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Abstract

:

Background: orbital floor fractures have not been reconstructed using magnesium biomaterials. Methods: To test technical feasibility, ex vivo caprine and ovine heads (n = 5) were used. Head tissues were harvested from pubescent animals (n = 5; mean age: 3.2 years; mean mass: 26.3 kg) and stored below 11 degrees for 7–10 days. All procedures were performed in a university animal resource facility. Two experienced maxillofacial surgeons performed orbital floor procedures in both orbits of all animals in a step-by-step preplanned dissection. A transconjunctival approach was chosen to repair the orbital floor with three different implants (i.e., magnesium implants; titanium mesh; and polydioxanone or PDO sheets). The position of each implant was evaluated by Cone-beam computed tomography (CBCT). Results: Axial, coronal, and sagittal plane images showed good positioning of the magnesium plates. The magnesium plates had a radiographic visibility similar to that of the PDO sheets but lower than that of the titanium mesh. Conclusions: The prototype design study showed a novel indication for magnesium biomaterials. Further testing of this new biomaterial may lead to the first resorbable biomaterial with good mechanical properties for extensive orbital wall defects.
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1. Introduction


Orbital floor repair is a complex surgical procedure that requires specialized training and expertise to repair fractures or defects in the orbital floor [1]. The procedure can be performed as a standalone surgery or as a part of a larger surgical approach to address facial trauma, such as in the case of a car accident or sports injury [1]. A variety of materials have been used to reconstruct the orbital floor such as autogenous bone, alloplastic materials, and xenografts [2]. In the field of traumatology, there is an increasing demand for effective biomaterials that can enhance the patient’s recovery process [3,4,5]. Notably, magnesium-based biomaterials have not been used for orbital floor repair in humans but have gained immense attention because of their unique properties and potential for application in traumatology [6]. Magnesium materials have excellent mechanical properties and biocompatibility, making them ideal for use in fracture stabilization [3,4,5,7,8,9,10]. It is important to note that large orbital wall defects similar to orthopedic load-bearing fractures require material that has excellent hardness and good dimensional stability [10,11,12]. Furthermore, magnesium biomaterial has superior osseointegration properties, which have been shown to improve bone healing and regeneration [7,8,9]. In addition, magnesium biomaterials are biocompatible and resorbable, which means they do not cause any adverse reaction or immune responses and they can break down into harmless ions that can be excreted or absorbed by the body [13]. Of particular significance is that these biomaterials can be used in temporary implants where the implant will degrade once the bone has healed, making them ideal for use in pediatric traumatology [7,8,9]. Furthermore, the composition of magnesium biomaterials varies depending on the specific alloy composition. ZX00 magnesium material is a type of magnesium alloy that is composed of magnesium, zinc, and traces of other elements and is commonly used in traumatology due to its excellent corrosion resistance [14].



In contrast, resorbable or temporary polymer-based implants (i.e., PDO, polydioxanone) have been very popular to restore the structural integrity of the orbital floor [15,16]. Unfortunately, PDO foils have a slow rate of degradation, which may delay the healing process, and limited strength, which may limit their effectiveness in cases of significant trauma [2,15,16]. While small orbital wall defects can be treated with PDS foils, large orbital wall defects require strong and stable material to prevent herniation of the orbital contents [11,17]. Therefore, non-resorbable materials such as medical-grade titanium have been used for large defects, because they provide the necessary structural support [11,17]. While titanium mesh provides a long-lasting solution for large defects in the orbital wall, it may have a risk of infection, which can lead to complications and a longer recovery time [11,12]. While the risk of infection is low, it is not completely eliminated, and the infected titanium mesh may need to be removed [11,12]. However, removing the titanium mesh can be challenging, as it may have become integrated with the surrounding bone and soft tissues [11,12]. Therefore, new materials are required to capture the strength of both resorbable and non-resorbable materials.



A clear understanding of magnesium biomaterials and their potential use and visibility is critically important for developing application-specific implants. Another way to improve the effectiveness of orbital foils in osteosynthesis is to use new material compositions. Animal methods have long been used in research as they provide valuable insights into the feasibility and potential effectiveness of new interventions and devices [4,18,19]. It is important to note that animal models are readily available and safe, making them a convenient resource for researchers studying surgical techniques [4,18]. Therefore, the present ex vivo study aims to show the technical feasibility of utilizing a novel application of magnesium biomaterial in the development of medical implants. The results of this study can help to determine whether further development and testing of the device is warranted. Further testing of this new material may lead to the first resorbable biomaterial for small and large orbital wall defects.




