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Supplemental Information

Revision Rate Analysis

	Table S1 and S2 represent studies that have evaluated the revision, failure, or survival rates of metal-on-metal total hip arthroplasty (MoM THA) and MoM hip resurfacing arthroplasty (HRA) devices from the year 2000 onward. The main purpose of these two tables was to compile and display the trend of revision rates of MoM hip implants over time. A search was performed in PubMed including the following keywords: metal-on-metal, hip, prosthesis, arthroplasty, implant, replace, resurfacing, short-term, mid-term, long-term, survivorship, revision, failure, and outcome. Articles in foreign languages were excluded (unless a translation was available). Primary literature from review papers were also identified. Papers evaluating first generation devices were excluded. 
The retrieved papers were evaluated to identify studies that reported the revision, failure, or survival rates of MoM THA or HRA devices. Cumulative revision rates (CRR) or survival rates of the study cohort for all causes determined by Kaplan-Meier (KM) were tabulated when available. A majority of the studies that were evaluated reported CRR or survival rates estimated using KM method. KM survival analysis is a common method used to estimate the cumulative incidence of a monitored outcome, in this case the CRR of a hip implant device, over a period of time (Kaplan and Meier, 1958). Some studies reported survival rates using other methods such as the Dobbs Life Table analysis or an unidentified survivorship method. While the KM method is useful in projecting survival or CRR, it is important to note that researchers have criticized that KM method can potentially overestimate revision risks (Gillam et al., 2010; Lacny et al., 2015). Although, the effect of the overestimation varies depending on the characteristics of the cohort and researchers have investigated other statistical methods, KM methods remain the most used approach to estimate hip implant survivorship (Gillam et al., 2010; Lacny et al., 2015). For studies that did not report a CRR, a revision incidence rate along with follow-up durations was used instead. Overall, 214 papers published between 2000 and 2017 were identified (93 MoM THA and 121 MoM HRA) and compiled, and 230 data points for CRR and revision incidence were tabulated and presented in Tables S1 and S2 and were plotted in Figures 3 and 4. Cumulative revision rates (CRR) and incidence of revision were normalized by the number of years included in the survivorship estimate or incidence.
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Surgeons began performing hip arthroplasties in the early 19th century (Scales, 1966). The original intent of the operation referred to as “arthroplasty” was to restore motion of an immobile joint (Callaghan et al., 2007). In the earliest arthroplasties, the “joint surfaces were refashioned, and then neighboring soft tissue or some sort of foreign substance was interposed to prevent their fusing again” (Wiles, 1958 p. 488). By the early 20th century, a number of materials had been used in arthroplasty procedures, including glass, ivory, gold foil, celluloid, and phenol-formaldehyde resins, with varying success (Callaghan et al., 2007; Scales, 1966; Wiles, 1958). In 1923, Marius Nygaard Smith-Petersen of Boston began working on what would eventually be referred to as “mold arthroplasty,” which became the method of choice for hip arthroplasty in the late 1930s (Peltier, 2007 p. 12; Smith-Petersen, 1939, 1948). As noted by Philip Wiles, “credit for putting arthroplasty of the hip firmly on the surgical map goes to Smith-Petersen, of Boston” (Wiles, 1958 p. 488). 
Smith-Petersen’s mold arthroplasty began by interposing molds made of glass, pyrex, or Bakelite in between refashioned joint surfaces (Callaghan et al., 2007; Smith-Petersen, 1939; Wiles, 1958). These initial attempts failed, however, and not until 1938, when Smith-Peterson settled on using vitallium molds, did he find success (Callaghan et al., 2007; Smith-Petersen, 1939; Wiles, 1958). The vitallium molds were reported to be “the first nonreactive metal alloy to be used in orthopedic surgery” (Peltier, 2007 p. 12; Smith-Petersen, 1939). Smith-Petersen inserted the first vitallium mold hip arthroplasty into a patient in June, 1938 (Smith-Petersen, 1939). Over the next ten months, 28 additional patients received the vitallium mold, and Smith-Petersen noted, “the very fact that we have felt justified in doing as large a series as this in a relatively short period of time points to the success of the method during the first few months” (Smith-Petersen, 1939 p. 287-288). Wiles has stated that Smith-Petersen’s operation “reached its final form in 1938, and by 1947 [Smith-Petersen] had operated upon more than 500 hips in 420 patients” (Wiles, 1958 p. 489).
Smith-Petersen’s mold arthroplasty became widely adopted by surgeons throughout the world at the time; however, not all problems associated with hip arthroplasty had been solved (Wiles, 1958). In 1958, Wiles noted that “few patients had no relief from pain; the re-fashioned bone, especially if it were previously diseased, did not always tolerate the new stresses placed upon it and gradually became absorbed; osteophytes grew on the neck of the femur and prevented movement of the head within the mould; the new joint capsule composed of scar tissue became painful” (Wiles, 1958 p. 490). These results led surgeons to research improved methods for restoring movement to the hip joint (Wiles, 1958). At this time surgeons changed their approach from emphasizing a re-fashioning of the hip joint to replacing the hip joint.
Surgeons first started to consider replacing parts of the femur as a result of fractures in the first half of the 20th century. In cases in which the head of the femur of a patient was no longer viable and had to be respected, various methods of arthroplasty were employed (Callaghan et al., 2007). Hey-Groves, for example, replaced the head of a femur in a patient with a prosthesis made of ivory in 1927 (Bozic et al., 2007). In 1940, Moore and Bohlman replaced the head and upper portion of a femur with a metal prosthesis after resecting a tumor (Berry, 2007). Shortly after that, in 1940, a metallic femoral head replacement became “the first functionally successful simple replacement of the head and neck of a femur” (Bohlman, 1952 p. 272). 
The development of replacement arthroplasty has been primarily credited to the Judet brothers of Paris in the 1940s (Callaghan et al., 2007; Wiles, 1958). Specifically, they “thought that a more rational arthroplasty would consist in replacing the femoral head by an artificial one of the same dimensions, solidly fixed to the femoral neck” (Judet and Judet, 1950 p. 166). These surgeons removed the femoral head of patients and replaced it with a new, acrylic resin head (Callaghan et al., 2007; Peters and Miller, 2007; Wiles, 1958). In 1949, the brothers reported their experience with this acrylic-stemmed prosthesis in 76 patients undergoing arthroplasty. They noted “the tolerance of the tissues to acrylic resin and the fixation of the stem in the neck of the femur promise to be lasting” (Judet and Judet, 1952 p. 180). This initial success with replacement arthroplasty represented a significant advance.
Much like the Smith-Peterson mold arthroplasties, however, the new replacement arthroplasties (Judet etc.) did not provide lasting results, and frequently failed (Wiles, 1958). The Judet brothers themselves noted that “hitherto almost every foreign substance introduced permanently into the body has been poorly tolerated and has produced an unfavourable reaction in the surrounding tissues; ‘vitallium’ has for some time been a striking exception” (Judet and Judet, 1950 p. 167). In 1952 they reported results for the first 600 patients who had received the device. By 1954, a total of 850 prostheses had been inserted worldwide (Judet and Judet, 1952; Nissen, 1954). 
Additional problems soon arose: “[i]n no time surgeons already familiar with the problems of reconstruction of the hip found they could obtain good early results for a comparatively modest expenditure of time and effort; so it came to pass that despite all cautionary advice, enthusiasm often outstripped judgment. In some countries, for example, bizarre modifications of the [Judet] prosthesis soon appeared… and frequently the whole procedure bore only a general resemblance to the one described in this book” (Nissen, 1954 p. iv). In 1966, Scales noted that “[w]hile in retrospect the Judet procedure can be considered one of the largest disasters in surgery – largely because of lack of appreciation of the mechanical properties of materials and the mechanics of the hip joint – it nevertheless stimulated considerable effort towards the improvement of arthroplasty, and ranks like the Smith-Petersen cup as a milestone in orthopedic surgery” (Scales, 1966 p. 70). 
In 1958, Philip Wiles, a total hip arthroplasty pioneer in his own right, later recounted the three prominent reasons for the frequent failure of the replacement prosthesis. He noted that the primary reason was that the bone was “unable to withstand the stresses placed on it, is absorbed and the prosthesis becomes loose” (Wiles, 1958 p. 490). The second reason the device failed was because “the acetabulum cannot be shaped to fit the prosthesis really accurately and the spaces that remain are filled with fibrous tissue which may become painful, particularly after damage by some unusual strain” (Wiles, 1958 p. 490). And finally, these devices ultimately failed because “it is difficult to design a strong enough prosthesis; those made of acrylic resin rub flat surfaces on themselves, or they fragment or break, and those made of steel sometimes become fatigued and break” (Wiles, 1958 p. 490).
A fundamental difference exists, though, between the Smith-Peterson mold arthroplasties and the replacement arthroplasty procedures developed by the Judet brothers and others in the 1940s and 1950. As noted by Wiles, the mold “floats freely between the re-fashioned bony surfaces, the intention being to hold them apart whilst they become re-covered with fibrous or cartilaginous tissues. Its function has been regarded as physiological rather than mechanical, but whether this is so or not, it is now clear that the reaction of the body, perhaps not so much to the pressure of the mould as to the somewhat crude attempts of the surgeon to fashion a new joint, is such that the result is not durable” (Wiles, 1958 p. 491). 
Wiles also writes that:
“[T]he prosthesis, on the other hand, has a mechanical rather than a physiological function. It is intended to replace a part of the bone that has been excised; it is attached to bone and must remain securely attached for the rest of the patient’s life. But bone is not an inert substance, it is living; it reacts to the new stresses place upon it and it continues to react for as long as they are present. Like a house built without foundations, a prosthesis fastened to bone must fall in time. At that time, a replacement arthroplasty was difficult to justify except in the elderly. In younger people, should it be necessary to re-fashion the joint, a mould arthroplasty is still the best operation available” (Wiles, 1958 p. 491).
The interposition mold arthroplasty of Smith-Petersen and the hemiarthroplasty popularized by the Judet brothers provided surgeons experience with reconstructive hip surgery that became the foundation of total hip arthroplasty. Note that the initial attempts at total hip arthroplasty were conducted concurrently, while mold arthroplasty and the Judet prosetheses were being implemented/developed. In 1938, while Smith-Peterson was developing a vitallium mold arthroplasty in Boston, “Phillip Wiles of London implanted matched acetabular and femoral components made of stainless steel as hip replacements in six patients with Still disease” (Bellare, 2007; Peltier, 2007 p. 13). The acetabulum Wiles inserted into the patients was stabilized with screws and the head component with a stem, sideplate, and screws. World War II soon intervened, however, and, following the war, Wiles did not pursue his initial attempts at total hip arthroplasty (Callaghan et al., 2007; Scales, 1966). Nonetheless, Philip Wiles “can be considered the originator of metallic total hip replacement” (Scales, 1966 p. 66).
The results seen with the Judet device suggested that a successful hip prosthesis required a more dependable method of anchoring the femoral component. In 1948, McBride attempted to address this challenge with his “door-knob” femoral prosthesis, in which the femoral stem was inserted into the medullary canal (McBride, 1952). Over the years, surgeons such as Thompson, Austin, Moore, and Eicher, among others, continued to develop metal intramedullary femoral stems with heads of varying sizes and shapes (Eicher, 1959; Moore, 1952; Thompson, 1953). While a few of these devices were made of stainless steel, CoCr (i.e., Vitallium) continued to be the material of choice “because of its long-proved ability to remain absolutely unchanged within the body” (Thompson, 1954 p. 489). They reported that the hardness of the metal eliminated wear-related problems, and allowed for sterilization under steam pressure. Furthermore, “[t]he problem of breakage, which is a possible factor with any material selected, is counterbalanced by the engineering design of the prosthesis and the thickness of the metal to withstand the stresses involved” (Thompson, 1954 p. 489). 

[bookmark: _Toc485814918]First Generation MoM Total Hip Replacements (THR) (1950s-1970s)

The first modern MoM THR, known as the McKee-Farrar, consisted of a metal femoral head articulated in a metal acetabular cup, and was introduced by G.K. McKee in 1951 (McKee and Watson-Farrar, 1966; Scales, 1966). According to the inventor, while the Thompson and Austin Moore metal prostheses were “free from the objections of the Judet,” it was “almost impossible to achieve congruity between the prosthetic head and the acetabulum” (McKee and Watson-Farrar, 1966 p. 245). The first three of McKee’s prostheses were made of stainless steel, became loose in the patients in less than a year, and ultimately had to be removed (McKee and Watson-Farrar, 1966; Scales, 1966). 
Following a visit to the United States in 1953, McKee started to use a modified Thompson prosthesis, which was made of “chrome-cobalt alloy” as the femoral component. The modification consisted of a smaller head which articulated with a cup that was screwed into the roof of the acetabulum (McKee and Chen, 1973; McKee and Watson-Farrar, 1966 p. 245). This entire prosthesis used by McKee was made of CoCr alloy. This prosthesis was used in 40 hips between 1956 and 1960, its success rate was found to be 57% after a seven year follow-up, and “some of the cases [were] still functioning well 12 to 16 years after the operation” (McKee and Chen, 1973 p. 26; McKee and Watson-Farrar, 1966). These results indicated “success depended above all upon the two components of the replacement joint remaining tight within the bone” (McKee and Watson-Farrar, 1966 p. 245). 
In 1961, the McKee-Farrar prosthesis was redesigned to allow for the use of methylmethracrylate cement (now known as super glue), which enabled the acetabulum component to be sunk deeply into the acetabulum instead of only being screwed into the roof and permitted a larger head size (McKee and Watson-Farrar, 1966 p. 246). This combination had several advantages, including improved anatomical positioning and increased load bearing. Two essential features of the joint were discussed in the literature: “[F]irst, both components must be constructed of chrome-cobalt alloy for the reasons that have already been mentioned, namely low frictional resistance, the least wear and complete lack of any reaction by the body tissues to this meta,l” and “[s]econd, the joint must be a perfect fit because this reduces the amount of wear that will occur within the body” (McKee and Watson-Farrar, 1966 p. 247). At this time, the joints began to be individually lapped to form a perfect pair, and both components were stamped with corresponding numbers to ensure they were correctly matched (McKee and Watson-Farrar, 1966). This adjustment proved to be a significant refinement for increasing the likelihood of success.
Between 1961 and 1964, McKee-Farrar cemented implants were placed in 100 patients, of which 58% had good or excellent results after eight years (McKee and Chen, 1973). Failures were attributed to unsatisfactory femoral component design, incorrect acetabular cup positioning, poor surgical technique, and patient over-activity following surgery. To counter these problems, the next design had a smaller acetabular cup, studs for cement fixation, and a flanged rim to help retain the cement in the acetabulum during insertion (August et al., 1986; McKee and Chen, 1973). These changes proved successful, and resulted in an 84% survival rate at four to seven years follow-up (McKee and Chen, 1973). Loosening continued to be the clinical outcome of interest in several longer term studies, however, with revision rates of 6.6% at two to ten years (Dandy and Theodorou, 1975). 
Other MoM devices were developed in the 1950s and 1960s. The CoCr Stanmore device, implanted between 1963 and 1972, had a “double cup” acetabular component, in which the outer cup was fixed in the acetabulum with screws (Duff-Barclay et al., 1966). In 1964, Ring introduced a CoCr MoM THR designed to be used without bone cement. Other notable devices developed in this time period included the Huggler/Muller and McKee-Merle d’ Aubigne. MoM devices developed in this era typically had ‘good or excellent’ results in 53-56% of patients after 9-15 years and some devices had multiple versions that incrementally improved clinical performance (Dobbs, 1980; Muller, 1995; Postel et al., 1987; Ring, 1968). Ring incorporated several modifications into his device, for example, that improved performance to 85% of patients with good or excellent results at six to 11 years (Ring, 1978). 
Still, at the time, there were “concerns that these first-generation metal-on-metal prostheses had a higher rate of aseptic loosing than the Charnley MoP implants” (discussed below in Era 3), and despite the incomplete understanding of the mechanisms of failure for MoM prostheses, “these bearing surfaces were largely abandoned by the mid-1970s” (Zywiel et al., 2011 p. 188). Other authors have suggested that limitations in the manufacturing technology at the time may have also resulted in inconsistent and suboptimal dimensions and sizes in these first generation MoM prosthesis, which probably contributed to excessive wear, implant seizing, loosening, and ultimately failure (Kim et al., 2008; Schmidt et al., 1996). 
Resurfacing systems were also developed during this time, as Haboush (1953) introduced the first Vitallium metal-on-metal hip resurfacing system that was fixed with acrylic cement. In analyzing his design, Haboush emphasized the biomechanics, endurance, and photoelasticity of the arthroplasty (Haboush, 1953). He concluded in his preliminary report that the ball and cup design with “true matching spherical articular surfaces are required to eliminate wear and pain,” and additionally, that vitallium was “[t]hus far the best interpositional material” (Haboush, 1953 p. 276). In 1967, Muller introduced his metal-on-metal hip resurfacing design and saw great clinical success (Muller, 1992, 1995). Despite successful advancements with metal-on-metal hip resurfacing, most surgeons shifted to using metal-on-poly devices during the 1970s and 1980s; however, poor results of the resurfacing in the 1970s and 1980s, attributed to polyethylene wear debris, caused most surgeons to abandon HRA (Grigoris et al., 2006).  
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In the 1960s, a new THA prosthesis was developed at Wrightington Hospital in Lancashire UK, by Sir John Charnley, who is widely regarded as the founder of modern hip replacement. His research on the principles of joint lubrication, as well as his pioneering use of new materials in hip surgery (e.g., cement, polyethylene) profoundly influenced artificial hip implant design. Peltier (2007) has noted that Charley’s “most important intellectual breakthrough was his concept of the low-friction arthroplasty” (p. 13). In 1960, Charnley reported that it was “reasonable to suggest that a desirable feature of any design would be a large area of contact between the prosthesis and the bone, in order to distribute the load as widely as possible” (Charnley, 1960 p. 28). Prior to Charnley, all orthropeadic surgeons used prostheses that were the same size and configuration as normal human anatomy (Callaghan et al., 2007). Charnley significantly reduced the diameter of the head on the femoral stem to a diameter of 22 mm in order to improve frictional torque (Callaghan et al., 2007; Charnley, 1974; Nicoll and Holden, 1961). Muller quickly followed suit, and introduced a prosthesis design with a femoral head diameter of 32 mm (Callaghan et al., 2007; Nicoll and Holden, 1961). In the early 1960s, Leon Wiltsie of Los Angeles introduced the possibility of utilizing methyl methacrylate cement in THA to Charnley, and Charnley quickly adopted it (Charnley, 1960). 
Charnley’s MoP design eventually supplanted the first generation MoM prostheses developed in the 1950s and 1960s. His first device used a low friction polytetrafluoroethylene (PTFE) to line the acetabulum and to cover the reshaped femoral head (Charnley, 1961). Although early results were promising, the device soon was found to generated large amounts of abraded PFTE particles that could cause an intense foreign body reaction (Charnley, 1963). In 1962, PFTE was therefore abandoned in favor of a new high density polyethylene/ultra-high molecular weight polyethylene (HDP/UHMWPE) (Charnley, 1972). This new material, which was used in the acetabular cup, was selected based on laboratory data showing that synovial fluid improved its frictional properties (Charnley, 1974). Charnley’s UHMWPE design had an unprecedented success rate of 90.4% after nine to ten years; only a few cases of failure were attributed to loosening (Charnley and Cupic, 1973). This outcome was far superior to contemporaneous MoM devices.    
Charnley’s use of cement turned out to be more important than he first recognized. He noted that he “was not the first to use acrylic cement in attempting to bond orthopedic implants to bone, but [he] was the first to be successful” (Charnley, 1974 p. 1027). He further reported that he “taught the radical step of making the implant a loose fit in the bone at the time of the operation so as to have cement interposed on all surfaces. Acrylic cement as I used it was a ‘grout’ and not an adhesive” (Charnley, 1974 p. 1027). He estimated that using cement resulted in a bond that was 200 times greater than conventional fixation techniques. 
A number of prospective studies followed THA cohorts in the 1960s and 1970s that attempted to evaluate the clinical effectiveness of these devices. Charnley low friction arthroplasties performed between November, 1962, and December, 1965, for example, produced three long-term prospective studies published in 1971 by Eftekhar, in 1972 by Charnley and in 1973 by Charnley and Cupic (Charnley, 1972; Charnley and Cupic, 1973; Eftekhar, 1971). Throughout the 1960s and 1970s, the use of Charnley’s method for THA became more prevalent. His second surgery series (1967-1968), which included younger patients and utilized more established surgical techniques, had a reported success rate of 97.35% after 8.3 years (Griffith et al., 1978). Total hip arthroplasty using the Charnley method began at the Mayo Clinic on March 1, 1969 (Beckenbaugh and Ilstrup, 1978). 
Beckenbaugh and Ilstrip (1978) later reported on the long term success of Charnley THA replacements completed at the Mayo Clinic during 1969 and 1970. The authors found that for a series of 271 patient with Charnley devices “at five years, 77% had an excellent rating and 16 percent, a good rating” (Beckenbaugh and Ilstrup, 1978 p. 307). During the two-year period from October, 1968, to October, 1970, one hundred Charnley low-friction arthroplasties were performed in 90 patients at the Hospital for Special Surgery in New York City (Salvati et al., 1981). After five years, 86 of 99 hips had good or excellent results (85%) and, at 10 years, 59 of 69 available hips from the original cohort had good to excellent results (88%) (Salvati et al., 1981). 
A number of these prospective studies also evaluated THA patient radiographs in order to determine whether signs of loosening could be identified in the absence of clinical symptoms (Beckenbaugh and Ilstrup, 1978; Griffith et al., 1978). The purpose of these roentgenographic evaluations was to determine whether certain radiological features could be used to identify patients at risk of future failure. Radiological signs of pathology at the bone-cement interface were observed in 12% of patients that were followed in Charnley’s 1967-68 series, whereas just over 3% of this same series required revision surgery (Griffith et al., 1978). At the Mayo Clinic, researchers noted that “by far the most significant roentgenographic finding from the evaluation of these 255 hips with an average follow-up of five and a half years was evidence of loosening of the femoral component in sixty-one hips (24 per cent)” (Beckenbaugh and Ilstrup, 1978 p. 310). After ten years, 36.8% of these patients showed radiographic evidence of loosening of the femoral and/or the acetabular component; of these, only 8.2% had undergone revision (Stauffer, 1982). Surgeons at the University of California, Los Angeles (UCLA) reported similar findings around that time; radiographic evidence of loosening was observed in 19.5% of a series of 350 patients after two to five years, but only 2.2% of the same cohort had symptomatic loosening that required revision surgery (Amstutz et al., 1976). 
In the late 1970s, even though his devices were generally considered quite successful, loosening was still reported as an outcome associated with Charnley prostheses (Amstutz et al., 1976). Amstutz et al. (1976) noted that loosening occurred in one of three ways, including: “(1) In a mechanical sense, motion will occur between components in a composite structure such as total joint replacement where materials of different elasticity are used in combination and where there is inadequate bonding; (2) radiographic loosening is demonstrated by the presence of either acrylic cracks or radiolucent zones either at the bone/acrylic or acrylic-prosthesis interface; (3) a less stringent definition of loosening related to gross visual inspection for motion such as at initial or revision surgery after applying manual force to the prosthetic component” (Amstutz et al., 1976 p. 102-103). The authors further noted that loosening “may or may not be clinically symptomatic” (Amstutz et al., 1976 p. 103). Amstutz et al. (1976) concluded that “inadequate surgical and cement technique [wa]s the main reason for the observed cases of loosening in addition to mechanical and physiologic factors” in THA patients at the time (p. 115). 
By the mid-1980s, orthopedic surgeons reported that the main reasons for revision (i.e. failure) of the Charnley devices were “component loosening, fracture of the femoral stem, and body reaction to wear debris” (Isaac et al., 1986 p. 19). Isaac et al. (1986) noted that “[l]oosening is considered to be the most serious problem” associated with the Charnley low friction arthroplasties (p. 19). During the 1980s, the cause of loosening was not completely understood; however, the work of some researchers suggested that a high penetration rate of femoral heads into acetabular cups was a primary cause of component loosening in Charnley devices (Atkinson et al., 1985; Isaac et al., 1986; Wroblewski, 1985). Isaac et al., for example, observed that “[p]articles of acrylic cement” were “embedded in the majority of Charnley acetabular cups” (Isaac et al., 1986 p. 21). They further noted that “[c]ement particles have a deleterious effect on the performance of Charnley joints and may lead to premature failure of the prostheses” (Isaac et al., 1986, p. 22).
The initial observations on localized osteolysis around cemented THA prostheses were reported by Charnley (1975), Harris et al. (1976), and Willert et al. (1978). Originally described as “localized bone resorption,” the extent and distribution of bone lysis differed substantially from what had previously been seen in “normal” loosening. The authors stated that the histological features of the bone resorption were “characterized by sheets of macrophages, birefringent particulate matter (which was intracellular or extracellular, or both), a few giant cells, and bone lysis in the absence of either acute or chronic inflammatory cells” (Harris et al., 1976 p. 616). At this time, whether cement particles or debris from the articulating surface, or both, were responsible for the component loosening in these devices remained unclear. Salvati et al. (1981) noted that it “is reasonable to expect that improved materials, design, and cementing techniques, as currently utilized, will allow successful long-term results in an even higher percentage of patients” (p. 766).

