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Comparative Effectiveness of Ceramic-on-Ceramic
Implants in Stemmed Hip Replacement
A Multinational Study of Six National and Regional Registries
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Background: The rapid decline in use of conventional total hip replacement with a large femoral head size and a metal-
on-metal bearing surface might lead to increased popularity of ceramic-on-ceramic bearings as another hard-on-hard
alternative that allows implantation of a larger head. We sought to address comparative effectiveness of ceramic-on-ceramic
and metal-on-HXLPE (highly cross-linked polyethylene) implants by utilizing the distributed health data network of the ICOR
(International Consortium of Orthopaedic Registries), an unprecedented collaboration of national and regional registries
and the U.S. FDA (Food and Drug Administration).

Methods: A distributed health data network was developed by the ICOR and used in this study. The data from each
registry are standardized and provided at a level of aggregation most suitable for the detailed analysis of interest. The data
are combined across registries for comprehensive assessments. The ICOR coordinating center and study steering
committee defined the inclusion criteria for this study as total hip arthroplasty performed without cement from 2001 to
2010 in patients forty-five to sixty-four years of age with osteoarthritis. Six national and regional registries (Kaiser
Permanente and HealthEast in the U.S., Emilia-Romagna region in Italy, Catalan region in Spain, Norway, and Australia)
participated in this study. Multivariate meta-analysis was performed with use of linear mixed models, with survival
probability as the unit of analysis. We present the results of the fixed-effects model and include the results of the random-
effects model in an appendix. SAS version 9.2 was used for all analyses. We first compared femoral head sizes of >28 mm
and <28 mm within ceramic-on-ceramic implants and then compared ceramic-on-ceramic with metal-on-HXLPE.

Results: A total of 34,985 patients were included; 52% were female. We found a lower risk of revision associated with
use of ceramic-on-ceramic implants when a larger head size was used (HR [hazard ratio] = 0.73, 95% CI [confidence
interval] = 0.60 to 0.88, p = 0.001). Use of smaller-head-size ceramic-on-ceramic bearings was associated with a higher
risk of failure compared with metal-on-HXLPE bearings (HR = 1.36, 95% Cl = 1.09 to 1.68, p = 0.006). Use of large-head-
size ceramic-on-ceramic bearings was associated with a small protective effect relative to metal-on-HXLPE bearings (not
subdivided by head size) in years zero to two, but this difference dissipated over the longer term.

Conclusions: Our multinational study based on a harmonized, distributed network showed that use of ceramic-on-ceramic
implants with a smaller head size in total hip arthroplasty without cement was associated with a higher risk of revision
compared with metal-on-HXLPE and >28mm ceramic-on-ceramic implants. These findings warrant careful reflection by
regulatory and clinical communities and wide dissemination to patients for informed decision-making regarding such surgery.

than 270,000 hip replacements, are performed an- revision surgery to replace the implant as a result of infection,

nually in the United States alone'. Hip replacement | dislocation, wear, instability, loosening, or other types of me-
is generally safe and effective, particularly when bearings such | chanical failure®”. The risk of revision surgery can be mitigated
as metal-on-highly cross-linked polyethylene (M-HXLPE) are | by selection of better-performing bearings.
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TABLE | Results of the Fixed-Registry-Effects Analysis Comparing C-C and M-HXLPE Implants

Hazard Ratio (95% Cl)*

>28-mm C-C, Relative to All M-HXLPEt

<28mm C-C, Relative to All M-HXLPEF

Ref.
5.74 (4.20-7.80)
7.00 (5.11-9.59)
7.98 (5.82-10.95)
8.80 (6.40-12.08)
9.73 (7.07-13.40)
10.41 (7.54-14.36)

12.08 (8.67-16.83)

Fixed registry effects§ —

Bearing surface and size

Time inyr
Oto1l Ref.
1t02 6.72 (5.07-8.92)
2t03 8.24 (6.16-11.01)
3to4 9.88 (7.37-13.24)
4tob 10.84 (8.08-14.55)
5t0 6 12.11 (9.00-16.30)
6to7 13.04 (9.64-17.63)
7t08 15.19 (11.12-20.75)
8to9 15.84 (11.29-22.21)
9to 10 NA
Sex
Male Ref.
Female 1.09 (0.93-1.28)
Age inyr
45 to 54 Ref.
55 to 64 0.80 (0.66-0.96)

