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Introduction.

The feasibility of transferring a vascularized epiphysis along with a varying length of fibular shaft has opened up new horizons for the treatment of extensive bone defects in children, notably in relation to oncologic reconstruction [START_REF] Grimer | Surgical options for children with osteosarcoma[END_REF]. As malignancies are mainly metaphyseal in children, extensive oncologic resection including the epiphysis constitutes a real therapeutic challenge. Vascularized epiphyseal transfer fills the defect and enables joint reconstruction with some recovery of function. The advantages of reconstruction using living vascularized bone are well-known [START_REF] Aldekhayel | Vascularized proximal fibula epiphyseal transfer for distal radius reconstruction in children: A systematic review: Vascularized Fibular Epiphyseal Transfer[END_REF]: rapid consolidation, with remodeling and hypertrophy of the transfer associated with enhanced protection against infection. Epiphyseal transfer with associated growth plate moreover restores longitudinal growth potential, limiting secondary limb-length discrepancy. The success of the technique depends on conserving epiphyseal vascularization by microsurgical anastomoses in the reconstructed area [START_REF] Innocenti | Free Vascularized Growth-Plate Transfer after Bone Tumor Resection in Children[END_REF][START_REF] Medrykowski | Vascularized proximal fibular epiphyseal transfer: Two cases[END_REF].

The technique has been described experimentally for over a century, and has been the focus of a few reports in the literature. Series, however, were very small [START_REF] Manfrini | Original biological reconstruction of the hip in a 4-year-old girl[END_REF], or else isolated cases [START_REF] De Gauzy | Distal Fibular Reconstruction with Pedicled Vascularized Fibular Head Graft: A Case Report[END_REF][START_REF] Innocenti | Vascularized proximal fibular epiphyseal transfer for distal radial reconstruction[END_REF], the largest series being that reported by Innocenti in 2004 [START_REF] Innocenti | Vascularized proximal fibular epiphyseal transfer for distal radial reconstruction[END_REF].

The aim of the present study was to analyze surgical technique, functional clinical results and long-term clinical and radiological growth in oncologic reconstruction in children.

Material and Method.

A retrospective study included all children operated on in the Necker Enfants Maladies Hospital and Saint Vincent de Paul Hospital in Paris, France, between 1997 and 2008 for primary malignant bone tumor with vascularized fibular epiphyseal transfer. The series comprised 7 children: 2 girls, 5 boys; mean age at surgery, 5.7 years (range, 2-8 years). Primary tumors comprised 5 Ewing sarcomas and 2 osteosarcomas (Table 1). Locations were proximal humerus in 3 cases, proximal femur in 3 and distal radius in 1. Data were collected on tumor pathology and location and the need for adjuvant treatment. The surgical technique followed Germain [START_REF] Germain | Free vascularized fibula and reconstruction of long bones in the child-Our evolution[END_REF][START_REF] Hariri | Free vascularised fibular graft for reconstruction of defects of the lower limb after resection of tumour[END_REF], harvesting a fibular segment vascularized by 1 or 2 pedicles. Vascularization was by a single artery in 5 cases: 3 peroneal, 2 anterior tibial; 2 cases associated both. Mean transplant length was 13.8 cm (range, 11-15 cm). Fixation used intramedullary nailing (preferable in children) in 6 cases and screwed plate in 1. Preventive tibiofibular screwing was associated in the same step in 6 cases. All patients had neo-adjuvant and adjuvant chemotherapy following the protocols of the French Society for the fight against Cancers and Leukemias in children and adolescents (SFCE). One patient had complementary radiation therapy.

Analysis of reconstruction included clinical and radiological study and complications. Follow-up with full clinical examination, and standard radiologic work-up was regular and systematic.

