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Abstract

Aseptic loosening and other wear-related complications are one of the most frequent late reasons
for revision of total knee arthroplasty (TKA). Periprosthetic osteolysis (PPOL) predates aseptic
loosening in many cases indicating the clinical significance of this pathogenic mechanism. A
variety of implant-, surgery-, and host-related factors have been delineated to explain the
development of PPOL. These factors influence the development of PPOL due to changes in
mechanical stresses within the vicinity of the prosthetic device, excessive wear of the polyethylene
liner, and joint fluid pressure and flow acting on the peri-implant bone. The process of aseptic
loosening is initially governed by factors such as implant/limb alignment, device fixation quality,
and muscle coordination/strength. Later large numbers of wear particles detached from TKAs
trigger and perpetuate particle disease, as highlighted by progressive growth of inflammatory/
granulomatous tissue around the joint cavity. An increased accumulation of osteoclasts at the
bone-implant interface, an impairment of osteoblast function, mechanical stresses, and an
increased production of joint fluid contribute to bone resorption and subsequent loosening of the
implant. In addition, hypersensitivity and adverse reactions to metal debris may contribute to
aseptic TKA failure but should be determined more precisely. Patient activity level appears to be
the most important factor when the long-term development of PPOL is considered. Surgical
technique, implant design, and material factors are the most important preventative factors
because they influence both the generation of wear debris and excessive mechanical stresses. New
generations of bearing surfaces and designs for TKA should carefully address these important
issues in extensive preclinical studies. Currently, there is little evidence that PPOL can be
prevented with pharmacological interventions.
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Introduction

Total knee arthroplasty (TKA) relieves knee pain and improves function, and has a
significant impact on the health-related quality of life. Currently, it is estimated that more
than 1.5 million TKAs are performed worldwide each year (Health at a glance 2011; OECD
indicators). However, some TKAs fail during the period of service, and require revision
surgery. Revision surgery brings less satisfactory outcomes and increased risk for
complications [1]. In addition, it is more expensive than primary operations. Assuming an
increasing number of primary TKAs in the next decades, it is clear that the number of
revision surgeries will also be increasing [2, 3]. This could have a significant economic
impact on the health care system. Therefore, understanding current failure mechanisms of
primary TKA, and especially the potential for prevention is critical to reduce an expected
TKA revision burden.

Although infection, instability, and patellofemoral problems dominate as reasons for
reoperation in the first five years after an index surgery, one of the most frequent late
reasons for failure is aseptic loosening accompanied by osteolysis (Fig. 1), [4].
Chronologically, periprosthetic osteolysis predates aseptic loosening in the majority of cases
creating conditions facilitating implant loosening via weakening of bone-implant interface.
There is a relative paucity of reported studies related to the pathogenesis of osteolysis
around TKA in comparison to total hip arthroplasty [5, 6]. Similar to total hip arthroplasty,
the pathogenesis of aseptic loosening and osteolysis in TKA is multifactorial with
contributions of surgeon-, patient-, and implant-related factors. However, there are also
important differences between total hip arthroplasty and TKA that preclude a direct
translation of results from hip to knee arthroplasty. These differences are related to joint
anatomy and kinematics, biomechanical function, implant design, biomaterials and resulting
tribology.

The aim of this review is to summarize the present knowledge on the etiology and
pathogenesis of periprosthetic osteolysis of TKA.

Early bone changes after TKA surgery

The critical structure supporting TKA components is the periprosthetic bone bed. The fate of
the TKA depends on the long-term ability of bone to withstand mechanical stresses and
strains without deterioration of its micro-architecture and density, which would jeopardize
the integration and support of the implant. This depends at least partially on the magnitude
of mechanical stresses, the bone tissue vitality, and the remodeling around the bone-implant
interface.
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The bone mineral density around a TKA decreases within several months after implantation.
The loss in bone density reaches up to almost 23% within one year postoperatively. The
reported values depend on the preoperative and post-surgical mechanical alignment, location
of measurement, and on the method of assessment [7, 8]. Postoperative loss of bone density
is the result of the surgical procedure, peri-operative inflammation and bone remodeling
associated with postoperative alterations in mechanical load. On the other hand, there is no
evidence that an extensive periosteal soft tissue release around the medial part of the
proximal tibia is associated with an increased risk for bone damage. Regardless of the
particular cause of an early bone mineral density loss, periprosthetic bone density generally
normalizes in the majority of patients at the end of 3 years [9].

Mechanical theories underlying periprosthetic osteolysis around TKA

Development of periprosthetic osteolysis can be linked to the long-term influence of
mechanical forces on both, the joint replacement device and the bone bed. Under ideal
conditions, the interface between the implant and bone bed should withstand repeated
mechanical stresses associated with activities of daily living. Along this line, the major
factors that would limit the mechanical stability of TKA and its longevity are the accuracy
of the surgical reconstruction, the fixation of the implant to the bone bed, and factors
influencing bone vitality and remodeling.

