From the Department of Orthopaedics
Institute of Surgical Sciences, Goteborg University
Goteborg, Sweden

New polymer materials in total hip arthroplasty

Evaluation with radiostereometry, bone densitometry,
radiography and clinical parameters

Georgios Digas

Thesis 2004

ACTA ORTHOPAEDICA SUPPLEMENTUM NO. 315, VOL. 76, 2005




Contact address

Georgios Digas

Department of Orthopaedics
Sahlgrenska University Hospital
SE-413 45 Goteborg

SWEDEN

Tel. +46-31-3424441

Fax. +46-31-825599

E-mail: georgios.digas@vregion.se

Printed in Sweden
Wallin & Dalholm
2005



Acta Orthopaedica (Suppl 315) 2005; 76

CONTENTS

List of papers, 3
Abstract, 4
Abbreviations, 5

Introduction, 6
Evaluation of THR, 7

Outcome measurements, 7
Conventional radiography, 7
Evaluation of stability, 8
Evaluation of wear, 9
DEXA, 9
RSA (Radio Stereometric Analysis), 10

Materials used in total hip arthroplasty, 13
Polyethylene, 13
History, 13
Polyethylene standards, 14
Implant manufacture, 14
Sterilization, 16
Highly cross-linked UHMWPE, 17
Bone cement, 18
History, 18
Basic principles, 18
Mechanical properties of bone cement, 19
Creep, 19
Modifications of bone cement, 20
Bioactive bone cements, 20
Metal used as femoral head, 21
Stainless steel, 21
Titanium, 21
Cobalt-chromium, 21
Ceramics, 21
Ceramics as coatings, 22
Ceramics as bearing surfaces, 22
Wear debris from bearing surfaces, 24
Polyethylene particles, 24
Metallic particles, 25
Ceramic particles, 25
Toxicity of the wear debris, 27
Creep and wear mechanisms, 28
Alternative bearing surfaces, 29
Metal-on-conventional polyethylene, 29
Metal-on-highly cross-linked PE, 29
Ceramic-on-polyethylene, 30



Acta Orthopaedica (Suppl 315) 2005; 76

Metal-on-metal, 30
Ceramic-on-ceramic, 31

Wear-factors related to the patient and surgical technique, 32
Cemented sockets and aseptic loosening, 33

Cementless sockets and aseptic loosening, 33

Aims of the studies, 34

Material, 35
Patients, 35
Implants, 39

Methods, 42
Clinical evaluation, 42
Radiography, 42
Radiostereometry, 42
DEXA, 43

Statistical analysis, 45
Ethics, 45

Results, 46

Discussion, 56
Conclusions, 61

The future, 62
Acknowledgements, 64
References, 65

Appendix, 79



Acta Orthopaedica (Suppl 315) 2005; 76

List of Papers

The thesis is based on the following papers

L

I

III.

Increase in early polyethylene wear after steril-
ization with ethylene oxide. Radiostereometric
analysis of 201 total hips. Georgios Digas,
Jonas Thanner, Bo Nivbrant, Stephan Rohrl,
Hakan Strom and Johan Kérrholm. Acta Orthop
Scand 2003; 74 (5): 531-41

Highly cross-linked polyethylene in cemented
total hip arthroplasty. Randomized study of 61
hips. Georgios Digas, Johan Karrholm, Jonas
Thanner, Henrik Malchau and Peter Herberts.
Clin Orthop 2003; (417): 126-38.

Highly cross-linked polyethylene in total hip
arthroplasty. Randomized evaluation of pene-
tration rate in cemented and uncemented sock-
ets using radiostereometric analysis. Georgios

Digas, Johan Kirrholm, Jonas Thanner, Henrik
Malchau and Peter Herberts. 2004 Otto Aufranc
Award. Clin Orthop 2004; 2004; (429): 6-16.

IV. Fluoride containing acrylic bone cement in

total hip arthroplasty. Randomized evaluation
of 97 stems using radiostereometry and DEXA.
Georgios Digas, Jonas Thanner, Christian
Anderberg and Johan Kirrholm. J Arthroplasty
2004. Accepted.

. Bioactive cement or ceramic/porous coating vs.

conventioanal cement to obtain early stability
of the acetabular cup. Randomized study of 96
hips followed with radiostereometry. Georgios
Digas, Jonas Thanner, Christian Anderberg and
Johan Kérrholm. J Orthop Res 2004; 22(5):
1035-43.



Acta Orthopaedica (Suppl 315) 2005; 76

Abstract

Aims: To evaluate the outcome of different types
of polyethylene, bone cements and one design of
uncemented fixation with porous and ceramic coat-
ing using radiostereometry, bone densitometry,
conventional radiography and clinical parameters.

Materials and methods: Study 1: 201 patients
were extracted from 5 prospective randomised
studies to evaluate femoral head penetration at
two years with radiostereometry in four basic
designs, cemented Lubinus and Reflection cups,
uncemented Trilogy and Reflection cups. Studies
II and III. 60 patients (61 hips) were randomised
to receive either highly cross-linked or conven-
tional all PE cups. 32 patients with bilateral
arthrosis received hybrid THA with highly cross-
linked PE on one side and conventional on the
contra lateral side. Femoral head penetration and
the migration of the cups were evaluated with
radiostereometry in the supine and standing posi-
tions. DEXA and conventional radiography were
used to evaluate the bone mineral density and
radiolucencies around the cemented acetabular
component. Studies IV and V: 90 patients (97 and
96 hips respectively) were stratified depended on
age, gender, diagnosis and preoperative BMD to
create 3 main groups of socket fixation. In the first
group fluoride containing cement was used, in the
second group Palacos cum Gentamicin and in the
third hybrid THA with porous coated HA/TCP
cup. In the hybrid group the fixation of the femoral
component was again randomised to either of the
two cements. The results on femoral and acetabu-
lar sides are presented separately in studies IV and
V, respectively.

Results: Study I: Cups with polyethylene steril-
ized in EtO had almost twice the proximal and 3D
penetration rates compared with gamma-sterilized
polyethylene. Regression analysis showed that the
type of sterilization, age and weight was the most

important factors affecting the penetration rate.
Studies II and III: In the cemented study the proxi-
mal penetration was lower in the study group inde-
pendent of position at 3 years, while in the hybrid
study the penetration was lower in the study group
only in the supine position at 2 years. The migra-
tion of the cup did not differ between the plastics
in both studies. At 2 years the periprosthetic
radiolucency and BMD did not differ significantly
between the 2 types of PE used in the cemented
study. Study IV: The subsidence of the stem did not
differ between the groups, but the periprosthetic
BMD decreased more in fluoride cement group at
2 years. Conventional radiography revealed higher
progression of radiolucent lines in the Palacos
group, but only in one region. Study V: The proxi-
mal migration of the cup was almost similar in all
three groups. The three dimensional migration was
increased in patients with osteoporosis. Postopera-
tive radiolucent lines tended to disappear with use
of porous coating covered with HA/TCP.

Conclusions: Study I: EtO sterilized polyethyl-
ene increased the femoral head penetration. Age
and weight were also important predictors of the
penetration rate. Studies II and III. The highly
cross-linked polyethylene decreased the penetra-
tion rate mainly after one year probably reflecting
less wear. The different mechanical properties of
the two types of PE studied did not affect the early
fixation of the cemented cup. Study I'V: There were
no obvious advantage of addition of fluoride to
acrylic bone cement when used to fixate the femo-
ral component. Study V: Use of fluoride containing
cement or uncemented fixation did not improve the
early stability of the socket compared to Palacos
with Gentamicin.

Key words: Total hip arthroplasty, polyethylene,
bone cement, wear, fixation, and radiostereometry.
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Abbreviations

ap anterior-posterior
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DEXA Dual energy xray absorptiometry
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Introduction

The cemented total hip replacement (THR) was
introduced in 1961. Since then total joint replace-
ment has become widely recognized as one of the
most cost-effective interventions in medicine. The
effects of THR in terms of reduction of pain and
improvement of function and health related quality
of life are well documented in the literature. World-
wide more than 1,000,000 patients are treated with
a hip replacement annually. In Sweden, the cor-
responding number is approximately 13,000. The
results have improved over time, as reflected by
a relative decrease of clinical failures requiring
reoperation.

Survival rates of 90 to 95% after 10 years and
80 to 90% after 20 years are reported especially
among elderly patients. In younger patients
and those with compromised bone quality the
results are inferior. Previous investigations have
shown that the pathophysiology and incidence
of implant failure show important differences
between the two principal components of a total
hip arthroplasty, the acetabular and the femoral
components.

Aseptic loosening is the major complication
and causes more than 70% of the revisions in hips
in Sweden. The etiology of aseptic loosening is
multifactorial, involving both mechanical and bio-
logical processes. Socket micromotion and wear
are important factors that influence the long-term
durability of THRs. The expected annual wear in
PE cups or liners is approximately 0.1 mm. This
means that billions of submicron-sized wear par-
ticles are released into the joint. These particles
have been recognized as a major reason for oste-
olysis and failure.

During the past decade, high penetration rates
have been related to variations in polyethylene
quality and sterilization techniques. Different
sterilization methods may have variable influence
on the mechanical, chemical and wear properties
of the polyethylene. Hip simulator studies have
shown that highly irradiated polyethylene displays
significantly improved wear resistance. This new
polyethylene material has been extensively used in

hip arthroplasty. However the clinical experience
with such materials is limited.

Several studies have shown that micromove-
ments of the implant and cement mantle open
the interfaces, increase release of particles due to
abrasive wear and may lead to asymmetrical load-
ing of the cement mantle and subsequent debond-
ing, cement fracture and loosening. Bioactive bone
cements based on polymethylmethacrylate have
been suggested as one way of improving implant
fixation. So far these cements lack proper clinical
documentation.

New implants must be evaluated before being
introduced clinically on a large scale. Implant
register studies are comparatively slow and blunt
instruments. Conventional radiography adds
important information about bone morphology, but
suffers from limited reproducibility and resolution
for measurements of migration and wear.

So far the method of choice to measure these
parameters is radiostereometric analysis (RSA).
With its high resolution this method can be used to
detect small increases of migration and wear early
during the postoperative years and in small patient
populations. Such information has proved to be
important in predicting later failures, which makes
RSA a suitable method for the evaluation of new
implants. Promising designs can be identified early
and studied further. The patient population exposed
to new implant technology can thus be limited.
Implants more likely to cause complications can
be identified early. The possibility of predicting
failures before they cause clinical symptoms will
facilitate their treatment, preventing the severe
destruction of bone caused by loosening. RSA is
therefore a valuable tool for the clinical study of
new implants when preclinical tests have indicated
that they might have superior performance com-
pared to contemporary standards.

Conventional radiography also lacks resolution
in measurements of skeletal bone mineral density.
Therefore other methods such as dual energy X-
ray absoptiometry (DEXA) have evolved as alter-
natives for the study of bone remodelling around
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joint implants. Preferably the artificial joint should
load the surrounding bone as physiologically as
possible to maintain bone stock , reduce the risk of
fatigue fracture and facilitate any future revision.

In this thesis RSA, DEXA, conventional
radiography and clinical instruments were used
to evaluate the efficacy of new polymer materi-
als when used in total hip arthroplasty. Special
emphasis was placed on their potential to reduce
wear and improve fixation and bone remodelling
around the prosthesis.

Evaluation of THR

The results of total hip replacement (THR) surgery
have been studied using a range of outcome instru-
ments which focus on pain, function and activity,
quality of life, radiographic evaluation and need
for revision of the implant. These instruments
are important in evaluating the efficacy of hip
arthroplasty and a firm basis for evidence-based
health care.

Outcome measurements

There are two main types of outcome instruments
or questionnaires:

Disease-specific questionnaires include ques-
tions about one specific disease ideally minimise
the influence from associated diseases. Such
instruments have a higher reliability than health-
related questionnaires.

Different score systems have been used to
describe the state of the patient in terms of pain,
motion and walking ability (D’Aubigney and
Postel 1954, Charnley 1979). To provide generally
applicable systems for various hip disabilities and
methods of treatment, Harris (1969) introduced a
rating scale, which included parameters such as
pain, function, deformity and motion. The Harris
Hip Score is the most frequently used disease-spe-
cific, but not self-administered, hip scoring system.
In recent years self-administered scoring systems
like the Westem Ontario and McMaster University
Osteoarthritis Index (WOMAC) have become more
popular (Bellamy et al. 1988). The WOMAC is a
disease-specific, self-administered, health measure
developed to study patients with osteoarthritis of
the hip or knee. The original version contained 41

items in 5 domains: pain, stiffness, physical func-
tion, social function and emotional function. The
final form of this index utilised the pain (5 ques-
tions), stiffness (2 questions) and physical function
(17 questions) domains (Bellamy et al. 1988, Sun
etal. 1997).

General or generic questionnaires include ques-
tions about health-related quality of life [HRQL),
which facilitates comparison between the disabling
effect of different medical conditions and their
treatments. Two tests which are commonly used
after THA are the Medical Outcomes Study 36-
Item Short-Form Health Survey (SF-36) and the
Nottingham Health Profile (NHP) with 36 and 45
questions respectively. The SF-36 is a general self-
administered questionnaire developed for applica-
tions in psychometric theory. This test is the most
frequently used health-status measure in Northern
America and has been used after total joint replace-
ment of the hip and knee (Martin et al. 1997, Ritter
et al. 1995). The 36 questions are divided into
eight domains: physical function, social function,
role-emotional, role-physical, bodily pain, general
health, mental health and vitality. The NHP is a
self-administered general instrument, which con-
sists of two parts with 45 yes-or-no answers. This
test studies the quality of life after medical and/or
surgical treatments such as total hip replacement
(Wiklund and Romanus 1988). Like the SF-36 and
WOMAUC, the NHP has high validity and reliabil-
ity (Hunt et al. 1981).

Conventional radiography

Because radiographic changes often precede clini-
cal symptoms and more or less severe complica-
tions, conventional radiography is frequently used
to evaluate total hip replacements. The aim is to
evaluate implant stability, wear of the components
and the response of the surrounding bone over
time. The magnification, exposure parameters and
patient position should be as consistent as possible
between successive examinations to facilitate the
evaluation. To obtain a systematic and standardised
evaluation the interface around the cup is divided
into three regions on the anteroposterior and the
lateral view (DeLee and Charnley 1976). The fem-
oral stem interface is analysed in 14 correspond-
ing regions, 7 on the AP and 7 on the lateral view
(Gruen et al. 1979, Figure 1).
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Figure 1. The regions (zones) used in the analysis of cup
and stem interfaces (AP and lateral projections).

The presence of postoperative radiographic find-
ings such as bone-remodelling, radiolucent lines
(zones), erosions, granulomae or osteolytic lesions
is defined and described in the different areas.
Such changes have prognostic value for mechani-
cal loosening. (Kobayashi et al. 1997). Computer
Tomography (CT) scans can be used to visualise
osteolytic lesions in the pelvis but normally have
no place in the screening of hip implants. Barrack
et al. (1992) proposed a grading of the quality of
the cement mantle surrounding the femoral com-
ponent, which has become widely accepted. A
similar grading has since than been used to assess
the cement mantle around the acetabular compo-
nent (Stromberg 1995).

Evaluation of stability

The simplest way to assess migration of the
acetabular cup is to make direct measurements on
radiographs using a ruler or preferably a slide-cali-
per. With increasing use of digital radiography, new
software packages have been introduced with vary-
ing possibilities to replace manual measurements.
Various landmarks are used to construct reference
lines in order to improve the accuracy of measure-
ments. Sutherland et al. (1982) used the teardrop
line and Kohler’s line as references for measuring
changes in cup position. Thoren and Sahlstedt
(1990) proposed the use of only one line: a tangent
to the apertura pelvis. Nunn et al. (1989) suggested
use of the teardrop line and an additional perpen-
dicular line through the teardrop. Wetherell et al.
(1989) proposed use of the “obturator brim line”
and the “sacroiliac-symphysis line” as references.
Two-dimensional migration can be calculated
from consecutive radiographs using reference
points in the skeleton and implant landmarks.

Some authors reported that vertical migration can
be measured with a precision of 1-3 mm (Freeman
and Plante-Bordeneuve 1994, Walker et al. 1995),
but it is uncertain whether this can be achieved
when anatomical landmarks are used in a prospec-
tive study. In a comparison between measurement
on digitised radiographs and radiostereometry,
Malchau et al. (1995) reported an accuracy of
vertical cup and stem migration between 4.4-6.6
mm and 3.9-12.3 mm, depending on the choice of
landmarks. The precision increased when tantalum
markers were used as reference points. Hardinge et
al. (1991) introduced automatic image analysis, the
MAXIMA method. A personal computer equipped
with a frame grabber card, high resolution video
camera, copy stand and a light box were utilized.
The radiograph was digitized by the camera. Poor
quality radiographic images could be enhanced
and standardised. The evaluation included migra-
tion and wear of the cup and subsidence and loos-
ening of the stem. The reproducibility was reported
to be high, but without any data documentation of
accuracy.

The precision of measurements on conventional
radiographs can be improved if measures are taken
to compensate for errors caused by changes of pro-
jection and magnification between examinations.
The “Ein Bild Rontgen Analyse,” EBRA-Digital
measurement system (Russe 1988. Krismer et al.
1995) is a method for measuring 2-dimensional
migration from digitized plain radiographs and
consists of 2 software programs, EBRA-Cup
and EBRA-Femoral Component Analysis (1998
version) which operate within an image analysis
software shell (Optimas Corp, Washington,DC).
The EBRA method differs from other measure-
ment systems in that it contains an algorithm that
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excludes radiographs from a patient measurement
series. This will happen if the patient position varies
too much between 2 examinations. If the limits of
position errors not are exceeded the software can
reduce measurement errors caused by this factor
(Krismer et al. 1995, Biedermann et al. 1999). The
method has been found to be useful in measuring
implant migration and for predicting cup and stem
failure (Krismer et al. 1996, 1999, Hendrich et al.
1997). The precision (95% confidence interval)
of this method in measuring migration has been
shown to vary between + 0.8 to 1 mm depending
on type and direction of motion analysed (Phillips
et al. 2002, Wilkinson et al. 2002).

Evaluation of wear

Penetration of the femoral head into the socket with
time has been measured on plain radiographs using
a ruler, caliper, or circular templates with or with-
out specially designed magnifying glasses. The
first to perform such measurements were Charnley
and Cupic (1973). They evaluated the femoral head
penetration by measuring the difference between
the shortest and greatest distance from the center
of the femoral head to the metallic indicator on the
equator of the cup. This method (uni-radiographic)
evaluated the magnitude of wear, but did not con-
sider its direction (Charnley and Halley 1975). To
obtain more accurate measurements of the linear
wear, a new method (duo-radiographic measur-
ing) was introduced (Charnley and Halley 1975,
Griffith et al. 1978). On an early postoperative and
on the latest follow-up radiographs, the distance
from the femoral head contour to the contrast wire
of the Charnley cup was measured in the verti-
cal and horizontal directions. The difference was
interpreted as radiographic wear, after correcting
for magnification. This method was later modi-
fied by Livermore et al. (1990) and Bankston et
al. (1994). The thinnest part of the polyethylene
layer on the latest follow-up radiograph was mea-
sured, corrected for magnification using the known
femoral head diameter. On the first postoperative
radiograph, the thickness of the polyethylene was
measured in the same area and the difference
between the two radiographs was considered as
linear wear.

The EBRA method described above can also
be utilised to measure wear with good resolution.

(Ilchmann et al.1995, Wilkinson 2002, 2003).
Devane et al. (1995) developed another computer-
assisted technique based on three dimensional
reconstruction of the position of the cup. This is
achieved by applying an edge detection algorithm
to the contours of metal-backed cups on both the
AP and lateral view. Measurements made using
this technique include orientation of the acetabular
component, two- and three-dimensional measure-
ment of femoral head displacement over time, and
calculation of the minimum volume of polyeth-
ylene debris. The authors reported an accuracy
of +0.15 millimeter on the basis of analysis of
a phantom model with predetermined amounts
of wear. Sychterz et al. (1999) showed that the
precision of three-dimensional measurements was
greater than that of two-dimensional measure-
ments in only 5% of the hips analyzed. Martel
and Berdia (1997) described a computer-assisted
vector wear technique for the determination of
polyethylene wear on digital radiographs. Two
and three dimensional displacement of the femo-
ral head with respect to the acetabular center was
followed over time using the computer-assisted
vector wear technique. The authors found the new
technique to be at least ten times more repeatable
than techniques with either callipers or a digitizing
tablet. Although promising, this technique has so
far not been evaluated against an accurate standard
in a clinical study.

DEXA

Bone remodelling which is a continuing process is
expected to change after the insertion of femoral
prosthesis. This process will result in redistribution
of bone adjacent to the prosthesis. The remodel-
ling is most pronounced during the first two post-
operative years, and then continues at a slower rate.
Stress shielding has been thought to be responsible
for most of the changes in bone density after THA,
but other factors such as osteolysis, loosening and
fracture are also associated with bone loss (Brown
and Ring 1985, Cooke and Newman 1988).
Standard radiographs, however, do not allow for
adequate assessment of bone mineral density.
Changes in density must be greater than 30% to be
observed with certainty on plain radiographs and
the precision and accuracy of such evaluations are
poor (Vose 1966).
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Dual energy X-ray absorptiometry, provides a
noninvasive means of quantitative assessment of
bone mineral content and density of the proxi-
mal femur in vivo. Two photon beams with low
but different energies pass through the region of
interest. Bone has different attenuation properties
from soft tissue. The absorption pattern is related
to the known absorption for Calcium and other
substances. In this way metallic implants can be
discriminated and excluded from the investigation.
Bone has similar attenuation properties to cement
and cannot be distinguished using conventional
DEXA unless this is done manually.

DEXA provides the accuracy and precision
which is necessary to detect and quantify the
changes in bone that occur after THA. Kiratli et
al. (1992) determined the accuracy of bone mineral
measurements in the proximal femur to be less
than 1%. The precision varied between 2% and
4.5%. These errors were mainly caused by variable
patient position and nonhomogeneous distribution
of soft tissues. The rotational position of the femur
is a critical factor: especially in cemented stems
(Goh et al. 1995). The precision of bone mineral
density determinations around the socket using 3-
and 4-ROI models has been reported to be lower
than 5%. (Wilkinson 2001).

The measurements are usually reported as the
change in bone mineral content (BMC) or bone
mineral density (BMD). BMD is the same as BMC
divided by the area of the region of interest (ROI).

When DEXA is used, a difference in the distribu-
tion of adipose tissue may affect the bone mineral
value since approximations must be made in order
to use the relevant equations. TXA (Triple-energy
X-ray absorptiometry) uses three photon energies
and is advantageous, as no such approximations
are required. TXA can be used to measure bone
mineral in the presence of different amounts of
homogenous and non-homogenous adipose tis-
sues close to the measured bone (Swanpalmer et
al. 1998 a, b).

RSA (Radio Stereometric Analysis)

Today most implants with clinical documentation
exhibit small migration and wear. To document
equivalent or even better performance of a new
implant design requires methods with higher reso-
lution than conventional radiography. Further on,

more complex analyses including implant motions
in three dimensions are of interest to obtain a
better understanding of any failure mechanism.
One method which fulfils these requirements is
radiostereometric analysis (RSA). Because of its
high precision this method has been used increas-
ingly in orthopaedic research (Karrholm 1989).

In Sweden, the method originates from Hallert
who presented the basic principles for roentgen
photogrammetry (Hallert 1970). In 1974 Goéran
Selvik modified and further developed the method,
using the mathematical principles of rigid body fit-
ting and calculation of three-dimensional motions.
It was initially called roentgen stereophotogram-
metric analysis (RSA). Subsequently the professor
in orthopaedics in Lund, Goran Bauer, suggested
a simpler name, radiostereometric analysis, which
has become widely adopted.

