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Abstract

:

Reconstruction of the midface represents a challenge for reconstructive microsurgeons given the formidable task of restoring both aesthetics and functionality. In particular, preservation of proper globe positioning and maintaining normal vision are as important as restoring the proper projection of the midface and enabling a patient to speak and eat as normally as possible. The introduction of virtual surgical planning (VSP) and medical modeling has revolutionized bony reconstruction of the craniofacial skeleton; however, the overwhelming majority of studies have focused on mandibular reconstruction. Here, we introduce some novel advances in utilizing VSP for bony reconstruction of the midface. The present review aims (1) to provide a review of the literature on the use of VSP in midface reconstruction and (2) to provide some insights from the authors’ early experience.
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1. Introduction


Virtual surgical planning (VSP) has grown tremendously over the years since its introduction into craniofacial surgery [1,2]. This technology has allowed for more precise planning of osteotomies and superior realignment that theoretically improves bony union and restores the proper aesthetics of the craniofacial skeleton. This technology has been used widely in the oncologic as well as the trauma setting, and its use has rapidly expanded to the point that it has become the standard of care at many institutions. The overwhelming majority of studies demonstrating improved outcomes and benefits with VSP have focused on reconstruction of the mandible [3,4,5]; however, its role has expanded into reconstruction of the midface as well [6,7,8].



The use of VSP for reconstruction of the maxilla is a logical extension applying the same technology used in mandible reconstruction to the midface. Given the standardization of imaging of the craniofacial skeleton and donor sites at most high-volume institutions, VSP is growing in popularity for midface reconstruction as well [9,10,11,12]. The fibula osteocutaneous free flap remains the workhorse flap for bony reconstruction following resection of head and neck cancers at our institution, and a CT angiogram is often obtained during the patient’s preoperative evaluation to aid not only in delineating the vascular anatomy of the lower extremity, but also designing customized cutting guides and implants [13,14]. While the workflow and utilization of VSP have evolved over time, we favor designing customized cutting guides with 3D-printed titanium plates and potentially even placement of immediate dental implants for mandibular reconstruction [15,16]. With our experience in mandible reconstruction, we extrapolated our knowledge to midface reconstruction and present our surgical approach and technique incorporating the latest advances in computer-assisted design and modeling using virtual surgical planning. The present study aims to provide a review of the literature using VSP in midface reconstruction and to present some novel insights from the authors’ experience.



1.1. Preoperative Evaluation


All patients undergoing tumor extirpation and midface reconstruction require routine imaging prior to surgery; however, the standard work-up is no different than that for any other patient. Every patient should undergo a thorough history and physical, paying particular attention to the prior history of surgery and treatment, such as radiation, which will impact considerations for reconstruction. Further, if patients have had prior surgery, especially a previous free flap, the evaluation of donor sites and recipient vessels is critical prior to proceeding with surgery.



For bony reconstruction of the midface, proper imaging is necessary to plan the resection and reconstruction using virtual surgical planning. In general, fine-cut CT scans of the head and neck are needed to plan the resection, so the cuts ideally should be no larger than 1.25 mm within one month of surgery. Imaging of the head and neck not only aids in determining the extent of disease and planning of the resection, but also affords the opportunity to evaluate the availability of recipient vessels. In addition, imaging allows the surgeon to plan the reconstruction to determine points of fixation for the flap as well as restoration of dental occlusion, midface projection, and potentially the position of the orbit and globe.



As the fibula flap has largely become the primary donor site for bony reconstruction, a CT angiogram is also routinely obtained during the preoperative work-up [14]. Historically, the authors have only obtained an angiogram when a patient had an abnormal peripheral vascular exam or a significant history of peripheral vascular disease. In the current era of VSP, imaging of the lower extremity introduces a number of other advantages that were previously not considered. The angiogram component demonstrates the presence of stenosis and large-vessel atherosclerosis or aberrant anatomy such as peronea magna, while advances in imaging can also now provide information regarding the perforators arising from the peroneal pedicle to the overlying skin. This allows for precise planning of the skin paddle in juxtaposition to the bony osteotomies. Obviously, the scans allow for the design of custom cutting guides, but they also potentially allow for the placement of immediate dental implants, which have demonstrated promising early outcomes at other institutions [17,18].




