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Abstract

Introduction—Total joint replacement is one of the most common, safe, and efficacious
operations in all of surgery. However, one major long-standing and unresolved issue is the adverse
biological reaction to byproducts of wear from the bearing surfaces and modular articulations.
These inflammatory reactions are mediated by the innate and adaptive immune systems.

Areas covered—\We review the etiology and pathophysiology of implant debris-associated
inflammation, the clinical presentation and detailed work-up of these cases, and the principles and
outcomes of non-operative and operative management. Furthermore, we suggest future strategies
for prevention and novel treatments of implant-related adverse biological reactions.

Expert opinion—The generation of byproducts from joint replacements is inevitable, due to
repetitive loading of the implants. A clear understanding of the relevant biological principles,
clinical presentations, investigative measures and treatments for implant-associated inflammatory
reactions and periprosthetic osteolysis will help identify and treat patients with this issue earlier
and more effectively. Although progressive implant-associated osteolysis is currently a condition
that is treated surgically, with further research, it is hoped that non-operative biological
interventions could prolong the lifetime of joint replacements that are otherwise functional and
still salvageable.
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Introduction

Joint replacement of the hip, knee, shoulder, and other anatomical locations is amongst the
most safe and cost-effective operations in all of surgery. By 2030, it is estimated that there
will be 635,000 primary total hip arthroplasties (THASs) and 1.28 million primary total knee
arthroplasties (TKAs) performed in the USA alone [1]. Revision THA (72,000) and revision
TKA (120,000) are expected to increase as well. By 2060, both primary and revision
surgeries are predicted to increase further: to 1.23 million (primary THA), 2.60 million
(primary TKA), 110,000 (revision THA), and 253,000 (revision TKA), respectively. Thus,
despite improvements in patient selection, implant design, surgical technique, and peri-
operative rehabilitation and pain control, revision surgeries still constitute about 10% of all
arthroplasty surgeries. Revision surgeries are generally harder and longer procedures, have a
higher complication rate and a poorer clinical outcome, and are more expensive than
primary procedures.

Why do patients with orthopedic implants require revision surgery? Prior to the introduction
of modern bearing surfaces for THAs, polyethylene wear and periprosthetic osteolysis were
among the common reasons for revision surgery [2]. Recently, due t the introduction and
widespread use of highly cross-linked polyethylene and ceramics, other causes have
supplanted wear of the articulation as a primary cause of failure of THAs. The current
reasons for failure of THAs now include deficient osseointegration of cementless implants
with subsequent loosening, instability due to chronic subluxation or dislocation, and
infection [3]. For TKAs, revision is now indicated most commonly due to instability,
stiffness, and infection [4,5]. Minimally invasive knee or hip surgery with inadequate
visualization is also a risk factor for subsequent failure of a joint replacement [6]. Specific
complex medical comorbidities including parkinsonism, drug abuse, obesity, and diabetes,
as well as specific prosthetic designs have been shown to increase the risk for revision [7].
Interestingly, many of the medical risk factors for revision arthroplasty are modifiable [8].

What are the long-term reasons leading to revision joint replacement? Although prosthetic
infection is still a major cause of failure, byproducts from the implants are also a potential
problem. Adverse effects associated with implant debris have been a major concern since the
origins of THA. Sir John Charnley first noted the poor wear characteristics of the polymer
polytetrafluoroethylene (PTFE), a polymer originally used as a bearing surface for the
acetabular component [9]. PTFE debris leads to an exuberant foreign body and chronic
inflammatory reaction. This material was abandoned for high-density polyethylene (HDP),
due to the latter’s more optimal resistance to wear. Polymethylmethacrylate (PMMA) was
originally used by Charnley to fix the components for THA to the surrounding bone.
Despite, the general biocompatibility of PMMA bone cement in bulk form [10,11],
subsequent studies reported severe periprosthetic bone loss due to the chronic inflammatory
reaction to particulate PMMA [12,13]. With the implantation of joint replacements into
younger more active patients, especially younger males, new problems arose. For THA, so-
called cement disease stimulated the development of cementless components that were
stabilized by a press fit, with/without porous coating or other surface technology, and the use
of supplemental screw fixation. The most common bearing surface for THA in the 1980s
and 1990s was a cobalt-chrome alloy femoral head articulating with a conventional ultra-
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high molecular weight polyethylene (UHMWPE) acetabular liner. These acetabular
components often were modular, and had poor locking mechanisms of the UHMWPE liner
to the metallic shell, leading to interfacial micromotion; furthermore, the thin polyethylene
insert was irradiated and packaged in air. The above characteristics lead to polymer abrasion,
oxidation and accelerated wear. The wear particles of UHMWPE stimulated a chronic
inflammatory reaction resulting in periprosthetic osteolysis [14-17]. Modern highly cross-
linked UHMWPE has even better wear characteristics, compared to conventional UHMWPE
and has positively impacted the long-term outcome of THA in a major way.

Alternative bearings also included metal-on-metal articulations. The idea was to generate a
metallic bearing couple made of cobalt-chrome alloy, in which the components were made
to exact specifications to generate surfaces separated by fluid film lubrication. The artificial
femoral head could be larger in diameter than with UHMWPE bearings, thus affording
added stability to the articulation. Metal-on-metal (MOM) implants were often implanted in
younger, more active individuals as resurfacing arthroplasties or THAs. Unfortunately,
breakdown in the lubricating layer of MOM bearings leads to the generation of nanoparticles
of the metallic alloy as well as metallic ions due to tribocorrosion [18,19]. These metallic
byproducts could cause severe bone and soft tissue loss due to widespread local
inflammation and necrosis [20]. In vitro and retrieval studies have demonstrated that
metallic byproducts can cause cytotoxicity, genotoxicity, a hypersensitivity reaction and
pseudotumors [21,22]. MOM bearing couples are now rarely used.

