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There have been few observational studies to explore articulating surfaces in 

Total Hip Arthroplasty (THA), and little is known regarding the use or safety of the 

surfaces in the US. The objective was to explore trends in the use of articulating 

surfaces, determine the comparative safety of these surfaces, and propose methods 

best suited for future comparative safety analyses of articulating surfaces in large 

administrative claims databases.  

Data from the Nationwide Inpatient Sample (NIS) were used to test for changing 

patient and institutional characteristics of different articulating surfaces from 2007 to 

2011. The Multi-Payer Claims Database (MPCD) was used to perform a series of 

comparisons regarding the safety of metal-on-polyethylene (MoP), metal-on-metal 

(MoM), and ceramic-on-polyethylene (CoP) hip prostheses. Sensitivity analyses 

explored the use of propensity score matching and stratification, the effect of shorter 

follow-up periods, and the effect of missing articulating surface codes using multiple 

imputation. 
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The analysis demonstrated that the number of CoP articulating surfaces used in 

THA have been increasing over time, and that MoM articulating surfaces have become 

less common. The comparative safety analysis revealed no statistically significant 

difference in rate of revision for any hip combination, however, CoP articulating surfaces 

had a moderately significant increased risk of revision when compared to MoM 

(p=0.059), and MoM hips were associated with lower rates of dislocation compared to 

MoP (p=0.033). Propensity score matching appeared to be an effective method to 

control for measured confounding in the analysis, and the results of the multiple 

imputation sensitivity analysis indicate that articulating surface codes may not be 

missing completely at random. 

This analysis suggests few substantial differences exist between THA articulating 

surfaces when controlling for patient characteristics available in administrative claims 

data. It demonstrated several techniques for the analysis of THA in claims data, and 

explored how different methods may affect the results. The proper use and thorough 

understanding of how these methods is necessary to control for the changing population 

of THA in the US, and will become even more important as claims data becomes an 

integral part of the evaluation of THA articulating surfaces.  
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CHAPTER 1 
INTRODUCTION 

Background 

Total hip arthroplasty (THA), also referred to as total hip replacement, has been 

described as “the operation of the century” as it has revolutionized the management of 

painful and debilitating arthritis affecting the hip.1 There were 327,000 THA procedures 

performed in the United States (US) in 2009, projected to rise to 527,000 by 2030.2 This 

growth is due to several factors, including an aging population, increased prevalence of 

osteoarthritis, and advancements in THA implants and surgery that provide options and 

increased benefit for a broader patient base.  

The goal of THA is to reduce pain and improve mobility in patients suffering from 

degenerative joint diseases of the hip.3 It differs from partial joint replacement in that 

both the femoral and pelvic component are replaced, typically by inserting a stem with a 

rounded head into the femur and an acetabular cup attached to the pelvis. The two 

components relieve the friction between bone surfaces and allow for greater stability. 

Patients are typically referred by a physician to a surgeon based on levels of pain, joint 

damage, functional impairment, and radiographic evidence.4 There are 3 primary 

indications for THA, osteoarthritis, avascular necrosis, and rheumatoid arthritis. THA 

may also be used to treat congenital dislocation, Paget’s disease, ankylosing spondylitis 

or traumatic arthritis,3 although these indications are rarer.  

Osteoarthritis is the most common form of arthritis.5 It is second only to heart 

disease as the predominant cause of functional decline in the elderly,6 and is the 

primary cause of hip replacements in the US.7 Age, gender, ethnicity, joint injury, 

obesity, and genetics are all risk factors for osteoarthritis.6,8 Hip osteoarthritis is typically 
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diagnosed when pain, morning stiffness, and hip internal rotation are present in the 

absence of other plausible diagnoses. Radiographic criteria such as osteophytes, joint 

space narrowing, and erythrocyte sedimentation rate can also diagnose hip 

osteoarthritis.9,10 Progression of hip osteoarthritis is thought to be caused by loss of 

cartilage and is associated with joint damage, hip pain, and decreasing hip function.8 

Treatment of osteoarthritis typically includes a combination of pharmacologic and 

non-pharmacologic interventions. Exercise, weight loss, and lifestyle modifications are 

recommended. Many patients benefit from regular physical therapy. Walking aids may 

also reduce pain and increase mobility. Pharmacologic treatment options are aimed 

primarily at reducing pain associated with osteoarthritis. Acetaminophen, NSAIDs, 

corticosteroids, and weak opiates may be used depending on severity of osteoarthritis. 

THA is considered in cases where a combination of pharmacologic and non-

pharmacologic interventions has failed to reduce pain and improve functional 

impairment.6,11,12 

Avascular necrosis, also referred to as osteonecrosis, results from the 

interruption of the blood supply to the bone, specifically the femur for cases in which 

THA may be indicated. The femoral head becomes damaged after the blood flow is 

restricted and eventually collapses in absence of treatment.  There are several risk 

factors for avascular necrosis including trauma to the femur or hip, use of 

corticosteroids, smoking, alcohol, hemoglobinopathies, radiation, pregnancy, HIV, and 

genetic factors.13 Non-operative treatments, like canes or walkers, may be sufficient for 

minor cases of avascular necrosis containing only small bone lesions. Potential 
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pharmacologic treatments include anabolic steroids and bisphosphonates used to halt 

disease progression, but a significant proportion of cases require operative treatment.14  

THA has proven effective in halting disease progression and preventing negative 

outcomes in patients who have progressed to later stages of rheumatoid arthritis, the 

third primary indication for THA.15 Younger patients generally have worse prognoses, 

and additional methods may be taken to preserve bone mass for future revisions that 

are likely to occur. Patients with rheumatoid arthritis typically have increased rates of 

revision and dislocation than similar patients who were instead diagnosed with 

osteoarthritis.16 

The modern era of THA began in 1962 when John Charnley implanted the first 

Ultra-High Molecular Weight Polyethylene femoral head, vastly improving upon the 

glass, metal, and other designs used at the time.17 Charnley also began using acrylic 

bone cement to improve the fixation of the prosthesis. These important modifications to 

the THA prosthesis resulted in a 25-year implant survival without revision of 77% to 

81%.18,19 Further development in THA implants has been driven by the need to 

decrease wear and improve longevity. The incremental nature of the evolution of hip 

prostheses has led to a diversity of products in the US and world markets. THA 

prostheses can be described by the material comprising the articulating surfaces that 

form a contact between the femoral head and acetabular cup component. Articulating 

surfaces typically come in a number of combinations: metal-on-polyethylene (MoP), 

metal-on-metal (MoM), ceramic-on-polyethylene (CoP) and ceramic-on-ceramic (CoC).  

The choice of articulating surface explains only a minority of the variation seen in 

hip prostheses. Prostheses may have a range of femoral head sizes that can greatly 
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affect both positive and negative outcomes of THA.20 Implants may be fixated with a 

cemented or cementless procedure.21 Surgical processes may also vary, from the type 

and placement of incisions to various imaging and/or computer-based devices that may 

be used to assist the procedure.22 Also, the size, shape, and other small but important 

details of the implant may vary by manufacturer.  

Metal-on-polyethylene (MoP). Also referred to as ultra-high molecular weight 

polyethylene (UHMWPE), MoP implants have been available since the 1960s and are 

the most commonly used implants in the US and Europe. It is typically recommended 

that the average patient who is 65 years or older and who is of low to normal activity 

levels receive a MoP prosthesis.21,23. These devices represent a predictably safe and 

cost-effective option where the additional cost of other articulating surfaces has yet to 

be justified.23 Although the analysis that this recommendation was based on is over a 

decade old, newer articulating surfaces brought to market have continued to increase in 

price and have yet to consistently demonstrate better outcomes.  

Metal-on-metal (MoM). MoM prostheses were introduced in the 1960s with the 

McKee-Farrar THA implant, but initially these devices resulted in high failure rates due 

to design flaws and a propensity for early cup loosening.24 MoM implants have since 

undergone many changes, and made a resurgence in the 1980s when they were 

redesigned with increased metal hardness and larger femoral heads.25 MoM articulating 

surfaces are in a class sometimes referred to as hard-on-hard (HoH) articulating 

surfaces and have several proposed advantages relative to MoP. First, MoM articulating 

surfaces allow for the use of a larger femoral head. This should reduce the risk of 

dislocation, as well as increasing the surface area of the contact between the femoral 
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head and acetabular cup components. Interestingly, this increased surface area has 

reported lower rates of wear due to a better lubricated friction surface.26 MoM implants 

have shown lower rates of in vitro wear compared to MoP,27 and may cause less 

osteolysis due to a reduction in the amount and size of particulate debris generated 

through extended wear.28 However, there is some evidence that suggests MoM 

articulating surfaces may have an issue with a unique type of osteolysis resulting from 

the release of very small metal particles and metal ions.29 

Ceramic-on-polyethylene (CoP) and ceramic-on-ceramic (CoC). Ceramic 

implants were introduced in the 1970s as a potential solution to polyethylene wear in 

CoP articulating surfaces.1 Early ceramic implants had increased rates of failure and 

were especially prone to fracture due to the reduced hardness of ceramics compared to 

the metal femoral components used at the time. Recent advances have improved the 

hardness of the ceramics and the fracture concern has largely been mitigated. Modern 

implants typically use alumina or zirconia ceramics and in many ways are similar to 

MoM articulating surfaces. 

CoC prostheses are considered HoH surfaces along with MoM, and have many 

similar purported benefits. Proponents of ceramics claim they have superior lubrication 

properties, smoother surfaces and reduced friction, improved hardness, and no 

concerns of metal ion release when compared to metal articulating surfaces.33 Implants 

using CoC articulating surfaces have shown lower rates of annual wear compared to 

MoM implants in some settings, and have arguably the best tribological performance of 

any current implant.34 One common complaint of CoC bearings is that they have a 
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relatively higher incidence of noise, often described as “squeaking” or “clicking” sounds. 

This noise has been reported in as many as 10.7% of CoC implants.35 

Articulating surfaces in claims data. Articulating surface codes were 

introduced into the International Classifications of Disease, 9th Edition, Clinical 

Modifications (ICD-9-CM) coding language in October 2005. CoP codes were added at 

the beginning of 2007.  Articulating surface codes are not associated with billing, 

meaning that their inclusion in a medical claim is requested but not required because 

reimbursement for THA is the same regardless of whether a code is used. Little 

research has been conducted on the factors associated with the inclusion of these 

codes in THA claims, and the accuracy of articulating surface codes in medical claims 

data has not been validated. 

Need for Study 

THA has shown very high levels of efficacy in reducing pain and increasing 

mobility in patients with osteoarthritis36 with implant survival of as great as 80% after 20 

years of follow-up.37 THA is being performed in a wider range of patients due to these 

successes, and improvements to THA prostheses aim to further improve their longevity 

and functionality. The rapid changes in characteristics of the patient population and the 

increases in the number and types of THA options available have outpaced efforts to 

fully understand THA safety and effectiveness. Clinical trials have traditionally not been 

required by the FDA, and are rarely sufficiently long term or comparative in nature. This 

has resulted in knowledge being derived from observational studies. 

The US lacks large, high-quality medical device and orthopedic registries like 

those maintained in other countries. Many registries have been started over the past 

decade, but they lack the follow-up necessary to study important THA outcomes. It is 
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difficult to apply results from foreign registries to the US population due to differences in 

medical practice and patient populations. Primary among these are that US physicians 

tend to use a greater proportion of MoM articulating surfaces, and fewer CoC.38 There is 

some evidence that US physicians use a greater proportion of HoH articulating surfaces 

in elderly patients.39 The US differs on key patient characteristics known to influence 

both the choice of THA articulating surface and risk of negative outcomes like age, sex, 

and race. Finally clinical follow-up, surgical techniques, and cement use are likely to 

vary between countries. Because data from these large, well-controlled registries have 

poor generalizability to the US population, much of what we know about the safety and 

effectiveness of THA in the US comes from analyses using medical claims data. 

Administrative claims data have the potential to contribute to our knowledge of 

THA safety. First, large claims databases can be more generalizable to the US 

population than clinical trials or registries. Claims databases represent actual utilization, 

which may differ from the population of patients that takes part in clinical trials. 

Registries are often regional, and often include hospitals or clinics that specialize in 

THA and may not be reflective of general clinical practice. Both registries and clinical 

trials may have physicians with a greater degree of specialization or expertise in THA 

than is typical of the US population. Second, claims data has the potential to study a 

larger number of patients than registries or clinical trials. This increased power allows 

for the analysis of less frequent or unexpected adverse events. Finally, claims data may 

include important information that is often lacking or less reliable in registries or clinical 

trials. Administrative claims data can follow patients for long periods of time and reliably 

captures aspects of medical care that occur outside of the registry or trial environment. 
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This data can include prescription medications, visits to other clinics or hospitals, and 

the detailed medical history of the patient. Some of this information may be collected in 

clinical trials or registries through questionnaires or other methods, but claims data has 

the ability to consistently capture this information over long periods of time.  

There is need for the advancement of methods used in the comparative safety 

analysis of THA and other orthopedic devices in claims data. It is likely that the 

demographics and composition of THA patients and the articulating surfaces used have 

evolved over time. The most effective methods to control for patient characteristics may 

be dependent on this evolution, and therefore may also be changing. Additionally, ICD-

9-CM procedure modifying codes for THA articulating surface were introduced in 

October 2005. Previous analyses have been limited to relatively short patient follow-up, 

and the choice of optimal methods may differ for analyses with longer observation 

periods. Finally, analyses in the US have also had difficulty including both older patients 

eligible for Medicare and younger THA patients in the same analysis due to a lack of 

multi-payer claims databases, resulting in poor generalizability of study results to the 

overall US population.  

The purpose of this study is to assess the utilization and comparative risk of 

complications for each of the four main articulating surfaces (MoP, MoM, CoC, and 

CoP). It assess how the patient and institutional characteristics of THA and THA 

articulating surfaces have been changing over time, and explore potential effects of 

these trends. It is able to use both younger and older THA patients through the inclusion 

and linking of Medicare and commercially insured patients. It further provides estimates 
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of the comparative safety of THA articulating surfaces, and performs a number of 

sensitivity analyses to determine how choice of methodology can influence the results.  

Research Questions and Hypotheses 

The first research objective evaluates the patient and institutional characteristics 

associated with utilization of THA and THA articulating surfaces in the US, and how 

these characteristics have changed over time. ICD-9-CM procedure modifying codes 

were introduced October 2005, and there has been little evidence regarding the 

utilization of THA articulating surfaces in the US. Patient and institutional characteristics 

are an important consideration in the design of a comparative safety analysis, and it is 

necessary to understand how they have been changing over time. Research question 

1a explores trends in the articulating surface codes in the US, and research question 1b 

explores the patient and institutional characteristics associated with the inclusion of an 

articulating surface code in a THA claim. Research question 1c investigates factors 

related to the inclusion or missingness of an articulating surface code. Specifically, it is 

interested in whether codes are correlated with patient characteristics or if they are 

more likely in institutions more accustomed to performing THA. Research question 1d 

explores the possibility that patient and institutional factors may serve as a confounding 

factor by evaluating the relationship between hospital procedure volume and in-hospital 

complications. 

Research Objective 2 explores the comparative safety of each articulating 

surface while controlling for key patient, provider, and institutional characteristics. The 

only analysis of the comparative safety of THA in the US population was conducted in 

patients older than 65 from 2005 until 2009. Concerns over increased rates of revision 

with the use of MoM arose in 2008.Therefore, it is important to provide more recent 
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evidence. The second research objective also analyzes comparative safety in a more 

diverse cohort of commercially insured and Medicare insured participants, expanding on 

the previous results. The risk of important short term outcomes of THA were analyzed, 

specifically risk of revision, dislocation, deep vein thrombosis (DVT), periprosthetic joint 

infection (PJI), and mechanical loosening. Research Objective 2 also includes a 

sensitivity analysis exploring how the choice of methodology may have affected the 

results. Specifically, the use of extended follow-up, propensity scores, and multiple 

imputation were explored. 

Research Objective 1  

Explore changes in utilization of the four main articulating surfaces from 2007 

through 2011. 

 Research Question 1a: Has use of MoP, MoM, CoC, and CoP articulating 
surfaces changed over time? 

