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Introduction

There continues to be controversy about the best surgical approach to use when performing total hip arthroplasty (THA). Each approach has its own advantages and disadvantages, with no approach being superior [START_REF] Imamura | Single mini-incision total hip replacement for the management of arthritic disease of the hip: a systematic review and metaanalysis of randomized controlled trials[END_REF][START_REF] Xu | Mini-incision versus standard incision total hip arthroplasty regarding surgical outcomes: a systematic review and meta-analysis of randomized controlled trials[END_REF][START_REF] Bon | Does the direct anterior approach allow earlier recovery of walking following total hip arthroplasty? A randomized prospective trial using accelerometry[END_REF][START_REF] Taunton | John Charnley Award: Randomized Clinical Trial of Direct Anterior and Miniposterior Approach THA: Which Provides Better Functional Recovery?[END_REF]. Use of the direct anterior approach (DAA) is increasing [START_REF] Kyriakopoulos | Total hip arthroplasty through an anterior approach[END_REF]. Its so-called anatomical characteristics, without muscle dissection, is likely one of the reasons for this renewed interest, although other approaches with minimal or no muscle transections have been described [START_REF] Bertin | Anterolateral mini-incision hip replacement surgery: a modified Watson-Jones approach[END_REF][START_REF] Berger | Total hip arthroplasty using the minimally invasive two-incision approach[END_REF][START_REF] Kim | Modified posterior approach to total hip arthroplasty to enhance joint stability[END_REF]. Pressure from patients and manufacturers may also have contributed to its popularity [START_REF] Massin | Marketing the direct anterior approach to the hip: Is the industry overstepping its role?[END_REF].

Scientific support for the DAA's muscle-sparing potential during THA is currently based on cadaver studies [START_REF] Van Oldenrijk | Soft tissue damage after minimally invasive THA[END_REF] with visual macroscopic analysis of muscle damage or laboratory tests of inflammation and muscle damage markers [START_REF] Bergin | Comparison of minimally invasive direct anterior versus posterior total hip arthroplasty based on inflammation and muscle damage markers[END_REF]. Analysis of muscle damage during cadaver studies is subjective and potentially incomplete. Laboratory tests do not show the location of the damage, nor analyze its cause. Some studies have shown a relationship between muscle damage and the functional outcomes after THA [START_REF] Müller | Age-related appearance of muscle trauma in primary total hip arthroplasty and the benefit of a minimally invasive approach for patients older than 70 years[END_REF][START_REF] Kovalak | Assessment of hip abductors by MRI after total hip arthroplasty and effect of fatty atrophy on functional outcome[END_REF]. A more accurate assessment of muscle damage induced by THA by the DAA could help the surgeon decide which approach to use and to make them more aware of which surgical steps are more likely to cause muscle damage.

Muscle fatty infiltration (FI) appears after muscle inactivity following tendon rupture [START_REF] Goutallier | Fatty muscle degeneration in cuff ruptures. Pre-and postoperative evaluation by CT scan[END_REF] or 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]. It can also occur after a traumatic injury [START_REF] Agten | MR imaging of soft tissue alterations after total hip arthroplasty: comparison of classic surgical approaches[END_REF][START_REF] Müller | Evidence of reduced muscle trauma through a minimally invasive anterolateral approach by means of MRI[END_REF][START_REF] Flores | MR Imaging of Muscle Trauma: Anatomy, Biomechanics, Pathophysiology, and Imaging Appearance[END_REF] or in the context of physiological muscle aging [START_REF] Chi | Prevalence and pattern of gluteus medius and minimus tendon pathology and muscle atrophy in older individuals using MRI[END_REF]. Analysis of FI by magnetic resonance imaging (MRI) of the muscles around the hip after THA has been validated [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]. But to our knowledge, this has not been used widely to measure muscle damage after THA by the DAA. This led us to do a prospective study in which MRI was done before and after THA by the DAA to 1) measure the FI in the muscles around the hip joint, 2) analyze how this FI changes over time. We hypothesized that THA by the DAA induces FI of the anterior and lateral muscles around the hip joint adjacent to the surgical approach.