1.2. Customized Titanium Plates


The evolution of VSP has been closely linked to advances in the production of titanium plates for microvascular head and neck reconstruction. In mandible reconstruction, professionally bent reconstruction bars were replaced with milled titanium plates, which have now been replaced with 3D-printed titanium plates. In the arena of midface reconstruction, the contouring of the fibula often requires multiple segments and therefore multiple osteotomies [19]. VSP technology provides cutting guides to restore the proper dimensions of the maxilla, but the earliest generation only provided models based on preoperative imaging. Historically, mini-plates represented the mainstay for bony fixation; however, in the modern era of VSP, careful planning should allow two weeks of lead time to allow sufficient time for the production of 3D-printed titanium plates. The current generation of 3D-printed plates allows for the design of intricate plates based on the precise unique configurations of the fibula needed to restore the contour and profile of the patient’s craniofacial skeleton. The newest production technique also reduces the hardware burden and produces engineered plates with a dramatic reduction in the plate profile, which will hopefully translate into fewer plate-related complications.



Aside from the 3D-printed plates used for bony fixation, the same technological advances have also ushered in custom-designed, patient-specific plates for orbital reconstruction (Figure 1). When the orbital floor is sacrificed, re-establishing the proper position of the globe and orbital volume is critical for preserving normal vision. In the past, a model would be produced of the patient’s skull, and a generic titanium orbital floor plate would be contoured based on the model. However, again in the modern era of VSP, a patient-specific orbital floor plate can now be 3D-printed to the exact dimensions of the native orbital floor [20]. Early experience with this technology has demonstrated remarkable improvements in restoring proper globe position and preserving normal vision. Despite the advantages of 3D-printed orbital floor plates, consideration again must be given to proper planning with appropriate lead time as well as post-operative hardware-related complications like infection or extrusion [20,21].




1.3. Intraoperative Technique


The free fibula osteocutaneous flap represents our primary option for maxillary reconstruction. In general, we prefer to harvest the ipsilateral leg, allowing placement of the skin paddle intraorally for reconstruction of the palate. In situations where additional soft tissue is needed for obliteration of the maxillary sinus or to provide additional soft tissue coverage of the hardware, a pedicle flexor hallucis longus (FHL) or a portion of the soleus muscle can be taken with the fibula flap, and in certain circumstances, a second skin paddle may also be possible if multiple perforators exist [22]. In many circumstances, a full neck dissection is not warranted, so the facial vessels at the level of the mandible can be reliably used. Alternatively, the superficial temporal vessels can also be considered, but this is a secondary choice given the smaller-caliber vessels and high propensity for vasospasm.



Once the osteotomies are completed, plating is performed in the leg to limit the ischemia time; however, rendering the fibula ischemic for the osteotomies and plating is also an option as the custom cutting guides reduce ischemia time. Once the fibula construct has been secured to the titanium plate, the flap is transferred to the head and neck for bony fixation. We prefer to inset the skin paddle into the soft tissue defect prior to performing the microvascular anastomosis. The additional soft tissue components can be placed into the maxillary sinus, or the second skin paddle can be de-epithelialized to provide additional coverage of the hardware or to fill the dead space.



In the setting of orbital floor reconstruction, early iterations using VSP only provided a 3D model of the patient’s craniofacial skeleton, and a titanium plate would be contoured to the model in order to match the patient’s native orbital floor as closely as possible. The titanium plate would then be secured to the remaining zygoma to provide proper support for the globe prior to fixation of the fibula flap. When only a soft tissue flap is needed, coverage of the orbital plate with vascularized tissue is critical for preventing post-operative complications. An anterolateral thigh (ALT) flap can often provide ample soft tissue to close a palatal defect, fill the dead space of the maxillary sinus, and also provide vascularized fascia for coverage of the orbital floor plate [23]. Using the most advanced VSP technology, a custom, patient-specific titanium plate can be printed in any configuration to restore the precise position of the orbital floor to maintain the exact orbital volume following the resection. The printing can create a plate with complex extensions for bony fixation to the remaining bony pillars or to the fibula flap.




1.4. Free Flap Donor Site Selection


The authors prefer to use the free fibula flap for the majority of maxillectomy defects. With the increased understanding of perforator flaps and microvascular surgery, the skin paddle of the fibula flap can not only be harvested with reliability and success, but multiple skin islands can also be designed when more soft tissue is needed [22]. Since the fibula can tolerate multiple osteotomies, a single fibula can provide ample bone length to reconstruct a total maxillectomy defect. Aside from the length, the fibula also has sufficient bone stock, which offers the opportunity to support dental implants. With proper planning and patient selection, dental implants can be placed at the time of the primary reconstruction. The patient-specific cutting guides can be engineered to incorporate predictive screw holes for the custom-printed titanium plate so the screws will not interfere with the predictive drill holes for the dental implants. This may afford patients who require adjuvant radiotherapy the potential for complete dental rehabilitation and would otherwise not be candidates for secondary dental implants following radiation.



