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Abstract

:

We report here a 46-year-old male patient with a 14 cm segmental bone defect of the radial shaft after third degree open infected fracture caused by a shrapnel injury. The patient underwent fixed-angle plate osteosynthesis and bone reconstruction of the radial shaft by a vascularized 3D-printed graft cage, including plastic coverage with a latissimus dorsi flap and an additional central vascular pedicle. Bony reconstruction of segmental defects still represents a major challenge in musculo-skeletal surgery. Thereby, 3D-printed scaffolds or graft cages display a new treatment option for bone restoration. As missing vascularization sets the limits for the treatment of large-volume bone defects by 3D-printed scaffolds, in the present case, we firstly describe the reconstruction of an extensive radial shaft bone defect by using a graft cage with additional vascularization.
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1. Introduction


Treatment of critical-size bone defects (>5 cm) still poses numerous intriguing medical problems [1,2]. Thereby, external factors as well as aging and prolonged life expectancy in terms of demographic change result in a steady increase in post-traumatic and post-infectious bone defects [3,4]. Depending on size, location, type, and cause of bone defect, common reconstructive procedures include shortening, bone grafting (autologous, allogeneic, synthetic), the Masquelet technique, distraction osteogenesis (bone transport), and vascularized free bone transfer, in particular free vascularized fibular grafts, each having specific benefits and limitations [5,6,7,8,9,10,11,12,13]. Autologous bone grafting, the only graft material with osteogenic, osteoinductive, and osteoconductive properties, is considered the gold standard for bone regeneration [14]. However, restricted graft volume and donor-site morbidity in combination with technical innovations in tissue engineering and 3D printing have made patient-specific scaffolds an increasingly important treatment option for large bone defects. Polycaprolactone (PCL) and tricalcium phosphate (TCP) scaffolds are mainly used to provide reasonable mechanical stability, osteoconductive capabilities, and bioresorbability. Nevertheless, angiogenesis and vascularity, the fourth component of bone regeneration, represent a decisive and limiting factor for bone regeneration [15,16,17,18,19,20]. However, there is only experimental study data available dealing with vascularized tissue-engineered bone. To the authors’ knowledge, there are only limited clinical experiences on the application of vascularized graft cages for the restoration of large-volume segmental bone defects [21]. In the presented case report, we firstly describe a new surgical procedure for graft vascularization by embedding a vascular muscle arcade directly into a custom-made, 3D-printed medical-grade PCL (mPCL) scaffold as a promising treatment option for the reconstruction of extensive bone defects.




2. Case Report


This case report presents a 46-year-old male patient who sustained a shrapnel injury during the Ukrainian war in June 2022 with traumatic thigh amputation and third degree open radial shaft defect fracture on the right side. Besides primary wound cleansing, the radial shaft fracture was stabilized by a ring fixator. Overall, ten reoperations with soft tissue and bony debridement were necessary until secondary wound closure was obtained. In December 2022, the patient was transferred to our department for the reconstruction of musculo-skeletal injuries on the right forearm. At the time of admission, the clinical examination revealed intact soft tissue coverage without macroscopic signs of infection, but with extensive scars on the palmar and dorsal forearm and a lesion of the median nerve with paresis of thumb opposition and reduced sensitivity in the dependent innervated regions of the hand. The radial and ulnar nerve, as well as peripheral blood circulation, were intact. Figure 1a shows the X-ray images of the right forearm at the time of admission.



