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Abstract

:

In this study, a human hip joint with Cam-type Femoroacetabular Impingement (FAI) is studied by the Finite Element Method (FEM). This pathology consists of a malformation that causes a lack of sphericity of the head of the femur. In turn, this causes wear and tear of the cartilage, a cause of early osteoarthritis of the hip. The objective is to use the FEM to analyze and compare the increase in the von Mises stress and displacement of the cartilage in healthy and damaged (with Cam-type) human hip joints that this syndrome affects. The 3D models were reconstructed from two medical CT scans of a healthy and a damaged hip joint that were obtained, five years apart, for a male of 80 kg in weight. The 3D models were reconstructed using 3D Slicer software. The cortical and trabecular bone, as well as the cartilage, were segmented. The defects were corrected by MesMixer software that generated STL files. Both models were imported into the Marc Mentat® software for the Finite Element Analysis (FEA). It was noted that the thickness of the cartilage decreased enormously during the five years, which suggests imminent mechanical contact between the head of the femur and the acetabulum of the pelvis. The FEA results showed an excessive increase in the stress and displacement of the cartilage. This will certainly result in a condition of osteoarthritis for the patient in the future years.






Keywords:


Finite Element Method FEM; Cam-type Femoroacetabular Impingement (FAI); biomechanics












1. Introduction


The hip joint is one of the most important joints in the human anatomy. It is the largest joint that the human beings have and is the one of greatest bone contact. It connects two bones, the coxal (acetabulum) and the femur (femoral head) that join the trunk to the lower extremities [1]. In turn, the hip joint is surrounded by muscles and ligaments that support the body’s weight. This enables the legs to move from side to side and front to back. The contact surface between the head of the femur (convex) and the acetabulum (concave) is covered by tissue called cartilage. Within the joint is the synovial fluid that acts as a lubricant, facilitating movement and avoiding friction between the bones. Femoroacetabular impingement (FAI) is a pathology that consists of a malformation of the head of the femur due to its lack of sphericity. It causes mechanical conflict between the femur and the acetabulum of the pelvis [2]. This results in wear and tear, a reduction in cartilage, and pain. Femoroacetabular impingement has recently been recognized as a cause of hip pain and early hip osteoarthritis [3]. FAI causes premature mechanical contact between both structures, the femur and the acetabulum, but mainly in flexion and internal rotation movements, although there is also adduction in some cases [4]. There are three types of FAI: Cam, Pincer, and Mixed. Cam-type impingement is often seen in young, athletic men [5]. It is caused by a non-spherical femoral head. Pincer-type impingement is more common in middle-aged and older women. It is caused by excessive acetabular covering [6]. Mixed-type impingement is a variant of the previous two FAI types [7]. An understanding of the impact of Cam-type FAI on mechanical hip joint loading was sought by several studies involving the Finite Element Method (FEM). The studies also sought to provide information on the relationship between cartilage degeneration and mechanical stimulus [8]. One of the first efforts to use the FEM was a study of the Cam-type impingement that focused on impingement and dysplasia during sitting and walking [9]. The research considered, for the femur head and cartilage, a parameterized spherical ball-and-cup FE model with uniform cortical shell, to study different alpha and lateral center-edge angles according to the degree of Cam FAI severity. The mechanical properties considered were isotropic and linear elastic for the bone and cartilage. Both activities produced von Mises stresses and contact pressures in the acetabular cartilages. The contact pressures and von Mises stresses ranged from 3.67 to 12.84 MPa and from 9.70 to 27.20 MPa, respectively, during stand-to-sit. In [10] the depths of penetration of the acetabular cartilage and labrum were examined. This suggested an extremely high curvilinear and radial penetration as a result of the idealized geometries. The FE model proposed in this case considered the same mechanical properties as in [9]. However, no von Mises stresses information was provided regarding the acetabular cartilage. Other authors [11] analyzed two patients with severe Cam FAI. These included Cam deformities. The latter demonstrated the load’s adverse effect on the hip joint when standing or squatting. The hip joint geometry of the FE models proposed in this case were obtained from subject-specific computed tomography (CT) scan data for a variable cartilage thickness with orthotropic elastic modulus for the bone and isotropic behavior for the cartilage. The anterosuperior bone surface experienced the highest stress. This occurred beneath the acetabular cartilage when patients who had severe Cam FAI (15.2 ± 1.8 MPa) sat or squatted. This contrasted with healthy control participants (4.5 ± 0.1 MPa). In [12], an FE model of a Cam FAI caused von Mises stress and contact pressure in the anterosuperior cartilage (14.4 and 11.6 MPa, respectively) and labrum (14.7 and 16.4 MPa, respectively) during hip flexion. However, von Mises stress (28.2 MPa) and a peak contact pressure (20.6 MPa) were obtained during partial and full internal rotation of the hip. In this case, the subject’s specific hip geometry was obtained by MR. Linear-elastic and isotropic were considered for the soft tissues. A later FE study [13] modified the parametric hip model [8] for an examination of the cartilage stresses that Cam FAI produces. It parameterized two conditions that compared a healthy control hip (an alpha angle of 40°) and a hip with Cam FAI (an alpha angle of 74°). The proposed FE model’s cartilage component was created with a poroelastic, orthotropic material in order to simulate biphasic properties. As in previous parametric studies [9,10], stand-to-sit actions and walking were simulated. Thus, the peak contact pressures on the normal hip occurred in the superior cartilage while walking (2.87 MPa) and also in the posteromedial cartilage while engaging in stand-to-sit movements (3.58 MPa). The peak pore pressure in the control model (0.42 MPa in the posterior cartilage) and the FAI model (3.76 MPa in the anterosuperior cartilage) differed noticeably. A recent study of mechanical factors that enable Cam-type deformities to develop [14] was conducted. A proximal femur model was constructed from CT data that had been parameterized with three different growth plate shapes. It simulated four activities, which were internal rotation, external rotation, hip flexion, and normal walking. In vivo instrumented prostheses provided the loading data. The growth plate was modeled with a constant elastic modulus. Heterogeneous femur bone material properties were provided by CT data. This enabled the varying densities to better reflect reality. External rotation produced an osteogenic index of 0.7 MPa. This index was noticeably higher during external rotation and flexion. The objective of the current study was to analyze and compare the von Mises stress and displacements of the cartilage of the healthy and damaged (with CAM) hip joints of a patient while considering an alpha angle of 50° and the patient’s body weight in both cases. The healthy hip joint was obtained when the patient (male) was 22 years old and 80 kg in weight, whereas the damaged hip joint was obtained five years later, when the cartilage was severely damaged. The paper is organized as follows. Section 2 introduces the terminology that is used throughout this paper and describes the different types of hip joint with femoroacetabular impingement. Section 3 describes the CT scan acquisition, the segmentation, the image reconstruction process and the proposed FE models. Section 4 presents an analysis of the detailed the results for the healthy and Cam-type femoroacetabular impingement hip joint FE models. Finally, Section 4 and Section 5 provide the discussion and conclusions.




