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Background: Objective performance criteria (OPC) is a novel method to provide minimum performance standards and improve the
regulated introduction of original or incremental device innovations in order to prevent patients from being exposed to potentially
inferior designs whilst allowing timely access to improvements. We developed 2-year safety and effectiveness OPC for total hip and
knee replacement (THR and TKR).
Methods: Analyses of large databases were conducted using various data sources: a systematic literature review; a direct data
analysis from The Functional Outcomes Research for Comparative Effectiveness in Total Joint Replacement and Quality
Improvement Registry (FORCE-TJR) and the Kaiser Permanente Implant Registry (KPIR); and claims data analyses from longitudinal
discharge data in New York and California states. The literature review included U.S. patients (≥ 18 years) who received THR or TKR
for primary end-stage osteoarthritis and prospectively collected data on patient-reported outcome measures (PROMs) from at least
100 subjects and/or 2-year implant survival for at least 250 implants. Random effects models were used for meta-analysis.
Results: Data were available from a total of 951 100 patients. After screening of 7979 abstracts, 294 studies underwent full-text
review and 31 studies contributed to the evidence synthesis (333 995 implants). Direct data analysis of FORCE-TJR contributed
9223 joint replacement patients to the construction of OPC for effectiveness; KPIR contributed 262 044 patients for the construction
of OPC for safety. Claims database analysis contributed 345 838 patients to the construction of safety OPC. OPC for safety were
constructed for cumulative incidences of 2-year all-cause and septic revision (THR/TKR 2.0%/1.6% and 0.6%/0.7%), and OPC for
effectiveness were constructed based on four disease-specific and three general health-related quality of life PROMs (HOOS/KOOS
87.1/80.6; HSS/KSS function 94.4/90.6; SF-12/SF-36, PCS 46.5/41.9, EQ-5D 0.88/0.84).
Conclusion: This study is the first to construct a 2-year OPC for the safety and effectiveness of THR and TKR based on U.S. real-
world data. Based on theseOPC, potential benchmarks for (single-arm study) evaluation of new device innovations are suggested for
a regulated and safe introduction to the (commercial) market.
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Introduction

Symptomatic osteoarthritis (OA) affects over 10% of the United
States (U.S.) population[1,2] and significantly contributes to
health-related disability and expenditures[3]. Currently, over one
million total hip and knee replacements (THR and TKR) are
performed annually in the U.S. for primary end-stage OA. This
number is expected to exponentially increase to ∼3 million pro-
cedures annually by 2030[4]. These surgical procedures involve
the implantation of regulated devices and the performance of the
devices is of great interest to the patient, orthopedic, and public
health as well as from the commercial and regulatory perspective.

There is a continuous strive to improve implant performance.
Innovation is often incremental, aiming to improve patient out-
comes by continuously modifying the design of existing devices
but sometimes by introducing new implant concepts. It is essen-
tial to balance the desire to introduce novel and potentially
improved implant designs while continuously ensuring their
safety and effectiveness. Even incremental device innovations,
like changes in surface finish, bone cement viscosity, or articu-
lation surface (e.g. the recent metal-on-metal articulation), can
have catastrophic results (i.e. large-scale early failure) and a
robust and reliable system for the regulated introduction of device
innovation is required[5-8].

Most innovations of joint replacement devices are introduced
by premarket notification through the 510(k) program, which
requires sponsors to demonstrate that their medical device is
substantially equivalent to another similarly legally marketed
device – a so-called predicate device – in terms of intended use,
technological characteristics, and performance testing, as needed.
Although clinical data are not typically included in 510(k)s,
clinical data may be requested by the U.S. Food and Drug
Administration (FDA) when nonclinical performance data are not
adequate to support a substantial equivalence determination[9].
However, this system is not without its weaknesses[10], and it is
crucial to continuously assess device performance throughout the
total product life-cycle (TPLC) to avoid the adoption of sub-
optimal technologies.

From a TPLC device evaluation perspective, it is crucial to
recognize that theoretical improvements in new implant designs
do not necessarily translate to patient benefits[11]. Novel and
pragmatic methodologies are needed to evaluate devices using
less burdensome but robust approaches. Developing and using
objective performance criteria (OPC) is one of the approaches
that can fit this purpose[12]. OPC are numerical target values
derived from clinical studies or real-world data (RWD) and may
be used in single-arm studies to evaluate the safety and effec-
tiveness of joint replacement devices[12]. OPC can be generated
using clinical studies, registries, and other data sources. In par-
ticular, RWD is an attractive option to generate OPC because
subsequent evaluations of devices can also be conducted using
these data sources[13].

Given the overall maturity of THR and TKR devices and the
continuous (incremental) innovation for their potential
improvement, generating OPC for these devices is long overdue.
The objective of this study was to developOPC for the assessment
of the 2-year safety and effectiveness of THR and TKR devices
using U.S. data sources. The OPC can serve as performance tar-
gets and aid the evaluation of new implant designs using single-
arm studies within a TPLC framework.

