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Introduction

The treatment of segmental bone defects remains a challenge for orthopedic surgeons. The scope of this problem was exposed during the 2010 symposium of the French Society for Orthopedic and Trauma Surgery (SOFCOT) [START_REF] Masquelet | Reconstruction des pertes de substance osseuse diaphysaires d'origine traumatique. Stratégies, recommandations, perspectives[END_REF]. Masquelet first described his innovative technique for treating segmental bone defects using an induced membrane in 1986 [START_REF] Masquelet | Reconstruction of the long bones by the induced membrane and spongy autograft[END_REF]. This two-step technique consists of resecting necrotic or nonviable tissue. The first step involves inserting a polymethylmethacrylate (PMMA) cement spacer and mechanically stabilizing the bone (T1). A musculocutaneous flap is added in some cases. In the second step (T2), typically done 4-6 weeks after the first, the cement spacer is removed, and cancellous bone graft is placed inside the membrane that formed around the cement. [START_REF] Masquelet | Bone repair using the Masquelet technique[END_REF].

Alternatives to Masquelet's technique are an isolated autograft, immediate shortening during the first surgery, free vascularized bone graft, the Ilizarov technique and the Papineau technique [START_REF] Mauffrey | Management of segmental bone defects[END_REF]. There are very few published studies describing the treatment of segmental bone defects of the forearm using the induced membrane technique. The function of the wrist and elbow joints is rarely evaluated [START_REF] Morelli | Masquelet technique: myth or reality? A systematic review and meta-analysis[END_REF].

This article summarizes our experience with treating segmental bone defects of the forearm using the induced membrane technique. The primary objective was to evaluate the time to bone union. The secondary objectives were to evaluate the function of the joints above and below the treated bone segment and the patients' quality of life over the long term.

Materials and methods

Patients

This was a retrospective descriptive study performed at a university hospital of patients treated over a 13-year period. All adult patients with a segmental bone defect in the forearm treated with the induced membrane technique were included. The following data were collected: age, sex, bone involved, location and cause of segmental bone defect, Gustilo grade if open fracture, other injuries in polytrauma patients, type of bacteria if infected site, defect length, diameter and volume, time to treatment after diagnosis, type of fixation device, type of cement, type of bone graft, use of biomaterials, interval between T1 and T2, complications, number of procedures after T1, whether the infection resolved or not, time to radiological bone union, and union rate. The time to treatment for patients with infections or tumors was the time elapsed between T1 and the histological and microbiological confirmation.

Surgical technique

T1 consisted of applying the PMMA cement spacer; T2 was the bone graft step (Figs. 1,2).

In open fracture cases, any contaminated tissues were debrided. No external fixators were used. Internal fixation consisted of two 3.5-mm thick locking plates placed orthogonally on the diaphysis and a single plate on the metaphysis. PMMA cement containing gentamicin (Palacos ® R+G, Heraeus Kulzer GmbH) was placed in the bone defect.

T2 was carried out once wound healing was achieved, provided there were no clinical or biological signs of infection. The initial incision was reused for T2. The induced membrane was opened but preserved and the cement spacer was removed. The medullary cavity was reopened, and the bone ends debrided. Bone graft was harvested from the patient's iliac crest, femur (using the Reamer Irrigator Aspirator [RIA], Synthes™, West Chester, PA, USA) or distal radius. In patients with bone infections, samples were collected for microbiology analysis, and the fixation device was exchanged.

Outcomes

The patients were invited for an in-person final assessment, at which point information about the follow-up period, smoking habits, and presence of diabetes or vascular problems was collected. The functional evaluation consisted of determining pain intensity on a visual analog scale (VAS), range of motion (ROM) of the joints above and below the bone segment using a goniometer, the QuickDASH score to assess upper limb function, the Mayo Elbow Performance Score (MEPS) to assess elbow function, the Herzberg score to assess wrist function, and the American Shoulder and Elbow Surgeons-Elbow (ASES) and Constant-Murley scores to assess shoulder function. Quality of life was evaluated using the Short Form 36 (SF-36).

2.4. Segmental bone defect and time to union AP and lateral radiographs of the forearm were made. The length of the defect was measured in millimeters on four cortical surfaces (two on AP view and two on lateral view), then averaged. The mean diameter of the defect was determined the same way. The mean volume of the defect was determined by modeling the defect as a cylinder. The time to union was defined as the time elapsed between T2 and when bone union was confirmed on radiographs. Radiological bone union was the first date on which three of the four cortices had visible bone bridges. Clinical bone union was defined as radiological bone union with no interfragmentary motion in the treated bone segment. Any patient who had not achieved either radiological or clinical bone union was defined as having a nonunion. The infection was said to have resolved when the following three criteria were met: CRP < 10 mg/L, no clinical signs of infection (inflammation, fistula, movement at nonunion site), radiological bone union without osteolysis.

