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Abstract

Background Highly crosslinked and thermally treated

polyethylenes were clinically introduced to reduce wear

and osteolysis. Although the crosslinking process improves

the wear performance, it also introduces free radicals into

the polymer that can subsequently oxidize. Thermal treat-

ments have been implemented to reduce oxidation;

however, the efficacy of these methods with regard to

reducing in vivo oxidative degradation remains to be seen.

Polyethylene oxidation is a concern because it can com-

promise the ultimate strength and ductility of the material.

Questions/purposes We analyzed the oxidation, oxidation

potential, and mechanical behavior of thermally treated

highly crosslinked polyethylene retrieved acetabular liners.

Methods Three hundred seven acetabular liners were

collected from consecutive revision surgeries at six

institutions over a 10-year period. Twenty-four were ster-

ilized using nonionizing methods, 43 were sterilized in an

inert environment, 80 were highly crosslinked and

annealed, and 160 were highly crosslinked and remelted.

Oxidation and oxidation potential were assessed by Fourier

transmission infrared spectroscopy. Mechanical behavior

was assessed by the small punch test.

Results Oxidation and hydroperoxide (oxidation poten-

tial) indices were elevated in the annealed and gamma inert

sterilized groups compared with those of the remelted

liners and uncrosslinked gas sterilized controls, particularly

at the rim. We also detected an increase in oxidation over

time at the bearing surface of the remelted group. Ultimate

strength of the polyethylene at the bearing surface was

negatively correlated with implantation time for the

annealed liners.

Conclusions Within the first decade of implantation, the

clinical outlook for first-generation highly crosslinked

polyethylene remains promising. However, ongoing

research continues to be warranted for first-generation

highly crosslinked polyethylene bearings to monitor the

implications of elevated oxidation at the rim of annealed

liners as well as to better understand the subtle changes in

oxidation at the bearing surface of remelted liners that

occur in vivo.

Introduction

Conventional UHMWPE (hereafter, polyethylene) may be

sterilized by gamma radiation (usually 25–40 kGy dose) or

by gas (eg, ethylene oxide [EtO]). In the past decade,

highly crosslinked and thermally treated polyethylenes

were introduced to reduce wear and osteolysis [3, 17, 22].

First-generation highly crosslinked polyethylenes were
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thermally stabilized by annealing (heating below the

melting point) or by remelting (heating above the melting

point) [17] to reduce free radical concentrations and

thereby reduce oxidation. Many clinical studies of first-

generation highly crosslinked polyethylenes have reported

superior wear performance of both annealed and remelted

materials in the first decade of use [4, 9–14, 16, 24, 28]

when compared with controls. Comparatively few studies

have explored their long-term oxidative stability in vivo

[8, 18, 20, 30].

In vivo oxidative stability of polyethylene is believed to

depend primarily on the free radical content after irradia-

tion and sterilization [17]. For example, uncrosslinked

ethylene oxide sterilized components that have never been

exposed to radiation contain no residual macroradicals and

thus would likely be oxidatively stable in vivo. Remelted

polyethylene, with reportedly undetectable free radical

concentrations [27], would likewise be considered rela-

tively oxidatively stable. First-generation annealed and

highly crosslinked polyethylene, which contain a higher

concentration of macroradicals as compared with gamma-

sterilized conventional polyethylene liners [5], would be

expected to exhibit greater in vivo oxidation than un-

crosslinked gas-sterilized liners and remelted highly

crosslinked liners. At elevated levels, oxidation may

compromise the ultimate strength and ductility of the

polyethylene, leading to the complete loss of mechanical

integrity [8, 17, 19].

Because of the substantially lower clinical wear rates

reported in the literature (20%–95% depending on mea-

surement method, control material, and length of followup

[4, 9–14, 16, 24, 28]) of first-generation crosslinked poly-

ethylenes, the clinical importance of in vivo oxidation for

hip arthroplasty remains open to debate. For annealed and

gamma inert sterilized highly crosslinked components, in

vivo oxidation occurs preferentially at the rim of the liner,

which has the greatest exposure to oxygen-containing body

fluids and tissues [17]. Previous studies have reported

lower oxidation of the bearing surface for annealed and

gamma inert sterilized highly crosslinked liners [7, 18]

as compared with the rim and may explain the general

preservation of wear properties seen in clinical studies

[9, 18, 28]. However, in the case of a malfunctioning hip

such as chronic instability with dislocation, rim oxidation

may contribute to localized delamination or rim fracture

[18]. Previous studies of remelted liners, including short-

term retrievals, demonstrated low levels of oxidation

[5, 30]. Additional longer-term studies are necessary to

monitor the oxidative stability of these materials as well as

to assess the potential impact of in vivo oxidation on wear

and mechanical behavior.