There is considerable evidence that relates abnormal mechanical stresses/strains to
prosthesis/knee malalignment [10-12]. Abnormal forces associated with a limb/prosthetic
malalignment can degrade the bone cement layer anchoring implants to the bone [13]. The
integrity of the bone—cement interface is especially critical to implant survival [14-16]. In
this line, deterioration of bone structure around the areas of cement fixation observed in
some TKA postmortem specimens might be understood as a reaction to long-term overload
of bone [17]. On the other hand, little is known about intraoperative- and postoperative
factors supporting bone vitality and remodeling after the TKA surgery.

What influences the magnitude of axial forces at the knee joint

The magnitude of force generated at the knee joint during each step is directly proportional
to body weight. Using an instrumented knee implant in five subjects, average peak resultant
forces were determined in vivo [18]. They were highest during stair descend (~350% BW),
followed by stair ascending (~300% BW), and level walking (~250% BW). Chair rising and
sitting down generated similar peak forces as level walking (~250% BW and ~225% BW,
respectively). Every extra kg of body weight is at least linearly related to contact force,
although, applying a regression model, it has been recently suggested that every kg will
generate up to 40 N more compression at the tibio-femoral articulation [19]. This could
explain, at least in part, the higher incidence of radiolucent lines around TKA and the
increased rate of aseptic loosening observed in severely obese patients compared to those
who are moderately overweight [20]. On the other hand, obese patients walk on average less
in comparison to those who are non-obese [21]. Thus, cumulative overload may be
decreased in obese patients.
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An optimal surgical alignment of the limb axis/TKA allows for a better distribution of
mechanical forces to the surrounding bone bed and, vice versa, limb/prosthesis
malalignment can result in localized mechanical overload with increased polyethylene wear,
an induction of bone cement cracks, and prosthetic bone bed damage (Fig. 2). Even small
deviations in the alignment of the tibial component, as little as 3°, an overall neutral
alignment of the limb may lead to an earlier failure and the acceleration of polyethylene
wear [13]. Similarly, a tibial component malalignment increases the risk of medial bone
collapse and implant failure [22, 23]. Poor axis and component alignment, combined with
poor fixation, may lead to micromotion and early symptomatic loosening.

Finally, the integrity and function of the muscles of the lower limb influence the magnitude
of contact forces in the prosthetic knee during walking [24]. Several studies have shown the
importance of the quadriceps and gastrocnemius muscles in the outcome of TKA [25, 26].
Both, vasti and gastrocnemii muscle groups are able to create higher forces in a knee joint
when they are co-activated simultaneously. These muscles induce peak forces in the tibio-
femoral joint during the gait cycle, which are about 2.5 to 2.8 times the body weight, or
approximately up to 2100N for a 75kg patient [27]. Even muscles, which do not cross the
joint, can indirectly influence the contact forces to the extent that they affect the gait pattern
and ground reaction forces [28]. Accordingly, the gluteus maximus, soleus and other
muscles can greatly influence knee joint loading [29]. Muscles around the knee do not only
form a dynamic unit enabling movement, but are also responsible for energy absorption to
prevent overload of the knee [30]. Muscles in physically well-conditioned patients can
therefore decrease the total load applied to a TKA. The main stabilizer of the knee joint is
the quadriceps muscle group and weakness or atrophy greatly reduces their protective
potential. Impaired muscle function with related gait disturbances is potentially dangerous
for implant survival and sometimes responsible for residual disability in patients after TKA
[24, 31].

Accumulation of mechanically induced changes

There is no doubt that cumulative mechanically induced changes in the bone-cement-
implant interface and the polyethylene liner contribute to the failure of TKA (thus the phrase
“wear is a result of load and use™). The physical activity of the patient strongly affects the
implant survival in terms of aseptic loosening and periprosthetic osteolysis, as in hip
arthroplasty. Schmalzried et al. showed large inter-individual differences in daily activity,
with the most active patient taking 3.2 million steps per year whereas the least active patient
took only 72,000 steps per year [32]. There is a significant difference between men and
women in walking activity; men appear to be more active than women. Additionally,
patients who were less than sixty years old were more active than those who were sixty
years old or above. Overloading seems to correlate at least partially with higher activity
levels and, along this line, younger age and male gender may be at increased risk for aseptic
loosening and osteolysis in TKA. It would be useful to determine an “index of usage”,
which would integrate the type and level of a various activities for a particular patient (age,
gender, body weight, job activities, hobbies etc.).
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A typical example of the role of cumulative changes can be seen at the bone-cement-implant
interface (Fig. 2). At first, during each step, high stresses are generated at this interface
without any signs of damage. However, after some time, dependent on size/duration of
stresses and interface properties, these stresses accumulate leading to crack initiation and
propagation, and ultimately to fatigue of the bone-cement-implant interface [33]. There are
several reports that show how high stresses/strains in the bone cement can lead to material
fatigue, with cement creeping and cracking, reduction of its stiffness, as well as debonding
from the implant, increasing micro-motion at the interface [34-37]. Little is known on the
mechanisms of sequential trabecular resorption adjacent to cemented TKA compromising
potentially the fixation of cemented component to the bone bed [17]. However, it is
important to distinguish failure due to cumulative stresses at an originally firm bone-implant
interface from the early debonding, which can occur at the tibial component [15, 16].

