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Introduction: Radial fracture accounts for 1% of fractures in children. It is potentially serious, and treatment is controversial. Several studies assessed prognostic factors, only one of which used exclusive intramedullary nailing, despite this being the gold-standard. Hypothesis: Open surgery provides poor functional results in radial neck fracture. Material and method: All patients undergoing reduction and internal fixation of radial neck fracture between 2005 and 2015 were analyzed. Inclusion criteria comprised Jeffery type 1 fracture with open growth plate, complete file, and ≥1 year's follow-up. Treatment systematically comprised Métaizeau intramedullary nailing, with crossover to open reduction only in case of failure. Good results were defined as full range of motion and pain-free elbow.

Results: Fifty-six patients were included: 33 girls, 23 boys; mean age, 9 years. On the Judet classification modified by Métaizeau, 4 fractures were grade 2, 29 grade 3, 15 grade 4A and 8 grade 4B. Closed reduction was performed in 48 cases, including 8 with the help of percutaneous leverage effect. Eight required a surgical approach. Twenty-three showed postoperative reduction defect. At a mean 74 months' follow-up, at a mean age of 15 years, 37 patients had reached full skeletal maturity.

Sixteen had poor results. Open reduction was associated with poor outcome (p<0.01). Age, initial epiphyseal tilt, associated lesions, immobilization time, time to nail removal and residual tilt after reduction did not significantly affect outcome (p-values>0.05). Percutaneous leverage effect had no impact on the quality of results (p=1).

Introduction

Radial fracture in children accounts for 1% of fractures and 5-20% of elbow fractures [START_REF] Landin | Elbow fractures in children. An epidemiological analysis of 589 cases[END_REF][START_REF] Judet | Fracture of the radial head in the child[END_REF][START_REF] Henrikson | Isolated fractures of the proximal end of the radius in children epidemiology, treatment and prognosis[END_REF][START_REF] Mattos | Radial Neck Fractures in Children and Adolescents: An Examination of Operative and Nonoperative Treatment and Outcomes[END_REF]. In 20-50% of cases, there are associated lesions [START_REF] Mattos | Radial Neck Fractures in Children and Adolescents: An Examination of Operative and Nonoperative Treatment and Outcomes[END_REF][START_REF] Tan | Radial neck fractures in children[END_REF][START_REF] Basmajian | Radial neck fractures in children: experience from two level-1 trauma centers[END_REF][START_REF] Metaizeau | Reduction and fixation of displaced radial neck fractures by closed intramedullary pinning[END_REF][START_REF] Zimmerman | Surgical management of pediatric radial neck fractures[END_REF]. Most reports agree that surgery is mandatory in tilt >30° [START_REF] O'brien | Injuries involving the proximal radial epiphysis[END_REF][START_REF] Steele | Angulated radial neck fractures in children. A prospective study of percutaneous reduction[END_REF][START_REF] Radomisli | Controversies regarding radial neck fractures in children[END_REF][START_REF] Vahvanen | Fracture of the radial neck in children. A long-term follow-up study of 43 cases[END_REF][START_REF] Evans | Radial neck fractures in children: a management algorithm[END_REF], or less in older patients [START_REF] Fowles | Observations concerning radial neck fractures in children[END_REF][START_REF] Bernstein | Percutaneous reduction of displaced radial neck fractures in children[END_REF]. When internal fixation is indicated, intramedullary nailing is the attitude of choice, providing excellent results [START_REF] Garcia-Alvarez | Results in displaced radial neck fractures in children. Metaizeau technique versus arthrotomy[END_REF][START_REF] Sun | Comparative study on closed reduction with elastic intramedullary nailing and open reduction with Kirschner wire fixations in treatment of radial neck fractures in children[END_REF][START_REF] Tarallo | Management of displaced radial neck fractures in children: percutaneous pinning vs. elastic stable intramedullary nailing[END_REF][START_REF] Brandão | Displaced radial neck fractures in children: association of the Métaizeau and Böhler surgical techniques[END_REF][START_REF] Wang | Percutaneous reduction and intramedullary fixation technique for displaced pediatric radial neck fractures[END_REF][START_REF] Yao | Treatment of radial neck fracture in children with elastic stable intramedullary nails[END_REF][START_REF] Wu | Percutaneous Kirschner wire poking reduction and elastic stable intramedullary nailing fixation for severe displaced radial neck fractures in children[END_REF][START_REF] Zhang | Treatment of Severely Displaced Radial Neck Fractures in Children With Percutaneous K-wire Leverage and Closed Intramedullary Pinning[END_REF][START_REF] La Iglesia | Surgical Techniques for Displaced Radial Neck Fractures: Predictive Factors of Functional Results[END_REF], and seems to be preferable to direct percutaneous nailing [START_REF] Tarallo | Management of displaced radial neck fractures in children: percutaneous pinning vs. elastic stable intramedullary nailing[END_REF] or open surgery [START_REF] Garcia-Alvarez | Results in displaced radial neck fractures in children. Metaizeau technique versus arthrotomy[END_REF][START_REF] Sun | Comparative study on closed reduction with elastic intramedullary nailing and open reduction with Kirschner wire fixations in treatment of radial neck fractures in children[END_REF]. Some studies have analyzed risk factors, only one of which to our knowledge used exclusive intramedullary nailing [START_REF] Mattos | Radial Neck Fractures in Children and Adolescents: An Examination of Operative and Nonoperative Treatment and Outcomes[END_REF][START_REF] Tan | Radial neck fractures in children[END_REF][START_REF] Basmajian | Radial neck fractures in children: experience from two level-1 trauma centers[END_REF][START_REF] Zimmerman | Surgical management of pediatric radial neck fractures[END_REF][START_REF] La Iglesia | Surgical Techniques for Displaced Radial Neck Fractures: Predictive Factors of Functional Results[END_REF][START_REF] Vocke | Displaced fractures of the radial neck in children: long-term results and prognosis of conservative treatment[END_REF][START_REF] Guyonnet | Functional outcome of displaced radial head fractures in children treated by elastic stable intramedullary nailing[END_REF]. The present study hypothesis was that intramedullary nailing by open surgery gives poor results. The main aim of the study was to determine whether open surgery was a risk factor for poor outcome. The secondary objective was to assess other prognostic factors.

