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Abstract Highly cross-linked polyethylene has been
associated with low in vitro wear, but also has decreased
in vitro ultimate yield strength. We therefore asked whether
highly cross-linked polyethylene would result in lower
outcome scores, wear, or early failure in a young patient
population. Seventy THAs in 64 patients were performed
using a highly cross-linked (electron beam-irradiated to 9
Mrads) acetabular liner and a cobalt-chrome femoral head.
The average age of the patients at surgery was 41 years
(range, 19-50 years). The minimum followup was
2.4 years (average, 4 years; range, 2.4-6.5 years). We
recorded demographic and clinical data, including Harris
hip score. Polyethylene wear measurements were analyzed
with a validated, computer-assisted, edge detection method.
The average Harris hip score improved from 53 to 92 at last
followup. There was no evidence of acetabular or femoral
loss of fixation, subsidence, or loosening. Linear wear was

One or more of the authors (JCC) have received funding from the
Curing Hip Disease Fund.

Each author certifies that his or her institution has approved the
human protocol for this investigation, that all investigations were
conducted in conformity with ethical principles of research, and that
informed consent for participation in the study was obtained.

D. S. Shia, J. C. Clohisy (<), M. F. Schinsky

Department of Orthopaedic Surgery, Washington University
School of Medicine, One Barnes-Jewish Plaza, Suite 11300 West
Pavilion, Campus Box 8233, St Louis, MO 63110, USA
e-mail: clohisyj@wudosis.wustl.edu

J. M. Martell
Department of Orthopaedics, The University of Chicago,
Chicago, IL, USA

W. J. Maloney
Department of Orthopaedic Surgery, Stanford University,
Stanford, CA, USA

undetectable at this followup interval. No patient experi-
enced catastrophic failure or underwent revision surgery.
These data show low polyethylene wear rates and no cata-
strophic failures at early followup in a young patient cohort.
Level of Evidence: Level IV, therapeutic study. See the
Guidelines for Authors for a complete description of levels
of evidence.

Introduction

Implant wear and secondary osteolysis are major causes of
THA failure and are of particular concern in young patients
undergoing THA because of long lifespans [7, 20, 26, 33,
38]. Therefore, alternative bearing surfaces have been
introduced to minimize wear particle-induced implant
failure. The goal of using highly cross-linked polyethylene
(HCLPE) in THA is to reduce wear and thereby minimize
secondary osteolysis and enhance implant survivorship.

Previous studies have shown a direct correlation between
the amount of polyethylene wear occurring in THAs and the
rate of osteolysis [14, 43]. According to one study, wear
rates less than 0.1 mm per year were associated with a zero
incidence of osteolysis, but rates exceeding 0.3 mm per
year were associated with a 100% incidence of osteolysis
[14]. Alternative bearing surfaces such as ceramic-on-
ceramic, metal-on-metal, and metal-on-HCLPE endeavor to
decrease the production of biologically active particulate
matter, thereby theoretically decreasing the incidence of
osteolysis. In vivo and in vitro hip simulator studies have
shown considerably [34] less linear and volumetric wear of
HCLPE compared with conventional polyethylene [19, 30].
It is presumed that a decrease in the wear of the implant and
reduction in the production of particulate matter will
increase the longevity of the implant.
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In general, younger patients have been associated with
higher activity levels and increased polyethylene wear [20,
33, 38]. In addition, the demands that are placed on the
implant in younger patients are produced for longer times
compared with those for older patients. Younger patients
have consistently had higher polyethylene wear rates than
older patients [3, 8]. Potential concerns regarding the use of
HCLPE include a reduction in the ultimate yield strength
and ultimate tensile strength and a possibility of cata-
strophic failure owing to the cross-linking process [29].
There have been case reports of early failure [3] in which
impingement has been implicated and retrieval studies
citing polyethylene cracking and microfracture [2, 41]. The
reduction in material properties observed in HCLPE in
lower-demand patients implies a theoretical risk of failure
in a young high-demand patient population. HCLPE is
associated with considerably less wear than conventional
polyethylene for short- and intermediate-term results in
older (mean ages ranging from 55-60 years) patient pop-
ulations [12, 22, 28]. It is unclear, however, whether these
wear rates apply to a younger population in whom one
might anticipate relatively higher wear rates. Conventional
polyethylene has had a linear wear rate with time that
allows the prediction of long-term polyethylene wear [14].
HCLPE also may have a linear wear rate with time such
that short-term wear characteristics may predict long-term
performance.

