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Abstract

:

Total hip arthroplasty is a widely performed operation allowing disabled patients to improve their quality of life to a degree greater than any other elective procedure. Planning for a THA requires adequate patient assessment and preoperative characterizations of acetabular bone loss via radiographs and specific classification schemes. Some surgeons may be inclined to ream at a larger diameter thinking it would lead to a more stable press-fit, but this could be detrimental to the acetabular wall, leading to intraoperative fracture. In the attempt to reduce the incidence of intraoperative fractures, the current study aims to identify how increased reaming diameter degrades and weakens the acetabular rim strength. We hypothesized that there is proportionality between the reaming diameter and the reduction in acetabular strength. To test this hypothesis, this study used bone surrogates, templated from CT scans, and reamed at different diameters. The obtained bone surrogate models were then tested using an Intron 8874 mechanical testing machine (Instron, Norwood, MA) equipped with a custom-made fixture. Analysis of variance (ANOVA) was used to identify differences among reamed diameters while linear regression was used to identify the relationship between reamed diameters and acetabular strength. We found a moderate correlation between increasing reaming diameter that induced thinning of the acetabular wall and radial load damage. For the simplified acetabular model used in this study, it supported our hypothesis and is a promising first attempt in providing quantitative data for acetabular weakening induced by reaming.
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1. Introduction


With the increasing aging population, higher rates of diagnosis of advanced arthritis, and a growing demand for improved mobility and quality of life, the number of people undergoing total hip arthroplasty (THA) is on the rise with the largest demographic seen in patients over the age of 70 [1]. As this procedure becomes more popular, the patient population for THA is also changing, with more young and active patients opting for THA due to osteonecrosis, osteoarthritis, and juvenile idiopathic arthritis [2]. Factoring in the increasing aging population and change in age demographics of THA, recent data have shown primary total hip arthroplasty is projected to grow 71%, to 635,000 procedures by 2030 [3]. In 2021 alone, over one million total hip and knee arthroplasties were performed in the United States [4]. Even though this is a highly successful operation, the number of revision procedures are also expected to increase each year especially in the younger population [5]. Joint registries have noticed a gradual increase in 10-year revision rates in patients under 60 compared to the older population [6]. Early failures in THA, leading to revision, are commonly caused by infection, dislocation due to aseptic loosening, osteolysis, wear and intraoperative fracture during primary THA [7]. Periprosthetic joint infection (PJI) is a catastrophic complication following THA due to challenging management involving multiple interventions and the prolonged use of antibiotics impacting the patient’s quality of life [8]. In a study by Kelmer et al., information from 535 patients with THA revisions was collected to determine the various mechanisms of failure in primary THA. They found early revisions within two years after primary THA, labeled as early revisions, are more likely to be a result of intraoperative fracture which occurred in approximately 11% of revision cases. It is likely early revisions are due to implant positioning, patient comorbidities, sterilization technique, and antibiotic prophylaxis [9]. Early migration, which is measured two years post-operatively, is a well-established predictor for the late aseptic loosening of primary acetabular components and can assess the performance and wear of the implants [10]. Aseptic loosening, defined as failure of the fixation of the prosthetic component in the absence of infection, is estimated to cause approximately 19% of late THA revisions [11]. Risk factors for this instability are multifactorial and can be patient specific, including age, gender, and abductor deficiency, or related to operative variables, e.g., femoral head diameter, component malposition, and surgical approach [12]. This late failure of THA is most commonly due to long term wear of the implant articulations used, such as metal on polyethylene or metal on metal, but more durable implants have been developed to prevent these issues and to decrease the need for revision THA [9].



Preoperative planning for THA requires radiographic review as well as the identification of anatomical bone landmarks, implant position, and size with templating [12]. To perform THA, surgeons must undergo extensive training during residency and fellowship after completion of medical school. Physicians first complete five years of residency with strict oversight from the American College of Graduate Medical Education (ACGME) which ensures they are proficient in all aspects of orthopedic surgery. Subsequently, orthopedic hip surgeons complete an additional year of training to learn the complex skills, latest techniques, and technology, learning how to handle complex hip pathologies, including revision surgery [13].



