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Abstract

:

Wear debris in total hip arthroplasty is one of the main causes of loosening and failure, and the optimal acetabular fixation for primary total hip arthroplasty is still controversial because there is no significant difference between cemented and uncemented types for long-term clinical and functional outcome. To assess and predict, from a theoretical viewpoint, the risk of wear with two types of polyethylene liners, cemented and uncemented, a simulation using the finite element (FE) method was carried out. The risk of wear was analyzed according to different variables: the polyethylene acetabular component’s position with respect to the center of rotation of the hip; the thickness of the polyethylene insert; the material of the femoral head; and the relationship of the cervical–diaphyseal morphology of the proximal end of the femur to the restoration of the femoral offset. In all 72 simulations studied, a difference was observed in favour of a cemented solution with respect to the risk of wear. With regard to the other variables, the acetabular fixation, the thickness of the polyethylene, and the acetabular component positioning were statistically significant. The highest values for the risk of wear corresponded to a smaller thickness (5.3 mm), and super-lateral positioning at 25 mm reached the highest value of the von Mises stress. According to our results, for the reconstruction of the acetabular side, a cemented insert with a thickness of at least 5 mm should be used at the center of rotation.
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1. Introduction


Total hip arthroplasty (THA) is one of the most successful and cost-effective measures in the treatment of primary arthritis of the hip [1]. On basis of data from 2000 to 2014, the frequency of THAs in the United States is projected to grow to 635,000 procedures per year by 2030 [2]. Since THAs were introduced, there has been a steady improvement in the associated technology and surgical procedure, leading to better implant survivorship [3].



The true revolution in hip surgery was introduced by Professor Sir John Charnley with his low-friction cemented polyethylene liners [4]. Initial clinical results were excellent for 10 years, but extended follow-up revealed increasing rates of failure, mostly caused by implant designs and cementing techniques [5,6]. Accordingly, cementless acetabular components were introduced with the idea of biological integration into the bone, and these have become more popular over the years. However, long-term studies with uncemented cups have proven that extensive osteolysis may also occur [7]. In addition, some hip arthroplasty registers have shown inferior survival of uncemented cups [8].



Thus, acetabular osteolysis due to polyethylene wear with subsequent aseptic loosening remains the leading cause of long-term failure in THA. Many factors affect the durability of an acetabular component. Some of these, such as surgical technique in positioning the acetabular cup, are surgeon-dependent. However, the fixation of the acetabular cup to the bone, whether it is cemented or uncemented, and the surface finish, bearing surface, head size, polyethylene thickness, and offset restoration are not [9].



To evaluate how all these factors can affect the risk of polyethylene wear, we have studied, from a theoretical point of view and using numerical analysis, the behaviour of a polyethylene liner under different variables, in an attempt to establish the true wear-risk probability and therefore predict the probability of cup failure [10,11,12,13]. This would allow us to understand the effect of implant design parameters on wear. Experimental hip simulators are not ideal for performing parametric studies, and therefore we developed a numerical wear simulation using finite element analysis (FEA). The use of FEA [14,15,16] to validate, check, or contrast experimental data [17,18] about wear rate has been used and improved from the beginning of the use of computational techniques, with reasonable accuracy of outcomes [19]. Recently, studies have combined 2D and 3D axisymmetric approaches to understand the strain energy density in metallic implants [20].



The purpose of this study was (1) to evaluate, based on FEA, the performance of the cemented and uncemented fixation of the polyethylene in order to determine the risk of wear according to different variables, both surgeon-dependent and surgeon-independent, during simulated gait and (2) to define which variables could minimize the risk of wear in THA.




2. Materials and Methods


An FEA model was created to obtain order-of-magnitude values of the wear tendency under conditions extrapolated to the physiological aspects of the patient, taking into account several variables.



Simulations were developed using a structural static FE analysis with isotropic behavior for the liner, using Ansys Workbench 19 R2, with the set of parameters shown in Table 1.



To represent the most appropriate performance according to the coxofemoral joint reality, a trihedron with three axes was defined: lateral femoral (HII), anteroposterior (Hap), and craniocaudal (Vcc) (Figure 1).



The resultant forces (R) of contained loads were applied to the area of the polyethylene in contact with the prosthetic head. This simulated the forces acting in the hip joint for monopodial weight bearing, mimicking the physiological gait pattern. In addition, this matches Hertz’s theory regarding the femoral head–polyethylene insert friction pair. In this way, the simulations were performed using FEA, obtaining the von Mises stress distribution, which is the failure criterion used to study the wear risk.



