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Abstract
Sixty Crossfire (Stryker Orthopaedics, Mahwah, NJ) liners were consecutively revised after an
average of 2.9 years (range: 0.01 – 8.0 years) for reasons unrelated to wear or mechanical performance
of the polyethylene. Femoral head penetration was measured directly from 42 retrievals implanted
for over 1 year. Penetration rate results (0.04 mm/y, on average; range: 0.00-0.13 mm/y) confirmed
decreasing wear rates with longer in vivo times. Overall, we observed oxidation levels at the bearing
surface of the 60 liners (0.5, on average; range: 0.1-1.7) comparable to those of non-implanted
liners (0.5, on average; range: 0.3-1.1) and preservation of mechanical properties. We also measured
elevated oxidation of the rim (3.4, on average; range: 0.2-8.8) that was correlated with
implantation time. Rim surface damage, however, was observed in only 3/60 (5%) cases. Retrieval
analysis of the three rim-damaged liners did not reveal an association between surface damage and
the reasons for revision.
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Introduction
Highly crosslinked polyethylene materials are now approaching one decade of clinical use in
hip arthroplasty [1]. Radiographic-based clinical studies have continued to report encouraging
results for annealed [2-6] and remelted [7-11] highly crosslinked polyethylene liners. However,
other than quantifying the radiographic penetration rate and incidence of osteolysis, these
clinical studies provide little information about the wear and damage mechanisms associated
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with this new family of orthopedic biomaterials. Nearly ten years after their clinical
introduction, the retrieval experience with remelted and annealed highly crosslinked
polyethylene materials continues to be limited to isolated case studies [12-14] and series with
relatively short implantation times [15-20].

Recent retrieval studies have reported high levels of oxidation in retrieved annealed liners
[16,17,20], however, these observations have thus far been generally limited to the rim face,
or the unworn regions of the articulating surface. In a series of 12 explanted liners, Currier and
colleagues also observed six cases of rim fatigue damage or delamination [16]. However, 8/12
(67%) of the liners in Currier's study had evidence of impingement or dislocation, and
consequently the clinical significance of rim damage under these circumstances remains
unclear. On one hand, none of the annealed retrievals reported in the literature to date have
been explanted due to rim oxidation or rim fatigue [16,17,20]. In addition, the femoral head
penetration rate of annealed polyethylene in multiple clinical studies has been superior to
conventional polyethylene [2-6]. On the other hand, the observations of rim oxidation raise
questions about the long-term viability of the rim and liner locking mechanisms.

We have followed the clinical performance of annealed highly crosslinked polyethylene in a
high volume urban hospital within the framework of our multicenter prospective retrieval
program that was initiated in 2000 [19,20]. Previously, we have observed that the bearing
surface of annealed (Crossfire) liners appeared to be partially protected from in vivo oxidation,
when compared with the rim [19,20]. Because of the short-term follow-up in our previous
retrieval studies, which were also limited to a single liner design, it was not known whether
our earlier findings could be extrapolated to longer-term implantation of the same design, or
to Crossfire liners of differing designs. Furthermore, the effect of in vivo oxidation, if any, on
the polyethylene around locking mechanisms has not yet been explored. Thus, in the current
study, we tested the hypothesis that, independent of liner design among the two designs
examined, the femoral head and metal shell would reduce in vivo oxidation of the bearing
surface and locking mechanisms, respectively. In addition, we also sought correlations between
oxidation levels and penetration at the bearing surface as well as fatigue damage and cracking
of the rim to test the hypothesized association between in vivo oxidation and clinical damage.

Materials and Methods
Implant Information

Sixty acetabular liners fabricated from annealed, highly cross-linked Crossfire™ polyethylene
(Stryker Orthopedics, Mahwah, NJ) were retrieved during consecutive revision surgeries at a
single, high-volume urban surgical center, in collaboration with a regional retrieval center. The
index procedures were performed between May 1999 and November 2007, and the 60 retrieved
liners were implanted between 0 and 8 years (average ± SD: 2.9 ± 2.1 y). The implants were
collected and analyzed continuously throughout an eight-year period. Explanted liners were
cleaned using institutional procedures and expeditiously stored in a subzero freezer to minimize
ex vivo oxidative changes, as described previously [19]. Data from four new, never implanted
liners served as controls.