The role of hydrodynamic pressure in creation of bone defects

With every step, polyethylene particles are released from the top and bottom surfaces of the
polyethylene liner. These particles and the joint movement stimulate the formation of a
pseudosynovial lining membrane secreting fluid [38] which is accumulated in the TKA joint
cavity creating conditions for the generation of hydrodynamic forces influencing the
periprosthetic joint space during each movement in the knee [39]. Intermittent waves of
fluid pressures act on the accessible bone bed, soft tissues and implant-bone interface (Fig.
3).

Hydrodynamic forces can directly damage bone surfaces around an implant especially in
those parts of the knee with a spongy bone surface (“places of the smallest resistance”). In
one rabbit model it was demonstrated that an intraarticular pressure of 150 mm Hg can
directly induce osteocyte death and prevent new bone formation [40]. Other studies have
further investigated the effects of capsular pressure and high velocity fluid flow on bone
resorption and implant debonding induced by hydrodynamic phenomena [41-44]. The size
of the pressure (and velocity of the flow) in a particular TKA depends not only on the fluid
volume, but also on the size of the joint space, joint position, mechanical compliance of the
joint capsule and the drainage of the joint fluid into the periarticular lymphatic vessels and
interstitial tissue space [45, 46]. Fluid pressure inside a hip joint cavity can reach up to 776
mm Hg during different mechanical maneuvers [47], but similar data are not available from
TKA.

Biological theories of periprosthetic osteolysis

Alternative theories suggest that periprosthetic osteolysis is the result of predominantly
biological mechanisms occurring around TKA. In this context, “biological” refers to
ischemia, inflammation, fibroblast-, osteoblast-, osteocyte-, osteoclast-driven, and probably
also allergic factors (Fig. 4). Wear debris generated from TKA surfaces plays an important
role to trigger osteolysis [48]. Other factors that may be important, but cannot be readily
analyzed include “non-particle” interactions between the implant and surrounding tissues
that are generally included in the term of “biocompatibility”. These may be related to
biochemical reactions on the implant surface with host proteins/cells/tissues leading to an
either adaptive or maladaptive phenotype of periprosthetic tissues including a fibrous
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capsule formation around an implant [49, 50]. Additionally, the quality of the initial implant
fixation, surgical trauma, specific implant-bone loading pattern, implant stiffness,
characteristics of the bone bed, synovial and interstitial fluid pressure waves, and the
exposure to microbe-derived pathogen-associated molecular patterns from indolent biofilm
or endogenous damage-associated molecular patterns stimulation may play a role [15, 16,
51]. Finally, genetic susceptibility to osteolysis and aseptic loosening at the site of total hip
arthroplasty has been reported, while data related to aseptically failed TKA are not available
[52, 53].

Source and type of prosthetic particles

Despite clear clinical similarities between periprosthetic osteolysis around the total hip
arthroplasty and TKA, there are also important dissimilarities, at least in terms of type and
size of particles. The generation of wear particles starts immediately after surgery, even in
cases with well-fixed and oriented components, as in total hip arthroplasty [54]. Frictional
forces resulting from a rolling/sliding motion of the knee joint are the main source of wear
debris, and all four major wear mechanisms, i.e. adhesive wear, abrasive wear (including
third-body wear), surface fatigue and tribo/electrochemical wear may contribute [55]. In
TKA, the range of particle size and mechanisms of wear are different from those seen in
total hip arthroplasty. Shanbhag et al. found that polyethylene particles detached from TKA
surfaces are larger and more irregular in shape than those produced in total hip arthroplasty
[56]. Others correlated in size and number of polyethylene particles with the type of surface
damage [57]. Smaller, more biologically active particles are generally created during
repeated rolling, sliding and rotational motion on bearing surfaces by adhesion and abrasion,
while larger particles are produced as a result of surface fatigue, namely delamination (flaky
debris) and pitting (round debris). A high proportion of the small particles is generated by
back-side wear [58-60]. Recent studies reported a decrease in survivorship of rotating
platform knees, at least in part, because of increased backside wear [61]. Differences in
conformity between total hip and knee arthroplasty may also explain the disparity observed
in the size of the wear particles [59, 62].

In comparison to the hip replacement, the TKA offers generally a higher surface area for
wear processes. For instance, a 28-mm polyethylene cup in total hip arthroplasty has a
surface area of 1232 mm? while TKA liner for a 64 mm tibial component can have a surface
area of around 2500 mm2. Under the assumption that each milligram of polyethylene
contains up to 1.3x1010 of submicron particles [63], the total number of particles detached
from TKAs can be enormous. However, the particular particle load depends on the particle
size and the total wear of a polyethylene liner and thus, may differ between implant designs
[64]. In fact, the distribution of wear products around TKA is partially a function of a larger
joint space available in comparison to hip arthroplasty. As a result, knee replacements could
demonstrate a lower number of particles per unit of surface compared to hip replacements.
Additionally, particles can accumulate in dissecting popliteal cyst-like structures [65].

