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Introduction

In Sweden, approximately 10,000 total hip arthro-
plasties are performed annually. The results have
improved over time, as reflected by a relative de-
crease of clinical failures resulting in reoperation.
However, such revision procedures constitute 7—
20% of the total hip replacements performed in
different Scandinavian countries. Previous inves-
tigations have shown that the pathophysiology
and incidence of implant failure display important
differences between the acetabular and the femo-
ral components.

Numerous designs of acetabular components re-
lying on either cemented or cementless fixation
have been introduced. Furthermore, many compo-
sitions of bone cements have been tried at the
same time as many uncemented fixation princi-
ples have been introduced with varying success.
In the long term, failure of the acetabular compo-
nent is the most common reason for revision sur-
gery. Early micromotion or wear of the socket, not
detectable by conventional radiography, usually
precede these failures. After several years, these
events may result in detectable radiographic
changes, which finally may result in obvious clin-
ical failure. Many implants or fixation principles
with inferior performance are therefore still iden-
tified late in observational studies including large
patient cohorts.

The aim of the present study was to investigate
different fixation principles of the acetabular com-
ponent, and to apply methods that permit early de-
tection of implant properties assumed to be of im-
portance for their long-term performance. The aim
was also to provide a scientific basis for optimal
implant selection and thereby reduce the number
of patients subjected to the potential hazards of
new implant designs or fixation principles.

History

In 1939, Smith-Pedersen introduced the vitallium
cup arthroplasty. The acetabulum was reshaped

using hand reamers and a moulded cup was insert-
ed. Smooth surfaces both in the acetabulum and
on the femoral head were considered to be impor-
tant. They should ensure free movement of the vi-
tallium mould on the femoral head and in the ace-
tabulum. The Smith-Pedersen arthroplasty was
used for several years, but long-term follow-up re-
vealed unacceptably high revision rates (Law
1962). In 1956, McKee and Watson-Farrar intro-
duced a hip replacement of ball and socket type
with a metal-metal articulation (McKee and Wat-
son-Farrar 1966). This implant was also made of
chrome-cobalt alloy. The fixation of this cup was
achieved by the attachment of a threaded peg,
which was screwed into the acetabular roof. This
concept was not sufficient to obtain reproducible
and lasting fixation and the results were similar to
those obtained with the cup interposition arthro-
plasty by Smith-Pedersen.

When Charnley (1960) described the use of me-
thyl methacrylate to anchor femoral components
within the femur, the McKee-Farrar cup was rede-
signed to permit cemented fixation. Despite the
improved fixation, these all-metal prostheses with
large (38 to 42 mm) femoral heads were associat-
ed with high friction in the socket, resulting in
wear and greater strains on the bone-cement inter-
face (Swanson et al. 1973). In 1973, McKee and
Chen reported 6% revisions and 2% acetabular
loosening after 2—-3 years with this design. How-
ever, some long-term studies have shown encour-
aging results with the McKee-Farrar arthroplasty
(Jacobsson et al. 1996, Schmalzried et al. 1996).
Patient selection and technical factors possibly
contributed to the long-term survival, and con-
versely to the failure of this design. The McKee-
Farrar arthroplasty has not been used since the
mid 1970s, because of frequent loosening and
concerns about metal release. Metal-metal articu-
lations manufactured with a more exact fit be-
tween the articulating surfaces have later been re-
introduced, because of their high wear resis-
tance. The absence of polyethylene material in

Copyright © Scandinavian University Press 1999. ISSN 0001-6470. Printed in Sweden — all rights reserved.



Acta Orthop Scand (Suppl 286) 1999; 70

such a joint has also been considered advan-
tageous (vide infra). The accumulating evidence
of the central role of polyethylene particles in
generation of periprosthetic bone resorption
(Schmalzried et al. 1992a, 1992b) further explains
the renewed interest in metal-metal bearings.

In the early 1960s,Charnley introduced the low
friction arthroplasty, with a 22-mm stainless steel
head and a plastic acetabular component. This de-
sign represented the start of a new era in the histo-
ry of total hip arthroplasty (Charnley 1970). Both
the acetabular and the femoral components were
fixed with cement. The articulation with a*small
femoral head implied less friction torque. The
Charnley prosthesis is still the gold standard
among cemented prosthetic designs. Excellent re-
sults, with survival rates of 88% after 16 years on
a national level (Herberts and Malchau 1997) and
84% after 20 years in special series, have been re-
ported (Kavanagh et al. 1994). The early success
with the Charnley prosthesis in the 1970s stimu-
lated the evolution of numerous design variations,
wider indications and an increasing frequency of
operations.

Already in the mid 1970s, cementless implants
were developed in France because of high rates of
loosening of cemented sockets. (Judet et al. 1978,
Lord et al. 1979). Both the acetabular and the fem-
oral component in the Judet design had a rough-
textured surface and the components were insert-
ed with the press-fit technique. Lord introduced a
prosthesis with a threaded ring and a femoral stem
with a macroporous surface in 1975, and reported
on 7-year results as early as in 1983 (Lord and
Bancel).

In young and active patients, early studies re-
ported poor results (Chandler et al. 1981). Dorr et
al. (1983) called attention to the need to develop
new implant designs and alternative solutions to
bone fixation. Some attributed the failure exclu-
sively to the cement itself and the term “cement
disease” was popularised (Jones and Hungerford
1987). Thus, in the late seventies and early eight-
ies many cementless hip systems were introduced,
based on experimental studies of bony ingrowth
into microporous surfaces (Galante et al. 1971,
Pilliar et al. 1975, Pilliar 1987). During the last
two decades several new uncemented implants
with differences in design, material, surface tex-

ture and coating have been developed and used in
clinical practice, often without any organised
long-term follow-up.

Threaded acetabular cups in different materials
(ceramic, chrome-cobalt or titanium) were intro-
duced in the late 1970s. These implants had ini-
tially a smooth surface which did not integrate
with the bone (Snorrason and Kirrholm 1990).
The clinical results have been disappointing. Engh
et al. (1990) reported radiographic signs of insta-
bility in 21% of the patients with smooth threaded
acetabular components after 4 years and 25% had
clinical symptoms. Malchau et al. (1996) reported
on the Lord arthroplasty and the cup survival rate
was only 70% at 10 years. ‘

Press-fit hemispherical designs (second genera-
tion of cementless cups) with the possibility to
achieve maximum contact against the bone have
shown good fixation in clinical materials (Latimer
and Lachiewich 1996, Incavo et al. 1996, Berger
et al. 1997, Dorr 1998). These cups have a porous
or rough surface to achieve biological fixation.
Addition of a thin layer of a calcium ceramic to
this surface may further improve the fixation
(Sgballe 1993, Geesink and Hoefnagels 1995).
Many of these sockets are used with additional
screws, spikes or pegs to secure the initial fixation
of the metal shell, but the need for these fixation
devices has not been studied in randomised clini-
cal trials until recently.

Polyethylene

Polyethylene is a viscoelastic material formed by
polymerisation of ethylene molecules under high
pressure. Charnley (1962) was the first to use
sockets made of high molecular weight polyethyl-
ene. Earlier he had discarded polytetrafluoroethyl-
ene (Teflon) as a bearing surface because of inade-
quate wear properties. Ultrahigh molecular weight
polyethylene (UHMWPE) is currently used in or-
thopedic implants because of superior wear resis-
tance. Nevertheless, improvements in design char-
acteristics and material properties are desirable to
further reduce wear. It is evident that polyethylene
particles can initiate inflammatory reactions and
bone resorption (Howie et al. 1988, 1990),
phenomena which have been observed in associa-
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tion with aseptic loosening (Santavirta et al. 1991,
Schmalzried 1992a, 1992b, Harris 1994, McKel-
lop et al. 1995).

Polyethylene plastics not only vary regarding
molecular weight, crystallinity and degree of
cross-linkage, but there are also other variations
of the raw material caused by unintentional differ-
ences during the manufacturing process. These
factors have been difficult to control, which may
partly explain why the wear of one and the same
implant can vary over time (Tanner et al. 1995).
Manufacturing and sterilisation processes will in-
fluence physical properties important for wear be-
haviour. Polyethylene should not be autoclaved
because high temperatures may cause softening
and degradation. Ethylene oxide can be used for
sterilisation, but most orthopaedic implants made
of polyethylene are sterilised using high-energy
electron beams or gamma-radiation. Gamma-radi-
ation creates free radicals, which induce cross-
linking of molecules. However, in the presence of
air free radicals can also result in oxidation and
degradation of the surface layer, thereby decreas-
ing its wear resistance.

Satisfactory design of the polyethylene implant
is crucial for long-term success. The thickness of
the polyethylene has to exceed a minimum value.
Modular components must have a safe liner lock-
ing mechanism and provide conformity between
the liner and the metal shell, to minimise the risk
of friction by motion.

Ceramics

Calcium phosphate ceramics such as hydroxyapa-
tite (HA) and tricalcium phosphate (TCP) are bio-
compatible and can become attached to bone with
chemical bonds (Jarcho 1981). They are com-
posed of the same ions as in natural bone mineral
and participate in the equilibrium of calcium
phosphate ions at the interface. Shortly after im-
plantation a thin layer of newly formed apatite can
be observed attached to the coating. These coating
materials are bioresorbable, but the rate and de-
gree of resorption vary between different calcium
phosphates and are also related to the surface area.
The resorption is solution or cell-mediated.
Phagocytosis of coating material may occur,

which can initiate inflammatory reactions. TCP is
resorbed more rapidly than HA and dense coatings
with high crystallinity are less resorbable than
porous structures with less crystallinity (Klein et
al. 1983).

Retrieval studies have revealed that many po-
rous coated implants are fixed by fibrous tissue
(Bobyn et al. 1987, Cook et al. 1988) and interest
has been focused on ceramic coatings to achieve
enhancement of early bony ingrowth. HA cannot
be used as an implant because of its brittleness.
However, calcium phosphates can be applied to
metallic surfaces. The most common method used
today is the plasma spraying technique, developed
in the 1980s (deGroot et al. 1987).

The quality of the coating depends on several
factors, such as crystallinity, purity, density and
thickness. Decreased thickness of the ceramic lay-
er improves its fatigue strength. Thin coatings are
also necessary to preserve a porous surface of an
implant. A coating thickness of about 50-75 um
has been recommended for clinical use (Geesink
1987). Thicker coatings may be brittle, due to de-
creased fatigue strength, and thinner coatings may
resorb too quickly. HA particles can theoretically
be responsible for third-body wear of the plastic
liner and modern techniques try to attain thin ce-
ramic applications. The bond strength between the
HA and the substrate is related to the porosity and
thickness of the coating, thereby limiting the pos-
sibility of decreasing the thickness. In the present
study, we used ceramic coatings consisting of a
combination of HA and TCP. The coating was
plasma-sprayed on implants with a porous mesh
made of pure titanium. Tricalcium phosphate is
more bioresorbable than hydroxyapatite and is
therefore more suitable to stimulate early in-
growth of bone into porous surfaces.

Animal studies have shown that HA enhances
bone growth across gaps between the implant and
bone in stable and unstable conditions (Sgballe
1993). Applications of HA coatings in total hip ar-
throplasty are now well-documented and clinical
and radiological results have been promising
(Kroon and Freeman 1992, Kérrholm et al. 1994,
Geesink and Hoefnagels 1995, Moilanen 1996,
D’Antonio 1996 and Capello et al. 1997, 1998).
Retrieval studies have also shown increased bone
ingrowth into porous surfaces, confirming the os-



Acta Orthop Scand (Suppl 286) 1999; 70

teoconductive properties of HA (Bauer et al. 1991,
Bloebaum et al. 1991 and 1993).

Biodegradable materials

Biodegradable screws and pins have been used to
fix fractures and osteotomies. Polylactic acid is
biodegraded by hydrolytic scission of the ester
bonds in the polymer chain. The degradation
products are ultimately eliminated as carbondi-
oxide and water. Rapid degradation may exceed
the capacity of the tissue to phagocytise the pely-
mer chains. This mechanism might explain the oc-
currence of osteolysis and sterile subcutaneous
exsudations after use of polyglycolic acid rods to
obtain internal fracture fixation (Bostman 1991).
Poly-L-lactic acid (PLLA) degrades more slowly
than polyglycolic acid. Pihlajamaki (1992) did not
observe any complications after internal fixation
with PLLA pins of small-fragment fractures and
osteotomies. Biopsies in two patients, 20 and 37
months after implantation, did not reveal any re-
maining polymeric material, suggesting that
PLLA is a safer material. In the early 1990s,
PLLA seemed to be without adverse effects, sug-
gesting that it could be safely used for implant fix-
ation. No complications had been noted after in-
sertion of such screws when used to treat femoral
condylar fractures or to fix acetabular cups in the
canine (Andersson 1992).

Bone cement

Basic principles

The main component of bone cement is polymeth-
yl methacrylate (PMMA). Small amounts of sub-
stances, which stabilise the liquid during storage
or initiate the polymerisation process, are added.
Barium sulphate or zirconium oxide is mixed with
the powder to make the cement radiopaque. Anti-
biotics and colour pigments are also commonly
added.

