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Superimposition of maximal stress and necrosis areas at the top of the femoral head in hip aseptic osteonecrosis

Introduction

Recent reports described possible mechanical factors in the development and aggravation of osteonecrosis of the femoral head (OFH), but these have yet to be confirmed on dedicated mechanical study. We therefore developed a 3D finite element model based on in-vivo data from patients with incipient OFH, with a view to determining whether the necrosis area was superimposed on the maximal stress area on the femoral head.

Hypothesis

The location of the necrosis area is determined by stress on the femoral head.

Material and method

All patients from the rheumatology department with early stage OFH in our center were investigated. Analysis of CT scans showed stress distribution on the head by 3D finite elements models, enabling determination of necrosis volume within the maximal stress area and of the percentage intersection of necrosis within the stress area (%I n/s: necrosis volume in stress area divided by total stress area volume and multiplied by 100) and of stress within the necrosis area (%I s/n: stress volume in necrosis area divided by total necrosis area volume and multiplied by 100). Results

Nineteen of the 161 patients assessed retrospectively for the period between 2006 and 2015 had incipient unilateral OFH, 10 of whom (4 right, 6 left) had CT scans of sufficient quality for inclusion. Mean age was 52 years (range, 37-81 years). Mean maximal stress was 1.63MPa, mean maximal exported stress volume was 2,236.9 mm³ and mean necrosis volume 6,291.1 mm³. Mean %I n/s was 83% and mean %I s/n 35%, with no significant differences according to gender, age, side or stress volume. There was a strong inverse correlation between necrosis volume and %I s/n (R 2 = -0.92) and a strong direct correlation between exported stress volume and %I s/n (R 2 =0.55). %I s/n was greater in small necrosis (<7,000mm 3 ). Conclusion OFH seems to develop within the maximal stress area on the femoral head. The present results need confirmation by larger-scale studies. We consider it essential to take account of these mechanical parameters to reduce failure rates in conservative treatment of OFH.

Level of evidence: IV. Case series

Introduction

Osteonecrosis of the femoral head (OFH) consists in impaired femoral head perfusion due to intravascular coagulation. Part of the subchondral bone supporting the joint surface becomes necrotic, causing collapse of the head and secondary osteoarthritis [START_REF] Guerado | The physiopathology of avascular necrosis of the femoral head: an update[END_REF][START_REF] Fraitzl | Reduced head-neck offset in nontraumatic osteonecrosis of the femoral head[END_REF]. Many etiologies and risk factors have been identified, including chronic alcoholism, medication (including longcourse corticosteroids, with dose-dependent risk), and metabolic diseases such as gout, hyperlipidemia and thrombophilia [START_REF] Fraitzl | Reduced head-neck offset in nontraumatic osteonecrosis of the femoral head[END_REF]. In 30% of cases, however, no etiology can be established, and the osteonecrosis is diagnosed as "idiopathic" [START_REF] Dudkiewicz | Total hip arthroplasty after avascular necrosis of the femoral head: does etiology affect the results?[END_REF][START_REF] Assouline-Dayan | Pathogenesis and natural history of osteonecrosis[END_REF].

The pathophysiology of osteonecrosis has been well described and is of vascular origin [START_REF] Guerado | The physiopathology of avascular necrosis of the femoral head: an update[END_REF]. However, recent studies have shown a critical role of hip-joint loading, with anatomic variations in the development of OFH [START_REF] Fraitzl | Reduced head-neck offset in nontraumatic osteonecrosis of the femoral head[END_REF][START_REF] Ollivier | Anatomical Findings in Patients Undergoing Total Hip Arthroplasty for Idiopathic Femoral Head Osteonecrosis[END_REF][START_REF] Kim | Effects of non-weight-bearing on the immature femoral head following ischemic osteonecrosis: an experimental investigation in immature pigs[END_REF][START_REF] Nishimura | The role of mechanical stress on the femoral head in the occurrence of femoral head lesions in spontaneously hypertensive rats[END_REF][START_REF] Mankin | The reaction of articular cartilage to injury and osteoarthritis (first of two parts)[END_REF][START_REF] Mankin | The reaction of articular cartilage to injury and osteoarthritis (second of two parts)[END_REF]. Stress location in the femoral head may thus account for necrosis location, in the summit [START_REF] Yang | Mechanics of femoral head osteonecrosis using three-dimensional finite element method[END_REF][START_REF] Kaushik | Osteonecrosis of the femoral head: An update in year 2012[END_REF]. However, this remains to be confirmed on mechanical study, and we therefore developed a 3D finite element model based on in-vivo data in patients with incipient OFH, to determine whether the necrosis area is superimposed on the area of maximal stress. The study hypothesis was that the location of the necrosis area is determined by mechanical factors: i.e., stress exerted by the weight of the pelvis over the femur.

