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Preface

Designed as a comprehensive resource, this book is a collaborative effort by leading
clinicians and scientists in the field of osteoarthritis. This book consists of 13 chap-
ters that explore the destruction of joints such as the knee, hip, shoulder, elbow,
ankle, hand, wrist, and spine. Through the analysis of imaging modalities, joint
conservation techniques, biomarkers, treatment options, and safety profiles of avail-
able treatments, this book aims to present the most current and cutting-edge research
in the field of osteoarthritis. Finally, this book goes beyond to introduce regenerative
approaches for treatment and the need for precision medicine in osteoarthritis. The
production of this book has been an enjoyable experience, and we would like to
thank the authors and everybody involved in creating this book.

Toronto, ON, Canada Mohit Kapoor
Nizar N. Mahomed
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Chapter 1
Pathogenesis of Osteoarthritis

Mohit Kapoor

Key Points

Osteoarthritis (OA) is one of the most chronic health disorders in the west-
ern world and becomes particularly common with advanced age. The joints
most commonly affected by OA include the knees, hips, ankle, elbow,
shoulder, hand, wrist and spine.

Risk factors that may increase the risk of developing OA are age, gender,
joint injury or overuse caused by physical labour or sports, obesity, and
joint alignment etc.

Symptoms of OA may appear well after disease onset. Such symptoms
include joint pain, limitation of motion, stiffness after inactivity, tender-
ness, crepitus, and joint enlargement.

While previously characterized as a disease of progressive articular car-
tilage degradation, OA pathophysiology involves all of the tissues that
form the synovial joint which are the subchondral and metaphyseal bone,
synovium, ligaments, joint capsules, and the muscles acting across the
joint. Subchondral bone remodelling, osteophyte formation, synovial
inflammation, ligamentous laxity (loose ligaments), and the weakening
of periarticular muscles exemplify several joint structure alterations
observed.
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2 M. Kapoor

» Chondrocytes, the only cell types present in the articular cartilage, are
responsible for maintaining an equilibrium between the anabolic and cata-
bolic activities in the extracellular matrix (ECM).

» The trigger of OA is unclear; however, it may begin with tissue damage
from mechanical injury, infiltration of inflammatory mediators from the
synovium into the cartilage, or defects in cartilage metabolism/homeostasis.
Chondrocytes attempt to repair cartilage damage/degradation by increasing
the production of ECM macromolecules. As degeneration continues, cata-
bolic mechanisms overpower the anabolic capabilities of chondrocytes, and
the homeostatic balance is tipped resulting in progressed cartilage breakdown.

Introduction

Osteoarthritis (OA) is a debilitating disease that involves all structures of the
affected joint. It is one of the most common chronic health disorders in the western
world; with a higher prevalence among the ageing population [1, 2]. The National
Arthritis Data Workshop reported a rise in OA prevalence with an estimated 27 mil-
lion US adults in 2005 having clinical OA of their hand, knee, or hip joint, an
increase from 21 million in 1995 [3]. For a disease with such a strong age-related
association, such an increase is likely with the ageing population. The incidence of
OA was also seen to rise hand in hand with the escalation of obesity in the popula-
tion. Obese women have nearly four times the risk of knee OA as compared with
nonobese women; for obese men, the risk is nearly five times greater [4]. Hence,
obesity has been established as a major risk factor for the development and progres-
sion of OA. Other risk factors include sex, race and ethnicity, genetics, nutrition,
smoking, and injuries/trauma to the joint [1, 5—13]. If an individual has the genetic
predisposition to develop OA, they may not develop it unless they have experienced
insult to the joint or are accompanied by one or more of the other risk factors. The
relative significance of certain risk factors may differ from joint to joint, for early
versus end-stage OA, for development as opposed to progression of disease, and for
radiographic versus symptomatic disease. Before describing the pathogenesis of the
joint structure during OA, it is important to understand the nature and function of
the joint structure under normal conditions. In this chapter, we discuss the composi-
tion of the joint, the interplay of the joint components to maintain homeostasis, and
the disruption of the homeostatic mechanisms that drive the development of OA.

Articular Cartilage: Structure, Function, and Composition

While OA is characterized as a progressive loss of articular cartilage, joint degen-
eration involves all of the tissues that form the synovial joint which are the sub-
chondral and metaphyseal bone, synovium, ligaments, joint capsules, and the
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muscles acting across the joint [14]. Subchondral bone remodelling, osteophyte
formation, synovial inflammation, ligamentous laxity (loose ligaments), and the
weakening of periarticular muscles occur as a result of an imbalance in the equilib-
rium between the breakdown and repair of joint tissue [15]. Consequently, the
affected individual experiences joint pain, stiffness, and limitation of movement.
Without treatment, these symptoms slowly evolve to whole joint failure with pain
and disability.

The primary functions of articular cartilage are to lubricate the surface of syno-
vial joints allowing for painless, low-friction movement of the opposing joint sur-
faces and to facilitate the distribution of loads, thereby minimizing stress on the
underlying subchondral bone [14].

Articular cartilage lacks blood vessels, nerves, and lymphatic vessels. Instead, it
consists primarily of extracellular matrix (ECM) with sparsely distributed, highly
specialized cells called chondrocytes [16]. The chondrocyte is the only cell type
residing in the articular cartilage. The articular cartilage ECM is composed of tissue
fluid and a framework of structural macromolecules (collagens, proteoglycans, and
non-collagenous proteins and glycoproteins) synthesized by chondrocytes. Each
chondrocyte is responsible for the establishment and maintenance of a specialized
microenvironment in its surrounding area [17]. The interaction between the tissue
fluid and the macromolecular framework helps retain water within the ECM, which
is crucial to maintain its unique mechanical properties of stiffness and flexibility.
The tissue fluid is 80 % of the wet weight of articular cartilage. It is essentially water
but also contains gases, small proteins, metabolites, and a high concentration of
cations to balance the negatively charged proteoglycans. About 30 % of the water
exists within the intrafibrillar space within the collagen and appears to exist as a gel,
while a small percentage is contained in the intracellular space. The rest is con-
tained in the pore space of the matrix. In addition to providing lubrication, the flow
of water through the cartilage and across the articular surface helps to transport and
distribute nutrients to the chondrocytes.

Among the structural macromolecules of the ECM, collagen is the most abun-
dant, contributing to about 60 % of the dry weight of articular cartilage. Specifically,
type II collagen represents 90-95 % of the collagen in the ECM. Additional distinct
collagen types I, IV, V, VI, IX, X, and XI contribute a minor proportion and serve to
form and stabilize the type II collagen fibril network that intertwines with proteo-
glycan aggregates. The organization of this tight meshwork that extends throughout
the tissue provides the tensile stiffness, cohesiveness, and strength of articular carti-
lage [18, 19].

The second-largest group of macromolecules in the ECM are proteoglycans.
There are two major classes of proteoglycans: large aggregating molecules (aggre-
cans) and smaller proteoglycans (decorin, biglycan, and fibromodulin) [20].
Aggrecans interact with hyaluronic acid (also known as hyaluronan or HA) and link
proteins to form large proteoglycan aggregates. This aggregation helps anchor pro-
teoglycans within the matrix and provides the cartilage with its osmotic properties,
which is essential to its role in resisting compressive loads [21-23]. Unlike aggre-
cans, the small nonaggregating proteoglycans do not contribute directly to the
mechanical behaviour of articular cartilage. Decorin and fibromodulin are involved
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in fibrillogenesis and interfibril interactions via their interactions with type II col-
lagen fibrils. Biglycan is localized in the immediate surroundings of chondrocytes
and may interact with type VI collagen [16, 24, 25].

The structural macromolecules and chondrocytes are organized in a highly
ordered structure to form the articular cartilage. The composition, organization, cell
morphology, and mechanical properties of the matrix vary between zones of the
cartilage. Within each zone, matrix composition, organization, and function also
vary with the distance from the chondrocyte — giving rise to the pericellular region,
the territorial region, and the interterritorial region. The four zones from the articular
surface to the subchondral bone are defined as the superficial zone, the transitional
zone, the middle (radial or deep) zone, and the calcified cartilage zone [14, 19].

The superficial zone is in contact with the synovial fluid and is the thinnest artic-
ular cartilage zone. It contains a relatively high number of flattened chondrocytes as
well as mostly type II and type IX collagen tightly packed and aligned parallel to the
articular surface. This zone is important for the protection and maintenance of
the deeper zones. Additionally, the densely packed collagen fibrils lying parallel to
the joint surface give the cartilage its tensile stiffness and enable the cartilage to
resist the sheer, tensile, and compressive forces generated during joint use [26].

With 40-60 % of the total cartilage volume, proteoglycans, and thicker collagen
fibrils, the transitional zone is the first line of resistance to compressive forces. The
transitional zone also provides an anatomic bridge between the superficial and deep
zones. The collagen fibrils have the largest diameter and are arranged in a perpen-
dicular fashion. Also, the deep zone contains the highest proteoglycan content and
the lowest water concentration. These properties render the deep zone responsible
for providing the greatest resistance to compressive forces [14, 19].

Normal Knee OA Knee

Femur

Osteophytes

Cartilage degeneration

Synovial hypertrophy

Ligament dysfunction

Subchondral bone
remodeling and sclerosis

Tibia fibla
Fig. 1.1 Schematic of normal vs. osteoarthritic knee joint. OA is accompanied by considerable

cartilage degradation, the generation of wear particles, thickening of synovium, subchondral bone
alterations, and the growth of osteophytes at the margins of the joint
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Fig. 1.2 Safranin-O staining of (a) normal and (b) OA human knee joint cartilage showing carti-
lage degradation and loss of proteoglycan

Finally, the ‘tidemark’, a dynamic structure that appears as a basophilic line in
histological sections, separates the deep zone from the calcified cartilage. The calci-
fied cartilage zone functions to secure the cartilage to the bone, by anchoring the
collagen fibrils of the deep zone to the subchondral bone [27]. Additionally, calci-
fied cartilage is permeable to small-molecule transport and plays an important role
in the biochemical interaction between non-calcified cartilage and subchondral
bone (Figs. 1.1 and 1.2) [28, 29].

Synovium

As mentioned in the beginning of this chapter, the characterization of OA not only
involves the destruction of articular cartilage but also involves the integrity of mul-
tiple joint tissues [30]. Synovial joints include a joint cavity filled with synovial
fluid, which is surrounded by articular cartilage and a fibrous capsule, including the
inner lining synovium. The synovial fluid is in direct physical contact with the car-
tilage and synovium and exhibits biomechanical, metabolic, and regulatory func-
tions [31, 32]. This physicality allows the synovial fluid to interact with and mediate
interactions between synovial joint tissues. By providing boundary lubrication, the
synovial fluid reduces friction and helps to protect and maintain the integrity of
articular cartilage surfaces [32]. Two important molecules secreted by synovial lin-
ing cells and cells within the synovial joint space are the lubricant hyaluronan (HA)
and proteoglycan 4 (PRG4, also known as lubricin and superficial zone protein
(SZP)). HA contributes to the viscosity of synovial fluid and provides outflow buff-
ering (the maintenance of synovial fluid volume by coupling between draining and
input rates), while the mucinous glycoproteins, SZP and lubricin, mediate boundary
lubrication of articular cartilage [33-36].

