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Introduction

Hereditary multiple osteochondroma (HMO) is a rare form of skeletal dysplasia with autosomal dominant inheritance. This condition, first described by Virchow in 1876 [START_REF] Virchow | Über die Entstehung des Enchondroms und seine Beziehungen zur Enchondrosis und Exostosis cartilaginea[END_REF], is characterized by the development of multiple benign osteochondromas. During childhood, these cartilage-capped bone tumors grow outward from long bone metaphyses, leading to metaphyseal remodeling and asymmetric longitudinal bone growth. Forearm deformities affect 30% to 60% of patients with HMO [START_REF] Solomon | Hereditary multiple exostosis[END_REF][START_REF] Fogel | Management of deformities of the forearm in multiple hereditary osteochondromas[END_REF][START_REF] Peterson | Deformities and problems of the forearm in children with multiple hereditary osteochondromata[END_REF]. Patients typically complain of functional disability (with limited pronation and supination), cosmetic impairment (due to bowing of the radius and shortened forearm) and sometimes pain (due to ulnar tilt onto distal radius, or radial head dislocation) [START_REF] Solomon | Hereditary multiple exostosis[END_REF][START_REF] Fogel | Management of deformities of the forearm in multiple hereditary osteochondromas[END_REF][START_REF] Noonan | Evaluation of the forearm in untreated adult subjects with multiple hereditary osteochondromatosis[END_REF]. The deformities may involve a relative shortening of the ulna, bowing of the radius, ulnar deviation of the hand and wrist, and (potentially) permanent subluxation or dislocation of the radial head. Type I in Masada's classification is characterized by a large osteochondroma of the distal ulna, bowing of the radius, and a relatively short ulna (Fig. 1). Type II is characterized by radial head dislocation or subluxation; in the IIa subtype, dislocation is associated with proximal osteochondroma and in the IIb subtype, dislocation is associated with radio-ulnar length discrepancy). Type III is characterized by a primary osteochondroma in the metaphysis of the distal radius, which results in relative shortening of the radius compared to the ulna [START_REF] Masada | Operations for forearm deformity caused by multiple osteochondromas[END_REF]. The objective of the surgical treatment described here was to correct the large radius-ulna length discrepancy and radial articular angle and thus to prevent carpal slip and radial head dislocation [START_REF] Litzelmann | Forearm deformities in hereditary multiple exostosis: clinical and functional results at maturity[END_REF][START_REF] Vogt | Reconstruction of forearm deformity by distraction osteogenesis in children with relative shortening of the ulna due to multiple cartilaginous exostosis[END_REF][START_REF] Matsubara | Correction and lengthening for deformities of the forearm in multiple cartilaginous exostoses[END_REF][START_REF] Clement | Forearm deformity in patients with hereditary multiple exostoses: factors associated with range of motion and radial head dislocation[END_REF].

Although a number of corrective surgical procedures (including ulna osteochondroma resection, ulnar lengthening and hemi-epiphyseal stapling of the distal radius) have been described in the literature, there is no consensus on the optimal treatment [START_REF] Litzelmann | Forearm deformities in hereditary multiple exostosis: clinical and functional results at maturity[END_REF][START_REF] Akita | Long-term results of surgery for forearm deformities in patients with multiple cartilaginous exostoses[END_REF][START_REF] Kelly | Radiographic outcomes of hemiepiphyseal stapling for distal radius deformity due to multiple hereditary exostoses[END_REF]. There are few literature reports on radial shortening osteotomy (RSO) [START_REF] Fogel | Management of deformities of the forearm in multiple hereditary osteochondromas[END_REF][START_REF] Masada | Operations for forearm deformity caused by multiple osteochondromas[END_REF][START_REF] Pritchett | Lengthening the ulna in patients with hereditary multiple exostoses[END_REF][START_REF] Rodgers | One-bone forearm as a salvage procedure for recalcitrant forearm deformity in hereditary multiple exostoses[END_REF][START_REF] Wood | The treatment of hereditary multiple exostosis of the upper extremity[END_REF][START_REF] Arms | Management of forearm deformity in multiple hereditary osteochondromatosis[END_REF][START_REF] Ip | Reconstruction of forearm deformities in multiple cartilaginous exostoses[END_REF]. Litzelman et al.

felt that RSO may be a surgical treatment option (at the end of the growth phase) for improving the limb's appearance [START_REF] Litzelmann | Forearm deformities in hereditary multiple exostosis: clinical and functional results at maturity[END_REF].

Our starting hypothesis was that RSO combined with osteochondroma resection in children with HMO is an effective procedure for correcting forearm deformity.

