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Abstract

Background Highly crosslinked polyethylene (XLPE) is

believed to demonstrate better wear resistance than con-

ventional polyethylene (CPE) in total hip arthroplasty.

Questions/purposes The purpose of this study was to

compare visual damage scores and micro-CT measure-

ments of penetration, a surrogate for wear, between

matched retrieved XLPE and CPE acetabular liners.

Methods Thirteen XLPE acetabular liners were matched

in terms of implant design (all were of the same design),

patient age, sex, liner dimensions, duration of implantation,

and reason for revision to a group of CPE liners that were

retrieved in the same time period. Penetration resulting

from the combination of wear and creep in the two groups

of liners was measured with micro-CT. Surface damage

was scored by two blinded observers using a surface

damage system that considers the seven common damage

modes: pitting, scratching, burnishing, abrasions,

impingement, embedded debris, and delamination, and

wear patterns were documented.

Results There was no difference (p = 0.32) in total

damage score between the XLPE group (14 ± 4) and the

CPE group (15 ± 5). However, there was three times

greater penetration (odds ratio, 3.1; confidence interval,

2.3–5.1; p \ 0.001) in the CPE group (0.18 ± 0.09 mm/

year) than in the XLPE group (0.05 ± 0.07 mm/year).

There was less volumetric loss in XLPE (82 ± SD 134

mm3) versus the CPE group (350 ± SD 342 mm3; p =

0.017).

Conclusions XLPE liners undergo less penetration as a

result of creep and wear than CPE liners based on quan-

titative measurements provided by micro-CT, which was

not apparent using damage scoring alone. This demon-

strates the use of three-dimensional imaging techniques

such as micro-CT for quantifying wear in retrieval studies.

Clinical Relevance In this study, XLPE had less wear but

similar damage scores than CPE, allaying concerns that the

beneficial wear properties of XLPE might come with a

tradeoff arising from the increased brittleness of that

material.

Introduction

THA is a highly successful procedure, but its survivorship

has been limited by aseptic loosening and osteolysis [8,

16]. This process is closely related to the polyethylene

debris generated at metal-on-polyethylene articulations

[10, 22]. Highly crosslinked polyethylene (XLPE) has been

an important development, demonstrating superior wear
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properties to conventional polyethylene (CPE) in hip sim-

ulators [12] and clinical trials using radiographic

evaluations [9, 18, 20, 23–25, 33]. It has been postulated

that the reduction in wear debris will limit osteolysis and

increase the longevity of total hip implants [7, 21, 26].

Despite this evidence for the superiority of XLPE, there

have been concerns that crosslinking can increase material

brittleness, leading to higher risks of rim fracture and

damage. Recent retrieval studies have demonstrated no

difference in damage and rim fractures between XLPE and

CPE acetabular liners retrieved from patients [27, 30].

However, it is possible that the semiquantitative grading of

damage resulting from wear may not correlate with the

actual wear or the wear rate of the retrieved polyethylene

liners. Micro-CT has been reported as a useful tool for

quantifying wear in retrieval studies, including those of

acetabular liners [28, 32].

The overall objective of this study was to compare wear

and damage between matched retrieved XLPE and CPE

acetabular liners. The specific purposes of this study were

(1) to compare the visual damage scores and distribution of

surface damage in these liners; and (2) to quantify depth of

penetration of the liners using micro-CT as a proxy for

wear.

Materials and Methods

Thirteen XLPE acetabular liners were retrieved under an

institution review board-approved protocol between 1999

and 2011. These represented all the FDA-approved highly

crosslinked liners of a specific design (Reflection XLPE;

Smith & Nephew, Memphis, TN, USA) in the retrieval

laboratory with a 26- or 28-mm head and implanted for at

least 1 year. These retrieved liners were matched to a group

of CPE liners of identical design (Reflection; Smith &

Nephew) that were retrieved in the same time period. Fifty-

four CPE liners were available for matching. These two

groups were matched in terms of patient age, sex, liner

dimensions, duration of implantation, and reason for revi-

sion (Table 1). If there were two or more matches, the liner

belonging to the patient with the most identical body mass

index measurement was chosen. Most of the liners were

neutral liners with two 20� lipped liners in each group. The

XLPE and CPE implants share a common design, poly-

ethylene resin (GUR 105), and sterilization (ethylene

oxide), with the only difference being the crosslinking of

the polyethylene (10 Mrad gamma irradiation with

remelting in the XLPE group). All operations were per-

formed though a modified Hardinge approach. An

uncemented proximal0coated stem (Synergy; Smith &

Nephew) was used in each case. A cobalt-chrome femoral

head was used in most cases with just one oxidized zir-

conium head used in each group.

Routine postoperative radiographs were obtained in the

clinic. The abduction angle was determined from these

digitized standard AP pelvic radiographs. The inclination

of the acetabular cup was measured as the angle between

the inter-teardrop line and the line bisecting the superior

and inferior rims of the cup. This was done to ensure that

any difference in damage and wear was not the result of

cup malposition.