However, when the fibula is not available, and for certain types of defects, alternative osteocutaneous flaps should also be considered. While the overwhelming majority of cases are reconstructed with a fibula, VSP technology can also be used with high reliability for other flaps, such as the scapula or iliac crest [24,25,26,27]. A more recent advance in bony reconstruction of the midface was the introduction of the medial femoral condyle (MFC) flap for the reconstruction of midface defects [28]. The use of vascularized bone is recommended in the setting of previous radiation or anticipated adjuvant radiation, which can have a significant detrimental impact on the long-term outcomes. Given the direct communication with the aerodigestive system, placing even the most advanced engineered plate into a contaminated space with oronasal flora always introduces the potential for infection and need for removal of the hardware [29,30].




1.5. Alternative Vascularized Bone Flaps


While the fibula flap remains the workhorse flap for bony reconstruction of the midface and maxilla, certain defects do not require a fibula flap. Under these circumstances, other bony options can be considered and included in the armamentarium of bone flaps. Defects involving only a portion of the hard palate or perhaps the orbital floor may be reconstructed with soft tissue or perhaps a titanium plate, respectively. However, there are concerns regarding the use of hardware in a contaminated field that will likely require radiation, which may lead to a high risk of infection. For these reasons, we have incorporated a variety of osteocutaneous flaps in our approach for midface reconstruction.



The scapula represents an alternative option for bony reconstruction and can provide both vascularized bone as well as soft tissue [31,32]. A portion of the latissimus dorsi muscle, a skin paddle based off a thoracodorsal artery perforator, or a parascapular skin paddle, can be harvested to create a chimeric flap, allowing for complex reconstruction of midface defects (Figure 2). With the advances in medical modeling, the technology routinely employed for fibula-flap-based maxillectomy reconstruction can also be used for engineering an osteocutaneous flap using the scapula donor site. Similar to the use of medical modeling for immediate dental implants in fibula flaps, immediate dental implants can also be incorporated into scapula flap reconstruction (Figure 3).



Aside from the fibula and scapula donor sites, we also investigated the use of the medial femoral condyle (MFC) as a potential option for midface and maxillectomy reconstruction [33,34]. While it is most commonly employed for the reconstruction of extremity bone defects, the MFC also provides reliable vascular bone that can be utilized for head and neck reconstruction as well. Given the recent innovation of using the MFC for midface reconstruction, the use of medical modeling has not yet been incorporated into the workflow when planning an MFC flap. However, with increased experience in using the MFC in head and neck reconstruction, the authors now favor using vascularized bone when there is an anticipated need for radiation. Despite the high fidelity of customized 3D-printed titanium plates, the risks of hardware infection or extrusion cannot be underestimated. Using vascularized bone flaps may offer an alternative solution to 3D-printed titanium plates.



However, one important factor that must be considered is the limited pedicle length of the MFC flap. While a vein graft is one option, the authors favor the creation of an engineered chimeric flap by coupling the MFC flap to a second soft tissue flap in a flow-through orientation. The soft tissue flap, such as an ALT flap, must have an adequate pedicle length to reach either the facial vessels or the superficial temporal vessels without the need for vein grafting (Figure 4). The decision for increased operative time and a second donor site versus the increased risk of complications with the use of vein grafts is at the discretion of the reconstructive microsurgeon [35].





2. Discussion


Microvascular reconstruction of the midface has witnessed tremendous advances over time, from generic titanium plates and bone grafts to microvascular osteocutaneous flaps incorporating cutting-edge technology with preoperative imaging and computer-assisted design and modeling [36]. The growth in virtual surgical planning technology has revolutionized reconstruction of the craniofacial skeleton in congenital pediatric cases as well as traumatic defects [37,38,39,40]. The present review offers a summary of the most up-to-date studies in the literature, and also offers some insights from the authors’ early experience in oncologic reconstruction, where extensive resections are performed in order to obtain the highest chance for cure. However, in the setting of oncologic resections, reconstruction is not simply aimed at replacing the tissue removed; the surgery must also consider the impact of radiation therapy on the final outcome.



The use of VSP has become the standard of care for mandibular reconstruction in many institutions [41,42,43]. Early iterations of this technology simply provided models and professionally contoured reconstructions bars; however, as the technology evolved, models allowed the design of customized cutting guides and titanium plates. Even titanium plates have witnessed tremendous advances, from professionally contoured plates to milled titanium plates to the newest generation of 3D-printed titanium plates. The new 3D-printed plates allow for the most intricate designs that can be engineered for any defect and still permit stable bony fixation to the remaining bony skeleton [44]. However, the technology is not without limitations that should be considered by the reconstructive surgeon.



