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Long-term behavior of the vascularized fibular free flap for reconstruction of bony defects in children

Introduction

Limb salvage surgery is now the standard goal for most tumors or benign diseases affecting the extremities in the pediatric population. Although bone cancers in children are relatively rare, they can lead to amputation or death [START_REF] Mckee | Microvascular bone transplantation[END_REF]. The innovations in the chemotherapeutic and radiotherapy fields for the past forty years of both osteosarcoma and Ewing sarcoma, have allowed salvage and a functional limb [START_REF] Piper | Pediatric lower extremity sarcoma reconstruction: A review of limb salvage procedures and outcomes[END_REF](3)(4). Neurofibromatosis, which is also very rare, causes pseudarthrosis [START_REF] Codivilla | On the cure of the congenital pseudoarthrosis of the tibia by means of periosteal transplanation[END_REF].

Because of the pathological bone tissue, union and growth are difficult to achieve.

Segmental resection of the extremity in children presents a unique reconstructive challenge, combining technical demands, with the need for long-term structural stability and growth potential (3)(6) [START_REF] Moran | The use of massive bone allograft with intramedullary free fibular flap for limb salvage in a pediatric and adolescent population[END_REF] [START_REF] Chen | Reconstruction of extremity long bone defects after sarcoma resection with vascularized fibula flaps: a 10-year review[END_REF]. Many techniques have been used to reconstitute bone defect: metallic endoprosthesis implantation (9), Ilizarov's technique, massive cadaveric allografts [START_REF] Mankin | Longterm results of allograft replacement in the management of bone tumors[END_REF] [START_REF] Hornicek | Factors affecting nonunion of the allograft-host junction[END_REF] with high rates of complication.

The vascularized fibular graft is capable of osteogenesis [START_REF] Cypher | Biological principles of bone graft healing[END_REF] [START_REF] Cariou | Bone vascularization. Anatomic and physiological considerations, surgical deductions concerning osteosynthesis procedures and vascularized bone graft[END_REF], has the intrinsic ability to resist infection, undergoes primary bone healing and responds to repetitive and increasing loads by hypertrophy and remodeling [START_REF] Enneking | Autogenous cortical bone grafts in the reconstruction of segmental skeletal defects[END_REF]. Composite defects can be reconstructed by harvesting muscle and skin with the flap [START_REF] Chen | The study and clinical application of the osteocutaneous flap of fibula[END_REF]. For lower limb reconstructions and large segmental bony defects, a long period of nonweightbearing is necessary for the osteotomy sites to unite and the fibula to hypertrophy. Capanna et al advised combining massive bony allograft with an intramedullary vascularized free fibula [START_REF] Capanna | A new technique for reconstruction of large metadiaphyseal bone defects : a combined graft (allograft shell plus vascularized fibula)[END_REF].

We present a group of 25 consecutive children who underwent bony reconstruction using the free fibula flap for malignant or benign diseases. Our aim is to evaluate the surgical and functional outcomes, and the patients' scholar activities.

Patients and method

This is a monocentric study of 25 consecutive pediatric patients who underwent reconstruction of bony defect resections for pseudarthrosis or oncologic reasons with a vascularized fibula free flap during a 13-year time between 2004 and 2017.

Data were obtained retrospectively from medical, radiological and photographic files of the Orthopedic Pediatric unit and Plastic Surgery unit. It included patient demographic information, histological diagnosis, procedure, fixation technique. Primary outcomes were time to bony union, degree of graft hypertrophy and limb length equality. Perioperative and long-term complications were noted. Donor-site morbidity, episodes of delayed union as defined by the need of cancellous bone graft, or nonunion, stress fracture and limb deformity were recorded. Secondary functional outcomes, including time to partial and full weight bearing, time to school and sport activities, evaluation of the scars and pain were evaluated. The Musculoskeletal Tumor Score was also noted.

Results

Twenty-five patients were operated on. There were 15 female and 10 male patients and their average age was 10 years. The mean follow-up time was 86 months. (Table1). Tumor diagnosis was present in 21 patients (84 percent), including 10 Ewing sarcomas, 9 osteosarcomas, 1 rhabdomyosarcoma and 1 adamantinoma.

All were primitive tumors. The remaining 4 patients (16 percent) were diagnosed with congenital pseudarthrosis.

