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Abstract

:

The long-term outcomes of osteosarcoma have improved; however, patients with metastases, recurrence or axial disease continue to have a poor prognosis. Computer navigation in surgery is becoming ever more commonplace, and the proposed advantages, including precision during surgery, is particularly applicable to the field of orthopaedic oncology and challenging areas such as the axial skeleton. Within this article, we provide an overview of the field of computer navigation and computer-assisted tumour surgery (CATS), in particular its relevance to the surgical management of osteosarcoma.
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1. Introduction


Osteosarcoma (OS) is defined by neoplasms that have the histological characteristics of producing an osteoid and being associated with malignant mesenchymal cells [1]. There are varying histological subtypes, but the vast majority (80–90%) are high-grade OS [2]. In the majority of cases the aetiology is unknown; however, two genetic mutations are associated with OS: a mutation of the retinoblastoma gene, and an autosomic recessive mutation of p53 in Li–Fraumeni syndrome [3].



The overall incidence of OS is 0.2–3/100,000 per year in Europe and its most common anatomical sites are the distal femur, proximal tibia and proximal humerus [4,5,6]. Ten percent of cases present in the axial skeleton, with the majority originating in the pelvis. This patient subgroup has a higher proportion of patients ages 60 and above [7,8].



Survivorship of OS in extremity localised, non-metastatic disease is 60–70%. However, in metastatic disease, the 5-year overall survival drops to 28–33% [9]. Complete surgical resection remains essential for cure [10], yet there remains some controversy as to the definition of an adequate margin of resection, with evidence that close margins (<5 mm) versus wide margins (>10 mm) did not have an effect on rates of local recurrence [11,12].



Due to the challenges of the surrounding anatomy and the complex three-dimensional structure of the pelvis, a complete resection in the pelvis can be more challenging than in the appendicular skeleton. It has been reported that the probability of an experienced surgeon achieving a 1 cm surgical margin in all three planes on a simulated tumour model of the pelvis was only 52% [13]. The sequelae of inadequate resection are significant, with recurrence rates of 70% and 92% for marginal and intralesional resections, respectively, for OS [14,15].



The uptake in the use of computer navigation in the surgical management of OS is in response to these factors, in a bid to minimise the incidence of inadequate resection margins.




2. What Is Computer Navigation?


Computer-navigated surgery has been used in neurosurgery since the 1980s, where improved accuracy in resections for cancer was achieved by mapping brain tumours pre-operatively and using this to plan surgical resection. It is only at the turn of the 21st century that it has been adopted within the orthopaedic community [16,17], principally in the field of spinal surgery. A technology that provides real-time feedback within a field that has a small margin for error has an obvious home in the specialty of orthopaedic oncology.



Computer navigation encompasses all techniques using computing to augment surgical procedures. The two main types of navigation currently used in orthopaedic surgery are “image-based” and “patient-specific instrumentation and reconstruction”.



2.1. Patient-Specific Instrumentation and Reconstruction


In recent years, CATS has been developed along with 3D printing technology, which represents the possibility to personalize reconstruction with custom-made prostheses [18,19,20] and improve accuracy in bone cutting using patient-specific instruments (PSI) [21,22].



Manufacturing of 3D-printed PSI jigs and custom-made prostheses is based upon the principle of rapid prototyping (RP). RP is a process that directly produces a physical object with a defined structure and shape on the basis of virtual/mathematical model data. Rapid prototyping was first used in the late 1980s and was developed to apply the precision and functionality of computer-assisted design (CAD) to manufacturing. With this technology, a prototype could be quickly produced and accurately represents the engineers draft [23,24]. Electron beam melting (EMB) is the optimal technology to fabricate metallic components with complex shapes and porous structures and has a pivotal role either in the PSI technology or prosthesis manufacturing. EBM involves the generation of an electron beam focused on a powder layer that is added to a previous one. Each layer (50–100 µm thickness) is pre-heated, and using an electron beam a high temperature is generated (up to 600–800 °C), allowing the fusion of the powder according to the 3D CAD project. This process is repeated layer by layer, building the model in a vacuum chamber [25].



Traditional methods of manufacturing orthopaedic implants used subtractive machining, where the material is removed from a metal block until the planned shape has been achieved. The process of RP is different to this and uses the process of additive manufacturing. This is when a construct is made based upon a digital model by plastic or metal being deposited in layers. This provides versatility when constructing complex geometric shapes. Changes in design require no new equipment; therefore, it is ideally suited to low volume patient-specific instrumentation or implants [25,26,27].



In surgery, 3D printing is utilised in the production of the following [26,27]:




	
Anatomical models.



	
Patient-specific instrumentation (PSI).



	
Custom-made implants and devices.









2.2. Anatomical Models


Anatomical model fabrication is the most common use of 3D printing in surgery.



In the planning stage, 3D models are used to represent the anatomy, simulate surgical procedure and test surgical tools (Figure 1 and Figure 2). Studying a patient’s anatomy with a replication of the structures gives a better comprehension compared to 2D images on a computer screen [28,29]. The 3D-printed model can be shown to patients in order to explain the pathology, surgical planning and assist the consenting process [30,31].




2.3. PSI (Patient-Specific Instrumentation)


PSI technology is the most popular medical application of 3D printing and has been developed as an alternative to intraoperative navigation. PSI is designed on a 3D model based on CT and MRI fusion according to the surgical approach, desired resection margins and reconstruction method. The unique anatomy of the patient and the PSI shape allows to place the guide only in a pre-defined position. These contact surfaces must be defined by both surgeon and engineer, considering the surgical approach, the bone exposure and tumour extension. These features make the application of PSI more useful for bone deformities and tumours where the anatomy is often abnormal. The final PSI is commonly printed in nylon or polyamide and provided to the surgeon sterile or to be sterilized (Figure 3). Thus, this method reproduces surgical planning with more accuracy than a free-hand approach. Furthermore, it encourages surgeons to perform a “virtual” surgery in advance, leading to a better comprehension of the possible pitfalls and to a tailored treatment for each patient. This complex procedure in some way has changed surgeons’ mindset due to the network that must be established with a team of engineers.