Materials and Methods

Study population

This was a prospective, continuous, single-surgeon study. The surgeon was trained in the DAA and had completed the learning curve [START_REF] De Steiger | What is the learning curve for the anterior approach for total hip arthroplasty?[END_REF][START_REF] Berndt | Total hip arthroplasty with accolade/trident through the direct minimally invasive anterior approach without traction table: Learning curve and results after a minimum of 5 years[END_REF]. All patient over 18 years of age for which an indication of primary THA had been made were enrolled. Patients who declined to participate or had contraindications to MRI were excluded. Patients who had hip dysplasia above Crowe stage 1 [START_REF] Crowe | Total hip replacement in congenital dislocation and dysplasia of the hip[END_REF] or a body mass index (BMI) [START_REF] Ozaki | Small femoral offset is a risk factor for lateral femoral cutaneous nerve injury during total hip arthroplasty using a direct anterior approach[END_REF] above 40 kg/m 2 were excluded since these parameters could cause additional surgical problems that may increase muscle damage. Patients who had previously undergone surgery on the hip in question, had a history of neuromuscular disease, or history of proximal femur fracture or acetabular fracture were excluded since FI may already be present due to these medical conditions.

Surgical Procedure

An anterior Hueter [START_REF] Hueter | Fünfte abtheilung: die verletzung und krankheiten des hüftgelenkes, neunundzwanzigstes capitel[END_REF] approach modified into a mini-incision DAA [START_REF] Judet | The use of an artificial femoral head for arthroplasty of the hip joint[END_REF][START_REF] Kennon | Total hip arthroplasty through a minimally invasive anterior surgical approach[END_REF][START_REF] Siguier | Mini-incision anterior approach does not increase dislocation rate: a study of 1037 total hip replacements[END_REF] was used. The patients were positioned on a traction table (Steris, Le Haillan, France) [START_REF] Judet | The use of an artificial femoral head for arthroplasty of the hip joint[END_REF][START_REF] Matta | Single-incision anterior approach for total hip arthroplasty on an orthopaedic table[END_REF]. Since the various surgical steps have already been described in the literature [START_REF] Kennon | Total hip arthroplasty through a minimally invasive anterior surgical approach[END_REF][START_REF] Matta | Single-incision anterior approach for total hip arthroplasty on an orthopaedic table[END_REF] they will not be repeated here. The femoral exposure step was made easier by releasing the anterior and inferior capsular insertions when cutting the neck. If needed, this could be supplemented by capsule release of the superior part of the femoral neck to better view and expose the cut being made. No posterior capsule release was done. No retractor was used on the posterior side of the greater trochanter to make it easier to elevate the femur.

The same THA implants were used in all patients: cemented Tango TM femoral stem (Implanet, Martillac, France); impacted Cargos TM cup (Lépine, Genay, France); ceramic-ceramic bearing with 36 mm femoral head (or 32 mm when the cup was less than 48 mm in diameter). No drains were used. Full weight bearing was achieved on the day of surgery or the day after. The length of hospital stay was 2 to 4 days with the patient discharged to home with instructions to do self-directed rehabilitation. This involved strengthening and proprioception exercises for 15 minutes each day, which corresponded in duration to three weekly sessions by a physical therapist.

Outcomes

MRI (GE Optima* MR360 1.5T, 8 mm slices) of the operated hip was done preoperatively then at 3 months and 12 months after the THA surgery.