Before insertion of the implant, the prepolymer-
ised methyl methacrylate powder and liquid
monomer are mixed, usually in a system, which
reduces the aerial pressure, thereby reducing the
number of voids. The polymerisation process gen-

erates heat. The temperatures generated at the
bone-cement interface will vary depending on a
number of factors, e.g. the composition of the ce-
ment, the initial temperature of the components,
the amount of cement used, the interface geometry
and the heat conductivity of the implant and the
tissues. In total hip arthroplasty, temperatures
between 40° and 70° have been recorded (Mjoberg
1986, Wykman 1992). Wykman (1992) noted that
continuous water irrigation reduced the amount
of heat at the acetabular bone-cement interface
to median 41 (37-48) °C. The threshold temper-
ature to impair bone regeneration has been de-
termined to 4447 °C during one-minute exposure
(Eriksson 1983). The production of heat is propor-
tional to the amount of monomer used (Debrunner
et al. 1976). Not only heat (Feith 1985) but also
the monomer itself can be toxic to the bone cells
(Willert 1974, Linder 1976). Cell injury and ne-
crosis 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 inju-
ries caused by heat (Mjoberg 1986) or monomer
toxicity (Pedersen et al. 1983, Stiirup et al. 1994).
Porosity, due to entrapment of air during the mix-
ing procedure, decreases the fatigue strength
(Burke et al. 1984). This might facilitate the de-
velopment of microfractures, which may be in-
volved in the loosening process of the femoral
component (Jasty 1991). Reduction of porosity by
vacuum mixing (Lidgren et al. 1984) or centrifu-
gation (Burke et al. 1984) will improve the me-
chanical properties of the cement, but it is still un-
certain if these measures will have any positive
influence on the fixation of the acetabular or fem-
oral components in a clinical material.

Modern cementing technique also includes
brushing, high-pressurised irrigation and pressuri-
sation of the cement. These measures significantly
reduce the mechanical failure rates (Herberts and
Malchau 1997). Careful and precise surgical prep-
aration of the bone is thus important. Several
holes are drilled or punched in the acetabular roof
to achieve cement-bone interdigitation. Close
contact between bone and cement is dependent on
clean and dry bony surfaces.
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Fixation of implants with cement

Charnley (1960) introduced the bone cement as
the standard fixation for hip prostheses. Improve-
ments of the cementing technique and not the ce-
ment itself have been the most important reason
for reduction of the clinical loosening rate with
time. Long-term follow-up of cups cemented with
finger packing (first generation of cementing tech-
nique) showed a high rate of acetabular compo-
nent failure (Stauffer 1982, Sutherland et al. 1982,
Wroblewski 1986). Despite the use of newer ce-
menting techniques, a high incidence of radio-
graphic acetabular loosening (42%) has been re-
ported after 10 years (Mulroy and Harris 1990).
The same authors recently published 15-year re-
sults in younger patients. Acetabular loosening
occurred in 50-79% depending on design (Mulroy
and Harris 1997). However, these and other re-
ports have clearly demonstrated that modern ce-
menting techniques have resulted in improved
long-term fixation of femoral stems.

In the study of Mulroy and Harris (1997) the
number of patients was relatively small (40 pa-
tients, 47 hips) and different acetabular cups were
included. Several recent studies have shown a sig-
nificant improvement of fixation also of the ace-
tabular component with the use of better cement-
ing techniques (Malchau et al. 1993, Ranawat et
al. 1997) and the question whether to use cement
or not in the acetabulum is still controversial.

Cold-curing cements

Heat generation during cementing of hip implants
with a standard cement (Palacos® cum gentami-
cin, Schering-Plough) was measured by Toksvig-
Larsen et al. (1991). They stipulated that bone ne-
crosis could be expected in 10% of the cases. To
reduce heat injury, cold-curing cements have been
developed and used in clinical practice. Mjoberg
(1986) used bone cement with polymer particles
of different sizes, allowing use of a smaller
amount of monomer. Radiostereometry revealed
improved initial fixation compared to convention-
al cement but the follow-up was short, 4 months,
and no further follow-up has been presented.
Stiirup et al. (1994) concluded that release of hot
and toxic chemicals is more harmful to the inter-
face than heat alone. Boneloc® cement was devel-
oped to reduce the leakage of monomer and curing

temperature (Jensen et al. 1991). The cement does
not only contain methyl methacrylate but is a
mixture of different polymers (methyl methacry-
late/n-decyl methacrylate/isobornyl methacry-
late). Boneloc cement was reported to diminish
bone injury and to facilitate bone repair (Nimb
1993). This bone cement was widely used in
Denmark and Norway during the early 1990s, but
turned out to be a large scale clinical failure.

Cementless fixation

In early cementless designs, implant fixation was
achieved by impaction of the prosthesis into the
bone (Moore 1943) or by mechanical internal fix-
ation such as screws (Ring 1968). In the 1970s
several screw-in cups were introduced, such as the
Lord cup (1978), and they were widely used in
Europe. Prostheses like these with smooth surfac-
es could not maintain their initial stability (Snor-
rason and Kirrholm 1990, Engh 1990). For long-
term fixation, the use of surface structures that
permit biological attachment is necessary. It was
early shown that bone could grow into porous sur-
faces of different materials and designs (Jones
1960). Different heat sintering processes of met-
als and ceramics can be used to produce porous
surfaces. Pores are applied by sintering micro-
spheres, powders or beads to the substrate. In a
clinical study, Cameron (1982) studied femoral
components with a microporous surface consist-
ing of sintered tiny cobalt-chrome beads (Pilliar et
al. 1975), but bone ingrowth was not uniformly
achieved.

Titanium has been used as a surface material in
porous coatings because of its high biocompatibil-
ity and resistance to corrosion. In 1971, Galante
described a porous mesh of sintered titanium fi-
bres (@=0.2 mm) with a porosity of 50%. When
implants with this coating were inserted in rabbit
femurs, bone had grown deeply into the mesh
after 3 weeks. Similar observations were made in
femoral components in dogs, supplied with the
same type of mesh.

Later, Harris (1983) studied hemispheric ace-
tabular cups with sintered chrome-cobalt balls on
the outer surface in a canine study. All compo-
nents were fixed rigidly, bony ingrowth covered
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53% of the porous surface of the implant and bone
grew into the porous layer.

The development of modern acetabular designs
used in clinical practice today is based on these
findings. In many cup designs the whole metallic
part of the cup or its thicker and inner layer has
been replaced by cobalt-chrome or titanium-vana-
dium-aluminum alloy (Ti-6Al-4V). Hemispheri-
cal porous-coated cups have displayed low com-
plication rates up to 10 years (Berger 1996 and
1997, Latimer and Lachiewich 1996) and bone in-
growth into the porous coatings does occur, but
this process requires stability (Pilliar et al. 1986).
Primary stability can be achieved with the press-
fit technique (impaction, under-reaming) which
has often been complemented with screw fixation.

Wear

Wear of artificial hip joints depends on several
factors, such as the surface finish, the material
hardness, the type of lubricant, the femoral head
diameter, the joint pressure and the number of gait
or motion cycles. There are several ways in which
wear occurs, but abrasive probably dominates
over adhesive and corrosive wear. Pin-on-disc
studies and joint simulator tests are examples of
laboratory tests allowing evaluation of wear char-
acteristics of different materials. In artificial hip
joints, the sliding distance between head and
socket is dependent on head size. The volumetric
wear is directly related to the head size (Charnley
et al. 1969b, Livermore et al. 1990, Kesteris et al.
1996). Smaller femoral heads result in higher lo-
cal pressures and the cold flow and linear wear
can be expected to be higher.

Many types of polymers, such as polyacetal
(delrin), teflon, polyester and polyethylene have
been tried as bearing surfaces in total hip arthro-
plasty. All but polyethylene have been abandoned
due to excessive wear (Charnley 1962, Havelin
1986). This plastic, now modified into ultrahigh
molecular weight polyethylene, has become the
most common type of articulating material on the
acetabular side. Modifications of the molecular
size have resulted in improved wear properties.
Nonetheless, annual wear rates of about 0.1-0.2
mm are reported (Livermore et al. 1990,

Schmalzried et al. 1992, Wroblewski 1992,
Callaghan et al. 1995, Devane et al. 1995), indi-
cating release of enormous amounts of submicron
particles to the joint (McKellop et al. 1995).

To minimise wear, the femoral head must have
optimum surface finish. The geometry of the fem-
oral head and liner must be manufactured exactly
to minimise generation of particles (Ritter et al.
1996, Livingston et al. 1997).

In modular components, motions of the poly-
ethylene insert in relation to the metal shell can
result in wear (Chen et al. 1995, Lieberman et al.
1997). Rocking and pistoning between noncon-
forming components during loading can be of im-
portance (Kurtz et al. 1998). This wear probably
contributes to secondary changes in the bone such
as local resorption but the quantitative importance
of this factor is not known. Rotations of the liner
inside the shell and even liner extrusions observed
with early designs of press-fit cups are, however,
obvious signs of this problem (Retpen and Sol-
gaard 1993, Astion et al. 1996). More recent cup
designs have tried to address this problem by ex-
act conformity between the insert and the shell, a
secure locking mechanism, a polished surface of
the metal against the polyethylene and exclusion
of thin liners.

Fretting between the screw heads and the metal-
lic shell is another source of particles and screw
holes may facilitate transport of particles to the
bone implant interface (Huk et al. 1994). Metal re-
lease from implants occurs in the form of ions and
wear particles. It is inevitable that modern metal-
metal articulations of cobalt-chrome alloy create
particles, but the wear rates have been reported to
be low (Streicher 1996, 1998). The number of
wear particles seems to be lower in metal-metal
articulations, but they are also smaller compared
to polyethylene particles (Soh 1996, Walker
1998). Fretting and corrosion between the femoral
head and the taper in modular designs are other
sources of metal ions and particles and can possi-
bly influence the amount of wear (Urban et al.
1994).

Significant metal release to local tissues and
distant organ systems also takes place and might
be potentially hazardous to the host (Woodman et
al. 1988, Salvati et al. 1993, Urban et al. 1994).
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Osteolysis

Periprosthetic bone resorption or osteolysis is one
of the major problems in hip replacement. Charn-
ley observed osteolysis around sockets made of
Teflon, but the failure mechanism and the relation
to massive wear was not understood. Charnley
also reported on osteolysis around cups made of
ultrahigh molecular weight polyethylene but at
that time sepsis was common, and these changes
were believed to be of infectious origin despite
negative cultures (Charnley et al. 1968). In 1977,
Willert and Semlich described foreign-body reac-
tions around hip components. They focused atten-
tion on particles and macrophages and were aware
of the importance of the lymphatic system in
transporting particles away from the joint.

Detailed analyses of membranes around loose
implants revealed synovial-like cells adjacent to
the cement layer, capable of generating high lev-
els of prostaglandin E2 and collagenase. These
substances were believed to initiate bone resorp-
tion (Goldring et al. 1983). Later, slowly progres-
sive endosteal erosions were described around
well-fixed and stable cemented implants (Jasty et
al. 1986). These osteolytic lesions were by some
believed to be a biological response to cement par-
ticles (Jones and Hungerford 1987). Identical tis-
sue reactions were shown also to develop in ce-
mentless arthroplasties (Santavirta et al. 1990).
What previously was claimed to be cement dis-
ease was given a new name, “particle disease”
(Harris 1994). Histological evaluations of tissues
around failed primary arthroplasties have revealed
metal, cement and polyethylene particles (Nasser
et al. 1990, Buly et al. 1992, Schmalzried et al.
1992), but it is generally believed that polyethyl-
ene wear debris is the major cause of osteolysis
(Hirakawa 1996). At present, the upper limits for
acceptable annual wear are supposed to be 0.1-0.2
mm and 80 mm? for linear and volumetric wear,
respectively. Abrasive wear results in release of
many polyethylene particles. Most of these parti-
cles are submicron (Campbell et al. 1995) and in-
gested by macrophages, which initiate a complex
cellular response, including release of substances
such as cytokines, growth factors and inflammato-
ry mediators, ultimately resulting in bone resorp-
tion, mainly by osteoclasts.

Aseptic loosening

Implant loosening is the commonest reason for re-
vision surgery. It has been suggested that the loos-
ening process differs between the femoral and ac-
etabular components. On the femoral side, retriev-
al studies have shown cement fractures and local
osteolytic lesions around defects in the cement
(Maloney et al. 1990). These findings have sup-
ported the theory that this loosening process is ini-
tiated by a separation at the cement-implant inter-
face. Primary loosening starting at the bone-ce-
ment interface is uncommon and mainly occurs in
instances where the bone bed is compromised due
to a previous loosening or the cementing tech-
nique has been inadequate.

On the acetabular side, poor initial stability
caused by an inadequate cementing technique,
poor implant design or, when using cementless
cups, poor bone-implant contact may initiate the
loosening process. A fibrous interface will devel-
op, which will facilitate transportation of joint flu-
id and particles into the interface. Schmalzried et
al. (1994) suggested that a progressive osteolytic
process starting at the periphery would end up in
clinical loosening, without focusing on the pres-
ence of micromotions. Findings of radiolucent
lines and local areas of bone resorption close to
the cup in seemingly stable implants support this
theory.

Changes of the hydrostatic pressure, perhaps
due to membranous tissue structures, which per-
mit the flow of body fluids in one direction only,
have been proposed as another mechanism of im-
plant failure. Elevated intracapsular pressures
have been seen in patients with aseptic loosening
of acetabular and femoral components. The pres-
sure has been reported to vary with different posi-
tions of the hip (Robertsson et al. 1997) and in-
creased intraarticular pressure has been found to
correlate with pain (Gossling 1988). Even if ace-
tabular cups have intimate peripheral contact and
seem to be stable, micromotions can induce pres-
sure waves able to pump the joint fluid in and out
of the interface (Franzén et al. 1993). Animal
studies have shown that increased fluid pressure
can induce bone resorption (Aspenberg et al.
1998). Further, wear debris is not always found in
osteolytic lesions (Willert et al. 1990). It has also
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been shown that the concentration of cytokines
with the capacity to induce bone resorption will
increase a few years after implantation, even in
successful cases without signs of loosening or ac-
celerated wear (Nivbrant et al. 1999). These find-
ings indicate that the interfaces should be protect-
ed from intrusion of joint fluid, because of its abil-
ity to initiate bone resorption by chemical sub-
stances or high pressure. Avoidance of these side
effects by primary stability is probably one of the
most important factors to reduce the risk of im-
plant loosening (Mjoberg 1994).

