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Abstract 27 

Background  28 

The influence of the insufficient developmental shape of acetabulum on the collapse 29 

occurrence of osteonecrosis of the femoral head (ONFH) was reported rarely after 30 

intertrochanteric curved varus osteotomy (CVO). The purpose of the study was to 31 

quantitatively evaluate the influence of different weight-bearing portions on collapse 32 

risk of femoral head necrosis after CVO with a finite element method. 33 

Methods  34 

Insufficient weight-bearing portion and normal weight-bearing portion hip joint finite 35 

element models of CVO (15°, 20°, 25° and 30°) for osteonecrosis of the femoral head 36 

with a lesion of 60°, dividing into three types (A, B and C1) were simulated. The 37 

Mises strain and collapse index were analyzed in terms of the lesion. 38 

Results 39 

The maximum and mean Mises strain were higher in insufficient weight-bearing 40 

portion models with a positive quantitative increment of strain, especially for type C1 41 

and B in no osteotomy situation. However, the collapse index was more than 1.0 in 42 

type C1, even after some degree of this CVO, and in type B of insufficient 43 

weight-bearing situation.  44 

Conclusions 45 

Progressive collapse risk was increased in the insufficient weight-bearing portion 46 

situation. Thus, the decision-making of CVO for the treatment of osteonecrosis of the 47 

femoral head should be different with insufficient weight-bearing portion of the 48 
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acetabulum. We recommended that the unfavorable biomechanical shape of 49 

acetabulum should be treated before this CVO was performed when the necrotic type 50 

was more than B. 51 

Keywords: weight-bearing portion, necrotic collapse risk, finite element analysis. 52 

Background  53 

Strategies standing for preserving hip joint for the treatment of osteonecrosis of the 54 

femoral head (ONFH) vary based on mechanisms contributed to improving the 55 

biological or mechanical characteristics involving in the occurrence of non-hereditary 56 

ONFH [1,2,3,4,5,6,7,8,9]. Intertrochanteric curved varus osteotomy (CVO) is one of 57 

the proximal femoral osteotomy techniques [10,11,12,13,14]. It is aimed at removing 58 

lesions out of the weight-bearing area, decreasing the stress subjected to the infarction 59 

to prevent collapse in the early stage, and benefiting from the biomechanically 60 

friendly technique widely used in Asia.  61 

 62 

The intact ratio measured in an AP radiological view influences the clinical results 63 

after CVO. Zhao. et al [15] reported that a post-operative intact ratio of 33.0% was 64 

necessary if a satisfactory result was to be achieved after CVO. It has been proved 65 

that the stress distribution of the infarction was beneficial from a 30° varus osteotomy 66 

to reduce stress levels through much of the necrotic region [14]. It was prone to 67 

collapse if located in the anterolateral weight-bearing tract [16], whereas few studies 68 

have been investigated the collapse risk factors from the acetabular side (pelvic tilt, 69 

center-edge) [17]. Although the necrosis suffered higher stress with less center-edge 70 
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angle investigated in our previous study [18]. From a biomechanical point, what 71 

influence of different weight-bearing portions on necrosis collapse after CVO is not 72 

clear. 73 

 74 

In this study, we hypothesized: different weight-bearing portions can affect the 75 

biomechanical properties of necrotic bone after CVO, but to what extent is not 76 

defined. The purpose of the study was to quantitatively evaluate the influence of 77 

different weight-bearing portions on collapse risk of femoral head necrosis after CVO 78 

with a finite element method. 79 

Methods 80 

The present study was approved by the Ethical Review Committee of the Fifth 81 

Affiliated Hospital of Southern Medical University and involved the examination of 82 

an adult volunteer with a informed consent before quantitative computed tomography 83 

(QCT) data obtained with the following parameters, slice thickness: 1.0 (mm), voltage: 84 

