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Abstract First-generation highly crosslinked polyethylene (HXLPE) was developed to reduce
polyethylene wear debris and subsequent osteolysis. Two thermal stabilization strate-
gies were developed, annealing and remelting, to remove free radicals remaining in the
polymer. Both types of HXLPEs have demonstrated better wear resistance to conven-
tional polyethylene in hip arthroplasty. However, few studies have directly compared
the mid- to long-term clinical outcomes of first-generation HXLPEs. We sought to
address the following research questions: (1) is there a difference between the revision
reasons for HXLPE formulations (annealed and remelted), (2) is there a difference in
oxidation between annealed and remelted HXLPEs, (3) is there a difference in the linear
penetration rate of annealed and remelted HXLPEs, and (4) does the formulation of
first-generation HXLPEs affect the prevalence of osteolysis? A total of 129 first-
generation HXLPE acetabular liners were collected in a multicenter retrieval program.
These components were implanted for 5 or more years and were fabricated from
annealed or remelted HXLPE. Reasons for revision, body mass index, age, sex, and
activity levels were collected from medical records. Oxidation was measured at four
regions of interest: bearing surface, backside surface, locking mechanism, and rim.
Liner penetration was directly measured from retrievals using a micrometer. Osteolysis
was reported in the operative notes by the revising surgeon and a thorough review of
the operative notes and radiographs. Revision reasons included infection, instability,
pain, and loosening. The annealed liners had higher oxidation indices than remelted
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Highly crosslinked polyethylene (HXLPE) was clinically intro-
duced in 1998 as a method to decrease implant wear and
subsequent osteolysis.1 Crosslinking is achieved by exposure
to high energy radiation. However, radiation exposure also
causes the formation of free radicals within the polymer.1

Residual free radicals can lead to accelerated degradation in
vivo.2 Two potential solutions were introduced for the reduc-
tion of free radicals in first-generation HXLPEs. One method
wasknownas annealing, inwhich thepolymerwasheated to a
temperature just below the melting point.1 Compared with
conventional, gamma inert sterilized ultrahigh-molecular-
weight polyethylene (hereafter referred to as conventional
UHMWPE), annealed HXLPE retains its crystallinity and some
mechanical properties. Specifically, annealed HXLPE has simi-
lar yield strength andultimate tensile strength comparedwith
conventional UHMWPE. However, the elongation, toughness,
and fatigue crack propagation resistance of annealed HXLPE
are reducedwhen comparedwith conventional UHMWPEdue
to the higher levels of crosslinking. This method maintains
measurable levels of free radicals,3,4 which can lead to oxida-
tion of thematerial. The alternativemethod, known as remelt-
ing, heats the polymer to a temperature above its melting
point, resulting in an HXLPE with an undetectable amount of
residual free radicals.1 This method, however, decreases the
polyethylene’s static and cyclic mechanical properties com-
paredwith conventional UHMWPE.5 The crosslinking reduces
the chain mobility of the polymer, which reduces the elonga-
tion and toughness and further reduces the fatigue crack
propagation resistance compared with annealed HXLPE. Ad-
ditionally, the remelting and subsequent recrystallization of
the polymer results in a lower crystallinity (as comparedwith
conventionalUHMWPE),which confers a lower strengthof the
polymer. Regardless of the method used to reduce the free
radicals in first-generation HXLPEs, the resulting material
exhibits superior wear resistance at the expense of some
mechanical properties when compared with conventional
UHMWPE.

Through improved wear resistance and thus decreased
generation of polyethylenedebris, crosslinking of polyethylene
was hypothesized to improve implant survivorship and de-
crease the prevalence of osteolysis.6 Kurtz et al3 reported an
87% decrease in the incidence of osteolysis of HXLPE when
comparedwithconventionalUHMWPE.Similarly,Capelloetal6

reported a reduction in wear rate by 78% in annealed HXLPE
when compared with conventional polyethylene. However,
this study was restricted by a smaller patient cohort (38
patients) and follow-up of only 10 years.6 Several studies

have attempted to capture the long-term results by following
patients at a minimum of 7 to 10 years and have confirmed
lower amounts of wear for remelted and annealed HXLPEs
compared with conventional polyethylene.6–8 However, these
studieshavenotevaluatedthe reasons for revisionandwhether
this trend continues beyond 10 years in vivo.