Toxicological Aspects of MoM Implants
[bookmark: _Toc485814930]Carcinogenetic Potential of MoM Devices

Much of the early emphasis in understanding the carcinogenic potential of MoM implants focused on understanding whether rodent tumors first associated with cobalt and cobalt chromium implants in the 1950s were relevant to humans (Howie and Vernon-Roberts, 1988b; Oppenheimer et al., 1956; Swanson et al., 1973).  By the end of the 1980s, studies were indicating that malignant tumors associated with implanted metal alloys that had been observed for many decades were specific to rodents (Northup, 1989). As described below, research beginning in the 1990s focused on three lines of evidence about cancer hazards, including epidemiology, biomarkers of DNA effects in humans, and genotoxicity assays. Many of the epidemiological studies focused on European cohorts based on the availability of government-funded registries with early generation devices, with more limited data and shorter follow-up times for contemporary devices. Observations of DNA effects in MoM patients were observed, but, over time, these were placed in the context of general effects that appeared to occur in hip implants of various material designs. Finally, many in vitro genotoxicity studies with alloy particles were conducted, but the biological plausibility of these studies was not fully interpreted until a review was completed that derived human equivalent adverse effect levels for studies published between 1954 and 2013 (Christian et al. 2014).
   
[bookmark: _Toc485814931]Early animal research (1950s)

Research addressing the carcinogenic potential of plastic and metal implants first began to be reported in the 1950s for various plastics or synthetic resins films, metal foils made of silver, tantalum, and Co and Cr-containing Vitallium and stainless steel alloys (Laskin et al., 1954; Oppenheimer et al., 1956; Oppenheimer et al., 1952).  These materials elicited tumors in laboratory animals at sites adjacent to implant location; however, the relevance of these findings to humans remained uncertain (Ray and Meader, 1957). Oppenheimer et al. (1956), for example, found a 10% sarcoma incidence in Wistar rats following abdominal wall subcutaneous implantation of two 1.5 cm Vitallium circles or squares with a 725 day follow-up;  no control animals were used, however. Oppenheimer et al. (1956) observed that “the influence of the physical form of materials cannot be completely excluded” (p. 440). In a study conducted a few years later, Mitchell et al. (1960) did not find an increase in tumor incidence above controls following subcutaneous implant of four 2 x 2 mm Vitallium pellets in Wistar rats after 27 months. The authors noted that “[p]erhaps the physical form of the small pellets may be a factor, since other implants have been foils, disks, and powders” (Mitchell et al., 1960 p. 1028). Nonetheless, Oppenheimer et al.’s (1956) findings were similar to those of Heath (1956), which showed (with controls) that rectangular Co particles with dimensions between 3.5 m x 3.5 m and 100 m x 100 m also elicited local tumors in hooded strain rats following intramuscular injection after 24 months or 28 months of follow-up. Local tumor or foreign body reactions were observed in additional studies following subcutaneous injections of metal (including Co-Cr alloy) and polymer powders in studies conducted a few years later (Cohen, 1959; Oppenheimer et al., 1961). 
Although malignant tumors in animals had been observed from metal injection as early as 1942, the local tumors reported by Oppenheimer et al. (1956) for silver, stainless steel, and tantalum and Vitallium foils, and by Heath (1956) for Co powder, are considered to be the earliest reports aimed at understanding the carcinogenic potential of dental and orthopedic implants (Heath, 1956; Lewis and Sunderman, 1996; Mitchell et al., 1960) . Systemic (distant) tumors associated with the test materials were generally not reported or evaluated in the early studies. Bering et al. (1955), for example, observed breast tumors in seven female rats and one hepatoma in a male rat implanted with pure polyethylene film, but they considered these tumors to be unrelated to the test article. Hueper (1955) found three remote tumors in rats injected interfemorally with Cr particulate (< 4 m) without treated controls, and noted “several weighty reasons which militate against the assumption of a causal relationship between the chemicals administered and the development of the particular tumors listed” (p. 461).  Ray and Meader (1957) summarized the consensus regarding these early in vivo studies, noting that “[a]lthough there is little direct evidence that these types of materials will induce cancer in man, this possibility should be kept in mind in deciding upon the use of surgical techniques which involve leaving plastics or metals in the body permanently” (p. 89).  Thus, while no concern for carcinogenicity existed based on human experience for the materials being evaluated, the results of the early animal studies clearly demonstrated a need for further research.
  
[bookmark: _Toc485814932]Evaluation of the animal model (1960s-1990s)

Several animal studies were conducted between the 1960s and 1990s with metal materials to help understand whether the local malignant tumor response was unique to rodents, or had implications for human outcomes. Initially, animal studies focused on selecting more physiological representative materials and methods of administration, as reports of malignant tumors in humans at the site of implant continued to be rare. Swanson et al. (1973) conducted the first animal study with wear particles (Vitallium) generated using hip (McKee-Farrar) and knee (Shiers, Walldius) simulators in 1973. The particles were injected into the thigh muscle of hooded-strain rats, and local sarcomas were observed in 37% of 41 rats. In 1976, however, Sinbaldi et al. noted that “[t]here are very few clinical reports in the literature of malignant tumors associated with metallic implants in either human or veterinary medicine” (Sinibaldi et al., 1976 p. 259).  These limited cases reported a potential association between the use of dissimilar metals and corrosion in humans, cats, or dogs (Dube and Fisher, 1972; McDougall, 1956; Sinibaldi et al., 1976).
 With the continued incongruence between the intramuscular or subcutaneous animal testing results and human experience, studies in the1980s and 1990s adopted more representative interarticular and intraosseous animal implantation techniques. These studies found fewer or no tumors, indicating that the route of exposure was a critical consideration in animal implant studies (Bouchard et al., 1996; Howie and Vernon-Roberts, 1988b; Lewis et al., 1995; Memoli et al., 1986; Pauli et al., 1986). Memoli et al. (1986), for example, performed intraosseous implantation of metal alloy powders, and reported “a small increase in implant site malignancies… in animals bearing implant materials similar to those used for orthopedic implants, especially those composed of metal alloys having a high content of cobalt, chromium and nickel” (p. 354). Howie & Vernon-Roberts (1988b) found no local or systemic tumors following intraarticular injection of Vitallium (<3 m) particles into rat knees with up to 104 weeks of follow-up. By the late 1980s, however, the local malignant tumors that had been observed with implanted alloys were determined to likely be unique to rodents. This cofounding factor in rodents was termed the Oppenheimer effect, and was described as “the development of neoplastic cells around the implant which has been attributed to implant shape and size, local disruption of vascularization, oxygen deprivation, and accumulation of waste products” (Northup, 1989 p. 198). 
In 1996, Lewis and Sundermann (1996) noted that “[t]he issue of potential carcinogenesis remains a concern to orthopaedic surgeons despite the evidence that the frequency of sarcomatous degeneration after joint reconstruction must be extremely low” (p. S267). They recommended the intraarticular injection of Vitallium wear debris in Fisher 344 rats as an appropriate model for potential carcinogenesis. In 1999, however, IARC concluded that local “foreign body carcinogenesis” in rodents was a fairly common response to inert materials, and that discerning whether the local sarcomas in these studies were related to the chemical properties, or rather simply the presence of a foreign physical structure, was difficult (IARC, 1999).  The development of mesenchymal lesions as a result of foreign body-induced carcinogenesis was considered unique to rodents, and does not seem to be predictive of the cancer risk in humans (Moser et al., 2005; Northup, 1989). Hence, the majority of historical animal data based on metal injection or implantation were not necessarily indicative of a cancer hazard in humans (for tumors at the site of implantation). 
Throughout this period, the evidence continued to indicate a low human risk of local tumors from implanted medical devices of all types, and many researchers expressed the view that there was “no proof that joint arthroplasty is associated with the development of these very rare tumors” (Langkamer et al., 1997 p. 816).  Brand (1994) noted, for example, that “one finds worldwide on the average hardly more than maybe two foreign body neoplasms reported each year” (p. 337). Cole et al. (1997)  also noted “[t]he relatively low incidence and short latency periods reported for tumor formation in association with orthopedic implants speaks against a cause-and-effect relationship, and more than likely suggests a coincidental occurrence” (p. 562).  The role of potentially undiscovered synergistic interactions, such as concurrent infection, however, was unknown, and investigators continued to recommend surveillance via tumor registries to complete a more definitive evaluation (Aboulafia et al., 1994).  
Some of the animal studies conducted in this era evaluated the occurrence of systemic tumors. In the few instances in which distant tumors were observed, the results indicated that the implanted material was not a causative factor (Bouchard et al., 1996; Carter and Roe, 1969; Pauli et al., 1986).  Pauli et al. (1986), for example, concluded that distant tumors observed in their study were a “’spontaneous’ expression of the advanced age” of the experimental rats (p. 102). Similarly, Memoli et al. (1986) observed an increased incidence of lymphoma in rats intraosseously implanted with cobalt-based alloy powder, but the authors stated that “[d]espite the absence of such tumors in control animals, the incidence is not appreciably different from the range reported to occur spontaneously in Sprague Dawley rats,” and that the results may be “related to the duration of observation since these tumors tend to appear late in the life-span of these animals” (p. 354). With respect to humans, Brand (1994) noted “there is so far no evidence” for “tumors induced chemically by implant components” (p. 337) including wear debris of alloy components.



[bookmark: _Toc485814933]Focus on epidemiology, genotoxicity assays and DNA effects (1990s-2016)

The problems that were identified with using a rodent carcinogenesis model for metal implants, as well as the continued concerns of the public and surgeons regarding the potential for local or systemic malignant tumors, prompted the examination of alternative lines of evidence for or against the carcinogenic potential of implanted cobalt and chromium alloys. Brand (1994) noted, “if implant-associated cancer does not present a major problem, cancerphobia may, and this affliction creates more often than not the most painful and frustrating circumstances for everybody involved” (p. 337). By the mid-1990s, the available epidemiological studies had short follow-up times (typically ten years or fewer) relative to potential latency periods, but some studies suggested the potential for an increased risk of lymphoma or leukemia (Case et al., 1996; Coleman, 1996; Gillespie et al., 1988; Mathiesen et al., 1995; Visuri and Koskenvuo, 1991). These observations were considered tentative because of short follow-up times and small populations (Case et al., 1996). For example, Visuri and Kosenvuo (1991) noted “[t]he slightly increased risk for lymphomas and leukemias of the present series remains obscure” (p. 140), and acknowledged that “a lifetime follow up is needed for further information” (p. 141). Concerns about cancer associated with metal alloy implants were addressed by three areas of focus in the 1990s and 2000s, including epidemiology studies of cancer incidence in implant patients with sufficient population size and follow-up time, measures of DNA effects in implant patients, and genotoxicity studies with metal alloy particles and ions (discussed in further detail below). Interest in these areas was generally motivated by a desire to address surgeon and patient concerns, as well as to clarify the early epidemiological findings. Work in each of these focus areas proceeded on parallel lines of investigation.

Focus 1: Epidemiology studies

The first area of focus after the mid-1990s was on review of case reports, and the conduct of epidemiology studies with sufficient population size and follow-up time. Case reports of malignancy at the site of THA continues to be rarely reported in the western literature, with two reviews identifying approximately only 50 reported cases (Visuri et al., 2006; Yoon et al., 2012), many of which are sarcomas in MoP patients. Thus, most recent attention focused on human epidemiology studies, as outcomes began to be reported from several national registries for hip and knee prosthesis patients that were established in the late 1980s (Table 1). These registries, which are typically government-funded and administered by orthopedic organizations, are national level databases designed as post-market surveillance systems, and collect data on demographic and diagnostic characteristics of patients, procedure type (THA, revision, or hemiarthroplasty), types of prostheses, revision rates, and reasons for revision. Because most of the implant registries are in European countries, the vast majority of the implant cancer studies involve European patients (e.g., Finland, Sweden and the UK). Most of these studies focus on systemic cancer risk, although an epidemiologic study of local cancers in MoP hip implant patients (31,651 Finnish MoP patients), concluded that “[n]o sarcoma was observed at the site of a prosthesis” (Paavolainen et al., 1999 p. 272). Similarly, Visuri et al. (2006) concluded that “[t]he incidence of bone and soft tissue sarcomas in THA patients is somewhat lower than that in [the] general population” in Nordic cohorts (p. 319).  These findings are consistent with the aforementioned observation that sarcomas in implanted animals are likely to be a response that is specific to test animals.  
In the first published study to focus specifically on the systemic cancer risk for MoM  patients, Visuri & Koskenvuo (1991) reported no increase in total cancers, but an increased incidence of lymphomas and leukemias (RR: 3.01, 95% CI: 1.11-6.56) in 433 Finnish patients with a McKee-Farrar MoM implant.  When Visuri et al. (1996) subsequently studied a larger cohort of Finnish registry patients with McKee Farrar MoM (n=579) and Brunswik and Lubinus MoP (n=1585) hip implants; however, not only was no increase in total cancers found, but also no increase of any cancer type (including leukemia and lymphomas) in either the MoM or MoP group. The authors thus concluded that “factors other than total hip arthroplasty play a major role in the origin of cancer” in implant patients (Visuri et al., 1996 p. S288).  
At about this time, The Joint Replacement Institute (currently associated with St. Vincent Medical Center in Los Angeles, CA) published a consensus document regarding latency and potential cancer risk in MoM patients.  Specifically, it noted that “[i]f the latency period for tumor induction is approximately 20 years, increased exposure to metal may not be a problem in older patients. However, younger patients can outlive the latency period and this is a concern” (Amstutz et al., 1996 p. S303).  The MoM studies conducted up to that time by Visuri & Koskenvuo (1991) and Visuri et al. (1996) had mean follow-up periods of approximately nine and 16 years (respectively).   
Several studies with longer follow-up periods, and generally much larger cohort sizes were published in the subsequent years. Paavolainen et al. (1999, 2002) found no increased incidence of total cancers, nor any cancer type in 24,638 Finnish MoP patients with a mean follow-up period of 6.2 years; no cancer risks were observed in the subgroup with a follow-up period of ten years or more. Ten years later, a re-evaluation of this cohort was published; at this time, the mean follow-up period had increased to 12.6 years (Visuri et al., 2010b). Prostate cancer risk was increased at the 11-20 year follow-up group, but not in the >20 year follow-up group. No other cancer types were significantly increased in any follow-up period, and the authors concluded, “[w]e found no increased cancer risk in patients with conventional THA after an average of 13 years and up to 25 years follow-up” (Visuri et al., 2010b p. 77). They also noted that “a 20-40 year latent period is known to be required for some solid malignant tumors,” and that even longer follow-up periods would therefore be required to evaluate risks in “younger patients expected to use their THA prostheses for more than 30 years” (Visuri et al., 2010b p. 80).  
The same year, Visuri et al. (2010a) updated their initial analysis of 579 McKee Farrar MoM and 1585 MoP hip implants; the mean follow-up period was approximately 18 and 17 years, respectively (Visuri et al., 1996). The authors found no increased incidence of any cancer type and no increased cancers in the subgroup with >20 years follow-up. The authors concluded that “[b]oth M[o]M and M[o]P prostheses are safe based on total and site-specific mortality of recipients during the first 20 postoperative years in comparison with the general population” (Visuri et al., 2010a p. 1). The authors also suggested that, because nanometer sized CoCr particles had been reported as “induc[ing] a greater loss of viability in older human fibroblast[s] in vitro” than in younger fibroblasts, “even longer follow-up times are needed to estimate the risk of death in patients with modern M[o]M bearings” (Visuri et al., 2010a p. 6).  
Recently, the initial outcomes from second generation MoM devices have been reported. Makela et al. (2012) evaluated cancer rates in 10,728 Finnish MoM patients with contemporary devices (brand not identified) with a mean follow-up of 3.6 years; total cancer rates were not increased, but basal cell carcinoma rates were significantly increased (SIR: 1.37, 95% CI: 1.15 to 1.61), which the authors suggested “could be a chance finding” (p. 2).  In 2014, Makela et al. (2014) updated their analysis of this cohort (with an updated mean follow-up of 4.6 years) and concluded that “[t]he overall risk of cancer or risk of death because of cancer is not increased after metal-on-metal hip replacement” (p.32). They did, however, once again find a statistically significant higher rate of basal cell carcinoma (RR: 1.35, 95% CI: 1.16-1.55), which they again concluded “may be elevated by chance alone” (p. 36).
Smith et al. (2012b) conducted one of the largest study of contemporary (post-2000) MoM implants to date; the authors reported no increased incidence of total cancers or cancer of any type in 21,264  MoM THR patients or 19,312 MoM resurfacing patients (implant brands were not identified) in the UK, and concluded that “there was no evidence that metal-on-metal bearing surfaces were associated with an increased risk of any cancer diagnosis in the seven years after surgery” (p. 1).  The mean follow-up period was three years, which the authors noted was “short”; they indicated that more longitudinal data and research are needed (p. 1).  Lalmohamed et al. (2013) reported no increased incidence in total cancer or cancer of any type in 11,540 English and Welsh MoM patients (implant brands not specified); the mean follow-up time was 3.2 years.  
 Several of the published cancer epidemiology studies and meta-analyses that did not report specific implant types and/or several different implant types are presented in Table 1.  In general, these studies have findings similar to those of the MoM/MoP studies, in that: 1) many of the cohorts were European (Scandinavian); 2) all studies (with one exception: Brewster et al., 2013) reported no increase in total cancers; 3) most studies had a mean follow-up of ten years or fewer; and 4) most of the investigators concluded that longer follow-up periods would be helpful.  
Unlike the specific evaluations of the MoM/MoP patients, however, several of these studies reported an increased risk of specific cancer types.  As summarized in Table 1, for example, an increased risk of melanoma was reported in Nyren et al. (1995),  Signorello et al. (2001), Visuri et al. (2003), Onega et al. (2006), Visuri et al. (2010b), and Makela et al. (2012, 2014) (non-MoM patients), while an increased risk of prostate cancer was reported in Nyren et al. (1995), Signorello et al. (2001), Onega et al. (2006), and Brewster et al. (2013).  Because of the lack of detail regarding implant types in these studies, associating the increased cancer rates to any particular implant composition (e.g., metal, polyethylene, ceramic) is difficult. More importantly, in the studies that reported an increased cancer risk of some type, the authors concluded that whether or not the increase was implant-related was unclear, and none of the studies suggested that implants were unsafe.  Nyren et al. (1995), for example, evaluated 39,154  Swedish hip implant patients, and reported a significant increased incidence of kidney, prostate, and melanoma cancer among patients after five to nine years of follow-up; the incidence of kidney cancer was greatest at 10-25 years of follow-up. The authors concluded that although “the small but significant increases in kidney and prostate cancers… deserve further study,” the “overall cancer risk appears to be negligible from a public health perspective, and our results have not produced any strong evidence against continued use of these devices” (Nyren et al., 1995 p. 32).  
Onega et al. (2006) also noted the lack of an “obvious mechanism” (p. 1532) to explain the increased incidences of melanoma and prostate cancer observed in their meta-analysis of 173,166 hip implant patients. They concluded that the prostate cancer risk was probably not due to the implant, but to “increased surveillance among arthroplasty patients, leading to higher detection rates,” while the melanoma risk was “likely… the result of chance or bias” (Onega et al., 2006 p. 1536). 
Brewster et al. (2013) was also the only study to report an increase in total cancers (the cohort included 70,655 patients in Scotland with various device types, including contemporary devices), but the authors noted that the increase “was small in magnitude and could easily be the result of confounding” (p. 1889). The authors concluded that “these results do not suggest a major cause for concern[;] [h]owever, the duration of follow-up of patients receiving recently introduced, new generation MoM prostheses is too short to rule out a genuinely increased risk of cancer entirely” (Brewster et al., 2013 p. 1883).
In summary, numerous epidemiology studies of total and specific cancer rates in implant patients have been published over the past 25 years. In many of these studies, the incidence of certain cancer types is significantly decreased (particularly lung cancer and digestive cancers), which has consistently been ascribed to a “healthy patient” effect (Goldacre et al., 2005 p. 1299-1300; Visuri et al., 2003).  Most of the studies concluded that hip implants (of any device type) do not pose a significant cancer risk, although additional studies with longer latency periods were often deemed to be warranted.  