We selected the inserts Neutral-E1 Antioxidant Infused Polyethylene G7 acetabular system in the case of uncemented fixation and Exceed ABT for cemented fixation, currently on the market supplied by Zimmer Biomet in ultra-high-molecular-weight polyethylene (UHMWPE), with mechanical properties as shown in Table 2.



Cemented and uncemented liners have their own particular geometries. The cemented insert is constrained by restrictions at the face and external edges. However, in the uncemented acetabular component, only the mechanical fixation points that the polyethylene insert has within the metal shell are restricted, to simulate the real fitting of both pieces (Figure 2).



The acetabular orientation was established with an inclination of 45° and an anteversion of 15°, as these angulations position the acetabular component in a safe way in relation to the polyethylene wear [21].



The diameter of the selected femoral head in both materials (metallic (CoCr) and ceramic (ZrO2)) was 32 mm. The properties of both materials are shown in Table 3. This is the most widely used diameter in clinical practice, as the use of 32 mm heads appears to offer the best compromise between joint stability and other reasons for revision [22].



We analyzed the four variables that best mimic the THA in clinical practice, to study the risk of wear through von Mises stresses. On the acetabular side: the polyethylene acetabular component´s position according to the center of rotation of the hip; the thickness of the polyethylene insert; and the femoral head material. On the femoral side: the relationship of the cervical–diaphyseal morphology of the proximal end of the femur to the restoration of the femoral offset, based on the femoral stem. All variables were investigated through a three-dimensional model.



To establish the wear according to the polyethylene acetabular component´s position according to the center of rotation of the hip, the real center of rotation was established according to Ranawat´s method [23]. Three references were used to position the liner. One of these was the real center of rotation (anatomical position) (CT), one was raised by 15 mm and lateralized by 5 mm with respect to the center of rotation (SL 15), and the other was raised by 25 mm and lateralized by 10 mm (SL 25) (Figure 3). Superior and lateral placement of the hip center resulted in an increase in the joint reaction forces [24]. These references represent two hip pathologies found in clinical situations: hypertrophic arthritis of the hip and high hip dysplasia.



The second variable analyzed with respect to the wear risk was the thickness of the polyethylene insert. We modeled three different geometries of polyethylene thickness (5.3 mm, 7.3 mm, and 11.3 mm). These thicknesses were determined by the manufacturer (Zimmer Biomet, Warsaw, IN, USA). A wide range was considered in order to be able to evaluate extreme values of the commercially available liners.



On the acetabular side, lastly, the wear risk according to the composition or material of the theoretical femoral head, either metal (chromium–cobalt alloy) or ceramic BIOLOX delta (zirconium oxide), was determined.



On the femoral side, the relationship of the cervical-diaphyseal morphology of the proximal end of the femur, based on the femoral stem, with volumetric wear was also studied. Two types of cervico-diaphyseal morphology of the proximal femur, represented by two stems with different neck–shaft angles were analyzed: standard stem (135°) and high-offset stem (125°). Both of these are commonly used.



In addition, the location of the wear area of both types of polyethylene liners was investigated, according to von Mises stress distributions. For this purpose, a 5.3 mm polyethylene liner thickness and a femoral ceramic head of 32 mm were chosen. This is the most frequent situation found in clinical practice.



To calculate the resultant forces, the static equilibrium of the coxofemoral joint was considered, together with the vectors that are associated with them. First, the vector of the pelvitrochanteric muscle group (M), which is defined by the distance from the center of the hip joint to the greater trochanter. Second, the vector that represents the body weight, (estimated at 80 kg) in monopedalism (W85%), which balances forces and generates a resultant force (R) on the coxofemoral joint that is finally transformed into a force per unit area (stress) on the internal face of the polyethylene (Figure 4).



In this way, as Pauwles [25] has already demonstrated by performing a free-body equilibrium, a system of first-order equations is obtained in which the resultant force´s value R is given in the equation from the picture.



To conduct the statistical analysis, a multiple regression test was carried out with all the variables already described, utilizing SPSS v 26.0 software (SPSS Inc, Chicago, IL, USA). Keeping in mind that the risk of wear was studied through the von Mises stress values, the resulting values of the stress were set as the dependent variable. In addition, an ANOVA analysis was performed on the results for the set of variables to obtain the p-value of each variable and therefore to determine the statistical significance of its relationship with the risk of wear. For this statistical significance, a value of 1% for the p-value was taken as the threshold from which the relationships between independent variables and the risk of wear were established.