Limb salvage surgery has become the rule for most patients with bone tumours. However, resection of these tumours needs to achieve wide margins to limit local recurrence and at the same time preserve function [32,33]. In pelvic tumours, surgery is more difficult due to the complex three-dimensional (3D) anatomy of the pelvic bone and the presence of neurovascular structures as well as viscera. This situation leads to a higher local recurrence and complication rate in the pelvis compared with long bones [21,34,35]. In long bones, the use of PSI is most useful in joint preserving resection, in particular in children or young patients in which a reconstruction with a bone allograft can be carried out [32,33].



The performance and accuracy of PSI has been demonstrated; it improves alignment and surgical and operating theatre times [36,37,38,39,40,41,42,43], as well as reducing the risk of contamination and wasting of instrument trays, even if some trials have not displayed significant advantages [44]. Nonetheless, in tumour surgery, the possibility to reduce surgical time whilst performing a more precise cut on the bone and reproducing it on an allograft (or a prosthesis) may improve the outcome of the oncological patient [45].




2.4. Custom-Made Implants and Devices


Custom-made implants have been used since the 1950s, when a complex reconstruction was performed in a limb salvage procedure [46]. The physical properties of titanium alloy are the most adaptable to bone defect reconstruction. Titanium has high mechanical resistance similar to stainless steel, a low density (50% less than stainless steel) and a low elasticity Young’s modulus, giving the necessary flexibility associated with a high mechanical capacity [47,48,49]. Furthermore, the superficial part of titanium is covered by a free oxygen layer that increase the biocompatibility and biological integration with the surrounding tissues [50,51,52,53].



Many studies have shown that the porosity of titanium is one of the most relevant features influencing bone ingrowth; Frosch et al. has demonstrated that 300–600 µm is the better porosity for osteoconduction [54].



A more recent development is a particular configuration of titanium called trabecular titanium; the main advantage of the trabecular structure is the rough surface that amplifies the contact with host bone, increasing the integration.





3. Process


3.1. Preoperative Images


A good resolution of pre-operative images is needed in order to have the most accurate representation of the patient-specific anatomy and pathology. CT and MRI scans are essential to approach a complex bone tumour surgery.




3.2. Model


A 3D bone-tumour model was created to allow the surgeon to virtually perform the bone resection cuts of the tumour and then to design the cutting guides as well as prosthesis.



To obtain the 3D model, DICOM files (digital imaging and communications in medicine) were loaded into dedicated CAD software (computer-aided design) that allows segmentation and creation of STL files (surface triangulation language).



In this phase, cooperation is needed between the surgeon and engineer in merging the MRI–CT scan images, selecting the tumour/defect area and setting the osteotomy planes.



The STL file can be sent to the 3D printer (or the company that provides the guides or implants) and is the key to achieve the tri-dimensional model.




3.3. PSI and Implants


Patient-specific instruments (PSIs) and implants are designed according to the planned resection strategy. The virtual custom prosthesis is created providing optimal fixation and reconstruction of the local osseous anatomy.



The prosthesis is provided with tools to allow fixation to the host bone as well as plates or rods, while the screw positions and lengths were previously planned as well.



For articular reconstruction, a surface layer (polycaprolactone, PCL, or poly-lactic acid, PLA) can be integrated in the titanium porous structure.



The implant is fabricated through the deposition of few micron layers of titanium powder melted by electron beam technology, as previously described. The implant’s porosity is widely variable in order to increase its performance, such as the macro-porosity of body, to lighten the implant, till micro-porosity at the bone surface contact. These surfaces have pores with an average size of 0.7 millimetres, allowing the host bone to grow directly inside the implant spaces to achieve a stable biological fixation (Figure 4A,B).



The major issue of the entire process is the absence of testing of the biomechanical properties. Due to the customization, the product is unique, and validation of the implant is up to the surgeon [55].





4. “Image-Based” Surgery


In “image-based” computer-assisted tumour surgery there are three principal areas [56]:




	-

	
The therapeutic object; the target of treatment, e.g., OS of the distal femur.




	-

	
The virtual object; the virtual representation of the patients’ anatomy involved in the surgery.




	-

	
The navigator link; the connection between the two abovementioned objects.









Wong [57] has described three main stages of computer-assisted tumour surgery. Firstly, there is Preoperative Navigation Planning. As per PSI planning, CT provides excellent visualisation of osseous anatomy and MRI provides supplementary information regarding soft tissue anatomy. These can be overlaid, combining the strengths of both imaging modalities. Further techniques, such as PET, can be used to help differentiate between malignant and benign tissues and assist in deciding upon resection sites. Once the resection levels have been planned, reconstruction can then be decided upon, whether that be allograft reconstruction or a custom prosthesis [58].



The second stage of CATS is Intraoperative Execution. Most commonly in surgery for osteosarcoma, this is done manually using a navigation link. Predefined points on the cross-sectional imaging are matched with the patients’ anatomy. The more points detected the higher the accuracy. Any straight instrument with a pointed tip can be calibrated and tracked with navigation. Once the therapeutic and virtual object have been calibrated, bone resections using instruments such as osteotomes or burrs can then be performed [59].



The final stage of CATS is Postoperative Validation; this being validation of the resection performed. Clinical methods for achieving this in an expeditious manner include frozen sections, and due to the dynamic reference markers still being in place once the resection has been completed, one can thus ensure that the resection was completed as planned [60] (Figure 5).



Bosma et al. [61] performed a comparative cadaveric study comparing simulated tumour resections using “image-based”, “PSI” and free-hand techniques. Regarding the accuracy of the planned resection, the free-hand technique was significantly less accurate than either technique or when the “image-based” or “PSI” techniques were combined. Overall, using PSI appeared to be the easiest to use, had the quickest surgical time and best overall accuracy. However, it should be noted that a limitation of this study is that it was based on cadaveric femoral and tibial samples. Therefore, it would not reproduce the potential changes in tumour geometry between the imaging, planned resection and manufacture of the PSI equipment.