RQ1a H0: The percentage of THA claims with MoP, MoM, CoP, or CoC 
articulating surface codes has not changed from 2007 to 2011. 

RQ1a Ha: The percentage of THA claims with MoP, MoM, CoP, or CoC 
articulating surface codes has increased from 2007 to 2011. 

 Research Question 1b: Has the association between THA articulating surface 
and patient, provider, and institutional characteristics changed over time?  

RQ1b H0: The association between any one THA articulating surface and patient 
characteristics (age, sex, race, Charlson comorbidity score) or provider 
characteristics (surgeon volume, procedure duration hospital size, volume, 
region, teaching status, and ownership) has remained constant over time. 

RQ1c Ha: The association between any one THA articulating surface and patient 
characteristics (age, sex, race, Charlson comorbidity score) or provider 
characteristics (surgeon volume, procedure duration hospital size, volume, 
region, teaching status, and ownership) has changed over time. 

 Research Question 1c: Has the use of the optional ICD-9-CM procedure code 
for THA changed over time?  
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RQ1c H0: The percentage of THA procedures with an optional bearing surface 
code has remained constant from 2007 to 2011. 

RQ1c Ha: The percentage of THA procedures with an optional bearing surface 
code has increased from 2007 to 2011. 

 Research Question 1d: Is there an association between increased hospital 
procedure volume and in-hospital mortality or prolonged length of stay (PLoS)? 

RQ1d H0: Increased hospital volume is associated with decreased likelihood of 
in-hospital mortality or PLoS. 

RQ1d Ha: Increased hospital volume is associated with decreased likelihood of 
in-hospital mortality or PLoS.    

Research Objective 2 

 Investigate the association between THA articulating surface and outcomes.  

 Research Question 2a: Is MoM associated with an increased risk of revision, 
dislocation, PJI, DVT, or mechanical loosening when compared to MoP 
articulating surfaces? 

RQ2a H0: MoM articulating surfaces are not associated with an increased risk of 
revision when compared to MoP articulating surfaces. 

RQ2a Ha: MoM articulating surfaces are not associated with an increased risk of 
revision when compared to MoP articulating surfaces. 

 Research Question 2b: Is CoP associated with an increased risk of revision, 
dislocation, PJI, DVT, or mechanical loosening when compared to MoP 
articulating surfaces? 

RQ2b H0: CoP articulating surfaces are not associated with an increased risk of 
revision when compared to MoP articulating surfaces. 

RQ2b Ha: CoP articulating surfaces are not associated with an increased risk of 
revision when compared to MoP articulating surfaces. 

 Research Question 2c: Is CoP associated with an increased risk of revision, 
dislocation, PJI, DVT, or mechanical loosening when compared to MoM 
articulating surfaces? 

RQ2c H0: CoP articulating surfaces are not associated with an increased risk of 
revision when compared to MoM articulating surfaces. 

RQ2c Ha: CoP articulating surfaces are not associated with an increased risk of 
revision when compared to MoM articulating surfaces. 
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CHAPTER 2 
LITERATURE REVIEW 

The literature review is divided into 3 sections. The first section explains the 

epidemiology of THA and identification of THA in claims data. The second section 

outlines current knowledge of THA in the US. The final section reviews the current 

knowledge regarding the safety of THA.  

Epidemiology of THA 

Approximately one fourth of adults who live to the age of 85 develop 

osteoarthritis.40 The lifetime risk of THA has been estimated at 11.6% for women and 

7.1% for men, with rates steadily increasing over time.41 This growth has been 

attributable to an increased population of elderly patients suffering from osteoarthritis 

and improvements to THA that have made benefits available to a wider base of 

patients. New surgical techniques have made it easier to replace both left and right hip 

components. Larger femoral heads, improved fixation of the acetabular component, and 

articulating surfaces with greater life expectancy have made THA a viable and 

successful treatment for younger patients.42  

There is less information on the trends in utilization of specific articulating 

surfaces used in THA. While the overall incidence of THA has been steadily increasing, 

trends in articulating surface use tend to be more variable due to the high frequency of 

improvements to THA prostheses, changing populations of patients who can benefit 

from these improvements, and practice differences between countries. Bozic et al.38 

explored THA utilization in Medicaid from 2005-2009 and found the MoP ICD-9 code 

was the most commonly included in THA claims, (63.1%), followed by MoM (33.3%), 

and CoC (3.5%). The analysis also highlighted the importance of population 
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characteristics in the prevalence of each articulating surface. MoM and CoC THA 

tended to be used more frequently in younger patients, males, and in the South and 

West census regions. This is not surprising as younger males are thought to benefit the 

most from HoH THA. However, the rates of HoH use in older patients remained 

substantial. MoM THA was used in 30.9% of patients 75-85 years of age, and 29.8% 

older than 85.The benefits of MoM THA are thought to occur primarily in younger 

patients, and it is unclear whether the theorized benefits of MoM would result in lower 

rates of negative outcomes in older patients.43 and similar levels of utilization in these 

age groups are not seen in other countries. For example, MoM comprised 6.8% of total 

THA procedures from 2003 to 2011 in England and Wales,44 with utilization increasing 

from 2003 until a peak in 2008 and a rapid reduction from 2008 until 2010. The 

reduction in use was likely due to concerns over metal ions and metalizes; however, 

rates were low compared to the US prior to these concerns. 

Osteoarthritis is the most frequent underlying cause of THA, with prevalence 

estimates for other indications of THA varying based on the population and sample. 

Non-osteoarthritis diagnoses are under-reported in some settings, and using 

administrative claims data to identify THA has shown poor sensitivity  in cases where 

avascular necrosis and rheumatoid arthritis are listed as the primary diagnosis in 

Medicare data 45 These diagnoses were found to have a sensitivity of 0.65 and 0.54, 

respectively, when evaluated against a chart review. Conversely, osteoarthritis has a 

sensitivity and positive predictive value of 0.96 and 0.86, respectively, in Medicaid 

patients undergoing THA. There is also some evidence that an association exists 

between the reporting of AVN and RA and certain negative outcomes in claims data.45 It 
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was found that these diagnoses may be more likely to occur when the disease is 

severe, creating an artificial association with poor outcomes.  

Codes for THA were revised based on a request from a group of orthopedic 

surgeons and health service researchers in order to (1) facilitate quality improvement 

through a better understanding of the mechanisms of failure following Total Joint 

Arthroplasty (TJA), (2) to provide more accurate and descriptive data inputs for the 

American Joint Replacement Registry project and (3) to enable more appropriate 

prospective payments (e.g. Diagnosis Related Groups) to hospitals that reflect actual 

resource utilization related to specific types of revision THJ procedures.46 The changes 

to ICD-9-CM codes focused on providing better information on the failure mechanisms 

of THA including codes for specific reason for revision, and articulating surface. While 

these codes have a great potential to facilitate the study of THA safety in claims data, 

they are considered “optional” codes and their use is both not required and heavily 

dependent on the ability of hospital coders to abstract relevant information from charts 

and other medical documentation.  

The identification of THA and revision THA in administrative claims data has 

been validated by Daneshvar et al. in a random sample of 637 patients at two tertiary 

care university-associated hospitals in Canada. Diagnostic codes in administrative 

claims data were compared to data from a chart abstraction performed by certified 

health records analysts. While this analysis was not performed in the US or among US 

based payers, it supports a high level of concordance between ICD-9-CM codes and 

THA procedures documented in medical records. The authors found a 99% negative 

predictive value and 91% specificity for identifying THA, and a 99% sensitivity and 91% 
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positive predictive value in identifying revision THA. The ICD-9-CM procedure modifying 

codes for articulating surface have not been validated in a US-based administrative 

claims database. These codes are not mandatory nor tied to reimbursement, and a high 

level of variability is seen in their use. 

Epidemiology of Study Outcomes 

The potential complications related to THA are closely tied to the intended 

outcomes, and decisions regarding THA articulating surface may be driven by the 

desire to avoid negative outcomes. Complications during operation are relatively rare, 

and surgery mortality rates are low (0.18%) with 0.44 events per 1,000 inpatient days.47 

Other complications may occur over the lifetime of the prosthesis and are correlated 

with activity levels and age of patient and prosthesis. These are further discussed 

below. 

Revision 

A THA revision typically refers to the removal or exchange of at least one 

prosthetic component. Generally, revisions are necessary to correct any degeneration 

of the prosthesis or surrounding tissue, or to correct a physical implant failure such as 

dislocation or fracture. Revisions may involve anything from replacement of a friction 

liner to replacement of the entire prosthesis. Revision is the most important risk to 

consider in THA. Revisions can be costly, painful, and increase future rates of 

complications in patients. Furthermore, they are relatively common among younger THA 

recipients who are likely to have at least one revision during the life of the implant.48 

Rates of THA revisions are highly variable and estimates in modern THA range greatly 

depending on characteristics of the population, prostheses, and study design. Evidence 

regarding the safety of THA and likelihood of revision comes primarily from one of three 
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sources: clinical trials, registries, and claims data. Data from these sources is often 

conflicting and understanding why and how characteristics of the population and data 

source can influence results is important.  

Clinical trials are typically considered the gold standard for efficacy estimates in 

health research. However, there have been few large clinical trials of THA prosthesis or 

procedures. This is largely due to the Food and Drug Administration’s (FDA) 510(K) 

approval process that only requires “substantial equivalence” to previously cleared 

devices.49 Substantial equivalence may be demonstrated for individual aspects of the 

device, as would be the case if prosthesis adopted a femoral head and acetabular cup 

from two separate previously cleared devices. The efficacy and safety these devices, in 

turn, may have been based on previously cleared devices, and so on. In an analysis of 

a MoM device recalled from the market, various components of the prosthesis could be 

traced back through 95 distinct previously cleared devices.49 

Of the trials that have been performed, few appear to have been comparative in 

nature, of high methodological quality, and had sufficient power and follow-up to 

analyze important safety endpoints. Sedrakyan et al.50 performed a review of safety and 

effectiveness summaries for all pre-market studies containing comparative information 

on THA articulating surfaces. The authors identified 16 randomized studies with quality 

ranging from “low” to “moderate to high”, with a mean follow-up ranging from 3 months 

to 8 years. The study was unable to find consistent evidence regarding the comparative 

safety of articulating surfaces, and results could not be aggregated due to differences in 

methodology and study design. 
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 The 501(K) approval process has come under scrutiny following evidence of 

increased rates of revision for the DuPuy ASR XL MoM THA prosthesis. Analyses in the 

Australian Orthopedic Association National Joint Replacement Registry showed fourfold 

increase in rates of revision compared to other articulating surfaces.51 This finding was 

later replicated in the National Registry of England and Wales.44 National orthopedic 

registries are viewed as important sources of safety and efficacy data because they 

include all or nearly all THA procedures performed in a given country, have important 

patient and prostheses characteristics, and have the ability to follow patents for a many 

years with low rates of dropout. 

However, registries have also provided inconclusive and inconsistent information 

on THA safety. Sedrakyan et al.50 analyzed registries from Australia, New Zealand, 

England & Wales, Italy, and the US, and reported inconsistent findings regarding the 

risk of revision of each articulating surface. All three articulating surfaces studied (MoM, 

CoC, and CoP) were associated with an increased occurrence of revision relative to 

MoP in at least one registry. These findings were not consistent across registries, with 

MoM associated with an increased risk in three of six registries analyzed, and CoC in 

only one of six. CoP was associated with an increased occurrence of revision in one 

registry, but a reduced occurrence in two others. 

These findings raise important cautions about the use of registry data. First, 

generalizability between registries is likely poor as characteristics of the population, 

patient selection, and treatment vary across countries. Second, there is no 

harmonization in methods or reporting of outcomes across registries. Results cannot be 

aggregated or easily compared, and this variation opens the door to the possibility that 
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differences in study design and measurement of outcomes may greatly influence the 

results. Finally, even though registries may contain a large percentage of the THA 

procedures performed in a particular country, there is no control over patient 

characteristics or provision of care and therefore registries are not immune to the same 

confounding and selection biases that are seen in other observational studies. 

The same issues regarding inter-registry generalizability may negatively affect 

researchers’ ability to apply results to the US population. An analysis from the National 

Joint Registry of England and Whales extended the increased failure rates of ASR MoM 

prosthesis to other MoM designs.44 Only 8% (31,171) of the 402,051 total implants 

studied were MoM THA or MoM resurfacing. The percentage of MoM THA differs 

greatly from the US (where closer to one-third of THA is MoM over the same period) 

and it is likely other important characteristics of patients and clinical practice differ. The 

US has no national joint or orthopedic registries to compare to results from other 

national registries. The few registries that exist in the US are smaller, more regional, or 

were created more recently than national registries in other countries. Much of the 

information on THA safety in the US comes from medical claims data, which has 

historically has provided limited and inconclusive results. One primary reason is that 

ICD-9-CM procedure modifying codes for articulating surface were only introduced in 

October 2005, meaning recent studies have a relatively short length of follow-up. 

A matched cohort analysis of Medicare patients from 2006 to 2007 investigated 

short-term risk of revision and found no significant differences by articulating surface.46 

The analysis found that MoM articulating surfaces were associated with an increased 

risk of periprosthetic joint infection when compared to CoC articulating surfaces after 
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adjusting for patient and hospital factors. There is no clear underlying biological or 

clinical rationale for these findings, and the absolute risk of infection was low (0.59% vs. 

0.32%). The analysis also found an unadjusted increased risk of DVT, although this 

effect was not significant after adjusting for patient risk factors.  

The Bozic et al. analysis highlights many of the issues inherent in using claims 

data to study THA articulating surfaces. First, the average and maximum length of 

follow-up was very short. This means that only short-term outcomes could be assessed, 

when many theorized benefits of HoH articulating surfaces occur in the long term. 

Second, the study only included patients who had an ICD-9-CM code for articulating 

surface. The authors claim the matched design mitigated the bias introduced by the 

missing instances of this code, although this cannot be verified. The claims data were 

also missing key covariates including surgical approach, surgeon experience, implant 

design, and femoral head size. Lastly, the study could only include older patients 

eligible for Medicare, and it is unclear how the results may be different if the study 

population was broadened. 

Bozic et al. later expanded upon this study by including data from patients 

enrolled in Medicare from 2005 to 2009.38 The longer follow-up of the subsequent study 

allowed for the exploration of more medium-term outcomes and obtained similar results. 

This is not surprising given the overlap in datasets and time periods. Participants 

receiving MoM and CoC articulating surfaces were more likely to be younger, male, and 

live in the south. Unadjusted results indicated that MoM articulating surfaces were 

associated with increased rates of PJI, mechanical loosening, and DVT, but these 

findings did not remain statistically significant when adjusted for patient and hospital 
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characteristics. The effect of adjusting for potential confounding factors highlights the 

differences in risk inherent in the population differences related to the choice of 

articulating surface.  

Katz et al. followed Medicare beneficiaries who received a THA procedure 

between 1995 and 1996 until 2008 to determine the cumulative risk of revision.52 The 

long follow-up of this study highlighted several important issues in performing THA 

studies in Medicare data. The risk of revision was 2% over the first eighteen months, 

and then approximately 1% per year over the next decade. Possibly the most 

illuminating finding of this study was that this rate of revision was low compared to the 

rate of mortality in the sample, which was 29% of participants between 65 and 75 years 

of age, and 59% for those older than 75 years. The study was unable to provide 

comparative evidence regarding articulating surface, but provided valuable information 

on the long term risk of revision and the importance of accounting for loss to follow-up 

and competing risks.  

A review of the literature by Zywiel et al.53 further demonstrated the difficulty in 

performing evaluations of THA survival by aggregating published analyses. The authors 

found seventeen prospective clinical based studies of MoM survival. Only four of these 

studies achieved a level of evidence of I or II, meaning they had proper use of study 

design elements such as randomization, allocation concealment, blinding, and adequate 

follow-up time and minimal loss. All of the reviewed studies failed at least one of these 

criteria. The review found inconsistent and wide-ranging results regarding the survival of 

MoM and CoC implants. The survival of MoM articulating surfaces was 71% to 100% 

with mean follow-up times ranging from 36 to 336 months. Survival of CoC articulating 
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surfaces was 73% to 100% at mean follow-ups ranging from 31 to 240 months. When 

results were limited to studies with level I or II of evidence, the survival at mean follow-

up rose and the length of follow-up declined. Although the ranges of survival varied, 

both MoM and CoC consistently had short and mid-term survival rates comparable to 

MoP articulating surfaces.  