Despite the potential advantages that VSP provides in increasing operative efficiency and decreasing operative times, there are limitations and costs associated with its use that need to be considered. However, with the reduced operative time and ischemia time, the costs of the actual guides and plates may be justified [45,46]. There are a number of other important considerations when using VSP. Aside from the obvious costs associated with the customized cutting guides and 3D-printed plates, the reconstructive surgeon must have ample lead time prior to the operation. In order to design and engineer customized titanium plates, the reconstructive surgeon must obtain the necessary imaging studies and complete a planning session with the resecting surgeon and engineer with sufficient time to generate the guides and plate. Imaging studies also represent a financial cost to the healthcare system, additional radiation exposure and the use of contrast can be damaging to the kidneys, and time off work for the patient is necessary to complete the studies. In terms of timing, in our experience, generating a model and cutting guides can be performed with the shortest lead time; however, if a milled plate or 3D-printed plate is needed, the plan has to be verified one to two weeks, respectively, prior to the surgery date.



Another factor that is crucial to consider is the difficulty of modifying the plan after the models and plate have been manufactured. Most resections can be performed with adequate margins based on preoperative imaging; however, in the case that the cancer progresses and a more aggressive resection is needed, modification of the cutting guides and titanium plate can be extremely difficult and may require a free-hand approach if the guides and plate are rendered unusable. Under these circumstances, the operative time may be prolonged if the plans are abandoned, but the costs of the model and plate are wasted. This underscores the importance of careful planning and communication with the resecting surgeons to minimize the potential for altering the plan after the plan has been confirmed and production begins.



Despite the reported advantages of VSP delineated in the present review, some other additional limitations also need to be considered. In light of the potential for long-term complications such as hardware infection or exposure, consideration should also be given to the use of vascularized bone flaps. However, as the technology improves with imaging and medical modeling, other osteocutaneous flap donor sites aside from the fibula can also be designed with the same precision and accuracy as with the scapula or iliac crest or potentially even a bioengineered 3D-printed scaffold [47]. Nowadays, at many institutions, the use of VSP has quickly emerged as the gold standard and largely replaced traditional means of reconstruction, which are predominantly reserved for emergent cases when there is not sufficient time to generate the plans, cutting guides, and printed plates. Aside from the lead time, the costs of the models and especially the customized plates can be prohibitive. In order to address the costs and lead time needed for planning and processing, some teams have even developed their own in-house VSP systems and demonstrated excellent promising outcomes with their technology [48,49]. In other institutions, to compensate for the need for time to plan and design the models, a staged approach has been proposed to allow for precise reconstruction of the exact defect without compromising the oncologic treatment and delaying adjuvant therapies [50].




3. Conclusions


Microvascular reconstruction of the midface presents formidable challenges to the reconstructive surgeon; however, these challenges also offer tremendous opportunity for innovation and advances to optimize patient outcomes and reduce complications. The growth in virtual surgical planning has ushered in a new era in orbitomaxillectomy reconstruction with customized cutting guides and patient-specific 3D-printed titanium plates, but the reconstructive surgeon must also consider the limitations and costs associated with this evolving technology. Alternate donor sites and the use of vascularized osseous or osteocutaneous flaps can limit the need for hardware in certain defects and should be included in the armamentarium of microsurgeons performing a high volume of head and neck reconstructions.







Author Contributions


Conceptualization: M.M.H. and E.I.C., Methodology: J.W.S., R.D.L. and E.I.C.; Writing—original draft preparation: J.W.S. and E.I.C.; Writing—review and editing: J.W.S., R.D.L., M.M.H. and E.I.C.; Visualization: J.W.S., M.M.H. and E.I.C.; Supervision: M.M.H. and E.I.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chang, E.I.; Hanasono, M.M. State-of-the-art reconstruction of midface and facial deformities. J. Surg. Oncol. 2016, 113, 962–970. [Google Scholar] [CrossRef]

	



Day, K.M.; Kelley, P.K.; Harshbarger, R.J.; Dorafshar, A.H.; Kumar, A.R.; Steinbacher, D.M.; Patel, P.; Combs, P.D.; Levine, J.P. Advanced Three-Dimensional Technologies in Craniofacial Reconstruction. Plast. Reconstr. Surg. 2021, 148, 94e–108e. [Google Scholar] [CrossRef] [PubMed]

	



May, M.M.; Howe, B.M.; O’Byrne, T.J.; Alexander, A.E.; Morris, J.M.; Moore, E.J.; Kasperbauer, J.L.; Janus, J.R.; Van Abel, K.M.; Dickens, H.J.; et al. Short and long-term outcomes of three-dimensional printed surgical guides and virtual surgical planning versus conventional methods for fibula free flap reconstruction of the mandible: Decreased nonunion and complication rates. Head Neck. 2021, 43, 2342–2352. [Google Scholar] [CrossRef] [PubMed]

