteration were rare in our case series. Unfitness of the guided templates and the pre-bent plates caused the greatest number of nonadherences to the plans in the previous studies. However, we did not encounter any case with the problem of unfitness in our series. The unfitness of guided templates could be due to the improper segmentation of the CT scan or misalignment of intraoral scan to CT scan to build the 3D composite model. Once the model was built by the engineer, it was almost impossible for the surgeons to pick up the problem later in the planning stages. In our center, for all cases, the 3D composite models were imported back to the CT scan to double check the accuracy before proceeding with further virtual surgical planning. In comparison to the previous studies, in our series of 98 patients, none of them needed extension of bony resections due to tumor growth or positive intraoperative surgical margin from frozen section report. This agrees with the reports by Toto et al. and Azuma et al. of smaller case series of 25 patients and 12 patients respectively (9, 19). Two cases of altered extremities as donor site were reported by Ma et al. This did not happen in our cases. Compared to previous reports (11, 12), our study exclusively included osseous free flap reconstructions which required more considerations of the donor and recipient vessel conditions and skin paddle locations. Our experience shows that most of the unexpected change of surgical plan is preventable by careful and comprehensive presurgical planning.

On the other hand, the clinical scenarios stated in this paper helped us predict those cases at higher risk of changing plan during surgery. For example, for secondary reconstruction and osteoradionecrosis cases, resection margins may be difficult to determine preoperatively without assessing blood supply of the remaining segments. For tumors with perineural invasion tendency such as adenoid cystic carcinoma, wider resection may be encountered intra-operatively depending on the frozen section results of nerve invasion.

When we identify cases with high risk for changing plan, we need to prepare for contingency solutions from the virtual planning stage. With the lesson learned from our 98 consecutive cases, we organized the intraoperative change of plans into four clinical scenarios so as to aid development of proper contingency strategies. The clinical scenarios I-III are related to the change of resection during surgery, while IV is due to the reconstructive reason. In hospitals where head and neck tumor resection and reconstruction are performed by two teams, when intraoperative modification of surgical plans is expected, the communication of the two teams are crucial. Decisions about change in reconstruction plans are better made before segmentation of the donor flaps when any adjustment can be easily incorporated.

For clinical scenario 1, extended resection and reconstruction, either longer or extra bony segments will be needed depending on the extension and location of the extended resection. For mandibular defects, Brown’s Classification can be taken for reference when deciding on the contingency strategies (20). Generally speaking, for the extension of defect within one classification, a longer fibula segment will suffice. However, when the modification of resection involves the “corners” of mandible leading to a different Brown’s Classification, an extra bony segment shall be needed. For example, the case demonstrated in Figure 2 changed from Brown’s Class III to Class IVc, an extra bony segment was used. To accommodate this in the virtual surgical plan, we should include a longer proximal or distal segment of harvest guide and reserve space for the extra segment that may be needed. At the recipient site, we shall design extra screw fixation holes at the remaining jaw segments and longer patient-specific surgical plate to accommodate the possible need for extended margins. When in doubt, more than one set of computer-assisted surgery plan may be necessary to prepare for different intraoperative scenarios. For cases where pre-determination of margin is extremely difficult, 3D models can be printed and used as guides for bending plates intraoperatively.

For clinical scenario 2, shortened resection and reconstruction, shorter or less segments of the donor flap will be used. For mandibular defects, similar to scenario 1, involving the “corner” of mandible or not will lead to different contingency plans. When a segment is shortened, we may need to avoid compromised vascularity, such as a less than 2cm fibula segment. For major adjustments such as the case shown in Figure 3, a fibula segment may need to be abandoned. If patient-specific implants are designed, whether the plate and screw holes originally planned to be fitted onto the fibula segment can still be used onto the remaining jaw depends on the relative position between the two. If there is obvious position discrepancy between the planned fibula segment and the actual remaining jaw, commercial plates may need to be used instead.

For clinical scenario 3, extended resection without changing reconstruction, the patient-specific surgical plates could be designed at the lower border of mandible to allow enough space for the marginal mandibulectomy with no interference to the reconstruction plan (Figure 4) although in some cases this might compromise dental rehabilitation.

For clinical scenario 4, modified reconstruction without changed resection, CT angiogram of donor site is helpful to prevent this type of unexpected change in reconstruction. Whenever patient-specific surgical plates are planned, commercial plates shall always be served as an alternative. Three-dimensional model of the jaw can be printed and used as a guide for bending commercial plates.

Computer assisted surgery increases the predictability and repeatability of free flap jaw reconstruction while reducing the uncertainty. With the routine applications of computer assisted surgery, the young generation of surgeons may not have enough chance to get familiar with the traditional techniques. However, even with most thorough preoperative planning, change in surgical plans may still be encountered in certain cases. This requires the young surgeons to get familiarized with the conventional techniques of jaw reconstructions so that they can adapt themselves to unexpected changes.

One limitation was due to the development of techniques with time, more patient-specific implants were used in later stage while commercial plates were used in earlier stage. This could have led to the heterogeneity of data. Another main limitation of the study lies in the limited sample size of the cases with intraoperative changes. With a total number of 98 cases of computer assisted head and neck free-flap reconstructions, only 5 cases of intra-operative changes were encountered, and no case ended up with an abandoned patient-specific surgical plate. The low rate of deviation from planning in our cohort may be viewed as both a strength and a limitation of the current study. On one hand it proves the effectiveness of our comprehensive methodology of surgical planning, on the other hand it makes our conclusion less definitive. A multicenter prospective study with large sample size and a well-controlled study design can better address this important issue in the future, although it will also bring other limitations such as heterogeneity of surgeons’ skill and experiences. The stated clinical scenarios and proposed strategies were not meant to be exhaustive. However, the current study made the effort in detailed analysis of the intraoperative changes and contingency strategies, which could be further perfected with more experiences at various centers.



Conclusion

With the comprehensive methodology of surgical planning for computer-assisted free flap jaw reconstruction, we can minimize the unexpected change of surgical plans during surgery. The lessons learned from our 98 consecutive cases can help beginners prevent unexpected change of surgical plans and rationalize contingency strategies in computer-assisted free flap jaw reconstruction.
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Orbital tumors encompass a heterogeneous range of histopathology and usually variable in location. Traditionally, transconjunctival medial orbitotomy is used to access the medial orbital wall. However, it creates potential risk of soft tissue sequelae such as scarring, lid contracture, or entropion/ectropion. For the lesions close to the orbital apex, increased risk of optical nerve injury should be cautious during orbitotomy procedure. Transnasal endoscopic approach to the orbital walls has been applied since 1999. Although it provides good surgical visualization and prevents the soft tissue and neural complications, the narrow nasal corridor increases the surgical complexity. Extensive sphenoethmoidectomy is usually required to gaining access. Furthermore, the resultant medical orbital defect is difficult to repair. The maxillary sinus is the largest paranasal sinuses which is located beneath the orbital floor. It provides an ample working space for instrumentation. Meanwhile, repair of the orbital floor defect is feasible and with high degree of accuracy under navigation control. In this report, we propose a novel computer-assisted endoscopic protocol to excise the medial orbital tumors with immediate repair of the wall defect.
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1 Introduction

Orbital tumors encompass a heterogeneous range of histopathology, which 64% are benign and 46% are malignant according to a large cohort survey (1). According to its relationship with the extraocular muscle cones, the orbital tumors are classically divided into intraconal and extraconal position (2). Surgical excision is sometimes challenging to achieve balance among the optimal operative visualization, preserving function and minimize morbidities. Several transorbital and extraorbital surgical approaches has been developed for orbital tumor excision (3). However, for deep-seated lesions or those close to the orbital apex, the surgical filed is usually confined and risky to the surrounding neurovascular structures. Traditionally, surgical approaches to the lesions located in the medioposterior orbit are transconjunctival medial orbitotomy, and medial lateral orbitotomy (3–5). Although those approaches are straightforward, however, the soft tissue sequalae secondary to scarring e.g. lid retraction, ectropion/entropion, epiphora may anticipate (6). For large medial orbital lesions or those located close to the orbital apex, increased risk of optic nerve compressive injury during dissection should not be overlooked. Since the rapid progress of sinonasal endoscopic surgery, this technique is gradually applied in the orbital tumor or infectious condition management (7). The paranasal sinuses located at the medial and inferior parts of the orbital cavity provide a natural surgical access to the orbital tumors. The first case of transnasal endoscopic approach (TNEA) excision of the medioposterior orbital cavernous hemangioma was reported in 1999 (8). Although the nasal cavity provides a natural corridor for surgical access to the medial orbital wall, extensive sphenoethmoidectomy is usually required to gain better visualization and surgical freedom (9). In some cases, a second surgeon is needed for additional suction and irrigation procedures to improve visualization. This may require a septoplasty for additional instrumentation and the four-hands technique further increase the complexity of the operation (10). The maxillary sinus is the largest paranasal sinuses and located just beneath the orbital floor. Naturally, it provides a good access to the orbital floor and even to the medial and lateral walls. By using the traditional Caldwell Luc’s approach, this wide opening sinus window become the direct portal to the orbital floor. In this report, we demonstrated the algorithm of the computer-assisted transmaxillary endoscopic approach (TMEA). The technical part will be explicated in four orbital tumor cases.



2 Materials and Methods

Four cases with tumors located in the inferomedial compartment of orbit were enrolled. Written informed consent was obtained from these patients for the publication of any potentially identifiable images or data included in this article. The demographic data and presenting symptoms/signs were listed in the Table 1. The image-guided transmaxillary surgical scheme is proposed in the following sequence: image processing and virtual model creation, virtual surgical simulation and transfer, navigational TMEA, and post-operative evaluation. The step-by-step workflow is listed below:


Table 1 | Clinical characteristics and surgical parameters.