The Zywiel et al. analysis was unable to aggregate results between trials due to 

differences in study methodology and data collection. Each study had different patient 

populations, and different indications for the articulating surface chosen. Analyses used 

different implant types that varied in acetabular component design and fixation, femoral 

head diameter, and implant positioning. The surgeons who participated in the trials may 

have different levels of skill and experience performing THA compared to other 

surgeons. Finally, many of the well-controlled designs took place early in the implant 

design marketing phase. These studies are often used to assess safety prior to the 

implant being released to market, or shortly thereafter. The length of follow-up in these 

studies was much shorter than the less rigorously controlled population based studies. 

This unfortunately means that much of the evidence on the long term complications of 

THA may also be the least reliable and most biased. 

Wylde and Blom make the interesting observation that it is improper to evaluate 

the failure of a prosthesis solely by the occurrence of revision.54 Their rationale is that 

many THA procedures may produce pain and disability but may not lead to a revision. 

Their argument is based largely on evidence that rates of successful THA after 7 years 

decline from close to 100% when using revision as an outcome to rates near 70% when 

severe pain is included in the definition of failure. This theory has two important 
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implications to current research. First, certain types of prosthesis may improve risk of 

revision and levels of pain differently. It has been noted that while rates of revision may 

be increased with MoM resurfacing, it may also have better functional outcomes than 

THA.55 Second, thresholds for revision may be different for certain types of prosthesis.56 

This may indicate that different types of prosthesis operating with identical levels of pain 

and flexibility may have variable rates of revision depending on when and why 

physicians choose to correct complications. 

Causes of Revision and Other Complications 

Revision may be necessary due to a number of causes. Often, these causes may 

not lead to a revision and represent important negative outcomes to prevent. Several of 

the most common complications and causes of revisions are reviewed below. 

Periprosthetic osteolysis and aseptic loosening 

 The primary cause of failure of early generation THA implants was periprosthetic 

osteolysis.57 This condition is sometimes referred to as “particle disease” and is caused 

when particulate matter cause by wear on the articulating surface enters the tissue 

surrounding the implant.58 These particles interact with microphages in the tissue to 

cause bone resorption that can lead to aseptic loosening and fixation failure requiring a 

revision operation.33,59 Osteolysis is thought to be a greater problem with MoP bearings, 

while the hard on hard bearings results in fewer and smaller particulate matter that 

elicits less of a response from microphages.34 

Dislocation  

Dislocation is the second leading cause of THA revision,60 with an estimated 

4.8% of hips having at least one dislocation over the life of the prosthesis.61 Around 

10% of these dislocations occur in the first month, and close to 40% occur in the first 
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year. The cumulative risk of dislocation is around 2% at one year, and increases at a 

rate of 0.2% per year. These estimates were taken from a study of early Charnley MoP 

THA procedures performed between 1969 and 1984, but have the benefit of a long 

follow-up (mean 23.2 years for those not censored, 13.7 for those who were), and 

extremely low dropout rate (99.7% of eligible patients at 7 years, 94.9% at 20 years. 

Dislocation occurs when the femoral head becomes dislodged from the acetabular cup. 

Dislocations after the first five years are believed to be associated with polyethylene 

wear (in the case of MoP and CoP articulating surfaces), component malposition, or 

increased soft-tissue compliance.62 The risk of dislocation is a consideration in the 

choice of THA articulating surface. Younger, more active patients are thought to be at 

an increased risk of dislocation due to the increased range of motion and wear placed 

on the prosthesis. The primary method to reduce dislocations in these patients is to use 

a larger femoral head (typically >36mm) which has the dual benefit of increased arc 

movement and an increased distance the femoral head must travel before it becomes 

dislocated. Traditionally, a larger femoral head size was only possible with MoM or CoC 

articulating surface, however, there is some evidence that femoral head sizes have 

been increasing in use with MoP articulating surfaces. An analysis of Medicare data 

from 1998 until 2007 found that risk of dislocation fell as calendar year increased, 

leading the authors to theorize that the effect was due to an increased use of larger 

femoral heads over time.63 

Increased metal ion levels, metalosis, and cancer 

Early MoM prosthesis had well-documented issues with metal sensitivity and 

increased levels of cobalt and chromium in the blood and urine.64,65 These problems, 

along with other complications, led to unacceptably high short term revision rates for 
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MoM prostheses when compared to MoP and their use diminished. MoM THA made a 

resurgence in the 1980s in part due to increased hardness of the metals and improved 

friction characteristics that were thought to mitigate previous concerns over metalosis. 

Reports of increased rates of revision for MoM articulating surfaces arose in the 

Australian Orthopedic Association National Joint Replacement Registry51 and National 

Registry of England and Wales44 prompting the recall of the Articular Surface 

Replacement (ASR) hip prosthesis manufactured by DuPuy Orthopedics, Inc. The rate 

of revision at five years was four times greater for the ASR compared to all other 

prostheses, and two-and-a-half times greater than other MoM articulating surfaces. The 

ASR was voluntarily withdrawn from the market in August 2010 with an estimated 

93,000 prostheses used worldwide. The suspected cause of the increased rates of 

revision was an increase in metal ions displaced by friction that caused inflammation in 

the tissue surrounding the prosthesis. The widespread use and increase in risk 

associated with ASR prosthesis has increased scrutiny of other types of MoM implants. 

Reports of increased levels of metal ions have raised additional concerns due to 

previous research associating exposure to metal ions and certain types of cancer.58 

These concerns have not been substantiated in either the National Joint Registry of 

England and Wales,66 nor the Finnish Arthroplasty Register,67,68 when linked to cancer 

registries. The follow-up time in these studies was not exceptionally long (7 and 4 years 

respectively); however, they represent the highest-quality estimates of cancer risk in 

THA to date. These studies have also shown some unexpected protective effects that 

call into question the effect bias and confounding (such as selection bias) may have on 

the results. 
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Fracture 

Periprosthetic fractures can be categorized as either intraoperative fractures 

which occur during operation or postoperative fractures which occur after. The 

prevalence of intraoperative fractures is typically less than 1% for cemented femoral 

stems, and close to 5% in cementless stems.69 Estimates of postoperative fractures are 

more difficult to determine, but are estimated at around 1%. These estimates should be 

taken with caution and are heavily dependent on patient characteristics, type of 

prosthesis, length of follow-up, surgical technique, and other factors. Generally, 

prosthesis fracture was a relatively common complication of early generation hip 

implants, especially first generation CoC implants.70 Advances in the strength of 

materials used has resulted in femoral stems that are less likely to fracture.71 A recent 

estimate in the Swedish National Hip Arthroplasty Registry estimated that the 10 year 

cumulative risk of periprosthetic femoral fracture was 0.64%.72  

Periprosthetic joint infection (PJI) 

PJI, sometimes also referred to as septic joint failure, occurs when bacteria 

enters the wound caused by THA or revision resulting in an infection in the tissue 

surrounding the prosthesis. PJI can occur immediately after surgery, or in rare cases 

years later. PJI occurs in an estimated 1-2% of THA, resulting in increased antibiotic 

use, pain and extended rehabilitation for the patient, reoperations, and increased 

healthcare resource use.73 There is some evidence that rates of PJI have been 

increasing over time, possibly doubling between 1990 and 2004.74 A case-control study 

of THA patients from 1990 until 2011 revealed that depression, obesity, cardiac 

arrhythmia, and male gender are associated with increased rates of PJI.75  
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Deep vein thrombosis (DVT) 

Deep vein thrombosis (DVT) is a condition where a blood clot forms in a deep 

vein, typically the femoral artery in THA. It occurs in an estimated 23% of THA patients 

in the absence of thromboprophylaxis.76 If untreated, DVT may cause pain, swelling, 

edema, ulcers, and restricted blood flow to the heart and brain. Various forms of 

thromboprophylaxis are available and have proven effective in preventing DVT when 

administered following surgery. In extreme cases of DVT, surgery may be required to 

clear the blood clot and restore venous patency. Patients undergoing THA have a 

relatively higher risk of DVT due to their increased age and characteristics of the 

operation. DVT is thought to be more common in lengthy surgeries and when followed 

by a lengthy bed rest period.77 THA may also result in trauma to the femoral or iliac 

veins from the process of inserting and securing the prosthesis, or from heat involved in 

the cementing process.78  
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CHAPTER 3 
METHODOLOGY 

The methodology chapter is divided into four sections. The first section discusses 

the creation of the MPCD and NIS cohorts. The second section details the methods 

used in the NIS for the analysis of trends in THA from 2001 to 2011, and in articulating 

surface ICD-9-CM codes from 2006 to 2011. This section also uses the NIS to explore 

the generalizability of the MPCD cohort. The third section presents methods for 

analyzing the comparative safety of articulating surfaces in the MPCD. The final section 

includes sensitivity analyses designed to test assumptions in the comparative safety 

analyses. All analyses were performed using SAS statistical software (version 9.3, SAS 

Institute, Cary NC), and all statistical tests were conducted at a significance level of 

p=0.05 unless otherwise stated. 

Nationwide Inpatient Sample (NIS)  

The Nationwide Inpatient Sample (NIS) is collected as part of the Healthcare 

Cost and Utilization Project (HCUP), managed by the Agency for Healthcare Research 

and Quality (AHRQ). The data consist of an annual 20% stratified sample of US 

community hospitals and contains discharge information for all patients at the hospital 

regardless of payer. Sample weights and strata provided in the NIS were used to 

calculate an estimated annual incidence of THA operations. These data were used to 

determine trends in the utilization of articulating surfaces in the US in specific patient 

populations and to assess characteristics correlated with the use of these ICD-9-CM 

codes in THA claims.  

All claims with an International Classification of Diseases, Ninth Revision, Clinical 

Modification (ICD-9-CM) procedure code for THA (81.51) were evaluated. The 



 

40 

participant in each claim was defined by categorical age group (<45, 45-54, 55-64, 65-

74, 75-84, >85), sex (male, female), race (white, black/African American, other), primary 

diagnosis (osteoarthritis, other), primary payer (Medicare, commercial, other), and 

length of stay. Osteoarthritis was identified using ICD-9-CM diagnosis code 715.xx. 

Hospital teaching status and ownership (public, private) were available from the 

American Hospital Association Annual Survey of Hospitals database. Annual hospital 

procedure volume was assessed by dividing hospitals into quartiles of very high volume 

hospitals (VHVH), high volume hospitals (HVH) low volume hospitals (LVH) and very 

low volume hospitals (VLVH) based on the number of procedures performed at the 

institution in a given year.  

Multi-Payer Claims Database (MPCD) 

The Multi-Payer Claims Database (MPCD) contains publicly and privately insured 

individuals from 2007 through 2011. Data on publically insured participants is provided 

from the Centers for Medicaid & Medicare Services (CMS) Chronic Condition 

Warehouse (CCW) which contains a 15% sample of all Medicare patients from 2007 to 

2009 combined with a 15% sample of all Medicaid patients from 2007 to 2011. 

Information on privately insured participants is provided from Optum’s Normative Health 

Information (NHI) database containing primarily UnitedHealth Group (>80%) fee-for-

service patients. The combined database contains 7.64 million Medicare beneficiaries, 

9.35 million Medicaid beneficiaries, and 63.4 million privately insured participants.  

The MPCD is similar to the U.S. population demographically and geographically, 

and links patients across multiple insurance providers to allow for observation of 

patients as they change insurance coverage. This linkage is useful when addressing 

research objectives where exposure may occur prior to gaining Medicare eligibility and 
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the outcome after. The MPCD contains 6,116,851 (12.6%) individuals in NHI data that 

have transitioned into the CCW enrollment files. These individuals likely qualified for 

Medicaid or Medicare over the observation period. Of these, 919,215 (1.89%) are 

present in the 15% sample of the CCW included in the MPCD. Figure 3-1 provides an 

illustration of the overlap in the insurance providers contained in the MPCD. 

Cohort Description 

The cohort for this study was abstracted from the MPCD and contains all patients 

aged 21 and older with at least 6 months continuous coverage and a THA procedure, 

identified using ICD-9-CM procedure code 81.51 when present in the inpatient setting. 

Articulating surfaces are identified by procedure modifying ICD-9-CM codes 00.74 for 

MoP, 00.75 for MoM, 00.76 for CoC, and 00.77 for CoP where present during the index 

hospitalization for THA. The diagnosis for THA was determined by the primary 

diagnosis code listed on the claim for THA. Each THA procedure will be classified as 

osteoarthritis or other. Osteoarthritis will be identified by the presence of ICD-9-CM 

diagnosis code 715.XX. Covariates were obtained from the claims data and will include 

available known confounders for negative outcomes of THA. Demographic covariates 

are age, sex, race, region, and year of THA. Participant comorbidities for THA are 

chronic lung disease (CLD), congestive heart failure (CHF), coronary artery disease 

(CAD), diabetes mellitus, history of thromboembolism, morbid obesity, prior myocardial 

infarction (MI), peripheral arterial disease (PAD), and an adjusted Charlson comorbidity 

index.79,80 Hospital region is coded as Northeast, South, Midwest, or West. The 

Charlson comorbidity index score was calculated using diagnoses and claims contained 
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in the 6 months preceding index hospitalization date for THA and participants were 

categorized as having zero, one to two, three to four, or five or more comorbidities.  

Descriptive statistics are presented for both the NIS and MPCD overall, and 

stratified by insurance provider and articulating surface. An additional set of descriptive 

statistics are reported for participants in the MPCD who switched between insurance 

providers during the study period compared to those who did not. Continuous variables 

are summarized as means with standard deviation (SD), and medians with inter-quartile 

ranges. Categorical variables are summarized as frequencies and percentages. 

Descriptive statistics are compared between the NIS and MPCD to assess 

generalizability of the study population to the US THA population.  

Research Objective 1: Utilization of Articulating Surface Codes 

Research Objective 1 explores changes in utilization of the four main articulating 

surfaces from 2007 through 2011. Guidelines suggest the use of secondary codes 

identifying articulating surface whenever a primary code for THA, resurfacing, or 

revision is used. Articulating surface codes specified in the ICD-9-CM coding language 

are 00.74 for MoP, 00.75 for MoM, 00.76 for CoC, and 00.77 for CoP. Participants 

without an ICD-9-CM procedure modifying code for articulating surface are considered a 

separate group to analyze changes in coding. Changes in the estimated number of 

claims with each articulating surface code is presented graphically, and changes in the 

percentage of each articulating code over each two year period are tested with χ2 tests 

for each participant and institutional factor.  

To test for cohort characteristics related to the use or absence of an articulating 

surface code, each THA claim was given a binary variable for the inclusion of any 

articulating surface code (“missing” or “not missing”). The association between patient 
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and institutional characteristics in the NIS and the inclusion of an articulating surface 

code was then analyzed with multiple logistic regression. The dependent variable was 

the presence or absence of an articulating surface code, and independent variables are 

age, sex, race, region, THA diagnosis, hospital volume quartile, payer, and year of THA. 

Interactions between year and other covariates were considered, and included in the 

model if significant at a p<0.10 level. Ordinal variables were converted to a series of 

independent binary variables.  

The overall rate of in-hospital complications, mortality and prolonged length of 

stay (PLoS), and the relationship between these outcomes annual procedure volume 

was explored in the NIS. Mortality was determined from patient discharge data. A 

participant was considered to have a PLoS if they were in the top 10% of hospital stays 

for THA procedures in a given year. PLoS has been used previously as a marker for 

complications that may not be reported in claims data.81 The association between 

hospital procedure volume and in-hospital complications was explored with a logistic 

regression. The analysis controlled for potential confounding patient factors and 

changes in mortality over time. Two models were created for in-hospital mortality and 

PLoS that controlled for patient demographics age, sex, race, region, and year of 

operation while assessing the difference in risk between VLVH, LVH, or HVH and 

VHVH. 