Material and method

Patients

With institutional review board approval, a prospective data-base was used to analyze patients assessed for incipient OFH in our rheumatology department between 2006 and 2015. Patients were followed up on 3D imaging of the hip or pelvis to confirm diagnosis of osteonecrosis and assess extension.

Inclusion criteria comprised: early-stage OFH (stage 1 or 2 on Ficat's classification [START_REF] Ficat | Idiopathic bone necrosis of the femoral head. Early diagnosis and treatment[END_REF]: i.e., without head deformity), with hip or pelvis CT of sufficient quality for segmentation and meshing.

Methods

3D finite element models of the hip were constructed in 3 stages, using 3 different software applications. a) Hip or pelvis CT scans were first imported to the Mimics 18™ segmentation package (Materialise, Leuven, Belgium). The software's semi-automatic tools created 3D models of the patient's pelvic and proximal femoral bone, and then created cartilage, unseen on CT, as an intermediate object by addition and subtraction operations on the pelvis and femur. The three resulting objects (pelvis, cartilage and femur) were first smoothed in Mimics to obtain an optimally homogeneous and anatomically faithful 3D structure (Figure 1). In parallel, the necrotic area of the head was located as the least dense area, and a corresponding 3D object was then created using the same software tools (Figure 2). b) Pelvis, cartilage and femur were then exported to the 3-matic™ meshing application (Materialise, Leuven, Belgium). Each object was surface-meshed by triangles. Target size was 2.5 mm for the pelvis, 2 mm for the femur and 1.5 mm for the cartilage (Figure 3). Linear tetrahedral volume meshing was then applied.

c) The three meshed objects were then imported to Abaqus 14™ (Simulia, RI) to construct the finite element model. For modeling, each object was assumed to be homogeneously isotropic, with linear elastic behavior (Table 1). Various interactions between the objects were added. Pelvis and cartilage were taken to be mutually adherent (tie interaction). Between cartilage and femur, a friction interaction was modeled: normal behavior was linear, with 100 MPa/mm penetration coefficient, and tangential behavior was frictionless. Pelvis and distal femoral surface were embedded; the femur was allowed only translation movements along the X and Y axes and rotation around Z. Uniform vertical 600N pressure was applied on the superior side of the pelvis, to simulate bipedal loading (Figure 4). These successive manipulations enabled stress distribution on each femoral head to be obtained. The volume showing stress greater than 50% of the mean value for the femoral head was then exported to the initial 3D model. The intersection between necrosis volume and maximal stress volume was thus obtained and assessed as percentage necrosis/stress intersection (%I n/s) and as percentage stress/necrosis interaction (%I s/n) (Figure 5). %I n/s = necrosis volume within the maximal stress area / total necrosis volume x 100 %I s/n = stress volume within the necrosis area / total stress volume x 100

Statistical analysis

Quantitative variables were expressed as mean±standard deviation, and qualitative variables as percentage; in view of the sample size, the non-parametric Wilcoxon test was used for quantitative variables and the Fisher test for qualitative variables. The significance threshold was set at p = 0.05. To limit disease progression related bias (volume effect), 2 subgroups were distinguished: small OFH (volume < 7,000 mm 3 ) and large OFH (volume > 7,000mm 3 ).

Intra-and inter-observer reproducibility was assessed by intra-class correlation coefficients for %I s/n and %I n/s by 2 different blinded observers delineating the necrosis area on 2 analyses at 7 days' interval, stress areas being determined automatically on the 2 analyses (Table 2).

Results

Only 19 of the 161 patients showed incipient (stage 1 or 2) OFH, and only 10 of these had imaging of sufficient quality for inclusion: 5 males and 5 females, with a mean age of 52 years (range, 37-81 years). OFH was unilateral in all cases: 4 right (40%) and 6 left (60%). Three patients had chronic alcohol abuse (30%), and 5 were taking long-course corticosteroids (50%); 1 had HIV infection (10%), and 1 had idiopathic OFH (10%). There were no significant differences in %I s/n on univariate analysis according to gender (p=0.7), side (p=0.8), or etiology (p=0.7). Likewise, there were no significant differences in %I n/s according to gender (p=0.8), side (p=0.7) or etiology (p=0.8) (Table 4). I.e., necrosis and stress area superimposition seemed independent of gender, side and etiology.