The press-fit principle for cup fixation, adopted in 1996, is a widely used technique for THA where a hemispherical socket is placed in an under-reamed acetabulum. This principle is highly accepted due to no screw usage, no leakage of polyethylene powder out of the screw hole, and relatively easy operation at the time of the procedure [14,15]. Surgeons are able to predict the cup size for press-fit after templating is performed using two-dimensional templating. Unfortunately, predicting implant size from templating is imprecise carrying only a 16–62% correct size prediction [16]. A study performed by Brulc et al. showed the surgeon was the main independent risk factor for unsuccessful intra-operative press-fit fixation regardless of the surgeon’s yearly hip arthroplasty volume and training [17]. Achieving accurate acetabular positioning within the joint is essential to achieve function and longevity. The initial stability of uncemented press-fit components relies on rim peripheral bone contact forces induced by under-reaming. Therefore, if surgeons medialize past the supportive rim, there is an increased risk of loosening, but this risk is also high when over-lateralizing the cup due to inadequate superolateral bony support [16]. Under-reaming, determined by the surgeon and their subjective assessment of bone quality [11], is essential because a very small difference in the degree of under-reaming can substantially influence the insertion force of the fixation [11]. Most surgeons under-ream the acetabulum by 1 or 2 mm for the initial fixation [11] but other studies raise concerns for 2 mm of under-reaming due to excessive stress on the acetabulum, especially if there is osteoporosis or marked osteosclerosis, increasing the risk of fracture along with other complications. Therefore, caution should be taken to avoid fracture of the acetabular wall, especially for higher amounts of under-reaming [18]. Lack of specific indications for preoperative planning due to difficulty with exposure, problems gaining initial implant fixation, and suboptimal stability, along with factors, such as poor bone quality and use of more aggressive press-fit designs with strong impaction forces, play a crucial role in determining intraoperative and post operative problems [11].



Furthermore, larger implant diameters have been developed to decrease the incidence of instability by increasing the head/neck ratio, delaying neck/cup contact, and extending implant range of motion after THA [19]. Some surgeons advocate for the use of these larger cup implants because they allow for a larger contact area which facilitates biological fixation and strain distribution over a large area of the pelvis for a higher friction fit [20]. Primary stability of large diameter cups relies only on press-fit, as screw fixation is not possible with this diameter [21]. Literature studies have shown that the use of larger cups can increase stability by decreasing the risk of dislocation to 1% compared to the standard-head group with a dislocation rate of 8.7% [22]. However, the use of large diameter cups needs to be taken with caution according to Skeels et al. who reported a 17% dislocation occurrence in patients who received a 36–40-mm diameter head [23]. The advantages for increased cup size include avoiding structural bone grafts or reconstruction long-term and allowing for the use of larger femoral head sizes which could decrease the dislocation rate and allow for better hip kinetics long-term [24]. However, the preparation of the acetabular surface to accept an implant that is much larger than the native acetabulum requires reaming into both anterior and posterior columns and medial wall, which potentially causes weakening of the acetabular wall, which may increase the risk for intraoperative fracture [25]. Surgeon’s ream the acetabulum to the appropriate size and position based on the preoperative template and intraoperative landmarks while maintaining proper inclination and anteversion [26]. In fact, excessive reaming has been associated with increased risk of exceeding host bone strength with consequential acetabular fracture [27]. Intraoperative acetabular fracture in press-fit insertion of acetabular cups has been documented in several studies [28,29], and while a rare complication, it still occurs at a rate of 0.49%, but depends on various factors, such as the amount of under-reaming, stiffness of bone, magnitude of force applied to the cup and the size and strength of the acetabulum after it has been reamed [7]. In the attempt to reduce the incidence of intraoperative fractures, the current study aims to identify how increased reaming diameter degrades and weakens the acetabular rim strength. We hypothesized that there is proportionality between the reaming diameter and the reduction in acetabular strength.




2. Materials and Methods


After receiving Institutional Reviewer Board approval, the computer tomography (CT) scans of human pelvises were acquired from the database of a Level 1 trauma center, excluding subjects with previous pelvic surgery, acetabular column or ilium fractures, osteoporotic bone, sclerotic bone, and hip dysplasia. The tridimensional reconstruction of the bone was performed using Slicer3d [30] and smoothed in Autodesk Meshmixer with a solid accuracy of 0.75 mm. The resultant model was then exported in Fusion360 (Autodesk, San Rafael, CA, USA) for virtual instrumentation of the acetabular cup. An orthopedic surgeon trained in total joints replacement performed acetabular cup templating through frontal and lateral views of the pelvis (see Figure 1a). Following the positioning, preserving the position of the cup apex in relation to the bone, values of reaming were imposed from 54 to 58 mm in 1-mm increments through Boolean operations (see Figure 1b).