Clinical evaluation

Preclinical testing is necessary before new im-
plants and bone cements are introduced for clini-
cal use. Mechanical and wear properties must be
tested thoroughly. The clinical performance can
only be evaluated in prospective, randomised
studies in which new implants are compared with
established concepts (Chalmers et al. 1983, Gross
1988, Keller et al. 1993, Cochrane collaboration:
Mulroy and Oxman 1996).

Different score systems have been used to
describe pain, motion and walking ability
(d’ Aubigne and Postel 1954, Charnley 1979). The
Harris score was introduced in 1969 and included
active daily living functions and deformity. This
score system was originally designed to evaluate
acetabular fractures but has later been widely used
in hip arthroplasty. Specific pain drawings and vi-
sual analogue scales (Huskisson 1974) are other
instruments used to describe pain. It is essential
that the observer is independent as well as objec-
tive. Consequently, the surgeon must not be in-
volved. Clinical outcome parameters are blunt in-
struments for detection of implant failures and
long-term follow-up is needed, which is a disad-
vantage. Furthermore, replacement of the dis-
eased joint with a prosthesis will in the majority of
cases eliminate or markedly reduce the type of
pain experienced before operation. Complications
from the implant will only occasionally cause pain
in the early phase. If present, this pain has another
quality than experienced before the operation and
may not be interpreted by the patient as hip or im-
plant related.

There are also problems associated with the def-
inition of various failure parameters. Failure can
be defined in different ways, e.g. loosening or re-
vision. Various statistical methods are used to cal-
culate survivorship of implants. Life tables ac-
count for deceased patients and those lost to fol-
low-up. The survival analysis according to Ka-
plan-Meier (1958) was originally developed for
other research areas but has also become popular
for evaluation of total hip arthroplasty. However,
the use of these methods to describe the outcome
of arthroplasties has been criticised (Murray et al.
1993). The choice of end-points is critical. Indica-
tions and resources for performing revisions vary
as well as the definitions of radiographic loosen-
ing or migration. Another confounding factor is
that minor changes of the surgical procedure and
the implant design often occur over time. Further,
the number of patients at risk also decreases with
time. Presentation of confidence intervals is there-
fore mandatory. Nonetheless, the data will be less
and less informative with increasing observation
time.

Valuable information is obtained from observa-
tional studies such as the national hip arthroplasty
registers in Sweden and Norway (Herberts et al.
1989, Anfeldt et al. 1990, Espehaug et al. 1995,
Havelin et al. 1995). The Swedish register was ini-
tiated in 1979 and primary and secondary opera-
tions (revisions) are reported. This register con-
tains data from more than 150,000 primary arthro-
plasties and makes it possible to study differences
in choice of implant design, mode of fixation and
surgical technique (Herberts and Malchan 1997).
Because large patient cohorts are studied, small
differences between different subgroups can be
detected and the performance of hip replacements
in Sweden has improved due to this effort. Usual-
ly, however, there is a long delay between implan-
tation and clinical failure and large registers often
have further delays due to administrative reasons.
Many patients may therefore be treated with a new
implant or surgical technique before the efficacy
of these procedures can be evaluated. In these sit-
uations, other instruments have to be used to ob-
tain a faster evaluation, which should also mini-
mise the number of patients exposed to the poten-
tial hazards of the new technique.
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Radiography

Standard radiographic examinations are done in
the supine position. The film-focus distance and
the exposure rate should be as standardised as
possible to allow comparisons between examina-
tions done at increasing time intervals after im-
plantation. To standardise the evaluation further,
the interface around the cup is divided into three
regions on the anteroposterior and the lateral view,
respectively (DeLee and Charnley 1976). The
femoral stem interface is analysed in seven re-
gions in the frontal plane and seven in the sagittal
plane (Gruen et al. 1979). The presence of postop-
erative radiographic findings such as bone-remod-
elling, radiolucent lines (zones), erosions, granu-
loma or osteolytic lesions is defined and described
in the different areas.

Two-dimensional migration can be calculated
from serial radiographs using reference points in
the skeleton and implant landmarks. A precision
of 1-3 mm for vertical migration has been report-
ed (Freeman and Plante-Bordeneuve 1994, Walk-
er et al. 1995), but it is uncertain if this accuracy
can be achieved when anatomical landmarks are
used in a prospective study. Plain radiographs can
be digitised and stored in a computer and inter-
preted with unchanged accuracy (Malchau et al.
1995). These authors reported an accuracy of ver-
tical cup migration between 4.4 and 6.6 mm. The
corresponding values for the stem were 3.9 and
12.3 mm, depending on the choice of landmarks.
The precision increased when implanted markers
were used as reference points.

Radiographic follow-up should be done to de-
tect early changes. In the standard case, this can
rarely be done earlier than (1-) 2 years after the
operation. Radiolucent lines (RLL) or zones cor-
respond to bone resorption. New or increasing ra-
diolucencies have been found to correlate with
mechanical loosening (Hodgkinson et al. 1988,
Stromberg et al. 1996). However, radiographic
evaluation is subjective and there is considerable
inter- and intraobserver variability when interpret-
ing radiolucent lines (Brand et al. 1985, McCaskie
1996). In addition, there is an underestimation of
radiographic signs compared with the clinical sit-
uation when implants are removed (Engh et al.
1993). It is generally accepted that radiographic

loosening should be defined as bone resorption
(>1 mm) around the whole interface and/or signif-
icant migration. Fracture of the cement (Harris et
al. 1982, Mulroy and Harris 1995) and in some
studies also varus/valgus tilt of the stem has been
interpreted as definite loosening (Gruen et al.
1979).

The amount of linear wear can be estimated
from plain radiographs. Problems may arise when
metal-backed cups or heads in alumina materials
have been used, because of difficulties in visualis-
ing the contours of the femoral head. Charnley
only measured vertical wear, assuming that this
was the main direction. According to Livermore
(1990), the thinnest part of the polyethylene
should be measured and compared with the post-
operative radiograph. The known head diameter is
used to correct for magnification. The EBRA (Ein
Bild Réntgen Analyse) method (Russe 1988, Kris-
mer 1995) can be used for measurements of both
migration and wear and this method is more accu-
rate than the Livermore technique regarding wear
(Ilchmann 1997). It is a computerised method,
where changes of pelvic rotations can be compen-
sated for, using positions of anatomical land-
marks. This can be done up to a certain level of
rotation, where the method becomes inaccurate
(Krismer et al. 1995). More recently, another com-
puterised system, allowing three-dimensional
measurements based on coordinates from two-di-
mensional radiographs has been introduced by
Devane et al. (1995). This method of measuring
wear can be applied to metal-backed cups.

Radiostereometry

The most accurate method of measuring both mi-
gration and wear is radiostereometric analysis
(RSA). This method relies on implantation of
small metallic markers for most of its applica-
tions. It also requires simultaneous exposure of
two x-ray tubes and a calibration system.

In 1974, Selvik presented a method based on
mathematical principles of rigid body fitting and
calculation of three-dimensional motions, roent-
gen stereophotogrammetric analysis (RSA). This
method, later named radiostereometric analysis,
has become widely used. It has been continuously
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developed to improve its applicability in a number
of fields in orthopedic research, to increase its ac-
curacy and to speed up and facilitate the evalua-
tion procedure (Kérrholm 1989, Séderqvist and
Wedin 1993, Nystrom et al. 1994, Borlin 1997,
Kirrholm et al. 1997, Valstar et al. 1997, Ostgaard
et al. 1997 and Vrooman 1998).

To obtain distinct anatomical landmarks, spher-
ical tantalum markers with a diameter of 0.8 or 1.0
mm are inserted in the skeleton and in the im-
plants. These types of tantalum markers have been
used as skeletal markers for almost 30 years with-
out any adverse reactions. The markers are easy to
identify on radiographs due to the high density of
tantalum. A steel cannula with piston or a spring-
loaded piston in an insertion instrument is used to
implant markers into the skeleton. Scattering of
the markers in the bone is important. Up to 9
markers are often used in each segment to opti-
mise the precision. In young bone, where the me-
tabolism is rapid, the markers can be unstable
initially but in the adult skeleton initial and lasting
stability is usually obtained (Ragnarsson et al.
1989). Marking of implants is dependent on de-
sign and material. Acetabular cups made entirely
of polyethylene and polyethylene inserts of ce-
mentless cups are supplied with tantalum balls
around the opening of the cup. Markers can also
be inserted into the dome, but in this study we
avoided inserting such markers in cementless
cups, due to concerns of wear and weakening of
the polyethylene.

In RSA, migration of the femoral component
can be measured as translations of the femoral
head centre. Femoral components are, if possible,
supplied with tantalum markers during manufac-
ture. Additional marking can be done using small
titanium pegs including tantalum balls, which are
fixed with press-fit in pre-drilled holes. This will
enable a more complete analysis to be made, in-
cluding femoral component rotations and transla-
tions of different parts of the implant (e.g. shoul-
der and tip).

Synchronous exposures from two x-ray tubes
with an angle of about 40° between them are used
for the radiographic examination (Figure 1). High
kilovoltage and low amperage facilitate the identi-
fication of markers on radiographs, especially if
they are hidden behind a metal shell made of tita-

2 x-ray tubes

focus 1 focus 2

control points

film cassettes

Figure 1. The calibration cage (uniplanar technique) used
at the radiostereometric examinations.

nium alloy. Chrome-cobalt alloy is more radio-
paque and it is difficult to visualise markers be-
hind such metals.

In the present studies of migration and wear, the
patients were examined in the supine position and
a calibration cage including cassette holders was
placed under the examination table (uniplanar
technique, Figure 1). The calibration cage is sup-
plied with markers with defined three-dimension-
al positions (fiducial marks and control points). In
the majority of the examinations, the two-dimen-
sional positions of all the markers were recorded
manually on a measuring table, connected to a
video camera for magnification, and stored in a
computer. During the later part of the studies, a
new method based on measurement of digitised
radiographs was used (Borlin 1997). The software
designed to measure digital images is partially au-
tomated to facilitate detection 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 utilis-
es all available information in the pixels included
in the markers and fits mathematical models cor-
responding to the continuous change of grey-
scales from the periphery to the centre of the
marker. Only a rough user-assisted approximation
of the marker position has to be given. An auto-
mated algorithm iterates the calculations of the
centre to optimise its identification. Poorly de-
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fined markers are automatically discarded. To
handle markers situated close to each other or
close to an edge, specific mathematical models are
used. If the marker image is seriously impaired,
manual measurements based on fitting of a circle
to the marker edge can be done.

Calculations of three-dimensional positions of
cage and patient markers are perfbrmed in a com-
puter software system (UMRSA®) which includes
several programs. The precision of the calcula-
tions is dependent on the radiographic equipment,
the quality of the cages and correct and accurate
identification of the markers on the x-ray films.
The user obtains information about the transfor-
mation of the film coordinates to the laboratory
coordinate system by the size of the residuals
from these calculations. In this first “quality con-
trol”, the known coordinates of cage markers are
compared with those that have been computed
based on the pair of radiographs obtained. The po-
sition of the patient markers will be described in
the coordinate system identified by the cage mark-
ers. The computer chooses the most probable cou-
plings of patient marker positions from the two
foci. Further computations are done when two or
more examinations are available.

Tantalum markers in one segment form a geo-
metric figure or a “rigid body”. To test the identifi-
cation and stability of these markers, the degree of
deformation of each segment between two exami-
nations is calculated and expressed as the “mean
error of rigid body fitting” (Selvik 1974). The user
can define the upper acceptable limit for this pa-
rameter. By correction of erroneously identified
markers and exclusion of poorly defined or loose
markers, the software will, if possible, identify a

segment that maintains its stability between sub-
sequent examinations.

The accuracy of the calculations is also depen-
dent on the configuration or scattering of markers.
This scattering is described mathematically by the
“condition number” (S6derqvist 1993). The con-
dition number is low if the markers are well scat-
tered and it is 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 if the mea-
surements are reliable.

The relative motions of the implant are calculat-
ed 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 pe-
riod is named migration. This motion is described
in relation to 3 body fixed axes; the transverse
(medial-lateral axis, x-axis), the longitudinal
(proximal-distal, y-axis) and the sagittal (anterior-
posterior, z-axis).

The precision of RSA is high. Under optimal
conditions, one standard deviation of the error
could be 0.01 mm for translations and 0.05° for
rotations (Selvik 1974). In clinical practice, it will
be higher, primarily because of difficulties in ob-
taining optimum marker configurations, high
quality radiographs and measurements. The error
can be estimated by performing double examina-
tions of each patient in a study group on at least
one occasion. Calculation of the 99% confidence
ifftervals of the errors is used to determine the lim-
its for significant motions in the individual case.
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AIMS OF THE STUDY

The aim of this study was to investigate different
fixation principles with the main emphasis on the
acetabular components. Laboratory tests of bone
cement, standardised clinical evaluations, conven-
tional radiography, radiostereometric analysis,
9mTc.MDP scintimetry and atomic absorption
spectrometry were used for the evaluation.

The specific aims were:

1.

To study chemical and mechanical properties of
a newly developed cold-curing bone cem®nt
and determine if this cement improved the fixa-
tion and the bone-implant interface in total hip
arthroplasty compared with standard cement.

. To compare the intermediate term results of two

cementless designs, representing different de-
sign principles believed to solve the problems
of cemented fixation in young patient popula-
tions during the early eighties.

3. To determine if biodegradable screws can re-

place titanium screws for adjunctive fixation of
uncemented hemispherical porous cups, there-
by reducing the risk of fretting corrosion and
wear between screws and the metallic shell or
the polyethylene liner.

. To determine if addition of a HA/TCP coating

on uncemented hemispherical cups with a po-
rous titanium surface increases the early stabili-
ty and influences the radiographic appearance
of the bone-implant interface and the amount of
wear.

