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Introduction

Antegrade percutaneous intra-medullary nailing (IMN) has a poor reputation in the treatment of displaced humeral fractures due to iatrogenic rotator cuff tendon lesions, causing postoperative shoulder stiffness and pain. This can be explained by the history of the technique, which is still recent [START_REF] Dilisio | Intramedullary nailing of the proximal humerus: evolution, technique, and results[END_REF].

First-generation humeral nails were straight, large diameter, with inadequate or no proximal locking, leading to reduction loss, malunion or non-union [START_REF] Dilisio | Intramedullary nailing of the proximal humerus: evolution, technique, and results[END_REF][START_REF] Lopiz | Proximal humerus nailing: a randomized clinical trial between curvilinear and straight nails[END_REF][START_REF] Boileau | Displaced humeral surgical neck fractures: classification and results of third-generation percutaneous intramedullary nailing[END_REF]. Despite their including proximal locking screws, 2 nd -generation humeral nails did not improve this poor reputation; quite the contrary: their curved crutch-like shape forced the surgeon to introduce them in the greater tuberosity ("footprint"), leading to iatrogenic supraspinatus tendon lesions with postoperative stiff and painful shoulder [START_REF] Lopiz | Proximal humerus nailing: a randomized clinical trial between curvilinear and straight nails[END_REF][START_REF] Boileau | Displaced humeral surgical neck fractures: classification and results of third-generation percutaneous intramedullary nailing[END_REF][START_REF] Nolan | Surgical treatment of displaced proximal humerus fractures with a short intramedullary nail[END_REF].

Third-generation nails were designed to avoid the complications found with the 1 st and 2 nd generation [START_REF] Dilisio | Intramedullary nailing of the proximal humerus: evolution, technique, and results[END_REF][START_REF] Boileau | Displaced humeral surgical neck fractures: classification and results of third-generation percutaneous intramedullary nailing[END_REF][START_REF] Boileau | Intramedullary Locking Nail Fixation of Proximal Humerus Fractures: Rationale and Technique[END_REF]. They are straight, short and small diameter for introduction via the muscular rather than tendinous supraspinatus to the summit of the humeral head. While risk of rotator cuff tendon lesion after humeral IMN has been studied for 2 nd -generation nails [START_REF] Verdano | Humeral shaft fractures treated with antegrade intramedullary nailing: what are the consequences for the rotator cuff?[END_REF][START_REF] Gracitelli | Ultrasound evaluation of the rotator cuff after osteosynthesis of proximal humeral fractures with locking intramedullary nail[END_REF], it has not been assessed for 3 rd -generation nails.

The aim of the present study was to assess rotator cuff integrity and shoulder function after 3rd-generation IMN in humeral fracture. The study hypothesis was that 3 rd -generation nails conserve rotator cuff tendon integrity and restore shoulder function, avoiding the complications found with the 1 st and 2 nd generation.

Patients and Methods

Study design

A single-center multi-surgeon retrospective study included all patients with displaced proximal humeral or humeral shaft fractures treated by 3 rd -generation IMN between November 2016 and July 2017 in a level-1 traumatology department. Proximal humeral displacement was defined according to the Neer criteria (8), as ≥1cm displacement or ≥45° angle between head and shaft.

Open fractures, pathologic fractures and fractures with associated neurologic disorder, such as axillary palsy, were excluded.

Surgical technique

Two types of 3 rd -generation IM nail were used: MultiLoc TM (Depuy-Synthes, West Chester, PA, USA), with lateromedial proximal screw orientation fixing the humeral head in priority, and Aequalis TM (Wright-Tornier, Bloomington, MN, USA), with anteroposterior proximal screw orientation fixing the tuberosities in priority [START_REF] Boileau | Intramedullary Locking Nail Fixation of Proximal Humerus Fractures: Rationale and Technique[END_REF][START_REF] Boileau | Intramedullary Nail for Proximal Humerus Fractures: An Old Concept Revisited[END_REF][START_REF] Clavert | Anatomical and biomechanical evaluation of an intramedullary nail for fractures of proximal humerus fractures based on tuberosity fixation[END_REF]. The short version was used for proximal humeral fractures and the long version for shaft fractures [START_REF] Boileau | Intramedullary Locking Nail Fixation of Proximal Humerus Fractures: Rationale and Technique[END_REF].

