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Introduction: Numerous thermal free radical stabilization techniques are used in the
production of highly cross-linked polyethylene (HXLPE) to improve oxidative stability.
Little knowledge exists on the effects of in vivo time on the mechanical properties of
HXLPE. The purpose of this study was to determine if free radical stabilization of HXLPE
impacts mechanical properties as well as oxidative stability of acetabular liner rims after
extended in vivo time.

Methods: Retrieved and control remelted, single annealed and sequentially annealed
HXLPE liner rims were tested for mechanical properties. Oxidation was measured with
FTIR spectroscopy and crystalline phase composition measured with Raman spectroscopy.
Results: No correlation was found between in vivo, ex vivo time and hardness for annealed
groups. A statistically significant difference in hardness was identified between free radical
stabilization groups. No correlation between maximum rim oxidation and in vivo time was
found. Detectable levels of rim oxidation were present in 100% of single annealed, 75% of
sequentially annealed, and 25% of remelted retrieved liners. Single and sequentially annealed
liners demonstrated oxidation and increased crystallinity. Rim mechanical properties change
in vivo for implant types. With in vivo time, retrieved remelted HXLPE demonstrated
decreased mechanical properties, whereas retrieved single and sequentially annealed
HXLPE properties remained stable. All liner cohorts demonstrated evidence of rim oxida-
tion. Subsequent changes in crystallinity were only observed in oxidized annealed liners.
Conclusion: HXLPE acetabular liner rims show evidence of in vivo mechanical property
degradation, notably in remelted HXLPE, which may be a risk factor in rim fracture and
catastrophic implant failure.
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Introduction

The success of primary total hip arthroplasty (THA) in reducing pain and improving
function in patients with end-stage arthritis has been consistently demonstrated.
However, revision surgery has been known to carry significant patient morbidity and
financial costs. Thus, improving implant longevity remains critical to improved patient
care and overall cost reduction. The introduction of highly crossed-linked polyethylene
(HXLPE) has resulted in a significant reduction in wear and wear-related complications
in THA."” A variety of thermal free radical stabilization techniques, including
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remelting and various forms of annealing, are routinely used
in the production of HXLPE in order to improve oxidative
stability. Remelting effectively removes free radicals, how-
ever this results in decreased crystallinity and subsequently
decreased mechanical properties. Annealing leaves residual-
free radicals while maintaining crystallinity and mechanical
properties. Furthermore, certain manufacturers utilize irra-
diation for implant sterilization, which can reintroduce or
increase free radicals in the finished implant, depending on
the sterilization environment and thermal stabilization tech-
nique. The perception at the onset of development of HXLPE
was that remelted liners were expected to be oxidatively
stable but more likely to have mechanical degradation. The
opposite was true for annealed liners. They were perceived to
be mechanically stable but more prone to oxidation. These
mechanical property changes have resulted in clinically sig-
nificant mechanical failures of first generation HXLPE THA
liners, specifically at the implant rim.*'” There remains
a lack of knowledge regarding the effects of extended
in vivo time on the mechanical and physical properties of
HXLPE acetabular liners, specifically at the implant rim, and
whether this might contribute to failures in this region of the
implant."® %> The purpose of this study was to determine the
extent of mechanical and physical property changes of
HXLPE THA liner rims after in vivo exposure. Single
annealed, sequentially annealed and remelted liners were
assessed. First, mechanical properties of retrieved liner rims
were assessed using microindentation hardness for each type
of oxidative stability technique after extended in vivo time.
Liner rims were then assessed for evidence of oxidation and
microstructural changes that could explain identified differ-
ences found in mechanical testing. The extent and location of
oxidation at the implant rim was assessed by Fourier
Transform Infrared Spectroscopy (FTIR), and crystallinity
of the implant rim was assessed by Raman Spectroscopy.
These factors were compared to the Vickers hardness repre-
sented by microindentation testing. It was hypothesized that
the liners stabilized with thermal annealing would demon-
strate increased oxidation resulting in an increase in relative
crystallinity and thus reduced mechanical properties when
compared to those that are remelted. In addition, it was
predicted that the amount of oxidation would correlate with
the extent of time in vivo and that microindentation testing
would demonstrate a larger increase in hardness for annealed
liners compared to remelted liners. It was anticipated that the
results of the biomechanical testing would demonstrate
a positive correlation between the oxidation index, crystal-
linity, and hardness at the rim with extended in vivo times.