This method relies on small markers implanted
in the bone and the prosthesis. Certain regular
geometries such as the femoral head, a circular
wire or a metal-backed cup can also be used as
landmarks. Recently, advanced mathematics based
on contour fitting algoriths and CAD-CAM (Com-
puter Assisted Design/Computer Assisted Manu-
facture), models have been introduced to reduce
the need for implant marking (Valstar et al. 1997,
2001). So far, these methods have implied certain
restrictions concerning applicability and resolution
and lack sufficient documentation in clinical trial.

Spherical tantalum markers with a diameter of
0.8 or 1.0 mm are inserted in the skeleton and, also
in the implant. These types of tantalum markers
have been used as skeletal markers for almost 30
years without any adverse reactions. Because of
its high density, tantalum can be easily detected on
radiographs. Up to nine markers are often used in
each segment to optimise marker spread and com-
pensate for any instability of individual markers.

Polyethylene sockets and polyethylene inserts
in cementless cups can be supplied with tantalum
markets around the opening of the cup and into the
dome. The markers may also be inserted into small
titanium pegs attached on the outside of a metallic
shell. Such marking might help to eliminate any
uncertainty concerning motions between the liner
and the shell. Preferably the manufacturer should
implant the markers to optimise positioning and
reduce the risk of damage.
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Figure 2. Radiostereometric examination in supine and standing position.

Migration of the femoral component can be
measured as translations of the femoral head
centre. If the femoral component is supplied with
tantalum markers a more complete analysis can be
made, including femoral component rotations and
translations of those parts of the stem supplied with
markers (e.g. shoulder and tip).

Early in the history of radiostereometric evalu-
ation of hip implants the examination were per-
formed with the patient standing (Baldursson et al.
1979, Mogensen et al. 1982). These examinations
were, however, abandoned in favour of studies in
the supine position, because of problems with the
quality of the images. Theoretically, examinations
with the patients standing should be preferable in
studies of wear, because the joint is more stable in
this position and the load may be more reproduc-
ible (Figure 2).

Routinely the patient is examined within a cali-
bration cage. As an alternative a separate calibration
examination including reference plates can be used
(Kérrholm 1989), but this technique was not utilised
in this thesis. The cage is supplied with markers,
which define the laboratory coordinate system
(fiducial markers) and markers used to calculate the
position of the two roentgen foci (control points).
Two radiographs are exposed simultaneously with
the x-ray tubes angled 35 to 40° in relation to each
other. The 2 central beams should preferably inter-
sect at the level of the cup or stem (Figure 3).

X-ray tubes

Focus 1 Focus 2

Control points

Fiducial marks /F \ -

Film cassettes

Figure 3. Schematic drawing of the cage showing the posi-
tions of the cage markets.

The two dimensional positions of the cage and
patient markers are recorded. This information is
used to compute the three-dimensional co-ordi-
nates of the patient markers, based on their loca-
tions on the radiographs. The computer chooses
the most probable coupling between markers on
the 2 radiographs. All markers in the same segment
(the bone, stem or cement) are modelled as rigid
bodies.

To test the stability of these markers, the degree
of deformation of each segment between two
examinations is calculated and expressed as the
“mean error of rigid body fitting” (Selvik 1989).
The user can define the upper acceptable limit for
this parameter. By exclusion of poorly defined or
loose markers, the software will, if possible, iden-
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Figure 4. Mathematical models of tantalum markets used in the measurement procedure.

tify a segment that maintains its stability between
subsequent examinations.

The accuracy of the calculations also depends
on the configuration or spread of markers. This
property of a marker segment corresponding to
tantalum balls placed in a prostheses or the sur-
rounding bone is described mathematically by the
“condition number” (Soderqvist and Wedin 1993).
The condition number is low if the markers are
well scattered and high if the markers are close to
each other or situated along a line. The mean error
of rigid body fitting and the condition number are
crucial parameters in radiostereometric analysis
and help the investigator to determine whether the
measurements are reliable.

The relative motions of the implant are cal-
culated using the corresponding bone markers
as a fixed reference segment. If at least three
well-spaced markers are identified in the implant
and in the bone, both translations and rotations
can be measured. Motion of an implant during
a time period is named migration. This motion
is described in relation to 3 body fixed axes; the
transverse (medial-lateral axis, x-axis), the longi-
tudinal (proximal-distal, y-axis) and the sagittal
(anterior-posterior, z-axis).

The RSA method has been continuously devel-
oped to improve its applicability in different fields
of orthopaedic research (Kirrholm 1989, Soder-
qvist and Wedin 1993, Nystrom et al. 1994, Borlin
1997, Kérrhohn et al. 1997, and Vrooman et al.
1998). During the late twentieth century manual
measurements of RSA radiographs were gradually
replaced by digital measurements. This technique
enabled further development of automated proce-
dures and controls, a continuing process. Today the
software used by us (UMRSA®©, RSA Biomedical,
Umea) is partially automated, to facilitate detec-
tion and measurements of predefined positions and
geometric images such as the cage markers and the
femoral head. To define the centre of the marker,
the software utilises all available information in

the pixels included in the markers and fits math-
ematical models corresponding to the continuous
change of grey-scales from the periphery to the
centre of the marker (Figure 4). Only a rough
user-assisted approximation of the marker position
needs to be given. An automated algorithm iterates
the calculations of the centre to optimise its identi-
fication. Poorly defined markers are automatically
discarded. Calculations of three-dimensional posi-
tions of cage and patient markers are performed
in computer software, which includes several
programs

Borlin et al. (2001) showed that the digital
method was more reproducible than the manual
one to identify the true marker centre and the edge
of the femoral head. The mean error of rigid body
fitting decreased and the precision increased. Brag-
don et al. (2002) used a phantom model to evaluate
the accuracy and the precision of radiostereometric
analysis in measuring wear. The accuracy defined
as the closeness of agreement between a test result
and an accepted reference value was best in the
proximal direction (22um) and worst for the poste-
rior direction (86um). The corresponding value for
the precision defined as the closeness of agreement
between repeated independent test results obtained
under stipulated conditions was 5.5um and 16um.
Onsten et al. (2001) used two cadaveric models
of hip arthroplasty to evaluate the accuracy and
precision of RSA-based measurement of transla-
tion of the femoral component. The longitudinal
axis had the highest accuracy and precision and
the sagittal axis the poorest. The precision of RSA
measurements in the clinical setting is poorer than
in vitro because of greater variability in film qual-
ity, patient positioning and marker scatter. The
precision error in clinical studies can be estimated
by performing double examinations of each patient
in a study group on at least one occasion. Calcula-
tion of the 99% confidence intervals of the errors is
used to determine the limits for significant motions
in individual cases.
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Materials used in total hip arthroplasty

Polyethylene

History

Relatively few polymeric materials have been used
in total joint replacements. These have included
polyamide, polysulfone, polyetheretherketone,
polytetrafluoroethylene, polyacetal, polyesters, and
polyethylene (high-density polyethylene, ultra-high
molecular weight polyethylene, and carbon-rein-
forced ultra-high molecular weight polyethylene).

Charnley originally chose polytetrafluoroeth-
ylene of the Fluon type as bearing material on
the basis of its general chemical inertness and
its low coefficient of friction. The more famil-
iar name, Teflon has been used widely for these
polytetrafluoroethylene materials. Clinical failure
with acetabular cups made of Fluon generally
occurred within one to two years. These failures
were attributed to the low creep resistance of this
material and to its relatively poor abrasive-wear
characteristics. Instead, Charnley turned to the use
of high-molecular-weight polyethylene (Waugh
1990). The first hip prostheses made of this mate-
rial were implanted in 1962.

In the 1970’s and 1980’s, efforts were made to
find a material with still better wear properties than
ultra-high molecular weight polyethylene. The
two most notable trials were the use of polyac-
etal (polymethylene oxide) in the Christiansen hip
prosthesis and of Poly II (carbon-fiber-reinforced
ultra-high molecular weight polyethylene).

Polyacetal has the potential advantages of higher
yield strength, higher crystallinity, and easier
manufacturing than ultra-high molecular weight
polyethylene. Polyacetal can be formed into parts
rapidly by injection-moulding, which is faster and
cheaper than machining from blocks of polyacetal.
It was estimated that more than 10.000 devices
containing this material were implanted between
1970 and 1986 (Mathiesen et al. 1986). However,
by the mid-1980’s, several groups of investigators
had reported higher failure rates than for other
contemporary prostheses and their use was dis-
continued (Alho et al. 1984, Mathiesen et al. 1986,
Sudmann et al. 1983).

UHMWPE with carbon fibers within the matrix
of polyethylene, known as Poly II, increased the
modulus and ultimate tensile strength of the bear-
ing. The creep was thus reduced and the longevity
would increase according to laboratory studies.
The compressive strength of Poly II with 15%
carbon fiber was 25% higher than that of conven-
tional UHMWPE. Thus Poly II was expected to
be more resistant to the pitting and delamination
often seen in knee arthroplasties. Unfortunately,
the promising properties of Poly II observed in the
laboratory could not be confirmed in the clinical
setting. Shortly after implantation many patients
presented with osteolysis and mechanical failure
of their tibial bearing inserts (Wright et al. 1986,
Wright et al. 1988a,b, Busanelli et al. 1996). One
possible explanation could be that the carbon fibers
did not bond to the UHMWPE matrix and thus
served as both stress and crack concentration sites
(Connelly et al. 1984).

In 1991, a modified UHMWPE known as
Hylamer was marketed by the DePuy-DuPont
Orthopaedics joint venture (Newark, DE, USA).
Hylamer is a hot isostatically pressed UHMWPE,
leading to the formation of extended-chain crystal-
lite morphology. Hylamer has a higher density and
crystallinity than conventional UHMWPE. The
most important difference occurs in the elastic
modulus, which is nearly double for Hylamer that
of conventional polyethylene. This material was
also found to have substantially lower rates of
fatigue crack propagation in the laboratory (Cham-
pion et al. 1994).

The clinical reports of the effectiveness of Hyl-
amer are currently mixed, with results ranging
from equal to greater incidence of excessive wear
compared with conventional UHMWPE (Chmell
et al. 1996, Livingston et al. 1997, Sychterz et al.
1998, Collier et al. 1998, Schmalzried et al. 1998a).
Recently Norton et al. (2002) reported catastrophic
early failure of a cemented total hip replacement in
which Hylamer and a Zirconia ceramic head had
been used. After 5 years there was 68% failure rate.
Wroblewski et al. (2003) have prospectively studied
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the wear of Hylamer polyethylene in combination
with a zirconia femoral head of 22.225 mm diam-
eter. The mean rate of penetration of the cup was
0.22 mm/year after a mean of 6 years of follow-up.
The authors decided to discontinue the use of Hyl-
amer because of the high initial rates of penetration.
After an average follow-up of 47 months, Iwase et
al. (2003) reported a penetration rate of 0.36 mm/y
when Hylamer was used in Ogee sockets. These
values are 2 to 4 times higher than expected and
resulted in discontinued use of Hylamer.

Polyethylene standards

The mechanical properties of UHMWPE are
linked to its chemical structure, molecular weight,
crystalline organization, and thermal history. All of
these factors affect the morphological, chemical,
and mechanical processes, which may influence
UHMWPE wear and performance after implanta-
tion.

Physically UHMWPE is a two-phase viscoelas-
tic solid, consisting of crystalline domains embed-
ded within an amorphous matrix. The crystalline
phase of UHMWPE consists of folded rows of
hydrocarbon molecules packed into lamellae with
width 10-50 nm and length 10-50 um. The sur-
rounding amorphous phase consists of randomly
oriented and entangled polymer chains traversed
by tie molecules, which interconnect lamellae
and provide resistance to mechanical deformation.
UHMWPE is a complex composite material, which
can evolve over time in response to its mechanical,
chemical, and thermal history.

In the early 1960s, UHMWPE was classified as
a form of high-density polyethylene (HDPE) in the
polymer industry (Polyethylene resins. In: Modern
plastics encyclopaedia for 1962). Thus, Charnley’s
earlier references to UHMWPE as HDPE are
technically accurate for his time (Charaley 1963,
Charnley 1968). Today, HDPE is classified as
polyethylene with a density greater than 0.940 g/
cm? and molecular weight typically below 200.000
g/mol, whereas UHMWPE has a molecular weight
of greater than 3.1 million g/mol (Coughlan and
Hug 1986). The term UHMWPE designates that
the average molecular weight is greater than 1
million g/mol.

Since 1998, the nomenclature was based on
the availability of four grades for the worldwide

Table 1. Nomenclature of UHMWPE resins

Resin Average molecular  Calcium stearate
designation weight (108g/mol) added
GUR 1150 5.5-6 Yes

GUR 1050 5.5-6 No

GUR 1120 315 Yes

GUR 1020 3.5 No

orthopaedic market GUR 1150, 1050, 1120, and
1020 resins. The first digit of the grade name was
originally the loose bulk density of the resin, i.e.
the weight measurement of a fixed volume of
loose, unconsolidated powder; the 1 corresponded
to a bulk density of over 100 g/1 for standard
grades. The second digit indicates the presence
(1) or absence (O) of calcium stearate while the
third digit codifies the average molecular weight
of the resin. The fourth digit is an internal code
designation (Table 1). The acronym GUR stands
for ‘Granular’, ‘'UHMWPE’ and ‘Ruhrchemie’
(Kurtz et al. 1999). Calcium stearate has been
used since the late 1960s. This additive acts as a
scavenger for residual catalyst components that
can potentially corrode conversion equipment. It
also acts as a lubricant and a release agent for
consolidation (Eyerer et al. 1990). Several inves-
tigators have observed an association between the
presence of calcium stearate and reduced ultimate
tensile strength, reduced elongation to failure,
and an increased number of fusion defects (Ham-
ilton et al. 1996, Schmidt and Hamilton 1996).
Recently all orthopaedic manufacturers have
switched to UHMWPE resins without calcium
stearate content (e.g., GUR 1020 and 1050).

Implant manufacture

All polyethylene begins as a bulk powder, pro-
duced from a synthesis process called polymeriza-
tion where individual molecular units of ethylene
are linked together to form long chains. Incon-
sistencies in this process can create significantly
different polyethylenes. Inherent differences in the
properties of the bulk powder include molecular
weight, density, and percent crystallinity. These
properties are important because they affect the
ultimate performance of the fabricated polyethyl-
ene implant.
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Three fabricating methods are currently used in
manufacturing orthopaedic implants from powder,
ram extrusion, compression moulding and net
shape compression moulding.

In ram extrusion, the polyethylene powder is
extruded into cylindrical bar stock ranging from
five to fifteen centimeters in diameter. A measured
quantity of polyethylene powder is introduced into
a chamber. The powder is then pushed into a heated
cylindrical barrel by a ram. As the ram retracts, the
chamber is refilled with powder. As the process con-
tinues, each stroke of the ram advances the polyeth-
ylene through the heated barrel where the powder
is consolidated into a continuous round bar. The
implant is then machined from the bar stock (Fig 5).

In compression moulding, the raw polyethylene
powder is moulded into large sheets. The powder is
introduced into a cavity which is then heated as a
platen covers the entire cavity and applies extreme
pressure to the material for a specified time. The
resulting sheets are cut into smaller blocks or sec-
tioned and turned on a lathe to form cylindrical
bars from which the implants are machined (Fig 6).
In net shape moulding, also a compression-mould-
ing process, the polyethylene powder is placed into
a mould, the cavity of which is the final or near-
final shape of the implant. A nitrogen atmosphere
is introduced as the powder is compressed. Heat is
then applied under pressure over a period of time
to consolidate the material and form the part. In
all three processes, the polyethylene is heated to a
temperature above its melting point.

In retrospective studies of shelf-stored and/or
retrieved implants, components fabricated from
block moulded or net-shaped moulded polyeth-
ylene, gamma-sterilized, and stored in air have
undergone substantially lower levels of oxidation
than similarly treated machined or ram-extruded
components. It has been suggested that the
moulded polyethylene was more completely fused
than typically extruded material (Gillis et al. 1998,
Currier et al. 2000). Manufacturers no longer irra-
diate and store the polyethylene in air. Therefore
the marked differences in oxidation levels that
occurred between moulded and ram-extruded com-
ponents in the past may no longer occur (McKellop
2001). However, Rasquinha et al. (2002) reported
a lower mean wear rate for machined polyethylene
liners, manufactured by moulded instead of the
ram extruded technique. All the liners were steril-
ized by gamma-irradiation in argon gas.

The resins GUR 1020/1120 have long been avail-
able from converters to device manufacturers as
bulk compression moulded slabs while the resins
GUR 1050/1150 generally have been made avail-
able to manufacturers only in the form of extruded
rods. More recently converters have begun supply-
ing GUR 1050 in compression moulded sheet form
as well. Studies that examine issues such as com-
pression moulding versus ram extrusion of implants
often ignore the confounding variable of resin grade
since the compression moulded stock will most
likely be GUR 1020 and the extruded stock GUR
1050.
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Figure 7. Oxidation of polyethylene.

Sterilization

Gamma irradiation with 25 to 40 kGy in an air
environment has been the industry standard ster-
ilization technique since 1968. Gamma radiation
breaks polymer chains, creating reactive free radi-
cal sites. The oxygen present in the polyethylene
during radiation or that diffuses into the material
during shelf storage and/or during in vivo use
reacts with residual free radicals generated by the
radiation (Eyerer and Ke 1984, Li and Burstein
1994, Rimnac et al. 1994, Premnath et al. 1996,
Yeom et al. 1998, Fig 7). The resultant chain scis-
sion reduces the molecular weight and leads to
increased density, stiffness and brittleness (Roe
et al. 1981, Eyerer and Ke 1984, Sutula et al.
1995, Collier et al. 1996, Gillis et al. 1998). These
changes reduce the fracture strength and the resis-
tance to wear (Shen and Dumbleton 1974, Rose et
al. 1980). Since 1995 almost all the manufacturers
have changed to alternative sterilizing techniques
either by substitution of radiation with ethylene
oxide or gas plasma sterilization or by gamma
radiation in a reduced oxygen environment.
Methods that do not use radiation such as eth-
ylene oxide and gas plasma avoid the creation of
free radicals. These surface sterilization techniques
do not break bonds within the material but leave
it essentially unchanged from its virgin state. The
highly toxic ethylene oxide gas neutralizes bac-
teria, spores and viruses by reacting with DNA
through displacement of a hydrogen atom result-
ing in deactivation of the molecule (Dempsey and
Thirucote 1989, Schneider 1994). Gas plasma is a
dry low pressure, low temperature technique per-
formed under partial vacuum. A plasma is ionized
gas created by a magnetic field. The plasma flows
into a chamber and sterilizes the material surface
by oxidizing bacteria cellular components (Booth
1995, Parisi and Young 1991). The sterilization
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Figure 8. Formation of cross-linked molecule.

cycle time for the EtO is 41 h (Ries et al. 1996)
and for gas plasma 75 min to 4 h (Kyi et al. 1995,
Feldman and Hui 1997).

Other manufacturers continue to sterilize their
implants with gamma radiation but do so with the
polyethylene components sealed in some type of
low oxygen atmosphere, including vacuum (Greer
et al. 1998), inert gas (Streicher 1988), or with
an oxygen scavenger (Bapst et al. 1997). When
little oxygen is present, the free radicals gener-
ated during irradiation can form carbon-carbon
cross-links between adjacent polyethylene mol-
ecules (Fig 8). Several laboratory tests have shown
that, in an appropriate amount, such cross-link-
ing improves the wear resistance of the polymer
(Dumbleton et al. 1974, Grobbelaar et al. 1978,
Rose et al. 1982 Oonishi et al. 1992). This steril-
ization method can markedly reduce the oxidative
mechanical degradation, but the remaining free
radicals from radiation process may induce some
oxidation during long-term use in vivo.

Sterilizing an UHMWPE acetabular cup with-
out radiation avoids immediate and long-term
oxidative degradation of the implant, but does
not improve the inherent wear resistance of the
polyethylene. The trade-off is between preventing
oxidation and sacrificing the potential benefit of
radiation-induced cross-linking. Sterilizing with
gamma irradiation in reduced oxygen environment
impedes the oxidation until the package is open.
After implantation the long term oxidation can not
be eliminated. Ideally, cross-linking with gamma
irradiation to reduce wear should be done in a
manner that avoids both immediate and longterm
oxidation.

Highly cross-linked UHMWPE

Clinical problems related to wear of UHMWPE
have stimulated the development of more wear
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Table 2. Currently available highly crosslink polyethylene liners

Manufacturer Radiation Radiation Radiation Postirradiation Sterilization
temp (°C) dose (kGy) type thermal treatment method

Longevity ~ Zimmer RT 100 E-beam Melted at 150°C Gas plasma
Durasul Zimmer 125 95 E-beam Melted at 150°C EtO
Marathon  Depuy/J&J RT 50 Gamma Melted at 155°C Gas plasma
XLPE Smith&Nephew RT 100 Gamma Melted at 150°C EtO
Crossfire Stryker/Osteonics/

Howmedica RT 75 Gamma Annealed at 120°C ~ Gamma (30 kGy ) in N,
Aeonian Kyocera RT 35 Gamma Annealed at 110°C ~ Gamma (25-40 kGy) in N,

resistant polyethylene materials. Three long-term
retrospective radiographic studies (Grobbelaar
et al. 1999, Wroblewski et al. 1999, Oonishi and
Kadoya 2000) including 145 cases followed 10-22
years have shown that increasing cross-linking of
polyethylene above the amount achieved with con-
ventional radiation doses improves its wear resis-
tance. Gamma radiation (1000 kGy) in air (Oonishi
and Kadoya 2000), gamma radiation (100 kGy) in
the presence of acetylene (Grobbelaar et al. 1999),
and silane chemical crosslinking (Wroblewski et
al. 1999) have been utilized with seemingly the
same positive clinical effect.

Cross-links between the molecular chains are
achieved by reaction with free radicals (Fig 8).
These are generated by ionizing radiation or by
using peroxide or silane chemistries. Today, radia-
tion is the preferred method of crosslinking and
neither peroxide nor silane chemistry is used.

Radiation generates free radicals, most of which
are incorporated into the molecule as crosslinks.
However, some free radicals remain trapped in
the crystalline regions and may initiate a cascade
of events that cause oxidation and subsequent
embrittlement of the polyethylene. Since these
radicals are present in crystalline domains, the
most effective method of eliminating them is to
melt the plastic after the radiation. Melting lib-
erates the trapped radicals from the crystalline
domains, allowing them to react chemically and
further increase the crosslinking and reduce the
risk of subsequent oxidation (Sun et al. 1998,
McKellop et al. 1999, Muratoglu et al. 1999,
2001). After the cross-linking and melting process,
the polyethylene is typically sterilized by another
method (such as ethylene oxide or gas plasma) to

prevent formation of new free radicals that would
lead to polyethylene oxidation.

There are several commercially available varia-
tions of the method to improve the wear and oxi-
dation resistance of polyethylene used in total hip
arthroplasty (Table 2). Muratoglu et al. (2001a)
showed that highly cross-linked PE produced
by heating and electron beam irradiation had no
detectable wear after 20 million cycles in the
hip simulator, which has been approximated to
20 years of normal walking. The electron-beam
cross-linked UHMWPE liners showed no detect-
able change in weight while the conventional
UHMWPE acetabular liners lost weight steadily
because of wear. In conditions of third body abra-
sive wear with aluminium oxide and bone cement
particles, this material has significantly superior
wear performance compared with conventional
UHMWPE (Bragdon et al. 2003). Hip simulator
tests showed that the wear rate of this type of
polyethylene is not influenced by the size of the
head within the range of 22 and 46 mm in diameter
(Muratoglu et al. 2001b).

