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Abstract: The results of randomized controlled trials and systematic reviews have suggested reduced radiographic
wear in highly cross-linked polyethylene compared with conventional polyethylene in primary total hip arthroplasty.
However, longer-term clinical results have not been thoroughly examined, to our knowledge. The purpose of this study
was to compare the risk of revision for metal-on-conventional and metal-on-highly cross-linked total hip arthroplasty
bearing surfaces with use of a distributed data network of six national and regional registries (Kaiser Permanente,
HealthEast, the Emilia-Romagna region in Italy, the Catalan region in Spain, Norway, and Australia). Inclusion criteria
were osteoarthritis as the primary diagnosis, cementless implant fixation, and a patient age of forty-five to sixty-four
years. These criteria resulted in a sample of 16,571 primary total hip arthroplasties. Multivariate meta-analysis was
performed with use of linear mixed models, with survival probability as the unit of analysis. The results of a fixed-effects
model suggested that there was insufficient evidence of a difference in risk of revision between bearing surfaces
(hazard ratio, 1.20 [95% confidence interval, 0.80 to 1.79]; p = 0.384). Highly cross-linked polyethylene does not
appear to have a reduced risk of revision in this subgroup of total hip arthroplasty patients. Arthroplasties involving
highly cross-linked polyethylene do not appear to have an increased risk of revision in this subgroup of total hip
arthroplasty patients.

T
otal hip arthroplasty is an effective procedure with long-
term survival rates of more than 85% at twenty years of
follow-up1,2. Despite the effectiveness of this procedure,

some total hip arthroplasties require revision, usually because of
wear and osteolysis. These revision procedures are associated with
an increased risk of complications, re-revision, and patient mor-
tality3,4. In addition, the demand for revision total hip arthroplasty
is projected to increase substantially through 20305. As a result,
technological advances in bearing surfaces have been introduced
with the aim of increasing the longevity of total hip arthroplasty
implants by reducing wear and associated osteolysis and loosening.
Highly cross-linked polyethylene is one example of a bearing-
surface advancement introduced into the market for this purpose6.

The results of two systematic reviews and a meta-analysis
have suggested that the use of highly cross-linked polyethylene

is associated with a reduced risk of radiographic wear and a
lower rate of femoral head penetration6-8. In addition, the authors
of several small, single-center randomized controlled trials have
reported lower rates of femoral head penetration and wear in
highly cross-linked polyethylene compared with conventional
polyethylene9-12. Although the authors of these studies provided
short-term radiographic findings, in only a few studies have
the authors examined the longer-term clinical results of total
hip arthroplasty with conventional and highly cross-linked
polyethylene in specific subgroups of patients. The authors of
one large cohort study reported a lower risk of revision for
cementless highly cross-linked polyethylene compared with
conventional polyethylene, but the difference did not reach
significance13. Results from another U.S registry study and the
annual reports from the Australian Orthopaedic Association
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National Joint Replacement Registry indicated an increased
risk of revision in total hip arthroplasties involving conven-
tional polyethylene compared with arthroplasties involving
highly cross-linked polyethylene14-18. These registry findings
are critical, since they provide adequate statistical power and
longer-term clinical outcomes. In addition, registry findings
provide real-world data in a variety of patient, hospital, and
surgeon settings, which increases the generalizability of the
findings. For these reasons, the findings of national and regional
registry studies are relevant. Aggregating data from multiple
registries across different countries further enhances the sta-
tistical power and allows greater generalization of the findings
when comparing the performance of bearing surfaces in hip
arthroplasty internationally.

Therefore, the purpose of this study was to compare the risk
of revision for arthroplasties involving metal-on-conventional
polyethylene implants with that for arthroplasties involving metal-
on-highly cross-linked polyethylene implants with use of data
from five different countries provided by six regional and na-
tional registries.

Materials and Methods
Data Collection

Adistributed health data network was created by the International Con-
sortium of Orthopaedic Registries (ICOR) and used in this study to lower

barriers to participation (for example, concerns regarding data security, privacy,
proprietary information, and legal issues) relative to a centralized data ware-
house approach

19,20
. A distributed health data network is a decentralized model

that permits secure storage and analysis of data from numerous registries
21

. In
general, the data from each registry are standardized and given at the level of
aggregation that is most suitable for the detailed analysis of interest, with the
aggregated data combined across registries

22
.

SAS programs (version 9.2; SAS Institute, Cary, North Carolina) were
developed at the coordinating center and tested by participating registries (the
Australian Orthopaedic Association National Joint Replacement Registry,
Catalan Arthroplasty Register, Register of the Orthopaedic Prosthetic Implants
(Emilia-Romagna region, Italy), HealthEast Registry, Kaiser Permanente Na-
tional Joint Replacement Registry, and Norwegian Arthroplasty Register). Each
registry applied the program to its database behind secure firewalls. The par-
ticipating registries then shared aggregate-level crosstabs, Cox regression re-
sults, and implant survival probabilities with the ICOR coordinating center for
statistical analysis.