These changes, in theory, would predispose the liners to an
increased rate of mechanical failure.

Methods

Sample Selection

A review of the implant retrieval laboratory (IRL) database
was performed to obtain a list of available HXLPE acetabular
liners with in vivo times greater than 4.5 years. This in vivo
time was chosen given the lack on data on in vivo time above
four years in the current literature. Institutional review board
approval was obtained for access to the retrieved implants
and associated patient data. This study had been approved by
the Western University Research Ethics Board (IRB
00000940). Patient consent had been obtained. All partici-
pants were informed as to the purpose of this study, in
accordance 3 with the Declaration of Helsinki. All authors
contributed to data analysis, drafting, or revising the article,
have agreed on the journal to which the article will be sub-
mitted, gave final approval of the version to be published, and
agree to be accountable for all aspects of the work. All
participants were informed as to the purpose of this study,
in accordance 3 with the Declaration of Helsinki. All
retrieved institutional implants underwent a sanitation and
storage protocol including cleansing in a 10% bleach solu-
tion, fixation in 10% formalin solution, and storage wrapped
in gauze in a closed cardboard box stored in a clean, dry and
well-ventilated storage room at ambient temperature in room
air. Outside institution implants were processed and frozen
within 30 days of extraction. Implants were placed in 10%
formalin solution for 2—14 days, rinsed in water for 30
minutes, hand scrubbed with mild soap, dried and stored in
a —86°C freezer to prevent further oxidation. Inclusion cri-
teria included implants with in vivo time greater than 4.5
years, implants having undergone thermal-free radical stabi-
lization during manufacturing, the ability to identify the
specific HXLPE material of the implant, and an implant
rim without significant damage from removal with
a suitable testing surface. Liners were divided into three
groups based on free radical stabilization technique:
remelted, single annealed, or sequential annealed. Never-
implanted control liners from the same manufacturers were
tested to assess for changes from baseline properties after
time in vivo. Control liners were obtained directly from
implant manufacturers and maintained in air impermeable
post-manufacturing packaging until the time of sample pre-
paration and testing. For oxidation and phase composition
testing, a subset of retrieved liners was selected with an ex

I I 4 https:

Dove!

Orthopedic Research and Reviews 2021:13


https://www.dovepress.com
https://www.dovepress.com

Dove

Decker et al

vivo time less than one year to minimize the potential effect
of shelf oxidation. A summary of the included liners can be
found in Table 1.

Microindentation Testing

Microindentation hardness testing was performed along
the rim surface of each acetabular liner according to
ASTM E384 using a Micromet II Vickers microhardness
tester (Buehler Ltd, Lake Bluff, IL). A square-based dia-
mond indenter was used to apply a load of 0.0254 kgf into
the flat surface of the rim for a 10 second dwell time. The
diagonal lengths (d; and d) of the resultant indentation
were measured using the micro-ruler on the machine’s
microscope, measured at 40x magnification. Each rim
was tested with 10 to 16 indentations. The Vickers hard-
ness (HV) for each sample was calculated using the fol-
lowing equation:

F
HY = 1.8544ﬁ

Where d is the mean diagonal length of the indentation
in mm (d=(d;+d>)/2). A mean Vickers hardness was cal-
culated for each sample.

Oxidation and Phase Composition Testing
For those liners undergoing oxidation and phase composi-
tion testing, each liner had a vertical cross section removed
that included the implant rim. Thin slices (~200 microns
thick) were removed parallel to the cross-sectioned surface,
extending from the bearing side to the backside of the
implant at both the central portion of the articular surface
and the rim regions. Each slice was then boiled in hexane at
a temperature of 69°C for six hours to extract absorbed
esterified fatty acids, and subsequently air dried. The ver-
tical sections from each region of the implant were then
assessed for oxidation using a Bruker Hyperion 2000
Fourier transform infrared (FTIR) microscope (Bruker

Daltonics Inc, Billerica, MA) attached to a Tensor II spec-
trometer. Oxidation index (OI) values were calculated
according to ASTM F2102 by integrating the area of the
peaks arising from the carbonyl groups from 1680 to
1775 em—1 and rationing that area to the area of the peak
arising from the polyethylene, at approximately 1368 cm ™.
In order to characterize oxidation as a function of depth, line
scans were collected using a 200 pm square window at 200
um intervals from the bearing side to the backside of the
implant at the central articular surface and from the top
down 3mm into the bulk at the rim.