Cytokines and growth factors present in synovial fluid are important regulatory
factors for cells within the synovium as well as chondrocytes in the cartilage [31].
According to their predominant tissue-specific effects, cytokines can be classified as
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either proinflammatory or anti-inflammatory. Proinflammatory cytokines in syno-
vial fluid include interleukin (IL)-1a, IL-1p, tumour necrosis factor-o (TNF-«), leu-
kaemia inhibitory factor (LIF), IL-6, IL-8, IL-17, and IL-18 [37-40].
Anti-inflammatory cytokines in synovial fluid include IL-4, IL-10, and IL-13 [38].
Growth factors found in synovial fluid include transforming growth factor beta 1
(TGF-B1) and insulin growth factor (IGF-1) and have anabolic effects [41]. Most
cytokines and growth factors are at relatively low concentrations in normal synovial
fluid and are significantly elevated in joint injury and disease [31, 42]. Later in this
chapter, we will discuss the role played by these cytokines in OA pathogenesis and
acceleration of joint destruction.

Proteolytic enzymes mediate degradative processes in the synovial joint and are
carefully regulated [43]. Matrix-degrading enzymes, such as matrix metalloprotein-
ases (MMPs), are a group of Zn?*-dependent extracellular enzymes that function in
normal and pathological tissue remodelling [44]. MMPs are capable of degrading
all of the components of the ECM. Depending on their substrate and domain
structure, MMPs are classified into collagenases (MMP-1, MMP-8, MMP-13), gela-
tinases, stromelysins (MMP-3), and membrane-type MMPs [45]. MMPs are present
in normal synovial fluid; however, their levels are elevated in joint injury and disease
as evidenced by increased mRNA levels in tissue and elevated levels of proMMPs
in synovial fluid [46—48]. MMPs are secreted primarily from chondrocytes as zymo-
gens, or proMMPs, with propeptide domains that are cleaved during extracellular
activation [49]. Similarly, requiring subsequent activation are disintegrin and metal-
loproteinase with thrombospondin motifs (ADAMTS) proteinases that degrade
aggrecan [50-54]. Tissue inhibitors of metalloproteinases (TIMPs) and inhibitors of
proteinases that activate proMMPs are also present. Thus, changes in the levels and
activities of matrix-degrading enzymes, and their corresponding inhibitors and acti-
vators, alter anabolic and catabolic homeostasis in joint injury and disease [55, 56].

Synovial fluid is an ultrafiltrate of blood plasma and is relatively acellular com-
pared to whole blood, containing less than 200 leukocytes per mm?® compared to
3,540-9,060 per mm? in whole blood [57, 58]. Also present are lymphocytes, mac-
rophages, and shed lining cells [59—61]. The synovium, or synovial membrane, is a
vascularized, thin sheet of connective tissue with fibroblast-like (type B) cells and
macrophage-like (type A) cells within an ECM composed predominantly of HA,
collagen, and proteoglycans [31]. Molecular sieving by the synovial membrane
matrix is size dependent, with lubricant molecules HA and PRG4 retained within
the synovial joint, while low-molecular-weight species, such as metabolic sub-
strates and by-products, cytokines, and growth factors, are not [62—-64].

Subchondral Bone

For many years, OA was characterized as a primary disorder of articular cartilage;
however, the discovery of the contribution of other joint tissues to the pathophysiol-
ogy of OA has changed the definition of OA. Subchondral bone remodelling is
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commonly associated with articular cartilage defects and subchondral sclerosis,
along with progressive cartilage degradation, that are heavily involved in the patho-
genesis of the disease [65, 66].

Subchondral bone refers to the bony lamella lying distal to calcified cartilage
[67, 68]. The subchondral bone can be separated into the subchondral bone plate
and subchondral trabecular bone [69]. The subchondral bone plate is rather porous
and lies immediately beneath the calcified cartilage. It contains channels that pro-
vide a direct link between articular cartilage and subchondral trabecular bone [70].
Arterial and venous vessels penetrate through the channels and send tiny branches
into calcified cartilage [67, 71]. Supporting trabeculae arise from the subchondral
bone plate and make up the subchondral trabecular bone together with deeper bone
structure [72]. Subchondral trabecular bone is more porous and metabolically
more active than the subchondral bone plate, containing blood vessels, sensory
nerves, and bone marrow. It has shock-absorbing as well as supportive functions
and may also be important for cartilage nutrient supply and metabolism [68].
Subchondral bone is a very dynamic structure and is uniquely adapted to the
mechanical forces imposed across the joint [68, 72]. Accordingly, mechanical
stress modifies the contour and shape of subchondral bone by means of bone mod-
elling and remodelling [73—75]. Similar to the ‘tidemark’, which separates the two
dissimilar cartilage regions, there is also a sharp borderline between calcified car-
tilage and subchondral bone, called the ‘cement line’ [68]. Evidently, close contact
exists between the deeper layer of non-calcified cartilage, the tidemark, calcified
cartilage, the cement line, and subchondral bone — forming a closely composited
functional unit called the ‘osteochondral junction’ [76]. The biomechanical and
biochemical cross-talk across this region seems to play a role in maintenance and
degeneration of the joint [77]. As we shall see, alterations of any of these compo-
nents will modulate the properties and functions of other parts of the osteochon-
dral junction.

Infrapatellar Fat Pad

One of the most commonly affected joints by OA is the knee [78, 79]. The presence
of the infrapatellar fat pad (IFP), or Hoffa’s fat pad, differentiates the knee joint
from other articular joints [80]. The IFP is composed of a fibrous scaffold, on which
fat tissue is embedded. Located underneath the patella, between the patellar tendon,
femoral condyle, and tibial plateau, this intracapsular and extrasynovial adipose
structure is in close contact with the articular cartilage, bone, and synovium [81—
83]. Besides its role in facilitating the distribution of synovial fluid and absorbing
forces through the knee joint, not much is known about how the IFP contributes to
knee function [84]. Notably, earlier studies have shown that the IFP is preserved
under extreme starvation conditions despite subcutaneous adipose tissue elimina-
tion [85, 86]. This suggests critical physiological importance for the presence of this
fat depot in the knee.



8 M. Kapoor

The IFP contains large numbers of adipocytes, fibroblasts, macrophages, leuko-
cytes, and other immune cells capable of producing inflammatory cytokines [84, 87,
88]. The presence of these cells indicates possible protective and/or damaging roles
of adipose tissue in the inflammatory reactions in OA. Nociceptive nerve fibres are
also present in the IFP. Substance P-positive nerves innervating the IFP, indicating
that they are peptidergic C-fibres, are increased in the IFP of patients with chronic
anterior knee pain [89, 90]. Hence, anterior knee pain, which is the most common
symptom experienced by patients with knee OA, is thought to be associated with
pathology of the IFP.

Cellular changes in the IFP during knee OA involves the infiltration of immune
cells in the IFP, which contributes to disease progression by stimulating the produc-
tion of numerous inflammatory mediators [85, 91]. Inflammatory cytokines may act
to alter the sensitivity of the nerve fibres, lowering the threshold of the joint noci-
ceptors, thus inducing and worsening pain [92]. The numbers of neutrophils, eosin-
ophils, basophils, and monocytes were seen to be elevated in the IFPs from patients
with knee OA [93]. Neutrophils produce cytokines such as IL-1, IL-8, and MMP-8,
which contribute to cartilage breakdown and necrosis of adipose tissue [84, 93, 94].
Eosinophils and basophils release histamine, which increases the production of
matrix-degrading enzymes and pro-inflammatory mediators in synovial fibroblasts
and cartilage [95]. Lymphocytes have also been found in the IFP expressing Thl
cytokines, which can either degrade cartilage directly or activate macrophages
through cell-cell interaction, to produce cartilage degrading mediators [96, 97].
Thus, inflammatory cells within the IFP may influence the inflammatory and
destructive responses in knee OA.

While immune cells in the adipose tissue are responsible for the production and
release of most inflammatory mediators, adipocytes are responsible for the secretion
of the adipokines, such as leptin and adiponectin [87, 98, 99]. In OA cartilage, leptin
stimulates IL-1p production, increases the effect of pro-inflammatory cytokines,
and induces the expression of MMPs [100-103]. Leptin also contributes to inflam-
matory responses by facilitating the activation of macrophages, neutrophils, den-
dritic cells, natural killer cells, and T helper 1 (Thl) cells [104]. While adiponectin
is known to act as a protective adipokine against obesity and vascular diseases [105],
it is suggested to act as a pro-inflammatory agent in joint diseases, such as knee OA
[106, 107]. Adiponectin induces MMP-1 and IL-6 production in synovial fibro-
blasts, which have adiponectin receptors [108]. These receptors are also present in
normal or OA chondrocytes, since adiponectin-treated chondrocytes produce 1L-6,
MMP-3, MMP-9, and monocyte chemoattractant protein 1 (MCP1) [99, 107].

Alteration of Joint Homeostasis During OA

Chondrocytes are responsible for the development, maintenance, and repair of the
ECM via degradative enzymes, MMPs (collagenase, gelatinase, and stromelysin), and
cathepsins B and D [14]. As post-mitotic cells, chondrocytes have a low rate of replica-
tion resulting in a limited ability for articular cartilage to maintain and repair itself
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[109]. Maintenance of the articular surface requires turnover of the matrix macromol-
ecules, as well as alteration in the matrix macromolecular framework in response to
joint use [14]. Although chondrocytes have low mitotic activity, they are still metaboli-
cally active. Their metabolic activity can be altered by changes in their surrounding
mechanical as well as chemical environment [19]. While ECM protects chondrocytes
from the potentially damaging biomechanical forces, it is the job of chondrocytes to
sustain a homeostasis of ECM metabolism by sensing changes in matrix composition
and then responding by degrading or synthesizing appropriate types and amounts of
macromolecules. With age, the capacity of chondrocytes to synthesize certain proteo-
glycans, their proliferative capacity, and their response to anabolic stimuli including
growth factors decrease [109]. As a result, the ability of chondrocytes to maintain and
restore articular cartilage decreases, resulting in an increase in the risk of development
and progression of articular cartilage degradation.

It is well established that the risk of developing OA increases dramatically with
age; however, age is not the sole determinant of developing the disease [2, 5].
Genetic, environmental, metabolic, and biochemical factors or a combination of the
above may lead to more severe outcomes [5]. Furthermore, inactivity of the joint
may lead to accelerated cartilage degradation [110]. The progressive loss of articu-
lar cartilage is accompanied by alterations of the underlying subchondral bone,
which include bone remodelling, sclerosis, and in many cases the presence of sub-
chondral bone cysts and osteophytes [111]. The concomitant, albeit moderate
inflammation observed in the synovial tissue introduces a clinical impact of synovi-
tis to the initiation and/or progression of OA [112]. It is this inflammatory response
that puts the ‘-itis’ in osteoarthritis, previously known as osteoarthrosis [113].
Together, these structural changes combine forces to result in the symptoms: joint
pain, restriction of motion, crepitus with motion, joint effusions, and deformity — as
experienced by the affected individual [114].

