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Introduction

The identification of femoro-acetabular impingement (FAI) has proved a major breakthrough in the understanding of early hip osteoarthritis. FAI causes hip pain in young individuals and may promote the early development of degenerative lesions, thus possibly being among the main causes of apparently primary hip osteoarthritis [START_REF] Ganz | Femoroacetabular impingement: a cause for osteoarthritis of the hip[END_REF][START_REF] Beck | Hip morphology influences the pattern of damage to the acetabular cartilage: femoroacetabular impingement as a cause of early osteoarthritis of the hip[END_REF][START_REF] Ganz | The etiology of osteoarthritis of the hip: an integrated mechanical concept[END_REF]. FAI is due to abnormalities in femoral or acetabular geometry, which are responsible for cam or pincer impingement mechanisms, respectively. Cam and pincer FAI may be present concomitantly. In pincer impingement, the acetabular overcoverage of the femoral head may be focal, due to abnormal extension of the anterior acetabular rim, or general, due to coxa profunda with protrusio acetabuli.

The first description of the morphological abnormalities that characterise protrusio acetabuli was written by Otto in 1816 [START_REF] Otto | Ein Becken, mit kugelformig augedehnten Pfannen[END_REF]. In 1935, Overgaard [START_REF] Overgaard | Otto's disease and other forms of protrusio acetabuli[END_REF] suggested the first useful classification, which distinguishes primary from secondary cases. A subsequent modification by Gilmour produced the classification that is now most widely used [START_REF] Gilmour | Adolescent deformities of the acetabulum: an investigation into the nature of protrusio acetabuli[END_REF]. This classification separates secondary forms, due to an underlying condition, from primary forms, for which no cause is detectable. The conditions capable of causing secondary protrusio acetabuli is now known to extend across a broad spectrum, from infection and trauma to metabolic, neoplastic, and genetic diseases [START_REF] Dunlop | Protrusio acetabuli[END_REF]. Primary protrusio acetabuli is typically bilateral and more common in females than in males [START_REF] Gilmour | Adolescent deformities of the acetabulum: an investigation into the nature of protrusio acetabuli[END_REF][START_REF] Alexander | The aetiology of primary protrusio acetabuli[END_REF]. Protrusio acetabuli results in secondary medial osteoarthritis with little change to the superior joint line.

Orthopaedic surgeons should be familiar with the parameters used to characterise acetabular geometry, which can be designated collectively by the term acetabulometry. Among acetabular deformities, coxa profunda requires a complex diagnostic strategy. In addition, the best treatment for coxa profunda is not agreed on, and either arthroscopic or open surgery may be optimal depending on the situation. The objective of this article is to review the surgical treatment options available for FAI due to coxa profunda in adults.

Anatomical classification

The acetabular bone deformities that cause pincer FAI include focal (anterior) overcoverage and general abnormalities affecting acetabular orientation (retroversion) or position (coxa profunda, protrusio acetabuli). These abnormalities can be assessed by a radiographic work-up with antero-posterior, faux-profil (Lequesne), and lateral Dunn views of the painful hip, as well as Fig. 1. Definition of coxa profunda [START_REF] Leunig | Femoroacetabular impingement: Treatment of the acetabular side[END_REF]. A. In the normal hip, the acetabulum provides adequate coverage of the femoral head; B. In coxa profunda, the head is in a more medial position and the acetabular fossa (teardrop) is on or below the ilio-ischial line; C. In protrusio acetabuli, the femoral head is medial to the ilio-ischial line, acetabular roof obliquity is negative, and the centre of the femoral head is medial to the anterior and posterior acetabular walls (Tönnis angle < 0 • ). (2) Tönnis horizontal-tectum-edge (THE) angle [START_REF] Tönnis | Congenital dysplasia and dislocation of the hip in children and adults[END_REF]; (3) Sharp angle [START_REF] Sharp | Acetabular dysplasia (The acetabular angle)[END_REF]; Other parameters include the (4) extrusion index, (5) cross-over sign, and (6) posterior wall sign [START_REF] Reynolds | Retroversion of the acetabulum. A cause of hip pain[END_REF].

an antero-posterior view of the pelvis. Induced lesions must be evaluated by combined slice imaging and arthrography [computed tomography (CT)-arthrography or magnetic resonance (MR)arthrography].

