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Introduction

In total hip arthroplasty (THA), the posterior approach is the most common throughout the world.

Dislocation is one of the main complications incurred, but the risk may be reduced by sparing

Introduction

Posterolateral hip approaches are widely used for total hip arthroplasty (THA).

Dislocation is one of the main complications incurred [START_REF] Girard | Primary total hip arthroplasty revision due to dislocation: prospective French multicenter study[END_REF], with considerable morbidity [START_REF] Martinot | Course of dislocated posterior hip arthroplasty: A continuous 232-patient series at a mean 10 years' follow up (range, 1-22 years)[END_REF].

Reinserting posterior structures, including the capsule and hip lateral rotator muscles after THA on a posterior approach was shown to reduce this risk [START_REF] Zhang | Effectiveness and safety of the posterior approach with soft tissue repair for primary total hip arthroplasty: a meta-analysis[END_REF][START_REF] Pellicci | Posterior approach to total hip replacement using enhanced posterior soft tissue repair[END_REF][START_REF] Mihalko | Hip mechanics after posterior structure repair in total hip arthroplasty[END_REF]; some teams even reported dislocation rates no higher than on other surgical approaches [START_REF] Kwon | Does surgical approach affect total hip arthroplasty dislocation rates?[END_REF].

To further reduce risk of dislocation and optimally spare periarticular structures, modified approaches sparing the piriformis muscle were described [START_REF] Khan | Less invasive total hip arthroplasty: description of a new technique[END_REF][START_REF] Hanly | The SPAIRE technique allows sparing of the piriformis and obturator internus in a modified posterior approach to the hip[END_REF][START_REF] Gérard | Minimally invasive posterolateral hip approach with SPARTAQUUS (Spare the Piriformis And Respect The Active QUadratus femoris and gluteus mediUS) technique[END_REF], although the decrease in dislocation rates has not been established. Some teams reported clinical benefit [START_REF] Khan | Less invasive total hip arthroplasty: description of a new technique[END_REF][START_REF] Khan | A comparison of a less invasive piriformis-sparing approach versus the standard posterior approach to the hip: A randomised controlled trial[END_REF][START_REF] Kim | Modified posterior approach to total hip arthroplasty to enhance joint stability[END_REF], but this remains a matter of debate [START_REF] Tan | Piriformis-sparing minimally invasive versus the standard posterior approach for total hip arthroplasty: A 10-year follow-up of a randomized control trial[END_REF]. One study found decreased dislocation with sparing of the piriformis tendon [START_REF] Kim | Modified posterior approach to total hip arthroplasty to enhance joint stability[END_REF], but this study was isolated, with a poor level of evidence. This lack of evidence may due to occult piriformis muscle lesions, due to severe traction exerted by the retractors [START_REF] Amanatullah | A Small Amount of Retraction Force Results in Inadvertent Piriformis Muscle Damage During a Piriformis-Sparing Approach to the Hip[END_REF][START_REF] Solomon | Piriformis muscle rupture during total hip arthroplasty using a muscle-preserving posterior approach[END_REF] to achieve sufficient exposure for THA.