5. To determine if additional screw fixation is nec-

essary for optimum fixation when HA/TCP-
coated porous cups are inserted with the press-
fit technique and to study if the use of screws
influences the amount of wear.
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Patients and methods

The patients in Studies I-V (Table 1) were select-
ed from the waiting list at Sahlgrenska University
Hospital, Gothenburg. In Studies II and IV, pa-
tients were also recruited from the Northern Uni-
versity Hospital, Umed. The local ethics commit-
tees approved these studies.

The patients in Studies I-II and V were random-
ly assigned to different implant designs or modes
of fixation. In Studies I, III and V, the patients
were allocated and stratified by a computer pro-
gram based on age, sex, weight and diagnosis.
Closed envelopes were used in Study IL

In Study IV, 23 patients with hydroxyapatite
and tricalcium phosphate coated porous cups were
selected from two consecutive studies at Sahlg-
renska University Hospital. The selection was
based on presence of successful radiostereometric
evaluation up to 2 years and presence of a match-
ing partner in a database containing patients with
a similar cup design, but without ceramic coating.
The patients in this database were operated upon
at either of the two hospitals.

59 patients entered Study III, but 16 patients
were excluded because of absence of radiostereo-
metric measurements.

Téble 1. Summary of patients in Studies I-V.

One patient participated in two studies (Il and
V) because of bilateral hip procedures. 8 patients
(8 hips) from Study III were also were included in
the control group in Study IV.

The mean follow-up was 9 years in Study II. In
the other studies the follow-up was 1 (Study I) and
2 years (III, IV and V) respectively. Radiostereo-
metric data up to 5 years are presented in the sum-
mary of Study L

Implants

All patients in Study I received a Reflexion® all
polyethylene cup and a Spectron EF® stem (Smith
& Nephew Inc, USA; Figure 2). The cup was ster-
ilised in ethylene oxide. The Spectron EF stem is
made of cobalt chrome alloy and has a grit-blasted
(Ra = 112 pum) proximal and bead-blasted (Ra =
26 um) distal surface finish. Femoral heads of co-
balt-chrome alloy with a diameter of 28 mm were
used in all hips.

The PCA® (Howmedica Inc, USA) and the
Harris-Galante® I (Zimmer Inc, USA) cementless
designs were used in Study II. The PCA prosthesis
is made of cobalt-chrome (Figure 3). The porous
coating consists of cobalt-chrome beads, which

Study Patients Age Sex Implants? Acetabular fixation®
median (range) F/M¢ Group | Group |l n Groupl n Groupll

I 30 71 (63-76) 22/8 Spectron  Spectron 16 Palacos cement 14 Boneloc cement

Il 155 50 (24-64) 78/77 PCA HG | 84 Sintered beads 87 Titanium mesh
Pegs Titanium screws

I 43 60 (44-68) 26/17 HG I HG Il 20 Titanium mesh 23 Titanium mesh
Titanium screws PLLA screws

v 46 53 (38-64) 26/20 HG I HG I/l 23 Titanium mesh 23 Titanium mesh
Titanium screws Titanium screws
HA/TCP

V. 62 56 (32-75) 32/30 Trilogy Trilogy 30 Titanium mesh 34 Titanium mesh
Titanium screws HA/TCP
HA/TCP

a H@G Harris-Galante; PCA Porous Coated Anatomic

b PLLA poly-L-lactic acid; HA/TCP hydroxyapatite-tricalcium phosphate

¢ F/M female/male.

Copvright © Scandinavian Universitv Press 1999. ISSN 0001-6470. Printed in Sweden — all rights reserved.



14

Acta Orthop Scand (Suppl 286) 1999; 70

Figure 2. The Reflexion all polyethylene cup and the Spec-
tron femoral stem.

are sintered to the surface layer. The fully porous
coated cup has two stabilising pegs located super-
olaterally. The polyethylene liner was sterilised
with gamma radiation in air. At the beginning of
the study, the liner was assembled in the shell at
delivery and it was stabilised with a central peg.
During the study the design was changed and the
liner was inserted with press-fit into the shell. To
provide rotatory stability, the opening of the shell
had an octagonal shape mating the liner rim. The
stem is anatomically shaped and has a proximal
and circumferential porous coating and modular
32 mm cobalt-chrome heads were used.

The Harris-Galante I cup is hemispherical,
made of Ti-6Al-4V alloy (Tivanium®, Zimmer
Inc.) and has a porous fibre mesh made of pure
titanium (Figure 4). The cup has multiple holes for
additional fixation with screws (5.1 mm). The lin-
er was inserted with press-fit into a metal rim with
three pairs of small tines. The insert was sterilised
using the gamma radiation in air technique. The
Harris-Galante stem is straight and has 3 proximal
titanium pads for bone ingrowth (Figure 5). The
porous coating is not circumferential. A 32 mm mod-
ular head was used in all hips except one (22 mm).

Figure 3. The PCA prosthesis.

Figure 4. The Harris Galante | cup (to the left) and the Har-
ris Galante |l cup (to the right).

In Study III we used the Harris-Galante® 1I cup
(Zimmer Inc, USA). Compared to the Harris-Gal-
ante I cup, this design has a 1 mm thicker metal
shell, it does not represent a full hemisphere, wid-
er screws are used (6.5 mm) and the liner locking
mechanism consists of four or five pairs of tines
instead of three (Figure 4). The holes in the cup
and the screw heads have bevellings, which allow
for more tilting of the screws at insertion. The
poly-L-lactic acid (PLLA) screws had the same
diameter as the titanium screws (Figure 6). How-
ever, the cores of the PLLA screws had to be made
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Figure 5. The Harris Galante ! femoral stem.

Figure 6. A poly-L-lactic acid (PLLA) screw to the left and a
titanium screw to the right.

for additional fixation. In half of the cups the shell
was plasmasprayed with a ceramic coating con-
sisting of 70% hydroxyapatite (HA) and 30% tri-
calcium phosphate (TCP). The ceramic coating re-
duced the porosity of the titanium mesh to 35%. In
the non-coated control group, 8 cups were of the
Harris-Galante I design.

Trilogy® cups (Zimmer Inc, USA) with or
without 3 cluster holes were studied in Study V

Figure 7. The Trilogy cup with and without cluster holes and with the liner assembled.

thicker (4.6 mm) to prevent breakage at insertion.
The titanium mesh, with a porosity of 50%, was
the same in all the Harris-Galante cups.

The same cup, Harris-Galante I, was used in 38
of 46 hips in Study IV. 6.5 mm screws were used

(Figure 7). These hemispherical sockets have the
same type of porous titanium mesh as the two
Harris-Galante designs. The inside is smooth and
congruent to the liner, which is inserted with
press-fit. Two anti-rotational tabs and a locking
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ring add to liner stability. All the cups were plas-
masprayed with HA/TCP coating according to the
specifications above.

Clinical evaluation

The patients were followed prospectively using a
standardised form including Harris hip score. In
Study II evaluations were made at 1, 3,5, 7 and 10
years. In the other studies the postoperative con-
trols were done yearly. A visual analogue scale
was used to assess pain in Studies I, III and V.

Radiography

The radiographic examination of hip arthroplas-
ties included a minimum of 3 exposures; one pel-
vic view with the central beam projecting on the
symphysis, one anteroposterior view centred on
the inter-trochanteric area and one or two true lat-
eral views visualising the bone-implant interfaces
of both the cup and the stem. Examinations were
performed regularly in all the five studies. Pres-
ence and extent of radiolucent lines at the acetabu-
lar interface were defined in different regions. We
used a modification of the regions described by
DeLee and Charnley (1976). In our studies, the
interface was divided into sectors of equal size.
In four studies (I, III, IV and V) the lengths of
radiolucent lines were measured and related to
the cup circumference. These measurements were
done on a digitising table connected to a computer
(Orthographics Inc, USA).

In the comparison between the PCA and Harris-
Galante prostheses (Study II), digitised radio-
graphs were used to measure migration. Proximal
migration of the cup and stem subsidence were
regarded as significant if they exceeded 5 mm
(Malchau et al 1995). Wear, radiolucent lines and
osteolysis were measured on conventional radio-
graphs using the digitising table. To measure
wear, the centre of the cup and femoral head were
determined on the postoperative and follow-up ra-
diographs. The difference in length between these
two points along the longitudinal axis of the body
was calculated and represented proximal wear.
The metal backing hid the head in the majority of
the PCA cups, necessitating use of an alternative
method. A centreline through the neck of the fem-
oral component and a line between the most later-
al and medial edges of the opening of the cup was

Figure 8. The three different periacetabular regions (1-3)
in which the radionuclide activity was measured. The re-
sults were recorded as ratios in relation to the area corre-
sponding to the femoral head (4).

reconstructed. The displacement of the intersec-
tion of these lines between 2 examinations (proxi-
mal-lateral penetration) was used to represent
wear.

Radiostereometry

Radiostereometry was used to study migration
and wear in Studies I, III, I'V and V. The postoper-
ative examination was done 1 week after surgery.
In Study I, the following examinations were done
at 6 weeks, 6 months and 12 months. Further ex-
aminations were done at 2, 3 and 5 years. In Stud-
ies III, IV and V the time intervals were 3, 6, 12
and 24 months.

The translations of the cup were measured at the
gravitational centre of the cup markers. Transla-
tions of individual markers were computed in
cups where only 2 implant markers were avail-
able. This was only done when these markers
were located on each side of the femoral head to
obtain data comparable with those that were based
on migration of the gravitational centre of 3 or
more cup markers.

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 (Baldursson et al
1979). This motion, called femoral head penetra-
tion, is the combined effect of deformation of the
polyethylene and wear.

The proximal-distal migration of the femoral
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stem was measured at the gravitational centre of
the four stem markers (the femoral head centre,
the shoulder, tip and collar markers).

The precision of the measurements was calcu-
lated by repeated examination of the patient with
an interval of 10-20 minutes (so called double ex-
aminations). Based on previous studies (Kérrholm
and Snorrason 1992) we assumed that the error
was normally distributed. The 99% confidence in-
terval was calculated as the mean difference + the
standard deviation times a t-value based on the
number of observations (minimum #-value: 2.58
for n = o0),

Thus, this error includes all possible factors dur-
ing the evaluation procedure including any induc-
ible motions of the implants, which could have
occurred between the examinations.

The migration data were presented as signed
values in Studies I and V, and as absolute values in
Studies II and IV. Signed values have the advan-
tage of showing the direction of movements. The
use of signed values also implies that the error of
the measurements will have little or no influence
on the calculated mean or median value for a
group, because the error can be expected to be
equal in both directions. However, if there are pro-
nounced translations or rotations in a study group
and in two opposite directions, the absolute mean
or median values provide a better description of
the magnitude of the motions.

In the diagrams in this summary, signed values
are given for migrations.

Scintimetry

99mTc-MDP scintimetry was performed in 35 hips
(Study III) after median 2.5 (2.0-3.6) years after
surgery. The scintimetric activity (radionuclide
uptake) was measured in the different periacetab-
ular regions (DeLee and Charnley 1976; Figure
8). The activity corresponding to the area of the
femoral head was supposed to be least influenced
by the skeletal uptake and comparatively equal
between the patients. Therefore, the numerical re-
sults were recorded as ratios between the mean
activity in the different regions surrounding the
cup and the femoral head.

Atomic absorption spectrometry

Arthrocentesis of the operated hip was done in 31
patient included in Study III after median 2.6
(2.1-3.3) years. Representative samples of joint
fluid enabling metal analyses to be performed
were obtained in 16 hips (8 titanium, 8 PLLA
screws). Atomic absorption spectroscopy was
used to analyse presence of titanium. This method
has been described in detail previously (Kérrholm
et al. 1994). To minimise the risk of metal contam-
ination, we used exactly the same type of sam-
pling equipment as described in this study. The
detection limit for titanium in synovial fluid was 2
ng/g (3 SD, Kérrholm et al 1998).

Characterisation of cement

A tensile testing machine (JJ Instrument T 30 K)
was used to determine the tensile and shear
strength properties of different cements. The ther-
mal properties of cured cement were evaluated us-
ing differential scanning calorimetry (DCS).
Monomer release was calculated after extraction
of cement samples in phosphate-buffered saline
(pH 7.2) and in methanol. The bone-cement inter-
face and the cement morphology were analysed
by scanning electron microscopy (ISI-100A).

Statistics

Differences were regarded as significant if the p
values were less than 0.05. Generally, Mann-
Whitney’s U-test was used for comparisons of ob-
servations at given time intervals and Wilcoxon’s
matched pairs signed ranks test to evaluate chang-
es between various observations over time. To
evaluate the radiostereometric migration data, the
repeated measurements ANOVA (MANOVA) was
used except in Study III, where Mann-Whitney U-
tests were used. Logistic regression was done to
analyse if certain pre, per and postoperative fac-
tors influenced the results. Calculation of survi-
vorship of the prosthetic designs and individual
implants in Study II was done according to Ka-
plan-Meier. Evaluation of the differences in revi-
sion rates in the same study was done using Cox
regression analysis.
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Results

Study I: Evaluation of Boneloc®—
chemical and mechanical properties, and
a randomized clinical study of 30 total
hip arthroplasties

Boneloc® cement was studied and compared with
Palacos® cum gentamicin bone cement.

Laboratory study

Laboratory tests were done to study the tensile
strength of the cement, adhesion of the cement to
a metal surface (shear strength), glass transition
temperature, curing temperature and release of
monomer from samples of cured cement. Further,
medullary cavities from fresh frozen bone (sheep;
proximal humerus or proximal femur) were pre-
pared and filled with the different cements. The
bone-cement interface was studied with a scan-
ning electron microscope (SEM). These studies
were done in collaboration with the Department of
Chemical engineering at Lund University.