To determine the clinical performance of long-term first-
generation HXLPEs, we examined oxidation and wear rates in
retrieved annealed and remelted acetabular liners that were
implanted for 5 or more years. We sought to address the
following research questions: (1) is there a difference between
the revision reasons for HXLPE formulations (annealed and
remelted), (2) is there a difference in oxidation between
annealed and remelted HXLPEs, (3) is there a difference in
the linear penetration rate of annealed and remelted HXLPEs,
and (4) does the formulation of first-generation HXLPEs affect
the prevalence of osteolysis?

Materials and Methods

Patient Demographics and Implant Characterization
Between January 2000 and July 2018, acetabular liners were
collected from 14 surgical centers as a part of an institutional
review board approved multi-institutional retrieval analysis
program during routine revision surgery. The respective
boards approved the study protocols at all participating
centers. All explanted acetabular liners were cleaned using
institutional procedures and expeditiously stored in a sub-
zero freezer to minimize ex vivo oxidative changes.9

During the study period, our retrieval program received
approximately 1,100 HXLPE acetabular liners, of which 790
acetabular liners were confirmed as being fabricated from a
first-generation HXLPE. The scope of the studywas limited to
the twomanufacturers fromwhichwe collected the greatest
number of first-generation HXLPE acetabular liners:
annealed (Crossfire, Stryker Orthopaedics); and remelted
(Longevity, Zimmer Biomet). Of these 645 acetabular liners,
129 were implanted for 5 years or more. This resulted in 55
annealed acetabular liners and 74 remelted acetabular liners
for inclusion in this study (►Fig. 1).

The annealed liner cohort had smaller inner diameters
(median inner diameter¼ 28mm, range: 22–36mm) than
the remelted cohort (median inner diameter¼ 32mm;
range: 28–40mm; median difference¼ 4mm; p< 0.001).
Liners from the annealed cohort had inner diameters of
22mm (n¼ 1), 28mm (n¼ 40), 32mm (n¼ 11), or 36mm
(n¼ 3). The remelted cohort had inner diameters of 28mm

liners. There was no difference in linear penetration rates between cohorts. There was
no difference in osteolysis prevalence between cohorts. We found remelted HXLPE to
bemore oxidatively stable than annealed HXLPE but did not find a significant difference
in the linear penetration rates or the prevalence of osteolysis. Our findings demon-
strate sustained long-term wear resistance of both cohorts of HXLPE. We did not find
evidence to support a long-term clinical difference between the formulations of HXLPE.
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(n¼ 16), 32mm (n¼ 37), 36mm (n¼ 19), or 40mm (n¼ 2).
In the annealed cohort, the material of the femoral head was
cobalt-chrome alloy in 64% (n¼ 35/55) of the implants and
ceramic in 36% (n¼ 20/55) of the implants. In the remelted
cohort, the material of the femoral head was cobalt-chrome
alloy in 92% (n¼ 68/74) of the implants and ceramic in 4%
(n¼ 3/74) of the implants. Femoral head material was not
reported in three revisions in the remelted cohort.

Clinical data and operative reports were collected and
used to determine patient age, sex, body mass index (BMI),
implantation time, and University of California Los Angeles
(UCLA) activity score (►Table 1). Patient UCLA activity scores
were reported for 86% (n¼ 47/55) of the annealed cohort and
80% (n¼ 59/74) of the remelted cohort. UCLA activity assess-
ment was conducted through a patient questionnaire, which
inquired about their activity level 3 months prior to surgery
as well as their maximum activity level since implantation
(on a scale of 1 to 10). The patient characteristics in the two
cohorts were similar when evaluating patient age at device
insertion (p¼ 0.94), sex (p¼ 0.84), BMI (p¼ 0.58), and UCLA
activity score (p¼ 0.59). The annealed cohort had a longer
implantation time (median¼ 9.8 years; range: 5.0–17.0
years) when compared with the remelted cohort (medi-
an¼ 7.8 years; range: 5.0–16.5 years), likely due to its earlier
clinical introduction (median difference: 2.0 years;
p¼ 0.007). Also, 22% (n¼ 12/55) of the revised components
from the annealed cohort and 23% (n¼ 17/74) from the
remelted cohort were retrieved from patients who had a
history of at least one previous revision surgery. Reasons for
revision were reported in the clinical report and also

assessed based on medical records, radiographs, and exami-
nation of the retrieved components.

