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Abstract

Background  First-generation highly cross-linked polyeth-
ylene liners have reduced the incidence of wear particle-
induced osteolysis. However, failed acetabular liners have
shown evidence of surface cracking, mechanical failure, and
oxidative damage. This has led to the development of sec-
ond-generation highly cross-linked polyethylene, which has
improved wear and mechanical properties and resistance to
oxidation in vitro. Owing to its recent introduction, there are
no publications describing its clinical performance.
Questions/purposes We assessed early clinical wear of a
second-generation highly cross-linked polyethylene liner
and compared its clinical performance with the published
results of hip simulator tests and with first-generation
highly cross-linked polyethylene annealed liners.

Patients and Methods Twenty-one patients were enrolled
in a prospective cohort study. Clinical outcome and

One or more of the authors (DGC) has received funding from Stryker
Orthopaedics, Mahwah, NJ.

Each author certifies that his or her institution approved the human

protocol for this investigation, that all investigations were conducted
in conformity with ethical principles of research, and that informed

consent for participation in the study was obtained.

This work was performed at Wakefield Orthopaedic Clinic.

D. G. Campbell (PX)

Wakefield Orthopaedic Clinic, 270 Wakefield Street,
Adelaide, SA 5000, Australia

e-mail: hipknee @tpg.com.au

J. R. Field
CORe: Comparative Orthopaedic Research Surgical Facility,
Flinders University, Adelaide, SA, Australia

S. A. Callary

Department of Orthopaedics and Trauma, Royal Adelaide
Hospital and University of Adelaide, Adelaide, SA, Australia

@ Springer

femoral head penetration were measured for 19 patients at
6 months and 1 and 2 years postoperatively.

Results The median proximal head penetration was
0.009 mm and 0.024 mm at 1 and 2 years, respectively.
The median two-dimensional (2-D) head penetration was
0.083 mm and 0.060 mm at 1 and 2 years, respectively.
The median proximal wear rate between 1 and 2 years was
0.015 mm/year.

Conclusions The wear rate calculated was similar to the
in vitro wear rate reported for this material; however, it was
less than the detection threshold for this technique. Although
longer followup is required for wear to reach a clinically
quantifiable level, this low level of wear is encouraging for
the future clinical performance of this material.

Level of Evidence Level 1V, therapeutic study. See the
Guidelines for Authors for a complete description of levels
of evidence.

Introduction

Component loosening is the most common reason for early
to midterm revision of hip prostheses [2, 27]. A major
contributor to the loosening observed at revision
arthroplasty is osteolysis related to wear of UHMWPE [10,
17, 18, 23, 26, 40, 45, 46]. To overcome the problems of
wear associated with conventional UHMWPE, highly
cross-linked polyethylene (HXLPE) was introduced [11].
The first-generation HXLPE:s in clinical use have exhibited
markedly less wear than conventional UHMWPE [12, 14,
28, 30, 31]; however, there have been some reports of
surface cracking, mechanical failure, and oxidative damage
in failed acetabular liners [5, 22, 25].

The reduced mechanical properties of first-generation
HXLPE can be attributed to the process of cross-link
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formation, which is achieved by irradiation and heating of
the polyethylene [16, 37]. Materials that are heated above
their melting temperature (remelted) have reduced fatigue
strength [41, 42] owing to alteration of the material’s
crystalline structure [38]. Heating to just below the melting
point (annealing) maintains the mechanical properties of
the material; however, the ability to eliminate free radicals
using this technique is reduced as a consequence of their
limited mobility in the polymer, which increases the pro-
pensity for late oxidative damage to the material [42, 43].
To improve the efficiency of free radical elimination, a new
process of sequential irradiation and annealing has been
introduced in a new second-generation material X3™
(Stryker Orthopaedics, Mahwah, NJ). A hip simulator
study has shown, in addition to excellent mechanical
properties, acetabular liners made from this material have
superior wear properties in comparison to conventional
UHMWPE and clinically successful first-generation
HXLPE [16].

Unfortunately, the ability to translate positive findings
from hip simulator studies to equally good results clinically
has proven challenging [29, 32, 39]. This highlights the
importance of confirming the safety and wear performance
of new materials in clinical studies using a sensitive eval-
uation technique. There is currently no published data
describing the clinical performance of the second-genera-
tion highly cross-linked polyethylene X3™ acetabular
liner. Therefore, we assessed the early clinical wear prop-
erties of the X3™ liner using radiostereometric analysis
(RSA) to compare its clinical performance with the results
of hip simulator tests and with those of first-generation
annealed acetabular liners. We hypothesize the X3™ liner
will have a clinical wear rate similar to that reported from
hip simulator tests and less than that reported for first-
generation annealed acetabular liners.