Research Objective 2: Comparative Safety Analysis 

The primary comparative safety analysis explored risk of revision, and secondary 

analyses investigated the differences in risk of dislocation, joint infection, DVT, and 

mechanical loosening. Only the first occurrence of an outcome was included in the 

analysis due to the inability to determine which of the two prosthesis failed or was 
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revised. Each analysis consisted of distinct 1:1 comparisons of the three articulating 

surfaces, MoM-MoP, CoP-MoP, and CoP-MoM. CoC articulating surfaces were not 

included in these comparisons because there were too few claims with codes for this 

articulating surface combination in the MPCD.  For each comparison, we refer to the 

“case” as the first articulating surface mentioned in the comparison and the “control” 

refers to the second articulating surface mentioned (e.g. MoM-MoP would have MoM as 

a case and MoP as a control). 

 Risk of Revision 

The first research question of Research Objective 2 analyzed the comparative 

safety of articulating surface with regards to risk of THA revision. The index date for 

each participant was the first THA claim appearing in the cohort. THA revision was 

identified with ICD-9-CM procedure codes 00.70 (revision of hip replacement, both 

acetabular and femoral components), 00.71 (revision of hip replacement, acetabular 

component), 00.72 (revision of hip replacement, femoral component), 00.73 (revision of 

hip replacement, acetabular liner and/or femoral head only), or 81.53 (revision of hip 

replacement, not otherwise specified). Participants were excluded if enrolled in a non-

fee-for-service (FFS) plan in any of the included health insurance programs or if there is 

evidence of complications from a previous THA or of a non-elective THA procedure. A 

procedure is considered non-elective if there is evidence of hip or femur fracture, 

conversion of previous hip surgery to THA, infection of the pelvic region or thigh, or 

mention of metastatic or bone cancer during the 90 days preceding THA discharge 

date. These exclusion criteria have been validated in Medicare data and have a positive 

predictive value of 0.99 for primary THA and 0.92 for revision.82 Participants enrolled in 
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Medicare were excluded if they were eligible through disability or end stage renal 

disease.  

Kaplan-Meir (KM) curves were used to illustrate the cumulative risk of each 

outcome for each articulating surface.83 Hazard ratios for all analyses were reported at 6 

months, 1 year, 2 years, and 3 years. Differences in the revision rates of each 

articulating surface were calculated using log-rank tests. The effect of patient, provider, 

and hospital characteristics on the risk of revision were estimated using a Cox-

Proportional Hazards model specified in equation 3-1.  

  ( )     ( ) 
                      (3-1) 

 λi (t) = participant I’s hazard to experience a revision at time t 

 λ0 (t) = baseline hazard function at time t (unspecified) 

 β1 = parameter indicating effect of THA articulating surface 

 xi1 = THA articulating surface group 

 (β2 … βi)= parameter indicating effect of covariates 

 (xi2 … xik)= covariates 
 

Covariates for the Cox model were time to revision as the dependent variable 

and age, sex, race, region, obesity, year of THA, region, CLD, CHF, CAD, diabetes 

mellitus, history of thromboembolism, morbid obesity, prior MI, PAD, and Charlson 

comorbidity index were included as independent variables. Participants were censored 

at death, end of study period, fracture, or arthronomy. Violations of the proportional 

hazard assumption were tested by the inclusion of a time-dependent interaction variable 

in the Cox model. The Cox model was also performed stratified by insurance provider to 

analyze differences in parameters in the Medicare and commercially insured cohorts.  
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Secondary Outcomes 

The remainder of research questions in Research Objective 2 was addressed 

using a series of analyses similar to the base case Cox model, performed with the 

secondary outcomes dislocation, DVT, PJI, and mechanical loosening. Dislocation was 

identified using ICD-9-CM codes 718.35, 996.42, and 835.xx, DVT was identified using 

ICD-9-CM codes 451.11, 451.19, 451.81, 451.2, 451.9 453.1, 453.2, 453.4, 453.8, 

453.9, 4534.0, 453.41, and 453.42. PJI was identified using ICD-9-CM code 996.66 and 

mechanical loosening with code 996.41. Participants were required to meet the same 

inclusion and exclusion criteria as for the primary outcome. KM curves and hazard rates 

are presented for each articulating surface combination. The Cox model adjusted for the 

same set of independent variables as for the primary outcome and the proportional 

hazards assumption was tested using scaled Schoenfeld residuals. Each model was 

stratified by insurance provider; however, these results are only presented where 

significant differences exist.  

Early Revision Risk 

Cox models for primary and secondary outcomes were used to analyze the risk 

of revision during the 1 year following index hospitalization date for THA, regardless of 

procedure date. Early revision risk is important for a number of reasons. First, a THA 

revision can increase the risk of future revisions, and therefore first year risk may be 

especially important. Second, factors that affect risk of revision soon after surgery may 

be different than those that affect risk of revision later on. Early revisions may be due to 

errors related to surgery or a participant’s familiarity with the prosthesis, while later 

revisions may be due to causes such as wear. Finally, it is important to explore how 

differential length of follow-up may affect the analysis. Previous research has suggested 
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that there may be fewer CoP THA during the first year or years of the analysis. This 

could lead to fewer CoP participants with long follow-up, and contrasting early revision 

risk with the previous analyses may provide valuable information. Early revision risk was 

analyzed using Cox models identical to those described in the previous section with 

respect to the outcome and comparison. The only difference is that participants were 

censored at 365 days follow-up if they had yet to have an outcome or other cause of 

censoring.  

Sensitivity Analysis 

A series of sensitivity analyses explores the influence of key assumptions and 

methods on the results of the base case analysis. All sensitivity analyses will assess 

risk of revision for the three articulating surface comparisons unless otherwise stated. 

Each sensitivity analysis is described in detail below.  

Abbreviated Follow-up 

The MPCD contains information on participants after they switch insurance 

providers. The effect of this additional information was explored by comparing results 

from a Cox model without the additional follow-up to the base case results. The Cox 

model performed was identical to the base case with the exception that participants 

additionally censored at the end of the insurance coverage they had during the index 

hospitalization. This analysis was performed only for risk of revision.  

 
Propensity Scores 

The propensity score sensitivity analysis uses two methods to adjust for 

confounding factors, propensity score stratification and individual matching. The 
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following sections describe these processes along with the creation and assessment of 

the propensity scores.  

Propensity score calculation 

The previously described base case method controls for these characteristics by 

means of multivariate regression modeling. Another method is to use a propensity 

score, which is a single summary measure that represents a participant’s likelihood of 

receiving a particular type of exposure (in this case, a particular articulating surface).84 

The propensity score for each participant was calculated using a logistic regression 

model which estimated the odds of being a case as opposed to a control using age, 

sex, race, region, obesity, year of THA, hospital volume, region, CLD, CHF, CAD, 

diabetes mellitus, history of thromboembolism, morbid obesity, prior MI, PAD, and 

Charlson comorbidity index as independent variables. The distribution of propensity 

scores was plotted to review for sufficient overlap of scores between exposure 

categories. Non-overlapping propensity scores were trimmed to simulate clinical 

equipoise. This propensity score model was applied to MoM-MoP, CoP-MoP, and CoP-

MoM comparisons separately using only the two articulating surface codes listed for the 

comparison, and resulted in three distinct datasets with unique propensity scores for 

each combination.  

Propensity score stratification 

Participants were matched based on propensity scores and other covariates 

using frequency matching (also known as interval matching or stratification), which 

involves matching the entire stratum of participants. Frequency matching allows for the 

inclusion of all eligible participants, and allows for transparent and easy to describe 

effect differences within the strata. By analyzing the risk within each strata, the potential 
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for a non-linear relationship between propensity score and risk can be evaluated. 

Covariate balance can also be explored for different levels of propensity score, 

revealing if the model resulted in a poor fit for participants who were more or less likely 

to receive a particular articulating surface.  

Propensity score strata were constructed as mutually exclusive quintiles and 

participants were sorted according to their estimated propensity score for the 

articulating surface comparison being evaluated. Previous research has indicated that 

five groups is sufficient to remove the majority of bias from the association of the 

covariates included in the propensity score.85 Each strata was analyzed for sufficient 

balance of propensity scores and covariates using the standardized difference, as 

illustrated in equation 3-5 for continuous variables and equation 3-6 for dichotomous 

variables. The standardized difference is a convenient measure for assessing the 

difference between matched groups because it is not influenced by sample size. While 

there is no generally accepted value of d that represents a meaningful imbalance in 

covariates, the present analysis used 0.10 as it has been suggested as a general 

threshold.86 
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A Cox model was performed on each matched cohort of data. The primary 

difference is that these models do not include the baseline covariates that were included 

in the propensity score. Results of the Cox models are pooled across strata after 

weighting by the size of each strata. Strata specific and pooled hazard ratios are 
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presented alongside those of the base case results to provide insight into the effect of 

covariate balancing. 

A second propensity score stratification was performed where participants are 

placed into quintiles based on propensity score for each year of the analysis, as 

opposed to five strata that include participants from multiple years of the analysis. To 

facilitate this method, propensity scores were re-estimated for each year of the analysis 

and the year was not included in the logistic regression. This method has the limitation 

of a smaller sample size in each strata (each year-quintile contains roughly a quarter of 

the participants in the previous quintile), but provides valuable information regarding 

whether propensity scores are changing over time. Each strata was analyzed for 

sufficient balance of propensity scores and covariates using the standardized difference 

(equation 3-5). Hazard ratios are again pooled across strata and presented in contrast 

to the first propensity score stratification results. 

 Matching 

An additional sensitivity analysis using propensity scores employed greedy 

matching to create pairs or groups of participants with similar propensity scores. Briefly, 

greedy matching selects a random case from the dataset. The nearest control patient is 

then selected as a match, and the process is repeated until all controls are assigned as 

matches to cases. The matching algorithm used a 1:n matching criteria, allowing for up 

to 5 controls to be matched to each case. This type of variable matching has been 

shown to reduce bias in a greater extent than matching on a fixed number of controls.87 

Once a control was matched to a case, it was not eligible to be matched to any other 

cases, commonly referred to as matching without replacement. 
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The matching algorithm was used for each articulating surface comparison with 

the comparison specific propensity scores calculated previously. A Cox proportional 

hazards model determined the hazard ratio for each articulating surface combination 

while conditioning out the effect of matched pairs. This modeling technique allows for 

each matched set to have a different baseline risk of revision, but a constant 

proportional risk across attributable to articulating surface across all matched sets. 

Multiple Imputation 

Previous studies have indicated that a large percentage of THA claims are 

missing data on articulating surface. The base case Cox model (which uses only claims 

with an articulating surface code) implicitly assumes that the claims with an articulating 

surface (complete cases) are essentially identical to those without (incomplete cases), 

and therefore are ignorable. This strong assumption is commonly referred to as being 

missing completely at random (MCAR). However, it is possible that systematic 

differences exist between complete and incomplete cases. In this situation the results of 

the previous analyses may only be generalizable to individuals with articulating surface 

codes in the population.  

Multiple imputation is one method for dealing with data containing missing 

information.88 Multiple imputation and similar methods attempt to input a mean value for 

missing data in incomplete cases by using data from complete cases. One strength of 

multiple imputation over similar methods is that it uses the association between the 

missing variable and other covariates to provide a set of values that represent the 

uncertainty about the right value to impute. The result is a range of values for each 

incomplete case’s missing data, based on the specific characteristics of that participant 

and the relationship between those variables and non-missing data in complete cases. 
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This estimation assumes that the probability data is missing is determined by the 

variables included in the dataset, an assumption commonly referred to as missing at 

random (MAR). 

Specifically, Markov Chain Monte Carlo (MCMC) method of multiple imputation 

was used to create a set of plausible values for missing articulating surface codes. The 

MCMC method uses Bayesian inference and simulation methods to sample from 

multidimensional probability distributions via Markov chains. The result is a series of 

datasets with multiple sets of simulated values for the missing variable that when 

combined, provide an estimate for the missing value and a variability that reflects the 

uncertainty due to missing data.  

Cox models identical to the base case scenario were performed in 20 imputed 

datasets and results were pooled to provide a combined parameter estimate for the 

hazard rate in each articulating surface comparison. It is important to note that MCMC 

methods assume the missing data are based on a normal distribution and it provides 

non-integer values for missing data. The Cox proportional hazards model requires an 

integer binary exposure. To correct for these discrepancies we restricted the imputation 

of articulating surface a lower bound of 0 and an upper bound of 1, and each imputed 

value was rounded to the nearest integer. This method has been shown to introduce 

some bias, but the level of bias is generally very low.89 
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Figure 3-1. Illustration of data elements comprising MPCD.   
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CHAPTER 4 
RESULTS 

Description of the Cohort 

The description of the cohort is divided into three sections. This first section 

describes the baseline characteristics of the MPCD in detail. In the second section, the 

NIS cohort is described and used to check the generalizability of the MPCD cohort. The 

third section describes trends over time using data from both the NIS and MPCD 

cohorts in accordance with the research hypotheses presented for Research Objective 

1. The final section contains an exploration of potential unmeasured confounding in the 

MPCD. 

MPCD Cohort 

After applying all inclusion and exclusion criteria, the final cohort consisted of 

236,319 subject years from 64,028 participants. Participants enrolled in Medicaid were 

not included in the cohort due to the relatively small number and abbreviated follow-up 

(limited to 2 years). Similarly, there were few CoC articulating surface codes in the 

MPCD, and therefore the characteristics of these claims will be described but they are 

excluded from the comparative safety analyses. The insurance provider for each 

participant was classified based on the payer indicated on the index THA claim. For a 

small number of participants, claims were submitted to both Medicare and a private 

insurance with THA listed as the primary procedure during the index hospitalization. 

These participants are described as their own cohort in the baseline demographics. 

However, they were included in the Medicare sub-cohort in the comparative safety and 

sensitivity analyses because they most closely resembled Medicare only participants. 
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Baseline characteristics of the MPCD cohort are presented in Table 4-1. The 

cohort consisted of 41,408 (64.7%) Medicare insured, 21,709 (33.9%) commercially 

insured, and 911 (1.4%) participants with a claim listing THA as the primary procedure 

submitted to both Medicare and a commercial insurance during the index 

hospitalization. The cohort was primarily white with slightly more females than males, 

and a majority of participants were over the age of 70. The primary indication for THA 

was osteoarthritis in more than 90% of claims. Participants with commercial insurance 

were more likely to be non-white, had fewer comorbidities, and were more likely to have 

a diagnosis of obesity compared to those with Medicare as the primary payer. 

There were 26,493 participants (41.4%) with an articulating surface code for THA 

during the index hospitalization. These codes consisted of 13,228 (49.9%) MoP, 8,604 

MoM (32.5%), 916 CoC (3.5%), and 3,745 CoP (14.1%). Participants with MoP 

articulating surface codes tended to be older and more female than participants with 

MoM or CoP articulating surface codes, and were less likely to live in the south and 

have an osteoarthritis diagnosis. Table 4-2 contains baseline characteristics of the 

cohort by articulating surface. 

NIS Cohort Characteristics and Comparison  

The overall weighted composition of the NIS from 2001 to 2011 is provided in 

Table 4-3. Briefly, estimates for the US population showed that THA recipients were 

more likely to be female, between 55 and 74 years of age, white, and to have 

osteoarthritis as the primary indication for THA. The NIS estimates that the primary 

payer for THA is Medicare in 52.7% of cases and commercially insured in 40.2% of 

cases. This would suggest that the MPCD consists of a lower proportion of 



 

56 

commercially insured and a greater proportion of Medicare insured participants than the 

US population as a whole.  

The composition of the NIS was similar to that of the MPCD from 2007 through 

2010 when stratified by insurance provider and region. The NIS cohort contained 

estimates of THA articulating surface code use from a longer time period (2006 to 2011) 

than did the MPCD, and Table 4-4 illustrates the composition of the NIS over this time 

period when stratified by insurance provider. The commercially insured MPCD cohort 

contained a slightly greater proportion of non-white, male participants, and participants 

were more likely to live in the West and Midwest than the average US THA patient. 

Medicare participants were very similar to those in the NIS, indicating the random 15% 

sampling of Medicare participants for the MPCD raises little concern over 

generalizability to the overall population of Medicare patients in the US.   