We asked whether (1) annealed and gamma inert ster-

ilized polyethylene acetabular components would exhibit

greater oxidation and oxidation potential than the remelted

and EtO sterilized components; (2) as a result of the lack

of free radicals, both the remelted and gas sterilized

components would exhibit undetectable oxidation; and

(3) mechanical properties would be unimpaired at the

articulating surface of the polyethylene hip bearings

regardless of formulation.

Materials and Methods

We collected 307 acetabular liners from consecutive revi-

sion surgeries at six institutions (with Institutional Review

Board approval) over a 10-year period. The implant

cleaning and storage for the multicenter retrieval program

was carried out using institutional protocols. The liners

were analyzed continuously over the course of the last

10 years and were expeditiously stored in a �80�C freezer

to prevent ex vivo degradation from occurring before

testing.

Of the 307 acetabular liners, 24 were sterilized using

nonionizing methods (‘‘nonionized’’; n = 16 [EtO sterili-

zation], Smith & Nephew, Memphis, TN, and n = 8 [gas

plasma sterilization], DePuy, Warsaw, IN), 43 were gamma

sterilized in an inert environment (‘‘gamma inert’’; n = 40,

Zimmer, Warsaw, IN; n = 3, DePuy), 80 were annealed

(‘‘annealed’’; Crossfire; Stryker, Mahwah, NJ), and 160

were remelted from four formulations (Durasul; Zimmer,

n = 7; Marathon; DePuy, n = 25; XLPE; Smith &

Nephew, n = 15; and Longevity; Zimmer, n = 113;

Table 1). The nonionized and gamma inert liners were

implanted for a longer period of time than both the

annealed and the remelted liners (Table 2). There was no

difference in body mass index detected across the groups

(Table 2). The patients with nonionized liners were

younger than those implanted with gamma inert, annealed,

and the remelted liners (Table 2). Preliminary statistical

analysis revealed there was no difference among the four

remelted groups in oxidative properties (Table 3); there-

fore, they were treated as one group (‘‘remelted’’) for

statistical purposes.

Fourier transmission infrared spectroscopy (FTIR) was

conducted on sections from the retrieved components to

evaluate oxidation. Thin sections (200 lm) were obtained

from the superior/inferior axis of the acetabular liners using

a microtome (Fig. 1C). To eliminate confounding of the

FTIR oxidation analysis resulting from adsorbed lipids,

microtomed sections were boiled in heptane for 6 hours for

lipid extraction [15]. FTIR assessment of oxidation was

conducted on the extracted polyethylene sections in

accordance with ASTM F2102 [1]. The sections were

scanned through the thickness in 0.1-mm deep increments

from the surface using a FTIR spectrometer with a
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microscope attachment. At each location, FTIR spectra

resulted from averaging 32 independent scans with a res-

olution of 4 cm�1. The maximum oxidation index (OI) was

calculated from the infrared spectra as the area ratio

between the carbonyl peak centered at 1715 cm�1 and the

reference band at 1370 cm�1. Previous studies have sug-

gested an ASTM OI exceeding 3 is the critical level, above

which the mechanical properties are reduced and severely

compromised [8, 17, 19]. An OI of less than 1 on the

ASTM scale is associated with low oxidation and negli-

gible impact on mechanical behavior. Regions of interest

from the sections of the acetabular liners included the rim

and backside surfaces in both the superior and inferior

regions of the component as well as the superior region of

the bearing surface.

After oxidation analysis, hydroperoxide content was

also evaluated by exposing microtomed sections to nitric

oxide for at least 16 hours, thereby converting hydroper-

oxides to nitrates that are easily identifiable using FTIR [6].

After exposure, the sections were scanned using the same

protocol as used for oxidation analysis. The hydroperoxide

index was calculated by dividing the area under the curve

between 1600 cm�1 and 1670 cm�1 by the area under the

curve between 1330 cm�1 and 1396 cm�1 as described

previously [17, 26]. All FTIR data were collected using a

Thermo Nicolet 6700 FTIR spectroscope with a Continuum

FTIR microscope attachment (Thermo Fisher Scientific,

Waltham, MA).