2.1 Image Processing and Virtual Model Creation

Creation of an ideal virtual model is all the beginning of computer-assisted surgery. To optimize the skeletal image rendering quality, the volumetric CBCT scan with slice thickness of 0.3mm were used (NewTom NT, QR, Verona, Italy). The orbital tumors were best visualized with MRI sequences as the T1W, T1W with contrast and fat suppression technique, and T2W. The digital imaging and communications in medicine (DICOM) data were imported to the iPlan® CMF Version 3.0 software platform (Brainlab AG, Feldkirchen, Germany) for subsequent planning. Automatic image fusion algorithm is ran first to coordinate the image datasets (11). This is a critical step that ensure all the objects created from different image datasets will register in the same spatial cranial position. Segmentation of the craniofacial bones was then done by the preset templates of the software or manual segmentation of the region of interest by bone-specific Hounsfield units (Figure 1A, green). The tumor was mapped based on the MRI for better soft tissue and tumor border delineation. If the orbital walls surrounding the tumor are destructed, a mirrored image is created from the healthy orbit and superimposed onto the affected side (Figure 1A, orange). Then surgeon could fine-tune the position of the mirrored object and outlines the margins to achieve symmetry. This will facilitate intraoperative guidance by printing out the physical model for pre-contouring the reconstructive material, plus by real-time navigation to ensure the implant position. The trajectories design allows surgeon to design the path of entry to the medial orbit and define the ideal entry point on the sinus roof/orbital floor (Figure 1B). The virtual surgical plan is then transferred to the navigator for intraoperative guidance. The according 3D segmented objects are exported in the form of stereolithographic (STL) files to manufacturing the physical models.




Figure 1 | Image segmentation by bone-specific Hounsfield units. (A) segmentation of the normal, non-destructive orbital wall (green); the mirrored image from the contralateral normal orbital wall to rebuild the destructed right side medio-inferior orbital walls (orange). (B) The orbital tumor was segmented with fusion MRI and CT images to optimize the tumor boundaries (blue). A trajectory through the maxillary sinus that indicated the path of entry to orbital tumor was designed for intraoperative guidance.





2.2 Navigational Transmaxillary Endoscopic Approach


2.2.1 Navigation Coordinate Registration

The VSP done by the iPlan was imported into the infrared-based navigation system (Kick®, Brainlab AG, Feldkirchen, Germany). This stereoscopic infrared camera provides real-time tracking and displaying instrument positions intraoperatively. To ensure the operation is in the same coordinate system of the navigation image datasets, registration is the crucial preliminary step to re-orient the patient in the operating theatre. A “skull reference frame” with reflective marker spheres is fixed onto the patient’s skull. Then the registration is completed by using the optical surface matching device (Z touch®, Brainlab AG, Feldkirchen, Germany) plotting the skin points on the T zone of the forehead and nasal region. Optical tracking pointer is used to verify the accuracy of registration. The resulting point-to-point target registration error (TRE) should less than 1mm to optimize the accuracy of registration (12, 13).



2.2.2 Caldwell Luc Approach and Trajectorial-Guided Orbital Floor Entry

The surgeon position stands at the same site of the affected eye facilitate medial dissection of the orbit. The patient’s head position is upward extended and turned away from the surgeon side. Upper lip is retracted upward to reveal the buccogingival sulcus. Supravestibular incision to maintain a mucosal cuff is done from the canine to the second molar. The anterior wall of the maxillary sinus is exposed by elevating the subperiosteal flap. The infraorbital neurovascular bundle is identified and preserved. A rectangular bony window is prepared for antrostomy after pre-fixed a miniplate on the bone fragment to facilitate later reposition (Figure 2). To optimize the freedom of surgery, the bony window should be designed as large as possible for sufficient surgical corridor. The maxillary sinus is entered and a 0-degree, 4mm endoscope (Karl Storz and Co, Tuttlingen, Germany) is introduced to visualize the surgical field. There are two surgical landmarks identified: the infraorbital canal (IOC) and the maxillary ostium (Figure 3A). The IOC presents as linear protuberance running from the junction between the superior and posterior sinus walls to the infraorbital foramen. The IOC separate the orbital floor to a thinner medial part (1.0-2.0mm) and a thicker lateral part (2.5-4.0mm) (14). The maxillary ostium sited at the posterior-superior corner of the medial sinus wall. After identified the medial part of the orbital floor, the navigation pointer is introduced to locate the entry site. The reflective marker spheres can also attach onto the surgical instruments by adapter array for real-time guidance. The length, diameter, and vector of the instruments can be easily calibrated by the instrument calibration matrix. By combining the autopilot function, the trajectorial-guided surgical dissection could be done in accuracy and safe (Figure 3B). The periorbita is readily seen after the orbital floor is opened.




Figure 2 | Preparation of the bone window on the anterior wall of maxillary sinus. (A) Supravestibular incision to expose sinus anterior wall. (B) Prebend the miniplate before osteotomy of the sinus wall. (C) Illustration of the miniplate-prefix bony wall. (D) Reposition of the bony wall after completion of the orbital surgery.






Figure 3 | Endoscopic view of transmaxillary approach with the trajectorial-guided entry to the orbit. (A). MOF, medial orbital floor; IOC, infraorbital canal; LOF, lateral orbital floor; MSW, medial sinus wall; PSW, posterior sinus wall; LSW, lateral sinus wall; EP, entry point; *maxillary ostium. (B) Trajectorial-guided orbital entry.





2.2.3 Periorbita Dissection and Image-Controlled Tumor Excision

After creation of the orbital floor window, the navigation pointer is used to locate the tumor position (Figure 4A). The surrounding bone is carefully removed with rongeur or rotating bur. It should be cautious that adequate protection is necessary to prevent periorbita from accidentally drawn in by the rotating airflow. This could result in catastrophic injury to the extraocular muscles and nerves. The incision is performed longitudinal to the long axis of the orbit. Once the periorbita is opened, the medial and inferior  rectus muscles (MR and IR) are seen as dissection landmarks (Figure 4B). Extraconal lesions are usually easily identified and less need for dissection after periorbita incision and navigator identification (Figures 4C, D). For intraconal tumors, the MR and IR can mobilize medially/laterally and superiorly. For the lesions sited superomedially, a larger orbital floor surgical defect allows to mobilize the entire orbit inferiorly which provide access to the area (15, 16). With transmaxillary endoscopic approach, the surgical target could safely reach medially to the ethmoid sinus and even superiorly to the sphenoid sinus and optic canal under navigation control. After identifying the tumor, the dissection is proceeded under image controlled and the cryoprobe may assist in cryoextraction of the tumor in some scenario (17).




Figure 4 | Image-controlled surgical excision of medial orbital tumor with reconstruction. (A) entry of the medial orbit; (B) periorbita and inferior rectus muscle; (C) identify the tumor; (D) image after tumor excision, the arrowhead: ethmoid sinus, star: medial rectus muscle; (E) bio-collagen membrane repair of the defect; (F) Ti-mesh reinforcement of the inferomedial strut.





2.2.4 Imaged-Controlled Medial/Inferior Orbital Walls Repair

The orbital floor (or with the medial wall defect) can be repaired straightforward after removal of the tumor. For small defects that are not involving the inferomedial strut, an alloplastic material, e.g. biocollagen membrane, or porous polyethylene implants is sufficient for endoscopic reconstruction (Figure 4E). For larger defects or those involving the inferomedial strut, the titanium mesh could be applied to reinforce the structure and prevent diplopia from orbital malposition (Figure 4F). The mesh can easily be pre-bended by the physical model and inserted into the surgical defect under endoscope. Navigation provides the accurate position control (Figure 5). Forced duction test should be performed to preclude any soft tissue entrapment by the material.




Figure 5 | Image-controlled orbital floor reconstruction. (A) position control of the Ti-mesh by real time navigation. (B) post-op image showed high level of accuracy with orbital floor reconstruction. Green: pre-operative orbital wall.





2.2.5 Reposition the Anterior Maxillary Wall and Wound Closure

After completion of the orbital floor repair, the bony fragment of the maxillary anterior wall is repositioned and fixed with miniplate. The buccogingival incision is primarily close with resorbable sutures.





Results

Four cases with TMEA excision of medial orbital tumor were performed. All patients underwent surgery with radical intent, and a complete resection was obtained. The clinical characteristics were listed in the Table 1. Clinically, all patients had various degrees of visual impairment and proptosis. The individual patient presentation on the diagnosis were listed as followed:

Patient 1 was in a status of nearly complete vision loss due to optic nerve compression. Meanwhile, he had limited upward and lateral gaze of the affected orbit. The MRI showed a retrobulbar intraconal well-demarcated ovoid mass about 2.8x2.0x2.4cm. The tumor showed heterogenous appearance on T2W sequences with some internal cystic component, and significant contrast enhancement. The tumor deviated the right optic nerve upward and causing right proptosis (Figure 6A).




Figure 6 | Image characteristics of the cases. (A) The contrast-enhanced MRI showed a retrobulbar intraconal well-demarcated ovoid mass of right orbit. The tumor showed heterogenous appearance on T2W sequences with some internal cystic component, and significant contrast enhancement. The tumor deviated the right optic nerve upward and causing right proptosis. 3D image rendering tumor lesion was demonstrated (blue). (B) The CT showed an ovoid, well-defined with contrast-enhanced mass at the medioposterior extraconal space and medial to the apical region of the optic nerve. 3D image rendering tumor lesion was demonstrated (red). (C) The MRI demonstrated an enhancing mass at medial side of left intraconal space (orange), which involving the medial rectus muscle (blue) and superior to inferior rectus muscle (green). (D) The MRI revealed a heterogeneously enhancing mass lesion at the right intraconal space (orange), medial to the optic nerve (red) that displaced laterally. (Blue: medial rectus muscle; Green: inferior rectus muscle)



Patient 2 experienced mild symptoms with progressive blurred vision and proptosis. The CT showed an ovoid, well-defined with contrast-enhanced mass at the medioposterior extraconal space and medial to the apical region of the optic nerve. MRI images showed slight hypointensity in T1W sequences and hyperintensity in T2W sequences. The radiographic feature was favored of cavernous venous malformation (Figure 6B).

Patient 3 complained of painful swelling over left side orbit. The images showed a 1.2x0.9x2.1cm enhancing mass at medial side of left intraconal region, which involving the medial rectus muscle (Figure 6C). Suspected orbital lymphoma or idiopathic inflammation pseudotumor.

Patient 4 presented with progressive blurred vision for 2 years. The visual exam demonstrated decreased visual acuity, color sense, limited abduction, and mild exophthalmos of right sided eye. Orbital MRI revealed a heterogeneously enhancing mass lesion at the right intraconal space, medial to the optic nerve, and measuring about 2.0x2.3x1.7cm. With mass effect causing deviation of the right orbital nerve laterally. The lesion showed hyperintense T2 and hypointense T1FS appearance. Suspected cavernous venous malformation (Figure 6D).