The pathophysiological process of OA can be divided into three overlapping
stages [115, 116]:

1. ECM network damage/alteration at a molecular level

2. Chondrocyte response to tissue damage

3. Failure to restore cartilage and progressive loss of tissue due to a decline of chon-
drocyte synthetic response

The early changes in joint degeneration are seen microscopically as localized
fibrillation or disruption of the articular cartilage superficial zone [117, 118]. As the
degeneration continues, the roughened and irregular articular surface forms clefts,
and the fibrillation extends deeper throughout the cartilage zones until the fissures
reach subchondral bone [119]. The superficial tips of the fibrillated cartilage eventu-
ally tear, decreasing the cartilage thickness and releasing free fragments into the
joint space. When the products of cartilage breakdown come in contact with the
synovium, synovial cells are activated and produce catabolic and pro-inflammatory
mediators that can activate chondrocytes to produce MMPs, which result in further
cartilage breakdown and an unforgiving vicious cycle ensues [120, 121].

Once cartilage degradation has initiated, synovial cells phagocytose the break-
down products released into the synovial fluid resulting in hypertrophy and hyper-
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plasia of synoviocytes, accompanied by inflammatory cell infiltration of the tissue
by mononuclear cells such as lymphocytes and macrophages [122]. On account of
its association with an increased degree of inflammatory cell infiltration of the
synovial tissue, an increased concentration of systemic high-sensitivity C-reactive
protein (hsCRP) can be used as a predictor of rapid disease progression in early
knee OA. hsCRP levels are also associated with level of pain, clinical severity, and
disability [123-126]. Another molecule that shows distinct alterations in the ini-
tial stages of OA is cartilage oligomeric matrix protein (COMP) [127, 128]. In
normal adult cartilage, COMP is primarily found some distance from articular
cartilage chondrocytes, i.e. the interterritorial region. This protein plays a role in
early stages of fibril formation to promote fibrillogenesis of collagens I and II, as
well as cross bridging of the matrix collagen fibre network [129, 130]. However,
during early OA, there is a characteristic change in the distribution pattern.
A severe loss of COMP is observed from the interterritorial matrix through degra-
dation accompanied by a new accumulation of the protein close to the cells, as a
result of new synthesis [131]. Hence, altered distribution of COMP provides a
distinct and characteristic hallmark of impaired cartilage during the early osteoar-
thritic process.

The involvement of the synovium in early OA can be seen histologically by
changes that occur in the osteoarthritic synovial membrane in areas adjacent to sites
of chondropathy [122]. However, the underlying molecular mechanisms during
early OA are almost impossible to examine, since the disease is usually not diag-
nosed until the pronounced alterations lead to pain and radiographically detectable
changes. For this reason, animal models of OA have been developed to help us
examine the underlying biochemical and molecular processes leading to the histo-
logically visible alterations [132-134].

ECM fragments, such as fibronectin and collagen type II fragments, may activate
the innate immune response via pattern recognition receptors, which include
membrane-associated Toll- like receptors (TLRs) [135, 136]. This is the first level
of nonspecific immune system activation. TLRs are typically activated by microbial
ligands during an infection, activating the immune system to elicit an appropriate
response [136]. However, they can also be activated by pathogen-associated molec-
ular patterns (PAMPs) and endogenous damage-associated molecular patterns
(DAMPs) occurring during cellular stress and ECM damage [137]. Therefore, this
innate immune response has been regarded as a predominant feature in various non-
infectious diseases where tissue injury and/or defective repair takes place. In this
context, the disruption of matrix homeostasis that occurs in an osteoarthritic joint
mirrors a chronic injury. There are ten functional mammalian TLR homologues
(TLR-1 to TLR-10). Some are constitutively expressed by many cells including
macrophages and can be induced or up-regulated on other cell types [136]. Previous
studies have shown that there is up-regulated expression of TLR-2 and TLR-4 in
articular chondrocytes of OA lesional cartilage compared to non-OA and nonle-
sional cartilage [138]. Furthermore, TLR-2 and TLR-4 ligands such as small-
molecular-weight species of HA [139-141], fibronectin isoforms [142], tenascin C
[143, 144], and biglycan [24, 145, 146] were found in high concentration in OA
synovial fluid. TLR-2 and TLR-4 signals then mediate catabolic responses by
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increasing MMP-3 and MMP-13 production, which result in cartilage degradation
and the release of matrix components, which again activate TLRs to elicit further
catabolic responses and hence, a self-perpetuating loop of cell activation [146, 147].
In the synovial membrane, TLR activation stimulates NF-xB activation and the sub-
sequent production of chemokines (e.g. IL-8) and cytokines (e.g. IL-1f, IL-6, and
TNF-a), which activate and promote cellular infiltration of macrophages, granulo-
cytes, and lymphocytes [148]. As a result, the tightly regulated anabolic and cata-
bolic processes responsible for the maintenance of cartilage homeostasis are
disturbed due to the stimulation of inflammatory mechanisms and the release of
cytokines. Therefore, TLR activation has been shown to have serious implications
in promoting synovitis in OA [112].

In addition to the appearance of cartilage fibrillation microscopically, the matrix
macromolecular framework is destabilized at the molecular and macromolecular
level. Proteolytic degradation of proteoglycans, most pronounced in the superficial
region, during early OA decreases the chain length of the proteoglycan, thus inhibit-
ing the formation of macromolecular complexes and decreasing proteoglycan
aggregation [149]. The breakdown of proteoglycan architecture, along with an
increase in water content, leads to a more permeable matrix and reduces the com-
pressive stiffness of the tissue [150, 151]. Taken together, these alterations may
increase the vulnerability of the tissue to further mechanical damage.

Alterations of the subchondral bone accompany the degeneration of articular car-
tilage; however, whether these changes are a driving force or a consequence of artic-
ular cartilage breakdown still remains unclear [152, 153]. At early stages of OA,
there is elevated bone remodelling, particularly in the areas underlying the regions
of articular cartilage damage. Bone loss is also observed, notably in the subchondral
bone plate resulting in reduced thickness of the subchondral bone plate and increased
porosity [69, 154]. Further down in the subchondral trabecular bone, increased tra-
becular separation and deterioration and decreased bone volume fraction and tra-
becular thickness are detected in animal models of OA [68]. These subchondral
bone changes cause alterations in joint shape and load transmission that may propa-
gate further cartilage loss. Microdamage of calcified cartilage and subchondral bone
is widely detected in osteoarthritic joints in the form of short interstitial cracks or
microcracks [155]. Microcracks act as an initiator of the bone remodelling process,
as well as provide a means of communication of catabolic agents across the osteo-
chondral junction, i.e. between cartilage and subchondral bone [65, 68].

Depending on the type and location of joint affected, the growth of osteophytes
is observed as another alteration that changes the structure of the subchondral bone
during OA. These fibrous, cartilaginous, and bony protrusions may be marginal,
capsular, or central with characteristic patterns of formation. Intraosseous lesions,
termed subchondral bone cysts (SBCs), are also reported in patients with OA [156].
SBCs are composed of fibroconnective tissue that initially contain fluid but ossify
with time; they present as well-defined lucent areas with sclerotic rims on radio-
graphic images. The presence of osteophytes and SBCs can restrict motion and
contribute to pain with joint movement [156].

As ECM degeneration continues and the chondrocytes’ biomechanical environ-
ment is altered, mediators are released that stimulate the chondrocytes to elicit a
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cellular repair response. This response consists of a boost of anabolic and prolifera-
tive activity, primarily in the upper cartilage zones, in an attempt to restore the
homeostatic matrix environment [149]. Suggestive of a tissue repair response, type
II collagen deposition increases in the deeper cartilage zones [157]. The mechanism
of chondrocyte stimulation is unclear; however, it may be that the chondrocytes in
these areas have better access to the anabolic and mitogenic growth factors from the
synovial fluid due to fissuring or loosening of the macromolecular framework [158].
Anabolic cytokines such as TGF-f, IGF-I, fibroblast growth factors (FGF-2, FGF-4,
and FGF-8), and bone morphogenetic proteins (BMPs) have an important role in
stimulating the synthesis of ECM macromolecules (e.g. type II, VI, IX, XI collagen)
[38, 159-161]. In addition, an increased expression of type I collagen, a main com-
ponent of fibrous cartilage, is seen, which modifies the composition of the ECM and
accordingly its properties [157]. Unlike normal chondrocytes, OA chondrocytes
have up-regulated proliferative activity in response to cartilage damage [162]. In
fact, the presence of clones of proliferating cells, or clusters, surrounding newly
synthesized matrix molecules is one of the characteristic hallmarks of the chondro-
cytic repair response to cartilage degeneration [14].

Chondrocytes in such clusters have been shown to produce alkaline phosphatase,
annexin II, annexin V, and type X collagen [163]. These molecules are normally
expressed in hypertrophic and mineralizing growth plate cartilage, suggesting that
the osteoarthritic chondrocytes are undergoing terminal differentiation [164, 165].
Particularly, they express transcription factors Sox9 and Runx2, which play a role in
differentiation and hypertrophy, respectively. Sox9 controls the differentiation of
mesenchymal stem cells (MSCs) into chondrocytes, whereas hypertrophic differen-
tiation of chondrocytes depends on the expression of Runx2 and the inhibition of
Sox9 expression [166—169]. Hence, during OA, chondrocytes are believed to re-
establish the process of endochondral ossification, a physiological process during
embryonic development whereby cartilage is replaced by bone to form long bones
[170]. The hypertrophic chondrocytes produce type X collagen (typically found in
the calcified cartilage zone and the hypertrophic zone of growth plate), which is
involved in cartilage mineralization [171, 172]. Thus, mineralization followed by
chondrocyte replacement with bone tissue and ossification takes place. As a result,
subchondral bone architecture is altered and cartilage thickness is decreased.
Thinning of the cartilage adds insult to injury since it is now even more prone to
damage. This process could explain the duplication and advancement of the tide-
mark, which is reflective of progressive calcification of the cartilage [173, 174].
Furthermore, an increased expression of vascular endothelial growth factor (VEGF)
is associated with an increase in cartilage damage. This may contribute to the char-
acteristically higher vasculature within the subchondral bone. The vascular chan-
nels containing blood vessels, sensory nerves, osteoblasts, and osteoclasts reach the
non-calcified cartilage and enable molecular interactions between cartilage and
bone leading to cartilage degradation [164, 175—-177]. Hence, subchondral bone
plate vascularity is associated with the severity of OA cartilage damage, as well as
pain [178].