HIGHLIGHTS

• We developed evidence-based guidelines for hip and knee
devices and replacement for 2-year evaluations using
literature, registries, and administrative databases. The
developed estimates include both device revision estimates
as well as patient-reported outcome measures (PROMs)

• These evidence-based guidelines are intended to use in
clinical trials and real-world evidence-based evaluations by
scientists, manufacturers, payors, and regulators.

• As objective performance criteria (OPC) evolves, stake-
holders globally can define margins for superiority and
noninferiority assessments based on their country’s
requirements and recommendation.

Figure 1. Flowchart of data origin. Force-TJR, The Functional Outcomes Research for Comparative Effectiveness in Total Joint Replacement and Quality
Improvement Registry; OPC, objective performance criteria; OSHPD, Office of Statewide Health Planning and Development; SPARCS, Statewide Planning and
Research Cooperative System.
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Methods

Overview of the study design

This study synthesized evidence for the most widely used, well-
studied arthroplasties – THR and TKR – for the construction of
OPC for safety and effectiveness. Data from three sources were
combined: a systematic review of published data, a direct analysis
of registry data, and a direct analysis of claims databases (Fig. 1).
Meta-analyses were then performed to synthesize evidence from
these three data sources and construct OPC for safety and effec-
tiveness endpoints.

Safety

The primary OPC considered for safety was the 2-year all-cause
revision rate. This was defined as the removal, replacement, or
addition (or alteration) of an implant. All-cause revision is a
recognized metric used globally for device benchmarking. Revision
due to infection was included as a secondary safety OPC to aid the
evaluation of innovations aimed at reducing septic revision surgery.

Effectiveness

OPC considered for effectiveness measures were patient-reported
outcome measures (PROMs) at 2-year follow-ups. Disease-specific
PROMs used for the construction of OPC were Hip disability and
Osteoarthritis Outcome Score (HOOS)[14], Oxford Hip Score
(OHS), Knee disability and Osteoarthritis Outcome Score
(KOOS)[15], and Oxford Knee Score (OKS)[16]. For general Health-
Related Quality of Life (HRQoL), EuroQol-5D (EQ-5D)[17], Short
Form 12 (SF-12)[18], and Short-Form 36 (SF-36) were used[19].
Global (population normalized) Physical Health is measured using
the SF-36 Physical Component Score (PCS) and global (population
normalized) Emotional Health using the SF-36Mental Component
Score (MCS). We also developed OPC for the physician-evaluated
Harris Hip Score (HHS)[20] and mixed (physician and patient)
outcome measure Knee Society Scores (KSS)[21].
(1) Systematic review of available literature
A systematic review was carried out according to PRISMA

(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines[22]. PubMed, MEDLINE, EMBASE, Web of
Science, Cochrane Library, CINAHL, and Academic Search Premier
were searched from January 2010 through January 2020 (Appendix
1, Supplemental Digital Content 3, http://links.lww.com/JS9/A255).
Bibliographies of trials and reviews were cross-referenced for addi-
tional studies. We also reviewed annual reports from major institu-
tional registries in the U.S., like Mayo Clinic, Michigan Arthroplasty
Registry Collaborative Quality Initiative (MARCQI), and American
Joint Replacement Registries (AJRR) that have prospective cohort
series for THR and TKR survival estimates.

The following selection criteria were used to identify eligible
studies:
(a) Cohort studies reporting on prospectively acquired data

(including registry studies) on THR and TKR irrespective
of design, excluding THR with metal-on-metal articulation.

(b) Study population aged at least 18 years, at least 90% of
whom had a diagnosis of symptomatic primary OA as an
indication for surgery.

(c) Reporting of 2-year PROMs, HRQoL, or physician-evalu-
ated functionmeasures in at least 100 subjects and/or implant
survival for at least 250 implants.

Evaluations were limited to the U.S. population to construct
representative and contemporary OPC, and study results had to be
published in the last decade (2010 to January 2020). Search results
were independently evaluated by at least two assessors (M.J.N., P.-
H.R., A.C., J.H., S.A., A.L.). In case of disagreement, the consensus
was reached by the referee (A.S., M.J.N.). After inclusion, infor-
mation was independently extracted by two abstractors and
assessed for agreement. Information on study design, study quality,
setting, time period, number of implants, demographics, follow-up
length and completion, and manufacturer were extracted.
(2) Registries

The Functional Outcomes Research for Comparative
Effectiveness in Total Joint Replacement and Quality
Improvement Registry (Force-TJR) and Kaiser Permanente
Implant Registries (KPIR) were utilized to provide RWD for
the construction of THR and TKR OPC (Supplementary File
1, Supplemental Digital Content 1, http://links.lww.com/JS9/
A253). Patients at least 18 years who underwent primary
elective THR or TKR for OA from 2011 to 2017 were
identified in the KPIR and included in our analysis.