Four lesions were difficult to approach by traditional transorbital route. We applied TMEA and successfully excised the lesions. For extraconal lesions, the surgical dissection was straightforward with limited periorbital dissection. However, the intraconal lesions need more muscle traction and may need fat extirpation especially close to the orbital apex. The surgical procedure in case 4 was shown in Figures 7A–H. The mean operation time were 202.3 ± 57.2minutes including the setup of navigator. The hospital stay was about 3.8 ± 0.8 days. All patients experienced a short duration of paranasal paresthesia, but all recovered within post-op 2 months except for the case 4. He still had numbness of the paranasal region at 2 months followed up. But the degree of numbness decreases over time. Patient 2 and 3 had post-op diplopia due to edematous change of the orbital content. It resolved within 2 months and no residual limitation of extraocular muscles was found. Patient 1 cannot evaluate the post-op diplopia due to near-complete vision loss before operation. However, his light perception immediate recover after operation. The visual acuity showed complete improved in patient 2 and dramatically improved in patient 1 from the initial no light perception state. The case 4 presented with persisted diplopia at upward and downward gaze after 2 months of followed up. However, the degree of diplopia showed progressive recovery. The summary of visual outcomes was listed in Table 2. Biocollagen membrane (ABCcolla® Collagen Membrane, ACRO Biomedical Co., Ltd. Kaohsiung, Taiwan) was used for orbital floor reconstruction in case 1 and case 2 (Figure 4E). Titanium mesh (MatrixORBITAL ™ DePuySynthes, Oberdorf, Switzerland) was used for structural reinforcement of medial orbital struct in patient 2 (Figure 4F). Porous polyethylene implant (Medpor®, Stryker CMF, Kalamazoo, MI 49002, USA) was used in patient 4 (Figure 7F). Compared the reconstructive results, the patient 1 showed mild enophthalmos for only using biocollagen membrane reconstruction. In patient 2, 3 the post-operative CT images showed true-to-original reconstructed orbital floor without periorbita or muscular herniation (Figure 9). Preoperative and postoperative CT images of case 1,2,4 showed well restored orbital volume (Figures 8–10). The patient 4 has mild enophthalmos after operation even the CT images showed well bony reconstruction (Figure 10). The enophthalmos is suspected related to fat volume reduction during operation from its intraconal position and size. The clinical photo of case 1 and case 2 were shown in Figure 11. The images showed well orbital volume preservation after surgery and no interference on orbital movement.




Figure 7 | Intraoperative views of Case 4. (A) Endoscopic view of case 4. The pointer indicated the location of infraorbital nerve. The blue area is the entry point. (B) After incision of the periorbita, the inferior rectus muscle (yellow arrowhead) and medial rectus muscle (white star) were identified. (C) Dissection between inferior rectus and medial rectus muscle to identify the lesion (white arrow). (D) Dissection of the lesion from peripheral orbital tissue. (E) Return of inferior rectus muscle to original position after removal of the lesion. (F) The orbital floor was repaired with porous polyethylene mesh (MEDPOR). (G) Preoperative view showed mild proptosis of right eye. (H) Postoperative view showed symmetry orbital position.




Table 2 | Preoperative and postoperative ophthalmic evaluation.






Figure 8 | (A–C) Preoperative and postoperative images of Case 1. The left-side axial, coronal and sagittal images were the preoperative CT scans. The right-side postoperative CT images showed normal extraocular muscles position and well restored orbital volume.






Figure 9 | (A–C) Preoperative and postoperative images of Case 2. The left-side axial, coronal and sagittal images were the preoperative CT scans. The right-side postoperative CT images showed normal extraocular muscles position and well restored orbital volume with Titanium mesh.






Figure 10 | (A–C) Preoperative and postoperative images of Case 4. The left side axial, coronal and sagittal images were the preoperative CT scans. The right-side immediate postoperative CT images showed swelling of the medial rectus and mild distortion of medial rectus muscle.






Figure 11 | Preoperative and postoperative clinical photo of Case 1 and 2. (A) Preoperative photo of case 1 showed mild proptosis over right-side eye. (B) Symmetry of eye position after TMEA excision of orbital tumor. (C) Postoperative oral wound healed well. (D) Two weeks postoperative photo of case 2 showed well functional orbital movement.





4. Discussion

Orbital tumor treatment is often challenging for both functional and esthetic considerations. Among them, orbital vascular malformations (OVMs) are the most common orbital masses, which are often misinterpretation as “tumor” in the context of cavernous hemangiomas, lymphangiomas … etc (18). In our cases, two were pathologically diagnosed as capillary venous malformation. In same study, Colletti et al. proposed three subtypes of OVMs, which are relevant to planning corresponding treatment modalities and predict the possible complications. Unlike the type 2 and type 3 OVMs which are connected to the venous system of the orbit (and sometimes intracranially), the type 1 OVM is excluded from the surrounding venous system. This feature allows relatively easiness on surgical dissection, and less bleeding during procedure. In terms of surgical approaches, transnasal endoscopic approach is fitted for the extraconal/intraconal type 1 OVM that situated at the medial quadrants of the orbit (18, 19). In this report, we proposed an alternative route to the medial OVMs from the floor. For the extraconal lesions, the dissection is relative straightforward. Once the lesion is localized under navigation, the periorbita was excised as needed and the dissection could be limited with endoscopic assistance. For the case 2 and 3, the patients experienced limited diplopia but fully recovered within 2 months is possibly related to post-operative tissue edematous change. For the intraconal lesions, dissection between inferior and medical rectus muscles is usually necessary. During procedure, the prolonged and excessive muscle traction will cause swelling and even ischemic change of the muscle that may cause diplopia after surgery (20–22). Especially when the lesion is close to the orbital apex, the surgical corridor is limited by the convergence of muscle cones which further increase the incidence of muscle injury. In our cases, although all the patients experienced diplopia immediate after operation. However, the diplopia is transient and all resolve in 2 months except the case 4. He still presented with limitation on upward and downward gaze after 2 months followed up but with progressive improvement. The position of this intraconal lesion was close to the orbital apex make surgical dissection more complicated. The postoperative images showed swelling of the inferior and medial rectus muscle reflect the intense inflammatory reaction and muscle dysfunction (Figure 10). This phenomenon is not seen in case 1. Although the lesion was also in intraconal position, it could be easily dissection off between medial and inferior rectus muscles from its more anterior location that made it away from the narrow apical region.

The traditional transorbital route has limited access to the posterior orbital tumors especially in the inferomedial and apical region (23). The operation on this tight, crowding space that packing with numerous critical neurovascular structures is just like “The devil’s touch”. Combination of extensive fronto-temporo-orbital-zygomatic dysjunction is sometimes indicated for complete excision, however, the potential neural complications, such as subdural hematoma, brain edema, CSF leakage, vision loss, postoperative seizure should be cautious (24) not mentioned to the complexity of the operation. Recently, the TNEA is gaining popularity for orbital tumor excision especially for intraconal lesions located inferiorly and medially to the optic nerve and the extraconal lesions adjacent to the paranasal sinuses (8, 19, 25, 26). Anatomically, the lamina papyracea is the only thin barrier between medial orbit and the ethmoid sinus. The transnasal route provides the shortcut to the orbit thus avoids plethoric muscle detachment and potential neurovascular compression from transorbital approach. The outcome of the purely TNEA excision of orbital tumors has been well elaborate in the systemic review (20). In this review, it demonstrated that TNEA can effectively excise a diverse array of intraconal/extraconal orbital lesions. However, almost one-third of cases had postoperative sequalae, which diplopia was the most frequent reported followed by enophthalmos. Although 76.2% of complications were transient, the overall complication rate was slightly higher than the reported rate from traditional orbitotomy procedures (21). Techniquewise, the TNEA usually begin with sphenoethmoidectomy to reach the lamina papyracea and then enter to the medial orbit after removing this thin bony barrier. The “sword fighting effect” that from narrow surgical corridor may limited the working channel for the intraconal lesions or those close to the orbital apex. To improve the maneuverability, the four-handed binostril procedure, extensive medial antrostomy, posterior septectomy may employ (27, 28). However, these maneuvers may increase the nasal complication rate and crusting (29). The TMEA provides an excellent operative window for instrumentation. According to the recent anatomical study from Donofrio CA et al. (30), the mean operative window for TMEA was 278.9 ± 43.8 mm2, which was significantly larger than the TNEA (240.8 ± 21.5mm2). The larger operative window improves the maneuverability of instruments. Furthermore, the surgical path of TMEA is a direct line of sight which is more intuitive for surgeons. The ample space from maxillary sinus tolerates different surgical instruments in the same channel. By creating a large antrum window, we could deploy the endoscope and dissecting instruments in a direct and single surgical port. The dissection was done straightforward, and the operation time could be controlled within 3 hours including the setup of navigation and orbital wall reconstruction. The distance of pivotal point of the instruments to the orbital floor is greater in TMEA, which produces a larger angle of attack than TNEA (45°-65° vs. 20°-30°, respectively) (30). Meaning that TMEA could cover the entire orbital floor as surgical field. In our experience, the TMEA could easily target posteriorly to the medial orbital apex and superiorly to the lateral wall of the sphenoid sinus after removing the orbital floor. According to the comparative study of different endoscopic approach to the anterolateral skull base, TMEA offers better surgical freedom and head-on approach than TNEA (31). This superior surgical flexibility is well demonstrated in our case 2. The lesion was located at the inferomedial aspect of the orbital apex and lateral to the sphenoid sinus. With the three-dimensional image rendering, virtual surgical trajectory was planned preoperatively. The orbital floor osteotomy and surgical dissection was accurately executed by real-time navigation control. The surgical freedom of TMEA is primarily limited by the size of antrum window. For patients with atrophic maxillary sinus, with mixed dentition stage, incomplete pneumatization are not indicated for this approach (32). We recommend creating the antrum window as large as possible, even including the entire anterior maxillary wall but the infraorbital foramen to avoid nerve injury. By using piezo osteotomy, the bone cutting is precise and atraumatic which facilitate later reposition of the bone fragment with miniplates. This temporary antrum window protocol preserves the integrity of the maxillary sinus, which reduces the soft tissue contracture on the surgical site and formation of oro-antral fistula. Although transient facial numbness may develop from traction injury to the infraorbital nerve, all our patients completely recovered within 2 months. The reported rhinological morbidities in TNEA such as epistaxis, nasal synechiae, nasal crusting, nasolacrimal duct injuries are free from TMEA (28, 33).