In the first operation, re-debridement with resection of infected and necrotic soft and bone tissue, dead space management with antibiotic (gentamicin and vancomycin) cement spacer, and K-wire transfixation of the distal radioulnar joint were performed. Moreover, the ring fixator was replaced by conventional ulno-metacarpal external fixator (Figure 1b). The microbiological assessment showed colonization with multi-drug-resistant strains of bacteria (Klebsiella pneumoniae, Corynebaterium glucoronolyticum, Staphylococcus haemolyticus, Staphylococcus epidermidis). After five more operations and under antibiogram-adopted systemic antibiotic treatment, bacterial eradication was achieved. Wound closure was performed on the palmar forearm with a split skin graft from the ipsilateral upper arm. Systemic antibiotic therapy was continued for six more weeks after the last operation. Following an antibiotic-free time period of 4 weeks, another revision surgery with re-debridement and the exchange of cement spacer was carried out. Microbiological specimens showed no bacterial colonization. The radiological examination after this final re-debridement is shown in Figure 1c. For the proper planning of reconstructive surgery, thin-slice computer tomography (CT) of the forearm was conducted showing a 14 cm radial shaft defect. As a biological reconstruction using autologous bone was planned, a resorbable custom-made scaffold was requested from manufacturer BellaSeno GmbH (Leipzig, Germany), ensuring a secure hold of autologous bone in the large void. Based on the CT scan, segmentation of the defect was performed, followed by surgeon-driven individual design of a 90% open porous scaffold structure perfectly fitting into the void according to the patient’s individual anatomy. To ensure a proper internal vascularization of the scaffold, a groove was requested as a design feature for the future positioning of an arterio-venous loop (AV-loop) or a central vascular pedicle during reconstructive surgery. After approval and design freeze by the prescriber, the scaffold was 3D-printed (FDM, additive manufactured) as a patient-specific custom-made graft cage, fabricated (BellaSeno GmbH, Leipzig, Germany) for biological bony defect restoration. The defect volume was calculated with ~44 mL. The manufactured scaffold is completely bioresorbable, consisting of 100% medical-grade polycaprolactone (mPCL) and provides osteoconductive properties, making additional autologous bone grafting and/or synthetic bone substitutes mandatory. It consists of an inner and outer support frame with a basic and a locking part. The scaffold base maximum dimensions are at a maximal depth of ~21.8 mm, maximal width of ~23.7 mm, and maximal height of ~152.2 mm. The scaffold lid maximum dimensions are a maximal depth of ~12.4 mm, maximal width of ~19.6 mm, and maximal height of ~85.2 mm. The overall scaffold porosity is 73%, and the scaffold overall weight ~13.3 g ± 5%. Biomechanically, the scaffold withstands a 3 mm deformation under 90 N. Consequently, the scaffold is not a load-bearing structure. Therefore, the graft cage is intended to be used in conjunction with rigid osteosynthesis only. For graft vascularization by placing an AV-loop or a central vascular pedicle, an aperture and groove located on the outer cage were provided as a specific design request to the manufacturer. The diameter of the aperture for the AV-loop or vascular pedicle is 5 mm. The volume of the embedded loop or vascular pedicle was calculated with ~1.5 mL. The CT-based digital planning view and 3D-printed graft cage are shown in Figure 2 and Figure 3, respectively.



In October 2023, open reduction and internal fixation, as well as bone reconstruction of the radial shaft, were performed using a conventional 3.5 mm LCP volar dia-metaphyseal distal radius plate (DePuy Synthes, Zuchwil, Switzerland) and the aforementioned vascularized graft cage (BellaSeno GmbH, Leipzig, Germany). The scaffold perfectly fit into the void without any need for further adjustment. Additionally, soft tissue coverage was made by a latissimus dorsi flap from the left side. Cement spacer removal, plate osteosynthesis, and graft insertion were made using a palmar approach to the right forearm (Figure 4). Prior to insertion, the scaffold was filled up with 35 cc autologous bone graft taken from the left femur with the reamer irrigator aspirator system (RIA 2 system, DePuy Synthes, Zuchwil, Switzerland) as shown in Figure 4.



For soft tissue coverage, a latissimus dorsi flap was prepared on the left side with an additional vascular serratus arcade, including a small portion of serratus anterior muscle (Figure 5).



For graft cage vascularization, this vascular pedicle was placed and fixed into the aperture located on the outer cage frame (Figure 6).



The flap itself was connected to brachial vessels by end-to-side anastomoses. The clinical result, postoperative X-ray, digital subtraction angiography, and CT scan showing an accurate implant position with proper articulation and adequate graft vascularization are displayed in Figure 7, Figure 8 and Figure 9.



Microbiological specimens taken during this operation still remained without bacterial colonization. However, systemic antibiotic therapy was applied for another two weeks postoperatively. At 3 months follow-up, no clinical signs of infection were apparent, with an adequate elbow function (Figure 10). The radiological diagnostics, including X-ray and CT scan at this timepoint, showed no implant failure and timely bony integration, especially in the interface between the distal and proximal host bone and the graft cage (Figure 11).