There was a strong inverse correlation between necrosis volume and %I s/n (R 2 = -0.92) and a strong direct correlation between exported stress volume and %I s/n (R 2 = 0.55): the greater the necrosis volume the smaller the %I s/n, and the greater the stress volume the greater the %I s/n. There were no correlations between %I n/s and stress or necrosis volume.

Five of the 10 OFHs were small (< 7,000 mm 3 ) and 5 large (> 7,000 mm 3 ). Table 3 shows subgroup analysis; there were no significant differences according to maximal stress (p=0.682), exported stress volume (p=0.345), or necrosis/stress area intersection or %I n/s (p=0.087). %I s/n was significantly greater in small OFH (n 20n10%; p=0.006) (Table 5). Stress volume within necrosis volume seemed greater in small OFH.

Discussion

To our knowledge, this was the first study to investigate a possible relation between necrosis and stress area locations on 3D finite element analysis. Results seemed to show that the necrosis area is superimposed on the maximal stress area, with percentage necrosis/stress intersection exceeding 80% and percentage stress/necrosis intersection of 35%, especially in small OFH. This finding was independent of biometric factors (gender, etiology, side) and of the factors controlled for in the model (maximal stress, exported volume). An influence of the mechanical environment on the development and/or aggravation of OFH was supported by several previous experimental studies showing that femoral head loading influenced the development of OFH [START_REF] Kim | Effects of non-weight-bearing on the immature femoral head following ischemic osteonecrosis: an experimental investigation in immature pigs[END_REF][START_REF] Nishimura | The role of mechanical stress on the femoral head in the occurrence of femoral head lesions in spontaneously hypertensive rats[END_REF][START_REF] Mihara | Standing is a causative factor in osteonecrosis of the femoral head in growing rats[END_REF][START_REF] Hungerford | The importance of increased intraosseous pressure in the development of osteonecrosis of the femoral head: implications for treatment[END_REF]. Kim et al. [START_REF] Kim | Effects of non-weight-bearing on the immature femoral head following ischemic osteonecrosis: an experimental investigation in immature pigs[END_REF] reported a series of animal models of OFH and concluded that, in pigs with induced OFH, non-weight-bearing slowed the natural progression of osteonecrosis. In a recent study, Ollivier et al. [START_REF] Ollivier | Anatomical Findings in Patients Undergoing Total Hip Arthroplasty for Idiopathic Femoral Head Osteonecrosis[END_REF] likewise found that OFH patients presented anatomic abnormalities liable to modify stress on the summit of the femoral head.

The present study has several limitations. Firstly, the design was single-center and retrospective, limiting extrapolation. Moreover, it was a preliminary study; only 10 scans were included in 3D analysis, which highlights two points: the difficulty of large-scale inclusion in this rare pathology, and the infraclinical progression and diagnostic nomadism of some patients who consult only after long disease progression and serious deterioration of bone tissue. The 3D finite element model is also debatable: it was not always possible to differentiate between cartilage of the head and of the labrum due to the pathology and to the poor resolution of CT without contrast enhancement. This led us to create an intermediate object to represent the cartilage; this compromise, however, has been validated in the recent literature on a similar subject [START_REF] Sanchez Egea | Impact of hip anatomical variations on the cartilage stress: a finite element analysis towards the biomechanical exploration of the factors that may explain primary hip arthritis in morphologically normal subjects[END_REF]. We did not differentiate cortical and trabecular bone on Young's modulus or Poisson coefficient, assuming the bone to be smooth and homogeneous throughout, as it is difficult to reconstruct and model femoral trabecular bone, which differs between head, neck and trochanteric region, and as the properties of necrotic trabecular bone have not been described. The present method was used in other 3D models of the hip [START_REF] Anderson | Effects of idealized joint geometry on finite element predictions of cartilage contact stresses in the hip[END_REF][START_REF] Chen | A Three-Dimensional Finite Element Model for Biomechanical Analysis of the Hip[END_REF]. The present mechanical model was, however, robust, including interactions between the objects (tie interaction between pelvis and cartilage, and linear friction between cartilage and femur) [START_REF] Sanchez Egea | Impact of hip anatomical variations on the cartilage stress: a finite element analysis towards the biomechanical exploration of the factors that may explain primary hip arthritis in morphologically normal subjects[END_REF]18], and the permitted movements [START_REF] Chen | A Three-Dimensional Finite Element Model for Biomechanical Analysis of the Hip[END_REF][18][START_REF] Yoshida | Three-dimensional dynamic hip contact area and pressure distribution during activities of daily living[END_REF][START_REF] Anderson | Validation of Finite Element Predictions of Cartilage Contact Pressure in the Human Hip Joint[END_REF] and loads [START_REF] Anderson | Validation of Finite Element Predictions of Cartilage Contact Pressure in the Human Hip Joint[END_REF][START_REF] Grecu | Numerical simulations of the 3D virtual model of the human hip joint, using finite element method[END_REF][START_REF] Recnik | Higher peak contact hip stress predetermines the side of hip involved in idiopathic osteoarthritis[END_REF][START_REF] Bergmann | Hip contact forces and gait patterns from routine activities[END_REF] validated in the literature. Moreover, it comprised 10 3D analyses, ensuring greater clinical relevance than models extrapolated from a single hip as in all other finite element modeling studies. Reconstructions were based on pathological femurs under normal therapeutic conditions rather than experimental conditions, further enhancing clinical relevance. And lastly, all patients had very early necrosis, without femoral deformity, thus providing "cleaner" models without the alterations in stress distribution associated with advanced necrosis.