The Crossfire liners were produced in the Omnifit (Series II; n=31) and Trident (n=29) designs
(Table 1). The locking mechanisms differ between the Omnifit and Trident liner designs. In
the Omnifit design, which was the first to be introduced clinically with Crossfire in the fall of
1998, the liner is retained in the shell by an equatorial locking wire that fits within a groove in
the backside of the liner. For the Trident design, the backside of the liner is captured in the
shell by interference of an equatorial polymer bead and a groove in the metal shell. Omnifit
and Trident liners were both stored in a polymeric barrier blister package with a metallic foil
barrier cover, which was filled with nitrogen to minimize oxidation during shelf storage [21].
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The shelf life was traceable by the manufacturer from the lot codes in 49/60 (82%) retrieved
liners. The average shelf life of the retrievals was 0.5±0.7 years.

Retrieved Omnifit liners had inner diameters of either 28 mm or 32 mm, whereas with the
retrieved Trident liners, the inner diameter ranged from 28 to 36 mm (Table 1). The head
material was a cobalt chrome alloy in 70% (42/60) of the cases, a ceramic in 30% (18/60) of
the cases (zirconia in 18% (11/60) of the cases; alumina in 12% (7/60) of the cases; Table 1).
The measured thickness of the liners, in unworn locations, ranged from 5.2 to 14.7 mm. The
outer diameter of the acetabular shells varied between 42 to 66 mm (Table 1).

Clinical information
Clinical details for the 60 liners are summarized in Table 1; for completeness these data include
the 12 retrieved Omnifit liners reported in our previous study [19]. Fifty-two percent (31/60)
of the patients were females, and their average age was 63y (range: 29 to 81y). 47% (28/60)
of the revised components were used in patients that had a history of previous revision
surgeries. The implants in this study were revised for reasons unrelated to wear, and included
aseptic loosening, n=28; instability and recurrent dislocation, n=16; infection, n=8;
malalignment, n=3; leg length discrepancy, n=1; bony impingement, n=1; fracture of ceramic
head, n=2; and periprosthetic femoral fracture, n=1. None of the revisions were due to
osteolysis. In addition, preliminary statistical analysis (contingency tables) confirmed Omnifit
and Trident retrievals showed no significant differences concerning the distributions of their
respective reasons for revision.

Patient activity level was assessed in 90% (54/60) of the patients using the UCLA activity scale
ranging from 1 to 10. Patients were asked in a questionnaire to assess their activity level prior
to the onset of symptoms leading to revision surgery. The average patient activity score was 5
(range: 2 to 9), corresponding to occasional participation in moderate activities, such as
unlimited housework or shopping (Table 1).

Small Punch Testing Method
Mechanical properties, including ultimate load (strength), was characterized using the standard
small punch test (ASTM F2183), using the same sampling protocol as our previous retrieval
studies [19], and briefly summarized again herein. In both worn and unworn locations, small
punch specimens were sampled near the surface (0 to 0.5 mm) and below the surface (1.5 to 2
mm) of the retrieved liners. The superior and inferior locations were identified by examining
the articulating surface under a stereomicroscope for the presence of contact damage, such as
the presence of scratches and the removal of machining marks, as well as by inspecting the
back surface of the liners for impressions made by screw holes. For each retrieved liner, up to
8 specimens (depending on material availability) were tested, giving a total of 466 small punch
tests performed on the 60 retrievals. Data from 28 tests performed on four control liners were
also available from the previous study [19].