Patients and Methods

We recruited a prospective consecutive series of 21
patients with osteoarthritis of their hip for the trial. Inclu-
sion criteria were the consultant surgeon selecting
cementless components with the Trident® acetabular sys-
tem (Stryker Orthopaedics) matched with an X3™
acetabular liner (Stryker Orthopaedics) as the preferred
choice of implant and surgery scheduled at the Calvary
Wakefield Hospital, which is equipped for RSA. Ethics
approval was obtained for this study from the Wakefield
Hospital ethics committee. All patients provided informed
consent for the insertion of tantalum markers during sur-
gery and the subsequent RSA radiographs. Exclusion
criteria were residence outside the metropolitan area,
abnormal gross anatomy of the hip, age older than

80 years, and inflammatory arthritis or severe osteoporosis.
Two patients were excluded from the study owing to
incomplete RSA evaluation at 12 months. Therefore, 19
patients were included in the study (10 men, nine women).
Their median age was 63 years (range, 47-76 years);
median male weight was 84 kg (range, 72-100 kg) and
median female weight was 71 kg (range, 60—78 kg). Sixteen
patients were Charnley grade A and three were Charnley
grade B. The mean cup size was 54.6 mm (range, 48—
62 mm). The mean inclination was 45.6° (range, 39°-58°).

All patients had a hemispheric, porous-coated, metal-
backed shell (Trident™ acetabular system) implanted with
a HXLPE liner (X3™). The cross-link formation process
of the liner involved three cycles of sequential irradiation
and annealing. Each cycle consisted of gamma irradiation
at a dose of 3 Mrad followed by annealing at 130°C for 8
hours [16]. The total cumulative radiation dose was 9
Mrad. Terminal sterilization was achieved through a gas
plasma process. All patients received a cementless femoral
stem (Accolade™; Stryker Orthopaedics) with a 32-mm
cobalt-chromium femoral head.

Six tantalum markers (1.0-mm diameter; RSA Bio-
medical, Umea, Sweden) were placed in the outer rim of
the polyethylene liner at the time of surgery. Baseline RSA
examinations were performed within 7 days of surgery and
again at 6 months and 1 and 2 years postoperatively.
Examinations were taken with each patient in a supine
position. Bragdon et al. [8] and von Schewelov et al. [50]
reported no statistical difference between the wear mea-
surements made from standing and supine RSA
radiographs; therefore, patients in our study were examined
in the supine position.

A ceiling-mounted radiographic tube and a mobile
radiographic tube were used simultaneously to take expo-
sures of the hip with a calibration cage (Number 43; RSA
Biomedical). Wear was measured by penetration of the
femoral head inside the polyethylene liner with UmRSA™
software (v6.0; RSA Biomedical). The program identifies
the center of the outer ellipse of the femoral head and
acetabular cup with an edge detection algorithm used in
conjunction with tantalum markers placed in the outer rim
of the polyethylene liner. This combined measurement
technique using edge detection in conjunction with marker
beads was proven to have the highest precision clinically in
a study by Borlin et al. [4] with a conservative detectable
limit for measuring wear of 80 um.

Femoral head penetration into the polyethylene was
calculated in three separate ways to enable comparison to
other in vitro and in vivo studies. First, proximal head
penetration was calculated from translations along the y
axis (Fig. 1). Second, the amount of 2-D head penetration
was calculated as the vectorial sum of medial-lateral
(x axis) and proximal-distal (y axis) migrations. Third, the
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Fig. 1 A postoperative RSA radiograph of a right hip is shown, with
an inset illustrating the three axes used to measure head penetration.
Positive x-axis translations represent medial head penetration;
positive y-axis translations represent proximal head penetration; and
positive z-axis translations represent anterior head penetration.

amount of 3-D head penetration was calculated as the
vectorial sum of medial-lateral, proximal-distal, and ante-
rior-posterior (z axis) migrations. These measurements of
femoral head penetration used the immediate postoperative
radiograph as a baseline and therefore included “bedding-
in” of the femoral head. The penetration recorded after
1 year was identified as true wear of the polyethylene liner,
and consequently, the proximal wear rate was calculated
between 1 and 2 years. Median wear rate was calculated as
the difference in head penetration between 1 and 2 years
for each individual.

To document that this series of patients achieved a
typical outcome with usual physical activity after TKA,
clinical outcome was measured using Oxford Hip and SF-
12 scores recorded preoperatively and postoperatively.