Inclusion and Exclusion Criteria
This study includes only osteoarthritis patients who underwent total hip pro-
cedures from 2001 to 2010. The outcome of interest was the time to the first
revision for any reason. We compared metal-on-conventional polyethylene
implants with a head size of <32 mm with metal-on-highly cross-linked
polyethylene implants (head sizes of <32, 32, and >32 mm). The choice to use
metal-on-conventional polyethylene implants with a head size of <32 mm was
based on limited data for larger head sizes with conventional polyethylene in all
registries for the fixation method and age groupings under study (see below).
The choice to use metal-on-highly cross-linked polyethylene implants with
all head sizes was based on our finding of no evidence to support a head-size
effect with that bearing surface within the designated fixation method and
age groupings

23
. Further, there is a potentially complex relationship that exists

between fixation method, patient age, and time to revision
24

. In order to limit
the potential confounding effect of patient age and fixation method on bearing-
surface groups, we limited the study to patients with cementless procedures

TABLE I Fixed-Effects Model*

Hazard Ratio† (95% CI) P Value†

Time in yr

0 to 1 Ref.

1 to 2 6.54 (4.63-9.24) <0.001

2 to 3 8.13 (5.73-11.52) <0.001

3 to 4 9.19 (6.46-13.07) <0.001

4 to 5 10.01 (7.03-14.26) <0.001

5 to 6 10.75 (7.52-15.37) <0.001

6 to 7 11.67 (8.14-16.74) <0.001

7 to 8 14.38 (9.78-21.14) <0.001

8 to 9 14.26 (9.53-21.34) <0.001

Sex

Male Ref.

Female 1.05 (0.85-1.31) 0.653

Age in yr

45 to 54 Ref.

55 to 64 0.77 (0.58-1.02) 0.068

Bearing surface

Metal on highly cross-linked polyethylene (all head sizes) Ref.

Metal on conventional polyethylene (head size <32 mm) 1.20 (0.80-1.79) 0.384

*Results are based on an iterative solution that updates the residual covariances until convergence with use of restricted maximum likelihood
†Confidence intervals (CIs) and p values are based on a Z distribution. The estimated intercept was 25.571 (standard error, 0.209).
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who were within the age range of forty-five to sixty-four years. This sample
restriction allowed us to better isolate the effect of wear associated with specific
bearing-surface and head-size combinations.

Statistical Analyses
Multivariate meta-analysis was performed with use of linear mixed models,
with implant survival probability as the unit of analysis

25
. The models es-

timated the residual covariances with the precise method reported previ-
ously

26
and also implemented a transformation

27,28
to ensure that the models

could be fitted with use of existing SAS software. Implant survival probabilities
and their standard errors were extracted from each registry for each unique
combination of the covariates (for example, bearing surface, head size, and
patient age) at each distinct event time. Each unique combination was grouped
into yearly time intervals, with only the earliest observation in that interval
retained.

We fitted two models: one treating registries as a set of fixed effects
and the other treating them as random effects. The random-effects model
offers some inferential advantage for combining studies

29,30
. However, with

few observational data and few registries, the estimated between-registry
variation in the random-effects model can be rather inaccurate. Further, the
absence of randomization for bearing-surface and head-size groups could
lead to confounding because of registry-level effects, which the random-
effects model does not address but the fixed-effects model does

31,32
. Therefore,

we determined that preference would be given to interpretation of the fixed-
effects model, particularly when the parameter estimates were substantially

different in the fixed-effects model compared with those in the random-effects
model

31,32
.

The results of the fixed-effects model and those of the model without
fixed effects to represent registries are given in Table I and in the Appendix
(Table III), respectively. Additional details regarding the model fitting are given
in the Appendix. SAS (version 9.2) was used for all of the analyses.

Results

Atotal of 16,571 total hip arthroplasties were included in
this study; 51% (8501) were in female patients. The five-

year rate of revision surgery ranged from 1.9% to 3.2% among
the registries. Descriptive data for metal-on-highly cross-linked
polyethylene (all head sizes) and metal-on-conventional poly-
ethylene (head size of <32 mm) implants are presented in
Table II.