	



Levine, J.P.; Bae, J.S.; Soares, M.; Brecht, L.E.; Saadeh, P.B.; Ceradini, D.J.; Hirsch, D.L. Jaw in a day: Total maxillofacial reconstruction using digital technology. Plast. Reconstr. Surg. 2013, 131, 1386–1391. [Google Scholar] [CrossRef] [PubMed]

	



Myers, P.L.; Nelson, J.A.; Rosen, E.B.; Allen, R.J., Jr.; Disa, J.J.; Matros, E. Virtual Surgical Planning for Oncologic Mandibular and Maxillary Reconstruction. Plast. Reconstr. Surg. Glob. Open 2021, 9, e3672. [Google Scholar] [CrossRef]

	



Hanasono, M.M.; Jacob, R.F.; Bidaut, L.; Robb, G.L.; Skoracki, R.J. Midfacial reconstruction using virtual planning, rapid prototype modeling, and stereotactic navigation. Plast. Reconstr. Surg. 2010, 126, 2002–2006. [Google Scholar] [CrossRef]

	



Runyan, C.M.; Sharma, V.; Staffenberg, D.A.; Levine, J.P.; Brecht, L.E.; Wexler, L.H.; Hirsch, D.L. Jaw in a Day: State of the Art in Maxillary Reconstruction. J. Craniofac. Surg. 2016, 27, 2101–2104. [Google Scholar] [CrossRef]

	



Stranix, J.T.; Stern, C.S.; Rensberger, M.; Ganly, I.; Boyle, J.O.; Allen, R.J., Jr.; Disa, J.J.; Mehrara, B.J.; Garfein, E.S.; Matros, E. A Virtual Surgical Planning Algorithm for Delayed Maxillomandibular Reconstruction. Plast. Reconstr. Surg. 2019, 143, 1197–1206. [Google Scholar] [CrossRef]

	



Rodby, K.A.; Turin, S.; Jacobs, R.J.; Cruz, J.F.; Hassid, V.J.; Kolokythas, A.; Antony, A.K. Advances in oncologic head and neck reconstruction: Systematic review and future considerations of virtual surgical planning and computer aided design/computer aided modeling. J. Plast. Reconstr. Aesthet. Surg. 2014, 67, 1171–1185. [Google Scholar] [CrossRef]

	



Nyirjesy, S.C.; Heller, M.; von Windheim, N.; Gingras, A.; Kang, S.Y.; Ozer, E.; Agrawal, A.; Old, M.O.; Seim, N.B.; Carrau, R.L.; et al. The role of computer aided design/computer assisted manufacturing (CAD/CAM) and 3-dimensional printing in head and neck oncologic surgery: A review and future directions. Oral. Oncol. 2022, 132, 105976. [Google Scholar] [CrossRef]

	



Shenaq, D.S.; Matros, E. Virtual planning and navigational technology in reconstructive surgery. J. Surg. Oncol. 2018, 118, 845–852. [Google Scholar] [CrossRef]

	



Tran, K.L.; Yang, D.H.; Wang, E.; Ham, J.I.; Wong, A.; Panchal, M.; Dial, H.S.; Durham, J.S.; Prisman, E. Dental implantability of mandibular reconstructions: Comparing freehand surgery with virtual surgical planning. Oral. Oncol. 2023, 140, 106396. [Google Scholar] [CrossRef] [PubMed]

	



Ettinger, K.S.; Morris, J.M.; Alexander, A.E.; Nathan, J.M.; Arce, K. Accuracy and Precision of the Computed Tomographic Angiography Perforator. Technique for Virtual Surgical Planning of Composite Osteocutaneous Fibular Free Flaps in Head and Neck Reconstruction. J. Oral. Maxillofac. Surg. 2022, 80, 1434–1444. [Google Scholar] [CrossRef] [PubMed]

	



Garvey, P.B.; Chang, E.I.; Selber, J.C.; Skoracki, R.J.; Madewell, J.E.; Liu, J.; Yu, P.; Hanasono, M.M. A prospective study of preoperative computed tomographic angiographic mapping of free fibula osteocutaneous flaps for head and neck reconstruction. Plast. Reconstr. Surg. 2012, 130, 541e–549e. [Google Scholar] [CrossRef] [PubMed]

	



Sink, J.; Hamlar, D.; Kademani, D.; Khariwala, S.S. Computer-aided stereolithography for presurgical planning in fibula free tissue reconstruction of the mandible. J. Reconstr. Microsurg. 2012, 28, 395–403. [Google Scholar] [CrossRef]