Additionally, some differences can be related to the manufacturing of polyethylene bearings
in TKA. Although a number of studies demonstrated that compression-molded inserts have a
better wear-resistance than machined components when articulating against the femoral
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condyles (front side wear), other studies suggested that these polyethylenes can have
problems with backside wear [66-68]. The main mechanism responsible for the failure of
polyethylene inserts in TKAS is a combination of mechanical stresses and persistent
oxidative degradation, with the latter facilitating the fatigue of the former. Oxidation is
tightly associated with particular processing and sterilization methods of the polyethylene
[59].

Another difference lies in the coefficient of friction (u). In the case of TKA, abnormally high
tractive-rolling forces may act at the tibial plateau in comparison to the natural joint (u =
0.03-0.10 versus p = 0.002-0.03). Tractive-rolling forces are unique to the knee joint and do
not occur in the hip which undergoes pure sliding only. Generally, large tractive forces can
increase polyethylene wear. Higher tractive forces may be induced by abnormal gait patterns
and muscle function, which alter the normal tangential shear stresses at the interface.
Repeated rolling combined with increased tractive forces during joint movement may
therefore facilitate fatigue damage [24, 69].

Chronic inflammation and the development of osteolysis

The size of osteolytic lesions and the subsequent risk for aseptic loosening depend in part on
the host’s response to polyethylene, polymethylmethacrylate, and metallic wear particles.
Accordingly, their features (origin, particle size, concentration etc.) are key parameters of
particle disease. In this line, prosthetic particles stimulate cells within periprosthetic tissues
after opsonization by host proteins (which may include damage-associated molecular
patterns or alarmins) and/or bacterial by-products (pathogen/microbe-associated molecular
patterns). Particle-host protein/bacterial fragment complexes are phagocytosed by
macrophages (and other cells of the innate immune system), or stimulate these cells by non-
phagocytic processes [70]. For instance, it has been suggested that cobalt ions can directly
stimulate cells via dimerization and activation of Toll-like receptor 4, similar to
lipopolysaccharide (endotoxin) [71, 72]. In response to phagocytosis/non-phagocytic
stimulation, the macrophages (other cells) express chemokines, cytokines, proteolytic
enzymes, reactive oxygen and nitrogen species, prostaglandin E, and other substances of
inflammation, leading eventually to numerical/functional predominance of osteoclasts in
induced periprosthetic bone multicellular units at bone-implant interface (Fig. 5).
Simultaneously, inflammatory signals direct the growth of pseudosynovial/interface and
granulomatous tissues, and also the secretion of large amounts of joint fluid, all contributing
to the expansion of resorption cavities around the TKA [73, 74].

Prosthetic particles are not the only source of inflammatory signals around TKA. Low pH
and hypoxia can also contribute to this fate [75, 76]. Santavirta et al. introduced a concept of
the ischemic-reperfusion injury of the interface membrane that might contribute to
premature aseptic loosening [77]. Important sources of hypoxia are increased oxygen
consumption by local inflammatory cells and impaired blood supply as a result of the
surgical procedure and the presence of a large avascular implant in bone. A hypoxic
environment induces the expression of hypoxia-inducible factors (HIF-1a, HIF-2a)) and heat
shock proteins that adapt the gene expression and cell metabolism to lower oxygen
availability within the hypoxic tissue. Several studies show that ischemia stimulates

Acta Biomater. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gallo et al.

Page 8

macrophages and fibroblasts to express inflammatory cytokines [78-80]. Recently, it was
shown that there was an increased expression of VEGF in fibroblasts from a failed total hip
arthroplasty compared to controls with osteoarthritis [81]. Other studies show that the
mechanism of cell death (proportion of necrosis to apoptosis) in the periprosthetic tissues
could also contribute to the inflammatory environment around an implant and risk for TKA
failure [82-86].

Delayed type T-cell mediated hypersensitivity has been investigated in the failure of total
joint arthroplasty [87, 88]. All metal prostheses, in particular MoM gliding surface and
junctions, can release metal ions following tribocorrosion in body fluids and these might
fuel allergic reactions [89]. Hypersensitivity can be defined as an abnormal immunological
reaction upon exposure to a specific substance [90, 91]. In contrast to toxic reactions, there
is no simple dose-response relationship, with higher doses being more potent than lower
doses, because even small amounts of allergen can cause strong reactions, i.e.
hypersensitivity. Metal ions released can bind to self-peptides located in the antigen-binding
groove of the major histocompatibility complex class 11 molecule, modifying the self so that
it is recognized as non-self by T cells. Immune reactions described adjacent to metal
implants could be Th1 dominant. Hence, increased levels of IFN-y, TNF- a, IL-18 and
other cytokines should be observed in metal hypersensitive joint arthroplasty patients [92].
However, the Th2 and Th17 hypotheses have not been adequately evaluated yet. Second, it
is difficult to prove that an adverse host response is immunologically mediated. A typical T-
lymphocyte rich immunohistopathology, associated with positive epicutaneous patch test to
a specific implant-derived allergens and healing of the response upon exchange of the
implant to an immunologically inert implant could be considered as minimal requirements
for the demonstration of hypersensitivity. This should preferably be combined with the
demonstration of oligoclonal T cell activation in peri-implant tissues. Third, it is still not
known if and how much classical hypersensitivity to metallic particles contributes to
osteolysis and aseptic loosening in TKA. A strong argument against the hypersensitivity
theory is the clinical finding of a relatively low revision rate related to “allergic” loosening.
Given that 10% of the population is hypersensitive to the materials found in jewelry and
joint replacements, and metallic debris and ions can induce allergic reaction in periprosthetic
tissues [93], surgeons should be revising hundreds of thousands of patients with total hip and
knee replacements worldwide due to “allergic osteolysis and aseptic loosening”.
Hypersensitivity could be one of the mechanisms leading to failure, but the role for
hypersensitivity as one of the mechanisms responsible for aseptic loosening remains open
until new methods enable reliable classification of aseptically failed TKA to allergic and
non-allergic cases.