Sample size was based on a power calculation made
using the Altman normogram [1, 52]. Previous RSA studies
[22, 41] showed wear of conventional polyethylene of 0.1
to 0.085 mm and a standard deviation less than 0.07. RSA
studies on cross-linked polyethylenes support in vitro
observations that wear would be less than the detection
threshold of 0.80 mm. A power calculation indicated a
total of less than 20 subjects was required to detect a target
difference of less than 50% wear compared with published
results of noncross-linked polyethylene (o = 0.05,
B =0.9). A post hoc power calculation [33, 52] with
2-year results showed a [ value greater than 90% for vertical,
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2-D, and 3-D wear. Changes in clinical outcomes scores
assessed preoperatively and at 1 year followup were
compared using the Wilcoxon’s matched pairs signed-
ranks test. Significance was set at p = 0.05.

Results

There were no mechanical failures or reoperations in any of
the patients. All patients showed improvement in preop-
erative and 1-year postoperative clinical scores (p < 0.5,
Wilcoxon’s matched pairs signed-ranks test). Oxford Hip
Score improved from a preoperative median of 36 (range,
26-54) to a postoperative median of 18 (range, 12-30). The
median preoperative SF-12 scores for pain and motivation
were 30 (range, 21-43) and 42 (range, 31-61), respec-
tively. Postoperatively, the median SF-12 scores for pain
and motivation were 39 (range, 25-56) and 52 (range, 34—
65), respectively. SF-12 scores were comparable to those of
age-matched population normals [3]: in subjects aged 55 to
64 years, the mean physical component is 46.7 (range,
45.4-48.0) and the mean mental component is 53.4 (range,
52.4-54.5).

Femoral head penetration was observed during the ini-
tial 6 months, which plateaued with minimal wear at 1 and
2 years of followup. The median proximal head penetra-
tions were 0.009 mm (range, —0.094-0.119 mm; SD,
0.063 mm) and 0.024 mm (range, —0.070-0.160 mm; SD,
0.061 mm) at 1 and 2 years, respectively (Fig. 2A). The
median proximal wear rate calculated between 1 and
2 years was 0.015 mm/year. The median 2-D head pene-
tration showed most of the migration occurred during the
first 12 months. The median 2-D head penetrations were
0.083 mm (range, 0.017-0.152 mm; SD, 0.040 mm) at
1 year and 0.060 mm (range, 0.014-0.165 mm; SD,
0.040 mm) at 2 years (Fig. 2B). The median 2-D wear rate
between 1 and 2 years was 0.009 mm/year. The median
3-D head penetrations were 0.159 mm (range, 0.017—
0.317 mm; SD, 0.080 mm) and 0.156 mm (range, 0.067—
0.256 mm; SD, 0.059 mm) at 1 and 2 years, respectively
(Fig. 2C). The median 3-D wear rate between 1 and
2 years was —0.043 mm/year.

Discussion

As a consequence of its recent introduction to clinical use,
there currently are no publications describing the clinical
wear properties of the X3™ acetabular cup insert. One hip
simulator study reports the in vitro wear of this insert [16],
and therefore our purpose was to compare these in vitro
wear results with those after clinical use during a 2-year
period. Furthermore, as this is the first report of the clinical
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Fig. 2A—-C Box-and-whisker plots show (A) proximal, (B) 2-D, and
(C) 3-D head penetration measured at 6, 12, and 24 months.
Horizontal bar = median; box = upper and lower quartiles; error
bars = range.

wear characteristics of a second-generation HXLPE ace-
tabular liner, we were interested in comparing the results
from this study with literature reports of first-generation
annealed highly cross-linked UHMWPE liners. We
hypothesized the findings of this study would be consistent
with the in vitro wear results and show clinical wear com-
parable or less than wear for first-generation HXLPE liners.

The high sensitivity of the RSA measurement technique,
in conjunction with the ability to extrapolate results of
short-term average linear wear rate to the average long-
term linear wear rate for a population, makes this a useful
tool for screening newly introduced prostheses [13, 29, 49].
Despite this, the RSA technique has limitations in accuracy

and precision [4, 7, 51] that make it challenging to measure
very small amounts of wear that are less than the detection
threshold. In an optimal experimental setup, the accuracy
of RSA is reported to range from 0.022 mm to 0.086 mm
depending on the vector direction [7]. Our study is further
limited in that no measurement of precision was made for
this data set. The precision of our results should be similar
to those validated previously for the combined liner and
marker technique [4].