Because long-term implant performance may be pre-
dicted from shorter-term results, we determined the clinical
outcome scores, polyethylene wear, and any occurrences of
catastrophic polyethylene failure associated with a HCLPE
acetabular liner in a young patient cohort treated with
primary THA.

Materials and Methods

We retrospectively evaluated the prospectively collected
clinical and radiographic data of 64 patients (70 hips)
undergoing primary THA with a HCLPE acetabular liner
between September 1999 and May 2002. The cohort ini-
tially was assembled as a subset of 90 patients in a
prospective, blinded trial comparing conventional poly-
ethylene with HCLPE in patients of all ages. For this study,
we included all 33 patients in the randomized trial who
were 50 years or younger and randomized to receive
HCLPE liners. After completion of enrollment for the
randomized study, 31 additional patients 50 years or
younger received HCLPE (in a consecutive fashion) and
comprised the remainder of the 64 patients. The average
age of the patients was 41 years (range, 19-50 years) at the
time of surgery. Thirty-two patients were men and 27 were
women, representing 54% and 46% of the cohort,
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respectively. The average patient weight was 88 kg (range,
38-146 kg) and average height was 173 cm (range, 147-
196 cm). Their primary diagnoses that resulted in arthro-
plasty included osteoarthritis (25 patients [36%]),
osteonecrosis (20 patients [29%]), hip dysplasia (14
patients [20%]), rheumatoid arthritis (five patients [8§%]),
posttraumatic arthritis (two patients [3%]), hip fusion
takedown (one patient [2%]), and previous resection for
infection (one patient [2%]). Six patients underwent con-
tralateral THA during the study period. Thirty-six hips
(51%) had THAs performed on the right side, whereas 34
(49%) had THAS on the left side. None of the patients had
a prior hip infection. Twenty patients (29%) had at least
one prior surgical procedure on the ipsilateral hip, includ-
ing core decompression, pelvic osteotomy, proximal
femoral osteotomy, open reduction and internal fixation,
arthroscopic débridement, trochanteric advancement, or
hip fusion. One patient had a greater trochanter osteotomy
and fixation during the course of the initial hip fusion
takedown and conversion to primary THA. The minimum
followup was 2.4 years (average, 4 years; range, 2.4—
6.5 years). We had prior Institutional Review Board
approval. Patients consented and agreed to participate in
the study before their enrollment.

All surgeries were performed by one of the two senior
authors (JCC, WIM). All patients were implanted with a
HCLPE acetabular liner (Longevityi{‘; Zimmer, Inc,
Warsaw, IN) in a cementless socket (Trilogy@ ; Zimmer).
A 22-, 26-, or 28-mm cobalt-chrome head was used in all
cases. One patient received a 22-mm head, nine patients
received a 26-mm head, and 60 patients received a 28-mm
head. Various stems were used and included 45 VerSys™
beaded midcoats (Zimmer), nine fiber metal midcoats
(Zimmer), two HeritageTM cemented (Zimmer), eight fiber
metal tapers (Zimmer), and six Bantam porocoats (DePuy
Orthopaedics, Inc, Warsaw, IN). All patients underwent a
posterolateral surgical approach. The HCLPE was electron
beam-irradiated to 9 Mrad and gas plasma-sterilized.
Twenty-eight patients received a 10° lipped acetabular
liner and 42 patients received a 20° lipped acetabular liner.
Sixty-four patients (70 THAs) had a minimum followup of
24 months (mean, 47 months; range, 24—77 months).

We recorded preoperative demographic data, including
age, gender, height, weight, diagnoses, laterality, and ipsi-
lateral prior surgical procedures. Clinical outcomes were
measured, including the Harris hip score and a modified
WOMALC score (at final followup only) as disease-specific
outcome measures and the SF-12 as a general health mea-
sure [32, 40]. WOMAC scores were available for 63 of 70
hips (90%) and SF-12 scores were available for 30 of 70
hips (43%). Harris hip scores were available for all patients
preoperatively and at final followup. We recorded activity
measures using the University of California—Los Angeles
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(UCLA) activity score and these were available for all
patients preoperatively and at final followup. This measure
evaluates the amount of activity as self-reported by the
patient from a high score of 10 correlating with “regularly
participating in impact sports” to a low score of 1 corre-
lating with “wholly inactive.” This evaluation of patient
activity has been correlated with pedometer data [45].

