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Abstract In vitro studies demonstrating excessive wear
in polyethylene cups sterilized using gamma irradiation
and stored in air led to the abandonment of this sterilization
technique. We evaluated the clinical wear performance of a
metal femoral component on a polyethylene cup in a hip
prosthesis from a selected subset of implants in a group of
patients followed for at least 20 years and assessed the time
dependency of variation in penetration rates. We measured
penetration in 33 polyethylene cups in 25 patients who had
a Charnley low-friction arthroplasty between 1982 and
1984. All patients had Charnley Ogee™ cups implanted for
more than 20 years and sterilized using the gamma irra-
diation in air technique. If degradation occurred over time
in vivo, it was not reflected by an increased penetration
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rate with increasing time in vivo; even after 20 years of
implantation, the degree of wear remained low. This sug-
gests gamma irradiation affects wear on ultra-high-
molecular-weight polyethylene by reducing wear second-
ary to the crosslinking, by increasing wear as shown
through in vitro studies of heavily oxidized samples, or by
oxidation resulting from prolonged shelf life. The effect of
progressive oxidation in vivo does not appear to affect
wear in vivo.

Level of Evidence: Level IV, therapeutic study. See the
Guidelines for Authors for a complete description of levels
of evidence.

Introduction

Total hip arthroplasty is a very successful procedure that
provides pain relief and restoration of mobility. It is esti-
mated approximately one million such procedures are
carried out per year worldwide. A critical component of a
hip arthroplasty is the bearing surface, and good wear
performance is now seen as necessary for the long-term
survivorship and overall performance of the joint. The
concern with hard-on-polyethylene bearings is the gener-
ation of polyethylene wear debris, which has been
associated with osteolysis and aseptic loosening [11].
Furthermore, time-dependent degradation in the form of
oxidation occurs in ultra-high-molecular-weight polyeth-
ylene (UHMWPE) and is accelerated by the gamma
irradiation process generally used to sterilize components.
This can have a substantial effect on the mechanical
properties of UHMWPE [15]. Previous studies suggest
UHMWPE wear is increased in hip simulator tests when
the cups are sterilized by gamma irradiation and stored for
an extended period before implantation [2]. Some evidence
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suggests the long-term in vivo and in vitro degradation of
UHMWPE may differ [14]. What is not understood is
the effect of the level of degradation associated with such
components that have been implanted for very long periods
of time, specifically how any degradation may bring about
variations in the long-term wear rate of components.
Interestingly, there are no reports of catastrophic increases
in wear rates with similar followup studies, which pre-
dominantly used gamma irradiation followed by storage in
air as the method of sterilization [12].

To answer these questions requires studies with long-
term regular followup of patients with high-quality radio-
graphs and the foresight to believe such data would be
worth collecting over a 25-year period.

The low-friction arthroplasty implants and surgical
technique described by Charnley [3] used an all-polyeth-
ylene cemented acetabular cup in combination with a
stainless steel monoblock cemented stem with a 22.225-
mm femoral head. This procedure was prevalent in the
United Kingdom until the mid-1990s when its use began to
decline in favor of more contemporary components. The
style of cup used in our study is the Charnley Ogee®™ cup
(DePuy International Ltd, Leeds, UK), an all-polyethylene
cup with a pressure injection flange to improve the inter-
digitation of the acrylic cement into the prepared
acetabulum. It was named ogee because the double cur-
vature of the plane of the face of the flange passing from
concave to convex resembles in cross-section the type of
curve best illustrated in the ogee arch of gothic architec-
ture. From 1969 to 1998, all components of this type were
sterilized using gamma irradiation in air. This technique,
although standard practice at the time, has fallen into dis-
use as a result of concerns over the long-term stability of
polyethylene after undergoing this process [5].

We asked whether polyethylene degradation continues
in vivo over time, thereby accelerating wear. We further
asked if there was any relationship of patient demographics
(gender, weight, height, body mass index) to penetration
rates and creep.