The obtained pelvic models were then machined out of 20 pounds per cubic foot (PCF) (0.32 g/cm3) solid rigid polyurethane foam (Sawbones, Vashon Island, WA, USA) as previously adopted for pelvis models in mechanical testing [31]. The obtained bone surrogate models were then tested using an Intron 8874 mechanical testing machine (Instron, Norwood, MA, USA) equipped with a custom-made fixture. The latter was made by a rigid frame connected to the Instron crosshead that hosts four THK low friction rails (THK Co., Ltd., Tokyo, Japan) disposed radially in the plane parallel to the plane of the templated cup. The linear guides were centered on the templated cup and each of them allowed the radial displacement in the cup plane of a rigid arm shaped as the quarter portion of a hemispherical cup. The simultaneous expansion of these quarter portions was actuated through rigid brackets connected to the Instron actuator. This mechanism converted the axial movement in the radial expansion of the acetabulum in correspondence of the templated acetabular cup (see Figure 2). The expansion was imposed while preserving the position of the cup center that was also kept the same among all the considered reaming diameters.



During expansion, the load at which was generated a disruption of the acetabular ring was extracted as the damage load of reference. Three repetitions were performed for each configuration for a total of 15 experiments. Analysis of variance (ANOVA) was used to identify differences among reamed diameters, while linear regression of the damage loads in relation to the nominal reamed diameter was used to evaluate the potential relationship between the acetabular strength and the reamed diameters.




3. Results


Radial load at rim damage was affected by the reamed diameter (p = 0.01) and was measured to be 3508 N ± 227 for the smallest reamed diameter of 54 mm and reduced to a value of 2352 N ± 146 for the largest reamed diameter of 58 mm. Increased reaming diameters that induced a thinning of the acetabular wall were found moderately correlated to the radial load at damage (R2 = 0.716, see Figure 3)




4. Discussion


Reducing or preventing complications will be of great importance in the emerging healthcare environment based on quality control and patient outcomes [32]. A previous retrospective study on 745 patients who underwent THA showed that 39% of patients underwent revision THA within only five years after primary THA. Of the 39%, 33% were revised due to instability, 30% for aseptic loosening, 14% for painful hemiarthroplasties, 14% for infection, 5% for wear-related failure, and 3% for periprosthetic fractures. The same study did notice a downward trend of revision for aseptic loosening over the years showing there is a better understanding of the technical requirements needed for lasting results [33]. Currently, no studies show a significant association between age and instability post-revision, but Badarudeen et al. showed a significant association between instability and female gender, which demonstrated a greater risk of 71% compared to males [34]. Revision surgery only accounts for approximately 10% of the surgical volume of hip arthroplasties but are associated with more complications and higher mortality, resulting in greater costs, causing an economic burden [35]. After reviewing the total hospital cost for revision surgery, revision implants, due to the complex nature of revision components, contribute a major aspect of the overall cost [36].



We have found that incrementing the reaming diameter results in a degradation and thinning of the acetabular wall in terms of its capability in withstanding radial acetabular loads. Furthermore, we have identified a moderate correlation between the load at which the loss of continuity in the acetabular ring and the reamed diameters is generated. As with most of the pilot studies, the current study has several limitations that we will overcome, extending the methodology proposed here on cadaveric specimens. We used bone surrogates, as is commonly done in the field of orthopedic biomechanics research when more than two configurations need to be tested to address a particular research question [37,38,39]. Beckmann et al. used more than two configurations in order to determine which of the three tested fixation techniques, i.e., cement-only, screw- only, and combination of cement and screw, provided the most stable bond between the porous titanium acetabular component and augment [37]. Huber and Noble used multiple configurations to examine the fixation traits of a six-finned acetabular cup in both primary and revision THA and then compared it to two commonly used cups without fins [38]. The use of 20-pounds-per-cubic-foot (pcf) density bone surrogates for acetabular cup stability has also been previously successfully done by [11,31,40], where all chose this density due to the high success rates in previous studies. Goossens et al. designed a study using bone surrogates to investigate the relationship between relative bone-implant micromotions and the more commonly used load-to-failure implant stability metrics. This study was conducted to provide better insight during the preclinical testing of new acetabular cup designs, new surgical procedures, and to provide a useful tool for surgical training [40]. Hickernell et al. also used bone surrogates to compare initial shell stability under different reaming techniques with HS (hemispherical) and NHS (nonhemispherical) acetabular components [11]. Schieriott et al. used bone surrogates to test the effect of bone defects and bone defect filling on the primary stability of the press-fit model to provide a platform to test and compare different treatment strategies for increasing bone defect severity in a standardized way [31].



