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Abstract: We previously reported wear data at a minimum of two years following thirty-four total hip replacements with a
Marathon cross-linked polyethylene liner and twenty-four replacements with a conventional (gamma-sterilized-in-air)
Enduron polyethylene liner. In this current study, with sequential five-year radiographs, wear rates were determined with
use of linear regression analysis. The Marathon polyethylene had average wear rates of 15.4 mm3/yr and 8.0 mm3/
million cycles. The Enduron polyethylene had average wear rates of 55.5 mm3/yr and 29.9 mm3/million cycles. The
adjusted volumetric wear rate of the Marathon polyethylene was 73% lower than that of the Enduron polyethylene (p =
0.001). Osteolysis developed in eight of the twenty-four hips with an Enduron liner but was not apparent in any hip with a
Marathon liner.

Level of Evidence: Therapeutic Level III. See Instructions to Authors for a complete description of levels of evidence.

Background

T
he occurrence of periprosthetic osteolysis1 has been
related to the amount and size of polyethylene particles
generated from the bearing surfaces of the implant2.

Cross-linking of ultra-high molecular weight polyethylene has
been shown to markedly reduce wear in laboratory tests and
clinical studies3-5. Concerns have been expressed, however, that
the smaller average size of the cross-linked polyethylene wear
particles could lead to osteolysis6 despite a lower wear rate7.

We previously compared the wear rate at a minimum of two
years after total hip replacements with a Marathon cross-linked
polyethylene liner with the wear rate after replacements with a
conventional polyethylene (Enduron) liner8. We are updating that
previous report after more than five years of clinical experience.

Methods

Two of the patients with a Marathon liner (DePuy, Warsaw,
Indiana) in the original study8 did not return for follow-

up, leaving thirty-two hips in thirty-two patients for evalua-

tion. There were ten men and twenty-two women, with an
average age of sixty years (range, twenty-six to eighty-eight
years) at the time of the operation. The average body mass
index was 30.5 kg/m2 (range, 21.3 to 41.4 kg/m2). The patients
were followed for an average of sixty-nine months (range, sixty
to eighty-three months). The comparison group consisted of
twenty-four hips in twenty-four patients with a conventional
gamma-sterilized-in-air polyethylene liner (Enduron; DePuy).
There were eleven men and thirteen women with an average
age of seventy-four years (range, forty-six to eighty-five years)
in this group. The average body mass index was 27.3 kg/m2

(range, 18.6 to 35.2 kg/m2). These patients were followed for
an average of seventy months (range, sixty to ninety-three
months). Patient activity was assessed postoperatively with use
of a computerized two-dimensional accelerometer (StepWatch
Activity Monitor; Cyma, Seattle, Washington)9.

Linear penetration and volumetric wear were measured
on serial anteroposterior radiographs of the pelvis with use of
the edge-detection-based computer algorithm of Martell and
Berdia10. A linear regression analysis was done to determine fem-
oral head penetration and volumetric wear over five years for
each hip. The slope of the linear regression line represents the
penetration or wear rate, and the intercept point on the ordinate
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axis represents the displacement of the femoral head due to
bedding-in (creep and other conformational changes without re-
moval of material from the bearing surface)11. The data in both
study groups were generated three times by two different observers
who were blinded to the type of polyethylene that had been used.

Serial anteroposterior and lateral radiographs were evaluated
for the presence of osteolytic lesions by three orthopaedic surgeons
who were also blinded to the type of polyethylene. The presence of
osteolysis was assessed in the fourteen zones in the femur described
by Gruen et al.12 and the six zones in the acetabulum described by
DeLee and Charnley13. A lesion was not considered to represent
osteolysis unless all three surgeons agreed on the diagnosis.

The differences between the two patient groups were
evaluated with use of a Student t test or a Mann-Whitney U test
as required for different types of data. A p value of £0.05 was
considered significant.

Results

After a mean duration of follow-up of 5.8 years (range, 5.0
to 7.7 years), no hips had been revised for any reason.

There were no mechanical failures of any bearing surface.
The average femoral head penetration (true wear rate,

slope of the linear regression line) was 0.031 mm/yr (range,
0.004 to 0.196 mm/yr; standard deviation = 0.047 mm/yr; 95%
confidence interval = 0.009 to 0.053 mm/yr) in the hips with a

Marathon polyethylene liner and 0.104 mm/yr (range, 0.020 to
0.410 mm/yr; standard deviation = 0.094 mm/yr; 95% confi-
dence interval = 0.066 to 0.148 mm/yr) in the hips with an
Enduron polyethylene liner. The wear rate (femoral head pen-
etration) in the Marathon group was 71% lower than that in the
Enduron group (p = 0.003). The adjusted femoral head pene-
tration was 0.013 mm/million cycles (range, 0.003 to 0.159 mm/
million cycles; standard deviation = 0.029 mm/million cycles;
95% confidence interval = 0.007 to 0.026 mm/million cycles) in
the Marathon group and 0.056 mm/million cycles (range, 0.014
to 0.208 mm/million cycles; standard deviation = 0.045 mm/
million cycles; 95% confidence interval = 0.037 to 0.076 mm/
million cycles) in the Enduron group; this represented a 76%
reduction in the Marathon group (p = 0.023) (Fig. 1).