Materials and Methods

We retrospectively reviewed 232 consecutive patients who
underwent primary Charnley low-friction arthroplasties

Table 1. Demographics of male, female, and the overall patient groups

performed by the senior author (JO) between June 1982 and
December 1984. Thirty-six patients had bilateral arthro-
plasties (28 simultaneous, eight interval), providing 268
Charnley Ogee™ cups for review. Two hundred twenty-
seven patients (98%) had the arthroplasty for osteoarthrosis.
The mean age at operation was 67 years (range, 30—
88 years). Women dominated the original cohort with a
ratio 3:1. At 20 years, 151 patients had died from causes
unrelated to the implant, and five (2%) were lost to fol-
lowup. Five patients in the original cohort of 232 patients
underwent revision for aseptic loosening; three were revised
at 12 years and the remaining two at 20 years (representing
a 1% revision rate at 16 years and 2% at 22 years). There-
fore, 76 patients (91 hips) were alive and of these, 95% had
their original Charnley Ogee™ cup. Within this group, 25
patients (33 hips) had serial, but not necessarily current,
radiographs available for study. These patients were arbi-
trarily selected from a group with some selection bias; we
were limited to patients being able and willing to travel for
radiographic assessment. In this group, the mean age at the
time of operation was 59.6 + 2.8 years (+ 95% confidence
interval; range, 43-72 years); 33% were women and 67%
men. The minimum time in vivo was 20 years (mean,
20.6 years; range, 20-22.4 years). The weight, height, and
body mass index was greater (p < 0.05) for male than
female patients (Table 1). Eighteen were left hips and 15
were right. The patients were invited for review at
approximately 1, 5, 10, 15, and 20 years; not all patients
attended at each interval and some radiographs were not of
sufficient quality for inclusion in the study. We used the
clinical data and serial radiographs (three to 12 for each
patient) to evaluate the performance of the Charnley Ogee™
polyethylene cups (Fig. 1A-B). We analyzed 217 radio-
graphs in total. The mean postoperative time for the last
radiograph was 20 + 0.6 years (range, 11.8-22.4 years).
The components comprised a Charnley cemented femoral
stem of monoblock design (22.225-mm femoral head) made
from Ortron 90 cold-worked high-nitrogen stainless steel.
This was combined with a Charnley Ogee™ all-polyethylene
flanged cemented acetabular cup. The latter were machined
from compression-molded sheets of Chirulen™ UHMWPE
(Hoechst, Frankfurt, Germany). The flange was molded from
silane-crosslinked medium-density polyethylene and two
sizes were available: 40-mm or 43-mm outer diameter.

Group Age (years) Weight (kg) Height (m) Body Mass Index (kg/mz)
Male 59.0 £3.9 74.7 £ 4.4 1.7 £ 0.04 26.1 1.1

Female 60.7 = 4.3 62.1 = 6.0° 1.6 = 0.04" 242+ 1.7

Overall 59.6 +2.8 70.5 £ 4.0 1.7 £ 0.03 255+ 1.0

Values are expressed as means + 95% confidence limits; “weight, height, and body mass index for female patients were less (p < 0.05) than

those for male patients.
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Fig. 1A-B Wear was measured radiographically. (A) Postoperative and (B) late (15 years) radiographs from the same patient show a small

amount of polyethylene linear penetration.

Interpretation of radiographic appearance was aided by a
factory-assembled stainless steel marker wire that was con-
fluent with the outer margin of the cup. The finished cups
were sterilized by gamma irradiation in an air environment
using a dose range of 25 to 40 kGy. The cement used was
cMw 1™ polymethylmethacrylate. All components were
supplied by DePuy International Ltd.