For mechanical testing, the small punch test was used as

a result of the fact that conventional mechanical tests on

retrieved components are impossible as a result of the

unique geometry and limited volumes of material. Four

cores were obtained from each liner (two from the superior

portion and two from the inferior portion of the cup).

From each core, two samples, one from near the surface

(0.0–0.5 mm) and one subsurface (2.0–2.5 mm), were

machined into miniature disk specimens measuring

0.5 mm thick and 6.4 mm in diameter. Small punch testing

was conducted in accordance with ASTM 2183 [2]. Four

metrics can be extracted from the small punch test, namely

the peak load, ultimate load, ultimate displacement, and the

work to failure [2] (Appendix 1). These parameters provide

metrics of yielding, ultimate strength, ductility, and

toughness of the material under multiaxial loading condi-

tions [2]. Ultimate load was chosen as the primary test

metric for evaluation, because ultimate load is reportedly

most sensitive to oxidative degradation and is a metric of

the ultimate strength of the material [20, 23].

The distributions of oxidation, hydroperoxide indices,

and ultimate load were typically nonnormal (Shapiro-Wilk

test). Therefore, differences in oxidation, oxidation poten-

tial, and ultimate load between the cohorts were assessed

by the Kruskal-Wallis analysis of variance (ANOVA) with

a post hoc Dunn test. Regional variations within cohorts

were analyzed using the Friedman’s ANOVA with a post

hoc Dunn test. Correlation between the metrics and

implantation time was assessed using the Spearman’s

ranked correlation test. For all statistical tests, PASW

Statistics (Version 18.0.0; IBM, Chicago, IL) was used.

Results

Annealed liners had higher oxidation indices than the

gamma inert, nonionizing, and remelted liners at both the

backside surface (p = 0.048, \ 0.001, and \ 0.0001,

respectively; Table 3) and at the rim (p = 0.025, \ 0.001,

and \ 0.001, respectively). At the bearing surface,

Table 1. Processing details of the seven different cohorts of acetabular liners [1]

Cohort Manufacturer Resin Highly

crosslinked?

Thermal

treatment

Total

irradiation

dose (kGy)

Terminal

sterilization

Analysis

category

GP DePuy

Orthopedics

GUR 1050 N None 0 Nonionized

(gas plasma)

Nonionized

EtO Smith & Nephew GUR 4150 N None 0 Nonionized (EtO) Nonionized

Gamma inert Zimmer, DePuy

Orthopedics

GUR 1050 N None 25–40 Gamma in inert

environment

Gamma inert

CrossfireTM Stryker

Orthopedics

GUR 1050 Y Annealed 105 Gamma in nitrogen Annealed

DurasulTM Zimmer GUR 1050 Y Remelted 95 EtO gas Remelted

MarathonTM DePuy

Orthopedics

GUR 1050

GUR 4150

(n = 1)

Y Remelted

then annealed

50 Gas plasma Remelted

XLPETM Smith & Nephew GUR 1050 Y Remelted 100 EtO gas Remelted

LongevityTM Zimmer GUR 1050 Y Remelted 100 Gas plasma Remelted

N = no; Y = yes; EtO = ethylene oxide; GP = gas plasma.
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annealed and gamma inert liners were indistinguishable

(p = 0.489) and had higher oxidation indices than non-

ionized (p \ 0.001 and p \ 0.001, respectively; Table 3)

and remelted (p \ 0.001 and p \ 0.001, respectively;

Table 3) liners. The hydroperoxide index was similar

between the annealed and gamma inert liners at all loca-

tions (p = 0.087, 0.130, and 0.138 at the bearing, backside,

and rim surfaces, respectively; Table 3) and was greater

than the hydroperoxide index of the nonionized (p \ 0.001

at all locations; Table 3) and remelted (p \ 0.001 at all

locations; Table 3) liners. Oxidation indices also varied

depending on the region sampled for the annealed and

gamma inert liners. Oxidation indices were higher at the

rim for both gamma inert and annealed cohorts as

compared with the bearing surface (p = 0.001 and

p \ 0.001, respectively) (Fig. 1) and the backside surface

(p \ 0.001 and p \ 0.001, respectively). Variation in oxi-

dation indices among the bearing, backside, and rim

surfaces was not detected in the nonionized (p = 0.197) or

remelted (p = 0.357) liners. Oxidation correlated with

implantation time only at the rim for annealed liners

(q = 0.69, p \ 0.001) and at the bearing surface of the

remelted liners (q = 0.205, p = 0.01).