5. Evidence


The implementation of CATS in the surgical management of OS has been reported in both the appendicular and axial skeleton. However, due to the unique anatomical challenges of the pelvis, it has gained the most traction in this area.




6. Axial Skeleton


It is known that surgical margins do predict local recurrence in osteosarcoma [14,15]. A reduction in intralesional resection of 29% to 8.7% in tumours of the sacrum and pelvis following the implementation of CATS was displayed by Jeys et al. [62]. These promising results have been reproduced elsewhere with the work of Bosma et al. [63], where adequate bone margins within pelvic resections for sarcoma was achieved in 50% of cases without the use of navigation, compared to 81% with CATS. Navigated resections can also allow for the preservation of vital structures, allowing for improved patient function (Figure 6).



Abraham reports a series of 23 patients with all cases having a negative bone resection margin but in two patients there was a positive soft tissue margin [64]. This is an important point as navigation is most effective for bony resections and care must be taken regarding a resection of the associated soft tissue mass. This point is reiterated in a series of 23 patients with a sacral or pelvis sarcoma with a mean follow up of 59 months. Despite all patients having clear bone resection margins, there was a local soft tissue recurrence rate of 35.1% at 6 years [65]. Therefore, surgeons must ensure wide margins are prioritised over preservation of function.



Margins of resection using PSI were studied in a comparative series by Docquier et al. [66]. Nine consecutive patients with primary pelvic sarcomas (one osteosarcoma) that underwent resection with PSI were analysed in comparison with a control group of patients previously treated in the same hospital without PSI guidance. All the margins were wide but one. The mean operative time was similar. No local recurrence was reported with a significant statistical difference compared to the previous series.



In the management of pelvic OS, CATS has a role in reconstruction as well as resection. Complication rates in the endoprosthetic reconstruction of pelvic sarcoma is known to be high, with early reports quoting rates of 58.1% [67]. Precision in the fitting of custom prosthetics or allografts is essential in providing longevity to the implant and function to the patient. Jeys presents a series of 33 patients with acetabular resection for sarcoma and reconstruction using an “ice cream cone” prosthesis with and without navigation. The rate of major complication in the navigated and non-navigated series was 9% and 50%, respectively. The navigated cohort had no implant failures. Along with these favourable outcomes from a technical perspective, the navigated patients also had significantly superior functional outcomes using the musculoskeletal tumour society and Toronto extremity salvage scores [68].



Guo et al. [69] reports a series of 80 patients treated for pelvic tumours (12 osteosarcomas) reconstructed with 3D-printed, custom-made implants. In osteosarcoma patients, two local recurrences were observed, leading to a hindquarter amputation. Considering the whole series, 16 patients (of whom 10 had primary bone tumours) died. Infection occurred in 10 patients whilst mechanical complications were observed in 2.




7. Appendicular Skeleton


Reconstruction of the appendicular skeleton post OS excision can be with either a prosthesis, allograft or autograft. Wong [59] has published a series of 8 patients managed for sarcoma of the appendicular skeleton managed with computer navigation. The mean age in the case series was 17 years old, and the significance of utilising CATS in this series was that joint preserving surgery was performed in all patients. All had a complete resection with a minimum of 24 months follow up and no evidence of local recurrence. The significance of utilising CATS in this area permits a higher level of accuracy of resection custom prosthetic generation, inserted with higher precision, thus preserving function by maintaining the joint surfaces and the surrounding soft tissues. In 2016, Zhang et al. [32] published a small series of 8 osteosarcoma patients requiring partial resection of distal femur and reconstruction with allograft using 3D-printed guides. The mean follow-up time was 33 months; no recurrence was observed, with a reduction in surgical time and blood loss. Shehadeh [70] describes a series of 31 cases of insertion of a joint-sparing prosthesis using custom implants and patient-specific cutting blocks to guide the resection. All patients had clear bone resection margins but, at a mean follow up of 3 years, 6 patients had a recurrence of local or distant disease. They note an average time of 6 weeks for the manufacture of the jigs and prosthesis once planning from the imaging has been completed, and this delay can be significant in an aggressive fast-growing tumour.



Farfall [71] presents a series of 69 consecutive patients with sarcoma (principally OS) treated with resection and bone allograft reconstruction. Computer navigation was not only used for the resection but also used for surface mapping of the allograft and to guide where the cuts on the graft should be to ensure a good fit with the bone ends. They describe a non-union rate of 6%, which compares well to the literature published on non-CATS allograft surgery [72]. This may well be related to an improvement in the contact area between the native bone and allograft using navigated pre-planned cuts versus freehand osteotomies, which has been suggested previously [73].



The work of Li et al. [74] further supports the utility of CATS in joint preservation, utilising either an allograft or vascularised fibula graft reconstruction. In 9 patients with juxta-articular sarcomas of the lower limb, all managed with the aforementioned technique, all had clear surgical margins with no cases of local recurrence at a mean 25 months follow up. The mean registration error for navigation in the series was 0.40 mm. In a retrospective study, Kolundžić et al. [75] presented a case series in which 11 patients, mostly under 16 years old, were treated for primary bone sarcoma (6 osteosarcomas of the upper limb). Reconstruction was managed with 3D technology in order to improve the functional outcomes and quality of life. All osteosarcoma patients were alive at the last follow-up time; one local recurrence was recorded and two mechanical complications.




8. Limitations and Future Developments


Due to the requirement for a link between the therapeutic and virtual object to be made by the surgeon in navigated surgery, inaccuracies in this step can lead to inaccuracy in resection [59]. This risk is minimised with surface matching, and supplementary techniques have been described, including the use of semiautomatic matching and fiducial markers, which involved the insertion of Kirschner wires preoperatively, then CT scanning with the wires in situ to act as reference points [74,76]. It is of vital importance that the imaging used in the planning phase is contemporaneous to prevent a discrepancy between the imaging and the pathology due to tumour progression.