2. Femoroacetabular Impingement in Human Hip Joint


The morphologies that result in mechanical FAI can be Cam (an enlarged femoral head deformity), Pincer (an acetabular over-coverage), or a combination of both. These deformities, which appear as bumps, are characterized by a greater localized head radius. A variety of techniques have been used to quantify them. These include the alpha angle. Figure 1 shows the three types of FAI, in which the incongruity between the head of the femur and the acetabulum is visible [15,16]. Figure 1a shows the healthy hip joint, in which the alpha angle can be seen. The Cam-type deformity (Figure 1b) is identified by a decreased headneck offset. This leaves a pronounced anterolateral bump without a con-cavity at the femoral head and neck [17,18,19,20]. This has been ascribed to a number of factors. These include adverse hip trauma and loading [14,17,20], excessive athletic activity [14,21,22] and contact sports [23,24,25] before skeletal maturation. Persons who have a larger Cam deformity (i.e., greater alpha angle) [26], face a greater risk of anterosuperior femoral head obstruction with the acetabulum. This can occur during motions that combine hip flexion, rotation [9,20,21,27,28,29,30] and squatting [9,11,29,30,31]. The result can be early adult cartilage degeneration [3,15,28,32]. The early stages of FAI are seldom painful. Consequently, it may not be recognized during its preliminary asymptomatic settling-in phase [33,34,35,36]. However, early diagnosis of FAI and treatment are important to minimize the risk of severe irreversible damage to the hip cartilage, and osteoarthritis (OA). Pincer-type describes the condition in which the socket or acetabulum for the ball or femoral head is over-covered (Figure 1c). This over-coverage typically appears along the front-top rim of the socket (acetabulum). Pincers occur more frequently in women who are in in their 30s and 40s and are athletically active [18,37]. Finally, Figure 1d shows the FAI mixed-type [38,39].