The other advantage from the ample surgical field provided by TMEA is the possibility of reconstruction of the orbital wall. The orbital floor osteotomy created for surgical access could be repaired under endoscope by alloplastic materials, such as collagen membrane, porous polyethylene implants, or titanium plates depending on the defect size and the strength need. The implant is easily inserted through the antrum window and placed between the periorbita and the bony orbit. Navigation is then used to ensure the position is true to original. This procedure prevents the herniation of the periorbita into the sinus, which avoid post-operative enophthalmos and long-term diplopia. In the literature, the risk of developing post-operative enophthalmos is 5.9% for TNEA, which is mainly due to fail to restore the orbital volume (34). Currently, there is no consensus on the best reconstruction option for TNEA, although the bone fragments, pedicle naso-septal flap, or allograft had been used (35). The limited surgical corridor in TNEA makes the medial or inferior orbital walls reconstruction difficult and most of the surgeons choose not to repair it. However, there were several excellent results of medical wall reconstruction by porous polyethylene mesh after traumatic injury and tumor excision from TNEA by Colletti et al. (36–40). With experienced hands, the medial wall defects could be repaired via TNEA and further prevent post-operative enophthalmos. The TMEA creates defects at the orbital floor, either biocollagen membrane or porous polyethylene mesh is suitable material for reconstruction. However, if the defects across the orbital supporting construct, more rigid material, e.g. Titanium mesh is the material of choice. With the experience on endoscopic orbital floor reconstruction in blow out fracture patients, orbital wall repair with Titanium mesh via TMEA is feasible and has more controllable outcome with the assistance of endoscope and navigation (41, 42).



5. Conclusion

Endoscopic surgery opens an eye for minimal invasive orbital tumor excision. The TMEA provides a versatile surgical corridor to the inferior and medial orbit and even to the orbital apex region. It provides an intuitive dissection corridor and an alternative surgical view to TNEA. In this computer-assisted workflow, we implement virtual surgical planning, intraoperative navigation, and true-to-original orbital wall reconstruction that is beneficial for patients by shorten surgical time, hospital stays, and minimal complications. We believe the application could be expanded to most of the orbital tumor surgery.
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Patient demography

Gender

Male

Female

Age at surgery

<20

20-40

40-60

Maxilla defect reason
Malignant tumor

Benign tumor

Trauma

Stage

Primary reconstruction
Secondary reconstruction
History of RT at surgery
Yes

No

Brown’s classification
Vertical defect

Class Il

Class Il

Horizontal defect

Class b

Class ¢

Class d

Reconstructive technique
Fibula free flap
Segments 1
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4

Vascularized iliac bone flap
Titanium mesh

PEEK

Recipient artery

Superfacial temporal artery
Facial artery

Superior thyroid artery

Dental implant

Yes

No

Surgery complications

Flap vascular crisis

Flap failure

Inflammation

Exposure of titanium mesh or PEEK
Enophthalmos
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Group D1(mm) D2(mm) AD=|D1-D2|(mm) AD(mean = SD) Vi(em?) V2(cm?) AV=[V1-V2|(cm?) AV(mean = SD)

VSP Group 35.9 40 4.1 1.78 +1.33 291 317 26 2.04 £0.85
39.5 387 0.8 31.7 29.3 2.4
35.9 372 1 311 30.2 0.9
39.5 34 1.6 36.9 35.5 1.4
37.2 36.2 1.4 23.4 20.5 29

FHS Group 39 432 4.2 4.25 £ 0.95 30.7 34.3 3.6 3.625 + 0.17
34.2 39.8 5.6 31.2 34.6 3.4
35.7 37.4 3.7 38 34.2 3.8

39.1 426 3.5 356.1 31.4 3.7
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n=72 Flap Partial flap Total flap p-value
success failure failure
59 (82.0%) 4 (5.5%) 9 (12.5%)

Composite flap,

n (%)

None 20 (33.9) 1(25.0) 2(22.2)

Minor WHD 11 (18.6) 0 1(11.1)

Major WHD 20 (33.9) 2 (50.0) 4 (44.4)

Non-composite

flap

None 8(13.6) 1(25.0) 2(22.2) 0.523
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Age (years), mean + SD
Gender, n (%)
Male
Female
Body weight (kg), mean + SD
Body height (cm), mean + SD
BMI (kg/m?), mean + SD
ASA-score, n (%)
1
2
3
4
Reconstruction site
Maxilla
Mandibula
FFF type, n (%)
Composite flap
Non-composite flap
Donor site, n (%)
Left
Right
Distance to the tip of the fibula (ankle), mean + SD
60 mm
70 mm
80 mm
90 mm
118.9 mm
Number of segments, n (%)
1
2
3
Total transplant length (mm), mean + SD (range)
1
2
3
Minimal segment length (mm), mean =+ SD (range)
1
2
3
Maximal segment length (mm), mean + SD (range)
1
2
3
Length of TTF, mean + SD (n)

Flap success
59 (82.0%)

58.4 £ 15.6

33 (44.1)
26 (55.9)
717 £ 167
169.9 + 10.0
247 £52

3(6.1)
31 (52.5)
23 (39.0)

2(3.4)

15 (25.4)
44 (74.6)

51 (86.5)
8(135)

22 (37.9)
37 (62.7)

6(10.2)
31 (52.5)
17 (28.8)
5(8.5)
0

15 (25.4)
26 (44.1)
18 (30.5)

56.1 + 15.3 (35.0 - 94.9)
106.6 + 21.5 (71.0 - 143.6)
142.3 +21.2 (103.7 - 176.3)

453+ 16.8 (17.0 - 84.7)
36.7 + 14.3 (16.0 - 64.8)
34.5+142 (167 -71.3)

53.7 + 16.4 (29.0 - 91.5)

49.4 + 16.1 (20.0 - 80.2)

431 + 135 (27.4 - 89.5)
31.3 +12.2 (55)

Partial flap failure
4 (5.5%)

49.8 £ 20.6

4 (100.0)
0
92.3 +10.6
179.3 +3.9
288 +36

1(25.0)
2 (50.0)
1(25.0)

55.0
99.8 +18.2 (86.9 - 112.6)
126.7

32,0
37.0 + 14.7 (28.4 - 59.0)
27.1 + 6.4 (25.8 - 29.5)

52
45.1 + 14.7 (32.9 - 64.5)
36.8+2.1(29.9-424)
323+ 11.7 (4)

Total flap failure
9 (12.5%)

64.9 £ 8.0

7(77.8)
2(22.2)
746+ 152
1768+ 11.3
236+ 48

68.1£17.8 (47.3-90.2)

109.9 + 18.7 (90.5 - 133.1)

52.6 + 12.5 (34.0 - 60.2)
40.3+16.8 (22.7 + 73.0)

62.2 121 (45.0 - 71.5)
472 +16.1 (32.3 £ 79.3)

40.1£14.9(8)

p-value

0.338

0.150
*0.012
0.067
0.189

0.973

0.573

0.384

0.175

0.351

0.458
0.804
0.361

0.261
0.926
0.650

0.464
0.809
0.508
*0.034

BMI, body mass index; FFF, free fibula flap; PB, periosteal branch; SCP, septo-cutaneous perforator; SD, standard deviation; TTF, truncus tibiofibularis; WHD, wound healing disorder.
*Significant difference was only found between flap success and partial flap failure group. * TTF was only assessed in type I-A branching pattemn.
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Type Donor site (n = 72) Non-donor site (n = 72) Total (n = 144)

n (%) n (%) n (%)
A 67 (93.1) 61(84.7) 128 (88.9)
B 2(2.8) 1(1.4) 3(2.1)
-C 1(1.4) = 1(0.7)
I-A 1(1.4) 2(28) 3(2.1)
I-B 1(1.4) 4(56) 5(3.6)
I-C - - -
li-A = 2(28) 2(1.4)
-8 = 2(28) 2(1.4)

l-C — = =
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n =144 Donor site (n = 72) Non-donor site (n = 72) Total p-value
Fibula length, mean (mm) + SD 373.9 + 30.2 372.8 + 30.9 142 0.829
Fibula bone anomalies

Fracture 0 1 1 -
Branching pattern of the calf (51)

Regular (I-A to II-C) 72 68 140

Absent ATA (IlI-A) 0 2 2

Absent PTA (Ill-B) 0 2 2 0.119
Stenoses

ATA 0 1 1

PTA 0 2 2

FA 5 6 1" 0.670
Length of TTF, mean (mm) + SD 326+ 129 (n=67) 32.5 +14.6 (n=61) 128 0.965
Diameter of TTF, mean (mm) + SD 413 £0.95 (n = 67) 416 £ 1.0 (h =61) 128 0.862
Length of FA, mean (mm) + SD 2449 + 36.9 243.0 +43.3 142 0.777
Diameter of FA, mean (mm) + SD 3.12+0.79 3.21+0.78 142 0.493
Overall found SCP, n (%) 101 (47.4%) 112 (52.6%) 213
Diameter SCP, mean (mm) + SD 0.93 +0.28 0.93 +0.32 0.93 +0.30 1.0
Mean SCP per fibula (mm) + SD 1.39 +1.03 1.52 +1.23 140+ 1.01 0.407
Overall found PB, n (%) 185 (51.2%) 176 (48.8%) 361
Diameter PB, mean (mm) + SD 0.87 £0.24 0.87 +0.26 0.87 + 0.56 1.0
Mean PB per fibula (mm) + SD 2.53 + 1.60 242 +1.60 247 +154 0.514

SD, standard deviation; ATA, anterior tibial artery: FA, fibular artery; PB, periosteal branch; PTA, posterior tibial artery; SCP, septo-cutaneous perforator; TTF, truncus tibiofibularis.
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Freehand group

CORPPP group

Number of cases
Gender

Male

Female
Age

Range

Mean + SD
Mandibular lesions

Whether the ramus was reconstructed
Yes
No
Number of cases by Urken’s classification
BR
S"BR
B
s'B
BS
BSB
Number of fibula segments
1

2
3
4

15

10
5

29-67
43.4 £13.1
Ameloblastoma/9
Ossifying fibroma/1
Oral malignancies/5

~

(SRS N RN

13

8
5

21-64
38.9 + 14.4
Ameloblastoma/9
Gingival cancer/1
Osteoradionecrosis/1
Other benign tumors/2