Each of the 20 oncological patients (80 percent) underwent preoperative and postoperative chemotherapy. Five patients with Ewing sarcoma and the patient with rhabdomyosarcoma underwent postoperative irradiation. Twenty-three patients (92 percent) remain alive. All patients underwent immediate reconstruction. The mean bony defect was 13 cm, corresponding to 52 percent of the bone length. The location for reconstruction consisted of 28 percent in the upper extremity, 60 percent in the lower extremity, 8 percent in the pelvis and 4 percent in the spine. All final surgical margins were negative except one (patient 6) (Table 2).

Five types of reconstructive options were used. Free vascularized fibular flap as a sole bony replacement was used in 11 cases. The association with an allograft (Capanna's method) was used in 3 cases using the intramedullary technique. The free double-barreled fibula was used in 3 cases (Fig 1 ) too. We used a triple-barreled in patient 22 who was suffering from a severe form of neurofibromatosis. At last, we used the two fibula in 3 cases of femoral reconstruction for young children (Fig 2).

The mean length of the harvested fibula flaps was 18 cm. Local fragments of cortico cancellous bone graft were added at the junctional osteotomy sites in 36 percent, including one inter tibio-fibular graft. Arthrodesis was performed in 9 cases. Mean length of remaining fibula was 59 mm. Sixty percent of the patients had a syndesmosis during surgery. Fixation method was determined by the position of the defect. Seventy-six percent underwent internal fixation and six patients had external fixation.

During the perioperative period, the overall complication rate that required surgery was 32 percent, mostly at the recipient site. They were dominated by local infection and wound breakdown. All flaps survived. (Table 3). At the donor site, muscle weakness involved the flexor hallucis, the extensor hallucis longus and one paresis of the common fibular nerve, all impermanent. Patient 22 presented acute ischemia with revascularization during surgery, and patient 19 had a huge hematoma with reoperation.

Two patients died because of pulmonary and brain metastasis. (Table 4). Thirty-six percent of patients (n = 9) experienced nonunion at the flap/native junction and required reoperation with cortico cancellous graft to achieve union. 5). Hypertrophy of the fibula flap occurred in 56 percent of patients (n = 14). Fifty-seven percent of the fibula in the upper limb showed a mean hypertrophy of 47 percent. Hypertrophy of the fibula in the lower limb occurred in 67 percent, with a mean hypertrophy of 154 percent. There was no significant hypertrophy in the spine or pelvis reconstruction cases. Limb-length discrepancy occurred in 32 percent of patients (n = 8), with 2 localizations in the upper limbs and one in the pelvis. Five patients presented a leg length discrepancy. Three of them required corrective surgery.

Mean time to partial weight bearing was 2.4 months, and mean time to full weight bearing was 7.8 months. Mean time to school was 7 months. Seventy-eight percent of surviving patients were able to perform physical activities, at school or during personal time with a mean time of 24 months. Those who did not perform physical activities explained it was related to the surgery. The mean Musculoskeletal Tumor Score was 23 with no difference between upper or lower limb, or benign or tumor diagnosis. Seventy-eight percent of patients assessed the donor-site scar as very good and quite bad at the recipient site.

Discussion

Surgical limb preservation has become one of the goals of treatment for bony tumors or bony defects of the extremities (17)(18) [START_REF] Sainsbury | Long-term outcomes following lower extremity sarcoma resection and reconstruction with vascularized fibula flaps in children[END_REF]. Nevertheless, segmental defects in the pediatric population can compromise growth and ambulation.

In this series, the overall rate of limb salvage was 100 percent. Others report rates ranging from 96 to 100 percent (8) [START_REF] Zaretski | Free fibula long bone reconstruction in orthopedic oncology: a surgical algorithm for reconstructive options[END_REF].

A segmental defect larger than 6 cm is treated with a vascularized fibular flap to maximize bony union, remodeling and hypertrophy. We tend to promote normal growth and development so that children can perform daily life activities as soon as possible. New techniques have developed to avoid sequelae related to harvesting the fibula. The induced membrane technique described by Masquelet in 1986 to treat septic pseudarthrosis ( 21) is more and more popular. Many studies now show its use to reconstruct large bony defects in the pediatric population [START_REF] Villemagne | Intercalary segmental reconstruction of long bones after malignant bone tumor resection using primary methyl methacrylate cement spacer interposition and secondary bone grafting: the induced membrane technique[END_REF] [START_REF] Fitoussi | Is the Induced-membrane Technique Successful for Limb Reconstruction After Resecting Large Bone Tumors in Children?[END_REF] [START_REF] Chotel | Induced membrane technique for reconstruction after bone tumor resection in children: a preliminary study[END_REF].