Characteristic microarchitectural subchondral bone changes can be detected in
the late stage of OA. Thickening of the subchondral bone plate is observed, as well
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as increased trabecular thickness, decreased trabecular separation and bone marrow
spacing, and transformation of the trabeculae from rod-like to platelike [65, 179].
By this stage, the subchondral bone is described as sclerotic. Subchondral sclerosis
is considered a characterizing feature of progressive OA [65].

Moving on to the third stage of cartilage degeneration, the biosynthetic anabolic
activity of the chondrocytes is unable to keep pace with the degradative catabolic
activity and homeostasis is lost [ 180]. At this point, the chondrocytic repair response
cannot reverse the damage made to the cartilage. With increasing age and progres-
sion of disease, catabolic mechanisms continue to degrade articular cartilage; how-
ever, there is a decline in the chondrocytic anabolic and proliferative response [109].
An increase in type II collagen synthesis is insufficient to compensate its proteoly-
sis. Furthermore, this increase in anabolic activity tends to occur in areas distinct
from those of proteolysis [180]. Expression levels of inhibitors such as tissue inhibi-
tor of metalloproteinases (TIMP)-1 are reduced and chondrocytes tend to exhibit an
age-related decline in their response to anabolic cytokines, which shifts cartilage
tissue homeostasis toward tissue destruction and eventual cell death [109]. Reduced
cellularity, whether by apoptosis, autophagy-associated cell death, or senescence,
correlates strongly with age and severity of OA [181].

Cell Death

It is difficult to establish the exact cause of cell death in OA due to the fact that
primary OA seemingly develops over many years, with cells dying with advancing
age and progressiveness of disease [182, 183]. As you may know by now, chondro-
cytes are responsible for mediating cartilage homeostasis. As degeneration contin-
ues, changes in the chondrocyte biomechanical environment alter the physical and
biochemical signals that regulate cell response propagating cell death and tissue
degeneration [184]. Cell death in the form of apoptosis is highly controlled and
distinct from pathologic cell death or necrosis, which occurs as a result of cellular
damage, hypoxia, or exposure to toxins [185]. Apoptosis can be initiated by intrin-
sic signals (e.g. mitochondria dependent) or extrinsic signals through cell surface
death receptors followed by the sequential activation of a proteolytic cascade of
enzymes called caspases [183, 186—188]. Effector caspases (e.g. caspases 1, 3, 6,
and 7) then cleave target proteins such as poly adenosine diphosphate ribose poly-
merase (important for DNA repair), [-CAD (inhibitor of caspase-activated DNAse),
and cytoskeletal proteins [189]. As a result, the apoptotic cell displays the character-
istic morphological features including chromatin condensation, membrane bleb-
bing, and the formation of rigid apoptotic bodies, which prevent leakage of
intracellular contents into the local microenvironment [190].

Extracellular death ligands, Fas ligand (FasL./CD95L) and TNF-a, initiate extrin-
sic pathways through their respective cell surface death receptors, Fas and TNF-o
receptor [187]. Fas (CD95) is expressed on the cell surface of cultured chondrocytes
from normal and OA donors [191]. When activated by agonistic antibody, it leads to
apoptotic cell death in cultured chondrocytes. However, in tissue where chondro-
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cytes reside in their ECM, antibody to Fas fails to induce cell death. This may be due
to the barrier created by the ECM that prevents antibody interaction with the chon-
drocytes. Moreover, chondrocytes in the ECM may be protected from Fas-dependent
apoptosis through survival signals generated by the interaction of cell membrane
receptors (e.g. integrins) with their respective ECM ligands (e.g. laminin, fibronec-
tin, and collagen types II and IV) [192]. However, in the case of OA, a loosened, if
not degraded, ECM may expose Fas receptors and activate the Fas/FasL system to
induce apoptosis [182, 193]. Due to the lack of macrophages in cartilage tissue,
apoptotic bodies cannot be phagocytosed [194]. Additionally, chondrocytes do not
make cell-cell contacts; therefore, neighbouring cells are unable to phagocytose
apoptotic bodies either. As a result, apoptotic bodies in cartilage tend to release their
contents, which include proteases, into the ECM causing serious damage [195].
The cytotoxic free radical nitric oxide (NO) mediates apoptosis through a
mitochondria-dependent mechanism [196]. NO is present in normal and young car-
tilage, but it is produced in higher levels by the synovium and cartilage during OA
[197]. Studies have shown that enhanced NO and reactive oxygen species (ROS)
expression in OA chondrocytes is induced by up-regulated pro-inflammatory cyto-
kine production (i.e. IL-1p and TNF-a) in osteoarthritic cartilage [198, 199]. These
cytokines, through the production of NO, have been demonstrated to cause mito-
chondrial dysfunction by inducing mitochondrial DNA (mtDNA) damage, decreas-
ing energy production, and decreasing mitochondrial transcription [188]. The
mitochondria is a prime target for oxidative damage, since it is the predominant site
for intracellular ROS production [200]. ROS production in the chondrocyte not only
damages mitochondrial lipids, proteins, and nucleic acids but also leads to mito-
chondrial permeability transition (MPT) [188]. A combination of these events results
in the mitochondrial pathway of apoptosis. Since chondrocytes are the only source
of ECM component synthesis in articular cartilage, and there is no renewal of chon-
drocyte population, apoptotic cell death has been demonstrated to play a major role
in the degeneration of osteoarthritic cartilage. In contrast, it has also been shown that
apoptosis occurs at a very low rate in osteoarthritic cartilage [201]. According to this
study, the low population of apoptotic cells has a lesser impact than previously
described on the pathology of OA. The highest numbers of apoptotic chondrocytes
as evidenced by empty lacunae were located in the calcified cartilage layer [202].
The greatly reduced number of living chondrocytes in this cartilage zone may have
significance in the later stages of OA, when this zone becomes considerably larger
and represents a higher proportion of the articular cartilage [160]. Since apoptotic
cells are not efficiently removed from the cartilage, the products of cell death such
as pyrophosphate and precipitated calcium may contribute to cartilage degradation.

Autophagy

In order for articular cartilage to function normally, it is important for the joint tis-
sue to maintain its structure, which is governed by the presence of an appropriate
number of cells with normal biosynthetic function. Post-mitotic tissue such as
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cartilage has a very minimal rate of cell replication, and cellular constituents cannot
be continuously renewed [203]. Instead, cells such as chondrocytes depend on
autophagy as a principal mechanism to remove damaged and dysfunctional organ-
elles and macromolecules [204].

Autophagy is a lysosomal degradation pathway that is essential for survival, dif-
ferentiation, development, and, of particular importance, homeostasis [205].
Inducers of autophagy include nutrient and energy deprivation, ROS, or hypoxia
[204]. In response to a particular cue, an isolation membrane is formed around the
contents to be degraded, which combines with a lysosome to form an autophago-
some, the characteristic hallmark of autophagy [205]. The autophagy machinery is
orchestrated by the Atg genes, first identified in yeast, with corresponding homo-
logues identified in higher eukaryotes. Among the Atg genes, Atgl, Atg6, Atg8
(ULK1, Beclin 1, and LC3 in mammals, respectively), and Atg5 are four major
regulators of the autophagy pathway [206]. ULK1 is a serine/threonine kinase that
functions as an intermediate in the transduction of proautophagic signals to autopha-
gosome formation [207]. Beclin 1 forms a complex with type II phosphatidylinosi-
tol 3-kinase (PI3K) and Vps34 allowing nucleation of the autophagic vesicle [208].
LC3 is present in two forms: LC3-I is located in the cytoplasm, while LC3-II is
bound to the autophagosome membrane. During autophagy, LC3-I undergoes lipi-
dation to be converted to LC3-II, resulting in the association of LC3-II with autoph-
agy vesicles [209]. The enclosed contents are degraded when the autophagosome
fuses with the lysosome and the constituents are released and reused.

Autophagy is constitutively active and maintains homeostatic functions in articular
cartilage. It does so by removing aggregate-prone or misfolded proteins and dysfunc-
tional organelles, including mitochondria, peroxisomes, and ribosomes [204]. As men-
tioned previously, the up-regulated expression of proinflammatory cytokines in
osteoarthritic tissue results in mitochondrial dysfunction and excessive ROS produc-
tion [186]. By preventing the accumulation of defective mitochondria, autophagy pro-
tects the tissue from a loss of homeostasis and cartilage damage and dysfunction [204].

The correlation between the loss of autophagy and ageing has been well estab-
lished and believed to be mainly related to the failure of lysosomal hydrolases,
resulting in an increase of toxic protein products and slow clearance of autophago-
somes in the ageing tissues [210]. ULK1, Beclin 1, and LC3 have been shown to be
expressed in normal human articular cartilage, suggesting activation of autophagy
[211]. Moreover, the presence of LC3-II is a direct indication of autophagosome
formation. However, the expression of these autophagy markers is significantly
decreased in OA cartilage and chondrocytes [211]. Defective or reduced autophagy
is apparent from the reduction of LC3-II expression. These observations are consis-
tent in the context of ageing-related OA. Just the same, a reduction of and loss of
expression of autophagy markers and, hence, a decrease of autophagy activity have
also been reported in surgically induced mouse OA models, as well as OA following
exposure to mechanical injury in porcine cartilage [211]. Furthermore, a reduction
of these key regulators of autophagy is accompanied by increased cell death due to
apoptosis [212, 213]. These observations underline the importance of autophagy in
physiological and pathological (e.g. osteoarthritic) events and demonstrate that
autophagy is not solely associated with ageing-related mechanisms.
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Chondrocyte Senescence

Cellular senescence typically refers to the loss of the ability of mitotic cells to fur-
ther divide in culture after reaching 30—40 population doublings, also known as the
‘Hayflick limit’ [214]. This form of replicative senescence, resulting from arrest in
cell cycle progression, has been established as a protective mechanism to avoid
tumour formation by preventing cells with damaged DNA from being replicated
[215]. In actively dividing cells, telomeres, which are found at the ends of chromo-
somes are incompletely replicated during mitosis and shorten with each round of
cell division [216-218]. This ‘end-replication problem’ is not encountered in post-
mitotic or quiescent cells such as neurons or chondrocytes [219]. It is much more
likely that chondrocyte senescence is a result of extrinsic factors giving rise to
‘stress-induced senescence’. Stress-induced senescence can occur from various
stimuli including ultraviolet radiation, oxidative damage, activated oncogenes, and
chronic inflammation. Oxidative damage can, in fact, result in telomere shortening
similar to that seen with replicative senescence, since chromosome ends are particu-
larly sensitive to oxidative damage [216, 220-222].

There is increasing evidence supporting the role that chondrocyte senescence
plays in the initiation and progression of OA [222-226]. The lack of cell division
and cellular turnover in normal adult articular cartilage means that the chondrocytes
present in the cartilage of an older individual are decades old [219]. The long life-
time of chondrocytes allows them to accumulate the detrimental changes due to
both ageing and extrinsic stress, and it is an accumulation of these dysfunctional
senescent cells that contributes to loss of homeostasis and tissue damage.