7
6
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Group Number of cases Deviation of Co. (mm) Deviation of Go. (mm) Deviation of Cor. (mm)

Freehand 7 6.71 £ 3.42 5.38 +1.71 11.05 +£3.24
CORPPP 6 178+£1.18" 1.86 + 0.96* 2.54 £ 0.50

‘0 < 0.05.
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Group Number of cases Deviation of Co. (mm) Deviation of Go. (mm)

Freehand 8 9.79 £+ 4.74 16.17 £ 6.58
CORPPP 7 3.57 £ 1.62* 4.36 + 1.68"

‘0 < 0.05.
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Point Point shift distance (mm, mean = SD) P-value

Axis vsP FHS

Pointt X 03232 + 0.3474 06635 + 0.3167 00577
Y 0.2646 + 0.3392 0.4176 + 0.4272 04103
z 1.2363 + 0.8999 35575 + 1.7475 0.0012

Point2 X 0.7241 + 0.6503 0.4945 + 0.4507 04477
Y 0.3079 + 0.2923 0.1984 + 0.2720 0.4491
z 1.3739 + 0.5251 1.5446 + 1.5356 0.7181

Point3 X 0.0966 + 0.0841 0.1298 + 0.1868 05933
Y 04563 + 0.5003 0.3025 + 0.2453 0.4892
z 0981 £ 0.8027 0.5656 + 0.6026 02770

Point4 X 1.2703 + 0.7117 1.6929 + 2.4254 05613
Y 1.2482 + 0.7419 1.6368 + 1.1510 05164
z 1.5765 + 0.7210 3.0753 + 2.5003 0.0340

Significant P values bolded.
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A.- DOUBLE BARREL FIBULA FLAP WITH INMEDIATE DENTAL IMPLANTS

Horizontal
Dimension (mm)

86

8.0
10.7
95
109

9.54

Horizontal
Dimension
(mm)
1.2
96

9.4

17
9.7
89

10.1

Horizontal
Dimension
(mm)
85
9.2
98

92

Gender/Age  Diagnosis Length of Vertical Vertical Fibula
(Years) Defect cm)  Reconstruction Height (mm)
(mm)

W70 Squamous 8.4 26.1 123

cel carcinoma
F/32 Ameloblastoma 7.8 245 120
W29 Ameloblastoma 99 307 145
/43 Ameloblastoma 93 282 137
/58 Squamous 106 294 142

cel carcinoma
Average 92 278 1332
B.- FIBULA FLAP WITH ILIAC CREST GRAFT, TITANIUM MESH AND DENTAL IMPLANTS.
Gender/Age  Diagnosis Length of Vertical Vertical Fibula
(Years) Defect Reconstruction Height

(cm) (graft) (mm) (mm)

/42 Ameloblastoma 95 17 141
F/61 Squamous 108 19 123

cell carcinoma
F/63 Squamous 96 123 121

cell carcinoma
/38 Ameloblastoma 126 132 144
F/35 Ameloblastoma 9.4 134 139
W73 Squamous 89 1041 142

cell carcinoma
Average 10.05 12.22 1355
C.- DYNAMIC NAVIGATION FOR IMPLANT REHABILITATION IN FIBULA FLAP
Gender/Age  Diagnosis Length of Vertical Vertical Fibula
(Years) Defect Reconstruction Height

(cm) (mm) (mm)

m/18 Ameloblastoma 9.8 Not necessary 122
M/53 Ameloblastoma 88 Not necessary 13
W61 Squamous 82 Not necessary 118

cell carcinoma
Average 89 123
Esthetic result: =poor. Mastication: 2= unrestricted diet: iquid and soft diet.

Number Bone
ofimplants/ resorption
Failure (mm)
an 16
3 15
5 05
4 12
4 1.4
202 1.23
(90.0%)
Number of Bone
Implants/ Failure  resorption
(mm)
4 15
4 15
5/ 16
7 05
4 1.4
an 24
28/2 (92.86%) 1.48
Number of Bone
Implants/ Failure  resorption
(mm)
3 07
4 08
5/ 18
12/1(91.6%) 1.1

Radiotherapy ~Aesthetic ~Mastication Dysphagia

Result
Yes 3
No 3
No 3
No 2
Yes 3

Radiotherapy ~Aesthetic ~Mastication Dysphagia

Result
No 3
No 2
No 2
No 3
No 3
Yes 3

Radiotherapy Aesthetic Mastication Dysphagia

Result
No 3
No 3
Yes 2

RSN

~

Yes

No

No
No

No

No

No
No
Yes
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Implant Failure p Value
NO n (%) YES n (%)
TECHNIQUE Double barrel fibula flap Rate 18 (30%) 2 (3.3%) 0.385
liac crest graft with titanium mesh over fibula flap Rate 26 (43.3%) 2(3.3%)
Dynamic navigation for implants in fibula flap Rate 11 (18.3%) 1(1.6%)
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Radiotherapy No Radiotherapy P

Vertical Reconstruction (mm) 16.5+/-1.25 16.21+/-0.74 0.22
Bone resorption (mm) 1.8+/-0.21 1.12+/-0.10 0.26
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Implant Failure p Value

NO n (%) YES n (%)

Radiotherapy NO Rate 41 (68.3%) 2(3.33%) 0.017
YES Rate 14 (23.3%) 3 (5.0%)
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patient number affected site preoperative volume (cm?) postoperative volume (cm?)

primary reconstruction

1 r 30.900 23.642
2 r 27.777 24.128
3 | 29.826 27174
4 | 32.193 30.987
5 r 30.038 24.878
6 | 28.396 25.656
7 T 31.971 28.624
8 | 30.378 28.375
9 | 39.378 36.895
10 If 31.407 29.343
1 5 34.535 32.535
12 r 25.073 23.488
13 | 33.258 32.360
14 | 27.517 25912
15 | 31.960 29.423
mean p =0.046 30.97 28.23
standard deviation 3.25 3.70

Bold values are the main results.
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® | am neither in a good mood nor depressed

® | am a little depressed

®m My appearance has hardly changed

®m My appearance bothers me
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M (min) SD (min)
time of
-referencing 3,2 0,3
-registration 3,7 i1
-intraoperative navigating 8,8 1,3
-export of data 3,9 0,9
total time of intraoperative navigation 19,6 28
M (mm) SD (mm)
accuracy of registration 1,2 0,4

Bold values are the main results.
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age (M = SD)
gender (m/f)
pT

2

3

4
pN

[

1

2

radiotherapy (yes/no)
chemotherapy (yes/no)

mode of reconstruction

obturator prosthesis = no surgical reconstruction

Latissimus dorsi flap
Serratus anterior muscle flap
local primary closure

upper arm flap

radial forearm flap

local flap

gingiva flap

Anterolateral thigh flap

M. temporalis flap

pedicled palatinal flap

diagnosis
squamous cell carcinoma
adenocystic carcinoma
mucoepidermoid carcinoma
osteosarcoma
ossifying fibroma
keratocyst
sinunasal carcinoma
B-cell non-hodgkin lymphoma
Ewing’s sarcoma

CAs

63+ 17,7
22/9

0
9
22

23

22

26/5
8/23
CAs

S

25 o
s Po—-—2o0o0wNAN
»

NI S

no CAS (conservatively)

65+ 10,7
15/14

0
7
22

23

0

16
12
1
19/10
2/27
no CAS (conservatively)

2
15

o= BN =

0
no CAS (conservatively)

COoOO0O0O = =N

.350
.126
.688

.397

431

.100
.080

462

491
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SCP >1 per segment
(total segments
n = 126)

1 SFFF, n (%)
2 SFFF, n (%)
3 SFFF, n (%)
Al, 0 (%)

Flap success
109
(= 51 FFF)

4(36.4)
13(29.5)
12(22.2)
29 (26.6)

Partial flap failure
6 (= 3FFF)

0
1 (50.0)
1(33.3)
2(33.9)

Total flap failure
11 (= 7 FFF)

2 (66.7)
3(37.5)

5 (45.4)
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PB >1 per segment Flap success 121 Partial flap Total flap failure
(total segments (=59 FFF) failure 8 14 (= 9 FFF)

n =143) (= 4 FFF)

1 SFFF, n (%) 7 (46.7) 0 2 (50.0)

2 SFFF, n (%) 21 (40.4) 2 (50.0) 4 (40.0)

3 SFFF, n (%) 17 (31.5) 2 (66.7) =

All, 1 (%) 45 (37.2) 4(50.0) 6 (42.9)
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Original virtual plan Contingency solution Real surgery
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Patient no.

L

Age/gender

36,F
35, F
44,F
40, F

Diagnosis

Fibrous dysplasia
Vascular malformation
Fibrous dysplasia
Hemangioma

Indication for surgery

Growth
Cosmetic
Cosmetic
Cosmetic/growth

Using template

No

Yes
Yes
Yes

Number of implants
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Case

oo w>»

Gander

Female
Male
Male
Female

Agelyears

37
46
45
54

Number of fibula bone segments

2
4
2
3

Maximum error/mm

5.46
5.80
6.08
4.79

Type of defect

Metal and body
Metal and body
Metal and body
Bilateral

Cause of defect

Mandible tumor
Mandible tumor
Mandible tumor
Mandible tumor

Benign or Malignant

Benign
Benign
Benign
Malignant
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Landmark Triaxial deviation Positive direction (mm) Number of cases Negative direction (mm) Number of cases

Co. X 1.72+1.48 4 226 £2.15 3
y 0.83 + 0.63 4 121 +0.94 3
z 1.11+0.55 4 3.17 +3.00 3
Go. X 278 +1.47 3 227 +2.14 4
y 1.77 £ 0.95 3 1.30+1.22 4
z 2.60 + 0.50 4 -0.69 + 0.49 3
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Landmark Triaxial deviation Positive direction (mm) Number of cases Negative direction (mm) Number of cases

Co. X 0.76 + 0.57 5 -0.35 1
y 1.39 +1.47 4 -1.28+1.50 2
z 0.20+0.18 4 -0.19£0.11 2
Go. X 0.77 £0.58 5 -0.18 1
y 0.11+£0.14 2 -0.91 +1.04 4
z 0.59 £ 0.49 5 -0.16 1
Cor. X 167 +1.21 6 / 0
y 0.86 + 0.45 6 / 0
z 1.27 +0.99 5 -0.52 1
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ANGULAR DEVIATION (degrees) 8.98°