Analysis of FI of the hip muscles was done by an independent radiologist using strict axial views on T1-weighted TSE sequences (TR:450 TE:11). The classification used to quantify the FI was the one initially described by Goutallier et al. [START_REF] Goutallier | Fatty muscle degeneration in cuff ruptures. Pre-and postoperative evaluation by CT scan[END_REF] for CT scan slices of the rotator cuff, which was subsequently adapted to MRI slices of 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 muscles around the hip joint were analyzed using this five-level classification system from 0 (no FI) to 4 (intramuscular FI volume is larger than remaining muscle tissue volume). The inter-and intra-rater agreement for this method is good [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].

Comparison of the mean FI for each muscle between the preoperative MRI and the 3-month postoperative MRI was done to meet our primary objective. Comparison of the mean FI for each muscle between the preoperative MRI and the 1-year postoperative MRI was done to meet our secondary objective.

Statistics

Non-parametric tests used for the statistical comparison between the different time points (preoperative, 3 months, 1 year). Wilcoxon tests were used for pairwise comparisons. The significance threshold was set a 0.05. The statistical analysis was done using the R software (R Corporation, Vienna, Austria).

Results

Twenty-five patients were enrolled in a continuous manner between September 1, 2018 and November 30, 2018. Two patients did not undergo a preoperative MRI and two others could not be interpreted because the patient moved during image acquisition. These four patients were excluded from the analysis. In all, 21 patients and 63 MRI exams were analyzed, comprising 62% women (13/21) with a mean age of 68.4 years (range, 39 to 86), mean height of 168.8 cm (range 149 cm to 190 cm), mean body mass of 78 kg (range 51 to 100 kg) and mean BMI of 27.5 kg/m² (range 19.4 to 38.3 kg/m²) with 4/21 patients (14.4%) having a BMI above 30 kg/m² [START_REF] Ozaki | Small femoral offset is a risk factor for lateral femoral cutaneous nerve injury during total hip arthroplasty using a direct anterior approach[END_REF].

No intraoperative or postoperative complications were reported in this 21patient cohort at 1 year of follow-up. None of the patients had hip pain or had a limp at 1 year postoperative.

Since the volume of the superior and inferior gemellus muscles was too small and the rectus femoris muscle was mainly tendon at the acquisition level, the FI was not analyzed in these muscles. The quadratus femoris could not be interpreted because of the presence of artefacts related to the implants in 12/21 patients (57%) at 3 months and 1 year postoperative (Table 1). These data were considered as missing values for the analysis. The FI in all the other muscles around the hip joint could be analyzed in a suitable manner (Table 1).

The FI was significantly higher in the internal obturator muscle (p = 0.01) at 3 months postoperative than in the preoperative MRI (Table 2). The other muscles had no significant difference between the preoperative MRI and the 3-month MRI (Table 2).

In the MRI done at 1 year postoperative, the IG was significantly higher in the internal obturator muscle (p = 0.0004) and piriformis muscle (p = 0.04) than preoperatively (Table 3). The other muscles had no significant difference between the preoperative MRI and the 1-year MRI (Table 3). One year after THA, 5/21 (24%) internal obturator muscles (Figure 1) and 5/21 (24%) piriformis muscles (Figure 2) had FI between stages 2 and 4 in the Goutallier classification, versus 0/21 internal obturator muscles and 2/21 (10%) piriformis muscles preoperatively (Table 1).

Discussion

An increase in the muscle FI was found in some of the lateral rotator muscles following THA by the DAA and this FI got worse over time. We had hypothesized that the anterior muscles near the incision -such as the tensor fascia lata and the sartorius -would be affected, which was not the case in our study. Instead the posterior lateral rotator muscles were damaged. This muscle damage may be related to the difficulty with exposing the proximal end of the femur when preparing the femoral canal or inserting the stem. In a cadaver study by Meneghini et al. [START_REF] Meneghini | Muscle damage during MIS total hip arthroplasty: Smith-Petersen versus posterior approach[END_REF], the tendon of the piriformis muscle had to be cut in 50% of cases during this surgical step to achieve sufficient femoral exposure to implant the stem. The lateral rotator muscles that were damaged (piriformis and internal obturator) were the most proximal muscles (Fig. 3). The more distal external obturator did not have significantly increased FI. Thus, the lateral rotator muscles mostly likely to be damaged during THA by DAA are located near the tip of the greater trochanter.