120 (KV), current: 102.50 (mA), in which a hydroxyapatite (HA) phantom was used 85 

during image acquisition to improve the estimation of bone mineral density (BMD) 86 

from a volunteer (Sex: male, age: 27 years, Height: 164 cm, Bodyweight: 66kg) 87 

without any musculoskeletal disease and operation history of the hip joint (Fig. 1a). 88 

 89 

Construction of CVO hip joint 3D models. 90 

The initial hip joint 3D model was constructed from QCT data by segmenting the 91 

bony structure of ilium and femur using a medical image processing software 92 



5 

 

(MIMICS 22, Materialise, Belgium). The interface between the ilium and femoral 93 

head was regarded as cartilage geometry, then the cartilage geometry was divided into 94 

acetabular and femoral head cartilage (Fig. 1b) [19]. We used the table top plane (TTP) 95 

as the referring plane to simulate CVO in this study and the methods described in (Fig. 96 

1c), only the segmented femur solid model was employed to use for determining the 97 

osteotomy center (not the femoral head center) and the radius measured with CAD 98 

software (SolidWorks 2016, SolidWorks Corp, USA). There were four osteotomy 99 

angulations (15°, 20°, 25° and 30°) determined to represent the clinical 100 

operations used frequently, then segmented ilium, acetabular cartilage, femoral head 101 

cartilage, and necrotic part were assembled to simulate the CVO models without 102 

implant fixed.  103 

 104 

Definition of necrotic lesion size and type. 105 

CVO for the treatment of ONFH was based on the Japanese Investigation Committee 106 

(JIC) classification in which the necrotic lesions were defined based on mechanical 107 

character related to the weight-bearing portion of the acetabulum [20]. We used this 108 

mechanical JIC classification to simulate three types (A, B, and C1), which was 109 

determined in the middle coronal plane of the femoral head, with a fixed size of 110 

necrotic lesion that was shaped as a conoid projecting from the femoral head center 111 

with the cone angle of 60°to represent an early stage, low risk, precollapse of the 112 

lesion [21]. The localization of the lesion was in the middle of the femoral head from 113 

the sagittal view, just rotated in the coronal plane, lateral boundary of the three types 114 
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of lesions was located in the borderline determined by JIC classification for type A, B, 115 

and C1 (Fig. 2).  116 

 117 

Generation of CVO finite element models. 118 

The weight-bearing portion varied by modifying the CE angle [22], measured in the 119 

middle coronal plane. We determined two different lateral CE angles (18°, 33°) in 120 

this study to represent the insufficient weight-bearing portion and normal 121 

weight-bearing portion for investigating the influence of the weight-bearing portion 122 

on ONFH with CVO (Fig. 3a, 3b). The insufficient weight-bearing portion finite 123 

element model (CE angle:18°) was constructed using the methods from the literature 124 

page [23]. The normal weight-bearing portion model (CE angle:33°) was the initial 125 

configuration of the hip. Finally, a total of 30 different finite-element models 126 

simulating three different types of necrosis combined with four varus osteotomies in 127 

two different CE angle conditions were established. The mesh type used for all parts 128 

in the model was a C3D4 tetrahedron element with the elements of 928,127. The 129 

interfaces in the osteotomy were bounded as a tie. The contact of acetabular and 130 

femoral head cartilage was defined as no friction. 131 

Material assignment and boundary configurations  132 

The bony structure of the femur was assigned with an isotropy heterogeneous material 133 

property based on QCT data, briefly, the parameters used for converting HU to 134 

radiographic CT density (𝜌𝑄𝐶𝑇(g/cm3) (Eq. (1)) were calculated from B-MAS200 135 

phantom [24], and from 𝜌𝑄𝐶𝑇 to Ash density (𝜌𝑎𝑠ℎ(g/cm3) (Eq. (2)) [25], then the 136 
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apparent density that was calculated from Ash density with a ratio of 0.6 [26] was 137 