More recently, corrosion of the femoral component trunnion and metallic femoral head has
been identified as another major source of metallic byproducts [23-26]. This is a
phenomenon (known as ‘trunnionosis’), that may necessitate further biochemical and
imaging investigations, and surgical intervention. This mechanically assisted crevice
corrosion can also occur with other junctions in modular implants.

All byproducts from implant materials in current use cause an inflammatory response, to a
greater or lesser degree [27,28]. The specific response is dependent on numerous variables
including patient characteristics, implant materials and anatomical location, surgical
technique, and the subsequent loading patterns to which the implant is subjected. The
following sections will explore the consequences of the inflammatory response to
byproducts of implants for joint replacement from basic scientific investigations to the
clinical translational science points of view.

2. Pathophysiology of implant debris-associated inflammation

2.1. Particle matter

The size of implant-derived byproducts influences the biologic host response. A simple size-
based classification, ‘Bulk’, ‘Large’, “Moderate’, ‘Small” and “Very small’, has been used to
understand the reaction [29]. ‘Bulk’ is equivalent to the products for artificial joint surgery.
Insertion of implants induces transient acute inflammation due to surgical stress. Soon after,
osseointegration and/or a thin fibrous tissue layer forms between implants and bone bed. The
artificial joint develops a synovial-like lining, which ultrafiltrates plasma and adds
hyaluronan and more or less joint fluid specific components to the components used.
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However, particulate matter threatens the longevity of artificial joints. The particles of
‘Large’ size (tens of micron) generated by microfracture and/or wear mechanisms are
normally embedded in the extracellular matrix around the artificial joint. They do not
usually contribute to intense inflammation and tissue-destructive granuloma formation as
long as the particle number is limited (Figure 1). However, if they are trapped in the gliding
surface, smaller particles are produced by a third body wear mechanism. This generates
‘Moderate’ (between submicron and several micron size)- and ‘Small’-sized (several
nanometers) particles. ‘Moderate’-sized particles are embedded in the extracellular matrix
without harmful reaction but are often phagocytosed to cause a foreign body reaction and
chronic inflammation as the particle number increases (Figures 2 and 3). A threshold for
osteolysis by wear has been described [30]. Joint fluid increases due to the particle stimulus.
Although wear debris is produced at the implant—-implant interface, i.e. at the joint
articulation, the debris and reaction can be seen all around the implant. Increased fluid
volume and cyclic physical activities generate fluid pressure waves [31], by which the
particles are transported elsewhere, and induce a foreign body reaction, often called ‘small
particle disease’ [32] and “‘access disease’ [33]. ‘Moderate’-sized particles can also provide
surface area for corrosion and anchor spaces for adhesion of endogenous and exogenous
molecules. For example, endotoxin-coated particles can enhance the inflammatory response
via innate immune sensors [34,35]. ‘Small’-sized particles (several nanometers) remain in
the extracellular matrix and/or interstitial fluid or are pinocytosed. These small particles may
not elicit a response, but potentially provide surface areas for corrosion and anchor spaces
for molecular adhesion as well [29]. Nanometer-sized particles also can induce an
inflammatory reaction [36,37]. Metal ions, categorized as “Very small’, arise from corrosion.
They have haptenic potential and have been presumed to induce a delayed-type
hypersensitivity-like response. Metal ions induce local tissue necrosis, often followed by
more extensive tissue destruction [38,39]. They can be a remote cause of organ toxicity.

The influence of the shape of debris and type of material on the inflammatory response has
been under debate. Metal ions, categorized as “Very small’, arise from corrosion. They have
cytotoxic as well as haptenic potential and have been presumed to induce an adverse
reaction to metallic debris (ARMD) and a delayed-type hypersensitivity-like response
[38,39]. However, the size of wear particles produced in vivo is not homogeneous. In
addition, wear found in the granuloma is not always derived from the same material. In vitro
tests have tried to compare the characteristics of different particles, but a lack of
standardization of experimental conditions, for method of endotoxin-removal, sterilization
and surface charge, and other characteristics makes it difficult to reach general conclusions;
one exception is the cell damage by metal ions.

Systemic exposure to chromium (Cr), cobalt (Co), Nickel (Ni), and aluminum (Al) occurs as
a result of metal wear byproducts released from the articulation and metal interface,
resulting in a postoperative increase in metal ion levels at different organ sites. The
physiologic effects of these metallic byproducts are still poorly understood and their
potential toxicity, as well as carcinogenicity, remain a cause for concern [40]. However,
neurologic complications, cardiac pathology, thyroid dysfunction, and allergic dermatitis
have been described [41-43].

Expert Rev Med Devices. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Goodman et al. Page 5

2.2. Cellular players

Excess production of ‘Moderate’- and ‘Small’-sized particles induces a foreign body type
cellular response and chronic inflammation (Figure 3). This occurs both in the interfacial
tissue between bone and implants and the regenerated capsular tissue around artificial joints
[44]. CD68+ monocytes and macrophages are the responsible cell types for handling these
wear debris by the process of phagocytosis. Macrophages have been subcategorized as naive
MO, proinflammatory M1, and anti-inflammatory M2. M1 macrophages are dominant in the
foreign body granuloma [45]. Another consequence of a foreign body and chronic
inflammatory reaction is the fusion of macrophages into foreign body giant cells. Fibroblasts
can encapsulate the particles to the collagenous fibrous bed. Fibroblasts and vascular
endothelial cells frame the granuloma. Neutrophil infiltration is scarce. If neutrophils are
found to a greater degree, then indolent infection is suspected [46]. Lymphocyte infiltration
is occasionally observed in the macrophage dominant foreign body granuloma, but limited
[16]. Mast cells are also recognized, but the precise role is still unclear [47,48].