2. Materials and Methods


2.1. Study Design


This prototype design study was conducted at the Core Facility of Experimental Biomodels, at the Division of Biomedical Research, and at the Department of Oral and Maxillofacial Surgery, at the Medical University of Graz, Austria. Animal models included sheep (n = 2) and goats (n = 3) weighing between 25 and 35 kilos for orbital floor reconstruction. No ethics approval was required. This study investigated the technical feasibility of newly developed magnesium orbital floor plates and tested preclinical application for the first time.




2.2. Three Implants


2.2.1. Magnesium Implant


This study implant was composed of ZX00 magnesium (Mg-0.45Zn-0.45Ca) developed in close collaboration with the Laboratory of Metal Physics and Technology (LMPT) of the ETH Zürich, Switzerland. Mg-0.45Zn-0.45Ca alloy is a type of magnesium alloy that contains 0.45% of both zinc and calcium. It is a relatively new alloy that has been developed to improve the mechanical properties and corrosion resistance of magnesium. All magnesium implants had a size of 40 mm × 30 mm and a nominal thickness of 0.20 (Figure 1). The composition of Mg-0.45Zn-0.45Ca alloy (Figure 2):




	
Magnesium (Mg): 98.1%.



	
Zinc (Zn): 0.45%.



	
Calcium (Ca): 0.45%.



	
Other trace elements: <0.1%.








The addition of zinc and calcium to magnesium improved the alloy’s strength, corrosion resistance, and creep resistance. The alloy was also lightweight, making it ideal for applications that require a high strength-to-weight ratio. The extrusion process of Mg-0.45Zn-0.45Ca alloy required careful control of temperature and pressure to ensure that the resulting profile had the desired properties. The process was used to produce thin foils. The extrusion process of Mg-0.45Zn-0.45Ca alloy involved the following steps:




	
Billet preparation: the alloy was first cast into billets of appropriate size and shape.



	
Preheating: the billets were heated to a temperature of around 350–400 °C to make them soft and ductile.



	
Extrusion: The preheated billets were then loaded into an extrusion press and forced through a die of the desired shape and dimensions. The die was heated to prevent the alloy from sticking to it.



	
Cooling: the extruded profile was then cooled and straightened to the desired length.



	
Aging: the extruded profile was then aged at a temperature of around 175–200 °C for several hours to improve its strength and hardness.









2.2.2. Titanium Mesh


Titanium mesh for orbital floor defects was made of medical-grade titanium along with small amounts of other metals, such as carbon, nitrogen, iron, and oxygen. Titanium is a biocompatible, corrosion-resistant, and flexible material. The mesh was a thin, flat sheet of titanium that was cut to the size and shape required to repair the orbital floor defect. The titanium mesh had a size of 39 × 30 mm and a plate thickness of 0.35 to 0.40 mm. The mesh was porous which allows for tissue ingrowth, which could help to anchor the implant and promote healing. Moreover, it was not coated with any biocompatible materials, such as hydroxyapatite or collagen.




2.2.3. PDO


The composition of PDO foils used in this study was 100% polydioxanone (PDO). The PDO foils were thin and flexible biodegradable sheets. PDO foils can take several months to degrade completely. During surgery, the PDO foil was cut to the appropriate size and shape and placed over the damaged area of the orbital floor. The foil was then secured in place without using sutures or other surgical fixation methods. The PDO sheet (Ethicon, Germany) had a size of 40 mm × 30 mm and a nominal thickness of 0.25 mm. All implants are displayed in Figure 1.





2.3. Animal Models


In order to reduce the number of animals to a minimum, the aim was to carry out as many tests as possible per animal ex vivo. All animals were euthanized as part of other studies at the completion of live animal research being conducted under Austrian Federal Ministry of Education, Science and Research Committee approval, thus no live animals were used for this study. Animals were put into deep unconsciousness (anesthesia) and euthanized by an overdose of an intravenous injection of pentobarbital sodium (Exagon®), T61, or potassium umchloride (>2 mmol/kg i.v.). After disarticulation, ovine and caprine heads were stored below 11 degrees for 7–10 days. All head tissues were collected from pubescent animals (n = 5; mean age: 3.2 years; mean mass: 26.3 kg). Cadavers were abattoir specimens, and the institutional abattoir of Biomedical Research (BMF) of the Medical University of Graz, Austria was used.