	



Yang, W.F.; Choi, W.S.; Wong, M.C.; Powcharoen, W.; Zhu, W.Y.; Tsoi, J.K.; Chow, M.; Kwok, K.W.; Su, Y.X. 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, 363–375. [Google Scholar] [CrossRef]

	



Taylor, E.M.; Vorstenbosch, J.; Morrison, E.; Janssen, P.L.; Kronstadt, K.L.; Randazzo, J.; Rosen, E.B.; Cordeiro, P.G.; Shahzad, F.; Ganly, I.; et al. Making the Case for Virtual Surgical Planning: Bilateral Sequential Fibula Flaps with Immediate Dental Implants for Maxillectomy. Plast. Reconstr. Surg, 2023; Online ahead of print. [Google Scholar] [CrossRef]

	



Allen, R.J., Jr.; Nelson, J.A.; Polanco, T.O.; Shamsunder, M.G.; Ganly, I.; Boyle, J.; Rosen, E.; Matros, E. Short-Term Outcomes following Virtual Surgery-Assisted Immediate Dental Implant Placement in Free Fibula Flaps for Oncologic Mandibular Reconstruction. Plast. Reconstr. Surg. 2020, 146, 768e–776e. [Google Scholar] [CrossRef] [PubMed]

	



Hanasono, M.M.; Skoracki, R.J. The omega-shaped fibula osteocutaneous free flap for reconstruction of extensive midfacial defects. Plast. Reconstr. Surg. 2010, 125, 160e–162e. [Google Scholar] [CrossRef]

	



Le Clerc, N.; Baudouin, R.; Carlevan, M.; Khoueir, N.; Verillaud, B.; Herman, P. 3D titanium implant for orbital reconstruction after maxillectomy. J. Plast. Reconstr. Aesthet. Surg. 2020, 73, 732–739. [Google Scholar] [CrossRef]

	



Kang, Y.F.; Liang, J.; He, Z.; Zhang, L.; Shan, X.F.; Cai, Z.G. Orbital floor symmetry after maxillectomy and orbital floor reconstruction with individual titanium mesh using computer-assisted navigation. J. Plast. Reconstr. Aesthet. Surg. 2020, 73, 337–343. [Google Scholar] [CrossRef]

	



Yu, P.; Chang, E.I.; Hanasono, M.M. Design of a reliable skin paddle for the fibula osteocutaneous flap: Perforator anatomy revisited. Plast. Reconstr. Surg. 2011, 128, 440–446. [Google Scholar] [CrossRef] [PubMed]

	



Joo, Y.H.; Cho, K.J.; Park, J.O.; Kim, M.S. Usefulness of the anterolateral thigh flap with vascularized fascia lata for reconstruction of orbital floor and nasal surface after total maxillectomy. Laryngoscope 2013, 123, 2125–2130. [Google Scholar] [CrossRef] [PubMed]

	



Swendseid, B.P.; Roden, D.F.; Vimawala, S.; Richa, T.; Sweeny, L.; Goldman, R.A.; Luginbuhl, A.; Heffelfinger, R.N.; Khanna, S.; Curry, J.M. Virtual Surgical Planning in Subscapular System Free Flap Reconstruction of Midface Defects. Oral. Oncol. 2020, 101, 104508. [Google Scholar] [CrossRef]

	



Alwadeai, M.S.; Al-Aroomy, L.A.; Shindy, M.I.; Amin, A.A.; Zedan, M.H. Aesthetic reconstruction of onco-surgical maxillary defects using free scapular flap with and without CAD/CAM customized osteotomy guide. BMC Surg. 2022, 22, 362. [Google Scholar] [CrossRef] [PubMed]

	



Jang, W.H.; Lee, J.M.; Jang, S.; Kim, H.D.; Ahn, K.M.; Lee, J.H. Mirror Image Based Three-Dimensional Virtual Surgical Planning and Three-Dimensional Printing Guide System for the Reconstruction of Wide Maxilla Defect Using the Deep Circumflex Iliac Artery Free Flap. J. Craniofac. Surg. 2019, 30, 1829–1832. [Google Scholar] [CrossRef]

	



Kang, Y.F.; Lv, X.M.; Qiu, S.Y.; Ding, M.K.; Xie, S.; Zhang, L.; Cai, Z.G.; Shan, X.F. Virtual Surgical Planning of Deep Circumflex Iliac Artery Flap for Midface Reconstruction. Front. Oncol. 2021, 11, 718146. [Google Scholar] [CrossRef]

	