Coxa profunda is defined as the location of the acetabular fossa medial to the ilio-ischial line on an antero-posterior radiograph obtained using a standardised protocol (Fig. 1) [START_REF] Leunig | Protrusio acetabuli: New insights and experience with joint preservation[END_REF]. This abnormally medial and lateral position of the acetabulum may be combined with predisposing anatomical characteristics, which should be evaluated by acetabulometry.

Acetabulometry consists in evaluating the position and 3D orientation of the acetabulum on a standing antero -posterior radiograph of the pelvis, in addition to measuring the classic hip angles (Fig. 2). The radiograph must be obtained according to a standardised protocol to eliminate variations due to pelvic rotation or tilting [START_REF] Tannast | Tilt and rotation correction of acetabular version on pelvic radiographs[END_REF]. The radiograph should be taken under fluoroscopic guidance to align the pubic symphysis on the tip of the coccyx (to eliminate rotational malposition) and to keep 2-3 cm between the two structures (to eliminate any effect of pelvic tilt).

A classic concomitant of coxa profunda (Fig. 3) is a decrease in the extrusion index. Inconsistently present findings include an increase in lateral coverage (Wiberg CE angle [START_REF] Wiber | The anatomy and roentgenographic appearance of a normal hip joint[END_REF] > 40 • and Tönnis HTE angle [START_REF] Tönnis | Congenital dysplasia and dislocation of the hip in children and adults[END_REF] < 0) and retroversion (producing a positive Fig. 3. A classic concomitant of coxa profunda (Fig. 3) is a decrease in the extrusion index. Inconsistently present findings include an increase in lateral coverage (Wiberg CE angle [START_REF] Wiber | The anatomy and roentgenographic appearance of a normal hip joint[END_REF] > 40 • and Tonnis HTE angle [START_REF] Tönnis | Congenital dysplasia and dislocation of the hip in children and adults[END_REF] < 0) and retroversion (with a positive cross-over sign) [START_REF] Reynolds | Retroversion of the acetabulum. A cause of hip pain[END_REF] with or without posterior insufficiency (posterior wall sign) [START_REF] Reynolds | Retroversion of the acetabulum. A cause of hip pain[END_REF].

cross-over sign) [START_REF] Reynolds | Retroversion of the acetabulum. A cause of hip pain[END_REF] with or without posterior insufficiency (posterior wall sign) [START_REF] Reynolds | Retroversion of the acetabulum. A cause of hip pain[END_REF]. Identification of these concomitant deformities is important to guide the choice between arthroscopy only or reverse periacetabular osteotomy to redirect the acetabulum [START_REF] Sierra | The management of acetabular retroversion with reverse periacetabular osteotomy[END_REF].

Slice imaging after contrast injection is indispensable to assess induced lesions of the labrum and cartilage. CT-arthrography or, more classically, MR-arthrography are used with radial slices around the femoral neck axis. Finally, the presence of osteoarthritis, even at its early stage (Tönnis grade 2 or 3) [START_REF] Tönnis | Congenital dysplasia and dislocation of the hip in children and adults[END_REF] contraindicates conservative treatments including arthroscopic procedures.

