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			abstract

			Background: Aseptic loosening is the major cause of revisions for hip replacement. This mode of failure is often caused by stress shielding. Stress shielding in the femur occurs when some of the loads are taken by the prosthesis and shielded from going to the bone. There is little information regarding the stress shielding among cemented hip implants. 

			Purpose: The purpose of this study is to investigate the effect of stress shielding on the proximal femur with a femoral prosthesis. 

			Methods: A patient had undergone open reduction and internal fixation (ORIF) due to a comminuted reversed oblique fracture of the right intertrochanteric hip. ORIF had failed and was converted to bipolar hemiarthroplasty. CT scans were performed on both the right and left hips. Housefield units were determined by using the probe tool. By using equations formulated by Carter and Hays, Linde et al., various parameters such as apparent density, Young’s’ modulus and ultimate strength were calculated. The results were compared to that a native hip. 

			Results: The hip with the cemented implant had a significant increase in the apparent density, Young’s modulus and ultimate strength, when compared to the left hip. In addition, it was found that the right hip had a higher strain energy density than that of the left. 

			Interpretation: It has been concluded the most stress shielding occurred in the calcar region of the femur. The instances of stress shielding have been extensively reported for non-cemented or direct bone to implant constructs, this paper reports stress shielding in cemented implants supported by imaging data and biomechanical calculations carried out at the bone-cement-metal interface.

		

		
			Introduction

			Total hip arthroplasty (THA) is often the gold standard for treatment in patients who have arthritic hip joints. There are approximately 231,000 THA which have been performed in the United States, and the incidence has been increasing yearly [1]. The success of these devices is dependent upon bone quality, weight, and activity level [2]. However, THA does have some complications including aseptic loosening, stress shielding, and peri-prosthetic fracture. Bone resorption that occurs as a result of aseptic loosening can often arise from mismatch in material properties between the implant and native femoral bone [3]. Hip implants are generally 

made of titanium-based alloys, cobalt-chromium alloys, and 316L stainless steel which have greater stiffness values than that of bone. When a metal implant is implanted into the femur, the physiological loading is often transferred to the implant from the surrounding bone. Therefore, the implanted femur is experiencing decreased loads when compared to when it is in its natural state. Bone remodeling occurs in which bone gets resorbed and loses mass, which is known as stress shielding [4]. The reduced bone stock can lead to serious complications including peri-prosthetic fracture, and clinically can present with thigh pain [5]. In addition, stress shielding can also reduce the quality of the remaining bone stock which lead to an increased risk for fracture and aseptic loosening. There has been an increased incidence of revision THAs due to patients who are undergoing THA at a younger age, and increased life expectancy. 

			Another important complication of artificial hip implants is bone failure, which is often due to increased stress at the contact point between bone and implant. The implant can act as an indentor through a mechanism of interfacial motion of the implant. Therefore, the bone displaces from the implant which causes microcracks in the bone [6,7]. Over the course of several million cycles, those microcracks accumulates and result in failure of bone. In a recent study shows that the failure of bone occurs at the femoral neck, which is the weakest part of the bone [8]. In this study, there was a linear relationship between maximum stress and the number of cycles, that concluded that Maximum stresses decreases as the number of cycles increases. 

			Materials and Methods 

			A 67-year-old white female underwent an open reduction and internal fixation (ORIF) due to a comminuted reversed oblique fracture of the left intertrochanteric hip. The ORIF subsequently failed and a conversion to a bipolar hemiarthroplasty was performed. Radiograph of left hip Hemiarthroplasty shows evidence of loosening at the bone cement interface (Figure 1). Increased cortical density is seen in the portion of the femur containing the endoprosthesis. Heterotopic ossification is seen in the proximal femoral region with no extension across the joint. CT scans were performed on the right and left hip.  Slices 91-118 had focused on the proximal femur, neck, trochanter and inter-trochanteric regions. For comparison slices from both hips were measured. To be congruent with the results same number of slices were measured for both the hips. The Hounsfield units (HU) were obtained using the probe tool. The CT scans had used calibrated images to provide necessary information to define a linear equation which would convert intensity of an image in HU to its apparent density (ρ) in gm/cm3 (equation 1a). For larger HU values, another linear equation was defined (equation 1b) [9]. 
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			Equation 1&2: Calculate density of bone from Hounsfield Units

			            [image: ] for HU <138

			           [image: ] for HU >138

			The elastic modulus was calculated based on density-modulus equations, which have been well studied in literature [10-16]. Each of these equations are presented in Table 1. The most frequently used study which investigated the effect of bone composition on bone mechanics which concluded that the stiffness and strength is dependent upon the cube and square respectively of the density [10]. In more recent studies, it was found that the density-modulus equation developed by Austman [16] can better approximate the material properties of ulna [17]. The study by Carter and et al, have used various specimens of bone densities to empirically derive expressions which can be used to estimate the ultimate strength of bone. By using a strain rate of 1% per sec, determination of ultimate strength was determined (equation 3a) [10]. In a recent study, it was found that the strain rate has no effect on the strength. Therefore, in this study the ultimate strength can be determined as seen in equation 3b [18].