Results

Six patients were included. Their mean age at T1 was 40 years (range, 17-78). Five patients were nonsmokers. None had diabetes or vascular disease.

The bone defect was primary or posttraumatic in two patients and secondary in four patients. Among the four patients who had a secondary bone defect, one was due to aseptic nonunion, two to osteomyelitis or septic arthritis of the wrist, and one to a giant-cell tumor.

The mean defect length was 64 mm (range, 48-110). The mean diameter was 18 mm (range, [START_REF] Boone | Complications of iliac crest graft and bone grafting alternatives in foot and ankle surgery[END_REF][START_REF] Stafford | Reamer-irrigator-aspirator bone graft and bi Masquelet technique for segmental bone defect nonunions: a review of 25 cases[END_REF][START_REF] Masquelet | Very long-term results of post-traumatic bone defect reconstruction by the induced membrane technique[END_REF][START_REF] Nau | Alteration of Masquelet's induced membrane characteristics by different kinds of antibiotic enriched bone cement in a critical size defect model in the rat's femur[END_REF][START_REF] Christou | The Masquelet technique for membrane induction and the healing of ovine critical sized segmental defects[END_REF][START_REF] Heitmann | Treatment of segmental defects of the humerus with an osteoseptocutaneous fibular transplant[END_REF][START_REF] Klaue | Effet biologique des membranes à corps étranger induites in situ sur la consolidation des greffes d'os spongieux[END_REF][21][22]. The mean volume was 31.4 cm 3 (range, 9.2-80.6). Table 1 summarizes the main characteristics of the included patients. The mean time to treatment was 3.3 months (range, 0-7.6). Two plates were used for primary fixation in three patients and one plate in the other three patients. Primary skin closure was feasible in all patients, without needing a flap.

Secondary fixation consisted of two plates in three patients and one plate in the other three patients. One patient with a giant-cell tumor and one with septic arthritis also had radiocarpal fusion during the same surgery.

The mean time between T1 and T2 was 7.4 months (range, 4.9-13.8). For T2, the bone graft was harvested from the iliac crest in two patients, femur in three patients and distal radius in one patient. Recombinant BMP-7 (Osigraft ® ) was added to the defect in one patient. The mean number of procedures after T1 was 2.3 (range, 2-4).

Five patients achieved clinical and radiological bone union. One patient with osteomyelitis had not achieved bone union 13 months after T1. The mean time to radiological bone union was 4 months (range, 2.3-6.3). Of the two patients who underwent the induced membrane treatment for osteomyelitis or septic arthritis, only one's infection was considered to have resolved. The other patient still had the infection 13 months after T1. The single patient who did not achieve bone union had a segmental bone defect with osteomyelitis. The two patients who had a posttraumatic segmental defect achieved bone union.

Two of the six patients experienced complications. One patient had an unstable distal radioulnar joint. The other patient underwent revision surgery because of Staphylococcus aureus infection 1 month after T1; this required repeating T1 (T1a). This same patient had an abscess at the surgical site positive for Staphylococcus aureus 3.6 months after T2.

Of the six included patients, five came to the hospital for an in-person final assessment. One patient was not reviewed in-person because his clinical condition was not resolved. The mean follow-up time was 103.4 months (range, 67.4-144.3). The mean pain intensity was 0.6 (range, 0-3). The joint ROM is listed in Table 2. The functional outcome scores and the SF-36 results are listed in Table 3. Of the five patients who were reviewed in person, two were retired. The other three had returned to work: two patients at their prefracture level and one with workstation modifications.

Discussion

This study describes our team's experience with using the induced membrane technique to treat segmental bone defects in the forearm. We found only two other studies in which the induced membrane technique was used on the forearm [START_REF] Luo | Management of recalcitrant osteomyelitis and segmental bone loss of the forearm with the Masquelet technique[END_REF] [7] (Table 4).