3. Materials and Methods


The methodology used to obtain the FE models and their subsequent numerical simulation appears below. It is based on the following steps: (1) CT scan acquisition, (2) segmentation and image reconstruction, and (3) FEM models. Figure 2 summarizes the steps followed to obtain the FE models from the patient’s CT scan.



3.1. CT Acquisition, Segmentation, and Image Reconstruction


FE models for biomechanical studies are usually constructed by means of patient-specific geometry (X-ray, Tomography, Computerized Axial Tomography (CT), Magnetic Resonance Imaging (MRI)), or by computer-aided design software [9,11,40,41,42,43,44]. Computerized Axial Tomography or CT scan is one of the tests that are commonly used for medical imaging diagnosis [45]. In the present case, two medical CT scans of the same patient (male, 80 kg in weight), obtained five years apart, were conducted. The older CT scan corresponds to the healthy hip joint when the patient was 22 years old, whereas the most recent CT scan corresponds to the hip joint with Cam-type femoroacetabular impingement (when the patient was 27 years old). In this case, a Philips CT Scanner was used to obtain the CT scans for both hip joints. Its configuration was: 512 × 512 matrix size, 168 mm window width, 0.32 mm pixel pitch, 5 mm cutoff pitch, 120 kVp, and 80 mA. Both medical CT scans provided DICOM files (.DCM) of the healthy and Cam-type femoroacetabular impingement patient’s hip joints. The segmentation process was conducted with the free 3D software Slicer [46]. To ensure that the cortical and cancellous bone were considered as independent parts of the hip and femur, the segmentation process was based on the threshold values of Hounsfield units (HU). Two different masks were created for the cortical and cancellous bone. A threshold with values that ranged from 700 Hu to 3070 Hu was used for the cortical bone mask. A threshold with a range of values from 150 HU to 700 HU was used for the trabecular bone and cartilage. Smoothing and repairing the defects of the segmentation process was conducted with free MeshMixer software. It generated both models in STL files format [47]. Figure 3 shows the segmentation process using the free 3D Slicer software and the smoothing and repairing of defects, generating the masks of the damaged hip joint using the MeshMixer software. Figure 3a shows the pelvic segmentation process, whereas Figure 3b shows the pelvic cancellous and cortical bone masks. The femur segmentation appears in Figure 3c, and Figure 3d shows the femur cancellous and cortical bone masks, in which, the Cam-type can be seen.



In addition, Figure 4a shows a radiograph of the patient at age 27 years. The reduction in the cartilage since the patient was 22 years of age is apparent. Furthermore, it can be seen that contact between the head of the femur and the acetabulum of the pelvis is imminent. It will cause a condition of arthrosis. Figure 4b shows, respectively, the masks obtained for the patient’s healthy cartilage and the masks for the damaged cartilage (Figure 4c, obtained recently with the Cam-type) in which a severe reduction in the thickness of the cartilage is visible, especially in the outer areas. This last figure indicates that the cartilage has been damaged and is smaller. Thus, less of the head of the femur is covered by cartilage.