			Table 1: Summary of Density-Modulus Equations from Literature.
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			Equation 3:                     [image: ]

			 

			Strain energy density is often derived to being strain energy per unit of volume [9]. Such strain energy density relates to the ultimate strength of a material and young’s modulus (equation 4) [19].

			Equation 4: 

			Strain Energy Density=  [image: ]

			Previous work has shown that stress shielding was quantified based on stress differences in the implanted femur with the intact femur. Using finite element analysis, it was found that stress shielding from the difference in the stress for each element in the bone before and after THA and divided by stresses in the intact bone [2]. In another study, stress shielding has been defined as the change in strain energy density in the implanted bone relative to reference value in the intact bone, as seen in Equation 5 [20].

			Equation 5:    
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			Discussion

			This is the first study which investigated the effect of hip arthroplasty on the material properties of bone. This retrospective study of a cemented hip arthroplasty developed a method for determining stress shielding.  The naïve hip has been used as a comparison, was the key feature for this analysis. It was found that left hip had significantly reduced material properties (i.e. bone density, Young’s modulus, Ultimate strength and Strain Energy Density) when compared with the right hip (p-value=0.0001) (Figure 2). Bone density in the right hip had ranged from 0.3 to 1.5 g/cm3, which is consistent with density of normal bone [21]. However, the density in the left hip was around 0.11 g/cm3 which does suggest an increased risk for bone fractures [22]. A possible reason for the decreased density in the left hip can be secondary to bone remodeling because of the hip arthroplasty. A possible limitation can be that it is not known about patient duration of the device. 

			[image: ]

			Average Young’s modulus was found to be 6.5 GPa and 0.32 GPa in the right and left hip respectively, which was statistically significant (p-value=0.001).  Previous studies have concluded a non-linear model which investigates the relationship between mechanical properties and apparent density [10]. In this study, a linear relationship between Young’s modulus and apparent density was observed (Figure 3). Similar relationship between ultimate strength and apparent density was also observed (Figure 4). In both cases, these linear relationships showed a very strong correlation with r>0.98, which is comparable to study by Linde in 1991 [23]. Compared to the study by Linde [23], this study had analyzed using a 67 year old living female. Whereas in the latter study, it utlized a cadaveric bone. Our study can provide a much more realistic representation. 
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			The average Strain Energy density found in this study was 0.002 N/m2 and 0.00032 N/m2  for the right and left hip respectively, (p-value=0.0001). The higher values of Strain energy density often correspond to bone overload caused by the implant [24]. In addition, the higher strains can be a mechanical stimulus for the bone in which it requires the bone to remodel and strengthen as required. In the right hip, the peak Strain energy density had also corresponded with peak values in both density and Hounsfield Units, which was also concluded in a similar study [24]. This can further explain the correlation that higher strain energy density values will have increased bone resorption. 

			(Figure 4) represents the stress shielding in the hip as a result of the hip. The negative value represents a stimulus for bone resorption [25]. In this study, stress shielding had occurred throughout the stem of the implant. The lowest value was observed at around slice number 109 which corresponded with the highest value in right hip for Strain Energy density, Bone density and Hounsfield units. The largest stress shielding had occurred in the proximal part of the femur, which does further support previous studies. This study had concluded that the left hip which had the implant was significantly weaker than the right hip (Figure 5). The patient demographics in terms of the duration that the implant was inside her leg is not known. Therefore, it is unclear in terms on when these bone changes were taken place. Stress shielding is one of the instigators for bone loss. Bone loss can be defined as the difference between the operated and non-operated sides. It can be quantified based on the bone mineral content and bone mineral density with the use of DEXA radiographic scans. In this study, we had used CT scans of a patient who had cemented hip arthroplasty. Another limitation was the small sample size. Unlike in previous studies, we had found a linear relationship between density and material properties, with a correlation of 0.98 and greater. This methodology can be quite useful in being able to provide with additional diagnostic tools to possibly prevent aseptic loosening (Figure 6). 
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			Conclusion

			It was found that implanted hip has 86%, 95%, 92%, and 88% decrease when compared to intact hip for density, Young’s modulus, Ultimate strength, and Strain Energy density, respectively. Stress shielding was observed throughout the stem of the implant. Strong linear relationships have been determined between material properties and density (Figure 7).
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Figure 2: Comparison of the hounsfield units of bone in
the right and left hip.
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Figure 5: Stress shielding with respect to slice number.
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Figure 7: Linear relationship between Ultimate Strength and Density.
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Figure 4 Comparison of the Stress Energy Density
between right and let hip.
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Figure 3: Comparison of density between right and left
hip.
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Figure 6: Linear relationship between Youngs’ modulus and Density.
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