When the final radiographs were examined (JO), none
showed evidence of osteolysis (however, it is acknowl-
edged that plane radiographs are only partially reliable in
the detection of osteolysis); 27 showed no demarcation at
all, four had demarcation in Zone 1, and two in Zone 2. All
radiographs were analyzed (SW) using software written in-
house on a graphic programming package (IDL; ITT Corp,
Boulder, CO) [13]. The program used an algorithm similar
to that used by Shaver et al. [16] to determine the femoral
head and wire marker positions. Five points on the outer
surface of the femoral head and five on the inner surface of
the wire marker were selected by the operator. On the wire
marker, the five points included the medial and lateral end
points, which were used to define the socket orientation. A
circle and an ellipse were fitted to the points on the femoral
head and wire marker, respectively. The center points of
radii of the circle and ellipse were then used to define a set
of sampling ray profiles emanating from the center of the
femoral head and socket between the medial and lateral
end points at 1° intervals. The gray-scale intensity along
each profile was then obtained and the points of maximum
gradient determined in the regions of the wire marker and
femoral head. To remove spurious points of maximum
gradient, the mean intensities on both sides of a profile
were calculated and the point was only accepted if the
intensity change was of a predetermined direction. Circles
were fitted to the points on both the head and wire marker.
The distance of each edge point from the corresponding
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point on the fitted circle was calculated and outlying points
excluded if they were more than three standard deviations
from the mean distance. Linear wear was defined from the
displacement between the center of the circles fitted to
the femoral head and the inner border of the wire marker.
The wear depth is converted from pixels to millimeters
using a calibration factor obtained from the known
dimensions of the femoral head [5]. The penetration and
penetration rate were plotted with respect to frequency for
men and women. Data were also examined at intervals to
assess the change in penetration (Table 2) and penetration
rate (Table 3) with time in vivo.

Table 2. Mean penetrations at different time intervals

Time Penetration Number of
(months) (mm) radiographs
analyzed

5.0+ 0.5 (3.6-7.0)
11.0 £ 0.6 (8.3-12.5)
14.3 £ 0.6 (12.6-16.9)
20 + 0.3 (18.3-21.6)

0.49 + 0.22 (0.07-1.56) 17
1.08 = 0.32 (0.05-2.3) 22
1.67 = 0.47 (0.239-3.31) 22
2.25 +£0.54 (0.1314.83) 32

Values are expressed as means + 95% confidence limits with ranges
in parentheses.

Table 3. Mean penetration rates at different time intervals

Time Penetration rate Number of
(months) (mm/year) radiographs
analyzed

5.0 = 0.5 (3.6-7.0)
11.0 = 0.6 (8.3-12.5)
14.3 £ 0.6 (12.6-16.9)
20 + 0.3 (18.3-21.6)

0.10 = 0.05 (0.014-0.36) 17
0.10 = 0.03 (0.004-0.23) 22
0.11 = 0.03 (0.017-0.24) 22
0.11 = 0.03 (0.007-0.24) 32

Values are expressed as means + 95% confidence limits with ranges
in parentheses.
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Fig. 2 Penetration against time in vivo as measured from each
radiograph (data shown for Patient 1) is plotted in a scatter chart with
a line of best fit.

For each patient, penetration against time in vivo as
measured from each radiograph was plotted in a scatter
chart and a line of best fit plotted (for example, Fig. 2).
Such graphs were plotted for all hip arthroplasties ana-
lyzed, and the slope of line of best fit and intercept were
calculated. The slope provides information about the pen-
etration rate (ie, higher slope is a higher penetration rate)
and the intercept point on the y-axis provides an indication
of the degree of creep (higher intercept point, more creep
of the polyethylene). The relationship between penetration
(slope) and creep (intercept) was further analyzed.

Penetration (P) was used to calculate the volumetric
wear (V) using the tunneling equation described by Hall
et al. [9, 10] in which R, is the head diameter and AR is the
clearance between the head and cup:

nR? 3
P

Radiographic penetration measurements were carried
out at the different time intervals using in-house software
previously validated by Kennard et al. [13] (Tables 2, 3).
Penetration against time plots for each patient was
analyzed. The slope (mean + 95% confidence limits)
provided the penetration rate and the intercept the
amount of creep. This was completed for the whole series.

All limits, both textural and graphic, are 95% confidence
limits unless otherwise stated.

Results were analyzed for statistically significant dif-
ferences using the Student’s t test (p < 0.05).