To fit in the CBCT, the snouts of the animals were sawed off (Figure 3), but orbits were left intact. After completion of the study, all animal tissues were disposed as biomedical waste.




2.4. Surgical Approach


Cadaver dissection techniques were used in order to carefully, systematically remove head tissues and prepare the orbits from deceased ovine and caprine bodies for research purposes. All surgical procedures took place in a controlled environment at the dissection room and were performed by two experienced surgeons. The same surgical protocol was followed. Before dissection began, the heads were cleaned and disinfected with the antiseptic povidone–iodine to reduce the risk of infection. The typical transconjunctival approach was chosen to access the orbital floor of the right and left orbits (see Figure 4) [20]. The dissection proceeded layer by layer, with each tissue identified. Then, the orbital septum was carefully dissected using scalpels, scissors, and forceps to avoid damaging the tissue or organs, and the infraorbital rim and the orbital floor were exposed. After blunt displacement of orbital fat, vessels, and nerves using blunt spatulas, the orbital floor was further exposed. A small fracture was then created by using a chisel. Ultimately, the implant was placed on the orbital floor (Figure 4), and the position and size of the implant was optically and radiologically checked. If the implant was too large, it was cut and adjusted to fit a smaller orbit. The orbital floor plate or implant was not fixed but inserted as tension-free as possible in the usual way after adaptation. In contrast, the titanium mesh (Orbital Plating System OPS 1.5, Medartis, Switzerland) was fixed with two 5 mm screws.




2.5. Study Outcomes


In the ex vivo examinations, parameters such as the position of the implant and radiologic visibility were investigated. Orbital floor fractures were managed with the use of a trial-specific application of the Mg-based implant. The primary objective of the trial was the suitability results of the magnesium biodegradable implant. Additionally, all three implants (magnesium orbital floor plates, titanium mesh, PDO sheets) were compared.



The hypothesis was defined as “Orbital floor repair is technically feasible with newly developed magnesium orbital floor plates”.



Technical feasibility was defined as:




	
Sufficient stability of the orbital plate against fracture and torsion during implantation.



	
Good position of the implant on the orbital floor.










3. Results


From March 2022 to July 2022, 15 orbital floor reconstructions (Figure 4) were performed on ex vivo ovine (n = 2) and caprine heads (n = 3). The characteristics of the procedure and the animal tissues are provided in Table 1. The operations performed in the study ranged in duration from 20 to 45 min. The caprine orbit and sheep orbit shared many similarities in terms of their anatomy. However, there were some notable differences between the two. One main difference was the size of the eye. Goats had a larger eye in proportion to their head size than sheep. Another difference was the shape of the orbit. The sheep orbit was more rounded, while the goat orbit was more oval-shaped. In addition, the shape of the animal orbital floor was a concave structure that formed the bottom of the orbit. The orbital floor had a curved shape with no sharp edges or protrusions and was relatively thin compared with other bones in the skull. The ovine and caprine orbital floor contained several foramina important for the passage of nerves and blood vessels that supply the eye and surrounding structures (e.g., the optic canal and infraorbital canal). Several bones, including the maxillary, palatine, zygomatic, frontal, and ethmoid bones, formed the orbital floor.



Two examiners assessed the position of the orbital implant using the CBCT scans and a rating scale of 0–10 [21]. All scans were performed using Planmeca ProMax 3D Max (Planmeca, Finland). The field of view was 15.0 × 6.9 cm, covering both orbits, with a 200 μm voxel size. An initial data set screening was performed on an MDNC-2221 monitor (resolution: 1600 × 1200; size: 432 × 324 mm; 59.9 Hz; Germany) using the Planmeca Romexis software (Planmeca, Finland). An evaluation of the reconstructed orbital floor by CBCT showed good positioning of all three tested implants (Figure 5). All of the materials were detectable in the CBCT scans. Visibility was significantly higher (p < 0.001) for titanium mesh than for PDO or ZX00 magnesium orbital floor plates. The animal bones were easily visible and distinguishable from surrounding soft tissues, as they had a similar Hounsfield value range as human bones, ranging from 700 to 3000 HU.




4. Discussion


The present study showed that orbital floor repair with Mg-based implants is technically feasible in caprine and ovine models. In addition, the inserted materials were visualized by CBCT scans. However, subjective visibility for different materials was lower for magnesium implants than titanium mesh implants. This could be explained by the different overall thickness of the plates (0.20 mm vs. 0.35/0.40).