Overall NA 1.36 (1.09-1.68)
0to0 2 yr# 0.77 (0.63-0.93) NA
2to 6 yr# 0.88 (0.74-1.05) NA
610 9 yr# 0.93 (0.77-1.12) NA

12.52 (8.65-18.11)
14.09 (9.10-21.81)

Ref.
0.98 (0.81-1.19)

Ref.
0.89 (0.71-1.12)

*Results are based on an iterative solution that updates the residual covariances until convergence. Confidence intervals are based on a Z
distribution. NA = not applicable. 1 The estimated intercept was —5.69 (SE, 0.17). $The estimated intercept was —5.51 (SE, 0.19). §Fixed registry
effects were included in this model, but the results are omitted from this table because a precondition of data sharing was no reporting of
comparisons among registries. #The bearing effects over time are based on a combination of the main and interaction effects from the model.

Rapid evolution of technology has brought a number of
alternative bearings to the market. The alternatives aim to further
improve postoperative functional and patient-reported outcomes,
lower dislocation and loosening rates, and increase longevity
through decreased wear-induced osteolysis and loosening. Re-
cently, stemmed (conventional) metal-on-metal bearings with
large femoral heads were attractive to surgeons as they were in-
tended to reduce the risk of dislocation and improve the functional
outcomes. However, evidence now shows that these devices are
associated with unacceptably high rates of revision and potentially
extensive soft-tissue damage leading to serious disability. In addi-
tion, high serum metal ion levels have been reported to occur in
many cases. Patients with these implants need to have regular
measurement of the metal ion levels in their blood and, if symp-
toms warrant it, regular MRA (magnetic resonance arthrography)
examinations to assess the extent of any local soft-tissue damage".

As the use of metal-on-metal conventional total hip
replacement with a large femoral head size is rapidly declin-
ing, alternative hard-on-hard bearings such as ceramic-on-
ceramic (C-C) that also allow implantation of a larger head

size might become more popular. In the U.S., interest in C-C
bearings started after multiple publications based on an FDA
IDE (Food and Drug Administration Investigational Device
Exemption) trial, a part of the pre-market application pro-
cess, that compared C-C with metal-on-polyethylene (M-P)
bearings'*. That study had randomized and nonrandomized
arms and indicated a substantially lower occurrence of revi-
sion in the C-C arms compared with the M-P arm even after
ten years of follow-up'’. However, C-C implants have various
limitations such as breakage, squeaking (audible component-
related noise), liner chipping, and canting'®"”. Furthermore,
many annual reports of national registries have not shown any
advantage associated with use of C-C implants, and one na-
tional registry reported a higher revision rate associated with
C-C implants compared with ceramic-on-polyethylene (C-P)
bearings'®.

We sought to investigate the comparative effectiveness of
C-C and M-P implants by utilizing the distributed health data
network of the ICOR (International Consortium of Ortho-
paedic Registries), a collaboration of these registries with the
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TABLE Il Included Implants According to Registry, Bearing Surface, Head Size, Age, and Sex