Patient-specific instrumentation does not account for the soft tissue extent of the tumour and, as this is a static, predetermined resection, there is no scope for altering the planning resection intraoperatively unless the PSI jig is discarded. Soft tissues and the soft tissue extent of the tumour may also impact on the jig, sitting correctly on bony landmarks and thereby potentially compromising the resection. Finally, due to the delay between the planning and jig manufacture, there is a possibility for disease progression and therefore a mismatch between the planned resection and tumour margins, resulting in intralesional resections [77].



Surgeon error is also possible, and misplacement of the jigs can again result in intralesional resections [78]. Finally, there is some concern regarding infection risk when using PSI jigs [79].



With the adoption of any new therapeutic technique there is a learning curve attached to it. Computer navigation takes time both preoperatively for planning purposes and also intraoperatively for tracker insertion and registration. Mahendra et al. [76] described the preoperative planning times and intraoperative timings during their adoption of computer navigation. The initial preoperative planning time was 45 min, which decreased to 25 min after the fifth patient in their series. Tracker insertion and registration initially took a mean of 30 min, decreasing to 20 min from the fifth patient onwards. Farfalli et al. [80] published their experience of CAT and found similar results, with the mean time for preoperative planning and registration improving with experience. Their median registration error was 0.6 mm, which did not improve with time. Although their margins for bony resection were wide in all cases, the soft tissue resection was in 20/78 cases. They also had to abandon the use of navigation in 5% of cases due to technical error, albeit all of these occurred during the first 20 cases of the series.




9. Conclusions


Computer-assisted tumour surgery offers an innovation that can improve the accuracy of resection in osteosarcoma surgery and thus reduce the risk of recurrence. This is of particular use with complex resection and reconstructions, such as those in the pelvis and periarticular resections of the appendicular skeleton (see Table 1 for overview). Increasing rates of limb salvage in OS mean that the surgeon has to resect closer to the tumour than they would do with an amputation; therefore, the precision provided by CATS is advantageous. CATS has shown benefit with reconstructive methods using both allografts and custom prosthetics. Although there is a learning curve and CATS requires more time for preoperative planning, the intraoperative time has been shown to be reduced.



Although at present the cost of this technology is high [81], with time this will decrease along with diminishing the size of the equipment and the possible use of robotics to further reduce the possibility of surgical error.



Currently published evidence principally relies on case series and basic science; therefore, going forwards, a more robust analysis of this technology and its application to the management of the surgical management of osteosarcoma is necessary.







Author Contributions


R.A.M.: wrote and edited the manuscript; T.F.: wrote and edited the manuscript; V.K.: wrote and edited the manuscript; D.M.D.: wrote and edited the manuscript; L.J.: wrote and edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Ethical review and approval were waived for this study, due to this being a review article.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing not applicable No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Luetke, A.; Meyers, P.A.; Lewis, I.; Juergens, H. Osteosarcoma treatment–where do we stand? A state of the art review. Cancer Treat. Rev. 2014, 40, 523–532. [Google Scholar] [CrossRef]

	



Gorlick, R. Current concepts on the molecular biology of osteosarcoma. Cancer Treat. Res. 2009, 152, 467–478. [Google Scholar]

	



Antz-Werle, N.; Schneider, A.; Kalifa, C.; Voegeli, A.-C.; Tabone, M.-D.; Marec-Berard, P.; Marcellin, L.; Pacquement, H.; Terrier, P.; Boutard, P.; et al. Genetic alterations in primary osteosarcoma from 54 children and adolescents by targeted allelotyping. Br. J. Cancer 2003, 88, 1925–1931. [Google Scholar] [CrossRef]

	



Bielack, S.; Carrle, D.; Casali, P.G.; ESMO guidelines working group. Osteosarcoma: ESMO clinical recommendations for diagnosis, treatment and follow-up. Ann. Oncol. 2009, 20 (Suppl. 4), 137–139. [Google Scholar] [CrossRef]

	



Bielack, S.; Kempf-Bielack, B.; Delling, G.; Exner, G.U.; Flege, S.; Kotz, K.H.; Salzer-Kuntschik, M.; Werner, M.; Winkelmann, W.; Zoubek, A.; et al. Prognostic factors in high-grade osteosarcoma of the extremities or trunk: An analysis of 1702 patients treated on neoadjuvant Cooperative Osteosarcoma Study Group protocols. J. Clin. Oncol. 2002, 20, 776–790. [Google Scholar] [CrossRef]

	



Bielack, S.; Jürgens, H.; Jundt, G.; Kevric, M.; Kühne, T.; Reichardt, P.; Zoubek, A.; Werner, M.; Winkelmann, W.; Kotz, R. Osteosarcoma: The COSS experience. Cancer Treat. Res. 2009, 152, 289–308. [Google Scholar]

	



Ozaki, T.; Flege, S.; Liljenqvist, U.; Hillmann, A.; Delling, G.; Salzer-Kuntschik, M.; Jürgens, H.; Kotz, R.; Winkelmann, W.; Bielack, S.S. Osteosarcoma of the spine: Experience of the Cooperative Osteosarcoma Study Group. Cancer 2002, 94, 1069–1077. [Google Scholar] [CrossRef]

	



Clark, J.C.; Dass, C.R.; Choong, P.F. A review of clinical and molecular prognostic factors in osteosarcoma. J. Cancer Res. Clin. Oncol. 2008, 134, 281–297. [Google Scholar] [CrossRef]

	



Carrle, D.; Bielack, S. Osteosarcoma lung metastases detection and principles of multimodal therapy. Cancer Treat. Res. 2009, 152, 165–184. [Google Scholar] [PubMed]

	



Errani, C.; Longhi, A.; Rossi, G.; Rimondi, E.; Biazzo, A.; Toscano, A.; Alì, N.; Ruggieri, P.; Alberghini, M.; Piero Picci, P.; et al. Palliative therapy for osteosarcoma. Expert Rev. Anticancer Ther. 2011, 11, 217–227. [Google Scholar] [CrossRef] [PubMed]

	