Focus 2: DNA Effects in Humans

The second area of study focus was on markers of DNA effects in human implant patients, including increased peripheral blood and/or local tissue levels of sister chromatid exchange (SCE), micronuclei, and chromosomal aberrations (translocations, deletions, fragmentations, breaks, and dicentrics), as well as urinary 8-OHdG (a marker of oxidative DNA damage). These studies generally involved comparisons of DNA effects in: 1) patients undergoing revision vs patients with well-functioning implants; 2) patients with implants for longer (3-4 years) vs. shorter (1-2 years) time frames; or 3) post- vs. pre-surgery samples taken from the same patient.  Case et al. (1996) first performed a preliminary study in 1996 with hip revision (n = 69), knee revision (n = 2), or control (n = 30) patients to evaluate the biologic plausibility of the risk of malignancy including lymphoma and leukemia that had been suggested by the earlier epidemiology studies (Gillespie et al., 1988; Visuri and Koskenvuo, 1991). Chromosomal aberrations were increased in bone marrow adjacent to the implant, but not in the more distant ileac crest marrow. Most of the subsequent studies examining markers of DNA damage have reported some measure of increased DNA effects in peripheral blood (Doherty et al., 2001; Dunstan et al., 2008; Kazi et al., 2013; Ladon et al., 2005; Ladon et al., 2004), urine (Pilger et al., 2002), or local tissues (Case et al., 1996; Landgraeber et al., 2010). One study, however, reported no increased incidence of sister chromatid exchanges and micronuclei in lymphocytes six months following implant of Metasul device hip prosthesis in 30 patients (Masse et al., 2003). 
Overall, the results suggested that hip implant patients, even those with well-functioning implants, have increased levels of adverse DNA effects in local tissues and peripheral blood cells. DNA effects occur irrespective of the biomaterial of the articulating surfaces, since all implant biomaterials studied (CoCr, ceramic, TiAlV) were associated with some genetic changes. Thus, the generic response appears to be a general response not specific to the type of implanted material, but possibly a non-specific inflammatory or foreign body response that occurred in blood cells originating from the bone marrow adjacent to the implant (Christian et al., 2014). Davies et al. (2005a) found that synovial fluid from osteoarthritic joints induced DNA effects in vitro, and the authors suggested that this induction was due to some factor of the arthritic process (cytokines or other inflammatory factors). Inflammation can cause measurable DNA effects in circulating blood cells in osteoarthritic patients (Castellanos et al., 2004; Kinne et al., 2003; Kinne et al., 2001). Stable implants cause some degree of a chronic, local inflammatory response, which thus provides a plausible explanation for the observation of increased DNA effects in peripheral blood cells in patients with various types of implants. Ladon et al. (2004) and Dunstan et al. (2008) both noted that the clinical consequences of the changes in chromosomal aberrations are unknown (Ladon et al., 2004). Many of the investigators concluded that further research would be needed to improve the predictive capabilities of DNA markers.  As discussed previously, MoM cohort studies with sufficient population size and follow-up time have not shown an increased cancer incidence in MoM patients; thus, the observation of DNA effects in these patients does not appear to be predictive of an increased cancer risk. Studies which evaluate persons with longer latency periods will continue to add more definitive results.

Focus 3: In Vitro Genotoxicity Assays 

The third area of focus to evaluate the cancer hazard was on the in vitro genotoxicity in human cell lines of metal alloys that include various particles such as CoCr, titanium, vanadium, stainless steel, and alumina ceramic particles (Bhabra et al., 2009; Coen et al., 2003; Daley et al., 2004; Papageorgiou et al., 2007a; Papageorgiou et al., 2008; Papageorgiou et al., 2007b; Parry et al., 2010; Raghunathan et al., 2013; Tsaousi et al., 2010). This work on metal alloys supplemented an extensive genotoxicity dataset for metal salts, (e.g., CoCl2 or CrCl3) that was developed starting in the late 1970s (Anderson et al., 1983; Capomazza and Botta, 1991; Colognato et al., 2008; Figgitt et al., 2010; Nakamuro et al., 1978; Nijs and Kirsch-Volders, 1986; Seoane and Dulout, 2001; Stella et al., 1982). Most studies used human fibroblasts and measures of DNA effects, including micronuclei formation, chromosomal aberrations (clastogenic events, translocations, and aneuploidy), reactive oxygen species (ROS) production, and oxidative DNA damage (8-OHdG formation). Genotoxic effects in the studies were reported with Co or Cr ion, as well as all tested particle types (CoCr, ceramic, etc.) and particle sizes (i.e., nano and micro) at some loading concentration; however, in general, the study authors did not discuss whether the tested concentrations were known to be biologically plausible. Thus, the relevance of these studies to the potential for carcinogenic effects in human remains unclear, and, in isolation, these studies primarily served to identify a hazard for genotoxic effects at sufficient dose.
In response to concerns about metal ions and particulates in humans associated with implant wear, genoxicity and tumorigenicity studies, as well as the findings of potential increased DNA damage markers in implant patients, were conducted. Christian et al. (2014) synthesized, assembled, and interpreted the available studies on in vitro human cell line studies, as well as the in vivo and in vitro animal tumor and genotoxicity studies, by developing dose metrics of comparison to relate the Co and Cr doses to normal hip implant wear rates. They identified No-observed-adverse-effect level (NOAEL) and/or lowest-observed-adverse-effect level (LOAEL) from total of 80 studies reviewed that were published between 1954 and 2013.  Materials used in implants that were evaluated by the authors included Co particles and ions, Cr particles and ions, and CoCr alloy particles. The NOAEL/LOAEL values were compared with body burdens of Co/Cr particles and ions that were calculated to exist in systemic tissues of hip implant patients under normal and excessive wear conditions. For example, in vitro particle assay doses were compared to likely hip implant patient doses by assuming ten years of normal wear (1 mm3/year) distributed into tissues associated with metal dissemination and elimination. The authors emphasized micronuclei and chromosomal abnormalities from the genotoxicity studies, because DNA damage, such as breaks and base oxidation, is associated with more frequent false positive results, and these initial genotoxic events may ultimately be repaired (in contrast to micronuclei formation and chromosomal abnormalities). 
The margin between the NOAEL/LOAEL and hip implant patient dose metric was termed an exposure quotient (EQ) by these authors (Christian et al., 2014). Across all the study types and Co or Cr forms, the majority of EQs exceeded 1000 for NOAELs, and 10,000 for LOAELs. The few studies with lower EQs generally reflected a lower reliability endpoint (i.e., DNA damage), or discordance in the dose-response curve. The results of this analysis demonstrated that systemic DNA effects would be highly unlikely to occur as a result of wear debris from a CoCr implant. No similar quantitative analyses have been conducted to date with ions or particles, other than those associated with CoCr implants. 

Chromium carcinogenicity evaluation  

Chromium in hip implants has been hypothesized to pose a potential carcinogenic hazard via a corrosion process and wear that oxidizes trivalent chromium, or Cr(III) to hexavalent chromium, or Cr(VI) (e.g. Griffin et al., 2012; Merritt and Brown, 1995). Cr(III) is an essential element that is not toxic except at appreciable doses, whereas Cr(VI) is a biologically active non-essential metal associated with lung carcinogenicity in occupational populations with sufficient lifetime cumulative exposure (ATSDR, 2012; Shi et al., 1999). Reducing conditions under oral or systemic exposure to chromium do not support a mechanism of oxidation of chromium or solubilized Cr(III) to Cr(VI) (De Flora et al., 1997; De Flora and Wetterhahn, 1989). The generation of Cr(VI) from Cr(III) metal in implants is generally considered to be unlikely (Hart et al., 2010; Jacobs et al., 1996; Urban et al., 1994). Nevertheless, concerns have persisted that local inflammatory conditions or macrophage responses may favor conditions thermodynamically favorable for oxidation of Cr(III) to Cr(VI). 
A Cr(III) oxidation mechanism was recently shown to be unlikely in an analysis of serum and red blood cell concentrations in 52 patients who had CoCr MoM THRs and were followed post-operatively for up to 24 months (Finley et al., 2017). Unlike Cr(III), Cr(VI) readily crosses the RBC membrane, reducing and binding permanently to cell ligands and hemoglobin (Finley et al., 1997; Kerger et al., 1997). Thus, this preferential increase in the Cr content of RBCs is a biomarker of Cr(VI) release in the body. Finley et al. (2017) “found no marked differences in mean and median RBC Cr concentrations pre- and post-surgery,” indicating “that blood Cr concentrations Cr(III) associated with metal implants do not pose an adverse health risk to patients” (p. 48). Other investigators have reached similar conclusions (Newton et al., 2012; Walter et al., 2008). Newton et al. (2012), for example, concluded that “Cr does not appear to associate with blood cells[,] suggest[ing] that the Cr species is the less toxic trivalent form” (p. 1643). While it cannot be ruled out that Cr(VI) could be generated locally under worst case highly acidic conditions, this chromium in the hexavalent state would be “very short lived and not circulated widely through the body” (Eiselstein et al., 2007 p. 702). Taken together, then, post-operative RBC/serum ratios, thermodynamic considerations, and the general absence of a discernible association between hip implants and cancer in epidemiological studies indicates that Cr present in blood and tissues of MoM hip implant patients does not appear to pose a carcinogenic hazard.

[bookmark: _Toc485814934]Summary

· Early rodent studies suggesting the formation of tumors upon implantation of metal alloys were shown to have no relevance to humans by the late 1980s.
· Renewed interest in the carcinogenic potential was, in part, prompted by a small-cohort epidemiological study published in 1991 that suggested an increased incidence of lymphomas and leukemias in implant patients.
· Subsequent studies with larger MoM and/or MoP cohorts, as well as contemporary hip implant devices, generally indicated no increased risk of specific cancers, and none of the studies reported an increase in total cancers. 
· The human epidemiology study outcomes were consistent with a comprehensive review of in vitro human cell line studies, and in vivo, and in vitro animal tumor and genotoxicity studies, thus indicating that systemic DNA effects are highly unlikely to occur as a result of wear debris from CoCr implants.
· Chromosomal aberrations observed in peripheral blood cells and periprosthetic tissue may represent a non-specific inflammatory response, and do not appear to be specific to MoM devices.
· Post-operative RBC/serum ratios and thermodynamic considerations indicates that the Cr present does not appear to pose a carcinogenic hazard in MoM patients.
· Case reports of local malignant tumors are extremely rare, and the available data does not support evidence of an increased incidence of local tumors in MoP or MoM hip implant patients.

[bookmark: _Toc485814935]Blood Metal Concentration in Patients with MoM Hip Implants

Prior to the 2000, few studies attempted to evaluate blood metal concentration as a potential biomarker for possible systemic health effects (Brodner et al., 1997). Trace metal tissue concentration analyses were infrequently performed because its complexity and detection limits were unsuitable for routine use. Concentrations of chromium and cobalt were known to be higher in MoM as compared to MoP devices but with unknown clinical relevance (Coleman et al., 1973; Jacobs et al., 1996; Savarino et al., 2002; Skipor et al., 2002). By the early 2000s, improved analytical methods and protocols lowered detection limits to below background concentrations (Case et al., 2001).  Beginning in the mid-2000s, research focused on 1) using blood concentration to monitor device performance and 2) consideration of whether a safe concentration could be determined in MoM hip implant patients. Investigators determined that variables such as wear depth, wear rate, inclination angle, and implant position were correlated with metal blood levels (De Haan et al., 2008; De Smet et al., 2008; Hart et al., 2008). Concurrently, case reports identifying systemic effects, including hearing loss, hypothyroidism, and cardiomyopathy, began to be published, and were first associated with metal devices implanted to revise failed ceramic prostheses (Oldenburg et al., 2009; Steens et al., 2006).   As described below, in the early to mid-2010s, several biokinetic and toxicological reviews were conducted to help interpret infrequent case reports of systemic effects associated with various blood concentrations, and to estimate blood concentrations unlikely to be associated with health effects in most patients. In addition, the utility of blood concentration measurements for assessing implant function was confirmed, but determining a clear relationship between blood concentration and localized lesions or clinical outcomes proved to be more difficult.    

[bookmark: _Toc485814936]Early studies (prior to the mid-1990s)

	Little was known about blood metal concentration and its potential clinical relevance in patients who underwent total hip replacement surgeries before the mid-2000s. In 1960, Ferguson et al. reported experimental evidence of corrosion of implant stainless steel, Vitallium, and other metal alloys based on tissue concentrations measured around the implants, but they did not measure blood concentration. Coleman et al. (1973) first reported on concentrations of “wear products,” indicating increased cobalt and chromium concentrations in blood, urine, and hair in patients who underwent total hip replacement (THR). Their study was also the first to compare blood metal concentrations between device types; the authors found a statistically significant increase in cobalt and chromium concentrations for MoM, but not MoP devices.  The authors concluded that this new information made it “possible to predict tentatively the change in concentration of cobalt and chromium in certain organs” (Coleman et al., 1973 p. 528). This early study had limited sample size and follow-up time, and did not report any clinical relevance of blood metal concentrations or relationship between blood levels and implant wear (Coleman et al., 1973). 
A few years later, Onkelinx (1976) noted the work of both Ferguson et al. (1960) and Coleman et al. (1973). This study prepared a compartmental analysis of cobalt metabolism using rats of various ages in “an effort to evaluate the potential systemic toxicity of cobalt-containing alloys commonly used in the fabrication of metallic implants” (Onkelinx, 1976 p. 426). A simple three-compartment model describing 57Co (II) in serum, urine, and feces estimated of an average Co plasma concentration in the rat for an continuous infusion of 1 g/hr/kg up to 12.9, 14.6 and 20.6 g/L for age groups averaging 35, 60 and 116 days, respectively. A similar analysis for trivalent chromium was published one year later, but these early models do not appear to have been used subsequently to evaluate hip implant patients until they were employed many years later in a cancer causation analysis (Christian et al., 2014; Onkelinx, 1976, 1977).
	Following these initial reports, Tager (1994) began monitoring blood concentrations in 1982, and subsequently, published a long-term study that evaluated the performance of McKee-Farrar prostheses that he had “been implanting… since 1967” (p. 72). The author investigated multiple areas to determine the device’s performance, including “[h]ematological detection of cobalt in patients’ blood” (Tager, 1994 p. 72). Tager (1994) reported “elevated levels of cobalt in the blood of… two patients [who were awaiting revision surgery for implant loosening] after 5 to 9 years of [implant] function” (p. 77).  The author noted that “all other patients, some of whom received bilateral hip joint replacements had normal levels of cobalt in their blood” (Tager, 1994 p. 77).  Further, Tager (1994) reported “normal levels of cobalt in the blood” of patients after 10 to 14 years of implantation (p. 77). These blood metal concentration analyses were conducted in 1982 and 1987 and had detection limits of 20 μg/L and 10 μg/L, respectively (Tager, 1994).  Detection limits in this era thus appear to be high compared to the general background blood concentrations of 0.04 to 0.9 for cobalt and 0.01 to 1.2 μg/L for chromium (Christian et al., 2014).   

[bookmark: _Toc485814937]Resurgence of MoM devices (mid 1990s-2000)

	A resurgence of interest in MoM hip implants was marked by a multidisciplinary symposium held to reconsider MoM as a possible alternative to polyethylene; the significance of metal in blood concentrations was discussed (Amstutz et al., 1996; Jacobs et al., 1996). Jacobs et al. (1996) observed increased serum chromium and cobalt concentrations in MoM hip patients with more than 20 years of follow-up. These authors suggested that the elevated blood metal concentrations were a reflection of excessive wear due to implant malfunction (Jacobs et al., 1996). Jacobs et al. (1996), for example, noted that the patient with “the highest levels of serum Co [and] serum Cr… had bilateral surface replacements” and developed ratcheting motion caused by “out of roundness of the ball or cup or both” and “an excessively vertical orientation” (p. S262). 
The authors reported that the blood metal concentrations in patients with MoM devices were significantly elevated compared to MoP or CoP devices (Jacobs et al., 1996). Although the authors were unsure of the “clinical importance” of their findings, they suggested that serum metal concentrations “may serve as useful markers for the performance” of MoM THRs (Jacobs et al., 1996 p. S262). The Jacobs et al. (1996) study appears to be the first to look at MoM THR patients using techniques to prevent contamination from sampling procedures and atomic absorption spectrophotometry to obtain satisfactory chromium and cobalt detection limits of 0.03 and 0.3 ng/ml, respectively. 
	Prior to the year 2000, there was “little information in the literature about cobalt levels and metal-on-metal bearing in THR” (Brodner et al., 1997 p. 319). Metal components had the potential to be less biologically inert than polyethylene components, but “no immunologic, toxic, or carcinogenic effects ha[d] been proven to occur due to metal particles or ions in patients with Co based metal on metal total hip replacements” (Doorn et al., 1996a p. S214).  During this time period, only a select few publications had examined the potential clinical significance of blood metal concentrations in MoM hip implant patients (Brodner et al., 1997; Coleman et al., 1973; Gleizes et al., 1999; Jacobs et al., 1996; Schaffer et al., 1999). The general consensus of such studies was that blood metal concentrations in MoM patients was significantly higher compared to CoP, MoP, and control patients (Brodner et al., 1997; Coleman et al., 1973; Gleizes et al., 1999; Jacobs et al., 1996; Schaffer et al., 1999). Schaffer et al. (1999), for example, reported “[a] significant postoperative elevation of the metal concentrations… for total hip replacement patients [in the MoM group] in contrast to the control group” (p. 839). During this time period, researchers employed various atomic absorption spectroscopy or irradiation methods to determine trace metal concentrations in blood, and a routine analytical method had yet to be determined (Brodner et al., 1997; Coleman et al., 1973; Gleizes et al., 1999; Jacobs et al., 1996; Schaffer et al., 1999). These preliminary studies concluded that “the toxicologic importance of these trace metal elevations ha[ve] not been established” and “[l]ong-term studies [we]re needed to determine the risk of… cobalt and chromium toxicity” (Jacobs et al., 1996 p. S256; Schaffer et al., 1999 p. 839). These blood metal concentrations, the authors surmised, “may be useful markers for the tribologic performance of metal on metal bearings” (Jacobs et al., 1996 p. S256). 

[bookmark: _Toc485814938]Increased evaluation of blood metal ions (early 2000s)

	In the early 2000s, following the reintroduction of MoM bearings, multiple researchers started to document measured metal ion concentrations in the blood of implant patients (Brodner et al., 2003; Case et al., 2001; Clarke et al., 2003; Lhotka et al., 2003; MacDonald et al., 2003; Maezawa et al., 2002; Masse et al., 2003; Savarino et al., 2002; Skipor et al., 2002).  These researchers found that “metal-on-metal bearings produce[d] a significantly higher systemic release of cobalt and chromium… when compared with levels found in metal-on-[polyethylene]” or control patients (Lhotka et al., 2003; Savarino et al., 2002 p. 467; Skipor et al., 2002).  These researchers provided little interpretation of the clinical relevance or utility of their findings, however (Savarino et al., 2002; Skipor et al., 2002).  As noted by Skipor et al. (2002) during this time period, “no toxic effects have been directly attributed” to elevated blood metal concentrations (p. 1233). Researchers recommended more studies with longer observation periods in order to evaluate changes in blood metal concentrations and any potential associated chronic effects due to metal toxicity (Savarino et al., 2002; Skipor et al., 2002). 
The increase in the number of published papers on hip patient blood concentration research in the early 2000s reflected, in part, newly available routine methods for trace metals analysis of serum or whole blood. Atomic absorption methods that had been developed in the prior decade had sufficient detection limits with proper controls for contamination, but were time consuming. Case et al. (2001) developed a sensitive, “simple, rapid, and cost-effective” method to analyze trace metals in whole blood using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). This method provided the necessary tools for more precise analytical evaluation of blood metal concentrations.  

[bookmark: _Toc485814939]Evaluation of 2nd generation devices (2004-2016)

	Two pivotal topics were reported in 2004: first, Jacobs et al. (2004a) explored the possibility of using blood metal concentrations to monitor MoM hip implant performance and, second, MacDonald (2004) considered whether a “safe level” could be determined for metal ions in patients with MoM hip implants. Jacobs et al. (2004a) explored the “prospects of using blood, serum, and/or urine metal levels for monitoring the performance of metal-on-metal hip arthroplasty systems” (p. 59). Although this concept had “substantial potential,” “the methodology is technically challenging and the interpretation of the values requires an extensive database with correlative clinical information” that is currently unavailable (Jacobs et al., 2004a p. 59). For these reasons, the authors concluded that “it [wa]s premature to apply this to a large population of patients” (Jacobs et al., 2004a p. 64).  Jacobs et al. (2004a) also suggested that prospects of “monitoring patients for metal-related toxicity” were “even more distant,” as there was no “established toxicity threshold for the degradation products of cobalt alloy implants” (p. 64). 
	With regards to the safety of MoM hip implants, MacDonald et al. (2004a) stated that although there was “no conclusive evidence that the elevated cobalt and chromium levels ha[d] any detrimental side effects,” the measurable increase in metal ion concentration above background concentrations remained an “overriding concern” for MoM hip implant patients (MacDonald, 2004 p. 71, 76).  As “[a] safe level for metal ions ha[d] yet to be defined for patients with metal-on-metal hip arthroplasties,” MacDonald (2004) explored whether addressing these concerns was possible (p. 71). The author reported that current understanding of metal ions in patients was based on “a very small sample,” and that “a causal association between metal-on-metal bearings and any potential risk will require a significant number of patients and ultimately would require information from, and correlation between, total joint registries and other illness or mortality registries” (MacDonald, 2004 p. 76). Despite the lack of “safety parameters or safety levels,” MacDonald (2004) concluded that “[a] metal-on-metal bearing [wa]s a viable alternative when selecting a bearing for patients receiving a hip prosthesis” (p. 76).  