Oxidation Index Testing Methods
Thin sections (200 μm) created using a microtome were also prepared in worn and unworn
locations and boiled in heptane for 6 hours to remove absorbed lipids [22]. The oxidation index
through the thickness of the liners was then analyzed following ASTM 2102. Regions of
interest from the sections of the acetabular liners included the rim, bearing, and backside
surfaces in both the superior and inferior regions of the component.
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Wear Assessment
The thickness of the liners was measured in the loaded and unloaded regions using a calibrated
digital micrometer. Femoral head penetration into the liner was calculated by subtracting the
thickness of the liner in worn and unworn regions. During the 12 months following
implantation, femoral head penetration in Crossfire inserts is a combination of creep and a
comparatively lower contribution of wear [2]. After the first year of implantation, the
contribution of creep to penetration decreases substantially, and changes in head penetration
in Crossfire are considered to be primarily due to polyethylene wear [2-6]. Consequently, an
average femoral head penetration rate was calculated only for liners that were implanted for
longer than a year, by dividing the measured head penetration by the whole in vivo period, as
described previously [23]. There were 42 liners with in vivo durations of greater than one year
that were amenable to analysis of head penetration using this method.

Statistical Analysis
Student t-tests, Wilcoxon tests, or Spearman's correlations in the case of non-normal
distributions, served to assess differences in mechanical, oxidation and linear penetration rate
results between designs (level of significance p<0.05), as well as between retrievals
corresponding to a same design but implanted for different periods. In this sense, retrievals
were classified into three categories according to their implantation time: less than 1 year, one
to five years, and five or more years. Regional differences in the ultimate mechanical properties,
maximum oxidation index, and linear penetration rates were evaluated with paired t-tests. In
addition, linear models with implantation time and other covariates (patient factors, femoral
head material, etc.) were used to examine the potential significance of patient and implant
factors on oxidation and penetration. All statistical tests were performed using JMP software
(SAS Institute, Cary, NC)

Rim Damage Assessment
Liners were inspected using optical microscopy for evidence of rim damage, subsurface
fatigue, and cracking consistent with the descriptions provided by Currier et al. [16]. During
inspection, only three liners showed evidence of damage at the rim. To better understand the
clinical mechanisms responsible for rim damage in Crossfire liners, we analyzed these three
patients as individual case studies, and synthesized clinical data, with observations of rim
damage, oxidation, bearing surface penetration, and mechanical properties.

Results
Overall Assessment of Crossfire Mechanical Behavior, Oxidation, and Wear

The mechanical behavior of Crossfire at the bearing surface was found to be insensitive to
implantation time as well as to liner design for the two designs under consideration (Fig. 1A-
B). Average ultimate loads near the bearing surface ranged from 70.6 to 103.2 N (mean ± SD:
89.7 ± 8.2 N), and from 68.2 to 107.4 N (mean ± SD: 94.5 ± 8.8 N), for Omnifit and Trident
designs, respectively. Similarly, average subsurface mechanical properties were in the range
from 71.7 to 109.8 N (mean ± SD: 93.0 ± 9.6 N), and from 79.0 to 112.9 N (mean ± SD: 98.7
± 7.2 N), again for Omnifit and Trident liners, respectively. In contrast, the ultimate load of
the unimplanted, control liners ranged between 76.6 and 97.9 N (mean ± SD: 90.1±8.8 N) near
the surface and between 67.5 and 100.05 N (mean ± SD: 91.1±15.8) at the subsurface region.
We found no statistical association between implantation time and the ultimate strength of the
polyethylene near the surface or at subsurface locations of the explants (p>0.05). Trident liners
showed comparable ultimate strength to Omnifit retrievals.
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Significant regional variation was observed in the magnitude of oxidation in the retrieved
Crossfire liners (Fig. 2A-B), with the highest oxidation index located at the rim face (range:
0.2-8.8; mean±SD: 3.4±2.9). In contrast, the oxidation values at the bearing surface (range:
0.1-1.7; mean±SD: 0.5±0.4), around the locking mechanism (range:0.1-1.7; mean±SD: 0.4
±0.3), and at the back surface (range:0.1-1.3; mean±SD: 0.4±0.2) of the liners were
substantially lower than at the rim (Fig. 2A-B). Rim oxidation significantly increased with
implantation time (Spearman's Correlation ρ =0.71, P <0.0001); a positive trend was not
detected at the bearing surface (P = 0.83), backside (ρ =−0.28; P = 0.03) or the locking
mechanism (ρ =−0.31; P = 0.02) of the liners. The progression of in vivo oxidation with
implantation time at the rim and the articulating surface of Omnifit and Trident retrievals is
depicted in Figures 3A-B. The temporal evolution of oxidation in Crossfire retrievals was
consistent with an exponential growth trend with time in vivo at the rim (R2 = 0.48; p < 0.0001),
but not at the articulating surface (R2 = 0.00; p = 0.85). Retrieved Crossfire liners implanted
for less than five years had oxidation indices close to the oxidation levels of the control liners
(range: 0.3-1.1; mean±SD: 0.5±0.4) in the locking mechanism (range: 0.1-1.7: mean±SD: 0.4
±0.3) and bearing surface regions (range: 0.1-1.7: mean±SD: 0.5±0.5), as well as in the rim
region for liners implanted for less than 1 year (range: 0.2-1.5: mean±SD: 0.7±0.4). In general,
and despite the shorter duration of Trident liners, the regional variations of oxidation were
comparable for both Omnifit and Trident liners (Fig. 2A-B). Polyethylene in the vicinity of the
Trident locking mechanism had less oxidation and less variability in oxidation than in the
Omnifit liner design for retrieved liners implanted for less than five years (p = 0.02, Fig. 2A-
B).