(Equation 1)

Results

Degradation of the polyethylene and hence acceleration of
wear did not occur over time. The overall penetration on
the final radiograph was 2.28 + 0.51 mm (range, 0.13—
4.83 mm). The overall mean penetration rate for the same
radiographs was 0.11 = 0.03 mm/year (range, 0.01-

0.23 mm/year). Using Equation 1, the overall change in
mean volume was 796 + 132 mm® and the overall mean
volumetric change rate was 38 + 3.4 mm®/year. The slope
(mean + 95% confidence limits) was 0.076 + 0.033 mm/
year, and the intercept (mean + 95% confidence limits),
which provides information about the level of creep for the
whole series, was 0.24 = 0.09 mm. We observed no cor-
relation between the slope and intercept (R? = 0.02). The
mean overall penetration increased with time. The mean
penetration rate remained at (approximately) 0.1 mm/year
at each interval (Figs. 3, 4).

Penetration was influenced by gender; however, creep
was not. The overall penetration and penetration rate had a
bimodal distribution (Figs. 5, 6). The mean penetrations
were 1.06 £ 0.61 mm for female patients and
2.98 + 0.54 mm for male patients. The mean penetration

—o— Females

)

—a— Males

Penetration (mm

0 T T T
0 5 10 15 20

Implantation Time (years)

Fig. 3 A graph plots penetration against time for male and female
patients at different time intervals (Table 2). Error bars = 95%
confidence limits.
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Fig. 4 A graph plots penetration rate against time for male and
female patients at different time intervals (Table 3). Error bars = 95%
confidence limits.
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Fig. 5 Penetration was influenced by gender. Overall penetration
(from longest radiograph) is plotted against frequency for male and
female patients.
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Fig. 6 Penetration rate was influenced by gender. Overall penetration
rate (from longest radiograph) is plotted against frequency for male
and female patients.
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Fig. 7 Penetration rate was influenced by gender. Slope value
(penetration rate) is plotted against frequency for male and female
patients.

rate for women was 0.05 = 0.03 mm/year, which was less
(p < 0.05) than that for men (0.15 = 0.03 mm/year). The
slope value was plotted against frequency for men and
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Fig. 8 Intercept value was not influenced by gender. Intercept value
(polyethylene creep) is plotted against frequency for male and female
patients.

women (Fig. 7). The, the, mean slope for female patients
was 0.04 £ 0.03 mm/year, which was greater (p < 0.05)
than that for male patients (0.12 = 0.03 mm/year). The
mean intercepts for women (0.27 £ 0.11 mm) and men
(0.27 £ 0.15 mm) did not differ (p = 0.9) (Fig. 8). The
penetration slopes from the right and left hips of patients
with bilateral arthroplasties were similar.

Discussion

Previous in vitro studies [2] suggest increased wear of
polyethylene acetabular cups resulting from oxidative
degradation of polyethylene during on-the-shelf storage
before implantation. This has raised concerns about the
potential of polyethylene cups to undergo oxidative deg-
radation in vivo over prolonged periods. The aim of this
study was to assess the in vivo long-term performance of
Charnley Ogee™ polyethylene cups implanted for more
than 20 years by evaluating the penetration of polyethylene
cups over time and the time dependency of any variation in
penetration rates. Specifically, we asked whether polyeth-
ylene degradation continues in vivo over time, thereby
accelerating wear. The effect of patient demographics on
polyethylene penetration and creep was also assessed.

We measured penetration using two-dimensional anter-
oposterior radiographs. Our study should be treated with a
degree of caution, because we could not detect wear out of
the plane of the radiograph, which can be a considerable
proportion of the overall wear in a small percentage of cups
[8]. Hence, radiographic methods tend to underestimate the
true level of wear. Nevertheless, comparison with other
radiographic studies is still a valid and useful comparison.
Additionally, this study has some bias in that the patients
included were randomly selected from a subset of patients
who were well enough to travel for radiographic
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Table 4. Comparison of similar studies measuring long-term polyethylene wear from radiographs

Study Mean patient age Followup Penetration rate Comment
at implantation (years) (years) (mm/year)
Our study 59.6 0.11
Isaac et al. [12] 55 8.75 0.2
Charnley and Halley [4] 63.3 9-10 0.15 Not gamma-irradiated?
Griffith et al. [7] > 60 0.07

examination. However, all patients in the original series
were clinically assessed with good results.