Registry* (no. [%])
U.S., KP Australia Italy, E-R U.S., HE Norway Spain, C
Ceramic-on-ceramic
Head size, >28 mm
Age, 45-54 yr 109 (38.2) 3772 (28.9) 443 (19.8) 56 (49.6) 143 (21.6) 31 (25.2)
Age, 55-64 yr 176 (61.8) 9278 (71.1) 1796 (80.2) 57 (50.4) 520 (78.4) 92 (74.8)
Male 142 (49.8) 6744 (51.7) 1072 (47.9) 70 (61.9) 268 (40.4) 81 (65.9)
Female 143 (50.2) 6306 (48.3) 1167 (52.1) 43 (38.1) 395 (59.6) 42 (34.1)
Head size, <28 mm
Age, 45-54 yr 8 (53.3) 873 (33.1) 256 (23.2) 4 (36.4) 88 (28.9) 22 (34.9)
Age, 55-64 yr 7 (46.7) 1768 (66.9) 849 (76.8) 7 (63.6) 217 (71.1) 41 (65.1)
Male 0 (0) 838 (31.7) 463 (41.9) 0 (0.0) 95 (31.1) 27 (42.9)
Female 15 (100) 1803 (68.3) 642 (58.1) 11 (100.0) 210 (68.9) 36 (57.1)
Metal-on-HXLPE, all head sizes
Age, 45-54 yr 893 (19.7) 2030 (23.0) 33 (11.6) 94 (26.7) 38 (22.6) 51 (25.4)
Age, 55-64 yr 3635 (80.3) 6808 (77.0) 252 (88.4) 258 (73.3) 130 (77.4) 150 (74.6)
Male 2018 (44.6) 4423 (50.0) 145 (50.9) 176 (50.0) 62 (36.9) 119 (59.2)
Female 2510 (55.4) 4415 (50.0) 140 (49.1) 176 (50.0) 106 (63.1) 82 (40.8)
*KP = Kaiser Permanente, E-R = Emilia-Romagna region, HE = HealthEast, and C = Catalan region.

U.S. FDA that includes most of the countries and health plans
that maintain orthopaedic registries with the requisite level of
detailed patient and implant information'.

Materials and Methods

he distributed health data network developed by the ICOR was utilized in

this study to reduce barriers to participation (e.g., involving data security,
legal issues, proprietary information, and privacy) compared with an approach
involving a centralized data warehouse”*'. A distributed health data network
represents a decentralized model that allows secure storage and analysis of data
from various registries’. Generally, the data from each registry are standardized
(e.g., data elements are operationalized) and provided at a level of aggregation
most suitable for the detailed analysis of interest, then ultimately combined
across registriesw.

The first step undertaken in the development of the health data network
was an evaluation of the variation in international practice patterns (including
patient selection, technology use, and procedural details). All interested regis-
tries participated, and a methodology committee discussed inclusion of key
variables for analytic purposes. Next, each registry with an interest in partici-
pating completed simple tables indicating the means and proportions of patient
and procedural characteristics.

Six national and regional registries (Kaiser Permanente and HealthEast
in the U.S., Emilia-Romagna region in Italy, Catalan region in Spain, Norway,
and Australia) participated in the present study. The ICOR coordinating center
and study steering committee defined the inclusion criteria as total hip ar-
throplasty performed without cement from 2001 to 2010 in patients forty-five
to sixty-four years of age with osteoarthritis. The inclusion criteria were defined
to limit the potentially complex confounding and interactive effects of the
fixation method and age on the relationship between the bearing surfaces being
compared and the outcome. This sample restriction allowed us to pragmatically
evaluate the effect of the bearing surface choice as an independent variable. The
outcome of interest was the time to the first revision (for any reason). We
focused on the outcome of C-C implants with two head-size ranges, >28 mm
and <28 mm, in comparison with each other and with M-HXLPE implants with

any head size. The choice of M-HXLPE as the control group was based on our
initial research, in which the risk of revision of this bearing type was similar
across all head sizes™, and the consensus by the ICOR steering committee that it
is among the best-performing bearings and could be treated as a standard
against which to compare all other bearings.

We first determined whether there was a difference between C-C implants
with head sizes of >28 mm and <28 mm. Based on the findings in that analysis, we
then compared these two types of C-C implants with all M-HXLPE implants.