The orbital floor is a common site of facial bone fractures, which are becoming more frequent due to an increasing number of accidents and violence [22]. As a result, small and large defects of the orbital floor require reconstruction with a multitude of different materials [11]. Authors have reported that biodegradable materials and titanium implants are good options for the surgical reconstruction of the orbital floor [21,23]. Despite their frequent use, the treatment of different orbital floor defects can be challenging due to the lower mechanical strength of polymer-based implants and the potential foreign body reactions and risk of infection of titanium-based materials [11,24,25]. In contrast, Mg-based implants have an elastic modulus similar to bone and good visibility on X-ray and fully degrade without residues [14,21].



Many studies have investigated polymer-based biomaterials for orbital floor repair [15,26,27,28]. Of note, one animal study investigated a polymer-based implant made of polytrimethylene carbonate (PTMC) [26]. Although polymeric materials are not osteoinductive, PTMC showed good osteoinduction [26]. Furthermore, another in vivo animal study reported that no implants were required, but cement composite was sufficient for the reconstruction of large orbital wall defects [29]. In general, polymer-based implants are the therapy of choice for the repair of small and titanium mesh for large orbital floor fractures [26,27,30].



Magnesium (Mg) is a biodegradable metal that has recently gained significant attention as a potential biomaterial for medical implants [31,32]. It is an abundant element in the human body and has excellent biocompatibility, which makes it an attractive option for use in medical implants [31,32]. Magnesium biomaterials have been shown to have promising mechanical and biological properties that make them suitable for various applications in orthopedics, cardiology, and dentistry [31,32]. The composition of magnesium biomaterials is critical in determining their mechanical and biological properties [5,33,34,35]. The elemental composition of magnesium biomaterials is typically at least 99% pure magnesium [5,33,34,35]. In addition to magnesium, some alloying elements can be added to improve the mechanical properties of the material [5,33,34,35]. The most commonly used alloying elements are aluminum, zinc, and manganese [35]. The addition of these elements can improve the strength, ductility, and corrosion resistance of the material [5,33,34,35]. The exact composition of magnesium biomaterials can vary depending on the specific application [35]. However, no negative effect has been reported on the regeneration of fractured human bone [18,36]. Additionally, the key principles of physiologic fracture healing include minimal physiologic movement of fixated fragments [37]. To improve biomechanical properties, magnesium alloys were combined with other elements, mainly rare earth elements or yttrium (W) [38]. As a consequence, high biocompatibility, high biofunctionality, and good osseointegration achieved with the use of magnesium alloys has greatly improved [5,33,34]. Similarly, a recent animal study on new magnesium membranes showed good performance and biodegradation for the treatment of bone defects according to the principles of guided bone regeneration (GBR) [5]. The biodegradation of magnesium implants is an important property resulting in fewer surgical interventions [5,18]. The degradation rate of magnesium material can range from a few weeks to several months, depending on the size and shape of the implant, the specific alloy used, and the processing techniques [5,18]. In addition, the biodegradation of magnesium implants depends on the pH value and the environment in which it is implanted [6]. Moreover, the degradation products of magnesium material include corrosion products [39]. These residuals can remain in the body for extended periods of time, but long-term exposure showed normal levels of serum magnesium and urine levels and no adverse effects on the liver and kidney function [39]. Furthermore, the surface treatment of magnesium implants has also played a role in improving biodegradation [6]. This coating of magnesium implants with PEO (plasma electrolytic oxidation) minimized hydrogen gas production and improved the mechanical stability of the implants [6]. Moreover, magnesium alloys have also been found to have antibacterial properties attributed to the release of magnesium ions, which can disrupt bacterial cell membranes and inhibit bacterial growth [40].



Several limitations of this study must be acknowledged, including the fact that the animal skulls used are different from the human skull. It is important to note that while there are some differences in the size and shape of the caprine and human orbital floors, both structures are essential for the proper functioning of the eye and protection of the surrounding tissues. The surface area of the ovine and caprine orbital floor was generally smaller than that of the human orbital floor. This is due to the fact that the overall size of their skulls is smaller than that of the human skull [41]. The orbital region of large animals has been validated in many studies [26,42]. It can be assumed that the weight of the orbital contents (eyeball, eyeball fat, and muscle) on the orbital implant was also similar [41]. From a mechanical standpoint, we can thus assume that an implant that works well in the sheep model will also work well in humans. However, it is known that a fibrous capsule develops after a fractured orbital floor, so from a biomechanical point of view it can be assumed that no major effects on the bony regeneration of orbital floors may be expected [26]. In summary, it is necessary to perform live animal experiments primarily to test the biocompatibility and biomechanics of these innovative magnesium implants for orbital reconstruction, prior to clinical testing.