Clinical relevance and significance of systemic blood metal concentrations 

	After McDonald (2004)’s discussion of a safe level for metal ions, Cobb & Schmalzreid (2006) were among the first to explore the “clinical significance of metal ion release from cobalt-chromium metal-on-metal hip joint arthroplasty” (p. 385). The authors reported that although circulating cobalt and chromium concentrations were “several times the normal level,” these concentrations were “well within the limits identified as dangerous to health in workers exposed to industrial chemicals, and also considerably lower than the levels found to cause cell toxicity in vitro” (Cobb and Schmalzreid, 2006 p. 385). Based on this comprehensive review of clinical evidence of potential toxicity associated with MoM joint replacement, the authors did not report any clinical significance associated with blood metal concentrations (Cobb and Schmalzreid, 2006).  Similarly, Hart et al. (2006) “studied the relationship between metal ion levels and lymphocyte counts in patients with metal-on-metal hip resurfacings” (p. 449). The authors reported that blood cobalt and chromium concentrations were significantly elevated in patients with MoM implants compared to patients with MoP devices (Hart et al., 2006). They concluded that this elevation led to a statistically significant decrease in the level of CD8+ cells in the MoM group (Hart et al., 2006). Hart et al. (2006) reported “[a] threshold level of blood cobalt and chromium ions” associated with this decrease (p. 449). The authors noted, however, that there was “no evidence that [any] patients suffered as a result of this reduced level of CD8+ T-cells” (Hart et al., 2006 p. 449). 
	In the late 2000s, interest increased in the clinical relevance and significance of blood metal concentrations in MoM hip implant patients (Hart et al., 2009; Hur et al., 2008; Tkaczyk et al., 2010). Hur et al. (2008) investigated the relationship between renal failure and elevated serum cobalt and chromium concentrations. The authors found that mean serum cobalt concentrations was more than 100-fold higher in patients with renal disease, whereas serum chromium concentrations were within the normal range (Hur et al., 2008). Though side effects due to elevated ion concentrations, such as local toxicity, hypersensitivity, or occurrence of malignancy, were not observed, the authors believed that “MOM THA in patients with renal failure probably is not advisable” (Hur et al., 2008 p. 699). Hart et al. (2009) evaluated the correlation between circulating levels of cobalt and chromium and the absolute numbers of circulating lymphocytes. While the authors demonstrated that elevated blood metal concentrations reduced the number of circulating lymphocytes, they reported “no obvious clinical evidence that the reduction in the T-lymphocyte count found in MOM patients is detrimental” (Hart et al., 2009 p. 841). Tkaczyk et al. (2010) investigated whether increased metal ion concentrations would induce a state of oxidative stress in MoM patients. The authors reported “no significant difference in concentration[s] of oxidative stress markers” between MoM patients and patients without prostheses (Tkaczyk et al., 2010 p. 221).

Case Report Literature: 2006-2012


Around the same time period (approximately 2006-2012), several case reports of neurological effects, hypothyroidism, retinopathy, and/or cardiomyopathy in patients with failed MoP and MoM devices appeared in the literature (Apel et al., 2013; Ikeda et al., 2010; Machado et al., 2012; Mao et al., 2011; Oldenburg et al., 2009; Pazzaglia et al., 2011; Pelclova et al., 2012; Rizzetti et al., 2009; Steens et al., 2006; Tower, 2010).  In some patients, blood cobalt levels were extremely elevated, and there was little question that cobalt was the likely cause of these symptoms.  The first of these case reports, for example, involved a 53-year old MoP patient who developed neurological symptoms (including hearing loss, optic atrophy, and foot numbness) two years after a metal CoCr femoral head was used to replace a shattered ceramic head (Steens et al., 2006).  Microscopic ceramic shards remained in the joint space following the revision, resulting in excessive wear due to significant damage to the newly implanted metal device (Steens et al., 2006).  The patient’s blood Co concentration at the time of the second revision was 398 μg/L; after revision surgery, the patient’s blood Co concentration decreased rapidly, the numbness in his feet disappeared, his hearing returned, and his vision improved (Steens et al., 2006).  In other cases, however, in which the reported blood cobalt levels were far lower, the potential causative role of cobalt was less clear because of confounding pre-existing medical conditions or lack of clinical detail.  Mao et al. (2011), for example, noted that an implant patient with a serum Co concentration of 24 μg/L reportedly displayed neurological symptoms, including cognitive decline, memory difficulties, and depression, at five years post-implant; the authors suggested that the symptoms were cobalt-related, but they also stated that these conditions had been present since a cerebrovascular incident (“consistent with a stroke”) seven months prior (p. 649).  

Understanding the relationship between blood cobalt levels and cobalt symptoms 

Prior to 2012, dose-response relationships between blood cobalt levels and cobalt-induced symptoms had not yet been established, and therefore, interpreting a patient’s blood cobalt level as a potential root cause of the patient’s symptoms was often difficult, particularly in cases in which the blood cobalt levels were not dramatically elevated. In 2012. Unice et al. (2012) developed a biokinetic model to “predict… blood Co levels” due to metal implants (p. 2456- 2457). The authors explained that a better “[u]nderstanding [of] Co biokinetics is important to assess…the potential health implications for current Co-exposed populations” (Unice et al., 2012 p. 2457). In this model, Unice et al. (2012) accurately estimated the blood Co concentration of individuals who ingested a soluble Co supplement. The authors concluded that this methodology “can be used to help assess potential systemic health risks in individuals who may have elevated… blood Co levels due to… medical implants” (p. 2460). 
In a 2012 review, Finley et al. (2012) noted that while therapeutic doses of Co may yield desired biological responses and similar or higher doses may have adverse effects, “little [wa]s known regarding the dose-response relationships between blood Co concentrations and adverse health effects in various organ systems” (p. 493). With this in mind, the authors explored the “dose-response relationships for blood cobalt concentrations and health effects”; the target endpoints considered in this analysis were hematological, cardiovascular, endocrine, neurological, and reproductive (Finley et al., 2012 p. 493). Finley et al. (2012) reported that “blood Co concentrations of 300 μg/L and less have not been associated with adverse responses,” “[c]oncentrations of 300 μg/L and higher were associated with certain hematological and reversible endocrine responses,” and “concentrations of 700-800 μg Co/L and higher may pose a risk of more serious neurological, reproductive, or cardiac effects” (p. 493). The authors noted, however, that these concentrations referred to otherwise healthy individuals as individuals with compromised health conditions (such as renal impairment or malnutrition) may have increased susceptibility to adverse effects due to Co exposure (Finley et al., 2012).
	Subsequently, a series of 14-, 31-, 90-day oral dosing studies were conducted to evaluate cobalt blood pharmacokinetics, and the effects of dietary cobalt ingestion with the same valence (or form) of cobalt found in implant patients (Finley et al., 2013; Tvermoes et al., 2012; Tvermoes et al., 2014). In the 90-day study, blood samples were collected and analyzed before, during, and after dosing; similarly, hearing, vision, cardiac, and neurologic functions were assessed before, during, and after dosing (Tvermoes et al., 2014). The authors found that whole blood and serum cobalt concentrations up to 117 and 149 μg/L, respectively, were “not associated with clinically significant changes in [biochemical,] basic hematologic, and clinical variables” (Tvermoes et al., 2014 p. 632). The blood concentration data from these studies were used to develop a refined biokinetic model, which extended the previous model by including red blood cell kinetics, as well as a renal resorption pathway (Unice et al., 2014).  
A general toxicological review of cobalt systemic health hazards was published in 2013 (Paustenbach et al., 2013), and a second review that focused on interpreting blood Co concentrations in hip implant patients was published a year later (Paustenbach et al., 2014). The authors noted that there was “no blood cobalt criteria [to date] to help guide physicians when evaluating an individual hip implant patient’s risk of developing systemic health effects” (Paustenbach et al., 2014 p. 98). After reviewing oral dosing studies, toxicology data, and medical literature, the authors concluded that “significant systemic effects of cobalt will not occur below blood cobalt concentrations of 300 μg/L in most persons”  (Paustenbach et al., 2014 p. 98). The authors noted, however, that “[s]ome individuals with specific risk factors for increased susceptibility… may exhibit systemic effects at lower cobalt blood concentrations”  (Paustenbach et al., 2014 p. 98). The authors thus recommended that “[p]atients with metal-containing hip implants who exhibit signs or symptoms potentially related to polycythemia, hypothyroidism, neurological, or cardiac dysfunction should be clinically evaluated” (Paustenbach et al., 2014 p. 98). 
	 
Case report literature from 2012 to present

From 2012 to the present, the number of case reports evaluating systemic effects due to cobalt exposure in metal-containing hip implant patients increased significantly, while the overall incidence of reported systemic health effects has remained low (Allen et al., 2014; Dahms et al., 2014; Fox et al., 2016; Giampreti et al., 2014; Gilbert et al., 2013; Khan et al., 2015; Martin et al., 2015; Mosier et al., 2016; Ng et al., 2013; Prentice et al., 2013; Samar et al., 2015; van Lingen et al., 2013; Vasukutty and Minhas, 2016; Weber et al., 2014; Zywiel et al., 2013). The systemic effects described in these studies include cardiomyopathy, hypothyroidism, loss of hearing, loss of vision, and cognitive deficits. Reported blood Co concentrations were quite variable, ranging from 0.33 to 6521 μg/L (Gilbert et al., 2013; Prentice et al., 2013; Zywiel et al., 2013). Interestingly, patients with blood cobalt concentrations of 300 μg/L or less generally had compromising pre-existing health conditions, including renal impairment, obesity, and hemochromatosis (Khan et al., 2015; Martin et al., 2015; Mosier et al., 2016; Vasukutty and Minhas, 2016). These studies stand in contrast to those that reported blood cobalt concentrations in excess of 300 μg/L, which either did not report or reported no compromising pre-existing health conditions(Allen et al., 2014; Dahms et al., 2014; Fox et al., 2016; Giampreti et al., 2014; Gilbert et al., 2013; Zywiel et al., 2013). 
Two cohort studies examined the possible effects of blood cobalt concentrations in patients with well-functioning MoM devices and symptoms of systemic effects (Prentice et al., 2013; van Lingen et al., 2013). Van Lingen et al. (2013) evaluated systemic health effects (neurological, cardiac, renal, and endocrine) in hip implant patients with blood cobalt concentrations ranging from 18 to 88 μg/L. The authors reported “[n]o signs or symptoms of neurological dysfunction, cardiomyopathy, or renal or thyroid dysfunction could be… attributed to elevated cobalt levels” (p. 441). Prentice et al. (2013) conducted a cross-sectional analysis of 35 asymptomatic MoM patients vs. 35 individually matched asymptomatic patients who received a non-MoM device and found no difference in neuropsychological, renal, hepatic, or endocrine function between groups. The authors reported blood cobalt concentrations from 1.11 to 6.11 μg/L in MoM patients (Prentice et al., 2013).  While the authors found “subtle structural or functional differences in multiple solid organs” including bone and cardiac functions, the authors concluded that “long-term epidemiological studies in large populations… [we]re required to quantitate the risk of clinical disease” in these asymptomatic patients (Prentice et al., 2013 p. e66186).  These findings are in general agreement with the threshold (300 μg/L) of concern for systemic effects due to cobalt in otherwise healthy individuals proposed by Finley et al. (2012) and Paustenbach et al. (2014). 
Although no formal guidance regarding a threshold concentration for systemic effects due to cobalt currently exists, the threshold of concern for otherwise healthy individuals proposed by Finley et al. (2012) and Paustenbach et al. (2014) appears to be in general agreement with the published literature. As seen in the published literature and mentioned by Kwon et al. (2014), however, “[a] complete [clinical] history is essential to evaluate patients with MoM hip arthroplasty” (p. e4(2)). Consequently, medical history pertaining to compromising pre-existing health conditions such as renal impairment, obesity, diabetes, anemia, and hypercholesterolemia are critical for determining how to best interpret the hazard associated with different blood cobalt concentrations.

Using blood metal concentration to estimate implant function and wear

	Although many researchers had previously suggested that blood metal concentrations maybe useful for determining in vivo wear rates, studies demonstrating the utility of blood metal concentration for evaluating implant performance did not emerge until the late 2000s. In 2008, De Smet et al. conducted a study to investigate whether “serum ion levels could be used as a diagnostic tool by correlating blood… metal ion measurements with findings of… component wear at revision arthroplasty” (p. 202). The authors found a “surprisingly strong and highly significant correlation between the maximum wear-scar depth and the metal ion concentrations in… serum” (De Smet et al., 2008 p. 207). They concluded that “when high serum metal-ion measurements are recorded[,] there may be a problem with the implant and the patient should be closely monitored” (De Smet et al., 2008 p. 207). 
	During this same time period, Hart et al. (2008) and De Haan et al. (2008) studied blood metal concentration in relation to cup inclination angles. Hart et al. (2008) found significant increases in blood metal concentration when cup inclination angles exceeded 50° (1.6 ppb vs. 4.45 ppb for cobalt; 1.88 ppb vs. 4.3 ppb for chromium). The authors concluded that their study was “one of the first to demonstrate the potential of… measuring whole blood levels of cobalt and chromium for use as an in vivo biomarker of wear rate [and proper implant positioning] from a MOM hip” (Hart et al., 2008 p. 217). Similarly, De Haan et al. (2008) “examined the relationships between the serum levels of chromium and cobalt ions and the inclination angle” in MoM patients (p. 1291). The authors demonstrated that higher serum levels of metal ions were observed in patients with “[s]teeply-inclined…component” (with an abductionangle greater than 55°), “probably due to a greater risk of edge-loading” (De Haan et al., 2008 p. 1291).  In addition to blood measurements, interest in measuring metal levels in synovial fluid as a potential diagnostic tool were also reported; however, blood measurements were much more prevalent during this time (Davda et al., 2011).   
	In 2010, researchers were focused on understanding the utility of monitoring blood metal concentrations in MoM patients as a diagnostic tool for increased surveillance for implant malfunction and potential revision. Subsequently, a number of regulatory agencies attempted to establish a concentration of concern regarding blood metal concentrations. The MHRA published a “Medical Device Alert” concerning “[a]ll metal-on-metal (MoM) hip replacements” (MHRA, 2010 p. 1). This document provides “advice to healthcare professionals involved in the management of patients implanted with MoM hip replacements” (MHRA, 2010 p. 2). The agency recommended that all symptomatic patients and any asymptomatic patients who were “concerned about the MoM hip replacement” or who “had small component size (hip resurfacing arthroplasty only)” should consider a blood metal analysis of cobalt and chromium ion levels (MHRA, 2010 p. 2). Further, “if either cobalt or chromium ion levels are elevated above seven parts per billion (ppb), then a second test should be performed three months after the first in order to identify patients who require closer surveillance, which may include cross sectional imaging” (MHRA, 2010 p. 2). Finally, “if imaging reveals soft tissue reactions, fluid collections or tissue masses[,] then consider revision surgery” (MHRA, 2010 p. 2). In 2012, the MHRA provided an update stating that a “[b]lood metal ion level [greater than] [seven] ppb indicate[d] potential for soft tissue reaction,” and physicians should “[c]onsider need for revision” “[i]f imaging is abnormal and/or blood metal ion levels [are] rising” (MHRA, 2012 p. 6). Sampson et al. (2012) noted that the seven ppb blood concentration mentioned in the MHRA guidance document represented the “statistical extreme outlier” of the range of measured blood metal concentrations from Hart et al. 2006 and Hart et al. 2009 (p. 125). Hart et al. (2006) and Hart et al. (2009) evaluated circulating T-cells in implant patients but did not consider local tissue damage in asymptomatic patients with good orientation; the utility of using blood metal concentration as a biomarker therefore would require further investigation. 
	In addition to the MHRA, several other regulatory agencies including EFFORT (Europe), FDA (USA), TGA (Australia), and Health Canada provided follow-up guidance in 2012. Interestingly, not all agencies reported a metal ion threshold of concern. The FDA indicated that it “is important to note that at the current time, the FDA believes there is not enough evidence in the U.S. to demonstrate a correlation between a metal ion level and the presence of localized lesions, clinical outcomes and/or the need for revision surgery” (USFDA, 2015) .
After the MHRA published the guidance and update in 2010 and 2012, a number of researchers examined the usefulness of this biomarker as an indicator for wear to increase surveillance for at risk MoM hip implant patients (Chang et al., 2013; Griffin, 2014; Griffin et al., 2012; Hart et al., 2011; Hart et al., 2014; Hartmann et al., 2013; Sidaginamale et al., 2013; Van Der Straeten et al., 2013). Careful consideration should be given to different variables within each study before conclusions can be made.  For example, Hart et al. (2011) evaluated the sensitivity and specificity of the MHRA 7 ppb criterion as a metric to “discriminate between well and poorly functioning hips” in resurfacing implants (p. 1311).  However, their definition of a “failed” implant included patients “awaiting revision with an unexplained, failed MoM hip following assessment including history and examination, serial pelvic radiographs and blood infection screening” (Hart et al., 2011 p. 1308-1309).  Therefore, this study may only be specific to patients with unexplained pain, which may or may not have a direct relationship with implant function, especially given that pain could not be explained by radiographs.  Nonetheless, the authors reported that a 7 ppb threshold had 89% specificity, but only 52% sensitivity for detecting a failed MoM hip prosthesis, and that reducing the threshold to 4.97 ppb marginally improved the sensitivity (63%) but reduced the specificity (86%) (Hart et al., 2011).  
Van Der Straeten et al. (2013) performed a retrospective cohort study in patients with resurfacing devices and noted that “[w]ell-functioning group [blood metal] ions were lower than the poorly functioning group ion levels” (p. 377). Specifically, the authors reported that the “acceptable upper levels [for well-functioning devices] were: chromium (Cr) 4.6 μg/L, cobalt (Co) 4.0 μg/L unilateral and Cr 7.4 µg/L, Co 5.0 µg/L bilateral” (Van Der Straeten et al., 2013). The authors concluded that these levels were lower than the 7 ppb level proposed by MHRA but indicated that their “study had a very low tolerance for what was considered a poorly functioning hip” (Van Der Straeten et al., 2013 p. 383).  In 2013, Sidaginamale et al. (2013) conducted a study that compared blood and serum metal concentrations with MoM hip resurfacings and found that “[s]erum or whole blood Co and Cr concentrations are reliable indicators of the performance of a MoM bearing surface” (p. 94). The authors reported that “a [blood Co] level of 4.5 μg/l should be regarded as indicative of a poorly functioning” device as defined by abnormal wear ≥ 3 mm3/year (Sidaginamale et al., 2013 p. 94). The authors caveated, however, that “these results apply only to hip resurfacings” (Sidaginamale et al., 2013 p. 94).
In 2014, Hart et al. (2014) conducted a prospective cohort study to investigate the relationship between blood metal ion levels and implant failure in HRA and THA devices. The authors reported that “[p]atients with failed arthroplasty had significantly higher blood cobalt and chromium ion levels than did patients with non-failed arthroplasty” (Hart et al., 2014 p. 1091). Additionally, they reported that “the MHRA action level of 7 μg/L… [had] an overall sensitivity of 51% and a specificity of 93% for separating failed from moderately and well-functioning metal-on-metal hip arthroplasties” (Hart et al., 2014 p. 1096). Because of the low sensitivity, Hart et al. (2014) “discourage[d] surgeons from performing revision surgery based on blood metal ion levels alone” (p. 1091).  
Griffin et al. (2012) reported no correlation between metal concentration and tissue damage in MoM THR patients. Moreover, the authors opined that the MHRA 7 µg/L value is an arbitrary threshold, and that metal concentrations should not be used alone to monitor patients. Chang et al. (2013) reported that at a threshold of 5 µg/L, no association was identified between abnormal blood metal ion levels and patient symptoms, prosthetic femoral head size, or acetabular cup inclination. In addition, the authors stated that “abnormal plasma metal ions were associated with larger sizes of pseudotumors when present, but were not predictive of patient symptoms” (p. 2015). 
  The key topics regarding the utility of blood metal concentrations in MoM patients with regard to wear and implant function are well summarized by Kwon et al. (2014) and Matharu et al. (2015). Kwon et al. (2014) noted that there was “insufficient high-quality evidence… to develop a formal guideline for optimal management of patients with MoM THA[s]” and therefore published a “consensus paper… intended as an aid to the orthopedic surgeon[s] in the assessment and management of patients with MoM bearings” (p. e4(1)). The authors concluded that “[w]hile metal ion levels are a useful diagnostic test for assessing MoM hip arthroplasty, its role is limited to being an important adjunct to systemic clinical assessment and other investigative tools” (Kwon et al., 2014 p. e4(4)). Further, they concluded that “metal ion levels alone should not be relied on as the sole parameter to determine clinical recommendation for revision surgery” (Kwon et al., 2014 p. e4(4)). In 2015, Matharu et al. (2015) published an article that compared follow-up guidelines for MoM hip patients issued by five regulatory agencies worldwide. The authors reported that monitoring blood metal concentrations in both THA and resurfacing is useful so long as patient, analytical variation, and other risk factors are taken into account (Matharu et al., 2015). Furthermore, the authors concluded that future research is necessary to “refin[e]… blood metal ion thresholds for concern… and whether thresholds differ between implants,” as well as the need to address the “threshold for revision surgery” (Matharu et al., 2015 p. 1322).
The clinical data generated since the more widespread use of blood monitoring suggest that blood concentration may provide a useful approximate indicator of low, moderate, and high wear rates taking into account that physiological differences contribute to uncertainty in this measure. The reports of the use of blood concentration to differentiate patients with “normal” or “abnormal” implant function has the potential to be confounded by these physiological differences. More importantly, as of 2018, a consensus definition of “normal” and “abnormal” function has not been adopted, as assessments of device function are likely device-specific and dependent on patient management protocols. Thus, while blood concentration appears to be useful diagnostic metric when used in combination with other clinical assessment tools, there is currently a lack of support for the independent use of generic and inflexible blood threshold concentrations for patient management decisions.
[bookmark: _Toc485814940]Summary

· Prior to the introduction of second generation MoM devices in the late 1990s, MoM devices resulted in higher blood metal concentrations than MoP or CoC devices, but there was no evidence indicated increased immunologic, toxic, or carcinogenic effects. 
· Blood concentrations were not routinely monitored in hip implant patients prior the early 2000s because sample contamination and poor detection limits affected the data’s usefulness.
· Interest in using blood concentration to monitor implant performance and wear rates increased with the availability of robust analytical methods, and several studies showed that wear rates were highly correlated with circulating blood concentration in patients with normal kidney function. 
· Beginning in 2006, case reports, initially associated with MoM devices implanted following failed ceramic prostheses, indicated that concentrations in excess of 300 g/L were associated with neurological symptoms, hypothyroidism, and cardiomyopathy.
· Subsequent case reports with similar systemic effects were infrequently reported, noting blood concentrations between 14 and 625 g/L, but often reflecting patients with confounding pre-existing medical conditions, or an incomplete medical history.
· Following the development of a biokinetic model, human oral dosing studies, and toxicological assessments conducted between 2012 and 2014, systemic health effects were found unlikely to occur when circulating blood concentrations were below 300 g/L, with the exception of patients with specific risk factors, such as hypoalbuminemia.
· Despite attempts to correlate blood concentration with the incidence of local lesions or clinical outcomes, developing a consensus guideline relating concentration to local effects has proven difficult; concentration data are considered to be an ancillary line of evidence secondary to systemic clinical evaluation.