3. Results


After the analysis carried out through a three-dimensional model and a FEA of all simulations with respect to the four types of variables studied, we obtained 72 simulations.



The first variable analyzed was the location of the wear area on the polyethylene liner. Here, the maximum stress zones were different between the two types of inserts. In cemented implants, they were found on the internal surface of the insert, while in uncemented implants, they were along the entire rim of the insert (Figure 5).



The overall risk of wear of a cemented polyethylene liner is lower, with statistical significance.



Regarding the polyethylene acetabular component´s position according to the center of rotation of the hip, the uncemented fixation values were higher than the cemented fixation values (Figure 6).



For the SL positioning, the mean value of the von Mises stress for the uncemented fixation reached the highest value (27.23 MPa) in SL_25mm. Regarding anatomical reconstruction (CT), the cemented and uncemented values represented were the lowest. The wear-risk values for cemented fixation were in every case lower than the uncemented values, in ranges above 55%.



Based on the effect that the von Mises stress has on polyethylene wear, the least probability of wear was seen in the anatomical position. In contrast, a higher risk of wear corresponded to an elevated and lateralized position with an uncemented fixation.



When analyzing risk of wear regarding the thickness of the polyethylene insert, relevant results were obtained. The thickness values in the cemented fixation showed little variation (0.995% between 5.3 mm and 7.3 mm thicknesses; 0.998% between 7.3 mm and 11.3 mm thicknesses; and 0.984% between 7.3 mm and 11.3 mm thicknesses). However, there was significant variation between the three thicknesses in the uncemented fixation. In this case, the highest values for the risk of wear corresponded to the smaller thicknesses, decreasing with greater thicknesses. For thicknesses of 5.3 mm, the mean von Mises stress was 26.58 MPa, which was 20.5% more than for 7.3 mm (mean von Mises stress of 21.13%) (Figure 7).



The lowest value of the von Mises stress was in the uncemented fixation with the highest thickness of polyethylene.



The analysis of the composition or material of the theoretical femoral head revealed a higher risk of wear in metallic materials compared to ceramics. In the comparative graphics, variations of 5.47% were seen between the materials for a cemented fixation, decreasing to 0.277% for an uncemented fixation (Figure 8).



With regard to the cervical–diaphyseal morphology of the proximal end of the femur, based on the stem neck angles, statistically significant differences between the standard stem (135°) and the high-offset stem (125°) were found in cemented and uncemented fixations (Figure 9). The standard stem had a variation of 54.03% and the high-offset stem had a variation of 59.18%.



Therefore, these two types of cervical–diaphyseal stem morphologies again showed tendencies for uncemented solutions to have a higher risk of wear than cemented solutions.



After performing the statistical analysis (ANOVA), it was shown that the acetabular fixation, thickness of the polyethylene insert, and acetabular positioning were within the range of statistical significance (p-value < 0.0001). There is a correlation between these variables and the risk of wear. It is worth mentioning that this is quite true regarding the fixation type (cemented–uncemented) and liner thickness. On the other hand, the head material had a p-value of 0.01 and, finally, the cervical–diaphyseal stem morphology exceeded p-value = 0.05, which implies a less statistically significant relationship (Table 4).




4. Discussion


In this study, we performed an FEA analysis on the risk of wear of a polyethylene liner according to different variables in THA. We developed a wear simulation method for acetabular fixation to address more complex scenarios due to both surgical and patient-based characteristics, based on FEA. FEA makes it possible to develop more comprehensive algorithms to simulate the contact behavior, gain understanding of the wear mechanics, and provide initial screening of various parameters. Few reports exist on the use of FEA to determine wear in THA [19].



Although other recent studies have developed an analysis method using an analytical model of contact pressure as a predictor of risk of wear [26], we believe that modeling many different variables using FEA provides a more reliable order-of-magnitude estimation.