The medical records and radiographs were reviewed by
two of the authors (DSS, MFS) independent of the treating
surgeons. Patients were seen at followup 6 weeks after
surgery, at 3 months, and annually thereafter. We (DSS,
MES) assessed three radiographic views of each patient; an
anteroposterior (AP) view of the pelvis and AP and cross-
table lateral views of the affected hip were obtained. We
analyzed all followup radiographs. Nondigital radiographs
obtained at our institution before 2001 were converted to a
digital format using a commercially available radiographic
scanner and imaging software. We assessed the acetabular
position by determining the vertical and horizontal posi-
tions of the component. The vertical position was
determined by measuring the distance between the inter-
teardrop line and a parallel line tangential to the most
superior aspect of the acetabular component. The hori-
zontal position was determined by measuring the distance
between a vertical line drawn through the medial aspect of
the teardrop and a parallel line drawn tangential to the most
medial aspect of the acetabular component [8]. Subsidence
resulting from loosening was defined as any change in
acetabular component position greater than 4 mm in either
the vertical or horizontal position in relationship to the
teardrop [35]. We examined the acetabular component
interface radiographically for lucency according to the
methods described by DeLee and Charnley [11]. Lysis was
defined as any area of radiolucency greater than 3 mm at
the implant-bone interface. If there was greater than 2 mm
lucency in all three DeLee and Charnley zones or if the
implant had subsided, the acetabular component was con-
sidered loose. We determined the acetabular component
inclination by measuring the theta angle as defined by the
acute angle formed from a line drawn horizontally across
the inferior border of the ischial tuberosities and a line
drawn diagonally across the acetabular component. Ace-
tabular version was assessed using the cross-table lateral
radiograph. The acetabular version was classified as ret-
roverted, neutral, or anteverted.

We evaluated femoral loosening using the AP and frog
leg lateral radiographs, observing for lucency at the bone-
implant interface in Zones 1 through 14 according to the
method described by Gruen et al. [21]. Any subsidence of
the femoral stem greater than 2 mm also classified the
implant as loose [18]. The presence of a subsided stem was
determined by measuring the distance from the tip of the
trochanter to the top of the femoral stem. We assessed

ingrowth by the presence or absence of reactive lines
adjacent to the porous-coated portion of the implant and the
presence of spot welds of endosteal bone [18]. Heterotopic
ossification was observed radiographically and quantified
according to the classification system of Brooker et al. [5].

We used a computerized, semiautomated, edge detection
method to determine the two-dimensional vector wear by
one orthopaedic surgeon (DSS) trained and validated in the
use and function of the program (Martell Hip Analysis
Suite™, Version 8.0.1.7; University of Chicago, Chicago,
IL). As described by Hui et al. and Martell and Berdia [23,
27], calculation of linear and volumetric wear was per-
formed with this validated computer algorithm for all AP
radiographs taken 6 weeks postoperatively and at yearly
intervals thereafter.

We determined the true linear wear rate by two methods.
In the first method, the linear wear was determined using
the 1-year postoperative radiograph as a baseline. All wear
measurements were based on the 1-year radiograph and all
the patients had their wear measurements plotted as total
wear versus time. The slope of a least squares trend line
through the data set was taken as the true wear rate for the
series. In the second method, the 1-year film was compared
with the longest followup film available for each patient.
The wear observed between these two films was divided by
the radiographic interval to calculate a yearly wear rate for
each patient. The mean of these values was taken as the
population wear rate. The radiographic software reports the
difference in pelvic rotation (flexion/extension) between
each film pair analyzed. This value is calculated based on
changes in the magnification-corrected perpendicular dis-
tance from the center of the acetabular component to the
tuberosity line. For this study, radiographic pairs with
greater than a 25° rotational difference were excluded. One
patient was excluded from radiographic wear analysis
based on these criteria.

Two calculations were performed regarding wear rates
and the bedding-in process. The bedding-in process included
values calculated using the 28-day and the 120-day films as a
baseline for subsequent wear measurements. This reference
value approximates the nonwear-related head migration
(bedding-in) such as creep and the liner settling into the
metal acetabular component. The bedding-in excluded
calculation uses comparison films that are older than
120 days, thereby reducing the influence bedding-in has on
true wear measurements.

