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ABSTRACT  Today, aseptic loosening is the most
common cause of revision of major arthroplasties.
Aseptic loosening accounts for more than two-thirds of
hip revisions and almost one-half of knee revisions in
Sweden. Several theories on the cause of aseptic loosen-
ing have been proposed. Most of these theories, however,
are based on empiric observations, experimental animal
models or anecdotal cases. In this review, we discuss the
most common theories concerning aseptic loosening.
It emerges from this review that aseptic loosening has
a multifactorial etiology and cannot be explained by a
single theory.

Today, total hip replacement (THR) and total knee
replacement (TKR) are being performed world-
wide with excellent results. Approximately 13,000
THRs and 6,000 TKRs are performed annually in
Sweden. Aseptic loosening is the major complica-
tion and causes more than 70% of the revisions of
hips in Sweden (Herberts and Malchau 2000) and
44% of knee revisions (Robertsson et al. 2001).
Revisions, however, are only performed in 8-9%
of hip arthroplasties (Herberts and Malchau 2000)
and 8% of knee arthroplasties (Robertsson et al.
2001). Prophylaxis against infection and throm-
bosis has reduced the risk of complications that
might otherwise endanger the life of the implanted
patient. Some major problems remain to be solved.
Revision surgery is dangerous for the patient, and

is both expensive and time-consuming. In addi-
tion, the results are not as good as with primary
arthroplasties. Great efforts are needed to reduce
the revision rate further, and every small improve-
ment will be an important step forward.

Introduction of new implants must be performed
stepwise in order to avoid potential disasters (Mal-
chau 1995, Kirrholm 2003). New implants must
be evaluated before being introduced clinically
on a large scale. Implant register studies are a
slow and blunt instrument; radiographic findings
are more precise at predicting early problems.
Radiostereometric analysis (RSA) (Selvik 1989),
which can predict the outcome of an implant after
2 years (Ryd 1992), is even more precise. Histo-
logical evaluation based on post-mortem retrieved
well functioning implants adds knowledge of the
implants before the clinical signs of failure. How-
ever, very few of these studies exist in the litera-
ture, perhaps because they are difficult to perform
in a standardized manner.

Data from the national hip registry of Sweden
uses revision as a criterion of failure or endpoint,
which implies an overestimation of the true success
rates. Hence, some patients with loose implants
are not taken into account in such register studies.
Soderman et al. (2001) found a 20% failure rate
in hip arthroplasties using a disease-specific self-
administered questionnaire (WOMAC), indicating
that revision as a criterion of failure results in an
underestimation of the true failure rate. Kesteris et
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Various theories during the years regarding aseptic loosening
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Figure 1. Different theories over the years regarding aseptic loosening.

al. (1998) investigated the outcome of a hip pros-
thesis by registry studies and found a revision rate
of 5.6% over a 10-year period, indicating excellent
long-term results. A radiographic investigation of
70 hip arthroplasties from the same cohort as the
latter study demonstrated that one-third of the hips
fulfilled radiographic criteria for aseptic loosening
after 10 years (Iwase et al. 2002). Thus, revision
rate is a blunt instrument when considering long-
term results and should be complemented with
radiological, clinical and histological investiga-
tions.

Several comprehensive reviews and theses on
the topics of bone cement (Morberg 1991, Lewis
1997), polyethylene (Lewis 2001), wear particles
(Campbell 1995, Bauer 2002) and aseptic loosen-
ing (Schwarz et al. 2000a, Jacobs et al. 2001) have
been published. The aim of this article is to present
an up-to-date review on the topic of aseptic loosen-
ing.

Theories of aseptic loosening

Extensive localized bone resorption resulting in
loosening without infection was described by
Harris et al. (1976) in 4 hip arthroplasties. Oste-
olysis may be linear, i.e. equally distributed around
the implant, or focal, i.e. islands of bone loss in
close relation to the implant. Focal osteolysis may
occur with no symptoms at all and the implant may
remain stable.

There are several theories about the causes of
aseptic loosening (Figure 1), i.e. osteolysis result-
ing in loosening of the implant (linear or focal, or
a combination of the two). The different theories
will be discussed in detail below (Figure 2). The
first and—for several years—dominant theory
was the particle disease theory, which could be
divided into subgroups (see below). The effect of
this theory was the development of uncemented
implants, but the outcome was no better than with
the early cemented systems—which indicated that
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Figure 2. Drawing of a knee prosthesis with examples of
different pathways leading to aseptic loosening.

the reasons for aseptic loosening are most probably
multifactorial.

Schmalzried et al. (1992a) described the effec-
tive joint space. They hypothesized that wear par-
ticles from the polyethylene cup are dispersed into
the joint fluid directly or that cement particles are
generated at the interface by debonding or cement
fractures; this could cause third-body wear and
accelerated PE wear at the articulation. Access
to the joint fluid for the wear particles is depen-
dent on the contact between implant and bone, or
between implant and cement, if present, and bone.
Wear debris activates macrophages, which activate
osteoclasts or become osteoclasts themselves and
initiate bone resorption. The resulting bone loss
will enlarge the interface and ease the flow of joint
fluid, resulting in higher transportation capacity of
the debris and gradual loosening of the implant.
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Support for the above theory concerning effec-
tive joint space comes from the authors’ own study
on cemented acetabular components retrieved at
autopsy (Schmalzried etal. 1992b). Autopsy studies
are important, since the well-functioning implant
can be studied when no secondary changes such as
osteoporosis and osteolysis have appeared. Results
from such studies have indicated that debonding
and cement fractures are important factors in the
failure of cemented implants of the femur (Collier
et al. 1992, Schmalzried et al. 1992b, 1993). It is
obvious that loosening starts long before radiologi-
cal and clinical signs appear. On the acetabular side,
the earliest sign of loosening is resorption of the
bone immediately adjacent to the cement mantle
around the cup (Schmalzried et al. 1992b, 1993).
Schmalzried et al. (1993) proposed that loosening
of an acetabular component is a biological event
resulting from wear particles, while loosening of
the femoral component is mainly mechanical.

A high pressure theory was presented by Aspen-
berg and Van der Vis (1998a), and it is most likely
that high pressure has a role in the pathogenesis
of aseptic loosening (see below). According to the
theory, the high pressure of the joint fluid moves
the wear debris to the effective joint space where
bone cells and the macrophages become exposed
to it.

Particle disease

Several animal studies have addressed the ques-
tion of particles alone being responsible for bone
resorption around implants. However, as shown
in Table, the amounts and sizes of particles have
varied between the different studies (Howie et al.
1988, Goodman 1994, Bobyn et al. 1995, Dowd
et al. 1995, Frokjaer et al. 1995, Goodman et al.
1995, 1999, Kraemer et al. 1995, Allen et al. 1996,
Aspenberg and Herbertsson 1996, Shanbhag et al.
1997, Van Der Vis et al. 1997, Kim et al. 1998,
Frokjaer et al. 1999, Lalor et al. 1999, Brooks et
al. 2000, Rahbek et al. 2000, 2001, Bechtold et al.
2001, Bi et al. 2001b, Sundfeldt et al. 2002). The
time of introduction of the particles and the design
of the studies also varied greatly.