3.2. Finite Element Models Proposed


After both STL files were generated (for the healthy and Cam-type hip joints), they were imported into the Marc Mentat® software [48] for the generation of the mesh of the cortical and cancellous bone and cartilage, and their subsequent FE analysis. The mesh for both hip joints FE models was created by 4-node tetrahedral elements with linear formulation. After each FE model was generated, an analysis of sensibility was conducted. The reason for this analysis was to determine the correct size of the elements used to ensure good results at the lowest computational cost. For all the FE models, element sizes of 0.32, 0.65, 1.0, 1.2, and 1.6 mm were used. A compression test was applied for each proposed FE model, with their different sizes of proposed elements. This test consisted of the application of a load of 40 kg in the longitudinal direction of the femur (not including its rotation of this bone). All the proposed FE models with all the different mesh sizes were simulated in computers with by Xeon processor, CPU 2.2 GHz (two processors) and 128.00 GB (random access memory (RAM)). The maximum values for the von Mises stresses from all the FE models and their computational cost were obtained, and appear in Table 1. The table indicates that, as the mesh size decreased, the computational cost increased, and the difference between the von Mises stresses between each mesh sizes analyzed was smaller. For example, the von Mises stresses obtained when the mesh size was 0.65 mm hardly differed from the stresses obtained for a mesh size of 0.32 mm (0.98 MPa vs. 0.96 MPa for healthy; and 2.28 MPa vs. 2.27 MPa for Cam-type), whereas the computational cost was notably greater (2184 min vs. 1718 min for healthy; and 2319 min vs. 1987 min for Cam-type). Once the results obtained were analyzed according to the von Mises stresses and the required computational cost, a mesh size of 0.65 mm was selected to carry out the study of a healthy and Cam-type hip joint considering an alpha angle of 50° and the patient’s body weight of 80 kg.



Figure 5 shows the mesh that was generated with the MeshMixer software after it was imported into the Mentat-Marc® software, considering a mesh size of 0.65 mm. Figure 5a shows the FE model with the damaged hip joint (of the Cam-type), whereas Figure 5b,c shows, respectively and in detail, the femur and the pelvis with the cartilage. In addition, Table 2 summarizes the number of elements and nodes of the pelvis, femur, and cartilage of the healthy and Cam-type hip joints when the mesh size considered is 0.65 mm.



3.2.1. Mechanical Properties and Material Behavior


As described in the introduction, several authors have considered both linear and non-linear behavior for the study of Cam-type hip joints by means of the FEM. For example, in [9] an isotropic and linear elastic FE model of the bone and cartilage was considered. In this case, the Young’s modulus (E) and Poisson’s ratio (ν) considered for the cartilage were 12 MPa and 0.45 MPa respectively. However, for the cortical and cancellous bone, the values were 20 MPa and 100 MPa respectively. In [10], the cartilage was also modeled as a linear elastic material with E = 12 MPa and ν = 0.45. In this study, both the cortical and cancellous bone of the hip and femur were considered to be rigid elements. In a very similar way, other authors [12] considered the behavior of cartilage as linear elastic and isotropic behavior with E = 12 MPa and ν = 0.4, whereas the bony components were assumed to be rigid. Other authors [49] have concentrated on the Cam-type hip joint. In doing so, they have taken into account the age of the patient and assumed an isotropic behavior and linear elastic material properties for the cortical and trabecular bones. For example, for an age range of 30 to 35 years, the authors considered E = 1 GPa for the cancellous bone and 17 GPa for the cortical bone. The Poisson’s ratio was 0.4 for both. For older patients (of 70 to 79 years of age) the authors considered E = 1 GPa for the cancellous bone and 15.4 GPa for the cortical bone, with a Poisson’s ratio of 0.4 for both. In a similar way to [9], other authors [50] have considered cartilage to be isotropic and linear elastic with a Young’s modulus of 12 MPa and Poisson’s ratio of 0.42 and 0.495 (for linear elastic and neo-Hookean behavior). The cortical and trabecular bones for the femur and hip were modeled as rigid. On the other hand, some authors have considered non-isotropic and non-linear FE models for the bone and cartilage. For example [31,51] considered an orthotropic behavior for the bones and isotropic for the cartilage. They assumed that E1 = 11.6 GPa, E2 = 12.2 GPa, E3 = 19.9 GPa, shear moduli G12 = 4.0 GPa, G13 = 5.0 GPa, G23 = 5.4 GPa and Poisson’s ratio ν12 = 0.42 and ν13 = ν23 = 0.23 for the femur and hip. However, for cartilage E = 12 MPa and ν = 0.4. Other authors [14] considered the material properties of bones to be based on empirical formula and subject to subject specific bone material properties using the Hounsfield units. The elastic modulus considered for the cortical bone was calculated according to E = 12,900.ρ (MPa), where ρ was the bone density, the Poisson’s ratio was assumed to be 0.3 and the cartilage was modeled with a constant Young’s modulus of 6 MPa and with a Poisson’s ratio of 0.49. More recently [52], the authors assumed an elastoplastic and isotropic behavior for the bones (E = 17,000 MPa and ν = 0.3 for the cortical bone; E = 150 MPa and ν = 0.3 for the cancellous bone) and linear elasticity for the cartilage (E = 12 MPa and ν = 0.4).