Statistical Analyses

Multivariate meta-analyses were performed with use of linear mixed models,
with the profile of each patient as the unit of analysis“. The models estimated
the residual covariances according to a previously described method”, and a
transformation”®”” was also performed to ensure that the models could
be fitted with existing software (SAS version 9.2; SAS Institute, Cary, North
Carolina). The survival probability and associated standard error (SE) were
extracted from each registry for each possible combination of the covariates
(e.g., bearing, head size, age) for each postoperative year; if multiple time points
within a postoperative year were available for a given patient profile, only the
earliest observation in that interval was retained. We fitted two models, one
treating the registries as a set of fixed effects and another treating the registries
as random effects. Although the random-effects model offers some inferential
advantage for combining studies™”; the estimates of the differences among
registries in this model can be quite inaccurate with limited observational data
per registry. Furthermore, the absence of randomization according to bearing
surface and head size could lead to confounding resulting from registry-level
effects; such confounding is addressed by the fixed-effects model but not by the
random-effects model’>”". Therefore, we gave preference to interpretation of
the fixed-effects model, particularly if the parameter estimates differed sub-
stantially between the fixed and random-effects models®”'. The results of the
fixed-effects models are presented in Table I, and the results of the random-
effects model are presented in Table III in the Appendix. SAS version 9.2 was
used for all analyses. Additional information regarding the fitting of the models
is given in the Appendix.
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Fig. 1

Predicted survival for CC bearings with a head
0.94 size of >28 mm compared with M-HXLPE
bearings of any head size according to the fixed-

effects model. The shaded regions indicate the
95% confidence intervals.

0.92

Model Predicted Survival Probability

Metal on HXLPE (all head sizes) — — — Ceramic on Ceramic > 28 mm ]
T T T T T T T T
1 2 3 4 5 6 7 8 9

Survival Time (interval years)

0.90

Note: The x-axis values of 1-9 correspond to the interval years [0,1)...[8,9). Confidence intervals and p-
values are based on a Z distribution.

Results compared with smaller head size (HR [hazard ratio] = 0.73,
total of 34,985 total hip arthroplasties were included; 52% | 95% CI [confidence interval] = 0.60 to 0.88, p = 0.001). Based
were female. The five-year overall rate of revision surgery | on the results of this fixed-effects model, there was sufficient

varies from 1.9% to 3.2% among the registries. Additional | evidence to warrant comparing these C-C bearing groups sepa-

descriptive data for the C-C and M-HXLPE bearing groups are | rately with M-HXLPE bearings.

presented in Table I1.

Comparison Between >28-mm C-C Implants and M-HXLPE

Comparison Between C-C Implants with >28-mm and Implants with Any Head Size

<28-mm Head Sizes The fixed-effects model fitted for this comparison was similar

The fixed-effects model treated registry membership as a set of | to the one described above except that the comparison was

fixed effects and included variables representing head size, the | between two different bearing materials and a time-by-bearing

intercept, postoperative year (e.g., the first postoperative year), | interaction was included. A difference in the revision risk was
age, sex, and residual variance fixed at 1. This model indicateda | found but varied over time (Table I and Fig. 1). In years zero to
lower risk of C-C implant revision associated with use of larger | two, use of C-C bearings with a large head size was associated

1.00 +

e

0.98 -

0.96
Fig. 2

Predicted survival for CC bearings with a head
size of <28 mm compared with M-HXLPE
bearings of any head size according to the fixed-

0.94 1

effects model. The shaded regions indicate the
0.92
95% confidence intervals.

Model Predicted Survival Probability

0.90 | Metal on HXLPE (all head sizes) — — — Ceramic on Ceramic <= 28 mm \
& T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10

Survival Time (interval years)

Note: The x-axis values of 1-10 correspond to the interval years [0,1)...[9,10]. Confidence intervals and p-
values are based on a Z distribution.
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with a protective effect compared with M-HXLPE bearings of
any head size (HR = 0.77, 95% CI = 0.63 to 0.93, p = 0.008).
However, this protective effect dissipated over time (HR = 0.88,
95% CI = 0.74 to 1.05, p = 0.159 in years two to six; and HR =
0.93, 95% CI = 0.77 to 1.12, p = 0.436 in years six to nine).

Comparison Between <28-mm C-C Implants and M-HXLPE
Implants with Any Head Size

The fixed-effects model fitted for this comparison included
only a main effect for the bearing surface and revealed that smaller
C-C bearings were associated with a higher risk of failure com-
pared with M-HXLPE bearings (HR = 1.36, 95% CI = 1.09 to
1.68, p = 0.006) (Table I and Fig. 2).