Our results clearly indicate that cemented fixation of the acetabular component offers the lowest risk of wear, with a statistically significant result. This aspect is very revealing, because the current controversy regarding the optimal choice of acetabular fixation for total hip arthroplasty has its origin in the diverse outcomes reported to date [27,28]. The use of uncemented acetabular components during primary THA is on the rise in many countries. To the best of our knowledge, a study that supports the superiority in survival of uncemented acetabular components over cemented components has not previously been reported in the literature. Therefore, at present, there is a lack of sufficient evidence for superior survivorship of cementless acetabular components [29]. Current clinical studies show a wide range of heterogeneity regarding patient characteristics, materials, and bearing surfaces used, and also a wide range of study designs. The many variables introduced make it quite difficult to accurately describe the performance in isolation of acetabular components. In this scenario, the quantification that we carried out in this research could contribute to a systematic review on the evidence of wear between cemented and uncemented acetabular components [30]. From the biomechanical perspective, it must be considered that the structural behaviour of an uncemented liner has movement within the acetabular component and, therefore, greater fatigue compared to cemented inserts that act as a whole unit. This may explain the different morphological pattern of lytic lesions between cemented and uncemented inserts. In cemented components, lineal osteolysis can be observed, while a more expandable and aggressive lysis is noted for uncemented inserts [31].



We chose a fixed orientation of the liner, with an inclination of 45° and anteversion of 15°, and the diameter of the femoral head was in accordance with the real clinical situation. The diameter of the femoral head was 32 mm because this value appears to offer the best compromise between joint stability and other reasons for revision [32].



One of the major challenges in THA is the reconstruction of the acetabulum in the precise anatomic center of the hip, especially in a severely dysplasic hip. Clinically, it is well known that aseptic loosening is significantly more common and occurs by means of periacetabular osteolysis when a cup is placed superiorly to the teardrop [33]. We are not aware of any study that quantifies the risk of wear in the many different potential positions of the cup in the bony acetabulum. Although a high hip center is considered as being more than 35 mm above the intragroup [34], in the present study we selected two reference positions for the liner out of anatomical location: 15 mm and 25 mm in the superolateral position. We selected 25 mm as the maximum value because there are substantial anatomic limitations to high hip reconstruction 20 mm above the acetabular dome. Furthermore, the most unfavourable position is the placement of the insert in a raised and lateralized position. Therefore, from a clinical point of view, it is essential to reconstruct the acetabular component in its anatomical center of rotation, especially in two clinical situations: hypertrophic arthritis of the hip, where drilling must take place in a medial direction to avoid putting the center of the cup higher than the anatomical level, and high hip dysplasia.



To simulate the resultant forces in a THA, we used two types of stems with different morphologies in the neck angles. According to our results, the use of high-offset stems could reduce the wear risk of the polyethylene. This has important clinical implications. Using this type of stem could prevent the risk of dislocation in high-risk patients [35], and these stems are an essential option for restoring biomechanics and enabling a free range of motion without impinging on the activities of daily living in a substantial proportion of patients [36].



Another important clinical aspect in THA is the choice of the liner thickness. At pressent, the trend is to use large femoral heads at the expense of sacrificing the liner thickness [37]. From our study, it can be inferred that for cemented fixation, the significance of the three thicknesses is diluted, but for uncemented fixation, there is a tendency towards stress reduction in the insert as the thickness increases. Theoretically, the introduction of cross-linked PE allowed this principle to be reconsidered, since for a “hard-on-soft” bearing using cross-linked PE, the minimum thickness could be less than for a standard bearing. Unfortunately, there are no relevant data on this subject. Some authors consider that the minimum recommended thickness could be reduced to 3.9 mm with cross-linked PE. Thinner polyethylene components have demonstrated higher wear rates, although even the highest wear rate observed in the thinnest polyethylene specimen was lower than that commonly reported for non-crosslinked polyethylene components [38,39]. However, this 3.9 mm limit only partially addresses the issue of wear because it does not consider the strength, therefore it cannot yet be validated. In addition, catastrophic failures are one of the major concerns of a decrease in thickness, and the increased brittleness of highly cross-linked polyethylene puts these liners at greater risk [40]. To summarize, according to our results and taking into account the current trend towards using uncemented inserts with highly cross-linked polyethylene in clinical practice, we do not recommend the use of polyethylene with a thickness less than 5 mm.



Regarding the composition of the femoral head, there was no relevant significant difference between materials. However, we should bear in mind that the FEA does not consider the quality of the sphericity of the head. Nevertheless, the results of THAs performed for hip osteoarthritis using CoCr and ceramic femoral heads on highly cross-linked polyethylene, show no differences in the steady-state wear and no differences in clinical outcome scores [32].



