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RhBMP7 use for treating scaphoid nonunion: 5 cases assessed at 10 years' follow-up Utilisation de la RhBMP7 dans le traitement des pseudarthroses du scaphoïde : 5 cas évalués à 10 ans
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on their use for scaphoid non-union. In our study, five patients with an average age of 32 years (ranging from 21 to 44 years) with old non-union (more than 24 months) of the scaphoid were treated after autograft treatment had failed. The procedure consisted of reaming the non-union site, then adding bone autograft combined with BMP-7 (Osigraft®) in the defect and fixing it all with a screw or K-wire. Postoperative immobilization was prescribed. Only one patient achieved bone union (20%) despite an average follow-up of 10 years (80-143 months). The average flexion-extension loss was 16.6° (0-30) relative to the contralateral side. The average strength deficit was 450 grams (0-2000) for pinch and 12.1 kg (0-29) for grip compared to the contralateral side. Self-assessment questionnaires had an average PRWE at 28.9 (10.5-49) and an average QuickDASH at 28.6 (9.09-61.36). Our study could not demonstrate any real benefit of using BMP-7 for treating old scaphoid nonunion despite an elevated cost. Further research is needed to look at other treatment approaches, for instance the use of new scaffolds combining VEGF and BMP.

Résumé

La pseudarthrose du scaphoïde est la plus fréquente des pseudarthroses. Une fixation et une autogreffe vascularisée ou non demeurent les principes du traitement de référence de ces pseudarthroses. Mais que proposer en cas d'échec de l'autogreffe ? L'utilisation de protéines ostéoinductives dans des cas difficiles de traitement des pseudarthroses des os longs ont montré de bons résultats ; cependant peu d'études ont été réalisées quant à leur utilisation pour les pseudarthroses du scaphoïde. Cinq patients d'âge moyen 32 ans (21-44) présentant une pseudarthrose ancienne (supérieure à 24 mois) du scaphoïde ont été pris en charge après un échec d'autogreffe. L'intervention consistait en un avivement du foyer de pseudarthrose. Une autogreffe osseuse associée à de la RhBMP-7 (Osigraft®) était mise en place et fixée par vis ou broche. Une immobilisation post opératoire était prescrite. Un seul patient a pu consolider (20%) avec un recul moyen de 10 ans (80-143 mois). La perte moyenne du volant de flexion-extension était de 16.6° (0-30) par rapport au côté controlatéral. Concernant les pertes de force, elles étaient en moyenne de 450 grammes (0-2000) pour le pinch et de 12.1kg (0-29) pour la poigne par rapport au côté controlatéral. L'auto-évaluation des poignets par questionnaire a montré un PRWE moyen à 28.9 [START_REF] Kujala | Composite implant of native bovine bone morphogenetic protein (BMP) and Biocoral in the treatment of scaphoid nonunions -a preliminary study[END_REF] et un QuickDASH moyen à 28.6 [START_REF] Schernberg | Classification of fractures of the carpal scaphoid. An anatomo-radiologic study of characteristics[END_REF]36). Notre étude n'a pu mettre en évidence un réel bénéfice à l'utilisation de la RhBMP-7 malgré leurs coûts élevés dans le traitement des pseudarthroses anciennes de scaphoïde. L'utilisation de nouveaux vecteurs associant VEGF et BMP est une piste de recherche à envisager.

Introduction

Scaphoid fractures have the greatest incidence among carpal bones, but their diagnosis is challenging, both clinically and radiologically. Indeed, a prospective study by Lepage using bone scans showed that 39.6% of injured wrists that appeared normal on initial radiographs had one or more undetected fractures, and 41% of these were on the scaphoid [START_REF] Lepage | Apport de la radioscintigraphie quantitative dans les traumatismes du poignet avec radiographies initiales normales : Étude prospective de 154 cas[END_REF].