Cement
Polymethylmethacrylate (PMMA) or bone cement

as a fixation medium for hip prostheses was first
described by Haboush (1953), and later devel-
oped by Charnley (1960). The long-term results
were less satisfactory initially, but are excellent
nowadays—at least for the elderly, not very active
patient. Cementation is currently the main method
for fixation of prosthetic components in both hips
and knees in Sweden. Improvements in the han-
dling techniques such as vacuum mixing, com-
pression with a cement gun and precooling of the
cement, combined with improvements in surgical
technique such as medullary canal plugging and
high-pressure lavage of the trabecular bone, are
part of the reason for this popularity. Cement fail-
ure has been investigated, and small cement frac-
tures are thought to play a significant role in the
initiation of failure (Willert et al. 1990, Jasty et al.
1991). Debonding between cement and implant is
also thought to reduce the longevity of the implant
fixation (Willert et al. 1990, Jasty et al. 1991). In
hips, the stresses between stem implant and cement
are mostly shear, whereas compressive stress forces
prevail in the acetabulum. In polished stems, where
debonding occurs more easily, the forces transmit-
ted to the cement are different from those in pre-
coated or blasted stems designed to avoid debond-
ing (Lu and McKellop 1997, Lennon and Prend-
ergast 2001, Nuno and Amabili 2002). This may
affect the production of cement wear particles,
resulting in a different size distribution as well as a
different effective joint space for distribution of the
particles. In the knee implant, the forces are mainly
compression and a knee implant is not designed to
allow any subsidence except during the initial bone
remodeling (Ryd 1986, Ryd and Linder 1989) and
with polyethylene creep.

Air bubbles in the cement may initiate fracture,
and different techniques have been tested to reduce
the porosity of the cement (Lewis 1997). How-
ever, porosity may have a positive function: when
a cement fracture reaches the pore it can stop and
fade out in the pore (Topoleski et al. 1993, Lewis
1997). Despite this finding, the current opinion is
to reduce the porosity as much as possible (Lewis
1997).

The theories about reasons for failure of the
implant have been discussed for almost three
decades. Wear particles from cement, metal and
polyethylene (PE) are claimed to play a major role
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Table. Selected studies where different materials in different animal models were studied

Authors Material Size E- Amount of particles Carrier of particles Ani-
(um)  test mals
Howie et al. 1988 UHMWPE 20- no A total of 4x1 mg/15 mL 2% rat serum/mL saline rats
200 in 5 rats
Goodman et al. 1994 HDPE 4.7 no 108/mL 1% sodium hyaluronate  rabbits
Goodman et al. 1995 HDPE 4.7 no 1x108/mL 1% sodium hyaluronate  rabbits
Goodman et al. 1995 CoCr 2.7 no 1x108/mL 1% sodium hyaluronate  rabbits
Frokjaer et al. 1995 HDPE 7 no 12x1 mg (7x10°%)/mL 3.5 mg hyaluronic rabbits
acid/mL saline
Kraemer et al. 1995 PE uns 4.7 no 4x100 mg(108)/2 mL 0.4% hyaluronic dogs
acid/mL saline
Dowd et al. 1995 HDPE 41 no 1x30 mg (8.8x108) no carrier directly dogs
placed on implant
Dowd et al. 1995 TiAIV 31 no 1x100 mg (14x108) no carrier directly dogs
placed on implant
Dowd et al. 1995 CoCr 10.2 no 1x100 mg (0.22x108) no carrier directly dogs
placed on implant
Bobyn et al. 1995 HDPE 4.7 no 20x5-10mg (107)/3 mL saline dogs
Aspenberg et al. 1996 HDPE 4.7 no 1x"thin layer” brushed on to bone rats
Allen et al. 1996 HDPE 2.03 no 3x0,1 mL from a mixture of 2% rat serum/mL saline rats
5 mg/15 mL (5x10'7)
Van Der Viis et al. 1997 UHMWPE 1,5 no 2x5—-10x107/0.05—-0.075mL  destilled water and rats
isopropanol 70/30
Van Der Viis et al. 1997 HDPE 2 no 2x5-10x107/0.05-0.075mL  destilled water and rats
isopropanol 70/30
Van Der Viis et al. 1997  CoCr 2 no 2x5-10x107/0.05-0.075mL  saline rats
Van Der Viis et al. 1997  Ti 2 no 2x5-10x107/0.05-0.075mL  saline rats
Van Der Viis et al. 1997  ZrO 2 no 2x5-10x107/0.05-0.075mL  saline rats
Van Der Viis et al. 1997  latex 0.5 no 2x5-10x107/0.05-0.075mL  saline rats
Shanbhag et al. 1997 UHMWPE 2.3 no 1x10° particles (90% PE, no carrier directly dogs
5% TiAlV, 5% CoCr) placed on implant
Shanbhag et al. 1997 TiAIV &Ll no 1x10° particles (90% PE, no carrier directly dogs
5% TiAlV, 5% CoCr) placed on implant
Shanbhag et al. 1997 CoCr 0.8 no 1x10° particles (90% PE, no carrier directly dogs
5% TiAlV, 5% CoCr) placed on implant
Kim et al. 1998 HDPE 2 no 1x0.1 mg (1.33x107)/0.2 mL rat serum rats
Goodman et al. 1999 UHMWPE 0.3 no 1x6,4x10'2/mL 1% sodium hyaluronate  rabbits
Frokjaer et al. 1999 HDPE 7 no 3x0,5mg(3x10°)/mL 3.5 mg hyaluronic rabbits
acid/mL saline
Lalor et al. 1999 HDPE 4.7 no 2x0.4mL (108) 0.27% hyaluronic acid/mL rabbits
Brooks et al. 2000 HDPE 45 no 3x10% or 108 or 108/0.1mL 2% rat serum/mL saline  rats
Rahbek et al. 2000 HDPE 2.09 no 5x5 mg/mL (1.2x109) 1.75mg hylaluronic dogs
+22x10 mg/mL acid/mL saline
Bi et al. 2001 Ti <6,5 vyes 5x105/0.04mL saline mice
Bechtold et al. 2001 HDPE 4.7 no 5x107/0.1mL 0.27% hyaluronic acid dogs
Bechtold et al. 2001 85% HDPE 4.7, no 5x107/0.1mL 0.27% hyaluronic acid dogs
and 15% 30
UHMWPE
Rahbek et al. 2001 HDPE 2.09 no 8x25 mg (5 mg/mL—1.2x10%) 1.75mg hylaluronic acid/ dogs
mL saline
Sundfeldt et al. 2002 UHMWPE 0.2 yes  8x200ug (6) and 16x200 saline rabbits

Mg (6)