In the periprosthetic bone tissues adjacent to foreign body granuloma, osteoclastic bone
resorption and fragile bone matrix are observed. In addition, increased osteoblastic activity
is often coupled with osteoclastic activity; thus, high turnover of periprosthetic bone can be
seen [49]. Osteocytes are also active participants in the periprosthetic bone remodeling
coupled with the foreign body granuloma [49,50].

Another important cellular response relates to metal particles and ions produced by
corrosion [20]. Electrochemical dissolution of metal ions is an important source of implant-
derived debris in particular with metal-on-metal articulations, head-neck junctions, and
modular implants. In hypersensitivity-like reactions and pseudotumors due to metal particles
and ions, various types of inflammation can be detected [38,39,48]. A lymphocyte dominant
tissue reaction can be observed [39,48] (Figures 4-6). The role of dendritic cells is still
unclear.

The exact correlation between the form and severity of cellular responses to byproducts of
wear and the health of patients has not been fully analyzed. However, similar foreign body
cellular responses are found in patients with total hip arthroplasty who are younger or more
elderly, as well as those with osteoarthritis or autoimmune disease, such as rheumatoid
arthritis. The underlying primary disease may form a histological backdrop; however, the
biological reaction to implant debris is similar among different medical conditions and
diagnoses.

2.3. Molecular events

The most important molecular consequence of the foreign body and inflammatory reaction
is local production of cytokines and chemokines [44,51-53]. In in vitro tests, usually a fixed
number of cells is subjected to wear particles, and cytokine and chemokine production are
assessed. It is noteworthy that in vitro tests may reflect the acute phase of wear-loading to
cell; animal models simulate the acute and/or subacute phase. The in vivo situation in
humans is more complex. However, various cytokines and chemokines have been identified
in the periprosthetic granuloma. Marked expression of inflammatory cytokines, such as
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tumor necrosis factor (TNF)-alpha, interleukin (IL)-1s, IL-6, and macrophage-colony
stimulating factor (M-CSF), has been reported. Chemokine system analyses revealed
increased expression of CCL2, 3, and CXCLS8, 9, 10 [53-56]. Receptor activator of nuclear
factor kappa-B ligand (RANKL) and M-CSF expressed on osteoblasts and neighboring
stromal cells are required for osteoclastic differentiation in periprosthetic bone [57,58].

Increased expression of proteinases is another important molecular consequence of the
reaction. Neutral proteinases are produced for export into the extracellular space. It is
thought that under physiological conditions ‘physiological’ pH close to 7.4 prevails. Indeed,
it has been described that mononuclear phagocytes and foreign body giant cells produce
excessive amounts of neutral proteinase, collagenases and other matrix metalloproteinases
(MMPs). In concert, these substances are able to degrade all components of the extracellular
matrix. It is well known that MMP-1 (collagenase-1, fibroblast collagenase), MMP-14
(membrane-type MMP; MT1-MMP) and MMP-2/-9 (gelatinase) and other MMPs with
collagenolytic and/or gelatinolytic potential are produced [44,59]. Inflammatory cytokines,
such as IL-1, TNF-alpha, and platelet-derived growth factor (PDGF) can induce MMP
production. Excessive activation of the secreted proteinases leads to weakening of the
extracellular matrix components at the implant-host interface [60]. As the pH in the peri-
implant tissues is quite low, acidic cysteine proteinase, cathepsin K, could become
autoactivated [61]. Cathepsin K was first found to be the major proteinase of osteoclasts.
Cathepsin K is generally considered to be responsible for bone collagen degradation in the
acidic Howship’s lacunae after HCI-mediated dissolution of the bone hydroxyapatite
mineral. Later cathepsin K has been found in other cells, including macrophages,
osteoblasts, and fibroblasts. Auto-activated cathepsin K in the acidic peri-implant milieu has
been found in high concentrations in peri-implant fluid and tissues [61,62]. Thus,
extracellular matrix-degrading enzymes could be responsible for the weakening of the
implant-host interface.

The role of innate-immune sensors is presently a topic of great interest in inflammation
research. Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-
like receptors (NLRs) can recognize not only exogenous pathogen-associated molecular
pattern (PAMPs) but also endogenous molecules created upon tissue remodeling and
inflammation. Thus, these substances can augment the local host response. Indeed, marked
immunoreactivity of TLR1, TLR2, TLR5, TLR6, and TLR9 molecules was mainly detected
in monocytes/macrophages and occasionally in neighboring stromal cells; the presence of
these molecules paralleled their upregulation at messenger RNA levels in the aseptic foreign
body granuloma around implants. NLRs and their related molecules, namely NLRP (Nacht,
leucine-rich repeat and pyrin domain-containing protein) 3, caspase-1, and apoptosis-
associated speckle-like protein containing caspase recruitment domain (ASC), were also
found in the foreign body granuloma [35,63]. TLRs can sense not only endogenous
molecule of microbial origin, but also endogenous products relating to inflammation, such as
heat-shock proteins, high mobility group box (HMGB)1, fibronectin, and hyaluronic acid.
NLRP3 can be activated by adenosine triphosphate (ATP), radical oxygen species (ROS),
and uric acid released from damaged cells. Cellular debris and products relating to foreign
body reaction can stimulate these sensors [63]. In addition, endogenous products, as well as
exogenous microbial molecules, can attach to surfaces of wear debris, which can also
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enhance the cellular response, after phagocytosis of the particles. Thus, the distinction
between aseptic and septic conditions in particle-laden periprosthetic joint inflammation is
still somewhat unclear.