Analyses of Oxidation
To examine the oxidation properties, thin (�200 µm) slices
were taken from the superior/inferior axis of the revised
acetabular liners. TheHXLPE sliceswere boiled in heptane for
6 hours to extract lipids absorbed in vivo.10 Using transmis-
sion Fourier transform infrared (FTIR) spectroscopy, 3-mm
line profiles were taken perpendicular to regions of interest
(ROIs), according to ASTM 2102–13. ROIs for the revised
acetabular linerswere the rim, lockingmechanism, backside,
and bearing surface. An oxidation index (OI) was calculated
in accordance with ASTM 2102.11

Analyses of Linear Penetration
Wear was assessed through linear femoral head penetration
using calibrated digital micrometers (accuracy of 0.001mm),
where the thickness of the acetabular linersweremeasured in
the loaded and unloaded regions. The femoral head penetra-
tion rate was determined by dividing the head penetration
depth by the implantation time to calculate a penetration rate
(mm/year)12 for eachmeasured liner. Seventeen (31%) of 55 of
the annealed cohort and 15 (20%) of 74 of the remelted cohort
for a total of 31 acetabular liners were excluded from this
measurement due to physical damage occurring during expla-
nation, which would cause inaccurate penetration rate
measurements.

Incidences of Osteolysis
Osteolysis was determined by the revising surgeon and a
detailed review of the operative notes and radiographs.
Patients were identified as having osteolysis if the osteolysis
was indicated as a revision reason by the revising surgeon.
Additionally, we reviewed the intraoperative notes of each
case and identified patients with osteolysis if the revising
surgeon mentioned osteolysis or bone loss in the report.

Statistical Analyses
Using the Shapiro–Wilk test, continuous variables were
tested for normality and were found to be nonnormal. Given
this result, the two cohorts were tested for differences using
theWilcoxon test. Spearman’s rank correlation test was used
to analyze all correlations. These statistical tests were per-
formed with an α value of 0.05. All statistical tests were
conducted using commercial statistical software (SPSS v. 25,
IBM Corp.).

Fig. 1 Selection process of the study samples. HXLPE, highly cross-
linked polyethylene.

Table 1 Summary of patient demographics in annealed and remelted cohorts in intermediate and long-term implantation

Cohort n Age
(years)

Gender
(%F)

BMI
(kg/m2)

Implantation
time (years)

Max UCLA score

Annealed Intermediate term (5–10 y) 29 58� 15 62% 31.4� 6.6 7.3� 1.7 6 (1–8)

Long term (10þ y) 26 54� 17 39% 29.1� 5.9 12.2� 1.8 7 (3–10)

Remelted Intermediate term (5–10 y) 59 57� 16 51% 29.8� 7.1 7.2� 1.2 6 (2–10)

Long term (10þ y) 15 53� 13 60% 28.2� 5.2 12.0� 1.8 7 (4–10)

Abbreviations: BMI, body mass index; F, female; UCLA, University of California Los Angeles.
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Results

The primary revision reasons were different between the
two cohorts (p¼ 0.04; Pearson’s chi-square test). Specifically,
infection was more prevalent in the remelted cohort (24%)
compared with the annealed cohort (9%) (p¼ 0.025). The
predominant revision reasons in the annealed cohort were
infection (9%; n¼ 5/55), instability (29%; n¼ 16/55), loosen-
ing (29%; n¼ 16/55), periprosthetic fracture (7%; 4/55), and
device fracture (fractured ceramic head [11%; n¼ 6/55]). The
remelted cohort was also principally revised for infection
(24%; n¼ 18/74), instability (39%; n¼ 29/74), loosening
(23%; n¼ 17/74), periprosthetic fracture (3%; n¼ 2/74),
and device fracture (ceramic head [1%; n¼ 1/72], femoral
stem [1%; n¼ 1/72]) (►Fig. 2). For the 33 reports of loosening
in the two cohorts, 18 were for loosening of the acetabular
shell, 11 were loosening of the femoral stem, and 4 were for
both acetabular shell and femoral stem loosening.