An altered expression of regulatory proteins that function to control growth and
proliferation is exhibited in senescent cells. These include p53 and the cyclin-
dependent kinase inhibitors p21°®! and p16™¥4* [215]. These regulatory proteins
are involved in two pathways, p53/p21 and p16™&4A/retinoblastoma (Rb), that are
essential for induction of senescence in response to external stimuli. DNA damage
or telomere shortening activates p53, which inhibits cell-cycle progression.
Activated p53 also contributes to senescence by increasing p21 expression. As p21
expression declines in senescent cells, p16 is increased leading to a more stable
inhibition of cell-cycle progression by inhibiting Rb [215]. Besides increased p53
and p16 expression, altered chromatin structure can be used as a marker to signify a
senescent cell. Altered chromatin structure in a senescent cell is presented as foci of
heterochromatin or senescence-associated heterochromatin foci (SAHFs) [227].

Not only does senescence contribute to the pathology of OA by decreasing the
number of functional chondrocytes, but also senescent chondrocytes have been
shown to secrete factors that favour matrix degradation. Changes in gene expression
that occur once a cell becomes senescent can lead to the increased production of
cytokines (e.g. IL-1, IL-6, IL-8), MMPs, and growth factors (e.g. epidermal growth
factor (EGF)) by the senescent cell [228-231]. Often referred to as the senescent
secretory phenotype (SASP), this form of cellular senescence has significant impli-
cations in the development and progression of OA [219, 232].
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As previously alluded to, with progression of disease, chondrocytes show a
decline in the proliferative and anabolic response to growth factor stimulation [233].
Chondrocytes undergoing senescence exhibit an age-related loss in their mitogenic
response to growth factors, such as TGF-p [234], basic fibroblast growth factor
(bFGF), platelet-derived growth factor (PDGF), and IGF-I [235, 236]. In vitro stud-
ies have shown an age-related decline in the ability of IGF-I and bone morphogenic
protein-6 (BMP-6) to stimulate proteoglycan and collagen production [237, 238].
IGF-I is an important autocrine survival factor in cartilage [239]. Studies have
shown that excess levels of a reactive nitrogen species, NO, reduce chondrocyte
response to IGF-I [240]. Not only is there a decline in responsiveness to these
growth factors, but there is also evidence for an age-related reduction in the levels
of certain growth factors in cartilage [241-243]. While it is not clear why chondro-
cytes at this stage of disease have reduced growth factor responsiveness, it is evident
that the repair capacity of senescent chondrocytes is compromised and an imbal-
ance in anabolic and catabolic pathways favours matrix degradation.

In recent years, stress-induced senescence due to oxidative stress has been shown
to play a major role in the pathogenesis and development of OA [219, 244]. A cell
experiences oxidative stress when the amount of ROS exceeds the cell’s antioxidant
capacity. This can be a result of increased ROS production or reduced availability of
antioxidants, such as glutathione and superoxide dismutase [245, 246]. An increased
production of ROS may contribute to mutation in mitochondrial DNA, thus propa-
gating mitochondrial dysfunction. Altered mitochondrial functions such as ATP
production, modulation of calcium levels, and the redox state of the mitochondria
increase oxidative stress in chondrocytes, which drives the cell to a senescent state
[247]. ROS have been shown to be generated by chondrocytes as by-products of
aerobic metabolism, as well as in response to stimulation by pro-inflammatory cyto-
kines and growth factors, such as IL-1, TNF-a, FGF, and TGF-f [248, 249]. While
in vitro studies show evidence that chondrocyte senescence is associated with oxi-
dative stress, further studies would help to better describe the mechanism of
oxidative-stress-induced chondrocyte senescence.

Conclusion

OA is a chronic degenerative joint disease that has long been considered an age-
related disease of cartilage degeneration. Undeniably, age is one of the strongest pre-
dictors of OA development; however, risk factors such as genetics, gender, metabolic
status, obesity, and trauma all contribute to the probability of disease development.
Furthermore, it has now been established that OA is a whole joint disease. Maintenance
of cartilage ECM homeostasis is the main function of chondrocytes, providing struc-
tural support and a reservoir for cytokines and growth factors — critical for cell sur-
vival and maintenance of normal joint function. A dysregulation of ECM homeostasis
results in the degradation of cartilage, as well as remodelling of the subchondral bone
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and synovial inflammation. Due to the close interactions between cartilage, bone, and
synovium, alterations in one of these tissues do not seem to occur independently from
the others. As cartilage degeneration continues, loss of ECM leads to the propagation
of cell death and tissue degeneration. Matrix homeostasis relies on a balance between
anabolic and catabolic activities, which are dependent on the number of viable chon-
drocytes. Hence, the contribution of cell death is an important factor in the progres-
sion and severity of disease. With increasing age, senescent chondrocytes are less
able to maintain and repair articular cartilage tissue. In addition, the chondrocytes
become less responsive to anabolic stimuli and show an age-related decline in
response to anabolic cytokines and growth factors. Findings in animal models sup-
port the notion of the involvement of chondrocyte senescence with the progression of
cartilage degeneration and advancement of disease.

Throughout the upcoming chapters of this book, the authors have attempted to
provide a comprehensive and thorough understanding of distinct joints affected by
OA including hip, knee, shoulder, elbow, spine, ankle, hand and wrist. This book
also covers the current imaging practice in OA, joint conservation strategies, bio-
markers, present and future drugs/agents for the treatment of OA as well as safety
profile of current OA therapies. Finally, this book covers recent advances in regen-
erative and precision OA medicine.
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Chapter 2
Hip and Knee Osteoarthritis

Ivan Dzaja and Khalid Syed

Key Points

Osteoarthritis (OA) is the result of the loss of the ability of chondrocytes to
maintain and restore articular cartilage.

OA can be classified as primary (due to routine wear on the joint) or sec-
ondary (due to a specific etiology, i.e., posttraumatic, hemochromatosis,
septic arthritis, etc.).

Risk factors include modifiable (e.g., obesity, trauma, etc.) and non-
modifiable (e.g., age, gender, genetics, etc.) factors.

OA leads to classic changes within the joint including loss of articular
cartilage, joint space narrowing, subchondral sclerosis, formation of sub-
chondral cysts, and osteophyte formation.

Nonsurgical and nonpharmacologic treatment includes exercise, weight
loss, and bracing.

Pharmacologic treatment includes oral nonsteroidal anti-inflammatory
medications and intra-articular injection of corticosteroids, hyaluronic
acid, and plasma-rich protein.

Surgical management includes arthroscopy, osteotomy, arthrodesis, and
arthroplasty.
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Introduction

OA is a debilitating disease that occurs most frequently in the hands, feet, knees,
and spine but can develop in any synovial joint [1]. Although OA is most common
in the hand, knee OA is most likely to lead to disability [1]. Incidence of symptom-
atic hand OA is at 100 per 100,000 compared to 240 per 100,000 for the knee [2].
About 95 % of total knee arthroplasties (TKA) and total hip arthroplasties (THA)
are done for symptomatic OA. Currently, approximately 800,000 TKA and THA
are performed in the USA annually, with the number expected to exceed 1.2 million
by the year 2020 [3].

Clinical Evaluation

History

General symptoms associated with OA include joint pain, often worse in the morn-
ing, as well as stiffness and swelling. Advanced OA can also cause pain at rest and
nighttime pain severe enough to wake the patient while sleeping. Pain is usually
described as deep, aching, and poorly localized. Radiation of pain can also occur
and should be considered while examining the patient.

Hip

Hip OA is usually associated with pain located in the groin; radiation of pain should
be considered with hip OA. These patients may report knee pain rather than hip pain
resulting from a branch of the obturator nerve. A patient may hold the hip with one
hand, the so-called C-sign that is commonly seen in patients with hip pathology.
Pain laterally or posteriorly over the buttock is unlikely from an intra-articular
cause, and the history should be evaluated further. Differential diagnosis for articu-
lar causes of groin pain includes OA, osteonecrosis, hip dysplasia, FAI, infection, or
femoral neck fractures.

Knee

The location of pain should be noted during patient history. Anterior knee pain that
is exacerbated with squatting or stair climbing may indicate patellofemoral involve-
ment. Pain at the joint line associated with mechanical symptoms may indicate
meniscal pathology. Again, it is important to remember that referred pain from both
the lumbar spine and ipsilateral hip may present as knee pain.
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Physical Exam

A general screening musculoskeletal exam should be performed to assess for other
potential pathologies. Moving on to the affected extremity, a detailed and thorough
neurovascular examination should be completed and documented. Patients with OA
often have altered gain secondary to both pain and deformity. Atrophy of muscles
crossing the affected joint is often present in chronic disease.

Hip

Evaluation of gait is an important aspect of the hip exam. Gait can be antalgic,
related to a leg-length difference or muscle weakness (Trendelenburg gait). Foot
progression angle should also be noted. A detailed lumbar spine exam should be
performed in addition to a distal neurovascular exam. The hip should be inspected
looking for any previous scars, atrophy, or deformity. Palpation of lateral-based pain
can help distinguish non-arthritic sources of pain such as greater trochanteric bursi-
tis. Active and passive range of motion (ROM) should be assessed. It is important to
stabilize the pelvis when examining the hip. ROM will usually reproduce pain in the
arthritic hip, specifically flexion with internal rotation. Flexion contracture of the
hip can be assessed with the Thomas test. Here, the patient lies supine on the exam
table and brings one knee toward their chest while keeping the contralateral leg
extended. The test is positive if the contralateral leg flexes, which is due to a tight
iliopsoas.

Knee

Gait should also be examined, with specific attention to alignment and instability
during gait analysis. Hip exam should be performed, as hip ROM can occasionally
reproduce the knee pain. Inspection should be performed noting for any effusion,
scars, deformity, and overall alignment. Ligaments should be examined assessing
for any instability. Ability to correct the deformity should also be noted. The knee
should then be palpated, attempting to localize areas of tenderness. ROM of the
knee should be assessed, noting for flexion deformities and patellar tracking.

Imaging

Weight-bearing radiographs are effective at confirming the diagnosis of OA and also
for assessment of deformity and potential operative planning. Radiographic changes
associated with an arthritic joint include narrowing of the joint space, increased
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sclerosis or density of the subchondral bone, osteophyte formation, subchondral cyst
(geode) formation, loose bodies, joint subluxation, deformity, and malalignment.

Absence of positive radiographic findings in a patient with symptoms of OA
should not be interpreted as absence of disease, as the radiographs are not sensitive
early in the disease process. There may also be a poor association between radio-
graphic changes and functioning in patients with OA [4].