converted to elastic modulus (Eq. (3)) [27]. 138 

                                                              (1) 139 𝜌𝑎𝑠ℎ(g/cm3) = 0.877 × 𝜌𝑄𝐶𝑇 + 0.0789                              (2) 140 

   E = 6850𝜌𝑎𝑝𝑝1.49                                                  (3) 141 

Where Eq. (1), Eq. (2), Eq (3) were used for calculating the elastic modulus of the 142 

femur bone. The material properties of necrosis, cartilage, and ilium were summarized 143 

in (Fig. 3). 144 

 145 

The boundary configurations were adopted from a validated femoral head necrosis 146 

finite element model [28]. A ground reaction force of 700 N for ARCO ⅡB was 147 

performed, seven antagonistic muscles around hip joint were chosen and modeled as 148 

axial connectors, of which the loads minimized the internal bending moment in every 149 

cross-section of the femur [29], and the loading conditions were present in (Fig. 3). 150 

The hip capsular ligaments were attached to the CVO models as 1D springs elements 
151 

[30,31]. For boundary conditions, the pubic symphysis and sacroiliac joint were fixed 152 

to prevent translation and rotation. Finite element analysis for each CVO model was 153 

performed using ABAQUS software (ABAQUS 2019, Dassault Systemes, France) in 154 

the International Society of Biomechanics (ISB) coordinate system [32].  155 

 156 

The Mises strain was used and calculated (Eq. (4), 𝜀𝑒𝑞𝑣: Mises Strain,𝜀1: Max strain (LE) 157 

𝜀2: Mid strain (LE), 𝜀3: Min strain (LE), ν: Poisson’s ratio) for observing the biomechanical 158 

 𝜌𝑄𝐶𝑇(g/cm3) =0.9863HU-2.0804                        
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properties changes of necrotic bone differing from the Mises stress. The increment of 159 

strain was calculated by values of Mises strain in insufficient weight-bearing portion 160 

models minus the values of Mises strain in normal weight-bearing portion models. 161 

The collapse index (CI) was also calculated (Eq. (5), εmax: maximum principled strain 162 

at each element of the lesion, εlim: the ultimate strain (ultimate tensile strain εlim = 163 

0.0073, ultimate compressive strain εlim = 0.0104)) [33] for evaluating the collapse 164 

risk of necrotic bone in different weight-bearing portions along with CVO. The value 165 

with 1.0 of CI was regarded as the cut-off point of collapse of necrotic bone. 166 𝜀𝑒𝑞𝑣 = 11+𝜈 √12 {(𝜀1 − 𝜀2)2 + (𝜀2 − 𝜀3)2 + (𝜀3 − 𝜀1)2}               (4) 167 

CI = εmax / εlim                                             (5) 168 

 169 

Validation of finite element models 170 

The validation of FE models was performed with sensitivity studies and mesh 171 

convergence tests, which was reported clearly in our previous study [18]. Since direct 172 

experimental measurements of stress within the necrotic region along the osteotomy 173 

model derived from the specimen is difficult to achieve. The physiologic 174 

reasonableness and internal consistency must be evaluated for validation from the 175 

present model, although the finite element model was simulated by adopting a 176 

validated femoral head necrotic model from literature. The present results show 177 

physiologically reasonable compressive stress distribution in the medial cortex, tensile 178 

stresses in the lateral cortex and in the lateral greater trochanter, and osteotomy 179 

interface was compressive stress distribution in the medial and tensile stresses in the 180 
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lateral site. For the check of internal consistency, preferential longitudinal 181 

compressive-stress transmission through the primary trabeculation system of the 182 

femoral head across a coronal head midsection layer was simulated in no necrosis 183 

natural model and it was interrupted in the no osteotomy necrosis model, which was 184 

consistent with the results of other established studies [14,21,28,34,35].  185 

 186 

Results  187 

Mises strain of necrotic bone 188 

The maximum and mean Mises strain of necrotic bone was higher in insufficient 189 

weight-bearing models (Fig. 4). Particularly, in no osteotomy situation, the maximum 190 