When diagnosed and immobilized quickly, scaphoid fractures have a 90% bone union rate [START_REF] Raudasoja | Conservative treatment of scaphoid fractures: a follow up study[END_REF]. Nonetheless, fracture displacement is correlated with a 55% nonunion risk [START_REF] Buijze | Management of scaphoid nonunion[END_REF].

Therefore, surgery plays an important role in the management of these fractures. Because of its shape, angulation, extensive articulating surfaces and distinctive retrograde blood flow, the scaphoid is especially at risk for nonunion, making prompt conservative treatment or surgical management imperative.

The main goal when treating scaphoid nonunion is bone healing but correcting deformity and limiting the risk of osteoarthritis are also important considerations. Therefore, beyond stable surgical fixation, a bone graft may need to be added. This graft can be either a corticocancellous autograft (Matti-Russe) or cancellous autograft (compressed bone) for distal fractures, or a vascularized bone graft -akin to the Zaidemberg technique -for fractures of the proximal pole (intrinsically poorly vascularized [START_REF] Qu | The osteogenic potential of pseudoarthrosis tissue and bone from human scaphoid non-unions[END_REF]), or after a failed primary autograft. Although these procedures have satisfactory outcomes [START_REF] Merrell | Treatment of scaphoid nonunions: Quantitative meta-analysis of the literature[END_REF], some patients with risk factors for nonunion (such as tobacco use, displaced fracture, delayed initial management, non-compliance to treatment) can see these techniques fail.

In 1965, Urist discovered BMPs (bone morphogenetic protein), osteoinductive proteins from the TGF β (transforming growth factor-beta) family. These molecules induce an intracellular signaling cascade leading to angiogenesis, chondrogenesis, osteogenesis or extracellular matrix synthesis, depending on the targeted cell [START_REF] Tsiridis | Molecular aspects of fracture healing: Which are the important molecules?[END_REF]. Since the 1980's, several promising animal model and human studies were undertaken on BMP-2 and BMP-7 use, first for long bone nonunions and then for other indications. However, few studies have focused on BMP for treating scaphoid fracture nonunions.

Our study reports BMP-7 use in five patients with prolonged follow-up.

Patients and methods

This retrospective study was conducted on five patients operated between 2007 and 2010 for scaphoid nonunion. These patients had several risk factors for this complication:

-Time to surgery was over 24 months for all patients.

-Two patients had a history of scaphoid fracture nonunion on the contralateral side and were smokers.

-One patient with failed initial iliac crest autograft surgery for nonunion, was a smoker, and was non-compliant to instructions (early removal of postoperative immobilization).

-All patients failed initial surgical fracture management. Table 1 summarizes the patients' preoperative data.

The same osteoinductive protein was used for all patients, rhBMP-7 Osigraft® (Stryker™).

Eptotermin alpha (Osigraft®) is an osteoinductive protein that was initially marketed to treat adult tibial nonunions more than 9 months old, for whom allograft treatment had failed or was impossible. The product combines 3.3 mg of active ingredient with a collagen matrix. It comes in powder form and is applied as a suspension that can be implanted intraoperatively on viable bone. This therapeutic agent initiates bone growth by inducing the differentiation of mesenchymal cells recruited from the bone marrow, periosteum, and muscles surrounding the implantation area. Once linked with the cell's surface it starts a cascade of cellular events leading to the formation of chondroblasts and osteoblasts. The collagen matrix added to the product provides an adequate bioabsorbable support for the anchoring cell's proliferation and differentiation, initiated by the osteoinductive protein. This matrix also has osteoinductive properties that promote bone growth in the damaged area, using the surrounding healthy bone. The relatively high cost of 4000 Euros per dose should be noted.

With regard to surgical technique, all the interventions were performed by a single surgeon using an anterior approach. After gently reaming the nonunion site (Fig. 1), fixation was ensured with K-wires or screws, leaving the resulting bone defect. Then, approximately a quarter of the Osigraft® dose, previously mixed with the patient's cancellous bone and blood to achieve a thickness and texture similar to wet sand and increase initial stability, was implanted. Finally, the capsule was sutured to prevent leakage before surgical closure.