Although cross-linking improves the wear resis-
tance, it can also reduce the mechanical properties
of UHMWPE, including a decrease in toughness,
ultimate tensile strength, yield strength, elongation
at break, elastic modulus, and hardness (Baker
et al. 1999, Muratoglu et al. 2001a). There is a
reported decrease in the resistance to fracture when
cross-linked polyethylene is subjected to constant
or cyclic loads (Pruitt et al. 1995). The clinical
implications of this effect of cross-linking are
not known, but can still be regarded as a concern
against unrestricted use.
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Table 3. Composition of commercial bone cements

Powder component

Liquid component

Polymethylmethacrylate (PMMA)/copolymers
Benzoyl-peroxide (BPO, intitiator)

Opacifier

= zirconium dioxide

= barium sulphate

Colouring, e. g. chlorophyll
Antibiotics

Methyl methacrylate (MMA)
N,N-dimetyl-p-tolouidin (Activator/Co-initiator)
None

Stabilizer/inhibitor/radical catcher
e. g. hydroquinone
e. g. dimethylparatoluidine

None

Bone cement

History

Bone cement is a polymer principally composed
of polymethyl methacrylate (PMMA). This mate-
rial has been widely known since 1930 and is also
known by its commercial names of Plexiglass or
Perspex. Originally, the material was utilised above
all for producing safety glass, but in the Thirties,
both an English company called ICI (Drury et
al. 1935) and a German researcher, Otto Roehm,
proposed another use: the creation of dental pros-
theses. In 1940, Schnebel (1940) and the German
company Degussa and Kulzer (1943) prepared
a record of the cold polymerisation of PMMA
using tertiary amines as accelerators for the reac-
tion. This discovery marked the beginning of the
modem era of PMMA, because the polymer could
be made in operating rooms and could be adapted
to the geometries most suitable to each specific sur-
gical application. Judet and Judet (1956) were the
first to introduce an arthroplastic surgical method,
but the PMMA prosthesis used did not achieve
sufficient fixation for biological and mechanical
reasons. In 1958, Sir John Charnley first succeeded
in anchoring a femoral head prosthesis in the femur
with auto-polymerizing PMMA (Charnley 1960).
Charnley called the material used “bone cement on
acrylic basis”.

Basic principles

Bone cement consists of a powder component
including beads of polymethylmethacrylate with
varying diameters ranging from less than 1um to
more than 100 um. A radio-opacifier (about 10 per

cent of barium sulphate or zirconium oxide) and an
initiator (benzoyl-peroxide) are added. The liquid
phase consists of the monomer methylmethacry-
late. Small amounts of additives (hydroquinone,
dimethylparatoluidine) protect the monomer from
polymerization by itself, or are involved in the
initiation of the polymerization process when the
two components are mixed together. A colour is
sometimes added to the powder (Table 3). In most
bone cements marketed in Sweden antibiotics are
included, i.e. gentamicin or tobramicin. Addition of
these substances reduces the strength of the cement
but the benefits of antibiotic additives are assumed
to be greater even if data from randomised studies
are lacking (Malchau et al. 2000).

Before insertion of the implant, the prepolymer-
ised methylmethacrylate powder and liquid mono-
mer are mixed, usually in a specifically dedicated
system, which enables the ambient pressure to be
reduced, thereby reducing the number of voids.

Modern cementing technique (brushing, distal
plugging of the femoral canal, high-pressure
lavage, tamponades soaked in adrenaline solu-
tion, retrograde injection of cement into the femur,
cement pressurization) has significantly reduced
the mechanical failure rates (Herberts and Mal-
chau 1997).

Release of heat during curing of the cement may
raise the interface temperatures to 40-70° C (Mjo-
berg 1986, Toksvig-Larsen et al. 1991, Wykman
1992). During one-minute exposure, the threshold
temperature for impairing bone regeneration has
been determined to 44—47° (Eriksson and Albrekts-
son 1983). The production of heat is proportional
to the amount of monomer used (Debrunner et
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al. 1974). Not only heat (Feith 1975) but also
the monomer itself can be toxic to the bone cells
(Willert et al. 1974, Linder 1976). Cell injury
and necrosis initiate inflammatory reactions.
The fibrous membranes commonly seen between
the bone and the cured cement (Charnley 1970,
Freeman et al. 1982, Linder and Carlsson 1986,
Goodman et al. 1988) have been believed to be the
result of injuries caused by heat (Mjoberg 1986) or
monomer toxicity (Pedersen et al. 1983, Stiirup et
al. 1994). Remodeling of the bone starts 4-6 weeks
after cement administration (Morberg 1991).
Necrosis and delayed remodelling affect the bony
anchorage.

Different solutions to decrease the release
of heat during curing have been tried. Mjoberg
(1986) used RSA to study a low monomer contain-
ing cement. The author showed improved initial
fixation compared to conventional cement but
the follow-up was short, 4 months and no further
follow-up has been presented. Bone cement with
the same properties is today commercially avail-
able (Cemex®, Tecres, Italy). Previously, Nivbrant
etal. (2001) compared Palacos with a low tempera-
ture curing cement (Cemex) using RSA to measure
the migration of the Lubinus SP2 prosthesis. In this
randomised study the cup and stem migration did
not differ between the 2 groups up to 5 years after
the operation.

Mechanical properties of the bone cement

On the femoral side of a THR the metallic stem is
subjected to the highest levels of stress (Weightman
1990), but the surrounding cement is the weak link
because of its inferior mechanical characteristics.
The state of stress in the cement depends on many
factors, including the thickness of the cement
mantle (Lee et al. 1994, Fisher et al. 1997), the
structure of the cement (distribution and dimen-
sion of the pores) (Harrigan and Harris 1991), the
shape and the type of alloy used to manufacture the
prosthesis (Mann et al. 1995, Fisher et al. 1997)
and the friction and bonding conditions between
the shaft and the cement (Harris 1992, Ivarsson et
al. 1994).

The fixation of the cement to the bone is only
accomplished by mechanical interlock between
the two surfaces. It has been demonstrated (Cam-
eron 1994) that in the presence of fragments in the

canal the strength of the bone—cement interface
may be reduced by as much as 50%. The typical
values of maximum tensile stress of bone cement
are between 29 MPa and 49 MPa (Lewis 1997).
The maximum traction stress observed in the
cement mantle is about 10 MPa (Harrigan and
Harris 1991, Mann 1995), which can change as a
function of the type of bond created between the
shaft and the cement (Mann 1995) and the thick-
ness of the mantle (Lee et al. 1994). Even though
many researchers have studied the load transfer in
cement, the mechanisms which lead to debonding
of the stem and breakage of the mantle are not
completely understood.

A certain period after prosthesis implantation,
a stable situation is often reached when a fibrous
layer of varying thickness may be formed between
the bone and the cement. Such a fibrous layer or
membrane has been suggested to play an impor-
tant role in the transfer of loads between materials
with different elastic moduli, such as the bone and
the metallic shaft. Its presence does not necessar-
ily compromise the stability of the prosthesis. It
appears, in fact, to reduce the state of stress on the
interface (Yetkinler and Litsky 1998), and it has
further been estimated that when its thickness is
less than 1 mm, it can prevent loss of mechanical
stability (Pietrabissa 1996). However, histologi-
cal studies of human retrieval samples (Charnley
1979, Linder and Hanson 1983) and of animal
experiments (Draenert 1981) have demonstrated
that long-lasting close contact between cement
and bone may be achieved without signs of tissue
irritation.

Cement porosity due to air entrapped by mixing
and other phenomena during mixing and curing
of the cement influence its mechanical properties.
The pores can constitute points of stress concentra-
tion and facilitate the development and propaga-
tion of cracks. However, pores may also have the
opposite function. When a cement fracture reaches
the pore it can stop and fade out (Topoleski et al.
1993, Lewis 1997). Despite this finding the current
opinion is to reduce the porosity as much as pos-
sible (Lewis 1997).

Creep

Fatigue failure and creep are two critical factors
for the endurance of bone cements. The bone
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cement creeps under dynamic and static loading
conditions. As a result, stems which are debonded
from the cement may gradually subside, depend-
ing on their shape and surface roughness, causing
expansion of the cement mantle around the shaft.
This phenomenon causses a redistribution of the
stresses in the cement, which may have favour-
able or damaging effects on the entire prosthetic
system. According to Verdonschot and Huiskes
(1997) the amount of stem subsidence which
can be explained by creep is only around 0.05
mm. Kérrholm et al. (2000) showed that stems
which subside less than 0.1 mm during the first
two years have a low revision rate in the Swed-
ish National Hip Arthroplasty Registry. Lee et
al. (1978) claimed that the cement can tolerate a
considerable amount of deformation if subjected
to continuous pressure at body temperature over
weeks or months.

Two phenomena have been described which are
correlated to creep in the cement. The first is the
debonding of the shaft from the cement, which can
induce locally increased stress resulting in frac-
tures inside the mantle. The other is plastic flow of
the cement. It has been shown that creep can have
positive effects when occurring in association with
smooth, tapered shafts without collars. The sub-
sidence of the shaft results in stabilisation of the
implant and a consequent reduction of the stress in
the cement (Lewis 1997). The exact consequences
of creep are, however, still unknown especially
concerning its relation to aseptic failure and its
effects when used with polished versus matte or
rough surface finishes.

Modifications of bone cement

Modification of the components of the cement
were explored to address some of its problems
such as poor adhesion to bone, poor biocompat-
ibility, low mechanical strength and loosening.
Weightman et al. (1987) evaluated a bone
cement with a different polymer (butylmethacry-
late) to obtain a lower modulus of elasticity and
decrease the risk of cement fracture. This cement
was never used in a large-scale clinical trial, prob-
ably because of its inferior mechanical properties.
Sturup et al. (1994) studied another type of cold-
curing cement also containing butylmethacrylate.
The preclinical evaluation appeared to be satisfac-

tory and this cement was used in several thousands
of patients. However, Thanner et al. (1995) dem-
onstrated inferior mechanical and clinical proper-
ties when this cement was compared with Palacos
and it turned out to be a large-scale clinical failure
(Furnes et al. 1997).

Reduction of the viscosity of cement was another
modification believed to improve implant fixation
by increasing the penetration of the cement into the
cancellous bone (Krause et al. 1982). Prospective
randomized evaluations (Mjoberg 1986; Carls-
son et al. 1993) and information obtained from
the Swedish and Norwegian Total Hip Registers
have shown that low-viscosity cement provides an
inferior or the same fixation compared with high-
viscosity cements (Malchau et al. 1993; Havelin et
al. 1995). Reinforcement of the cement with metal
wires and other different types of fibers has also
been investigated (Saha and Pal 1984), but has not
come into clinical use.

Bioactive bone cements

To improve the mechanical properties of PMMA
bone cement, bioactive glass-ceramic particles
have been added (Hennig et al. 1979). Matsuda
et al. (1997) reported that bone cement consist-
ing of bioactive glass powder showed higher
bond strength than PMMA bone cement for up
to 6 months after surgery in a canine total hip
arthroplasty (THA). Fujita et al. (2000) evaluated
a bioactive bone cement (BABC) consisting of
silane-treated apatite- and wollastonite-contain-
ing glass-ceramic (AW glass-ceramic) in a canine
THA model using conventional PMMA cement as
controls. The mechanical properties of the BABC
were better than those of PMMA bone cement,
but femoral bone resorption and cement fractures
were seen on the acetabular side after 2 years in the
BABC group. Weak bonding between the BABC
and the acetabular component made of UHMWPE,
relatively high elastic characteristics of BABC
and weakness of the calcium phosphorous layer
formed on the surface of this cement seemed to be
responsible for these failures.

Downes et al. (1990) showed that human growth
hormone (hGH) released from hormone-loaded
poly(methylmethacrylate) (PMMA) cement stimu-
lated osteoid formation in a rabbit model but no
further clinical studies have been performed.
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Fluoride additives to low-temperature curing
cements are another example of BABC.

Histological studies in the rabbit comparing
low-temperature curing cement with and without
addition of fluoride have shown activation of
osteoblasts and increased volume of bone matrix
(Magnan et al. 1994 , Sundfeldt et al. 2002).

Metal used as femoral head

The metals used in conjunction with polyethylene
principally have included stainless steel, titanium
alloy and cobalt-chromium alloy.

Stainless steel

Improved stainless steels are still used in current
THR designs as load-bearing joint components.
These steel materials are iron-based alloys con-
taining chromium, nickel, and molybdenum.
Stainless steel is usually annealed, cold-worked, or
cold-forged to improve alloy strength. A potential
problem mainly applicable to femoral stems is the
relatively high modulus of elasticity of stainless
steel, which is about 200 GPa. This value is about
10 times higher than that of bone. The wear rate
of polyethylene against stainless steel has been
shown to be comparable to that against cobalt-
chrome alloy in laboratory tests (McKellop et al.
1981, Lancaster et al. 1997) and in clinical studies
(Wroblewski 1997, Devane and Horne 1999). The
variability of wear rate is wide; from 0.07 to 0.66
mm/year (Livermore et al. 1990, Wroblewski et al.
1992, Bankston et al. 1995, Calaghan et al. 1995).

Titanium

Ti6Al4V is composed of approximately 90%
titanium, 6% of aluminum and 4% of vanadium.
Under ideal circumstances the wear rate of poly-
ethylene against titanium alloy appears to be com-
parable to that with the other metals. The literature
demonstrates wide variability in the average wear
rates for polyethylene against titanium alloy in
vivo, ranging from 0.08 to 0.25 mm/year (Cates
et al. 1993, Hernandez et al 1994, Nashed et al.
1995).

The titanium alloy has greater vulnerability to
abrasion by entrapped third-body particles, which
can cause severe wear (Lombardi et al. 1989,

McKellop and Rostlund 1990). Hardening of the
surface of the titanium alloy by techniques such as
gas nitriding, solution nitriding, or ion implanting
can markedly improve its resistance to abrasive
wear. Good clinical results have been reported for
titanim nitride-hardened TiAINb alloy (Semlitsch
and Willert 1997). Nevertheless, if a hardened
surface eventually is penetrated, accelerated wear
can be expected (Mishra et al. 1996, Barouk et al.
2004).

Cobalt-chromium

Cobalt-chromium alloys are usually composed of
30-60% cobalt, 20-30% chromium, and 7-10%
molybdenum, and various amounts of nickel (Gib-
bons 1982). These alloys are strong, hard and cor-
rosion resistant. These properties of cobalt-based
alloy gives them a high wear resistance and makes
them ideally suited for articulating surface appli-
cations. The presence of carbides on the surface
also helps their wear resistance by providing a
dispersion of very hard carbides embedded in a
matrix of metal alloy, upon which surface contact
is made. A downside of the high work hardening
rate of this material is the difficulty in machining
and deformation processing it. These cobalt-based
alloys also have very good corrosion resistance in
chloride-containing solutions (Kuhn 1981). Heat
and pressure improve their strength. The wear of
cobalt-chromium alloys is substantially less than
with Ti6A14V and stainless steel. Femoral heads
made of CoCrMo alloy and head diameters 32-42
mm were used in the late 1960s and early 1970s,
by McKee and Farrar in the metal-on-metal design.
Although cobalt-chromium alloys are hard and
tough, there is constant metal release from pros-
thetic articulations (Saikko et al. 1998).

Ceramics

Ceramics are a complex group of materials consist-
ing of metallic oxides and other compounds manu-
factured at high temperatures. Ceramic materials
are extremely stiff and strong in compression, but
weak in tension, owing to their extreme brittleness
(Jarcho 1981). Examples of ceramic biomaterials
are calcium phosphates, glass ceramics, alumi-
num oxide, titanium oxide, zirconium and carbon
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(Black 1988). Ceramics in THR are classified into
materials that are bioinert (alumina and zirconia)
or bioactive (calcium phosphates and glass ceram-
ics). The bioinert ceramics are suitable as femoral
head materials and calcium phosphates as a coat-
ing material in cementless prosthesis.

Ceramics as coating

Calcium phosphate ceramics are biocompatible
and can become attached to bone with chemical
bonds (Jarcho 1981). There are numerous calcium
phosphates, but only tricalciumphosphate and
hydroxyapatite (HA) have received extensive in
vitro and in vivo testing (Jaffe and Scott 1996).
These materials can be differentiated from each
other by their calcium-to-phosphate ratio, which is
1.5 for tricalcium phosphate and 1.67 for HA.

Calcium phosphates cannot be used as an implant
because of their brittleness. However, these ceram-
ics can be applied to metallic surfaces allowing a
combination of the mechanical properties of the
substrate with the biologic properties of the cal-
cium phosphate. The most common method used
today is the plasma spraying technique, developed
in the 1980s (deGroot et al. 1987, Lacefield 1988,
Lemons 1988). Calcium phosphates are composed
of the same ions as in natural bone mineral and
participate in the equilibrium of calcium phosphate
ions at the interface. Shortly after implantation a
thin layer of newly formed apatite can be observed
attached to the coating.

These coating materials are bioresorbable, but
the rate and degree of resorption vary between dif-
ferent calcium phosphates. The degree of resorp-
tion is also related to the surface area. Tricalcium
phosphate is more bioresorbable than hydroxyapa-
tite and is therefore more suitable for stimulating
early ingrowth of bone into porous surfaces.

The quality of the coating depends on several
factors including crystallinity, purity, density and
thickness. Dense coatings with high crystallinity
are less resorbable than porous structures with
less crystallinity. Theoretically, they have less
ability to stimulate bone ingrowth. Increasing the
amorphous phase of the coating has been proposed
to improve bone attachment. Coatings composed
of 70% HA and 30% tricalcium phosphate are
believed to provide both primary attachment and
long-term fixation. Such a coating is available on

hip prostheses with a fibre metal surface. The nega-
tive effect may be an increased rate of resorption,
which may be compensated for by ingrowth into
the porous metal substrate. Decreased thickness
of the ceramic layer improves its fatigue strength.
Thin coatings are also necessary to preserve a
porous surface of an implant. A coating thickness
of about 50-75 wm was previously recommended
for clinical use (Geesink 1987).

Animal studies suggest that the bioactive surface
encourages bone to bridge gaps up to 2 mm in both
normal and osteoporotic bone (Soballe 1993a),
whereas porous metals need closer contact to
avoid fibrous fixation. HA appears to also have the
ability to convert a fibrotic to an osseous fixation
in animal models with loaded implants (Mouzin
et al. 2001) both in stable and unstable implant
conditions (Soballe 1993b). In two animal models
Rahbek et al. (2000, 2001) showed that an HA
coating can inhibit migration of PE particles along
the interface by creating a seal of tightly-bonded
bone on the surface of the implant.

Retrieval studies have also shown increased
ingrowth of bone into porous surfaces with HA
coating, confirming the osteoconductive properties
of this material (Bauer et al. 1991, Bloebaum et al.
1991, 1993, Tonino et al. 1999).

Applications of HA coatings in total hip
arthroplasty are now well-documented and clini-
cal and radiological results have been promising
(Kroon and Freeman 1992, Karrholm et al. 1994,
Geesink and Hoefnagels 1995, Moilanen et al.
1996, D’ Antonio et al. 1996, Capello et al. 1998,
Thanner et al. 1999, Eckardt et al. 2003, Skinner
et al. 2003). However several authors have been
concerned about excessive wear and osteolysis,
probably related to the disintegration of HA coat-
ings (Bloebaum and Dupont 1993, Bloebaum et
al. 1994, Litner et al. 1994, Rokkum and Reigstad
1998, Rokkum et al. 2002, Havelin et al. 2002,
Reikeras and Gunderson 2002). However, it is not
clear whether these observations are related to the
use of hydroxyapatite or other problems related to
implant design, such as thin polyethylene or insuf-
ficient liner locking.

Ceramics as bearing surfaces

Ceramic femoral heads are made of either alu-
minium oxide or zirconium oxide. In 1970, Boutin
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was the first to report the use of an alumina ceramic
bearing for total joint arthroplasty (Boutin 1972).
At about the same time, Mittelmeier also devel-
oped a ceramic-on-ceramic bearing for total hip
arthroplasty consisting of a threaded noncemented
cup and a press-fit femoral stem (Mittelmeier and
Heisel 1992).

Theoretically ceramics are superior to metal
when used as femoral heads because their surface
can be made smoother. The coefficient of friction
will be reduced and lubrication properties are
better, factors important for optimum wear char-
acteristics. Ceramic heads are harder than those
of metal and less susceptible to third-body wear
and scratching of the surface. These materials are
chemically more stable than metallic heads, which
means that they maintain their surface finish with-
out evidence of ion release. Fracture toughness and
wear are directly related to the properties of the
material. The ceramic should have high purity and
density and low porosity and grain size, (2 to 3 um
+ 1) (Pizzoferrato et al. 1992, Clarke and Willmann
1994).

The initial enthusiasm engendered from low
wear rates in the laboratory (Jacobs et al. 1994)
was dampened by early failures, arising from poor
implant design and use of low-quality ceramics.
Factors associated with early failure of the initial
ceramic hip bearings included improper posi-
tioning of the acetabular component and small
femoral head sizes. Vertical cup placement, which
increased contact stresses at the rim of the cup,
resulted in localized fragmentation and third-body
wear (Dalla 1996, Bader et al. 2002). In some
instances the use of small ceramic femoral heads
(<28 mm) contributed to this problem. Poorly
designed tapers in some designs caused stress con-
centration and increased risk of fracture (Cuckler
et al. 1995). Multiple reports of fracture of ceramic
components exist in the literature. (Michaud and
Rashad 1995, Fritsch and Gleitz 1996, Simon
et al. 1998, Hasegawa et al. 2003, Allain et al.
2003, Hannouche et al. 2003). During the last
two decades substantial improvements have been
made, including prosthesis design, implantation
technique, and most importantly, the quality of the
alumina (Walter 1992, Ueno et al. 1999). These
improvements reduced the fracture risk from 1% to
0.5%o for a 10-year period (Toni et al. 1995, Fritsch

et al. 1996, Sedel 2000). Damage of the ceramic
caused by impingement and probably also micro-
or macroseparation remains as a potential problem
with aluminum ceramics.

Zirconium oxide ceramics were introduced in
1985 to prevent femoral head fractures observed
with alumina ceramics (Piconi and Maccauro
1999). Zirconia can exist in three metamorphous
(phases) termed cubic, monoclinic, and tetragonal.
The majority of zirconia heads are made of yttrium-
stabilized tetragonal polycrystal ceramic called Y-
TZP. The ability of zirconium oxide ceramics to
withstand fracture is at least twice that of alumina
ceramics. Zirconium oxide may therefore be used
in heads with smaller diameter, which will reduce
the friction further (Hamada et al. 1999, Cales
2000). Like alumina, zirconia has high biocom-
patibility and high resistance to scratching. These
characteristics indicated a potential to improve the
longevity of a THA. However, recently published
studies of THR using zirconia/polyethylene articu-
lations have not been encouraging (Allain et al.
1999, Kim et al. 2001, Norton et al. 2002). These
studies describe problems with radioactivity and
in stability. Aging of zirconium oxide ceramics
induces a transformation of the tetragonal phase
into the monoclinic phase, with an associated
reduction in its ability to withstand fracture (Piconi
and Maccauro 1999, Cales 2000). Blaise et al.
(2000) showed that the phase transformation did
not affect the mechanical- and wear- performance
of zirconia femoral heads, while Haraguchi et al.
(2001) reported two cases of surface deterioration
of zirconia femoral heads associated with phase
transformation after THR. Recently, Hernigou and
Bahrami (2003) compared zirconia with alumina
heads after 12 years of follow-up. After 8 years the
authors observed a higher polyethylene wear rate
in the former group, which was associated with
changes in roughness and roundness of the femoral
head. The authors interpreted these changes as an
effect of zirconia degradation.