Andreou, D.; Bielack, S.S.; Carrle, D.; Kevric, M.; Kotz, R.; Winkelmann, W.; Jundt, G.; Werner, M.; Fehlberg, S.; Kager, L.; et al. The influence of tumor- and treatment- related factors on the development of local recurrence in osteosarcoma after adequate surgery. An analysis of 1355 patients treated on neoadjuvant Cooperative Osteosarcoma Study Group protocols. Ann. Oncol. 2011, 22, 1228–1235. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Moretti, V.M.; Ashana, A.O.; Lackman, R.D. Impact of close surgical margin on local recurrence and survival in osteosarcoma. Int. Orthop. 2012, 36, 131–137. [Google Scholar] [CrossRef] [PubMed]

	



Cartiaux, O.; Docquier, P.L.; Paul, L.; Francq, B.G.; Cornu, O.H.; Delloye, C.; Raucent, B.; Dehez, B.; Banse, X. Surgical inaccuracy of tumor resection and reconstruction within the pelvis: An experimental study. Acta. Orthop. 2008, 79, 695–702. [Google Scholar] [CrossRef] [PubMed]

	



Ozaki, T.; Flege, S.; Kevric, M.; Lindner, N.; Maas, R.; Delling, G.; Schwarz, R.; Von Hochstetter, A.R.; Salzer-Kuntschik, M.; Berdel, W.E.; et al. Osteosarcoma of the pelvis: Experience of the Cooperative Osteosarcoma Study Group. J. Clin. Oncol. 2003, 21, 334–341. [Google Scholar] [CrossRef]

	



Fuchs, B.; Hoekzema, N.; Larson, D.R.; Inwards, C.Y.; Sim, F.H. Osteosarcoma of the pelvis: Outcome analysis of surgical treatment. Clin. Orthop. Relat. Res. 2009, 467, 510–518. [Google Scholar] [CrossRef]

	



Amiot, L.P.; Lang, K.; Putzier, M.; Zippel, H.; Labelle, H. Comparative results between conventional and computer-assisted pedicle screw installation in the thoracic, lumbar, and sacral spine. Spine 2000, 25, 606–614. [Google Scholar] [CrossRef]

	



Picard, F.; Deakin, A.H.; Riches, P.E.; Deep, K.; Baines, J. Computer assisted orthopaedic surgery: Past, present and future. Med. Eng. Phys. 2019, 72, 55–65. [Google Scholar] [CrossRef]

	



Sun, W.; Li, J.; Li, Q.; Li, G.; Cai, Z. Clinical effectiveness of hemipelvic reconstruction using computer-aided custom-made prostheses after resection of malignant pelvic tumors. J. Arthroplast. 2011, 26, 1508–1513. [Google Scholar] [CrossRef]

	



Shah, F.A.; Snis, A.; Matic, A.; Thomsen, P.; Palmquist, A. 3D printed Ti6Al4V implant surface promotes bone maturation and retains a higher density of less aged osteocytes at the bone-implant interface. Acta Biomater. 2016, 30, 357–367. [Google Scholar] [CrossRef]

	



Merema, B.J.; Kraeima, J.; Ten Duis, K.; Wendt, K.W.; Warta, R.; Vos, E.; Schepers, R.H.; Witjes, M.J.H.; IJpma, F.F.A. The design, production and clinical application of 3D patient-specific implants with drilling guides for acetabular surgery. Injury 2017, 48, 2540–2547. [Google Scholar] [CrossRef]

	



Cartiaux, O.; Paul, L.; Francq, B.G.; Banse, X.; Docquier, P.L. Improved accuracy with 3D planning and patient-specific instruments during simulated pelvic bone tumor surgery. Ann. Biomed. Eng. 2014, 42, 205–213. [Google Scholar] [CrossRef] [PubMed]

	



Wong, K.C.; Kumta, S.M.; Sze, K.Y.; Wong, C.M. Use of a patient-specific CAD/CAM surgical jig in extremity bone tumor resection and custom prosthetic reconstruction. Comput. Aided Surg. 2012, 17, 284–293. [Google Scholar] [CrossRef] [PubMed]

	



Malik, H.H.; Darwood, A.R.; Shaunak, S.; Kulatilake, P.; El-Hilly, A.A.; Mulki, O.; Baskaradas, A. Three dimensional printing in surgery: A review of current surgical applications. J. Surg. Res. 2015, 199, 512–522. [Google Scholar] [CrossRef] [PubMed]

	



McGurk, M.; Amis, A.A.; Potamianos, P.; Goodger, N.M. Rapid prototyping techniques for anatomical modelling in medicine. Ann. R. Coll. Surg. Engl. 1997, 79, 169–174. [Google Scholar]

	



Murr, L.E.; Gaytan, S.M.; Martinez, E.; Medina, F.; Wicker, R.B. Next generation orthopaedic implants by additive manufacturing using electron beam melting. Int. J. Biomater. Biomater. 2012, 24572. [Google Scholar] [CrossRef]

	



Tack, P.; Victor, J.; Gemmel, P.; Annemans, L. 3D-printing techniques in a medical setting: A systematic literature review. Biomed. Eng. Online 2016, 21, 115. [Google Scholar] [CrossRef]

	



Hoang, D.; Perrault, D.; Stevanovic, M.; Ghiassi, A. Surgical applications of three-dimensional printing: A review of the current literature & how to get started. Ann. Transl. Med. 2016, 4, 456. [Google Scholar]

	



Park, J.H.; Lee, Y.; Shon, O.J.; Shon, H.C.; Kim, J.W. Surgical tips of intramedullary nailing in severely bowed femurs in atypical femur fractures: Simulation with 3D printed model. Injury 2016, 47, 1318–1324. [Google Scholar] [CrossRef]

	



Zheng, Y.X.; Yu, D.F.; Zhao, J.G.; Wu, Y.L.; Zheng, B. 3D Printout Models vs. 3D-Rendered Images: Which Is Better for Preoperative Planning? J. Surg. Educ. 2016, 73, 518–523. [Google Scholar] [CrossRef]

	