Immobilization, without thumb inclusion, was prescribed for 6 weeks. Medical leave from work was given for 2 months and re-evaluated over the clinical and radiological follow-up period.

Patients were reviewed in person between 2017 and 2019. Wrist ROM was measured with a goniometer, while grip and pinch strength were measured with a JAMAR® dynamometer (JAMAR Fabrication Enterprises Inc.™, Elmsford, USA). Patients were also asked to complete wrist function assessment questionnaires (PRWE [START_REF] Macdermid | Patient rating of wrist pain and disability: a reliable and valid measurement tool[END_REF] and Quick-DASH [START_REF] Gummesson | The shortened disabilities of the arm, shoulder and hand questionnaire (QuickDASH): validity and reliability based on responses within the full-length DASH[END_REF]). Anteroposterior and lateral wrist radiographs, as well as Schrek's view (1 and 2), were taken to assess bone union.

Results

The mean follow-up was 118 months (80-143). The mean patient age at the time of surgery was 32 years (21-44). All the patients were right-handed and four were employed in heavy manual work. Three out of five patients smoked more than 15 cigarettes a day.

The initial scaphoid fracture nonunion persisted over 24 months for all patients (10 years for one patient). Based on Schernberg's classification, the initial fracture was type III in four patients and type IV in one patient, [START_REF] Schernberg | Classification of fractures of the carpal scaphoid. An anatomo-radiologic study of characteristics[END_REF]. It involved the left scaphoid in three cases and the right one in two cases.

Three patients suffered early complications related to the fixation devices: K-wire migration occurred in two patients, two patients required revision surgery for screw fixation, and one had a broken screw.

In terms of ROM, flexion and extension were the most impacted with 90.4° (82-104) ROM on the operated side compared to 107° (92-132) on the opposite side, for a mean loss of 16.6° (0-30). The radioulnar ROM was 45.4° (40-50) on the operated side compared to 50.4° (39-62) on the other, an average loss of 5° (0-37). Pronation was 153° (135-160) on the operated side and 155° (140-160) on the other, an average loss of 2° (0-5). The difference in strength between sides was 0.37 kg (0.5-2) for pinch strength and 12.1 kg (0-29) for grip strength. The mean scores for the self-administered wrist function assessment questionnaires were 28.6/100 (9.09-61.36) for the Quick-DASH and 28.9/100 (10.5-49) for the PRWE.

Bone union occurred in only one patient (20%). All patient radiographs are presented in Figure 2. Follow-up data are summarized in Table 2.

Discussion

Few studies have been undertaken on scaphoid nonunion treated with BMP. Kujala et al.

published a study on 10 patients that was comparable to ours; mean age was 40 years and average time before surgery was 7 years [START_REF] Kujala | Composite implant of native bovine bone morphogenetic protein (BMP) and Biocoral in the treatment of scaphoid nonunions -a preliminary study[END_REF]. They used a composite implant made of biocoral and purified bovine BMP extract. The surgeries were performed by three different physicians and consisted in gentle reaming of the nonunion site, inserting a combination of autograft and composite implant (in nine patients, one received only the composite implant) and screw or K-wire fixation. The immobilization period varied according to the surgeon. At the mean follow-up of 14 months, bone fracture healing was reported in only 4 patients (40%). Migration of the fixation material occurred in two patients. The authors concluded that the biocoral in the implant might have acted as a barrier and prevented bone healing.

Jones et al. presented two proximal pole scaphoid nonunion cases at the Annual

Meeting of the American Association for Hand Surgery that were treated with rhBMP7 and showed bone union. Then, in 2005, they published an article on a 16-year-old right-handed patient treated with purified human BMP for proximal pole scaphoid nonunion (seen on preoperative MRI) dating back 14 months [START_REF] Jones | Healing of a scaphoid nonunion using human bone morphogenetic protein[END_REF]. The patient did not have a reduced flexionextension ROM before the surgery. The surgical technique consisted in scaphoid K-wire fixation and implantation of human purified BMP encapsulated in gelatin. There was no autograft or screw fixation and immobilization was prescribed for 12 weeks. Bone healing was present at 12 weeks postoperative and 6 years after the surgery there was no sign of pain or stiffness.