[bookmark: _Toc485814941]Health Effects of Wear Particles Released from MoM Implants

The study of MoM implant tribology and wear particle characteristics evolved over time, and included analysis of particles from both hip simulators and patient tissue. Tribology has been defined as “the science and technology of interacting surfaces in relative motion,” and was first studied in the 1960s (Catelas et al., 2011 p. 258; Jost, 1990).  With respect to local tissue effects, tribology studies have focused on wear mechanisms defined as “removal of material from the body in contact as a consequence of mechanical action” (Wimmer and Fischer, 2007p. 217).  Researchers have distinguished four major wear mechanisms for prosthetic joints: abrasion, surface fatigue, adhesion, and tribochemical reactions (Wimmer and Fischer, 2007) .  The result of the various wear mechanisms is material release from the tribolayer that can be particulate, ionic, or some combination of metal and tribomaterial, such as metal-protein complexes (Catelas et al., 2011).  Catelas et al. also noted that “characteristics of the tribomaterial are vastly different from the properties of the base material, including its chemical composition,” and that this difference was “of importance because under mild and ultra-mild wear conditions, particles mostly detach from the tribomaterial with characteristic chemical properties unlike the composition of the bulk material” (Catelas et al., 2011 p. 258).  
As described below, tribology and wear debris studies have focused on the physical and chemical characteristics of released particles in order to assess potential biological responses including tissue uptake, biocompatibility, and clearance. While the majority of in vitro and in vivo studies that analyzed properties of released particles from MoM implants indicated that particles were in the submicron to nanoscale size range and were composed of Cr with minimal or no Co content, previous toxicological studies assessing MoM wear debris did not always utilize particles with these characteristics, and will be discussed below (Madl et al., 2015a; Madl et al., 2015b).

[bookmark: _Toc485814942]Characterization of MoM wear particles in hip simulators and patient tissue


Over the years, hip prosthesis wear has been demonstrated to be highly dependent upon the materials used, tribological design, and finishing techniques (Tipper et al., 2005). Sir John Charnley was the first researcher to communicate the importance of tribological interactions/wear to the medical community as a result of the early challenges he encountered with artificial hip joints (Charnley, 1966-1967). Subsequently, Duff-Barclay and Spillman (1966; 1967) noted that there was a “need for data on the lubrication, wear, and friction characteristics of suitable biologically acceptable bearing materials” (Duff-Barclay et al., 1966; Duff-Barclay and Spillman, 1967 p. 90).  The authors studied the fluid conditions, wear rate, and friction effort of Charnley, McKee-Farrar, and Stanmore devices in 500 hour duration tests conducted in a hip simulator (Duff-Barclay and Spillman, 1967). These tests indicated that cobalt-chromium alloy “is the best for use in total human joint replacements requiring high load-carry, non-fatigue characteristics,” but that “[p]lastic-to-metal bearing combinations are also a practical proposition” (Duff-Barclay and Spillman, 1967 p. 102).  During this time period, researchers assessing prosthetic wear rates used a great variety of implant materials, experimental apparatuses, test conditions, and methods of wear measurement (Amstutz, 1968; Charnley and Halley, 1975; Dumbleton et al., 1974; Galante and Rostoker, 1973; McKellop et al., 1978; Miller et al., 1974; Rostoker and Galante, 1976; Seedhom et al., 1973; Shen and Dumbleton, 1976; Weightman et al., 1973). These tests showed that wear rates could vary by material and by type of fluid used in the simulator, but, as noted by Rostoker and Galante (1976),  “whether some or any laboratory test provides measurement of wear rates that have validity in estimating performance in service” (p. 303) remained unknown. This uncertainty, in part, reflected a focus on the general assessment of wear performance between various devices, with very little characterizing of the released particles or extrapolating of hip simulator results to human outcomes.
Analysis of particles from tissue surrounding hip prosthesis in the 1970s began to provide some information on the relative size of material released from MoM implants. Many early studies that examined the size of particles released from implants involved qualitative assessment of various implant types, including metal particles from knee, hip, and elbow designs, as well as both MoM and MoP implant types (Willert, 1973; Willert and Semlitsch, 1975, 1976; Willert and Semlitsch, 1977).  Willert et al. (1976), for example, noted that “[p]articles observed in… tissue samples [were] usually between 0.5 and 5 µm in size although they c[ould] be as big as 20 µm or more” (p. 42).  However, this analysis did not distinguish between hip, knee, or elbow prosthesis or MoM versus MoP devices (Willert and Semlitsch, 1976).  Other studies generally observed that metal particles were mostly smaller than polyethylene particles (Willert, 1973; Willert and Semlitsch, 1977). Willert et al. (1973), for example, observed metal particles from 1 to 2 µm in size, while polyethylene particles were 0.5 to 50 µm in size. In 1977, Willert and Semlitsch segregated their analysis by hip implant type (MoM versus MoP) and qualitatively noted that “[b]ecause the wear particles of polyethylene were greater in size, they primarily caused a giant-cell foreign-body reaction” (Willert and Semlitsch, 1977 p. 162).  
One of the first observations of MoM particles less than 100 nm was made by Winter et al. in 1974 when tissue surrounding implants was analyzed via light and electron microscopy.  The authors noted that “phagocytes were filled with optically dense particles of irregular shape and size, a few as large as 2 µm, but most 0.1 µm and smaller, numbering hundreds per cell” (Winter, 1974 p. 13). The authors indicated that the particles or “foreign bodies had been phagocytosed by macrophages and there were no indications that the tissues were damaged by their presence” (Winter, 1974 p. 11).
As the Charnley MoP device became more commonly used relative to first generation MoM devices over the next several decades, studies characterizing particle size and potential biological responses for MoM implants were relatively sparse until the mid-1990s.  Hip simulator studies, however, continued to advance knowledge on the wear performance of various types of bearings throughout the 1980s. In particular, investigators began to compare the results of hip simulator tests to the limited quantitative data from clinical observations.  McKellop et al. (1981) compared the friction and wear properties of polymer, and metal joint materials using a 12-channel wear screening device, for example, and concluded that the “laboratory wear model developed here provides a first-stage quantitative indication of the potential clinical performance of candidate materials” (p. 123). Similar to earlier studies, the researchers reported that the bearing surface of the implant type influenced the type of wear produced, analysis of particle characteristics was not performed, and the type of lubrication used in a simulator affected the characteristics of the wear debris produced (McKellop, 1981; McKellop et al., 1981). Through comparison of their results to clinical data, the authors found that “only bovine blood serum produced wear of the same type as that observed on removed prostheses” (p. 123).
As the 1990s began, using materials with adequate wear resistance became common practice for determining the long-term success of human joint replacement prostheses. Accordingly, additional investigations of the wear rate of prosthetic materials, such as irradiation modified polyethylene cups and all metal hip joints, was the focus of implant retrievals and simulator studies in the 1990s (McKellop et al., 1996; McKellop et al., 1995; Oonishi et al., 1992; Sychterz et al., 1996). Particle characterization in the 1990s focused on analyzing tissue surrounding MoM patients.  Wait et al. (1995), for example, examined tissue surrounding MoM implants using electron microscopy and found particles ranging in size from 10 – 400 nm with “a predominance of smaller particles which measured under 20 nm”  (p. 160).  Shahgaldi et al. (1995) studied particles surrounding both MoM and MoP hip implants and observed submicron to 4 µm sized particles. Additionally, the authors noted that while some particles contained Co at levels similar to the original alloy, “chromium was regularly seen in isolation in particles that were both free and within cells” (Shahgaldi et al., 1995 p. 963).  Willert et al. (1996) reviewed the histology of retrieved first generation MoM implants and noted that “[s]canning electron microscopy confirmed the irregular shapes and mostly submicron size of the metal particles” (p. S160). The authors also indicated that the particles ranged from less than 0.5 µm to 5 µm in size (Willert et al., 1996).  Willert et al. also observed a 10 to 18-fold higher Cr content compared with Co in the periprosthetic tissue (Willert et al., 1996).
Doorn et al. (1996b) examined capsular and interfacial tissue from four long term (14 to 24 years) and five short term (7 to 26 months) MoM patients. The authors observed particles that ranged in size between 1-4 µm, as well as “submicron sized metal particles, that c[ould not] be identified with light microscopy” (Doorn et al., 1996b p. S201).  The authors compared these results with observations of polyethylene particles and noted that “[s]mall, polyethylene particles (< 10 µm) are typically contained within mononuclear histiocytes and larger polyethylene fibers (> 10 to 100 microns) are either contained within or surrounded by giant cells; very large polyethylene flakes (> 100-1000 µm or more in rare instances) are surrounded by giant cells that in some cases can be so numerous as to mimic a giant cell tumor” (Doorn et al., 1996b p. S201). The authors further indicated that “[m]etal [particles] d[id] not seem to stimulate the production of multinucleated giant cells, in marked contrast to polyethylene wear particles or acrylic globules,” and that this “[m]ost probably… reflects the difference in size between the particles,” since “[l]arge flakes of metal wear debris were not present in the 9 cases of metal on metal total hip replacements” (Doorn et al., 1996b p. S201). Similar to previous observations, the authors proposed that equilibrium of particle load and tissue clearance had occurred with the MoM implants because of the low volumetric wear (Doorn et al., 1996b).  Additionally, the authors suggested that “polyethylene [was] known to produce fibers and flakes many hundreds to thousands of times larger than metal particles, evoking a more intense mononuclear and certainly a much more intense multinucleated giant cell response in the periprosthetic tissues,” since “[m]any of the fibers and flakes [we]re so large that they almost certainly resist transport to local lymph nodes and remain in the periprosthetic tissues forever” (Doorn et al., 1996b p. S202).  Taken together, the available patient data indicated that low volumetric wear, as well as the relative smaller size of MoM wear particles, resulted in tissue clearance and less severe tissue responses than compared to MoP implants (Doorn et al., 1996b; Winter, 1974).          
In 1998, Doorn et al. utilized transmission electron microscopy to analyze particles from tissue surrounding MoM implants (Doorn et al., 1998). The authors measured a median particle diameter of between 51 to 116 nm for isolated particles and between 19 to 79 nm for particles in tissue sections (Doorn et al., 1998).  These results were in agreement with previous studies that characterized MoM particles in the sub-micron to nano-size range (Doorn et al., 1998; Wait et al., 1995).  Doorn et al. (1998) also combined volumetric wear data from a previous publication (McKellop et al., 1996) with the average size to estimate that 6.7×1012 to 2.5×1014 particles were produced every year from the MoM devices, assuming negligible metal release in ionic form. Similar to previous studies, the authors hypothesized that “metal particles might be more easily excreted from the body… in contrast to [polyethylene] particles that have only limited transport away from the joint and therefore accumulate in the histiocytes in the periprosthetic tissues” (Doorn et al., 1998 p. 110).  The authors also noted the presence of two types of particles, including crystalline particles that “appeared to contain all the elements expected from the original material,” as well as “noncrystalline, amorphous areas [that] were oxidized Cr with little or no Co and Mo” (Doorn et al., 1998 p. 110).  
One of the first studies to examine the physical characteristics of particles generated from a MoM hip simulator device used a pin-on-plate system, in which the test pin was fixed while the plate moved beneath in a uniaxial reciprocating motion (Tipper et al., 1999).  Particles were generated in test lubrication containing 25% newborn calf serum, and analyzed using scanning electron microscopy.  The authors noted that released particles had mean maximum diameters of 50 – 90 nm (Tipper et al., 1999).  While quantification of chemical composition was not performed, atomic absorption spectroscopy analysis displayed higher Cr content compared with Co (Tipper et al., 1999).  
As the 2000s began, additional work using hip simulators and tissue analysis confirmed the small size and particle chemistry suggested by earlier MoM hip simulator work.  Catelas et al. analyzed particles released from a MoM hip simulator using serum as a lubricant, for example, and noted that the “majority… were chromium oxide particles, corresponding to the amorphous particles described by Doorn et al. in vivo” (Catelas et al., 2001b p. 335). The authors hypothesized that it was “possible that the chromium oxide particles are in fact produced by wear of the passivation layer on the implant surface” (Catelas et al., 2001b p. 335). Numerous other studies confirmed that the chemical composition of wear particles released from MoM implants primarily contained Cr with little to no Co (Billi et al., 2012; Catelas et al., 2003; Catelas et al., 2006; Catelas et al., 2004; Goode et al., 2012; Hart et al., 2010; Huber et al., 2009; Lu et al., 2012; Pourzal et al., 2011; Xia et al., 2011). Catelas et al. (2011) observed that while certain factors could result in more particles containing alloy components (CoCrMo), including cycle number and alloy composition, the “the majority of the particles remained chromium oxides” (p. 79).  
Studies using hip simulators and tissue analysis also confirmed that the size distribution of particles released from MoM hip implants was in the submicron to nano-size range. Catelas et al. (2003) demonstrated particles released from MoM hip simulators were relatively small, with primary particles ranging in size from 11 to 253 nm.  While various studies described slightly different mean sizes of particles in both hip simulators and tissue analysis, in general the majority of particles were less than 100 nm, and ranged from submicron to nano in size (Billi et al., 2012; Catelas et al., 2003; Catelas et al., 2001a; Catelas et al., 2006; Catelas et al., 2004; Leslie et al., 2009; Lu et al., 2012; Pourzal et al., 2011; Xia et al., 2011).
Advancements in hip simulator technology emerged in the 2000s, which aided in the study of hip prostheses wear under suboptimal conditions. Leslie et al. (2009) tested 38.5 mm CoCr bearings using hip simulators under three different conditions, including standard angle (45º), increased cup inclination angle (60º), and increased cup angle combined with microseparation (55º inclination and 0.5 mm microseparation). High cup inclination angle resulted in 9-fold increase in wear rate and the combination of high inclination angle with microseparation resulted in 17-fold increased wear rate compared with standard cup inclination angle (Leslie et al., 2009). Additionally, electron microscopy analysis confirmed that the wear debris produced under high angle and microseparation condition were larger in size compared to that generated under standard condition (mode range of 30-39 nm compared with mode range of 20-29 nm) (Leslie et al., 2009).  Recently, physical and chemical characteristics of particles released from MoM hip implants during normal versus edge-loading conditions were characterized (Kovochich et al. 2017).  Particles released from edge-loading conditions were larger and contained greater amounts of cobalt compared to particles released from normal implant conditions (Kovochich et al., 2017).     
Madl et al. reviewed available studies to examine the factors that influence physical and chemical characteristics of MoM wear particles, including type of implant, cycle number, implant position, swing phase loading, fluid chemistry, wear process, and isolation techniques (Madl et al., 2015b).  The authors concluded that for “well-functioning MoM hip implants, the volumetric wear rate is low (<1 mm3 per million cycles or per year) and the majority of the wear debris is composed of oxidized Cr nanoparticles (<100 nm) with minimal or no Co content” (Madl et al., 2015b p. 1201).  Additionally, the authors noted that for “implants with surgical malpositioning, the volumetric wear rate is as high as 100 mm3 per million cycles or per year and the size distribution of wear debris can be skewed to larger sizes (up to 1000 nm) and contain higher concentrations of Co” (Madl et al., 2015b p. 1201).

[bookmark: _Toc485814943]Toxicology of particles released from MoM hip implants

As knowledge of MoM particle size evolved in the late 1990s and early 2000s, numerous reviews and research articles suggested that nanoparticle release (<100 nm) from MoM implants may play a role in potential tissue reactions (Behl et al., 2013; Bhabra et al., 2009; Billi and Campbell, 2010; Brown et al., 2006; Brown et al., 2013; Germain et al., 2003; Gill et al., 2012; Papageorgiou et al., 2007a; Parry et al., 2010; Polyzois et al., 2012).  These investigations coincided with the growth of a nanotoxicology discipline, which aims to understand the relationship between unique nanoparticle properties and potential biological responses (Donaldson et al., 2004; Oberdorster et al., 2005). During this time (early 2000s), researchers understood that, as the particle size decreased, surface area increased for a given mass, which could lead to unique surface properties compared with bulk materials (Oberdorster et al., 2005). While these properties were considered in order to assess biocompatibility, they were also studied in the hopes of advancing industrial and biomedical applications. Examples of engineered nanomaterials in current biomedical applications include treatment of iron deficiency in anemic patients, contrast agents for magnetic resonance imaging, targeted tumor therapy, small molecule chemotherapeutics, and surface coatings for improved bone adherence with dental implants (Etheridge et al., 2013; Harisinghani et al., 2003; Hrkach et al., 2012; Lobatto et al., 2011; Lu et al., 2010). Current nanotoxicology research is focused on evaluating how different physicochemical characteristics, such as size, shape, surface chemistry/reactivity, solubility, and biopersistence of nanomaterials can influence the likelihood that a particle will be compatible or may produce toxic biological effects (locally and/or at distance organs). In short, understanding the physical and chemical characteristics of various nanomaterials is essential in order to properly assess potential biological responses.
As described above, the majority of in vitro and in vivo studies that analyzed properties of particles released from MoM implants indicated that particles were in the submicron to nanoscale size range, and were composed of Cr with minimal or no Co content  (Madl et al., 2015b). However, previous toxicological studies assessing MoM wear debris did not always utilize particles with these characteristics (Madl et al., 2015a).  Early animal studies examining carcinogenesis used larger particles (≥ 0.1 – 50 µm), for example, that lacked chemical characterization similar to particles released from MoM implants (Heath et al., 1971; Meachim and Brooke, 1983; Meachim et al., 1982; Swanson et al., 1973). Studies in the 1980s by Howie et al. examined inflammatory responses in rats that received CoCr particles generated by milling (Howie and Vernon-Roberts, 1988a, 1988b, 1988c).  The size of the particles was determined by differential sedimentation to be ≤ 3 µm; however, the characterization for chemical composition, agglomeration, and dissolution was lacking.  Studies in the 1990s also used relatively larger particles (1.5 – 50 µm and ≤ 2 µm) with limited chemical characterization in rat knee joints (Lewis et al., 1995; Van Der Vis et al., 1997).  The air pouch model was used to examine inflammatory responses to orthopedic materials by various researchers; however, once again, larger particle or particles lacking physical and chemical characterization were utilized (Afolaranmi et al., 2012; Akbar et al., 2012; Hosman et al., 2012; Wooley et al., 2002).  
Some in vitro studies performed in the 2000s examined the effects of nanoparticles generated from various sources, including hip simulators, milling, or commercial sources (Madl et al., 2015a).  Several studies, for example, examined the in vitro effects of CoCr particles generated in hip simulators using water (instead of serum) as lubrication (Behl et al., 2013; Bhabra et al., 2009; Brown et al., 2006; Germain et al., 2003; Papageorgiou et al., 2007a; Posada et al., 2014; Raghunathan et al., 2013; Williams et al., 2003).  While these studies generated particles that were similar in size to wear particles released from MoM implants, the chemical characterization was often lacking, or displayed that more CoCr alloy particles were generated compared to MoM implants under physiological conditions (protein lubrication) (Madl et al., 2015a; Madl et al., 2015b).
Madl et al.’s analysis concluded that “metal particles generated from various simulator systems in distilled water as a lubricant contain high contents of both Cr and Co, which are drastically different from the particles isolated from MoM patients and hip simulators in serum solution” (Madl et al., 2015b p. 1208).  Nonetheless, some researchers utilized these particles to demonstrate differences in cellular responses when nanoparticles were compared to micron sized particles. Papageorgiou et al. (2007a), for example, observed that CoCr wear nanoparticles produced more free radicals in a cellular environment and induced more DNA damage and cytotoxicity to human fibroblasts in vitro compared to micron-sized CoCr particles.  The authors did not compare the response on a per-particle basis but rather compared these doses on a per-volume (or per mass) basis; therefore, the observed effects were not necessarily a nanoparticle-specific effect.  In other words, the CoCr nanoparticles were not more toxic than micron-sized CoCr particles on a per particle basis as the authors introduced orders of magnitude more particles in the nanoparticle group compared with the micron-sized particle group.  Since Co is known to be soluble, the increased surface area in the CoCr nanoparticles likely played the most significant role compared to any size-dependent effect. Other studies have demonstrated that biological responses to nanoparticles are not unique, nor distinct from micron-sized particles, but rather display a common dose response pattern when the dose metric is expressed as particle surface area (Duffin et al., 2007; Monteiller et al., 2007; Oberdorster et al., 1994; Oberdorster et al., 2005).  While the aforementioned studies demonstrated that nanoparticles of certain chemistry (CoCr alloy) may demonstrate biological responses at certain doses, other factors, such as volumetric dose, chemistry, and biopersistence, need to be taken into account before any conclusions can be made regarding a specific “nanoparticle effect”. Vanos et al. (2014), for example, demonstrated the larger sized Cr2O3 particles were more toxic compared with nanosized Cr2O3 particles when normalized by a per particle basis.  Caution must be used, then, when interpreting the potential biological response to nanoparticles as compared to larger sized particles.    
  While surface area may be a relevant dose metric for surface reactive particles, other parameters such as tissue clearance may be influenced by larger sized particles when studies are performed in vivo.  Brown et al. (2013), for example, compared the biological effects of CoCr nanoparticles with CoCr micron-sized particles following repeat bolus dosing (4 injections over 18 weeks) into the knee joint of mice. The authors observed that the larger particles persisted longer in the knee joint compared with the nanoparticles (Brown et al., 2013).  Additionally, the micron-sized particles increased lymphocyte proliferation (e.g., sensitization) compared with the CoCr nanoparticles (Brown et al., 2013).  The authors concluded “that the volume of nanometre sized wear particles generated in well-functioning MoM prostheses are less likely to cause immunological sensitization to metals compared to micron sized particles which can be produced during ‘edge loading’ of MoM prostheses and through secondary interfaces in MoM and polyethylene on metal prostheses” (Brown et al., 2013 p. 8578).  
While Brown et al.’s study (2013) was one of the first in vivo studies to use nanoparticles in relation to MoM wear testing, the chemistry of the CoCr nanoparticles generated in hip simulators with water as lubrication were not similar to MoM wear particles that contained mostly oxidized Cr (Madl et al., 2015a; Madl et al., 2015b).  In 2016, Tvermoes et al. used Cr2O3 nanoparticles, metal salts (CoCl2, CrCl3 and NiCl2), or Cr2O3 nanoparticles with metal salts to more closely replicate the constituents of metal released from MoM implants (Tvermoes et al., 2016).  Particles with metal salts were injected into the footpad of mice as an acute dose corresponding to between approximately ten days (0.000114mg) and 40 years (0.171mg) of typical implant wear, and immune stimulation was assayed (Tvermoes et al., 2016). The LOAEL for immune stimulation corresponded to Co (254,700 μg/L) and Cr (111,400 μg/L) concentrations approximately 2000 times higher than typical Co (113.4 μg/L) and Cr (54 μg/L) concentrations in the synovial fluid of well-functioning hip implants (Tvermoes et al., 2016). This in vivo study was one of the first to examine particles and ions that more closely resembled potential exposure in MoM hip implant patients.  This study evaluated an acute exposure, however; future work can potentially examine effects of chronic exposure to physiologically relevant doses.    
In 2015, Madl et al. reviewed the available literature and compared the relevant characteristics of MoM wear particles from hip implant patients and simulator systems to those used in vitro and in vivo toxicology studies (Madl et al., 2015a). The authors also characterized toxicology studies in the context of their relevance to the doses, sizes, and chemical composition of particles observed in MoM implant patients (Madl et al., 2015a).  The authors found that the majority of previous studies utilized particles that did not reflect the size or chemistry of wear particles released from MoM implants (Madl et al., 2015a; Madl et al., 2015b).  Additionally, the authors converted doses used under in vivo and in vitro conditions into a human equivalent dose metric (µg/g-day), and compared these with a high wear scenario of 12 mm3/year in a 70 kg human. Taken together, in vivo studies utilized doses 5 to 72,000 fold greater than the high wear scenario of 12 mm3/year (Madl et al., 2015a). The authors noted that the “higher doses used in the majority of the in vivo studies limits the interpretation of data in regard to implications for human health as it is highly unlikely that a similar dose magnitude and rate could ever be reached in MoM patients” (Madl et al., 2015a p. 1290).  