Raman spectroscopy was used to assess for changes in
the crystalline phase fraction of polyethylene as it relates to
oxidative changes. A Renishaw InVia Raman spectrometer
(Renishaw Plc, Gloucestershire, UK) equipped with a 514
nm laser, delivering approximately 8 mw of power at the
surface of the sample, was used in confocal mode for the
analysis. The cross section of the rim section was mapped
near the top surface, at the depth of maximum oxidation as
detected with FTIR, and in the bulk of the material (~3mm
depth) using a 20X objective. If no detectable oxidation (OI <
0.1) was noted by FTIR, the sample was mapped 1 mm from
the top surface, carried out in a 50x50 um area, collecting
121 data points which were averaged, and baseline corrected.
After restricting the peak position and full width at half
maximum to reasonable ranges, a spectral deconvolution
was performed using an automatic curve fitting routine in
the Renishaw Wire 4.1 software package. Using previously
described calculation methods*®*” for determining the phase
fraction of polyethylene (source), the fraction of the amor-
phous (xa), crystalline (xc), and intermediate (i) phases of
UHMWPE is determined.

Results

Microindentation Testing
A total of 55 retrieved and 13 control liner rims were eval-
uated. Retrieved samples included 23 remelted, 16 single

Table 1 Summary of Included Liner Manufacturers and Stabilization Methods

Manufacturer DePuy DePuy Zimmer Smith & Nephew Stryker Stryker

HXLPE Material AltrX Marathon Longevity XLPE Crossfire X3

N (retrievals) 3 3 7 10 16 16

N (controls) | 2 2 3 2 3

Stabilization Method Remelted Remelted Remelted Remelted Single Annealed Sequentially Annealed

Stock Material GUR 1020 | GUR 1050 | GUR 1050 GUR 1050 GUR 1050 GUR 1020
Orthopedic Research and Reviews 2021:13 https: 115
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annealed, and 16 sequentially annealed liners. Average
patient age at the time of the revision surgery was 69 years
and 60% of patients were male. Indications for revision
surgery included infection (22.6%), aseptic loosening
(18.9%), instability (18.9%),
(15.1%), revision of a recalled implant (9.4%), recalcitrant

periprosthetic  fracture
pain (7.5%), implant malposition (5.7%), and trunnionosis
(1.9%). In vivo and ex vivo times for remelted, single
annealed and sequentially annealed times are presented in
Table 2. There was no statistically significant difference
between the groups for in vivo time (p=0.184) and ex vivo
time (p=0.484). No correlation was found between in vivo
and ex vivo time and hardness for the single annealed and
sequentially annealed group. For remelted liners,
a statistically significant correlation (p=0.11) between ex
vivo time and hardness were found, which may be associated
with ex vivo mechanical property degradation. To control for
this finding, analysis of covariance (ANCOVA) with ex vivo
time as a covariate was used to assess for differences in
hardness and the retrieved liners base on thermal treatment.
Statistical significance (p < 0.0005, n* = 0.322) in hardness
was identified between the free radical stabilization groups.
Post hoc analysis revealed that remelted samples had
a statistically significant lower hardness compared to single
annealed (p=0.001) and sequentially annealed (p < 0.0005)
samples, and no difference found between the single and
sequentially annealed samples. A post hoc power analysis
was performed at a significant level of 5%, demonstrating
a power of 99.6%. Compared to control liners, remelted
retrieved liners showed an increase in hardness by 0.40kgf/
mm? (95% CI 0.12-0.68, p = 0.007). No hardness difference
was found between control and retrieval samples in the single

or sequentially annealed groups as seen in Figure 1.