The present mean maximal stress value on finite element analysis (1.63 MPa) was low in comparison to certain reported values, which range between 3 and 6 MPa [START_REF] Sanchez Egea | Impact of hip anatomical variations on the cartilage stress: a finite element analysis towards the biomechanical exploration of the factors that may explain primary hip arthritis in morphologically normal subjects[END_REF][START_REF] Yoshida | Three-dimensional dynamic hip contact area and pressure distribution during activities of daily living[END_REF][START_REF] Recnik | Higher peak contact hip stress predetermines the side of hip involved in idiopathic osteoarthritis[END_REF][START_REF] Genda | Normal hip joint contact pressure distribution in single-leg standing--effect of gender and anatomic parameters[END_REF][START_REF] Steinberg | Determining lesion size in osteonecrosis of the femoral head[END_REF]; this was due to greater pressure being applied directly on the femur in these studies (Table 6): these previous studies aimed to model forces passing through the hip during daily life activity, representing loading equivalent to 4 times the body-weight [START_REF] Recnik | Higher peak contact hip stress predetermines the side of hip involved in idiopathic osteoarthritis[END_REF]. We chose to apply a 600N load, modeling standard bipedal weight-bearing, exerted vertically downward on the superior side of the pelvis, which seemed more physiological than force applied directly on the femur, as we sought to study stress transmitted from the pelvis to the femoral head; moreover, increasing the load would doubtless have increased the stress area, enhancing %I values but introducing a measurement bias similar to that we described in patients with large necrosis volume. Comparison between the present results and the literature is difficult, as previous studies focused rather on the optimal means of quantifying necrosis volume [START_REF] Bergmann | Hip contact forces and gait patterns from routine activities[END_REF], the influence of necrosis volume on fracture risk [START_REF] Genda | Normal hip joint contact pressure distribution in single-leg standing--effect of gender and anatomic parameters[END_REF], the impact of anatomic variants on OFH [START_REF] Fraitzl | Reduced head-neck offset in nontraumatic osteonecrosis of the femoral head[END_REF][START_REF] Ollivier | Anatomical Findings in Patients Undergoing Total Hip Arthroplasty for Idiopathic Femoral Head Osteonecrosis[END_REF], or the effects of different treatments [START_REF] Bergmann | Hip contact forces and gait patterns from routine activities[END_REF]. Anderson et al. [START_REF] Anderson | Validation of Finite Element Predictions of Cartilage Contact Pressure in the Human Hip Joint[END_REF] reported only contact areas ranging between 304.2 and 366.1 mm 2 in their finite element analysis. To our knowledge, the maximal stress volume on the femoral head has never been calculated or studied elsewhere, and nor has superimposition between necrosis and stress areas. This may explain the better results found with aggressive treatment of OFH such as femoral varization or rotation osteotomy [START_REF] Genda | Normal hip joint contact pressure distribution in single-leg standing--effect of gender and anatomic parameters[END_REF][START_REF] Steinberg | Determining lesion size in osteonecrosis of the femoral head[END_REF][START_REF] Volokh | Prediction of femoral head collapse in osteonecrosis[END_REF][START_REF] Baba | Long-term results of rotational acetabular osteotomy for osteonecrosis with collapse of the femoral head in young patients[END_REF][START_REF] Yamamoto | Results of the Sugioka transtrochanteric rotational osteotomy for osteonecrosis: Frequency and role of a defect of the quadratus femoris muscle in osteonecrosis progression[END_REF][START_REF] Sugioka | Transtrochanteric posterior rotational osteotomy for osteonecrosis[END_REF] than with conservative treatments such as decompression [START_REF] Schneider | The value of core decompression in treatment of femur head necrosis[END_REF][START_REF] Bellot | Core decompression of the femoral head for avascular necrosis[END_REF] or stem-cell injection [START_REF] Rosset | Cell therapy for bone repair[END_REF] that do not modify stress distribution on the head. This theory, however, would not be applicable to certain OFH etiologies such as sickle-cell disease, where the necrosis area is usually posterior [START_REF] Mukisi-Mukaza | Risk factors and impact of orthopaedic monitoring on the outcome of avascular necrosis of the femoral head in adults with sickle cell disease: 215 patients case study with control group[END_REF].