Arthroscopic treatment

Arthroscopic procedures have become the reference standard for the treatment of FAI [START_REF] Byrd | Arthroscopic femoroplasty in the Management of Cam-Type Femoroacetabular Impingement[END_REF][START_REF] Gedouin | French Arthroscopy Society. Assessment of arthroscopic management of femoroacetabular impingement. A prospective multicenter study[END_REF][START_REF] Khanduja | The arthroscopic management of femoroacetabular impingement[END_REF][START_REF] Philippon | Outcomes following hip arthroscopy for femoroacetabular impingement with associated chondrolabral dysfunction: minimum two-year follow-up[END_REF][START_REF] Sampson | Arthroscopic treatment. Arthroscopic treatment for chondral lesions of the hip[END_REF]. The arthroscopic treatment of pincer FAI involves either lateral wall acetabuloplasty or trimming of the prominent rim to eliminate the impingement. In coxa profunda, the acetabular overcoverage should be corrected if the VCE angle exceeds 40 • [START_REF] Anderson | Acetabular cartilage delamination in femoroacetabular impingement. Risk factors and magnetic resonance imaging diagnosis[END_REF][START_REF] Tönnis | Acetabular and femoral anteversion: relationship with osteoarthritis of the hip[END_REF]. Overcoverage is not always generalised, and the zones requiring acetabuloplasty should therefore be identified during surgical planning [START_REF] Anderson | Coxa profunda: is the deep acetabulum overcovered?[END_REF]. When anterior acetabuloplasty must be combined with lateral and/or postero-lateral acetabuloplasty, the procedure is more complicated.

Resection is easier to perform with traction applied to the hip. Traction is particularly helpful for the procedures on the labrum (detachment, suture, reconstruction, excision) or cartilage (debridement, microfractures, grafting). In coxa profunda, hip distraction is particularly difficult to achieve and may not be feasible. The introduction of instruments into the central part of the joint may cause iatrogenic injuries to the labrum and cartilage if the space is tight. Furthermore, the greater traction forces needed to achieve sufficient decoaptation carry a risk of injury to the nerves, perineum, and other structures. Finally, the angle of instrument introduction through the central portal is blocked by the bony acetabular rim, since the roof angle is equal to zero or negative in coxa profunda.

Two situations can therefore be distinguished in coxa profunda, depending on whether hip distraction is sufficient to allow arthroscopic procedures in the central zone or is, instead, insufficient, requiring that the arthroscopic procedures be confined to the peripheral area. However, bone resection laterally and anteriorly, combined with the prior capsulotomy in the peripheral zone, may allow access to the central zone for the procedures on the labrum and cartilage, as performed for classic pincer FAI [START_REF] Gédouin | Conflit Fémoro-acétabulaire: traitement, indications, résultats[END_REF]. Consequently, once the peripheral procedures have been completed, a further traction attempt is advisable.

Fluoroscopy seems to provide valuable orientation in this situation. Once muscle relaxation has set in due to the anaesthesia, and before draping, fluoroscopy during axial traction shows the amount of joint distraction, thus determining whether the central zone can be accessed or whether the procedures should start in the peripheral zone; 1 cm of decoaptation is often used as the cut-off [START_REF] Krantz | Arthoscopie de la hanche: installation et voies d'abord[END_REF]. In addition, by travelling along the neck on the axial profile, fluoroscopy allows measurement of the anterior and lateral head-neck offset, which may be corrected if needed.

When the space achieved by decoaptation is sufficient, standard techniques for correcting pincer FAI are applied [START_REF] Dienst | Hip arthroscopy without traction: In vivo anatomy of the peripheral hip joint cavity[END_REF]. In addition, the postero-lateral overcoverage must be corrected. However, this situation is uncommon, and in most cases the space remains very tight. The arthroscopic procedures must then be confined to the peripheral zone. To achieve anterior, lateral, and postero-lateral acetabuloplasty using only the peripheral approach, the arthroscopic portals can be slightly modified, with the main goal of making the postero-lateral acetabular rim accessible to a motorised burr, which is often challenging with the standard portals. Two portals are usually sufficient. The most lateral paratrochanteric portal, or a postero-lateral paratrochanteric portal (between the anterolateral and postero-lateral portals), [START_REF] Matsuda | Fluoroscopic Templating Technic for Precision Arthroscopic Rim Trimming, Technical note with video illustration[END_REF] should be established, if needed with 1 cm of proximal translation. This portal resembles that described by M. Dienst for accessing the peripheral part of the joint [START_REF] Dienst | Hip arthroscopy without traction: In vivo anatomy of the peripheral hip joint cavity[END_REF]. The antero-lateral portal is preferable over the anterior portal for the other approach. The joint can be exposed by insideout or outside-in capsulotomy according to surgeon preference.