Oxidation and Phase Composition Testing
A subset of 16 retrieved and 5 control liner rims were
selected based on the above noted criteria (ie less than
1 year ex-vivo). Retrieved samples included 8 remelted, 4
single annealed, and 4 sequentially annealed liners. Average
patient age at the time of the revision surgery was 69.1 years
and 68.8% of patients were male. Indications for revision
surgery were infection (31.3%), periprosthetic fracture
(18.8%), recalcitrant pain (18.8%), aseptic loosening
(6.2%), instability (6.2%), revision of recalled implant
(6.2%), implant malposition (6.2%), and trunnionosis
(6.2%). No statistical difference was found between groups
for in vivo time (p = 0.295) and ex vivo time (p = 0.539). Rim
oxidation as a product of depth with detectable oxidation
index (OI > 0.1) was analyzed as seen in Figure 2. When
found, rim oxidation was always in the subsurface region
(Figure 3). Detectable rim oxidation was demonstrated in
only 25% (2/8) of the remelted liners, with an average
Olyax 0f 0.32. One in vivo liner of 7.93 years demonstrated
significant oxidation (Oly.x = 1.89). No correlation between
maximum rim oxidation and in vivo time was found. In
contrast, detectable levels of rim oxidation were present in
75% (3/4) of the retrieved sequentially annealed liners, with
an average Olyx of 1.24. Control sequentially annealed
liners demonstrated low but detectable rim oxidation
(OIpax=0.10). There was no correlation between maximum
rim oxidation and in vivo time for sequentially annealed
liners. Lastly, all (4/4) of the single annealed liners demon-
strated significant rim oxidation (Oly,y > 0.1), with average
Olax of 3.50. Control single annealed liners demonstrated
detectable but low rim oxidation (Ol = 0.2). There was
a positive correlation between the maximum rim oxidation
and in vivo time (p=0.90, p=0.037).

Table 2 Correlation Between Vickers Hardness (HV) and in vivo and ex vivo Time

Remelted (n =23) Single Annealed (n=16) Sequentially Annealed (n=16)
Hardness and in vivo Time
Spearman’s Rho (p) —0.250 —0.47 —0.303
p-value 0.250 0.863 0.255
Hardness and ex vivo Time
Spearman’s Rho (p) 0.520 0.094 0.253
p-value 0.011 0.729 0.345

Notes: No correlation was found between in vivo and ex vivo time and Vickers hardness for the single annealed and sequentially annealed group. There was no statistically
significant difference for the remelted in vivo group however there was a statistically significant correlation (p=0.l 1) between ex vivo time and Vickers hardness and the

remelted group.
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p <0005
I p=.001 I
p=.007 | |

Vickers Hardness (kgf/mm2)

Remelted

Single Annealed

Sequentially Annealed

Thermal Free Radical Stabilization Group

Figure | Comparison of hardness values for control (blue) and retrieved (red) liners grouped according to their method of thermal stabilization. Statistically significant differences
were found for retrieved remelted liner rims compared to both single and sequentially annealed liners as well as between remelted control and retrieved liner rims.

In general, remelted liners were composed of a lower
percentage of crystalline phase than single of sequentially
annealed liner rims as seen in Table 3. No difference in the
percentage of crystalline phase was seen in remelted liners
when comparing the region of maximum oxidation to the bulk
material. The crystalline phase percentage in the remelted
liners was not different when comparing the oxidized samples
(2/8) to the unoxidized samples (6/8). In contrast, in the single
annealed retrieved liners, the average crystalline phase percen-
tage in the region of maximum oxidation was 12% higher than
the bulk and the control. Similarly, in the sequentially annealed
retrieved liners, the average crystallinity in the region of max-
imum oxidation was 5% higher than the material bulk and
11% higher than control (Table 4).

Discussion

The purpose of this study was to determine if free radical
stabilization of HXLPE impacts the mechanical and physical
properties as well as the oxidative stability of acetabular liner
rims after extended in vivo time.

Hardness
The results of microindentation testing revealed that both
retrieved and control remelted liners display a lower hardness

compared to both annealed cohorts. It has been shown that
remelted liners demonstrate a lower crystallinity®’ than
annealed or conventional UHMWPE, and this is associated
with lower yield strength, ultimate strength, and fatigue
resistance.”’ > The results of our study are consistent with
these findings. Importantly, our study did show that retrieved
remelted HXLPE liners demonstrate an increase in hardness
after in vivo exposure. This was not true for the single and
sequentially annealed liners. It has been demonstrated that

hardness correlates with the extent of oxidation®'*?

thus, an
increase in the hardness would be expected for implants with
a predilection towards oxidation and prolonged in vivo expo-
sure. The findings of no difference in hardness for annealed
liners was surprising as a higher prevalence of rim oxidation

81317 a5 has evidence of

14,17,33

has been reported for annealed liners,
rim damage for annealed liners after in vivo time.
Though remelted liners are subject to oxidative changes in -

#12 rim oxidation is generally much lower in retrieved

vivo,
remelted liners when compared to single and sequentially
annealed liners.® This in turn would normally result in
a decreased hardness. MacDonald et al evaluated 80 retrieved
annealed HXLPE liners with 160 retrieved remelted HXLPE
liners. The average oxidation index (OI) for annealed liners at

the rim was 3.7 = 3.1. For remelted liners, the average OI at the
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Figure 2 Oxidation as a product of depth from the implant rim surface. Only samples with Ol > 0.1 from all cohorts were included. Blue line represents single annealed
liners, orange line represents sequentially annealed liners and green line represents remelted liners.