The percutaneous technique has been previously described [START_REF] Boileau | Displaced humeral surgical neck fractures: classification and results of third-generation percutaneous intramedullary nailing[END_REF][START_REF] Boileau | Intramedullary Locking Nail Fixation of Proximal Humerus Fractures: Rationale and Technique[END_REF]. The top of the humeral head was located under fluoroscopy using a needle or a 1.8-mm K-wire,. A pilot hole was made in the humeral head with a cannulated square awl [START_REF] Boileau | The three-dimensional geometry of the proximal humerus. Implications for surgical technique and prosthetic design[END_REF][START_REF] Park | Antegrade humeral nailing through the rotator cuff interval: a new entry portal[END_REF][START_REF] Noda | Does the location of the entry point affect the reduction of proximal humeral fractures? A cadaveric study[END_REF][START_REF] Jeong | Optimizing intramedullary entry location on the proximal humerus based on variations of neck-shaft angle[END_REF] used as a joy-stick to reduce the epiphyseal fragment and align it with the shaft. After fracture reduction, a guide stem was introduced into the shaft via the cannulated awl. A cannulated reamer was used to widen the entry portal. The cannulated nail, mounted on its ancillary, was then introduced into the humerus percutaneously (3).

Nail height was checked under radioscopy, positioning it about 3-5 mm under the cartilage. Nail rotation was checked by aligning the jig with the forearm, and distal locking was performed using 2 bicortical screws. After retrograde impaction of the fracture site using a hammer, proximal locking was performed with 2, 3 or 4 screws (Figure 1). In shaft fractures, the medullary canal was reamed and distal locking was performed under radioscopy (MultiLoc TM ) or using the jig (Aequalis TM ).

Postoperatively, the limb was immobilized in a splint for 2-4 weeks. Pendular selfmobilization was initiated the day after surgery, and rehabilitation with a physiotherapist at day 15.

Assessment criteria

Patients were followed in clinics at 6 months for clinical, radiological and ultrasound examination by an examiner (CM) other than the study surgeons. Physical examination screened for rotator cuff lesions (Jobe maneuver) or LHB tendinopathy (pain on pressure on the bicipital groove, palm-up test). Range of motion was assessed, along with Constant score [START_REF] Constant | A clinical method of functional assessment of the shoulder[END_REF][START_REF] Katolik | Normalization of the Constant score[END_REF] and Subjective Shoulder Value (SSV) [START_REF] Gilbart | Comparison of the subjective shoulder value and the Constant score[END_REF]. AP shoulder views in the 3 rotations and Lamy lateral view, or orthogonal humeral view for shaft fracture, were used to assess the nail entry portal (medial, lateral or very lateral) height (sunken, flush or protruding), and bone consolidation. Rotator cuff integrity was assessed on ultrasound (Siemens 14L5 linear array with 11 MHz high-frequency probe) by 3 radiologists specialized in bone and joint imaging [START_REF] Armstrong | The efficacy of ultrasound in the diagnosis of long head of the biceps tendon pathology[END_REF]. CT was also available.

Statistics

Continuous variables were reported as mean±standard deviation, and categoric variables as number and percentage. The Mann-Whitney test was used to compare quantitative variables between groups and the Fisher test was used for qualitative variables. The significance threshold was set at p<0.05. Analyses used the on-line EasyMedStat application (www.easymedstat.com, Neuilly-Sur-Seine, France).

Results

Epidemiology

Forty of the 50 eligible patients were included, followed and assessed There were 5 deaths and 5 refusals, leaving 26 females, 14 males; mean age at trauma, 60 years (range, 20-89 years). There were 17 shaft fractures and 23 proximal humerus fractures: 17 displaced surgical neck fractures (Neer II) and six 3-part fractures (Neer III). Table 1 shows epidemiological characteristics according to fracture type.

Table 2 shows surgical data.