5. Conclusions


This study showed that orbital floor repair is technically feasible with newly developed magnesium implants. The reconstruction of the orbital floor with this new material could provide an advantageous alternative to currently used biomaterials. Further testing of this new material could lead to the use of the first resorbable biomaterial with good mechanical properties for both small and large orbital wall defects.







Author Contributions


Conception and design of study: J.T., I.W.-G. and A.M.W. Acquisition of data: J.T., M.S. and A.M.W. Drafting of the manuscript: J.T. Critical revision of the manuscript for important intellectual content: I.W.-G. and A.M.W. Approval of the version of the manuscript to be published: J.T., I.W.-G., M.S. and A.M.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research received funding from the independent non-profit organization International Bone Research Association, Hochbergerstrasse 60E, CH-4057 Basel, Switzerland. Funding number is 2110-0142.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due its proprietary nature and confidentiality agreements.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cornelius, C.P.; Stiebler, T.; Mayer, P.; Smolka, W.; Kunz, C.; Hammer, B.; Jaquiéry, C.C.; Buitrago-Téllez, C.; Leiggener, C.S.; Metzger, M.C.; et al. Prediction of surface area size in orbital floor and medial orbital wall fractures based on topographical subregions. J. Cranio-Maxillofacial Surg. 2021, 49, 598–612. [Google Scholar] [CrossRef] [PubMed]

	



Gart, M.S.; Gosain, A.K. Evidence-based medicine: Orbital floor fractures. Plast. Reconstr. Surg. 2014, 134, 1345e–1355e. [Google Scholar] [CrossRef] [PubMed]

	



Holweg, P.; Berger, L.; Cihova, M.; Donohue, N.; Clement, B.; Schwarze, U.; Sommer, N.G.; Hohenberger, G.; van den Beucken, J.J.J.P.; Seibert, F.; et al. A lean magnesium–zinc–calcium alloy ZX00 used for bone fracture stabilization in a large growing-animal model. Acta Biomater. 2020, 113, 646–659. [Google Scholar] [CrossRef] [PubMed]

	



Rider, P.; Kačarević, Ž.P.; Elad, A.; Rothamel, D.; Sauer, G.; Bornert, F.; Windisch, P.; Hangyási, D.; Molnar, B.; Hesse, B.; et al. Analysis of a Pure Magnesium Membrane Degradation Process and Its Functionality When Used in a Guided Bone Regeneration Model in Beagle Dogs. Materials 2022, 15, 3106. [Google Scholar] [CrossRef]

	



Kačarević, Ž.P.; Rider, P.; Elad, A.; Tadic, D.; Rothamel, D.; Sauer, G.; Bornert, F.; Windisch, P.; Hangyási, D.B.; Molnar, B.; et al. Biodegradable magnesium fixation screw for barrier membranes used in guided bone regeneration. Bioact. Mater. 2022, 14, 15. [Google Scholar] [CrossRef]

	



Jung, O.; Porchetta, D.; Schroeder, M.L.; Klein, M.; Wegner, N.; Walther, F.; Feyerabend, F.; Barbeck, M.; Kopp, A. In Vivo Simulation of Magnesium Degradability Using a New Fluid Dynamic Bench Testing Approach. Int. J. Mol. Sci. 2019, 20, 4859. [Google Scholar] [CrossRef]

	



Kozakiewicz, M.; Gabryelczak, I.; Bielecki-Kowalski, B. Clinical Evaluation of Magnesium Alloy Osteosynthesis in the Mandibular Head. Materials 2022, 15, 711. [Google Scholar] [CrossRef]

	



Salahshoor, M.; Guo, Y. Biodegradable Orthopedic Magnesium-Calcium (MgCa) Alloys, Processing, and Corrosion Performance. Materials 2012, 5, 135–155. [Google Scholar] [CrossRef]

	



Kim, Y.K.; Lee, K.B.; Kim, S.Y.; Bode, K.; Jang, Y.S.; Kwon, T.Y.; Jeon, M.H.; Lee, M.H. Gas formation and biological effects of biodegradable magnesium in a preclinical and clinical observation. Sci. Technol. Adv. Mater. 2018, 19, 324–335. [Google Scholar] [CrossRef]