A B

Figure 3 Representative optical images of oxidized liner rim cross sections. (A) Remelted liner rim with Olmax=1.89 and in vivo time of 7.93 years. (B) Single annealed liner
rim with Olmax=5.57 and in vivo time of 13.4 years. (C) Sequentially annealed liner rim with Olmax=3.96 and in vivo time of 6.79 years.

rim was 0.1 £ 0.1. Thus, oxidation and subsequent hardness
would be anticipated to be greater for the annealed liners rather
than the remelted liners. Prior studies have demonstrated that
UHMWPE with oxidation indices greater than one can alter
the mechanical behavior of the poly and indices greater than
three result in complete mechanical integrity loss.'*** We
postulate that the increased hardness in the retrieved remelted

HXLPE liners compared to controls may be evidence of com-
promised mechanical properties. It has been demonstrated that
the mechanical properties of remelted HXLPE become com-
promised at much lower oxidation levels when compared to
conventional UHMWPE.*>¢ Fung et al also demonstrated
that the critical oxidation levels for numerous mechanical
properties was less than one in remelted HXLPE.*’
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Table 3 Oxidation and Crystalline Phase Percentage Data Comparing Samples with and without Detectable Levels of Oxidation for

Thermalization Stabilization Groups

Thermal Stabilization Groups Olpmax < 0.1 Olpax > 0.1
Retrieved Remelted Liners (n=6) (n=2)
Average Rim Oxidation Index 0.02 1.25
Average Rim Crystalline Phase (%) at surface 36.2% 34.5%
Average Rim Crystalline Phase (%) at Olyax 37.0% 35.2%
Average Rim Crystalline Phase (%), at bulk 37.6% 34.9%

Table 4 Oxidation, and Crystalline Phase Percentage Data from Retrieved versus Controlled Liner Rims for Each Thermal

Stabilization Group

Thermal Stabilization Groups Controls Retrievals
Remelted Liners (n=3) (n=8)
Average Rim Oxidation Index 0.01 0.32
Average Articular Surface Oxidation Index 0.02 0.19
Average Rim Crystalline Phase (%) at surface 34.4% 35.7%
Average Rim Crystalline Phase (%) at Olyax 38.6% 36.6%
Average Rim Crystalline Phase (%), at bulk 38.2% 36.9%
Sequentially Annealed Liners (n=1) (n=4)
Average Rim Oxidation Index 0.19 3.50
Average Articular Surface Oxidation Index 0.21 1.00
Average Rim Crystalline Phase (%) at surface 41.6% 46.7%
Average Rim Crystalline Phase (%) at Olpmayx 45.0% 57.2%
Average Rim Crystalline Phase (%), at bulk 41.7% 44.1%
Single Annealed Liners (n=1) (n=4)
Average Rim Oxidation Index 0.10 1.24
Average Articular Surface Oxidation Index 0.09 0.30
Average Rim Crystalline Phase (%) at surface 40.4% 35.0%
Average Rim Crystalline Phase (%) at Olyax 42.4% 53.9%
Average Rim Crystalline Phase (%), at bulk 43.3% 48.3%

Note: Average rim crystallinity at the Olp,, was significantly different for retrieved versus controlled single and sequentially annealed liners.

Oxidation and Crystallinity

Oxidative changes have previously been identified in
remelted, single annealed, sequentially annealed HXLPE
acetabular liners, however these changes and their relation
to certain mechanical and microstructural properties after
in vivo time have not been well described.