Clinical study

30 patients with a mean age of 71 years were in-
cluded and received a cemented total hip arthro-
plasty (Spectron EF®, Smith & Nephew). The pa-
tients were randomised to fixation with either of
the two types of cement. The bone was prepared
using brushes, high-pressure lavage, distal plug-
ging of the femoral canal and adrenaline tampon-
ades. Tantalum markers were implanted in the pe-
riacetabular bone, the femur and the implants. The
Boneloc monomer and polymer were delivered
and mixed in a closed plastic tube, made to fit into
a cement gun. The Palacos cement was vacuum-
mixed. The cement was pressurised into the bone
and tantalum spheres (1 mm) were also placed
into the cement surrounding the femoral compo-
nent to allow evaluation of micromotions at the
bone-cement and cement-implant interfaces.
Clinical, radiographic and radiostereometric ex-
aminations were done regularly. One patient in the
Boneloc group died of a malignancy between the
6- and 12-month follow-up. One cup in the Pala-

cos group was excluded from the radiostereomet-
ric analysis due to poor marking. The migration
data are presented as signed values.

Laboratory results

The curing temperature was 23° lower for the
Boneloc cement. This cement also displayed re-
duced tensile strength, a lower elastic modulus
and a lower glass transition temperature. The
shear strengths of the cement-implant interface
were similar for the two cements (Table 2). Scan-
ning electron microscopy showed good adhesion
between the two types of cement and cancellous
bone, without any difference between the two
groups.

Clinical results

Increased mean proximal migration of the cup
was recorded in the Boneloc group during the
postoperative year (p = 0.04, MANOVA). These
cups migrated medially, in contrast to a small lat-
eral migration in the Palacos group (p = 0.04,
MANOVA). There was a distinct difference in
proximal-distal stem migration between the two
groups (Table 3). At 1 year the mean subsidence
was close to zero (0.03 mm) in the Palacos group

Table 2. Characterisation of cements used in Study |,
mean and SD

Boneloc®

Palacos®
Tensile strength at break, Mpa 33.4 2.2P 152 3.0
Young’s modulus, Mpa 579 514 426 96

Shear strength cement/metal 58 02 6.0 2

Curing temperature, °C W3 5 50 4
Glass transition temp., °C 119 74
Weight loss
21 days in PBS, % 103 1 02
21 days in methanol, % 38 0.1 5.0 0.1

MMA in methanol
after 24 hours, %
after 21 days, %

0.01
B.12

0.01
0.03

ap < 0.05, Pp < 0.01, Mann-Whitney U-test.
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Table 3. Study |. Migrations of the cup and stem in rela-
tion to the bone during the postoperative year, mean
and SD

Table 4. Study |. Migrations of the cup and stem in rela-
tion to the bone at 5 years. Signed values, mean and
SD

Palacos® Boneloc® p? Palacos® Boneloc® pa

Cup translations, mm Cup translations, mm

medial +, lateral - -0.06 0.74 0.07 0.18 0.04 medial +, lateral - 0.05 0.08 0.13 062 05

proximal +, distal - 0.14 0.177 0.26 0.20 0.04 proximal +, distal - 0.20 0.27 0.77 1.25 041

anterior +, posterior - 0.10 0.32 -0.02 0.77 0.4 anterior +, posterior- 0.06 0.32 -0.05 0.18 0.1
Cup rotations, degrees Cup rotations, degrees

anterior +, post. tilt-  0.18 0.57 0.16 0.58 0.6 anterior +, post. tilt- -0.20 0.60 0.51 1.55 0.5

ante +, retroversion- 0.12 0.39 0.02 0.48 0.5 ante +, retroversion - 0.04 0.60 -0.27 1.21 0.9

more +, less inclin. - 0.26 0.47 -0.10 0.74 0.4 more +, lessinclin. - -0.45 0.71 -0.53 1.571 0.2
Stem translations, mm Stem translations, mm

proximal +, distal - -0.03 0.12 -0.26 0.28 0.005 proximal +, distal - -0.10 0.16 -0.58 0.59 0.03
Stem rotations, degrees Stem rotations, degrees

anterior +, post. tilt- 0.03 0.35 0.04 0.19 0.6 anterior +, post. tilt- 0.03 0.40 0.08 0.16 0.7

ante +, retroversion - -0.64 0.69 -0.54 0.68 0.7 ante +, retroversion - 0.63 0.97 0.27 1.15 0.8

varus +, valgus tilt- -0.04 0.76 0.03 0.16 0.2 varus +, valgus tit-  0.10 0.78 -0.02 0.22 0.2

2 p-value (MANOVA).

and 0.3 mm in the Boneloc group (p = 0.005,
MANOVA). An increased stem subsidence was
recorded between 6 and 12 months (p = 0.002,
Wilcoxon’s signed ranks test) and 6 of 13 stems
fixed with Boneloc cement had subsided more
than 0.2 mm at the 1-year follow-up. The subsid-
ence occurred mainly inside the cement mantle
(Boneloc vs Palacos, p = 0.02, MANOVA). The
mean subsidence at the cement-bone interface up
to 1 year was small (Boneloc 0.1 mm and Palacos
0.04 mm) without any significant difference.

The extension of radiolucent lines around the
acetabular cup was more pronounced in the Bone-
loc group after 1 year (p = 0.04, Mann-Whitney U
test). The clinical results (Harris hip score, VAS)
did not differ.

5-year results

Radiostereometric analysis was done in 21 pa-
tients (10 Boneloc, 11 Palacos) up to five years af-
ter surgery (Table 4). Four patients had died, two
patients were revised (1 in the Boneloc, cup and
stem, and 1 in the Palacos group, cup only) and
three patients refused further examinations. One
patient in the Boneloc group was scheduled for re-
vision surgery because of loosening of the acetab-
ular cup.

The mean proximal cup migration was 0.77 mm
in the Boneloc group, compared to 0.20 mm in the
Palacos group, but this difference was not signifi-

2 p-value (MANOVA).

cant (Figure 9). Stem subsidence was more pro-
nounced in the Boneloc group (mean 0.58 mm;
Palacos: 0.10 mm; p 0.03, MANOVA,; Figure 10).

There was no difference in wear (Boneloc/ Pala-
cos: 0.58/0.73 mm,; Figure 11).

Migration, mm

0.8 Boneloc
0.6
04
Palacos
0.2
0
0 12 24 36 48 60
months

Figure 9. The mean proximal cup migration up to 5 years in
Study |.
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Migration, mm

0.1
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0.3
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Bongloc
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-06
0 12 24 36 48 60
months

Figure 10. The mean stem subsidence up to 5 years in
Study 1.

Conclusions

The Boneloc cement provided inferior fixation of
both the acetabular and femoral components. The
early and frequent acetabular radiolucencies indi-
cate cup failure at the bone-cement interface. Sub-
sidence of femoral components occurred mainly
inside the cement mantle, consistent with the find-
ings of reduced tensile strength and increased
elasticity of Boneloc. The lower glass transition
temperature of Boneloc cement indicates that this
cement, at body temperature, is closer than con-
ventional cements to the point where cements be-
come semifluent.

Because of inferior mechanical and chemical
properties verified in the clinical study, Boneloc
cement should not be used in total hip arthroplas-

ty.

Study lI: Poor outcome of the PCA and
Harris-Galante hip prostheses—a
randomized study of 171 arthroplasties
with a 9-year follow-up

Patients and methods

155 patients (171 hips) with a mean age of 50
years were included in the study. They were oper-

Wear, mm
0.8
Palacos
0.6
Boneioc
04
0.2
0
0 12 24 36 48 60
months

Figure 11. The mean wear (femoral head penetration) up
to 5 years in Study 1.

ated upon with uncemented total hip arthroplasties
and randomised to either the PCA® design (n 84,
Howmedica Inc, USA) or the Harris-Galante®
type I design (n 87, Zimmer Inc, USA). The im-
plants were inserted using specific instruments
provided by the manufacturers. All cups were in-
serted with line to line reaming.

Clinical and radiographic examinations were
done regularly (1, 3, 5, 7 and 10 years). The aver-
age follow-up was 9 years.

Results

13 hips in the PCA and 16 in the Harris-Galante
group were revised because of mechanical failures
and after a mean follow-up of 9 (8-11) years. The
10-year survival rates, based on revision as the
endpoint, were 85% and 99% for the PCA and
Harris-Galante cups, respectively (p = 0.02, Cox
regression analysis; Figures 12, 13). In contrast,
the survival rate for the PCA stem was higher than
that observed for the Harris-Galante design (96%
and 86%; p = 0.02, Cox regression analysis). The
annual wear did not differ between the two groups
(PCA/HG: 0.15/0.16 mm). Osteolytic lesions
were commonly seen around the Harris-Galante
stems (p < 0.001). When radiographic failures
were added to the survival curves, the 10-year sur-
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Survival rate (%)
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Figure 12. The survival rate for the PCA cup in percent and
with 95% confidence intervals (Study I1).

vival dropped to 68% for the PCA and 69% for the
Harris-Galante designs.

Conclusions

The 10-survival rates for the PCA and Harris-
Galante designs were unsatisfactory. The Harris-
Galante cup was the only individual component,
which showed an acceptable survival rate.
However, even with this cup, wear of the polyeth-
ylene liner remains a problem. The comparatively
young patient population and the use of relatively
thin polyethylene inserts can partly explain this
observation. Osteolysis is a major complication. It
is often asymptomatic and continuous radiograph-
ic follow-up is necessary to enable revision to be
performed before severe bone destruction has oc-
curred.

The chosen representatives of the second gener-
ation of cementless designs displayed a high rate
of unexpected failures when tested in a young pa-
tient population. New hip implant designs without
long-term documentation must be regarded as ex-
perimental.

Survival rate (%)

100 1

90

80

70

60

0 1 2 3 4 5 6 7 8 9 10
years

Figure 13. The survival rate for the HG | cup in percent and
with 95% confidence intervals (Study Ii).

Study Ill: Migration of press-fit cups fixed
with poly-L-lactic acid or titanium
screws—a randomized study using
radiostereometry

Patients and methods

43 patients with a mean age of 60 years received
uncemented press-fit acetabular cups with a po-
rous titanium mesh (Harris-Galante type II®, Zim-
mer Inc, USA). The patients were randomised to
additional fixation of the cup with either biode-
gradable screws made of poly-L-lactic acid (n 23,
PLLA) or metallic screws (n 20, titanium). 2-4
screws were used and tightened similarly (1.6
Nm) using a torque-wrench. The periacetabular
bone and the polyethylene liner were marked with
tantalum markers. All femoral stems were ce-
mented using either a Spectron EF® (n= 26, Smith
& Nephew Inc, USA) or a Lubinus SP 2® stem
(n=17, Link, Germany).

There was one revision, 7 months after the pri-
mary operation, due to a ceramic head fracture.
Clinical, radiographic and radiostereometric ex-
aminations were done regularly up to 2 years. The
migration data are presented in absolute values.
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Table 5. Study lll. Migration at the 2-year follow-up. Absoiute values,

median and (range)

PLLA screws

but in the PLLA group there were
more patients with central gaps (p
< 0.05; Mann-Whitney U-test).

Titanium screws  p-value @ This difference had disappeared at

; the 2-year follow-up. Instead, the
Translations, mm ) R
transverse axis ~ 0.25 (0.01-0.86)  0.08 (0.00-0.93)  0.04 PLLA group displayed more radi-
longitudinal axis 0.27 (0.02-1.53) 0.15 (0.01-0.59) 0.02 olucencies anteriorly at 2 years.
sag_lttal axis 0.29 (0.00-1.40) 0.45 (0.01-1.16) 0.3 There were no differences in the

Rotations, degrees X ) ]

transverse axis 0.46 (0.08-1.18) 0.51 (0.03-1.73) 0.9 Harris hip score and pain assess-

0.45
0.40

longitudinal axis
sagittal axis

ollia 073
o2 317y 031

a8 Mann-Whitney U-test.

Results (Table 5)

At 2 years increased proximal-distal migration
was seen in the PLLA group (median 0.27 mm)
compared with the titanium group (0.15 mm, p =
0.02, Mann-Whitney U test; Figure 14). Medial-
lateral translations were also more pronounced in
the PLLA group (median 0.25 vs 0.08 mm, p =
0.04; Mann-Whitney U-test). Less median rota-
tion around the longitudinal axis was recorded in
the PLLA group (0.45 vs 0.73°, p = 0.04, Mann-
Whitney U-test).

The total extension of radiolucent lines in rela-
tion to the interface did not differ postoperatively,

Migration, mm

0.3
PLLA

0.2
titanium

0.1

0

0 3 6 9 12 15 18 21 24
months
Figure 14. The median proximal cup migration up to 2

years for porous cups additionally fixed with different type
of screws (Study Il1).

(0.05-2.75)
(0.03-1.40) 0.4

0.04 ment (Harris pain, VAS) at the 2-

year follow-up.

Results, 99" Tc-MDP scintimetry

35 of the 43 patients evaluated
with RSA were examined with 9™Tc-MDP scinti-
metry at median 2.5 (2.1-3.6) years after surgery
(16 titanium screws, 19 PLLA screws). We could
not see any difference in radionuclide uptake in
the periacetabular bone between the groups (Table
6).

Results, atomic absorption spectrometry

Arthrocentesis was performed in 43 of the 59 hips
initially included in the study. It was possible to
analyse the presence of metal in synovial fluid
from 16 hips (8 with titanium and 8 with PLLA
screws) median 2.6 (2.1-3.3) years after surgery.
Titanium could not be detected in 14 of the hips.
Low levels of titanium were seen in 1 patient with
titanium screws (4.9 ng/g) and in 1 patient with
PLLA screws (12.4 ng/g). Analyses of blood and
urine did not reveal presence of titanium in any of
the 16 patients.

