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Abstract. The advent of customized three-dimensional (3D) printing allows the affordable manufacturing of sophisticated medical devices, thereby providing swift and simple solutions to specific needs in modern healthcare. Meanwhile, certain devices such as industrial mandibular external fixators (EFs) have become less and less available from medical device companies because of decreased indications. What is more, their handling is often complex. The authors report, step by step, the original design and uneventful clinical use of a 3D-printed, customized mandibular EF. This device was designed together with a positioning and drilling guide for the fixation of a septic mandibular pseudarthrosis. It provided an adequate and satisfactory balance between lightness and rigidity. A simple, accurate and safe placement of the EF was achieved thanks to the skin-supported positioner and drilling guide, thereby making the procedure minimally invasive and time-efficient. To our knowledge, this is the first reported clinical use of a 3D-printed, customized mandibular EF to date. Because such 3D technology is becoming increasingly available to a large number of surgeons, the authors believe that the present innovation could become an alternative to reusable standard EFs.

Indications for mandibular external fixators (EFs) are nowadays limited to the stabilization of lesions occurring in a compromised bone environment: pathologic fracture, septic pseudarthrosis and comminuted fractures [START_REF] Cornelius | External pin fixation for stabilization of the mandiblecomeback of a method: historical review and first experiences with the 'mandible external fixator[END_REF]. Because of the low frequency of such indications in modern healthcare systems, EFs have become difficult to procure from medical device companies. Moreover, commercial mandibular EFs are often complex because of their many parts which require high maintenance in order to verify the system's integrity. Industrial devices are sometimes difficult to adapt to specific situations and require a somewhat wide surgical approach in order to ensure the proper positioning of pins.

Since the first reported use of three-dimensional (3D) printing in maxillofacial surgery [START_REF] Mankovich | The display of three-dimensional anatomy with stereolithographic models[END_REF], this technology has become increasingly available to a large number of surgical teams over the past 10 years [START_REF] Louvrier | How useful is 3D printing in maxillofacial surgery?[END_REF]. This is due to the rapid development of affordable printers and the availability of opensource, computer-aided design software allowing patients 'bedside' printing.

The authors report, step by step, the original design and clinical use of a customized mandibular EF and its positioning/drilling guide, 3D-printed in the department of maxillofacial surgery. This technical innovation was designed for the fixation of a septic mandibular pseudarthrosis in a patient who had previously undergone radiotherapy for a squamous cell carcinoma of the tongue 3 years previously.

Technical note

A computed tomography (CT) scan was performed systematically to confirm the diagnosis of mandibular septic pseudarthrosis (Fig. 1). The surgical approach was intended to be as limited as possible and therefore, a customized 3D-printed mandibular EF together with a positioning and drilling guide were designed and manufactured according to the following procedure. The DICOM files from the patient's mandibular CT scan were converted to STL files using InVesalius 3.0® software (CTI, Campinas, São Paulo, Brazil). Surgical planning was conducted using Meshmixer® software (Autodesk, Mill Valley, CA, USA) (Fig. 2). It consisted of the insertion of three standard 3-mm pins (Stryker, Kalamazoo, MI, USA) on each side of the pseudarthrosis site whilst preserving the inferior alveolar nerve and the teeth apices. These pins were then virtually inserted through holes into two lateral, square-section hollow bars. These two lateral bars were secured with a third anterior bar, thereby completing the body of the EF. A mandibular skin-supported, customized positioning and drilling guide was then designed in order to accurately set the fixator. It was mainly intended to maintain a safe distance between the fixator and the skin, to guide the placement of the fixator and the percutaneous placement of the pins. This skin-supported guide encompassed the entire base of the mandibular body and chin so as to ensure good accuracy when placed on the patient and good peroperative stability. It was engineered with three slots on each side, allowing pin insertion. The guide also featured three flattened sections designed to support the bars of the fixator, thereby temporarily securing the two devices during positioning (Fig. 3). Both resulting files were then transferred to an Ultimaker®2 printer, (Ultimaker, Geldermalsen, Netherlands) to manufacture acrylonitrile butadiene styrene plastic devices.

The surgical procedure was conducted under general anaesthesia. A minimally invasive endobuccal approach was realized in order to perform plate and screw removal, bone curettage and avulsion of the mobile teeth in the front of the pseudarthrosis site. The operating site was washed before a mucosal closure. Bone samples were systematically collected for histological and bacteriological analysis. After dental occlusion checking, the skin-supported positioner and the body of the mandibular EF was then used as a drilling guide in order to insert the six pins into the bone percutaneously, through the holes in the lateral bars and the slots in the positioner. Each pin with a 10-mm working length was inserted into the bone over a 10-mm depth and secured in the mandibular EF using both a 2.3-mm-diameter screw tightened through the bar, and surgical cement injected into the two lateral hollow bars. Finally, the appropriate positions of the bone fragments and of the mandibular EF were confirmed by clinical examination (Fig. 4) and control CT-scan (Fig. 5). 
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 1 Fig. 1. Preoperative computed tomography scan (three-dimensional reconstruction) showing a right
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 2 Fig. 2. Computer-aided-design of the mandibular external fixator and the skin-supported guide using
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 3 Fig. 3. Mandibular skin-supported positioning/drilling guide (lateral view).
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 4 Fig. 4. Patient with a customized three-dimensionally printed mandibular external fixator in position.
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 5 Fig. 5. Control computed tomography scan (axial view) showing the position of the pins into the bone
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 6 Fig. 6. Control computed tomography scan (3D reconstruction) after a 1-year follow-up showing
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Standard wound care was initiated postoperatively along with pain medication, prophylactic antibiotic treatment, antiseptic mouthwash and an exclusive enteral nutrition by nasogastric tube was prescribed for 2 weeks. Antibiotic treatment was adapted after bacterial identification in the bone samples. After 14 weeks, once healing of the pseudarthrosis was confirmed clinically and radiologically, the 3D-printed mandibular EF was removed under local anaesthesia. No recurrence of the pseudarthrosis was observed after a 32-month follow-up (Fig. 6).

Discussion

Customized medical 3D-printing allows for greater freedom and versatility in the development of innovative devices. The reported 'bedside' 3D-printed, customized mandibular EF provided an adequate and satisfactory balance between lightness and rigidity which was optimized by the injection of surgical cement into the two lateral hollow bars during the surgical procedure. Among the many advantages, the authors emphasize the simple, accurate and safe placement of the EF thanks to the skin-supported positioner and drilling guide, thereby making the procedure minimally invasive and time-efficient. To ensure proper peroperative positioning and stability, it is important that the guide includes the entire base of the mandibular body and the chin; in this way, the positioning of the skin-supported positioner and drilling guide is undeniable. The percutaneous placement of the pins is also an important point; the introduction must be gentle and the operator must control the absence of the lower lip mobility to ensure that the marginal branch of the facial nerve is not on the way; this precaution remains the same with the use of a conventional mandibular EF. Because 3D technology has become increasingly available to a large number of surgeons, the authors believe that the present innovation could become an alternative to reusable, standard EFs.
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