	



Ammarullah, M.I.; Hartono, R.; Supriyono, T.; Santoso, G.; Sugiharto, S.; Permana, M.S. Polycrystalline Diamond as a Potential Material for the Hard-on-Hard Bearing of Total Hip Prosthesis: Von Mises Stress Analysis. Biomedicines 2023, 11, 951. [Google Scholar] [CrossRef]

	



Gander, T.; Essig, H.; Metzler, P.; Lindhorst, D.; Dubois, L.; Rücker, M.; Schumann, P. Patient specific implants (PSI) in reconstruction of orbital floor and wall fractures. J. Cranio-Maxillofacial Surg. 2015, 43, 126–130. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.B.H.; Nunery, W.R. Orbital adherence syndrome secondary to titanium implant material. Ophthal. Plast. Reconstr. Surg. 2009, 25, 33–36. [Google Scholar] [CrossRef] [PubMed]

	



Waelti, S.L.; Markart, S.; Willems, E.P.; Fischer, T.; Dietrich, T.J.; Ditchfield, M.; Matissek, C.; Krebs, T. Radiographic features of magnesium-based bioabsorbable screw resorption in paediatric fractures. Pediatr. Radiol. 2022, 52, 2368–2376. [Google Scholar] [CrossRef]

	



Grün, N.G.; Holweg, P.; Tangl, S.; Eichler, J.; Berger, L.; van den Beucken, J.J.J.P.; Löffler, J.F.; Klestil, T.; Weinberg, A.M. Comparison of a resorbable magnesium implant in small and large growing-animal models. Acta Biomater. 2018, 78, 378–386. [Google Scholar] [CrossRef]

	



Kruber, D.; Hierl, T.; Doerfler, H.M.; Huempfner-Hierl, H.; Krause, M. Preforming of polydioxanone sheets for orbital wall fractures—A technical note. J. Cranio-Maxillofacial Surg. 2018, 46, 1159–1161. [Google Scholar] [CrossRef]

	



Jank, S.; Emshoff, R.; Schuchter, B.; Strobl, H.; Brandlmaier, I.; Norer, B. Orbital floor reconstruction with flexible Ethisorb patches: A retrospective long-term follow-up study. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2003, 95, 16–22. [Google Scholar] [CrossRef]

	



Nkenke, E.; Vairaktaris, E.; Spitzer, M.; Kramer, M.; Stamminger, M.; Holbach, L.; Knipfer, C.; Stelzle, F. Secondary reconstruction of posttraumatic enophthalmos: Prefabricated implants vs titanium mesh. Arch. Facial Plast. Surg. 2011, 13, 271–277. [Google Scholar] [CrossRef] [PubMed]

	



Holweg, P.; Herber, V.; Ornig, M.; Hohenberger, G.; Donohue, N.; Puchwein, P.; Leithner, A.; Seibert, F. A lean bioabsorbable magnesium-zinc- calcium alloy ZX00 used for operative treatment of medial malleolus fractures. Bone Jt. Res. 2020, 9, 477–483. [Google Scholar] [CrossRef]

	



Jing, X.; Ding, Q.; Wu, Q.; Su, W.; Yu, K.; Su, Y.; Ye, B.; Gao, Q.; Sun, T.; Guo, X.; et al. Magnesium-based materials in orthopaedics: Material properties and animal models. Biomater. Transl. 2021, 2, 197. [Google Scholar] [CrossRef] [PubMed]

	



Al-Moraissi, E.A.; Thaller, S.R.; Ellis, E. Subciliary vs. transconjunctival approach for the management of orbital floor and periorbital fractures: A systematic review and meta-analysis. J. Cranio-Maxillofacial Surg. 2017, 45, 1647–1654. [Google Scholar] [CrossRef]

	



Doll, C.; Thieme, N.; Schönmuth, S.; Voss, J.O.; Nahles, S.; Beck-Broichsitter, B.; Heiland, M.; Raguse, J.D. Enhanced radiographic visualization of resorbable foils for orbital floor reconstruction: A proof of principle. J. Cranio-Maxillofacial Surg. 2018, 46, 1533–1538. [Google Scholar] [CrossRef]

	