Radiologic bone consolidation criteria comprised presence of a bone bridge between transplant and recipient bone and disappearance of the osteotomy line [START_REF] De Boer | Bone changes in the vascularised fibular graft[END_REF][START_REF] Lazar | Free vascularized fibular grafts: radiographic evidence of remodeling and hypertrophy[END_REF]. Consolidation was graded as good (primary union of both extremities), moderate (requiring one or more reinterventions), or poor (non-union at an extremity at last follow-up) [START_REF] Laffosse | Reconstruction osseuse des os longs après exérèse carcinologique par l'utilisation de greffons fibulaires vascularisés chez l'enfant et l'adolescent[END_REF]. Graft hypertrophy was measured following De Boers and Wood [START_REF] De Boer | Bone changes in the vascularised fibular graft[END_REF][START_REF] Laffosse | Reconstruction osseuse des os longs après exérèse carcinologique par l'utilisation de greffons fibulaires vascularisés chez l'enfant et l'adolescent[END_REF] and was considered significant when >20%. Complications and their management were collected.

Results

Mean follow-up was 11 years (range, 3 years 11 months to >17 years). All patients were alive and in tumoral remission. There was no loss to follow-up. Clinically, joint function was satisfactory in 85% of cases. Among the 3 patients with lower-limb surgery, 1 recovered unassisted walking with full weight-bearing by 6 months, with excellent function; the other 2 required orthoses or crutches. In cases involving the proximal humerus, function was satisfactory in daily living despite restricted range of motion (Figure 1).

Radiologically, significant graft thickening, indicating integration, was systematic (Figure 2). The growth plate remained open in 4 cases, allowing continued growth. In the 3 lower-limb cases, residual limb-length discrepancy was slight (2-3.5 cm) and did not require contralateral epiphysiodesis. Complications, both early and late, were frequent (Table 2). There were 2 cases of common peroneal nerve palsy, showing spontaneous regression, and 1 postoperative infection with growth arrest in the transferred cartilage. Two consolidation defects required revision surgery, with favorable progression after a single bone graft (Figure 3E). There were 8 fractures in 5 children (71%) (Figure 3, B-D), including 2 late fractures at respectively 7 (Figure 2F) and 14 years, despite good radiologic graft quality with significant hypertrophy (Figure 3D). There was 1 case of synostosis between the two forearm bones, causing loss of pronationsupination (Figure 3F). One 7 year-old child with progressive coxa valga graft malalignment at 4 years post-surgery and joint exposure required revision surgery associating varus osteotomy, acetabuloplasty and diaphyseal realignment osteotomy (Figure 4). There was 1 case of shoulder subluxation at the upper limb, without functional impact (Figure 3A). There was 1 case of superior tibial epiphysiodesis where both peroneal and anterior tibial arteries had been harvested, with favorable progression after physeal bar resection (Figure 4H). The only case without preventive syndesmodesis showed valgus deviation of the ankle, treated by medial malleolar screwing (Figure 3H). Harvesting from the knee did not lead to any instability.

Discussion

The present retrospective study reported a homogeneous exclusively pediatric series, with considerable residual growth potential. All patients were under 8 years old at surgery, the youngest being 2 years old. Mean follow-up was more than 11 years. Growth prostheses provide insufficient results in this age range [START_REF] Schinhan | Extendible Prostheses for Children After Resection of Primary Malignant Bone Tumor: Twentyseven Years of Experience[END_REF][START_REF] Ayoub | Extensible endoprostheses of the humerus after resection of bone tumours[END_REF] and fusion does not address the growth issue.

Vascularized fibular proximal epiphyseal transfer was first used for radial and proximal humeral reconstruction. The fibular epiphysis and diaphysis are especially well-suited in size and shape for bone defects in these locations [START_REF] Innocenti | Vascularized proximal fibular epiphyseal transfer for distal radial reconstruction[END_REF][START_REF] Innocenti | Vascularized Epiphyseal Transplant[END_REF]. Fibular epiphyseal transfer was also reported in lower-limb reconstruction at the superior femur [START_REF] Germain | Free vascularized fibula and reconstruction of long bones in the child-Our evolution[END_REF] and lateral malleolus [START_REF] De Gauzy | Distal Fibular Reconstruction with Pedicled Vascularized Fibular Head Graft: A Case Report[END_REF].