The groups appeared well matched, confirming the

efficacy of our matching protocol. There was no difference

Table 1. Patient demographics

Variable XLPE CPE p value

Total number of patients 13 13

Percentage of females (number) 62% (8) 62% (8) 1.00

Percentage of right side (number) 62% (8) 62% (8) 1.00

Age (years)* 61 ± 14 66 ± 13 0.46

Length of implantation (years)* 5 ± 3 5 ± 4 0.73

Body mass index (kg/m2)* 32 ± 7 32 ± 9 0.98

Reason for revision 38% (5) instability; 31% (4) aseptic loosening; 0.18

31% (4) infection; 23% (3) infection;

15% (2) aseptic loosening; 23% (3) instability;

8% (1) periprosthetic fracture; 15% (2) polyethylene wear and osteolysis;

8% (1) polyethylene wear and osteolysis 8% (1) periprosthetic fracture

Revision history 77% (10) primary; 84% (11) primary; 0.51

15% (2) first revision; 8% (1) first revision;

8% (1) second or third revision 8% (1) second or third revision

* The data are given as mean ± SD; all others listed as the percentage of patients with the number in parentheses; XLPE = highly crosslinked

polyethylene; CPE = conventional polyethylene.
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in the demographic data of the patients in both groups

(Table 1). The mean age of the patients in the study was 63 ± SD

14 years old. The overall mean duration of implantation of

the retrieved acetabular liners was 5 ± SD 4 years. Insta-

bility, infection, and aseptic loosening were the primary

reasons for revision in both groups. There was also no

difference in inclination angle between groups. The median

abduction angle of the acetabular cups was 46� (range,

38�–52�) in the CPE group and 44� (range, 37�–51�) in the

XLPE group.

The polyethylene liners underwent an identical sanita-

tion protocol at our implant retrieval laboratory that

included storage in 10% formalin solution and cleansing in

10% bleach solution. The articular surface and the rim

were divided into eight areas, and the backside compart-

ment was also inspected. These areas were evaluated with a

validated surface damage scoring system [4], and the seven

common damage modes were identified and scored. These

included pitting, scratching, burnishing, abrasions,

impingement, embedded debris, and delamination. Two

blinded observers (H-NP, MGT) scored the damage

according to the percentage of area affected and the

severity of each damage mode.

Each liner was scanned using micro-CT and analyzed

using a previously described approach [30, 32]. The surface

geometry of each liner was reconstructed using a labora-

tory micro-CT scanner (eXplore Vision 120; GE

Healthcare, London, Ontario, Canada). Scans were com-

pleted using an isotropic resolution of 50 lm. Three-

dimensional micro-CT analysis software (MicroView

Version 2.2; GE Healthcare) was used to generate three-

dimensional surfaces from the scans. The retrieved liner

geometries were coregistered to never-implanted scanned

geometries of the same size, and the deviations between the

two (resulting from wear and creep) were quantified. The

maximum depth of penetration was measured for each

retrieved liner, and the wear rate was calculated by divid-

ing the penetration by the time in situ. The volumetric loss

as quantified by micro-CT was also calculated (Figs. 1, 2).

Statistical analysis was performed with SPSS statistical

software (Version 11.0; SPSS, Chicago, IL, USA). Uni-

variate analysis was performed with chi square or the

Fisher’s exact test for comparison of proportions between

two categorical data. The Mann-Whitney U test was used

to compare the nonparametric data between two indepen-

dent samples. A p value\0.05 was considered significant.

Results

There was no difference between groups (p = 0.32) for total

damage score (Table 2) or for the bearing, rim, or backside

surfaces damage scores. The most common damage modes

in the XLPE group were abrasion, scratching, and cold flow.

The most common damage modes in CPE were burnishing,

abrasion, and cold flow. The mean abrasion damage score

was higher (p = 0.03) in the XLPE group (9 ± SD 5) than

the CPE group (3 ± SD 2), whereas the mean burnishing

score was higher (p = 0.02) in the CPE group (8 ± SD 5)

than the XLPE group (3 ± SD 2). The superior quadrants

demonstrated greater mean damage scores (19 ± SD 9) than

the inferior quadrants (16 ± SD 8) in both groups. No rim

fractures were detected in either group.

There was three times greater penetration (odds ratio,

3.1; confidence interval, 2.3–5.1; p \ 0.001) in the CPE

group (mean 0.18 ± SD 0.09 mm/year) versus the XLPE

Fig. 1 An example is shown of the reconstructed three-dimensional

geometry acquired using micro-CT for a CPE liner with severe

bedding-in deformation.

Fig. 2 Example deviation map is shown from micro-CT imaging

revealing deviations (resulting from wear and creep) in a XLPE liner.

Scale is in millimeters.
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group (mean 0.05 ± SD 0.07 mm/year) (Table 3). In the

CPE group, maximum penetration ranged from 0.09 mm to

5 mm, whereas in the XLPE group, maximum penetration

ranged from 0 mm to 2 mm. The amount of head pene-

tration was less for the XLPE in all areas: the articular

surface (mean 0.3 mm ± SD 0.5 mm, p = 0.042), rim (0.14

± SD 0.18 mm, p = 0.009), and backside of the liner (0.08

± SD 0.13 mm, p = 0.042). There was less volumetric loss

in XLPE (82 ± SD 134 mm3) versus the CPE group (350 ±

SD 342 mm3; p = 0.017). There was no correlation between

the amount of articular surface damage and depth of pen-

etration (r2 = 0.075, p = 0.22).