Several studies have analyzed the muscle damage following THA by the DAA using MRI. However, most of the studies [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][START_REF] Bremer | Soft-tissue changes in hip abductor muscles and tendons after total hip replacement: comparison between the direct anterior and the transgluteal approaches[END_REF][START_REF] Lüdemann | MRI-based measurement of muscle damage after minimally invasive hip arthroplasty[END_REF][START_REF] Takada | Direct anterior versus anterolateral approach in one-stage supine total hip arthroplasty. Focused on nerve injury: A prospective, randomized, controlled trial[END_REF] did not include lateral rotator muscles in their analysis. Two studies [START_REF] Agten | MR imaging of soft tissue alterations after total hip arthroplasty: comparison of classic surgical approaches[END_REF][START_REF] Kawasaki | Muscle Damage After Total Hip Arthroplasty Through the Direct Anterior Approach for Developmental Dysplasia of the Hip[END_REF] did analyze these muscles after THA by the DAA:

1) The first [START_REF] Agten | MR imaging of soft tissue alterations after total hip arthroplasty: comparison of classic surgical approaches[END_REF] compared muscle damage in various approaches used for THA. Comparison of postoperative MRI for these various approaches did not find higher FI of the lateral rotator muscles in the DAA. However, this study only looked at postoperative MRI data. It is impossible to conclude there is no muscle damage in these muscles when no preoperative MRI data is available for reference. Also, that study included only patients who had hip pain following the THA. It is difficult to extrapolate these findings to a standard THA population because this procedure rarely causes hip pain [START_REF] Puliero | Joint Perception After Total Hip Arthroplasty and the Forgotten Joint[END_REF].

2) The second study of THA by the DAA [START_REF] Kawasaki | Muscle Damage After Total Hip Arthroplasty Through the Direct Anterior Approach for Developmental Dysplasia of the Hip[END_REF] found increased FI of the lateral rotator muscles and tensor fascia lata on MRI done at 1 year postoperative relative to preoperative MRI. However, these lesions were only seen in the context of developmental dysplasia of the hip. It is likely that this morphotype makes the surgery most challenging and that these lesions are correlated to these difficulties. Patients with hip dysplasia were not included in our study to prevent this potential bias. Thus, our study confirms the presence of muscle damage in the lateral rotator muscles during THA by the DAA in non-dysplastic hips.

Our findings are indirectly confirmed by another study [START_REF] Barnett | Is the Anterior Approach Safe? Early complication rate associated with 5090 consecutive primary total hip arthroplasty procedures performed using the anterior approach[END_REF]. In a continuous multicenter study of 5090 THAs by the DAA reported a low dislocation rate (0.23%) during the first 90 days after the procedure. However, 10 of the 12 dislocations that occurred were posterior, which makes us speculate that the posterior joint capsule and the hip lateral rotator muscles were damaged during surgery. In that study and in ours, the THA was done on a traction table. Findings of posterior muscle damage may mean that the promotion of this tool [START_REF] Massin | Marketing the direct anterior approach to the hip: Is the industry overstepping its role?[END_REF] as making it easier to expose the femur may only be theoretical. No other benefits have been described in the literature [START_REF] Sarraj | Traction table versus standard table total hip arthroplasty through the direct anterior approach: a systematic review[END_REF]. Other comparative studies are needed to understand the impact of its use on the lateral rotator muscles.