Table 6. Study lll. Radionuclide uptake in the different
acetabular regions (DeLee and Charnley) expressed as
ratios in relation to the femoral head, median and
(range)

PLLA screws Titanium screws p-value @

Anterior

A 2.83 (1.63-4.17) 2.83 (1.634.30) 0.1

B 2.97 (2.31-5.14) 2.87 (1.61—4.30) 0.3

C 2.95 (2.39-4.85) 2.80 (1.814.06) 0.3
Posterior

A 2.02 (1.54-2.80) 1.83 (0.85-2.83) 0.4

B 217 (1.47-2.97) 2.05 (0.34-3.57) 04

Cc 2.23 (1.45-3.58)

2.28 (0.33-3.66) 1.0

a Mann-Whitney U-test.
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Conclusions

The PLLA-fixed cups displayed in-
ferior bone-implant contact postop-

Table 7. Study IV. Migration at the 2-year follow up. Absolute values,

mean and (range).

eratively and more pronounced me- Ll oo e

dial-lateral and proximal transla-  Transiations, mm

tions up to 2 years. Poly-L-lactic transverse axis 0.16 (0.01-0.82) 0.25 (0.03-0.68) 0.2
Iy : . longitudinal axis 0.15 (0.01-0.36) 0.17 (0.02-0.59) 0.9

acid is a bioresorbable material and sagittal axis 0.28 (0.00-1.30)  0.47 (0.01-1.35) 0.1

it might be that degradation prod- Rotations, degrees

ucts influence the bone quality neg- transverse axis 0.38 (0.00-1.74) 0.94 (0.03-3.10) <0.01
. . - a longitudinal axis 0.47 (0.07-3.07) 0.72 (0.05-2.75) 0.07

atively. Alternative modes of fixa sagittal axis 0.33 (0.03-1.88)  0.36 (0.02-1.00) 05

tion should be used until more is e , - .

known about the biological re-  #MANOVA.

sponse to degradation products of
poly-L-lactic acid. Increased rotations around the
longitudinal axis were seen in the titanium group.
Randomised studies comparing press-fit cups
with and without screw fixation are needed to elu-
cidate if metallic screws constrain the migration in
a certain direction.

Study IV: Porous cups with and without
hydroxylapatite-tricalciumphosphate
coating—23 matched pairs evaluated
with radiostereometry

46 patients with uncemented porous acetabular
cups (Harris-Galante® type II, Zimmer Inc) with
additional screw fixation were studied. In the
study group of 23 cups, the titanium mesh was
plasmasprayed with a 40 um layer of hydroxyapa-
tite and tricalcium phosphate coating (HA/TCP).
The control group consisted of cups without coat-
ing. They were pairwise matched with the study
group based on sex, age, weight, diagnosis and
cup size. Tantalum markers were inserted into the
bone and polyethylene liner.

Clinical, radiographic and radiostereometric ex-
aminations were done regularly up to 2 years. The
femoral head centre could be calculated in 12
pairs, allowing wear measurements. The migra-
tion data are presented in absolute values.

Results

Decreased rotations around the horizontal axis
were recorded in the HA/TCP group up to 2 years
(p < 0.01, MANOVA). There was also a tendency
to decreased rotations around the longitudinal axis

(p = 0.07) in this group. There were no significant
differences in translations along the three axes,
but the numerical values were smaller in the HA/
TCP group (Table 7). The median proximal migra-
tion is shown in Figure 15. The wear did not differ
between the groups.

More pronounced radiolucencies (anteroposte-
rior view) were seen in the HA/TCP group postop-
eratively (p < 0.01, Mann Whitney U-test). At the
2-year follow-up the situation was the reverse (p <
0.01, Mann Whitney U-test). Postoperative cen-
tral gaps were more frequently seen in the HA/
TCP group (AP/lateral: p < 0.01/ p < 0.05), but

Migration, mm

0.15
ceramic coated

0,10
uncoated

0.05

0

0 3 6 9 12 15 18 21 24
months

Figure 15. The median proximal cup migration up to 2
years for porous cups with and without ceramic coating
(Study IV).
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Table 8. Study V. Cup migrations at 2-years. Signed values, median and

(range)

Screws

Translations, mm
medial +, lateral -
proximal +, distal -
anterior +, posterior -

Rotations, degrees

anterior +, posterior tilt -  0.15 (-2.85-1.42)
-0.14 (-4.55-1.09)
-0.09 (-0.54-1.95)

ante +, retroversion -
more +, less inclination -

aMANOVA.

-0.08 (-0.45-0.96)
0.12 (-0.55-0.79)
-0.02 (-1.00-0.54)

No screws p-value 2

0.04 (-0.36-0.91) 0.8
0.10 (-0.13-1.55) 0.9
0.06 (-0.73-0.79) 0.3

-0.05 (-0.82-4.27) 0.9
0.11 (-0.92-6.52) 0.2
0.17 (-0.57-2.49) 0.4

Table 9. Study V. Wear at 2 years. Signed values, median and (range)

Screws No screws p-value @
Wear, mm
medial +, lateral - -0.07 (-0.41-0.52) -0.08 (-0.25-0.12) 0.6
proximal +, distal - 0.22 (0.08-0.67) 0.24 (-0.18-0.44) 0.7
anterior +, posterior - 0.07 (-0.29-0.42) 0.04 (-0.39-0.75) 0.8
(0.14-0.95) 0.31 (0.06-0.75) 0.9

vectorial sum (3D) 0.33

2 Mann-Whitney U test.

they diminished over time. The magnitude of mi-
gration did not influence the disappearance of
these gaps (logistic regression analysis). The clin-
ical results did not differ at 2 years.

Conclusions

The addition of HA/TCP coating improved the
fixation of porous cups up to 2 years in terms of
smaller rotations around the horizontal axis. Fur-
thermore, the cups in this group displayed closer
bone-implant contact at 2 years. These findings
suggest that HA/TCP contributes to a high-quality
interface, perhaps more resistant to loosening and
osteolysis.

Study V: Hydroxyapatite and tricalcium
phosphate-coated cups with and without
screw fixation—a randomized study of 64
hips

Patients and methods

Trilogy® cups (Zimmer Inc, USA) were inserted
in 64 hips (62 patients). The porous titanium fibre
mesh was plasma-sprayed with a coating consist-

ing of 70% hydroxyapatite and 30% tricalcium
phosphate (HA/TCP). The patients were ran-
domised to a cup with cluster holes for additional
screw fixation (n 30), or to a cup without holes (n
34). The periacetabular bone and the polyethylene
liner were marked with tantalum pellets. All cups
were inserted with the press-fit technique (1-2
mm).

Clinical, radiographic and radiostereometric ex-
aminations were done regularly up to 2 years. Two
patients died during the follow-up (1 hip with and
2 hips without screw fixation). One patient was
excluded because of inability to achieve press-fit
stability during surgery. The migration data are
presented in signed values.

Results

Up to 2 years, the median translations and rota-
tions were below 0.2 mm and 0.2° in both groups,
without any difference between them (Table 8,
Figure 16). The median annual proximal wear was
0.11 mm in the group with and 0.12 mm in the
group without screw fixation (Table 9, Figure 17).

Postoperative radiolucencies were frequently
seen in the separate regions, but without any sig-
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Figure 16. The median proximal cup migration up to 2
years for HA/TCP-coated porous cups with and without
additional screw fixation (Study V).

nificant differences between the groups. These
gaps had diminished in both groups at the 1-year
follow-up (AP and lateral: p < 0.01, Wilcoxon’s
signed ranks test). There was no correlation
between the extent and change of radiolucencies
and the recorded migrations. The clinical results
did not differ up to 2 years.

Conclusions

Additional screw fixation is not necessary to ob-
tain initial fixation of porous acetabular cups with

0 3 6 9 12 15 18 21 24
months

Figure 17. The median wear up to 2 years for the different
cups used in Study V.

HA/TCP coating. Screw fixation can be avoided
in cups of the same design as in this study. This
will result in lower costs, shorter operating time
and a decreased risk of peroperative complica-
tions. However, adjunctive screw fixation should
be considered if the bone quality is poor or the
press-fit stability achieved at surgery is uncertain.
Despite the use of ceramic coating, the amount of
wear was within the expected range, indicating
that hydroxyapatite particles do not influence the
wear rate in the short term.
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Discussion

Fixation with bone cement is the most common
method used for both the components of a total
hip arthroplasty in Sweden. For most implants, the
results have shown a continuous improvement
over time (Herberts and Malchau 1997). The most
successful designs display 9-year survival rates
around 95% when inserted with modern cement-
ing technique. Other studies have also document-
ed the importance of the cementing technique
(Mulroy and Harris 1990, 1995). In a comparison
between first and second generation cementing
techniques, Mulroy and Harris (1997) found dra-
matically improved results in the latter group after
15 years in younger patients. This improvement
was valid mainly for the femoral component. The
revision rate for aseptic socket loosening re-
mained high and increased with time. Even for the
Charnley cup, long-term studies have shown in-
creased rates of aseptic cup loosening (Madey
1997, Callaghan 1998) and progression of radi-
olucent lines (Garcia et al. 1997). These findings
indicate that cement fixation is more reliable for
the femoral, compared to the acetabular compo-
nent. However, there are so far no available results
from long-term studies in which the third genera-
tion cementing technique has been used. The du-
bious results for cemented acetabular cups in the
long term have popularised the use of different ce-
mentless designs. In fact, there are no prospective
randomised studies today, which have been able to
demonstrate the superiority of either cemented or
cementless cups. The Norwegian arthroplasty reg-
ister makes it possible to differentiate between
cup and stem failures, but this register has also
been unable to identify differences between the
different modes of fixation (Havelin et al. 1994),

Study I: Fixation with different bone
cements

Initial implant stability is mandatory for long-
term survival of cemented cups. This can be

achieved by interdigitation between the cement
and the bone during surgery, which also prevents
or reduces penetration of particles into the inter-
face. The surgical technique necessary to produce
such an interface is difficult. The periacetabular
bone has to be reamed properly to allow proper
cement interdigitation. Multiple small holes must
be drilled and the bone surface must be dry when
the cement is introduced. Repeated training pro-
grammes are mandatory to maintain the surgeons’
skill both for cemented and for cementless tech-
niques, but the many steps included in cemented
fixation require a longer learning time. Careful ce-
menting is also more time-consuming than many
cementless techniques.

Conventional cement relies on the formation of
an interlock. There is no biological or chemical
bonding between the cement and the bone, which
is a disadvantage from a theoretical point of view.
In addition, the bone at the interface is subjected
to high temperatures and toxic chemicals during
curing of the cement (Toksvig-Larsen et al. 1991,
Stiirup et al. 1994). According to Toksvig-Larsen
et al, bone necrosis could be expected in 10% of
the cases. Mjoberg addressed this problem with
cold-curing cement. Nivbrant and Kérrholm
(1997) studied a similar bone cement (Cemex
Rx®, Tecres, Ttaly) using radiostereometry. This
cement has the same chemical formula (PMMA)
as Palacos but contains less monomer and the cur-
ing temperature is reduced. They found no differ-
ence in cup migration at 2 years when this cement
was compared with Palacos. The stem subsidence
was small in both groups, but almost all of the
stem migration occurred at the cement-implant in-
terface. This and our findings in combination with
the excellent clinical results observed with con-
ventional cement for femoral fixation suggest that
heat-induced bone necrosis has little clinical rele-
vance in primary total hip arthroplasty, at least
when performed in the standard case.

Boneloc is another cement which was claimed
to solve this problem. It should be associated with

Copyright © Scandinavian University Press 1999. ISSN 0001-6470. Printed in Sweden — all rights reserved.
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decreased release of hot monomers, which were
thought to be of crucial importance in initiating a
loosening process (Jensen 1991). This cement was
reported to diminish bone injury in the canine tib-
ial diaphysis (Nimb 1993). Boneloc became popu-
lar in many European countries and was widely
used when our study was initiated. Our laboratory
results could confirm the low curing temperature,
but otherwise the results indicated inferior chemi-
cal and mechanical properties. The reduced tensile
strength, the low elastic modulus and the low
glass transition temperature are the most worrying
findings, and probably explain the poor clinical
results reported during recent years (Riegels et al.
1995, Suominen 1995, Nielsen and Wiig 1996).
As a natural effect of the composition of Boneloc,
the release of methylmethacrylate was reduced
but the total amount of monomers extracted from
this cement was larger. Thus, we could not verify
one of the basic advantages claimed for this prod-
uct. Impaired fixation of both acetabular and fem-
oral components was seen in the Boneloc group.
Weightman et al. (1987) tested a new cement con-
taining butylmethacrylate, a polymer also used in
Boneloc. These authors reported increased stem
subsidence with this cement in the laboratory,
which supports our findings. The increased inci-
dence of radiolucencies in the Boneloc group indi-
cated cup failure at the bone-cement interface and
further supports the theory that heat necrosis is not
a major problem in total hip arthroplasty. The po-
tential problem of monomer leakage remains to be
studied clinically.

Alternative factors such as poor interlock and
fatigue failure of the interface are probably more
important reasons for increased accessibility to
the interface, radiolucencies and clinical loosen-
ing. Previous RSA studies (Mjoberg et al. 1986)
have indicated that the loosening process starts
early. It might be that the poor fixation of the cup
in the Boneloc group was caused by insufficient
penetration of a weak and compliant cement into
the bone, facilitating penetration of joint fluid into
the interface and early development of radiolucent
lines. The stems in the Boneloc group migrated
mainly inside the cement mantle, which can be di-
rectly related to the inferior mechanical properties
of this cement.

The poor performance of Boneloc has been well

documented in clinical studies. Nilsson and Dalén
(1998) observed increased migration of the tibial
compornent in knee arthroplasty in a randomised
comparison with Palacos cement. In the Norwe-
gian arthroplasty register, higher revision rates
have been shown for implants fixed with Boneloc
cement compared to fixation with high viscosity
cement (Furnes et al. 1998). The difference in re-
vision rate was less pronounced for Exeter stems.
This is logical because this stem is designed to
subside inside the cement mantle if the cement
weakens.