3. Work-up

3.1. History

There is no single specific clinical finding that would inform orthopedic surgeons or patients
early of pathological implant-associated inflammation (P1Al). Low-grade inflammation is
typically insidious, not easily diagnosed, and the etiology is often unclear. Symptoms of pain
or a lack of function may bring the patient to his/her orthopedic surgeon. However,
increasing pain and diminishing function are usually associated with structural failure as
implant loosening, expanding bursitis or a periprosthetic fracture (PPF) rather than with
PIALI. Thus, there are many asymptomatic patients, for whom periprosthetic osteolysis
(PPOL) is an unpleasant surprise. In addition, an expanding bursitis, tendinitis, or
pseudocyst can be detected around normally functioning/dysfunctional TJAs at some
anatomical sites.

The surgeon should enquire about the date of the surgery, type of implant, previous history
of the patient and prosthesis during the examination (e.g. satisfaction, activities, level of
performance, falls and other traumas, other joint surgeries).

3.2. Physical examination

The surgeon should inspect and palpate the surgical site and examine joint function (usually
range of mation, stability, performance of specific tasks), and assess limb length, muscular
power and gait. A relatively normal clinical picture can be found in patients without implant
loosening or other major pathology. Symptomatic patients usually manifest joint
deterioration due to pain (at least a limited ROM) and can demonstrate positive tests for
tendinitis or muscle impairment. It is occasionally possible to palpate a hip pseudotumor in
the groin [64] or a popliteal cyst in case of TKA [65]. A painful joint located at the limb
usually disturbs the normal fluid nature of gait.

3.3. Laboratory tests

Blood tests are currently not useful in the case of identification of PIAL. Still, these tests are
of importance for distinguishing a prosthetic joint infection (PJI) which demonstrates
elevation of the C Reactive Protein (CRP), and Erythrocyte Sedimentation Rate (ESR),
Interleukin 6 (IL-6), and D-dimers in the blood serum [66,67]. Elevation of first-line blood
tests (ESR, CRP) is an indication of aspiration of the TJA in order to exclude PJI as a source
of symptoms (importantly, all examined TJAs are aspirated at many institutions regardless of
the outcomes of screening blood tests). Microbiological examination of the culture is
essential; a diagnosis of infection is based less often on techniques not involving culture
[68,69]. Joint fluid samples are also examined for biomarkers (alpha-defensin, synovial
CRP, interleukin 6, calprotectin and other biomarkers of infection) [70-73], and cytological
examinations (synovial white blood cell count, differential count) [74-76]. If the amount of
aspirated fluid is small, aliquots are sent to microbiological and biochemical examinations
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according to the clinical importance of the tests. Rules for optimal combination of the above
tests have been suggested [67,77,78]. Signs of chronic low-grade inflammation can be
distinguished from PJI via experienced histopathological examination [79,80].

An adverse reaction to metal debris (ARMD) can be suspected when blood levels of Co and
Cr are increased especially in patients with MoM type of bearings [81]. A wide range of
tissue signs of ARMD as well as chronic low-grade inflammation can be distinguished from
PJI via experienced histopathological examination [39,79,82,83]. ARMD is the most
frequent reason for revision surgery among the patients with large-diameter head metal-on-
metal THA [84]. As a result, these and other potentially risky implant combinations/
configurations (based on the literature and registry reports) should be closely monitored with
clinical, radiographic, and laboratory examinations. There is no consensus on the safe upper
limit for serum Co, Cr levels, several concentrations have been suggested by individual
studies or regulatory agencies. These range from 2 to 8 ppb (parts per billion) [84-86].
However, these values can differ depending on the implant parameters/design and the
number of joints with metallic implants [87,88]. ARMD can be suspected from blood
examination of Co and Cr (Co/Cr ratio); however, it is not a perfect predictor [89]. Revision
surgery is indicated if the patient suffers severe symptoms (pain, limited range of motion,
swelling, clicking, etc.) in conjunction with positive imaging findings and/or increased blood
levels of Co/Cr. In addition, surgery is indicated for the patient with a large pseudotumor
shown on CT or MRI, regardless of symptoms or blood levels of Co/Cr [84]. Finally, some
advocate that a very high level of Co (>10 ppb) is a clear reason for revision surgery
regardless of symptoms [90].

Finally, an analysis of pro-inflammatory cytokines/chemokines in periprosthetic tissues and
joint fluid might support the diagnosis of PI1AI [55,91,92]. However, there is no one single
molecule that is specific only for PIAI to date, either in tissue or joint fluid samples. The
response to prosthetic byproducts is largely nonspecific and is similar to the response to any
other tissue damage signal; metallic byproducts stimulating TLR pathways, however, are
different [93,94]. In the future, it may be possible to identify more characteristic patterns for
PI1AI using multiple data points (also in terms of number of biomarkers) and machine
learning or patient-similarity network [95,96].

3.4. Radiographs

The main imaging tool is a standard radiograph of the particular joint. The implant position
and fixation interface are assessed [97], and the radiographs also provide basic information
of wear (most reliably in the case of THA). It is not possible to diagnose PIAI on the basis
of simple radiographs; only the consequences on the surrounding bone bed (PPOL,
periprosthetic fracture) can be visualized. However, intraoperative observations during
revision surgery confirm that simple radiographs often underestimate the entire scope of
PPOL.

Thus, computed tomography (CT) or magnetic resonance imaging (MRI) examination is
more useful for detection of PPOL and soft-tissue manifestations of PIAI due to wear debris
(edema, bursitis, tendinitis, pseudocysts, pseudotumors, etc.). CT is excellent for evaluating
bony structures but it can also contribute to the assessment of soft tissue pathology. MRI can
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detect bone marrow changes, cavities, and especially soft-tissue extensions of PIAI. Metal
artifact reduction sequence MRI (MARS MRI) eliminates metal artifacts and offers high-
quality resolution even in the vicinity of the implant, and is presently the gold standard
[98,99].

Ultrasonography can differentiate between fluid collections and solid lesions around an
artificial joint. An additional clinical value is provided by ultrasound-guided aspiration or
biopsy in differential diagnosis of soft-tissue mass around TJA.