Results
The mean Harris hip score improved from 53 points pre-

operatively to an average of 92 points at final followup
(Table 1). The mean UCLA activity score also improved
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Table 1. Summary of clinical outcomes

Clinical measure Preoperative Postoperative
Harris hip score 53 (26-86) 92 (61-100)
SF-12 Physical Component 26 (19-42) 50 (28-59)
SF-12 Mental Component 54 (43-62) 54 (39-65)
UCLA activity score 3.5 (1-7) 6.3 (2-10)

Values are expressed as means with ranges in parentheses;
UCLA = University of California—Los Angeles.

from a preoperative score of 3.5 to a postoperative score of
6.3. The mean postoperative modified WOMAC scores
were 90 for pain (range, 45—-100), 86.7 for stiffness (range,
37-100), and 90.9 for physical function (range, 53—100).
Of the original cohort of 70 THAs, eight hips in seven
patients were associated with followup Harris hip scores
less than 80 points. Two of these seven patients had prior
surgeries, including one patient who had a previous hip
arthrodesis and one patient who had a resection arthro-
plasty for native hip infection.

Radiographic examinations showed no implant loosen-
ing or periprosthetic osteolysis. Each of the acetabular
components was placed in an anteverted position. The
average theta angle was 46.4° (range, 25.1°-68.7°). All of
the femoral stems were well fixed without signs of subsi-
dence or osteolysis.

We observed low wear rates with this HCLPE liner. The
true linear wear rate, based on the 1-year films and cal-
culated by the slope of the wear versus time regression line,
was 0.003 mm per year with bedding-in included in the
analysis. With the bedding-in phenomenon excluded, the
wear rate was —0.036 mm per year, representing unde-
tectable wear at this followup (Fig. 1).

None of the 70 THAs underwent revision or reoperation
during the followup. Our cohort experienced three dislo-
cations after surgery. One patient with rheumatoid arthritis
experienced dislocation in the recovery room and returned
emergently to the operating room for closed reduction.
That patient did not have any additional surgery. One
patient with juvenile rheumatoid arthritis experienced dis-
location 3 months postoperatively. The patient was treated
by closed reduction, wore a brace for 6 weeks, and had no
additional episodes of instability. An obese patient with a
body mass index greater than 38 kg/m” experienced dis-
location as a result of a fall 4 years after her THA. She
underwent closed reduction, wore a brace, and required no
additional treatment. Finally, one patient sustained an
ipsilateral greater trochanter fracture in a motor vehicle
accident 4 years after THA. This was treated nonopera-
tively and he regained full abductor function. At final
followup, 18 hips had Type I heterotopic ossification, two
had Type II, six had Type III, and none had Type IV
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Fig. 1 The true linear wear rate for the highly cross-linked polyeth-
ylene acetabular liner calculated using the 1-year film compared with
the longest followup film available for each patient yielded a mean
wear rate of 0.026 mm per year £ 0.135 mm per year with bedding-
in included and 0.033 mm per year with bedding-in excluded.
2D = two-dimensional. The one outlier resulted from inadequate
radiographic technique. The difference in radiographic projections of
the two AP pelvis radiographs was greater than 25° rotation, the
maximum rotation allowed by the software. For this reason, the
radiographic software inappropriately assigned an abnormally high
wear rate. This one outlier was removed from our final analysis of the
wear but was included in the graphic analysis for completeness

heterotopic ossification. None of these patients underwent
surgery for heterotopic ossification.

Discussion

HCLPE has been associated with low in vitro wear prop-
erties, but also has shown decreased in vitro material
properties that could influence early wear or failure. Early
results therefore are important to establish the safety and
reliability of this bearing surface in young patients.
Accordingly, we asked whether HCLPE would result in
lower outcome scores, wear, or early failure in a young
patient population.

The lack of a control cohort is an inherent weakness of
our study. Nevertheless, we have used common clinical
and radiographic outcome measures that can be interpreted
relative to reported historical results. The short-term fol-
lowup of this study could be viewed as a potential
limitation to the study. Early followup, however, is
important to determine safety of new implants and provide
some information regarding possible long-term perfor-
mance. For example, initial performance of a conventional
polyethylene liner has been shown to be predictive of long-
term wear [14]. The use of 26- and 28-mm heads in our
cohort also may be perceived as a weakness given that
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larger heads have become more popular to increase hip
stability. We believe the performance of this relatively new
technology should be defined with traditional head sizes
before larger femoral heads are used on a widespread basis.