Ismail, T.; Kurlander, D.E.; Lee, Z.H.; Lunger, A.; Shuck, J.W.; Largo, R.D.; Chang, E.I. The Medial Femoral Condyle Flap: A Novel Versatile Tool for Complex Microvascular Maxillofacial Reconstruction. Plast. Reconstr. Surg. 2023, 151, 115e–119e. [Google Scholar] [CrossRef]

	



Sun, Q.; Soh, H.Y.; Zhang, W.B.; Yu, Y.; Wang, Y.; Mao, C.; Guo, C.B.; Yu, G.Y.; Peng, X. Long-term Effect of Individualized Titanium Mesh in Orbital Floor Reconstruction After Maxillectomy. Laryngoscope 2021, 131, 2231–2237. [Google Scholar] [CrossRef]

	



Motiee-Langroudi, M.; Harirchi, I.; Amali, A.; Jafari, M. Reconstruction of Midface and Orbital Wall Defects After Maxillectomy and Orbital Content Preservation With Titanium Mesh and Fascia Lata: 3-Year Follow-Up. J. Oral. Maxillofac. Surg. 2015, 73, 2447.e1-5. [Google Scholar] [CrossRef]

	



Nguyen, S.; Tran, K.L.; Wang, E.; Britton, H.; Durham, J.S.; Prisman, E. Maxillectomy defects: Virtually comparing fibular and scapular free flap reconstructions. Head Neck. 2021, 43, 2623–2633. [Google Scholar] [CrossRef]

	



Modest, M.C.; Moore, E.J.; Abel, K.M.; Janus, J.R.; Sims, J.R.; Price, D.L.; Olsen, K.D. Scapular flap for maxillectomy defect reconstruction and preliminary results using three-dimensional modeling. Laryngoscope 2017, 127, E8–E14. [Google Scholar] [CrossRef] [PubMed]

	



Kraft, C.T.; Hanasono, M.M.; Skoracki, R.J. The Free Serratus-Rib Flap for Orbital Floor Reconstruction After Oncologic Resection. Ann. Plast. Surg. 2020, 84, 409–412. [Google Scholar] [CrossRef] [PubMed]

	



Grinsell, D.; Catto-Smith, H.E. Modifications of the deep circumflex iliac artery free flap for reconstruction of the maxilla. J. Plast. Reconstr. Aesthet. Surg. 2015, 68, 1044–1053. [Google Scholar] [CrossRef] [PubMed]

	



Maricevich, M.; Lin, L.O.; Liu, J.; Chang, E.I.; Hanasono, M.M. Interposition Vein Grafting in Head and Neck Free Flap Reconstruction. Plast. Reconstr. Surg. 2018, 142, 1025–1034. [Google Scholar] [CrossRef]

	



Cordeiro, P.G.; Chen, C.M. A 15-year review of midface reconstruction after total and subtotal maxillectomy: Part I. Algorithm and outcomes. Plast. Reconstr. Surg. 2012, 129, 124–136. [Google Scholar] [CrossRef]

	



Vanesa, V.; Irene, M.P.; Marta, A.S.; Francisco José, P.F.; Miguel, B.S.; Mireia, R.M.; Josep, R.P. Accuracy of virtually planned mandibular distraction in a pediatric case series. J. Craniomaxillofac. Surg. 2021, 49, 154–165. [Google Scholar] [CrossRef]

	



Kalmar, C.L.; Xu, W.; Zimmerman, C.E.; Vu, G.H.; Humphries, L.S.; Swanson, J.W.; Bartlett, S.P.; Taylor, J.A. Trends in Utilization of Virtual Surgical Planning in Pediatric Craniofacial Surgery. J. Craniofac. Surg. 2020, 31, 1900–1905. [Google Scholar] [CrossRef]

	



Salinas, C.A.; Morris, J.M.; Sharaf, B.A. Craniomaxillofacial Trauma: The Past, Present and the Future. J. Craniofac. Surg. 2023, 34, 1427–1430. [Google Scholar] [CrossRef]

	



Sharaf, B.; Leon, D.E.; Wagner, L.; Morris, J.M.; Salinas, C.A. Virtual Planning and 3D Printing in the Management of Acute Orbital Fractures and Post-Traumatic Deformities. Semin. Plast. Surg. 2022, 36, 149–157. [Google Scholar] [CrossRef]

	



Glas, H.H.; Vosselman, N.; de Visscher, S.A.H.J. The use of 3D virtual surgical planning and computer aided design in reconstruction of maxillary surgical defects. Curr. Opin. Otolaryngol. Head Neck Surg. 2020, 28, 122–128. [Google Scholar] [CrossRef]

	