Despite the low hydroperoxide indices, we were able to

detect low levels of oxidation (oxidation index [ 0.1) in

both the nonionized and remelted retrievals. The oxidation

index at the bearing surface of the remelted liners corre-

lated with implantation time (q = 0.205, p = 0.01) but not

Table 2. Clinical details of the seven different cohorts of acetabular liner

Cohort Number Implantation

time (years)

95% CI

Range

Percent

Traced

Shelf life

(years)

95% CI

Range

Gender

(percent

female)

Age at insertion

(years)

95% CI

Range

Body mass

index (kg/m2)

95% CI

Range

UCLA

maximum

score (average

[range])

GP 8 6.4 ± 3.7

3.3–9.5

1.1–10.5

100% 0.8 ± 1.0

�0.1–1.6

0.0–3.1

50% 58 ± 16

45–71

40–79

32 ± 7

26–38

23–46

6 (3–10)

EtO 16 8.7 ± 3.0

7.0–10.3

1.4–12.8

75% 2.1 ± 3.3

0.0–4.2

0.1–11.3

63% 43 ± 17

34–53

13–72

33 ± 7

29–37

24–45

7 (2–10)

Gamma inert 43 5.8 ± 3.7

4.7–7.0

0.0–13.8

72% 1.1 ± 1.7

0.4–1.7

0.0–9.3

61% 59 ± 15

54–63

27–82

30 ± 7

27–32

16–58

6 (1–9)

CrossfireTM 80 3.5 ± 2.6

2.9–4.0

0.0–10.3

78% 0.5 ± 0.7

0.3–0.7

0.0–3.4

54% 62 ± 12

60–65

29–81

28 ± 6

27–30

16–47

5 (2–10)

DurasulTM 7 0.7 ± 0.7

0.1–1.3

0.1–2.0

14% 1.3 (n = 1) 29% 63 ± 17

42–84

46–86

34 ± 12

19–49

20–52

4 (3–6)

MarathonTM 25 2.0 ± 2.1

1.2–2.9

0.1–8.7

76% 0.8 ± 1.0

0.3–1.3

0.1–3.6

60% 57 ± 16

50–64

24–92

30 ± 8

26–33

19–50

6 (3–10)

XLPETM 15 2.7 ± 3.5

0.6–4.7

0.1–11.4

47% 2.2 ± 1.6

0.7–3.8

0.4–4.8

73% 55 ± 13

48–62

37–77

29 ± 5

26–32

25–46

5 (2–10)

LongevityTM 113 1.9 ± 1.9

1.5–2.2

0.0–8.0

66% 0.9 ± 1.1

0.6 ± 1.1

0.0–4.1

55% 61 ± 13

58–63

33–89

28 ± 6

27–29

13–46

5 (1–10)

Total nonionized 24 7.9 ± 3.4

6.4–9.3

1.1–12.8

83% 1.6 ± 2.7

0.3–2.8

0.0–11.3

58% 49 ± 18

41–56

13–79

33 ± 7

29–36

23–46

7 (2–10)

Total remelted 160 1.9 ± 2.1

1.6–2.2

0.0–11.4

63% 1.0 ± 1.1

0.7–1.2

0.0–4.8

56% 60 ± 14

57–62

24–92

29 ± 6

28–30

13–52

5 (1–10)

CI = confidence interval; GP = gas plasma; EtO = ethylene oxide.
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at the backside (q = �0.022, p = 0.782) or rim (q =

0.019, p = 0.816) surfaces. We could not detect variations

in oxidation among the bearing, backside, and rim loca-

tions in either the nonionized (p = 0.197) or the remelted

(p = 0.357) liners.

The ultimate load at the superior articulating surface

was negatively correlated with implantation time in the

annealed liners (q = �0.239; p = 0.037; Fig. 2), but this

correlation was not seen in the gamma inert (q = �0.290;

p = 0.066), nonionized (q = �0.189; p = 0.399), or

remelted (q = 0.045; p = 0.590) liners. In the annealed

and gamma inert components, the ultimate load at the

inferior articulating surface also negatively correlated

with implantation time (q = �0.341 and �0.311;

p = 0.003 and 0.048, respectively). The annealed com-

ponents had the highest ultimate load at the superior

surface (p \ 0.001) and subsurface (p \ 0.001) and the

inferior subsurface (p \ 0.001). There were no differences

in the ultimate load between the superior and inferior

portions of the liners near the surface or subsurface within

any of the groups except in the annealed group

(p = 0.006).