After review of operative notes and clinical radiographs,
16/55 (29%) of the annealed cohort and 18/74 (24%) of the
remelted cohort had evidence of osteolysis. However, 7 of the
16 patients with annealed HXLPE liners with osteolysis had a
history of at least one prior revision. Similarly, in the remelted
cohort, 9 of the 18 patients with osteolysis had a history of at
least one prior revision. Therefore, in primary cases, osteolysis
was similar among the patients with annealed liners (9/39
[23%]) and remelted liners (9/56 [16%]; p¼ 0.78). Osteolysis
was listed as a revision reason in three cases in the annealed
cohort and in one case in the remelted cohort.

OIsmeasured in the annealed cohortwerehigher than those
measured in the remelted cohort at the bearing surface
(annealed cohortmedian¼ 0.4, interquartile range [IQR]¼ 0.1;
remelted cohort median¼ 0.1, IQR¼ 0.1; median differ-
ence¼ 0.3;p< 0.001), backside (annealedcohortmedian¼ 0.3,
IQR¼ 0.2; remelted cohort median¼ 0.1, IQR¼ 0.1; median
difference¼ 0.2; p< 0.001), locking mechanism (annealed co-
hort median¼ 0.3, IQR¼ 0.2; remelted cohort median¼ 0.1,

IQR¼ 0.1; median difference¼ 0.2; p< 0.001), and rim
(annealed cohort median¼ 5.2, IQR¼ 3.7; remelted cohort
median¼ 0.1, IQR¼ 0.1; median difference¼ 5.1; p< 0.001)
(►Fig. 3). Regional differences were observed within each of
the cohorts. In the remelted cohort, the bearing surface had the
largestOI comparedwith thebackside, lockingmechanism, and
the rim (median differences¼ 0.08, 0.08, and 0.08, respectively,
and p� 0.001,<0.001, and<0.001, respectively). The remelted
acetabular liners had similar levels of oxidation at the rim,
backside, and locking mechanism (p¼ 1.0). In the annealed
cohort, the rim had the greatest amount of oxidation as
compared with the bearing, backside, and locking mechanism
regions (median difference¼ 4.8, 4.9, and 4.9, respectively, and
p� 0.001,<0.001, and<0.001, respectively). To a lesser degree,
the bearing surface had higher oxidation than the locking
mechanism (median difference¼ 0.1; p¼ 0.023). In both the
annealed and remelted cohorts, oxidation was not correlated
with implantation time at the bearing surface (Spearman’s
ρ¼ 0.19 and 0.03, respectively, and p¼ 0.18 and 0.78, respec-
tively), backside surface (Spearman’s ρ¼ 0.13 and –0.04,
respectively, and p¼ 0.35 and 0.73, respectively), locking
mechanism (Spearman’s ρ¼ 0.15 and –0.03, respectively,
and p¼ 0.30 and 0.79, respectively), or the rim (Spearman’s
ρ¼ –0.02 and 0.00, respectively, and p¼ 0.86 and 0.99,
respectively).

Femoral head penetration rates of the annealed and
remelted HXLPE acetabular liners were similar (p¼ 0.06;
►Fig. 4). The annealed acetabular liners had a median pene-
tration rate of 0.014mm/year (range: 0.005–0.15mm/year;
IQR: 0.02mm/year). The remelted acetabular liners had a
median penetration rate of 0.009mm/year (range: 0.000–
0.081mm/year; IQR: 0.016mm/year). For both the annealed
and remeltedcohorts, thepenetration rates of linerswhere the
patient had osteolysiswere similar to linerswith patientswho
did not have osteolysis (p¼ 0.72 and 0.10, respectively). In
both cohorts, the femoral head penetration rates were not

Fig. 2 Revision reasons for the annealed and remelted highly crosslinked polyethylene cohorts.
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correlated with femoral head size (p¼ 0.28 and 0.01 for the
annealed and remelted cohorts, respectively).