In the current study, we do not have implanted acetabular cups but simulated the expansion needed to accommodate the cup with under-reaming conditions. This technique is clinically executed in 1-mm diameter increments. However, in the current study, the expansion was continuous. Therefore, we are not able to draw conclusions regarding the under-reaming value that is safe to use for each acetabular wall thinning considered in the study. This methodological approach has been firstly used by Amirouche et al., in 2017, to try to understand how a reduction in pelvic bone mineral density affects the oversizing of the prothesis for primary THA and determine if the location of the segmental defect affected cup fixation while considering an experimental validation previously published [18,41]. While the experiments were carried out without an axial loading of the cup, it must be noted that this approach allowed us to maintain our study not confined to a particular reaming value. An additional limitation is that we have limited our focus on the implant–bone interface not accounting for the technology used in the coupling with the femoral component. The reduction in dislocation rates for dual mobility cups that has been documented [25] may be instrumental in reducing the dimensions of the needed reamed diameter.



Furthermore, another relevant limitation is that the study is performed on an acetabulum without defects or osteoporotic bone. Although similarities exist between the different classification systems, each one has a unique grading scale ranging from mild to severe defects [42]. Therefore, bone structure must be analyzed and classified based on bone loss by a combination of preoperative AP overview, additional information about the anterior and posterior acetabular columns, computer tomographic imaging, and ultimately intraoperative findings of the bony configuration of the acetabulum [43]. The AAOS classification system has gained wide acceptance and is able to distinguish between segmental and cavitary defects, allowing for the practical, simplified assessment of bone defects and preoperative evaluation of acetabular defects, in turn enabling the proper preparation of surgical approach and determination of the necessary implants [42]. The Paprosky classification system is based on the presence or absence of supporting structures, such as the acetabular rim, superior dome, medial wall, anterior and posterior columns, and the surgeons assessment of these structures’ capacity to support the prosthesis [44]. Acetabular defects are concomitant to reduced bone density [21] and when limited to Paprosky defects Type I and II, it is advised that over-reaming may result in a greater risk of acetabular wall weakening [43]. When fixing acetabular defects characterized as type I and IIA defects, press-fitting uncemented components via underreaming relies on a rim of peripheral cortical bone for their initial stability but will suffice [16]. For pelvises characterized by low bone density or presence of acetabular defects, strategies other than oversizing should be chosen as noted in previous studies [43].




5. Conclusions


Previous studies have analyzed reaming in relation to cup size in terms of insertion forces and micromotion, but susceptibility of the acetabulum to the chosen parameters before implantation has remained overlooked. In conclusion, the current study represents a first attempt to provide quantitative data on previously indicated acetabular weakening induced by the reaming. The finding on a simplified acetabular model supports what has been previously hypothesized. Therefore, the extension of the methodology here proposed to cadaveric pelvises will allow the translation of these findings in clinically relevant reaming values.







Author Contributions


Conceptualization, R.S.B., S.K., E.M. and G.F.S.; methodology, M.G., Z.M. and G.F.S.; formal analysis, G.F.S. and S.K., investigation, G.F.S., H.M. and M.D.; data curation, G.F.S. and M.G.; writing—original draft preparation, G.F.S. and M.G.; writing—review and editing, M.G. and S.K.; supervision, G.F.S. and R.S.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was not conducted with human specimens and is approved by the Institutional Review Board of LSU Health Shreveport (protocol code STUDY00002258, date of approval 26 October 2022).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We would like to thank Alan Ogden for the assistance provided in the execution of the experiments.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wodzisławski, W.; Krupa, S.; Nowicki, J.; Bedziński, R.; Detyna, J. The reaction of the pelvis to the implantation of the acetabular component of the hip endoprosthesis—Initial tests with the use of computerized tomography. Acta Bioeng. Biomech. 2009, 11, 45–54. [Google Scholar]