The average volumetric wear rate was 15.4 mm3/yr
(range, 0.2 to 88.3 mm3/yr; standard deviation = 15.9 mm3/yr;
95% confidence interval = 8.0 to 22.9 mm3/yr) in the hips with
a Marathon polyethylene liner and 55.5 mm3/yr (range, 5.6 to
259.0 mm3/yr; standard deviation = 54.1 mm3/yr; 95% con-
fidence interval = 30.9 to 80.2 mm3/yr) in the hips with an
Enduron polyethylene liner. The volumetric wear rate in the
hips with a Marathon liner was 72% lower than that in the hips
with an Enduron liner (p < 0.001). The adjusted wear rates
were 8.0 mm3/million cycles (range, 0.2 to 55.7 mm3/million
cycles; standard deviation = 15.0 mm3/million cycles; 95%

Fig. 1

Linear regression analyses of femoral head penetration over time (left) or per million cycles (right). Marathon polyethylene is analyzed in the upper

figures and Enduron polyethylene, in the lower figures. 2D = two-dimensional, and PE = polyethylene.
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confidence interval = 1.0 to 15.0 mm3/million cycles) and 29.9
mm3/million cycles (range, 4.4 to 131.3 mm3/million cycles;
standard deviation = 28.7 mm3/million cycles; 95% confidence
interval = 17.5 to 42.3 mm3/million cycles), respectively, a 73%
reduction in the Marathon group (p = 0.001).

There was a slightly higher average displacement of the
femoral head due to bedding-in in the Enduron group. The
difference was not significant (p = 0.435) (Fig. 1). Hips with a
Marathon polyethylene liner showed an average displacement
of the femoral head due to creep and other conformational
changes without removal of material from the bearing surface
(intercept point on the ordinate) of 0.139 mm (range, 0.006 to
0.364 mm; standard deviation = 0.102 mm; 95% confidence
interval = 0.067 to 0.212 mm), whereas the hips with the
Enduron polyethylene liner had an average bedding-in of 0.171
mm (range, 0.027 to 0.634 mm; standard deviation = 0.170
mm; 95% confidence interval = 0.091 to 0.251 mm).

The mean activity of the patients with the Marathon liner
was 1.86 million cycles/yr (range, 0.76 to 3.91 million cycles/yr;
standard deviation = 0.94 million cycles/yr; 95% confidence
interval = 1.42 to 2.30 million cycles/yr). This was slightly lower
than the mean activity of the patients with the Enduron liner,
which was 1.98 million cycles/yr (range, 0.63 to 4.30 million
cycles/yr; standard deviation = 0.88 million cycles/yr; 95%
confidence interval = 1.60 to 2.36 million cycles/yr) (p = 0.683).

Negative wear data were seen in the wear calculations of
seven patients in the Marathon group and in three in the
Enduron group. These cases were excluded from the calcula-
tion of mean values.

Osteolysis
Osteolysis was not radiographically apparent to any of the three
observers in any of the thirty-two hips with a Marathon liner.

Eight of the twenty-four hips with an Enduron liner
demonstrated osteolysis in at least one zone. Classic, scalloped
osteolytic lesions were seen in proximal Gruen zones 1, 2, 7, 8,
and 14 in four, two, seven, six, and seven hips, respectively,
with an Enduron polyethylene liner (Fig. 2). Pelvic osteolysis
was seen in zone I in one hip and in zone II in another hip in
the Enduron group.

The Enduron liners in the hips with osteolysis showed an
average femoral head penetration of 0.178 mm/yr (range,
0.023 to 0.410 mm/yr; standard deviation = 0.123 mm/yr; 95%
confidence interval = 0.075 to 0.281 mm/yr) and an average
volumetric wear rate of 105.2 mm3/yr (range, 29.8 to 259.0
mm3/yr; standard deviation = 75.0 mm3/yr; 95% confidence
interval = 42.3 to 167.8 mm3/yr). The linear wear rate was ap-
proximately 2.7 times higher and the volumetric rate was ap-
proximately 3.5 times higher than the values for the Enduron
liners in the hips without osteolysis, which had an average
femoral head penetration of 0.066 mm/yr (range, 0.020 to
0.185 mm/yr; standard deviation = 0.041 mm/yr; 95% confi-
dence interval = 0.044 to 0.089 mm/yr) (p = 0.010) and an
average volumetric wear rate of 29.8 mm3/yr (range, 5.6 to 64.5
mm3/yr; standard deviation = 18.6 mm3/yr; 95% confidence
interval = 19.5 to 40.2 mm3/yr) (p = 0.004).