To reconstruct femoral bony defect, the contralateral fibula was associated with an allograft if the patient had already started his growth. If not, it was associated with the ipsilateral fibula. Tibial reconstructions were managed with a double-barreled fibula, as described by Jones [START_REF] Jones | The "double barrel" free vascularized fibular bone graft[END_REF]. Zaretski presented a surgical algorithm for bony reconstruction using the free fibula flap [START_REF] Zaretski | Free fibula long bone reconstruction in orthopedic oncology: a surgical algorithm for reconstructive options[END_REF]. When the epiphysis was included in the resection, we performed an arthrodesis.

The approach of fixation depended on the localization of the defect. We used internal fixation in 82 percent of patients. The fixation method is controversial in the studies (26)(27)(28) although everyone agrees on its effect on the fibular vascularization [START_REF] Cariou | Bone vascularization. Anatomic and physiological considerations, surgical deductions concerning osteosynthesis procedures and vascularized bone graft[END_REF].

Complication rates in limb salvage surgery vary from 20 to 69 percent. In our study, the overall perioperative complication rate was 32 percent. Perioperative donor-site morbidity was also transient, and was similar to the rate reported (6)(3)(29).

Graft union is the key to allow children to grow and develop normally. Limb graft union has been reported to be 70 to 100 percent, with average time to union ranging from 4 to 24 months (3)(26)(30)(27)(8) [START_REF] Hsu | Free vascularised fibular grafting for reconstruction after tumour resection[END_REF]. No relation between the time to union and diagnosis, localization, fixation or initial bone grafting could be made, probably because of the small sample size. Eighty percent patient with nonunion or tight pseudarthrosis underwent internal fixation. Other reports that internal fixation allows a better union because of its stability [START_REF] De Boer | Reconstruction of large skeletal defects by vascularized fibula transfer. Factors that influenced the outcome of union in 62 cases[END_REF]. Almost all patients received preoperative and postoperative chemotherapy, which can delay bony union [START_REF] Friedlaender | Effects of chemotherapeutic agents on bone. I. Short-term methotrexate and doxorubicin (adriamycin) treatment in a rat model[END_REF]. Bone grafting enhance osteoinduction [START_REF] Boer | Bone changes in the vascularized fibular grafts[END_REF], but its harvesting remains morbid. We believe its use during the initial reconstruction must depends on the location, fixation and oncological treatments.

Graft fracture is a common phenomenon after vascularized free flap, as a physiological way to enhance hypertrophy. Fracture rates in oncological reconstructions range from 21 to 62 percent (26) [START_REF] Schwarz | Reconstruction of oncologic tibial defects in children using vascularized fibula flaps[END_REF] [START_REF] Boer | Bone changes in the vascularized fibular grafts[END_REF]. In our study, 48 percent of patient fractured their fibula flap at least once. Studies show that the only factor affecting fracture rate is the length of the fibula flap (3)(7) [START_REF] Enneking | Autogenous cortical bone grafts in the reconstruction of segmental skeletal defects[END_REF] without impact on the union rate. In the lower limb, we recommend to protect the reconstructed limb with a cast for at least a year, until remodeling and hypertrophy are enough to allow high levels of activities [START_REF] De Boer | Reconstruction of large skeletal defects by vascularized fibula transfer. Factors that influenced the outcome of union in 62 cases[END_REF]. Harvesting the fibula can lead to long-term sequelae, such as muscle stiffness, valgus and ankle deformity. Patients usually accept them easily [START_REF] Hsu | Valgus deformity of the ankle resulting from fibular resection for a graft in subtalar fusion in children[END_REF] [START_REF] Babovic | Free fibula donor-site morbidity: the Mayo experience with 100 consecutive harvests[END_REF]. Donor-site valgus rate was 16 percent. Although 3 patients benefit from a syndesmotic screw during initial surgery, residual fibula was short (less than 5 cm).