Recently, new surface coatings of ceramic mate-
rials or diamond have been studied in the labora-
tory. These preclinical tests have revealed promis-
ing results, but the efficacy of such surfaces in the
clinical setting remains to be studied (Lappalainen
et al. 2003, Santavirta 2003).
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Wear debris from bearing surfaces

Polyethylene particles

Polyethylene particles are the most investigated par-
ticles and several authors have discussed their role
in the aseptic loosening process. The UHMWPE
particles released from the joint have been esti-
mated to be 0.070-6.3 um in size, median 0.30
um (Clarke 2002). Howie et al. (1988) presented
an animal study in which polyethylene particles
alone could cause bone resorption in the absence of
motion and infection. Later studies have, however,
not been able to confirm these results (Howie et al.
1993, Van Der Vis et al. 1997).

Polyethylene particles are phagocytosed by mac-
rophages that act in two major ways in the bone
remodelling process. First they release cytokines
involved in bone remodelling such as Prostaglan-
din E2 (PGE2), Interleukin 1 alfa and beta (IL 1a,
IL 1p), Interleukin 6 (IL 6) and Tumor necrosis
factor alfa (TNFa). These cytokines modulate
osteoblast and osteoclast activity, which in turn
increases the osteolysis (Murray and Rushton
1990, Howie et al. 1993, Kim et al. 1998, Ferrier
et al. 2000, Hirashima et al. 2001). Secondly mac-
rophages may differentiate into osteoclasts after
stimulation of PE-particles (Quinn et al. 1998,
Sabokbar et al. 1998).

Polyethylene particles produced in artificial hip and
knee joints are different in size and shape (Landy and
Walker 1988) but the effect on the macrophages and
bone remodelling is caused by the submicron sized
particles 0.3—1 wm (Green et al. 1998).

Several animal studies have addressed the ques-
tion of whether PE-particles alone are responsible
for bone resorption around implants. However,
the amounts and size of particles varied between
them. The time for introduction of the particles
and design of the studies also differed greatly and
it is difficult to find any clear connection between
PE-particles and bone resorption based on animal
studies (Dowd et al. 1995, Allen et al. 1996, Van
Der Vis et al. 1997, Aspenberg and Van der Vis
1998, Lalor et al. 1999, Brooks et al. 2000, Sund-
feldt et al. 2002a,b, Zysk et al. 2003).

Dowd et al. (2000) proposed that PE wear is
linear in hip arthroplasty and also found a signifi-
cant correlation between osteolysis and PE wear
in a human study. When investigating Charnley
arthroplasties, Sochart (1999) found that wear
rates below 0.1 mm a year resulted in more than
90 percent survival of the implant whereas annual
wear greater than 0.2 mm resulted in failure of all
implants within 25 years. These two studies imply
that loosening of the implant may be affected
by the wear rate and thus particles appear to be
involved in the loosening process.

Probably there is an inter-individual variation in
reaction to wear debris (Matthews et al. 2000a,b),
and the effects of wear particles could vary with
time. Polyethylene debris produced initially in
vivo is probably smaller and more bioactive than
particles produced at later stages (Aspenberg and
Herbertsson 1996). Third body wear can also
generate particles with yet another biological
significance. Thus, it appears difficult to draw any
conclusions concerning the relationship between
time in situ and the bio-effects of particles. There
might be a common initial pathway for the loosen-
ing process in all hip implants. The response to
particles may only explain why some prostheses
loosen early and some late.

Few studies have evaluated the biological
response to highly cross-linked polyethylene
debris. Illgren et al. (2003) compared the in vitro
macrophage inflammatory response to highly
cross-linked and conventional polyethylene
particles. The levels of inflammatory cytokines
released in response to these two kinds of particles
were not significantly different at low concentra-
tions (0.1-1X SAR) (Shanbhag et al. 1997). At the
highest concentration (3X SAR) the levels of cyto-
kines were 2-3 fold higher for highly cross-linked
particles. Ingram (2003) showed that cross-linking
increases the biological activity of the debris when
articulating on slightly scratched surfaces.

Any increase in the specific biological activity
of particles from highly cross-linked polyethylene
needs to be considered together with the reduction
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in wear volume when predicting the long term
osteolytic potential.

Metallic particles

The CoCr particles released are extremely small;
estimated at 20-80 nm (0.020-0.080 microns),
some 250 times smaller than a red blood cell
(Clarke 2002).

Doorn et al. (1996) evaluated wear debris from
metal-on-polyethylene and metal-on-metal articu-
lations. Although the volumetric wear from metal-
on-metal articulations was low, the calculated
number of metal wear particles was higher than for
the same volume of polyethylene wear.

At low, nonlethal doses, metal particles can
stimulate macrophages to release various intercel-
lular mediators, proinflammatory and bone resorb-
ing cytokines, initiating a cascade of reactions
which can lead to osteolysis and aseptic loosening
(Shanbhag et al. 1995, Lee et al. 1997, Haynes et
al. 1998, Nakashima et al. 1999).

In peripheral blood monocyte cultures, metal-
lic particles (CoCr and Ti) were found to be more
stimulatory for PGE,, IL-la, IL-1f and TNF-a
than polyethylene particles (Shanbhag et al. 1995,
Blaine et al. 1997). Haynes et al. (1998) studied
their ability to stimulate rat peritoneal macro-
phages to release inflammatory mediators. While
Co-Cr-alloy particles were very toxic and caused
cell death, their ability to stimulate the release of
mediators was quite limited or even inhibited.

Tissue explant studies have also been conducted
to investigate the role of particulate debris in
implant failure. Kadoya et al. (1997) studied the
histology of interface tissues and noted that osteo-
clastic bone resorption was significantly more
extensive in the presence of metal than polyethyl-
ene particles. Although polyethylene particles led
to macrophage recruitment and activation, metallic
particles mediated bone loss through stimulation
of osteoclastic activities. These findings are not in
harmony with the findings of Doorn et al. (1998),
who studied cobalt-chromium particles retrieved
from metal-on-metal total hip arthroplasties and
reported less local activity than PE particles. Since
particles from metal wear are small, every macro-
phage can store more particles resulting in fewer

macrophages required to store the total amount
and fewer activated. Alternatively, metal particles
corrode and disappear and since they are so small,
they are more easily excreted from the body.

The very small size of metallic debris released
by metal-on-metal bearings (Doorn et al. 1997)
combined with the fact that the bioavailability of
metal is thought to be a function of the total surface
area of the released debris (Shanbhag et al. 1994)
have increased the concerns about the biologic
response to metal-on-metal designs.

Ceramic particles

Light microscopy have revealed the presence of
particles with a size between 0.4 and 7 um around
ceramic-on-ceramic total hip replacements (Hens-
sge et al. 1994, Lerouge et al. 1997). The tissues
with these particles have been reported to display a
mixed pathology with granulomatous necrotic and
necrobiotic tissue (Hatton et al. 2002). In a rabbit
model, Kubo et al. (1999) found marked histiocytic
responses around particles of ultra high molecular
weight polyethylene, stainless steel and cobalt-
chromium alloy. The histiocytic response was less
intense in the vicinity of alumina particles. The
inflammatory response in terms of TNFa release
has been found to be less pronounced in the pres-
ence of ceramic than polyethylene particles. In an
animal model, Warashina et al. (2003) found that
the inflammatory response and bone resorption
induced by ceramic particles were much smaller
than those induced by polyethylene and titanium
particles. Ito et al. (1993) found that wear prod-
ucts from zirconia ceramic on polyethylene com-
binations were more cytotoxic than debris from
titanium on polyethylene combinations. Ceramic
particles released are essentially insoluble, which
means that their biological effects are caused by the
particles as such, rather than soluble substances.
There are some reports of osteolysis in associa-
tion with ceramic-on-ceramic hip prostheses due
to severe wear (Borssén et al. 1991, Wirganowicz
and Thomas 1997, Nevelos et al. 1999, Nevelos
et al. 2001). Yoon et al. (1998) reported on 103
uncemented Mittelmeier Biolox prosthesis and
suggested that 23 femoral components and 49 ace-
tabular components had radiological signs of oste-
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olysis at a mean implantation time of 92 months.
They observed abundant ceramic particles (mean
size of 0.71 um) in the interfacial tissues and con-
cluded that ceramic wear particles could stimulate
a foreign body response leading to osteolysis.
Hatton et al. (2003) studied alumina ceramic wear
particles generated under microseparation condi-
tions. Such wear particles could induce osteolytic
cytokine production. However, the volumetric

concentration of the particles needed to generate
this response was very high. Given the low wear
rates of ceramic-on-ceramic bearings, even in the
presence of frequent microseparation, the authors
found it unlikely that sufficiently high concentra-
tions would occur in vivo. In conclusion, it remains
unclear to what extent, if any, ceramic wear debris
plays a role in the loosening process of ceramic-
on-ceramic hip prosthesis.
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Toxicity of the wear debris

One prevalent concern with regard to metal-on-
metal articulations is the potential for long term
adverse effects mediated by elevated serum metal
ion levels and remote site deposition of metal
particles. In a prospective randomised study with
2 years follow-up MacDonald et al. (2003) evalu-
ated polyethylene versus metal bearings. Patients
receiving a metal-on-metal articulation had signifi-
cantly elevated erythrocyte and urine metal ions
compared with patients receiving a polyethylene
insert. Several other studies of modern metal-on-
metal articulating total hip arthroplasties have
shown elevation of cobalt and/or chromium in the
serum and urine (Jacobs et at. 1996, Brodner et al.
1997, 2003, Schaffer et al. 1999, Maezawa et al.
2002).

The smaller size of metal particles can lead to
greater transport of particles from the joint region.
Shea et al. (1997) demonstrated metal alloy par-
ticles in the pelvic and axillary node chains of
seven of 23 patients who had lymph node dissec-
tions after primary total hip arthroplasty. Urban
et al. (2000) identified dissemination of metallic
wear particles to the liver, spleen, and abdominal
lymph nodes in patients with a previously failed
implant and in those with a primary hip or knee
joint replacement.

One concern regarding the lymphoreticular dis-
semination of metal alloy particles and elevated
serum metal levels is the potential carcinogenic
effect. Chromium is an essential trace metal
(Versieck and Cornelis 1989) and its depletion in
the body consistently results in specific changes,
while repletion reverses these abnormalities.
Hexavalent chromium, a possible implant degra-
dation product, has been listed as a class-I human
carcinogen. Increased levels of cobalt can induce

polycythemia and testicular toxicity and can inter-
fere with DNA repair (Angle 1995, Woods 1995).
Reports in the literature about clinical evidence for
an increased risk of implant site tumors after total
hip replacement remain controversial (Jacobs et al.
1992, Gillespie et al. 1996, Langkamer et al.1997,
Rock 1998). The relationship between cancer risk
and the release of metal debris into body fluids
needs to be elucidated (Nyren et al. 1995).

Immune response to metallic particulates
remains a matter of controversy. Evans suggested
that an immune response may contribute to aseptic
loosening and found that nine of 14 patients with
loose metal-on-metal implants had cutaneous
sensitivity to one or more of the components of
the alloys (Evans 1974). In subsequent studies,
metal hypersensitivity was not found to be associ-
ated with loosening (Brown et al. 1977, Rooker
and Wilkinson 1980). Wooley et al. (1997) found
an elevated proliferative cellular response to
polymethylmethacrylate and metallic particles in
patients undergoing revision surgery. The exist-
ing literature is conflicting regarding the role of
specific immune responses in aseptic loosening,
osteolysis, and remote tissue effects.

Ceramics and polyethylene are generally con-
sidered to be biologically inert in bulk form. The
literature demonstrates that, in particulate form,
the biological response is similar to that of metal
particles (Ito et al. 1993, Catelas et al. 1999,
Kubo et al. 1999). The systemic effects and dis-
semination properties of ceramic and polyethylene
particles are unknown. Because ceramics and
polyethylene are insoluble in biological media, the
concerns of potential systemic effects relate only
to wear debris.
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Creep and wear mechanisms

Wear in hip arthroplasties is mainly caused by 3
basic mechanism’s: adhesion, fatigue and abra-
sion (McKellop 2001). Adhesive wear occurs if
the bond strength between the polyethylene and
the metal exceeds the inherent strength of either
material. Typically, polyethylene is pulled off from
the surface, forming fibrils and/or small pits. When
adhesive wear occurs on a micron or submicron
scale, the bearing surface can still appear highly
polished to the eye (Jasty et al. 1994, McKellop et
al. 1995). Fatigue wear is cracking, pitting and/or
delamination caused by cyclic stresses applied
to the bearing surface. This is the main wear
mechanism in knee arthroplasty. Abrasive wear
occurs when damaged areas on the hard femoral
head cut scratches on the opposing softer plastic
surface during sliding. Such damages may be the
edge of an existing scratch, embedded third-body
particle, or even original contaminants (inclusions)
exposed by the wear process itself. This type of
wear is analogous to sanding a piece of wood with
very fine sandpaper. Cooper identified two types
of abrasive wear in UHMWPE: one involving
‘macroscopic’ and the other ‘microscopic’ asperity
contact between the sliding surfaces (Cooper et al.
1993). Furthermore, seemingly smooth surfaces on
total hip components have undulating peaks and
valleys corresponding to a certain surface rough-
ness (R,). UHMWPE components vary in surface
R, from 0.28 to 0.89 wm. The polished metal coun-
terfaces of orthopaedic bearings, in contrast, vary
from 0.01 to 0.05 um (Essner et al. 1998, Cooper
et al. 1993).

When two surfaces first slide against each other
under load, many of these asperities are removed,
producing a high initial wear rate referred to as the
“wearing in period”. As the femoral head adapts to

a polyethylene acetabular component the contact
area increases. This plastic deformation has also
been described as creep. This process results in
better conformity, lower contact stresses and lower
rate of wear (Bartel et al. 1986, Wroblewski et al.
1996). The creep declines with time and becomes
negligible by 12-18 months (Schmalzried and
Callaghan 1999). Because of the initial differ-
ence in surface roughness at the UHMWPE and
metal counterfaces, the initial wear rate involves
the removal of the larger ‘macroscopic’ asperities
on the UHMWPE surface, whereas the long-term
wear rate is governed by the ‘microscopic’ asper-
ity size of the metal counterface (Cooper et al.
1993). Thus changes of the surface roughness of
UHMWPE components may be expected to affect
the initial wear rate, whereas reduced surface
roughness of the metal component will also affect
the long-term wear behaviour. Several authors
(Hall et al. 1997, Kusaba and Kuroki 1997, Essner
et al. 1998) have observed a correlation between
the clinical wear rate and the arithmetic mean sur-
face roughness (Ra) of explanted femoral heads,
whereas others found no or only a small associa-
tion (Hall et al. 1996, Wang et al. 1998, Elfick et
al. 1999). Because the femoral head may be dam-
aged by several mechanisms after implantation
(e.g., three-body wear), the relationship between
manufactured surface finish and clinical wear rate
remains unclear.

Wear particles may not only be generated from
the articulating surfaces, but also from other
interfaces such as modular junctions and implant/
cement or implant/bone interfaces. Such particles
are likely to migrate and act as third bodies in the
articulation.
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Alternative bearing surfaces

Metal on conventional polyethylene

The “traditional” bearing surface, a metal ball
and a polyethylene socket, has been widely used
since 1962. Polyethylene has several advantageous
properties, including low friction and good shock
absorption. A well-designed hip replacement with
a metal-on-polyethylene bearing demonstrates low
wear rate and good long-term clinical results (Cal-
laghan 2000, Malchau et al. 2000, Keener 2003a,
Keener 2003b).

The average wear rate is usually 0.1-0.2 mm/
year (50-100 mm3/year) (Griffith et al.1978,
Gomez-Barrena et al. 1998, Schmalzried et al.
1998b, Sochart 1999, Yamaguchi et al. 1999)
corresponding to hundreds of millions of wear
debris particles released into the surrounding tis-
sues (McKellop et al. 1995) which (especially in
cementless implants) may result in osteolysis as
early as 5-7 years after implantation (Schmalzried
et al. 1992, Amstutz et al. 1992).

Today total hip arthroplasties are implanted in
younger and more active patients than 1-2 decades
ago. One important reason for this change is the
improved knowledge about optimum cementing
technique and the introduction of new surface
treatments of uncemented implants. In addition the
demand from patients to maintain a high quality of
life despite disabling hip disease at an early age has
increased. Against this background, reduction of
the wear problem has become increasingly impor-
tant. This has been addressed by the development
of more wear resistant polyethylenes (highly cross-
linked), or by use of alternative bearing surfaces
such as ceramic-on-polyethylene, metal-on-metal,
and ceramic-on-ceramic.

Metal on highly cross-linked PE

In the 1970s Oonishi and associates induced very
high levels of cross-linking by exposing finished
cups to 1000 kGy gamma radiation in air (Oonishi
et al. 1992, 1996, 1997). Between 1971 and 1978,

62 patients underwent total hip replacement using
this material in the socket. Twenty eight hips could
be evaluated 6 to 17.3 years postoperative. The
wear rate was 0.05Smm/yearr for cross-linked and
0.28mm/yearr for non irradiated cups (Oonishi and
Kadoya 2000). Grobbelaar et al. (1999) reported
two clinical follow-up series with acetabular
components gamma irradiated at 100 kGy in the
presence of acetylene gas. The first study had 14-
22 years follow-up. Fifty-six of 64 hips displayed
no measurable wear. The average calculated wear
rate of this entire series was 0.011 mm/year. The
second series included 39 hips followed for 16
years. Thirty hips displayed no measurable wear
and 9 a total linear penetration of 0.7-1.5 mm.
Wroblewski et al. (1999) studied the wear of silane
cross-linked polyethylene in hips with a mean
clinical follow-up of 10 years. After an initial
“bedding-in” penetration of 0.2-0.4 mm/year, the
average penetration rate decreased by an order of
magnitude to 0.02 mm/year.

The highly cross-linked polyethylenes men-
tioned above were not commercially available
and were manufactured by the respective group of
investigators. Today there are several commercially
available contemporary approaches to producing
highly cross-linked polyethylene (Table 2).

Several hip simulator studies has shown
improved wear resistance of highly cross-linked
compared with conventional polyethylene (Ham-
ilton et al. 1997, McKellop et al. 1998, Edidin et al.
1999, McKellop et al. 1999, Muratoglu et al. 1999,
2001a, 2001b, 2002, Bragdon et al. 2003, D’Lima
et al. 2003).

There are few clinical studies comparing the
highly cross-linked and conventional polyethyl-
enes. Hopper et al. (2003) evaluated polyethylene
liners, cross-linked with 50 kGy of gamma irradia-
tion in a clinical study with 2-3 years follow-up.
The mean wear rate was 0.08 mm/year. Martel
et al. (2003) reported a prospective randomised
study in which CrossfireTM highly cross-linked
polyethylene was compared with conventional
polyethylene. A significant reduction in 2- and 3-
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dimensional linear wear rates (42% and 50%) was
found in the highly cross-linked group. Rothman
et al. (2004) compared the wear performance of
highly cross-linked (105 kGy) with conventional
polyethylene in bilateral THR. The wear rates
for the two polyethylenes were 0.075 mm/year
and 0.14 mm/year respectively after 2 to 3 years
follow-up. Manning at al (2004) recently presented
the four year results of 109 hips in which WIAM
highly cross-linked polyethylene had been used.
The steady state wear rate was 11 microns/year,
while in an age matched population of patients
with traditional polyethylene the wear rate was
143 microns/year. The wear reduction observed in
the groups with cross-linked polyethylene in these
studies is more modest than predicted by in vitro
studies.

Further clinical studies with longer follow-up
are needed to substantiate these low wear rates,
to evaluate the occurrence of osteolysis associated
with these implants and to ensure that these new
materials are not associated with any other unex-
pected adverse events.

Ceramic-on-polyethylene

Alumina and zirconia femoral balls have been used
widely as bearing surfaces against polyethylene
cups. Most clinical studies have shown wear rates
ranging from 0.025 to 0.075 mm/year with use of
aluminium heads, which is substantially lower than
observed with the use of a corresponding metal/
polyethylene articulation (Clarke and Willmann
1994, Sauer et al. Anthony 1998). Wear of about
the same magnitude as for alumina/polyethylene
articulations has been reported with zirconia heads
(Willmann 2000). In a clinical follow-up, Urban
et al. (2001) studied alumina heads articulating
against cemented all-polyethylene sockets. After 20
years and despite using non-contemporary cement
technique outstanding results were reported with
mean linear wear rate of 0.034 mm/year and 79%
prosthetic survival based on revision as end point.
All studies have, however, not been able to con-
firm reduced wear rate with ceramic heads. In a hip
simulator study McKellop et al. (1992) recorded
slightly greater polyethylene wear with alumina
but less with zirconia when compared with heads
made of cobalt-chromium alloy. In a study with

13 years follow-up the mean linear wear rate of
polyethylene cups articulating against alumina
heads was the same as reported for many metal on
polyethylene bearings (0.10 mm/year, Hasegawa
2001). In another evaluation little difference was
reported between the use of alumina and metallic
heads (Devane and Horne 1999). Unacceptable
high wear rates, osteolysis, and loosening with the
use of an early type of Zirconia ball have also been
observed (Piconi et al. 1998).

The reasons for this disagreement among the
studies are not clear. Change of material quality
over time, influence of third-body particles from
some stem/cup combinations and poor study
design could be some explanations. Future pro-
spective and randomised studies are necessary to
clarity this issue.

Metal-on-metal

The first true metal-on-metal THR was the pro-
totype developed by Philip Wiles in 1938 (Wiles
1957). These were unsuccessful because of the low
quality of the stainless steel used, poor manufac-
turing and lack of adequate fixation. In the early
1950s, McKee (1951) did a small series of THRs
using a metal artificial joint made of stainless steel.
It relied on cementless fixation, but lacked the
properties necessary to become integrated to bone.
With the introduction of cement in the 1960s and
early 1970s, the metal-on-metal design by McKee
and Farrar became popular. These prostheses were
made of CoCrMo alloy and had head diameters of
32-42 mm. The early versions of these prostheses
had a poor fit between the head and socket, while
the quality clearly improved with time. Hip simula-
tors indicated that loosening was likely to be caused
by mechanical forces and not biological processes
initiated by wear. Disregarding the early failures,
the long-term survivorship of the early metal-on-
metal designs has been comparable to that of the
metal-on-polyethylene Charnley (Jacobsson et al.
1990, Amstutz and Grigoris 1996, Schmidt et al.
1996, Schmalzried et al. 1996a). The steady-state
wear rates were found to be a few micrometers per
year (Willert et al. 1996, Kothari et al. 1996, McK-
ellop et al. 1996). Recently, Brown et al. (2002)
reported excellent long-term results of the McKee-
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Farrar prosthesis with an implant survival of 74%
after 28 years.

Nonetheless, the first generation of metal-on-
metal prostheses were gradually abandoned in the
1970s because the overall results achieved by the
Charnley type low-friction arthroplasties appeared
to be better. Further on, continuous release of metal
from the metal-on-metal articulation has remained
a cause of concern.

In view of the growing awareness of the problem
of extensive osteolysis caused by polyethylene
wear debris, a number of second-generation metal-
on-metal implants have been developed including
surface replacements (Schmalzried et al. 1996b,
McMinn et al. 1996). Weber developed the Meta-
sul prosthesis, which has been widely used clini-
cally since 1988. The designs include cemented
and uncemented versions. The metal socket liner
is usually polyethylene-backed in order to reduce
the difference between the elasticity of metal and
bone. The damping effect of polyethylene may be
a reason for the good results of more recent metal-
on-metal bearings, but some all-metallic sockets
seem to do equally well (Amstutz et al. 2004,
McMinn et al. 1996).

It is also apparent that metal-on-metal implants
have the ability to “self-heal”, that is, to polish-out
isolated surface scratches caused by third-body
particles or subluxation damage (McKellop et al.
1996).