3. Discussion


Reconstruction of large segmental bone defects still represents a major challenge in musculo-skeletal surgery. Patient-specific scaffolds represent a new treatment option for bony defect restoration [22,23,24]. Thereby, 3D printing based on a CT scan enables individualized and tailor-made fitting of the custom-made scaffold into the bone defect. In the present case, we used a vascularized graft cage (BellaSeno GmbH, Leipzig, Germany). This fully bioresorbable 3D-printed scaffold consists solely of polycaprolactone and provides osteoconductive characteristics. Accordingly, additional autologous bone grafting and/or synthetic bone substitutes offering osteogenic and osteoinductive properties are imperative. In the present case, a sufficient amount of autologous bone graft was harvested from the contralateral femur using the RIA system, helping to reduce donor-site morbidity [25,26]. Besides osteogenesis, osteoconductivity, and osteoinductivity, the induction of angiogenesis and vascularity play a crucial role after scaffold implantation [15,16,17,18,19,20]. In this context, the impregnation of 3D-printed scaffolds with angiogenetic factors and/or cells represents a promising concept in tissue engineering [27,28]. So far, there is only experimental study data available dealing with vascularized tissue-engineered bone. In the present case, graft cage vascularization was achieved by embedding perfused capillary muscle tissue into a patient-specific, 3D-printed scaffold in combination with a freedom latissimus dorsi flap for soft tissue coverage. In the case of a missing vascular muscle arcade, placing an arterio-venous loop into the scaffold would have been an alternative option. However, preparing an AV-loop is surgically more sophisticated as micro-anastomoses are needed and a microcapillary environment like in a natural pedicle is missing. To the authors’ knowledge, this is the first description globally of such a surgical technique for graft vascularization. Therefore, we primarily focused on the feasibility and safety of the presented surgical procedure. However, X-ray images of the right forearm 3 months after the surgical procedure showed a timely osseous integration, yet without full bone defect restoration. The next appointment with clinical and radiological examination is intended 6 months after the surgical intervention. Additional long-term follow-up is planned for 12, 18, and 24 months after the operation, including X-ray and an optional CT scan for evaluating further bony consolidation. It might be argued that free vascularized fibular grafts are more commonly used compared to custom-made graft cages offering excellent results with a bony defect restoration rate of 95% [29]. However, several disadvantages of free vascularized fibular grafts have been reported. Donor-site morbidity, sophisticated microsurgical technique, long osseus consolidation time, and fragile bone reconstruction due to limited transplant diameter represent major problems [30]. Additionally, different postoperative complications are reported in up to 54%, including partial flap necrosis, arterial thrombosis, venous congestion, and graft fracture [29]. In comparison to the Masquelet technique, the use of patient-specific, 3D-printed scaffolds is associated with a lower bone graft volume needed for defect reconstruction. Furthermore, the scaffold’s support frame prevents the sedimentation and diffusion effects of autologous bone graft and results in tubular bone formation with favorable biomechanical properties compared to unphysiological rigid bone block in the Masquelet technique [31,32,33,34]. Furthermore, central perfusion problems with an increased risk for graft resorption can occur with pure bone grafting in critical-size segmental bone defects > 3–5 cm [35]. If this threshold is exceeded, transplant and graft vascularization are recommended [1,36]. In the present case report, graft vascularization was achieved by a vascular pedicle placed and fixed into the outer cage frame more in the middle part of the scaffold, as indicated by the red frame in Figure 8. This might be unfavorable as the most critical bone healing areas are located in the interface between the distal and proximal host bone and the graft cage. However, in the present case, only one vascular pedicle consisting of a vascular serratus arcade and a small portion of serratus anterior muscle was available. The positioning and embedding of this vascular pedicle into the scaffold were mainly limited by its length. In order to avoid any torsion, stretching, and kinking, the vascular pedicle entered the scaffold in a flat entrance angle through an outer cage aperture at the proximal third of the graft cage and finally ended in the middle part. In addition, it has to be mentioned that there are some challenges with regard to regulatory requirements as the custom-made scaffold used in the present case is not an officially certified medicinal product. In fact, the surgical procedure described represents an individual medical treatment of the surgeon’s own responsibility. The patient must be fully informed about the healing attempt, and an additional consent form has to be signed. However, the custom-made polycaprolactone bone scaffold (MDR 770239) aligns with the stringent criteria defined for ‘custom-made devices’ in EU regulation 2017/745 article 2(3) as it is specifically made in accordance with a written prescription of any person authorized by national law by virtue of that person’s professional qualifications, has specific design characteristics, and is intended for the sole use of a particular patient exclusively to meet their individual conditions and needs. Additionally, it is not mass-produced, and no templates, precursors, or base product have been made to be adapted later. Moreover, adherence to regulatory standards involves compliance with EU regulation 2017/745 article 52(8) and annex XIII. Notably, the commitment to quality is underscored by the possession of an EU quality management system certificate, in accordance with regulation (EU) 2017/745 and annex IX chapter I and III. This certification solidifies the custom-made polycaprolactone bone scaffold as a class III implantable medical device, attesting to its adherence to the highest standards of safety and efficacy.