Bartoli, D.; Fadda, M.T.; Battisti, A.; Cassoni, A.; Pagnoni, M.; Riccardi, E.; Sanzi, M.; Valentini, V. Retrospective analysis of 301 patients with orbital floor fracture. J. Cranio-Maxillofacial Surg. 2015, 43, 244–247. [Google Scholar] [CrossRef]

	



Birkenfeld, F.; Behrens, E.; Kern, M.; Gassling, V.; Wiltfang, J. Mechanical properties of collagen membranes: Are they sufficient for orbital floor reconstructions? J. Cranio-Maxillofacial Surg. 2015, 43, 260–263. [Google Scholar] [CrossRef]

	



Wittenberg, J.M.; Wittenberg, R.H.; Hipp, J.A. Biomechanical properties of resorbable poly-L-lactide plates and screws: A comparison with traditional systems. J. Oral Maxillofac. Surg. 1991, 49, 512–516. [Google Scholar] [CrossRef] [PubMed]

	



Bostman, O.M.; Paivarinta, U.; Partio, E.; Manninen, M.; Vasenius, J.; Majola, A.; Rokkanen, P. The tissue-implant interface during degradation of absorbable polyglycolide fracture fixation screws in the rabbit femur. Clin. Orthop. Relat. Res. 1992, 285, 263–272. [Google Scholar] [CrossRef]

	



van Leeuwen, A.C.; Yuan, H.; Passanisi, G.; van der Meer, J.W.; de Bruijn, J.D.; van Kooten, T.G.; Grijpma, D.W.; Bos, R.R.M. Poly(trimethylene carbonate) and biphasic calcium phosphate composites for orbital floor reconstruction: A feasibility study in sheep. Eur. Cell. Mater. 2014, 27, 81–97. [Google Scholar] [CrossRef]

	



Avashia, Y.J.; Sastry, A.; Fan, K.L.; Mir, H.S.; Thaller, S.R. Materials used for reconstruction after orbital floor fracture. J. Craniofac. Surg. 2012, 23, S49–S55. [Google Scholar] [CrossRef] [PubMed]

	



de Roche, R.; Kuhn, A.; de Roche-Weber, P.; Gogolewski, S.; Printzen, G.; Geissmann, A.; De Jager, M.; Hammer, B.; Prein, J.; Rahn, B. Experimental reconstruction of the sheep orbit with biodegradable implants. Mund. Kiefer. Gesichtschir. 1998, 2 (Suppl. S1), S117–S120. [Google Scholar] [CrossRef] [PubMed]

	



Šiniković, B.; Kramer, F.J.; Swennen, G.; Lübbers, H.T.; Dempf, R. Reconstruction of orbital wall defects with calcium phosphate cement: Clinical and histological findings in a sheep model. Int. J. Oral Maxillofac. Surg. 2007, 36, 54–61. [Google Scholar] [CrossRef]

	



Guillaume, O.; Geven, M.A.; Varjas, V.; Varga, P.; Gehweiler, D.; Stadelmann, V.A.; Smidt, T.; Zeiter, S.; Sprecher, C.; Bos, R.R.M.; et al. Orbital floor repair using patient specific osteoinductive implant made by stereolithography. Biomaterials 2020, 233, 119721. [Google Scholar] [CrossRef]

	



Windhagen, H.; Radtke, K.; Weizbauer, A.; Diekmann, J.; Noll, Y.; Kreimeyer, U.; Schavan, R.; Stukenborg-Colsman, C.; Waizy, H. Biodegradable magnesium-based screw clinically equivalent to titanium screw in hallux valgus surgery: Short term results of the first prospective, randomized, controlled clinical pilot study. Biomed. Eng. Online 2013, 12, 62. [Google Scholar] [CrossRef] [PubMed]

	



Böse, D.; Eggebrecht, H.; Haude, M.; Schmermund, A.; Erbel, R. First absorbable metal stent implantation in human coronary arteries. Am. Heart Hosp. J. 2006, 4, 128–130. [Google Scholar] [CrossRef]

	



Castellani, C.; Lindtner, R.A.; Hausbrandt, P.; Tschegg, E.; Stanzl-Tschegg, S.E.; Zanoni, G.; Beck, S.; Weinberg, A.M. Bone-implant interface strength and osseointegration: Biodegradable magnesium alloy versus standard titanium control. Acta Biomater. 2011, 7, 432–440. [Google Scholar] [CrossRef] [PubMed]

	



Hofmann, G.O. Biodegradable implants in orthopaedic surgery-A review on the state-of-the-art. Clin. Mater. 1992, 10, 75–80. [Google Scholar] [CrossRef] [PubMed]