Retrieved Omnifit and Trident liners amenable to penetration measurements (n= 21 and n=21,
respectively) exhibited similar, relatively low linear penetration rates during the first eight
years of implantation (Fig. 4A-B, Table 1). The linear penetration rates fell in the range of 0.01
to 0.09 mm/y (mean ± SD: 0.04±0.02 mm/y) for Omnifit liners (n=15), and in the range from
0.00 to 0.10 mm/y (mean ± SD: 0.04±0.03 mm/y) for Trident liners (n=17) implanted for five
years or less. All retrieved liners implanted for more than five years exhibited lower average
linear penetration rates than explants revised before that period (mean ± SD: 0.02±0.01 mm/y
for 4 Omnifit liners amenable to measure; 0.01±0.01 mm/y for 4 Trident liners), the only
exceptions being two Omnifit liners revised due to fractured zirconia femoral heads (0.13 and
0.04 mm/y). Moreover, there was a negative correlation between linear penetration rate and
implantation time (Spearman's Correlation; ρ = −0.35, P = 0.02), confirming the decreasing
trend of the penetration rate with time. Using analysis of covariance, general linear models for
penetration rate including in vivo time, femoral head size, and femoral head material as
covariates also revealed a significant influence of implantation time (P=0.002; Power = 90%)
and head material (P=0.03; Power=65%), but not for head size (P=0.2; Power = 23%). Overall,
implants with alumina ceramic heads (n=5; 1 liner not amenable to measure due to iatrogenic
damage) showed a trend of lower linear penetration rates (0.01±0.01 mm/y) in comparison
with acetabular liners bearing against zirconia ceramic (0.04±0.04 mm/y; n=7; including 2
liners revised due to fractured ceramic head) and cobalt chrome alloy heads (0.04±0.03mm/y;
n=30). In addition, the average penetration rates were identical for the three head sizes available
for analysis (0.04±0.03 mm/y; n=22, 17 and 3 for 28, 32 and 36 mm heads, respectively).
Finally, we observed no significant difference in the penetration rates of the two liner designs
(p=0.23), and no significant influences of shell size on penetration rate.

A significant correlation was observed between the maximum oxidation near the superior
(worn) surface and the ultimate load of polyethylene near the superior bearing surface
(Spearman's Correlation: ρ = −0.41, P = 0.001) in the retrieved Crossfire liners (Fig. 5). In spite
of the aforementioned correlation, the penetration rate of the liners was not correlated with the
ultimate load of polyethylene near the worn surface (P = 0.64). Likewise, no significant
correlation was found between maximum oxidation near the worn surface and penetration rate
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(P=0.95). The variability of the previous three variables (maximum oxidation index near the
worn surface, ultimate load near the superior surface, and linear penetration rate), as well as
their average values and standard deviations, can be seen in Table 2.