The union rate in our study was 83% in an average of 4 months. The complication rate was 50% (2 patients). In both steps of the technique, internal fixation was used instead of an external fixator in order to improve the patient's function. However, using internal fixation increases the risk of persistent device-related infections. Since rigid fixation is required in the forearm skeleton, we prefer using two orthogonal locking plates. Luo et al. recommend placing at least three cortical screws on either side of the fracture site; if this is not possible, locking screws should be used instead [START_REF] Luo | Management of recalcitrant osteomyelitis and segmental bone loss of the forearm with the Masquelet technique[END_REF].

A mean time of 7.4 months elapsed between T1 and T2. This value cannot be compared with any published studies; however, it is longer than recommended. According to Masquelet, T2 should be performed 6 to 8 weeks after T1 [START_REF] Masquelet | Reconstruction of the long bones by the induced membrane and spongy autograft[END_REF]. Nevertheless, the wait between steps can be adjusted depending based on soft tissue healing [START_REF] Calhoun | Osteomyelitis of the long bones[END_REF]. Markers of stem cell differentiation into osteoblastic cells are at their highest levels at 1 month [START_REF] Aho | The mechanism of action of induced membranes in bone repair[END_REF]. Pélissier et al. showed that alkaline phosphatase activity (which reflects differentiation of stem cells into osteoblast-like cells) increases when these stem cells are cultured with a 2-week or 4-week old induced membrane [START_REF] Pélissier | Induced membranes secrete growth factors including vascular and osteoinductive factors and could stimulate bone regeneration[END_REF]. This finding demonstrates the induced membrane's osteogenic potential. It appears that a 1-month wait between steps is the optimal biological time frame for T2. We waited much longer than other teams did to ensure the infections were resolved, good wound healing had been achieved and the joint was functional before T2. Also, the 6week wait is arbitrary and is only supported scientifically by a grade B evidence [START_REF] Masquelet | Bone repair using the Masquelet technique[END_REF].

According to Gindraux et al., it appears the induced membrane preserves its osteogenic properties between T1 and T2, no matter the time elapsed [START_REF] Gindraux | Induced membrane maintains its osteogenic properties even when the second stage of Masquelet's technique is performed later[END_REF].

Luo et al. reported a 100% bone union rate in 7 patients with an infected segmental bone defect of the forearm who were treated by the induced membrane technique and single-plate fixation. They reported a 29% complication rate, including two reinfections. Four of six patients returned to work, one at a lower level [START_REF] Luo | Management of recalcitrant osteomyelitis and segmental bone loss of the forearm with the Masquelet technique[END_REF]. Giannoudis et al. reviewed 14 forearm segmental bone defects and reported that 100% of infections had resolved, with a 100% bone union in 3.6 months and 0% complication rate [START_REF] Giannoudis | Restoration of long bone defects treated with the induced membrane technique: protocol and outcomes[END_REF] while Kawakami reported a 100% union rate (one infection; two cases of tenolysis for extensor adhesions) [START_REF] Kawakami | Surgical treatment for infected long bone defects after limb-threatening trauma: application of locked plate and autogenous cancellous bone graft[END_REF]. Walker et al. reported on 9 cases (7 radius, 2 ulnas) with a mean defect length of 47 mm (range, 17-54) in which locking plate fixation was used for noninfected bones (6 cases, 67%) and external fixation for the infected bones (3 cases, 33%) [START_REF] Walker | Masquelet Reconstruction for posttraumatic segmental bone defects in the forearm[END_REF]. They reported an 11% complication rate with one hardware failure (plate).

In our study, cancellous bone was harvested from the femur using the RIA system in 89% of cases and from the iliac crest in 11%. The union rate was 100% in 4.7 months. We believe RIA is a good method to harvest bone graft, all the while having less complications than iliac crest bone harvesting. Dimitriou et al. reported that RIA was associated with a 6% complication rate as opposed to 19% with iliac crest harvesting. RIA collects a larger volume of bone graft than other techniques [START_REF] Boone | Complications of iliac crest graft and bone grafting alternatives in foot and ankle surgery[END_REF]. It is crucial to not compress the bone harvested with RIA too much as this could prevent bone union because of insufficient revascularization [START_REF] Stafford | Reamer-irrigator-aspirator bone graft and bi Masquelet technique for segmental bone defect nonunions: a review of 25 cases[END_REF].

We used Palacos ® cement with Gentamycin in our patients. This was a default choice because it was the only type of cement available at our hospital. Note that Masquelet et al. recommend using a cement without antibiotics [START_REF] Masquelet | Very long-term results of post-traumatic bone defect reconstruction by the induced membrane technique[END_REF]. Antibiotics could mask inadequate excision/debridement of the infected nonunion site and could alter the morphological properties of the induced membrane even though it may not alter its osteogenesis properties [START_REF] Nau | Alteration of Masquelet's induced membrane characteristics by different kinds of antibiotic enriched bone cement in a critical size defect model in the rat's femur[END_REF].