We found a difference in wear rates between male and
female patients, which has been observed previously, most
recently by Faris et al. [6], who cited gender as the factor
explaining the greatest percentage of variance in volu-
metric. However, other studies have considered overall
penetration rate (Table 4). In contrast, we reported the
slope and intercept as measurements of wear and creep,
respectively. We found the wear for men and women were
considerably different, whereas the values for creep were
not. The reasons for this are unclear. The overall penetra-
tion rate measured (0.11 mm/year) in our study is
comparable to those in other studies (Table 4). However,
our penetration rate is approximately half of the rate
reported by Isaac et al. [12] (0.20 mm/year) in a group of
patients in which a Charnley prosthesis had been implan-
ted. We postulate this difference is the result of the
increased influence of the initial creep in the shorter study
(mean followup, 8.8 years compared with 20 years in our
study) and the fact that the patients in that study had all
been revised for aseptic loosening. An earlier study [4]
reported a penetration rate of 0.15 mm/year in a group of
72 patients with early Charnley implants; it is highly
unlikely these cups were gamma-irradiated. It is reassuring
our wear rates are not dramatically different from this.
Interestingly, a similar study by Griffith et al. [7] reporting
on a well-functioning group of patients with gamma-irra-
diated air cups, calculated a penetration rate of 0.07 mm/
year after 8.3 years in vivo.

We determined penetration rates for each patient using
all of the data points to calculate a slope and an intercept
(which equate to wear rate and initial creep, respectively).
Using this measure, there appears to be a relationship
between penetration rate and time. The initial penetration
or creep for this group was 0.24 mm and the slope or wear
rate was 0.076 mm/year. The wear rate is less than the
0.181 mm/year slope previously reported by Isaac et al.
[12]. The same study reported the intercept (creep) to be
0.16 mm. However, that study consisted of 87 patients with
a single data point per patient and a weighted regression
analysis was used because of the preponderance of points

with a short followup. A similar analysis was carried out by
Sychterz et al. [17] with a group of 1300 radiographs from
315 hips. They reported on four different designs of ce-
mentless acetabular cup all with 32-mm-diameter cobalt-
chrome heads and followup of 3.0 to 10.5 years. Three
designs were gamma-irradiated in air and the slopes ranged
from 0.08 to 0.12 mm/year and the intercepts from 0.09 to
0.33 mm. The ethylene oxide-sterilized group had a slope
of 0.13 mm and an intercept of 0.26 mm. These results are
similar to ours despite the differences in followup time,
head material, head diameter, and fixation method.

Mean volumetric wear was 796 mm® for 20 years,
equating to a mean rate of approximately 40 mm?/year.
Hip simulator studies [1] have reported wear rates of
approximately 40 mm>/million cycles for 28-mm bearings
gamma irradiation sterilized in air, which is comparable to
this study if one million cycles/year is assumed and the
increased wear associated with increased head size is
considered [12].

In our series, the mean penetration rate for male patients
was substantially higher than that for female patients.
Additionally, the weight, height, and body mass index of
the male patients were higher than those of the female
patients. Increased load would lead to increased polyeth-
ylene penetration. However, when the plotted slopes for
wear with time for each patient were analyzed (Fig. 6),
there was a difference in the slope values for men and
women (Fig. 7) but not in the intercept values (Fig. 8).
This indicates there is a difference in the wear penetration
between the genders, but not the creep penetration.
Intrinsically, load would also be expected to influence
creep; however, this was not demonstrated in this study.

Gamma irradiation has been used for a long time
(since approximately 1969) and most of the clinical data
so far compiled have been with material gamma-irradi-
ated in air. These data indicate, although this sterilization
method may be detrimental to the overall wear perfor-
mance [2, 5], this problem has already manifested itself
and is not catastrophic. Furthermore, if the degradation
of UHMWPE is continuing in vivo, this has had no
measurable effect on the penetration rate over the
20-year implantation period.
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