In the current paper, and according to the considerations made by the aforementioned authors, an isotropic and linear elastic behavior of the bone and cartilage was considered. For the cortical and trabecular bone, 17,000 MPa and 150 MPa were assumed for the Young’s modulus, whereas the Poisson ratio was 0.3 for both. Finally, it was assumed that E = 12 MPa and ν = 0.4 for the cartilage.




3.2.2. Boundary Conditions for the Proposed FE Models


The proposed boundary conditions for both healthy and Cam-type hip joints were an encastre condition on the pelvis (in the area away from the cartilage to be studied), and a vertical load of 80 kg (the patient’s body weight) that is combined with an alpha angle of 50° (counterclockwise) of the femur. This rotation of 50° must ensure that, for the Cam-type joint studied, the malformation in the head of the femur will come into contact with the inside of the cartilage, thereby causing an overload on the latter. Both loads (80 kg and 50°) were applied as follows on the proposed FEM models: first, a local polar coordinate system that was centered on the head of the femur was defined. The objective was simply to orient the nodes to where the vertical load of 80 kg and the alpha angle of 50° was to be applied according to this polar system. Next, the femur was rotated at an alpha angle of 50° in the counterclockwise direction (to the raised angular axis). Once this angle was rotated and the position of the rotated femur was maintained, the load of 80 kg was applied in the longitudinal direction of the femur (according to the raised radial axis). Similarly, a mechanical contact between the head of the femur and the cartilage of the sliding type was considered. It permitted the mobility of the femur with respect to the remaining joints. For both of the proposed FE models, the contact considered was the “Stick-Slip” type, with a frictional coefficient of 0.01 [52]. Figure 6 shows the proposed FE models in which the applied boundary conditions appear (Figure 6a). Figure 6 also includes a radiograph of the patient’s hip joint. It shows that, for an alpha angle of 50° combined with the body weight, the irregularity of the Cam-type in the femur head could make contact with the cartilage (Figure 6b).






4. Results and Discussion


Figure 7, Figure 8 and Figure 9 show the results for the healthy and Cam-type femoroacetabular impingement hip joints FE models with a vertical load of 80 kg combined with an alpha angle of 50°. Figure 7a,b shows, respectively, the maximum displacement and the von Mises stresses in the cartilage of the healthy hip joint FE model. It can be seen that the displacement and the von Mises stresses were, respectively, 0.1 mm and 2.41 MPa. In addition, Figure 8a,b shows, respectively, the maximum displacement and the von Mises stress on the cartilage of the Cam-type hip joint FE model. The results indicate that the maximum displacement of the cartilage was 0.437 mm, whereas the maximum von Mises stress was 6.9 MPa. The latter occurred on the anterosuperior bone surface, beneath the acetabular cartilage. This difference in the displacements experienced by the two FE models suggests that damaged cartilage undergoes a greater displacement of cartilage mass than healthy cartilage, which can produce direct contact between the femur bone and the pelvic bone. The damage that this type of pathology can cause over time can be significant. It can even result in direct contact between the head of the femur and the acetabulum of the pelvis, causing the patient to develop arthrosis. As has been observed, the malformation of the femur head (Cam-type) is the main cause of the increase in displacement and stresses on the cartilage. In normal conditions of the femur, this pathology should not occur.



Figure 9a,b shows, respectively, the contact pressure distribution on the acetabular cartilages of both the healthy and the Cam-type femoroacetabular impingement hip joint. These figures show peaks of contact pressures in the superior region of the cartilage with values of 2.24 MPa and 9.65 MPa, respectively. for the healthy and the damaged cartilage. This difference in the localized contact pressures in the superior region of the cartilage is largely due to the fact that the head of the femur is not fully covered by the cartilage (femoral head coverage).