Table 1
Revision estimates stratified by age and gender in hip and knee
arthroplasty: Kaiser Permanente registry.

Baseline
N

Two-year overall
revision rate

Two-year septic
revision rate

Total hip arthroplasty
Total 88 126 2.1% (2.0–2.2%) 0.6% (0.6–0.7%)

Age< 55 11 028
Male, age

<55
5635 1.8% (1.5–2.2%) 0.6% (0.4–0.8%)

Female, age
<55

5393 2.0% (1.7–2.4%) 0.5% (0.3–0.7%)

Age 55–64 26 152
Male, age

55–64
11 947 1.8% (1.5–2.0%) 0.7% (0.5–0.8%)

Female, age
55–64

14 205 2.1% (1.9–2.3%) 0.6% (0.5–0.7%)

Age 65+ 50 946
Male, age

65+
18 969 2.2% (2.0–2.4%) 0.8% (0.7–1.0%)

Female, age
65+

31 977 2.1% (1.9–2.3%) 0.5% (0.4–0.6%)

Total knee arthroplasty
Total 17 3918 1.7% (1.7–1.8%) 0.8% (0.8–0.8%)

Age <55 13 076
Male, age

<55
5054 4.2% (3.6–4.7%) 1.6% (1.2–1.9%)

Female, age
<55

8022 2.7% (2.4–3.1%) 0.7% (0.5–0.9%)

Age 55–64 52 205
Male, age

55–64
20 455 2.3% (2.1–2.5%) 1.1% (0.9–1.2%)

Female, age
55–64

31 750 1.6% (1.5–1.8%) 0.6% (0.5–0.7%)

Age 65+ 108 637
Male, age

65+
41 352 1.8% (1.7–2.0%) 1.1% (1.0–1.2%)

Female, age
65+

67 285 1.2% (1.1–1.3%) 0.6% (0.5–0.6%)
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(2) Claims data
The New York State Department of Health Statewide
Planning and Research Cooperative System (SPARCS) and
the California Office of Statewide Health Planning
and Development (OSHPD) provided claims data
(Supplementary File 1, Supplemental Digital Content 1,
http://links.lww.com/JS9/A253). Patients at least 18 years
who underwent THR or TKR in New York (January 2016
to December 2018) or California (October 2015 to
December 2017) with primary OA were included.

Statistical analyses

Meta-analyses of the literature

Study heterogeneity was evaluated by extracting data on study
design, demographics, relevant devices, and outcome definitions.
The number of patients, mean and standard deviation (SD) of
PROM scores, number of revision events, and estimated implant
survivals and 95% confidence intervals (CIs) were extracted.
When not reported, the SD of the performance measure was
imputed using a pooled estimate obtained from studies that

Table 2
Two-year patient-reported outcomes in hip and knee arthroplasty: FORCE-TJR registry.

Baseline N Mean (SD) Two-year N Mean (SD) Two-year change N Mean (SD)

Total hip arthroplasty
SF-36 MCS 3875 51.92 (11.87) 3875 54.03 (9.18) 3875 2.11 (10.63)
SF-36 PCS 3874 32.12 (8.56) 3874 46.41 (10.2) 3874 14.29 (10.57)
HOOS Score 3845 41.55 (16.71) 3845 87.09 (14.55) 3845 45.54 (19.02)
HOOS Pain Score 3980 44.22 (17.93) 3980 90.94 (14.28) 3980 46.72 (20.45)
HOOS ADL Score 3910 46.94 (18.91) 3910 88.89 (15.22) 3910 41.95 (20.61)
HOOS QoL Score 3897 26.64 (18.35) 3897 80.3 (20.85) 3897 53.67 (24.73)

Total knee arthroplasty
SF-36 MCS 5393 53.23 (11.45) 5393 54.03 (9.42) 5393 0.8 (10.17)
SF-36 PCS 5393 33.67 (8.29) 5393 44.2 (10.03) 5393 10.53 (9.84)
KOOS Score 5378 45.58 (15.18) 5378 80.63 (16.03) 5378 35.05 (18.25)
KOOS Pain Score 5623 48.14 (17.19) 5623 86.8 (16.35) 5623 38.66 (20.41)
KOOS ADL Score 5515 54.74 (18.1) 5515 86.04 (16.25) 5515 31.29 (19.69)
KOOS QoL Score 5481 27.41 (17.87) 5481 71.9 (23.57) 5481 44.49 (25.81)

ADL, activities of daily living; FORCE-TJR, The Functional Outcomes Research for Comparative Effectiveness in Total Joint Replacement and Quality Improvement Registry; HOOS, Hip disability and Osteoarthritis
Outcome Score; KOOS, Knee disability and Osteoarthritis Outcome Score; MCS, Mental Component Score; PCS, Physical Component Score; QoL, quality of life; SF-36, Short-Form 36.

Table 3
Two-year revision estimates stratified by age and gender in hip and knee arthroplasty: New York and California statewide claims data.