[bookmark: _Toc485814944]Summary  

· The study of MoM implant tribology and wear particle characteristics evolved over time, and included analysis of particles from both hip simulators and patient tissue.
· Numerous factors can influence physical and chemical characteristics of MoM wear particles, including type of implant, cycle number, implant position, swing phase loading, fluid chemistry, wear process, and isolation techniques.
· The majority of in vitro and in vivo studies that analyzed properties of particles released from MoM implants indicated that particles were in the submicron to nanoscale size range and were composed of Cr with minimal or no Co content; however, sub-optimal wear conditions such as edge loading can generate larger particles with different physical and chemical characteristics.
· Previous toxicological studies involving assessment of MoM wear debris did not always utilize particles with physiologically relevant characteristics.
· The weight of evidence suggests that nanoparticles with similar chemistry to MoM wear particles are likely cleared from the local synovial space under normal wear conditions; however, if higher wear occurs, such as under edge loading conditions, larger sized particles may possibly be more biopersistent, and therefore create a greater opportunity for local responses.  

[bookmark: _Toc485814945]Hypersensitivity in Patients with MoM Implants

The potential relationship between metal allergy and dermatitis associated with metal-based medical interventions was first noted in 1929, with a reported episode of dermatitis on the face, neck, and shoulders after a tooth filling (Foussereau and Laugier, 1966). The first linkage of eczematous dermatitis to an orthopedic implant, however, was not well documented until 1966, when Foussereau and Laugier described nickel sensitivity and eczema in four patients with implanted plates, nails, and screws manufactured with alloys containing 8 to 18% nickel (Foussereau and Laugier, 1966; Hallab et al., 2001a). Several subsequent case reports of static metal devices illustrated that internal placement of metal can result in skin reactions, which generally subsided after the material was removed (Barranco and Soloman, 1972; Brendlinger and Tarsitano, 1970; McKenzie et al., 1967; Rostoker et al., 1987). These reactions represented a typical Type IV sensitization. These early studies prompted additional studies with MoP devices in the 1970s and 1980s, which generally indicated the potential for conversion to metal allergy, but no apparent association between hypersensitivity and loosening (Silvennoinen et al., 1979; Torok et al., 1995; Waterman and Schrik, 1985). As described below, when second generation MoM devices were introduced in the 1990s, no evidence suggested any differences in sensitization rates in MoP versus MoM devices; however, hypersensitivity was extensively studied in subsequent years because questions about whether metal allergy was a result or cause of MoM device failure persisted. Histological, cell morphology, and animal studies were conducted to understand whether there was connection between device failure and lymphocytic infiltration with lymphoid aggregates observed in some MoM patients undergoing revision surgery.

[bookmark: _Toc485814946]Early history (1970s-1990s)

In the 1970s, vasculitis and osteolysis associated with cobalt, chromium, or nickel metal sensitivity was proposed as a cause of implant loosening in total joint replacements based on clinical observations, pathology, and skin patch testing (Benson et al., 1975; Elves et al., 1975; Evans et al., 1974; Jones et al., 1975; Vernon-Roberts and Freeman, 1977).  Evans et al. (1974) suggested metal sensitivity as a cause of bone necrosis and loosening in total joint replacement patients after observing that Co and Cr levels were “considerably elevated in the tissues adjacent to the [hip or knee] prosthesis as compared with control tissue” (p. 627). Shortly thereafter, Jones et al. (1975) measured Co concentrations in the urine, bone, and joint fluid of patients having undergone McKee-Farrar THA, who had also experienced various symptoms, including progressive pain and instability. The authors suggested the possibility of Co toxicity and hypersensitivity as a cause of late failure in some prostheses (Jones et al., 1975).  
In contrast, Brown et al. (1977) reported no association between sterile loosening in McKee-Farrar hip replacements and delayed type hypersensitivity, based on negative skin patch tests in 20 patients, and negative lymphokine assays in a subset of five patients. The authors noted that loosening may have reflected design weaknesses in the McKee-Farrar prosthesis, including high frictional torque, equatorial contact, and impingement. Elves et al. (1975) found that 38% of patients with total joint replacements were metal sensitive and 65% of patients with a non-traumatic failure were metal sensitive, but, notably, observed the highest rate of metal sensitization in patients receiving Stanmore Mk I or II metal-on-metal hip implants which had a with a history of seizing and high wear rates.  
In the 1970s, it was recognized that skin patch testing itself could potentially lead to sensitization or false-positive results from irritation, and efforts were made to develop in vitro lymphocyte tests to assess pre- and post-metal sensitivity (Brown et al., 1977; Vernon-Roberts and Freeman, 1977). In nickel-sensitive dermatology patients, in vitro analysis of lymphocytes was explored in the 1960s, and a lymphocyte transformation assay was developed by the 1970s (Aspegren and Rorsman, 1962; Macleod et al., 1970).  The resulting lymphocyte transformation test (LTT) measured lymphocyte proliferation in the peripheral blood in the presence or absence of the allergen; results were then evaluated by a stimulation index relative to control (Macleod et al., 1970). This test was used in hip implants patients in the late 1970s soon after metal hypersensitivity became a concern after elevated levels of lymphocyte transformation appeared to be associated with positive patch test results for nickel (Elves, 1977). By the end of the 1970s, the lack of association of loosening with hypersensitivity as reported by Brown et al. (1977), and the observed relationship between wear and sensitization rates by Elves et al. (1975), suggested metal sensitization may have been a result, rather than a cause, of early generation device failure or elevated wear rates, although the consensus among investigators was that further prospective studies were needed.  Some believed that the available data were too limited to draw conclusions about the exact role of metal allergy in device performance.  
From the late 1970s through the end of the 1990s, several prospective studies were conducted to clarify the importance of metal sensitivity in evaluating implant performance. Deutman et al. (1977) and Carlsson et al. (1980) showed that four of 66 (6%) and three of 112 (3%) MoP patients, respectively, developed allergy to Co or Ni as indicated by a postive skin patch test result after surgery. Rooker and Wilkinson (1980) noted a decrease in sensitization rates post-surgery with the Charnley MoP device. Later studies showed similar or somewhat higher rates of allergy post-surgery in MoP patients and a lack of association between loosening and hypersensitivity (Silvennoinen et al., 1979; Torok et al., 1995; Waterman and Schrik, 1985). 
Waterman and Schrik (1985) conducted pre- and post-surgery patch tests in 85 patients (75 women) receiving MoP prostheses, and found 11 cases (13%) of Ni, Co, or Cr allergy as indicated by conversion to a positive sensitization status following surgery. Notably, no evidence was found of metal allergy by patch test in the ten cases of metal loosening in this cohort, and none of the 25 cases with positive patch test results before or after surgery experienced complications in the four-year period of the study. Torok et al. (1995) showed a conversion to a positive patch test post-surgery in 16% of cases and desensitization to metal in 5% of cases of MoP patients. Similar to Waterman and Schrik (1985), Torok et al. (1995) found no association between dermal sensitization status and loosening outcomes, and concluded that mechanical and infectious factors were of greater importance than allergic responses. The available prospective MoP information suggested that the development or presence of metal allergy was not expected to be associated with hip implant device failure.    
The available information developed in the 1990s did not suggest that there was a difference in rates of hypersensitivity reaction for metal versus polyethylene implants (Merritt and Brown, 1996; Weber, 1996). Reviewing the state of knowledge on hypersensitivity, Merritt and Brown (1996) concluded that “actual proof of sensitivity reactions causing failure of total joint replacement devices is generally lacking” (p. S240).  Weber (1996) reported the experience of Weber-Metasul MoM devices implanted between 1988 and 1992 and reported no metal-related problems after 2-7 years of follow-up. McMinn et al. (1996) reported favorable short-term results for the McMinn MoM resurfacing device in young patients but with some cases of loosening or debonding in designs used earlier in the test period, which began in 1991. Histological examination of retrieved cups and heads in cases of loosening indicated fibrosis, but no evidence of hypersensitivity or metal particle accumulation (McMinn et al., 1996). Willert et al. (1996) reviewed the histology of 19 retrieved first generation MoM implants and reported storage of metal particles in phagocytes, macrophages, and lymphocyte infiltrates, but no evidence of vessel changes or necrosis indicative of hypersensitivity was found. Small metal particles, 0.5 to 5 micron in size, were typically found in mononuclear phagocytes in the vascularized transition zone between the inner and outer layer of the synovial joint capsule. Merritt and Brown (1996) noted that as of 1996, “more reported adverse biologic responses are occurring to the polyethylene than to the metal” and that “[m]etal on metal total joints should be well tolerated as long as the metal released into the tissue is kept to a minimum” (p. S241). As such, the importance of biomechanical and wear tests evaluating metallic debris generation rates was hypothesized to be an important control measure to reduce the likelihood of hypersensitivity and other biologic responses. 

[bookmark: _Toc485814947]1990s-2016

Despite the favorable findings of prospective MoP studies conducted in the late 1970s and 1980s and MoM devices in the 1990s, the cause and effect relationship of immunologic responses observed in some patients receiving alloy-containing implants was unresolved by the late 1990s and early 2000s (Amstutz and Grigoris, 1996; Hallab et al., 2001b; Merritt and Rodrigo, 1996). This uncertainty in part reflected the low frequency of a documented metal sensitivity reaction leading to premature orthopedic device revision or removal, which was estimated to be less than 0.1% for all types of metal orthopedic devices (Merritt and Rodrigo, 1996). Difficulty was also encountered in reconciling the favorable results of MoP prospective studies with retrospective analyses of metal implants of all types that appeared to indicate a higher percentage of metal sensitive patients with failed, as compared to well-functioning, implants. Hallab et al. (2001a) summarized metal sensitization rates of 13% to 71% in an analysis of seven studies on poorly functioning implants, 3% to 43% in eight studies on well-functioning implants, and 10% in the general population. 
The ability to draw any conclusions from the studies summarized by Hallab was limited though, because the studies reported conflicting results, which reflected appreciable variation in device types, patient populations, and test methods across the studies (Hallab et al., 2001a). Uncertainty was also expressed in dermal patch testing for assessing local sensitization reactions, particularly when the nickel content of the implant is low (Torok et al., 1995). In addition, despite the promising introduction of LTT assays in the 1970s, however, this and other in vitro methods, such as the leukocyte migration inhibition test, were not standardized or widely embraced for evaluating hip implant populations in the 1980s and 1990s (Hallab et al., 2001a). By the 1990s, metal allergy was not identified as an important reason for removal in well-functioning devices, despite the uncertainties of associating immunologic responses and device failure (Merritt and Rodrigo, 1996). It was acknowledged, however, that allergy to metal may occur in a small group of patients, requiring consultation with a dermatologist, or consideration of premature device removal.
In the first half of the 2000s, recognizing the importance of communicating findings relevant to hypersensitivity in MoM devices, surgeons began to comment on observations for THA or resurfacing devices first implanted in the mid-1990s. In 2000, Willert et al. (2000) reported that a histological examination of joint tissue from 14 failed second generation MoM bearings first introduced in 1988 indicated the release of few particles, but a unique observation of inflammatory macrophages from peripheral blood that were immunohistochemically distinct from particle-storing macrophages was reported.  Lymphocytic infiltrations around post-capillary vessels and in vascular walls were also observed, along with endothelial cell swelling and localized bleeding. Amstutz et al. (2004) reviewed the first 400 metal-on-metal hybrid surface hip implants and noted lymphocytic aggregates in 1/3 of cases that appeared similar to those observed by Willert et al. (2000) in failed devices. No association of these aggregates with clinical outcomes was apparent, however.
Similar to Amstutz et al. (2004), Long et al. (2004) reported on a 6.5 year follow-up of 161 Metasul THAs that included two cases of revision for unexplained pain and suspected hypersensitivity. After histological examination, however, hypersensitivity was ruled out as the cause of pain with no observations of lymphocyte infiltration. Delauney (2004) reported on a cohort of 100 Metasul THAs with 97% of cases graded ‘good’ or ‘excellent’ after an average of six years of follow-up. One case of aseptic loosening was observed at 7.8 years with histological characteristics consistent with delayed type hypersensitivity. The histological observations potentially consistent with lymphocyte mediated immune response prompted Hallab et al. (2004) to evaluate the LTT sensitivity index in healthy controls (n=12), osteoarthritis patients with no history of metal allergy (n=6), well-performing MoP THAs (n=7) and MoM surface replacements, or THAs (n=9). Based on a sensitization index (SI) > 2, 60% of MoM patients were reactive to at least on soluble metal (Co, Cr, Ni or Ti), as compared to 30% of the other groups. The clinical importance of higher reactivity as measured by the LTT assay in well-functioning MoM THAs, as well as the observation of lymphocyte infiltration, however, was unclear at the close of the first half of the 2000s.
Beginning in 2005 through the present time, the previously accumulated equivocal findings regarding the role of hypersensitivity in orthopedic devices concurrent with an increased understanding of cellular mechanisms associated with type IV hypersensitivity encouraged investigators to focus on understanding the potential connection, if any, of metal allergy to clinical outcomes. Cellular evidence for a type IV hypersensitivity reaction in the periprosthetic tissue of failed implants included the presence of macrophages and lymphocytic (T and B cell) infiltration with lymphoid aggregates (CD3+/CD4+ T cells) (Aroukatos et al., 2010; Campbell et al., 2010; Davies et al., 2005b; Mahendra et al., 2009; Willert et al., 2005). As had been true since the 1970s, the pattern and type of inflammation response was recognized to differ between MoM and MoP implants, with MoM tissue samples exhibiting well demarcated tissue layers, infiltration of lymphocytes, plasma cells in association with macrophages, and more ulceration in comparison to MoP tissues (Davies et al., 2005b).   
Willert et al. (2005) examined tissues from 19 Co-Cr MoM hip revisions, and first described the apparent lymphocyte mediated immunological response as an aseptic lymphocyte-dominated vasculitis-associated lesion (ALVAL). This characteristic response was described as a “diffuse and perivascularly oriented infiltration of lymphocytes accompanied by plasma cells and sometimes eosinophilic granulocytes, high endothelial venules, localized bleeding, fibrin exudation, necrosis, and macrophages with drop-like inclusions” (Willert et al., 2005 p. 33-34). Willert et al. (2005) noted that some observed characteristics, including B lymphocytes, plasma cells, and excessive fibrin exudation did not appear to be consistent with a type-IV delayed-type hypersensitivity reaction. Park et al. (2005) examined tissue from two failed MoM THRs, and found lymphocyte infiltration similar to previous reports. Immunophenotyping of the infiltrating cells indicated abundant CD8+ T-cells distributed throughout the periprosthetic tissue, possibly indicating that osteolysis in these cases was attributable to T-cell mediated cytotoxicity (Park et al., 2005).  
Davies et al. (2005b) postulated that the perivascular lymphocytic infiltrate was a secondary phenomenon to a primary insult to the surface of the tissue. Other investigators, however, have suggested that, in addition to a cytotoxic response, ALVAL may represent a type IV local hypersensitivity reaction and/or development of a secondary germinal center of lymphatic activity in response to antigenicity of wear debris (Lohmann et al., 2007; Mahendra et al., 2009). Other studies suggested that metal hypersensitivity may contribute to pseudotumor-like reactions (Campbell et al., 2010; Fang et al., 2008). Campbell et al. examined tissues from 32 hip replacement revisions and found that tissues associated with revisions for suspected high wear were characterized by “fewer lymphocytes, but more macrophages and metal particles than those tissues from hips revised for pain and suspected metal hypersensitivity” (Campbell et al., 2010 p. 2321).  
Kwon et al. (2010) found, however, that lymphocytic activity to Co, Cr, and Ni did not significantly differ between MoM THA patients with and without pseudotumors. Regardless of the specific immune mechanism and clinical implications, the incidence of ALVAL or pseudotumor has generally been estimated to be low, but with some variability due to differences in terminology and scoring evaluations. While an incidence of 0.3% to 1% of patients with metal-on-metal bearings has been reported in several studies and a recent meta-analysis (Delaunay et al., 2010; Pandit et al., 2008; Reito et al., 2011; Wiley et al., 2013), it should also be noted that some studies have reported an incidence exceeding 25% including both symptomatic and asymptomatic patients (Williams et al., 2011; Wynn-Jones et al., 2011).  All the while, despite several reports of unusual lymphocytic activity suggestive of hypersensitivity with potential implications for implant fixation, “a causal relationship with loosening ha[d] not yet been established” (Jacobs et al., 2009 p. 73). Not surprisingly, dermatologists continued to indicate that routine pre-surgery skin patch testing in patients without a history of metal dermatitis or clinical metal intolerance was unlikely to provide additional insight for identifying those more likely to develop complications following surgical implantation of metallic devices (Schalock et al., 2012; Thyssen et al., 2011). 
Recently, investigators have begun to use animal models to more definitively elucidate the cause-and-effect relationship between metal particulate and local immune responses observed in human TJA patients. Brown et al. (2013) showed that large particles (2.9 m) induced lymphocyte proliferation as indicated by a significantly increased SI at 40 weeks post-exposure, and persisted longer in the mouse knee joint as compared to nanosized (32 nm) CoCr particles. ALVAL and necrosis were not observed with either particle type at evaluations up to 40 weeks post-exposure. More recently, Tvermoes et al. (2016) evaluated a provisional threshold concentration for metal particle and ion immune stimulation using the a BALB/c mouse popliteal lymph node assay. The animals were treated with Cr2O3 particles, metal salts (CoCl2, CrCl3 and NiCl2), or Cr2O3 particles with metal salts at several acute (single) doses corresponding to between approximately 10 days (0.000114 mg) and 40 years (0.171 mg) of typical implant wear. Immune response was assessed by lymph node cell stimulation index, and flow cytometry phenotyping. Based on the resultant dose response curve, the provisional LOAEL for immune stimulation corresponded experimental Co (254,700 μg/L) and Cr (111,400 μg/L) concentrations approximately 2000 times higher than typical Co (113.4 μg/L) and Cr (54 μg/L) concentrations in the synovial fluid of well-functioning hip implants (Tvermoes et al., 2016). The provisional NOAEL was approximately 500 times greater than synovial fluid concentrations in well-functioning devices. This study suggested that immune stimulation in patients with MoM devices operating with normal wear rates is unlikely when there is no history of previous sensitization to metals. At this time, then, the PLNA appears to be a useful model for evaluating potential relationships between MoM wear debris and immune stimulation, and future studies evaluating repeated-dosing may provide additional useful information regarding immune responses associated with elevated wear rate scenarios.   
In 2016, the apparent association of increased metal hypersensitivity with implantation of metal-alloy TJRs originally noted in the 1970s appears to have been confirmed via studies conducted in subsequent decades (Schalock et al., 2016). Despite this association, however, a clear cause-and-effect relationship between metal allergy and device failure has not been shown after several decades of study, and clinical outcomes have not been improved with pre-implant testing (Jacobs et al., 2009; Schalock et al., 2016). As in previous decades, some investigators have reported on sensitization following orthopedic metal implants (Frigerio et al., 2011; Kręcisz et al., 2012; Vermes et al., 2013). A recent meta-analysis of 22 studies considering both MoM and MoP devices showed that the risk of metal hypersensitivity is greater post TKR or THR (Granchi et al., 2012). These authors stated that “[t]he frequency of positive tests increased after TJR, especially in patients with implant failure or a metal-on-metal coupling” and that “[t]he probability of developing a metal allergy was higher post-operatively (odds ratio (OR) 1.52 (95% confidence interval (CI) 1.06 to 2.31)), and the risk was further increased when failed implants were compared with stable TJRs (OR 2.76 (95% CI 1.14 to 6.70))” (Granchi et al., 2012 p. 1126). Interestingly, Granchi et al. found that hypersensitivity status was not a discriminating factor between stable and failed TJRs, which supports the conclusion that sensitization status may not be an important contributor to device outcomes. 
Many earlier studies and some more recent studies have suggested that prospective patients should be tested for metal sensitivity prior to surgery (Evans et al., 1974; Frigerio et al., 2011; Granchi et al., 2012; Munro-Ashman and Miller, 1976).  Consensus exists among surgeons and dermatologists relying on more than four decades of experience that “routine metal allergy screening prior to joint arthroplasty is not essential,” and even if a prospective patient is known to be sensitized to metals, this condition should not necessarily preclude using a metal-containing implant (Razak et al., 2013 p. 186; Schalock et al., 2016). Nevertheless, in a small and unpredictable fraction of patients (<2%) with TJAs of all types, overt clinical presentations (e.g., visible inflammation, rash), or more subtle symptoms (e.g., pain, stiffness) may be causally related to an implant-related metal hypersensitivity reaction (Caicedo et al., 2013).  In these patients, diagnosing metal hypersensitivity in THR patients is challenging; “[m]etal implant allergy largely is a diagnosis of exclusion (e.g., infection) and results from a synopsis of patch test, histology and additional in vitro assays such as the lymphocyte transformation test” (Thomas and Summer, 2015 p. 506). 
Taken together, the results of recent animal testing indicating a reasonably high acute immune activation threshold concentration of Cr and Co in synovial fluid (which moderately correlates with circulating blood), as well as the lack of a clearly identified cause and effect relationship between MoM failures and hypersensitivity, suggest that metal hypersensitivity can occur with any Co or Cr containing implant (either MoM or MoP).   Almost certainly, the combination of metal ions and metal particles in the synovial fluid at some unknown concentration may cause a local immune response that can cause osteolysis and, ultimately, failure; however, sub-optimal wear conditions such as edge loading are likely necessary in order to reach this threshold concentration.
[bookmark: _Toc485814948]Summary
· The potential role of metal allergy in MoM and MoP device performance has been extensively studied since the 1970’s; however, until the recent use of animal studies, questions about whether metal allergy was a causative factor in device failure have been difficult to address definitively.  
· Studies of early generation MoM and MoP devices in the 1970’s through the 1990s indicated that:
· Observations of loosening in early generation MoM devices may have been associated with design weaknesses resulting in mechanical stress or high wear rates, rather than metal allergy.
· Implantation of MoP devices resulted in conversion to positive skin patch status test post-surgery in some patients, but increased rates of sensitization did not appear to be associated with loosening or osteolysis.
· MoM devices appeared to induce fewer biological responses than polyethylene-containing MoP devices, with similar sensitization rates between the two device types. 
· Studies performed after the introduction of second generation MoM devices focusing on histologic examination, cell morphology, and patient outcomes indicted that:
· Prospective metal allergy testing of TJA patients with no history of metal sensitization was not recommended by most dermatologists, and, when performed, was not predictive of a small fraction of patients (<2%) who experienced rash, inflammation, pain, or stiffness potentially causally related to a metal implant.
· Implantation of MoM devices caused conversion to metal sensitized status in some patients based on skin patch or lymphocyte transformation testing, but no evidence was found of a causal relationship between device failure and change in lymphocytic activity status.
· Lymphocyte mediated immunological responses described as lesions or pseudotumors were reported in some MoM patients, but, prior to the availability of animal studies focused on markers of immune stimulation, there was insufficient evidence regarding whether responses in symptomatic patients were more likely a cause or an effect of device failure or loosening.
· Based on animal tests, immunological stimulation was unlikely in MoM patients with normal function and no history of previous metal sensitization, but an immune response and osteolysis with sufficient local concentrations of metal under extreme wear rate or particle size conditions could not be ruled out.