Dowd et al. [15] reported a linear increase in true wear
with time is characteristic of polyethylene acetabular lin-
ers. However, we measured an uncharacteristic pattern of
proximal femoral head penetration in that numerous
patients had negative wear, particularly within the first year
of the study. This finding has been reported previously
[6, 20, 34-36] and is a result of femoral head penetration
measurements lying within the accuracy limit of the tech-
nique and therefore being outside the limit of detection.
The migration calculated between 1 and 2 years represents
the actual rate of wear, but the numerical value of this
should be interpreted with caution as it also lies within the
detection threshold of the RSA technique.

The calculation of annual wear in this study was based
only on wear that occurred between 1 and 2 years. Although
the amount of head penetration was recorded at three times,
the measurements were relative to the immediate postop-
erative radiographs and consequently included the initial
creep and bedding-in of the liner. Studies have shown the
majority of bedding-in occurs within 2.5 million cycles [21],
which usually is complete after approximately 1 year [47].
This being the case, only wear measured between the first
and second years was considered true wear. This is sup-
ported by the findings of Glyn-Jones et al. [24] in an RSA
study of the creep and wear characteristics of HXLPE. They
concluded femoral head penetration within the first
6 months was dominated by creep whereas penetration after
1 year was virtually all attributable to wear.

In the only published hip simulator study comparing the
X3™ liner with conventional UHMWPE and a first-gen-
eration annealed HXLPE liner (Crossﬁre‘(':‘:‘; Stryker
Orthopaedics), the X3™ liners had a markedly lower wear
rate than the conventional and first-generation HXLPE
liners [16]. Based on their findings, Dumbleton et al. [16]
predicted the clinical wear rate of the X3™ liners should
be 14 um/year. The wear rate of 15 um/year of median
proximal wear measured in our study between 1 and
2 years is consistent with the predicted wear rate of 14 pm/
year but should be considered a serendipitous result as this
amount of wear is within the limits of accuracy for RSA
and is not valid at this time. If we assume a conservative
detectable limit for measuring wear of 80 um, which is
consistent with the precision measurements reported by
Borlin et al. [4] for this technique (68 pum, 98 pum, 138 um
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in the x, y, z axes, respectively), it would take more than
5 years before there is evidence of measurable wear.
Similar findings have been reported for first-generation
HXLPE liners, which highlights the need to evaluate
HXLPE over a period of at least 5 years [9, 35]. The annual
2-D wear rate calculated in our study was considerably less
than for proximal wear; however, linear measurements of
2-D wear are thought to underestimate the true wear rate
[17, 48] and therefore may not truly represent the wear rate
for this type of polyethylene.

First-generation annealed Crossfire™ liners are reported
to have an annual wear rate of 36 pm/year based on a 5-
year evaluation of plain radiographs [12]. The annual wear
rate for the X3™ liner found in our study (15 pm/year) is
58% less than this, which is consistent with the hip simu-
lator results of Dumbleton et al. [16], who found the X3™
material had 62% less wear than Crossfire™ liners. Rohrl
et al. [44] reported a mean wear of 23 um between 2 and
24 months for Crossfire™ inserts. This is similar to the
mean proximal head penetration we found (28 um) for the
x3™ liner; however, an accurate comparison requires a
longer study to quantify the potential differences in wear
between these materials.

A low rate of polyethylene wear is advantageous as it
reduces the likelihood of wear particle-induced osteolysis
and the subsequent need for revision arthroplasty owing to
aseptic loosening. Dumbleton et al. [17] have assigned an
osteolysis threshold for wear of 0.1 mm/year, below which
osteolysis occurs infrequently, and a rate of 0.05 mm/year,
which is considered safe, as the occurrence of osteolysis is
almost eliminated. The annual wear rate calculated in our
study was well below this threshold. We can expect the
need for revision arthroplasty attributable to wear particle-
induced osteolysis to be unlikely at least in the short term.
The functional biologic activity of this material is likely to
be lower than conventional polyethylene owing to a com-
bination of similar specific biologic activity and lower wear
rate [16, 19].

Our study showed that wear of X acetabular liners
after 2 years is less than a clinically quantifiable level,
making accurate comparison with first-generation Cross-
fire™ liners challenging. A longer period of evaluation is
required until wear reaches a level that is clinically
detectable. However, it is clear X3™ liners have wear
properties superior to those of conventional polyethylene.
Our measurements between 1 and 2 years followup suggest
wear is nearly undetectable, which is encouraging for the
future clinical performance of this material.

3TM
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