New York California

Total N
Two-year revision rate

(95% CI)
Septic revision rate

(95% CI) Total N
Two-year revision rate

(95% CI)
Septic revision rate

(95% CI)

Total hip arthroplasty
Total 65 109 2.1% (1.9–2.2%) 0.5% (0.4–0.5%) 67 717 2.6% (2.4–2.7%) 0.5% (0.5–0.6%)

< 55 age
< 55 Males 5412 1.6% (1.3–2.0%) 0.4% (0.3–0.7%) 4675 2.3% (1.8–2.9%) 0.7% (0.5–1.0%)
< 55 Females 4836 2.4% (1.9–2.9%) 0.6% (0.4–0.9%) 3888 3.4% (2.8–4.2%) 0.7% (0.4–1.0%)

55–64 age
55–64 Males 10 248 1.7% (1.4–2.0%) 0.5% (0.4–0.7%) 9729 2.4% (2.1–2.9%) 0.6% (0.5–0.9%)
55–64 Females 9923 2.0% (1.7–2.3%) 0.5% (0.3–0.6%) 9941 2.5% (2.2–2.9%) 0.4% (0.2–0.5%)

≥ 65 age
≥ 65 Males 13 347 2.1% (1.9–2.4%) 0.6% (0.4–0.7%) 15 413 2.3% (2.0–2.5%) 0.6% (0.5–0.8%)
≥ 65 Females 21 343 2.3% (2.1–2.5%) 0.4% (0.3–0.5%) 24 071 2.7% (2.5–3.0%) 0.4% (0.3–0.5%)

Total knee arthroplasty
Total 96 453 1.8% (1.7–1.9%) 0.5% (0.5%-0.6%) 116 559 2.1% (1.9–2.2%) 0.6% (0.5–0.6%)

< 55 age
< 55 Males 3836 3.6% (2.9–4.4%) 0.9% (0.6–1.3%) 3707 4.4% (3.6–5.4%) 1.3% (1.0–1.8%)
< 55 Females 6547 2.9% (2.4–3.4%) 0.6% (0.4–0.8%) 5320 3.7% (3.0–4.5%) 0.8% (0.5–1.2%)

55–64 age
55–64 Males 11 342 2.5% (2.2–2.9%) 0.9% (0.7–1.2%) 13 353 2.2% (1.9–2.6%) 0.6% (0.5–0.8%)
55–64 Females 17 927 2.0% (1.8–2.3%) 0.4% (0.3–0.5%) 18 910 2.2% (1.9–2.5%) 0.5% (0.4–0.6%)

≥ 65 age
≥ 65 Males 19 664 1.6% (1.4–1.8%) 0.6% (0.5–0.7%) 28 319 2.0% (1.8–2.2%) 0.7% (0.6–0.9%)
≥ 65 Females 37 137 1.2% (1.1–1.3%) 0.3% (0.3–0.4%) 46 950 1.6% (1.4–1.8%) 0.4% (0.3–0.5%)
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reported SD. The 2-year all-cause revision was reported either as
a proportion or as a Kaplan–Meier estimate. Normal approx-
imation to binomial proportions was used to calculate the SD.

Registry and claims data analysis

Kaplan–Meier statistics were used to determine 2-year all-cause
and septic revision. Patients were censored at death or the end of
follow-up, whichever occurred first. For the septic revision end-
point, patients were additionally censored at revisions, not due to
infection.

OPC construction

Point estimates of OPC were derived from performance estimates
pooled from all three data sources (literature, registries, and
claims databases) using a random-effects meta-analysis model.
The model was constructed of fixed effects in a linear mixed
effects model that included a random effect to capture between-
study heterogeneity. Limits of 95% CI and sample SD were pre-
sented alongside the synthesized point estimate for revision rate
and PROMs, respectively. Statistical heterogeneity was estimated
using the I2 statistic. All meta-analysis models were stratified by
study type (literature, registry, or claims) to explore the source of
heterogeneity. For revision outcomes, two additional stratified
random-effects models were constructed to examine the effect of
censoring (operationalized as censoring rate unknown, >5% or
≤5%) and type of revision probability estimates (Kaplan–Meier
estimate or naïve proportions) on between-study heterogeneity.
Sensitivity analyses assessed the influence of each individual study
or data source on the pooled estimate using leave-one-out diag-
nostics. Publication bias was examined using funnel plots and the
Begg–Mazumdar rank correlation test.