Material and method

Files for all patients undergoing reduction and internal fixation of radial neck fracture between 2005 and 2015 were analyzed. Inclusion criteria comprised Jeffery type 1 fracture [START_REF] Jeffery | Fractures of the head of the radius in children[END_REF] (type II being excluded as the lesion mechanism differs), open growth plate, complete file, and ≥1 year's follow-up.

Preoperative characteristics

Displacement was assessed on preoperative X-ray on the Judet classification modified by Métaizeau [START_REF] Judet | Fracture of the radial head in the child[END_REF][START_REF] Metaizeau | Reduction and fixation of displaced radial neck fractures by closed intramedullary pinning[END_REF] (Figure 1). Patients with ≥1 associated lesion constituted a subgroup.

Treatment

Treatment systematically comprised primary intramedullary nailing following Métaizeau [START_REF] Metaizeau | Reduction and fixation of displaced radial neck fractures by closed intramedullary pinning[END_REF] with strictly intramedullary piercing of the epiphysis and reduction by rotating the nail; percutaneous leverage effect was associated in some cases [START_REF] Metaizeau | Reduction and fixation of displaced radial neck fractures by closed intramedullary pinning[END_REF]. When reduction was impossible or insufficient despite leverage effect, open surgery was performed on a lateral approach to the humeroradial joint.

Postoperative characteristics

Residual epiphyseal tilt with respect to the shaft was measured on postoperative radiographs. Angles >0° were considered as reduction defects.

Follow-up

Patients were followed up at day 30 and 90 and finally at end of growth, with AP and lateral elbow Xray at each follow-up.

Range of motion was used for functional classification according to Métaizeau [START_REF] Metaizeau | Reduction and fixation of displaced radial neck fractures by closed intramedullary pinning[END_REF] (Table 1). The Mayo Elbow Performance Score (MEPS) [START_REF] Longo | Rating systems for evaluation of the elbow[END_REF] was also calculated, as it further assesses pain, stability and disability (Table 2).

Clinical results

Normal values were defined as flexion 140°, extension 0°, supination 0° and pronation 180° with respect to the anatomic position, following the French Society of Physical Medicine and Rehabilitation (SFMPR). Good clinical results were defined as full range of motion in a stable and pain-free elbow:

i.e., excellent Métaizeau and MEPS scores; any other result was considered poor.

Statistical analysis

The Mann-Whitney test was used for quantitative variables. For other variables, the Chi² was used when n>5 and otherwise the Fisher test. Analysis used the on-line pvalue.io application. The significance threshold was set at p<0.05. 

Results

Preoperative data

Seventy

Postoperative data

33 patients showed perfect reduction, while 23 (41%) showed defect, with mean residual tilt of 23±15°. Mean immobilization time was 32±10 days. Mean time to nail removal was 130 ±54.5 days.