Table 3. Oxidation and oxidation potential of the acetabular liners

Cohort Oxidation index

(average ± SD)

95% CI

Range

Hydroperoxide index

(average ± SD)

95% CI

Range

Superior surface mechanical properties

(average ± SD)

95% CI

Range

Bearing Backside Rim Bearing Backside Rim Peak

load (N)

Ultimate

load (N)

Ultimate

displacement

(mm)

Work to

failure

(mJ)

GP 0.1 ± 0.1

0.1–0.2

0.1–0.2

0.1 ± 0.1

0.1–0.2

0.1–0.3

0.2 ± 0.1

0.1–0.3

0.1–0.5

0.2 ± 0.0

0.1–0.2

0.1–0.2

0.1 ± 0.0

0.1–0.2

0.1–0.2

0.1 ± 0.0

0.1–0.2

0.1–0.2

70.6 ± 4.1

67.2–74.0

63.8–75.5

73.1 ± 2.1

71.4–74.8

70.2–76.5

4.8 ± 0.4

4.5–5.2

4.4–5.6

271 ± 28

248–294

239–319

EtO 0.1 ± 0.0

0.1–0.1

0.0–0.1

0.1 ± 0.1

0.1–0.1

0.0–0.3

0.1 ± 0.0

0.0–0.1

0.0–0.1

0.1 ± 0.0

0.1–0.1

0.0–0.2

0.1 ± 0.0

0.1–0.1

0.1–0.1

0.1 ± 0.0

0.1–0.1

0.0–0.1

69.8 ± 4.6

67.2–72.3

65.2–78.8

69.5 ± 3.1

67.7–71.2

64.2–78.0

4.7 ± 0.2

4.6–4.8

4.4–5.0

259 ± 13

252–267

235–291

Gamma

inert

0.4 ± 0.4

0.2–0.5

0.0–2.1

0.4 ± 0.6

0.2–0.6

0.0–3.0

1.1 ± 1.6

0.6–1.6

0.0–6.2

0.2 ± 0.1

0.2–0.3

0.1–0.6

0.2 ± 0.1

0.2–0.3

0.1–0.6

0.4 ± 0.2

0.3–0.4

0.1–0.8

69.3 ± 3.3

68.2–70.3

63.0–79.6

78.9 ± 10.6

75.6–82.2

47.4–103.7

4.5 ± 0.4

4.4–4.6

3.8–5.6

257 ± 35

246–268

202–377

CrossfireTM 0.5 ± 0.4

0.4–0.6

0.0–2.1

0.4 ± 0.2

0.3–0.4

0.1–1.3

3.7 ± 3.1

3.0–4.4

0.2–8.8

0.3 ± 0.2

0.3–0.3

0.1–1.0

0.3 ± 0.2

0.3–0.4

0.1–1.0

0.5 ± 0.2

0.5–0.6

0.1–1.4

70.9 ± 4.7

69.9–72.0

49.4–79.3

92.1 ± 9.7

89.9–94.2

61.3–107.5

3.7 ± 0.4

3.6–3.8

2.5–4.6

220 ± 36

212–229

127–308

DurasulTM 0.1 ± 0.0

0.1–0.1

0.1–0.1

0.1 ± 0.1

0.1–0.2

0.1–0.2

0.1 ± 0.0

0.1–0.1

0.0–0.2

0.1 ± 0.1

0.1–0.2

0.1–0.3

0.1 ± 0.1

0.1–0.2

0.1–0.3

0.1 ± 0.0

0.1–0.1

0.1–0.2

58.0 ± 2.3

55.9–60.2

56.2–62.5

67.5 ± 4.0

63.8–71.2

63.3–75.0

3.8 ± 0.1

3.7–3.9

3.5–4.0

175 ± 8

167–183

162–190

MarathonTM 0.1 ± 0.1

0.1–0.1

0.0–0.2

0.1 ± 0.1

0.1–0.1

0.0–0.3

0.1 ± 0.1

0.1–0.2

0.0–0.6

0.1 ± 0.1

0.1–0.1

0.1–0.3

0.1 ± 0.0

0.1–0.1

0.0–0.2

0.1 ± 0.1

0.1–0.2

0.1–0.5

64.8 ± 6.1

62.2–67.5

57.8–78.1

85.2 ± 5.6

82.8–87.6

76.7–97.3

4.3 ± 0.3

4.2–4.5

3.8–5.0

242 ± 29

230–255

204–304

XLPETM 0.1 ± 0.1

0.1–0.1

0.0–0.2

0.1 ± 0.0

0.1–0.1

0.0–0.2

0.1 ± 0.0

0.0–0.1

0.0–0.1

0.1 ± 0.1

0.1–0.2

0.1–0.3

0.1 ± 0.0

0.1–0.1

0.1–0.2

0.1 ± 0.0

0.1–0.1

0.1–0.2

62.8 ± 3.2

61.0–64.6

59.5–72.5

85.5 ± 8.7

80.5–90.5

66.4–103.9

4.0 ± 0.5

3.7–4.3

3.3–4.9

221 ± 50

192–250

145–327

LongevityTM 0.1 ± 0.1

0.1–0.1

0.0–0.5

0.1 ± 0.1

0.1–0.1

0.0–0.3

0.1 ± 0.1

0.1–0.1

0.0–0.5

0.1 ± 0.1

0.1–0.1

0.0–0.4

0.1 ± 0.1

0.1–0.1

0.0–0.3

0.1 ± 0.1

0.1–0.1

0.0–0.4