The first step is synovectomy of the supra-labral recess to expose the acetabular rim requiring resection. As the rim is thin and the bone relatively compact (due to a microtrauma-induced increase in subchondral density), a high-speed motorised burr (e.g. 10,000 rpm) of fairly small diameter (e.g. 4 mm) is a good choice. Anterior acetabuloplasty is easiest with the arthroscope in the lateral portal and the burr in the anterior portal (Fig. 4). These positions can be switched for the lateral (Fig. 5) acetabuloplasty and postero-lateral (Fig. 6) acetabuloplasty. Fluoroscopy can be used to guide the lateral and postero-lateral resection (Figs. 7 and8) Fig. 5. Left hip, anterior supra-labral acetabuloplasty using a motorised burr in the peripheral zone, without traction; the superior surface of the labrum-cartilage complex is exposed by reduction of the acetabular rim. Antero-posterior view. Fig. 6. Postero-lateral acetabuloplasty using a motorised burr in the peripheral part of the hip. Postero-lateral view. [START_REF] Gedouin | French Arthroscopy Society. Assessment of arthroscopic management of femoroacetabular impingement. A prospective multicenter study[END_REF], which is clearly visible on the image amplifier. In contrast, fluoroscopic guidance of the anterior acetabuloplasty is more difficult, as the bony superimpositions may obscure the contours of the acetabulum.

Resection is done as planned before the procedure. Surgical planning is more difficult because of the presence of the cross-over sign depends directly on anterior pelvic tilt. The theoretical goals include normalisation of Wiberg's CE angle [START_REF] Wiber | The anatomy and roentgenographic appearance of a normal hip joint[END_REF] and disappearance of the cross-over sign after resection, without any abnormal pelvic tilt. Furthermore, Philippon et al. [START_REF] Philippon | Acetabular rim reduction for the treatment of femoroacetabular impingement correlates with preoperative and postoperative center-edge angle[END_REF] assessed the correlation between the amount of rim reduction and the amount of CE angle reduction. They found that 1 mm of rim reduction decreased the CE angle by 2.4 • , 2 mm by 3.1 • , 3 mm by 3.7 • , 4 mm to 4.4 • , 5 mm to 5.0 • , and so on. The rate of rim reduction can be assessed based on the diameter of the burr that is being used.

Current studies support preservation of the labrum [START_REF] Cadet | Investigation of the preservation of the fluid seal effect in the repaired, partially resected, and reconstructed acetabular labrum in a cadaveric hip model[END_REF][START_REF] Naal | Midterm results of surgical hip dislocation for the treatment of femoroacetabular impingement[END_REF]. In coxa profunda, the labrum is often hypoplastic and may therefore fail to effectively seal the joint and maintain a negative intra-articular pressure. The labrum attaches to both the bone and the cartilage. Acetabuloplasty of the supra-labral rim obviates the need for detaching the labrum, which remains connected to the cartilage margin. It can be either left in place or sutured to the acetabular wall. Loop or translabral suture repair is particularly difficult to achieve without traction. Consequently, at this point a further attempt at axial traction can be performed to determine whether sufficient space is then obtained. Some authors recommend labral reconstruction, which is possible only with sufficient joint decoaptation [START_REF] Mook | Evidence and approach for management of labral deficiency: The role for labral reconstruction[END_REF].

Open surgical treatment

Whether open surgery is appropriate depends on the type of acetabular overcoverage: focal anterior overcoverage can be managed by arthroscopic or open resection of the deformity, whereas the indications in coxa profunda and protrusio acetabuli are more controversial.