MRI is a validated instrument [START_REF] Engelken | Assessment of fatty degeneration of the gluteal muscles in patients with THA Using MRI: Reliability and accuracy of the Goutallier and Quartile classification systems[END_REF][START_REF] Müller | Randomized controlled trial of abductor muscle damage in relation to the surgical approach for primary total hip replacement: minimally invasive anterolateral versus modified direct lateral approach[END_REF] for analyzing the periarticular hip muscles after THA. Most studies involving a posterolateral approach focused on structures directly situated on the posterior side of the femoral neck [START_REF] Allegra | MRI Evaluation of posterior capsular dehiscence after posterior approach total hip arthroplasty[END_REF][START_REF] Pellicci | MRI shows biologic restoration of posterior soft tissue repairs after THA[END_REF][START_REF] Mclawhorn | Posterior soft tissue repair after primary THA is durable at mid-term followup: A prospective MRI Study[END_REF], notably analyzing contact between the posterior hip muscles and the greater trochanter, which seems to be improved by piriformis-sparing techniques [START_REF] Minokawa | Preservation technique of the piriformis tendon is superior to reattachment technique in terms of contiguity and muscle atrophy: using magnetic resonance imaging[END_REF]. However, a recent cadaver study [START_REF] Amanatullah | A Small Amount of Retraction Force Results in Inadvertent Piriformis Muscle Damage During a Piriformis-Sparing Approach to the Hip[END_REF] showed that, while piriformis-sparing posterior approaches (PSPA) are reported to spare the distal tendon in 96% of cases, more proximal intrapelvic muscle lesions were frequently induced by the retractors. They were found in 91% of cases, and were located at the sacral insertion of the piriformis (30%), within the muscle body (48%), or at the myotendinous junction (13%). Fatty infiltration occurs due to muscle inactivity secondary to tendon tear [START_REF] Goutallier | Fatty muscle degeneration in cuff ruptures. Pre-and postoperative evaluation by CT scan[END_REF], denervation [START_REF] Beeler | A comparative analysis of fatty infiltration and muscle atrophy in patients with chronic rotator cuff tears and suprascapular neuropathy[END_REF] or trauma [START_REF] Flores | MR Imaging of muscle trauma: anatomy, biomechanics, pathophysiology, and imaging appearance[END_REF][START_REF] Agten | MR imaging of soft tissue alterations after total hip arthroplasty: comparison of classic approaches[END_REF]. Such lesions can be analyzed on MRI analyses of piriformis infiltration, as was done in a single study of THA by PSPA [START_REF] Khan | Magnetic resonance imaging features of preserved vs divided and repaired piriformis during total hip arthroplasty: a randomized controlled trial[END_REF], which found infiltration in only 10% of cases, in contradiction to the abovementioned cadaver findings. However, this study was performed before the cadaver study, without knowledge of the possible proximal lesions. Moreover it focused exclusively on infiltration of the piriformis and obturator internus, whereas MRI analysis of other approaches [START_REF] Cailleaud | Fatty muscle infiltration of the hip lateral rotator muscles following direct anterior minimally invasive total hip arthroplasty[END_REF] revealed that unexpected lesions can occur.

We therefore performed pre-and post-operative MRI in THA by PSPA: 1) 1) to assess the fatty infiltration of the piriformis induced by the approach, with particular attention to intrapelvic lesions; and 2) to assess fatty infiltration of the other periarticular muscles. The study hypothesis was that the piriformis muscle shows little fatty infiltration following PSPA, in contrast to other lateral hip rotator muscles, in which infiltration may be severe.

Material and Methods

Population

A continuous prospective single-surgeon study was conducted in the private hospital of Montargis, France. The surgeon had 20 years' experience using the posterior approach described in §2.2 below, with around 2,000 THA procedures. Patients aged >18 years, undergoing primary THA, were included. Those declining participation or with contraindications to MRI were excluded, as were those with Crowe grade >1 dysplasia [START_REF] Crowe | Total hip replacement in congenital dislocation and dysplasia of the hip[END_REF] or body-mass index (BMI) >40 kg/m 2 , as these factors complicate surgery and would be liable to exacerbate muscle injury; further exclusion criteria comprised history of ipsilateral hip surgery, of neuromuscular pathology or of proximal femoral or acetabular fracture, due to the likelihood of baseline fatty infiltration. The study had local review board approval.

Surgical technique

PSPA was performed with various steps not detailed here, being widely described in the literature and not specifically relevant to the present study. The approach was similar to that described by Khan et al. [START_REF] Khan | Less invasive total hip arthroplasty: description of a new technique[END_REF]. The medial circumflex artery was located and ligated to limit bleeding [START_REF] Chiron | Reduced blood loss with ligation of medial circumflex pedicle during total hip arthroplasty with minimally invasive posterior approach[END_REF]. The hip was dislocated ahead of the femoral cut. The superior part of the quadratus femoris insertion and the obturator externus tendon were sectioned if a low femoral neck cut close to the lesser trochanter was necessary. 

Endpoints

MRI scans (1.5 Tesla OPTIMA MR360, 8 mm slices) of the affected hip were taken preoperatively and at 3 and 12 months. Fatty infiltration of periarticular muscles was assessed by an independent radiologist on strictly axial T1TSE sequences (TR:450 TE:11), using the classification of Goutallier et al. [START_REF] Goutallier | Fatty muscle degeneration in cuff ruptures. Pre-and postoperative evaluation by CT scan[END_REF] initially described for CT slices in the rotator cuff, then secondarily adapted for MRI and the hip [START_REF] Engelken | Assessment of fatty degeneration of the gluteal muscles in patients with THA Using MRI: Reliability and accuracy of the Goutallier and Quartile classification systems[END_REF][START_REF] Müller | Randomized controlled trial of abductor muscle damage in relation to the surgical approach for primary total hip replacement: minimally invasive anterolateral versus modified direct lateral approach[END_REF]. All the periarticular muscles were classified in 5 grades, from 0 (no infiltration) to 4 (infiltration volume greater than residual tissue volume).