The muscle FI damage got worse over time in our study. In the Müller et al. study [START_REF] Müller | Evidence of reduced muscle trauma through a minimally invasive anterolateral approach by means of MRI[END_REF] comparing the standard and mini-invasive anterolateral approaches, the FI damage stabilized after THA on MRI examinations done at the same time points as ours (3 months and 1 year). However, they looked at different muscles than we did. The muscle damage they observed corresponded to instrument-passing lesions associated directly with the surgical approach. Conversely, in our study the lesions were observed on the muscle bellies (piriformis and internal obturator) away from the incision. This leads us to suspect that the FI in our study is secondary, either to tendon detachment (by transection or pull-out) or to traumatic denervation of these muscles. This distinction appears important. Muscle FI was initially described [START_REF] Goutallier | Fatty muscle degeneration in cuff ruptures. Pre-and postoperative evaluation by CT scan[END_REF] as secondary to tendon lesions or denervation, thus induced by muscle inactivity. This means that it will gradually get worse over time and is not reversible [START_REF] Park | Reversibility of Supraspinatus Muscle Atrophy in Tendon-Bone Healing After Arthroscopic Rotator Cuff Repair[END_REF]. The presence of FI secondary to direct trauma does not fit within this pathophysiology and this definition. Thus, we believe that the Goutallier classification [START_REF] Goutallier | Fatty muscle degeneration in cuff ruptures. Pre-and postoperative evaluation by CT scan[END_REF] is not well suited to this scenario. But since the above-cited studies [START_REF] Agten | MR imaging of soft tissue alterations after total hip arthroplasty: comparison of classic surgical approaches[END_REF][START_REF] Müller | Evidence of reduced muscle trauma through a minimally invasive anterolateral approach by means of MRI[END_REF][START_REF] Kawasaki | Muscle Damage After Total Hip Arthroplasty Through the Direct Anterior Approach for Developmental Dysplasia of the Hip[END_REF] used it to quantify muscle damage from direct trauma (rasps, retractors, etc.), we felt it was appropriate to use it in our study to provide some external validation for our findings. However, we found no significant difference in the muscles affected by these types of lesions, near the surgical approach, in our study.

Our study has several limitations. This was a single-surgeon study which may limit how the results can be extrapolated to all surgeons. Nevertheless, the surgeon who enrolled the patient was highly experienced. He had done more than 500 THA using the DAA before starting this study, placing him beyond the learning curve described in the literature [START_REF] De Steiger | What is the learning curve for the anterior approach for total hip arthroplasty?[END_REF][START_REF] Berndt | Total hip arthroplasty with accolade/trident through the direct minimally invasive anterior approach without traction table: Learning curve and results after a minimum of 5 years[END_REF]. Also, the maneuvers related to the femoral exposure, which we detailed in the surgical procedure, appear to better protect the posterior structures in our opinion. Since our study had a limited number of patients, we cannot draw any conclusions about the lack of damage in the muscles that did not have significant increase in the FI on the postoperative MRI. Damage to the tensor fascia lata and the gluteus minimus after THA by the DAA was observed on MRI in other studies [START_REF] Lüdemann | MRI-based measurement of muscle damage after minimally invasive hip arthroplasty[END_REF][START_REF] Kawasaki | Muscle Damage After Total Hip Arthroplasty Through the Direct Anterior Approach for Developmental Dysplasia of the Hip[END_REF]. This could be explained by a lack of power in our study. Also, certain muscles such as the gluteus minimus had elevated physiological FI preoperatively (Table 1). It is harder to demonstrate an increase in FI in this context. We did not perform a reproducibility study for reading the MRI images. However, we entrusted this task to an independent radiologist specialized in musculoskeletal imaging and the inter-and intra-rater agreement was previously shown to be good [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]. We decided not to analyze muscle atrophy or tendon lesions. Muscle atrophy may be related simply to resting the muscle and is reversible, contrary to muscle FI [START_REF] Park | Reversibility of Supraspinatus Muscle Atrophy in Tendon-Bone Healing After Arthroscopic Rotator Cuff Repair[END_REF]. Also, analyzing atrophy requires complex muscle volume reconstruction, since looking at a cross-section on transverse slices has too much variability. Given this, it seems difficult to draw conclusions on the analysis of muscle atrophy postoperatively. The tendons often had artefacts since they are near the implants on the postoperative MRI, making their interpretation difficult. Also, tendon lesions and muscle atrophy change in concert with muscle FI in the literature [START_REF] Agten | MR imaging of soft tissue alterations after total hip arthroplasty: comparison of classic surgical 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]. We did not look for vascular damage that could also impact the muscle FI, especially with the DAA [START_REF] Hartog | Anatomy of the lateral circumflex femoral artery: Does the direct anterior approach to the hip jeopardize vascularization of the proximal femur?[END_REF]. However, these are not the typical cause of FI, and image analysis would require vascular opacification that could be risky for the patient. We chose not the correlate the functional outcomes to the imaging analysis in our study. Functional outcome scores do not provide an accurate analysis of the walking parameters. Studying postural effects [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][START_REF] Bernard | Electromyographic study of hip muscles involved in total hip arthroplasty: Surprising results using the direct anterior minimally invasive approach[END_REF] or doing gait analysis is a complex undertaking that would be a study in itself.