Routine implementation of ankle stabilization has not consistently shown benefit [START_REF] Weiland | Vascularized fibular grafts in the treatment of congenital pseudarthrosis of the tibia[END_REF].

Younger age, short residual fibular length and age-residual fibula index less than 16 were found to be predictors of ankle deformity [START_REF] Nathan | Valgus ankle deformity after vascularized fibular reconstruction for oncologic disease[END_REF].

More recently, the induced membrane technique is now competing free vascularized fibular flap reconstruction [START_REF] Masquelet | Reconstruction of the long bones by the induced membrane and spongy autograft[END_REF] [START_REF] Vigouroux | Vascularised fibula or induced membrane to treat congenital pseudarthrosis of the Tibia: A multicentre study of 18 patients with a mean 9.5-year follow-up[END_REF]. Its advantages are that it is a useful, efficient and simple technique. It can be performed outside of general hospital and by one team. It also prevents from sequelae after harvesting the fibula. On the contrary, critics are the quantity of bone graft, a two-stage surgery and the risk of massive resorption [START_REF] Accadbled | Induced-membrane femur reconstruction after resection of bone malignancies: Three cases of massive graft resorption in children[END_REF]. Whereas it was first used to reconstruct posttraumatic bone defects, it is now a common alternative technique in bone reconstruction in the oncologic pediatric population (42) [START_REF] Villemagne | Intercalary segmental reconstruction of long bones after malignant bone tumor resection using primary methyl methacrylate cement spacer interposition and secondary bone grafting: the induced membrane technique[END_REF]. The mean time to union range from 6 to 12 months. Bone reconstruction using vascularized fibular transfer is largely dependent on the ability of the graft to hypertrophy and compensate for the high stress of weight bearing [START_REF] El-Gammal | Hypertrophy after free vascularized fibular transfer to the lower limb[END_REF]. Many factors can influence hypertrophy. Loading forces can cause microfractures, gross fractures and callus formation that promote it [START_REF] Weiland | Vascularized fibular grafts in the treatment of congenital pseudarthrosis of the tibia[END_REF]. (Fig 3).

The incidence of limb length discrepancy following vascularized fibula reconstruction in children varies from 0 to 69 percent [START_REF] Moran | The use of massive bone allograft with intramedullary free fibular flap for limb salvage in a pediatric and adolescent population[END_REF] [START_REF] Jacob | Outcomes of reconstructive surgery in pediatric oncology patients: review of 10-year experience[END_REF] [START_REF] Organek | Indications and outcomes of free tissue transfer to the lower extremity in children: review[END_REF]. The limb-length discrepancies seem to be more important in patient with congenital pseudarthrosis [START_REF] Pho | Free vascularised fibular graft in the treatment of congenital pseudarthrosis of the tibia[END_REF] and after tibia reconstruction [START_REF] Hariri | Free vascularised fibular graft for reconstruction of defects of the lower limb after resection of tumour[END_REF]. Ninety-one percent of surviving patients attained full weightbearing status by 18 months, and 100 percent by 2 years. Others reported an average time to range from 6 to 24 months (6)(3). It allows cyclical loading, microfractures and callus formation that promote the fibula hypertrophy [START_REF] Weiland | Vascularized fibular grafts in the treatment of congenital pseudarthrosis of the tibia[END_REF] [START_REF] De Boer | Reconstruction of large skeletal defects by vascularized fibula transfer. Factors that influenced the outcome of union in 62 cases[END_REF].

Most important, all surviving patients have been able to perform daily life activities.

Seventy-eight percent of living patients have resumed physical activities at last time of follow-up. The mean Musculoskeletal Tumor Score was 23. Seventy-eight percent of patients assessed the donor-site scar as very good and quite bad at the recipient site.

The purpose of this study was to specifically look at the long-term outcomes of bone reconstruction using a vascularized free fibula in children. There are several limitations in this study. Its retrospective nature limits the amount of data and the small size sample contains constraints on the analysis. We acknowledge that prospective studies are hard to perform in the pediatric population, and maybe a larger comparative multicenter study could help analyzing factors for each technique of vascularized fibula flaps, and others.