[bookmark: _Toc485814949]Local Tissue Effects and Patient Management

Hip replacement is a surgical procedure used to treat a variety of hip joint diseases, including osteoarthritis and fracture-dislocations (NIH, 1982). In the case of osteoarthritis, while other treatment options are available, candidates for hip replacement are those who experience “disabling pain and functional limitation” despite any other treatments, and the aims of hip replacement are to “relie[ve] pain and improv[e]… function” (Gogia et al., 1994; NIH, 1982; NIH, 1994). Surgical procedures involving a mechanical device can be subject to mechanical or biological failure. Mechanical failures of hip implants can consist of dislocations, fractures, and implant loosening. Biological failure can result from infection or tissue responses to various implant components. Biological and mechanical failures can also interact, and discerning the root cause is often difficult. A loose implant, for example, can occur because of poor fixation from the initial surgery or from an inflammatory response to elevated amounts of foreign material released during implant wear. 
The term “local effects” is used here to describe biological effects that might occur in the periprosthetic tissues of a hip implant patient. These effects can range from normal homeostatic responses to inflammatory responses and tissue necrosis. As discussed below, despite many decades of study, a general lack of consensus remains to date regarding monitoring, diagnosis, and treating local effects, particularly with respect to the need for revision. More recently, results from advanced imaging techniques may be influencing some revision decisions, and it is unclear whether modern surveillance systems are affecting patient or surgeon decisions in cases where hips would have remained unrevised for longer periods of time under conventional assessments.

[bookmark: _Toc485814950]Early history (pre-2000)

Since THA was introduced in the late 1960s, the number of procedures has continued to increase yearly (Ahnfelt et al., 1990). Patient management approaches, important factors for the success of a hip implant, paralleled the development and advancement of hip replacement. Since the goal of hip replacement was to alleviate pain and improve hip function in patients who suffer from hip joint diseases, such as osteoarthritis, having an “objective and reliable method of assessment based on simple and well defined criteria” for surgeons to evaluate patients both before and after surgery” (Andersson, 1972 p. 621) became important. Many methods for assessing patient hip functions were developed in the late 1960s and early 1970s, including Merle d’Aubigne, American Academy of Orthopaedic Surgeons, and Harris, among others (Andersson, 1972; Callaghan et al., 1990; Harris, 1969). Other variations of these tests were published over the years, and included tests such as the Oxford Hip Score, which continued to modify patient pain and mobility assessment (Nilsdotter and Bremander, 2011). In general, these tests assessed pain, patient activity, range of motion, and patient quality of life (Nilsdotter and Bremander, 2011). Over the years, the Harris hip scoring system emerged as one of the more widely used methods for evaluating hip implant function (Nilsdotter and Bremander, 2011). Even in the 1970s, however, include different methods of evaluation often were known to yield different results (Andersson, 1972). 
During patient follow-up, symptoms such as pain required further evaluation, and radiographs were used to diagnose mechanical complications, such as mal-positioning, fractures, and component loosening (O'Neill and Harris, 1984; Pepper and Noonan, 1973). Other techniques, such as aspiration and cell cultures, were used to assess infections (NIH, 1982; O'Neill and Harris, 1984; Pedersen, 1978). 
Additionally, uniform guidance was lacking for evaluating and diagnosing THA complications (Johnston et al., 1990; Wroblewski, 1991). In 1982, a panel of physicians and medical researchers evaluated evidence and offered consensus on key questions regarding THAs, including the prognosis and complications following hip replacement (NIH, 1982). The panel discussed complications including infection, dislocation, and loosening, which “may alter an otherwise good result, [and] can occur during the early postsurgical period” (NIH, 1982). The panel concluded that “[p]atients with THR should be followed according to a definite protocol… [which]included[e] at least a review at 1 year, 5 years, 10 years, and longer after the operation… [and] [would] hel[p] diagnose potential and actual problems (complications) which may arise” (NIH, 1982). Specific to infections, the panel stated that “[p]ain [wa]s the predominant symptom,” and was difficult to diagnose (NIH, 1982). While radiographs had often been used to diagnose component loosening, the panel concluded that “[c]onventional radiographs cannot differentiate septic from aseptic loosenings” (NIH, 1982). Other techniques, such as scintigraphic evaluation, aspiration, and culture were noted to be more useful for diagnosing infection, while histological examination can confirm diagnosis (NIH, 1982). The panel also commented that revisions on THAs were possible, but the outcomes of the revision “depend[ed] in part on whether the failure [wa]s for purely mechanical reasons or because of associated infection,” and were “less good than from primary surgery” (NIH, 1982). Additionally, the panel recommended that, in considering the challenges of revision surgery, “it may be better judgment not to reoperate,” with that decision ultimately left up to the patient with a physician’s advice (NIH, 1982). 
If revision surgery were performed, surgeons could directly evaluate local tissue responses. By 1960s, foreign materials were known to display a range of inflammatory reactions in tissue surrounding the hip joint. Sir John Charnley, for example, reported particle-associated foreign-body reaction in patients who had received a THA containing polytetrafluorethylene (PTFE) (Charnley, 1961). Dr. Charnley subsequently injected two samples of PFTE particles and one sample of high density polyethylene particles subcutaneously into his own thigh. He observed a transient systemic reaction, as well as a chronic local a chronic inflammation with PTFE, but not the high density polyethylene (Charnley, 1963). McKee and Farrar (1966) noted that “[m]etal on plastic may give rise to trouble because fine particles rubbed off the plastic are liable to cause tissue irritation and bone resorption” (p. 247). The authors suggested that cobalt-chrome alloy MoM articulations were potentially more suitable for hip implants, noting potentially lower wear rates than MoP devices, and better performance characteristics than titanium, which was subject to bonding, and stainless steel, which was not considered to be biologically inert. They concluded that “earlier chrome-cobalt alloy upon chrome-cobalt alloy models [were] still working extremely well after eight years and there thus seem[ed] to be no cause to worry about the use of chrome-cobalt alloy for both components of the joint” (McKee and Watson-Farrar, 1966). 
In the 1970s, many reports of tissue reactions in failed hip implants focused on examining the histological features of either acute or chronic inflammation in periprosthetic tissue (Charosky et al., 1973; Willert, 1973; Willert et al., 1974; Willert and Semlitsch, 1975, 1976; Willert and Semlitsch, 1977). An early case series report examined chronic local inflammatory responses (Charosky et al., 1973) in eighteen patients with failed McKee-Farrar (Co-Cr MoM) and two with failed Charnley (stainless steel on UHMWPE) implants. More severe local reactions were observed in patients who had also developed periprosthetic infections. Intercellular and extracellular metallic debris was present in almost all cases, as well as acrylic debris originating from the bone cement; the potential role of this debris in inflammation or infection, however, was unknown (Charosky et al., 1973). In 1976, Mirra et al. published a semi-quantitative scoring system for evaluating human tissue samples in patients with failed implants (Mirra et al., 1976). Synovial and capsular tissue were analyzed and given scores (ranging from “+” to “+++”) for acute and chronic inflammatory and histiocytic cells, metal, polyethylene, and acrylic debris, then related back to clinical and radiological data for each patient. 
The histological appearance of periprosthetic tissues in failed total joint arthroplasties was characterized by acute inflammation and the presence of bacteriologic infection, and the amount of acrylic particles was correlated with implant loosening. The authors concluded that “[t]he most important finding was that in the amounts normally shed into joints, debris particles do not appear to stimulate a polymorphonuclear response” (Mirra et al., 1976 p. 239). Willert and Semlitsch (1977) reviewed tissue samples collected in 123 artificial joint revisions with several combinations of MoM and MoP materials to assess foreign body reactions potentially associated with plastic, metal, or acrylic cement debris. Some potential long-term effects, including fibrosis, were noted for all types of materials, but the authors concluded that wear particles in “small amounts” are tolerated and are effectively removed in perivascular lymph spaces. Cobalt-chromium alloy particles produced “minor amounts” of particles, but induced a histiocytic foreign body reaction with lymphocyte infiltration when present in sufficient amounts. In contrast, polyethylene debris was produced in greater amounts and size than alloy particles, resulting in a giant-cell foreign body response. Acrylic cement particles elicited a variable giant-cell or histiocytic response that reflected variability in particle size and amount. Polyester debris was not tolerated, as it produced more particle debris than the other materials with appreciable scarring and necrosis. Despite evidence indicating lower wear rates, and thus potentially more favorable tissue tolerance of cobalt-chromic alloy particulate as compared to other materials, concerns about metal hypersensitivity associated with lymphocyte infiltration were suggested during this time period as a potential cause of implant loosening due to osteolysis (Evans et al., 1974; Jones et al., 1975; Willert and Semlitsch, 1977)
In addition to having concerns about metal hypersensitivity, researchers also occasionally observed unknown significance of stained or blacked tissue in contact with metal implant components in association with corrosion or wear products (McKellop et al., 1996). In 1973, for example, Bullough (1973) examined 18 McKee-Farrar prostheses that had failed because of infection or aseptic loosening, and noted that “it is not uncommon to see a distinct gray-black discoloration at the synovial surface and sometimes focally within the capsular tissue” (p. 82). These observations of staining, however, were difficult to interpret because infection occurred concurrent with the observed acute and chronic inflammatory reactions. Brown et al. (1977) reported “grayish-black” tissue and necrosis in 15 of 17 patients revised for a sterile loose implant, which did not appear to be associated with a hypersensitivity response. Observations of staining were associated primarily with early designs of the McKee prostheses, as subsequent designs implanted after 1968 exhibited minimal staining. Nonetheless, by the end of the 1970s, MoM prostheses implementation declined in part due to observations of sterile loosening co-occurring with metal staining and increased wear rates (Amstutz and Grigoris, 1996).
Subsequent research in the 1980s showed that staining also occurred with titanium implants, but that tissue discoloration due to contact with metal was not necessarily indicative of an adverse effect. In 1983, Dobbs and Scales noted that “[a]lthough blackening of adjacent tissue has been observed [in titanium-containing implants], there was no evidence that this was associated with an undesirable tissue response” (Dobbs and Scales, 1983 p. 173). In these cases, which included single implants with cobalt-chromium-molybdenum and titanium, staining was not accompanied by evidence of adverse metal sensitivity or histological responses. Agins et al. (1988) noted that “the phenomenon of dark staining of soft tissues immediately adjacent to static implants made of titanium and titanium alloy is well known” (p.350). Thus, by the end of the 1980s, while tissue staining had clearly been observed as a marker for corrosion or wear debris generation rates, discoloration alone was not necessarily indicative of an adverse local effect.
In addition to reports of tissue discoloration, several reports of osteolysis in the 1980s and early 1990s focused on the examination of metal, polyethylene, and acrylic particles. Johanson et al. (1987) suggested that loosening occurred in mechanical and biological phases, and while knowing which stage occurred first was not possible, the two phases interacted to eventually cause device loosening and failure. Griffiths et al. (1987) introduced the term “granulomatous pseudotumor” to describe foreign body reactions to methylmethacrylate, polyethylene, or metal near an implant associated with histiocytic infiltration, giant cells, pain, and loosening. Some surgeons in the 1980s began to refer to the potential contribution of bone cement to the onset of osteolysis as “cement disease” (Jones and Hungerford, 1987), and, by the early 1990s, surgeons also used the term “polyethylene disease” to describe the “slow but insidious infiltration of the bone implant interface with a fibrous membrane” (Bobyn, 1991 p. 530). This recognition of polyethylene debris as a cause of loosenings distinct from bone cement reflected the availability of outcomes for cementless arthroplasties, which eliminated acrylic particle generation (Cooper et al., 1992; Grigoris et al., 1993; Santavirta et al., 1990; Schmalzried et al., 1992). In the mid-1990s, Harris (1993) communicated the view that both cement and polyethylene disease were more accurately described as “particle disease”, since both conditions were associated with the same process of interfacial particle debris generation, followed by macrophage infiltration, and gradual lysis. Harris noted that these processes could occur with sufficient generation of fragmented cement, polyethylene particles, or metal particles.  
The case reports associated with bone cement particulate accumulation in the 1980s and 1990s consistently communicated similar findings of osteolysis when sufficient particle accumulation in tissues was present. Jasty et al. (1986) reported findings of lysis, loosening, and “yellowish brown” staining associated with methylmethacrylate particulate debris from bone cement in four total hip replacements with stainless steel or cobalt-chromium components. Kozinn et al. (1986) examined the foreign body membrane from failed uncemented hip metallic hemiprostheses and found that inflammation was mild in the absence of polymethylmethacrylate and polyethylene debris, and also mild with the presence of moderate metallic debris. These findings were corroborated by Lennox et al. (1987), who examined the foreign body membrane from failed cemented and uncemented hip prostheses. Samples from the cemented implant membrane were abundant in macrophages and giant cells, primarily in areas adjacent to the bone surface as opposed to the cement surface, which was assumed to be a response to polymethylmethacrylate particles. 
 Similar reports of macrophage and giant cell infiltration were presented in the literature in cases in which multiple types of particles were observed in tissue. Agins et al. (1988), for example, reported “histiocytic and plasma cell reaction…in the pseudocapsular tissue” of patients with MoP hip implants composed of titanium alloy (Ti-6Al-4V) and UHMWPE (p. 347). The researchers also noted “copious metallic staining” in the tissue, and reported polyethylene debris and particles of cement with “giant-cell reaction” present in the hips of some of the patients (Agins et al., 1988 p. 347). Pazzaglia and Byers (1984) found metal particles and polyethylene fibers associated with an osteolysis in a Charnley hip implant patient at the site of the lesion, as well as 15 cm from the prosthesis. Bell et al. (1985) found loosening concurrent with foreign-body membranes, including macrophages and multinucleated giant cells in Wagner resurfacing arthroplasties. Evidence of methacrylate and polythene particles was found in the bone-cement membrane, and, similar to other researchers, bone resorption and loosening were hypothesized to be mediated by macrophages. 
Another major concern arising in the 1990s was the limited lifespan of the polyethylene material bearing surfaces, especially in younger patients, due to high wear rates that subsequently lead to the osteolysis/loosening that had been observed in hip implant patients (Cooper et al., 1992; Jasty et al., 1994; Wan and Dorr, 1996; Wroblewski and Siney, 1992). Jasty et al. (1994) suggested that “abundant fine polymeric debris” is the “most common feature,” and is the “most likely agent” for producing osteolysis in hip implant patients (p. 112). In addition to these reports, Doorn et al. (1998) noted that there is a “less intense tissue reaction around metal on metal total hip replacements (THRs) compared to metal on polyethylene (PE) THRs,” and discussed that the differences in the characteristics of the wear debris may explain why the severity of the tissue reactions vary in patients with different types of implants (p. 103). The researchers specifically reported that the less severe tissue reaction to metal particles may be “due to the possibility that corrosion, dissolution, and dissemination of metal particles may result in fewer local biological effects that the long-term retention of PE particles in the periprosthetic tissues” (Doorn et al., 1998 p. 103). Jacobsson et al. (1996) reported that “[w]ear of the polyethylene bearing and accumulation of polyethylene particles in the periprosthetic tissues may become an increasing problem of metal on plastic replacements in the long perspective. Therefore, the second generation all metal implants seem to be worth considering in patients with long life expectancy” (p. S67).
Concurrent with observations of various inflammatory reactions in tissue surrounding hip implants, surgeons continued to discuss the lack of standardized assessment criteria for decisions regarding patient management. A second conference was held in 1994, when experts came together to discuss advancements in THAs (NIH, 1994). The panel recognized that the “[o]utcome assessment in THR had been limited by the lack of standardized terminology and by the use of various scales that have traditionally relied on the surgeon's assessment of the patient's pain, range of motion, muscle strength, and mobility” (NIH, 1994). Additionally, the panel noted that “[m]ost of these measures ha[d] not been adequately characterized in terms of validity, reliability, and responsiveness to change,” as well as disregarded the value of “patient-oriented evaluation of function or satisfaction” (NIH, 1994). Furthermore, the panel concluded that “[t]here [wa]s no consensus on the standard definitions of endpoints with respect to prosthesis failure” (NIH, 1994). Ultimately, the panel recommended that moving forward, “[t]he patient's functional status should be further assessed in followup by standardized, patient-reported, disease-specific measures and by at least one global outcome measure,” and that “the radiographic and clinical criteria for prosthesis failure should be defined” (NIH, 1994).
The panel also discussed and made recommendations regard to decisions concerning THA revisions (NIH, 1994). It was recognized that a variety of complex factors must be weighed in the decision for a revision surgery (NIH, 1994). The panel concluded that, at the time, “the results of revision THR [we]re inferior to those of primary procedures,” and that “[n]ot all “failed” primary THRs require revision” (NIH, 1994). Additionally, the panel agreed that, under certain circumstances, such as “evidence of progressive bone loss,” component loosening, fractures, dislocations, component malposition, and infections were “reasons to consider revision” (NIH, 1994).
In summary, prior to 2000, concerns regarding local tissue effects were largely focused on osteolysis in MoP patients; observations and interest in other local tissue effects, including metallosis and pseudotumors, were relatively limited. Decisions for implant revisions were based on hip scores during clinical follow-up and mechanical implant function as indicated by radiographs. 
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	In the early 2000s, post-operation follow up for second generation MoM devices typically included clinical examination using the Harris hip score (a system for evaluating pain, function, deformity, and motion) and radiological examination with anteroposterior radiographs (to evaluate osteolysis and component failure) (Back et al., 2005; Kim et al., 2004; Long et al., 2004; Wagner and Wagner, 2000). While some recommended blood metal testing for young and active patients irrespective of clinical and radiological outcomes (Migaud et al., 2004), this recommendation was not universally accepted by physicians (Gruber et al., 2007; Pandit et al., 2008; Sabah et al., 2011; Toms et al., 2008). Patient counseling focused on pain management and mechanical failure; thus, consensus criteria for revision based on specific local effect observations were not developed.
	Radiographs were used to effectively assess osteolysis and implant position, as well as component failure, but had limited utility for evaluating soft tissue reactions. Case reports and cohort studies published through the mid-2000s, then, rarely reported specific soft tissue reactions prior to revision surgery (Back et al., 2005; Beaule et al., 2004; Clarke et al., 2005; Dorr et al., 2000; Itayem et al., 2005; Jacobs et al., 2004b; Korovessis et al., 2002; Lombardi et al., 2004; Long et al., 2004; Migaud et al., 2004; Wagner and Wagner, 2000). Infrequently, observations of metallosis and pseudotumors were reported, but these conditions were noted during revision surgery, and therefore did not contribute to revision decision-making (Beaule et al., 2004; Kim et al., 2004; Korovessis et al., 2003; Willert et al., 2005). Korovessis et al. (2003) reported on 350 MoM patients, for example, and noted that “[a]t revision surgery no macroscopic metallosis could be identified”; however, “microscopic evidence for metallosis… was shown… in… 6 revised hips” (p. 8). Others, however, reported that “[a]t the time of revision surgery, no metallosis could be identified” (Wagner and Wagner, 2000 p. 128). Concurrently, surgeons began to report inflammatory infiltrates during revision surgery resembling tissue features, later referred to as “pseudotumors” (Kim et al., 2004; Willert et al., 2005). Willert et al. (2005) examined histology (discussed in hypersensitivity section) of 24 consecutive MoM revisions, for example, and indicated “[a]n extensive joint effusion was noted in eight patients, and it was often combined with bursa formation” (p. 30). The retrospective nature of soft tissue observations made at the time of revision reflected the available technology’s limitations, and encouraged subsequent innovation in imaging technologies compatible with metal implants in order to improve soft tissue reaction visualization prior to surgery.