Results at last follow-up

Mean follow-up was 74±37 months, for a mean age of 15±4 years. Thirty-seven patients had full skeletal maturity, and 19 still showed open growth plate.

Forty-two patients (75%) had normal last X-ray, while 14 (25%) showed abnormalities: 7 ectopic ossifications, 3 necroses, 3 synostoses, and 1 non-union. Fourteen of the 23 patients with postoperative defect progressed to complete remodeling with normal final X-ray and good clinical outcome.

Mean flexion was 149±9°, extension de -3±4°, pronation 167±21° and supination 8±5°.

Mean MEPS score was 98.2±5.75/100: 51 excellent (91%), 4 good (7%), 1 moderate (2%) and none poor.

Forty-one Métaizeau functional scores were excellent (73%), 6 good (11%), 2 moderate (4%), and 7 poor (12%).

On our clinical criteria, 40 results (71%) were good and 16 (29%) poor.

Prognostic factors

The only significant finding was that open surgery was associated with poor outcome (p<0.01).

Percutaneous leverage effect was not associated with poor results in the closed surgery subgroup (p=1). No other prognostic factors emerged: initial displacement, age, associated lesions, immobilization time, or reduction quality (p-values >0.05) (Table 3).

Discussion

This was one of the largest series of radial neck fracture treated exclusively by intramedullary nailing even in open reduction.

Open surgery was shown to give poor results, regardless of initial displacement, age, associated lesions or reduction quality. The present results agree with previous reports [START_REF] Mattos | Radial Neck Fractures in Children and Adolescents: An Examination of Operative and Nonoperative Treatment and Outcomes[END_REF][START_REF] Tan | Radial neck fractures in children[END_REF][START_REF] Basmajian | Radial neck fractures in children: experience from two level-1 trauma centers[END_REF][START_REF] Zimmerman | Surgical management of pediatric radial neck fractures[END_REF][START_REF] Sun | Comparative study on closed reduction with elastic intramedullary nailing and open reduction with Kirschner wire fixations in treatment of radial neck fractures in children[END_REF][START_REF] Guyonnet | Functional outcome of displaced radial head fractures in children treated by elastic stable intramedullary nailing[END_REF]: open surgery should only be exceptional, due to the high risk of devascularization. In the study by Gutiérrez-de la Iglesia et al. [START_REF] La Iglesia | Surgical Techniques for Displaced Radial Neck Fractures: Predictive Factors of Functional Results[END_REF], however, type of treatment seemed not to affect results, and the authors considered open reduction to have a role, even in first line for severely displaced factures. The present findings go against this in respect of recovery of range of motion.

Percutaneous leverage effect was not associated with poor results in the present series. Association to intramedullary nailing can be useful, sometimes avoiding switch to open reduction. Several reports on this technique showed excellent results; posterior interosseous nerve lesions occurred, but were rare and transient. However, the principles of the initial description must be respected, with the pin directly on the head, without "Kapandji" effect in the fracture site, so as not to damage to periosteum and jeopardize vascularization [START_REF] Metaizeau | Reduction and fixation of displaced radial neck fractures by closed intramedullary pinning[END_REF][START_REF] Brandão | Displaced radial neck fractures in children: association of the Métaizeau and Böhler surgical techniques[END_REF][START_REF] Wang | Percutaneous reduction and intramedullary fixation technique for displaced pediatric radial neck fractures[END_REF][START_REF] Wu | Percutaneous Kirschner wire poking reduction and elastic stable intramedullary nailing fixation for severe displaced radial neck fractures in children[END_REF][START_REF] Zhang | Treatment of Severely Displaced Radial Neck Fractures in Children With Percutaneous K-wire Leverage and Closed Intramedullary Pinning[END_REF]. Age >10 years did not impact results, in contrast to other reports [START_REF] Mattos | Radial Neck Fractures in Children and Adolescents: An Examination of Operative and Nonoperative Treatment and Outcomes[END_REF][START_REF] Tan | Radial neck fractures in children[END_REF][START_REF] Basmajian | Radial neck fractures in children: experience from two level-1 trauma centers[END_REF][START_REF] Zimmerman | Surgical management of pediatric radial neck fractures[END_REF]. This may be due to the fact that only 8 of the 20 over-10 year-olds showed reduction defect, with mean residual tilt of 14±7° (26° being the maximum, observed in a single over-10 year-old). Thus these children, despite being over-10, had sufficient remodeling potential to correct a mean 14° residual tilt. However, given the size of this subgroup, a precise acceptable tilt threshold in older children could not be determined. Initial displacement grade was not a significant factor, although referred to in many studies [START_REF] Tan | Radial neck fractures in children[END_REF][START_REF] Basmajian | Radial neck fractures in children: experience from two level-1 trauma centers[END_REF][START_REF] Zimmerman | Surgical management of pediatric radial neck fractures[END_REF]. De Mattos et al. [START_REF] Mattos | Radial Neck Fractures in Children and Adolescents: An Examination of Operative and Nonoperative Treatment and Outcomes[END_REF] and Guyonnet et al. [START_REF] Guyonnet | Functional outcome of displaced radial head fractures in children treated by elastic stable intramedullary nailing[END_REF] likewise found no association between preoperative displacement and final result. Associated lesions had no significant effect. The literature is divided on this question. Four studies reported no correlation between associated lesions and results [START_REF] Mattos | Radial Neck Fractures in Children and Adolescents: An Examination of Operative and Nonoperative Treatment and Outcomes[END_REF][START_REF] Basmajian | Radial neck fractures in children: experience from two level-1 trauma centers[END_REF][START_REF] Zimmerman | Surgical management of pediatric radial neck fractures[END_REF][START_REF] Guyonnet | Functional outcome of displaced radial head fractures in children treated by elastic stable intramedullary nailing[END_REF]. For Tan et al. [START_REF] Tan | Radial neck fractures in children[END_REF], they were of poor prognosis. Although the difference was not significant, the present poor results group showed a 50% rate of associated lesions, compared to 25% in the good results group.