Selected studies were different material in different animal models were studied (E-test=endotoxin tested). In some
studies more than one material was investigated.
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in aseptic loosening. Willert (1977) discussed the
balance between production and elimination and
hypothesized that when the equilibrium between
production and elimination is disturbed, the accu-
mulation of particles in the joint will cause loosen-
ing of the prosthesis. Several authors have found
a correlation between loosening of prostheses
and the amount of wear products produced from
bone cement and PE (Harris et al. 1976, Mirra et
al. 1982, Goldring et al. 1986, Howie et al. 1993,
Mjoberg 1994). As cement ages, it becomes more
brittle—which could be a source of cement par-
ticles. Harris et al. (1976) reported 4 cases with
extensive osteolysis in cemented hip artroplasties
without any signs of infection. They postulated that
the fibrous tissue between the bone and the cement
could play a major role in the initiation of the
osteolysis. In a retrieval study, Jasty et al. (1986)
reported 4 cases with bone resorption in a cemented
hip replacement with no evidence of infection. The
histomorphometrical analysis revealed polymeth-
ylmethacrylate debris in the tissues and the authors
proposed that micromotion initiates cement failure,
with a subsequent release of cement particles. This
will in turn cause a foreign body reaction, initiate
osteolysis and lead to loosening. Jones and Hun-
gerford (1987) proposed that cement particles were
responsible for the loosening of joint implants, and
suggested the uncemented alternative for younger
patients with higher levels of activity. Willert et
al. (1990) investigated tissue from revised hip
arthroplasties and found bone cement particles
and PE particles in histiocytes and foreign-body
giant cells. They proposed a chronological order
or cascade, since they found different layers in the
granulomatous tissue containing cement or PE par-
ticles. This stratification indicated that the tissue is
first introduced into cement and then as an effect of
the third-body wear on the polyethylene bearing,
PE particles are produced. These authors postu-
lated that the amount of wear particles is probably
as important as the material of the particles, and
suggested that together, cement particles and PE
particles were responsible for the aseptic osteoly-
sis. In their model PE particles promote granuloma
formation and bone resorption, leading to aseptic
implant loosening.

Jasty et al. (1991) investigated 16 well-fixed
implants retrieved at post-mortem. They concluded

that the fibrous tissue around a loose implant was
secondary to the loosening, and not one of the main
reasons for the start of prosthetic loosening—as
proposed by Goldring et al. (1983, 1986). Gold-
ring et al. found that debonding of the cement was
common even early after surgery and increased
the longer the implant had been in situ, leading
to an open interface. This would expose it to joint
fluid, thus increasing the effective joint space.
Cement fractures were common, and the incidence
increased the longer the implant had been in place.
With time, these fractures may result in fragmen-
tation of the bone cement, leading to cement par-
ticles in the interface and third-body wear of the
PE bearing—resulting in PE particles and aseptic
loosening.

Polyethylene

Polyethylene is the most common material for
one bearing surface in both total hip replacements
(THRs) and total knee replacements (TKRs). The
resistance of ultra-high-molecular-weight poly-
ethylene (UHMWPE) to wear and fragmentation
depends on many factors including the type of
resin, the manufacturing method (ram extrusion,
compression molding to sheet or compression
molding direct to product shape), the temperature
and pressure during processing, methods of steril-
ization (gamma irradiation in air or in the absence
of oxygen, or ethylene oxide), crosslinking by
gamma irradiation, and storage after manufacture
(shelf life).

PE ages by oxidative degradation, which
decreases the molecular weight and increases the
density, crystallinity, and elastic modulus. Reduc-
ing the oxidative degeneration is important when
trying to maintain the optimal properties of poly-
ethylene. The surface of the PE must be as smooth
as possible in order to reduce friction and wear
against the femoral head or femoral condyles.

Howie et al. (1988) presented a study in rats
in which a plug of polymethylmethacrylate was
inserted into each femur and then exposed to ultra-
high-molecular-weight  polyethylene particles
2, 4, 6 and 8 weeks after insertion. The aim was
to mimic the bone-cement interface in cemented
implants. Bone resorption was found around the
implant, and at the interface the bone had been
replaced by connective tissue. Based on their find-
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ings, these authors postulated that particles alone
could cause bone resorption in the absence of
motion and infection. These results have not been
reproduced, however (Howie et al. 1993, Van Der
Vis et al. 1997).

It is very difficult to make any clear connection
between PE particles and bone resorption based on
animal studies (Howie et al. 1988, Sgballe et al.
1992, Bobyn et al. 1995, Dowd et al. 1995, Allen
et al. 1996, Van Der Vis et al. 1997, Aspenberg and
Van der Vis 1998b, Kim et al. 1998, Frokjaer et al.
1999, Lalor et al. 1999, Brooks et al. 2000, Rahbek
et al. 2000, Sundfeldt et al. 2002).

Our group (Sundfeldt et al. 2002) investigated
the effect of repetitive injections of UHMWPE par-
ticles in rabbit knees with a weight-bearing, articu-
lating osseointegrated prosthetic joint. We used
endotoxin-free UHMWPE particles from a hip
simulator with an average diameter of 0.2 mm. 200
mg of UHMWPE particles was injected into each
left knee joint every second week. The right knee
served as a control, and was injected with saline
only. The follow-up times were 26 and 42 weeks.
Despite this high load of particles, no radiographic,
histological or biomechanical differences between
test and control were detected, and we concluded
that additional factors are required to initiate the
loosening process. Dowd et al. (2000) proposed that
PE wear is linear in hip arthroplasty, and they also
found a significant correlation between osteolysis
and PE wear in a human study. When investigating
Charnley arthroplasties, Sochart (1999) found that
wear rates below 0.1 mm per year resulted in more
than 90% survival of the implant, whereas annual
wear greater than 0.2 mm resulted in no implant
survival up to 25 years. These two studies imply
that loosening of the implant may be affected by the
wear rate, and thus particles appear to be involved
in the loosening process. PE particles are phago-
cytosed by macrophages, which act in two major
ways in the bone remodeling process. Firstly, they
release different cytokines involved in bone remod-
eling, such as prostaglandin E2 (PGE2), interleu-
kin 1a (IL1a, Interleukin 16 (IL186, Interleukin 6
(IL 6) and tumor necrosis factor o (TNFa.). These
cytokines modulate osteoblast and osteoclast activ-
ity, which in turn increases the osteolysis (Murray
and Rushton 1990, Howie et al. 1993, Kim et al.
1998). Secondly, macrophages may differentiate

into osteoclasts as a result of stimulation by PE
particles (Quinn et al. 1998, Sabokbar et al. 1998)
affecting the bone tissue directly.