62.4 ± 4.3

61.6–63.2

52.8–73.7

83.4 ± 10.6

81.3–85.4

56.8–117.1

4.3 ± 0.9

4.1–4.4

2.3–6.5

239 ± 80

224–254

93–454

Total

nonionized

0.1 ± 0.1

0.1–0.1

0.0–0.2

0.1 ± 0.1

0.1–0.1

0.0–0.3

0.1 ± 0.1

0.1–0.1

0.0–0.5

0.1 ± 0.0

0.1–0.1

0.0–0.2

0.1 ± 0.0

0.1–0.1

0.1–0.2

0.1 ± 0.0

0.1–0.1

0.0–0.2

70.0 ± 4.4

68.2–71.9

63.8–78.8

70.7 ± 3.3

69.3–72.2

64.2–78.0

4.7 ± 0.3

4.6–4.9

4.4–5.6

263 ± 20

255–272

235–319

Total remelted 0.1 ± 0.1

0.1–0.1

0.0–0.5

0.1 ± 0.1

0.1–0.1

0.0–0.3

0.1 ± 0.1

0.1–0.1

0.0–0.6

0.1 ± 0.1

0.1–0.1

0.0–0.4

0.1 ± 0.0

0.1–0.1

0.0–0.3

0.1 ± 0.1

0.1–0.1

0.0–0.5

62.6 ± 4.6

61.9–63.4

52.8–78.1

83.1 ± 10.2

81.5–84.8

56.8–117.1

4.2 ± 0.8

4.1–4.4

2.3–6.5

235 ± 71

223–246

93–454

CI = confidence interval; GP = gas plasma; EtO = ethylene oxide.
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Discussion

Oxidative degradation of polyethylene continues to be a

concern in THA. Thermal treatments (annealing and

remelting) have been implemented to reduce oxidation;

however, the efficacy of these methods with regard to

reducing in vivo oxidative degradation remains to be seen.

We investigated the oxidative and mechanical behavior of

a large consecutive series of retrieved acetabular liners. We

asked whether (1) annealed and gamma inert sterilized

polyethylene acetabular components would exhibit greater

oxidation and oxidation potential than the remelted and

nonionized components; (2) as a result of the lack of free

radicals, both the remelted and gas sterilized components

would exhibit undetectable oxidation; and (3) mechanical

properties would be maintained at the articulating surface

of the polyethylene hip bearings regardless of formulation.

We acknowledge limitations of our study. First, retrieval

studies typically rely on components associated with

clinical failure. However, we know of no mechanism

whereby the oxidation of clinically failed components

would be substantially different from well-functioning

components. Second, as a result of the staggered release of

the various technologies, the implantation time varied

between cohorts. We believe this limitation does not sub-

stantially detract from the findings from this study, because

each cohort was analyzed independently to determine

whether changes in oxidation and mechanical behavior

occurred with implantation time. Third, mechanical spec-

imens were only possible within the bearing region of the

liners. As a result of the geometry of the liners, specimens

could not be obtained from the rims of the components

where oxidation is typically the highest and we would

expect to see the greatest extent of mechanical degradation.