Finally, based on the constructed OPC, a suggested analysis
margin to show if the investigational results meet OPC was
provided. Note that for valid use of an OPC, analysis margins
must be established by both clinical and statistical consensus. For
safety, a candidate for a margin could be based on the approach
used by Cardiac Valve OPC methods[22,23]: in this case, the
analysis margin is represented by the upper limit that is two times
the (OPC) point estimate. Thus, in case of a 2% revision rate
OPC, the upper bound of the 95% CI of the estimate should be
below 4%, which for this to happen means the estimate itself has
to be close to 2%, that is, the OPC. For effectiveness, an effect size
approach could be chosen, and a candidate margin could be
0.2× SD: a difference in the observed results smaller in magnitude
than 0.2 SD corresponds to a Cohen’s effect sizemeasure less than
0.2, which is small. We did not calculate the analysis margin
recommended by the prosthesis benchmarking international
working group[23], but these margins can be easily calculated for
international reference.

Direct analyses of registry and claims data were performed
using SAS 9.4 (Cary, North Carolina). Meta-analyses were per-
formed using R (R package ‘metaphor’, Viechtbauer, 2010).

Results

Systematic review

Of the 7979 screened abstracts, 294 studies underwent full-text
review. Ultimately, 31 publications, 29 from literature, and 2
institutional registry reports (Mayo and MARCQI) provided

data for 333 995 cases that were eligible for the construction of
OPC (Supplementary Fig. 1, Supplemental Digital Content 2,
http://links.lww.com/JS9/A254).

For THR, eight studies with a total of 12 211 cases and two
institutional registry reports with a total of 103 451 cases were
included in the final analysis. Seven studies included PROMdata,
three reported implant survival, and two reported both PROMs
and implant survival. The most commonly reported PROMs
were SF-36 and SF-12 scores (see Appendix 2, supplemental
Digital Content 2, http://links.lww.com/JS9/A254).

For TKR, 23 studies with a total of 65 235 cases and the 2
institutional registry reports with 153 098 cases were included.
Nine studies reported implant survival data and 17 studies
reported PROM data, where 3 reported both PROMs and
implant survival. The most commonly reported PROM was the
KSS function (see Appendix 2, Supplemental Digital Content 2,
http://links.lww.com/JS9/A254).

Pooled estimates for 2-year revision rates of THR and TKR are
shown in Figures 3 and 4 (details in Appendix 3, Supplemental
Digital Content 2, http://links.lww.com/JS9/A254). There was no
evidence of substantial heterogeneity, and the leave-one-out
sensitivity analysis indicated robust findings.

Registries

Kaiser Permanente

A total of 88 126 THR patients were included (Supplementary
Fig. 2, Supplemental Digital Content 2, http://links.lww.com/JS9/
A254). The overall rate of revision was 2.1% (95% CI: 2.0–2.2)
at 2 years; the 2-year rate of septic revision was 0.6% (95% CI:
0.6–0.7; Table 1). For TKR, 173 918 patients were included. The
overall rate of revision in TKR was 1.7% (95% CI: 1.7–1.8) at
2 years; the 2-year septic revision rate was 0.8% (95% CI:
0.8–0.8; Table 1).

FORCE-TJR

In all, 3845 THR patients completed the HOOS and 5378 TKR
patients completed the KOOS score at 2 years (Table 2). The
overall mean (SD) score for HOOS and KOOS were 87.1 (14.6)
and KOOS was 80.6 (16.0). There were 3875 THR and 5393
TKR patients who completed the SF-36 in 2 years. For THR,
SF-36 PCS and MCS scores were 46.1 (10.2) and 54.0 (9.2); for
TKR, SF-36 PCS and MCS scores were 44.2 (10.3) and
54.0 (9.4).

Claims database analyses

A total of 132 826 THR patients were included (Supplementary
Fig. 3, Supplemental Digital Content 2, http://links.lww.com/JS9/
A254). The 2-year all-cause rate of revision was 2.0% (95%
CI:1.9–2.3) in New York State and 2.6% (95% CI:2.4–3.0) in
California. The 2-year septic revision rate was 0.5% (95% CI:
0.4–0.6) and 0.5% (95% CI:0.3–0.7) in New York State and
California, respectively (Table 3).

For TKR, 213 012 patients met the inclusion criteria
(Supplementary Fig. 4, Supplemental Digital Content 2, http://
links.lww.com/JS9/A254). The 2-year all-cause revision rate
was 1.8% (95% CI:1.7-1.9) in New York State and 2.1%
(95% CI:1.9-2.3) in California, whereas the 2-year septic
revision rates were 0.5% (95% CI:0.4-0.6) and 0.6% (95%
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Table 4
Safety and effectiveness objective performance criteria (OPC) and proposed benchmarks for (A) hip and (B) knee arthroplasty at 2 years.