Mises strain was 0.031 vs 0.022 for type C1, 0.018 vs 0.012 for type B. 191 

Correspondingly, the stain highlighted in the necrotic bone at the interface of healthy 192 

bone, and was weakened along with CVO angle increasing (Fig. 5, 6). For type A, a 193 

slight strain increase was observed for insufficient weight-bearing models compared 194 

with those of types B and C1 (Fig. 4b, d). 195 

Collapse index of necrotic bone 196 

The collapse index was more than 1.0 in type C1 with less than 25° of the normal 197 

weight-bearing models and with less than 20° of the insufficient weight-bearing 198 

models. In addition to the situation of type B of no osteotomy insufficient 199 

weight-bearing model (Fig. 7). The distribution of collapse index highlighted for type 200 

C1 and type B in insufficient weight-bearing models at the interface with healthy 201 

bone (Fig. 8, 9). 202 
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 203 

Discussion  204 

This is the first biomechanical simulation using Mises strain as the mechanical 205 

parameter to evaluate the effect of the weight-bearing portion on potential 206 

deformation of necrotic bone pre and post CVO. Our main findings were: (1) the 207 

Mises strain was higher in insufficient weight-bearing models and decreased along 208 

with CVO increasing, respectively, which supported the hypothesis, (2) the collapse 209 

index was more than 1.0 in type C1 and type B of insufficient weight-bearing 210 

situation, suggesting that higher collapse risk was predicted for clinical practice. 211 

 212 

Less weight-bearing portion of acetabulum such as developmental dysplasia of the hip 213 

(DDH) can elevate the contact pressure [30]. Because of insufficient contact area from 214 

the unfavorable shape of acetabulum, resulting in accelerating degenerative changes 215 

of cartilage [36]. Moreover, the possibility of collapse for the lesion increased in the 216 

situation of abnormal configurations of the hip [16]. Correspondingly, in this study, 217 

the Mises strain was higher in insufficient weight-bearing portion models compared to 218 

those normal. 219 

 220 

Although CVO decreased the strain level positively, the increment of strain at each 221 

osteotomy degree approved that the influence of less weight-bearing area on the 222 

necrotic bone did not vanish. This is suggesting that high collapse risk exist although 223 

the operations such as CVO were performed in the femur side only if unfavorable 224 
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condition of the hip from acetabulum is not improved. The results obtained from finite 225 

element analysis was consistent with the clinical research focusing on CVO for 226 

ONFH17, in which CE angle < 25° was one of the factors identified to influence 10 227 

influence 10-year survival(56%) with radiographic failure compared to LCE angle ≥228 

25° with radiographic failure in 10-year survival (77%). Thus, the recommendation of 229 

what procedure for the treatment of ONFH is better in the case of the dysplastic 230 

acetabulum, whatever, not the CVO as one-way approach. 231 

 232 

The types of the lesion were decided in this study based on mechanical characteristics. 233 

The effect of the insufficient weight-bearing portion on type C1 was more obvious 234 

than type B and A. Interestingly, the max Mises strain increment was negative for type 235 

C1 at 30° and type B at 15°, 20°, 25°. The reason maybe was that less load was 236 

suffered to the necrotic bone after CVO in insufficient weight-bearing portion models. 237 

Such phenomenon featured that local concentrated non-uniform biomechanical 238 

distribution (stress, strain) was for the insufficient weight-bearing portion compared 239 

to the normal with uniform regular pattern37. 240 

 241 

The location and size of the lesion can influence the collapse risk even after the 242 

persevering hip operations7. In this study, the collapse index was used for evaluating 243 

the influence of weight-bearing portion on collapse risk of the lesion while 244 

performing CVO. Although the collapse index was higher in insufficient 245 

weight-bearing portion models of type C1, the collapse index of normal models was 246 
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more than 1.0 in less than 25° of CVO, in other words, the influence of the location of 247 

lesion on collapse risk was more than the insufficient weight-bearing area for type C1. 248 