Clinical and laboratory wear studies have indi-
cated that metal-on-metal implants often exhibit 10
to 20 times greater wear-in during the initial 1 to 2
years of clinical use, or one to two million cycles in
a hip simulator (Weber 1996, Medley et al. 1996,
Chan et al. 1999). During the steady-wear phase
after the first year of use, the linear wear contin-
ues to be less than 5 um for several years, which
corresponds to a volumetric wear rate lower than
0.2mm3/year (Medley et al. 1996, Chan et al. 1999,
Sochart 1999, Rieker et al. 1999). Recently St John
et al. (2004) compared in a hip simulator study
metal-on-polyethylene with metal-on metal articu-
lation. The wear rates after wearing-in period were
about 12-20 times greater for polyethylene in terms
of weight loss and about 110-180 times greater in
terms of volume of material removed from the
bearing surfaces. These results are consistent with
those reported by Chan et al. (1997) whose results

suggested that the wear rates for metal-on-metal
devices were a 20-100-fold decrease over metal-
on-polyethylene devices.

Dorr et al. (2000) reported medium-term (5.2
years follow-up) results of 70 patients with Meta-
sul articulation. One patient had revision of a loose
cup while no hip displayed radiographic evidence
of acetabular osteolysis. The clinical results were
similar to those of total hip replacements with a
metal-on-polyethylene articulation. The authors
regarded their results as encouraging. In another
study 266 patients, received third-generation
Zweymueller-SL.  total hip arthroplasties with
metal-on-metal articulation. The mean follow-up
was 52 months. No aseptic loosening or osteolysis
were observed. The authors concluded that metal-
on-metal articulations were just as satisfactory as
those of a conventional polyethylene on ceramic
articulation, while the metal-on-metal articulation
does not seem to give rise to new problems or
complications (Korovesis et al. 2003). In a ran-
domised study, Lombardi et al. (2004) evaluated
46 hips with metal-on-polyethylene and 53 with
metal-on-metal articulation after a mean follow-
up of 5.7 years. Three patients in the polyethylene
group and none in the metal group had evidence of
acetabular radiolucencies. No acetabular revisions
or device-related complications were observed in
neither group. The authors concluded that a metal-
on-metal articulation may represent a viable alter-
native for total hip arthroplasty in the young high
demand and active patients.

Metal-on-metal articulation may avoid polyeth-
ylene wear debris, but as previously mentioned
there remain concerns about the actual extent of
metal wear and the long-term effects of local and
systemic exposure to metal ions and particles.

Ceramic-on-ceramic

In early years, so-called monobloc conically-
threaded or spherical press-fit cups of alumina
ceramic were used with varying success. Although
several authors reported acceptable mid- and long-
term results (Nizard et al. 1992, Sedel et al. 1994),
these earlier designs had fixation problems partly
because the alumina surface did not achieve bio-
logical fixation to bone and perhaps partly because
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of the difference in modulus of elasticity between
the bone and the implant. To reduce the rigidity of
the ceramic-on-ceramic bearing, newer designs
have been supplied with an outer lining of polyeth-
ylene, whereas others avoid the different elasticity
between the implant and the bone by using ceramic
liners inserted into a metallic shell designed for
bony fixation (Dalla Pria 1996, D’ Antonio et al.
2002, Bierbaum et al. 2002).

Boehler et al. (2000) examined hemispheric
monolithic alumina ceramic sockets and modular
titanium sockets with alumina ceramic inlays.
The mean annual linear wear rate 7 years post-
operatively was about 39 and 27 um respectively.
Prudhommeaux et al. (1998) examined the in vivo
wear of high quality alumina. The overall wear

calculated by the weight of debris generated was
approximately 1000 times less than a metal-on-
polyethylene and 40 times less than a metal-on-
metal joint. Other hip simulator studies and clini-
cal retrievals have indicated that the steady-state
wear rate of alumina-on-alumina bearings can be
as low as 1-2 um/year (Willmann 1998, Oonishi
etal. 1999).

In a multicenter, prospective and randomized
study, an alumina-on-alumina ceramic bearing was
compared with cobalt chrome-on-polyethylene
bearings. After 4 years the clinical performance
was equal between the groups (Bierbaum et al.
2002). Modern alumina-on-alumina bearings are,
however, not immune to high wear (Winter et al.
1992, Nevelos et al. 1999).

Wear-factor related to the patient and surgical technique

Polyethylene wear in vivo is multifactorial with
a complex interaction of variables. It is therefore
not surprising that rates of polyethylene wear are
highly variable (Schmalzried 1998b). Patient-
related variables, such as age and gender have
some relation to the activity of the patient, but
the type and intensity of activity performed vary
individually and partly independent from other
demographic variables. There are variables related
to the hip prosthesis, which include all aspects of
the acetabular and femoral implants (not just the

polyethylene). There are also variables related to
the surgical procedure such as implant handling,
contamination and prosthetic positioning. Genera-
tion of particles from modularity and implant insta-
bility or migration are also important. Loosening
of the implant can adversely affect wear, and vice
versa. These variables are important as they can
affect the loads on and the motions of the bearing
and the degree of three-body-wear mechanisms.
There is also variability caused by the resolution of
the technique used to measure wear.
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Cemented sockets and aseptic loosening

In cemented acetabular components, the path of
least resistance for joint fluid and wear particles
is at the cement-bone interface. Schmalzried and
associates, (1992b) has demonstrated in autopsy
studies that after the implantation of a cemented
socket, the subchondral bone reconstitutes and
acts as a partial barrier that prevents joint fluid and
particles to gain access to the trabecular bone. The
soft-tissue membrane created by the biologic reac-
tion to wear particles dissects along the cement-
bone interface, leading to disruption of this inter-
face. As the interfacial disruption progresses to the
acetabular dome, fixation is lost. Radiographically,

the osteolytic pattern is linear, and the radiolu-
cency occurs at the cement-bone junction. These
lesions occurred as an increase in extension from
the periphery to the central region of the interface
(Hultmark et al. 2003). The component tends to
migrate into the radiolucent areas in the superior
aspect of the acetabulum. Although cystic lesions
are uncommon, continuous bone loss may result in
massive enlargement of the acetabulum especially
if the disease is longstanding and untreated. Radio-
graphically, the hallmarks of cemented socket
loosening are circumferential radiolucency, frac-
ture in cement mantle, or component migration.

Cementless sockets and aseptic loosening

The pattern of osteolysis around cementless sockets
depends of whether bone ingrowth has occurred or
not. If the socket is stable and ingrown, the path
of least resistance may be remaining gaps, regions
with less dense bone or local osteoporosis and
screw holes, which allow particles to migrate into
the trabecular bone surrounding the implant. This
results in two patterns of osteolysis depending of
the local particle concentration. High particle loads
may be more likely to result in more or less rapidly
growing lesions with indistinct margins. Loosening
does not result until the bone loss is extensive, and
failure is usually acute and catastrophic. The patient
may remain clinically without symptoms until the
component loosens. The second pattern of osteoly-
sis is a more slowly growing lesion with sclerotic
margins. Sclerotic bone often forms at the implant-

bone interface, probably as a result of micromotion.
The pattern of osteolysis in this case is quite similar
to that seen with cemented sockets. Linear oste-
olysis occurs with the implant migrating into the
radiolucent area. In addition, if late migration of
the component is noted in the absence of previous
radiolucency, then fibrous fixation with progressive
osteolysis should be assumed to have developed.
The consequences of osteolysis in this case are pro-
gressive bone loss and clinical loosening.

The radiographic determination of whether
a socket has bone ingrowth is quite difficult. A
cementless socket that is radiographically stable
is often presumed to be ingrown, although that
may not be the case. Cementless sockets in which
bone-ingrowth does not occur are predisposed to
late migration.
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Aims of the thesis

The outcome of different types of polyethylene,
bone cements and one design of uncemented fixa-
tion with porous and ceramic coating were studied
after 2-3 years follow-up in one cohort study (I)
and 4 prospective and randomised studies (II-V).

Specific aims:

Study

— to evaluate factors which might influence femo-
ral head penetration in all polyethylene sockets
and polyethylene liners. Two cemented and 2
uncemented cup designs were studied.

Studies Il and Il

— to evaluate the clinical performance of electron
beam irradiated highly cross-linked polyethylene
including femoral head penetration, cup fixation,
bone remodelling (cemented design), radiographic
appearance (cemented design) and early clinical

results. One cemented and one uncemented cup
design were studied. Sockets or liners made of
conventional polyethylene sterilized with gamma
irradiation in reduced oxygen environment consti-
tuted controls.

Study IV

— to evaluate if addition of fluoride to a low tem-
perature curing cement (Cemex) improves the
stability of Spectron stems, the quality of the bone,
the cement/bone interface and the early clinical
results. Palacos with Gentamicin cement was used
in the control group.

Study V

— to evaluate if porous coating with an outer
ceramic layer or fluoride containing cement
improved the early stability of the acetabular
cup, the development of postoperative radiolucent
lines and the early clinical results. Palacos with
Gentamicin cement was used in the control group.
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Material

Patients

Study I. 201 patients were extracted from 5
prospective randomised studies (Table 4). These
studies evaluated socket fixation and femoral
head penetration using radiostereometry. Four
basic designs; cemented Lubinus (Link, Germany)
and Reflection (Smith & Nephew, USA) cups,
uncemented Trilogy (Zimmer, USA) and Reflec-
tion (Smith & Nephew, USA) cups were included
(Figure 9). In the cemented patients only cups
fixed with Palacos cement (Schering-Plough, Bel-
gium) were studied. In total 237 hips (231 patients)
were available. Thirty of these were excluded
because too few tantalum markers were visible on
the postoperative or 2 year follow-up examination.
Six patients had undergone bilateral operations,
but only the first operated hip was included. In
total, 201 total hip arthroplasties in 201 patients
(117 women) remained for study I (Table 5). 132
patients had been operated at the Sahlgrenska Uni-
versity Hospital in Goteborg, 55 at the Northern
University Hospital in Umea and 14 at the Aka-
demiska University Hospital in Uppsala.

Study II. Sixty patients (61 hips) with a median
age and weight of 55 (35-70) years and 82
(47-120) kg on the waiting list for THR at Sahl-
grenska University Hospital participated (Table
7). The patients were randomized using closed
envelopes to receive either highly cross-linked or

conventional all PE cups (Sulene™, Centerpulse,
Zurich, Switzerland). One patient who had under-
gone bilateral surgeries, received different PE on
each side. The results of 52 patients (53 hips) with
2 years follow-up were included.

Study II and III. In study III, 32 patients with
bilateral primary or secondary arthrosis of the hip
received bilateral hybrid THA. Surgery started
on the most painful side, which was randomised
to either highly cross-linked or standard PE liner
(Zimmer Warsaw, Indiana) using closed enve-
lopes. The type of PE not used on the first side
was inserted on the opposite side. Twenty-seven
patients (54 hips) were followed up for 2 years
(Table 8). The results of 49 patients from Study
II followed 3 years postoperatively were included
(Table 9).

Studies I'V and V. Ninety patients (97 hips and
96 hips respectively in each study) median age 70
(31-81) years and weight 69 (38—108) kg on our
waiting list for THR accepted to participate (Table
10, 11). All types of preoperative diagnoses were
included. The choice of fixation was stratified
and randomised based on age (<55/>55 years),
gender, diagnosis (primary arthrosis, inflamma-
tory arthritis/longterm cortisone treatment, sequele
after femoral neck fracture) and bone quality
according to preoperative DEXA measurements
(less or equal vs. higher BMD than age matched
controls). The last variable was excluded from

Figure 9. Acetabular implants from left to right. Reflection, all-poly (Smith & Nephew, USA), Lubinus, eccentric (Waldemar
Link, Germany), Reflection, + HA, + screws or pegs (Smith & Nephew, USA), and Trilogy with 70% HA and 30% TCP +

screws (Zimmer Inc., Warsaw, USA).
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Table 4. Patient distribution in Paper |-V

Primary material(s) Implants (groups) Hips in group Included with  Remarks
extracted of interest 2 2-year f-u
n n
Paper |
Reflection cups: Palacos group 16 15
+ Palacos cement
+ Boneloc cement
Trilogy cups (porous and HA/TCP): Both groups 62 40
+ screws
—screws
Lubinus vs. SHP cups/stems Lubinus cups
Lubinus cup/stems, stems with Lubinus cups and 47 30
matte vs. polished vs. precoat surface ~ matte Lubinus stems
Reflection cups: Reflection cups with 68 47 b

+ Palacos cement
+ Cemex-F cement

Trilogy cups (porous and HA/TCP):
+ screws

Uncemented Reflection cups:
porous only
+ pegs
+ screws
+ HA coating

Palacos and Trilogy cups

All groups

87 69

Paper I
Weber cups + Palacos cement:
cross-linked PE
conventional PE

Both groups

61 53 c

Paper Il
Patients from Paper II: All groups 61 hips from paper Il 49 hips with 3-year f-u d
Trilogy cups (porous and HA/TCP): 32 from paper llI from paper Il
cross-linked PE 27 with 2-year f-u
conventional PE from paper IlI
Paper IV
Spectron stems: Both groups 97 97 e
+ Palacos cement
+ Cemex-F cement
Paper V
Reflection cups: All groups 97 96 f

+ Palacos cement
+ Cemex-F cement

Trilogy cups (porous and HA/TCP):
+ screws

2|ncluding patients who not had passed the 2-year follow-up.

b patients also in papers IV and V.
¢ Patients also in paper ll.

dTrilogy cups in patients with bilateral hybrid arthroplasty..

€ Mainly same patients as Paper V.
fMainly same patients as Paper IV.

the stratification protocol in patients with osteo-
synthesis in their hip. A dedicated software was
used for stratification and randomization (Pocock
1983). The stratification was designed to create 3

main groups (two cemented groups and one hybrid
group). In the first group fluoride- containing
cement (Cemex-F, Tecres S.p.A. Italy) and in the
second group, Palacos with Gentamycin (Schering
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Table 5. Study I: Demographic data and cup specifications

Lubinus Trilogy Reflection Reflection p-value® p-value ©
cemented uncemented cemented uncemented
n=302 N=Es n=372 n=692
Male/Female 13/17 25/40 10/27 36/33 0.08 0.6
Resin type Chirulen 1020 GUR 1050 GUR 1050 GUR 1050
Manufacturing Compression Compression Ram Ram
moulded moulded extrusion extrusion
Sterilization y-irrad. in vacuum  y=irrad. in N, EtO EtO
25 kGy 25 kGy
Age d 68 (53-78) 60 (32-81) 72 (31-78) 56 (34-66) 0.0005 0.3
Weight (kg) @ 77 (53-100) 75 (38-111) 70 (49-115) 78 (54-106) 0.10 0.8
Activity d 19 (13-25) 20 (10-28) 18 (9-32) 22 (12-30) 0.0005 0.1
Primary/secondary
osteoarthrosis 29/1 44/21 26/11 53/16 0.02 0.70
an = hips

b 4 groups (Kruskal Wallis test)

¢ gamma irradiation vs. EtO sterilized polyethylene (2 groups, Mann Whitney test).

d median (range)

Table 6. Study I: Patient-related data for the uncemented pressfit Reflection group

without HA with pegs with screws with HA
n=17 n=19 n=15 n=18
Male/Female 7110 11/8 8/7 10/8
Age 55 (34-65) 56 (40-64) 56 (40-65) 58 (47-66)
Weight (kg) 73 (54-100) 82 (57-100) 75 (58-105) 80 (55-106)
Primary/secondary
osteoarthritis 14/3 13/6 12/3 14/4

2 median (range)
Comparison between the groups, p>0.35 (Kruskal-Wallis test).

Table 7. Study Il: Demographic data

n Highly cross-link

n

Conventional

(Durasul™) (Sulene™)
Male/Female 15/17 15/14
Age @ 32 54 (35-68 29 55 (41-70)
Weight (kg) 2 32 81 (47-116) 29 80 (58-120)
Primary/secondary
osteoarthritis 25/7 24/5
Activity @ 25 20 (16-28) 28 20 (12-28)
Harris hip score @
Total
Preoperative 32 45 (18-77) 29 44 (16-67)
2 years 25 97 (73-100) 28 94 (76-100)
Difference 0-2 years 25 51 (23-82) 28 50 (16-84)
Pain
Preoperative 32 14 (0-30) 29 14 (0-30)
2 years 25 42 (20-44) 28 43 (30-44)
Difference 0-2 years 25 28 (0-44) 28 29 (10-44)

2median (range)

Comparison between the groups, p>0.10 (Mann Whitney U—test).
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Table 8. Hybrid study (Study lll): Demographic data

n Highly cross-link n Conventional
(Longevity) (Control)
Male/Female 10/ 17 10/ 17
Age? 27 48 (29-70) 27 48 (29-70)
Weight (kg) @ 27 75 (53-96) 27 75 (53-96)
Primary/secondary
osteoarthritis 14/13 15/12
Harris hip score 2
Total
Preoperative 27 42 (18-63) 27 44 (17-68)
2 years 27 100 (45-100) 27 100 (45-100)
Difference 0-2 years 27 56 (10-77) 27 50 (26-79)
Pain
Preoperative 27 10 (0-30) 27 10 (0-30)
2 years 27 44 (20-44) 27 44 (20-44)
Difference 0-2 years 27 34 (0-40) 27 34 (14-44)

2median (range)
Comparison between the groups, p>0.4 (Mann Whitney U-test).

Table 9. Cemented study (Study Ill): Demographic data

n Highly cross-link n Conventional p-value 2

(Durasul™) (Sulene™)
Male/Female 10/13 14/12 0.5
Age 23 55 (42-64) 26 57 (41-70) 0.9
Weight (kg) P 23 80 (47-116) 26 80 (58-115) 0.7
Primary/secondary
osteoarthritis 19/4 22/4 0.9
Charnley group
(number of patients
classified as A/B/C) 23 17/2/4 26 17/6/3 0.7
Activity at 2 years P 23 21 (16-28) 26 22 (12-28) 0.5
Harris hip score
Total
Preoperative 23 49 (19-78) 26 47 (18-68) 0.6
3 years 22 98 (81-100) 26 100 (94-100) 0.1
Difference 0-3 years 22 46 (18-76) 26 51 (26-82) 0.4
Pain
Preoperative 23 20 (0-30) 26 10 (0-30) 0.4
3 years 22 44 (30-44) 26 44 (40-44) 0.02
Difference 0-3 years 22 24 (10-44) 26 34 (14-44) 0.1

2 Mann Whitney U-test
b median (range)

Plough Germany) was used (Table 12). In both
cemented groups, the same types of cement were
used to fixate both components. In the third group
an uncemented cup and cemented stem were used.
In this group the fixation of the femoral component
was again randomised to either of the two cements.
The results on femoral and acetabular sides are

presented separately in papers IV and V, respec-
tively. Patients operated bilaterally were included
with both sides provided that the two sides had
been stratified to different type of fixation.

A modified Hardinge approach and third genera-
tion cementing technique were used in all studies.
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Table 10. Study IV: Demographic data

Cemex-F Palacos
Male/Female 10/37 12/38
Age 2 69 (41-79) 71 (31-86)
Weight (kg) 2 72 (45-107) 67 (38-108)
Primary/secondary
osteoarthritis 23/24 25/25
Harris hip score 2
Total
Preoperative 35 (9-78) 37 (7-78)
2 years 93 (48-100) 95 (54-100)

Difference 0-2 years 49 (-11-73) 48 (19-78)
Pain

Preoperative 10 (0-30) 10 (0-30)

2 years 44 (10-44) 44 (30-44)

Difference 0-2 years 30 (-10-44) 30 (10—44)

2median (range)
Comparison between the groups, p>0.10 (Mann Whitney
U-test).

Implants
Stems

Studies I-V. All patients in studies II, III, IV, V
and 117 hips in study I received Specton EF stem
(Smith & Nephew, Memphis, TN, USA). This stem
is made of cobalt chromium alloy. Its proximal third
is grit blasted (average surface roughness, 2.8um).

Table 11. Study V: Demographic data

The distal part is smoother (average surface rough-
ness, 0.7 um) and a centraliser is attached to the tip
of the stem. The femoral stems had been supplied
by the manufacturer with 3 titanium towers each
with a tantalum marker attached to its tip. Femoral
heads of cobalt-chrome alloy with a diameter of
28 mm were used in all hips except 55 patients in
study I and 3 patients in studies IV and V were zir-
conium heads were used. Thirty patients in study
I received cemented Lubinus stems, 17 cemented
Anatomic-Option stems and 37 uncemented stems
(6 Epoch, 17 Anatomic, 3 Cone, and 11 Bimetric,
Table 13).

Cups

Study I. Four cups with different sterilization
method were used (Figure 9, Table 5). The Lubinus
cups and the liners to the Trilogy cups had been
sterilized with gamma irradiation (25 kGy). The
Lubinus cup (n=30) is manufactured by compres-
sion-molded technique and sterilized with gamma
irradiation in reduced oxygen environment. The
Trilogy liners (n=65) were also manufactured with
compression-molded technique. Sterilization had
been done in an inert nitrogen environment. The
metallic shell of this design is made of titanium-
aluminum-vanadium alloy (Tivanium, Zimmer,
Inc, Warsaw, IN) with a fiber mesh of pure titanium

n Palacos n Cemex-F n Uncemented
Male/Female 6/21 7/25 8/29
Age @ 27 73 (31-80) 32 71 (41-79) 37 65 (45-81)
Weight (kg) 2 27 66 (38-105) 32 73 (45-107) 37 68 (38—-100)
Primary/secondary
osteoarthritis 15/12 15/17 18/19
Sterilization of y irrad.in N,
the polyethylene EtO EtO 25 kGy
Harris hip score 2
Total
Preoperative 27 36 (10-75) 32 36 (15-78) 37 35 (7-78)
2 years 25 95 (69-100) 30 89 (48-100) 36 94 (54-100)
Difference 0-2 years 25 50 (19-78) 30 44 (-11-72) 36 48 (22-74)
Pain
Preoperative 27 10 (0-30) 32 10 (0-30) 37 10 (0-30)
2 years 25 44 (30-44) 30 42 (10-44) 36 44 (30-44)

Difference 0-2 years 25 30 (10-44)

30 27 (-10-44) 36 30 (14-44)

2median (range)

Comparison between the groups, p>0.07 (Kruskal-Wallis test).
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Table 12. Composition of the bone cements

Cemex Fluor Palacos G
Liquid
Monomer methylmethacrylate 98.2% methylmethacrylate 98%
Accelerator N,N-dimetyl-p-tolouidin ~ 1.8% N,N-dimetyl-p-tolouidin  2.0%
Stabilizing agent Hydrokinon 75 ppm Hydrokinon 60 ppm
Color - Chlorophyllin 0.4 mg
Powder
Polymer Polymetylmethacrylate
PMMA 85.0% Poly (methylacrylate,
methyl methacrylate)
PMMA/PMA 85.2%
Contrast medium Barium sulphate 6.0% zirconium oxide 11.8%
Initiator Bensoylperoxid 3.0% bensoylperoxid 1.0%
Antibioticum Gentamycin sulphate 2.0%

Sodium fluoride
Liquid/powder ratio

(=0.55g base)
6.0%

27/73 30/70

Table 13. Different stems used in paper |

Manufacturer Surface finish Porous coating Ceramic coating
Cemented
Lubinus SP Il W. Link, Germany Matte
Ra=1.5um
Spectron Smith&Nephew, USA  Grit blasted/matte
Ra=2.8.um prox.
Ra= 0.7.pum dist.
Anatomic-option Zimmer, USA Matte
Ra=1.5 pm
Uncemented
Epoch Zimmer, USA Titanium fiber mesh HA/TCP prox. 2/3
entire stem
Anatomic Zimmer, USA Titanium fiber mesh HA/TCP prox.
proximally porous HA middle
Cone Zimmer, USA Grit blasted
Bi-metric Biomet, USA Titanium plasma spray

attached to it. The mesh is plasma-sprayed with 40-
um coating consisting of 70% hydroxyapatite and
30% tricalcium phosphate. Twenty-one cups had
no holes for screws. In the remaining 44 cups 1-3
screws were inserted in the 3 screw holes available.