3.5. Bone scintigraphy

Nuclear medicine imaging modalities can be used for assessment of the fixation interface of
implants in symptomatic patients who have negative radiographs [100]. This examination
can even contribute to the detection of causes of pain of unclear origin in TJAs [101,102].
White blood cell scintigraphy (with 99mTc or 111In), anti-granulocyte monoclonal antibody
scintigraphy, and FDG-PET/CT scan have been widely tested in relation to diagnosing of PJI
[103]. Recently, a molecularly specific detection of bacterial lipoteichoic acid has been
described [104].

4. Differential diagnosis

Clinical manifestations of PIAI must be differentiated from PJI. A range of tests is available
to exclude or confirm the presence of PJI (see part 3.3); combinations of these tests
demonstrate an accuracy that exceeds 90% for sensitivity and specificity. For details, the
reader is referred to the recent ICM 2018 guidelines [71] or guidelines by other
organizations [105].

Pain around a stable implant is one of the most difficult diagnostic tasks [106-109]. All
intrinsic (aseptic loosening, PPOL, PJI, periprosthetic fractures, pseudotumors, tendinitis,
bursitis, instability, etc.) and extrinsic (mainly spinal etiologies neuropathies, etc.) causes of
pain should be excluded (Figure 7).

It is important to exclude the occurrence of a more serious tumor in the case of
pseudotumors in the pelvis. It is not possible to exclude the occurrence of a primary [110] or
secondary bone tumor in the case of PPOL [111] without careful and extensive examination.

5. Principles of non-operative management with specific examples and

outcomes

The main focus of this section is on the potential pharmaceutical interventions to manage
periprosthetic bone loss. Particle-induced osteolysis has a complex pathophysiology and
multiple strategies can be used to mitigate or reverse this phenomenon. However, non-
surgical interventions should be implemented early in the process, as when there is
insufficient bone to sustain physiological loads, the remaining bone is more likely to
undergo continued damage, jeopardizing long-term implant stability.
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Pharmacologic modulation of periprosthetic osteolysis has been previously reported [112].
Although none of these experimental strategies have achieved clinical use to date, it is worth
considering that some patients with stable implants and limited osteolysis might benefit
from these approaches in the future. Below are some specific examples of ongoing research
topics for non-operative management of debris-associated inflammation (Figure 8).

5.1. Targeting NF-xB

Osteoprotegerin (OPG) is a natural soluble decoy protein that has the ability to inhibit the
Receptor Activator of NF-xB Ligand (RANKL). In a mouse calvarial model of osteolysis,
Ulrich-Vinther et al. investigated a gene therapy drug using a recombinant adeno-associated
virus (rAAV) to induce production of OPG in myocytes [113]. Titanium-implanted mice
treated with the rAAV showed high levels of OPG and significantly decreased numbers of
osteoclasts and bone resorption. Yang et al. [114] exposed implanted bone tissue, within
established pouches in BALB/c mice, with UHMWPE particles. AAV encoding the human
OPG gene (rAAV-hOPG) or the B galactosidase marker gene (rAAV-LacZ) was then injected
into the air pouches. This resulted in significantly less mMRNA expression of osteoclast
markers in OPG-transduced pouches, compared with rAAV-LacZ-transduced pouches. The
transduction and expression of OPG also considerably decreased the gene copies of the
biologic RANK. Similar results were obtained by Kim et al. [115].

NF-xB can also be targeted using human-made molecules such as the NF-xB decoy
oligodeoxynucleotide (ODN). Using an in-vivo model of continuous infusion of UHMWPE
particles [116-118], Lin et al. [119] showed significantly less osteolysis and even increased
bone mineral density in the infused femur when the NF-xB decoy ODN was used. The
efficiency of the NF-xB decoy ODN was confirmed elsewhere [120-123].

Another way of direct NF-xB inhibition includes modulation of the IKK (IxBa kinase).
This pathway was shown to be effective in PMMA-particle-induced osteolysis using a
murine calvarial model [124].

5.2. Interfering with macrophage polarization

Macrophages (M®) are key cells in the biological cascade leading to periprosthetic
osteolysis [125]. M® become polarized into pro-inflammatory M1 or anti-inflammatory M2
subtypes depending on the local microenvironment [126]. In vitro and retrieval studies with
tissues obtained from revision arthroplasty performed for periprosthetic osteolysis have
shown high concentration of M1 M® [45,127]. Therefore, interfering with M® polarization
represents another potential way to mitigate particle-associated inflammation. Lin et al.
[128] showed that when genetically modified MSCs that secrete 1L-4 as a response to NF-
xB activation (NF-xB-1L4 MSCs) were co-cultured with UHMWPE-activated M®, these
NF-xB-1L4 MSCs drove M® into the M2 subtype. Hachim et al. [129] used IL-4-coated
implants to successfully increase the M2 to M1 ratio after implantation. Yang et al. [130]
used titanium implants coated with 1L-4. M® were firstly activated to the M1 phenotype by
interferon-gamma (IFN-vy). The subsequent release of IL-4 increased the expression of M2
markers, such as interleukin-10 (IL-10), arginase-1 (ARG-1) and platelet-derived growth
factor-BB (PDGF-BB). Antonios et al. [131] investigated different timing strategies to
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challenge PMMA-activated M® with IL-4. Polarization into an M2 anti-inflammatory
phenotype was optimized when IL-4 was delivered before or concurrent with PMMA
particle challenge, to an M1 phenotype, rather than to uncommitted (MO) macrophages.
Interestingly, Yan et al. [132] assessed the ability of the anti-diabetic drug metformin to
promote the M2 subtype when M® were exposed to UHMWPE particles. Metformin is a
potent AMP-activated protein kinase (AMPK) agonist that can suppress inflammatory
cytokine production by promoting M® polarization to an M2 phenotype. Metformin
inhibited M1 and promoted M2 M® polarization. Moreover, IL-6 and TNF-a production
induced by UHMWPE particles decreased whereas the anti-inflammatory cytokine IL-10
was promoted.