	



Wolford, M.L.; Palso, K.; Bercovitz, A. Hospitalization for total hip replacement among inpatients aged 45 and over: United States, 2000–2010. NCHS Data Brief 2015, 186, 1–8. [Google Scholar]

	



Sloan, M.; Premkumar, A.; Sheth, N.P. Projected Volume of Primary Total Joint Arthroplasty in the U.S., 2014 to 2030. J. Bone Jt. Surg. 2018, 100, 1455–1460. [Google Scholar] [CrossRef]

	



Maradit Kremers, H.; Larson, D.R.; Crowson, C.S.; Kremers, W.K.; Washington, R.E.; Steiner, C.A.; Jiranek, W.A.; Berry, D.J. Prevalence of Total Hip and Knee Replacement in the United States. J. Bone Jt. Surg. Am. Vol. 2015, 97, 1386–1397. [Google Scholar] [CrossRef]

	



Ulrich, S.D.; Seyler, T.M.; Bennett, D.; Delanois, R.E.; Saleh, K.J.; Thongtrangan, I.; Kuskowski, M.; Cheng, E.Y.; Sharkey, P.F.; Parvizi, J.; et al. Total hip arthroplasties: What are the reasons for revision? Int. Orthop. 2007, 32, 597–604. [Google Scholar] [CrossRef] [PubMed]

	



Bayliss, L.E.; Culliford, D.; Monk, A.P.; Glyn-Jones, S.; Prieto-Alhambra, D.; Judge, A.; Cooper, C.; Carr, A.J.; Arden, N.K.; Beard, D.J.; et al. The effect of patient age at intervention on risk of implant revision after total replacement of the hip or knee: A population-based cohort study. Lancet 2017, 389, 1424–1430. [Google Scholar] [CrossRef]

	



Delaunay, C.; Hamadouche, M.; Girard, J.; Duhamel, A.; The SoFCOT Group. What Are the Causes for Failures of Primary Hip Arthroplasties in France? Clin. Orthop. Relat. Res. 2013, 471, 3863–3869. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, S.S.; Haddad, F.S. Prosthetic joint infection. Bone Jt. Res. 2019, 8, 570–572. [Google Scholar] [CrossRef] [PubMed]

	



Kelmer, G.; Stone, A.H.; Turcotte, J.; King, P.J. Reasons for Revision: Primary Total Hip Arthroplasty Mechanisms of Failure. J. Am. Acad. Orthop. Surg. 2020, 29, 78–87. [Google Scholar] [CrossRef] [PubMed]

	



Nieuwenhuijse, M.J.; Valstar, E.R.; Kaptein, B.; Nelissen, R. Good Diagnostic Performance of Early Migration as a Predictor of Late Aseptic Loosening of Acetabular Cups. J. Bone Jt. Surg. 2012, 94, 874–880. [Google Scholar] [CrossRef] [PubMed]

	



Hickernell, T.R.; Kaidi, A.; Davignon, R.; Geller, J.A.; Cooper, H.J.; Shah, R.P. Deeper Central Reaming May Enhance Initial Acetabular Shell Fixation. Arthroplast. Today 2020, 6, 343–349. [Google Scholar] [CrossRef] [PubMed]

	



Colombi, A.; Schena, D.; Castelli, C.C. Total hip arthroplasty planning. EFORT Open Rev. 2019, 4, 626–632. [Google Scholar] [CrossRef] [PubMed]

	



Kane, J.; Patel, V.; Butler, L.; Kowalski, C.; Orthopedic Institute of North Texas. Why Choose a Fellowship Trained Orthopedic Surgeon to Do Your Joint Replacement? Available online: https://www.oint.org/why-choose-a-fellowship-trained-orthopedic-surgeon-to-do-your-joint-replacement.html (accessed on 15 January 2023).