The 2 remaining groups had polyethylene steril-
ized with ethylene oxide (EtO). Thirty-seven were
cemented all-polyethylene (Reflection all-poly)
and 69 were uncemented porous coated press-fit
cups (Reflection). Both designs were manufac-
tured using ram-extrusion technique (Table 5).
The uncemented Reflection cup is made of tita-
nium-aluminum-vanadium alloy. It has porous

bead coating made of commercially pure titanium.
Based on a randomization protocol designed for
this subpopulation, 15 of these cups had additional
screw fixation and 19 were supplied with pegs.
Thirty-five had no additional fixation, but 18 of
those 35 were coated with a 45 um thin layer of
pure hydroxyapatite (Table 6). The thickness of the
Trilogy liners varied between 6.3 and 11.3 mm and
the Reflection liners between 7 and 12 mm. The
Lubinus, Trilogy and cemented Reflection cups
were inserted with femoral heads made of cobalt-
chromium alloy. Fifty-five of the 69 uncemented
Reflection cups articulated against a ceramic
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Figure 10. The Weber cup.

head made of zirconium oxide. The remaining 14
patients had femoral heads made of cobalt-chro-
mium alloy.

Study II. All patients received a flanged all-PE
cup of the same design (Weber, Centerpulse Ortho-
pedics Ltd, Figure 10). The Durasul™ variation of
this cup is made from cylindrical disc-shaped sam-
ples machined from compression molded GUR
1050 UHMWPE bars. The dics-shaped samples
were irradiated with a process called warm irra-
diation with adiabatic heating, and subsequent
melting (Muratoglu et al. 2001a). The Durasul™
cups were machined from irradiated cross-linked
PE and the Sulene™ cups from conventional
compression-molded sheets of UHMWPE. The
Durasul™ cups were sterilized using EtO gas and
the controls were sterilized using gamma irradia-
tion (25-40 kGy) in inert nitrogen atmosphere.

Study III. All patients with hybrid hips received
Trilogy cups with three cluster holes. The liners

were machined from highly cross-linked PE (Lon-
gevity Zimmer Warsaw, Indiana USA,) or conven-
tional compression-molded sheets of UHMWPE
(GUR 1050). The Longevity liner was sterilized
using gas plasma and the controls were sterilized
with gamma irradiation (25-37 kGy) in nitrogen
atmosphere.

Study V. Reflection all poly cups (59) were
used in both cemented groups. All hips in the
uncemented group operated with press-fit Trilogy
cup (n=37, Table 11). Additional fixation with one
screw was done in one hip, 28 cups had two and
the remaining 8 hips had three screws inserted in
the three screw holes available. Twenty-eight mm
femoral heads made of cobalt chromium were used
in all but 3 hips, which received heads made of zir-
conium (2 uncem. 1 Cem-F). None of the bilater-
ally operated patients received the same method of
fixation on both sides.
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Methods

Clinical evaluation

In studies II, III, IV and V, the patients were fol-
lowed prospectively using a standardised form
including Harris hip score. In study I, the activity
level was evaluated using a questionnaire, which
was sent to the patients 2—7 years (median 3 years
and 9 months) after the operation. Each question
was rated with an increasing number of points
(3-5/question) corresponding to the increasing
activity level of the patient. The same question-
naire was used in studies II and III at the 2 years
control. This questionnaire included 9 questions in
study I and 10 in studies II and III. One question in
study I had different answer alternatives at Sahlg-
renska and Umed Hospital and had to be excluded.
The repeatability of the questionnaire was studied
in 20 patients in study I who agreed to answer a
second time at an interval of 15 days (Table 1 in
Appendix).

Radiography

Conventional radiographic examinations includ-
ing AP, lateral, and pelvic views centered on the
symphysis were exposed within 3—4 days postop-
eratively and after 2 years.

The cementing of the cup in studies Il and V was
graded according to a modification of the classifi-
cation of Barrack (Hultmark et al. 2003). In Study
IV the cementing of the stem was graded according
to the original Barrack classification (Barrack et al.
1992). Radiolucent lines wider than 0.3 mm were
recorded based on the observations of Hultmark et
al. (2003). The extent of such lines were classified
into 4 grades (no lucency, <50%, 50-99% and
100%) in the different Gruen regions (Gruen et
al. 1979). On the acetabular side a modification of
the DeLee and Charnley (1976) regions was used
because the cup was divided in three equal parts
on frontal and lateral views (Figure 11). The maxi-
mum width of each line was also measured. Radio-
lucent lines were defined as linear lucent areas par-

Figure 11. Classification of the cup in three equal parts on
the frontal and lateral view.

allel to the femoral or acetabular component with
a maximum width up to 2 mm. Radiolucencies
with a cystic or linear appearance greater than two
millimetres in width were recorded as osteolytic
lesion. Heterotopic bone formation was classified
according to Brooker et al. (1973). The inclina-
tion of the cup was measured on the postoperative
radiographs of the pelvis in studies I-III and V.

Radiostereometry

Radiostereometry (RSA) (Selvik 1989, Kirrholm
1997) was used to study wear and cup migration
in studies I, II, III and V. RSA was even used to
study stem translation and rotation in study IV. The
postoperative examination was performed 3 to 4
days after surgery. In studies I, IV and V, the fol-
lowing examinations were performed at 6, 12 and
24 months, while in studies II and III, RSA exami-
nations were also performed at 3 months. In study
I, the first RSA recording after the postoperative
one took place after 2 months in the uncemented
Reflection group and not after 6 months as indi-
cated in paper 1. In all examinations the patients
were in the supine position. In studies II and III
examinations were also done with the patients
standing. These examinations started at 3 months.
Postoperative examinations with the patient
standing were tried also within the postoperative
week but these examinations were subsequently
excluded because the patients experienced too
much discomfort.
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Table 14. Precision based on double examination

Paper n Il n Hybrid study n \% n \Y
Paper llI
Wear (mm)
Transverse axis 45 0.13 45 0.12 40 0.08
Longitudinal axis 45 0.10 45 0.15 40 0.14
Sagittal axis 45 0.20 45 0.28 40 0.30
3-D 45 0.22 45 0.31 40 0.33
Cup migration (mm)
Transverse axis 45 0.13 45 0.1 40 0.14
Longitudinal axis 45 0.08 45 0.08 40 0.1
Sagittal axis 45 0.17 45 0.16 40 0.26
3-D 40 0.30
Cup rotation (degrees)
Transverse axis 45 0.74 45 0.60 40 0.58
Longitudinal axis 45 0.37 45 0.39 40 048
Sagittal axis 45 0.15 45 0.22 40 0.25
Stem-bone migration
Longitudinal axis (mm) 44 0.15
Stem-cement migration
Longitudinal axis (mm) 44  0.13
Cement-bone migration
Longitudinal axis (mm) 44 0.16
Stem rotations (degrees)
Transverse axis 44 0.16
Longitudinal axis 44 0.61
Sagittal axis 44 0.33

Translations of the femoral head centre using
the cup markers as a fixed reference segment rep-
resented the penetration of the femoral head into
the polyethylene cup or insert. This motion, called
femoral head penetration, is the combined effect of
deformation of the polyethylene (creep) and wear.
The migration of the cup was measured as rota-
tions about the three cardinal axes and translations
of the cup centre.

Proximal/distal translation of the gravitational
centre of the segment defined by the stem mark-
ers and the centre of the femoral head and the
corresponding translations of the centre of the
cement markers using the bone markers as refer-
ence segment are presented in study I'V. Rotations
of the stems about the three cardinal axes were also
measured.

To maintain the precision of the measure-
ments the RSA was only performed if at least 3
well-defined markers could be identified. These
markers should have an acceptable configuration
(condition number < 120, Soderkvist 1993) and
stability (mean error of rigid body fitting < 0.32,
Selvik 1989).

The precision of the measurements was calcu-
lated by repeated examination of the patient with
an interval of 10-20 minutes (double examina-
tions). Based on previous studies (Kérrholm and
Snorrason 1992) we assumed that the error was
normally distributed. The 99% confidence interval
was calculated as the mean difference + 2.7 times
the standard deviation (Table 14).

Hips missing from the RSA evaluation in each
study are shown in the Table 15.

DEXA

Periprosthetic BMD was measured using a Lunar
DPX-L or Lunar DPX-IQ densitometer (Lunar
Corporation, Madison, WI) in studies II and IV.
Fifteen patients with hip arthroplasty were scanned
one time with each type of densitometer to estab-
lish a cross calibration between the instruments.
In each ROI, a linear correlation (mean, r = 0.96
range, 0.90-0.98) was observed. The mean differ-
ence = 1 SD between the two densitometers was
0.9 +/-6.4%. The mean difference was used to
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Table 15. Hips missing from RSA evaluation in each study

Paper | 1] i \% Vv
Cemented Hybrid
Supine  Supine Standing Supine Standing Supine Standing  Supine Supine
Deceased 4 4
No data available 1 4 2 2 1 2 2
Too few tantalum markers 30 1 3 1 4 5 8 2 3

Figure 12. Lunar DPX-IQ densitometer.

adjust all values from the DPX-L device in study II
and from DPX-IQ in study IV. These DEXA mea-
surements were taken one week postoperatively,
and after 12 and 24 months. During scanning, the
patient was placed in the supine position. A foot
brace and knee supports were used to obtain stan-
dardized positions. The pelvic scan was centred
on the acetabular component. It was 15 cm wide,
started at the lower border of the inferior pubic
ramus and continued proximally to the lower limit
of the ipsilateral sacroiliac joint (Figure 12).

The paint option of the orthopaedic software (V
4.6 Lunar Corporation, Madison, WI, USA) was
used to evaluate the BMD in five ROIs around the
acetabular component trying to exclude the cement
mantle (study II, Figure 13).

Two methods were used to analyse the femoral
scans in study IV. In the first one the software
(V 4.6 Lunar Corporation, Madison, WI, USA;)
automatically divided the proximal femur into 7
Gruen regions based on the implant length exclud-
ing the tip of the greater trochanter. We expanded
this region manually to also include this part of the

Figure 13. Classification of periprosthetic
BMD on acetabular side in 5 ROls.

trochanter. In the second method all visible cement
was manually excluded from the scan field using
the software facility “paint”, but leaving the posi-
tion of the ROIs unchanged from the first analysis
set. The ROI 4 was excluded from the manual
analysis (Figure 14).

In both studies (II and IV) 20 patients were
examined twice using the DPX-1Q with a median
6 and 8 days respectively between the two exami-
nations. The precision was expressed as the coef-
ficient of variation (CV) according to the formula:
CV% = 100 X ( (8/V2) /u) for each ROI, where 6
represents the standard deviation of the difference
between the paired BMD measurements, and w is
the overall mean of all the BMD measurements for
each individual ROI (Wilkinson et al. 2001). In
study II the precision varied between 5% and 11%
while in study IV the precision varied between
1.7% and 4.6% for the different ROIs in the auto-
matic DEXA analysis and between 3.6% and 6.2%
when the cement mantle was excluded from the
analysis. In study IV the intra and interobserver
error were also evaluated.
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Figure 14. Classification of periprosthetic BMD on femoral side in 7 ROls according
to Gruen for automatic (left) and manual (right) DEXA analysis.

Statistical analysis

Kruskal-Wallis test and Mann-Whitney test were
used to evaluate any difference between the groups
at a given time interval in all the studies. Wilcox-
on’s matched pairs signed ranks test was used to
evaluate changes between various observations
over time. Probability values less than 0.05 rep-
resented a significant difference. Stepwise linear
regression analysis was used to determine whether
various factors affected the penetration rate in
study I. Kendall's tau test was used to evaluate
the repeatability of the questionnaire in study L.
Pearson test was used to evaluate the correlation
between different factors in study I.

Ethics

Each of the studies (I-V) had been conformed with
the Helsinki declaration and was approved by the
local ethical committee(s).
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Results

Study I. Increase in early polyethylene
wear after sterilization with ethylene
oxide—radiostereometric analyses of 201
total hips

Femoral head penetration

The proximal penetration at 2 years was less than
0.2 mm in gamma sterilized designs (Lubinus and
Trilogy and more than 0.3 and 0.4 mm in cemented
and uncemented Reflection cups respectively
(p=0.0005, Kruskal-Wallis test, Table 16, Figure
15). The mean medial/lateral and anterior/posterior
penetration were less than 0.1 mm in all 4 designs
without significant difference (p >0.1, Table 16).
The mean total or three-dimensional penetration at
2 years was almost equal in patients with gamma
sterilized polyethylene (Lubinus/Trilogy = 0.27/
0.29 mm), but significantly higher in patients with
EtO sterilized polyethylene (Reflection cemented/

uncemented = 0.40/0.57 mm, p=0.0005, Figure 16,
Table 16).

In study I the first radiostereometric record-
ing after the postoperative one took place after 2
months in the uncemented Reflection group and
not after 6 months as stated in Paper 1. This error
has been corrected in fig. 15 and 16.

Regression analysis

Stepwise linear regression analysis showed that
the proximal penetration increased with use of EtO
sterilized cups (p=0.0005), younger age at opera-
tion (p=0.0005), male gender (p=0.003), increasing
activity score (p=0.007), and proximal migration of
the cup (p=0.05, adjusted r2 using these variables =
0.52) The total or three dimensional penetration
increased with use of EtO sterilized polyethylene
(p=0.0005) high weight (p=0.0005) and lower age
(p=0.004, adjusted r2 for these variables = 0.28).

Table 16. Penetration at the 2-year follow-up (signed values, mm).

n mean 95% confidence range p-value 2
limit of the mean

Medial(+)/lateral(-) 0.3

Lubinus 30 -0.02 -0.06-0.02 -0.21-0.25

Trilogy 65 -0.03 -0.06-0.00 -0.41-0.52

Reflection cemented 37 -0.002 -0.03-0.02 -0.15-0.20

Reflection uncemented 69 0.006 -0.04-0.05 -0.31-0.83
Proximal(+)/distal(-) 0.0005

Lubinus 30 0.17 0.12-0.23 -0.09-0.53

Trilogy 65 0.18 0.14-0.22 -0.18-0.67

Reflection cemented 37 0.34 0.27-0.41 -0.09-0.92

Reflection uncemented 69 0.46 0.42-0.50 0.19-0.95
Anterior(+)/posterior(-) 0.1

Lubinus 30 -0.07 -0.12 —(-0.02) -0.33-0.35

Trilogy 65 0.02 -0.03- 0.07 -0.41-0.75

Reflection cemented 37 -0.04 -0.09-0.01 -0.48-0.23

Reflection uncemented 69 0.04 -0.06—-0.14 -0.55-2.69
Total translation 2 0.0005

Lubinus 30 0.27 0.23-0.31 0.07-0.55

Trilogy 65 0.29 0.25-0.33 0.05-0.95

Reflection cemented 37 0.40 0.34-0.46 0.11-0.93

Reflection uncemented 69 0.57 0.49-0.65 0.30-2.97

a Kruskal-Wallis test
b Three dimensional translation
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Figure 15. Proximal penetration of the femoral head. Mean
(SEM).

The remaining variables including in regres-
sion analysis (diagnosis, socket size, cement-no
cement, inclination of the cup, side, medial/lateral,
anterior/posterior and three dimensional migration
of the cup) had no influence on penetration rate.
There was weak correlation between activity score
and age (r=0.18, p=0.05, Pearson correlation).

Analysis of subgroups

In the uncemented Reflection group, fixation with
pressfit and HA had the highest three-dimensional
penetration rate (0.76 mm), while pressfit with
screws had the lowest 0.47 mm (p=0.007). The
proximal penetration did not differ significantly
between the four subgroups (p=0.07).

Uncemented Reflection cups articulating against
femoral head made of zirconium oxide had signifi-
cantly lower three-dimensional penetration than
femoral heads made of cobalt-chromium alloy
(0.50 and 0.62 mm, respectively p=0.02). The pen-
etration rate in the three directions did not differ
between the 2 subgroups (p>0.2).

Forty-four Trilogy cups had an additional screw
fixation. In the remaining 21, only press-fit fixation
was used. The mean proximal/three-dimensional
penetration rates were 0.17/0.26 mm 0.20/0.34 mm
in the groups with and without screws, respectively
(p=0.2 and p=0.03).

The activity level did not differ significantly
between the groups (Table 5). The repeatability
of the activity questionnaire varied between fairly

Reflection, all poly

0.4
Trilo
03 |
Lubinus
0.2
0.1
0
0 2 6 12 24
months

Figure 16. The total or three-dimensional vector length of
femoral head penetration. Mean (SEM).

good to full agreement between the answers given
on the two occasions (Kendall’s tau=0.7-1.0, Table
1 in Appendix).

Conclusion

The ethylene oxide-sterilized polyethylene
doubled the femoral head penetration rate, as
compared with gamma sterilization in a reduced
oxygen environment.

Study Il. Highly cross-linked polyethylene
in cemented THA—randomized study of
61 hips

Radiostereometry

Supine position. When evaluated supine the proxi-
mal penetration tended to become smaller in the
study group at the end of follow-up (study/control:
0.13/0.18 mm, p=0.08, Figure 17). The mean
mediolateral, AP, and three-dimensional penetra-
tion in supine position did not differ significantly
between the groups (p>0.1).

Standing position. Between 3 and 24 months the
mean proximal femoral head penetration with the
patients in standing position was 0.06 mm in the
study group and 0.13 mm in control group (p=0.03,
Figure 18, Table 17). The three-dimensional pen-
etration at 2 years was equal in both groups (0.20
mm). The mean mediolateral and AP penetration
were smaller than 0.06 mm (p>0.1).
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Figure 17. Proximal femoral head penetration in the supine
position. Mean (SEM).
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Figure 18. Proximal femoral head penetration in the stand-
ing position. Mean (SEM).

Table 17. Penetration between 3 and 24 months follow-up. The examination was performed with

the patients standing.

Penetration (mm) n mean value 95% confidence range p-value 2
(signed)  limits of the mean

Medial (+)/lateral (-)
Highly cross-link 21 0.06 0.02-0.10 -0.12-0.26 0.1
Control 25 0.02 0.00-0.05 -0.09-0.17

Proximal (+)/distal (-)
Highly cross-link 21 0.06 0.02-0.10 -0.17-0.21 0.03
Control 25 0.13 0.09-0.17 -0.01-0.37

Anterior (+)/posterior (-)
Highly cross-link 21 -0.02 -0.11-0.07 -0.69-0.26 0.4
Control 25 -0.02 -0.08-0.04 -0.28-0.39

Three-dimensional
Highly cross-link 21 0.20 0.13-0.26 0.02-0.72 0.8
Control 25 0.20 0.15-0.24 0.07-0.49

2 Mann Whitney test

Migration: The migration of the cup at 2 years
was lower than 0.1 mm and the rotation lower
than 0.3° in both groups and in all three directions
(p >0.3 and p >0.4 respectively).

Bone mineral density

A comparison between the immediate postop-
erative and the 2-year examination revealed an
increase in region 2 in the study group and in
region 5 in the control group (p=0.01 and p=0.02).
Comparison of the relative change of BMD
between the study and control groups at the 2 year
follow-up revealed no statistically significant dif-
ferences (p >0.09, Figure 19).

Conventional radiography

Postoperative radiolucencies were more extended
in the study group in region 3 (p=0.01). At two
years the distribution of lines were not signifi-
cantly different between the groups (p >0.08). The
maximum width of these lines was almost equal at
the two occasions (p >0.10) and none of the lines
exceeded 2mm.

Clinical examination

The hip and pain scores and the change in these
scores between immediately postoperative and the
2 years follow-up were almost similar in the two
groups. At this time the median value of the activ-
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Figure 19. The changes in percent of BMD between postoperative and 2 years exami-

nation for each ROI. Mean (SD), (p>0.09).

ity score was equal in the two groups of patients
(study/control: 20/20, p=0.4, Table 7)

Conclusion

Highly cross-linked PE showed increased resis-
tance to penetration. Different mechanical proper-
ties of the two types of PE studied did not affect the
fixation, periprosthetic bone loss, and radiographic
appearance of the cup.

Study lll. Highly cross-linked polyethy-
lene in total hip arthroplasty—random-
ised evaluation of penetration rate in
cemented and uncemented sockets using
radiostereometric analysis

Radiostereometry
Hybrid study

Supine position: The mean proximal penetra-
tion was almost identical in the two groups up to
6 months. At 2 years the proximal penetration
reached 0.08mm in the study group and 0.21 mm
in the control group (p <0.001, Figure 20, Table
18). The mean three dimensional penetration was
0.22 mm and 0.32 mm respectively (p=0.006,
Figure 21, Table 18). The penetration in medio-
lateral and anterior/posterior direction through out
the follow-up period was lower than 0.08 mm in
both groups without significant difference (p =0.5,
Table 18).

Standing position: Medial penetration was
recorded in the study group (0.06 mm), whereas
minimal lateral penetration was observed in the

mm
0.30 7

0.25

control

0.20

0.15 7

0.10

cross-link
0.05

1
0 12 24
months

Figure 20. Proximal femoral head penetration in the supine
position. Mean (SEM).

control group (0.02 mm, p=0.05). The proximal,
three dimensional and anterior/posterior penetra-
tion did not differ significantly (p >0.4).

Migration: The mean proximal migration of
the uncemented cup was about the same (study/
controls: 0.09/0.06 mm, p=1.0). The anterior/
posterior, and mediolateral migration was lower
than 0.13 mm (p>0.3). Small rotations of the liner
were recorded (absolute mean values < 0.19°;
p>0.2).

Cemented study

Supine position: Up to 6 months the proximal
penetration was identical in both groups as in the
hybrid study. At 3 years the mean proximal pen-
etration was doubled in the control group (study/
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Table 18. Hybrid study, supine examinations 0-2 years
Penetration (mm) n mean value  95% confidence range p-value @
(signed) limits of the mean
Medial (+)/lateral (-)
Highly cross-link 22 0.07 0.02-0.11 -0.14-0.25 0.5
Control 22 0.04 0.005-0.07 -0.14-0.18
Proximal (+)/distal (-)
Highly cross-link 22 0.08 0.04-0.11 -0.03-0.28 0.0001
Control 22 0.21 0.17-0.25 -0.08-0.46
Anterior (+)/posterior (-)
Highly cross-link 22 -0.005 -0.07-0.08 -0.25-0.40 0.9
Control 22 -0.01 -0.1-0.12 -0.44-0.52
Three-dimensional
Highly cross-link 22 0.22 0.17-0.26 0.05-0.26 0.006
Control 22 0.32 0.26-0.38 0.12-0.62
2 Mann Whitney U-test
mm mm
0.4 0.30 1
control 0.25 control
0.3
0.20
0.2 1 0.15
cross-link
cross-link
0.10
0.1
0.05
0 ‘ ) 0 . : )
0 12 24 0 12 24 36
months months

Figure 21. Three dimensional penetration in the supine
position. Mean (SEM).

controls: 0.13/0.25 mm, p=0.002, Figure 22, Table
19). The mean total or three-dimensional penetra-
tion at the latest follow-up reached 0.23 and 0.30
mm (study/controls: p=0.2, Table 19).

Standing position: At 3 years higher proximal
penetration had occurred in the controls (study/
controls: 0.07/0.19 mm, p=0.007, Figure 23). The
three dimensional penetration during the same
follow-up period was 0.24 and 0.28 mm respec-
tively (study/controls: p=0.6).