INSERTION POINT (mm) 1.96

END POINT DEVIATION (mm) 2.66

STATIC

DYNAMIC
STATIC+DYNAMIC
STATIC

DYNAMIC
STATIC+DYNAMIC
STATIC

DYNAMIC
STATIC+DYNAMIC

AVG

8.10
10.52
8.07
1.56
270
1.62
127
3.94
249

STD

4.09
7.40
4.63
1.01
0.88
0.97
0.59
1.64
1.76

MAX

16.01

30.70

20.90
4.37
4.14
3.50
2.46
7.50
711

MIN

2.27
3.90
1.42
0.43
1.26
0.35
0.62
1.78
0.66
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PATIENT ID SUP/INF IMPLANT ID AVERAGE
1 2 3 4 5 6

IONO0O1 INFERIOR 13.60 11.37 5.75 10.24

IONO002 INFERIOR 9.78 4.19 10.58 8.18

IONO003 INFERIOR 8,18°0UT 10,18"0UT 14,51*0UT out

IONO0O4 INFERIOR 3.90 9.54 5.76 30.70 12.48

IONOO5 INFERIOR 16.01 14.21 15.11

ION000B INFERIOR 5.57 5.57 1.42 13.28 6.46

IONO006 SUPERIOR 10.13 23*0UT 5.14 174 357 5.15

IONO0O7 SUPERIOR 15.91 20.90 9.72 15.51

ION0008 INFERIOR 4.79 6.77 15,74*0UT 5.78

IONO009 INFERIOR 7.90 11.95 7.26 9.04

IONO009 SUPERIOR 6.41 227 6.12 11.86 6.29 1.77 7.45

ION0010 INFERIOR 7.86 6.25 4.66 1.58 6.08 271 4.86

IONO010 SUPERIOR 12.59 3.1 4.72 12.44 12.01 10.44 10.89

IONOO11 SUPERIOR 6.55 6.07 5.50 33,07°0UT 411 5.56
8.98

OUT". Freehand implant placement, data excluded from analysis

GUIDED TECHNIQUE STATIC DYNAMIC STATIC+DYNAMIC TOTAL

AVG 8.10 10.52 8.07 8.90

STD 4.09 7.40 4.63 5.38

MAX 16.01 30.70 20.90

MIN 227 3.90 1.42






OPS/images/fonc.2021.754943/table3.jpg
PATIENT ID SUP/INF IMPLANT ID AVERAGE
1 2 3 4 5 6

IONO0O1 INFERIOR 5.14 3.74 1.78 3.54

IONO002 INFERIOR 3.22 213 3.18 2.84

ION0003 INFERIOR 3,6*0UT 7,45*0UT 4,11*0UT out

ION0004 INFERIOR 3.16 5.67 3.97 7.50 5.08

IONOO5 INFERIOR 1.35 1.01 1.18

IONO00B INFERIOR 1.30 0.75 0.66 3.03 1.44

IONO006 SUPERIOR 2.4 1,97*0UT 2.41 0.85 1.0 1.68

IONO007 SUPERIOR 7.1 6.75 4.82 6.23

ION0008 INFERIOR 275 297 2,3*0UT 2.86

IONO009 INFERIOR 2.05 4.54 4.47 3.69

ION0009 SUPERIOR 1.19 0.70 0.90 1.80 2.46 2.30 1.56

IONOO10 INFERIOR 0.90 1.95 0.77 1.00 1.07 1.40 1.18

IONOO10 SUPERIOR 4.39 3.41 1.86 0.87 2.82 1.44 2.47

IONOO11 SUPERIOR 0.62 0.97 1.19 7,91*0UT o7 0.87
2.66

OUT". Freehand implant placement, data excluded from analysis

GUIDED TECHNIQUE STATIC DYNAMIC STATIC+DYNAMIC TOTAL

AVG 1.27 3.94 2.49 2.66

STD 0.59 1.64 1.76 1.33

MAX 246 7.50 711

MIN 0.62 1.73 0.66
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PATIENT ID SUP/INF IMPLANT ID AVERAGE TECHNIQUE

1 2 3 4 5 6
IONO0O1 INFERIOR 3.50 2.47 1.26 2.41 DYNAMIC
IONO002 INFERIOR 2.23 1.99 1.67 1.96 DYNAMIC
IONO003 INFERIOR 6,42*0UT 5,23*'0UT 1,89 OUT out DYNAMIC
IONO0O4 INFERIOR 3.70 3.1 2.89 4.14 3.46 DYNAMIC
IONOO5 INFERIOR 217 4.37 3.27 STATIC
IONO00B INFERIOR 0.37 0.75 0.35 0.67 0.54 STATIC + DYNAMIC
IONO006 SUPERIOR 0.71 3,11°0UT 161 1.04 0.37 0.93 STATIC + DYNAMIC
IONO0O7 SUPERIOR 3.50 178 252 260 STATIC + DYNAMIC
IONO008 INFERIOR 2.1 3.31 3,99* oUT 271 STATIC + DYNAMIC
IONO009 INFERIOR 112 3.47 293 251 STATIC + DYNAMIC
IONO009 SUPERIOR 0.96 0.54 1.28 1.08 2.02 0.80 111 STATIC
ION0010 INFERIOR 0.66 1.59 1.76 1.34 0.50 1.10 1.16 STATIC + DYNAMIC
IONO010 SUPERIOR 1.88 1.88 0.81 2.80 0.44 1.20 1.50 STATIC + DYNAMIC
IONOO11 SUPERIOR 1.59 1.58 1.89 2,51"0UT 0.43 1.37 STATIC

1.96

OUT". Freehand implant placement, data excluded from analysis
GUIDED TECHNIQUE STATIC DYNAMIC STATIC+DYNAMIC TOTAL
AVG 1.56 270 1.52 1.96
STD 1.01 0.88 0.97 0.95
MAX 4.37 414 3.50 4.00
MIN 0.43 1.26 0.35 0.68
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Localization and tumor

Mandibular right body and
ramus ameloblastoma

Right mandibular body
epidermoid carcinoma

Left mandibular body
epidermoid carcinoma

Left mandibular body
ameloblastoma

Right mandibular body
ameloblastoma

Hard palate adenoid cystic
carcinoma

Left maxilla tuberosity
adenocarcinoma

Left mandibular body
epidermoid carcinoma

Left mandibular body
epidermoide carcinoma

Right hemitongue
epidermoid carcinoma

Left hemimandible
ameloblastoma

Surgery

Segmental mandibulectomy

Segmental mandibulectomy
and neck dissection

Segmental mandibulectomy
and Neck dissection

Segmental mandibulectomy

Segmental mandibulectomy

Central maxillectomy

Ilb Brown maxillectomy

Segmental mandibulectomy
and Neck dissection

Segmental mandibulectomy
and Neck dissection

Hemiglosectomy, bilateral
neck dissection

Segmental mandibulectomy

Reconstruction

Fibula flap

Double-barrel fibula
flap

liac crest free flap

Fibula flap

Fibula flap

Radial forearm flap

liac crest free flap

Double-barrel fibula
flap + 70 Gy

Fibula flap

Alt+ Vastus Lateralis
Flap + 70 Gy

Failed Fibula flap and
pectoralis major

Guided
method

sCAIS

dCAIS

dCAIS

dCAIS

dCAIS and
freehand

dCAIS and
sCAIS

dCAIS and
sCAIS

dCAIS and
sCAIS

dCAIS and
sCAIS

dCAIS

sCAIS

Implants

2 flap, 1
failed

3 flap

2 flap
2 Mdb

4 flap

3 flap

5 Mx
4 Mdb

3 flap

3 flap
6 mx

3 flap

6 mx
6 mdb

5 mx

Prosthesis

Fixed screw
retained

Fixed screw
retained

Fixed screw
retained

Fixed screw
retained

Fixed screw
retained

Fixed screw
retained

Fixed screw
retained

Fixed screw
retained (Pending)

Fixed screw
retained (pending)

Fixed screw
retained (pending)

Fixed screw
retained (pending)

Results
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CR ] Total

Patients

N 48 46 94
Age

Years (mean + SD) 66.5 + 13.6 66.2 £ 11.3 66.3 £ 12.5

>60 years 64.6% 67.7% 65.9%

<60 years 35.4% 32.3% 34.1%
Gender

Male 26 (54.2%) 28 (60.8%) 54 (57.4%)

Female 22 (45.8%) 18 (39.1%) 40 (42.6%)
Diagnosis

SCC 25 20 45 (47 .8%)

Maxillary necrosis 10 8 8(16.1%)

Pathological fracture 10 6 6 (17.0%)

Fracture 0 2 2 (2.0%)

Osteomyelitis 0 3 3(3.1%)

Basal cell carcinoma 0 1 1 (1.06%)

Secondary reconstruction 2 6 8(8.0%)
Complications

Mean + SD 15617 2+19 178 +1.8

N with complications 31 (48.0%) 33 (51.0%) 64 (68.1%)
Defect size (mm)

Mean + SD 58.8 + 28.1 64.7 £29.2 61.7 £28.7

Maximum 120 120 120

Minimum 8 12 8
Operative time (min)

Mean + SD 397 + 229 467 + 240 431 + 236

Maximum 1000 878 1000

Minimum 143 73 73
Hospital stay (days)

Mean + SD 26.4 +22.4 34.6 +32.4

Maximum 97 125

Minimum 4 6
No reconstruction

Mean + SD 10.7 £ 8.4 271 +£434 16.4 + 26.5
Local reconstruction

Mean + SD 16.3+8.8 271 15+ 88
Microvascular reconstruction

Mean + SD 35.4 +24 36.7 + 30.6 36.1 £27.8
Reconstruction group

No reconstruction 20 (21.3%)

N complications (mean + SD) 0.9+ 1.39

Local reconstruction 7(7.4%)

N complications (mean + SD) 129+1.8

Microvascular reconstruction 67 (71.3%)

N complications (mean + SD) 2.07 £1.81
Tumor patients

N (% of total) 25 (26.3%) 18 (19.1%) 43 (45.7%)

N complications (mean + SD) 22+18 2.56 £ 2.04 Tumor: 2.35 + 1.9

No tumor: 1.3 £ 1.5
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Visual acuity
Hertel
Exophthalmometer
(mm)

EOM

Visual acuity

Hertel
Exophthalmometer
(mm)