Patients and methods

Patients

We performed a retrospective chart review followed by a clinical and radiological assessment of patients in a pediatric surgery department. This retrospective review had been approved by the local investigational review board. The main inclusion criteria were as follows: HMO with a forearm deformity and corrective radial osteotomy between 1978 and 2015 and a minimum 2-year follow-up. The surgical indications for RSO were a radial deformity with a radial articular angle (RAA) ≥ 40° and/or subluxation of the radial head (Fig. 2). The main exclusion criteria were the lack of a full dataset, patient lost to follow-up, and other surgical procedures performed on the forearm (ulnar lengthening, isolated osteochondroma resection, radial epiphysiodesis, etc.).

Surgical technique (Fig. 3)

The surgical procedure consisted of a step-cut osteotomy of the distal third of the radius, with (i) placement of the long arm of the step-cut in the coronal plane and the short arm in the axial (transverse) plane, and (ii) inter-fragmentary compression with cortical screws. This technique corrects the deformity in both planes (i.e. shortening in sagittal plane and reorientation in frontal plane). The procedure was always combined with resection of the distal ulna osteochondroma. All patients wore a long arm cast for 6 weeks after surgery and then a short arm cast for the next few weeks. Any reported complications (non-union, infection, etc.) were noted.

Clinical assessment

We assessed passive forearm pronation and supination with a goniometer before surgery and at last follow-up. Recreational, school-level and club-level sports activities were assessed. At last follow-up, the patient filled out the Quick Disabilities of the Arm, Shoulder and Hand (QuickDASH) questionnaire [START_REF] Hudak | Development of an upper extremity outcome measure: the DASH (disabilities of the arm, shoulder and hand)[END_REF]. This questionnaire has been validated for use in a pediatric population [START_REF] Rodgers | One-bone forearm as a salvage procedure for recalcitrant forearm deformity in hereditary multiple exostoses[END_REF].

Radiological assessment

The radiological parameters described by Burgess (Fig. 2, including the RAA, ulnar variance, bowing of the radius, radial length, and carpal slip) were assessed before surgery, immediately after surgery, and at last follow-up on an anteroposterior X-ray of the forearm [START_REF] Burgess | Deformities of the forearm in patients who have multiple cartilaginous exostosis[END_REF]. Dislocation of the radial head relative the Storen line and mean radial shortening were assessed after surgery [START_REF] Storen | Traumatic dislocation of the radial head as an isolated lesion in children; report of one case with special regard to roentgen diagnosis[END_REF]. Any recurrence of the resected osteochondroma was noted.

Data analysis

Descriptive statistics were used to summarize continuous variables, and categorical variables were expressed as counts (percentage). Data for continuous variables were compared using Wilcoxon's rank sum test, and data for categorical variables were analyzed using Fisher's exact test for paired data. The threshold for statistical significance was set to p < 0.05. All statistical analyses were performed with R software (version 2.13.0 for Windows). 

Results

Study population

Clinical assessments

The forearm's passive pronation and supination range of motion is summarized in Table 1.

Thirteen of the 17 patients (76%) participated regularly in sports activities (including motocross, swimming, table tennis, basketball, and running); of these, eight played at a recreational level, two played in school teams, and three competed at the club level. The mean (range) QuickDASH score was 13.9 (3.3-24.2).

Radiological assessments

The radiological parameters (including ulnar variance, radial joint angle, and bowing of the radius) were significantly improved by surgery (Table 2 and Figs. 45). The mean (range) radius shortening was 12 mm (5-25) (p = 6.10 -4 ). Radial head subluxation was observed before surgery in one case but was still present after surgery and the last follow-up. At the last radiological assessment, one other patient displayed radial head subluxation caused by the development of an ulnar proximal osteochondroma. The excised osteochondroma in the forearm did not recur in any of the patients.

At last follow-up, we observed a loss of ulnar variance correction in 11 cases (64%), with a mean (range) loss of 4 mm (2-10). Worsening of the radial articular angle was observed in 3 cases (17%); the mean loss of correction was 10° (4°-25°).

Discussion

This study's findings confirm our hypothesis that a step-cut radial shortening and translation osteotomy combined with osteochondroma resection improve the clinical and radiological outcomes in a homogeneous series of forearms. These forearms had the same type of Masada type I deformity (except for one case of Masada IIb [START_REF] Masada | Operations for forearm deformity caused by multiple osteochondromas[END_REF]), with (i) an increase in the radial articular angle and ulnar variance, (ii) a decrease in the radial-ulnar length discrepancy, (iii) radial shortening, and (iv) correction of carpal slip and bowing of the radius.