The mean mediolateral and AP head penetration
at 3 years was 0.09 mm or less in both groups of
patients and in both positions (p >0.1).

Figure 22. Proximal femoral head penetration in the supine
position. Mean (SEM).

Migration: The migration of cemented cups in
the three directions was 0.11 mm or less in both
groups without significant difference (p >0.4). The
rotation of the socket was small (absolute mean
value <0.28° p >0.3).

Clinical examination

The hip and pain scores and the changes in these
scores between immediately postoperative and 2
years follow-up did not differ significantly in the
two groups of patients in hybrid study (p >0.6,
Table 8). In the cemented study, the median hip
pain score was the same at 3 years (median, range
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Table 19. Cemented study, supine examinations 0-3 years

Penetration (mm) n mean value  95% confidence range p-value @
(signed) limits of the mean
Medial (+)/lateral (-)
Highly cross-link 20 -0.005 -0.05-0.04 -0.21-0.14 0.5
Control 26 -0.02 -0.06-0.02 -0.33-0.22
Proximal (+)/distal (-)
Highly cross-link 20 0.13 0.08-0.17 -0.02-0.30 0.002
Control 26 0.25 0.18-0.31 0.07-0.84
Anterior (+)/posterior (-)
Highly cross-link 20 -0.09 -0.17—(-0.01)  -0.40-0.22 0.1
Control 26 0.001 -0.05-0.05 -0.21-0.31
Three-dimensional
Highly cross-link 20 0.23 0.17-0.29 0.04-0.41 0.2
Control 26 0.30 0.24-0.36 0.12-0.89
2 Mann Whitney U-test
mm
Ohemmmgi i

control

/ﬁ\

T
12

24

1
36
months

Figure 23. Proximal femoral head penetration in the stand-
ing position. Mean (SEM).

44, 30—44; 44 4044, p=0.02). The median activ-
ity scores at 2 years were almost the same (study/
controls 21/22, p=0.5, Table 9).

Conclusion

Both the cemented cups and the liners made of
highly cross-link polyethylene showed less early
proximal wear according to the results of the

supine examinations. The cemented cups made of

the new polyethylene demonstrated less proximal

wear also in the standing examinations.

Fluoride C

Palacos

0 6 12 18 24
months

Figure 24. Subsidence between stem and bone in all
cases. Mean (SEM).

Study IV. Fluoride containing acrylic
bone cement in total hip arthroplasty—
randomised evaluation of 97 stems using
radiostereometry and DEXA

Radiostereometry

The subsidence of the stem at 2 years was numeri-
cally higher in Palacos group but this difference
did not reach significance (C-F/P = 0.07/0.12mm,
p=0.3, Figure 24, Table 20). The mean rotation of
the stem was lower than 0.8° in both groups (p>
0.2). In 79 cases, where subsidence between stem
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Table 20. Stem migration in relation to bone at the 2 years follow-up
mean value 95% confidence range p-value @
(signed) limits of the mean
Stem translations (mm)
Proximal (+)/distal (-) translation
Cemex —F -0.07 -0.16-0.01 -1.37-0.60 0.3
Palacos -0.12 -0.17-(-0.06)  -0.83-0.29
Stem rotations (degrees)
Anterior (+)/posterior (-) tilt
Cemex —F -0.12 -0.38-0.15 -3.14-3.51 0.4
Palacos -0.05 -0.14-0.04 -1.08-0.74
Ante- (-)/retroversion (+)
Cemex —F 0.80 0.41-1.19 -0.53-5.84 0.2
Palacos 0.29 0.06-0.52 -2.40-1.39
Valgus (+)/varus (-) tilt
Cemex-F -0.02 -0.11-0.08 -0.78-0.82 0.5
Palacos -0.002 -0.05-0.06 -0.47-0.44
a8 Mann-Whitney test
Fluorid C Palacos Fluorid C Palacos
Q, 1 L. i P P
(-32-123) (-65-11) (-25-50) (-30-17) (-54-170) ( (-76--4)  (-53-90) (-52-41)
p=0.82 p=0.000 k p=0.21 p=0.02
11 -10 -2 -3 -10 -10 -4 [ -8
(-68-9) (-46-10) (-26-12) (-27-28) (63-22) (-51-9) (-40-16) \ (-36-30)
p=0.0001 p=0.0001 p=0.002 p=0.26
-6 -4 -3 -1 -6 -2 -4 -2
(-22-14) (-26-3) (-19-11) (-15-12) (-29-16) (-28-13) (-24-17) (-35-23)
p=0.01 p=0.0001 \ p=0.13 p=0.81
-5 -6
(-15-8) (-35-29)

p=0.54

Figure 25. Changes of BMD (%) postoperatively to 2 years.
Automatic analysis. Median (range). P-values (right figure)
refer to comparisons between the 2 groups.

and cement could be studied, the corresponding
distal migration of the stems at two years was 0.15
mm in fluoride cement and 0.09 mm in Palacos
group (p=0.6) indicating that subsidence occurred
inside the cement mantle.

In 29 of 32 patients with rheumatoid arthritis
or with continuous treatment with cortisone in
whom subsidence could be evaluated at two years
the mean value in the fluoride cement and Pala-
cos groups were 0.16 and 0.13 mm, respectively
(p=0.7). These values did not differ compared with
the remaining patients with other diagnoses or
without cortisone treatment (p >0.8).

Bone mineral density

The absolute overall changes in BMD at two years
were more pronounced proximally (region 1, 2,

Figure 26. Changes of BMD (%) postoperatively to 2 years.
Manual analysis. Median (range). P-value (right figures)
refer to comparisons between the 2 groups.

6 and 7) than distally (regions 3, 4 and 5, Figure
25). The most pronounced loss occurred in region
seven, where the BMD decreased in the manual
analysis with 27 and 20% (C-F and P), respectively
(Figure 26). Inclusion of the cement mantle in the
analysis, increased the BMD in different regions
up to 49% in Palacos group and up to 26% in
fluoride cement group. In 5 of the 7 regions, there
was more pronounced reduction of BMD at 2 years
when Cemex-F had been used (automated analy-
sis, p<0.01, regions 2, 3, 5-7, Figure 25). When
the cement mantle was excluded the differences
decreased and became only significant for regions
2 and 7 (p= 0.02, Figure 26). The changes of BMD
in the subpopulation of patients with rheumatoid
arthritis and/or on long term cortisone treatment
showed a similar pattern.
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Table 21. Cup migration at 2 years follow-up. All hips

n mean value  95% confidence range p-value 2
(signed)  limits of the mean
Cup translations (mm)

Medial (+)/lateral (-)
Cemex-F 29 -0.01 -0.14-0.14 -0.59-1.58 0.05
Uncemented 33 0.12 -0.11-0.33 -0.33-3.27
Palacos 25 -0.09 -0.22-0.03 -1.02-0.69

Proximal (+)/distal (-)
Cemex-F 29 0.12 0.05-0.18 -0.05-0.71 0.8
Uncemented 33 0.15 0.05-0.24 -0.13-1.00
Palacos 25 0.12 0.02-0.23 -0.13-1.07

Anterior (+)/posterior (-)
Cemex-F 29 -0.01 -0.14-0.12 -1.23-0.70 0.7
Uncement 33 0.06 -0.02-0.16 -0.56-0.49
Palacos 25 0.02 -0.08-0.12 -0.72-0.49

Cup rotations (degrees)

Anterior (+)/posterior (-) tilt
Cemex-F 29 -0.01 -0.25-0.23 -2.61-1.42 0.6
Uncement 33 0.09 -0.06-0.25 -0.49-1.42
Palacos 25 0.06 -0.19-0.31 -0.60-2.51

Ante- (-)/retroversion (+)
Cemex-F 29 -0.05 -0.35-0.24 -2.45-2.20 0.7
Uncemented 33 0.03 -0.22-0.28 -0.87-3.16
Palacos 25 -0.08 -0.28-0.12 -1.49-0.75

Increase (+)/decrease (-)

of the inclination
Cemex-F 29 -0.09 -0.26-0.09 -1.34-1.13 0.1
Uncemented 33 0.23 -0.21-0.67 -0.60-6.54
Palacos 25 -0.21 -0.48-0.06 -1.82-1.32

2 Kruskall wallis test between the three groups of patients.

Conventional radiography

Conventional radiographs at 2 years showed wider
and more extensive lines in region 4 and 12 when
Palacos cement had been used (p <0.04). Compar-
ing the progression of radiolucencies up to 2 years
examination between the two groups revealed sig-
nificant difference only in one region (region 12;
C-F vs. P: 0 vs. 2 years p=0.02 for the extension
and p=0.01 for the width of lines, Tables 2 and 3 in
Appendix). Osteolysis and ectopic bone formation
did not differ between the groups.

Clinical results

The hip and pain scores and the change in these scores
between the preoperative and 2-years follow-up
examination were similar in the 2 groups (Table 10).

Conclusion

There is no obvious early advantage of addition of
fluoride to acrylic bone cement when used to fixate
the femoral component in THA.

Study V. Bioactive cement or ceramic/
porous coating vs. conventional cement
to obtain early stability of the acetabular
cup. Randomised study of 96 hips
followed with radiostereometry

Radiostereometry

At 2 years we observed medial translation
of the uncemented cups (0.12 mm) while the
cemented cups showed lateral translation (C-F/P
= 0.01/0.09mm; p=0.05, Kruskal-Wallis test). The
proximal migration at 2 years was 0.15 mm for
uncemented cups and 0.12 mm in both cemented
groups (p=0.8, Table 21, Figure 27). Small mean
anterior-posterior translations (< 0.06 mm) and
rotations (< 0.23°) were observed throughout the
period of observation (p >0.1, Table 21).

Forty of 42 patients with diagnosis suggest-
ing osteoporosis (rheumatoid arthritis, failed
femoral neck fracture or on cortisone treatment)
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Figure 27. Proximal (+)/ distal(-) migration of the cup. Mean
(SEM).

were analysed separately. The three-dimensional
migration in those patients was higher compared
to the remaining patients (0.44 mm/0.32 mm
respectively p=0.03, Figure 28). Evaluation of
migration within each group with different fixation
(C-F, Uncemented, Palacos) revealed significantly
higher three-dimensional migration in osteoporotic
patients only in the Palacos group (P: osteoporosis/
non osteoporosis = 0.46/0.24 mm, p=0.04, Figure
29).

mm
0.8
osteoporosis
non osteoporosis .
0.6
0.4 T
0.2 T ‘} =
o L] 11
-0.2

Med(+)/lat(-) Prox(+)/dist(-) Ant(+)/post(-) 3 D (Total)

Figure 28. Migration of the socket in patients with and with-
out osteoporosis at 2 years. Mean, 95% Cl.

The mean medial/lateral and anterior/posterior
penetration was lower than 0.06 mm without any
significant difference between the groups (p>0.1).
The proximal penetration at the same follow-up
occasion in the three groups (C-F, Uncemented,
Palacos) was 0.32, 0.12 and 0.30 mm respectively
(p <0.001). The three dimensional penetration at 2
years in the three groups was 0.42, 0.21 and 0.45
mm (p <0.001, Kruskal-Wallis test).

Conventional radiography

The extension and maximum width of radiolucent
lines at 2 years control did not differ between the
2 cemented groups (p >0.3). Comparison of the
radiolucencies in uncemented and Palacos group
on the postoperative radiographs did not differ
(p >0.2). In the Palacos group, these lines became
wider and more extended during the follow-up
period. At 2 years control the radiolucent lines in
Palacos group were wider and more extended in
four regions (p <0.004, Tables in Appendix 4 and
5). In 17 cases in the uncemented group the width
of radiolucent lines decreased during the follow-
up period in any of the regions. In these cases the
mean proximal migration of the cup was numeri-
cally higher (0.21 and 0.09 mm respectively,
p=0.7).

osteoporosis
non osteoporosis
0.8

0.6

0.4

0.2

Cemex-F Uncemented Palacos

Figure 29. Three-dimensional (total) migration of the socket
in each group of fixation at 2 years. Mean, 95% CI.
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Clinical results

The hip and pain scores at the 2 years control and
the changes in these scores between the preopera-
tive and 2 years follow-up examination were not
significant different between the groups (p >0.14,
Table 11).

Conclusion

Fluoride containing cement or uncemented fixa-
tion did not improve the early postoperative stabil-
ity of the socket.
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Discussion

Study |

During the past decade, high penetration rates have
been related to variations in polyethylene quality
and sterilization techniques (Sutula et al. 1995,
Collier et al. 1996b, Ries et al. 1996b, Bargmann
et al. 1999). Sterilization by gamma radiation in
air increases the potential for oxidative ageing
and degradation of the mechanical properties of
the polyethylene (Sutula et al.1995, Collier et al.
1996b, Bargmann et al. 1999). McKellop et al.
(2000) tested in a hip simulator artificially aged
polyethylene sterilized by gamma irradiation in
air, gamma irradiation in reduced oxygen environ-
ment and gas plasma. They suggested that for at
least ten years of clinical use, the in vivo wear of
cups sterilized with gamma irradiation in reduced
oxygen environment will be substantially lower
than that of cup sterilized without irradiation. Sim-
ilar results were reported by Greer et al. (1998) in a
comparison between artificially aged polyethylene
sterilized with either EtO or gamma irradiation in
vacuum foil package.

In our clinical study we found significantly
higher proximal and three dimensional femoral
head penetration in polyethylene sterilized with
EtO compared with polyethylene sterilized with
gamma irradiation in reduced oxygen environ-
ment. Our study only embraces the postoperative
two years. With time, the polyethylene may change
due to oxidation. In addition third bodies in terms
of degraded cement and metal particles may enter
the joint. Fixation failure of the liner cannot be
excluded, and this would result in increased pro-
duction of particles and increased penetration with
time.

Orishimo et al. (2003) studied retrospectively
the wear rate over time of two porous coated ace-
tabular cups sterilized with either gamma irradia-
tion in air or EtO. The wear rate evaluated by the
Martel method did not show significant increase
in wear rate up to 14 years in both groups. There
was a tendency for the EtO sterilized liners to wear
at a higher rate than gamma sterilized cups at all

follow-up intervals. The mean shelf life time for
gamma irradiated cups was 3 months. In another
retrospective study by Hopper et al. (2003b) poly-
ethylene liners that had been sterilized with gamma
irradiation in air had significantly lower wear rate
than gas-plasma-sterilized liners (0.1 compared
with 0.2 mm/year; <0.001) when these patients
was followed 5.2 and 3.9 years respectively. The
mean shelf life of the liners sterilized with gamma
radiation was 1 year. Puolakka et al. (2003) ana-
lyzed 20 retrieved gamma irradiated in air steril-
ized polyethylene liners. There was a correlation
between shelf life time and volumetric wear rate.
Liners with a shelf time of 3 years or more had
a significantly higher volumetric wear rate than
those with a shelf life time less than 3 years. Based
on these studies, it is probable that gamma steril-
ized in air polyethylene with shelf life less than 3
years performs equal as polyethylene, which has
been gamma sterilized in reduced oxygen environ-
ment. In our study, we did not attempt to obtain
shelf storage data since none of the cups was steril-
ized in air.

Many previous studies exclude at least the first
postoperative examination and do not include the
initial deformation (creeping) of the polyethylene
(Hopper et al. 2003b, Orishimo et al. 2003). The
wear rate in our study (including creeping) was
0.1 mm/year for gamma irradiated cups and over
0.17 mm/year for EtO sterilized polyethylene.
Only the uncemented Reflection cups exceeded the
suggested threshold for osteolysis 0.2 mm/year.
The long term consequences of these findings are
unclear, but several studies have demonstrated an
increased disposition for osteolysis with higher
wear rates (Sochart 1999, Dowd et al. 2000).

Not only the number of polyethylene particles
but also the biological response to these particles
determines the ultimate effect of polyethylene
wear. According to Green et al. (1998) small par-
ticles in the phagocytosable range (0.3-1 microns)
appear to be the most biologically active. Experi-
mental studies have shown that particle diameter,
surface area and volume are higher for EtO ster-
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ilized components (Scott et al. 2001). The bio-
logical response of macrophages to polyethylene
particles varies depending on these factors (Green
et al. 1998). It has also been shown that oxidized
polyethylene particles are more efficiently phago-
cytised than non-oxidized polyethylene resulting
in higher release of Interleukin-1 (Kamikawa et
al. 1998). The biologic response to wear particles
from gamma irradiated or EtO sterilized polyethyl-
ene is therefore difficult to predict.

In the present study EtO sterilized polyethylene
resulted in more than doubled penetration rate
compared with gamma sterilization in reduced
oxygen environment, but due to the complex
interaction of polyethylene oxidation and particle
quality the longterm effects of this observation on
the clinical results is not quite clear. Other effects
of increased removal rate of polyethylene such as
joint instability, material failure and head against
shell wear due to liner dissociation or severe wear
are more obvious reasons for concern and prompts
for regular follow-up especially in patients with
high activity level.

Study Il and Il

Problems associated with UHMWPE have stimu-
lated development of more wear resistant polyeth-
ylene materials to minimise the osteolysis believed
to origin from wear debris. Radiation, peroxide,
or silane treatments have been used to increase
cross-linking of the polyethylene (Kurtz et al.
1999a). Each of these methods has been reported
to improve the wear characteristics relative to non
cross-linked or nominally cross-linked polyethyl-
ene (McKellop et al. 1999, Muratoglu et al. 2001a,
Wroblewski et al. 1999). Today, radiation is the
preferred method of cross-linking.

Cross-link of the PE decreases the mobility
of the polymeric chains (Muratoglu et al.1999)
resulting in reduced surface deformation, which
is the starting process for wear particle generation
(Kurtz et al. 1999b, Bragdon et al. 1996, Jasty et
al. 1997).

There are five types of highly cross-link poly-
ethylene used in USA and further 1 in Japan (table
2). Two of these types of polyethylene, both elec-
tron beam radiated (95 -100 kGy) and melted was

used in studies II and III. Hip simulator test have
shown increased resistance to wear for this kind of
highly cross-linked polyethylene (Muratoglu et al.
2001a,b Bragdon et al. 2003).

In both studies we found relatively high and equal
penetration during the first 6 months regardless of
position and polyethylene quality used. Thereafter,
the penetration rate decelerated in the highly cross-
linked groups, whereas the control groups showed
linear increase in both studies. In the hybrid group
this difference was more obvious when the patients
were studied supine. In standing position the dif-
ference disappeared, probably because of drop-out
of cases in which both hips could not be evaluated.
In the cemented cup study significant differences
between the two types of polyethylene were
detected only for proximal penetration in both
positions. Different elastic modulus and creeping
behaviour of the two types of highly cross-linked
polyethylene studied and thinner polyethylene in
the liners could explain this discrepancy. Measure-
ments of the three-dimensional penetration should
always be regarded cautiously. This parameter cor-
responds to a vector, which per definition can not
be negative. This means that even if the penetration
is zero the measurement error of the method used
will be added to the recordings. In the cemented
cup study more patients or longer follow-up might
be needed to detect any difference in three-dimen-
sional penetration.

Previous RSA studies assessing 22, 26 and 28
mm femoral head penetration into uncemented
acetabular cups showed proximal penetration
about 0.1 mm while the three dimensional pen-
etration was between 0.1 and 0.2 mm (Onsten et
al. 1996, 1998, Thanner et al. 2000). In our study
the liners in the control group showed wear rates
of approximately the same magnitude (0.10 and
0.16 mm, respectively). RSA studies of cemented
conventional polyethylene cups have shown mean
annual proximal and three dimensional wear rates
between 0.05 to 0.2 mm and 0.1 to 0.2 mm respec-
tively using 28 or 32 mm femoral heads of cobalt
chromium (Kérrholm et al. 1997, Mjoberg et al.
1990, Nivbrant et al. 2001, Onsten et al. 1998). Our
cemented control group showed wear rates in the
lower range of these limits (0.08 and 0.10 mm).

Radiostereometric evaluations of femoral head
penetration have been based on examinations
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done with the patients supine. We did not find any
difference when comparing the proximal penetra-
tion between the two positions. One problem with
examinations performed with the patients standing
is inferior radiographic quality especially in obese
patients. The voluminous soft tissues tend to dis-
place distally and cover the hip region which will
make the outline of the femoral head less distinct
on the radiographs. This problem and difficulties to
visualise liner markers were the main reason why
several of the standing examinations not could be
evaluated.

Despite  that adhesive/abrasive wear in
UHMWPE will decrease with increasing cross-
linking, the subsequent removal of free radicals
by melting will imply reduction of its fatigue
strength by decreasing the PE crystallinity (Mura-
toglu et al. 2001a). The manufacturer of one type
of highly cross-link polyethylene, ‘“crossfire”
prefers annealing to remelting of the material on
the grounds that this process induces less change
in material morphology and properties than does
melting. However, because trapped free radicals
in crystalline regions remains in the polyethylene
unless it is heated above the melt temperature,
annealing is probably not as effective as melting
in extinguishing these radicals. Hip simulator test
of artificial ageing and retrieved components with
less than 3 years in vivo use of this type of highly
cross-linked polyethylene show increased levels of
crystallinity and oxidation (Muratoglu et al. 2000,
Bhattacharya et al. 2004a). In order to minimize
the oxidative degradation the manufacturer of
“crossfire” implants recommends that they be
shelf-stored in the nitrogen filled package, and
only for a limited time period prior to implantation
(less than 5 years). In view of this, the developers
argue that any oxidative degradation of “crossfire”
implants will be far less than historically occurred
with polyethylene components that were irradiated
and stored in air. Recently, mechanical elimination
of free radicals by plastic deformation of the poly-
ethylene and blending of UHMWPE powder with
a potent antioxidant, a-Tocotherol to increase oxi-
dation resistance without melting has been tested
experimentally with promising results (Bhattacha-
rya et al. 2004b, Oral et al. 2004a,b).

We did not observe any significant difference of
the periprosthetic radiolucency or BMD at the two

years follow-up in the cemented study between
the groups. The cup migration at three years in
cemented study and at two years in hybrid study
were almost equal between the two types of PE
used in each study, indicating that the different
mechanical properties of the plastics used had no
influence. So far our observation period is, how-
ever, short and none of our cups were inserted in
extreme ante- or retroversion or with excessive
inclination.

The two types of electron beam highly cross-
linked polyethylene showed decreased penetration
rate mainly after the one year follow-up most prob-
ably reflecting less removal of polyethylene mate-
rial (wear). If this reduced wear rate persists the
expected implant longevity will increase. Further
follow-up is needed to evaluate if this also means
reduced occurrence of osteolysis and to ensure that
these new materials not are associated with any
other unexpected adverse events.

Studies IV and V

Bioactive bone cements with fluoride mixed with
polymethylmethacrylate have been proposed to
improve the quality of the bone cement interface.
Thereby the fixation might improve. There could
also be a potential for reduced loss of bone min-
eral in the proximal femur during the postopera-
tive period (Magnan et al. 1994, Sundfeldt et al.
2002b). The mechanical properties of the low
curing temperature cement (Cemex Rx) tested
in our studies have shown no or small changes
by the addition of 6% sodium fluoride (Minari et
al. 2001). According to Magnan et al. (1994) the
release rate of fluoride from Cemex-F (6% fluo-
ride) is within the therapeutic range. The control
cement Palacos cum Gentamicin used in our stud-
ies has extensive documentation (Malchau et al.
2000, Nivbrant et al. 2001). In a preclinical pilot
study preceding our clinical trial the magnitude of
subsidence and rotation of Spectron stems did not
differ between Palacos and Cemex cement in the
laboratory (Lidén et al. 1998).