Discussion
In this multinational study that included six national and
regional registries, we found that use of C-C implants with a
smaller (£28-mm) head size was associated with a 36% higher
risk of revision compared with use of M-HXLPE implants.
Differences in the risk of revision surgery represent a good
measure of comparative device performance, and a higher risk
of revision needs to be communicated to patients and con-
sidered by clinical, industry, and regulatory stakeholders. Use
of C-C implants with a relatively large (>28-mm) head size
provided a protective effect in the first two years but thereafter
was not significantly different from use of M-HXLPE. This
means that the selection of a large-size C-C bearing rather than
M-HXLPE would prevent fewer than one in every 500 patients
from requiring a revision within two years, and it would result
in no difference in later time periods. In addition, the benefit
of >28-mm C-C bearings might be even smaller or disappear
entirely if the comparison group were restricted to >28-mm
M-HXLPE bearings. Although we did not find a significant
head size effect within M-HXLPE bearings in our analyses
presented elsewhere in this supplement®, the existence of small
differences is still possible. The selection of C-C implants might
also have cost implications for hospitals and surgeons.

Our study utilized prospectively collected data that cur-
rently cover >50% of C-C hip replacements performed world-
wide. We focused on an age group of forty-five to sixty-four years
and noncemented fixation, as C-C bearings are more likely to be
selected in younger patients and are almost exclusively cementless
on the acetabular side. Patients younger than forty-five years of
age are less likely to have osteoarthritis, and excluding that patient
group helps address potential biases related to a higher propor-
tion of alternate diagnoses in the C-C group. However, we believe
that there are no anatomic or clinical factors that will limit ap-
plicability of our study results to all age groups.

Although improved functional outcome may be a poten-
tial justification for the use of C-C bearings, to our knowledge
there is no evidence to suggest that the use of such bearings is
associated with better function. Several studies with various
follow-up durations have compared C-C bearings with C-P
bearings'>***’; most had both baseline and postoperative mea-
surements. In addition, one trial compared C-C with M-P
bearings; this had only postoperative measurements'''*. Harris
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hip scores, both at baseline and at the time of follow-up, were
very similar in the two bearing groups in all studies that com-
pared C-C with other bearing surfaces.

Published data related to the revision risk after use of C-C
implants are limited. Several small and underpowered compar-
ative studies reported revision information for the C-C cohort as
a whole but not according to the head size of the implants. Four
studies compared C-C with C-P bearings and found no quali-
tative or quantitative differences between the groups with respect
to revision occurrence™. However, one well-designed study
indicated substantially more intraoperative device and wound
complications associated with C-C compared with C-P bear-
ings™. The previously mentioned trial comparing C-C with
M-P bearings'"" indicated a substantially lower occurrence of
revision in the C-C arms compared with the M-P arm even
after ten years of follow-up. The comparison M-P group in-
volved non-cross-linked polyethylene, and the authors did
discuss the uncertainty regarding the applicability of their
findings to M-HXLPE bearings. In addition, that isolated and
relatively small study certainly does not carry considerable weight
against the substantial evidence covered in the present study as well
as reports from the registries for New Zealand and for England and
Wales that also did not find advantages associated with the use
of C-C implants. Although we did not include the New Zealand
Registry in our meta-analysis because it was not compatible with
our harmonized, distributed study design, we did obtain detailed
information from that registry, and the data are likely to be aligned
with our findings'. The registry for England and Wales also
confirmed that smaller-size C-C implants are likely to be inferior
to hard-on-soft (M-P and C-P) bearings”. However, data from
that registry also do not show any advantage for larger-head-size
C-C implants compared with M-P implants™.

Strengths and Limitations

Our study has several important strengths. By combining data
from six registries, it represents the largest multinational pro-
spective registry cohort involving a homogeneous population
of young patients treated with total hip arthroplasty with non-
cemented implants and an osteoarthritis diagnosis. We compared
C-C with M-HXLPE implants rather than with a mixed control
group involving all types of polyethylene. Thus, the study is very
generalizable. The maximum follow-up was ten years, and the
study represents the most recent practice. We addressed the issues
of confidentiality and privacy of the patients by using distributed
analyses involving standardized syntax to extract aggregated data
from each registry. This approach was therefore exempt from the
need for institutional review board approval, and each registry’s
legal approval was sufficient.