Giannetti, S.; Bizzotto, N.; Stancati, A.; Santucci, A. Minimally invasive fixation in tibial plateau fractures using an pre-operative and intra-operative real size 3D printing. Injury 2017, 48, 784–788. [Google Scholar] [CrossRef]

	



Bizzotto, N.; Tami, I.; Tami, A.; Spiegel, A.; Romani, D.; Corain, M.; Adani, R.; Magnan, B. 3D Printed models of distal radius fractures. Injury 2016, 47, 976–978. [Google Scholar] [CrossRef] [PubMed]

	



Bellanova, L.; Paul, L.; Docquier, P.L. Surgical guides (patient-specific instruments) for pediatric tibial bone sarcoma resection and allograft reconstruction. Sarcoma 2013, 2013. [Google Scholar] [CrossRef] [PubMed]

	



Ma, L.; Zhou, Y.; Zhu, Y.; Lin, Z.; Wang, Y.; Zhang, Y.; Xia, H.; Mao, C. 3D-printed guiding templates for improved osteosarcoma resection. Sci. Rep. 2016, 6, 23335. [Google Scholar] [CrossRef] [PubMed]

	



Farfalli, G.L.; Albergo, J.I.; Ritacco, L.E.; Ayerza, M.A.; Muscolo, D.L.; Aponte-Tinao, L.A. Oncologic and clinical outcomes in pelvic primary bone sarcomas treated with limb salvage surgery. Musculoskelet. Surg. 2015, 99, 237–242. [Google Scholar] [CrossRef]

	



Cartiaux, O.; Banse, X.; Paul, L.; Francq, B.G.; Aubin, C.; Docquier, P. Computer-assisted planning and navigation improves cutting accuracy during simulated bone tumor surgery of the pelvis. Comput. Aided Surg. 2013, 18, 19–26. [Google Scholar] [CrossRef]

	



White, D.; Chelule, K.L.; Seedhom, B.B. Accuracy of MRI vs CT imaging with particular reference to patient specific templates for total knee replacement surgery. Int. J. Med. Robot. 2008, 4, 224–231. [Google Scholar] [CrossRef]

	



Kunz, M.; Rudan, J.F.; Wood, G.C.; Ellis, R.E. Registration stability of physical templates in hip surgery. Stud. Health Technol. Inform. 2011, 163, 283–289. [Google Scholar]

	



Schkommodau, E.; Decker, N.; Klapper, U.; Birnbaum, K.; Staudte, H.W.; Radermacher, K. Pedicle Screw Implantation Using the DISOS Template System. In Navigation and Robotics in Total Joint and Spine Surgery; Stiehl, J.B., Konermann, W.H., Haaker, R.C., Eds.; Springer: Berlin, Germany, 2003; pp. 501–505. [Google Scholar]

	



Dobbe, J.G.; Pre’, K.J.; Kloen, P.; Blankevoort, L.; Streekstra, G.J. Computer-assisted and patient-specific 3-D planning and evaluation of a single-cut rotational osteotomy for complex long-bone deformities. Med. Biol. Eng. Comput. 2011, 49, 1363–1370. [Google Scholar] [CrossRef]

	



Birnbaum, K.; Schkommodau, E.; Decker, N.; Prescher, A.; Klapper, U.; Radermacher, K. Computer assisted orthopedic surgery with individual templates and comparison to conventional operation method. Spine 2001, 26, 365–370. [Google Scholar] [CrossRef]

	



Donati, D.; Di Bella, C.; Frisoni, T.; Cevolani, L.; DeGroot, H. Alloprosthetic composite is a suitable reconstruction after periacetabular tumor resection. Clin. Orthop. Relat. Res. 2011, 469, 1450–1458. [Google Scholar] [CrossRef]

	



Paolis, D.M.; Biazzo, A.; Romagnoli, C.; Alì, N.; Giannini, S.; Donati, D.M. The use of iliac stem prosthesis for acetabular defects following resections for periacetabular tumors. Sci. World J. 2013, 717031. [Google Scholar] [CrossRef]

	



Enneking, W.K.F.; Dunham, W.K. Resection and reconstruction for primary neoplasms involving the innominate bone. J. Bone. Joint. Surg. 1978, 60, 731–746. [Google Scholar] [CrossRef]

	



Renson, L.; Poilvache, P.; Van den Wyngaert, H. Improved alignment and operating room efficiency with patient-specific instrumentation for TKA. Knee 2014, 21, 1216–1220. [Google Scholar] [CrossRef]

	



Wong, K.C.; Sze, K.Y.; Wong, I.O.; Wong, C.M.; Kumta, S.M. Patient-specific instrument can achieve same accuracy with less resection time than navigation assistance in periacetabular pelvic tumor surgery: A cadaveric study. Int. J. Comput. Assist. Radiol. Surg. 2015, 11, 307–316. [Google Scholar] [CrossRef] [PubMed]

	



Scales, J.T. Prostheses in the management of bone cancer. Br. Med. J. (Clin. Res. Ed.) 1983, 287, 761–762. [Google Scholar] [CrossRef] [PubMed]

	



Lewandowski, J.J.; Seifi, M. Metal additive manufacturing: A review of mechanical properties. Annu. Rev. Mater. Res. 2016, 46, 151–186. [Google Scholar] [CrossRef]

	



Facchini, L.; Magalini, E.; Robotti, P.; Molinari, A. Microstructure and mechanical properties of Ti-6Al-4V produced by electron beam melting of pre-alloyed powders. Rapid Prototyp. J. 2009, 15, 171–178. [Google Scholar] [CrossRef]

	



Liu, P.; Yang, Y.; Liu, R.; Shu, H.; Gong, J.; Yang, Y.; Sun, Q.; Wu, X.; Cai, M. A study on the mechanical characteristics of the EBM-printed Ti-6Al-4V LCP plates in vitro. J. Orthop. Surg. Res. 2014, 9, 106. [Google Scholar] [CrossRef] [PubMed]

	