The values of the stresses and contact pressures of the damaged FE model when the pathology is of the Cam-type are very similar to those that other researchers obtained when the applied load and alpha angle were similar to those in this paper (6.9 MPa). In [9], the authors obtained slightly higher von Mises stress values while patients were sitting and walking at 9.70 and 27.20 MPa, respectively. In the same way, the contact pressures obtained by the same researchers were also very similar to those obtained in the current work. The contact pressure peaks obtained by these researchers for the walking condition, with an alpha angle of 50° and a femoral head coverage angle of 0° (totally damaged cartilage) or 30° (undamaged cartilage), were 9.92 MPa and 3.55 MPa when walking. These are similar to the values obtained in this paper (9.65 MPa and 2.24 MPa MPa).



Other authors [11] obtained von Mises stress values that were more in line with the results obtained in the current work, with 15.2 ± 1.8 MPa while squatting for patients with the severe Cam type. For healthy patients, the stresses were 4.5 ± 0.1 MPa. In this case, the maximum stress occurred on the surface of the anterosuperior bone, below the acetabular cartilage. Some authors [12] obtained an elevated peak of von Mises stress in the anterosuperior cartilage 14.4 MPa and labrum 14.7 MPa, during hip flexion. During partial and full internal rotation, the von Mises stress was 28.2 MPa. These same authors obtained values for the contact pressure on the femoral cartilage of 8.6 MPa with an alpha angle of 32°, but when the alpha angle was 90°, the contact pressure reached values of 13.3 MPa. As a general rule, it can be stated that, in all of the work analyzed, cartilage stresses were higher for damaged cartilage than for healthy cartilage. Similarly, in all the cases analyzed, the damaged cartilage became thinner while the maximum stresses occurred on the anterosuperior bone surface, beneath the acetabular cartilage. In both the FE models that were studied in the current work, it was observed that the accumulated damage of the oldest cartilage was the greatest. This cartilage exhibited a notable reduction in the thickness of its outer areas. Our findings agree with clinical observations. They indicate that the area of damage and high von Mises stress and contact pressures are related. Further, the area of delamination of the cartilage for a femoroacetabular impingement of the Cam type and the data that our FE simulations produced are consistent with the loads that included a 50° alpha angle and the patient’s body weight (Figure 6). Cartilage damage in early hip osteoarthritis is the result of dysplasia or impingement and may require surgery. Surgery is usually undertaken to preserve the hip before severe osteoarthritis becomes evident and a resection or reorientation osteotomy [9,16] is necessary. This usually restores the joint’s geometry to normal. As a result, impingement or addressing dysplasia is prevented. Furthermore, the range of motion without pain is increased. There is only limited clinical information about the acetabulum’s normal shape, or the alpha angle and the coverage angle of the femoral head coverage. Our data show that, for daily walking activities, in which the load applied to the cartilage can be one’s own weight and the rotation of the femoral head (which can be around 50°), the stresses and contact pressures reach very high values for both healthy and damaged cartilage. This is due to Cam-type femoroacetabular impingement. These contact stresses and pressures, when acting on healthy cartilage for a period of five years, caused substantial damage. These results could be used to prevent cartilage degradation in young patients by limiting their mobility and not overloading their cartilage with rotations that approach 50°, along with a load on one leg of one’s entire body weight, in cases where the patient has not undergone surgical interventions such as resection or reorientation osteotomy, in view of the limitations of the FE proposed models. These FE models help to increase our understanding of joint degeneration etiology and the relationship between stress, displacement, and contact pressures on the cartilage; we should ensure that our assumptions simplify our work. Although cartilage is highly structured, biphasic anisotropic material, accounting for these aspects and also the tribological aspects of joint degeneration of how would be the increase our understanding of load sharing between the solid phase and interstitial synovial fluid in cartilage. In future work, it would be advisable to update the mechanical behavior of both cartilage and bone, and to examine models that consider non-linearities for both. Our work concentrated only on one study patient (a healthy young man), which limited the findings of our study. Consequently, it would be of great interest to conduct a much larger study that considers older age ranges, and even a consideration of sex.