Hip

Standard radiographs for hip pathology should include an AP pelvis and a lateral of the
affected hip joint. Hip OA is often associated with superolateral narrowing, which can
then progress to global narrowing of the hip joint. Figure 2.1 demonstrates typical find-
ings with hip OA including joint space narrowing (JSN), sclerosis, and osteophyte
formation. Patients with an underlying coxa profunda may develop a more medial
pattern of OA with preservation of the superior and lateral joint space. The Tonnis
Classification has been established to characterize and describe radiographic findings
associated with hip OA. Classification is as follows: 0, no signs of osteoarthritis; 1,
mild (increased sclerosis, slight JSN, no or slight loss of head sphericity); 2, moderate
(small cysts, moderate JSN, moderate loss of head sphericity); and 3, severe (large
cysts, severe narrowing or obliteration of the joint space, severe deformity of the head).

Knee

Standard radiographs for knee pathology should include standing AP, lateral, mer-
chant, and tunnel views. Figure 2.2 demonstrates some findings associated with
knee OA including medial JSN. The same patient had an MRI, demonstrated in

Fig. 2.1 AP pelvis and lateral radiograph of left hip showing typical findings of osteoarthritis
including joint space narrowing, sclerosis, and osteophyte formation
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Fig. 2.2 AP and lateral radiograph of the left knee demonstrating decreased medial joint space
compared to the lateral compartment

Fig. 2.3 Representative coronal and sagittal cut from a left knee MRI (same patient as in Fig. 2.2)
demonstrating severe degenerative changes in the medial compartment

Fig. 2.3, which demonstrates more severe medial compartment degenerative
changes than the radiographs would suggest. If the radiographs are not standing
images, JSN and deformity may be minimized. Stress radiographs may be obtained
to assess ligamentous instability. In patients with malalignment of the lower extrem-
ity, hip-to-ankle images can be obtained to better understand the location and cause
of deformity.
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Treatment

Nonsurgical and Nonpharmacologic

Nonsurgical and nonpharmacologic methods of treatment for OA do exist. An exer-
cise program should be considered as first-line treatment for all patients with symp-
tomatic arthritis. Strengthening the muscles surrounding the joint can help to relieve
some symptoms. Weight loss in overweight patients can also help to decrease the
stress the joint is forced to endure [5, 6]. Orthoses including shoe wedges and knee
unloading braces can help to partially correct malalignment in the lower extremity
and provide some relief.

Pharmacologic

Pharmacologic treatment can provide significant relief for patients suffering from
OA. Nonsteroidal anti-inflammatory medications (NSAIDs) can help to alleviate
pain due to inflammation associated with OA. These patients should be monitored
by their general practitioner for adverse effects associated with use of these medica-
tions. Intra-articular injections can also be used as a treatment strategy; options
include corticosteroids, hyaluronic acid (HA), as well as plasma-rich protein (PRP).

Surgical Treatment

Arthroscopy
Hip Arthroscopy

Arthroscopy can be used as a less invasive surgical procedure to treat various intra-
articular hip disorders. This procedure has had an expanding role as of late in the
treatment of prearthritic and early arthritic hip disease. Indications for hip arthros-
copy currently include symptomatic labral tears, early articular cartilage disease
(chondral flaps, chondromalacia), symptomatic hip impingement, synovitis, loose
bodies, ligamentum teres ruptures, and diagnostic evaluation of the hip.

Contraindications to hip arthroscopy include advanced degenerative joint dis-
ease, disease states that limit arthroscopic access to the joint (morbid obesity, pro-
trusio, joint ankylosis, heterotopic bone), and intra-articular hip disease (e.g., labral
tears) associated with major structural abnormalities (developmental hip dysplasia)
that require correction of the underlying structural problem.

Clinical results for hip arthroscopy depend on the initial indication for the proce-
dure. Good to excellent clinical results are obtained at short-term follow-up in
approximately 70-85 % of the patients treated for labral disease [7, 8]. A guarded
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prognosis is associated with moderate to advanced (grade IV) articular cartilage
disease. The complication rate associated with hip arthroscopy is low (1-3 %).
Neurovascular injury is a complication associated with this procedure.

Lateral femoral cutaneous nerve is the most at risk structure (anterior portal),
while the most common neurovascular complication is a transient neuropraxia of
the pudendal nerve related to traction. Other complications include deep vein throm-
bosis, instrumentation breakage, articular scuffing, wound hematoma, infection,
and ankle strain or fracture.

Knee Arthroscopy

Knee arthroscopy is a common surgery used to treat a variety of intra-articular
pathologies. With the arthritic knee, in the absence of mechanical symptoms,
arthroscopic debridement is strongly recommended against [9]. At the time of
arthroscopy, several strategies can be used to potentially help improve symptoms.
Arthroscopic lavage and debridement of the arthritic knee is controversial but effec-
tive when properly indicated. Indications are limited to specific mechanical symp-
toms caused by loose bone, cartilage flaps or particles, meniscal tears, or synovial
impingement. [rrigation during arthroscopy dilutes the joint fluid, which reduces the
concentration of degradative enzymes. Chondroplasty, specifically removing or sta-
bilizing diseased cartilage, can help to improve mechanical symptoms. Abrasion
arthroplasty may have some benefit in this patient population. An arthroscopic shaver
is used to debride cartilage defects and penetrate the subchondral bone plate to cause
bleeding. The goal is to have a blood clot form, which will undergo metaplasia into
fibrocartilage after several weeks. Microfracture has less of a role in more advanced
diffuse OA. Here, cartilage defects are debrided to a stable rim, and the resulting
exposed subchondral bone is penetrated with a small drill or awl. The goal is to create
bleeding bone, which will produce a blood clot and subsequent fibrocartilage.

Osteotomy

Pelvic and Proximal Femoral Osteotomies

The goal of pelvic and proximal femoral osteotomies is to correct abnormal anat-
omy, thus alleviating pain, enhancing function, and preventing or delaying second-
ary OA. Patient selection for surgery is critical to optimize surgical outcomes. Major
conditions amenable to osteotomy correction include acetabular dysplasia, post-
traumatic disorders (malunion/nonunion proximal femur, including femoral neck
nonunion), proximal femoral dysplasia (coxa valga), and femoral neck nonunion.

Pelvic osteotomy is a complex surgery that should be done by highly subspecial-
ized surgeons. Indications for pelvic osteotomy include relatively young physio-
logic age (<55 years), symptomatic dysplasia, prearthritic or early arthritic joint
disease, adequate hip motion, and correctable structural abnormality.
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Relative contraindications include advanced physiologic age, morbid obesity,
restricted hip motion, and moderate to advanced degenerative joint disease.

When patients are selected carefully, outcomes are favorable. Survivorship for
periacetabular osteotomy with dysplasia of the hip at 20 years for Tonnis 1 and 2 is
80 % [10, 11].

High Tibial Osteotomy

High tibial osteotomy (HTO) can be considered in the younger patient with unicom-
partmental disease. It can be effective for treating arthritis due to a varus or valgus
malalignment and can delay the need for TKA. Osteotomy of the knee is frequently
combined with cartilage restoration procedures to provide a better mechanical envi-
ronment for the biologic repair. HTO is ideal for the young, active patient with iso-
lated medial or lateral compartment disease because it realigns the limb and reduces
stresses on the articular cartilage of the diseased compartment.

Medial compartment arthritis in the varus malaligned limb is common and can
be considered for treatment with a valgus-producing HTO. Techniques available
include a lateral closing wedge osteotomy, a medial opening wedge osteotomy, or a
dome osteotomy. Slight overcorrection of the varus deformity to 8—10° of valgus
has produced good results [12, 13]. Lateral compartment arthritis in the valgus
malaligned limb is less common. These patients can be considered for treatment
with a varus-producing distal femoral osteotomy (DFO). Varus-producing osteot-
omy of the proximal tibia can create joint line obliquity; as such, the osteotomy
should be carried out in the distal femur.

Contraindications to HTO include tricompartmental arthritic change, >15° flex-
ion contracture, less than 90° of knee flexion, loss of lateral meniscus in a valgus-
producing HTO, orloss of medial meniscus in a varus-producing DFO. Complications
of HTO or DFO include recurrence of deformity, 60 % failure rate after 3 years
when there is failure to overcorrect or if patient is overweight, loss of posterior slope
or patella baja, and shortened patellar tendon, which decreases the distance of patel-
lar tendon from the inferior joint line. This can be caused by:

» Raising tibiofemoral joint line in opening wedge osteotomy
» Retropatellar scarring and tendon contracture
* Bony impingement of the patella on the tibia

Other complications include compartment syndrome, peroneal nerve palsy
(more common in lateral opening wedge), malunion, or nonunion.

Results associated with osteotomy of either the distal femur or proximal tibia
will depend on appropriate patient selection. Valgus-producing HTO has been suc-
cessful in approximately 50-85 % of patients at 10 years (96 % at 5 years, 80 % at
10 years, 57 % at 15 years) [13—15].

When considering osteotomy around the knee, it is important to realize chal-
lenges with TKA after osteotomy should the patient continue to have symptomatic
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arthritis. TKA is technically challenging because of previous incisions, scar tissue,
retained hardware, and tibial and femoral abnormalities. Patella baja seen after HTO
makes exposure more difficult and increases the need for lateral release. Survivorship
of TKA after HTO does not seem to be affected, as several studies have shown
excellent long-term results [16].

Arthrodesis
Hip

Hip arthrodesis is an uncommon procedure used to treat advanced hip degeneration
in a very specific patient population. The position of fusion is critical for optimizing
function and minimizing deterioration of neighboring joints. The preferred position
of fusion is 25-30° of hip flexion, 0-5° of adduction, and 5-10° of lower extremity
external rotation. Indications should be carefully considered and include young age
(<30 years of age), high activity level (e.g., manual labor), severe pain and stiffness,
posttraumatic arthritis or end-stage disease associated with previous infection, and
normal neighboring joints (lumbar spine, contralateral hip, ipsilateral knee).
Similarly, contraindications to arthrodesis include disease in neighboring joints
(lumbar spine, ipsilateral knee, contralateral hip), major limb-length discrepancy
(>2.0 cm), and active infection.

Patients with previous fusions may eventually want the procedure reversed.
Indication for fusion takedown includes back or knee pain, leg-length discrepancy,
or malposition of the fusion. Patients should be counseled on expected outcomes, as
the rehabilitation is prolonged because of profound hip abductor weakness and the
associated limp.

Knee

Knee arthrodesis is also an uncommon procedure and indications should be care-
fully selected. The most common indication is the unrevisable TKA (usually
because of infection). Less common indications include septic arthritis, osteomyeli-
tis, posttraumatic arthritis in a young manual laborer, painful ankylosis, neuropathic
knee, and paralytic deformity. Contraindications to knee fusion include bilateral
knee involvement or ipsilateral hip arthrodesis.

Position of fusion is important and can vary based on patient anatomy or leg-length
discrepancy. If the limb-length discrepancy is <2 cm, arthrodesis should be placed in
5-7¢ of valgus and 15° of flexion. If the limb-length discrepancy is 2—4 cm, arthrod-
esis should be placed with the knee in full extension. If the limb-length discrepancy is
>4 cm, consider bone grafting or a prosthetic spacer to limit gait abnormalities. Prior
to fusion, the leg can be immobilized in a cast to prepare the patient for the fusion.
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Complications associated with knee arthrodesis include painful nonunion, infec-
tion, deep venous thrombosis (DVT), peroneal nerve palsy, and wound dehiscence.
Long-term complications include hip, spine, and ankle pain due to the altered gait
pattern.