Revision rate (95% CI) Combined revision rate (95% CI) OPC (with example analysis margin)

(A) Hip arthroplasty
THA

Safety
Revision – overall
Aggregate literature/report 1.8 (1.3–2.4)
Registry (KP) 2.1 (2.0–2.2)
Claims – NY 2.0 (1.9–2.3) 2.0 (1.8–2.2) 2.0% (upper limit 4.0%)
Claims – CA 2.6 (2.4–3.0)

Revision – septic
Aggregate literature/report 0.7 (0.0–1.4) 0.6 (0.5–0.6) 0.6% (upper limit 1.2%)
Registry (KP) 0.6 (0.6–0.7)
Claims – NY 0.5 (0.4–0.6)
Claims – CA 0.5 (0.3–0.7)

Mean (SD) Combined mean scores (SD)

Effectiveness
HOOS
Aggregate studies Symptoms: 92.0 (12.0)

Pain: 93.0 (12.0)
ADL: 90.0 (14.0)
QoL: 83.0 (20.0)

Symptoms: 92 (12)
Pain: 92.1 (9.2)
ADL: 89.5 (10.3)
QoL: 81.7 (14.4)
Overall: 87.1 (14.5)

Symptoms: 92.0
(margin 2.4; lower limit 89.6)
Pain: 92.1
(margin 1.8; lower limit 90.3)
ADL: 89.5
(margin 2.1; lower limit 87.5)
QoL: 81.7
(margin 2.6; lower limit 87.5)
Overall: 87.1
(margin 2.9; lower limit 84.2)

Registry (FORCE-TJR) Overall: 87.1 (14.5)
Pain: 90.9 (14.3)
ADL: 88.9 (15.2)
QoL: 80.3 (20.9)

HHS
Aggregate literature 94.4 (5.0) 94.4 (5.0) HHS: 94.4

(margin 1.0; lower limit 93.4)
Aggregate registries –

OHS
Aggregate literature – –

Aggregate registries –

EQ-5D
Aggregate literature EQ-5D 0.88 (0.1)

EQ-VAS 82.7 (14.1)
EQ-5D 0.88 (0.1)
EQ-VAS 82.7 (14.1)

EQ-5D: 0.9
(margin 0.02; lower limit 0.86)
EQ-VAS: 82.7
(margin 2.8; lower limit 79.9)

Aggregate registries –

SF-12/SF-36
Aggregate literature SF-12-PCS: 46.5 (1.1)

SF-12-MCS: 54.2 (0.7)
SF-36-PCS: 47.0 (7.6)
SF-36-MCS: 55.9 (5.7)

SF-12-PCS: 46.5 (1.1)
SF-12-MCS: 54.2 (0.7)
SF-36-PCS: 46.9 (5.9)
SF-36-MCS: 55.3 (5.0)

SF-12-PCS: 46.5
(margin 0.22; lower limit 46.3)
SF-12-MCS: 54.2
(margin 0.14; lower limit 54.1)
SF-36-PCS: 46.9
(margin 0.18; lower limit 45.7)
SF-36-MCS: 55.3
(margin 1.0; lower limit 54.3)

Registry (FORCE-TJR) SF-36-PCS: 46.4 (10.1)
SF-36-MCS: 54.0 (9.1)

(B) Knee arthroplasty
TKA

Safety
Revision – overall
Aggregate literature/report 1.6 (1.2–2.0)
Registry (KP) 1.7 (1.7–1.8)
Claims – NY 1.8 (1.7–1.9) 1.6 (1.3–1.9)
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Table 4

(Continued)

Revision rate (95% CI) Combined revision rate (95% CI) OPC (with example analysis margin)

1.6%
(upper limit 3.2%)

Claims – CA 2.1 (1.9–2.3)
Revision – septic
Aggregate literature/report 0.7 (0.3–1.1)
Registry (KP) 0.8 (0.8–0.8)
Claims – NY 0.5 (0.4–0.6) 0.7 (0.5–0.9) 0.7%

(upper limit 1.4%)
Claims – CA 0.6 (0.5–0.7)

Mean (SD) Combined mean scores (SD)

Effectiveness
KOOS
Aggregate studies Symptoms: 83.0 (15.0)

Sport: 80.0 (14.0)
Pain: 88.0 (15.0)
ADL: 85.0 (16.0)
QoL: 72.0 (24.0)

Symptoms: 83 (15.0)
Sport: 80 (14.0)
Pain: 87.5 (11.1)
ADL: 85.5 (11.4)
QoL: 71.9 (16.8)
Overall: 80.6 (16.0)

Symptoms: 83.0
(margin 3.0; lower limit 80.0)
Sport: 80.0
(margin 2.8; lower limit 77.2)
Pain: 87.5
(margin 2.2; lower limit 85.3)
ADL: 85.5
(margin 2.3; lower limit 83.2)
QoL: 71.9
(margin 3.4; lower limit 68.5)
Overall: 80.6
(margin 3.2; lower limit 77.4)

Registry (FORCE-TJR) Overall: 80.6 (16.0)
Pain: 86.8 (16.4)
ADL: 86.0 (16.3)
QoL: 71.9 (23.6)

KSS
Aggregate literature KSS Pain: 93.0 (4.2)

KSS Function: 90.6 (4.6)
KSS Pain: 93.0 (4.2)
KSS Function: 90.6 (4.6)

KSS Pain: 93.0
(margin 0.84; lower limit 92.6)
KSS Function: 90.6
(margin 0.92; lower limit 89.7)