Moreover, the small degree of CVO maybe not enough to eliminate the collapse risk 249 

from the predicted results. 250 

 251 

The main limitation of the study was a computational simulation of prediction, 252 

although consistent with the clinical outcomes, the predicted results cannot be used as 253 

a standard for clinical practice. Just providing some suggestions for better decision 254 

making. Secondly, this simulation only addressed mechanical factors that would affect 255 

the stain distribution of necrotic bone; however, biological factors also need to be 256 

considered. 257 

 258 

Conclusions 259 

Understanding the complicated interdependence of location of necrotic lesions and the 260 

configuration of the hip and pelvis is important in making decisions regarding optimal 261 

treatment. This computational simulation suggested progressive collapse risk was 262 

increased in the insufficient weight-bearing portion situation, and the location of 263 

necrotic bone should be considered before performing persevering hip surgeries for 264 

the treatment of ONFH. We recommended that the unfavorable biomechanical shape 265 

of acetabulum should be treated before this CVO was performed when the necrotic 266 

type was more than B. 267 

Availability of data and materials 268 
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Abbreviations  271 

CVO: Curved varus osteotomy 272 

ONFH: Osteonecrosis of the femoral head 273 

LCE: Lateral center-edge angle 274 

FEA: Finite element analysis 275 

QCT: Quantitative computed tomography 276 

JIC: Japanese Investigation Committee 277 

HU: Hounsfield unit 278 

Eq: Equation 279 

CAD: Computer assisted design 280 

vs: Versus 281 

3D: Three-dimensional 282 

DDH: Developmental dysplasia of the hip 283 
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Figure legends 440 

Fig. 1 The solid 3D model of CVO. a Parameters of CT data obtained from the 441 

subject, b The hip joint model constructed from CT images, c the method of 442 

CVO, MFC:  medial femoral condyle, LFC: lateral femoral condyle, PF: 443 

proximal femur. 444 

Fig. 2 Necrotic simulation using the classification of the Japanese Investigation 445 

Committee of Health and Welfare: type A, type B, type C1. 446 

Fig. 3 Finite element models of CVO. a Normal weight-bearing portion model. b 447 

Insufficient weight-bearing portion model. 448 

Fig. 4 Maximum (increment) and mean (increment) Mises strain of necrotic bone. 449 

Fig. 5 Mises strain distribution of necrotic bone in top view. 450 

Fig. 6 Mises strain distribution of necrotic bone in central coronal view. 451 

Fig. 7 Maximum collapse index of necrotic bone in each model. 452 

Fig. 8 Collapse index distribution of necrotic bone in top view. 453 

Fig. 9 Collapse index distribution of necrotic bone in central coronal view. 454 

 455 



Figures

Figure 1

The solid 3D model of CVO. a Parameters of CT data obtained from the subject, b The hip joint model
constructed from CT images, c the method of CVO, MFC: medial femoral condyle, LFC: lateral femoral
condyle, PF: proximal femur.



Figure 2

Necrotic simulation using the classi�cation of the Japanese Investigation Committee of Health and
Welfare: type A, type B, type C1.



Figure 3

Finite element models of CVO. a Normal weight-bearing portion model. b Insu�cient weight-bearing
portion model.

Figure 4

Maximum (increment) and mean (increment) Mises strain of necrotic bone.



Figure 5

Mises strain distribution of necrotic bone in top view.



Figure 6

Mises strain distribution of necrotic bone in central coronal view.

Figure 7

Maximum collapse index of necrotic bone in each model.



Figure 8

Collapse index distribution of necrotic bone in top view.



Figure 9

Collapse index distribution of necrotic bone in central coronal view.