Discussion

Highly crosslinked polyethylene has been developed with

superior wear properties to conventional polyethylene [12,

17, 25, 33]. It has been postulated that the reduction in

wear debris will limit osteolysis and increase the longevity

of the implants [26, 27, 30]. However, it is possible that the

semiquantitative grading of damage resulting from wear

may not correlate with actual wear or the wear rate of the

retrieved liners. This fact is confirmed by our study, which

demonstrated that although there was no major difference

in surface damage scores between polyethylene types, there

was a substantial decrease in head penetration (a surrogate

for wear) with the use of XLPE.

Like with all retrieval studies, our study is limited by its

retrospective nature and by examining failed implants,

which may not be representative of well-functioning

implants. The micro-CT measurements of penetration

included the initial creep-dominated phase as well as the

subsequent slower phase of polyethylene wear. In vitro

studies have demonstrated that creep continues for 2 mil-

lion loading cycles [11, 14], which may be achieved in 3

months to 2 years postsurgery [15]. The actual steady-state

wear rate for these liners may be considerably less than the

penetration rate presented here. However, this limitation

affects both groups equally [14], and therefore the relative

steady-state wear rates between them would be maintained

or may even be proportionately more disparate. Finally, we

relied on never-implanted reference components for the

prewear geometry of the liners, which may vary from the

true prewear state of each component as a result of man-

ufacturing tolerances. Once again, this limitation affects

both groups equally, and the tolerances are much lower

than the amount of wear seen, especially in the CPE group.

The relative level of penetration between the XLPE and

CPE groups would thus be maintained.

Previous retrieval studies described the general condi-

tion and apparent wear of XLPE through damage scoring

[4–6, 19, 29]. However, these studies did not include

quantitative wear measures nor did they measure perfor-

mance between XLPE and an identical (with the exception

of crosslinking) contemporary CPE component. Schroder

et al. [30] reported no difference in visual damage between

retrieved XLPE and CPE liners as was the case in our study

for overall damage scores. With respect to specific damage

modes, XLPE demonstrated more abrasion and scratches

than CPE in this study, whereas CPE had more burnishing.

This is similar to the findings by Salineros et al. [29].

XLPE has a lower wear rate that prolongs the longevity of

the articular surface from third-body debris, whereas CPE

has a higher wear rate that tends to smooth out scratches

through removal of surface material. Longer-term studies

are required to investigate the effect of crosslinking on

fatigue resistance [1, 2, 13].

With respect to the quantitative measurements of wear,

our findings were similar to those of other studies com-

paring the wear rate of XLPE and CPE [14, 25, 33]. Micro-

Table 2. Damage scoring

Variable XLPE CPE p value

Total damage score 13 ± 4 16 ± 5 0.32

Damage score over bearing surface 9 ± 4 12 ± 4 0.51

Damage score over the rim 2 ± 1 2 ± 2 0.15

Backside damage score 2 ± 4 3 ± 3 0.73

The data are given as mean ± SD; XLPE = highly crosslinked

polyethylene; CPE = conventional polyethylene.

Table 3. Micro-CT measurements

Variable XLPE CPE p value

Articular deviation 0.30 ± 0.50 mm 1.12 ± 1.25 mm 0.042

Articular rate 0.05 ± 0.07 mm/year 0.18 ± 0.09 mm/year 0.003

Backside deviation 0.08 ± 0.13 mm 0.22 ± 0.21 mm 0.042

Rim deviation 0.14 ± 0.18 mm 0.58 ± 0.50 mm 0.009

Articular volume 82 ± 134 mm3 350 ± 342 mm3 0.017

The data are given as mean ± SD; XLPE = highly crosslinked polyethylene; CPE = conventional polyethylene; Articular deviation = head

penetration at the apex of the liner; Rim deviation = maximum penetration around the rim.
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CT has been validated for assessing polyethylene damage

in retrieval studies, and this technique can examine the

surface geometry at high resolution without destroying the

implant [3, 31, 32]. Although there was no difference in

damage scores between the XLPE and CPE groups, the

CPE group had a three times greater wear rate (odds ratio,

3.1; confidence interval, 2.3–5.1) (as measured by micro-

CT). There was no correlation between the penetration

rates and damage scores. Therefore, damage scoring may

not correlate with wear, and one should be circumspect

using damage scores as a surrogate marker for wear.

However, damage scores do provide additional, useful data

beyond the quantitative micro-CT measurements of wear,

specifically relating to the damage modes that occurred

while the implant was in situ.

In summary, XLPE demonstrated less wear than CPE

based on quantitative measurements provided by micro-

CT, which was not apparent using damage scoring alone.

Longer-term studies are required to determine the effect on

implant longevity, but the superior wear properties of

XLPE found in this study support its clinical use.
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