	



Kaneko, K.; Inoue, Y.; Yanagihara, Y.; Uta, S.; Mogami, A.; Iwase, H. The initial fixation of the press-fit acetabular shell—Clinical observation and experimental study. Arch. Orthop. Trauma Surg. 2000, 120, 323–325. [Google Scholar] [CrossRef]

	



Widmer, K.-H.; Zurfluh, B.; Morscher, E. Load transfer and fixation mode of press-fit acetabular sockets. J. Arthroplast. 2002, 17, 926–935. [Google Scholar] [CrossRef]

	



Bhaskar, D.; Rajpura, A.; Board, T. Current Concepts in Acetabular Positioning in Total Hip Arthroplasty. Indian J. Orthop. 2017, 51, 386–396. [Google Scholar] [CrossRef]

	



Brulc, U.; Antolič, V.; Mavčič, B. Risk factors for unsuccessful acetabular press-fit fixation at primary total hip arthroplasty. Orthop. Traumatol. Surg. Res. 2017, 103, 993–997. [Google Scholar] [CrossRef]

	



Amirouche, F.; Solitro, G.; Broviak, S.; Gonzalez, M.; Goldstein, W.; Barmada, R. Factors influencing initial cup stability in total hip arthroplasty. Clin. Biomech. 2014, 29, 1177–1185. [Google Scholar] [CrossRef]

	



Triclot, P.; Gouin, F. Update—“Big-head”: The solution to the problem of hip implant dislocation? Orthop. Traumatol. Surg. Res. 2011, 97, S42–S48. [Google Scholar] [CrossRef] [PubMed]

	



Gustke, K.A. Jumbo cup or high hip center: Is bigger better? J. Arthroplast. 2004, 19, 120–123. [Google Scholar] [CrossRef] [PubMed]

	



Telleria, J.J.M.; Gee, A.O. Classifications In Brief: Paprosky Classification of Acetabular Bone Loss. Clin. Orthop. Relat. Res. 2013, 471, 3725–3730. [Google Scholar] [CrossRef]

	



Garbuz, D.S.; Masri, B.A.; Duncan, C.P.; Greidanus, N.V.; Bohm, E.R.; Petrak, M.J.; Della Valle, C.J.; Gross, A.E. The Frank Stinchfield Award: Dislocation in Revision THA: Do Large Heads (36 and 40 mm) Result in Reduced Dislocation Rates in a Randomized Clinical Trial? Clin. Orthop. Relat. Res. 2012, 470, 351–356. [Google Scholar] [CrossRef]

	



Skeels, M.D.; Berend, K.R.; Lombardi, A.V. The Dislocator, Early and Late: The Role of Large Heads. Orthopedics 2009, 32, 9. [Google Scholar] [CrossRef]

	



Gross, M. The Use of Jumbo Cups in Revision Hip Arthroplasty. Orthogate 2008, 155, 534–538. [Google Scholar]

	



Zagorov, M.; Mihov, K.; Dobrilov, S.; Nenova, G. Elevation of the center of rotation with the use of jumbo cups in revision total hip arthroplasty—A radiographic study. J. IMAB Annu. Proceeding Sci. Pap. 2021, 27, 3518–3522. [Google Scholar] [CrossRef]

	



Barrett, A.A.; Ezzibdeh, R.M.; Horst, P.K.; Roger, D.J.; Amanatullah, D.F. Direct Superior Approach to the Hip for Total Hip Arthroplasty. JBJS Essent. Surg. Tech. 2019, 9, e17. [Google Scholar] [CrossRef]

	



Kim, Y.S.; Callaghan, J.J.; Ahn, P.B.; Brown, T.D. Fracture of the acetabulum during insertion of an oversized hemispherical component. J. Bone Jt. Surg. 1995, 77, 111–117. [Google Scholar] [CrossRef]

	



Curtis, M.; Jinnah, R.; Wilson, V.; Hungerford, D. The initial stability of uncemented acetabular components. J. Bone Jt. Surg. 1992, 74-B, 372–376. [Google Scholar] [CrossRef]

	



Sharkey, P.F.; Hozack, W.J.; Callaghan, J.J.; Kim, Y.S.; Berry, D.J.; Hanssen, A.D.; LeWallen, D.G. Acetabular fracture associated with cementless acetabular component insertion: A report of 13 cases. J. Arthroplast. 1999, 14, 426–431. [Google Scholar] [CrossRef] [PubMed]

	



Fedorov, A.; Beichel, R.; Kalpathy-Cramer, J.; Finet, J.; Fillion-Robin, J.-C.; Pujol, S.; Bauer, C.; Jennings, D.; Fennessy, F.; Sonka, M.; et al. 3D Slicer as an image computing platform for the Quantitative Imaging Network. Magn. Reson. Imaging 2012, 30, 1323–1341. [Google Scholar] [CrossRef]

	