	



Kraus, T.; Fischerauer, S.F.; Hänzi, A.C.; Uggowitzer, P.J.; Löffler, J.F.; Weinberg, A.M. Magnesium alloys for temporary implants in osteosynthesis: In vivo studies of their degradation and interaction with bone. Acta Biomater. 2012, 8, 1230–1238. [Google Scholar] [CrossRef] [PubMed]

	



Atkinson, H.D.; Khan, S.; Lashgari, Y.; Ziegler, A. Hallux valgus correction utilising a modified short scarf osteotomy with a magnesium biodegradable or titanium compression screws—A comparative study of clinical outcomes. BMC Musculoskelet. Disord. 2019, 20, 334. [Google Scholar] [CrossRef] [PubMed]

	



Grün, N.G.; Holweg, P.L.; Donohue, N.; Klestil, T.; Weinberg, A.M. Resorbable implants in pediatric fracture treatment. Innov. Surg. Sci. 2018, 3, 119–125. [Google Scholar] [CrossRef]

	



Waizy, H.; Diekmann, J.; Weizbauer, A.; Reifenrath, J.; Bartsch, I.; Neubert, V.; Schavan, R.; Windhagen, H. In vivo study of a biodegradable orthopedic screw (MgYREZr-alloy) in a rabbit model for up to 12 months. J. Biomater. Appl. 2014, 28, 667–675. [Google Scholar] [CrossRef]

	



Yu, Y.; Lu, H.; Sun, J. Long-term in vivo evolution of high-purity Mg screw degradation—Local and systemic effects of Mg degradation products. Acta Biomater. 2018, 71, 215–224. [Google Scholar] [CrossRef]

	



Leigheb, M.; Veneziano, M.; Tortia, R.; Bosetti, M.; Cochis, A.; Rimondini, L.; Grassi, F.A. Osteosynthesis devices in absorbable Magnesium alloy in comparison to standard ones: A Systematic Review on effectiveness and safety. Acta Biomed. 2021, 92, 11757. [Google Scholar] [CrossRef]

	



Bontzos, G.; Mazonakis, M.; Papadaki, E.; Maris, T.G.; Blazaki, S.; Drakonaki, E.E.; Detorakis, E.T. Orbital volume measurements from magnetic resonance images using the techniques of manual planimetry and stereology. Natl. J. Maxillofac. Surg. 2020, 11, 20–27. [Google Scholar] [CrossRef] [PubMed]

	



Hasmat, S.; McPherson, S.; Suaning, G.J.; Lovell, N.H.; Low, T.H.H.; Clark, J.R. Recreation of eyelid mechanics using the sling concept. J. Plast. Reconstr. Aesthetic Surg. 2020, 73, 942–950. [Google Scholar] [CrossRef] [PubMed]








[image: Jfb 14 00339 g001 550] 





Figure 1. Implants used for orbital repair in this study: PDO, titanium mesh, Mg-based orbital floor plate (from left to right). 
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Figure 2. Orbital floor plates made from ZX00 implanted in sheep display an average grain size of 2.1 µm. 
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Figure 3. Adaptation of animal head with intact orbits in order to fit in the CBCT. 
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Figure 4. Orbital view: incision using a scalpel in the area of the marking (A); exposure of the orbital floor (B); insertion of the PDO sheet (C); wound closure with a resorbable suture (D). 
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Figure 5. CBCT scans showing a 39 mm × 30 mm titanium mesh (right orbit, A), PDO (left orbit, B), and ZX00 magnesium implant (right orbit, C) on ovine orbital floor. 






Figure 5. CBCT scans showing a 39 mm × 30 mm titanium mesh (right orbit, A), PDO (left orbit, B), and ZX00 magnesium implant (right orbit, C) on ovine orbital floor.



[image: Jfb 14 00339 g005]







[image: Table] 





Table 1. Applicability of the ovine and caprine model for orbital floor reconstruction.
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	Procedure
	Advantages
	Disadvantages
	Applicable for Simulation





	Transconjunctival approach—orbital floor
	
	
Similar anatomy/tissue quality





	
	
Sparse orbital fat



	
Large ovine nictitating membrane





	Yes



	Orbital floor reconstruction
	
	
Similar approach



	
Partly absent orbital floor





	
	
Deficient eye muscle mass



	
Differences in the shape of the orbit (rounded ovine vs. oval caprine orbit)





	Yes
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