The Boneloc cement has caused worse clinical
problems than the Christiansen total hip arthro-
plasty did during the 1970s (Havelin 1995, Linder
1995). The lesson learned from the Christiansen
experience was that new concepts should not be
marketed without clinical documentation. Despite
this, the Boneloc cement was introduced on a
large scale without documentation regarding clini-
cal performance. This product would most proba-
bly not have passed the first step in an appropriate
clinical trial. In our study, concerns arose in the
laboratory evaluation but these tests were done
late in the evaluation process. 14 patients were
sufficient to verify the inferior fixation properties
of Boneloc after only 6 months follow-up by
means of the very precise RSA technique. At that
time, thousands of patients had been operated
upon with this cement. The Boneloc experience
again emphasises the importance of stepwise in-
troduction of new concepts in total hip arthroplas-
ty (Malchau 1995).

Study II: Cementless fixation with
different designs

Inferior clinical results with cemented hip re-
placements in Europe stimulated interest in
macroporous cementless fixation in the late 1970s
(Judet 1978, Lord 1979). In the USA, the poor re-
sults described in younger populations in the early
1980s (Chandler et al. 1981, Dorr et al. 1983)
were also related to the cement and interest was
focused on cementless fixation using microporous
surfaces.

The first generation of cementless acetabular
cups, such as the Lord and the Mecron ring, were
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threaded, the surface layers smooth and the results
were disappointing (Eng et al. 1990, Malchau et
al. 1996). However, threaded cups with other sur-
face textures and hydroxyapatite coating are cur-
rently used and they seem to be functioning well
so far (Manley et al. 1998). The second generation
of uncemented cups had porous surfaces intended
to facilitate micro-interlocking, primary fixation
and bone ingrowth.

Several authors have reported high failure rates
for the PCA cup (Heekin et al. and Callaghan
1993, Malchau et al. 1997). In our study, too, the
revision rate was unacceptably high. Logose
chrome-cobalt beads in the surroundings of the
cup were frequently seen. This finding is probably
an effect of micromotions in combination with an
insufficient porous layer. It is unlikely that the de-
sign, with two superolateral pegs, provided ade-
quate initial stability. The cup was inserted with
line to line reaming and the pegs could only pre-
vent rotations, without adding to central or medial
stability. Besides, the liner locking mechanism
was insufficient in the PCA design (Astion 1996).
The design of the liner insert was changed in the
beginning of 1987, but this difference did not in-
fluence the results.

The liners were all sterilised with gamma radia-
tion in air. Nonetheless, there was a wide variation
in wear of the PCA liner in our study. Different
levels of activity could partly explain this obser-
vation, but other reasons such as different quali-
ties of the polyethylene are probably more impor-
tant. The pronounced early wear seen in several
patients compared to practically no wear in others
at the 13-year follow-up strengthens this theory.
Varying quality of the polyethylene is probably
still an unsolved problem for many manufactur-
ers.

The Harris-Galante cup was designed for bone
ingrowth, which at least to a certain extent occurs
according to retrieval studies (Sumner et al 1993).
The long-term results have been excellent regard-
ing revision rates of the metal shell and our find-
ings correspond to other reports (Incavo 1996,
Berger et al. 1996 and 1997, Tompkins et al. 1997
and Clohisy and Harris 1999). However, the liner
locking mechanism is vulnerable and disassembly
has been described in case reports (Retpen and
Solgaard 1993, Han et al. 1998). The liner can ro-

tate in relation to the shell, which will generate
particles (Kérrholm and Snorrason 1992,
Kirrholm et al. 1994, Onsten and Carlsson 1994).
Tompkins (1997) reported 4% osteolysis after 7—
10 years for the Harris-Galante cup, which is com-
parable to our findings. Berger et al. (1997) re-
ported an increasing incidence of osteolysis after
7 years and concluded this to be the greatest prob-
lem at 11 years. Despite the low revision rates so
far reported for the Harris-Galante I cup, the in-
creasing problem with osteolysis is an ominous
sign and indicates that this implant is not success-
ful in a young patient population in the long term.

The mean wear rates for the Harris-Galante 1
and PCA cups were equivalent to results reported
earlier (Woolson and Murphy 1995, Berger et al.
1997). There were no differences in wear or pres-
ence of acetabular osteolysis between the two de-
signs in our study. Polyethylene wear debris is
probably not responsible for the increased revi-
sion rates among the PCA cups. It is reasonable to
believe that the Harris-Galante cup was more se-
curely fixed to the bone due to differences in sur-
face texture, material and type of fixation.

Femoral osteolysis was more pronounced and
frequently seen around Harris-Galante stems com-
pared with the PCA stems. This relationship is
probably design-related. The Harris-Galante stem
has a non-circumferential proximal coating and
joint fluid and wear particles can easily get access
to the femoral canal. (Tanzer et al 1992, Urban et
al. 1996).

Study llI: Porous cups fixed with different
screws

Although it is generally agreed that polyethylene
particles have an important role in the develop-
ment of osteolysis, other types of particles can
also cause this phenomenon. Corrosion and wear
induce the release of metal ions and particles.
Chrome-cobalt particles are toxic and induce pro-
liferation of macrophages (Howie 1990, Haynes
et al. 1993). Hip prostheses with metal-metal ar-
ticulations and of chrome-cobalt alloy have been
reintroduced on the market and the wear rates de-
scribed are very low (Schmidt and Weber 1996).
In contrast, Saikko et al. (1998) noted substantial
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metal release in cobalt-chromium articulations in
a hip simulator study and concluded that this type
of articulation hardly solved the wear problem.
Titanium is regarded as an inert material but as a
particle it can activate macrophages (Bennet
1991). These particles may be responsible for
bone resorption seen around screws made of tita-
nium alloy. Titanium particles have also been
found to increase the wear of metal femoral heads
in laboratory tests (McKellop and Rostlund 1990).

Kirrholm et al. (1994) investigated the titanium
levels in the synovial fluid 2 years after surgery.
All 19 hips had a Harris-Galante cup (I or II),
whereas cemented or cementless stems made of ti-
tanium had been inserted in the femur. Titanium
levels between 12 and 56 ng/g were noted in the
hybrid implants, whereas most of the totally unce-
mented hips had levels below the detection limit.
We could only detect titanium in synovial fluid in
2 patients and the levels were low. These findings
indicate that the release of titanium from Harris-
Galante cups is low in the short term. However,
increasing wear of the polyethylene liner will in-
crease the stresses on the metal shell and it is pos-
sible that the levels of titanium will be elevated
with time.

Micromotions of screws in relation to the metal
screw heads generate particles which can be trans-
ported to the bone-implant interface (Huk 1994).
Avoidance of metallic screws would eliminate this
type of wear. Schmalzried et al. (1992) reported
clinical and radiographic results regarding Harris-
Galante cups inserted with the press-fit technique
with a mean follow-up of five years. They recom-
mended fixation without screws. However, initial
migration of Harris-Galante cups fixed with
screws has been described (Kérrholm and Snorra-
son 1992, Onsten 1994) and we believed that this
concept needed additional screws to obtain a re-
producible degree of stability.

The choice of biodegradable screws was an at-
tempt to utilise the supposed early stabilising ef-
fect of screws and avoid disadvantages in the long
term. The increased translations observed with
this fixation could be explained by the screw de-
sign. However, a more probable explanation for
the increased proximal migration is that the degra-
dation products of poly-L-lactid-acid (PLLA)
soften the bone. Neither the rate of degradation of

PLLA implants in vivo nor the biological respons-
es of the bone tissue to degradation products are
fully understood.

Absorbable implants, for internal fixation of
fractures, were introduced on a large scale in the
late 1980s. It was found that internal fixation de-
vices made of polyglycolic acid were occasionally
associated with bone resorption and subcutaneous
sterile exsudations (Bostman 1991). These find-
ings were then regarded as benign and transient.
Longer experience with these types of implants,
and above all observations of ankle arthritis
caused by foreign-body reactions to polymer ma-
terial from osteolytic lesions, has changed this
opinion (Bdstman et al. 1998). On the other hand,
the authors found no articular damage in patients
who had exclusively PLLA devices. Development
of osteolysis has been thought to be unusual in as-
sociation with PLLA screws and pins, because of
the slower degradation of this material. The degra-
dation rate of PLLA implants varies but could be
several years, depending on the polymeric struc-
ture, molecular weight and implant design and
probably also the local metabolism of the bone.

Pihlajamiki et al. (1992) analysed biopsies
from 2 patients who had been treated with poly-L
lactic pins. After 2 and 3 years postoperatively, no
remaining material could be seen. Other reports in
the literature do not support the contention that
PLLA is a safe material, but foreign-body reac-
tions seem to appear later compared to polygly-
colide materials. Remnants of degraded PLLA
surrounded by fibrous tissue were frequently seen
3 years after fixation of zygomatic fractures
(Bergsma et al. 1993). Bostman and Pihlajamiki
(1998) recently reported on a foreign-body reac-
tion more than 4 years after insertion of a PLLA
screw for fixation of an ankle fracture. The late
appearance of these inflammatory reactions was
related to the slow degradation of PLLA and to
overload of polymer debris. The clinical use of
various PLLA implants has increased during the
last years and it might be that foreign-body reac-
tions will be more commonly seen in the future.

According to the analysis of postoperative radi-
olucencies, these cups should have had a better
press-fit stability but nevertheless displayed a
higher rate of translation. It is possible that degra-
dation products of PLLA influenced the interface
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negatively. The increasing radiolucencies in a 2-
year perspective indicate instability at the inter-
face. Schmalzried et al. (1992) also reported in-
creasing radiolucencies around Harris-Galante
cups fixed with screws but inserted with the line to
line reaming technique. It might be that the initial
fixation was impaired in these cups despite the use
of screws.

We could not see any difference in radionuclide
uptake in the periacetabular bone between the
groups. Negative effects of lactic acid products
ought to have initiated an increased bone turnover.
Thus, the equal isotope uptake in the two groups
does not support the presence of foreign-body re-
actions at 2.5 years. Neither has further follow-up
based on conventional radiography at 5 to 7 years
revealed any osteolytic lesions in the patients
treated with PLLA screws. A distinct osteolytic le-
sion was detected in one patient with titanium
screws at 4 years, but it has not progressed since
then.

The fact that cups fixed with titanium screws
displayed more pronounced rotations around the
longitudinal axis is hard to explain. Metallic wear
debris can enter the articulation, causing friction
and wear of the polyethylene, but the analyses of
metal in synovial fluid do not support this theory.
A less securely fixed liner can move in relation to
the metal shell. Eccentric wear may also facilitate
rotations of the liner. Another theory could be that
the screws constrained the motions of the metallic
shell by resisting proximal migration. Instead,
they created fulcrums which facilitated tilting.
The findings of low levels of titanium in both
groups indicate that the second theory is more
likely to explain the different patterns of rotation.

Study IV: Porous cups with and without
ceramic coating

The Harris-Galante cups with ceramic coating
(HA/TCP) showed minimum migration. Radio-
graphic evaluation showed closer bone-implant
contact, suggesting that the stability was an effect
of more extensive bone ingrowth in these cups.
Moilanen et al (1996) reported increased stability
for hydroxyapatite-coated cups when compared
with non-coated press-fit cups. In our study, the

differences between the implants with and without
ceramic coating were small and only significant
around the transverse axis. Rotatory movements
indicate instability at the periphery, consistent
with the increased incidence of peripheral radiolu-
cencies seen in the non-coated group.

The addition of a ceramic coating slightly in-
creases the diameter of the cup and probably im-
proves the initial press-fit stability. These cups
might therefore less frequently have reached the
dome of the acetabulum during insertion, gb-
served as central gaps postoperatively. Onsten et
al. (1996) reported that the presence of central
postoperative gaps was associated with smaller
migration, indicating that peripheral contact is de-
sirable. The central radiolucencies decreased or
disappeared in HA/TCP-coated cups during the
follow-up without signs of migration into these
gaps. Sgballe (1993) has reported that hydroxyap-
atite, in contrast to titanium, can induce bi-direc-
tional gap healing, which can explain the in-
creased speed of bone formation seen around hy-
droxyapatite-coated implants. Beight et al. (1989)
have suggested that the ceramic coating acts by
providing a local source of calcium and phosphate
ions essential for mineralisation of the surround-
ing tissue. The disappearance of central zones in
our study must be related to formation of new
bone, possibly due to the ossification process in-
duced by the HA/TCP coating.

Despite the short follow-up, the radiostereomet-
ric and radiographic findings for our HA/TCP-
coated cups are encouraging. A high-quality inter-
face will prevent particle debris entering the bone-
implant interface, thereby minimising the risk of
development of osteolysis. Delamination of HA
from the metal shell has been described in cups
with ceramic coatings, but the risk is probably
greater for implants with a smooth surface (Colli-
er et al. 1993). Ceramic coatings could be a possi-
ble source of particles, which might increase
third-body wear, but our findings do not support
this theory. Neither did the observations of Moil-
anen et al. (1996) and Nivbrandt and Kérrholm
(1997) indicate that cups with ceramic coatings
are associated with increased wear.

The problems related to uncemented acetabular
cups have been progressive radiolucent lines and
development of osteolysis. To prevent these side
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effects and to retain stability, the bone-implant in-
terface must be of high quality and the wear must
be minimised. This study shows that a ceramic
coating contributes to such an interface. The main
reason for this is the biological effects of hy-
droxyapatite and tricalcium phosphate.