In our study, elbow flexion and extension were preserved at 100%. Wrist pronation, supination, extension, flexion, radial deviation and ulnar deviation were 50% to 60% of normal values. However, if we excluded the two cases of "reconstruction-fusion," the results are better, with about 30% improvement in each direction. The ROM for diaphyseal fractures appears better than those for metaphyseal fractures because of the two cases of wrist fusion.

In the study by Luo et al., pronation, supination and extension were 70% to 80% of normal, while wrist flexion was 63% of normal. The elbow had an extensor deficit of 5.7° and flexion of 123° [START_REF] Luo | Management of recalcitrant osteomyelitis and segmental bone loss of the forearm with the Masquelet technique[END_REF].

The functional score was excellent for the elbow (MEPS) and very good for the wrist (mean value of 108 on Herzberg scale). There was a wider range of values on the Herzberg score because of the worse outcomes for the two wrists that were fused. Nevertheless, the patients' quality of life was maintained in nearly all aspects. The activity score was good overall but varied between patients. The mean QuickDASH in our study was 15 (range, 2.7-35). Luo et al. reported a QuickDASH of 44 in their 7-patient case study [START_REF] Luo | Management of recalcitrant osteomyelitis and segmental bone loss of the forearm with the Masquelet technique[END_REF]. The patient in our case series (patient FA4) who had the worst upper limb outcome score (QuickDASH) also had good ROM and excellent wrist and elbow function. Since the initial fracture event, this patient suffered complete brachial plexus palsy on the opposite limb and distal radioulnar joint instability on the ipsilateral side. Thus, the highly functional right forearm was not sufficient to compensate for the injury to the contralateral brachial plexus during activities of daily living. Overall, the quality of life (SF-36) score was very good, with mean scores above 79/100 in six of the eight dimensions.

Using the induced membrane technique for segmental bone defects of the forearm yields very encouraging results. The advantages of this technique is that it can be used with bone defects larger than 10 cm (up to 24 cm), there is no risk of immune rejection of the bone graft, the membrane is bioactive (presence of growth factors), there is no need for microsurgical anastomosis for vascularized bone graft, limb length is preserved, early joint motion is possible with internal fixation, the procedure can be repeated in case of failure, and the second phase can be combined with other techniques (vascularized fibula) [START_REF] Mauffrey | Management of segmental bone defects[END_REF][START_REF] Christou | The Masquelet technique for membrane induction and the healing of ovine critical sized segmental defects[END_REF][START_REF] Heitmann | Treatment of segmental defects of the humerus with an osteoseptocutaneous fibular transplant[END_REF]. The induced membrane protects the bone graft from lysis in cases with large segmental defects [START_REF] Pélissier | Induced membranes secrete growth factors including vascular and osteoinductive factors and could stimulate bone regeneration[END_REF][START_REF] Klaue | Effet biologique des membranes à corps étranger induites in situ sur la consolidation des greffes d'os spongieux[END_REF]. The drawbacks of this technique are the morbidity at the graft harvest site, the need for two surgical procedures, and a potentially long reconstruction period (more than 9 months) at certain sites [START_REF] Mauffrey | Management of segmental bone defects[END_REF].

Conclusion

The induced membrane technique is a reliable option for reconstruction of segmental bone defects in the forearm. It results in bone union in 4 months and provides patients with satisfactory quality of life with good function of the joints above and below the fracture site (when wrist fusion is not necessary). One basic requirement is a rigid fixation method, such as the placement of two, orthogonal plates. This is a reproducible technique that does not require microsurgical anastomosis. 

Figure legends

Fig. 1 .

 1 Fig. 1. Patient (17 years old) who was involved in a motor vehicle accident and suffered a primary open fracture (Gustilo IIIA) of his left ulna. Initial radiographs (a). Radiographs after the first phase (b). Radiographs after bone union, achieved 6 months after the first phase (c).

Fig. 2 .

 2 Fig.2. Intraoperative photographs taken of the same patient as in Figure1. Second phase before the cement spacer is removed. The induced membrane is visible under the retractor and cement is covering the fixation device (a). Bone graft harvested from the femur using RIA (b). After the cement spacer was removed, two orthogonal locking plates were applied to the bone (c). Femoral bone graft was added to the empty chamber inside the membrane (d).
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