Case Studies of Rim Damage
Three of the 60 consecutively retrieved liners (5%) exhibited fatigue-related surface damage
at the rim, unrelated to extraction from the shell during revision surgery. The three liners with
rim surface damage were revised between 3.1 and 4.6 years in vivo. None of these liners were
revised due to wear, osteolysis, rim oxidation or rim damage. The outcomes of these three
patients, summarized briefly as case studies, are provided below.

Case Study 1 (Retrieval 343). This 61-year-old female patient was implanted with a 28-mm
diameter CoCr alloy femoral head and a Crossfire Omnifit liner in 2001. The patient's body
mass index (BMI) was 27 kg/m2, and according to the UCLA activity level questionnaire, she
was mostly inactive, corresponding to a maximum UCLA score of 3 at any point after surgery.
Her activity score was 2 within 3 months prior to surgery. The shell was initially well-
positioned (Fig. 6A), but became dislodged from her acetabulum following a fall and oriented
vertically with respect to her pelvis (Fig. 6B). The patient experienced groin and buttocks pain
after the fall for 7 months until her revision surgery in 2004. Following 3.1 years of
implantation, the liner rim showed localized plastic deformation and whitening, consistent with
subsurface “white band” and localized oxidation index values of 5.0 (Fig. 6C). The average
penetration rate for this liner was 0.06 mm/y, and the maximum oxidation index at the bearing
surface was 0.5. The ultimate strength of the liner near the bearing surface was 82.4 ± 3.6 N.
The mechanism of rim damage appeared to be contact with the femoral head when the liner
was oriented vertically. Thus, the rim damage in this case was judged to be unrelated to the
reason for revision, which was precipitated by traumatic loosening of the shell.

Case study 2 (Retrieval 345). This 78-year-old female patient was implanted with a 28-mm
diameter CoCr alloy femoral head and a Crossfire Omnifit liner in 2001. The patient's body
mass index (BMI) was 33 kg/m2, and she was mildly active, corresponding to a maximum
UCLA score of 4 at any point after surgery. Her activity score was 2 within 3 months of her
revision surgery. The shell was initially well-positioned (Fig. 7A-B), but the patient suffered
from chronic instability and dislocated between 5 and 10 times before her revision surgery in
2004. After 3.3 years in vivo, the liner rim showed a 90° arc of delamination (Fig. 7C). The
average penetration rate for this liner was 0.05 mm/y, and the maximum oxidation index at the
bearing surface was 0.5. The surface ultimate load of the Crossfire bearing was 87.3 ± 18.1 N.
Undamaged regions of the rim did not show evidence of delamination or white banding, and
their associated maximum oxidation index was 0.3. The rim damage was likely produced
during the chronic dislocations of the femoral head over the rim. Therefore, the rim damage
in this case was generated secondary to the joint instability, which necessitated revision.

Case study 3 (Retrieval 578). This 60-year-old female patient was implanted with a 32-mm
diameter CoCr alloy femoral head and a Crossfire Trident liner during revision surgery of
primary left total hip arthroplasty in 2001. She weighed 225 lb, corresponding to a BMI of 34
kg/m2 (clinically obese), and she was mostly inactive (maximum UCLA score of 3). After 4.6
years in situ, the second implant had to be re-revised due to fracture of the medial wall of the
pelvis (Fig. 8A). Analysis of the radiographs did demonstrate complete protrusio of the
acetabular component. The average penetration rate for this liner was 0.02 mm/y, and the
maximum oxidation index at the bearing surface was 0.3. The surface ultimate load of the
Crossfire bearing was 90.0 ± 4.1 N. The liner rim showed a nearly 180° arc of surface damage
and delamination, where the local peak oxidation was 6.4 (Fig. 8B). Neither delamination nor
white banding was found in non-impinged areas of the rim. Abnormal loading of the femoral
head likely caused the rim damage after fracture of the pelvis and dislocation of the implant.