Another approach to interfere with M® would be to block their activation, at the very
beginning, when wear particles and M® interact with each other. To achieve this goal, toll-
like receptors (TLRs) are key receptors to target. TLR2 and TLR4 have been found to be
critical for polyethylene-induced osteolysis [133]. Pearl et al. using PMMA particles have
shown that TLR activation induced TNF-a production after M® were challenged with these
particles. The production of TNF-a was partially due to signaling through myeloid
differentiation factor 88 (MyD88) after TLR activation.

5.3. Cytokines and chemokines

Activation of the NF-xB results in the release of a plethora of proinflammatory factors
including chemokines such as macrophage inflammatory protein 1a (MIP-1a), monocyte
chemoattractant molecule 1 (MCP-1), cytokines such as tumor necrosis factor a (TNF-a),
interleukins (IL)-1B, 6, 8, and others, prostaglandins especially prostaglandin E2, nitric
oxide (NO), and peroxide metabolic intermediates. Interference with these inflammatory
factors has been shown to mitigate periprosthetic osteolysis. Selective inhibition of the
MCP-1-CCR2 ligand-receptor axis resulted in a significant decrease in systemic trafficking
of M® in the presence of UHMWPE particles [134]. Zhao et al. [135] used titanium (Ti)
particles in a mouse air-pouch model of inflammation to assess the efficiency of progranulin
(PGRN) - a known anti-inflammatory agent targeting TNF-a receptors. The downstream
molecules of TNF-a signaling, such as IL-1p, IL-6, cyclo-oxygenase 2 (COX-2) and NO
synthase-2, were largely inhibited by PGRN both in vivo and in vitro. PRGN also
significantly reduced Ti-induced osteolysis. Luo et al. [136]. investigated resveratrol’s
protective effects against Ti-induced oxidative stress in RAW?264.7 M®. Resveratrol
pretreatment significantly attenuated the mRNA expression of oxidative enzymes (iNOS,
NOX-1, and NOX-2) in a dose-dependent manner. Moreover, resveratrol inhibited gene
expression and release of TNF-a and suppressed NF-xB activation.

Yao and colleagues [137] showed that the mutant MCP-1 protein (called 7ND) was able to
dramatically reduce the chemotactic effect of human M® when exposed to a conditioned
media obtained after challenging murine M® with PMMA particles. 7ND acts by blocking
the chemokine receptor CCR2 which is MCP-1 receptor. Keeney et al. [138] coated 7ND
protein onto titanium rods. 7ND decoy was effectively released but also remained bioactive
by decreasing M® trafficking toward MCP-1. The concept was then brought to in-vivo
studies [139-141], in which biologically active rods coated with 7ND were able to mitigate
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UHMWPE particle-induced osteolysis and decrease systemic M® recruitment. Sato et al.
[140] also showed that the continuous delivery of IL-4 led to increased trabecular bone
volume in the presence of UHMWPE particles.

5.4. Bisphosphonates

Bisphophonates such as alendronate, risedronate, zoledronic acid, and others are anti-
resorptive agents that induce osteoclast apoptosis. Bisphophonates inhibit mature osteoclasts
from resorbing bone in settings of non-inflammatory bone loss. Alendronate is a nitrogen-
containing drug which was the first of its kind to be FDA approved [142]. Zhang et al. [143]
investigated the efficacy of alendronate (ALN) in tumor necrosis factor transgenic (TNF-Tg)
mice that develop erosive arthritis. Their work focused on the response of osteoclasts to
ALN and the expression of Bcl-xI (anti-apoptotic protein) and Ets-2 protein (regulator of
apoptosis). They demonstrated an increased resistance to ALN-mediated apoptosis and
higher Bcl-xL expression in osteoclasts in inflamed joints. This lack of efficacy in conditions
of inflammatory bone loss might limit their potential to treat or mitigate wear particle-
induced osteolysis. However, studies have shown otherwise. Wang et al. [144] studied the
effect of ALN after cemented total knee arthroplasty (TKA) in 69 women. One group
received ALN at a dose of 10 mg/day for 6 months post-operatively while the other group
did not. The authors used dual-energy X-ray absorptiometry (DEXA) to assess bone mineral
density (BMD) in the distal femur and proximal tibial regions at 6 and 12 months. Although
both groups experienced decreased BMD at each time points, the group receiving ALN had
significantly less decrease in BMD compared to the control group. Similarly, Trevisan et al.
[145] investigated the effect of clodronate after uncemented total hip arthroplasty (THA). In
their study, 91 patients (men and women) randomly received intramuscular clodronate at a
dose of 100 mg weekly for 12 months or no treatment postoperatively. DEXA was also used
to assess BMD around the stem. At 12 months, bone loss was significantly improved in
Gruen zones 2 and 6 (proximal femur) for treated women compared to untreated women. No
significant difference was found for men. Skéldenberg et al. [146] studied the effect of
weekly risedronate on periprosthetic bone resorption following uncemented THA in a
single-center, randomized, double-blind, placebo-controlled trial. Patients were randomized
of post-operative day to receive either 35 mg of risedronate (n = 33) or a placebo (n = 37)
once weekly for six months. All patients were also given calcium carbonate (1000 mg) and
vitamin D (400 1U) oral supplements daily for six months. BMD and stem migration were
assessed using DEXA and the Einzel-Bild-Roentgen-Analysis Femoral Component Analysis
(EBRA-FCA) software, respectively. Patients were followed for 24 months. At the last time
point, bone resorption was significantly lower in Gruen zone 1 and 7. However, risedronate
had no effect on stem migration. Although promising, none of these studies addressed the
actual diagnosed periprosthetic osteolysis but rather its prevention.