Complications and revision surgeries

Two shaft fractures were unhealed a 6 months, 1 of which underwent revision at 10 months for decortication, bone graft and screwed plate fixation. One case of painful LHB tendinopathy was treated by arthroscopic tenotomy without nail removal. One excessively long lateromedial proximal screw in a MultiLoc nail, causing impingement with the glenoid, was removed. There were no cases of surgery for secondary bone displacement or rotator cuff repair.

Functional results

Table 3 shows functional results and active motion. At a mean 8 months' follow-up (range, 6-18 months), mean Constant score adjusted for age and gender was 83%. Mean elevation was 140°.

Active motion was 80% and absolute Constant score 75% of contralateral (healthy) values.

Nail positioning

Table 4 shows vertical and horizontal nail positioning.

Nail entry portal was in the humeral head in only 38% (15/40), being lateral (tuberositycartilage junction) in 19 cases (47%) and too lateral (tuberosity) in 6 (15%) (Figure 2).

Height was correct in 80% of cases (32/40), low in 5 (12%) and protruding in 3 (8%) (Figure 3).

Bone consolidation

Except for 2 cases of shaft non-union, all fractures consolidated by 6 months. There was 1 case of ascended greater tuberosity malunion. There were 6 cases of persistent varus: 3 due to insufficient reduction (99° varus preoperatively and 112° postoperatively) and 3 due to secondary displacement with medial comminution and excessively lateral nail entry.

Ultrasound results

Ultrasound found 5 supraspinatus tendon tears (12.5%): 2 full and 3 deep partial tears (Figure 4), without functional impact (ACS 91% without vs 107% with tear; p=0.12), or impact on SSV.

Four were symptom-free at last follow-up (Table 5). One of the 2 full-thickness tears was associated with subscapularis tear in a 49-year-old patient; it was totally asymptomatic (SSV 100%), suggesting that it was longstanding. In 2 of the 3 deep partial tears, the nail was protruding and lateral (tuberosity-cartilage junction).

Eight patients (7 with proximal humerus fracture) showed LHB tenosynovitis, defined as abnormal quantity of liquid in the groove on ultrasound. Unlike cuff tendon lesions, LHB tenosynovitis was symptomatic, with significantly impaired Constant score (48±17 vs. 75±12; p<0.001). CT demonstrated technical issues in 4 of the 8 patients: 3 cases of LHB tenodesis by anterior screw and 1 of LHB impingement by an excessively long posterior screw (Figure 5).

Clinical examination at last follow-up found 2 non-related LHB tears in 2 patients. The absence of technical problems, such as a screw in the groove, and the patients' advanced age (78 and

Discussion

The ultrasound, radiographic and clinical findings of this study confirmed the hypothesis: 3 rdgeneration IMN (straight, small diameter nail with locking screws) for the treatment of humerus fractures conserved rotator cuff integrity in 88% of cases and restored shoulder function relatively quickly. At a short-term mean follow-up of 8 months (range, 6-18 months), clinical results were comparable to or better than for 1 st -or 2 nd -generation IMN or locking plate fixation [START_REF] Lopiz | Proximal humerus nailing: a randomized clinical trial between curvilinear and straight nails[END_REF][START_REF] Verdano | Humeral shaft fractures treated with antegrade intramedullary nailing: what are the consequences for the rotator cuff?[END_REF][START_REF] Gracitelli | Ultrasound evaluation of the rotator cuff after osteosynthesis of proximal humeral fractures with locking intramedullary nail[END_REF][START_REF] Gradl | Is locking nailing of humeral head fractures superior to locking plate fixation?[END_REF][START_REF] Boudard | Locking plate fixation versus antegrade nailing of 3-and 4-part proximal humerus fractures in patients without osteoporosis. Comparative retrospective study of 63 cases[END_REF][START_REF] Baltov | Complications after interlocking intramedullary nailing of humeral shaft fractures[END_REF][START_REF] Hatzidakis | Angular-stable locked intramedullary nailing of two-part surgical neck fractures of the proximal part of the humerus. A multicenter retrospective observational study[END_REF][START_REF] Rochet | Functional and sonographic shoulder assessment after Seidel nailing: a retrospective study of 29 cases[END_REF], with a consolidation rate comparable to or better than those reported in the literature [START_REF] Nolan | Surgical treatment of displaced proximal humerus fractures with a short intramedullary nail[END_REF][START_REF] Boudard | Locking plate fixation versus antegrade nailing of 3-and 4-part proximal humerus fractures in patients without osteoporosis. Comparative retrospective study of 63 cases[END_REF].