We fitted a fixed-effects model that included an inter-
cept, bearing surface, age, sex, piecewise constant function of
time, and residual variance fixed at one, as well as dummy
variables to represent registries (Table I). Most notable from
this model is the observation that there was insufficient
evidence of a difference in revision rates between bearing
surfaces, with the point estimate indicating a more harmful
effect of metal on conventional polyethylene that was not

TABLE II Included Implants by Registry, Bearing Surface, Head Size, Age, and Sex

Registry* (no. [%])

U.S., KP Australia Italy, E-R U.S., HE Norway Spain, C

Metal on highly cross-linked polyethylene

Head size <32 mm

Age, 45 to 54 yr 194 (23.0) 1109 (24.3) 26 (10.4) 56 (32.9) 33 (22.1) 30 (30.9)

Age, 55 to 64 yr 648 (77.0) 3462 (75.7) 224 (89.6) 114 (67.1) 116 (77.9) 67 (69.1)

Male 275 (32.7) 2110 (46.2) 121 (48.4) 63 (37.1) 51 (34.2) 61 (62.9)

Female 567 (67.3) 2461 (53.8) 129 (51.6) 107 (62.9) 98 (65.8) 36 (37.1)

Head size = 32 mm

Age, 45 to 54 yr 347 (18.6) 554 (21.2) 1 (12.5) 23 (30.3) 3 (21.4) 14 (25.5)

Age, 55 to 64 yr 1516 (81.4) 2062 (78.8) 7 (87.5) 53 (69.7) 11 (78.6) 41 (74.5)

Male 723 (38.8) 1253 (47.9) 1 (12.5) 42 (55.3) 6 (42.9) 28 (50.9)

Female 1140 (61.2) 1363 (52.1) 7 (87.5) 34 (44.7) 8 (57.1) 27 (49.1)

Head size >32 mm

Age, 45 to 54 yr 352 (19.3) 367 (22.2) 6 (22.2) 15 (14.2) 2 (40.0) 7 (14.3)

Age, 55 to 64 yr 1471 (80.7) 1284 (77.8) 21 (77.8) 91 (85.8) 3 (60.0) 42 (85.7)

Male 1020 (56.0) 1060 (64.2) 23 (85.2) 71 (67.0) 5 (100.0) 30 (61.2)

Female 803 (44.0) 591 (35.8) 4 (14.8) 35 (33.0) 0 (0.0) 19 (38.8)

Metal on conventional polyethylene

Head size <32 mm

Age, 45 to 54 yr 40 (27.8) 283 (27.9) 77 (12.7) 4 (66.7) 54 (22.2) 39 (20.6)

Age, 55 to 64 yr 104 (72.2) 730 (72.1) 527 (87.3) 2 (33.3) 189 (77.8) 150 (79.4)

Male 71 (49.3) 537 (53.0) 287 (47.5) 4 (66.7) 104 (42.8) 124 (65.6)

Female 73 (50.7) 476 (47.0) 317 (52.5) 2 (33.3) 139 (57.2) 65 (34.4)

*The values are given as the number of each, with the percentage in parentheses. KP = Kaiser Permanente, E-R = Emilia-Romagna region,
HE = HealthEast, and C = Catalan region.
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significant (hazard ratio, 1.20 [95% confidence interval, 0.80
to 1.79]; p = 0.384). Survival probabilities (estimated from
the fixed-effects model) for these bearing surfaces over time
are shown in Figure 1.

Discussion

To our knowledge, this is the largest international study
comparing highly cross-linked and conventional polyeth-

ylene, in 16,571 cementless total hip arthroplasties in patients

TABLE III No Fixed-Effects Model*

Hazard Ratio (95% CI) P Value

Time in yr

0 to 1 Ref.

1 to 2 6.103 (4.396-8.474) <0.001

2 to 3 7.590 (5.456-10.558) <0.001

3 to 4 8.584 (6.158-11.965) <0.001

4 to 5 9.354 (6.708-13.042) <0.001

5 to 6 10.057 (7.181-14.086) <0.001

6 to 7 10.939 (7.794-15.354) <0.001

7 to 8 13.540 (9.410-19.483) <0.001

8 to 9 13.402 (9.140-19.651) <0.001

Sex

Male Ref.

Female 1.041 (0.838-1.294) 0.716

Age in yr

45 to 54 Ref.

55 to 64 0.765 (0.579-1.011) 0.060

Bearing surface

Metal on highly cross-linked polyethylene (all head sizes) Ref.

Metal on conventional polyethylene (head size <32 mm) 1.315 (0.945-1.830) 0.104

*Results are based on an iterative solution that updates the residual covariances until convergence with use of restricted maximum likelihood.
Confidence intervals (CIs) and p values are based on a Z distribution. The estimated intercept was 25.520 (standard error, 0.202).