However, the small punch test allowed us to characterize

the mechanical behavior at the intended bearing surface.

Our data suggest contemporary gamma inert and

annealed liners are associated with the highest levels of rim

oxidation and hydroperoxide content and are consistent

with previous studies suggesting the femoral head may

play a role in mitigating oxidation at the bearing surface

[20, 21, 30]. Moderate oxidation (average OI [ 1) was

evident at the rim in annealed and gamma inert liners, but

over half of the retrieved annealed liners exhibited severe

rim oxidation (average OI [ 3). Previous studies have

suggested an ASTM OI exceeding 3 is the critical level at

which the mechanical properties are reduced severely

enough that the material’s ability to withstand repeated

loading is diminished [8, 17, 19]. The rims of acetabular

components do not necessarily undergo repetitive

mechanical loading throughout the duration of implanta-

tion. On the other hand, several recent studies [7, 21, 29]

have demonstrated evidence of impingement (34%–56% of

retrieved liners) at the rim of both historical and contem-

porary liner designs. With repeated loading at the rim, it

remains unknown whether elevated rim oxidation may play

a role in the long-term clinical performance of annealed

and gamma inert liners.

Fig. 1 Box plots depicting the regional variation in oxidation index (A) and hydroperoxide index (B). Note the lower levels of oxidation in the

remelted and nonionized liners. A schematic (C) illustrates the sampling locations used for analysis.

Fig. 2 Plots illustrating the progression of the ultimate load with

implantation time.

Volume 469, Number 8, August 2011 In Vivo Oxidation of Polyethylene in THA 2283

123



Although we found that both remelted and nonionized

retrievals had low levels of oxidation, we found remelted

liners do not remain oxidatively stable during implantation.

Rather, we observed a slight increase in both oxidation and

hydroperoxide indices over time at the bearing surface.

This increase was not seen at either the backside or the rim,

suggesting a mechanism involving mechanical loading.

Previous studies of retrieved and unimplanted [5, 30]

remelted liners have shown little to no oxidation; however,

the retrieval results were based on a comparatively short

implantation time. Although we could detect an increase

in OI over time, the magnitude was below 1 (even at

implantation times close to a decade); this level is not

anticipated to negatively influence the mechanical behavior

[7, 17]. Nevertheless, the subtle changes in oxidation and

oxidation potential at the bearing surface of the remelted

components provide motivation for further long-term

investigations of these materials as well as the potential

degradation mechanism. We found no evidence of com-

parable degradation changes in any of the regions for

the uncrosslinked, nonionizing sterilization components.

It may be that, as a result of the greater wear rate of

uncrosslinked polyethylene, the bearing surface of uncross-

linked hip bearings may be eroded faster than the in vivo

oxidation process detected with remelted liners.

Overall, the small punch ultimate load of the superior

bearing surface of the liners appeared to be maintained

(because they were not negatively correlated with

implantation time) with the exception of the annealed lin-

ers. In the annealed components, we observed impairment

in the small punch ultimate load at the superior bearing

surface over time by approximately 10% to 15% at

10 years. A previous study of long-term implants showed

historical acetabular liners that were gamma sterilized in

air and shelf aged in air had greater reduction in ultimate

load by up to 90% after implantation for 11.5 years on

average [19]. We also observed stronger negative correla-

tions of ultimate load with implantation time at the inferior

bearing surface of the annealed and gamma inert liners,

which may be explained by lack of contact with the fem-

oral head and greater access to oxygen at this location.

Within the first decade of implantation, the clinical

outlook for first-generation highly crosslinked polyethylene

remains promising given the oxidation and mechanical

properties reported in this study. Although the uncross-

linked EtO sterilized liners showed undetectable oxidation

or oxidation potential, such materials are currently less

desirable for hip bearings as a result of their inferior wear

resistance [25] and were included in this study primarily as

an unirradiated control. Ongoing research continues to be

warranted for first-generation highly crosslinked polyeth-

ylene bearings to monitor the implications of elevated

oxidation at the rim of annealed liners as well as to better

understand the subtle changes in oxidation at the bearing

surface of remelted liners that occur in vivo.
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