Schierjott, R.A.; Hettich, G.; Ringkamp, A.; Baxmann, M.; Morosato, F.; Damm, P.; Grupp, T.M. A method to assess primary stability of acetabular components in association with bone defects. J. Orthop. Res. 2020, 38, 1769–1778. [Google Scholar] [CrossRef]

	



De Martino, I.; Triantafyllopoulos, G.K.; Sculco, P.K.; Sculco, T.P. Dual mobility cups in total hip arthroplasty. World J. Orthop. 2014, 5, 180–187. [Google Scholar] [CrossRef]

	



Dobzyniak, M.; Fehring, T.K.; Odum, S. Early Failure in Total Hip Arthroplasty. Clin. Orthop. Relat. Res. 2006, 447, 76–78. [Google Scholar] [CrossRef]

	



Badarudeen, S.; Shu, A.C.; Ong, K.L.; Baykal, D.; Lau, E.; Malkani, A.L. Complications After Revision Total Hip Arthroplasty in the Medicare Population. J. Arthroplast. 2017, 32, 1954–1958. [Google Scholar] [CrossRef]

	



Pflüger, M.J.; Frömel, D.E.; Meurer, A. Total Hip Arthroplasty Revision Surgery: Impact of Morbidity on Perioperative Outcomes. J. Arthroplast. 2020, 36, 676–681. [Google Scholar] [CrossRef]

	



Tessier, J.E.; Rupp, G.; Gera, J.T.; DeHart, M.L.; Kowalik, T.D.; Duwelius, P.J. Physicians With Defined Clear Care Pathways Have Better Discharge Disposition and Lower Cost. J. Arthroplast. 2016, 31, 54–58. [Google Scholar] [CrossRef]

	



Beckmann, N.A.; Bitsch, R.G.; Gondan, M.; Schonhoff, M.; Jaeger, S. Comparison of the stability of three fixation techniques between porous metal acetabular components and augments. Bone Jt. Res. 2018, 7, 282–288. [Google Scholar] [CrossRef]

	



Huber, W.O.; Noble, P.C. Effect of design on the initial stability of press-fit cups in the presence of acetabular rim defects: Experimental evaluation of the effect of adding circumferential fins. Int. Orthop. 2013, 38, 725–731. [Google Scholar] [CrossRef]

	



Solitro, G.F.; Welborn, M.C.; Mehta, A.I.; Amirouche, F. How to Optimize Pedicle Screw Parameters for the Thoracic Spine? A Biomechanical and Finite Element Method Study. Glob. Spine J. 2022; online ahead of print. [Google Scholar] [CrossRef]

	



Goossens, Q.; Pastrav, L.C.; Mulier, M.; Desmet, W.; Sloten, J.V.; Denis, K. Two Different Methods to Measure the Stability of Acetabular Implants: A Comparison Using Artificial Acetabular Models. Sensors 2020, 20, 254. [Google Scholar] [CrossRef]

	



Amirouche, F.; Solitro, G.F. Challenges in modeling total knee arthroplasty and total hip replacement. Procedia IUTAM 2011, 2, 18–25. [Google Scholar] [CrossRef]

	



Johanson, N.A.; Driftmier, K.R.; Cerynik, D.L.; Stehman, C.C. Grading Acetabular Defects: The Need for a Universal and Valid System. J. Arthroplast. 2010, 25, 425–431. [Google Scholar] [CrossRef]

	



Ghanem, M.; Zajonz, D.; Heyde, C.-E.; Roth, A. Acetabular defect classification and management. Orthopäde 2020, 49, 432–442. [Google Scholar] [CrossRef]

	



Paprosky, W.G.; Perona, P.G.; Lawrence, J.M. Acetabular defect classification and surgical reconstruction in revision arthroplasty: A 6-year follow-up evaluation. J. Arthroplast. 1994, 9, 33–44. [Google Scholar] [CrossRef]








[image: Pathophysiology 30 00008 g001 550] 





Figure 1. Acetabular cup templating (a) and reaming of concentric layers in 1 mm diameter increments (b). 
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Figure 2. Custom made fixture used to convert the axial displacement of the Instron actuator (shown in green) in the radial expansion of the acetabulum (shown in purple) with reference to the center of the templated cup (shown in red). 
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Figure 3. Experimentally determined acetabular strength expressed in as the peak radial force measured during radial expansion. 
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