Parthasarathy, J.; Starly, B.; Raman, S.; Christensen, C. Mechanical evaluation of porous titanium (Ti6Al4V) structures with electron beam melting (EBM). J. Mech. Behav. Biomed. Mater. 2010, 3, 249–259. [Google Scholar] [CrossRef] [PubMed]

	



Niinomi, M. Mechanical biocompatibilities of titanium alloys for biomedical applications. J. Mech. Behav. Biomed. Mater. 2008, 1, 30–42. [Google Scholar] [CrossRef]

	



Bandyopadhyay, A.; Espana, F.; Balla, V.K.; Bose, S.; Ohgami, Y.; Davies, N.M. Influence of porosity on mechanical properties and in vivo response of Ti6Al4V implants. Acta Biomater. 2010, 6, 1640–1648. [Google Scholar] [CrossRef] [PubMed]

	



Marin, E.; Pressacco, M.; Fusi, S.; Lanzutti, A.; Turchet, S.; Fedrizzi, L. Characterization of grade 2 commercially pure Trabecular Titanium structures. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 2648–2656. [Google Scholar] [CrossRef]

	



Frosch, K.H.; Barvencik, F.; Lohmann, C.H.; Viereck, V.; Siggelkow, H.; Breme, J.; Dresing, K.; Stürmer, K.M. Migration, matrix production and lamellar bone formation of human osteoblast-like cells in porous titanium implants. Cells Tissues Organs. 2002, 170, 214–227. [Google Scholar] [CrossRef]

	



Aach, M.; Gebert, C.; Ahrens, H.; Dieckmann, R.; Gosheger, G.; Hardes, J.; Wessling, M. The primary stability of pelvic reconstruction after partial supraacetabular pelvic resection due to malignant tumours of the human pelvis: A biomechanical in vitro study. Med. Eng. Phys. 2013, 35, 1731–1735. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, G.; Nolte, L.P. Computer-assisted orthopedic surgery: Current state and future perspective. Front. Surg. 2015, 2, 66. [Google Scholar] [CrossRef] [PubMed]

	



Wong, K.C.; Kumta, S.M. Use of computer navigation in orthopedic oncology. Curr. Surg. Rep. 2014, 2, 47. [Google Scholar] [CrossRef]

	



Wong, K.C.; Kumta, S.M.; Leung, K.S.; Ng, K.W.; Ng, E.W.; Lee, K.S. Integration of CAD/CAM planning into computer assisted orthopaedic surgery. Comput. Aided Surg. 2010, 15, 65–74. [Google Scholar] [CrossRef]

	



So, T.Y.; Lam, Y.L.; Mak, K.L. Computer-assisted navigation in bone tumor surgery: Seamless workflow model and evolution of tech- nique. Clin. Orthop. Relat. Res. 2010, 468, 2985–2991. [Google Scholar] [CrossRef]

	



Wong, K.C.; Kumta, S.M. Joint-preserving tumor resection and reconstruction using image-guided computer navigation. Clin. Orthop. Relat. Res. 2013, 471, 762–773. [Google Scholar] [CrossRef]

	



Bosma, S.E.; Wong, K.C.; Paul, L.; Gerbers, J.G.; Jutte, P.C. A cadaveric comparative study on the surgical accuracy of freehand, computer navigation, and patient-specific instruments in joint-preserving bone tumor resections. Sarcoma 2018. [Google Scholar] [CrossRef]

	



Jeys, L.; Matharu, G.S.; Nandra, R.S.; Grimer, R.J. Can computer navigation-assisted surgery reduce the risk of an intralesional margin and reduce the rate of local recurrence in patients with a tumour of the pelvis or sacrum? Bone Joint J. 2013, 95-B, 1417–1424. [Google Scholar] [CrossRef] [PubMed]

	



Bosma, S.E.; Cleven, A.H.G.; Dijkstra, P.D.S. Can Navigation Improve the Ability to Achieve Tumor-free Margins in Pelvic and Sacral Primary Bone Sarcoma Resections? A Historically Controlled Study. Clin. Orthop. Relat. Res. 2019, 477, 1548–1559. [Google Scholar] [CrossRef] [PubMed]

	



Abraham, J.A.; Kenneally, B.; Amer, K.; Geller, D.S. Can Navigation-assisted Surgery Help Achieve Negative Margins in Resection of Pelvic and Sacral Tumors? Clin. Orthop. Relat. Res. 2018, 476, 499–508. [Google Scholar] [CrossRef] [PubMed]

	



Nandra, R.; Matharu, G.; Stevenson, J.; Parry, M.; Grimer, R.; Jeys, L. Long-term outcomes after an initial experience of computer-navigated resection of primary pelvic and sacral bone tumours: Soft-tissue margins must be adequate to reduce local recurrences. Bone Joint J. 2019, 101, 484–490. [Google Scholar] [CrossRef]

	



Evrarda, R.; Schubert, T.; Paul, L.; Docquier, P.-L. Resection margins obtained with patient-specific instruments for resecting primary pelvic bone sarcomas: A case-control study. Orthop. Traumatol. Surg. Res. 2019, 105, 781–787. [Google Scholar] [CrossRef]

	



Jaiswal, P.K.; Aston, W.J.; Grimer, R.J.; Abudu, A.; Carter, S.; Blunn, G.; Briggs, T.W.; Cannon, S. Peri-acetabular resection and endoprosthetic reconstruction for tumours of the acetabulum. J. Bone Joint. Surg. Br. 2008, 90, 1222–1227. [Google Scholar] [CrossRef]

	



Fujiwara, T.; Sree, D.V.; Stevenson, J.; Kaneuchi, Y.; Parry, M.; Tsuda, Y.; Le Nail, L.R.; Medellin, R.M.; Grimer, R.; Jeys, L. Acetabular reconstruction with an ice-cream cone prosthesis following resection of pelvic tumors: Does computer navigation improve surgical outcome? J. Surg. Oncol. 2020, 121, 1104–1114. [Google Scholar] [CrossRef]

	