PE particles produced in artificial hip and knee
joints vary in size and shape (Landy and Walker
1988), but it has been suggested that the effect on
the macrophages and bone remodeling is caused by
the submicron-sized particles (Green et al. 1998)
that are present in both kinds of joint. Since the
knee joint is larger, however, the time to reach the
critical dose may be longer than in the hip. Aseptic
loosening in knee arthroplasties is not as well stud-
ied as in hips. The mode of wear is different (Landy
and Walker 1988), and modularity seems to play a
more important role regarding PE wear than in the
hip. In the 1970s and early 1980s, osteolysis in the
knee was not recognized; nor did modularity exist
at that time. Modularity leads to wear on both the
articular side and the back side of the PE tray, thus
generating PE particles (Parks et al. 1998, Engh et
al. 2001). The locking mechanism of many tibial
trays may be insufficient to prevent motion of the
PE tray and back-side wear.

It seems, however, that aseptic loosening is also
linked to high fluid pressures, as discussed below
(Aspenberg and Van der Vis 1998 a, b, Van der Vis
et al. 1998 a b), and since the knee joint is much
larger than the hip joint, high pressure is less likely
to occur. PE wear in the artificial knee occurs by
abrasion caused by direct contact (second-body
wear), back-side wear when using a metal-backed
component (acetabular shell or tibial tray), or from
third-body wear. Fatigue wear of the PE due to
poor PE resistance, manufacturing properties, and
high stress on the PE surface can result in delami-
nation. PE wear also depends on aging of the PE
(shelf life): oxidative degradation occurs when
storing the implants and shelf life is thus a factor
to consider when discussing wear resistance and
implant longevity, as well as the type of steriliza-
tion chosen for the implant.

Wear resistance of the PE can be improved by
cross-linking which is achieved either chemi-
cally or by radiation. Radiation sterilization of PE
results in cross-linking, but recent research has
focused on increasing the cross-linking and the
wear resistance of PE by use of radiation of higher
doses than used for sterilization (Lewis 2001). In
vitro results have been promising, and a controlled
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randomized clinical 2-year follow-up study from
our department evaluating cross-linked PE has
demonstrated less penetration (measured by RSA),
indicating less wear than conventional PE (Digas
et al. 2003). However, whether or not this would
lower the frequency of aseptic loosening remains
to be investigated.

In many earlier published studies, it is unclear
how the amount of particles exposed to the bone
tissue and the implant was calculated. Several stud-
ies used the calculations from a radiographic study
by Livermore et al. (1990), who found a mean wear
rate of 84 mm? per year in hips. Other clinical stud-
ies have found wear in hips varying between 34 and
140 mm? per year (Jasty et al. 1997b, Schmalzried
et al. 2000, Oparaugo et al. 2001). More recent
studies performed with mathematical models in
combination with artificial hip joint simulators
found wear rates varying from 6 mm?> (Pietrabissa
et al. 1998) to 67 mm?> per year (Raimondi et al.
2001). PE particles may be one of the causes of
aseptic loosening. However, additional factors are
probably required to induce it.

Metal

Because of the indications that PE particles are
responsible for aseptic loosening, the interest has
returned to metal-metal joint arthroplasties. Metal-
to-metal implants have less wear than metal-to-
polyethylene implants, and earlier results have
been optimistic regarding wear and long-term
results. However, aseptic loosening still occurs
(August et al. 1986, Visuri 1987, Jantsch et al.
1991, Jacobsson et al. 1996, Schmalzried et al.
1996). Metal-to-metal implants are highly durable
against wear, and newer designs may give better
long-term results than old ones (McKellop et al.
1996, Willert et al. 1996, Higuchi et al. 1997).
With cobalt-chromium alloys, the wear resistance
is high but corrosion resistance is low. Modern
implants with metal-to-metal articulation have
been reported to have good medium-term results
(Dorr et al. 2000). Metal wear from titanium
implants has been suggested to be responsible for
aseptic loosening (Agins et al. 1988, Lombardi et
al. 1989, Buly et al. 1992, Huo et al. 1992). How-
ever, today titanium alloys are used with increased
resistance to debris production. In an in vitro study
by Rader et al. (1999), cytokine release associated

with PE particles was more pronounced than that
associated with titanium particles. Blaine et al.
(1996) reported that cytokines were released from
macrophages after exposure to endotoxin-free tita-
nium particles.

Doorn et al. (1998) studied cobalt-chromium
particles retrieved from metal-metal total hip
arthroplasties, and they also reported less local
activity caused by metal particles than caused by
PE-particles. These authors discussed different
explanations for their findings. Since particles from
metal wear are small (10-400 nm), every mac-
rophage can store more particles—which means
that fewer macrophages will be required to store
the total amount of particles, and thus fewer cells
become activated. Alternatively, metal particles
can corrode and disappear, and since they are so
small they are more easily excreted from the body.
Metal wear particles (aluminium, titanium, cobalt
and chromium) may have carcinogenic potential,
but metal particles may also affect hematopoe-
sis and intellectual capacity (Jacobs et al. 1998).
Langkamer et al. (1997) reported of a correlation
between metal implants and malignant disease,
but there is no evidence that metal wear from joint
implants can cause such disease (McGregor et al.
2000, Signorello et al. 2001, Fryzek et al. 2002,
Visuri et al. 2003). Metal particles also cause third-
body wear by themselves, resulting in more wear
particles. In summary, one can assume that despite
the mild foreign body reaction caused by titanium
and cobalt-chromium particles, even these particles
induce cytokine release from macrophages—which
means that metal particles may also be involved in
the process of aseptic loosening.

Ceramic

The particles from ceramic implants are insoluble,
and the biological response is probably more a
result of the particles than the ceramic material
itself. The periprosthetic reaction to ceramic par-
ticles has been described by Hatton et al. (2002).
There have been studies proposing more cyto-
toxic effects of particles generated when zirconia
ceramic articulates against polyethylene than when
titanium articulates against polyethylene (Ito et
al. 1993). On the other hand, there has been one
animal study demonstrating less bone resorption
and a lower inflammatory respone to ceramic par-
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ticles compared to polyethylene and titanium par-
ticles (Warashina et al. 2003). Osteolysis has been
described in ceramic-on-ceramic hip artroplasties
(Hatton et al. 2002). It is most likely that ceramic
particles of a critical size will cause a biological
response irrespective of the composition of the
material (Green et al. 1998). In an in vitro study,
Hatton et al. (2003) demonstrated that alumina
ceramic wear particles are capable of inducing
osteolytic cytokine production by human mononu-
clear phagocytes. However, the doses of particles
were very high and this dose would most likely not
occur in the clinical situation. Even if the amounts
of ceramic particles being generated in a joint
arthroplasty are very small, however, they may still
be involved in the process of aseptic loosening.

Mechanisms of cell activation in particle
disease

One possible method of preventing aseptic loos-
ening of total joint replacements is inhibition of
activated macrophages. The activation of different
signaling pathways within the cell may alter and
reduce the production of cytokines (Blaine et al.
1997).