In this study, rim oxidation was found to be both higher and
more prevalent in retrieved single annealed liners. Sequentially
annealed liners also demonstrated a high prevalence of rim
oxidation. This was found to be less than single annealed liners
but higher than remelted liners. Remelted liners showed both
low levels and low prevalence of rim oxidation. Single
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annealed liner rims demonstrated a high level of crystallinity at
the subsurface region where oxidation was found to be highest
when compared to unoxidized rim and control implant rim.
Previous literature has demonstrated an increased crystallinity
associated with Olygy > 0.1."2 Our results corroborated this,
with the average crystallinity of all retrievals in the region of
maximum oxidation was 12.1% higher and 15.5% higher than
the control liner subsurface and bulk, respectively.
Sequentially annealed liners demonstrated lower levels of
oxidation compared to single annealed liners. Prior retrieval
analyses comparing single and sequentially annealed liners
have demonstrated similar results.*=* For both the single
and sequentially annealed liners, when the Oly.x > 1, there
was a sharp increase in the crystallinity. The changes in the
crystallinity seen are most likely secondary to oxidation from
the presence of residual free radicals in the annealed polyethy-
lene. This would explain the significantly higher oxidation and
crystallinity seen in the single annealed liners as they have
higher levels of residual free radicals after cross-linking.
Despite increased levels of oxidation for both single and
annealed liners, our results did not show a demonstrable
change in hardness in these cohorts. This is in contradiction
of prior studies that demonstrated that increased hardness was
correlated with increased oxidation levels. Prior studies of
retrieved single annealed liners have shown a relationship
between oxidation and decreased mechanical properties at
the implant articular surface,*'® however this has not been
found in sequentially annealed liners.** The differences seen
between the above studies and our results may be secondary to
the method of mechanical testing or the difference in location
of the testing on the implant, as the in vivo environments of the
rim and articular surface are markedly different. Remelted liner
rims demonstrated no appreciable difference in crystallinity
between in vivo and control samples. Even when remelted
liner rims demonstrated an Oly,, >0.1, crystallinity was essen-
tially unchanged. However, mechanical testing in the first
phase of the study demonstrated an increase in hardness of
~14% in remelted liners after extended in vivo time when
compared to controls. Oral et al demonstrated that HXLPE
ultimate tensile strength and crosslink density decreased
rapidly while elastic modulus increased in Ol levels as low as
0.1.3°3° They proposed that oxidation of tie chain molecules
found in the amorphous region and short chain recrystallization
were responsible. Fung et al found that OI <0.1 was the critical
oxidation index for several mechanical properties in remelted
liners.>’” Although a significant increase in hardness was found
in the first portion of the study, oxidation and crystallinity do

not seem to be the driving forces after in vivo exposure. It has
been previously demonstrated that remelted HXLPE demon-
strates inferior mechanical behavior when compared to single
and sequentially annealed liners, especially at the implant
rim.'®3272% As such, continued investigation into the source
of this degradation in mechanical behavior is necessary.

This study demonstrates several strengths. To our knowl-
edge, this is the first study to directly evaluate the impact of
in vivo exposure on oxidation, microstructural and mechan-
ical properties of HXLPE acetabular liner rims. This study
included samples with greater than average in vivo times
than most current studies. Ex vivo time was controlled for,
reducing the potential impact of shelf time on results. The
limitations of this study included small sample sizes for each
cohort that may have limited the power of the study.
Furthermore, the method of mechanical testing (ie microin-
dentation) is relatively uncommon and therefore it may be
difficult to compare to our results to those utilizing other
mechanical testing methods. Lastly, remelted liners were
obtained from multiple manufacturers with different radia-
tion doses which has been previously shown to influence

oxidative and mechanical properties.®>’

Conclusion

In conclusion, this study demonstrated that extended in vivo
exposure leads to rim oxidation and increased crystallinity in
single annealed and sequentially annealed liners without
detectable changes in mechanical properties, whereas remelted
liners showed no changes in oxidation or crystallinity while
showing a significant change in mechanical properties. With
extended in vivo time, retrieved remelted HXLPE liner rims
demonstrated decreased mechanical properties whereas
retrieved single and sequentially annealed HXLPE liner rims
demonstrated no significant change in mechanical behavior.
All liner cohorts demonstrated some evidence of oxidation at
the rim however was more prevalent in the annealed liners.
Oxidation was associated with an increase in crystallinity in
the annealed cohorts but not the remelted cohorts. The sig-
nificance of these findings with respect to the performance of
HXLPE into the second decade and beyond remains unknown.
Further investigation will be required to identify the source of

these mechanical property changes.
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