The decrease in the radial-ulnar length discrepancy produced by RSO probably prevented radial head dislocation because no episodes of radial head dislocation were observed due to radial-ulnar length discrepancy. Only one episode of radial head subluxation was noted due to an ulnar proximal osteochondroma. This surgical technique is safe and reliable, and no cases of necrosis or infection were observed. While this technique probably stops the deformity from getting worse, several authors have reported that recurrence is inevitable if patients are operated too young [START_REF] Litzelmann | Forearm deformities in hereditary multiple exostosis: clinical and functional results at maturity[END_REF][START_REF] Akita | Long-term results of surgery for forearm deformities in patients with multiple cartilaginous exostoses[END_REF]. [START_REF] Fogel | Management of deformities of the forearm in multiple hereditary osteochondromas[END_REF][START_REF] Peterson | Deformities and problems of the forearm in children with multiple hereditary osteochondromata[END_REF][START_REF] Kelly | Radiographic outcomes of hemiepiphyseal stapling for distal radius deformity due to multiple hereditary exostoses[END_REF][START_REF] Siffert | Correction of wrist deformity in diaphyseal aclasis by stapling. Report of a case[END_REF] did not recommend performing radial osteotomy before skeletal growth had been completed; they preferred to use hemiepiphyseal stapling in the growing child because it was associated with a lower morbidity rate than osteotomy. Even though data on predicting the distal growth of a healthy radius are available, hemi-epiphyseal stapling is less precise because this prediction is not possible in HMO [START_REF] Kraus | Physiological closure of the physeal plate of the distal radius: An MRI analysis[END_REF].

Siffert et al. and other researchers

Although, the role of osteochondroma resection is controversial, we cannot rule out the possibility that it also contributed to our results [START_REF] Akita | Long-term results of surgery for forearm deformities in patients with multiple cartilaginous exostoses[END_REF]. Furthermore, some researchers have suggested that isolated osteochondroma resection is a simple, attractive surgical procedure with few complications and can improve function [START_REF] Akita | Long-term results of surgery for forearm deformities in patients with multiple cartilaginous exostoses[END_REF][START_REF] Arms | Management of forearm deformity in multiple hereditary osteochondromatosis[END_REF][START_REF] Shin | Treatment of multiple hereditary osteochondromas of the forearm in children: a study of surgical procedures[END_REF]. Fogel et al. found that osteochondroma usually recurred in immature patients but not in mature patients [START_REF] Fogel | Management of deformities of the forearm in multiple hereditary osteochondromas[END_REF]. It should nevertheless be noted that although osteochondroma resection provides a moderate gain in mobility, it does not correct the underlying deformity [START_REF] Fogel | Management of deformities of the forearm in multiple hereditary osteochondromas[END_REF]. Hence, isolated osteochondroma resection should therefore be reserved for troublesome cases without significant forearm deformation.

Ulnar lengthening improves ulnar variance but not the radial articular angle or bowing of the radius [START_REF] Litzelmann | Forearm deformities in hereditary multiple exostosis: clinical and functional results at maturity[END_REF]. In the literature, the complication rate is highly variable and ranges from 0% to 100% of cases [START_REF] Launay | Progressive forearm lengthening in children: 14 cases[END_REF][START_REF] Launay | Forearm lengthening: management of elbow and wrist[END_REF]. Ulnar lengthening is a surgical option but it should be reserved for patients with a very short forearm and/or a forearm with dislocated radial head or recurrent deformities [START_REF] Cho | Gradual lengthening of the ulna in patients with multiple hereditary exostoses with a dislocated radial head[END_REF]. Hence, ulnar lengthening could be performed at any age in a well-informed, motivated patient. Ulnar lengthening could also be combined with corrective radial osteotomy, although two approaches are required to reduce the risk of radio-ulnar synostosis. Radial corrective osteotomy and ulna osteochondroma resection could also be performed before ulnar lengthening, which is easier with no distal ulnar osteochondroma and a corrected radius.

Like Stanton et al. and by Noonan et al. [START_REF] Noonan | Evaluation of the forearm in untreated adult subjects with multiple hereditary osteochondromatosis[END_REF][START_REF] Stanton | Function of the upper extremities in hereditary multiple exostoses[END_REF], our study showed that functional impairments in HMO were generally well-tolerated because of their gradual onset in growing children. After surgery, we observed a moderate improvement in function. Arms et al. [START_REF] Arms | Management of forearm deformity in multiple hereditary osteochondromatosis[END_REF] assessed forearm deformities in 37 patients, and found that the majority maintained good levels of function at skeletal maturity-even when the deformity was severe. Similarly, Akita et al. [START_REF] Akita | Long-term results of surgery for forearm deformities in patients with multiple cartilaginous exostoses[END_REF] reported only a slight restriction in activities of daily living in patients with a postoperative deformity; the latter's radiologic parameters were not correlated with range of motion.