Steppacher et al. [START_REF] Steppacher | Size and shape of the lunate surface in different types of pincer impingement: theoretical implications for surgical therapy[END_REF] demonstrated that the joint surface is increased circumferentially in hips with coxa profunda and protrusio acetabuli and that the acetabular fossa is enlarged. These alterations increase the loads on the cranio-medial and posterior parts of the joint [START_REF] Liechti | Protrusio acetabuli: joint loading with severe pincer impingement and its theoretical implications for surgical therapy[END_REF]. These biomechanical alterations, combined with the abutment mechanism typical of pincer FAI, explain the development of central and posterior osteoarthritis in these conditions [START_REF] Ganz | The etiology of osteoarthritis of the hip: an integrated mechanical concept[END_REF].

For young patients whose cartilage is still intact, surgical techniques exist to slow the development of osteoarthritis. In coxa profunda, the impingement often occurs both anteriorly, causing the contrecoup lesion, and postero-inferiorly in the event of extensive labral ossification. Whereas strictly anterior impingement can be treated locally, hip arthroscopy in these situations cannot correct the extensive deformities, and open surgery is therefore preferable. Historically, valgus osteotomy was used to verticalise the force vector, thereby encouraging medialisation of the femoral head [START_REF] Mcbride | Protrusio acetabuli: diagnosis and treatment[END_REF]. This procedure was strikingly effective in some patients but did not always prevent progression to osteoarthritis since, at the time, the role for FAI had not been identified. Following closely on the work by the group in Bern that described FAI, studies established that pincer FAI induced osteoarthritis due to femoral head subluxation in forced flexion, causing damage to the postero-inferior acetabular and superior femoral cartilage. In this situation, the pincer mechanism must be eliminated by trimming the acetabular rim more or less extensively depending on the type of impingement (anterior only or anterior and postero-inferior). This procedure requires a surgical hip dislocation technique that provides circumferential access to the joint if the impingement is both anterior and posteroinferior [START_REF] Ganz | Surgical dislocation of the adult hip. A technique with full access to the femoral head and acetabulum without the risk of avascular necrosis[END_REF].

In these situations, the labrum is often ossified along its entire circumference and must be resected. Although biomechanical studies have established the importance of the labrum, the effects of circumferential resection remain unclear [START_REF] Chegini | The effects of impingement and dysplasia on stress distributions in the hip joint during sitting and walking: a finite element analysis[END_REF]. The clinical outcomes seem poorer after labral resection compared to labral preservation, but no sound evidence is available to date, notably regarding circumferential labral resection [START_REF] Espinosa | Treatment of femoroacetabular impingement: preliminary results of labral refixation[END_REF][START_REF] Philippon | Factors Associated with Revision Hip Arthroscopy (SS-60)[END_REF][START_REF] Rocha | Circumferential reconstruction of severe acetabular labral damage using hamstring allograft: surgical technique and case series[END_REF]. Labral reconstruction using an autologous tendon graft can be considered to restore fluid sealing, although graft outcomes, particularly in terms of the risk of ossification, remain unclear [START_REF] Locks | Revision hip arthroscopy after labral reconstruction using iliotibial band autograft: surgical findings and comparison of outcomes with labral reconstructions not requiring revision[END_REF].

In patients with coxa vara and or impaired joint congruity, valgus osteotomy should be considered. This procedure is classically performed at the inter-trochanteric level. However, improved knowledge about the blood supply to the femoral head and the introduction of the surgical dislocation technique with the use of an extensive posterior vascular-periosteal flap may allow osteotomy at the femoral neck [START_REF] Leunig | Subcapital correction osteotomy in slipped capital femoral epiphysis by means of surgical hip dislocation[END_REF] (Figs. 9-10). Painstaking adherence to the surgical technique is essential to avoid avascular necrosis of the femoral head. Nevertheless, this procedure increases the potential for correction, since the osteotomy is performed closer to the deformity. It also considerably diminishes the risk of limb length discrepancy and avoids deformity of the proximal femoral metaphysis, which might complicate the subsequent implantation of a femoral stem. Fixation of the osteotomy can be achieved using simple screws, and the risk of post-operative pain due to the fixation material classically used to fix inter-trochanteric osteotomies is therefore reduced. In all these situations, any concomitant femoral deformity responsible for cam impingement should be corrected, regardless of the other techniques used.