EOM

Patient 1 Patient 2
Pre-op Post-op 1wk Post-op 2M Pre-op  Post-op 1 wk Post-op 2M
NLP* 20/200 20/50 20/30 20/25 20/20
14 9 9 16 Not perform 14
Restriction in all directions No change Mild to moderate Fulland  Mild restriction in Full and free
except abduction improvement free supraaduction

Patient 3 Patient 4
20/20 20/20 20/20 20/40 20/20 20/20
14114 14/14 14/13 21 Not perform 16
Full and free Mid infraduction and Full and free Fulland  Infraduction and Progressive

lateroduction limitation free supraduction improve

*NLP, no light perception.
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Clinical
parameters
Age (years)
Gender
Localization
Laterality
Quadrant of
the orbit
Symptoms &
signs
Histopathology

Size (cm®)
Hospital stays
(days)
Surgical
parameters
Operation time
(min)

Blood loss (ml)
Orbital floor
reconstruction
Early
complication

Late
complications

Patient No. 1

85

Male
Intraconal
Right
Inferomedial

Near complete vision loss,
proptosis
Schwannoma

13.4 (2.8x2.0x2.4)
4

155

65
Bio-membrane

Paranasal paresthesia (+) for 2
months with complete recovery
Nasal congestion (+) 3 weeks

Diplopia cannot evaluate due to
poor vision
Mild enophthalmos

Patient No. 2

64

Female
Extraconal
Left
Inferomedial

Progressive blurred vision and
mild proptosis

Cavernous venous
malformation

1.2 (1.3x1.0x0.9)

3

180

20

Bio-membrane with titanium
mesh

Paranasal paresthesia (+) for 1
month with complete recovery
Nasal congestion (-)

Diplopia (+), complete resolve
within 2 months
None

Patient No. 3

48

Female
Extraconal
Left
Inferomedial

Painful swelling
Idiopathic orbital inflammation

2.3 (1.2x0.9x2.1)
3

174

30
None

Paranasal paresthesia (+) for 1
month with complete recovery
Nasal congestion (+) for
1month

Diplopia (+), complete resolve
within 2 months

None

Patient No. 4

51

Male

Intraconal

Right
Superomedial/inferomedial

Progressive blurred vision and
proptosis
Cavernous venous malformation

7.8 (2.0x2.3x1.7)
5

300

170
MEDPORE

Paranasal paresthesia (+) for at least
2 months with progressive recovery
Nasal congestion (+) for Tmonth

Diplopia (+) for at least 2 months
with progressive recovery
Mild enophthalmos

Average

62 + 14.6

6.2+4.9
38+08

202.3 +57.2

71.3 £ 59.4
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Color code

Red
Orange 1
Orange 2
Orange 3
Orange 4
Yellow 1
Yellow 2
Green
Blue

NS, not significant.

Description

Into the carotid

<2 mm carotid, into the tumor
<2 mm carotid, <5 mm tumor
<2 mm carotid, 5-10 mm tumor
<2 mm carotid, >10 mm tumor
>2 mm carotid, into the tumor
>2 mm carotid, <5 mm tumor
>2 mm carotid, 5-10 mm tumor
>2 mm carotid, >10 mm tumor

% of Cutting planes

Unguided

6.7
0.0
0.3
4.3
16
36
191
52.4
121

Tumor-guided

09
0.0
0.2
28
0.2
04
23.8
62.1
95

Carotid-guided

1.0
0.0
0.3
21
0.4
0.2
23.5
64.9
75

p-value

p < 0.0001
NS
NS

p < 0.0001

p < 0.0001

p <0.0001

p=0.041

p < 0.0001
NS
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Statements for questionnaire (38) Median (IQR)?

| felt faster to perform surgery when aided by the virtual view. 6.0 (6.0-6.8)
The system appeared to be sufficiently accurate for its intended use. 6.0 (6.0-6.0)
The dynamic tool tracking allowed me to quickly assess my proximity to critical structures without significantly interrupting dissection. 6.0 (6.0-6.8)
Proximity alerts increased my confidence during ablation close to critical structures. 6.0 (6.0-6.8)
The current technology is ready for clinical trial without significant changes. 5.5 (4.3-6.0

IQR, interquartile range.
4Based on a seven-point Likert scale (7 = strongly agree; 1

strongly disagree).
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INTRATUMORAL CUTS AND TYPE OF PROCEDURE

Intratumoral cut/Guidance Unguided AR IN AR+IN
No 65 77 83 84
Yes 17 8 1 0
Total 82 85 84 84
Percentage 20.7% 9.4% 1.2% 0.0%
UNIVARIATE ANALYSIS OF INTRATUMORAL CUTS
Guidance OR 95%-Cl p-value
AR REF REF REF
Unguided 244 1.00-5.02 0.049
SN 0.16 0.03-0.97 0.046
AR+SN 0.05 0.00-0.97 0.047
MULTIVARIATE ANALYSIS OF INTRATUMORAL CUTS
Guidance Adjusted* OR 95%-Cl p-value
AR REF REF REF
Unguided 2.54 1.05-6.17 0.039
SN 0.16 0.03-0.88 0.035
AR+SN 0.06 0.00-0.81 0.035

AR Augmented reality, IN intraoperative navigation, OR odds ratio, *Adjusted by tumor
model and surgeon.
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Patient Specific Implant
No
Yes
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Female
Male

Site
Maxilla
Mandible

Donor
Fibula
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Yes

No

Reasons for Reconstruction
SCC

Other Malignancies
Benign Pathology
Secondary Reconstruction
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1

2
3
4
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Change plan

Yes

11.5%
2.8%

5.5%
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5.6%
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3.1%
9.1%

2.0%
71%
6.9%
25%

0.0%
7.5%
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23
70

52
41

22
4l

85

63
30

50
13
27

17
49
20

No

88.5%
97.2%

94.5%
956.3%
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93.4%

94.4%
100.0%
100.0%

96.9%
90.9%

98.0%
92.9%
93.1%
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Significance
(p=)
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Parameters

Site
Defect size
Segments

Aetiology

Flap type

Classification

Mandible
Midface
Small
Large
<2
2
Malignant tumor
Non-malignant
tumor

Bone flap
Others

Total
(n)

118
18
72
64
58
78
72
64

116
20

Complete adherence Percentage Partial adherence

(n)

99
13
58
99
56
56
55
57

99
13

83.9%
72.2%
80.6%
74.1%
96.6%
71.8%
76.4%
89.1%

85.3%
65.0%

)
"
3
6
8

Percentage

9.3%
16.7%
8.3%
9.3%
3.4%
15.4%
15.3%
4.7%

6.9%
30.0%

Not adherence

(n)

B3 ONMON®

©

Percentage

6.8%
1.1%
1.1%
6.8%
0.0%
12.8%
8.3%
6.3%

7.8%
5.0%

P-
value

0.361

0.031

0.003

0.1

0.016






OPS/images/fsurg-08-715262/crossmark.jpg
©

2

i

|





OPS/images/fsurg-08-715262/fsurg-08-715262-g001.gif





OPS/images/fonc.2021.690374/fonc-11-690374-g001.jpg





OPS/images/fonc.2021.690374/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.718872/table2.jpg
I © o™ |
(=TI
®

-~ N <3






OPS/images/fonc.2021.718872/table1.jpg
Diagnosis Number of patients  Irradiation  Soft tissuefree flaps  Failed bone reconstruction  Time after primary surgery’
Squamous cell carcinoma 11 3 9 2 44.64
(37.10)
Keratocyst 2 - 1 1 20.50
(2.50)
Mucoepidermoid carcinoma 1 - - - 150
Adenoid cystic carcinoma 1 1 1 1 47
Adenocarcinoma 1 - 1 - 52
Osteosarcoma 1 = 1 91
Malignant 1 1 1 - 9
Melanoma
Myxoma 1 - 1 - 39
Total/Mean 19 5 15 5 48.21
(39.72)

Tin months: brackets. standard deviation.
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Parameters

Gender (M/F)
Age (mean, SD)
Adherence of CAS

Etiology

Disease site
Defect size

Bone graft
segments

Flap type

Classification

Complete

Partial
Discarded
Malignant tumor
Benign tumor/cyst of
jaw

Trauma

ORN

Others
Mandible
Midface

Small

Large

0

1
2

>2

Fibula

lliac

Scapula

Plates or prosthesis only

Numbers
(N)

78/58
56.8 + 18
112
14
10
72
13

16
25
10
118
18
72
64
20

38
39
39
88
22
6
20

Percentage
(%)

57.4/42.6
/
82.4
103
7.4
52.9
9.6

11.8
18.4
7.4
86.8
18.2
52.9
471
14.7

27.9
28.7
28.7
64.7
16.2
4.4
14.7

CAS, Computer-assisted surgery; ORN, Osteoradionecrosis.
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Influential factors Reason Numbers Outcome
Unfitness Guided templates 4 Partially executed plan
Pre-bent plates 2 Partially executed plan
Patients’ health conditions Tumor growth 2 Partially executed plan
Tumor growth 1 Discarded plan
Bone displacement 1 Partially executed plan
Altered extremity 2 Partially executed plan
Complex maxillary defect 1 Partially executed plan
Death 1 Discarded plan
Subjective reasons Surgical protocol changes 2 Partially executed plan
Treatment plan alteration 3 Discarded plan
Unaffordable cost 2 Discarded plan
Patients’ non-compliance 3 Discarded plan
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Study (n = 10) Control (n = 10) p value Mean difference 95% confidence interval

Fibula donor site analyses

Distal fibula osteotomy

- Axial deviation (mm) 4127 95+£6.3 0.02* -5.5 -0.9t0-10.0

- Angle deviation (degrees) 87+50 253+ 131 <0.01* -16.6 -6.9t0-26.4
Reconstruction segment analyses

Absolute distance deviation 15+08 19+ 07 0.23

Angle deviation 52+25 58+28 0.63

Center points 21+18 39+1.3 0.44
Implant analyses

Platform deviation 1.3+08 32+14 <0.01* -1.8 -11t0-2.6

Apex deviation 1.5+08 38+1.3 <0.01* 2.2 -14t0-3.1

Angle deviation 4617 13+73 0.01* -6.8 -3.1t0-10.5

*All p values lower than 0.05 are indicated with an asterisk (*).
“*All p values lower than 0.01 are indicated with double asterisks (**).
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Study (n=10) Control (n=10) p value
Gender
Male 6 4 0.66
Female 4 6
Age (mean) 53 60 0.44
Diagnosis 0.80
SCC 5 7
Other malignancy 1 1
Benign jaw lesions 2 2
Osteoradionecrosis 2 0
Reconstruction site
Maxilla 2 2 1.00
Mandible 8 8
Staging
pT1/2 0 3 0.31
pT3/4 6 5
NA 4 2
Fibula segments (mean) 2 2 0.73
Fibula segment length (mm) 48.2 47.3 0.90
Implants (total) 13 18 0.42
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Parameter