5. Conclusions


Cam-type femoroacetabular impingement (FAI) is a serious problem. It restricts mobility and greatly reduces the quality of life of patients who suffers from it. The objective of this work has been to analyze and compare the increase in the von Mises stress distribution and displacement of the cartilage of healthy and damaged human hip joints with Cam-type using the FEM. The FE models of both hip joints were obtained in an interval of five years, using medical CT scans in both cases to obtain the DICOM files first. Next, a segmentation process was conducted using the free Slicer software. Based on the thresh-old values of Hounsfield units (HU), masks corresponding to the cortical and spongy bone of the femur and pelvis, as well as the cartilage, were generated. The smoothing and repairing these masks was accomplished using the free MeshMixer software, generating both models in the STL file format. Finally, the Marc Mentat software imported these STL models, in which the FE simulations were conducted, to obtain the displacements and von Mises stresses on the cartilage for both hip joints. The results of the FE analysis showed that the displacement and the von Mises stress obtained in the cartilage of the healthy hip joint were 0.1 mm and 2.41 MPa, respectively. For the cartilage of the Cam-type hip joint, they were 0.437 mm. and 6.9 MPa. This increase in displacement and stress experienced by the cartilage of the Cam-type hip joint, as well as the reduction in thickness of this cartilage, suggests that there is mechanical contact between the head of the femur and the acetabulum of the pelvis. This will certainly result in a condition of osteoarthritis for the patient in future years.
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Figure 1. Types of hip joint with femoroacetabular impingement: (a) healthy hip joint, (b) Cam-type, (c) Pincer-type and (d) mixed-type [7,25]. 
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Figure 2. Steps followed to obtain the FE models from the patient’s CT scan. 






Figure 2. Steps followed to obtain the FE models from the patient’s CT scan.



[image: Applsci 11 11101 g002]







[image: Applsci 11 11101 g003 550] 





Figure 3. Segmentation process and generation of the masks: (a) pelvic segmentation, (b) pelvic cancellous and cortical bone masks, (c) femur segmentation and (d) femur cancellous and cortical bone masks (with Cam-type), (e) detail of the cam-type on the head of the femur. 
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Figure 4. Reduction of the cartilage: (a) radiograph of the patient at age 27, (b) masks obtained for the patient’s healthy cartilage and (c) masks obtained for the patient’s damaged cartilage. 
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Figure 5. Mesh imported into the Mentat-Marc® software: (a) FE model with hip joint damaged (with CAM), (b) details of the femur and (c) details of the pelvis and cartilage. 
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Figure 6. (a) Proposed Cam-type FE model with the applied boundary conditions and (b) radiograph of the patient´s hip joint including a displacement and rotation of 50° of the femur in the Cam-type hip joints. 






Figure 6. (a) Proposed Cam-type FE model with the applied boundary conditions and (b) radiograph of the patient´s hip joint including a displacement and rotation of 50° of the femur in the Cam-type hip joints.



[image: Applsci 11 11101 g006]







[image: Applsci 11 11101 g007 550] 





Figure 7. FE results for the cartilage of the healthy hip joint: (a) displacement and (b) von Mises stresses. 
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Figure 8. FE results for the cartilage of the Cam-type femoroacetabular impingement hip joint: (a) displacement and (b) von Mises stresses. 
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Figure 9. Contact pressures distribution obtained in the cartilage: (a) healthy hip joint (b) Cam-type femoroacetabular impingement hip joint. 
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Table 1. Computational cost and maximum von Mises Stress for the element sizes of healthy and Cam-type hip joint FE models.
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	Element Size [mm]
	Comp. Cost Healthy [Min.]
	von Mises Healthy [MPa]
	Comp. Cost Cam-Type [Min.]
	von Mises Cam-Type [MPa]





	1.6
	1057
	0.52
	1177
	1.09



	1.2
	1428
	0.77
	1492
	1.83



	1.0
	1575
	0.89
	1662
	2.14



	0.65
	1718
	0.96
	1987
	2.27



	0.32
	2184
	0.98
	2319
	2.28
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Table 2. The number of elements and nodes of the pelvis, femur, and cartilage of the healthy and Cam-type hip joints, considering a mesh size of 0.65 mm.
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Healthy Hip Joint

	
Cam-Type Hip Joint






	

	
Elements

	
Nodes

	
Elements

	
Nodes




	
Pelvis

	
285,785

	
66,477

	
285,649

	
66,474




	
Cartilage

	
46,285

	
13,285

	
45,849

	
13,159




	
Femur

	
186,265

	
42,121

	
186,198

	
42,105
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