Arthroplasty
Hip

Total hip arthroplasty (THA) has proved to be an extremely successful surgery at
relieving pain and improving function. Technical aspects of the surgery should be
respected to improve chances of a good outcome. Achieving stability of the articula-
tion between the ball and socket is critical. THA stability is determined by the fol-
lowing variables:

(a) Component design: The primary determinant of arc range (or the total arc of
motion available between the ball and cup before dislocation) is the head-neck
ratio. Other component design characteristics can affect the arc range. An
example includes skirted heads, which leads to smaller head-neck ratios and
excursion distance (or the distance the head must travel to dislocate after pri-
mary impingement).

(b) Component alignment: Ideal cup alignment to minimize chance of dislocation
is 45° of cup abduction and 15° of cup anteversion. Stem alignment should be
in 10-15° of anteversion.

(c) Soft tissue tensioning: The abductor complex helps to restore tension via head
offset and neck length. Trochanteric deficiency or escape leads to deficient
abductor complex contributing to hip instability.

Potential complications associated with THA include heterotopic ossification
(HO) or calcification of the soft tissue around the hip. Risk factors for the formation
of HO include prolonged surgical time, subtype of OA (hypertrophic), and handling
of soft tissues during surgery. The Brooker classification characterizes the amount
of HO visible on radiographs: I, islands; II, bone spurs leaving at least 1 cm between
bony surfaces; III, spurs from pelvis and proximal femur with space less than 1 cm;
and IV, radiographic ankyloses. Vascular injury during screw insertion has a low
incidence (less than 1 %) [17]. Although less common than nerve injury, it can be
life threatening. Wasielewski proposed the hip quadrant system as a guide for safe
screw insertion [18]. Screws are safest when inserted posterior and superior to line
A (aline drawn between the ASIS and the center of the acetabulum) and line B (line
perpendicular to line A). Nerve injury has an incidence ranging from 0 to 3 % [19].
The peroneal branch of the sciatic nerve is most commonly injured. Risk factors for
nerve injury include revision surgery, congenital hip dislocation, female gender, and
lengthening the extremity by greater than 4 cm. Dislocation has an incidence of
1-3 %, with 70 % occurring within the first month after surgery [20, 21]. Risk fac-
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tors for dislocation include female gender, prior hip surgery (most significant risk
factor), posterior approach, and malposition of components. Initial treatment of a
dislocated THA includes closed reduction. If component malposition is present
soon after hip arthroplasty, immediate revision arthroplasty may be required. Venous
thromboembolic events are common after THA in patients that are not on prophy-
laxis (incidence of DVT being 45-57 % in unprotected patients). Pulmonary embo-
lism (PE) occurs in 0.7-2 % of patients with THA without prophylaxis [22, 23].
After THA, patients should therefore be protected with some form of anticoagulant
to minimize the chance of these events.

Knee

Similar to THA, TKA has proven to be a reliable surgery at relieving symptoms and
improving function. Technical goals of TKA include restoring mechanical align-
ment (restoring the joint line allows proper function of preserved ligaments).
Elevating the joint line can lead to midflexion instability and patellofemoral track-
ing problems. Lowering the joint line can lead to lack of flexion and flexion instabil-
ity, balancing ligaments by creating equal flexion and extension gaps, maintaining a
normal Q angle (angle formed from the intersection of the extensor mechanism axis
above the patella with the axis of the patellar tendon), and thus ensuring proper
patellar femoral tracking. Errors that increase the Q angle include internal rotation
of the femoral prosthesis, medialization of the femoral component, internal rotation
of the tibial prosthesis, or placing the patellar prosthesis lateral on the patella.

Ligament balancing in TKA is crucial to obtaining a stable knee. The goal is to
achieve equal symmetric flexion and extension gaps. In a varus-aligned knee, most
ligament balancing occurs at the time of exposure through controlled posteromedial
release. Femoral and tibial osteophytes should be removed followed by the meniscus.
Deep medial collateral ligament (MCL) release can be performed. Reduction oste-
otomy (placing the tibial tray as far lateral as possible and recutting the tibia around
it) is another technique to help with balancing. Superficial MCL release, medial
epicondyle osteotomy, and lateral collateral ligament tightening are other options
available to the surgeon once other methods have been exhausted. With valgus
deformity, balancing follows different steps. Care should be taken to prevent overly
aggressive release of the medial side during exposure. Valgus knees are often found
to have hypoplastic lateral femoral condyles. As such, secondary checks should be
used when determining femoral rotation, such as Whiteside’s line (a vertical line
extending from the deepest part of the trochlear groove and the center of the inter-
condylar notch) and the epicondylar axis. Osteophytes should be resected and soft
tissue released as deemed appropriate can be helpful to balance a valgus knee. The
iliotibial band can be released if the knee is tight in extension, and the popliteus can
be released if the knee is tight in flexion. Alternatively, a laminar spreader can be
inserted to open up the lateral compartment, and tight structures can be released as
they are encountered.
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Knee prostheses come in varying levels of constraint. Unconstrained knees are

available in posterior cruciate-retaining and posterior cruciate-substituting designs.
If increased constraint is required, constrained nonhinged (varus-valgus con-
strained) implants are available. Finally, constrained hinges are available for grossly
unstable knees.

There are many potential complications associated with TKA. Some of these

include:

(a)

(b)

©

(d)

©)]

®

Instability: This complication accounts for 10-20 % of all TKA revisions [24,
25]. It can occur in the mediolateral (axial instability) and the anteroposterior
(flexion instability) planes. Factors leading to instability include ligament
imbalance, component malalignment or failure, bone loss from over-resection
of femur, bone loss from femoral or tibial component loosening, soft tissue lax-
ity of collateral ligaments, or connective tissue disorders.

Rotational malalignment: Patellofemoral (PF) maltracking must be avoided
when performing a TKA. The most common complications in TKA involve
abnormal patellar tracking. Surgeons must avoid an increased Q angle to avoid
increased lateral patellar subluxation forces. Femoral component internal rota-
tion should be avoided because it causes lateral patellar tilt and a net increase in
the Q angle. The femoral component should be placed in 3° of external rotation
to the neutral axis to maintain a symmetric flexion gap. The femoral component
should be biased to the lateralized position because medialization places the
trochlear groove in a medial position and increases the Q angle. Midpoint of the
tibial component should align over the medial third of the tibial tubercle, and
care should be taken to avoid an internally rotated position and err toward exter-
nal rotation. Internal rotation of the tibia results in external rotation of the tuber-
cle and increases the Q angle. The patella should be placed medially and
superiorly on the undersurface of the patella.

Vascular injury: Incidence of these injuries is low. To minimize these events,
one should avoid sharp dissection in the posterior compartment of the knee.
Posterior retractor placement must also be performed carefully and should be
biased medially away from the popliteal artery (artery has been shown to lie
9 mm posterior to the posterior cortex of the tibia at 90° of flexion). If arterial
injury is suspected, drop tourniquet to check artery. Popliteal artery injury can
lead to acute ischemia, compartment syndrome, and potential amputation.
Nerve palsy: Incidence is reported at 0.3 %. In patients with severe valgus, rate
of peroneal nerve injury increases to 3—4 % [26, 27]. If a peroneal nerve injury
is suspected following TKA, the leg should be immediately flexed and all com-
pressive dressings should be removed. Initial management should include use
of ankle foot orthoses and physiotherapy to maintain a supple joint.

Wound complications: These can be challenging for both surgeon and patient.
Systemic risk factors include diabetes, vascular disease, rheumatoid arthritis,
nutritional status, and obesity.

Stiffness: Poor motion after TKA leads to suboptimal outcomes. Patient factors
that affect ROM include preoperative ROM, body habitus, patient compliance,
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and pain tolerance. Technical factors affecting ROM include overstuffing the
patellofemoral joint, mismatched extension and flexion gaps, inaccurate bal-
ancing, component malposition, oversized components, joint line elevation, and
excessive tightening of the extensor mechanism at closure.

Conclusions

OA is a common cause of pain and disability, which can develop in any synovial
joint. Symptoms include activity related pain, rest pain, as well as nighttime pain.
ROM of the affected joint demonstrates a painful and stiff arc of motion. Radiographs
demonstrate JSN, increased sclerosis at the joint surfaces, osteophyte formation,
and subchondral cysts. Nonoperative treatment includes physiotherapy, weight loss,
orthoses, NSAIDs, and intra-articular injections. Surgical management includes
arthroscopy, osteotomy, arthrodesis, and arthroplasty.
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Chapter 3
Shoulder and Elbow Osteoarthritis

Timothy Leroux and Christian Veillette

Key Points
Shoulder

Shoulder osteoarthritis (OA) is common.

Primary shoulder OA is the most common form.

The most common type of secondary shoulder OA is rotator cuff arthropathy
and is believed to be related to a decoupling of forces about the humeral head.
Typical presentation is activity-related shoulder pain and loss of shoulder
range of motion.

Physical exam should include an assessment of the rotator cuff and axillary
nerve.

Standard radiographs are often sufficient to make diagnosis, but cross-
sectional imaging may be indicated to identify bone loss (CT) or soft tissue
deficiencies (MRI/ultrasound).

Nonoperative care can include physical therapy, pharmacotherapy, and
intra-articular injections (cortisone and hyaluronic acid), but evidence for
or against these treatments is limited.
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* Surgical management of end-stage shoulder OA includes arthroscopic
debridement, interposition arthroplasty (glenoid resurfacing), humeral
head resurfacing, hemiarthroplasty, anatomic total shoulder arthroplasty,
and, in low demand patients with a deficient rotator cuff, reverse total
shoulder arthroplasty.

* In young patients with end-stage shoulder OA, arthroplasty has high fail-
ure rates secondary to either glenoid erosion (hemiarthroplasty) or glenoid
component loosening (anatomic total shoulder arthroplasty).

* For older patients with end-stage shoulder OA and an intact rotator cuff,
anatomic total shoulder arthroplasty is recommended.

Elbow

* Symptomatic elbow OA is rare.

* Secondary elbow OA is the most common form.

* Following elbow trauma, radiographic changes consistent with elbow OA
are common, but symptoms infrequent.

» Typical presentation of patients with symptomatic elbow OA includes
complaints of motion loss and impingement.

* Physical exam should include an assessment of the collateral ligaments
and ulnar nerve.

* In addition to standard elbow radiographs, cross-sectional imaging (CT) is
often useful to determine osteophyte distribution and presence of loose
bodies.

* Nonoperative management of elbow OA should include activity modifica-
tion, while the utility of pharmacotherapy, physiotherapy, bracing, and
intra-articular injections (cortisone and hyaluronic acid) has not been fully
elucidated.

* The mainstay of surgical management is elbow debridement, performed
either open or arthroscopically.