Phagocytosis of particulate matter is associated
with the expression of the major histocompatibility
complex HLA-DR on macrophages (Hicks et al.
1996). HLA-DR is an immunoglobulin-like mol-
ecule involved in the presentation of antigens to T-
lymphocytes. The expression of HLA-DR is part of
the normal physiological response of immunologi-
cally activated macrophages after particle-phago-
cytosis. This is also indicated by the secretion of
TNF-a which, as in other inflammatory disorders,
appears to be important in the response to particles
(Blaine et al. 1996). The two major signaling path-
ways include the protein kinase A- and the protein
kinase C-mediated pathways. Activation of these
pathways results in a cascade of events leading to
either enhancement or suppression of gene expres-
sion. One of the well-known mediators of TNF-a
induction is the nuclear transcription factor-kB
(NF-xB) and activator protein-1 (AP-1). NFkB is
found in the cytoplasm and is composed of a het-
erodimer of p50 and p65. NF-kB is sequestered in
the cytoplasm by an inhibitor kBa (IkBat), which
binds to NF-kB and prevents its translocation to the
nucleus (Chen and Ghosh 1999). TNF-a induction

seems to be affected in some part of NF-kB bind-
ing to the kB2 site of the TNF-a promotor (Solo-
viev et al. 2002). An important issue in order to
find therapeutic strategies is to determine the cellu-
lar response to wear particles with different proper-
ties. An in vitro study showed that phagocytosis of
titanium particles by macrophages was not neces-
sary for induction of TNF-a or IL-6 release. A liga-
tion of the macrophage CD11b/CD18 complement
receptors by specific antibodies against integrin
receptors resulted also in incrased cytokine secre-
tion. Particle-induced release of TNF-a and IL-6
did not require phagocytosis but appeared to be
dependent on tyrosine kinase and serine/threonine
kinase activity, resulting in upregulation of NF-xB
expression (Nakashima et al. 1999). However, the
size and concentration of particles influence mac-
rophage activation and cytokine levels (Thomsen
and Gretzer 2001). The membrane receptor may
be inactivated above or below a certain size and
concentration of particles. Activation of the recep-
tor induced activation of the transcription factor
NF-xB and nuclear factor IL-6 (NF-IL-6) within 1
h after exposure to titanium particles (Nakashima
et al. 1999). Different signaling pathways are
involved in macrophage activation by either par-
ticles or bacterial antigens. An in vivo model using
titanium particles implanted in mouse calvarias
was used by Schwarz et al. (2000 a, b) and showed
activation of NF-kB and increased production
of TNF-a. The results also showed that TNF-a
directly induces fibroblast proliferation and tissue
fibrosis, and recruitment and activation of osteo-
clasts (Schwarz et al. 2000 a, b). Anti-TNF-a has
been used clinically for inhibition of periprosthetic
osteolysis (Schwarz et al. 2000 a, b). NF-xB has
been shown to be required for osteoclast develop-
ment (Franzoso et al. 1997). Lipopolysaccharide
(LPS) appears to activate pathways other than the
ones activated by particles: both agonists cause
NF-kB activation, but LPS has an inhibitory effect
on IkB (Soloviev et al. 2002).

Metal ions also have an effect on macrophage
activation, as shown for example in an in vitro study
in which cells were exposed to titanium, chromium
and cobalt (Wang et al. 1996). The results showed
different patterns of IL-18 and TNF-a expression,
but an inhibited release of transforming growth
factor-B1 (TGF-B1) irrespective of the metal used.
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Soluble metal ions can penetrate cells and bind to
kinase or nuclear factors involved in signal trans-
duction and cytokine gene expression. NF-kB can
also be seen as an anti-apoptotic signaling protein,
decreasing the inflammatory reaction and cyto-
kine secretion in order to protect against cell death
(Ghosh et al. 1998). At present, the role of metal
ions and metal particles in signal transduction
and gene expression is largely unknown. There is
growing evidence, however, that an imbalance of
bone-resorbing cytokines and bone-forming cyto-
kines plays an important role in osteolysis.

Micromotion

Micromotion, or inducible movements, was
defined by Goodman (1994) as: “Small move-
ments between a prosthesis (whether cemented
or noncemented) and the surrounding bone, that
are not detectable with conventional radiographic
methods.” The golden standard method for veri-
fication of micromotion in vivo in a human joint
implant is radiostereometric analysis (RSA). RSA
is a valuable diagnostic and prognostic tool for
joint implants (Selvik 1989). Once motion actually
commences, however, many events have already
occurred at the prosthesis-tissue interface. It seems
likely that if micromotion is diagnosed by RSA,
osseointegration has not occurred in an uncemented
implant, no microlocking has occurred in a porous
cemented implant, and debonding has occurred in a
smooth cemented implant. Ryd and Linder (1989)
studied 3 cases of cemented knee arthroplasty
by both RSA and histology. They found that ini-
tially all implants migrated up to 3 years postop-
eratively before migration stopped, and that at the
endpoint, all tibial implants were firmly attached
to the bone by soft tissue. The initial micromotion
in the first years (as found by RSA) may be due to
several causes: bone deformation caused by bone
resorption or soft tissue deformation in the fibrous
capsule around the cemented implants. Kéirrholm
et al. (1994) found that femoral stem subsidence
exceeding 1.2 mm was associated with a revision
risk of more than 50%. Ryd (1992) proposed that
RSA findings could predict implant loosening in
both knees and hips. Using a bone chamber, Good-
man (1994) reported from experiments on rabbits
that a short period with micromotion once a day
was enough to prevent osseointegration. In another

rabbit study using a bone chamber, Aspenberg et
al. (1992) demonstrated that micromotion inhibits
bone formation.

The surgical technique is important—and if
malalignment occurs, the risk of micromotion
increases. Motion in an implant postoperatively
may jeopardize the long-term result; thus, the
initial stability achieved during surgery is vital.
This situation is analogous to fracture healing,
where stability is vital for healing and for long-
term stability. Without stabilization of a fracture
or an implant, the healing process will not occur
properly, resulting in callus/fibrous tissue with no
mechanical strength. On the other hand, micro-
motion may even occur in stable osseointegrated
implants, as demonstrated by Engh et al. (1992b).
These authors described autopsy material of 14
femoral stems and found that the osseointegrated
implants had a maximum relative motion between
bone and the implant of 40 pym. This micromo-
tion was caused by elastic displacement, however.
Using a canine model, Jasty et al. (1997a) demon-
strated that 20 pm of oscillating motion allowed
osseointegration, but at 40 um the implants were
surrounded by a fibrocartilage or fibrous tissue in
some areas. This implies that the limits of osseo-
integration (in dogs) are between 20 and 40 pm of
oscillating motion.

In summary, it seems likely that micromotion
affects implant stability and it may open the inter-
face to joint fluid and wear products, leading to
harmful effects on the bone bed and subsequent
loosening of the implant.