Ji, T.; Yang, Y.; Tang, X.; Liang, H.; Yan, T.; Yang, R.; Guo, W. 3D-Printed Modular Hemipelvic Endoprosthetic Reconstruction Following Periacetabular Tumor Resection. J. Bone Joint Surg. Am. 2020, 102, 1530–1541. [Google Scholar] [CrossRef]

	



Shehadeh, A.M.; Isleem, U.; Abdelal, S.; Salameh, H.; Abdelhalim, M. Surgical Technique and Outcome of Custom Joint-Sparing Endoprosthesis as a Reconstructive Modality in Juxta-Articular Bone Sarcoma. J. Oncol. 2019, 26, 9417284. [Google Scholar] [CrossRef]

	



Aponte-Tinao, L.; Ritacco, L.E.; Ayerza, M.A.; Muscolo, D.L.; Albergo, J.I.; Farfall, G.L. Does intraoperative navigation assistance improve bone tumor resection and allograft reconstruction results? Clin. Orthop. Relat. Res. 2015, 473, 796–804. [Google Scholar] [CrossRef]

	



Aponte-Tinao, L.; Farfalli, G.L.; Ritacco, L.E.; Ayerza, M.A.; Muscolo, D.L. Intercalary femur allografts are an acceptable alternative after tumor resection. Clin. Orthop. Relat. Res. 2012, 470, 728–734. [Google Scholar] [CrossRef]

	



Lall, A.; Hohn, E.; Kim, M.Y.; Gorlick, R.G.; Abraham, J.A.; Geller, D.S. Comparison of surface area across the allograft-host junction site using conventional and navigated osteotomy technique. Sarcoma 2012, 2012, 197540. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Wang, Z.; Guo, Z.; Chen, G.J.; Yang, M.; Pei, G.X. Precise resection and biological reconstruction under navigation guidance for young patients with juxta-articular bone sarcoma in lower extremity: Preliminary report. J. Pediatr. Orthop. 2014, 34, 101–108. [Google Scholar] [CrossRef] [PubMed]

	



Jovičić, M.Š.; Vuletić, F.; Ribičic, T.; Šimunić, S.; Petrović, T.; Kolundžić, R. Implementation of the three-dimensional printing technology in treatment of bone tumours: A case series. Int. Orthop. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Young, P.S.; Bell, S.W.; Mahendra, A. The evolving role of computer-assisted navigation in musculoskeletal oncology. Bone Joint J. 2015, 97, 258–264. [Google Scholar] [CrossRef] [PubMed]

	



Gouin, F.; Paul, L.; Odri, G.A.; Cartiaux, O. Computer-Assisted Planning and Patient-Specific Instruments for Bone Tumor Resection within the Pelvis: A Series of 11 Patients. Sarcoma 2014, 2014, 842709. [Google Scholar] [CrossRef]

	



Wong, K.C.; Kumta, S.M.; Antonio, G.E.; Tse, L.F. Image fusion for computer-assisted bone tumor surgery. Clin. Orthop. Relat. Res. 2008, 466, 2533–2541. [Google Scholar] [CrossRef]

	



Docquier, P.L.; Paul, L.; Cartiaux, O.; Delloye, C.; Banse, X. Computer-assisted resection and reconstruction of pelvic tumor sarcoma. Sarcoma 2010, 2010, 125162. [Google Scholar] [CrossRef]

	



Farfalli, G.L.; Albergo, J.I.; Ritacco, L.E.; Ayerza, M.A.; Milano, F.E.; Aponte-Tinao, L.A. What Is the Expected Learning Curve in Computer-assisted Navigation for Bone Tumor Resection? Clin. Orthop. Relat. Res. 2017, 475, 668–675. [Google Scholar] [CrossRef]

	



Potter, B.K. From Bench to Bedside: Robotics and Navigation in Orthopaedics—Rise of the Machines or Just Rising Costs? Clin. Orthop. Relat. Res. 2019, 477, 692–694. [Google Scholar] [CrossRef]








[image: Cells 10 00195 g001 550] 





Figure 1. 3D reconstruction and planning of a resection for a distal femoral sarcoma. 
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Figure 2. 3D reconstruction and planning of a resection for a pelvic sarcoma. 
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Figure 3. Final patient-specific instrumentation (PSI) printed in nylon and secured intraoperatively. 
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Figure 4. Custom prosthesis post pelvis resection: (A) surgical planning using 3D modelling; (B) planning for reconstruction post resection; (C) comparison between resected pelvic specimen and 3D-printed reconstruction prior to implantation; (D) post-operative radiographs. 
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Figure 5. Navigation-assisted sacral sarcoma resection. Sagittal, coronal and axial images showing a lesion in the sacrum (S3 to coccyx) with a presacral mass. Navigation-planned osteotomies (yellow—tumour highlighted; purple line—planned level for osteotomy). Intraoperative navigation-guided resection completed. 
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Figure 6. Post-operative radiograph showing the planned navigation resections sparing the native hip joint. 
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Table 1. Summary table comparing the “image-based” and “patient-specific instrumentation and reconstruction” methods.






Table 1. Summary table comparing the “image-based” and “patient-specific instrumentation and reconstruction” methods.










	
	Image-Based Method
	PSI and Reconstruction Method





	Clinical workflow.
	Pre-operative imaging (CT/MRI) reviewed by the surgical team and resection and reconstruction planning completed using the navigation software.
	Collaboration between the surgical and engineering team to confirm the design based upon CT/MRI. Additive manufacturing process and sterilisation.



	Intraoperative settings
	Navigation equipment required in theatres including sterile equipment trays (Figure 5).
	Reduces risk of contamination and wasting of instrument trays [44].



	Operative time
	Likely longer operative times due to tracker insertion and registration [61].
	Potential for decreased operative time [36,37,38,39].



	Surgical accuracy
	High levels of accuracy compared to freehand techniques [61].
	High levels of accuracy compared to freehand techniques but possibility for mismatch between planned resection and tumour margins due to progression [61,77].



	Learning Curve
	High levels of accuracy from the outset but decreasing operative times with experience [76,80].
	Short learning curve but no intraoperative visual feedback if the jigs are placed incorrectly [78].
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