Kurtz et al. Page 6

J Arthroplasty. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
The retrieval results were consistent with our previous short-term retrieval findings [19,20]
and demonstrated low femoral head penetration and preservation of mechanical properties at
the bearing surface of annealed highly crosslinked acetabular liners up to 8 and 6 years in
vivo for the Omnifit and Trident designs, respectively. However, we also measured elevated
rim oxidation, and these findings were likewise independent of design. In vivo oxidation occurs
predominantly at the rim of acetabular liners because of its greater exposure to molecular
oxygen in the in vivo environment [20]. Our retrieval data continue to support the hypothesis
that the femoral head and metal shell reduce the in vivo oxidation of the annealed polyethylene
liner at the articulating and backside surfaces. The in vivo oxidation mechanism is most likely
fueled by molecular oxygen dissolved in the body fluids and tissues, as opposed to reactive
oxygen species, such as superoxide radicals that have a short half life and would be unlikely
to diffuse below the polyethylene surface.

Rim surface damage was observed in 3/60 (5%) consecutively revised annealed liners since
2000. Detailed analysis of the clinical circumstances associated with these revisions did not
reveal an association between the rim damage and the reasons for revision, which were due to
traumatic mechanical loosening of the acetabular shell; chronic instability and recurrent
dislocations; and pelvic fracture, respectively. In all three cases, the clinical circumstances for
these patients would have necessitated revision, regardless of the type of polyethylene liner.

Our research, as well as the results from a previous study [16], has shown that surface damage
can occur at the rim as a consequence of elevated in vivo oxidation and relatively unusual
clinical circumstances. However, the incidence of rim damage in the present study (3/60, 5%)
was also lower than that reported previously by Currier et al. (6/12, 50%) [16]. Currier et al.
also reported that 8/12 (67%) of their retrievals were removed due to dislocation or instability,
whereas in our study, 16/60 (27%) were revised for similar reasons. The differences between
both studies in the incidences of instability as well as rim damage are attributed to study design
and potential sampling bias inherent in Currier's retrieval collection methodology. The retrieval
method employed by Currier did not reflect a consecutive series obtained from a single
institution, but rather a collection of individual cases with unknown selection criteria.

The penetration rate for the retrieved Trident and Omnifit liners was 0.04 mm/y, and was within
the range of findings from short- and intermediate-term implantation for Crossfire [2-5]. At
two years of follow-up, the average in vivo penetration rate, determined from radiographs, has
been reported to range between 0.01 and 0.12 mm/y [2,4,5]. A five-year study by D'Antonio
et al [3] found the average linear penetration rate of Crossfire in 56 patients to be 0.06±0.02
mm/y. A recent RSA study of 10 patients by Röhrl and coworkers [6] found an average wear
rate of less than 0.006 mm per year in Crossfire cemented all-polyethylene cups after 6 years.
In each of these radiographic studies, the penetration rate of Crossfire was found to be less than
the conventional polyethylene control [2-6]. Thus, the head penetration determined from our
retrievals, based on direct measurements with 42 liners with over 1 year of implantation time,
was found to be generally consistent with clinical studies documenting relatively lower
penetration rates for Crossfire as compared to conventional polyethylene.

Femoral head penetration data, for both retrieval analysis and radiographic wear assessments,
are generally limited by the combined contribution of creep and wear. Despite this limitation,
femoral head penetration after an early “bedding in” phase is widely used to characterize wear
in clinical studies of conventional and highly crosslinked polyethylene acetabular liners
[2-6]. Published radiographic wear data for Crossfire [2-6] indicates that the initial bedding in
phase occurs within the first year of implantation. Thus, by restricting our attention in this
study to penetration rates after one year of implantation, we have limited the contribution of
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creep to our measurements. It must be emphasized that the bedding in phase for head
penetration may be material dependent, and one year may not be sufficient for creep to subside
in other highly crosslinked polyethylene formulations. To facilitate the future comparison of
our data with other studies with different selection criteria, we have reported the penetration
values for individual retrievals in Table 1.