Stress shielding

Insertion of an implant in the knee or hip leads to
remodeling of the bone as a result of the new load-
ing conditions imposed by the implant. This can
lead to bone loss around the implant in areas not
subjected to loading, and is usually referred to as
stress shielding (Oh and Harris 1978). The balance
between loading conditions and bone remodeling
is called Wolff’s Law: “Every change in the form
and function of a bone or of their function alone is
followed by certain changes in their internal archi-
tecture, and equally definite secondary alteration
in their external conformation, in accordance with
mathematical laws” (Wolff 1870). This implies that
bone remodeling adapts the bone tissue depend-
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Figure 3. A hip with a 17-year-old PCA prosthesis. Very
severe polyethylene wear is evident, but there is no sign
of osteolysis. Stress shielding around the trochanter major
area and behind the cup is quite obvious.

ing on loading conditions i.e. when an implant is
inserted. However, bone loss after joint implants
is generalized in the whole limb, which can be a
confounding factor when analyzing stress shield-
ing (Bryan et al. 1996). Stress shielding leads to
bone loss, which is not a result of osteolysis but of
bone remodeling. The extent of bone remodeling
depends on several patient-related and implant-
related factors such as age, sex, medication, time
of primary surgery, activity level, weight, stem
stiffness, stem diameter, porous coating and bone
quality.

Stress shielding around an implant can be
observed in conventional radiographs but this is a
poor method for examining bone content (Figure
3). Dual energy X-ray absorptiometry (DXA) is
also used, and is more precise than plain radio-
graphs. Triple-energy radiograph absorptiometry
(Adolphson et al. 1994, Neander et al. 1997, Swan-
palmer et al. 1998 a, b) was used by Regner et al.
(1999) in a knee study and may be better than DXA

since it can be used to measure bone mineral in the
presence of different amounts of homogenous and
non-homogenous adipose tissues close to the mea-
sured bone. Stress shielding is diagnosed as less
bone mineral adjacent to the implant. The topic has
been investigated and discussed in several stud-
ies (Engh and Bobyn 1988, McCarthy et al. 1991,
Engh et al. 1992a, Maloney et al. 1996, Bugbee
et al. 1997, Van Lenthe et al. 1997). Stress shield-
ing around a femoral intramedullary implant may
depend on the stiffness of the implant (Engh et al.
1987, Engh and Bobyn 1988, Wan et al. 1999); it
has been demonstrated in dogs that a small implant
without press-fit distally results in less stress
shielding than a press-fit implant (Engh et al. 1987,
Niinimaki et al. 2001). Harvey et al. (1999) investi-
gated the effect of bony ingrowth and stress shield-
ing on femoral stem stiffness. They found that a
highly flexible stem resulted in less bony ingrowth
and more fibrous ingrowth around the implant.
However, they could not find any significant differ-
ences from femoral stress shielding. Stress shield-
ing may facilitate wear particle-induced loosening
(McCarthy et al. 1991). Bone loss adjacent to the
proximal part of the femoral hip implant may open
the interface to wear particles (Engh and Bobyn
1988, Maloney et al. 1996) and expose the inter-
face to wear and joint fluid. Support for osteopo-
rotic bone would become more osteoporotic after
a hip implant was found in autopsy retrieval stud-
ies by Maloney et al. (1996) and by Engh et al.
(1992a). From their findings, increasing patients’
bone mass before joint implant surgery may be
important. However, these findings may also be an
effect of posttraumatic osteopenia (Adolphson et
al. 1994, Neander et al. 1997), indicating that there
is also a need to increase bone density already after
surgery—in order to prevent progression of osteo-
porosis and to keep the patient’s bone mineral level
unaffected.

High fluid pressure

Linder (1994) discussed the effect of high pres-
sure as part of the loosening/osteolytic process that
happens when an implant becomes loose. In an
experimental rabbit study, Aspenberg and Van der
Vis (1998 a, b) demonstrated that oscillating fluid
pressure induced osteolysis and osteocyte death.
It was suggested that this pressure increase might
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have affected the interstitial fluid and osteoclasts
and osteoblasts, leading to bone loss. Robertsson
et al. (1997) investigated the pressure in 18 hips
before revision for aseptic loosening, and found a
higher intracapsular pressure than that measured
in 34 unrevised, clinically and radiographically
stable hips. Anthony et al. (1990) studied a patient
in whom a pressure rise to 198 mm Hg was found
in a lytic area at passive flexion of 15 degrees. A
pressure rise of this magnitude could endanger the
perfusion and the oxygenation of the bone, and
may result in death of the osteocytes.

Schmalzried et al. (1992a) also discussed the role
of high pressure as a cause of osteolysis. Intracap-
sular pressure is higher in an osteoarthrotic joint
than in a normal joint (Schmalzried et al. 1997),
and this pressure may affect bone which lacks car-
tilage protection. In normal joints the bone is not
exposed to the joint fluid, but when the cartilage is
affected either by disease or by trauma the bone is
exposed. Inflammation of the joint occurs, which
leads to the production of more fluid, thus increas-
ing the pressure in the joint. This may disturb the
circulation to the bone, resulting in cysts or geodes
as a result of the bone loss. This bone loss is, how-
ever, believed to occur without the activation of
macrophages (foreign-body reaction), in contrast
to the cysts that develop in the prosthetic joint.
Oscillating high fluid pressure (70-150 mm Hg) 2
hours a day for 14 days resulted in bone resorption
in a study performed in rabbits by Van der Vis et al.
(1998a). The period of 2 h was probably not long
enough to induce irreversible ischemic damage to
the osteocytes (Kilebo et al. 1986). If pressure up
to 700 mm Hg (Hendrix et al. 1983) is present in
the effective joint space, the effect may be more
harmful to the osteocytes around the prosthesis—
resulting in more resorption and osteolysis. It
seems obvious that joint fluid pressure is involved
in the loosening process. However, regarding it as
a single causative factor in the complex cascade
of events surrounding a failed implant may result
in an oversimplified explanation of the loosening
process.

Endotoxin

Bacterial infection in a joint with an artificial
implant is a very serious matter. Mariani et al.
(1996) investigated joint fluid from 50 patients

with clinical signs of infection using polymerase
chain reaction (PCR) and conventional culture.
They found positive cultures from 15 patients, but
the PCR was positive in 32 samples (including the
15 culture positives). In addition, they found no
false positives in a control group of samples from
21 uninfected knee joints. 13 of the PCR positive
but culture negative reactions were weak, indicat-
ing low titers of infection. These findings may
support the theory of endotoxin on particles being
responsible for macrophage activation. Remnants
of bacterial membrane may still be present on the
implant even though the bacteria have been killed
by antibiotics or by the immune system. The risk of
a bacterial infection in an artificial joint is currently
very low, and is estimated to be below 0.5% in
Sweden (Herberts and Malchau 2000). Data from
the Swedish national hip arthroplasty registry have
demonstrated that Palacos with gentamicin reduces
the risk of aseptic loosening compared to Palacos
without gentamicin (Malchau et al. 2000).

Even if there are no signs of bacteria in any cul-
tures, there may still be remnants of them. The bac-
terial cell membrane or cell wall contains different
antigens or endotoxins: the classic being lipopoly-
saccharide (LPS) in gram-negative bacteria (E.
coli) and lipoteichoic acid (LTA) in gram-positive
bacteria (S. aureus).