Reduction quality did not impact the present results, as in other reports [START_REF] Mattos | Radial Neck Fractures in Children and Adolescents: An Examination of Operative and Nonoperative Treatment and Outcomes[END_REF][START_REF] Tan | Radial neck fractures in children[END_REF]. It is thus probably better to abstain from open reduction in fractures showing defective reduction. Remodeling potential was such that 61% of patients with residual tilt had normal X-ray at last follow-up, including some younger patients with >40° postoperative tilt. One of the present initial objective was to determine a tilt threshold for crossover to open reduction, but this could not be done, due to sample size.

Poor clinical results mainly consisted in loss of pronation-supination, in agreement with several reports [START_REF] Henrikson | Isolated fractures of the proximal end of the radius in children epidemiology, treatment and prognosis[END_REF][START_REF] Bernstein | Percutaneous reduction of displaced radial neck fractures in children[END_REF]. Only 3 of the present patients had occasional pain, and none showed laxity. Initially, we used the MEPS, as it was previously used in similar studies [START_REF] Tarallo | Management of displaced radial neck fractures in children: percutaneous pinning vs. elastic stable intramedullary nailing[END_REF][START_REF] La Iglesia | Surgical Techniques for Displaced Radial Neck Fractures: Predictive Factors of Functional Results[END_REF]; however, we came to consider it inadequate for fracture assessment, as it does not include pronation-supination (Table 2). The Métaizeau score is better for assessment of range of motion, but does not include pain, laxity or functional impact. It therefore seems essential to combine the two for optimal assessment. Abnormalities on last follow-up X-ray were associated with poor clinical results and were of 2 main types: peri-articular ossification and synostosis were frequent, probably related to the trauma mechanism itself as they are also found in other types of elbow lesion [START_REF] Metaizeau | Reduction and fixation of displaced radial neck fractures by closed intramedullary pinning[END_REF][START_REF] Newman | Displaced radial neck fractures in children[END_REF]. Periosteal detachment could be one explanation, testifying to initial trauma severity. Two patients had abnormal radiographs, with ectopic ossification, yet good results. Vascular complications, necrosis and non-union are probably due to the iatrogenic aggressiveness of open reduction [START_REF] Waters | Radial neck fracture nonunion in children[END_REF], and were systematically associated with poor outcome in the present series (Figure 2). The present study was limited by its retrospective design and by high rates of loss to follow-up (n=8) and incomplete files (n=6), hindering exhaustive analysis. Mean follow-up, however, was long, at 74 months, with most subjects reaching skeletal maturity by last follow-up: i.e., the present results can be considered definitive.

Conclusion

The present findings confirm that open reduction of radial neck fracture is to be avoided, jeopardizing 
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Table 1 :

 1 Métaizeau functional classification

	Excellent	0° loss of motion
	Good	0-20° loss of motion
	Moderate	20-40° loss of motion
	Poor	> 40° loss of motion
	Loss of motion: summed loss of flexion, extension, and pronation-supination

Table 2 :

 2 Mayo Elbow Performance Score

	Function	Points	Definition	Points
	Pain	45	None	
			Mild	
			Moderate	
			Severe