Aggregate registries –

OKS
Aggregate literature 28.4 (7.6) 28.4 (7.6) OKS: 28.4

(margin 1.52; lower limit 26.8)
Aggregate registries –

EQ-5D
Aggregate literature EQ-5D 0.84(0.1)

EQ-VAS 80.1 (14.9)
EQ-5D 0.84 (0.1)
EQ-VAS 80.1 (14.9)

EQ-5D: 0.84
(margin 0.02; lower limit 0.82)
EQ-VAS: 80.1
(margin 3.0; lower limit 77.1)

Aggregate registries –

SF-12/SF-36
Aggregate literature SF-12-PCS: 41.9 (0.9)

SF-12-MCS: 51.6 (0.8)
SF-36-PCS: 46.9 (3.5)
SF-36-MCS: 55.5 (3.2)

SF-12-PCS: 41.9 (0.9)
SF-12-MCS: 51.6 (0.8)
SF-36-PCS: 46.7 (3.4)
SF-36-MCS: 55.4 (3.1)

SF-12-PCS: 41.9
(margin 0.18; lower limit 41.7)
SF-12-MCS: 51.6
(margin 0.16; lower limit 52.4)
SF-36-PCS: 46.7
(margin 0.68; lower limit 46.0)
SF-36-MCS: 55.4
(margin 0.62; lower limit 54.8)

Registry (FORCE-TJR) SF-36-PCS: 44.2 (10.0)
SF-36-MCS: 54.0 (9.4)

(A) HOOS Symptoms; EQ-VAS; SF-12 MCS were derived from only one study with a generalizable cohort from large volume hospital.
Safety (revision rate): Upper limit= OPC+margin; and Effectiveness (PROMs): Lower limit= OPC – 0.2*SD margin.
(B) KOOS Symptoms, Sport; EQ-VAS were derived from only one study with a generalizable cohort from a large volume hospital.
Safety (revision rate): Upper limit= OPC+margin; and Effectiveness (PROMs): Lower limit= PC – 0.2*SD margin.
ADL, activities of daily living; FORCE-TJR, The Functional Outcomes Research for Comparative Effectiveness in Total Joint Replacement and Quality Improvement Registry; HHS, Harris Hip Score; HOOS, Hip
disability and Osteoarthritis Outcome Score; KOOS, Knee disability and Osteoarthritis Outcome Score; KSS, Knee Society Scores; MCS, Mental Component Score; OHS, Oxford Hip Score; OKS, Oxford Knee Score;
PCS, Physical Component Score; QoL, quality of life; SF-12, Short Form 12; SF-36, Short-Form 36; THA, total hip arthroplasty; TKA, total knee arthroplasty.
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CI:0.5-0.7) in New York State and California, respectively
(Table 3).

Final estimates with or without data synthesis to inform the
construction of OPC:

Based on these estimates, OPC for safety and effectiveness out-
come measures were constructed (Table 4A, B; Figs 2, 3).

All-cause cumulative revision rate was 2.0% and 1.6% for
THA and TKA, and septic revision was 0.6% and 0.7%,
respectively.

For effectiveness, the estimates for HOOS and KOOSwere 87.1
and 80.6; for HSS and KSS function were 94.4 and 90.6. For
HrQoL, THR SF-12 PCS andMCSwere 46.5 and 54.2, and SF-36

PCS and MCS were 46.9 and 55.3, respectively. For TKR, scores
for SF-12 PCS and MCS were 41.9 and 51.6 and SF-36 PCS and
MCS were 46.7 and 55.4 (Table 4A, B). See Appendix 3,
Supplemental Digital Content 2, http://links.lww.com/JS9/A254
for details.

Example analysis margins derived from the constructed OPC
are provided in Table 4A, B.

Discussion

Based on extensive assessment and synthesis of various U.S. data
sources, we were able to include data from over 950 000 THR
and TKR patients and construct representative and

Figure 2. Forest plot revision rate THA (total hip replacement) (all-cause and septic).

Figure 3. Forest plot revision rate TKA (total knee replacement) (all-cause and septic).
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contemporary U.S. OPC with appropriate narrow confidence
intervals for evaluation of 2-year safety and effectiveness of
implants used in THR and TKR. These estimates were until now
not available and can be used by stakeholders to conduct single-
arm investigations throughout the TPLC of THR and TKR
implants in order to ensure that original or incremental innova-
tions seeking clearance or approval do not lead to harm. These
single-arm clinical studies are more feasible, less time consuming,
and less expensive than traditional clinical studies and can gen-
erate fit-for-purpose evidence for decision making by all stake-
holders. Importantly, most of the evidence to construct OPC is
based on RWE, and hence RWD can be used to conduct these
single-arm studies. Furthermore, these performance metrics are
invaluable for postmarket evaluations of device technologies
using registries and, in some instances, also administrative data.