Apart from classical delayed type hypersensitivity, metal ions can induce degradation of
self-proteins so that instead of dominant and tolerogenic antigenic determinants cryptogenic
and immune activating determinants are produced and by this way peripheral tolerance is
lost [94]. However, currently there is no indication of such a phenomenon in aseptic implant
loosening. Finally, adverse reactions to metal debris can arise, apart from direct toxic and
necrotic effects at higher concentrations, via direct homodimerization and stimulation of
TLR4 by cobalt ions (Co?*) exerting a lipopolysaccharide-like effect on TLR4-equipped
cells [71, 72].
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Is the particle disease in knee arthroplasty similar to hip arthroplasty?

The majority of research on periprosthetic osteolysis has been based on studies of total hip
arthroplasties. However, from a pathobiological point of view it is likely that the host’s
response to a TKA and wear debris is not completely different from the host’s response to a
total hip arthroplasty. From a purely surgical point of view, the interface surrounding the
aseptically loosened TKA appears to be similar to tissues around aseptically failed total hip
arthroplasty (Fig. 1). In fact, these tissues are similar in terms of cellular profile, structure,
chemokine/cytokine signaling, and enzyme profiles [95]. On the other hand, we revealed a
lower number of inflammatory and osteoclastogenic cytokine transcripts in pseudosynovial
tissues from aseptically failed TKAs compared to total hip arthroplasties (unpublished data).

Osteolysis as a result of increased osteoclast activity

Briefly, this concept is based on the evidence that wear debris stimulates an innate host
immune response leading to chronic low-grade inflammation and increased osteoclast
formation, accumulation and maturation [70]. Alternatively, an increased accumulation of
hyperactive osteoclasts around bone-implant interface could be related to the stimulation of
osteocytes by peri-implant joint fluid pressure [44, 96]. The osteoblast phenotype around
implant may change so that it supports the osteoclast differentiation and inhibits bone
formation [97]. This would further contribute to a local predominance of bone resorption
over formation in periprosthetic bone [98].

TNF-a and IL-1p trigger and other molecules perpetuate and regulate inflammatory
pathways involved in particle disease. Based on that, the fate of TKA induced inflammation
depends at least partially on the result of macrophage polarization, and number and status of
fibroblasts in the pseudosynovial/interface membrane (Fig. 6), [99-101]. The high
sphingosine-1-phosphate concentration in blood plasma leads to migration (egress) of
circulating monocytes to bone marrow [102] and probably to peri-implant tissues as well. In
periprosthetic tissues macrophage-colony stimulating factor (M-CSF) works as a survival
factor for monocytes. Chemokines like CCL2 (acting via CCR2 or CCL4) and CXCL12
(acting via CXCR4) can further attract monocyte/macrophages from blood to the
periprosthetic synovial-like fibrous membrane and then to the bone-implant interface [103].
Finally, on the bone surface the RANKL-RANK-OPG interaction plays an essential role in
osteoclastogenesis [104], with TNF-a. supporting survival and differentiation of osteoclasts,
whereas IL-1p also supports osteoclast activation. Osteoblasts, bone marrow stromal cells,
fibroblasts, lymphocytes and mast cells in the periprosthetic membranes are the major
producers of RANKL [105-108]. Elevated RANKL expression was identified in the
interface membranes retrieved from patients revised due to osteolysis [109-111]. On the
other hand, osteoprotegerin (OPG) blocks the maturation of osteoclasts and thereby
decreases their resorption [104]. The local ratio between RANKL and osteoprotegerin could
relate to the size of the osteolytic defect [112, 113]. On the other hand, the RANKL-RANK-
OPG axis is not the only signaling pathway regulating osteoclast maturation and activity
[114]. Recently, it was revealed that another co-stimulatory molecule called OSCAR could
play an important role in osteoclast differentiation, maturation and activity [115]. Despite
the vast body of evidence that supports the role of the osteoclast number and activity in the
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process of periprosthetic bone resorption around total hip arthroplasty, there is only weak
evidence for the same mechanism in association with aseptically failed TKA.