In general, 3D-printed scaffolds represent a promising approach in order to overcome the limitations, morbidities, and complications of the conventional treatment options for critical-size bone defects like acute shortening, amputation, bone grafting, the Masquelet technique, bone transport, and vascularized free bone transfer. Firstly, 3D-printed titanium scaffolds were used mainly in complex cases with bone defects at the distal tibia and foot. The study results indicate sufficient implant strength and stability with acceptable clinical outcomes [37,38]. However, difficulties in bone formation visualization within titanium scaffolds as well as wear and corrosion problems with potential chronic inflammation display major limitations [37,38,39]. Furthermore, differences in elasticity between titanium and natural bone may lead to stress shielding and bone resorption [40]. Accordingly, custom-made biodegradable scaffolds were developed [41]. Thereby, medical-grade polycaprolactone (mPCL) in combination with tricalcium phosphate (TCP) was identified as a suitable biomaterial with adequate mechanical stability, osteoconduction, and bioresorbability for the restoration of critical-size bone defects [22,42,43]. The current case series described complete bone repair and osseous remodeling in large femoral and tibial bone defects using such 3D-printed scaffolds [23,24]. Recently, angiogenesis and vascularity came into focus as decisive and limiting factors for bone regeneration [15,16,17,18,19,20]. In addition, the impregnation of 3D-printed graft cages with angiogenetic factors and/or cells and the use of vascularized corticoperiosteal–cutaneous flaps were achieved [22,44,45]. In 1993, Cappana et al. first described a surgical procedure for graft vascularization in terms of a “combined graft” [46]. In detail, this surgical technique is based on the idea of bridging large bone defects by a massive allograft as an outer peripheral shell with an additional centrally placed micro-vascular fibular autograft [46]. Castrisos et al. developed a modified Capanna technique and reported four cases of bone defect reconstruction in 2022 [47]. Besides one congenital bone defect, bone defects have resulted from osteomyelitis, trauma, and bone tumor resection (Ewing sarcoma) [47]. Bone defect reconstruction was achieved by using 3D-printed mPCL-TCP scaffolds wrapped in vascularized free cortico-periosteal flaps [47]. In the presented case report, we firstly describe a new surgical technique for graft vascularization by embedding a vascular muscle arcade directly into a patient-specific, 3D-printed mPCL scaffold. The described surgical procedure represents an innovative and promising approach for the restoration of extensive bone defects, avoiding the need for cortico-periosteal flaps or centrally placed micro-vascular fibular autografts.
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Figure 1. X-ray images (AP and lateral view) of the right forearm: (a) at the time of admission; (b) after 1st operation; and (c) before bone reconstructive surgery. 
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Figure 2. CT-based digital planning view of the scaffold with basic (blue) and locking part (purple), and outer cage aperture for graft vascularization (red frame). 
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Figure 3. 3D-printed graft cage. 
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Figure 4. Intraoperative images: (a) patient’s positioning and setting; (b) palmar and (c) dorsal soft tissues of the right forearm; (d) palmar approach to the forearm and preparation of the cement spacer; (e) Masquel