Fig. 1

Model-predicted survival of metal-on-conventional

polyethylene implants with head sizes of <32 mm

and metal-on-highly cross-linked polyethylene

implants with any head size. The shading indi-

cates the 95% confidence interval. HXLPE = highly

cross-linked polyethylene, and CPE = conven-

tional polyethylene.
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forty-five to sixty-four years old. With data from five countries
and six regional and national registries, this study is also one
of the first international collaborations among registries. Al-
though cumulative revision rates were higher in the group with
conventional polyethylene, this difference did not reach sig-
nificance in the adjusted multivariable model.

These study findings contribute clinical survivorship data
to prior randomized controlled trials and systematic reviews
suggesting radiographic wear and penetration6,8-12. Although the
hazard ratio in our adjusted model was in the same direction as
those in prior studies, our results did not reach significance
within the selected subgroup of cementless total hip arthroplasty
patients between forty-five and sixty-four years of age. These
findings are similar to those reported by Howard et al.13. Our
study findings differ from those previously published by national
and international registries14-18. The results may vary because of
differences in study samples. Specifically, the use of highly cross-
linked polyethylene may not have had as large of an effect in this
specific subgroup as it did in more diverse cohorts that included
all fixation methods, all head sizes, and a wider range of patient
ages. Inclusion of data from multiple countries in this specific
subgroup of patients with varying durations of follow-up may
have also contributed to the difference in findings.

The strengths of this study include the large international
sample size and ‘‘real-world’’ registry findings with high ex-
ternal validity, representative of community-based practice and
varying surgeon training, skill levels, and hospital characteris-
tics. Although our study has strong external validity, internal
validity may be criticized because of the observational nature of
the data. In our study, we addressed this limitation by statis-
tically adjusting for potential confounding variables in our
multivariable model. Our focus on cementless total hip ar-
throplasties in patients forty-five to sixty-four years old was
aimed at reducing patient-age and fixation-method factors as
study confounders. While reducing the impact of head-size
variation, these inclusion and exclusion criteria resulted in a
specific focus on a smaller subgroup of patients, which in turn
yielded lower statistical power. Another perceived limitation of
this study may be the lack of patient-reported functional out-
comes. However, highly cross-linked polyethylene was intro-
duced to increase implant longevity and the ultimate measure
of longevity is revision surgery, thus justifying our study end
point. In addition, selection criteria may differ for conventional
polyethylene and highly cross-linked polyethylene. Highly
cross-linked polyethylene may be used more frequently in
higher-risk patients such as those with a higher activity level.
Although activity level was not included in this study, patient
age may serve as a proxy for activity level and was adjusted for
in the multivariable model. The duration of follow-up may also
be a limitation, since highly cross-linked polyethylene was in-
troduced to reduce the wear and associated osteolysis that
typically occur with longer follow-up times. While the average
follow-up rate in the registries is >90%, some registries have
shorter follow-up than others and data may still be limited in
scope and therefore not appropriate to support a marketing
application in the United States. Finally, this study does not

take into account specific device or implant performance.
Substantial variation among different manufacturers and im-
plants of conventional and highly cross-linked polyethylene
throughout the world is not accounted for in registry data.
Variation among different manufacturers and implants of both
conventional and highly cross-linked polyethylene has been
reported by national registries17,33.

In conclusion, in this international study of 16,571
cementless total hip arthroplasties in patients forty-five to sixty-
four years of age we did not find a difference in risk of revision
for conventional polyethylene compared with highly cross-linked
polyethylene. Unlike other technologies introduced into the
market such as metal-on-metal bearing surfaces, highly cross-
linked polyethylene does not appear to have an increased risk
of revision in total hip arthroplasty. Future studies are nec-
essary to examine the impact of highly cross-linked polyeth-
ylene and conventional polyethylene in total hip arthroplasty
in a wider range of patients, including those with cemented
fixation, patients sixty-five years of age and older, and with
longer study follow-up.

Appendix—Details of the Model Fitting
Data Inclusion

For the models described here, we chose to retain observa-
tions with a standard error of <0.0125, given that the

simulations indicated increased bias, root-mean-squared error,
and poorer coverage when observations with large degrees of
imprecision (resulting from sparse data for certain covariate
combinations) were retained. The 0.0125 threshold was based
on both the simulation results and a sensitivity analysis com-
paring the effect on model parameters when different levels of
restriction (0.05, 0.025, and 0.0125) were applied.

Model Selection
The fixed-effects model was based on the random-effects model
selected. We began with a model that included an intercept,
bearing surface, age, sex, piecewise constant function of time,
bearing surface by time interaction, random intercept, random
treatment effect, and residual variance fixed at one. A random
effect for neither the intercept nor the bearing surface was war-
ranted based on a point estimate that was near zero (i.e., <1.0 ·
10210) and was therefore not included. The interaction terms were
based on intervals of time: zero to two years and two to five years.
A test of the interaction terms, x2 (1) = 0.01, was not significant
(p = 0.915); therefore, these terms were not included. n
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