Integral theory of periprosthetic osteolysis around TKA

Based on the above, it is clear that mechanical and biological mechanisms do not act
separately in the processes of osteolysis and aseptic loosening. Accordingly, osteolysis and
aseptic loosening of TKA can be considered to represent the result of a harmful
combination of mechanical and biological eventsleading to failure of the bone-implant
interface and the underlying bone bed. Both etiologic factors are operative from the early
postsurgical time to the final event of aseptic loosening. For example, wear particles from
the polyethylene liner trigger a complex host response with increased secretion of joint fluid
(“particle-induced synovitis™) produced by fibroblast-like type B synoviocytes of the surface
layer of a pseudosynovial tissue around the TKA joint cavity. High joint fluid pressure can
induce tissue ischemia and even direct bone necrosis [46, 116, 117]. Additionally, increased
joint fluid pressure could influence the osteoclast differentiation, their cytokine gene
expression and may also lead to a lack of anabolic effect in bone remodeling [118].

The amount of joint fluid together with the pressure generated contributes in part to the
expansion of “effective joint space”. This facilitates the delivery of wear particles,
inflammatory mediators, signaling molecules and other substances to areas distant from the
bone-implant interface further intermixing mechanical and biological processes around
TKA.

Osteolysis as a result of interface membrane growth

Voids at the cement-bone interface are always immediately present after TKA surgery.
Existing “empty spaces” at the bone-implant interface are eventually filled by fibrous tissue
containing only a few cells and blood vessels. Repeated mechanical stress on the membrane
during each movement step induces trauma and hypoxic conditions leading to proliferation
of fibroblasts that synthesize an abundant extracellular matrix to adapt to the stresses and
strains around the implant. It has been shown that the mechanical environment can induce
the differentiation of mesenchymal stem cells via up- and/or down-regulation of mechano-
sensitive genes and in this way biomechanical loads can influence tissue differentiation
resulting in excessive formation of fibrous tissue [119-121]. Interestingly, macrophages
significantly increase their expression of TNF-a, IL-1p and IL-6 when they are treated
conjointly with polyethylene particles and pressure [122, 123]. Taking this into account, it
must be concluded that mechanical conditions can modify the proliferation and expression
capacity of distinct cell groups participating in periprosthetic osteolysis and aseptic
loosening. As a result, the interface membrane grows around the implant and becomes
hypertrophic and highly infiltrated by macrophages, fibroblasts, mast cells, and multi-
nucleated giant cells by the time of revision surgery [124, 125].

Recently, an alternative mechanism of periprosthetic osteolysis has been proposed; this
assumes that pressurized fluid flow along the bone implant interface stimulates sensors of
osteocytes in the periprosthetic bone, subsequently inducing the expression of cytokines
involved in osteoclast differentiation [96]. Taken together, the examples above and other
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data support the concept of aseptic loosening and osteolysis as a condition caused by
mechanical factors and biological host responses acting in synergy.

Clinical impact of research on periprosthetic osteolysis

Many aspects of periprosthetic osteolysis and aseptic loosening remain to be elucidated
because of their very complex and multifactorial pathogenesis. Due to the same reasons, it
may be that some causative agents are patient specific and not applicable to the general
population. On the other hand, some “pathogenic” conditions have been revealed and may
be used for preventative or even curative intervention.

Patient-related factors

Patient-related risk factors like age, gender, primary diagnosis, and individual susceptibility
to osteolysis and chronic inflammation cannot be influenced by any known intervention.
Even factors like patient weight are difficult to influence. Some other factors that have
shown to increase polyethylene wear and/or mechanical stresses at the implant/bone
interface can be at least partially influenced. For instance, the type, extent and intensity of
physical activity could be modified to avoid a premature TKA failure. However, there is a
relative paucity of literature data directly relating polyethylene wear to patient activity in
TKA, and many recommendations are based on simplified biomechanical models [126]
which solely provide information on level walking. Although this is the most frequent
dynamic activity of daily living, it does not exclude the possibility that other less frequent
activities may be more damaging. More representative wear scars have been obtained during
in vitro testing, when other activities of daily living were included and generated wear rates
were higher [127]. Gait kinematics has shown to be variable among patients, even for the
same knee implant design [128, 129]. It is likely that this has effects on polyethylene wear
and implant longevity. Therefore, a preventative intervention could include the training of
muscles around the knee and hip together with gait analysis. The correction of gait may have
also potential to reduce the loads at the knee joint [130].

Implant-related factors

Improved implant design and material properties can significantly decrease wear rate in
TKA [59]. Although less conforming designs with flatter tibial surfaces result in increased
polyethylene fatigue-wear, a recent retrieval study concluded that more conformity actually
may increase surface fatigue damage [62]. Constraint-induced stresses due to knee
kinematics were held responsible for this finding and thought to offset the lower contact
stresses from compressive forces.

Previously, it was found that the method of manufacturing and sterilization of polyethylene
affects its clinical performance. In general, based on registry studies and clinical cohorts, it
is possible to identify implants with long implant survival and those should be preferred in
clinical practice over those without long-term clinical follow-up data. Great expectations
have been placed on the potential use of highly cross-linked polyethylenes (HXPES) in
clinical practice. However, currently there is only limited evidence in favor of their use in
TKA [131]. Cross-linking decreases the fatigue resistance of polyethylene [132].
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Additionally, some in vitro studies demonstrate that HXPE wear debris could induce higher
specific functional activity in comparison to non-HXPE debris [133]. Alternative bearings
made of modern ceramic or even completely new biomaterials such as polyetheretherketone
might play a role in the future [134]. Currently, there is very limited experience with
ceramic-polyethylene bearings in TKA and even less with ceramic-on-ceramic TKA [135,
136]. Regarding the latter, a main concern is related to fragility of the ceramic-ceramic
bearings, which could face high peak impact forces in the knee joint. Femoral components
made of oxidized zirconium (OxZr, a metallic Zr-Nb2.5 alloy base, an oxygen enriched
metal transition zone and an oxidized Zr ceramic surface) have been proposed as another
alternative to reduce wear in TKA [137, 138].