Conclusion

The results of the present finite element model of OFH support the mechanical theory of the pathophysiology of osteonecrosis of the hip. Hip anatomy and biomechanics seem to play a nonnegligible role in the genesis of OFH: in the present study, necrosis developed in the area of the femoral head in which stress was greatest, although no direct causal relation can be affirmed. These findings need confirmation in larger-scale multicenter studies using a finite element model even closer to clinical reality. It seems to us to be primordial to take these mechanical parameters into account to limit failure of conservative treatment of OFH. 

Figure 1 :

 1 Figure 1: Creation of objects (pelvis, cartilage and femur) smoothed under Mimics™ (Materialise, Leuven, Belgium) to obtain a 3D structure optimally homogeneous and faithful to patient anatomy.

Figure 2 :

 2 Figure 2: Location and definition of necrosis area.

Figure 3 :

 3 Figure 3: Surface-meshing by triangles. Element target size was 2.5 mm for the pelvis, 2 mm for the femur and 1.5 mm for the cartilage.

Figure 4 :

 4 Figure 4: Application of uniform vertical downward 600N pressure on the superior side of the pelvis, to simulate bipedal loading.

Figure 5 :

 5 Figure 5: Visualization of the intersection between necrosis and maximal stress volumes.

  

  

  

Table 3 shows

 3 %I results in the overall series. Mean maximal stress was 1.628 nnnnnnn MPa. Mean necrosis/maximal stress intersection volume was 1,837.2 nn409.1 mm 3 , mean %I n/s 82.1 nn14%, and mean %I s/n 35.3 nn13.1%.

Table 1 :

 1 Material properties used in finite element model

		Type of material	Young's modulus (MPa) Poisson coefficient
	Pelvis	Bone	10,000	0.3
	Femur	Bone	10,000	0.3
	Cartilage	Cartilage	10	0.4

Table 2 :

 2 Intra-and inter-observer reproducibility was assessed by intra-class correlation coefficients (ICC) with 95% CI for %I s/n and %I n/s by 2 different blinded observers delineating the necrosis area on 2 analyses at 7 days' interval.

	Intra-observer reproducibility	ICC	95% CI
	Observer 1	0.95	0.89-0.99
	Observer 2	0.91	0.85-0.97
	Inter-observer reproducibility	0.89	0.84-0.94

Table 3 :

 3 Analysis of superimposition in the overall series. (percentage necrosis/stress intersection) = necrosis volume within maximal stress area / total necrosis volume x 100. %I s/n (percentage stress/necrosis intersection) = stress volume within necrosis area / total stress volume x 100.

	Patient	Ficat stage [12]	Max. stress (MPa)	Exported stress volume (mm 3 )	Necrosis volume (mm 3 )	Necrosis/stress (mm 3 ) intersection	%I s/n	%I n/s
	1	1	1.48	1,652.4	3,038	1,510,1	50	91
	2	2	0.93	3,064.2	7,213.5	2,524.3	35	82
	3	2	1.38	2,645.7	3,423.7	1,823.3	53	69
	4	1	1.18	2,580	2,961.7	1,501.9	51	58
	5	1	3.09	2,019	13,947.5	1,792.5	13	89
	6	2	1.12	2,350	7,849.8	2,274.5	29	97
	7	2	1.56	2,356.5	8,635.3	2,036.9	24	86
	8	2	1.89	2,103.1	7,789	2,082.7	27	99
	9	2	2.13	1,858.4	5,196	1,696.7	33	91
	10	1	1.52	1,739.5	2,856.1	1,129.1	40	65
	Mean		1.628	2,236.8	6291.1	1,837.2	35	83
	Standard deviation	0.624	446.474	3,535.961	409.097	13	14
	%I n/s						

Table 4 :

 4 Influence of confounding demographic and etiologic factors on endpoints. %I n/s (percentage necrosis/stress intersection) = necrosis volume within maximal stress area / total necrosis volume x 100. %I s/n (percentage stress/necrosis intersection) = stress volume within necrosis area / total stress volume x 100.

Table 5 :

 5 Superimposition rate (mean±SD) by subgroup.