The mean activity of the patients with osteolysis was 2.28
million cycles/yr (range, 0.63 to 4.31 million cycles/yr; stan-
dard deviation = 1.25 million cycles/yr; 95% confidence in-

Fig. 2

Location of the osteolytic lesions, according to the zones described by Gruen et al.12 and by DeLee and Charnley13, in the patients

with an Enduron polyethylene liner. The number of patients with osteolysis and the mean diameter of the lesions are displayed.
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terval = 1.23 to 3.32 million cycles/yr). This was only slightly
higher than the mean activity of the remaining patients in the
Enduron group, which was 1.83 million cycles/yr (range, 0.93
to 2.83 million cycles/yr; standard deviation = 0.59 million
cycles/yr; 95% confidence interval = 1.47 to 2.13 million cycles/yr)
(p = 0.426).

Discussion

Our previous radiographic study demonstrated, at a mini-
mum of two years postoperatively, wear rates of 53.3 mm3/

million cycles for Enduron liners and 15 mm3/million cycles
for Marathon liners, a 72% reduction for the Marathon liners8.
The wear rates of both types of polyethylene were lower in the
five-year study: 29.9 mm3/million cycles for the Enduron liners
and 8.0 mm3/million cycles for the Marathon liners, which was
also a 73% reduction for the Marathon liners. The five-year
femoral head penetration rate of 0.104 mm/yr for the Enduron
liners is at the lower end of what has been reported with this
type of polyethylene14-16, although there was a wide range of
measured wear in both groups.

Engh et al. reported a reduction in the mean wear rate of
95% for Marathon liners compared with Enduron liners (0.01 ±
0.12 mm/yr compared with 0.19 ± 0.12 mm/yr)17. McKellop
et al. found a reduction in the mean wear rate of up to 85% for
Marathon liners in hip simulator tests and reported that the
reduction was dependent on the roughness of the bearing
partners5. The percent reduction is a function of the comparison
material, which was not irradiated in either the wear simulator
study by McKellop et al. or the clinical study by Engh et al. Our
comparison is probably the most clinically relevant because
most ‘‘conventional’’ polyethylene has been sterilized with
gamma irradiation in air, as was the Enduron polyethylene
used in the arthroplasties that we studied.

Prostheses with a linear penetration rate of 0.2 mm/yr are
categorically associated with an increased risk for osteolysis over
ten years18,19. The three orthopaedic surgeons in our study in-
dependently recognized periprosthetic osteolysis in eight of the
twenty-four hips with an Enduron liner, which had a mean linear
penetration rate of 0.178 mm/yr. Osteolysis was not observed in
any of the hips with a Marathon liner. A linear penetration rate of
0.031 mm/yr (a volumetric wear rate of 15.4 mm3/yr), which was
the mean for the Marathon liners, is categorically associated with
a very low risk of osteolysis over twenty years9,16,20 and is con-
sistent with the results of other medium-term studies of cross-
linked polyethylene18,19.

There was a wide range of wear and activity data in both
groups because of the randomness of the patient selection. The
aim of the study was to obtain a representation of all patients

who receive a total hip replacement, and we did not exclude any
patient on the basis of body mass index, age, or activity level.

A unique aspect of our study method is the quantification
of individual patient activity and the reporting of an adjusted
wear rate—i.e., the wear per million cycles for a 70-kg patient
weight. Quantitative activity assessment with adjustment for
both patient activity and weight was the best available means
with which to compare these cohorts. Commonly matched
variables, such as gender, age, diagnosis, and Charnley class, are
actually surrogates for the more fundamental variable: the
amount of use of the implant. Our method more directly as-
sesses that fundamental variable.

The limitations of radiographic assessment of small amounts
of wear with the method used in our study have been recognized10

and are not unique to our study. In the study by Engh et al., 32%
(twenty-four) of seventy-six hips with a Marathon polyethylene
liner had negative wear rates17. Methodological limitations related
to image quality, patient positioning, and muscle tone can con-
tribute to outlier data, including apparently negative wear21,22. With
a properly powered study, however, such spurious results have
little impact on the calculation of mean head penetration rates. We
tried to optimize the accuracy of the method by not analyzing any
radiographs in the early postoperative period to avoid evaluating
patients with poor muscle tone, by having all radiographs per-
formed by the same radiology technician, and by using stan-
dardized patient positioning and the same imaging system.

In summary, compared with Enduron polyethylene that
was sterilized with gamma irradiation in air, Marathon poly-
ethylene had a 73% reduction in the adjusted volumetric wear
rate. Osteolysis was observed in eight of the twenty-four hips
with an Enduron liner but in none of the thirty-two hips with a
Marathon liner. Concerns about an increased risk of osteolysis
due to smaller particles from cross-linked polyethylene were
not realized at the time of this medium-term follow-up. We
will continue to follow this cohort of patients. n
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