The limitations of the study include the less flexible
statistical analysis permitted by the use of the registry consor-
tium, as any change in the statistical syntax would make a new
analysis of each registry necessary. The maximum follow-up
was ten years in these series. Longer follow-up duration would
allow for more comprehensive assessments. While the average
follow-up rate in the registries is >90%, our study was based
on a minimal data set, as it was limited by the data elements
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available from each registry. We did not validate the description
of the implants in each group, as harmonization of implant
databases across registries has not been completed. Some reg-
istries are larger than others. In addition, the limitation of
observational data collected by registries might lead to diffi-
culties in interpretation of survivorship findings in the context
of premarket application. Therefore, such registry data would
not be sufficient to support a marketing application in the U.S.
We did not validate the description of the implants in each
group, but harmonization of implant databases across registries
is underway and few differences in implant classification have
been found; consequently, this limitation is unlikely to affect
our results. Some registries are larger than others or have more
complete follow-up, and these may therefore have had a stronger
influence on the results. Because of the large sample size, sta-
tistically significant differences were identified, but these were
relatively small and readers must therefore also assess their clinical
importance.

COMPARATIVE EFFECTIVENESS OF CERAMIC-ON-CERAMIC
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Conclusions

Our multinational study based on a harmonized, distributed
network showed that smaller-head-size C-C implants are likely
to have a higher risk of revision compared with both large-size
C-C implants and M-HXLPE implants. At two years, non-
cemented >28-mm C-C implants were associated with a lower
revision occurrence compared with M-HXLPE, but this dif-
ference was small and disappeared in the long term. The effect
of especially large >36-mm C-C implants needs to be studied in
the future. The findings of this study warrant careful reflection
by regulatory and clinical communities, and they should be
widely disseminated to patients for informed decision-making
regarding such surgery.

Appendix—Details of the Model Fitting

Data Inclusion

I n both types of models, we chose to retain observations with
an SE of <0.0125, as our simulations indicated increased

TABLE Ill Results of the Random-Effects Analysis Comparing C-C and M-HXLPE Implants

Hazard Ratio (95% CI)*

>28-mm C-C, Relative to All M-HXLPEY

<28mm C-C, Relative to All M-HXLPE¥F

Bearing surface and size

Time in yr
Oto1l Ref.
1to02 6.59 (4.988.71)
2to3 8.09 (6.08-10.76)
3to4 9.66 (7.25-12.88)
4t05 10.59 (7.94-14.13)
5to 6 11.82 (8.84-15.80)
6to7 12.74 (9.49-17.11)
7t08 14.82 (10.93-20.09)
8to9 15.45 (11.10-21.52)
9to 10 NA
Sex
Male Ref.
Female 1.08 (0.93-1.27)
Age inyr
45 to 54 Ref.
55 to 64 0.81 (0.68-0.97)

Overall NA

Oto2yr§ 0.80 (0.67-0.96)
2to 6 yr§ 0.92 (0.78-1.08)
6to9yr§ 0.96 (0.81-1.15)

Ref.
5.94 (4.35-8.11)
7.27 (5.31-9.95)
8.29 (6.05-11.37)
9.15 (6.67-12.56)

10.14 (7.37-13.94)

10.85 (7.88-14.96)

12.63 (9.08-17.56)

13.11 (9.07-18.94)

14.74 (9.52-22.82)

Ref.
0.97 (0.80-1.18)

Ref.
0.87 (0.70-1.10)