Only the fibula has the requisite biological and biomechanical properties for long-bone diaphyseal or epiphyseal defect reconstruction in children [START_REF] Innocenti | Vascularized Epiphyseal Transplant[END_REF]. Simultaneous harvesting of a vascularized skin and muscle paddle is possible. A biceps tendon strip can be harvested at the same time, to restore function and ensure transfer stability. At the donor site, secondary knee instability is prevented by transosseous reinsertion of the lateral collateral ligament and distal biceps tendon.

Various pedicles can be used for epiphyseal transfer: isolated peroneal artery, peroneal plus anterior tibial arteries, peroneal artery plus an epiphyseal branch, or isolated anterior tibial artery [START_REF] Medrykowski | Vascularized proximal fibular epiphyseal transfer: Two cases[END_REF]. Choice is discussed in the literature. The distinct origins of epiphyseal and diaphyseal vascularization encouraged harvesting both peroneal and anterior tibial arteries [START_REF] Taylor | The anterior tibial vessels and their role in epiphyseal and diaphyseal transfer of the fibula: experimental study and clinical applications[END_REF], liable to lead to hypothrophy of the donor-side foot, although this did not occur in the present series. To avoid excessive vascular sacrifice, other authors use an isolated peroneal artery, counting on perichondral and musculo-periosteal vascularization to vascularize the growth plate [START_REF] Pho | Free vascularised epiphyseal transplantation in upper extremity reconstruction in upper extremity reconstruction[END_REF][START_REF] Shea | Growth of the proximal fibular physis and remodeling of the epiphysis after microvascular transfer. A case report[END_REF]. Cadaver studies showed that the anterior tibial artery contributes to vascularization of the proximal half or two-thirds of the fibular shaft [START_REF] Taylor | The anterior tibial vessels and their role in epiphyseal and diaphyseal transfer of the fibula: experimental study and clinical applications[END_REF] and is the origin of the anterior and posterior recurrent branches feeding the growth plate.

Preoperative arteriographic or CT-angiographic study of fibular vascularization could help guide choice of pedicle.

Mean graft growth ranges between 0.5 and 1.72 cm/year [START_REF] Medrykowski | Vascularized proximal fibular epiphyseal transfer: Two cases[END_REF][START_REF] Zelenski | The vascularized fibular graft in the pediatric upper extremity: a durable, biological solution to large oncologic defects[END_REF]. In the present series, hardware was removed in several cases, preventing assessment of transfer progression and growth at last follow-up [START_REF] Innocenti | Vascularized proximal fibular epiphyseal transfer for distal radial reconstruction[END_REF]. Radiologically, the growth plate remained open and reoriented in 4 cases but seemed functional, with stable lower limb-length discrepancy over time and 1 case of true continuation of upper-limb growth.

Adaptive changes occur in the graft, with up to 250% enlargement in the metaphysis and 200% in the epiphysis [START_REF] Barrera-Ochoa | Eight-year follow-up after vascularized fibular epiphyseal transfer for hip reconstruction[END_REF]. Deformation can also occur: e.g., coxa valga at the transplant requiring surgical realignment [START_REF] Medrykowski | Vascularized proximal fibular epiphyseal transfer: Two cases[END_REF] (Figure 4). Various studies discuss the mechanical considerations: graft loading differs between lower-and upper-limb reconstruction [START_REF] Medrykowski | Vascularized proximal fibular epiphyseal transfer: Two cases[END_REF]. Some authors advocate reinforcement by sleeve allograft [START_REF] Manfrini | Original biological reconstruction of the hip in a 4-year-old girl[END_REF].