Inter-and intra-observer reproducibility for this assessment is reported to be good in the literature [START_REF] Kivle | The gluteal muscles in end-stage osteoarthritis of the hip: intra-and interobserver reliability and agreement of MRI assessments of muscle atrophy and fatty degeneration[END_REF][START_REF] Springer | Intra-and interobserver variability of magnetic resonance imaging for quantitative assessment of abductor and external rotator muscle changes after total hip arthroplasty[END_REF].

The first endpoint was addressed by comparison of fatty infiltration of the piriformis on the Goutallier-Bernageau classification between pre-operative and 3-month and 1-year MRI.

Particular attention was paid to the sacral insertion, muscle body and myotendinous junction, to screen for the lesions described by Amanatullah et al. [START_REF] Amanatullah | A Small Amount of Retraction Force Results in Inadvertent Piriformis Muscle Damage During a Piriformis-Sparing Approach to the Hip[END_REF]. The second endpoint was addressed by comparison of fatty infiltration of the periarticular muscles on the Goutallier-Bernageau classification between pre-operative and 3-month and 1-year MRI.

The correlation between 1-year fatty infiltration of the obturator externus and quadratus femoris on the one hand and femoral cut height on the other was assessed. In our surgical experience, these structures lay close to the cervico-trochanteric junction and lower part of the femoral neck [START_REF] Cailleaud | Fatty muscle infiltration of the hip lateral rotator muscles following direct anterior minimally invasive total hip arthroplasty[END_REF][START_REF] Ito | Anatomic mapping of short external rotators shows the limit of their preservation during total hip arthroplasty[END_REF], and may thus be better conserved when the upper femoral cut is at a distance from the lesser trochanter. Cut height was measured on postoperative AP pelvic view, calibrated by cup diameter.

Statistics

Non-parametric tests were used throughout. The chi² test was used for pairwise comparison of time-points. The significance threshold was set at p<0.05. Correlation between femoral cut height and 1-year fatty infiltration of the obturator externus and quadratus femoris was assessed on Kendall tau. Analysis used R software (R Foundation, Vienna, Austria).

Results

Twenty-five patients were continuously recruited between October 1 and December 31, 2017. Four were excluded for lack of preoperative MRI data. Thus 21 patients with 63 MRI scans were included for analysis: 13 female (62%); mean age 71.5 years (range, 55-89 years); mean height 165.6 cm (range, 145-190 cm), mean weight 74.1 kg (range, 46-113 kg) and mean BMI 26.9 kg/m² (range, 18.7-33.1 kg/m²), with BMI >30 kg/m² in 4 cases (14.4%).

Intraoperatively after implantation, there were no significant macroscopic lesions of the piriformis tendon. There were no intra-or post-operative complications at 1 year, and notably no cases of dislocation. All hips were pain-free, and all patients were walking without limp at 1 year.

Superior and inferior gemellus muscle body volume was too small and the rectus femoris was mainly tendinous at the acquisition site, preventing analysis of fatty infiltration. Artifacted data were considered as missing. In all other periarticular muscles, fatty infiltration could be acceptably analyzed (Table 1).

In the piriformis, there was no significant difference in fatty infiltration between the preoperative and 3-month (p=0.29) or 1 year MRI (p=0.41) (Table 1). Two of the 21 piriformis muscles (9.5%) showed grade 3 or 4 fatty infiltration at 1 year, compared to none of the 21 (0/21: 0%) preoperatively. There were sacral insertion lesions in 2 patients (9.5%) (Figure 1); these were the 2 patients with grade 3 or 4 infiltration at 1 year; ages were 89 and 52 years, with BMI respectively 32.1 and 25.2 kg/m², and preoperative internal rotation 10° and 0°, both with lateralized femoral components and respectively a dual-mobility and a standard singlemobility acetabular cup. One patient (1/21: 4.8%) showed piriform muscle body lesions at 3 months (Figure 2), regressing by 1 year. Two patients (2/21: 9.5%) showed myotendinous junction lesions at 3 months (Figure 3), regressing by 1 year in both cases.

In the obturator internus, there was a significant difference in fatty infiltration between preoperative and both 3-month (p<0.0001) and 1-year MRI (p<0.0001) (Table 1). In the obturator externus, the difference was non-significant at 3 months (p=0.09) but significant at 1 year (p=0,005). There were no significant differences in the quadratus femoris (Table 1). Altogether, 14/21 obturator internus muscles (66.7%), 3/21 obturator externus muscles (14.3%) and 6/21 quadratus femoris muscles (28.6%) showed grade 3 or 4 fatty infiltration at 1 year, versus respectively 0/21 (0%), 0/21 (0%) and 3/21 (14.3%) preoperatively (Figure 4). There were no significant differences in any other periarticular muscles (Table 1).