In a cohort with a mean age of 60 years (range, 20-89 years), prevalence of supraspinatus tendon tear on ultrasound following humeral IMN was 5/40 (12.5%): i.e., not higher than in ultrasound series for healthy and asymptomatic subjects (16%) [START_REF] Moosmayer | Prevalence and characteristics of asymptomatic tears of the rotator cuff: an ultrasonographic and clinical study[END_REF][START_REF] Schibany | Rotator cuff tears in asymptomatic individuals: a clinical and ultrasonographic screening study[END_REF][START_REF] Tempelhof | Age-related prevalence of rotator cuff tears in asymptomatic shoulders[END_REF][START_REF] Yamaguchi | The demographic and morphological features of rotator cuff disease. A comparison of asymptomatic and symptomatic shoulders[END_REF][START_REF] Reilly | Dead men and radiologists don't lie: a review of cadaveric and radiological studies of rotator cuff tear prevalence[END_REF][START_REF] Mall | Symptomatic progression of asymptomatic rotator cuff tears: a prospective study of clinical and sonographic variables[END_REF][START_REF] Tashjian | Epidemiology, natural history, and indications for treatment of rotator cuff tears[END_REF]. The 2 full and 3 deep supraspinatus tears had no functional impact. Three hypotheses may account for these lesions. They may have been degenerative cuff lesions preexisting trauma and surgery, the rate of which is known to increase with age and which are often asymptomatic [START_REF] Rochet | Functional and sonographic shoulder assessment after Seidel nailing: a retrospective study of 29 cases[END_REF][START_REF] Moosmayer | Prevalence and characteristics of asymptomatic tears of the rotator cuff: an ultrasonographic and clinical study[END_REF][START_REF] Schibany | Rotator cuff tears in asymptomatic individuals: a clinical and ultrasonographic screening study[END_REF][START_REF] Tempelhof | Age-related prevalence of rotator cuff tears in asymptomatic shoulders[END_REF][START_REF] Yamaguchi | The demographic and morphological features of rotator cuff disease. A comparison of asymptomatic and symptomatic shoulders[END_REF][START_REF] Reilly | Dead men and radiologists don't lie: a review of cadaveric and radiological studies of rotator cuff tear prevalence[END_REF][START_REF] Mall | Symptomatic progression of asymptomatic rotator cuff tears: a prospective study of clinical and sonographic variables[END_REF]; 4 of the 5 lesions were asymptomatic, and 3 of the 5 patients were aged over 80 years, moreover, ultrasound does not distinguish a scar from an "active" lesion. Secondly, they may have been traumatic lesions concomitant to the humeral fracture, as found in 7-18% of non-operated proximal humerus fractures [START_REF] Gallo | Defining the relationship between rotator cuff injury and proximal humerus fractures[END_REF][START_REF] Fjalestad | Rotator cuff tears in proximal humeral fractures: an MRI cohort study in 76 patients[END_REF] Or thirdly, they may have been iatrogenic, caused by nailing; this was the case for at least 2 deep partial supraspinatus lesions in which the nails were too high and too lateral (tuberositycartilage junction) on postoperative X-ray. This rotator cuff integrity after IMN confirms the appropriate design of 3 rd -generation nails.

This was expected and unsurprising, as arthroscopy cannulae with a diameter of 8-10 mm are regularly introduced in the shoulder via the cuff muscles without causing problems or symptoms [START_REF] Meyer | Anatomic risks of shoulder arthroscopy portals: anatomic cadaveric study of 12 portals[END_REF]. Likewise, there were no functional problems or pain associated with nailing through the humeral head cartilage. Longer follow-up would of course be needed to determine whether the cartilage perforation leads to osteoarthritis in the long term, but our experience of more than 10 years with the Aequalis TM nail (Wright-Tornier), however, justifies optimism on this count [START_REF] Boileau | Intramedullary Locking Nail Fixation of Proximal Humerus Fractures: Rationale and Technique[END_REF][START_REF] Boileau | Intramedullary Nail for Proximal Humerus Fractures: An Old Concept Revisited[END_REF].