As in this study and the literature, it appears that forearm surgery-no matter the HMO surgical technique-moderately improves range of motion and can probably prevent the development of functional impairment during growth [START_REF] Litzelmann | Forearm deformities in hereditary multiple exostosis: clinical and functional results at maturity[END_REF][START_REF] Akita | Long-term results of surgery for forearm deformities in patients with multiple cartilaginous exostoses[END_REF]. Although the deformity gradually returns during growth, the level of function after surgery remains good because of the child's adaptability.

This study has some limitations. It was a retrospective, non-comparative assessment that lacked a control group of non-operated patients. The retrospective nature of the study may also limit the complete collection of data, specifically the collection of complications, and some evaluations were subjective. Our long-term observations at last follow-up suggested that certain deformities recurred-especially ulnar variance. Our findings will need to be confirmed in a prospective study with a larger sample size.

Conclusion

While several treatment options are possible, it makes sense to use a simple, rapid procedure that is not associated with complications or pain-namely radial corrective osteotomy combined with osteochondroma resection-in children at the end of growth in whom the severe, progressive, radial deformities are associated with HMO. 

Figure legends

Fifty-eight

  children underwent surgery for a forearm deformity in our orthopedic department; 17 children (11 boys and 6 girls) and 17 forearms (left arm: 9 cases; right arm: 8 cases) were included in the study. The other children were excluded because another surgical technique had been used (39 patients) and because 2 were lost to follow-up. The dominant hand was involved in 10 cases. The mean (range) age at the time of surgery was 11.8 (3.2-14.4). Five patients underwent surgery before puberty. The mean interval between surgery and last follow-up was 8.2 years (2-34.2). At last follow-up, the mean age was 19.9 (12-44). Sixteen forearms were classified Masada type I and one forearm was Masada type IIb. No cases of non-union or infection were reported.
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 1234 Fig. 1. Masada type I forearm deformity Fig. 2. Radiological parameters assessed in this study: ulnar variance (A); radial articular angle (B); bowing of radius (C); carpal slip (D); radius length (E) Fig. 3. Step-cut osteotomy, correcting the deformity in both planes: shortening (A, B, C) and translation and re-orientation (D) Fig. 4. Anteroposterior X-ray before surgery, showing a Masada type I deformity of the left forearm in an 11-year-old girl with a voluminous ulnar osteochondroma, bowing of the radius, increased radial articular angle (42°), and negative ulnar variance (-10 mm) (A).Anteroposterior X-ray at last follow-up (18 months after surgery), showing correction of the radius bowing, correction of the radial articular angle (28°), and normal ulnar variance (B).

Fig. 5 .

 5 Fig. 5. Anteroposterior X-ray before surgery, showing a Masada type I deformity of the left forearm in a 15 year-old girl with a voluminous ulnar osteochondroma, marked bowing of the radius, and increased radial articular angle (41°) (A). Anteroposterior X-ray at last follow-up, showing correction of the radius bowing and correction of the radial articular angle (30°) (B).
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Table 2 .

 2 Radiological parameters preoperatively, immediately after surgery, and at last follow-up. Mean values (min; max)

Table 1 .

 1 Pronation and supination range of motion (median ± standard deviation, range)

	preoperatively and at last review		
		Preoperatively	Last follow-up	p
	Pronation (min-max)	40° ± 29° (0-90°)	60° ± 27° (40-90°)	0.71
	Supination (min-max)	90° ± 24° (30-90°)	90° ± 22° (30-90°)	0.07

Table 2 .

 2 Radiological parameters preoperatively, immediately after surgery, and at last follow-up. Mean values (min; max)

		Preoperatively	After surgery	Last follow-up
	Ulnar variance	-12 (-23; -5)	-4 (-10, 5) p=5.10 -4	-9 (-15; +2) p=6.10 -4
	Radial articular angle	48° (38°; 65°)	30 (10°; 40°) p=3.10 -3 32° (25°; 50°) p=0.86
	Radial bowing	0.09 (0.06; 0.1)	0.06 (0.03; 0.08) p<1.10 -6	0.06 (0.04; 0.09) p=0.84
			154 (118; 190)	
	Radial length (cm)	166 (123; 200)		NA
			p<6.10 -4	
	Abnormal carpal slip (n)	6	0	1
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