Introduction of MARS technique

Beginning in the 1990s and continuing through the mid-2000s, researchers infrequently utilized ultrasonography and computed tomography (CT) to evaluate local tissue effects (DeFrang et al., 1996; McGraw et al., 1991; Nihal and Drabu, 1998). Using conventional resonance-based imaging techniques (CT and MRI) increased in the 2000s (Boardman et al., 2006; Gruber et al., 2007; Madan et al., 2000), but metal prostheses artifacts obscured image quality, thus limiting diagnostic utility (Olsen et al., 2000). Pandit et al. (2008) and Fang et al. (2008), for example, studied resurfacing patient cohorts who presented with pain; all patients underwent plain radiography, and were further evaluated using a combination of ultrasound, CT, or MRI. Pandit et al. (2008) reported soft-tissue masses with extensive necrosis and lymphocytic infiltration in all patients. Fang et al. (2008) described “a solid or cystic mass arising from the anterior aspect of the joint in the region of the psoas bursa, or cysts arising from the lateral or posterior aspect of the joint” (p. 716). Both studies acknowledged that ultrasound, CT, and MRI were all able to detect soft tissue masses, but “[m]etal artifacts… obscure[d] the tissues immediately adjacent to the resurfacing” in CT and MRI scanning (Fang et al., 2008; Pandit et al., 2008 p. 851). For this reason, Fang et al. (2008) suggested that “ultrasound [was their] preferred initial investigative tool” (p. 720).
In 2000, Olsen et al. (2000) proposed a “metal artifact reduction sequence (MARS) [to] reduce… the size and intensity of susceptibility artifacts from magnetic field distortion” to “significantly improve[d] visualization of periprosthetic bone and soft-tissue structures” (p. 699). Subsequently, Chang et al. (2001) found that “[t]he new MARS sequence effectively reduces the degree of tissue-obscuring artifact produced by [metal] hardware and subjectively improves image quality compared with the conventional… sequence” (p. 213). In 2008, Toms et al. (2008) retrospectively evaluated the radiological findings of 15 MoM THA revised hips, and suggested that MARS-MRI was potentially capable of diagnosing “a novel disease process,” thereby requiring evaluation by long-term prospective studies (p. 57). Toms et al. (2008) found “[d]iscrete peri-prosthetic soft-tissue thickening, a soft-tissue mass, a fluid-filled cavity, or a combination of these findings” in all revised hips (p. 52). The authors noted that “[MARS] MRI can demonstrate characteristic soft-tissue disease in… patients where conventional radiographs [were] frequently normal” (Toms et al., 2008 p. 49). The authors were among the first to suggest potentially using MARS-MRI imaging to prospectively “confirm or exclude the presence of peri-articular soft-tissue disease and influence the decision to revise the prosthesis” (Toms et al., 2008 p. 53). Subsequently, in 2011, Sabah et al. performed a prospective study that utilized MARS MRI to evaluate MoM patients (both resurfacing and THA) with unexplained pain. The authors found 23 periprosthetic soft tissue lesions, 21 of which “appeared fluid-like,” and two with “solid consistency” (Sabah et al., 2011 p. 72-73). The authors concluded that although the “clinical importance of MARS MRI findings [was] unclear,” they provided “a means to detect inflammatory lesions before revision surgery” (Sabah et al., 2011 p. 74). 

Terminology for Pseudotumor and Similar Local Tissue Observations

	During this time (2008 – 2011), similar local tissue reactions continued to be described using multiple terms and evaluation frameworks. Some studies utilized MRI imaging to diagnose local tissue responses, while others used the conventional clinical evaluation of pain and mobility (Lainiala et al., 2014). Langton et al. (2010b) noted that there was “currently no clear consensus in the literature defining the boundaries of the terms metallosis, ALVAL and pseudotumour,” and that “[r]eports suggest[ed] that tissues examined following revision surgery often exhibit[ed] a combination of the above pathologies” (p. 38). Langton et al. thus adopted the term ARMD (adverse reactions to metal debris) “as an umbrella term to describe joint failures associated with pain, a large sterile effusion of the hip and/or macroscopic necrosis/metallosis” (p. 38). Browne et al. noted that “[t]he clinical presentation of patients with an adverse metal reaction was varied and often nonspecific” (Browne et al., 2010 p. 2317). The lack of terminology consensus created variability in reporting incidence rates of local response, as well as uncertainty for patient management and revision decisions. 
	Reflecting the inconsistent use of terminology, “pseudotumors” were variably described in the 2000s as a non-neoplastic cystic, or as granulomatous lesions that resembled a tumor periprosthetic soft-tissue lesions, bursae, cysts, inflammatory masses, or adverse reactions to metal debris (Boardman et al., 2006; Daniel et al., 2012; De Smet, 2005; Gruber et al., 2007; Langton et al., 2010a; Langton et al., 2010b; Wilkinson et al., 2005). Despite such inconsistent terminology, some studies after the mid-2000s provided estimates for the incidence of “pseudotumors” (Pandit et al., 2008; Sabah et al., 2011; Toms et al., 2008). Pandit et al. (2008) studied a cohort of MoM resurfacing patients, for example, and “estimate[d] that approximately 1% of patients who have a metal-on-metal resurfacing [will] develop a pseudotumor within five years” (p. 847). Toms et al. (2008) reviewed a cohort of THR patients, and estimated that 3% of the patients had an “abnormal soft tissue reaction” (p. 49). Sabah et al. (2011) reported that “[s]terile soft tissue lesions appear to be present in a sizeable proportion (>50%) of unexplained painful MOM hips” (p. 76). The unique selection criteria and patient population of each study, as well as a lack of consistent terminology, however, limited the applicability of diagnosing pseudotumors across different patient populations.
	Similar to pseudotumors, while the presence of discolored tissue or fluids in loose or failed metal implants was sometimes interpreted as direct evidence of tissue damage, conclusions regarding the clinical implications of tissue staining was confounded by patient selection and inconsistent criteria (De Smet et al., 2008; Griffin et al., 2012). Ebreo et al. (2011) noted that “the prognostic significance of the degree of soft tissue staining by metal debris observed intraoperatively has yet to be proven” (p. 780), and Pritchett et al. (2012) concluded that “metal staining of the tissues, without noise, and without a highly elevated cobalt level, does not warrant the serious diagnosis of metallosis” (p.53). Pelt et al. (2013) reported no association between the presence of metallosis and ALVAL scores in MoM THRs patients. Given the variability in the diagnosis of metallosis, then, determining the incidence of this condition becomes impossible. Cobalt-chromium or other metal alloy particles, however, can cause discoloration via a “staining” or “pigmentation” process in the absence of necrotic tissue, and thus the mere presence of staining is not necessarily indicative of an adverse tissue response.

MHRA Recommends Soft Tissue Imaging with Little Consensus on Interpretation of Results

Prior to 2010, formal local tissue effect evaluation criteria were not available, and routine imaging of periprosthetic tissue was not routinely performed. A 2010 “Medical Device Alert” issued by the MHRA was the first governmental advisory recommending cross-sectional imaging in conjunction with measuring blood cobalt and chromium concentrations as standard follow up for MoM patients (MHRA, 2010). The recommendation stated that if blood cobalt and chromium concentrations exceed seven ppb, and “if imaging reveals soft tissue reactions, fluid collections or tissue masses then consider revision surgery” (MHRA, 2010 p. 2). A specific imaging technique was not recommended until 2012, when the MHRA specifically recommended that MARS MRI or ultrasound be used to monitor symptomatic or susceptible asymptomatic MoM patients (MHRA, 2012). The MHRA recommended that revision be considered “[i]f imaging is abnormal and/or blood metal ion levels [are] rising” (MHRA, 2012 p. 6). Multiple agencies, including the FDA (US), EFFORT (Europe), TGA (Australia), and Health Canada made similar recommendations of cross sectional imaging in MoM patients (Matharu et al., 2015). A formal criteria of abnormal imaging results, however, was not defined. 
	Though the imaging capabilities of periprosthetic tissues had greatly increased with the introduction of MARS MRI, the lack of a grading system or criteria limited the clinical utility of cross-sectional imaging. From 2011 to 2012, three independent grading systems, each with a slightly different focus, were published by different researchers (Anderson et al., 2011; Hauptfleisch et al., 2012; Matthies et al., 2012). Anderson et al. (2011) scored each MRI examination by a pre-defined criteria that evaluated histopathological changes in periprosthetic tissues, soft tissue masses, size of mass, presence of fluid, and fracture. The authors concluded that the “grading system described in this study is reliable for evaluating ALVAL in MoM prostheses using MR but is limited in differentiating mild disease from infection (Anderson et al., 2011 p. 303). Matthies et al. (2012) presented a grading system that focused on the psuedotumor wall, the type of fluid content inside, and its shape. They noted that they used “a radiographic definition for pseudotumor that included both fluid-filled (cystic) and solid lesions,” but “did not investigate immunologic or histologic changes in the tissues” (Matthies et al., 2012 p. 1903). Similarly, Hauptfleisch et al. (2012) presented a “radiological classification system for… reactive masses” (p. 149). The authors based their system on the thickness of the wall, size of the mass, and whether the mass was fluid-filled (cystic) or solid (Hauptfleisch et al., 2012). They concluded that “[s]olid anterior psuedotumors were most likely to have the more severe symptoms and require revision surgery” (Hauptfleisch et al., 2012 p. 149). The decision to revise based on imaging results would prove to be highly variable among different surgeons and institutions. 
Although these scoring systems all aim to provide a guideline for the severity of the local tissue effect, the considerations of each system are different from each other, and few studies were completed to validate these scoring systems. In 2014, van der Weegan et al. (2014a) “studied the intra- and interobserver reliability of three different psuedotumor grading systems in a single cohort of MoMTHA” (p. 149). The authors concluded that although each system had its merits and concerns, “[i]nterobserver reliability scored best with the Anderson system” (van der Weegen et al., 2014a p. 149). Further, they found that “[a] more succinct psuedotumor severity grading system is needed for clinical use” (van der Weegen et al., 2014a p. 149). 

Incidence of MRI Abnormalities

Following the emphasis on imaging and soft tissue lesions and their clinical utility when considering revision, a number of individual studies and a meta-analysis evaluated the incidence of local tissue reactions in their perspective cohorts (Bosker et al., 2012; Fehring et al., 2014; Hart et al., 2012; Murray et al., 2011; van der Weegen et al., 2014b; Wiley et al., 2013; Williams et al., 2011; Wynn-Jones et al., 2011). The reported incidence and the patient population varied significantly between these studies. Williams et al. (2011), for example, reported that 32% of 31 asymptomatic MoM THA patients had a solid or cystic mass, and 25% of 20 asymptomatic resurfacing patients had a solid or cystic mass. Wynn-Jones et al. (2011) reported “adverse reactions to metal debris” in 36% of a mixed (THA and resurfacing, both symptomatic and asymptomatic) cohort of ASR patients (p. 301). The authors suggested that adverse reactions to metal debris were “common and often clinically ‘silent’” (Wynn-Jones et al., 2011 p. 301). Bosker et al. (2012) reported a pseudotumor diagnosis by CT scan in 39% of 119 MoM THR patients with large-diameter femoral head, noting that “[p]atients with elevated serum metal ion levels had a four times increased risk of developing a pseudotumor” (p. 755). Van der Weegan et al. (2014b) studied 214 MoM resurfacing patients and found a pseudotumor prevalence of 36.3% (61 “mild”; 25 “moderate”; 4 “severe”). Moderate or marked pain was reported in only 12 of 256 hips (4.7%), and revision was performed or scheduled in only five symptomatic patients (2.3%). Overall, 78% of detections were asymptomatic (van der Weegen et al., 2014b). Fehring et al. (2014) evaluated modular MoM THA patients using MARS MRI, and reported that 31% of asymptomatic patients displayed signs of ALTR lesions, described as adverse local tissue reactions defined by abnormal fluid collections of solid or semisolid psuedotumors. Wiley et al. (2013) performed a meta-analysis on 14 studies with a total of 13,898 MoM hips to “determine a pooled estimate of the incidence of pseudotumor and acute lymphocytic vasculitis associated lesions (ALVAL) in adult patients with primary metal-on-metal (MoM) total hip arthroplasty or resurfacing” (p. 1238). The authors reported a pooled estimated incidence of pseudotumor/ALVAL of 0.6% (Wiley et al., 2013). 
As noted above, a wide range of reported local tissue reaction incidence rates (from 1% to 39%) was reported in the literature, with a recent meta-analysis indicating an incidence on the lower end of the range. This inconsistency and range reflected a diversity of confounding study parameters, including cohort size and location, patient composition, procedure performed (THA vs. resurfacing), implanted device, follow up period, and definition of local tissue effect or pseudotumor. Despite increased reporting of pseudotumors in the late 2000s, whether the observed effects were associated with increased wear particles or metal ion levels remained unclear. In an early MoM resurfacing pseudotumor cohort study that included both well-functioning and malfunctioning implants, Pandit et al. (2008) noted that “[t]he cause of these pseudotumors [was] not apparent” (p. 851). The authors suggested that pseudotumors “may be a toxic reaction to an excess of particulate metal wear debris or a hypersensitivity reaction to a normal amount of metal debris” (Pandit et al., 2008 p. 847) The analysis of local tissue reactions or psuedotumor incidence, as well as potential cause and effect relationships, will remain difficult until consistent terminology is adopted, and datasets of sufficient size and quality are available to address confounding factors.

Clinical Significance of MRI Abnormalities

Other studies reported the presence of pseudotumor in asymptomatic MoM patients with unknown clinical consequences (Fehring et al., 2014; Hart et al., 2012; Williams et al., 2011). Hart et al. (2012) stated that “the presence of a cystic pseudotumor may not necessarily indicate the need for revision” and “[f]urther correlation of clinical and imaging data [wa]s needed to determine the natural history of pseudotumors to guide clinical practice” (p. 318). Sabah et al. (2011) noted that “[t]he clinical significance of [MRI findings] [was] uncertain because the imaging characteristics of well-functioning MoM hip[s] [we]re not known” (p. 75). The authors indicated that, “according to the current evidence base, a lesion on MARS MRI [wa]s not synonymous with the need for intervention” (Sabah et al., 2011 p. 75). Similarly, Hauptfleisch et al. (2012) presented an MRI classification system for pseudotumors and suggested that “the consistency rather than the size of the pseudotumor... is useful in predicting the likelihood of revision” (p. 154). The authors concluded that “[s]olid anterior pseudotumors were most likely to have the more severe symptoms and require revision surgery” (Hauptfleisch et al., 2012 p. 149). 
Concurrent with observations of pseudotumors in MoM patients, other studies found evidence that pseudotumors were also common in other implant types. Fehring et al. (2015), for example, observed MRI abnormalities in 28% of asymptomatic MoP patients, and noted this observation was similar to the percentage of pseudotumors seen in asymptomatic MoM patients (Fehring et al., 2015; Fehring et al., 2014). The authors concluded that “[d]ecisions concerning revision of MoM bearings should not be based on isolated MRI findings because MRI abnormalities are commonly seen regardless of bearing type” (Fehring et al., 2015 p. 574).

Lack of Consensus Regarding Patient Management

The uncertainty among the medical and scientific communities regarding managing asymptomatic patients with imaging abnormalities was evident during this time. Fehring et al. (2014) noted that “the proper way to manage asymptomatic patinets with MoM THAs remain[ed] unanswered” (p. 519-520). While regulatory guidelines recommended cross-sectional imaging for managing MoM patients, a lack of consensus existed regarding standards and thresholds for revision decisions (Kwon et al., 2014; Matharu et al., 2015). Berber et al. (2016b), for example, discussed the challenges of managing patients with MoM hip implants, and presented a spectrum of concerns for patient management decisions. The authors stated that “[s]ome clinical cases are straightforward and decision making is relatively easy”; “[h]owever, in many instances surgeons experience considerable uncertainty in decision- making because of the lack of guidelines or the difficulty in applying guidelines in complex cases” (Berber et al., 2016b p. 276). Berber et al. noted that “uncertainties remain over decision making because of the difficulty - for any guideline - to define or quantify clinical symptoms, imaging findings and clinically important thresholds for blood metal ion results” (Berber et al., 2016b p. 274). The authors noted a need to distinguish HRA versus THA blood concentrations, and indicated that concentrations of concerns ranged from 4.5 ppb to 7 ppb (Berber et al., 2016b). Regarding using pseudotumors as a biomarker for revision, the authors indicated that “[t]here [wa]s a lack of evidence surrounding the need for revision secondary to pseudotumors” (Berber et al., 2016b p. 275). Overall, Berber et al. stated that “a decision to revise should not be based on a single investigation, instead the decision should take into account patient symptoms, activity level, implant type, metal ion levels and imaging findings” (Berber et al., 2016b p. 276).  The authors therefore recommended using a multidisciplinary team approach to “help interpret the guidance published by the regulatory agencies, with the aim of using surgical experience, tacit knowledge, and evidence-based current best practice to reduce the uncertainty surrounding the management of patients with MOM hip implants” (Berber et al., 2016b p. 276).
	The complex nature of each MoM case and decision to revise has generated variable data over the years as different surgeons have selected revision surgery for different reasons. Berber et al. recently invited six orthopedic centers to make management decisions for ten MoM hip implant patients (THA and HRA) based on a complete clinical dataset (history, blood concentration, and imaging) (Berber et al., 2016a). The data were “sent to each unit, for discussion and treatment planning,” and “[d]ifferences in the interpretation of findings, management decisions and rationale for decisions were compared using quantitative and qualitative methods” (Berber et al., 2016a p. 179). The authors noted that “[i]n-depth analysis demonstrated that 100% agreement in management decisions was achieved for only three patients, and 83% agreement in four patients” (Berber et al., 2016a p. 181). Additionally, the authors indicated that, “of the remaining three patients, four out of six centres agreed treatment (67%) in two patients and a split decision was seen in the final patient (33% agreement)” (Berber et al., 2016a p. 179). Berber et al. stated that the main “[a]reas of contention were interplay between patient function and investigation findings, particularly for rising metal ions, management of osteolysis and revision for pseudotumour” (Berber et al., 2016a p. 182). The authors concluded that “[v]ariation exist[ed] in the management of patients with MOM hip arthroplasties,” and that a “lack of evidence for some themes used to justify decision making in the management of MOM hip implants provide[d] a strong rationale for the use of an MDT [multi-discinplinary team] approach for these patients” (Berber et al., 2016a p. 185). 
	The accuracy and validation of recent biomonitoring tests (such as metal blood level analysis and pseudotumor imaging) in relationship to patient pain and mobility and, ultimately, implant function, is lacking. Similar to Berber et al. (2016a), Lainiala et al. (2014) provided another example of the complexity and variability of patient management, and the effects on revision decisions. The authors retrospectively analyzed 371 patients (430 hips) who underwent THA between 2002 and 2010, and reported revision rates for an old surveillance and new surveillance program. The old surveillance program consisted of “a standard protocol, including clinical assessment by a physiotherapist at one, three, five and eight years after surgery, as well as anteroposterior (AP) and lateral plain radiographs” (Lainiala et al., 2014 p. 1611). The new management program involved surveillance of patients who were “reviewed clinically including measurement of whole blood levels of Co and Cr ions” and “antero-posterior (AP) and lateral radiographs of the hip and an AP pelvic radiograph were taken before each visit” (Lainiala et al., 2014 p. 1611). Additionally, “[s]ymptomatic patients and those with elevated blood Co and/or Cr levels (> 5 parts per billion (ppb)) were referred for MRI or ultrasonography” (Lainiala et al., 2014 p. 1612). The authors noted that “[t]he indications for revision of a MoM THR included the presence of a thick-walled pseudotumour with atypical contents or a solid pseudotumour on imaging, regardless of symptoms and whole blood metal ion levels; elevated metal ion levels and symptoms from the hip despite normal findings on imaging or the patient was significantly symptomatic, regardless of imaging findings or metal ion levels” (Lainiala et al., 2014 p. 1612). The nine-year implant survival under the old surveillance program was 96%, while the new program generated a nine-year implant survival of 86% (Lainiala et al., 2014). The authors noted that “[i]t [wa]s obvious that the modern follow-up scheme ha[d] identified patients who would otherwise have remained unrevised for an unknown period” (Lainiala et al., 2014 p. 1616). The authors acknowledged that differences in patient management were likely to drive different revision rates in this cohort. The authors indicated, for example, that “[t]here [wa]s no consensus of opinion on the treatment of an asymptomatic pseudotumour or on the management of asymptomatic patients with elevated blood metal ion levels,” and “[s]ome institutions ha[d] a more conservative approach and tend[ed] to follow up patients who would be candidates for revision elsewhere” (Lainiala et al., 2014 p. 1616). Additionally, Lainiala et al. (2014) indicated that “[thei]r approach ha[d] been to identify and also to revise – for example, patients with a solid pseudotumour found on MRI, even if they were asymptomatic and had low whole blood metal ion levels” (p. 1616).
	In 2015, the USFDA stated that “the FDA does not believe there is a clear need to routinely check metal ion levels in the blood or perform soft tissue imaging” in asymptomatic patients (USFDA, 2015) . Additionally, the USFDA indicated that “[f]indings of lesions on soft tissue imaging, or of elevated blood metal ion levels in the absence of symptoms have been reported in a limited number of research studies for some MoM hip implant patients” and that “[t]hese studies are difficult to interpret because… [t]he exact incidence or prevalence of asymptomatic lesions and their natural history is not known [and] [t]he correlation between elevated blood metal ion levels and development of future local or systemic system adverse reactions is not well established” (USFDA, 2015). There remains a lacks of consensus regarding the benefit of revising asymptomatic patients.

[bookmark: _Toc485814952]Summary

	An understanding of local biological effects for all implant types have evolved over time. In MoM patients, using additional monitoring tools, such as metal blood levels and soft tissue imaging, has generated variable revision criteria among surgeons. The variability in criteria emphasizes the importance of collecting high quality baseline imaging data for well-functioning implants. As future work more clearly defines local thresholds of concern and as patient monitoring validation techniques are elucidated, a consensus for MoM patient management will be possible. Until then, factors such as surgeon management decisions will continue to contribute to variable revision rates and confound local tissue response and MoM implant function assessment.
· Before 2010, patient pain (symptoms) and implant integrity assessment via clinical and radiographic evaluations allowed surgeons to assess the outcomes of the hip replacements.
· The assessment of local biological effects and their contribution to implant failure evolved over time to include assays aimed at predicting implant function (blood monitoring) and soft tissue reactions (MRI and ultrasound imaging); however, validation of these biomarkers for implant function, patient pain, and, ultimately, implant survival, are lacking.
· There is evidence that decisions regarding implant revisions differ between surgeons and institutions; some surgeons have revised asymptomatic patients based on imaging abnormalities and/or increased blood levels, while other surgeons only revise patients with pain and symptoms. No evidence or consensus exists regarding the benefit or risk of revising asymptomatic patients.
· Because of the discrepancies in patient management algorithms and lack of consensus in terminology of local biological effects, variability exists in reporting incidence, etiology, and dose effects on local tissue responses in MoM implants.
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