With regard to the influence of different femoral head materials on the penetration rate of
Crossfire liners, we detected lower penetration rates for implants with alumina ceramic
compared to those with zirconia ceramic and cobalt chrome heads. However, based upon post-
hoc analysis of our data, we did not have sufficient power with only 5 alumina ceramic femoral
heads to confirm significantly lower penetration rates with respect to zirconia ceramic and
CoCr alloy heads, if it exists (general linear models: 65% power). There appears to be a lack
of consensus on the theoretical advantages of ceramic over cobalt chrome heads in the literature
[1]. The highest penetration rate, and an outlier in our study (0.13 mm/y, Fig. 4A), was observed
in the case of a fractured zirconia head after 8 years in vivo. In this case, the surface damage
was also generated by articulation of the exposed trunnion, as well as third-body fragments of
the fractured ceramic head, with the Crossfire liner prior to revision. Additional retrievals will
need to be analyzed to more definitively explore the hypothesis that ceramic femoral heads
decrease the wear of hip arthroplasties incorporating Crossfire.

We observed greater variation in the oxidation near the locking mechanisms of Omnifit liners
when compared with Trident liners. This may reflect a combination of differences in liner-
shell conformity of the two designs, as well as differences in the proximity of the locking
mechanisms to the equator of the shell, where the access to oxygen containing fluids would be
greater for the Omnifit as compared with the Trident design. As there have been no instances
of Omnifit liner disassociation to date at our multicenter retrieval program, the clinical
significance of these findings near the locking mechanism remains unclear at the present time.

The results of this study are limited to a single, high volume surgical center and may not
necessarily be generalized to the overall surgeon or patient population. Between 1999 and
2006, over 5,900 Crossfire liners have been implanted by the high volume surgical center
participating in the present study. Our collaborative and ongoing retrieval program has enabled
consecutive surveillance of Crossfire explants over a continuous 9-year time period, and thus
provides crucial insight into the frequency and prevalence of failure modes for annealed
polyethylene liners in two contemporary acetabular shell designs. The three most common
reasons for revision: loosening, instability, and infection, did not differ between acetabular
component designs and were the same as those reported for the general hip arthroplasty
population based on the Nationwide Inpatient Sample for the United States during 2005 [24].
Furthermore, the observations of elevated rim oxidation with Crossfire have not been
associated with clinically significant sequellae to date.
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Figure 1.
A-B. Ultimate load results by sampling region (surface and subsurface) for retrieved Omnifit,
(1A), and Trident, (1B), liners. Retrievals were classified into three categories (less than 1 year,
one to five years, and five or plus year) according to their corresponding implantation time.
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Figure 2.
A-B. Maximum oxidation index measured at three different regions in the retrieved Omnifit,
(2A), and Trident, (2B), liners. The average oxidation level of control, never-
implanted,Crossfire liners is shown for the sake of comparison.
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Figure 3.
A-B. The progression of maximum in vivo oxidation with implantation time at the rim, (3A),
and at the articulating surface, (3B) for retrieved Omnifit and Trident liners. The evolution of
oxidation in Crossfire retrievals was consistent with an exponential growth trend with time in
vivo at the rim (R2 = 0.48; p < 0.0001), but not at the articulating surface (R2 = 0.00; p = 0.85).
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Figure 4.
A-B. Linear penetration measured in the retrieved Omnifit, (4A), and Trident, (4B), liners
(n=42).
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Figure 5.
Correlation between ultimate load and maximum ASTM oxidation index at the superior surface
of 60 retrieved Crossfire liners.
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Figure 6.
A-C. Anterior-posterior radiographs for case study 1, a Crossfire liner revised after 3.1 years.
1.5 months postoperative radiograph, (6A), and 3 years postoperative, (6B). After implantation,
the liner rim, (6C), showed localized plastic deformation and whitening (oxidation index ~ 5.0
at the rim).
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Figure 7.
A-C. Anterior-posterior radiographs for case study 2, a Crossfire liner revised after 3.3 years.
2.5 months postoperative radiograph, (7A), and 1.6 years postoperative, (7B). After
implantation, the liner rim, (7C), showed a 90° arc of delamination, probably due to chronic
dislocations of the femoral head over the rim.
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Figure 8.
A-B. Anterior-posterior radiograph, (8A), for case study 3, a Crossfire liner revised after 4.6
years in situ. This Crossfire liner had to be re-revised due to fracture of the medial wall of the
pelvis. After implantation, the liner rim, (8B), showed a nearly 180° arc of delamination,
probably due to dislocation of the femoral head secondary to fracture of the pelvis.
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