Pre head-head med
Post head-head med
Pre head-head lat
Post head-head lat
Pre condyle angle right
Post condyle angle right
Pre condyle angle left
Post condyle angle left
Parameter

Pre-virt RMSE

Pre-virt MSD

Pre-virt HD

Virt-post RMSE
Virt-post MSD
Virt-post HD

Absolut median (range)

84.4 (76.3-94.4)
85.8 (76.0-100.3)
119.7 (105.3-130.1)
121.2(107.2-131.5)
23.0 (11.0-37.0)
23.0 (11.3-43.0)
-22.0[-32.0-(-7.0)]
-20.3[-56.9-(-8.0)]
Median (range)
1.4 (0.4-7.2)
0.3 (-0.1-2.9)
0.7 (0.1-3.1)
2.3(1.3-10.7)
0.1 (-1.0-5.6)
1.7 (0.1-5.9)

Median (range) differences
-1.9 (-13-8)
0.4 (-7.9-6.1)
0.0 (-26-23)
1.4 (22-34.5)

Parameter
Pre-post RMSE
Pre-post MSD
Pre-post HD
Diff RMSE pre-post vs. pre-virt
Diff MSD pre-post vs. pre-virt
Diff HD pre-post vs. pre-virt

p-value

0.131*
0.183"
0.142%
0.042*

Median (range)
22 (1.5-11.1)
5 (-0.6-6.1)
1.5 (1.1-6.5)
0.7 (-2.7-10.5)
-0.1 (-1.3-6.0)
0.9 (-0.8-6.4)

Head-head med/lat, medial/lateral horizontal distance between condylar heads; pre-virt, preoperative vs. virtual model; virt-post = virtual vs. postoperative modei; pre-post = pre- vs.
postoperative model; RMSE, root mean square error; MSD, mean surface distance; HD, Hausdorff distance; Diff, difference.

*Wilcoxon signed-rank test.
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Factor Root mean square error

Mean surface distance

Hausdorff distance

p-value

Univariable linear regression model

Gender 0.178
Age <0.001
Indication <0.001
Dignity 0.047
Mandibular defect type <0.001
Number of bone segments 0.416
Multivariable linear regression model

Age 0.01
Indication 0.004
Dignity <0.001
Mandibular defect class <0.001

95% CI

-1.561-0.286
-0.094-(-0.046)
0.253-0.696
0.015-1.987
1.092-1.916
-1.008-0.421

-0.055-(-0.016)
0.123-0.602
1.076-2.654
0.597-1.391

p-value

0.056
<0.001
0.026
0.001
<0.001
0.908

0.109
0.022
<0.001
<0.001

95% ClI

-1.246-0.017
-0.054-(-0.018)
0.023-0.353
0.461-1.767
0.568-1.192
-0.526-0.468

-0.029-0.003
0.034-0.426
1.056-2.347
0.298-0.947

p-value

0.148
<0.001
<0.001

0.223
<0.001

0.577

0.001
0.006
/
<0.001

95% Cl

-0.874-0.135
-0.051-(-0.024)
0.165-0.402
-0.210-0.886
0.638-1.075
-0.502-0.282

-0.029-(-0.007)
0.057-0.331
/
0.342-0.796
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Parameters n (%)

Gender female/male 9/11

Age median (range) 55.5 (23-79)

Indiication 0ScC 5 (25%)
Secondary reconstruction 5 (25%)

ORN 4(20%)

Ameloblastoma 2 (10%)

Osteomyelitis 2 (10%)

MRONJ 1(5%)

Ameloblastic fibrosarcoma 1(6%)
Mandibular defect class Il 15 (75%)
v 5 (25%)

Number of segments 1 1(6%)
2 11 (55%)

3 7 (35%)

4 1(5%)

OSCC, oral squamous cell carcinoma; ORN, osteoradionecrosis; MRONJ, medication-
related osteonecrosis of the jaw.
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Navigation solution Median Q1

OTS (registration with screws) 0.57 0.34
OTS (registration with surgical guide) 0.61 0.30
AR 0.40 0.14

OTS, optical tracking system; AR, augmented reality; Q1, Q3, first and third quartiles (25" and 75" percentile).

Q3

0.81
0.98
1.29
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Patient Sex Age, years Lesion Range Pathology Complications Follow-Up Time, Months

1 Male 34 Mandibular Ameloblastoma No 26
2 Male 45 Maxilla Ameloblastic fibro-odontoma No 25
3 Male 19 Maxilla Odontogenic myxoma No 22
4 Male 69 Maxilla Osteosarcoma No 16
5 Male 55 Mandibular Squamous cell carcinoma No 8
6 Female 37 Maxilla QOdontogenic myxoma No 7
7 Female 50 Mandibular Ossifying fibroma No 6
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Variable

Number of patients
Sex
Male
Female
Mean age (years, range)
Disease
Benign tumor
Malignant tumor
Brown defect classification
[}
1]
Segment of iliac bone
One
Two

V'SP, virtual surgical planning.

Clinical details

VSP group Non-VSP group
16 18
7 5
9 18
33.8 (16-46) 33.4 (17-68)
13 16
3 2
11 14
5 4
11 12
5 6
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Variables

Percentages P value
VSP group Non-VSP group
Intraoral surgical approach 75.0% 66.7% 0.715
Intraoral vascular anastomosis 62.5% 38.9% 0.308

V'SP, virtual surgical planning.
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PatientID  Gender Age

1 M 57
2 M 49
3 K 63
4 M 59
5 F 55

JON, infraorbital nerve.

Surgical time (min)

150

100
210

130

90

Localization

Medial to infraorbital canal

Medial to infraorbital canal
Medial to infraorbital canal

Lateral to infraorbital canal

Medial to infraorbital canal

Histopathology

Cavernous
Hemangioma
Neurofibroma
Cavernous
Hemangioma
Cavernous
Hemangioma
Schwannoma

Orbital floor reconstruction

Antral wall graft

Original floor
Antral wall graft

Antral wall graft

Original floor

Complications

Transient ION paresthesia

None
Transient ION paresthesia

Transient ION paresthesia

None
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Subject
Template 1 mm
(+0.5 mm)

1 30%
2 15%
3 6%
4 24%
5 21%
6 27%
7 3%
8 24%
Mean 19%
sD 10%

Tablet

Template 2 mm
(=1 mm)

48%
48%
76%
45%
52%
42%
30%
79%
53%
17%

Bold values are used to identify/highlight the mean values.

Template 4 mm
(£2mm)

100%
91%
100%
100%
100%
100%
82%
100%
97%
7%

Template 1 mm
(+0.5 mm)

33%
28%
21%
45%
48%
30%
76%
45%
%
17%

HoloLens 2

Template 2 mm
(+1mm)

94%
36%
45%
91%
82%
42%
97%
82%
1%
25%

Template 4 mm
(£2mm)

100%
100%
100%
100%
100%
100%
100%
100%
100%
0%
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Author

Frank Wilde, 2015 (23)
Majeed Rana, 2017 (24)
Yang, 2018 (19)

David Ohman, 2019 (25)
Philipp Jehn, 2020 (26)
Zavattero, 2021 (27)

Total No. of Cases
Using PSSP

32
22
10
5
20
47

Failed No. of Cases
Using PSSP
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Characteristics Total cases (n = 58)

Gender (n, %)

Male 26 (44.8%)

Female 32 (65.2%)
Age (years) 59.3 £ 16.0
Diagnosis (n, %)

Malignant tumor 40 (69.0%)

Benign tumor 13 (22.4%)

Others® 5 (8.6%)
TNM classification® (40 cases) (n, %)

Stage | and Il 15 (37.5%)

Stage Ill and IV 25 (62.5%)
Surgical site (n, %)

Mandible 44 (75.9%)

Maxilla 14 (24.1%)
Donor bone graft (n, %)

Fibula 54 (93.1%)
lliac crest 4 (6.9%)
Donor bone length (mm) 89.7 +31.0

Bone segments (n, %)
One 12 (20.7%)
Two 31 (53.4%)
Three and more 15 (25.9%)
Concomitant surgery (n, %)
None 36 (62.1%)
Simultaneous dental implant 21 (36.2%)
Radial forearm flap 1(1.7%)

@Others: osteoradionecrosis of the jaw (n = 4) and mandibular defect secondary to
malignancy resection (n = 1).

®According to the AJCC (American Joint Committee on Cancer) Cancer Staging Manual
(8th Edition).
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Characteristics Group 1

(Case No.1-23) (Case No.24-58)

Gender (n; %)

Male 8 (34.8%)

Female 15 (65.2%)
Age (years) 58.7+15.0
Diagnosis (n; %)

Malignant tumor 16 (69.6%)

Benign tumor 4 (17.4%)

Others 3(13.0%)
TNM classification (40 cases) (n; %)

Stage 1 &Il 9 (66.3%)

Stage Il & IV 7 (43.8%)
Surgical site (n; %)

Mandible 17 (73.9%)

Maxilla 6 (26.1%)
Donor bone graft (n; %)

Fibula 21 (91.3%)

lliac crest 2 (8.7%)
Donor bone length (mm) 89.6+36.5
Bone segments (n; %)

One 4 (17.4%)

Two 12 (52.2%)

Three and more 7 (30.4%)
Concomitant surgery (n; %)

No 22 (95.7%)

Yes 1(4.3%)

Group 2

18 (51.4%)
17 (48.6%)
59.6+16.9

24 (68.6%)
9 (25.7%)
2 (5.7%)

6 (25.0%)
18 (75.0%)

27 (77.1%)
8 (22.9%)

33 (94.3%)
2 (5.7%)
89.7+27.4

8 (22.9%)
19 (54.3%)
8 (22.9%)

14 (40.0%)
21 (60.0%)

P value

0.212

0.831

0.528

0.046

0.779

0.522

0.982

0.771

<0.001
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