Ragab et al. (1999) demonstrated that commer-
cially available titanium particles used in animal
experiments had endotoxin on their surfaces. They
thus concluded that in all previous animal studies,
the endotoxin could have been responsible for the
effects on the bone-implant interfacial tissue. From
this, the dominant theory that aseptic loosening is
caused by particles comes under question. These
authors also hypothesized that because of the
manufacturers’ inability to remove endotoxin from
the particles, there was probably endotoxin on the
implants inserted. Hitchins and Merritt (1999)
found that the detection limits for endotoxin are
very close to the stimulatory levels of endotoxin,
which may result in underdiagnosis of endotoxin
levels on joint implants and also on particles used
in experimental studies. Bi et al. (2001a) demon-
strated that removal of endotoxins from titanium
particles reduced the particle- induced osteolysis
by 50-70%, whereas the addition of endotoxin to
particles restored the particle-induced osteolysis.



188

Acta Orthopaedica 2006; 77 (2): 177-197

Their add-back experiment indicated that endo-
toxin-induced cytokine production may be involved
in aseptic loosening. Akisue et al. (2002) exposed
well-characterized human monocyte/macrophages
(THP-1) to titanium wear particles (mostly in the
submicron size range) from a failed human hip
arthroplasty without endotoxin and concluded that
endotoxin-free titanium particles may not by them-
selves initiate cytokine release from human macro-
phages. Thus, other factors should be investigated
for their role in cytokine activation. Taken together,
these studies indicate that endotoxins often seem to
be present on particles in vivo and in vitro. Further-
more, endotoxin appears to be as phlogistic and
osteolytic as material particles per se. However,
in an animal study Skoglund et al. (2002) found
that endotoxin may be present for only a short
time in vivo. The authors proposed that endotoxin
may be a limited cause of aseptic loosening. On
the other hand, it may trigger macrophage activa-
tion, which may in turn initiate the bone resorp-
tion. The study was performed on osseointegrated
titanium plates, but osseointegrated implants have
more resistance to aseptic loosening (Sundfeldt et
al. 2003) than recently inserted—not yet osseointe-
grated—implants. The role of low-virulence bacte-
rial colonization and endotoxin contamination for
prosthetic loosening is currently under investiga-
tion.

Individual or genetic variations

Individual variation between patients regarding PE
wear has been observed clinically: whereas some
patients may have severe PE wear and no signs of
implant failure, other patients may present a pic-
ture of barely noticeable PE wear but rapid oste-
olysis with implant failure. In some patients, this
can be explained by their age, activity level or body
weight, but in many patients the explanation is
unknown. Jasty et al. (1986) proposed that osteoly-
sis may be related to an adverse cellular response
that might predict implant loosening. In an in vitro
study, Matthews et al. (2000a) reported that human
macrophages from three different donors released
different amounts of cytokines when exposed to
endotoxin-free PE particles. The difference could
be up to 20 times. The same authors compared the
reaction of cells from six different human donors
to endotoxin-free PE particles of known size and

quantity (Matthews et al. 2000b): differences
in cytokine release of up to 15 times were dem-
onstrated in vitro. The authors speculated on the
possibility of using a simple blood test before joint
replacement surgery in order to identify patients
with strong reactions to PE debris. Some individu-
als may be more sensitive to wear products than
others i.e. “implant looseners”. Whether there is a
correlation between such increased sensitivity and
an increased risk of prosthesis loosening remains
to be established. This may explain why it is so dif-
ficult to use animals in these studies. In vitro stud-
ies focusing on the activities of macrophages make
use of human primary cells, human cell lines and
cells of animal origin. In the context of patient het-
ereogenity, the choice of cells and possible animal
model for studies on material-cell interactions is
not an obvious one. For example, animal macro-
phages may react completely differently to wear
products than human cells. Furthermore, in vitro
studies using human cells may be more appropriate
than various in vivo animal models. In the light of
the results presented by Matthews et al. (2000 a, b),
the task of investigating the role of individual and/
or genetic variation in aseptic loosening in much
greater depth is overdue. Another indirect conclu-
sion is that animal models for the study of aseptic
loosening may have to deal with the fact that the
response to particles cannot easily be translated to
the corresponding situation in humans.

Sealed interface

Schmalzried et al. (1992a) described the effective
joint space and how wear products can affect the
interfaces around implants. They proposed that
wear particles are dispersed in joint fluid and trans-
ported by pressure along the bone-implant inter-
face, thus affecting bone tissue around the entire
prosthesis. This would depend on the integrity of
bone/implant or bone/cement contact. The authors
proposed that periprosthetic bone loss might be
prevented if the interface barriers were kept intact.
In a study of cementless hips, Tanzer et al. (1992)
found osteolysis around the femoral stem which
increased with time, implying that wear particles
had access to the osteolytic areas by way of the
effective joint space. Bobyn et al. (1995) exam-
ined the role of a sealed interface in implant sur-
vival and, based on a retrieval autopsy study and
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two different canine studies, they concluded that
smooth implant surfaces are more susceptible to
the effects of PE particles than porous surfaces.
The authors proposed that sealing off the inter-
face with a porous implant effectively stops the PE
particles from entering the interface and causing
subsequent periprosthetic osteolysis. They also
proposed that the ingrowth of fibrous tissue effec-
tively stopped the PE particles. The authors also
postulated, however, that sealed interfaces could
not withstand high loads of wear particles on a
permanent basis and that with time osteolytic areas
could form anywhere in the peri-implant region. In
two different canine studies, Rahbek et al. (2000,
2001) found that PE particles injected into knees
with HA-coated implants were unable to migrate
into the interface.

In an experiment using a rabbit model, our group
demonstrated that an osseointegrated implant with a
sealed interface may not be affected by UHMWPE
particles or may not progress to aseptic loosening
(Sundfeldt et al. 2002).

In another study from our group (Sundfeldt et al.
2003), 35 knees in 30 patients with Miller-Galante-
1 knee replacements were followed clinically and
radiographically with a mean follow-up time of
12 years. 20 knees were revised. Patello-femoral
problems, especially avulsion of the polyethylene
from the metal-backed patella and in some cases
severe metallosis, were the main reason for revi-
sion. The fixation of the components was excel-
lent, however, with a high degree of osseointe-
gration demonstrated at histological sections of
retrieved components. The follow-up time for the
revisions was 5 years on average. During revision,
the metal-backed patellar prosthesis was removed
and replaced with cemented polyethylene prosthe-
ses. In addition, the tibia liner was replaced but
the tibial plateau and the femoral component were
left in situ. Despite very high loads of wear par-
ticles, there were no clinical or radiological signs
of loosening after 5 years. This may be an effect of
the fact that the interfaces were sealed because of
osseointegration, and that the implant was stable,
preventing the wear particles and joint fluid from
reaching the interface.