Our study has limitations inherent to the FEA. First, the FEA modeling focused on wear prediction under a normal walking condition, but it was not studied during other daily activities, such as cycling, sitting down, and getting up from a chair. This is due to a lack of biomechanical information on the forces across the hip during these activities. This could be overcome by using a statistical methodology that combines a number of activities, in order to estimate the real wear during normal daily life, rather than just investigating one activity in isolation. Another limitation is that we did not consider the dynamic aspect of the acetabular orientation (e.g., pelvic tilt–lumbo-pelvic kinematics and spine-hip relationship–adjusted cup alignment). Lastly, the FEA wear analysis of the liner simulated the dry contact between bearing surfaces, not taking into account the lubrication that exists under physiological conditions. We think that the future development of fluid-structure interaction techniques could improve this aspect.




5. Conclusions


Although many clinical studies have been published discussing some of the aspects reviewed in the present study, to the best of our knowledge no studies have been published demonstrating wear quantification of the polyethylene liners. This is the first paper that assesses the risk of wear according the different variables during THA. The cemented fixation showed the lowest wear values, and the analysis clearly revealed that the polyethylene should be placed in an anatomical position, avoiding a high hip center. A thickness of at least 5 mm and a high-offset stem led to a decrease in the risk of wear. Based on our results, although from a purely theoretical point of view, this study could provide invaluable reference data on the effect of various parameters on the longevities of THA systems. More studies are necessary that take into account the activities of daily life.
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Figure 1. Reference axes on the hip joint. Hll stands for the horizontal axis (lateral femoral), Vcc stands for the vertical axis (craniocaudal), Hap stands for the horizontal axis (anteroposterior). 






Figure 1. Reference axes on the hip joint. Hll stands for the horizontal axis (lateral femoral), Vcc stands for the vertical axis (craniocaudal), Hap stands for the horizontal axis (anteroposterior).



[image: Materials 14 07243 g001]







[image: Materials 14 07243 g002 550] 





Figure 2. Cemented and uncemented polyethylene liner geometries. The red areas show the restriction points on the external surface for FE analysis. 
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Figure 3. Approximate femoral head center locations and true acetabular regions according to Ranawat. CT (natural anatomical location), SL15 (superior and lateral location with 15 mm of displacement from CT), SL25 (superior and lateral location with 25 mm of displacement from CT). 
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Figure 4. Biomechanics diagram of forces over hip (anteroposterior view). Main vectors are M (medial gluteus muscle) and R (total force over the hip joint). 
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Figure 5. Von Mises stress distribution as a wear risk (MPa) criterion for the polyethylene liner in uncemented fixation. 
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Figure 6. Wear risk through von Mises stress and hip center of rotation positioning: CT = anatomical position; SL_15 = superior lateralization with 15 mm vertical and horizontal distance from CT; SL_25 = superior lateralization with 25 mm vertical and horizontal distance from CT. 
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Figure 7. Wear risk through von Mises stress and liner thickness. 
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Figure 8. Wear risk through von Mises stress and femoral head material. 
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Figure 9. Wear risk through von Mises stress and stem neck angles. 
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Table 1. Mesh liner parameters for FEA.
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Liner Thickness

(mm)

	
Element Type/Mesh Quality

	
Elements Size

(mm)

	
Total Elements

	
Total Nodes

	
Element Accept. Ratio < 3

(%)






	
5.3

	
Solid Hexahedron/High quality

	
1.14319

	
55,010

	
82,156

	
99.1




	
7.3

	
77,960

	
113,960

	
99.1




	
11.3

	
137,728

	
196,708

	
99.5
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Table 2. Mechanical properties for UHMWPE liner.






Table 2. Mechanical properties for UHMWPE liner.





	E 1 (MPa)
	G 2 (MPa)
	ν 3
	Fy 4 (MPa)
	fu 5 (MPa) 2
	Strain Max (%)





	940
	322
	0.46
	25
	40
	500







1 Modulus of elasticity; 2 modulus of rigidity; 3 Poisson’s ratio; 4 yield strength; 5 ultimate strength.
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Table 3. Mechanical properties for the femoral head and equations of Hertz contact theory.
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	Head Femoral Material
	E 1 (GPa)
	ν 2
	μ (32) 3





	CoCr
	210
	0.30
	0.133



	ZrO2
	358
	0.24
	0.096







1 Modulus of elasticity; 2 Poisson’s ratio; 3 friction coefficient, for 32 mm femoral head.
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Table 4. Statistical coefficients for von Mises stress and dependent variables.
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	Std. Error
	p-Value





	Acetabular Fixation
	0.672
	<0.0001



	Cervical–Diaphyseal Morphology
	0.672
	0.664



	Thickness Liner
	0.412
	<0.0001



	Acetabular Component Positioning
	0.273
	<0.0001



	Head Material
	0.943
	0.01
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