As well as straight versus curved nail design, the entry portal is critical for iatrogenic supraspinatus tendon lesions. In an anatomic study of 16 specimens with 3 rd -generation nail (Aequalis TM ) , Knierim et al. [START_REF] Knierim | Short, locked humeral nailing via Neviaser portal: an anatomic study[END_REF] showed that medial retroclavicular entry (Neviaser portal) enables passage through the trapezius and supraspinatus muscles, avoiding supraspinatus tendon lesions [START_REF] Neviaser | Arthroscopy of the shoulder[END_REF]. This approach was used in 16 of the present cases, and is especially useful in varus fractures with posterior tilt: the nail is first introduced medially into the head and then tilted like a joy-stick under radioscopic control so as to penetrate the medullary canal of the shaft, providing virtually automatic correction of epiphyseal varus. Our current attitude, and recommendation, is to nail most humeral fractures via the Neviaser retroclavicular approach, as the risk of cuff tendon lesion is lower and varus reduction easier.

It is also important to control nail height intraoperatively in humeral IMN. To avoid slanted projection of the summit of the head, causing too high or too low nail positioning, the patient should be seated rather than semi-seated, with the fluoroscope strictly perpendicular to the humerus.

In 2 series with ultrasound cuff assessment after 2 nd -generation IMN using a curved nail, the full-tear supraspinatus lesion rates were 2% and 10% [START_REF] Verdano | Humeral shaft fractures treated with antegrade intramedullary nailing: what are the consequences for the rotator cuff?[END_REF][START_REF] Gracitelli | Ultrasound evaluation of the rotator cuff after osteosynthesis of proximal humeral fractures with locking intramedullary nail[END_REF]. However, the 2 nd -generation curved nail required a lateral entry portal on the tuberosity, and an excessively lateral entry would account for these lesions. Lopiz et al. [START_REF] Lopiz | Proximal humerus nailing: a randomized clinical trial between curvilinear and straight nails[END_REF], in a randomized study comparing IMN with 2 nd -generation curved nail versus 3 rd -generation straight nail, found twice as many signs of rotator cuff pathology with the curved nails: 73% vs. 35% (p=0.001) at 14 months' follow-up. The present results likewise confirm the need for 3 rd -generation straight nails; 2 nd -generation curved nails should be definitively abandoned.

A less expected finding was the 20% rate of LHB tendinopathy on ultrasound, symptomatic, unlike the supraspinatus tears. The good news is that this was due to technical error in half of the cases, and could thus be avoided. In 3 cases, the LHB had mistakenly been screwed in the groove, due to jig rotation error, and in 1 case an excessively long posterior screw irritated the tendon in the groove.

The present good clinical and anatomic results suggest that 3 rd -generaton IMN in humerus fracture is a reliable and safe alternative to plate fixation with locking screws (1-2). It has at least 2 advantages: biomechanical, with the nail acting as a central stay [START_REF] Gradl | Is locking nailing of humeral head fractures superior to locking plate fixation?[END_REF][START_REF] Chen | Fixation stability of comminuted humeral shaft fractures: locked intramedullary nailing versus plate fixation[END_REF], and biological, with limited soft-tissue dissection, conserving proximal humeral vascularization [START_REF] Boileau | Intramedullary Locking Nail Fixation of Proximal Humerus Fractures: Rationale and Technique[END_REF]. The weakness of locking plate fixation in proximal humeral fracture recently led some authors to reinforce the assembly with fibular allograft or intramedullary cage to prevent iterative varus tilt of the head fragment in case of medial comminution [START_REF] Tan | Early outcomes of proximal humerus fracture fixation with locking plate and intramedullary fibular strut graft[END_REF]. IMN in proximal humeral fracture is rapid and provides solid assembly, with the nail itself acting as a central intramedullary stay, avoiding the extra cost incurred by long and difficult open surgery and additional allograft or intramedullary cage.