Fixation can be by plate or nail; it has to be reliable enough to ensure stability, but without excessive hardware threatening graft vascularization. Stability is enhanced by embedding the assembly within the medullary canal of the recipient bone. A plate bridging the graft can give satisfactory fixation but is liable to prevent graft thickening. Intramedullary fixation can be made difficult by the size of the fibula in very young children, and may also impair endosteal circulation.

Like in previous reports, the main complication was graft fracture, at rates varying from 20% to 40% in the literature [START_REF] Gebert | Free vascularized fibular grafting for reconstruction after tumor resection in the upper extremity[END_REF][START_REF] Rose | Vascularized Free Fibula Transfer for Oncologic Reconstruction of the Humerus: Clinical Orthopaedics and Related Research[END_REF], much less than the 71% rate in the present series, where patient age may account for poorer compliance with instructions for precaution and at-risk activities. Transfer fracture may be managed non-operatively, achieving consolidation after a normal interval. It is important to warn patients and family of the risk of fracture, including over the long term.

Peroneal nerve palsy is frequent, due to dissection close to the neurovascular pedicle, with 2 cases in the present series (28%). In the largest published series, the rate was 50% (3/6) [START_REF] Innocenti | Vascularized proximal fibular epiphyseal transfer for distal radial reconstruction[END_REF]. It is important to warn patients and family of this risk of postoperative palsy.

When fibular shaft harvesting is extensive, valgus deviation of the ankle needs preventing by tibiofibular syndesmodesis [START_REF] Germain | Free vascularized fibula and reconstruction of long bones in the child-Our evolution[END_REF], fibular graft reconstruction having failed to show benefit.

In the literature, the present technique has been applied in congenital non-union [START_REF] Bae | Use of Free Vascularized Fibular Graft for Congenital Ulnar Pseudarthrosis: Surgical Decision Making in the Growing Child[END_REF], certain infectious problems [START_REF] Debarge | Failed vascularized proximal fibular epiphyseal transfer for hip reconstruction following infection in children[END_REF], of for radial club hand [START_REF] Sawaizumi | Free vascularised epiphyseal transfer designed on the reverse anterior tibial artery[END_REF]. Cross-sectional magnetic imaging with 3D reconstruction should improve analysis of graft and remodeling.

Conclusion

Progress in chemotherapy has improved survival in children with bone sarcoma. Biological reconstruction, when feasible, is now the gold-standard. Vascularized epiphyseal transfer is a difficult technique, with frequent complications, but enables reconstruction of a bone segment involving the epiphysis in young children, thereby conserving growth and function.
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 1 Figure 1. (A) Resection of superior humeral Ewing sarcoma with vascularized epiphyseal transfer reconstruction. (B) Fracture at 4 years, (C) treated non-operatively, (D) with favorable progression, (E) and relatively conserved range of motion.

Figure 2 .

 2 Figure 2. (A) 2 years, proximal femoral Ewing sarcoma. (B,C) Resection + 12 cm epiphyseal transfer. (D, E) Growth with graft hypertrophy and morphologic adaptation. (F) Fracture at 4 years after primary surgery (G) treated surgically, (H) last follow-up (15 years).

Figure 3 .

 3 Figure 3. Complications. (A) Dislocation. (B,C,D and E) Graft fracture. (E) Non-union. (F) Radioulnar synostosis. (G) Epiphyseal necrosis. (H) Valgus ankle, treated by medial malleolar screwing.

Figure 4 .

 4 Figure 4. (A) 3 years, proximal femoral sarcoma. (B) Resection and reconstruction by vascularized epiphyseal transfer. (C) Graft hypertrophy at 3 years. (D) Shaft deformity at 4 years. (E) Coxa valga and joint exposure. (F) Varization osteotomy acetabuloplasty. (G) Diaphyseal osteotomy and realignment. (H) Full length weightbearing X-rays at 10 years: effective superior tibial physeal bar resection. (I) At 12 years.
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 2 Complications and treatments.