There were an estimated 2,316,623 THA procedures performed in the US 

between 2001 and 2011 according to the NIS. An estimated 305,175 of these 

procedures were performed in 2011; a 34% increase from 2006 and an 86% increase 

from 2001. THA became disproportionality more common in participants who were 

younger, male, commercially insured, non-white, and who did not have a diagnosis of 

osteoarthritis as the primary indication for THA. The incidence of THA increased in 

every major demographic group, although the growth was not uniform. In particular, 

THA in participants aged 45 to 64 years old increased 250% from 2000 to 2011 

compared to a 61% increase in participants older than 65 over the same period.  

The average number of procedures per hospital increased during the study 

window while the number of hospitals with at least one claim for THA in the NIS 
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decreased. Unadjusted in-hospital mortality and the average length of stay decreased 

from 2000 to 2011. VHVH and HVH hospitals differed from low volume hospitals in that 

they typically had a higher proportion of privately-insured patients, higher proportion of 

osteoarthritis primary diagnoses, shorter average length of stay, and lower in-hospital 

mortality. Larger volume hospitals were typically located in higher average income zip-

codes. Time trends in institutional characteristics and patient demographics were similar 

between large and small volume hospitals. 

Research Objective 1: Utilization of Articulating Surface Codes 

MoP was the most frequently observed articulating surface code in the NIS. 

Estimates from the NIS suggest the incidence of MoP articulating surfaces in the US 

has been steadily increasing from 2006 through 2011. There was a 53% increase in 

MoP THA over this time period, rising from 43,639 in 2006 to 66,665 in 2011. The 

incidence of MoM articulating surfaces followed an inverse “V” shaped pattern with a 

peak at year 2008. The incidence of MoM codes rose by 62% from 2006 to 2008, 

reaching a similar overall incidence as MoP. MoM incidence then decreased by 290% 

from 2008 to 2011. CoP articulating surfaces had the greatest absolute and relative 

increase in incidence, rising from 11,108 in 2007 (the year of their introduction) to 

34,984 in 2011, a greater than 3 fold increase. There were an estimated two CoP 

articulating surface codes for each MoM code in 2011, a large change from 2007 when 

there were three MoM codes for each CoP articulating surface code. A visual 

representation of articulating surface codes in the NIS is provided in Figure 4-1. 

 Trends in articulating surface code utilization within Medicare and commercial 

payers differed in the NIS. Generally, trends in Medicare had similar direction but a 

reduced magnitude compared to the overall sample. MoM codes were more frequent 
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from 2006 to 2008, and then decreased below CoP codes by 2011. The THA claims for 

commercially insured participants differed to a greater degree from the overall cohort. 

MoM codes were more frequently used than any other articulating surface in each year 

from 2006 to 2008. The decrease in MoM codes was steeper; MoM code use in 2011 

was 30% of the total during 2008. The increase in CoP codes was also more 

pronounced, with nearly a four-fold increase from 2007 to 2011.  Figure 4-2 contains a 

graphical representation of the annual incidence of THA in the Medicare and 

commercially insured cohorts. 

 Trends in the utilization of THA articulating surface codes in the MPCD were 

similar to the trends estimated by the NIS over the same time period (2007-2010). The 

MPCD revealed a gradual increase and decrease in MoM codes, and relatively constant 

increases in the number of MoP and CoP codes. These trends had a close 

resemblance to the trends estimated in Medicare participants in the NIS. Figure 4-4 

contains a representation of articulating surface code utilization in the MPCD. Trends in 

Medicare and commercially insured participants in the MPCD were similar to trends in 

the respective cohorts in the NIS. Specifically, the commercially insured MPCD cohort 

saw more drastic increases and decreases in MoM and a greater increase in CoP when 

compared to the Medicare insured cohort in the MPCD. Figure 4-5 contains an 

illustration of articulating surface code use in Medicare and commercial cohorts in the 

MPCD. 

 Articulating surface codes were missing in 54% to 60% of all THA claims in the 

NIS for each year of the analysis. Codes were more likely to be missing in female, non-
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white older, and Medicare insured participants. Additionally, the likelihood a THA claim 

included an articulating surface code increased from 34.5% in VLVH to 52.0% in VHVH.  

Results of the logistic regression revealed that VHVH hospitals had significantly lower 

rates of in-hospital mortality and PLoS when compared to the other three quintiles of 

hospital procedure volume. In particular, VLVH had an 82% increased risk of mortality 

and a 2.37 times greater risk of PLoS. Results of the adjusted and unadjusted logistic 

regression are presented in Table 4-5. 

Research Objective 2: Comparative Safety Analysis 

The following section contains the hazard ratios and plots of hazard ratios for the 

primary and secondary analyses in the MPCD. All analyses are then stratified by 

insurance provider to show the hazard for outcome in the specific subpopulation. Each 

outcome contains a description of the comparative risk between the three articulating 

surface comparisons, the hazard ratio (HR) for each payer (Medicare or commercial), 

and HR when follow-up is limited to 1 year after index hospitalization. 

Risk of Revision 

The average length of follow-up prior to censoring was 1.5 years (SD: 1.1 year) 

ranging from 1 day to a maximum of 3.9 years. The primary reason for censoring was 

end of study window (85%), followed by end of enrollment (10%) and the appearance of 

a second THA claim (5%).  The average length of follow-up differed for each censoring 

reason, with participants reaching the end of the study window being the longest (574 

days), followed by end of coverage (330  days) and occurrence of a second THA claim 

(221 days). There were 1,459 revisions recorded in participants that met inclusion and 

exclusion criteria. The average time to revision was 254 days (SD: 278 days).A total of 

79 revisions occurred after the occurrence of one or more censoring criteria.  
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Table 4-6 and Table 4-7 contain the unadjusted and adjusted hazard ratios and 

95% confidence intervals for the outcome of revision by articulating surface categories. 

The unadjusted analyses revealed a marginally significant increase in hazard for CoP 

when compared to MoM. Neither the MoM-MoP nor CoP-MoP comparisons were 

statistically significant. The adjusted model contained similar results with a marginally 

significant increase in risk for the CoP-MoM comparison and a failure to reach statistical 

significance in the other comparisons.  

When the Cox proportional hazards model was performed in each insurance 

provider, hazard ratios were differed slightly from the base case model. The hazard 

ratios for CoP compared to MoP was larger in the commercially insured strata than the 

Medicare strata. MoM articulating surfaces were also associated with an increased 

hazard in the commercially insured when compared to MoP, but the difference was 

small and not statically significant. The confidence intervals were wider, largely due to 

the reduced sample size of each strata when compared to the sample as a whole. 

Results for the stratified analyses are presented in Table 4-9. 

There was evidence supporting a possible violation of the proportional hazards 

assumption in the Cox model comparing MoM to MoP, as determined visually by scaled 

Schoenfield residuals and quantitatively by the inclusion of a time effect modeled in the 

Cox regression,(p<0.01). Survival of MoP articulating surfaces is initially lower than 

MoM, with MoM crossing the MoP survival cure at around 2.5 years (survival curve 

illustrated in Figure 4-4). Therefore, results for this comparison are also reported with 

the restricted mean survival time (RMST) estimate as it provides a clearer 

understanding of the changing hazard over time leading to the violation of the 
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proportional hazards assumption (Table 4-8) . The RMST provides piecewise estimation 

of the hazard ratios, valuable when the overall hazard ratio averages different effects 

over time. Dividing the hazard ratio into 1 year segments revealed a slightly decreased 

risk of revision for MoM compared to MoP soon after the index hospitalization, but this 

rate rose steadily over time until it was 3.6 times the hazard between years three and 

four.  

Restricting follow-up to one year resulted in a statistically significant increase in 

risk of revision for CoP articulating surfaces when compared to MoM (HR 1.56, p<0.01). 

CoP approached statistical significance when compared to MoP (HR 1.32, p=0.06). 

Results from the MoM-MoP comparison are identical to the RMST as they are 

calculated in the same way. We restricted the length of follow-up to analyze the early 

revision risk for each articulating surface comparison.  Risk of revision for MoM 

compared to MoP was lower than in the base case scenario. The results are identical to 

those presented in the RMST estimates, as they are the same calculation. The risk of 

revision for CoP compared to MoP was also greater than in the base case scenario, 

with a 32% increased risk over the previously reported 20% increase. CoP also had a 

greater risk in the first year than over all 4 years when compared to MoM, with a 56% 

increase compared to a 29% increase over the entire 4 year period. 

Secondary Outcomes 

The remaining research questions in Research Objective 2 are explored with 

analyses similar to the base case analysis, but performed on a series of secondary 

outcomes in each articulating surface comparison. These analyses report that HR for 

each articulating surface comparison, KM and log-rank tests for equality between 

articulating surfaces, HR for each payer (Medicare or commercial) and HR when follow-
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up is limited to 1 year after index hospitalization. Results for each secondary outcome 

are described separately below. Due to the large number of comparisons performed 

and outcomes analyzed, KM curves are only presented where log-rank tests indicate a 

statistically significant difference. 

Dislocation 

There were 1,626 dislocations recorded in the MPCD cohort. The majority of 

dislocations occurred relatively soon after the index hospitalization with an average time 

to dislocation of 133 days (SD=224 days). The KM curves and log-rank test suggested 

that there was a significant difference in risk of dislocation between MoM and MoP 

articulating surfaces (p<0.01). The results of the adjusted Cox model indicated that 

MoM articulating surfaces had a 19% reduced risk for dislocation when compared to 

MoP (p=0.03). The majority of the reduction in risk for this comparison was in 

commercially insured participants, where the HR was 0.63 (p<0.01) compared to 0.93 

(p=0.54) for Medicare. CoP articulating surfaces generally had an increased risk of 

dislocation relative to MoM, however this increase in risk was not statistically significant 

(p=0.08). Full results of articulating surface comparisons for risk of dislocation are listed 

in Table 4-8.When the follow-up was limited to one year after index hospitalization, 

there was a statistically significant decreased risk for MoM when compared to both CoP 

(p=0.04) and MoP (p<0.01)  

Periprosthetic Joint Infection (PJI) 

There were 1,155 cases of periprosthetic joint infection recorded in the MPCD 

cohort. The average time to infection was 170 days (SD: 238 days). KM curves and log-

rank tests suggested a significant reduction in risk of PJI for the MoM-MoP comparison. 

This difference was no longer statically significant after adjusting for potential 
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confounding factors in the Cox model (p=0.06).Cox models failed to reject the null 

hypothesis (no difference in articulating surfaces) for all articulating surface 

combinations. CoP articulating surfaces were more likely to lead to a joint infection in 

Medicare (HR=1.32) rather than commercial participants (HR=0.92), however neither 

ratio reached statistical significance. Full results of articulating surface comparisons for 

risk of PJI are listed in Table 4-9. Results were largely unaffected by limiting the follow-

up period to one year in all articulating surface comparisons, and none of the 

comparisons reached statistical significance over the one year follow-up. 

DVT 

 There were 5,617 cases of deep venous thromboembolism recorded in the 

MPCD cohort. The average time to DVT was 136 days (SD: 232 days). KM curves and 

log-rank tests suggested an increased risk of MoP when compared to both MoM 

(p<0.01) and MoP (p<0.01) (Figures 4-10 and Figure 4-11). The Cox model did not 

support this difference when controlling for potential confounding variables, and the 

comparison was not statistically significant with a HR was closer to 1. When the Cox 

model was stratified by payer, CoP articulating surfaces approached a statistically 

significant reduction in risk of DVT when compared to MoP (HR 0.86, p=0.10) and MoM 

(HR 0.80, p=0.06) in the Medicare cohort. Full results of all models for risk of DVT are 

located in Table 4-10. Results were similar when restricting follow-up to one year for all 

articulating surface comparisons. 

Mechanical loosening 

There were 785 cases of mechanical loosening recorded in the MPCD cohort. 

The average time to infection was 341 days (SD: 303 days). Log-rank tests of the KM 

curves failed to reject the hypothesis of a difference between any two articulating 
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surfaces, as did the comparisons in the Cox models. The commercially insured cohort 

appeared to have an increased risk of loosening with MoM and CoP articulating 

surfaces; however the small number of outcomes and long average time between index 

hospitalization and outcome made it difficult to draw any conclusions from these 

findings. Full results for risk of mechanical loosening are available in Table 4-11. 

Limiting the length of follow-up to one year did not affect the results to a large degree.  

Sensitivity Analyses  

 The first sensitivity analysis explores the effect of allowing participants to switch 

insurance providers during follow-up. The second sensitivity analysis describes the 

creation of propensity scores and the analyses performed by propensity score strata to 

explore differences in risk for participants most likely to receive a particular articulating 

surface code. The final sensitivity analysis explored the effect of imputing data for 

missing articulating surface revision codes. 

Effect of Extended Follow-up  

The base case analysis included data from the entire enrollment history included 

in the MPCD. This sensitivity analysis explores the effect of restricting the analysis to 

the incident insurance enrollment episode that included the THA index hospitalization. 

By comparing the results from this restricted analysis to the base case, the benefit of 

connecting enrollment periods across different insurance providers in the MPCD can be 

evaluated. There were 2,878 participants (5.8%) that made a change in their insurance 

and contributed data to the MPCD. Mean follow-up time increased to 531 days (SD: 374 

days) if participants were observed after an insurance switch, which equated to an extra 

494 days for those who switched. The insurance enrollment a participant had during the 

time of the THA operation comprised 96% of the full enrollment window in the entire 
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cohort, and 62% of the full enrollment window in those who switched. There were an 

addition 33 revisions identified when participants were followed through additional 

enrollment periods. Limiting the enrollment period had a minimal effect on the results of 

the adjusted Cox models. Results for the limited baseline period model stratified by 

insurance provider are presented in Table 4-13. 

Propensity Scores 

Propensity scores for all articulating surface combinations had sufficient overlap 

with little trimming necessary. Overall sample sizes for each comparison were similar to 

the base case analysis due to the small number of trimmed participants, with fewer than 

20 participants trimmed in each model. The distribution of propensity scores is provided 

in Figure 4-12. In each panel of Figure 4-12, the bottom propensity score distribution 

represents the case and the top distribution represents the control. Propensity scores 

for cases were in general greater than controls, and the shape of the propensity score 

distribution was similar for cases and controls in each comparison. The CoP-MoP 

comparison had the least similar distribution of propensity scores, with a greater 

proportion of the controls having very low estimated propensity scores.  

The standardized difference for each variable used in the propensity score is 

presented in Figure 4-13, Figure 4-14, and Figure 4-15 by quintile along with a 

reference standardized difference for the unmatched cohort. The propensity score 

model was generally able to balance measured covariates within propensity score 

quintiles to achieve a standardized difference less than 0.10. The MoM-MoP 

comparison performed well, with standardized difference values under the threshold for 

several variables in which the reference category had large imbalances. The quintile 

containing the largest propensity scores was the least balanced with year, insurance 
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type and age all falling above 0.10 but below the reference category. The CoP-MoP 

comparison resulted in a lower proportion of quintiles achieving a standardized 

difference of 0.10 or lower, however, this comparison had a greater imbalance to begin 

with. The CoP-MoM model also performed well but was relatively balanced in the base 

case scenario.  

Results of Cox proportional hazards models showed no clear linear trend in risk 

of revision by strata for any articulating surface comparison. Only one strata contained a 

statistically significant difference in risk (CoP-MoP, Q2). Confidence intervals were 

wider than the base case analysis because each strata has 20% of the overall sample 

size for each comparison. Full results of the analysis by propensity score quintile are 

presented in Table 4-14. Pooled results of the propensity score strata are presented in 

Table 4-15 and were similar to the base case model. MoM was associated with a small 

but non-significant reduction in risk when compared to MoP. CoP appeared to have a 

relatively larger, but still not significant increase in risk when compared to both MoP and 

MoM. Figure 4-16 contains a depiction of quintiles and 95% confidence intervals for 

each articulating surface comparison. 

Participants were also matched by propensity score. The greedy matching 

algorithm selected 3 to 5 controls for each case in the analysis, with the average 

number of matches per case depending on the ratio of sample size for cases and 

controls. Generally, results of the propensity score matching analysis were similar to the 

base case scenario for risk of revision. The CoP-MoP comparison benefited from a 

slightly smaller confidence interval, likely because this type of matching provides greater 

efficiency when a rare case can be matched to a frequent control. Although CoP 
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articulating surfaces were not rare in the MPCD, this comparison did have the greatest 

different in the number of cases and controls. Results of the propensity score matched 

model are presented in Table 4-16.  