Conclusion

The use of vascularized free fibula flaps for limb salvage in the pediatric population after resection for oncologic or congenital pseudarthrosis reasons provides a reasonable and durable option. We believe it allows normal limb growth for children so that they can attain their full potential and lead active lifestyles. Although it is a complex surgery, with quite a high rate of complications, vascularized fibula flap seems to provide the best means of bone defect reconstruction. 

  Twelve percent of patients (n = 3) never achieved union at the end of data collection, all of them received radiotherapy. Two patients presented tight pseudarthrosis without impact on the activities of daily life. Forty-eight percent of patients (n = 12) experienced limb fracture, only one of them required operative fixation by plate. One patient presented a limb deformity. No one experienced stiffness of the reconstructed limb. Donor-site valgus deformity occurred in 16 percent of patients (n = 4), without any ankle instability. Each time, the residual fibula length was less than 42 mm. Three of them had already undergone primary syndesmomtic screw placement. Patient 13 required realignment surgery 3 years later with syndesmotic screw. Patient 13 experienced hallux claw toe. Mean time to union was 15 months. Eighty-seven percent of patients had bony union, including the two patients with tight pseudarthrosis. Patients with tumor diagnosis had quicker union at the distal junction (mean time, 13 months) than at the proximal junction (mean time, 17 months). (Table
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 1 Fig 1. Preoperative (left) and immediate postoperative (right) radiographic views of patient 4 following resection of diaphyseal tibia osteosarcoma. Postoperative view shows a doublebarreled fibula with external frame fixation.
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Fig 3 .

 3 Fig 3. Reconstruction with a double-barrel fibula. Postoperative views at 3.5-year : frontal (above left) sagittal (above right) radiographic view. At last followup 6.5-year : frontal (below left) avec sagittal (below right) radiographic views

Table 2 :

 2 Procedural characteristics Y : yes / N : no CC bone graft : cortico-cancellous bone graft / ITF graft : inter tibio-fibular graft

	Patient		Sex	Diagnosis	Chemotherapy (pre-post)	Radiotherapy (pre-post)	Recurrence	Patient statut at last follow-up	
	1	12	M	Ewing sarcoma	Pre-post	-	-	NED	82
	2	14	F	Ewing sarcoma	Pre-post	-	-	NED	138
	3	12	M	Ewing sarcoma	Pre-post	post	-	NED	18
	4	14	M	Osteosarcoma	Pre-post	-	-	NED	110
	5	12	F	Osteosarcoma	Pre-post	-	-	NED	96
	6	15	F	Osteosarcoma	Pre-post	-	Local + Metastasis	Died	56
	7	2	F	Congenital pseudarthrosis	-	-	-	NED	158
	8	8	M	Osteosarcoma	Pre-post	-	-	NED	57
	9	14	F	Osteosarcoma	Pre-post	-	-	NED	94
	10	12	M	Osteosarcoma	Pre-post	-	-	NED	35
	11	8	F	Ewing sarcoma	Pre-post	post	Locale + Méta	Died	22
	12	10	M	Ewing sarcoma	Pre-post	post	-	NED	37
	13	3	M	Ewing sarcoma	Pre-post	-	-	NED	62
	14	5	F	Congenital pseudarthrosis	-	-	-	NED	139
	15	16	F	Ewing sarcoma	Pre-post	post	-	NED	16
	16	4	M	Rhabdomyosarco ma	Pre-post	post	-	NED	140
	17	6	M	Congenital pseudarthrosis	-	-	-	NED	126
	18	9	M	Ewing sarcoma	Pre-post	-	-	NED	138
	19	16	F	Ewing sarcoma	Pre-post	-	-	NED	141
	20	13	F	Osteosarcoma	Pre-post	-	-	NED	155
	21	14	F	Osteosarcoma	Pre-post	-	-	NED	33
	22	9	F	Sarcome d'Ewing	Pre-post	post	-	NED	21
	23	7	F	Adamantinoma	-	-	-	NED	33
	24	12	F	Congenital pseudarthrosis	-	-	-	NED	137
	25	11	F	Osteosarcoma	Pre-post	-	-	NED	108
	Table 1 : Patient demographics							
	M : male / F : female							
	Pre : preoperative / post : postoperative						
	NED : no evidence of disease							

Table 5 :
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primary and functional outcomes Y : Yes / N : No

Complications

Table 3 : perioperative surgical complications