Study V: Porous cups with and without
screw fixation

The previous studies in this thesis and other re-
ports (Kirrholm and Snorrason 1992, Onsten et al.
1994) have demonstrated that porous press-fit
cups fixed with screws are associated with micro-
motions, which in some instances continue for at
least 5 years (Kdrrholm et al. 1995). This was the
main reason for not using these implants without
screws in our previous studies. There has, how-
ever, been concern about corrosion and abrasion
of the metal shell and the polyethylene liner,
which can result in particles capable of inducing
bone resorption. According to clinical studies, po-
rous coated cups without additional screw fixation
have been successful up to 6 years (Schmalzried
et al. 1994, Dorr et al. 1998). These reports and
the favourable outcome of the HA/TCP-coated
cups in Study IV warranted further evaluation of
similar implants without screw fixation.

In implants with a grit-blasted surface, bone
contact directly against the metal substrate has
been shown when the HA coating has been re-
sorbed, suggesting that the bone remodelling ef-
fectively fixes the implant (Bauer et al. 1991). Ce-
ramic coatings on porous surfaces seem to be ef-
fective in clinical practice (Moilanen et al. 1996,
Geesink et al. 1995). In a radiostereometric study
of HA-coated cups, additional screw fixation did
not influence the stability (Onsten et al. 1996).
Our long experience with porous coated cups mo-
tivated the use of the same surface to reduce the
risk of unexpected failures, not attributable to the
use of screws or not. To our knowledge, no ran-
domised study has previously evaluated this issue.

Up to 2 years there were no differences in mi-
gration, wear, radiographic findings or clinical
outcome. According to in vitro tests, the influence
of screws on primary stability is controversial.
Some authors have reported improved stability

when screws are used (Stiehl et al. 1991, Perona
1992). In contrast, Kwong et al. (1994) and Won
et al. (1995) did not find any beneficial effect of
screws when the press-fit stability was adequate.

This study indicates that screws can be omitted
when press-fit stability is achieved. Factors relat-
ed to implant design, coating and surgical tech-
nique are probably more relevant. Even if the
bone quality is adequate, the acetabulum is prop-
erly reamed and the cup is impacted with the
press-fit technique, there will still be gaps at the
interface. The gap-healing capacity is probably
the most important property of hydroxyapatite. As
also noted in Study IV, the cup will attain maxi-
mum stability and the radiographic signs indicate
that the interface is better sealed.

So far, exclusion of additional screw fixation
has not been associated with any advantages in
terms of less migration or wear but the follow-up
is short. Despite this, avoidance of screws will
probably be beneficial in a longer perspective.
The amount of particles ought to be reduced and
absence of cluster holes will result in fewer path-
ways for the particles and the joint fluid to reach
the interface.

To improve the long-term results, the produc-
tion and biological effects of wear debris must be
minimised (Goodman et al. 1998). It is obvious
that insufficient liner locking mechanisms have
contributed to wear and release of polyethylene
particles (Dorr et al. 1997). This problem, seen in
different uncemented acetabular cups, can con-
tribute to the development of osteolysis. New de-
signs have tried to address this issue by an im-
proved locking mechanism, polished inside of the
metal shell and improved congruency against the
liner. It is reasonable to believe that these mea-
sures will have the expected effect of reducing the
development of osteolysis, but this has to be dem-
onstrated in clinical studies. It might be that mod-
ular metal-backed cups are still more prone to de-
velop osteolysis than cemented polyethylene
cups, because of lower elasticity, increased wear
and other unknown factors.

The insert in this study was gamma radiated in
nitrogen, in contrast to radiation in air, which ear-
lier has been used for sterilisation of the Harris-
Galante liner. However, the wear rates were not
reduced. The present wear rates (0.11-0.12 mm/
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year) are too high for successful long term results
in active patients and further improvements to the
wear resistance of polyethylenes are necessary.
High doses of gamma radiation (10-20 MRad) in-
crease the cross-linking of the polyethylene,
which improves the wear resistance. However, the
amount of free radicals also increases. These radi-
cals facilitate oxidation of the polyethylene close
to the surface and thereby decrease its resistance
to wear. Free radicals can be removed using heat
treatment. Machined cups of such polyethylenes
have been shown to be highly resistant to wear
and aging (McKellop et al. 1998), but they have
not yet been evaluated in clinical practice. An im-
portant observation is that acetabular cups made
of another polyethylene, subjected to very high
doses of gamma radiation, display very low wear
rates in clinical evaluations with long-term fol-
low-up (Onishi et al. 1996).

Hydroxyapatite particles released from the
coating can theoretically be responsible for third-
body wear and ceramic-coated components have
the potential to produce greater amounts of partic-
ulate debris. Bloebaum et al. (1997) analysed ace-
tabular polyethylene components from patients
with osteolysis. Third body particles were fre-
quently seen and were supposed to contribute to
the production of more particles, creating a vi-
cious circle. In contrast, no radiostereometric
study has so far demonstrated accelerated wear in
cups coated with calcium ceramics (Onsten et al.
1996, Nivbrandt and Kirrholm 1997). These ob-
servations only embraced periods of about 2 years
and it might be that particles from the coating do
not influence the wear rates in the short term per-
spective. Although one might expect that much of
the coating will have been absorbed at 2 years,
further studies are necessary to elucidate the ef-
fects in a longer perspective.

We found that the use of additional fixation with
screws can be omitted in hemispherical cups with
a combination of porous and ceramic coating.
This finding is probably applicable to other cups
of similar design. Removal of screws has some
obvious positive effects; lower costs, shorter oper-
ating time and decreased risk of injuring vital
structures. We do not think reliance on only press-
fit stability has any negative effects in the long
term. The existence of further positive effects in

the long term, such as less wear or a lower inci-
dence of osteolysis, has to be studied. At present,
additional screw fixation can be restricted to cases
with poor bone quality, revisions or primary cases
where the press-fit stability obtained during sur-
gery is judged to be inadequate. In a longer per-
spective, avoidance of screws will hopefully re-
sult in a reduced incidence of wear and osteolysis.

Summary and future recommendations

The market has been flooded with new prosthetic
hip devices at the same time as the expectations of
the procedure have increased. During the last 10
years some implant designs used with a specific
surgical technique and fixed with cement have
shown excellent results (Herberts and Malchau
1997). As a minimum requirement, new implants
must yield the same results as these designs. So
far, many prostheses and fixation techniques have
been used on a large scale without clinical docu-
mentation and in some cases at the cost of a num-
ber of costly revisions and unacceptable patient
suffering.

Rapid development of new designs and modes
of fixation offers a potential for further improve-
ment of the results, however. This development
should particularly address patient groups who
still present inferior results compared to the aver-
age. Such patient categories are well documented
in the literature (Ahnfelt et al. 1990). Careful pre-
clinical research and stepwise introduction of the
implants and fixation methods is necessary to de-
tect unexpected properties of these new concepts
early and minimise the patient population at risk
(Malchau 1995).

Revision of the acetabular component is the
most common reason for repeated surgery in total
hip arthroplasty (Woolson and Murphy 1995, Dorr
et al. 1998) and further research is essential to im-
prove fixation and to reduce wear. Whether ce-
mented or uncemented acetabular designs should
be used is still under debate. It might be that the
incidence of continuously migrating cemented
cups is somewhat higher than observed for some
designs of cementless cups. The RSA results at the
5-year follow-up of our control cases in Study I
support this theory. Kérrholm et al. (1996) and
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Onsten et al. (1998) also observed similar tenden-
cies, but this hypothesis still has to be verified. On
the other hand, complications such as liner disas-
sembly and osteolysis have seriously impaired the
results of many cementless cups.

This study has shown that satisfactory stability
can be achieved using uncemented hemispheric
porous cups with a titanium surface. Hydroxyapa-
tite coating enhances the fixation and the quality
of the interface. The fixation is probably more re-
lated to bone quality and surgical technique than
to additional fixation with screws. It seems rea-
sonable to believe that the efforts to improve the
modular designs of uncemented cups will further
improve their performance. The introduction of
new polyethylenes with increased wear resistance
has the potential to improve the results of both ce-
mented and cementless designs. Both these fixa-
tion concepts will probably coexist in the future. If
these new measures mean that cementless fixation
will have at least as good long-term success rate as
cemented, the use of uncemented implants will
probably increase, due to the faster and, in the
standard case, simpler surgical technique.

Continuous evaluation of different designs of
cementless cups using techniques with high reso-
lution has enabled us, during a comparatively
short period of time, to identify designs with a po-
tential for excellent long-term performance. The
next step would be to initiate a prospective, ran-
domised comparison between the most optimum
designs of cemented and cementless cups in a
comparatively young patient population. In addi-
tion, radiostereometric evaluation of the newly
developed polyethylenes is essential to determine
the wear properties of these materials.

Conclusions

1. The use of Boneloc cement did not improve the
fixation of a standard total hip arthroplasty. In-
stead, the fixation was impaired for both the
cup and the stem. The stem subsidence oc-
curred mainly inside the cement mantle and
could be related to inferior mechanical proper-
ties of the Boneloc cement. Laboratory tests
confirmed the low curing temperature of this

W

cement but also showed a lower elastic modu-
lus, reduced tensile strength and a lower glass
transition temperature. The finding of high
monomer release was contrary to earlier reports
and implied that one of the basic advantages
claimed for this cement not could be verified.
Boneloc cement should not be used in total hip
arthroplasty.

. The PCA and the Harris-Galante I prostheses,

representing the second generation of cement-
less prosthetic designs, did not fulfil the expec-
tations when used in a relatively young patient
population. The only individual component
with an acceptable survival rate was the Harris-
Galante I cup. However, even this component is
associated with disadvantages, e.g. liner insta-
bility and polyethylene wear. The use of ce-
mentless implants must still be considered an
experimental procedure, necessitating continu-
ous radiographic follow-up to ensure early de-
tection of implant loosening and osteolysis.
Early revisions are recommended even if clini-
cal symptoms are sparse or absent.

. Increased translations up to 2 years were seen

when porous cups were additionally fixed with
biodegradable screws made of poly-L-lactic
acid (PLLA) compared to titanium screws. Lat-
er reports have shown that PLLA material can
initiate foreign-body reactions and softening of
the bone, which possibly explains the increased
proximal migration. Screws made of this type
of polymeric material are not recommended for
adjunctive fixation of acetabular cups.

. The addition of a ceramic layer, HA/TCP, im-
“proved the fixation of porous cups up to 2

years. The radiographic appearance suggested a
more pronounced bone ingrowth at the inter-
face and the wear rate was not influenced.

. There was no difference in early stability of po-

rous acetabular cups with HA/TCP coating
whether additional screw fixation was used or
not. Nor did the wear rates or the radiographic
findings differ. Screw fixation can be avoided
in the majority of cases when cups with this or
similar designs are used in primary hips. This
can reduce costs, risks and operating time. The
use of screws should be restricted to cases
where the bone quality is poor or the press-fit
stability is inadequate.
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Summary

Initial stability is necessary for permanent fixation
of acetabular cups. Biologic reactions to submi-
cron particles such as localized bone resorption
may lead to implant failure. The aim of the study
was to evaluate different fixation principles of ac-
etabular components. Four randomized studies
and one case-control study were performed to
evaluate different bone cements, different cup de-
signs, use of ceramic coating or not, different type
of screws and the need of addditional screw fixa-
tion or not.

Radiostereometry (RSA) makes it possible to
analyze small translations and rotations of im-
plants with a high accuracy. This method is suit-
able for evaluation of early stability and was used
in four of the studies. Clinical and radiological
follow-up were performed regularly. The cements
were tested in the laboratory.

30 patients (mean age 71 years, range: 63-76)
received total hip arthroplasties and were ran-
domised to fixation with Boneloc (14) or Palacos
cum gentamicin (16) bone cement. The curing
temperature was 23° lower for the Boneloc ce-
ment but the tensile strength was reduced and the
elastic modulus was lower compared to Palacos.
The proximal cup migration was greater in the
Boneloc group up to 12 months (p 0.04) and these
cups migrated medially in contrast to a small later-
al migration seen in the Palacos group (p 0.04).
Radiolucencies were more pronounced in the
Boneloc group at 12 months (p 0.04).

155 patients (171 hips, mean age 50 years,
range: 24-64) received uncemented hip arthro-
plasties. 84 hips were randomised to the PCA and
87 to the Harris-Galante I designs. The 10-year
survival rates were 85% for the PCA and 99% for
the Harris-Galante I cups (revision as end-point).

The wear and clinical results did not differ.

43 patients (mean age 60 years, range 44—68)
received uncemented porous cups with a titanium
mesh in pure titanium (Harris-Galante II) and
were randomised to additional fixation with either
biodegradable screws (23, poly-L-lactic acid,
PLLA) or screws made of titanium alloy (20). In-
creased proximal and medial-lateral translations
(p 0.02, 0.04) but less rotation around the longitu-
dinal axis (p 0.04) were seen in the PLLA group
up to 2 years. There were also more pronounced
radiolucencies anteriorly in this group at 2 years.
The clinical results did not differ.

23 uncemented porous cups (Harris-Galante II)
with hydroxyapatite-tricalciumphosphate coating
(HA/TCP) were pair-wise matched to uncoated
cups. Up to 2 years, decreased rotations around
the horizontal axis were recorded in the HA/TCP-
coated cups. Central postoperative gaps were
more frequently seen in the HA/TCP group (p <
0.01), but at 2 years radiolucencies were more
pronounced in the uncoated group (p < 0.01). The
wear and clinical results did not differ.

62 patients (64 hips, mean age 56 years, range:
32-75) were randomized to porous Trilogy cups
with (30) and without (34) cluster holes for addi-
tional screw fixation. Up to 2 years there were no
differences in migration, wear, radiographic find-
ings or clinical results.

In conclusion Boneloc cement was associated
with poor fixation due to inferior mechanical
properties. The PLLA screws did not provide suf-
ficient stability. Unacceptably high failure rates
were recorded for the PCA cup. HA/TCP coating
improved the fixation and the interface of porous
cups. HA/TCP coated porous cups can be fixed
without adjunctive screw fixation.
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