RWD sources such as registries and claims databases are
gaining major attention for conducting device safety
assessments[7,24,25]. Several attempts have been made inter-
nationally to establish safety benchmarks for joint replacements,
including organizations such as the National Institute for Health
and Care Excellence (NICE), UK Orthopaedic Data Evaluation
Panel (ODEP), and International Society of Arthroplasty
Registries (ISAR)[23,26]. Our study takes advantage of this inter-
nationally accumulated knowledge, advances the methodological
approach, and focuses on evidence in the U.S. with its unique
healthcare and regulatory system. The inclusion of literature,
registry, and claims data enabled a comprehensive evaluation of
early device performance. All stakeholders agree that 2-year all-
cause revision is a patient-centered measure of implant survival
and derives an important and meaningful benchmark.

Among orthopedic devices, effectiveness is best estimated
using PROMs since the major value of the joint replacement is the
patient’s pain relief and functional improvement. Therefore,
PROMS are important in benchmarking acceptable outcomes of
joint replacements similar to other device products that aim to
improve patient HRQoL[27]. However, normative values and
benchmarks for PROMs have not been established for THR and
TKR and are currently unavailable for reference. Hence, the
effectiveness of new implants may have insufficiently been
addressed. This study intends to fill this gap. We were able to
construct 2-year performance metrics for the effectiveness of
THR and TKR within the U.S. population. There is a general
agreement that little functional and PROM improvement is
expected beyond 2 years[28], making this an appropriate time
point for OPC creation and the implementation for performance
assessment of new implants.

Implementation and future perspective

OPC are evolving and dynamic estimates, which require periodic
updating as new information becomes available, thereby
becoming more reliable and robust over time. As our knowledge
base evolves, OPC can be refined for the population in which the
new implant is to be used. Furthermore, OPC should be estab-
lished for mid-term and long-term safety and effectiveness.

Ultimately, predetermined device performance OPC can be
employed by regulators, payors, and other stakeholders to propose
benchmarks for TPLC evaluations, ranging from premarket clin-
ical trials to postmarket clinical studies and/or surveillance. We
believe that it is necessary for stakeholders to reach an agreement
on analysis margins forOPC (at the 2-year follow-up to begin with)

for a given purpose, such as premarket evaluation and review. This
consensus should at least incorporate both clinical and statistical
considerations, but further consideration of, for example, cost-
effectiveness may further enhance their applicability. In order for
OPC to be validly used, an OPCmargin should be well established.
The FDA has a history of well-established analysis margins for
cardiovascular and urological devices. We believe that the evidence
for the OPC presented in this study is sufficiently robust to initiate
these discussions for orthopedic devices.

Study limitations

The main limitation of the literature review was a lack of stan-
dardized data reporting by researchers, which significantly
reduced the number of comparable endpoints among included
studies. Registry data may be incomplete or have high attrition
rates, which can introduce a potential bias. However, complete-
ness from registries in this study is high, and loss to follow-up was
limited. The limitations of using stand-alone registry data and
secondary research (e.g. systematic and narrative reviews) are
well recognized[29,30].

When using OPC, it is important to ensure that the clinical
cohorts generating outcome data are sufficiently comparable
to the cohorts used for developing OPC. This will ensure that
confounding is as low as possible. Our study included major
robust data sources in the U.S., providing a wealth of infor-
mation for properly designing single-arm investigation or
registry-based (device) evaluations. We confirmed that both
FORCE-TJR and KPIR results have been subject to extensive
audits. We also validated the generalizability of registry data
using all-inclusive New York and California state discharge
data sources. Administrative databases have their own lim-
itations related to coding errors and lack of device data.
However, the consistency of results across different data
sources is reassuring.

Data reporting was insufficient to construct OPC based on
certain subgroups of device designs such as cemented and
cementless THR and TKR, cruciate-retaining and posterior-sta-
bilized TKR designs, or safety risk class II and class III THR and
TKR. However, it could be argued that OPC should be inde-
pendent of these factors since they provide standards of care by
presenting benchmarks of safety and effectiveness for all implants
and thus should be applied irrespective of design, material, or
technique. For fundamentally different but widely used designs
without much evidence, one can construct different performance
goals to assist the evaluation of these devices[31].

Also, it is recognized that this study did not include any
radiographic data for 2-year outcomes, which will be considered
in future work. Finally, our study focused on a population of at
least 18 years for all evaluations, while FDA defines adults as
those at least 22 and older. However, this is unlikely to change the
OPC presented in our study since joint replacement is extremely
rare in these very young patients.

In conclusion, this study is the first to provide OPC for the
safety and effectiveness of THR and TKR in the U.S., based on
which new implant designs can be evaluated at 2 years of follow-
up. Subsequent benchmarking based on establishedOPC for both
safety and effectiveness offers a unique contribution to the
regulated (commercial) introduction of new implants and, by its
increasing reliability over time, has the potential to play a pivotal
role in this process.
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