Bilic et al. performed a prospective randomized study on 18 patients suffering

proximal pole scaphoid fracture nonunion, divided into three groups, and treated either by iliac crest autograft alone, iliac crest autograft with BMP-7, or allograft with BMP-7 [START_REF] Bilic | Osteogenic protein-1 (BMP-7) accelerates healing of scaphoid non-union with proximal pole sclerosis[END_REF].

Patients were relatively young, with a mean age between 15 and 30 years. The mean time to surgery was 14 months (9-20 months). Eight patients were smokers (47%) and one patient was lost to follow-up. The remaining 17 patients all showed bone healing at 24 months, present as early as 4 weeks postoperatively for the groups combining BMP with allograft or autograft, compared to 9 weeks for the group receiving iliac crest autograft alone. At 12 months postoperative, there was no stiffness compared to the uninjured hand with a mean 140° flexion extension ROM and 77° radioulnar ROM. Grip strength was also only slightly impacted, with 44 kg on the healthy side as opposed to 37.6 kg on the operated side, and pinch strength was not affected, with a mean of 9 kg on both sides.

Ablove and Abrams conducted a retrospective study on BMP-2 use on four scaphoid fracture nonunion patients after failed initial surgical management [START_REF] Ablove | The use of BMP-2 and screw exchange in the treatment of scaphoid fracture non-union[END_REF]. There is little demographic data on this cohort, however only one patient had a proximal pole nonunion.

The surgical technique consisted in removing the existing fixation material, followed by gentle reaming of the nonunion site and implantation of a BMP-2 sponge with screw fixation, without any bone graft. Bone healing was reported in all patients at a mean follow-up of 53 days and the mean total follow-up was 4 months.

Brannan et al. completed a retrospective study on BMP-2 use in 6 patients after failed initial surgical treatment for scaphoid nonunion [START_REF] Brannan | Complications with the use of BMP-2 in scaphoid nonunion surgery[END_REF]. The mean age was 22 years and the mean time between initial nonunion management and revision surgery was 6 months. Initial injury dated back more than 24 months for 2 patients. The surgery consisted in removing previous fixation material, screw fixation, followed by autograft with BMP-2 implantation. Four out of six patients showed bone healing (67%) at the 12-month follow-up. The literature review is summarized in Table 3.

In our small cohort, the long-term bone healing rate is lower (20%) than those reported in the literature, probably because of our patient population. Indeed, several nonunion risk factors were present in our cohort: mean age of 32 years (21-44), time to surgery over 24 months for all patients, four employed in heavy manual work, three smokers and two with a history of scaphoid fracture nonunion on the contralateral side. Furthermore, compliance to treatment was not very good, three patients (60%) experienced migration or breakage of the fixation material and two patients had to undergo revision surgery for screw fixation. The only patient with bone healing was the youngest, a non-smoker treated on the non-dominant side.

The rhBMP-7 formulation was initially conceived to treat tibial nonunions, consequently the amount available to fill the bone defect following curettage of the scaphoid lesion was always much more than actually needed. This made it difficult to monitor the exact quantity of rhBMP-7 given, as it varied for each patient.

Our results for strength and mobility are comparable to those found by Reigstad et al. over the long-term follow-up of surgically treated scaphoid nonunion patients (no significant difference in grip or pinch strength, mean difference in ROM between the healthy and injured side was 28° -16.6° in our cohort) [START_REF] Reigstad | Long-term results of scaphoid nonunion surgery[END_REF]. However, their Quick-DASH scores were well above ours, with an average of 9.1 compared to 28.6 (9.09-61.36) in our patients. This can probably be attributed to their 90% bone healing rate. Kołodziej et al. evaluated the long-term outcomes of scaphoid nonunion patients treated with the Matti-Russe procedure. Their mean follow-up was 8.8 years, the bone healing rate was 72% and the mean PRWE score was 14.8 for patients with bone union and 30 for the others [START_REF] Kołodziej | Long-term outcome of scaphoid nonunion treated by the Matti-Russe operation[END_REF]. Comparatively, in our cohort, the mean PRWE score was 28.9 (9.09-61.36).