If hypersensitivity contributes to loosening it should be possible to utilize implants with
surface treatment aimed at avoiding the dissolution of metallic allergens from the body of an
implant. There is some evidence that this could be one approach to the hypersensitivity
problem [139, 140]. However, this solution requires valid screening methods identifying all
suitable candidates for such implants preoperatively [141, 142].

Surgeon-related factors

A meticulous surgical technique is essential to minimize the risk for premature failure due to
aseptic loosening, osteolysis, and other complications in TKA [15, 16]. Known factors such
as the failure to restore the mechanical axis of the limb, poor component alignment, and/or
instability of TKA, all potentially result in increased loading forces across the bone-implant
interface and have shown to correlate with polyethylene damage [143]. Computer-assisted
devices (navigation) were introduced into clinical practice to improve the position of TKA
components and alignment of the limb as well as to avoid local implant/polyethylene
overload. Assuming these tools are reliable and cost-effective, their wide usage could
decrease the revision burden in the future. Studies demonstrating more reproducible
implantation of TKA components in patients that were operated using navigation are
currently available [144]. However, long-term data showing better clinical survival of
navigated surgery over non-navigated are not available [145].

The bone—-cement interface is especially critical in terms of the implant survival [146].
However, consensus on what is the single best technique for cementation in TKA still
remains unclear. Assuming inter-surgeon differences in this parameter, the outcome of TKA
might be biased. Further research in the field of the optimal cementing technique is highly
warranted [147]. Surgeon education and training opportunities should focus on achieving
optimal implant position and restoration of the correct mechanical axis of TKA as well as
providing a durable implant-cement-bone interface.

Pharmacological interventions

Understanding the pathogenesis of periprosthetic osteolysis enables the development of
effective preventative and therapeutic measures. Basically, pharmacological interventions
could target chronic inflammation and osteoclast maturation/survival. The main problem is
“how and when” to deliver these agents to the growing synovial-like interface membranes
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and the imbalanced bone multicellular units around the TKA. Systemic administration could
represent an overtreatment in this context.

One large recent study indicates that early postoperative systemic administration of
bisphosphonates could decrease the risk for aseptic loosening in TKA [148]. In addition, a
recent meta-analysis of 14 randomized controlled trials, including two conducted on patients
with TKA, reports a moderate therapeutic effect of early bisphosphonate administration on
periprosthetic bone loss after total joint arthroplasty [149]. This could be due to a blocking
of the early postoperative bone resorption related to surgical trauma, inflammation and
disuse osteopenia. There is also at least one clinical study showing a positive effect of long-
term administration of alendronate on femoral bone density in total hip arthroplasty [150]. In
this line, some concern exists related to the long-term administration of bisphosphonates that
could be associated with bone necrosis and atypical fractures in long bones [151]. However,
the risk for atypical femoral fracture seems to be only about 5 cases per 10,000 patient-years
[152].

Experimental studies show that a blockade of RANK signaling with soluble RANK:Fc
(which binds to RANKL and prevents this ligand mediating RANK signaling) prevents wear
debris osteolysis [153, 154]. Similar data are available for other osteolysis-targeted
therapies, e.g. anti-cytokine (e.g. anti-TNF, anti-1L1/-1L-6), anti-enzyme (e.g. inhibition of
MMP-9) or hormonal (e.g. parathyroid hormone, calcitonin), [155-163]. However, none of
these strategies is yet approved for treatment of periprosthetic osteolysis and aseptic
loosening in TKA.

Recently, it was suggested that statins could decrease the risk of aseptic loosening in total
hip arthroplasty [164]. The mechanism of their action is currently not completely elucidated.
Statins affect the mevalonate pathway producing farnesyl- and geranylgeranyl
pyrophosphates, which post-translationally modulate bone metabolism regulating small G
proteins. Additionally, this could be associated with attenuation of the particle-induced
activation of monocytes and/or production of IL-6 [165, 166]. Finally, anabolic steroids
have positive effects on the musculoskeletal system, therefore, some investigators have used
them in order to increase the muscle size and strength and diminish early bone resorption
[167]. However, again there is still insufficient clinical research evidence to recommend this
practice.

Future research directions

In order to reduce the generation of wear particles, future research should be directed
towards a better understanding of the biomechanics and kinematics of the TKA. This data
should be based on important activities of daily life, including recreational activities, and
could facilitate the planning of more relevant pre-clinical wear testing scenario. Along this
line, it is necessary to develop new models and paradigms to improve our understanding of
mechanical forces and kinematics of osteolysis and aseptic loosening of TKA. Based on this
concept, clinicians would have the opportunity to include patient specific data from
biomechanical and kinematic examinations into his/her evaluation and indication for TKA.
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After surgery, these instruments could also facilitate the monitoring of the performance and
outcome of a TKA.