Non-operative management of inflammation and wear particle-induced periprosthetic
osteolysis remain a topic that needs further investigation. Although our understanding of the
pathophysiology of osteolysis has improved, further knowledge will facilitate the
development of targeted drugs that are safe, efficacious and cost-effective.
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6. Principles of operative management with specific examples and

outcomes

In general, manifestations of PIAI can be solved in a conservative way (described elsewhere)
or by surgery. The procedure chosen should include a clear understanding of the particular
etiology and pathology at hand and use the best evidence available for pursuing a particular
strategy.

PPOL around a stable implant should be treated with a removal of the worn bearing
surface(s), debridement and filling the bone defect with bone grafts or synthetic substitutes.
The perspective of TJA can significantly be changed by a removal of the ‘generator’ of a
great amount of polyethylene particles [147].

For reconstruction of bone defects, there is considerable evidence supporting the use of
different types of bone grafts [148,149]. The use of synthetic bone substitutes is less
common, despite the fact that they are relatively unlimited in amount and do not have the
potential infectious risks of allografts. A defect under the THA cup can be reached through
holes in the original cup or through a strategic supraacetabular window (Figure 9). However,
evidence supporting this particular technique is not very strong.

The choice of a new bearing material is absolutely essential for long-term success [150,151].
In general, a new bearing couple of similar or higher quality is implanted either a ceramic-
on-ceramic or ceramic/highly polished metal-on-highly crosslinked polyethylene. A metallic
sleeve is often placed on the trunnion when using a ceramic head on the femoral component
with a worn metallic neck [152]. The new polyethylene liner can be also cemented into the
original cup [153]. However, in the case of failed monobloc stems or sockets, as well as in
situation of excessive periprosthetic bone loss, it is necessary to extract the original implant
and follow the same procedure as in revision surgery for aseptic loosening.

PPOL around a loosened implant is treated by a removal of the implant, debridement,
reconstruction of the bone bed (depending on the type and scope) and reimplantation of a
new prosthesis. There are several proved ways of achieving the above-stated objectives
[154]. More recently reconstruction of defects has been aided by the introduction of porous
metal augments [155,156].

If revision surgery is indicated due to soft-tissue pathology, the excision of a pseudotumor or
bursitis in the groin, trochanteric or other areas is done first. The original prosthesis is then
addressed and its position and stability are assessed. If these are satisfactory, only the
bearings are replaced. In fact, there is at least one study describing a spontaneous
disappearance of an intra-pelvic pseudotumor without soft-tissue surgery following a simple
replacement of the joint couple [157].

In the case of a popliteal pseudocyst, the TKA is addressed first. The procedure is managed
according to the particular local findings, scope, and type of bone defects. The popliteal
pseudocyst is usually emptied successfully indirectly, during a revision through access of the
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posterior capsular area. This approach enables the surgeon to avoid an excision of the
pseudocyst from an independent posterior surgical approach at the end of surgery.

Expert commentary

The generation of implant debris will always occur after joint replacement, due to the
presence of an articulation under load. Therefore, the possibility of adverse tissue reactions
to byproducts of wear will be present with all types of bearing couples [158]. The following
sections will outline current and future strategies pertinent to minimizing this debris and the
ensuing biological reaction in the future.

Patient characteristics

A number of host factors could affect the risk for PIAL. It is well established that wear and
the risk for revision is exacerbated by heavier, younger (less than 60 years old), more active
patients (especially males), as this increases the loads transmitted to the bearing surfaces
[7,159,160], although the effects of BMI on wear and revision THA are more controversial
than with TKA [161]. Excessive linear wear or fracture of the plastic in THA may occur in
patients with very small proportions in which thinner more deformable polyethylene inserts
are often used. MOM resurfacing arthroplasty in females with smaller proportions,
especially bilateral cases, have demonstrated an increased incidence of adverse local tissue
reactions (ALTR) to byproducts of wear [162]. Furthermore, there appears to be differences
in the biological reaction to prosthetic byproducts in different individuals (i.e. individual
susceptibility to P1AI), and thus the development of periprosthetic osteolysis [163—-165].

Due to the above, registry data, information from government and insurance databases and
other sources must help dissect the correlation between different patient characteristics and
the wear characteristics, and clinical outcomes of joint replacements. Implant retrieval
studies and bioassays for markers of wear would also prove useful.

Implant characteristics

7.2.1. Bearing couples—The optimal articulation for joint replacement continues to be
a hot topic for arthroplasty surgeons. MOM articulations are rarely used now. Newer cross-
linked polyethylene (XLPE) implants, with/without Vitamin E doping, have revolutionized
THA, and are now being used more commonly for TKA [166-169]. For THA, there is
controversy regarding whether a cobalt chrome or ceramic head (zirconia-toughened
alumina-ZTA) is optimal for articulation with XLPE. For THA, a metal or ceramic femoral
head articulating with XLPE appears to perform equally well. In fact, excluding MOM
bearings, there is no evidence that any bearing couple (metal-on XLPE, ZTA-on-XLPE or
ceramic-on-ceramic) is superior in the intermediate term, with revision as the end-point
[150,170]. However, ceramic parts and bearings are more costly than the alternative ones.
Longer follow-up will help determine the efficacy and cost-effectiveness of different
articulations. In particular, we require data from cases with 20-30 years of follow-up, as the
newer bearings are being implanted in younger and more active patients.

Polyurethane is being examined as a bearing surface for joint replacement, as the mechanical
properties are similar to articular cartilage [167]. Another material is polyether ether ketone
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(PEEK) with or without carbon-fiber reinforcement usually for articulation with another
polymer or ceramic. These materials are less stiff than metals, and thus far, the generated
particles and byproducts do not cause major inflammatory reactions leading to osteolysis.
Biomechanical and biocompatibility studies are currently being performed with these
materials.