Conclusion

THA by the DAA causes damage to certain lateral rotator muscles. The femoral exposure step is likely the cause of these lesions. Comparative studies with a larger number of patients are needed to confirm these results.
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 123 Figure 1: Axial MRI slice passing through the internal obturator muscle 1 year after total hip arthroplasty of the right hip by the direct anterior approach (T1-weighted TSE sequence [TR:450 TE:11]).

  

  

Table 1 :

 1 Stage of fatty infiltration on MRI in all the lateral rotator muscles of the hip preoperatively and at 3 months and 1 year after the THA procedure, based on the Goutallier classification(21 patients) 

		Gluteus maximus	Gluteus medius (anterior third)	Gluteus medius (middle third)	Gluteus medius (posterior third)	Gluteus minimus	Piriformis	Internal obturator	External obturator	Quadratus femoris	Sartorius	Tensor Fascia Lata
	MRI	-Artefact									
	Preoperative	-Stage 0									
		-Stage 1									
		-Stage 2									
		-Stage 3									
		-Stage 4									

Table 2 :

 2 Comparison between preoperative and 3 months of the mean fatty infiltration grade of the hip lateral rotator muscles using the Goutallier classification(21 patients) 

		Preoperative MRI	3-month MRI	Significance
		Mean ± SD	Mean ± SD	
		(minimum -maximum)	(minimum -maximum)	
	Gluteus maximus	(1 -2) 1.45 ± 0.51	(1 -2) 1.45 ± 0.51	n.s.

Table 3 :

 3 Comparison between preoperative and 1 year of the mean fatty infiltration grade of the hip lateral rotator muscles using the Goutallier classification (21 patients).

		1.2 ± 0.52	1.16 ± 0.37	n.s.
		(1 -3)	(1 -2)	
	(posterior third) Gluteus medius	(0 -2) 0.95 ± 0.51	(0 -2) 0.95 ± 0.51	n.s.
	Gluteus minimus	(1 -4) 2.05 ± 1.2	(1 -4) 2.19 ± 1.28	n.s.
	Piriformis	(0 -2) 0.6 ± 0.68	(0 -3) 0.9 ± 0.79	n.s.
	Internal obturator	(0 -1) 0.35 ± 0.49	(0 -3) 0.85 ± 0.75	p = 0.01
	obturator External	(0 -1) 0.6 ± 0.5	(0 -2) 0.76 ± 0.66	n.s.
	femoris Quadratus	(0 -4) 0.95 ± 1.28	(0 -4) 1.44 ± 1.24	n.s.
	Sartorius	(0 -1) 0.45 ± 0.51	(0 -1) 0.45 ± 0.51	n.s.
	Lata Tensor Fascia	(1 -2) 1.2 ± 0.4	(1 -3) 1.35 ± 0.59	n.s.
	n/s: not significant