We found numerically (but not significantly)
lower stem subsidence in Cemex-F group. The
subsidence of the stems occurred mainly inside the
mantle. This motion may be an effect of cement
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creep. Different chemical composition and con-
trast media included in the two cements may be
the reason for their different creeping behaviour
(Cigada et al. 2001). The subsidence of Spectron
stems in study IV was similar to previous reports
(Kérrholm et al. 2000) suggesting that the design
of this stem has an important influence on the pat-
tern of migration.

In patients with supposed compromised bone
quality (rheumatoid and cortisone treated patients),
addition of fluoride cement did not improve the
bone/cement interface stability. Stem subsidence
did not differ between patients with osteoarthritis
and those with compromised bone quality in nei-
ther group. This is in accordance with previous
observation by Onsten et al. (1995), who found
about equal migration of Charnley stem in patients
operated due to osteoarthritis and rheumatoid
arthritis.

Socket fixation with Palacos cement has been
the standard method in Sweden at least in elderly
population. In patients with compromised bone
quality inferior results and especially concern
about the fixation of the cup have been reported
(Carlsson et al. 1986). Porous coated components
were introduced in the mid-1980s to improve
the fixation and longevity of hip arthroplasties.
Ceramic coating has been reported to increase the
early stability suggesting that this mode of fixation
could be an alternative in this patient population
(Thanner et al. 1999).

In the total material we found almost no differ-
ence in proximal migration of the socket between
the three groups. In the control group with standard
cement we found more pronounced three dimen-
sional migration in cases classified as osteoporotic
(rheumatoid arthritis, failed femoral neck fracture
and patients on cortisone treatment), while in the
uncemented group this difference did not reach
significance. This is in agreement with previous
RSA studies were Charnley and Lubinus cups
were compared between patients with compro-
mised bone quality and osteoarthritis (Onsten et
al. 1993, Snorrason et al. 1993). In the fluoride
cement group the mean migration was numerically
lower (but nor significantly different) in patients
with osteoporosis. It might be that the lower curing
temperature of Cemex-F cement and less release
of monomer may produce less acetabular necrosis,

or that fluoride cement does reduce postoperative
bone resorption and thereby improves the early
implant stability mainly in osteoporotic patients.
If so this effect is small and not sufficient to result
in any significant differences, based on the study
population available. Overall the small variations
observed between patients with osteoarthritis and
those with supposed inferior bone quality must
be interpreted cautiously due to low number of
patients and short follow-up.

The cemented cups in our study tended to
migrate laterally while the uncemented translated
medially. Thien (personal communication, 2004)
observed the same tendency in a randomised com-
parison between Lubinus cups and uncemented
hydroxyapatite coated ABG sockets after 2-3 years
follow-up. This variability in direction of migra-
tion between cemented and uncemented designs
could be related to increased elasticity of the whole
polyethylene designs. It could also be caused by
the presence of screws or pegs, which may change
the lever arm for forces transmitted to the cup from
the femoral head.

In the present study the penetration rate in
uncemented socket was lower, probably due to
the different sterilization method used as shown in
study I. No difference was noted between the two
cemented groups. After 5 years follow-up Nivbrant
et al. (2001) found, contrast to our findings, higher
proximal penetration of Lubinus sockets fixed with
Palacos cement than of those fixed with Cemex
cement. The authors speculated that particles of
barium sulphate released from the Cemex cement
caused less third body wear than particles of zir-
conium oxide from the Palacos cement. Shorter
follow-up and use of another stem design with
metallic head in our study may be the reason for
the different results.

Conventional radiography showed no difference
between the two cemented groups on the acetabu-
lar side while on the femoral side, we observed
accelerated progression of radiolucent lines only in
one region in the Palacos group. Different chemi-
cal composition or differences in the long-term
interaction between the bone tissue and the two
types of cements are possible explanations. This
difference could be documented only in one region
and only on the femoral side. Therefore it should
be viewed cautiously. Half of the uncemented cups
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showed tendency to disappearance of the postop-
erative radiolucent lines. Contrary to the findings
by Thanner et al. (1999) those hips were associ-
ated with slightly more proximal migration. The
findings from these two studies leave the question
open if “gap filling” is an effect of bi-directional
calcification or socket migration.

During the first year, the DEXA analysis of the
stem revealed more loss of periprosthetic BMD
than during the second year. This early bone loss
is primarily a consequence of stress shielding
(Huiskes et al. 1992). At two years the bone loss
was especially pronounced in the calcar area.

More loss of bone mineral density was observed
in the Cemex-F group. There might be several
explanations. Inclusion of the cement in DEXA
analysis causes an artefact because of seemingly
increased bone mineral density. The low density
of Cemex-F cement implies smaller ‘“radiation
shielding effect” on bone mineral, suggesting that
a larger volume of bone tissue will be analysed.
Another explanation could be that the fluoride
and barium-sulphate concentrations are too high
and toxic resulting in a true bone resorption. The
equal and stable fixation of the cement mantle in
the two groups according to RSA does, not support
this presumption. The substitution of hydroxide
(OH") with fluoride (F") converts hydroxyapatite

to fluorapatite crystals, which are more resistant
to osteoclastic resorption of bone (Earnes and
Reddi 1979). Low rate of bone remodeling may
be associated with increased fragility or brittleness
of the skeleton by retarding repair of microdamage
(Parfitt et al. 1987). The two effects of fluoride on
the skeleton (increased volume, decreased remod-
elling) may have opposing effects on the mechani-
cal characteristics of the skeleton. If that hypoth-
esis is correct, the decreased BMD as observed
with DEXA for the fluoride cement could mirror
the presence of less mineralised hypertrophic bone
tissue, which is more resistant to resorption.

Addition of fluoride to acrylic bone cement has
no obvious advantage on the early stability of the
femoral component in THA when compared with
Palacos cement. The reason for increased loss of
BMD could not be completely addressed due to
different cement density. Neither the uncemented
fixation nor the fluoride cement improved the early
stability of the socket. The uncemented cups did,
however, display less radiolucent lines after 2
years, which might be of importance in terms of
interface access of joint fluid and particles. We
therefore still think that cemented fixation based
on well-documented designs and types of cement
should be used as standard implant provided that
the surgeon is familiar with its use.
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Conclusions

Study |

Polyethylene cups sterilized in EtO had almost
twice the proximal and 3D penetration rates com-
pared with gamma-sterilized polyethylene cups.
The penetration rates did not differ between the
gamma-irradiated designs. The type of steriliza-
tion, age and weight were the most important
predictors of the penetration.

Studies Il and Il

In both studies, highly cross-linked polyethylene
showed decreased penetration rates mainly after
the one year follow-up probably reflecting less
wear. The different mechanical properties of highly
cross-linked and conventional PE did not alter the
performance of the cups in terms of fixation and
early clinical results. In the cemented design, the
periprosthetic bone loss and radiographic appear-
ance did not differ.

Study IV

The choice of cement did not influence the subsid-
ence or rotation of the stem. Fluoride cement had no
influence on stem fixation in patients with compro-
mised bone quality. DEXA analysis revealed more
loss of periprosthetic BMD in the fluoride cement
group. Formation of stable fluorapatite crystals,
toxic effects of the fluoride or lower radio-opacity
of the fluoride cement might explain this finding.

Study V

Choice of fixation did not influence the migration
or rotation of the cup. Patients with suspected
suboptimal primary fixation due to osteoporosis
showed increased three-dimensional migration
of the cup. Postoperative radiolucent lines (gaps)
tended to disappear with use of porous coating
covered with a ceramic layer. Proximal and 3D
penetration rates were increased in the cemented
compared with uncemented cups probably due to
the different sterilization methods used.
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The future

PMMA cement has several inherent problems
such as non-bone-bonding character, relatively
low mechanical strength, and high heat generation
during its polymerization. Several attempts have
been made to improve the mechanical and biologi-
cal properties of the bone cement such as addition
of fluoride, apatite- and wollastonite-glass-
ceramic, hydroxyapatite, B— tricalcium phosphate
and human growth hormone. Although promising
in laboratory none of these cements have shown
improved implant fixation when used clinically.

The physical, chemical and bioactive proper-
ties of the cement need to be improved for certain
indications such as revisions and use in patients
with poor bone quality and low age. A new cement
with lower toxicity, lower exothermic reaction
during curing and with more strength in shear and
tension than PMMA cement would be desirable.
Improved biocompatibility and addition of bioac-
tive properties to improve periprosthetic bone min-
eral density and preferably better bonding to bone
would minimise the risk for revision arthroplasty.
Unfortunately the optimum characteristics of a
bone cement e.g. in terms of elasticity and creep
remains unknown and is probably related to the
mechanical properties, surface structure and shape
of the implant used. Probably the site of implanta-
tion, bone quality and relative local distribution of
trabecular and cortical bone present are important,
which makes this problem still more complex.

Another important aspect of new cements is that
their handling properties often differ from those
cements in contemporary use. The behaviour of
any new cement must therefore be learnt by prac-
tise and during conditions similar to those present
in the operating theatre before it is used in patients.
Use of cement also often implies increased time for
the surgical procedure, which has to be considered
in any comparison of costs and benefits between
cemented and uncemented fixation.

Traditional polyethylene oxidizes, wears and
generates particles over time, which most probably
contributes to increased risk of periprosthetic oste-
olysis. Even contemporary sterilization methods

such as radiation and package in oxygen reduced
or oxygen substituted environment do not elimi-
nate oxidation over time. Thus, there is a need for
alternative bearing in total hip replacement surgery
and especially in patients with high activity and
long life expectancy.

All three major alternate bearings, ceramic-on-
ceramic, metal-on-metal and highly cross-linked
polyethylene produce major reductions in volu-
metric wear. The electron beam, melted highly
cross-linked polyethylene has an in vivo penetra-
tion rate after the bedding in period, which is less
than 8 microns per year. This is not substantially
different from ceramic on ceramic or metal on
metal. Therefore, the inherent risk of peripros-
thetic osteolysis with these alternate bearings is
probably smaller than observed with conventional
polyethylene.

In the competition between different articula-
tions highly cross-linked polyethylene has some
advantages. The polyethylene is more adaptable
than the hard bearing surfaces. This means that
extended lip liners, offset liners, constrained liners
and further special designs may be used. These
options are not possible with any of the hard
bearings. Another advantage with polyethylene is
forgiveness. Impingement in hard-on-hard bear-
ings may lead to serious complications such as
chipping of the ceramics or metallosis in a metal
on metal articulation. Impingement should also be
avoided with use of polyethylene, but if it occurs,
the consequences are often more benign at least
in the short term perspective. There is no striped
wear, as occurs with hard-on-hard bearings. Micro-
separation results in less material damage with use
of polyethylene than with the 2 other types of
articulations. A few degrees of additional abduc-
tion above the geometrical limits for a particular
socket is far less harmful if it is made of polyeth-
ylene compared to the situation in ceramic-on-
ceramic or metal-on-metal bearings. Polyethylene
is also more familiar to the majority of orthopaedic
surgeons. In the operating room the cross-linked
polyethylene is identical to those types of polyeth-
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ylene, which have been used fore 3 to 4 decades.
Finally the cost is a major factor. The hard-on-hard
bearings are substantially more expensive. The
fracture incidence of ceramics components has
decreased with improved manufacturing technol-
ogy, but the risk of polyethylene fracture appears
to be still smaller (Harris 2004).

On the other hand using highly cross-link poly-
ethylene carries some risks. Particles generated
from this new material are smaller with higher
inflammatory response. Compared with joints
including conventionally sterilised polyethylene
the total particle production is, however, reduced
with more than 85%, which has implications for
the magnitude of the inflammatory response.

The significance and importance of the irradia-
tion and melting induced changes of the mechani-
cal properties of the polyethylene is not known.
Long term follow-up is needed to evaluate this
issue.

Charnley preferred small head sizes in total hip
replacement because they resulted in transmittance
of low frictional torque to the acetabular implant.
Mueller advocated larger head sizes with improved
joint stability and lower contact pressure. Large
heads do, however, imply increased volumetric
wear. Therefore, 32 mm heads were abandoned in
the early 901 in favour of 28 mm heads. Another
consequence of using larger heads is that polyeth-
ylene liners are relatively thin. The highly cross-
link polyethylene and the hard bearings can be
used with bigger femoral heads, which increases
the range of motion and the hip joint stability.

Amorphous diamond coatings has been studied
as an alternative bearing surface in the laboratory
(Santavirta 2003). Such coatings may provide
wear rates 10 to 107 times lower than conventional
THR articulations, because of their extremely hard
surface and low coefficient of friction without any
corrosion paths (Santavirta et al. 1999 Lappalainen
et al. 2003).

Oxidized Zirconium (OxZr) is another mate-
rial, which has similar advantages. Oxinium

materials are the results of a process that allows
thermally—driven oxygen to diffuse and transform
the metallic zirconium alloy surface into a durable
low-friction oxide. The Oxinium material is harder
than commonly used cobalt chrome, and with only
the surface changing during the manufacturing
process, the rest of the implant remains metal to
maintain its overall strength. OxZr provides supe-
rior abrasion resistance without the risk of brittle
fracture, thereby combining the benefits of metal
and ceramics. Knee simulator tests have shown
that OxZr can reduce polyethylene wear substan-
tially (Ries et al. 2002). Although promising, these
two coatings still lack clinical documentation.

During the last decade it has become evident
that many designs of total hip arthroplasty can
in patients with normal bone quality be fixed to
the bone with a high degree of reproducibility.
This has had the effect that younger patients have
been operated on in increasing numbers. Wear and
periprosthetic bone loss have remained a serious
and comparatively frequent complications. The
introduction of more wear resistant articulations
has the potential to solve these problems making
the procedure safer also among these patients. So
far there is no or very scarce evidence that these
articulations can be used safely during decades
without complications causing progressive and
often silent bone destruction resulting in difficult
revisions with high morbidity. In the case of metal
on metal articulations release and accumulation of
ions remains a long term concern and especially
if the patients will suffer from a temporary or
permanent disease associated with impaired renal
function.

Because evidence of long term superiority of
these new articulations is lacking it is of utmost
importance that these new implants and materi-
als are introduced into clinical practice in a con-
trolled way. Careful surveillance of preclinical and
gradually enlarged randomised studies followed by
multicenter trials is necessary to avoid disastrous
mistakes so common in the past.
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APPENDIX

Questionnarie used in study I, I and III

L.

10.

Hur manga timmar per vecka promenerar du eller spelar golf etc?
[] inga [] mindre an5 [ 5-10 ] 10-20 L] mer dn 20

Hur manga timmar per vecka gor du ldttare kroppsarbete som att jobba i tridgard eller liknande?

[] inga [] mindredan 1 [ 1-3 [13-7 [] meridn7
Hur manga timmar per vecka cyklar eller simmar du?
[] inga [] mindredan1 [ 1-3 [13-7 [] meridn7

Hur manga timmar joggar du eller dansar/gympar/per vecka?
[] inga [] mindredan1 [ 1-3 [13-7 [] meridn7

Hur manga timmar per vecka tranar du tennis/badminton eller liknande?
[] aldrig [J] mindredan1 [J 1-3 [] mer &n 3

Utovar du tungt arbete som skogsarbete, tunga lyft eller liknande?
[] séllan eller aldrig [] 1-2 ggr/manad [ 1-2 ggr/vecka [ ] mer dn 2 ggr/vecka

Utdvarduibland extraanstringande aktiviteternagon vecka somfjdllvandring, slalomellerliknande?

[] aldrig (1 1 vecka/ar [] 2-3 veckor/ar [] mer dn 4 veckor/ar
Anvinder du képp? [] aldrig L1 1 kdpp [] 2 kdppar/rollator
Gar du mycket i trappor? [] aldrig [ ] normalt [] ofta

Hur uppskattar du sjilv din aktivitetsniva?
[] mycket lag [ lag [] normal [] hog [] mycket hog
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Table 1. Repeatability of the questionnaire in 20 patients

Activity related item Levels Difference  Kendall's  Numbers who

occasion tauP changed their
122 reply

Walking 5 0o -1-1 0.84 3

Less demanding physical activity 5 0 -2-0 0.87 3

Biking/swimming 5 0 -1-1 0.68 4

Running/dancing 5 0o -1-2 0.76 4

Demanding physical activity 4 0 0-1 0.72 1

Very hard work 4 0 0-0 1.0 0

Use of cane or crotch 3 0 0-2 0.75 2

Walking stairs 3 0 -1-1 0.71 3

Self estimated degree of activity 5 0 -1-0 0.81 4

2 Time between occasion 1 and 2: 2 weeks. Median difference, range
b 1 means perfect agreement between the two examinations.

Table 2. Study IV: The maximum width (mm) of radiolucent lines in various Gruen regions postoperatively and at 2
years. Values are number, mean + SE

Cemex-F Palacos CFvs. P Cemex-F Palacos CFvs.P

Region n postop. n postop. p-value n 2years n 2years p-value p-value @
AP

1 46 0.03+0.02 50 0.04+0.02 0.46 44 0.06+0.03 48 0.07+0.03 0.91 0.68
2 46 0.1+0.03 50 0.2+0.04 0.31 44 0.3+0.08 48 0.2+0.04 0.83 0.13
8 46 0.1+0.04 50 0.3+0.05 0.01 44 0.2+0.04 48 0.3+0.04 0.06 0.60
4 46 0.2+0.05 50 0.4+0.06 0.02 44 0.2+0.04 48 0.4+0.05 0.03 0.16
5 46 0.04+0.02 50 0.1+0.04 0.24 44 0.06+002 48 0.1+0.04 0.21 0.15
6 46 0.05+0.03 50 0.2+0.04 0.01 44 0.1+0.03 48 0.2+0.04 0.43 0.17
7 46 0.05+0.03 50 0.05+0.02 0.81 44 0.03+0.02 48 0.1+0.04 0.07 0.19
Lateral

8 45 0.3+0.06 49 0.3+0.05 0.26 43 0.4+0.06 47 0.5+0.06 0.98 0.74
9 45 0.08+0.03 49 0.04+0.02 0.15 43 0.09+0.03 47 0.1+0.04 0.60 0.12
10 45 0.07+0.03 49 0.03+0.01 0.54 43 0.09+0.04 47 0.05+0.02 0.56 0.47
11 45 0.1+0.04 49 0.07+0.03 0.43 43 0.2+0.05 47 0.1+0.04 0.95 0.49
12 45 0.03+0.02 49 0.04+0.02 0.92 43 0.03+0.02 47 0.1+0.03 0.04 0.008
13 45 0.07+0.03 49 0.07+0.04 0.91 43 0.1+0.04 47 0.1+0.04 0.99 0.90
14 45 0.08+0.03 49 0.05+0.02 0.56 43 0.1+0.04 47 0.2+0.04 0.12 0.13

2 P-value for progression of the maximum width in different regions at 2 years FU between the two groups.
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Table 3. Study IV: Distribution of radiolucent lines (0 / 1-49 / 50-99 / 100%) in the various Gruen regions postopera-
tive and at two years

Region 1 2 3 4 5 6 7
Postop.
Cemex-F 44/2/-/- 35/8/3/- 33/5/8/- 30/9/4/3 41/5/-/- 41/4/1/- 43/2/1/-
Palacos 46/3/1- 34/9/5/2 24/14/7/5 21/71111  41/6/1/2 35/9/6- 46/3/1-
P-value 0.45 0.30 0.03 0.005 0.28 0.02 0.79
2 years
Cemex-F 39/4/1/- 26/12/6/- 29/6/9/- 27/11/5/1 39/4/1/- 36/6/2/- 42/1/1/-
Palacos 42/5/1/- 28/10/8/ 2 21/14/11/2 19/9/15/ 5 38/5/4/1 37/2/9/- 40/5/3/-
P-value 0.87 0.70 0.06 0.007 0.19 0.41 0.07
P-value 2 0.33 0.19 0.95 0.25 0.78 0.13 0.07
Region 8 9 10 11 12 13 14
Postop.
Cemex-F 25/13/7/- 38/6/1/- 41/3/1/- 37/4/1/3 42/2/1/- 41/4/-/- 39/5/1/-
Palacos 21/19/9- 46/3/-/- 46/2/1/- 43/1/3/2 46/2/1/- 45/2/2/- 44/5/-/-
P-value 0.28 0.14 0.62 0.49 0.92 0.95 0.61
2 years
Cemex-F 15/16/11/1 35/7/1/- 37/4/2/- 34/2/4/3 41/1/1/- 36/4/3/- 33/7/3/-
Palacos 13/12/21/1 36/10/1/- 42/3/1/1 38/2/4/3 38/7/1/1 39/6/2/- 30/17/-/-
P-value 0.14 0.60 0.65 0.84 0.04 0.98 0.29
P-value 2 0.74 0.09 0.59 0.77 0.02 0.41 0.15

2 P-values for comparison of progression of extension of the radiolucent lines in different regions up to 2 years FU
between the two groups.

Table 4. Study V: Maximum width of radiolucent lines in each region (mean+SE)

n 1 2 3 4 5] 6
Postoperatively
F-cement 32  0.17+0.05 0.00+0.00 0.20+0.05 0.05+0.02 0.00+0.00 0.16+0.06
Uncemented 37  0.15:0.04 0.11+0.04 0.11x0.04 0.05+0.03 0.00+0.00 0.01+0.01
Palacos 27  0.15+0.05 0.03+0.02 0.14+0.04 0.03+0.02 0.01+0.01 0.02+0.02
P-value (F vs P) 0.86 0.12 0.51 0.53 0.27 0.03
P-value (U vs P) 0.98 0.18 0.39 0.62 0.24 0.83
2 years
F-cement 30 0.46+0.06 0.16+0.04 0.35+0.05 0.15+0.05 0.07+0.04 0.40+0.08
Uncemented 36 0.07=0.04 0.03+0.02 0.07+0.03 0.06+0.03 0.03+0.02 0.02+0.02
Palacos 25  0.40+0.06 0.20+0.06 0.37+0.06 0.17+0.06 0.10+0.06 0.35+0.07
P-value (F vs P) 0.87 0.92 0.83 0.73 0.75 0.98
P-value (U vs P) 0.0001 0.002 0.0001 0.08 0.35 0.0001
P-value (F vs P) @ 0.52 0.82 0.52 0.35 0.75 0.15
P-value (Uvs P) 2 0.0001 0.001 0.0001 0.01 0.35 0.0001

2 P-values for comparison of progression of maximum width postoperatively to 2 years FU
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Table 5. Study V: Distribution of radiolucent lines (0 / 1-49 / 50-99 / 100%) related to region (1-6).

n 1 2 3 4 5] 6
Postoperatively
F-cement 32 23/7/2/- 32/-/-/- 20/7/4/1 28/3/1/- 32/-/-/- 24/6/2/-
Uncemented 37 26/7/2/2 30/4/2/1 29/3/4/1 33/2/2/- 36/1/-/- 35/2/-/-
Palacos 27 20/3/3/1 25/2/-/- 18/3/3/3 24/3/-/- 25/2/-/- 25/2/-/-
P-value (F vs P) 0.96 0.12 1.00 0.53 0.27 0.03
P-value (U vs P) 0.82 0.17 0.26 0.62 0.24 0.82
2 years
F-cement 30 7191717 19/7/1/3 10/4/8/8 22/6/2/- 27/2/1/- 12/7/8/3
Uncemented 36 31/4/-1 34/-/2/- 31/2/1/2 31/1/4/- 33/3/-/- 33/3/-/-
Palacos 25 8/8/6/3 16/6/2/1 9/2/4/10 17/6/2/- 21/11/2 11/5/7/2
P-value (F vs P) 0.31 0.90 0.65 0.82 0.68 0.80
P-value (U vs P) 0.0001 0.004 0.0001 0.14 0.31 0.0001
P-value (F vs P) 2 0.13 0.51 0.96 0.27 0.73 0.30
P-value (Uvs P) 2 0.0001 0.003 0.001 0.07 0.33 0.0001

2 P-values for comparison of progression of extension of lines postoperatively to 2 years FU