7.2.2. Modularity and implant design—Modularity of implants was originally
designed to give surgeons options for femoral head size, neck length, and offset, for
replacing worn parts (such as polyethylene inserts) without the need for exchanging the
entire implant, and for optimizing femoral implant anteversion, fit and fill during THA.
However, many of the advantages of modularity have been overshadowed by new issues
such as implant breakage at modular junctions, and mechanically assisted crevice corrosion
[19]. Newer more robust modular junctions need to be designed that minimize the liberation
of undesired wear debris. The design of implants needs to be further enhanced to facilitate
for straightforward and accurate insertion of the prosthesis without impingement. With the
advent of 3D printing and related technologies, future instrumentation and implants will be
personalized to the individual characteristics of the patient [171,172]. However presently,
there are concerns regarding necessity, biomechanical sturdiness of the implant, and cost.

7.2.3. Implant coatings—Implant coatings are being developed to further two main
goals: prevention and/or treatment of deep infection and to expedite osseointegration [173—
177]. Infection has been postulated to be a contributing factor to particle disease [178-180].
Furthermore, the ingress of particles from the bearing couple and joint to the deeper
cancellous surfaces is impeded by a component that has undergone osseointegration. Implant
surface modification and coatings are being developed to accomplish both of these goals
[181].

7.3. Surgical technique

Improved methods of preoperative planning, instrumentation, preparation of bone surfaces,
and more accurate placement of implants are currently evolving using computer-assisted
techniques and robotics [182-185]. These methodologies should result in more accurate and
reproducible prosthesis positioning, with the goal of increasing implant longevity and
minimizing wear.

7.4. Sensors and pharmacological therapy

Current methods for determining implant wear and osteolysis rely primarily on simple
imaging (radiographs, MRI, etc.) and blood tests (e.g. metal ions in the blood) [186]. Future
implants might incorporate sensors that could be queried non-invasively to report on the
important functions of implants including the degree of wear. More sophisticated biomarkers
of wear and wear byproducts must also be developed, paralleling our current tests for
implant infection.

No successful pharmacological treatment has yet been developed to treat implant wear and
osteolysis in humans. However, the biological processes of inflammation and osteolysis have
been elucidated [187,188]. Future treatments to mitigate local inflammation and bone

Expert Rev Med Devices. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Goodman et al.

Page 16

destruction, and enhance osteogenesis using local or systemic delivery of biologics,
immunotherapeutic agents and cellular therapies are currently in the preclinical stages [189-
191]. Whereas none of these methods deal with wear debris directly, these treatments
potentially could limit the adverse effects of byproducts of wear, and extend the longevity of
the implant.

7.5. Five-year view

As outlined above, major advances in joint replacement surgery are anticipated in the areas
of optimizing patient selection and surgical technique based on best available evidence and
registries, the use of machine/computer-assisted techniques for prosthesis implantation,
development of improved bearing surfaces and prosthesis designs possibly incorporating 3D
printing techniques, coating of implants to facilitate initial osseointegration and obviate
infection, sensors in the prosthesis and/or soft tissues and the use of local or systemic
biomarkers to periodically interrogate the implant and interface, and pharmacotherapies to
treat osteolysis at an early stage.
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Avrticle highlights
. The generation of byproducts from joint replacements will always occur, due
to repetitive cyclic loading of the bearing surfaces and modular junctions
during use.
. byproducts of wear activate the innate immune system, and in some cases
(especially with metallic debris and ions), the adaptive immune system.
. progressive inflammation and osteolysis are generally addressed by surgical
revision.
. non-operative biological interventions might be possible in the future, and

could prolong the lifetime of joint replacements that are otherwise functional
and still salvageable.
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Figure 1.
The foreign body reaction to ‘Large’-sized debris. Giant cells and collagenous fibers

surround the debris, which is probably composed of ultra-high molecular weight
polyethylene or methyl methacrylate (*).
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Figure 2.
Foamy macrophage sheets were observed with collagenous frame.
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Figure 3.
Phagocytosis of ‘“Moderate’-sized ultra-high molecular weight polyethylene particles by

foreign body type giant cell, after cellular fusion of macrophages (Figure 2(a)). The particles
are located in the phagosomes (F: phagosome, N: nucleus, arrowhead: particle) (Figure

2(b)).
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Figure 4.
Submicron-sized metal particles are found in the cytoplasm of macrophages. The cellular

borders are unclear, and the nuclei are pyknotic, indicating cellular damage and/or
progression of cell death.
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Figure 5.
Lymphocyte aggregation (arrowhead) in the stroma of pseudotumor, found in metal on metal

articulation.
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Figure 6.
Lymphocytes — macrophage/stromal cell interactions in the capsular tissue of a

pseudotumor. Lymphocytes are of round shape and have less cytoplasm (*) are in contact
with a macrophage (M) and a fibroblast-like stromal cell (F). Convoluted nuclei specific to T
lymphocytes are also observed (arrowhead).
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Figure 7.

Uncovering the causative mechanism underlying pain associated with mechanically stable
THA represents one of the most difficult diagnostic challenges in modern orthopedics; here,
an algorithm is presented addressing a wide range of pathologies in a logical, step-wise
fashion; CT = computer tomography; MRI = magnetic resonance imaging; PJI = prosthetic
joint infection; PPF = periprosthetic fracture; PPOL = periprosthetic osteolysis; SI =
sacroiliac; TJA = total joint arthroplasty; US = ultrasound.
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Figure 8.
Potential pharmaceutical interventions to manage periprosthetic bone loss. TLRs = toll-like

receptors; NF-xB = nuclear factor-kappa B; M® = macrophage.
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A schematic presentation of the key pathogenic mechanisms behind the development of
retro-acetabular osteolysis (a); a bone defect under the THA cup can be reached through

holes in the original cup or through a strategic supraacetabular window (b); PE =
polyethylene.
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