Further, research activities on tissue responses that occur with TKA implants and their wear
byproducts will shed new information on avenues for the prevention and treatment of
adverse outcomes. It seems that local tissues around TKA face somewhat different stresses,
strains and particle loads than tissues around a total hip arthroplasty. It is also important to
determine the type and extent of cross-talk between the pro-inflammatory and tissue-resident
homeostatic cells that control the damaging processes associated with particle disease.
Knowledge on the context-dependent regulation of monocyte/macrophages, fibroblasts, and
other cell populations in the periprosthetic tissues may offer new therapeutic potential in the
clinical management of particle-induced periprosthetic osteolysis. Determining the key
tissue protective mechanisms that underlie the host accommodation to biomechanical
stresses and prosthetic particles/ions is a first step. Thereafter, new biomaterial strategies,
which combine biomimetic material with homeostatic modulators, may provide long-term
maintenance of functional tissues around total joint arthroplasties.

Additionally, further progress in the understanding of osteolysis and aseptic loosening of
TKAs could be facilitated with better analyses of potential risk factors for known pathogenic
mechanisms. Patient-, implant-, and surgeon-related factors should be combined in a
multivariate analysis. Data from knee arthroplasty registries should be part of the
information used in this complex scientific framework. Analyzing data from large numbers
of successful and unsuccessful TKA cases is a starting point to decrease the knowledge gap
in this field. Ultimately, a thorough, interdisciplinary evaluation of implants currently in use,
together with material scientists, biomechanical engineers, implant designers and surgeons
may lead to vast future improvements in TKA survivorship.
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Figure 1.
Anteroposterior and lateral x-ray of extensive osteolysis around the femoral and tibial component of TKA 11 years

postoperatively (a); intraoperative view on the size of bone defects after removal of the failed femoral component and
debridement of the osteolytic cavity (b); from the point a surgeon, the interface tissue membrane surrounding a failed TKA (c)
appears to be similar to the same tissues from aseptically failed total hip arthroplasty (d).
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Figure 2.
Any deviation from the optimal alignment of the limb axis can lead to a localized increase in surface contact pressure. This may

lead to increased polyethylene wear, mechanical overload of the underlying bone with direct bone damage, as well as bone
cement crack initiation and growth opening the prosthetic bone bed to the ingress of joint fluid.
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Figure 3.
Increased hydrostatic pressure accompanying movement of the knee joint can distribute implant-derived wear products

throughout the effective joint space and induce chronic inflammation, osteoclast formation and osteolysis.
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Figure4.
Several lines of evidence suggest that periprosthetic osteolysis as a time-related process is closely associated with mechanical

and biological etiologic factors. However, in the majority of total knee arthroplasties this process and revision are postponed to
the second or third decade after the surgery or may not emerge at all, with the patient escaping this fate.
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Figure5.
Polyethylene particles detached from TKA surfaces activate several cell lines of innate and adaptive immunity. Polarization of

macrophages into classical M1 phenotype is responsible for triggering and perpetuation of chronic inflammation, which
facilitates growth of the interface membrane. Alternatively polarized M2 macrophages produce anti-inflammatory cytokines and
homeostatic repair molecules. Thus, the fate of implant and periprosthetic tissues may depend on the balance between M1 and
M2 polarized macrophages. Similar rules could regulate also the behavior of fibrocytes, fibroblasts and other pertinent cell
populations.

Acta Biomater. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gallo et al. Page 33

Abbrev.: COX2 - Cyclooxygenase-2; GM-CSF-granulocyte macrophage colony stimulating factor; IFN-y — interferon gamma;
Ig — immunoglobulin; IL- interleukin; LPS-lipopolysaccharide; M-CSF — macrophage colony stimulating factor; OPG —
osteoprotegerin; RANKL — receptor activator of nuclear factor kappa-B ligand; TA - teichoic acid; TGF-p - transforming
growth factor beta; TNF-a — tumor necrosis factor alpha
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Figure6.

The key feature of periprosthetic osteolysis is an over-activation of bone resorbing osteoclasts, which occurs upon the assembly,
activation and imbalanced function of the bone multicellular units around bone-implant interface, leading to net loss of bone.
Precursors of osteoclasts (mononuclear monocyte/macrophage lineage) are recruited from blood/bone marrow pool with
participation of various chemokines such as CCL2, CCL5, CXCL12, and CX3CL1. Osteoclast differentiation, maturation,
activity and apoptosis are under strict control of a number of genes/signaling molecules.

Abbrev.: CAIl - carbonic anhydrase II; Cath. K — cathepsin K; GM-CSF - granulocyte macrophage colony stimulating factor;
IFN- B, y — interferon beta, gamma; Ig — immunoglobulin; IL- interleukin; OPG — osteoprotegerin; OSCAR — osteoclast-
associated receptor; PMMA — polymethyl methacrylate; RANKL — receptor activator of nuclear factor kappa-B ligand; TGF-p -
transforming growth factor beta; TNF-a — tumor necrosis factor alpha; TRAP — tartrate-resistant acid phosphatase
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