Various conditions, including osteonecrosis, posttrau-
matic arthritis, inflammatory arthritis, chondrolysis, and
early secondary osteoarthritis, can occur in young patients
leading to advanced intraarticular hip deterioration [9]. The
surgical options for these patients are limited and THA is
commonly used for symptomatic, end-stage disease. Con-
troversy exists regarding the choice of implant design and
bearing surfaces. Younger patients tend to be more active,
especially patients with osteonecrosis, posttraumatic
arthritis, and secondary osteoarthritis, who do not have
multiple joint involvement. This increased activity is pre-
sumed to result in increased polyethylene wear. Berger
et al. [1] reported polyethylene wear rate is related to the
patient’s age when using ultrahigh-molecular-weight
polyethylene. In the series published by Dunkley et al. [16]
for patients 50 years or younger followed for a mean
7 years, six of 55 polyethylene liners were revised for
excessive wear and an additional four liners had an
eccentric wear pattern that was evident on radiographs.
This increased wear rate in young patients also was
reported by Dowdy and colleagues who described a 60%
(12 of 20) incidence of considerable polyethylene wear and
osteolysis in patients younger than 50 years [15].

The material properties of HCLPE, including its reduced
ultimate yield and tensile strength compared with conven-
tional polyethylene, could result in early catastrophic failure
[29]. This concern is heightened in the young patient pop-
ulation because of higher activity levels [38]. In the short
term, there is potential concern for early catastrophic failure
when using HCLPE, yet in our young, demanding patient
population, we observed no such failures.

Component loosening and osteolysis have been associ-
ated with polyethylene particulate disease and high degrees
of polyethylene wear [6, 31, 36, 37]. A clinical reduction of
80% in the generation of wear debris can prevent osteolysis
in the majority of patients, thereby increasing the survi-
vorship of THAs [28]. Reducing wear in THA is of
particular importance in the younger patient population.
Conventional polyethylene historically has had varying
wear rates from 0.1 mm per year to greater than 0.25 mm
per year [24-26, 39]. These wear rates are considerably
higher than those in our cohort of patients. Other investi-
gators also have reported improved wear rates with
HCLPE.

Martell et al. [28] found a 42% reduction in the linear
wear of HCLPE versus conventional polyethylene in
older patients. Heisel et al. [22] reported an 81% reduc-
tion in clinical wear and a 72% reduction in wear per
million cycles in HCLPE compared with conventional

polyethylene in early followup. The 5-year wear data for
Durasul® (Zimmer, Warsaw, IN) HCLPE in patients with a
mean age in their 60s had a linear wear rate of 0.029 mm
per year, well below the 0.10 mm per year average
threshold for osteolysis [13, 14, 43, 44]. Durasul® is
manufactured by electron beam radiation with 9.5 Mrad at
120°C; it then is remelted at 150°C and stored in ethylene
oxide. The calculated annual wear for Crossfire™ (Stryker,
Kalamazoo, MI) HCLPE in a study with an average fol-
lowup of 5 years was 0.036 mm per year with a mean
patient age of 57 years [10]. In our series, the wear rate was
0.026 mm per year + 0.135 at a mean of 4.0 years fol-
lowup. This wear rate is comparable to rates in other series
that have reported low wear rates of HCLPE in older
patient populations [4, 42]. In hip simulator studies, cross-
linked polyethylene has been associated with an 80% to
90% reduction in wear when compared with conventional
polyethylene [17, 27]. Differing manufacturing processes
lend different material properties to the polyethylene. The
dosage of radiation influences the degree of cross-linking
and the postradiation processing also affects the material
properties of the polyethylene [34]. Longevity™ HCLPE
was introduced in 1999 and is produced by a process of
electron beam irradiation with 9 Mrad and remelt anneal-
ing. The differing commercially available highly cross-
linked polyethylenes are produced by somewhat differing
processes with differing properties. The optimal process for
cross-linking continues to be investigated.

We found the early wear rates of this HCLPE in a young
patient population are comparable to published data for
older populations [10, 28]. In addition, the polyethylene
wear rate that we determined was less than that of previ-
ously reported conventional polyethylene historic controls
[10, 24-26, 28, 39]. Finally, no patient underwent revision,
had evidence of accelerated wear, or had evidence of early
failure during the followup period. Although these data are
encouraging, additional study is essential to assess the
long-term durability and clinical performance of HCLPE in
primary THA.
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