The study had certain obvious limitations. It was retrospective, including 2 different 3 rdgeneration nails: proximal, intended to fix the head fragment in the case of the MultiLoc TM and intended to fix the tuberosities in the case of the Aequalis TM nail. Another weak point was the lack of preoperative ipsi-and/or contra-lateral ultrasound evaluation, which could have properly differentiated between preoperative and iatrogenic cuff tendon lesions. This was, however, the first study to assess cuff and LHB status after 3 rd -generation IMN. The continuous design of the study, with examiners independent of the surgeons, was a strong point. Radiological and clinical follow-up was short (6-18 months), but sufficient to observe rapid functional recovery after 3 rd -generation IMN in humeral fracture.

Conclusion

Functional recovery after 3 rd -generation humeral IMN (straight, small diameter nail through the supraspinatus muscle) was relatively quick and satisfactory. Cuff tendon lesions were rare (12.5%) and asymptomatic, with prevalence no higher than in the general population (16%). Some were due to avoidable technical errors: excessively lateral nail entry (tuberosity-cartilage junction) and/or protruding nail. LHB tendinopathy was more frequent (20%) and was symptomatic. Technical error was again involved: notably, LHB screwing in the groove due to incorrect jig rotation. The results confirm the appropriate design of 3 rd -generaiton nails with transmuscular trajectory, in contrast to the transtendon trajectories of curved 2 nd -generation nails, notoriously iatrogenic. The results also suggest the need for a learning curve in humeral fracture nailing using these new models: the entry portal has to be strictly medial, in the humeral head cartilage; height has to be controlled by a fluoroscope strictly perpendicular to the humerus; and rotation has to be controlled by correct alignment of the apparatus along the forearm. 
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 1 Figure 1: Third-generation percutaneous proximal humerus nailing (Aequalis TM nail). After radioscopic

Figure 2 .

 2 Figure 2. Assessment of nail entry portal on AP view in neutral rotation. Portal A: correct (articular);

Figure 3 .

 3 Figure 3. Assessment of nail height on AP view in neutral rotation. Nail height A: correct; B: too low;

Figure 4 .

 4 Figure 4. Ultrasound analysis. A: Full-thickness supraspinatus tendon in left shoulder. Arrow:

Figure 5 .

 5 Figure 5. Axial CT slices showing accidental LHB screwing in groove (A) and excessively long posterior

  

  

  

  

  

Table 1 : Epidemiological dataTable 2 . Surgical data
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		Proximal humerus fracture	Humeral shaft fracture	Total
		(n=23)	(n=17)	(n=40)
	Mean age (years)	63	56	60
	Female gender	82%	44%	65%
	Dominant side	55%	23%	43%
	Poor kinetics	82%	72%	78%
	Smoking	27%	17%	23%

Table 3 . Functional results

 3 

	Constant score	Mean	% healthy side
	pain (/15)	13±17	
	Activity (/20)	16±3.6	
	Motion (/40)	31±8.8	
	Strength (/25)	10±5.8	
	Absolute Constant score (/100)	70 ±17	75%
	Weighted Constant score (%)	93% ±22	
	Active motion		
	Elevation	140°±35°	83%
	External rotation	48°±22°	86%
	Internal rotation /10	6.2±2.3	76%

Table 3 . Functional results
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	2-Part	3-Part	Shaft	Total
	fracture	fracture	fracture	(n=40)
	(n=17)	(n=6)	(n=17)	

Table 4 . Vertical and horizontal nail positioningTable 5 . Epidemiological characteristics and functional results in patients with supraspinatus tendon lesion on postoperative ultrasound Deep partial supraspinatus tear Full-thickness supraspinatus tear

 45 

	Patient No		1	2	3	4	5
	Age at surgery (yrs)	84	84	48	90	49
	Gender		M	F	M	F	M
	Type of fracture	2-fragment	Shaft	3-fragment	3-fragment	Shaft
	Portal		Anterior	Anterior	Neviaser	Neviaser	Anterior
	Pain (/10)		0	6	0	0	0
	SSV (%)		95%	50%	80%	100%	100%
	Absolute	Constant	73	66	81	66	81
	(/100)						
	Weighted Constant	114%	103%	93%	103%	120%
	(%)						
	Motion:						
	-Elevation		140°	130°	140°	110°	170°
	-External rotation	30°	30°	30°	60°	30°
	-Internal rotation	L3	D12	L3	Sacrum	L3
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