Rates of grade 3 or 4 fatty infiltration at 1 year were lower in the obturator externus (14.3%) and quadratus femoris (28.6%) than in the obturator internus (66.7%) (Figures 4 and5), and a very weak non-significant correlation was found with femoral cut height (τ=0.33 for the obturator externus and τ=0.31 for the quadratus femoris).

Discussion

In terms of onset of fatty infiltration in the present series of PSPA, the piriformis was conserved in more than 90% of cases. The 2 patients with significant postoperative fatty infiltration both showed sacral avulsion (Figures 1 and4). Myotendinous junction (Figures 3 and4) and muscle body lesions (Figures 2 and4) were rare at 3 months and had regressed by 1 year. The obturator internus showed high levels of postoperative fatty infiltration. The obturator externus and quadratus femoris showed levels between those of the obturator internus and the piriformis at 1 year (Figures 4 and5). The other periarticular muscles showed no fatty infiltration after PSPA. Thus, the study hypothesis was confirmed.

The present rate of piriformis lesions was similar to that reported by Khan et al. [START_REF] Khan | Magnetic resonance imaging features of preserved vs divided and repaired piriformis during total hip arthroplasty: a randomized controlled trial[END_REF], and there was no significant pre-to post-operative difference in fatty infiltration of the muscle. The present results thus disagree with those of the cadaver study by Amanatullah et al. [START_REF] Amanatullah | A Small Amount of Retraction Force Results in Inadvertent Piriformis Muscle Damage During a Piriformis-Sparing Approach to the Hip[END_REF], which found a 91% rate of piriformis lesions; the same sacral, myotendinous junction and piriform muscle body lesions were found, but with a 9.5% rate for sacral lesions, 4.8% for muscle body lesions and 9.5% for the myotendinous junction, compared to respectively 30%, 48% and 13% in Amanatullah et al.'s study [START_REF] Amanatullah | A Small Amount of Retraction Force Results in Inadvertent Piriformis Muscle Damage During a Piriformis-Sparing Approach to the Hip[END_REF]. The discrepancy may be due to postmortem loss of elasticity [START_REF] Zink | Mechanical properties of fresh and postmortem human muscle fibers and whole muscles[END_REF], which could account for the large difference in body lesions, although Amanatullah et al. [START_REF] Amanatullah | A Small Amount of Retraction Force Results in Inadvertent Piriformis Muscle Damage During a Piriformis-Sparing Approach to the Hip[END_REF] were using fresh cadavers. It is also possible that some lesions were too small to be detected on MRI or else had healed between surgery and the 3-month scan. On the other hand, the present study was able to analyze lesion kinetics. Sacral lesions led to severe irreversible piriform lesions (Figure 1), whereas muscle body and myotendinous lesions showed fair progression and healing (Figures 2 and3).

The present study also showed that the obturator externus and quadratus femoris were relatively spared in comparison to the obturator internus (Figure 4). We attribute this partly to femoral cut height: these two muscles are located at the proximal inferior part of the femoral neck, and we seek to conserve them when a high femoral cut is planned. However, there was in fact only a weak correlation between cut height and fatty infiltration in these muscles. Cut height was measured on postoperative AP pelvic view, with its inherent imprecision. Threedimensional imaging would provide greater power, but the MRI scans were too severely artifacted for this. It is also possible that lesions in these muscles were secondary to surgical problems or traction induced by the dislocation or reduction of the hip, rather than to cut height.