Wang, Y.Y.; Fan, S.; Zhang, H.Q.; Lin, Z.Y.; Ye, J.T.; Li, J.S. Virtual Surgical Planning in Precise Maxillary Reconstruction With Vascularized Fibular Graft After Tumor Ablation. J. Oral. Maxillofac. Surg. 2016, 74, 1255–1264. [Google Scholar] [CrossRef] [PubMed]

	



Xue, R.; Lai, Q.; Sun, S.; Lai, L.; Tang, X.; Ci, J.; Zhang, Z.; Wang, Y. Application of Three-Dimensional Printing Technology for Improved Orbital-Maxillary-Zygomatic Reconstruction. J. Craniofac. Surg. 2019, 30, e127–e131. [Google Scholar] [CrossRef] [PubMed]

	



Vehmeijer, M.; van Eijnatten, M.; Liberton, N.; Wolff, J. A Novel Method of Orbital Floor Reconstruction Using Virtual Planning, 3-Dimensional Printing, and Autologous Bone. J. Oral Maxillofac. Surg. 2016, 74, 1608–1612. [Google Scholar] [CrossRef]

	



Nelson, J.A.; Allen, R.J., Jr.; Rosen, E.B.; Matros, E. Cost-Effectiveness and Virtual Surgical Planning in Head and Neck Reconstruction: Measuring What Matters Most. Plast. Reconstr. Surg. 2021, 147, 1091e–1092e. [Google Scholar] [CrossRef] [PubMed]

	



Kurlander, D.E.; Garvey, P.B.; Largo, R.D.; Yu, P.; Chang, E.I.; Hanasono, M.M.; Mericli, A.F. The Cost Utility of Virtual Surgical Planning and Computer-Assisted Design/Computer-Assisted Manufacturing in Mandible Reconstruction Using the Free Fibula Osteocutaneous Flap. J. Reconstr. Microsurg. 2023, 39, 221–230. [Google Scholar] [CrossRef] [PubMed]

	



Han, H.H.; Shim, J.H.; Lee, H.; Kim, B.Y.; Lee, J.S.; Jung, J.W.; Yun, W.S.; Baek, C.H.; Rhie, J.W.; Cho, D.W. Reconstruction of Complex Maxillary Defects Using Patient-specific 3D-printed Biodegradable Scaffolds. Plast. Reconstr. Surg. Glob. Open 2018, 6, e1975. [Google Scholar] [CrossRef]

	



Vranckx, J.J.; Desmet, O.; Bila, M.; Wittesaele, W.; Wilssens, N.; Poorten, V.V. Maxillomandibular Reconstruction Using Insourced Virtual Surgical Planning and Homemade CAD/CAM: A Single-Center Evolution in 75 Patients. Plast. Reconstr. Surg. 2023, 152, 143e–154e. [Google Scholar] [CrossRef]

	



Johal, M.; Ma, J.N.B.; Parthasarathi, K.; Dunn, M.; Howes, D.; Wallace, C.; Palme, C.E.; Leinkram, D.; Cheng, K.; Clark, J.R. Institutional-based and commercial virtual surgical planning in maxillomandibular reconstruction—Comparing the digital plan and postoperative scan. J. Plast. Reconstr. Aesthet. Surg. 2022, 75, 1399–1407. [Google Scholar] [CrossRef]

	



Pang, J.H.; Brooke, S.; Kubik, M.W.; Ferris, R.L.; Dhima, M.; Hanasono, M.M.; Wang, E.W.; Solari, M.G. Staged Reconstruction (Delayed-Immediate) of the Maxillectomy Defect Using CAD/CAM Technology. J. Reconstr. Microsurg. 2018, 34, 193–199. [Google Scholar] [CrossRef]








[image: Medicina 59 01762 g001] 





Figure 1. A customized 3D-printed titanium flap used for reconstruction of an orbital floor defect. 
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Figure 2. Three-dimensional reconstruction of computed tomography images of a maxillectomy reconstruction using medical modeling and virtual surgical planning. A scapula flap was used to reconstruct the maxilla with planning for immediate dental implants. “A scapula flap (light blue) was used to reconstruct the maxilla with planning for immediate dental implants (dark blue)”. 
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Figure 3. A chimeric scapula flap with a soft tissue thoracodorsal artery perforator (TDAP) flap. The bony component was utilized for the maxilla and the TDAP flap was used to reconstruct the palate. 
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Figure 4. An engineered chimeric flap using the distal lateral descending circumflex femoral vessels on an ALT flap as the recipient vessels for a flow-through MFC flap. The pedicle of the ALT flap provides the length necessary to reach recipient vessels and also the soft tissue can be used to obliterate the dead space in the maxillary sinus or to reconstruct the palate. 
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