1.10 (0.43-2.85)
NA
NA
NA

*Results are based on an iterative solution that updates the residual covariances until convergence. Confidence intervals for the C-C >28-mm
model are based on a Z distribution. Our simulations indicated that an optimal strategy for Cl construction in the presence of random effects was
to use t. _ 4 for fixed parameters with corresponding random effects and to use t, _ , otherwise (where k — 1 and n — p indicate the degrees of
freedom for the t distribution, k is the number of registries, nis the number of observations, and p is the number of fixed effects); this is the approach
taken in construction of the Cls for the C-C <28-mm model. NA = not applicable. TThe estimated intercept was —5.69 (SE, 1.17). $The estimated
intercept was —5.56 (SE, 0.18), and the bearing surface random effect was 0.08 (SE, 0.12). §The bearing effects over time are based on a
combination of the main and interaction effects from the model.
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bias, increased root-mean-squared error, and poorer coverage
when observations with large degrees of imprecision (resulting
from sparse data for certain covariate combinations) were re-
tained. This particular threshold was based on both the sim-
ulation results and a sensitivity analysis of the effect on the
model parameters when various levels of restriction (0.05,
0.025, 0.0125) were applied.

Comparison of >28-mm and <28-mm C-C Bearings
Initially, we compared C-C bearings with head sizes of <28 and
>28 mm. We began with a random-effects model that included
head size, intercept, age, sex, time (represented as an integer),
intercept and head-size random effects without a covariance (as
a model with a covariance term would not converge), and re-
sidual variance fixed at 1. We considered the inclusion of a
treatment-by-time interaction based on three indicator vari-
ables for time intervals of zero to two, two to four, four to six,
and six to seven years in order to improve the precision of the
estimation compared with the use of one-year intervals, but a
likelihood-ratio test (maximum-likelihood estimation) yielded
insufficient evidence of an improved fit (x2[3] = 6.89, p =
0.076). The overall head size effect was nonsignificant, with the
point estimate favoring a protective effect of larger head sizes
(b= —0.121, SE = 0.209), but there was evidence that the effect
varied across registries (02pead size = 0.068, SE = 0.144), as did
the intercept (0%pead size = 0.033, SE = 0.071). Examination of
the EBLUPs (empirical best linear unbiased predictors) for the
head-size effect indicated that the Australian registry produced
the greatest evidence for a protective effect of larger head sizes
(—0.23), followed by Norway (0.06), Kaiser Permanente in the
U.S. (0.08), and Emilia-Romagna in Italy (0.09).

Comparison of >28-mm C-C and All M-HXLPE Bearings
We began with a random-effects model that included an in-
tercept, bearing surface, age, sex, time (represented as an in-
teger), bearing surface-by-time interaction, random intercept,
random treatment effect, and residual variance fixed at 1. Nei-
ther a random effect for the intercept nor a random treatment
effect was warranted, as these point estimates were near zero
(<1.0 x 10719), The interaction terms were initially based on
time intervals of zero to two, two to four, four to six, six to
eight, and eight to nine years. A test of the interaction terms was
nonsignificant (x?[4] = 6.76, p = 0.149), but we observed a
pattern among the point estimates such that the interaction
effects were approximately constant for the intervals of zero to
two, two to six, and six to nine years. Refitting a model with
these groupings did indicate a significant time-by-bearing
condition interaction (x?[2] = 6.25, p = 0.044). We therefore
retained these interaction terms in the model (Table III).

Comparison of <28-mm C-C and All M-HXLPE Bearings

We began with a random-effects model that included an in-
tercept, bearing surface, age, sex, time (represented as an in-
teger), bearing surface-by-time interaction, random intercept,
random treatment effect, and residual variance fixed at 1. A
random effect for the intercept was not warranted, as indicated
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by a point estimate near zero (<1.0 X 1071°), and was removed.
The interaction terms were based on time intervals of zero to
two, two to four, four to six, and six to eight years. A test of the
interaction terms was nonsignificant (x2[3] = 0.84, p = 0.84);
therefore, these terms were removed. The iterated model in-
dicated that the overall head size effect was nonsignificant, with
the point estimate favoring a harmful effect of small-head-size
C-C implants (b = 0.097, SE = 0.221). However, there was
evidence that the effect varied across registries (02cad size = 0.080,
SE = 0.144). Examination of the EBLUPs indicated that the
Australian registry produced the greatest evidence for a harmful
effect of small-head-size C-C implants (0.23), followed by Nor-
way (—0.07) and Emilia-Romagna in Italy (—0.16).

Fixed-Effects Models

Each fixed-effects model was based on the random-effects
model selected. ®
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