A second matching strategy provided more strict control for the effect of THA 

index hospitalization year in the analysis. Participants were again matched on 

propensity score with Greedy matching, but this matching strategy matched strictly 

within year of procedure. Under this matching strategy, CoP was associated with a 

statistically significant increase in risk when compared to MoM (HR 1.37, p=0.03). MoM 

was associated with a lower risk of revision relative to MoP than in the base case 

scenario, but failed to reach statistical significance. Results from the propensity score 

matching within year analysis are reported in Table 4-17.  

Multiple Imputation 

Missing articulating surface codes were imputed using Markov chain Monte Carlo 

(MCMC) simulation. The simulation process produced 20 samples with values for 

missing articulating surfaces using the covariance matrix between articulating surface 

and all other variables modeled in the base vase analysis to sample a variance adjusted 

mean. The results of the MCMC imputation model differed from the results obtained 

from the base case scenario. The hazard ratio of the MoM-MoP comparison was lower 

than the base case scenario. Both comparisons with CoP articulating surfaces revealed 

a reduced hazard ratio indicating CoP was associated with a smaller increase in risk 

than in the base case scenario. Results from the multiple imputation model are 

presented in Table 4-23. 
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Table 4-1. Baseline characteristics of MPCD by payer  

Variable  
Total   
(n=64,028) 

Medicare 
(n=41,408) 

Private 
(n=21,709) 

Multiple 
(n=911) 

Age Group     
     <56, % 10.0 0.0 29.5 0.0 
     56-65, % 14.7 1.6 40.1 4.5 
     66-75, % 41.7 53.1 19.1 59.4 
     >75, % 33.6 45.3 11.2 36.1 
Female, % 57.5 61.5 49.9 57.1 
Race 

a
     

     White, % 78.4 93.8 48.4 93.2 
     Black, % 4.5 4.5 4.6 5.5 
     Other, % 1.9 1.6 2.4 1.2 
     Missing, % 15.2 0.0 44.6 0.1 
Coronary Artery Disease, % 22.3 26.9 13.3 25.1 
Congestive Heart Failure, % 5.4 7.0 2.5 4.8 
Chronic Lung Disease, % 19.5 21.6 15.5 20.6 
Diabetes, % 20.2 22.5 15.8 21.7 
Myocardial Infarction, % 4.6 5.6 2.6 5.0 
Obesity, % 12.8 11.6 14.9 11.9 
Peripheral Artery Disease, % 11.4 14.2 6.0 11.5 
Thromboembolism, % 2.8 3.4 1.6 2.9 
Articulating Surface     
     MoP, % 20.7 23.2 15.7 23.4 
     MoM, % 13.4 12.4 15.5 12.3 
     CoC, % 1.4 0.9 2.5 1.5 
     CoP, % 5.8 4.7 8.1 4.7 
     Missing, % 58.6 58.9 58.1 58.1 
Region     
     Northeast, % 16.7 18.8 12.8 13.5 
     Midwest, % 28.7 29.0 28.2 26.9 
     South, % 36.4 33.5 41.6 38.0 
     West, % 18.3 18.7 17.3 21.6 
Primary Indication for THA     
     Osteoarthritis, % 93.3 95.3 89.5 95.9 
     Aseptic necrosis, % 4.0 2.5 6.9 1.9 
     Other, % 2.7 2.2 3.6 2.2 
Charlson Comorbidity Index Score     
     Zero, % 49.4 43.4 61.0 46.5 
     One or Two, % 34.1 37.1 28.5 36.0 
     Three or Four, % 11.6 13.7 7.7 12.1 
     Five or more, % 4.8 5.8 2.8 5.4 
Year of THA     
     2007, % 14.1 13.8 14.8 13.3 
     2008, % 27.8 28.2 27.0 26.8 
     2009, % 29.4 28.8 30.7 30.4 
     2010, % 28.7 29.3 27.5 29.5 

 *values are means(SD) or percentages. 
 *values of polytomous variables may not sum to 100% due to rounding 
 a
 self-reported race identification 

 

 b
 as determined by claim on which THA was submitted 
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Table 4-2. Characteristics of cohort by articulating surface code 

Variable 
MoP  
(n=13,228) 

MoM 
(n=8,604) 

CoC 
(n=9,16) 

CoP  
(n=3,745) 

Not Missing 
(n=26,493) 

Missing 
(n=37,535) 

Age Group       
     <56, % 5.4 14.7 27.8 17.5 10.9 9.4 
     56-65, % 10.7 17.3 26.6 23.1 15.1 14.4 
     66-75, % 44.1 40.5 31.3 40.9 42.1 41.4 
     >75, % 39.8 27.5 14.2 18.5 31.9 34.8 
Female, % 59.9 52.5 52.1 55.0 56.5 58.2 
Race a       
     White, % 82.6 77.5 70.0 73.2 79.2 77.9 
     Black, % 3.5 4.1 3.5 4.4 3.8 5.1 
     Other, % 1.7 1.7 4.3 2.0 1.8 1.9 
     Missing 12.2 16.7 22.2 20.4 15.2 15.1       
Coronary Artery Disease, % 23.6 20.4 14.0 17.1 21.3 23.0 
Congestive Heart Failure, % 5.9 4.5 2.6 3.4 5.0 5.7 
Chronic Lung Disease, % 19.8 18.6 16.9 17.4 19.0 20.0 
Diabetes, % 20.9 18.7 15.2 17.0 19.4 20.8 
Myocardial Infarction, % 5.0 4.0 2.4 3.4 4.3 4.8 
Obesity, % 12.7 14.4 13.4 14.3 13.5 12.2 
Peripheral Artery Disease, % 11.9 9.9 6.9 7.9 10.5 12.0 
Thromboembolism, % 3.3 2.7 2.2 2.6 3.0 2.7 
Region       
     Northeast, % 20.8 13.1 19.7 16.9 17.7 16.0 
     Midwest, % 30.0 27.8 23.9 23.2 28.1 29.0 
     South, % 27.8 36.8 34.7 35.0 32.0 39.5 
     West, % 21.4 22.3 21.7 24.9 22.2 15.5 
Primary Indication for THA       
     Osteoarthritis, % 94.8 93.3 90.2 93.3 94.0 92.8 
     Aseptic necrosis, % 3.2 4.3 7.6 4.4 3.9 4.1 
     Other, % 2.0 2.4 2.2 2.3 2.2 3.1 
Charlson Comorbidity Index Score       
     Zero, % 47.6 53.3 59.9 57.6 51.3 48.1 
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Variable 
MoP  
(n=13,228) 

MoM 
(n=8,604) 

CoC 
(n=9,16) 

CoP  
(n=3,745) 

Not Missing 
(n=26,493) 

Missing 
(n=37,535) 

     One or Two, % 35.2 32.3 27.7 30.3 33.3 34.7 
     Three or Four, % 12.4 10.2 8.7 8.4 11.0 12.1 
     Five or more, % 4.9 4.3 3.6 3.7 4.5 5.0 
Primary Payer for THA       
     Medicare, % 72.6 59.5 39.0 51.8 64.2 65.0 
     Private, % 25.8 39.2 59.5 47.0 34.3 33.6 
     Multiple, % 1.6 1.3 1.5 1.1 1.4 1.4 
Year of THA       
     2007, % 13.9 16.8 19.4 10.3 14.5 13.9 
     2008, % 25.9 29.2 24.3 19.5 26.0 29.0 
     2009, % 30.0 31.3 28.6 31.1 30.5 28.7 
     2010, % 30.2 22.7 27.6 39.2 28.9 28.5 

*values of polytomous variables may not sum to 100% due to rounding  
a
 self-reported race identification 

 

 

Table 4-2, Continued 
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Table 4-3. Characteristics of NIS Cohort (weighted estimates) 
Variable 2000 2006 2011 

Males, n (%) 68,488 (41.7)  98,943 (43.5) 134,482 (44.1) 
Age, n (%)    
   <45 12,360 (7.5) 14,464 (6.3) 14,983 (4.9) 
   45-54 20,348 (12.4) 34,071 (14.9) 43,763 (14.3) 
   55-64 31,323 (19.1) 55,741 (24.4) 85,361 (27.9) 
   65-74 49,195 (29.9) 62,061 27.2) 87,176 (28.5) 
   75-84 42,016 (25.6) 50,742 (22.2) 59,866 (19.6) 
   >85 9,216 (5.6) 11,302 (5.0) 14,606 (4.8) 
White, n (%) 109,520 (89.2) 138,993 (86.9) 234,789 (85.8) 
Osteoarthritis primary diagnosis 131192 (79.8) 192696 (84.4) 262735 (85.9) 
Medicare, n (%) 95,401 (58.2) 123,120 (54.1) 160,107 (52.7) 
Private, n (%) 59,183 (36.1) 89,607 (39.4) 122,052 (40.2) 
Length of stay, days 4.6  4.0 3.3 
Number diagnoses on record 4.4 5.8 7.5 
Number of procedures 1.6 2.0 2.0 
Total charges (not adjusted for inflation) 25,368 41,600 55,748 
Annual hospital volume 48.8 67.1 87.0 
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Table 4-4. Baseline characteristics of NIS by payer 

Variable  
Total   
(n=1,372,814) 

Medicare 
(n=557,625) 

Commercial 
(n=444,432) 

Age Group    
     <56, n (%) 242,328 (22.5) 25,026 (4.5) 177,439 (39.9) 
     56-65, n (%) 289,110 (26.9) 52,669 (9.4) 211,079 (47.5) 
     66-75, n (%) 297,329 (27.6) 251,186 (45.0) 40,382 (9.0) 
     >75, n (%) 247,725 (23.0) 228,744 (41.0) 15,533 (3.5) 
Female, n (%) 601,344 (56.1) 346,859 (62.3) 217,591 (49.2) 
Race a    
     White, n (%) 744,382 (69.2) 401,029 (71.9) 301,945 (67.9) 
     Black, n (%) 58,136 (5.4) 25,473 (4.6) 23,016 (4.1) 
     Other, n (%) 51,794 (4.8) 23,041 (4.1) 21,271 (4.8) 
     Missing, n (%) 222,156 (20.6) 108,081 (19.4) 98,182 (22.1) 
Articulating Surface    
     MoP, n (%) 212,086 (19.7) 128,124 (23.0) 73,506 (16.5) 
     MoM, n (%) 159,727 (14.8) 69,790 (12.5) 78,128 (17.5) 
     CoC, n (%) 27,368 (2.5) 7,293 (1.3) 17,618 (4.0) 
     CoP, n (%) 75,020 (7.0) 27,654 (5.0) 41,073 (9.2)) 
     Missing, n (%) 602,291 (55.9) 324,764 (58.2) 234,107 (52.7) 
Region    
     Northeast, n (%) 221,884 (20.6) 113,243 (20.3) 94693 (21.3) 
     Midwest, n (%) 286,181 (26.6) 147,991 (26.5) 121164 (27.3) 
     South, n (%) 349,176 (32.4) 187,504 (33.6) 134338 (30.2) 
     West, n (%) 219,250 (20.4) 108,887 (19.5) 94237 (21.2) 
Primary Indication for THA    
     Osteoarthritis, n (%) 918,594 (85.3) 483,883 (86.7) 382,343 (86.0) 
     Aseptic necrosis, n (%) 88,109 (8.1) 32,356 (5.8) 41,358 (9.3) 
     Other, n (%) 69,789 (6.5) 41,285 (7.4) 20,732 (4.7) 
Year of THA, n (%)    
     2007, n (%) 242,446 (22.5) 128,315 (23.0) 98,955 (22.3) 
     2008, n (%) 266,432 (24.8) 137,194 (24.6) 109,657 (24.7) 
     2009, n (%) 275,265 (25.6) 143,984 (25.8) 112,683 (25.4) 
     2010, n (%) 292,348 (27.2) 148,131 (26.6) 123,137 (27.7) 

a
 self-reported race identification 
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Table 4-5. Hospital volume logistic regression 

Hospital 
Quartile 

Unadjusted OR and 
95% CI  vs. VHVH 

Adjusted OR and 
95% CI  vs. VHVH 

Mortality   

     VLVH 2.65 (2.21 – 3.17) 1.82 (1.48 – 2.23) 
     LVH  1.73 (1.43 – 2.09) 1.40 (1.13 – 1.71) 
     HVH 1.62 (1.33 – 1.96) 1.46 (1.19 – 1.77)  
PLoS   
     VLVH 2.13 (2.07 – 2.18) 2.37 (2.32 – 2.44) 
     LVH 1.40 (1.36 – 1.44) 1.50 (1.47 – 1.55) 
     HVH 1.15 (1.12 – 1.19) 1.14 (1.11 – 1.17)  
 
 
Table 4-6. Risk of revision 

Articulating Surface 
Hazard 

Ratio 
95% Confidence 

Interval p-value 

Unadjusted     

     MoM vs MoP 0.957 0.791 1.157 0.651 

     CoP vs MoP 1.207 0.943 1.546 0.136 

     CoP vs MoM 1.288 0.990 1.675 0.059 

Adjusted     

     MoM vs MoP 0.972 0.799 1.182 0.770 

     CoP vs MoP 1.230 0.951 1.592 0.115 

     CoP vs MoM 1.291 0.990 1.684 0.059 

Medicare (adjusted)     

     MoM vs MoP 0.952 0.750 1.209 0.688 

     CoP vs MoP 1.159 0.830 1.619 0.387 

     CoP vs. MoM 1.283 0.895 1.838 0.175 

Commercial (adjusted)     

     MoM vs MoP 1.024 0.714 1.47 0.896 

     CoP vs MoP 1.322 0.858 2.037 0.206 

     CoP vs. MoM 1.257 0.836 1.888 0.272 

 

Table 4-7. RMST hazard ratio for MoM-MoP revision 

Year Interval 

n at 
risk 

Hazard 
Ratio 

95% Confidence 
Interval p-value 

Year 0 to 1 21832 0.823 0.649 1.042 0.106 

Year 1 to 2 13874 1.276 0.821 2.811 0.279 

Year 2 to 3 7448 1.736 0.893 4.157 0.104 

Year 3 to 4 2409 3.608 0.304 42.84 0.310 
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Table 4-8. Risk of dislocation 

Articulating Surface 
Hazard 

Ratio 
95% Confidence 

Interval p-value 

Unadjusted     

     MoM vs MoP 0.780 0.647 0.941 0.001 

     CoP vs MoP 0.952 0.746 1.214 0.690 

     CoP vs MoM 1.239 0.949 1.616 0.115 

Adjusted     

     MoM vs MoP 0.811 0.669 0.983 0.033 

     CoP vs MoP 0.954 0.741 1.230 0.718 

     CoP vs MoM 1.272 0.972 1.664 0.079 

Medicare (adjusted)     

     MoM vs MoP 0.931 0.738 1.173 0.543 

     CoP vs MoP 1.006 0.722 1.401 0.972 

     CoP vs. MoM 1.153 0.807 1.648 0.434 

Commercial (adjusted)     

     MoM vs MoP 0.628 0.443 0.891 0.009 

     CoP vs MoP 0.877 0.586 1.312 0.522 

     CoP vs. MoM 1.396 0.913 2.135 0.123 

 
 
Table 4-9. Risk of joint infection 

Articulating Surface 
Hazard 

Ratio 
95% Confidence 

Interval p-value 

Unadjusted     

     MoM vs MoP 1.231 1.009 1.503 0.041 

     CoP vs MoP 1.128 0.851 1.494 0.402 

     CoP vs MoM 0.924 0.692 1.232 0.589 

Adjusted     

     MoM vs MoP 1.216 0.991 1.493 0.062 

     CoP vs MoP 1.128 0.842 1.511 0.420 

     CoP vs MoM 0.939 0.702 1.256 0.671 

Medicare (adjusted)     

     MoM vs MoP 1.215 0.94 1.57 0.136 

     CoP vs MoP 1.317 0.914 1.90 0.140 

     CoP vs. MoM 1.079 0.737 1.579 0.696 

Commercial (adjusted)     