The present study had several limitations. 1) It was a single-operator study, with a small sample size and no prior calculation of numbers, limiting power and external validity. On the other hand, the operator performing inclusion was experienced. 2) There was no control group; but Khan et al. [START_REF] Khan | Magnetic resonance imaging features of preserved vs divided and repaired piriformis during total hip arthroplasty: a randomized controlled trial[END_REF], in a comparative MRI analysis of PSPA and posterolateral approaches involving piriformis sectioning found a 3-month fatty infiltration rate similar to the present findings in the PSPA group (10% Goutallier 3-4) and a much higher rate (70%) in case of piriform sectioning. 3) MRI reading reproducibility was not analyzed. However, interpretation was by an independent radiologist specializing in bone and joint imaging, and intra-and interobserver reproducibility is said to be good in the literature [START_REF] Kivle | The gluteal muscles in end-stage osteoarthritis of the hip: intra-and interobserver reliability and agreement of MRI assessments of muscle atrophy and fatty degeneration[END_REF][START_REF] Springer | Intra-and interobserver variability of magnetic resonance imaging for quantitative assessment of abductor and external rotator muscle changes after total hip arthroplasty[END_REF]. 4) Muscle trophicity and tendon lesions were not investigated. Muscle atrophy may simply implicate muscle rest and be reversible, unlike fatty infiltration [START_REF] Park | Reversibility of supraspinatus muscle atrophy in tendon-bone healing after arthroscopic rotator cuff repair[END_REF]. Moreover, trophicity analysis requires complex volumetric reconstruction, as cross-sectional area on transverse slices is variable. It thus seemed hazardous to draw any conclusions regarding postoperative trophicity. The tendons, being close to the implant, were frequently artifacted on postoperative MRI, hindering interpretation. Furthermore, tendon lesions and muscle trophicity progress with fatty infiltration according to the literature [START_REF] Agten | MR imaging of soft tissue alterations after total hip arthroplasty: comparison of classic approaches[END_REF][START_REF] Anta-Díaz | No differences between direct anterior and lateral approach for primary total hip arthroplasty related to muscle damage or functional outcome[END_REF]. 5) We did not correlate functional results to imaging data. Functional scores do not provide precise assessment of gait, and postural study [START_REF] Van Driessche | Short-term comparison of postural effects of three minimally invasive hip approaches in primary total hip arthroplasty: Direct anterior, posterolateral and Röttinger[END_REF] or quantitative gait analysis is complex, and would require dedicated study.

Conclusion

PSPA in THA ensured good piriformis conservation. However, some rare irreversible sacral lesions, not visible intraoperatively, may occur. The obturator internus showed considerable fatty infiltration after PSPA, whereas the obturator externus and quadratus femoris were less affected.
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  The implants were manufactured by Corin-Tornier (Montbonnot-Saint-Martin, France): standard Meije Duo™ uncemented femoral implant in 16/21 patients (76.2%), and lateralized model in 5/21 (23.8%), in line with preoperative planning to restore initial global offset; Double Mobilité™ dual mobility uncemented cup in 16/21 patients (76.2%) aged ≥70 years, with 28 mm aluminum head (or 22 mm steel head for acetabular cups <48 mm) and Dynacup™ in 5/21 patients (23.8%) aged <70 years, with ceramic-ceramic bearing and 36 mm femoral head (or 32 mm for cups <48 mm). No drainage was implemented. Intravenous tranexamic acid was administered intra-and post-operatively. Full weight-bearing was resumed on the day of surgery or the following day. Hospital stay ranged between 1 and 3 days, before discharge home with selfrehabilitation, including instructions on contraindicated movements liable to induce dislocation, and 15-minute daily exercises to recover normal walking.

Figure 2 :

 2 Figure 2: Progression of possible piriformis muscle body lesion following right total hip arthroplasty. MRI axial slice, T1TSE sequence (TR:450 TE:11). 2: Overview at 3 months. A: Preoperative imaging. No muscle body lesion. B: 3-month imaging. Heterogeneous central zone. C: 1-year imaging. Disappearance of heterogeneous central zone.

Figure 3 :

 3 Figure 3: Progression of possible piriformis myotendinous junction lesion following right total hip arthroplasty. MRI axial slice, T1TSE sequence (TR:450 TE:11). 3: Overview at 3 months. A: Preoperative imaging. No myotendinous junction lesion. B: 3-month imaging. Myotendinous junction cleavage. C: 1-year imaging: Disappearance of cleavage.

Figure 4 :

 4 Figure 4: Overview of lateral hip rotator muscles and their various lesions.

Figure 5 :

 5 Figure 5: Typical 1-year imaging after piriformis-sparing right total hip arthroplasty. A: No piriformis fatty infiltration. B: Grade 4 obturator internus fatty infiltration. C: no obturator externus or quadratus femoris infiltration.

  

Table 1 :

 1 Preoperative, 3-month and 1-year MRI fatty infiltration grade on the Goutallier classification (21 patients).

	TFL = Tensor Fasciae Latae; Ant. = Anterior; Post. = Posterior; Med. = Mediai; FI Fatty
	infiltration; preop = preoperative. * chi² test

Location of piriformis lesions (visible at 3 months on MRI)

  Anatomic study using the Anatomage ® virtual dissection table (San José, CA, USA)

	9.5%
	(progressing
	to fatty
	infiltration at
	1 year)
	Myotendinous
	junction
	Sacral
	avulsion

9.5% (regression at 1 year)

Posterior hip view after removal of quadratus femoris