Discussion

Over two decades ago, HXLPEs were presented as an alterna-
tive to conventional polyethylene, providing potential in-
creased wear resistance to decrease wear debris and
subsequently reduce osteolysis.1 The purpose of this study
was to determine the efficacy of these materials in reducing
wear and osteolysis as well as to compare the clinical perfor-
mance of the two post-irradiation thermal treatment meth-
ods. The annealed cohort had higher OIs than the remelted

cohort at all ROIs: rim, backside, bearing surface, and locking
mechanism. However, the femoral head penetration rate was
similar between the two cohorts, andwe likewise observed no
differences in the reported incidence of osteolysis between
annealed and remelted HXLPEs. The results of our study
suggest that both annealed and remelted HXLPE formulations
have similarmediumto long-termclinical behavior, regardless
of the fact that the annealed cohort in this study was more
highly oxidized, especially at the rim.

This study had several limitations. First, the implantation
time differed slightly between the two cohorts, likely due to
the earlier clinical introduction of Crossfire (annealed
HXLPE), which may be a confounding factor.1 However,

Fig. 4 Femoral head penetration (left) and femoral head penetration rates (right) were similar between the two cohorts. Thirty-one liners were
not measured due to iatrogenic damage to the articular and/or backside surfaces.

Fig. 3 Oxidation indices were higher in the annealed highly crosslinked polyethylene liners at all regions of interest.
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when observing the oxidation of thesematerials, all of which
had been implanted for at least 5 years, it was determined
that implantation time did not correlate with the measured
OIs. Additionally, all components were from revised THAs
and thus may not reflect the behavior of successful compo-
nents still in vivo.

The principal reasons for revision were infection, instabili-
ty, and loosening, although they were found in different
proportions within each cohort. Specifically, infection was
the primary revision reason in 24% of the remelted cohort,
whereas infection was only present in 9% of the annealed
cohort. It is unclear what accounts for the increased infection
observed in the remelted cohort; however, it could be the
shorter implantation time, different approaches to classifying
revision reasons between surgeons, or different referral pat-
terns between the performance sites in this study. These
differences may be attributed to the fact that the annealed
cohort was in vivo for a longer period of time due to the earlier
date of clinical availability. The predominant reasons for
revision (loosening, instability, and infection) found in this
study were similar to a recent retrieval study of first-
and second-generation HXLPEs13 as well as a database study
of THA revision reasons in the United States.14 Additionally,
therewere no incidences of liner fracture, as is thought to be a
concern with remelted HXLPE due to diminished mechanical
properties.15 This is most likely because remelted liner frac-
tures typically occurred early, within 5 years of implantation,
as a result of various factors, including being implanted
vertically.16 In this study of long-term performance, these
short-term failed components were excluded from our
analyses.

This study demonstrated that remelted HXLPE is more
oxidatively stable than annealed HXLPE, but this finding was
not associated with the length of time that the liners were
implanted. The nature of annealed HXLPE to have greater
oxidation in vivo results from the residual free radicals, which
are still detectable, even after post-irradiation thermal proc-
essing has taken place.1 Residual free radicals can lead to
oxidation and chain scission when they come into contact
with oxygen and will result in a decrease in the mechanical
properties of the polymer.17 Regional differences were seen
within both cohorts. The remelted acetabular liners were
found to have lowOIs (indices< 1) at all ROIs, but the annealed
acetabular liners exhibited low OIs at the locking mechanism,
bearing surface, and backside (median OI 0.3, 0.4, and 0.3,
respectively), whereas, in contrast, the rim of annealed liners
was found to have higher indices (median OI¼ 5.2). These
differences are presumably due to differences in the areas of
contact on the liner between the femoral head and the metal
shell. If oxidizing species in joint fluids is unable to reach the
polyethylene surface, oxidation is reduced.17 With the excep-
tion of the rim of the annealed cohort, these indices were
below the ASTM threshold OI of 1, above which oxidation is
considered to substantially degrade mechanical behavior.13

Despite the rims of the annealed cohort exhibiting high OIs,
we did not observe any cases of rim fracture or mechanical
failure of the annealed liners. This suggests that oxidationdoes

not appear to be a clinical concern in either cohort, at least for
liners implanted for up to 17 years.