Many papers have discussed the importance of
interface sealing for implant survival (Schmalzried
et al. 1992a, 1993, Kraemer et al. 1995, Emerson

et al. 1999, Lalor et al. 1999, Rahbek et al. 2000,
2001). Sealing off the interface in any cemented or
uncemented orthopedic joint implant is probably
vital for the outcome of the implant. However, the
sealing must be established very early—otherwise
increasing amounts of wear particles and joint fluid
will be pumped into the interface, and intimate con-
tact between bone and cement or bone and implant
will not occur, which could lead to implant fail-
ure. Early micromotion may also adversely affect
the sealing of the interface, and is probably just as
harmful to implant outcome.

Conclusions

Fixation of the prosthesis is still one of the major
issues concerning major arthroplasties. The older
patients of today have far greater demands regard-
ing physical activity than 15 years ago. Younger
patients suffering from joint disorders also have
high demands on returning to normal activity
levels after surgery. High activity levels of the
patient result in greater wear at the joint. This is a
fact, regardless of what materials the implant com-
ponents are made of. Stress shielding may be high
if the design of the implant is inferior, but it will
always occur to some extent irrespective of design.
High activity levels also increase the load on the
components of the implant, resulting in a risk of
interface motion and subsequent failure. In addi-
tion, progress in medicine has made it possible to
perform surgery on patients who are older and more
infirm. The expected remaining lifetime for a 65-
year-old patient is almost 20 years; thus, implant
life must be prolonged or the cost of revision sur-
gery will increase exponentially. Performance of
revision surgery in 80-year-old patients because of
joint implant failure is a dangerous, difficult and
expensive procedure. This will increase, however,
since a healthy 80-year-old patient is not inter-
ested in ending his or her life disabled, with severe
pain because of a failed arthroplasty (Figure 4).
Also, young patients make great demands on their
replaced joints. Thus, wear resistance and fixation
must be better in order to fulfill these demands.
Today, aseptic implant loosening is the most
common cause of revision worldwide. The under-
lying mechanism is still unknown, and during the
past 15 years a great amount of scientific effort has
been focused on the reason for it. Aseptic loosening
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Figure 4. A hip with Charnley prosthesis. Primary surgery
was performed in 1982 and the stem was revised in 1990.
Severe polyethylene wear and zones (linear osteolysis)
around the cup are present, with focal osteolysis around
the distal part of the stem.

is a complex and multifactorial event, and finding
methods of studying it is vital. For example, both
in vitro and in vivo animal models dealing with the
problem need to use endotoxin-tested wear par-
ticles of adequate material, amount and shape and
in addition in vivo studies of implants need to be
performed in a joint, where material normally used
in clinical practice is present.

Aseptic loosening is probably the result of a
combination of several events once established—
but the question is how and what initiates it? Par-
ticle-related disease has been discussed for several
years. Recent discussions have focused on the size
of the particles (Green et al. 1998) and their bio-
logical activity. Cytokines are proteins involved
in the immune response, and act as messengers
between cells. The cytokine response to particles

is the result of a complex activation cascade where,
for example, TNF-a, IL-1 and IL-6 appear to be
involved in the upregulation and IL-10 appears to
be involved in the downregulation of the activation
cascade (Gretzer 2000). How and why this cascade
starts is not well understood, and this is a major
area of research.

When investigating the effect of particles on
bone in vivo, it may seem appropriate to expose
bone tissue to particles directly, as performed by
Dowd et al. (1995) and by Shanbhag et al. (1997),
but perhaps this will give a false positive reaction
since the local concentration of particles will be
very high—resulting in a high degree of local mac-
rophage activation.

Recently, many authors have discussed the possi-
bility of endotoxin on the particles being an expla-
nation for macrophage activation and cytokine
release (Hitchins and Merritt 1999, Ragab et al.
1999, Bi et al. 2001 a, b, Akisue et al. 2002). The
endotoxin theory is interesting since macrophages
have specific endotoxin receptors (CD14, toll-like
receptors) (Mathison et al. 1991, Kaisho and Akira
2002). The results of the studies above indicate
that endotoxins may be involved in the initiation
of the peri-implant bone resorption, which could
then lead to aseptic loosening. Endotoxins on the
surfaces of particles appear to play a major role in
inducing cytokine synthesis. However, endotoxin-
free particles also seem to affect cytokine release.
The reason for this could be that the levels of endo-
toxin required for macrophage activation are close
to the detection limits (Brooks et al. 2002).

Some of the implants with aseptic loosening
diagnosed radiologically and clinically may have
been exposed to low-grade virulent bacteria that
have left remnants on the surfaces of the implants
(Mariani et al. 1996). These findings may be linked
to the theory of individual sensitivity to particles,
and the presence of endotoxins on particle surfaces
may suggest that individual variations in particle-
induced macrophage activation arise from different
immunological responses to remnants of bacteria
(endotoxins).

In vitro studies (Nakashima et al. 1999) have
demonstrated that macrophages become activated
by endotoxin-free particles even if phagocytosis
does not occur. It was suggested that particles of a
certain size may bind to membrane surface ligands.
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Figure 5. Schematic diagram of different pathways of communication [OK?]
between different cells when affected by particles, cytokines and endotoxin.

Our understanding of the mechanism of particle-
induced cell activation is improving (Figure 5).
Despite this, there is still no clear evidence that
particles by themselves induce aseptic loosening.
On the other hand, there are several valid alterna-
tive hypotheses.

Aseptic loosening appears to be a combination
of macro-, micro- and nano events. Without micro-
motion of the implant, aseptic loosening seems
unlikely to occur. Animal studies (Aspenberg et
al. 1992, Goodman 1994) and clinical RSA stud-
ies (Ryd 1986, 1992, Kirrholm et al. 1994) have
demonstrated that micromotion is deleterious to
the outcome of an implant.

Particles play a substantial role in the course
of events, and it is likely that the size of particles
(Green et al. 1998, 2000, Nakashima et al. 1999) is
of major importance. The material from which the
particles are made may not be as important, how-
ever (Murray and Rushton 1990, Blaine et al. 1996,
Rader et al. 1999), since different materials induce
macrophages to synthesise different amounts of
cytokines. Instead, individual differences between
patients due to genetic factors may play a more sig-
nificant role than different degrees of particle acti-
vation caused by different materials. In addition,
endotoxins on the particle surface appear to play a
major role in inducing the synthesis of cytokines.

High pressure is unlikely to be the sole cause
of aseptic loosening (Aspenberg and Van der Vis
1998 a, b, Van der Vis et al. 1998 a, b), but it may

explain why particles in an opened failed interface
have access to the bone; then high pressure would
be more of an early symptom than a cause of asep-
tic loosening.

In summary, aseptic loosening of joint implants
is still a major problem and has a multifactorial eti-
ology. For the active or young patient, a more reli-
able, resistant and permanent interface is required
in order to prevent loosening.

Experimental studies investigating basic biologi-
cal reactions to different materials and techniques
are required. It is obvious that animal models can
contribute to improved clinical knowledge. Conse-
quently, experimental and clinical researchers in
orthopedics should work more closely together to
ensure that both approaches are applied to clinical
problems.
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