Protrusio acetabuli raises greater challenges, since the frequently reversed slope of the acetabular roof promotes medialisation of the femoral head [START_REF] Tannast | Report of breakout session: Coxa profunda/protrusio management[END_REF]. In this situation, acetabular recontouring, even when circumferential, fails to provide satisfactory outcomes, notably when the protrusio acetabuli or coxa profunda is accompanied with acetabular retroversion [START_REF] Leunig | Femoroacetabular impingement: Treatment of the acetabular side[END_REF]. Extensive surgery must therefore be performed, with surgical dislocation, circumferential acetabular and femoral head recontouring, trimming of the prominent acetabular rim, resection of the usually ossified labrum, and acetabular re-orientation by reverse periacetabular osteotomy . Although this method may seem invasive, biomechanical studies have demonstrated that it decreases cartilage loading and may therefore produce better long-term outcomes in these challenging cases [START_REF] Liechti | Protrusio acetabuli: joint loading with severe pincer impingement and its theoretical implications for surgical therapy[END_REF].

As mentioned above, these surgical procedures are completely safe provided the technique is scrupulously adhered to. However, the indication should be carefully assessed in the light of the presence of osteoarthritis lesions of the hip at the time of surgery. In younger patients, more extensive surgery may be warranted to preserve the native hip as long as possible. In contrast, in the event of substantial cartilage damage, which is often present in patients with FAI after 40 years of age, hip arthroplasty may be the best option.

Conclusions

Coxa profunda must be among the diagnoses considered in patients with groin pain consistent with FAI. When the cartilage is intact, conservative surgical procedures may be used. Some of these procedures can be performed arthroscopically, although the technique is demanding. Thus, arthroscopy can be used for recontouring confined to the anterior part of an acetabulum that is normally anteverted and not hypoplastic. When these criteria are not met, pelvic and/or femoral osteotomies should be considered for conservative treatment.
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 2 Fig. 2. a-b: Normal hip angle variables on the antero-posterior radiograph. (1) Wiberg vertical-centre-edge (VCE) angle [11]; (2) Tönnis horizontal-tectum-edge (THE) angle [12];(3) Sharp angle[START_REF] Sharp | Acetabular dysplasia (The acetabular angle)[END_REF]; Other parameters include the (4) extrusion index, (5) cross-over sign, and (6) posterior wall sign[START_REF] Reynolds | Retroversion of the acetabulum. A cause of hip pain[END_REF].
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 4 Fig. 4. Left hip, anterior supra-labral acetabuloplasty using a motorised burr in the peripheral zone, without traction. Postero-anterior view.

Fig. 7 .

 7 Fig. 7. Fluoroscopy during hip arthroscopy: coxa profunda, prominent anterior rim, and cross-over sign.

Fig. 8 .

 8 Fig. 8. Fluoroscopy at the end of the procedure: increase in the lateral coverage angle and disappearance of the cross-over sign.

Fig. 9 .

 9 Fig. 9. a-b: 39-year-old female with impingement related to coxa profunda of the right hip. Circumferential labral ossification. Normal hip joint line. Status after treatment of the impingement by surgical dislocation and circumferential acetabuloplasty on the left.

Fig. 10 .

 10 Fig. 10. a-b: Findings 9 years after treatment of the impingement by surgical dislocation on the right combined with transcervical valgus osteotomy for joint incongruity and verticalisation of the force moment during weight bearing. No further alterations of the joint line.

Fig. 11 .

 11 Fig. 11. Thirty-eight-year-old male athlete with anterior and posterior impingement and coxa profunda, acetabular retroversion, and a bilateral circumferential head-neck offset deficit.

Fig. 12 .

 12 Fig. 12. a-b: Antero-posterior and faux-profil radiographs 2 months after acetabular correction by reverse peri-acetabular osteotomy and circumferential head and neck re-contouring via surgical dislocation of the left hip. The lateral coverage remains increased but normal anteversion is restored and the hip joint line is intact. Note the healing of the osteotomies.
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