     MoM vs MoP 1.245 0.872 1.778 0.227 

     CoP vs MoP 0.924 0.573 1.491 0.748 

     CoP vs. MoM 0.791 0.504 1.242 0.308 
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Table 4-10. Risk of DVT 

Articulating Surface 
Hazard 

Ratio 
95% Confidence 

Interval p-value 

Unadjusted     

     MoM vs MoP 0.883 0.805 0.968 0.008 

     CoP vs MoP 0.804 0.703 0.918 0.001 

     CoP vs MoM 0.913 0.793 1.052 0.208 

Adjusted     

     MoM vs MoP 1.016 0.925 1.116 0.741 

     CoP vs MoP 0.938 0.817 1.076 0.360 

     CoP vs MoM 0.943 0.818 1.088 0.423 

Medicare (adjusted)     

     MoM vs MoP 1.035 0.929 1.152 0.534 

     CoP vs MoP 0.864 0.727 1.026 0.095 

     CoP vs. MoM 0.804 0.701 1.007 0.06 

Commercial (adjusted)     

     MoM vs MoP 0.964 0.786 1.183 0.727 

     CoP vs MoP 1.136 0.891 1.447 0.303 

     CoP vs. MoM 1.180 0.929 1.500 0.176 

 
 
Table 4-11. Risk of mechanical loosening 

Articulating Surface 
Hazard 

Ratio 
95% Confidence 

Interval p-value 

Unadjusted     

     MoM vs MoP 1.096 0.864 1.391 0.451 

     CoP vs MoP 1.124 0.805 1.570 0.492 

     CoP vs MoM 1.059 0.748 1.498 0.748 

Adjusted     

     MoM vs MoP 1.107 0.866 1.414 0.418 

     CoP vs MoP 1.048 0.741 1.482 0.790 

     CoP vs MoM 1.047 0.738 1.486 0.796 

Medicare (adjusted)     

     MoM vs MoP 1.041 0.774 1.399 0.792 

     CoP vs MoP 0.741 0.449 1.221 0.239 

     CoP vs. MoM 0.788 0.468 1.328 0.372 

Commercial (adjusted)     

     MoM vs MoP 1.178 0.745 1.863 0.483 

     CoP vs MoP 1.632 0.951 2.799 0.075 

     CoP vs. MoM 1.388 0.846 2.277 0.194 
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Table 4-12. 1-year restricted follow-up of outcomes 

 
Comparison 

Hazard 
Ratio 

95% Confidence 
Interval 

 
p-value 

MoM vs MoP     

     Revision 0.823 0.649  1.042 0.106 

     Dislocation 0.729 0.591 0.899 0.003 

     PJI 1.168 0.930 1.466 0.181 

     DVT 0.993 0.897 1.100 0.898 

     Mechanical  
     Loosening 

0.827 0.601 1.139  0.246 

CoP vs MoP     

     Revision 1.320 0.993 1.756 0.056 

     Dislocation 0.938 0.719 1.224 0.640 

     PJI 1.125 0.818 1.545 0.469 

     DVT 0.900 0.776 1.044 0.163 

     Mechanical  
     Loosening 

1.13 0.765 1.673 0.537 

CoP vs MoM     

     Revision 1.56 1.153 2.116 0.004 

     Dislocation 1.361 1.022 1.813 0.035 

     PJI 0.950 0.692 1.304 0.752 

     DVT 0.916 0.786 1.068 0.263 

     Mechanical  
     Loosening 

1.465 0.966 2.222 0.073 

 
 
Table 4-13. Abbreviated baseline period by payer 

Population/ 
comparison 

Hazard 
Ratio 

95% Confidence 
Interval p-value 

Full cohort    

     MoM vs MoP 0.952 0.75 1.209 0.688 

     CoP vs MoP 1.159 0.83 1.619 0.387 

     CoP vs. MoM 1.233 0.938 1.622 0.133 

Medicare    

     MoM vs MoP 0.947 0.745 1.203 0.655 

     CoP vs MoP 1.139 0.813 1.596 0.449 

     CoP vs. MoM 1.268 0.882 1.823 0.200 

Commercial    

     MoM vs MoP 1.086 0.742 1.59 0.670 

     CoP vs MoP 1.253 0.786 1.999 0.343 

     CoP vs. MoM 1.115 0.724 1.716 0.621 
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Table 4-14. Propensity score stratification  

 
Comparison 

Hazard 
Ratio 

95% Confidence 
Interval p-value 

MoM vs MoP     

     Strata 1 0.696 0.389 1.246 0.223 

     Strata 2 1.030 0.663 1.601 0.895 

     Strata 3 1.106 0.724 1.689 0.641 

     Strata 4 0.902 0.600 1.356 0.621 

     Strata 5 0.942 0.627 1.416 0.774 

CoP vs MoP     

     Strata 1 0.829 0.384 1.792 0.634 

     Strata 2 2.114 1.243 3.595 0.006 

     Strata 3 1.151 0.627 2.113 0.651 

     Strata 4 0.901 0.528 1.538 0.702 

     Strata 5 1.526 0.881 2.644 0.132 

CoP vs MoM     

     Strata 1 1.125 0.611 2.071 0.706 

     Strata 2 1.651 0.969 2.812 0.065 

     Strata 3 1.218 0.676 2.194 0.513 

     Strata 4 0.916 0.505 1.659 0.772 

     Strata 5 1.78 0.833 3.804 0.137 
 
 
Table 4-15. Pooled results of propensity score stratification 

Comparison 
Hazard 
Ratio 

95% Confidence 
Interval 

MoM vs MoP 0.935 0.600 1.462 

CoP vs MoP 1.304 0.733 2.336 

CoP vs. MoM 1.338 0.712 2.508 
 
 
Table 4-16. Propensity score matching 

Comparison 
Hazard 
Ratio 

95% Confidence 
Interval p-value 

MoM vs MoP 0.985 0.812 1.195 0.878 

CoP vs MoP 1.263 0.977 1.634 0.075 

CoP vs. MoM 1.286 0.986 1.677 0.064 
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Table 4-17. Propensity score matching by year 

Comparison 
Hazard 
Ratio 

95% Confidence 
Interval p-value 

MoM vs MoP 0.938 0.759 1.161 0.5581 

CoP vs MoP 1.225 0.927 1.62 0.1541 

CoP vs. MoM 1.371 1.028 1.827 0.0316 

 

Table 4-18. MCMC Imputation 

Comparison 
Hazard 
Ratio 

95% Confidence 
Interval p-value 

MoM vs MoP 0.914 0.777 1.075 0.273 

CoP vs MoP 1.188 0.811 1.741 0.371 

CoP vs. MoM 1.166 0.930 1.461 0.179 
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Figure 4-1. Articulating surface ICD-9-CM code utilization from 2006 to 2011 in the NIS 

 
 

A            B     
Figure 4-2. Articulating surfaces in the NIS by A) Medicare and B) commercial  
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Figure 4-3: Articulating surface ICD-9-CM code utilization from 2006 to 2011 in the MPCD by payer 

 
 

A       B  
Figure 4-4. Articulating surfaces in the MPCD by A) Medicare and B) commercial  
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Figure 4-5. Kaplan-Meier survival plot of THA revision by MoM and MoP articulating 

surfaces 
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Figure 4-6. Kaplan-Meier survival plot of THA revision by CoP and MoP articulating 

surfaces 
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Figure 4-7. Kaplan-Meier survival plot of THA revision by CoP and MoM articulating 

surfaces 
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Figure 4-8. Kaplan-Meier survival plot of THA dislocation by MoM and MoP 
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Figure 4-9. Kaplan-Meier survival plot of THA PJI by MoM and MoP 
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Figure 4-10. Kaplan-Meier survival plot of THA DVT by MoM and MoP 
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Figure 4-11. Kaplan-Meier survival plot of THA DVT by CoP and MoP 
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Figure 4-12. Distribution of overlapping propensity scores for MoM-MoP (a), CoP-MoP (b), and CoP-MoM (c).  
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Figure 4-13. Standardized differences for propensity score quintiles: MoM-MoP 
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Figure 4-14. Standardized differences for propensity score quintiles: CoP-MoP 
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Figure 4-15. Standardized differences for propensity score quintiles: CoP-MoM 
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Figure 4-16. Results of propensity score stratification into quintiles 
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CHAPTER 5 
DISCUSSION 

The present study is the first to explore the utilization of CoP articulating surface 

codes in medical claims data, and to report on the comparative safety of CoP in terms 

of revision, dislocation, DVT, PJI, and mechanical loosening in a large and diverse 

sample of US patients. The present analysis is also one of the few to explore the 

comparative safety of MoM and MoP articulating surfaces in US claims data, and the 

first to analyze the safety of THA in claims data from non-Medicare payers. While the 

present analysis provides several interesting and previously unreported findings, the 

clinical applicability of these results is severely restricted by the limitations inherent in 

the data, methods, and validity of identifying articulating surfaces via claims data. While 

the results should be interpreted with caution, the thorough application of a number of 

diverse methods reveals many important considerations in the analysis of THA and 

medical devices in observational studies. Results of the present study are divided into 

three sections, exploration of THA claims in the US, results of the comparative safety 

analysis, and impact of various sensitivity analyses on the results. All three sections are 

described in detail below. 

Baseline Demographics and Articulating Codes  

The NIS provided the ability to analyze ten years of data to determine trends in 

THA that are important to the present study. It also allowed for an in-depth analysis of 

the factors related to articulating surface ICD-9-CM code use, including detailed 

information regarding characteristics of hospital size and location. Possibly the greatest 

contribution of the NIS to the current study was the ability to compare the 

generalizability of the MPCD to the US population. The MPCD provided little information 
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as to the specifics of the commercial insurance plans it contained, and consisted of only 

a 15% sample of Medicare patients. Estimates from the NIS suggest the sample 

contained in the MPCD differed in some ways from the US population, but that much of 

the variance could be explained by over-representation by insurance provider and 

region. In this section we discuss the baseline characteristics of the cohorts, the 

similarities between the two, and analyze factors related to the use of articulating 

surface codes.  

Comparison of the Cohorts  

The population of the MPCD tended to be older, more likely to be female, and 

more likely to have a primary diagnosis of osteoarthritis compared to the NIS. This was 

due in part to over-representation of Medicare patients in the MPCD. Medicare was 

listed as the primary payer for 65% of the THA claims in the MPCD, while the NIS 

estimated that around 53% of THA claims in the US over the same time period have 

Medicare as the primary payer. When both datasets were stratified by insurance 

provider, the baseline demographics were similar. The Medicare cohort in the MPCD 

appeared nearly identical to the estimates from the NIS, which is logical given that the 

MPCD was constructed in part from a 15% random sample of all Medicare patients. 

There is little reason to believe the random sampling failed with respect to THA.  

The commercially insured participants in the MPCD were less similar to NIS 

estimates of the US population. Some of this variability may originate from the over 

representation of the South and Midwest regions in the MPCD. Further analysis 

revealed that participants in the South and Midwest were more likely to be younger, less 

likely to be white or to have non-osteoarthritis diagnoses, mirroring the differences seen 

between the MPCD and national estimates from the NIS. A large amount of the 
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variability between datasets was removed when both samples were stratified by payer 

and region, which is consistent with the overrepresentation of Medicare individuals and 

an underrepresentation of commercially insured participants from the Northeast and 

West in the MPCD.  

Trends in THA  

Analyses in the NIS revealed that there were a number of trends in the utilization 

of THA over time that warrant consideration in a comparative safety analysis. The 

incidence and rate of THA operations has been growing rapidly in the US over the past 

decade. The rate of THA has increased more than 7.8% annually and more rapidly than 

anticipated. Previous projections indicated that the number of THA procedures would 

rise to more than 253,000 by 2010.2 Our analysis found the actual number of THA 

performed was more than 300,000 in 2010.  

THA has become relatively more common in younger individuals, especially 

those aged 55-64. These patients comprised only 19% of all THA procedures in 2000, 

and increased to 30% in 2011. Rates of THA have also been increasing in males. 

Together these results may be indicative of advances that have made THA a more 

attractive option for younger, more active patients. Improvements to implant design 

such as larger femoral heads, improved hard-on-hard articulating surfaces, and more 

wear-resistant polyethylene liners may have led to increased use in patients that would 

have previously waited to undergo THA. These findings are somewhat consistent with 

previous projections of THA use in younger patients. An analysis by Kurtz et al.42 

predicted patients under the age of 65 would comprise 50% of THA procedures by 

2011. Our analysis found 47% of THA procedures were performed in this age group 

during 2011. If these trends in THA continue past 2011 as they are projected, it may 
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have an important effect on the generalizability of the results of the comparative safety 

analyses.  

Research Objective 1: Trends in Articulating Surface Code Utilization 

Our analysis discovered that the use of MoM articulating surface codes peaked 

in 2008, around the time safety concerns arose. We also found that rates of CoP codes 

increased steadily throughout the study period. To our knowledge, no other study has 

reported a similar increase in the use of CoP articulating surface codes or increases in 

the rate of CoP utilization. It was also determined that articulating surface codes were 

included in less than half of THA claims in the NIS and MPCD. With such a large 

percentage of missing codes, small associations between appearance of a code and 

baseline characteristics could have an important impact on the analysis. In preparation 

for the present study, a specialist familiar with chart abstraction and coding processes 

for orthopedic procedures was consulted and the process for the inclusion or non-

inclusion of a code was clarified. The specialist could think of no specific reason any 

particular claim would not have an articulating surface code attached, other than 

difficulty in matching the data in the medical chart or the device name to the appropriate 

articulating surfaces.  

This led to a number of hypotheses regarding potential correlations between 

inclusion of a code and patient or institutional characteristics. The first hypothesis was 

that it may be more difficult to determine the articulating surface of certain types of 

models of hip prostheses. If the types of hip prostheses that had difficult to determine 

articulating surface codes were also more frequently used in certain types of patients, 

associations between patient characteristics and articulating surface would present. For 

example, new generation polyethylene articulating surfaces may have names that are 
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unfamiliar to a medical claims coder. If prostheses with new generation polyethylene are 

more likely to be used in younger and male patients then these patients would be 

underrepresented in the overall distribution of patients with articulating surface codes. 

This potential phenomenon will be referred to as “variability between prostheses 

hypothesis”. A second hypothesis postulated hospitals performing a large volume of 

THA procedures are more familiar with the devices used and therefore are more likely 

to link the device name to an articulating surface code, henceforth referred to as the 

“coding proficiency hypothesis”. 

The plausibility of these hypotheses was investigated in the NIS. The analysis 

focused on whether each hypothesis could be considered a confounder in a 

comparative safety analysis. In the present analysis, a confounder is any variable that is 

associated with both choice of articulating surface and the risk of outcome. For the 

variation between prostheses hypothesis, participant characteristics known to be 

associated with negative outcomes were compared across THA claims including an 

articulating surface code and those without. The NIS estimated that participants without 

an articulating surface code were slightly older (65.8 years vs. 64.3 years), more likely 

to be female (57.4% vs. 54.6%), and more likely to be white (67.0% vs. 68.9%) than 

those with an articulating surface code. Similar differences were seen in the MPCD 

(Table 4-3). All of these differences were statistically significant, but the potential level of 

impact is less clear given the small magnitude of the differences. The greatest 

difference in use of articulating surface codes occurred across regions. The Northeast 

and West included articulating surfaces codes in more than half of claims (55.0% and 
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53.6%, respectively) while the Midwest and South included codes in less than half of 

claims (46.3% and 38.6%, respectively).  

The coding proficiency hypothesis was explored in two steps. First, the 

association between hospital volume and the proportion of THA claims including an 

articulating surface code was measured. Second, the association between hospital 

volume and negative outcomes of THA was assessed with a logistic regression model. 

The annual procedure volume of a hospital was associated with both the likelihood an 

articulating surface claim was included in a THA claim, and a lower likelihood of 

negative in-hospital outcomes. Hospitals in the lowest quartile of annual procedure 

volume coded 34.5% of articulating surfaces, compared to 52% in the highest quartile. 