Qu and von Schroeder showed that the cells found in scaphoid nonunion areas retained an osteogenesis capacity that could be stimulated by rhBMP-2 in vitro [START_REF] Qu | The osteogenic potential of pseudoarthrosis tissue and bone from human scaphoid non-unions[END_REF]. However, the situation in vivo is more complex. Schira et al. found that osteoclastogenesis markers, such as RANKL, NFATc1, WNT5A or TRAP were overexpressed in scaphoid bone nonunion cells, contrary to BMP-2 or angiogenesis markers [START_REF] Schira | Human scaphoid nonunions exhibit increased osteoclast activity compared to adjacent cancellous bone[END_REF].

Jones suggested that adequate vascularization was required to allow BMPs to fully achieve their osteoinductive potential in vivo [START_REF] Jones | Healing of a scaphoid nonunion using human bone morphogenetic protein[END_REF]. The combined effect of VEGF and BMP is currently being studied. A literature review by Li et al. found that, in animal models, the synergy between VEGF and BMP was only observed in ectopic models and was absent in orthopedic sites, which can probably be attributed to competing endogenous angiogenic factors from the periosteum and local hematoma [START_REF] Li | Synergistic effects of vascular endothelial growth factor on bone morphogenetic proteins induced bone formation in vivo: influencing factors and future research directions[END_REF]. The synergistic effect of VEGF and BMPs would therefore be more important in ischemic, poorly vascularized areas or those with old bone defects.

Conclusion

older scaphoid nonunion cases does not appear to offer real benefits. However, the combined use of VEGF and BMP for these difficult cases might be an interesting avenue for future research. 
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 1 Fig. 1. Intraoperative view after reaming the nonunion site for patients 1 (top), 3 (center), and 5 (bottom), respectively.
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 2 Fig. 2. Anteroposterior radiographs taken preoperatively (left), immediately postoperative (center) and at final follow-up (right) for each patient.
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Table 1 .

 1 Preoperative data Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Age at the time of surgery (years)

		21	34	31	44	30
	Smoker	No	No	Yes	Yes	Yes
	Fracture type (Schernberg [9])	III	III	III	III	IV
	Dominant hand	Right	Right	Right	Right	Right
	Heavy manual work	Yes	No	Yes	Yes	Yes
	Affected side	Left	Left	Right	Left	Right
	History of nonunion	No	No	Yes	Yes	Yes
	Time since initial fracture (months) 29	24	27	26	24

Table 2 .

 2 Follow-up data

		Patient 1		Patient 2		Patient 3		Patient 4		Patient 5	
	Side	Operated Opposite Operated Opposite Operated Opposite Operated Opposite Operated Opposite
	Flexion (in °)	68	78	38	48	70	72	40	48	40	55
	Extension (in °)	36	54	48	50	12	20	50	45	50	65
	Radial deviation (in °) 20	20	21	30	20	30	5	7	15	20
	Ulnar deviation (in °) 20	24	24	32	30	22	45	32	27	35
	Pronation (in °)	80	80	80	80	80	80	60	75	75	75
	Supination (in °)	80	80	80	80	80	80	75	65	75	80
	Grip strength (kg)	25	54	56	56	24	40	17	20.5	31	43
	Pinch strength (kg)	8	8	11	13	9	8.5	10.75	11	12.4	12.5
	PRWE Score	18.5		10.5		40.6		26		49	
	Quick-DASH Score	18.18		9.09		38.63		15.9		61.36	
	Follow-up (months)	116		121		80		143		128	
	Bone union	Yes		No		No		No		No