In this study, we found head penetration rates to be similar
between the cohorts. This finding was consistent with a
similar shorter term study comparing the two materials.18

This is likely due to the two materials has similar targeted
crosslinking dosages and, thus, should provide similar resis-
tance to wear. Oxidation of annealed HXLPE can reduce the
mechanical properties of the liner and may ultimately de-
crease thewear resistance of the polymer. However, given the
similar penetration rates of the two cohorts, it appears that the
level of oxidation at the bearing surface observed in this study
is not enough to degrade the long-term clinical wear behavior.
The low penetration rates for the two HXLPE formulations
found in this study are consistent with those found in other
similar studies.19–24 Femoral head size did not affect the linear
femoral head penetration rates in either cohort in this study.
This is similar to a review article that found several studies
where linear penetration rate is independent of femoral head
size.25 However, for a given linear penetration rate, larger
heads will release a larger volume of HXLPE debris into the
joint space. Importantly, linear femoral head penetration rates
were similar in patients with and without osteolysis. This
highlights that osteolysis is a complex, multifactorial problem
that is dependent onmore than just linear penetration rates of
the polyethylene liner.

HXLPE was developed to target the issue of polyethylene
wear-induced osteolysis. Multiple studies have shown posi-
tive survivorship of HXLPE.3,6,7,9,14,26,27 However, it has yet
to be determined if the incidence of osteolysis has been
improved and if there is a difference in osteolysis occurrence
between the two post-irradiation thermal processing meth-
ods. This study provided new information about the mid- to
long-term performance (specifically the clinical reasons for
revision, oxidation, and wear) of these materials as it cap-
tured a longer period of implantation as well as an increased
cohort size.6,19–22,28–30 Even with the extended period of
implantation, no difference in the prevalence of osteolysis
was found between annealing and remelting. This result is
consistent with the lack of a difference found between
femoral penetration rates as volume of wear debris is an
important factor in the development of osteolysis.31,32 The
low incidence of osteolysis observed in this study is consis-
tent with previous studies.3,21 Despite the low level of wear,
osteolysis was still reported in a few cases, confirming that
the development of osteolysis is amultifactorial problemand
not solely dependent on the volume of polyethylene
wear.33,34 Of the 28 patients for which osteolysis was
reported, seven observations of osteolysis were not found
in the acetabular region, indicating that they may have been
a result of nonpolyethylene debris, such as metal.33 Addi-
tionally, these results indicate that despite the oxidation of
annealed HXLPE, it does not appear, within this cohort, to
have impacted the prevalence of osteolysis. This result
suggests that polyethylene wear has decreased to a point
where it may no longer be impacting time to revision. In a
study performed by Ollivier et al,35 patients were also
separated into two groups by activity score. Conventional
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UHMWPE was evaluated in Ollivier’s study, and the
low activity group was found to have a higher chance of
survival.35 These differing results indicate that due to the
increased wear resistance of HXLPE polyethylene, high ac-
tivity level and the resulting increase inwear potentiallymay
be less of a clinical concern.

In summary, this multi-institutional implant retrieval
study did not find a difference in femoral head penetration
rates or prevalence of osteolysis in patients between
annealed and remeltedHXLPE liners in total hip arthroplasty,
at least not in the liners and patients analyzed in this study
which were in vivo between 5 and 17 years. It remains to be
seen whether HXLPE formulation has an effect on the wear
performance of THA beyond 15 years or whether these
formulation differences are clinically meaningful in more
highly stressed total joints such as the knee.
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