The lowest volume hospitals had a 1.82 times greater risk of in-hospital mortality and a 

2.37 times greater risk of PLoS when compared to the highest quartile hospitals. These 

findings support previous studies that have shown decreased rates of negative 

outcomes, specifically dislocation and VTE, after THA.91,92 It is impossible to rule out the 

possibility that confounding factors or patient selection is responsible for these 

associations, but hospital procedure volume appears to have an important role in the 

analysis of THA. High volume centers have been recommended by the Institute of 

Medicine as a key strategy for improving the quality and outcomes of care,93 and it is 

possible that such a switch could benefit patients undergoing THA. 

These findings raise important concerns regarding the use of articulating surface 

codes in claims data. If hospitals with lower rates of complication are more likely to use 

THA articulating surfaces codes, it could be that rates of these complications are being 

underestimated. This would have a negative effect on the generalizability of study 
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results. Moreover, if the effect was not similar for each articulating surface, variation in 

coding practices could bias a comparative safety analysis. Further, the difference 

between the number of patients treated at the lowest and highest volume hospitals has 

been growing over time. VHVH hospitals performed around 60% of all THA procedures 

in 2001, rising to nearly 80% in 2011. Hospital procedure volumes have been linked to 

lower rates of mortality in a number of surgical procedures, including open-heart 

surgery, vascular surgery, and coronary bypass,90 and it is plausible that the reduction 

seen in in-hospital outcomes of THA may be reflective of a lower quality of THA 

procedure that also increases rates of longer term negative outcomes. 

Research Objective 2: Comparative Safety 

The results of the comparative safety base-case analysis failed to find any 

statistically significant differences in risk of revision between articulating surfaces at the 

p=0.05 level. CoP articulating surfaces were associated with an elevated risk of revision 

when compared to MoP and MoM, with the CoP-MoM comparison statistically 

significant at the p<0.10 level. The risk of dislocation for CoP compared to MoM was 

also significant at a p<0.10 level. There is some published evidence in the literature 

supporting increased risk for CoP articulating surfaces One study in younger patients 

found that 33% of CoP hips were revised after 10 years, compared to 0 revisions for a 

particular type of MoM prostheses.94 An increased risk of dislocation for CoP hips 

compared to MoM has also been suggested in published literature.95 Both of these 

studies were performed in a single institution and did not include a large number of 

patients. The present analysis is the first to find an increased risk for dislocation and 

revision for CoP THA in a large observational analysis.  
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The Cox model comparing MoM and MoP articulating surfaces showed evidence 

of a violation of the proportional hazards assumption. The hazard for MoM hips was 

initially lower but eventually became greater than MoP after approximately 2.5 years. 

This highlights the importance of thinking about THA revision as a multifaceted outcome 

with many distinct causes, each potentially having a different temporal association with 

risk. MoM THA has a reduced risk of dislocation due to use of larger femoral heads than 

MoP and CoP articulating surfaces. Most dislocations occur relatively soon after the 

THA procedure, with around 40% of dislocations occurring in the first year.61 Joint 

infection and DVT are similarly thought to occur in greater frequency soon after surgery, 

and mechanical loosening generally occurs over longer time periods. Segmenting the 

risk of revision by year in the MoM-MoP model revealed a small difference in the hazard 

early, eventually rising to a 169% increase between 2 and 3 years, and a 361% 

increase between years 3 and 4.  

MoM articulating surfaces were associated with a 19% decrease in risk of 

dislocation (p=0.03) when compared to MoP. This reduction in risk was greatest for 

younger participants with commercial insurance, where the hazard was 0.62 compared 

to 0.93 for Medicare insured participants (p<0.01). The hazard rate for dislocation in 

Medicare participants is nearly identical to a previous estimate for Medicare patients in 

US claims data.38 It is important to consider the generalizability of results in the 

interpretation of any analysis. If results from the Medicare population were considered 

generalizable to the entire population, the risk of dislocation would be overestimated.  

There was a significant unadjusted increase in risk of PJI for MoM articulating 

surfaces when compared to MoP (HR 1.23, p =0.04). The covariate adjusted analysis 
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resulted moderate evidence of increased risk, however it was not statistically significant 

(HR=1.22 p=0.06). The analysis failed to find statistically significant differences in the 

other articulating surface comparisons. These results are similar to results obtained by 

Bozic et al., who found a statistically significant 19% increase in hazard for MoM hips 

when compared to MoP. Our findings also suggested that, unlike dislocation, the 

increased hazard ratio was similar in both Medicare and commercially insured 

participants. The average time to infection was also similar in Medicare and 

commercially insured participants (170 days and 167 days respectively).  

We found no significant differences in the hazard of DVT or mechanical 

loosening between any two articulating surfaces. A previous analysis revealed 

significant differences between MoM and MoP on both DVT and mechanical loosening. 

The results of our analysis had similar hazard ratios in direction and magnitude, but 

lacked statistical significance due to small sample size. In particular, the present 

analysis was not well suited to analyze the risk of mechanical loosening. The average 

time to mechanical loosening was 341 days, longer than the other outcomes analyzed. 

The relatively large number of censored participants by this time, in addition to the small 

number of mechanical loosening outcomes included in the MPCD (785), resulted in an 

underpowered analysis. 

Sensitivity Analysis 

The sensitivity analysis revealed several important considerations when 

comparing claims with different articulating surface codes in observational data. The 

propensity score stratification method indicated that there is no linear relationship 

between propensity score and difference in hazard. We discovered through the 

propensity score matching sensitivity analysis that matching is an effective method at 
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increasing sample size and conditioning out the effect of confounding factors. Finally, 

the multiple imputation analysis, when combined with the previous analysis on the 

missingness of articulating surface codes, indicates that imputation may play an 

important role in reducing the effect of data missing at random.  

Propensity Score Calculation 

The estimated propensity scores were largely successful in balancing the 

measured baseline covariates. Participants were divided into quintiles to represent the 

likelihood they would have received a particular articulating surface based on the 

observed covariates available in the MPCD. The first quintile had a mixture of 

covariates that was the least associated with a particular articulating surface, and the 

covariate distribution of the fifth quintile had the greatest association. Grouping 

participants in this way led to an acceptable level of balance between cases and 

controls for most covariates. 

Prior to propensity score stratification, cases and controls differed greatly in 

respect to age, insurance type, and year of procedure in all three articulating surface 

comparisons. The difference in age/insurance type were particularly large for the 

comparisons involving MoP articulating surfaces, which are typically used in 

older/Medicare individuals. Stratification was largely successful in balancing 

age/insurance type for the MoM-MoP comparison, but participants in the quintile with 

the largest estimated propensity scores (quintile 5) still showed some signs of 

imbalance. Comparisons with CoP articulating surfaces had a relatively large degree of 

imbalance in year of THA between cases and controls. This could be related to the 

large increase in use of CoP over the study period that was discovered in the first 

section of the present analysis. The exact cause of these imbalances is unclear, 
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however it is an important consideration that age, insurance provider, and year of THA 

may be more difficult to balance between cases and controls in each articulating surface 

comparison.  

Propensity Score Stratification 

The results of the propensity score stratified model revealed interesting 

information about the relationship between predictors of articulating surface selection 

and risk of revision. The purpose of this sensitivity analysis was to determine if there 

was a differential risk of revision between participants that were most likely to receive a 

particular articulating surface and those who were less likely. We failed to find any 

association between propensity score (when divided into quintiles) and an increase or 

decrease in hazard.  

There are a number of interesting observations that may help explain or 

understand this finding. First, the propensity score may have done an acceptable job 

balancing the risk of revision in each quintile. There was only one quintile that resulted 

in a statistically significant HR for risk of revision (Q2 CoP vs MoP). With 15 total 

quintiles, it is plausible that this is due to the large number of tests performed. 

Differences between HR for quintiles within each comparison fluctuated at an apparent 

random pattern and there was a large degree of overlap in confidence intervals. 

It should also be considered that the propensity score did a poor job balancing 

the true baseline risk of revision. The purpose of the propensity score is to balance 

measured baseline covariates between treatment groups. In this respect, there was little 

evidence the propensity scores performed poorly (see Table 4-13, Table 4-14, Table 4-

15). However, the propensity score is not able to balance unmeasured confounding 

factors. The variables in the propensity score models were not able to explain a large 
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degree of the variability in choice of articulating surface. If there were other factors that 

were not included in the model, it could explain the fluctuation in HR between quintiles 

and the wide confidence intervals.  

Propensity Score Matching 

Results of the propensity score matched models were similar to the covariate 

adjusted base-case model. The propensity score matched model used 1:n matching 

which improved power slightly, with a greater effect in the CoP-MoP comparison which 

had the greatest discrepancy between the number of exposures in each group.  

When participants were matched based on year and propensity score calculated 

separately within each strata, the results differed slightly from the base-case model and 

previous propensity score matching method. The hazard for MoM when compared to 

MoP was reduced by a small amount, while the hazard for CoP compared to MoM rose.  

It is possible that this difference is due to the changing composition in MoM articulating 

surfaces over time. MoM articulating surfaces had the most drastic shift in utilization 

over the study window in both the MPCD and NIS. In general, MoM participants in the 

MPCD were more likely to be older and female, and less likely to be commercially 

insured as time passed. Older age and female gender have been suggested as risk 

factors for revision.97,98 It is also possible there were unmeasured characteristics 

changing over this period as well. This may cause problems when the follow-up period 

is limited because participants with a long follow-up (3 to 4 years) are systematically 

different than those whose follow-up time is right censored by the end of the observation 

window. To partially mitigate the effect of this difference, participants were matched by 

year, ensuring comparisons between articulating surfaces and the effect of the 

covariates included in the model can have the same effect regardless of follow-up time. 
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When propensity scores were calculated and matched within each of the four 

years of the analysis, the CoP-MoM analysis had the greatest change when compared 

to the results of the previous propensity score matching scenario. This difference is 

likely related to the changing distribution of CoP and MoM articulating surface codes 

over time. Research Objective 1 revealed that these articulating surfaces had the 

greatest annual changes in incidence, with CoP rising rapidly from 2007 to 2010, and 

MoM rising until 2008 and falling after. It is possible that year of THA was such an 

important predictor of articulating surface in the propensity score, that removing it and 

matching based propensity scores within year allowed for a better balance of other 

covariates between cases and controls. It would appear the standardized differences for 

the comparisons containing CoP achieved less balance than the MoM-MoP 

comparison, possibly due to the influence of a rapidly changing incidence of CoP over 

the study window.  

Multiple Imputation 

Results of the multiple imputation analysis were similar to those obtained in the 

base case scenario, but were associated with a smaller increase in risk for CoP 

articulating surfaces. The MoM-MoP comparison resulted in a lower risk of revision for 

MoM articulating surfaces than the base case analysis. These results, along with the 

results of objective 1 that found differences in patient and institutional characteristics for 

articulating surface code use, suggest that articulating surface codes may not be 

missing completely at random. Imputing missing codes using covariates in the data 

correlated with included codes had some effect on the hazard ratios of the comparisons. 

In the multiple imputation analysis, as well as with the rest of the sensitivity analyses, it 

is not possible to determine which method is “correct”. Each method addresses 
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strengths and limitations of the data in different ways, and produced slightly different 

results. Each comparative analysis of orthopedic devices in administrative claims data 

requires a thorough exploration of the patients and data being included, and careful 

assessment of which method best fits the study questions and research goals. 

Study Limitations 

There were several limitations that should be considered when interpreting the 

results of the present analysis. First, articulating surface codes have not been validated, 

and the relationship between these codes and the actual articulating surface used in 

THA is unclear. We consulted specialists and designed several exploratory analyses to 

examine the use of these codes. The appearance of each articulating surface codes 

demonstrated some level of face validity as they appeared to follow historical trends in 

THA, for example, the increase and decrease of MoM THA corresponded with safety 

concerns that originated in 2008. Also, articulating surface codes were prevalent in 

populations that are expected to benefit from them most, and those which have been 

previously associated with their use. However, given the large percentage of missing 

codes and the relatively small hazard rates reported, even small issues with the validity 

of these codes could have a substantial impact on the results.  

Second, the present analysis was unable to control for several important 

characteristics of THA that are not contained in administrative claims data. The specific 

type of prosthesis used may be important. For example, MoP and CoP prostheses may 

contain conventional polyethylene or newer cross-linked polyethylene liners, which is 

important because the latter is thought to have less wear over time. The specific type of 

implant is important as well. In the studies that found a higher rate of revision for ASR 

XL MoM prostheses, the rate of revision was between 2 and 3 times higher than other 
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similar MoM prostheses. There is variability within each articulating surface combination 

in the size of the femoral heads used, a specification that is thought to be closely related 

to risk of dislocation. The present analysis was also unable to determine information 

regarding the surgical procedure. The fixation method, cemented or cementless, may 

be an important consideration. The MPCD did not contain hospital or surgeon identifiers 

and therefore could not control for the effect of increased volume of procedures. Given 

the statistically significant associations discovered in the first section of this project, this 

may be a serious limitation. The potential for unmeasured confounders is a concern for 

most retrospective observational analyses. However, the present analysis lacks 

information on several confounding factors that are known to be important and could 

have an effect on risk equal to or greater than what was demonstrated in the 

comparative safety analysis.  

Third, there were a large number of statistical analyses performed in the present 

study, and statistical significance through multiple testing cannot be ruled out. With the 

alpha level of 0.05, one false positive out of every twenty tests would be expected. 

While there were not twenty tests performed, it is important to keep in mind the 

relationship between the number of tests and the marginal statistical significance for 

some of the findings.  

Conclusions and Future Research 

Using claims data to analyze the comparative safety of THA is a difficult task. 

There are a number of important limitations that cannot be ignored. However, the 

potential benefits are numerous. Administrative claims data have the ability to include a 

far larger number of patients than any registry. The large sample size opens the door to 

rare outcomes that cannot be explored in clinical trials or registry data. Claims data tend 
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to be more generalizable and applicable to the current population, as it is less regional 

and center specific than registries. Claims data may contain information that is difficult 

to collect in a registry setting, such as medication use and provision of care outside of 

the medical network contained in the registry.  

The present analysis highlights many of these benefits. It has demonstrated in a 

nationally representative sample that incidence of articulating surfaces codes have been 

changing over time, and that the US differs from several of the large registries that 

previous safety data has been drawn from. . Claims data also made it possible to use a 

relatively large sample size to explore specific causes of revision by articulating surface 

The NIS allowed for the generalizability of these results to the US population to be 

assessed, and provided insight into the trends that may be contributing to these results. 

In particular, age and insurance provider may greatly affect the generalizability of a 

comparative safety analysis. Previously reported estimates of risk have been conducted 

primarily with Medicare data. This analysis has demonstrated that results in Medicare 

patients may not be reflective of younger, commercially insured and therefore lacks 

generalizability to the US as a whole.  

The present study also revealed that choice of methods is an important 

consideration in the comparative analysis of THA. There is evidence to support that the 

inclusion of articulating surface codes in a THA claim may not be independent of patient 

or institutional factors. We showed that propensity scores are an effective method for 

balancing baseline covariates between articulating surfaces, but that age and time are 

important considerations in the structure of how propensity scores are created. Finally, 

revision of THA is a multifaceted outcome that may be better viewed as a composite 
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outcome. Many causes of revision have different risk profiles over time, and the 

implication of differential risks over time is an important consideration for any analysis. 

Analysis methods should have due diligence in determining the temporality of risk 

associated with the study outcomes and using appropriate modeling strategies to best 

reflect a potentially changing risk over time.  

This is the first comparative safety analysis in claims data that has explored the 

risk of revision and other negative outcomes in CoP articulating surfaces in the US. 

While the hazards ratios may suggest an increased risk with CoP articulating surfaces 

across a number of methodical approaches, there are a number of limitations which 

inhibit the clinical relevance of these findings. Until they are reported or repeated in data 

with more detailed information on the important aspects of THA and better control for 

potential confounding factors, these results should be interpreted with caution. 

Additional research is needed to explore exactly what is causing this increased risk.  

The FDA is currently working on unique device identification codes, which will 

substantially increase the ability for comparative safety analyses of THA to be 

performed in claims data. The present study  was designed to chronicle the current 

state of THA in the US, explore trends that may help understand how this state may 

change in the future, and to provide insight into methodology that may be useful for 

analyzing the comparative safety of articulating surfaces in the future.  
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