» Total elbow arthroplasty should be reserved for older patients with mini-
mal physical demands.

* For patients with OA isolated to the radiocapitellar joint, an isolated radio-
capitellar joint arthroplasty has demonstrated favorable early outcomes.

Introduction

OA of the shoulder or elbow can significantly impact quality of life. Despite this,
our understanding of how to appropriately manage patients with symptomatic OA
of the shoulder or elbow is quite limited. The use of shoulder and elbow arthro-
plasty appears to be rising exponentially, but these options are costly, and although
outcomes tend to be favorable, they are dependent upon appropriate patient
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selection. In this chapter, we will discuss management options and outcomes but
also explore the epidemiology, etiology, and work-up of patients with shoulder and
elbow OA.

Epidemiology
Shoulder

Glenohumeral OA is a debilitating condition akin to other chronic medical condi-
tions such as congestive heart failure, diabetes, and acute myocardial infarction [1];
moreover, it can limit shoulder function resulting in anxiety, depression, activity
limitations, and poor job performance [2]. Despite this, the overall prevalence of
glenohumeral OA in the general North American population has not been studied
[3]. A 2011 Korean study found the prevalence of radiographic primary and second-
ary glenohumeral OA in the general population to be 16.1 % and 1.9 %, respec-
tively, and that risk increased with age [3]. Of note, female sex and obesity did not
influence radiographic glenohumeral OA risk [3].

Studies have sought to understand the utilization of shoulder arthroplasty — the
end-stage management of OA. It has been observed that the rate of shoulder arthro-
plasty in the United States has increased significantly over the past decade (47,000 in
2008 compared to 19,000 in 1998) [4]. This has been attributed to a growing elderly
population, public awareness, advances in implant design and availability, and
increasing number of shoulder and elbow surgeons [4, 5]. Interestingly, the increase
in the rate of total shoulder arthroplasty was significantly greater than shoulder
hemiarthroplasty, which may reflect the Food and Drug Administration approval of
the reverse total shoulder arthroplasty in November 2003 [4]. It has been estimated
that the annual rate of total shoulder arthroplasty in the United States will increase
between 192 and 322 % from 2007 to 2015 [6].

Elbow

OA of the elbow is rare, with a prevalence believed to be less than 2 % in the general
population [7]. It is more commonly seen in males with a history of repetitive use of
their dominant upper extremity, such as manual laborers, throwing athletes, weight
lifters, and those who use walking aids (crutches) [7, 8].

In the United States, the utilization of elbow arthroplasty to manage end-stage
OA has increased significantly over the past two decades [9]. Despite this, popula-
tion data suggests that the number of total elbow arthroplasty procedures performed
annually to manage OA remains quite low (of the 1,155 total elbow arthroplasty
procedures undertaken in New York State over a 10-year period, 88-91 % of the
associated diagnoses were inflammatory arthritis or trauma [10]).
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Etiology

Shoulder

The etiology of glenohumeral OA can be divided into primary (idiopathic) and sec-
ondary causes. Primary OA is the most common cause of glenohumeral OA [11]
and is the most common diagnosis among patients undergoing total shoulder arthro-
plasty (77 %) and shoulder hemiarthroplasty (43 %) [4]. Secondary causes of gle-
nohumeral OA include rotator cuff deficiency, previous arthroscopic shoulder
surgery, fracture, and recurrent instability.

The relationship between glenohumeral OA and rotator cuff deficiency remains
a hotly debated topic. Three theories have been proposed to explain how a rotator
cuff tear can result in the development of rotator cuff arthropathy — a unique pattern
of changes in the glenohumeral joint characterized by anterosuperior migration and
femoralization of the proximal humerus, collapse of the proximal aspect of the
humeral articular surface, and acetabularization of the coracoacromial arch [12, 13].
These theories include:

1. An inflammatory-mediated destruction of the articular cartilage resulting from
the accumulation of calcium phosphate crystals which trigger the release of col-
lagenases and proteases

2. Malnutrition of the cartilage resulting from loss of nourishing factors in the sub-
acromial space through the torn rotator cuff

3. Abnormal physical stresses on the articular cartilage secondary to a loss of force
couples around the shoulder and the resulting anterosuperior migration of
the humeral head [13, 14]

Basic science studies have suggested that the latter theory best accounts for the
observed cartilage degeneration [14], and biomechanical studies have supported the
notion that a critical tear size is necessary to sufficiently disrupt joint kinematics
initiating this cascade (a full thickness supraspinatus tear with 50 % of the infraspi-
natus), ultimately resulting in humeral head migration and the development of rota-
tor cuff arthropathy [15]. Despite this evidence, full thickness rotator cuff tears are
common in the older, general population (the prevalence of cuff tears in persons
>60 years and >70 years is 28 % and 50 %, respectively) [16, 17]; however, rotator
cuff arthropathy is not common, and further study is necessary to better understand
why only a percentage of patients with full thickness rotator cuff tears develop rota-
tor cuff arthropathy [18].

Chondrolysis following arthroscopic shoulder surgery, a phenomenon termed
postarthroscopic glenohumeral chondrolysis (PAGCL), has been reported [19, 20].
Although rare, it is a challenging problem that tends to arise in younger, male
patients rather than the typical older patient with primary glenohumeral OA [19-
21]. The underlying pathophysiology has yet to be completely elucidated; however,
it does appear to be multifactorial, and case reports have linked this pathology to the
use of intra-articular pain pumps, radiofrequency devices, and implants/anchors
during arthroscopic surgery [19-21].
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Fractures that disrupt or malalign the glenohumeral articular surface can result in
glenohumeral OA, commonly referred to as posttraumatic arthropathy [22-24]. The
pathogenesis of posttraumatic OA is not well understood, but it is believed that
multiple factors lead to its onset, including cartilage injury at the time of the initial
trauma, biological response of bleeding and inflammation, and chronic cartilage
overload secondary to articular surface incongruity, joint instability, and glenohu-
meral malalignment [24, 25]. Unfortunately, the literature on the epidemiology of
this clinical entity is quite sparse and is largely focused on management.

Glenohumeral OA can also arise in patients who have sustained a previous gle-
nohumeral dislocation, commonly referred to as dislocation arthropathy [26, 27].
Again, the pathogenesis is not completely understood but is believed to be similar
to the development of OA following fracture (discussed above) [24]. The prevalence
of this disease has been investigated, including a study with 25-year follow-up that
found the rate of glenohumeral OA in patients managed nonsurgically following a
glenohumeral dislocation was 60 % [28]. In another study, the rate of radiographic
glenohumeral OA 13 years following arthroscopic labral repair was similar (68 %);
however, most radiographic changes were mild, and most patients were asymptom-
atic [29]. It appears that patient age at the time of first dislocation influences OA
severity in the long-term, whereby older age is associated with more severe disease
on follow-up radiographs [28-30]. Similarly, increased time between labral repair
and the first dislocation and the number of previous dislocations have been shown
to influence OA risk in the unstable shoulder [31].

Elbow

Similar to glenohumeral OA, elbow OA has typically been divided into primary (idio-
pathic) and secondary causes. Secondary causes include fracture, repetitive stress, val-
gus extension overload, osteochondritis dissecans, and synovial chondromatosis [8].

It has been acknowledged that our understanding of elbow OA, particularly its
etiology, is largely unknown. For instance, many patients develop radiographic signs
of OA following elbow trauma (at a median of 19.5 years following surgical fixation
of an elbow fracture, the prevalence of moderate-to-severe elbow OA on radiographs
to be 23 %[32]), but symptoms vary, and few seek treatment [32]. The lack of evi-
dence likely stems from the rarity of this disease and the relative paucity of studies
that have sought to delineate the factors that predispose an elbow to OA [8].

Several biomechanical studies have improved our understanding of the relation-
ship between repetitive stress and elbow OA. First, the elbow has been shown to be
a load-bearing joint, whereby normal daily activity can generate forces up to half
the body weight across the ulnohumeral joint [33], and heavy lifting and overhead
throwing can generate forces three and six times the body weight, respectively [8,
34, 35]. Second, forces tend to be directed toward the margins of the articular sur-
face, decreasing load sharing across the joint [36]. Collectively, a high force over a
small surface area has the potential to damage the exposed articular surface, particu-
larly with long exposure periods such as repetitive use.
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Clinical and Radiographic Assessment

Shoulder

Patients with glenohumeral OA typically present with a long history of progressive
activity-related shoulder pain that is relieved with rest. It is not uncommon for
patients to also complain of pain at rest and pain at night, and these complaints tend
to be more frequently reported in advanced stages of the disease. The pain is often
localized deep in the shoulder and described as a dull ache. In addition to pain,
patients may report a loss of shoulder function, including range of motion and
strength. They may also report instability, locking, or crepitus. A thorough history
of past shoulder complaints, injuries, and surgeries may reveal secondary causes of
glenohumeral OA, such as rotator cuff deficiency, fracture, and glenohumeral insta-
bility. Management plans are often dictated by a failure of nonsurgical management,
and it is important to inquire about previous attempts to modify painful activities;
past injections, including the injected substance, the number of injections, the loca-
tion of the injections (subacromial vs. glenohumeral), and their success; and previ-
ous trials of physiotherapy, including the number of sessions, the quality of the
sessions (manipulation- vs. modality-based physiotherapy), and their success.
Lastly, glenohumeral OA can be quite disabling, and clinicians should inquire about
its impact on quality of life [37].

Physical exam tends to be quite variable, and the findings often overlap with a
number of other shoulder pathologies. Typically, patients with glenohumeral OA
have joint line tenderness; pain with shoulder motion; loss of both active and pas-
sive range of motion, the latter being more indicative of advanced disease; global
shoulder weakness; and crepitus. An exam of the rotator cuff should be attempted to
exclude deficiency, and a thorough neurovascular exam with care to document the
motor and sensory function of the axillary nerve.

In patients with glenohumeral OA, the mainstay of diagnosis is imaging. Standard
radiographs, including anteroposterior, lateral (transscapular), and axillary views, are
sufficient to visualize the characteristic features of glenohumeral OA, including nar-
rowing of the joint space, osteophyte formation, subchondral sclerosis, and subchon-
dral cysts (see Fig. 3.1). On the anteroposterior image, it is not uncommon to see “the
goat’s beard,” a large inferomedial humeral head osteophyte. Radiographs can also be
used to assess for secondary causes of glenohumeral OA, including the classic fea-
tures of rotator cuff arthropathy (anterosuperior migration and femoralization of the
proximal humerus, collapse of the proximal aspect of the humeral articular surface,
and acetabularization of the coracoacromial arch [12, 13]), recurrent glenohumeral
instability (humeral head defects and glenoid bone loss [38]), and previous fracture
(deformity and articular incongruity [24, 25]). Advanced imaging should be consid-
ered in situations where a soft tissue defect or bone loss will impact management,
such as rotator cuff deficiency (MRI or ultrasound) or glenoid bone loss (CT scan).

A thorough history, physical exam, and appropriate imaging can be useful to
exclude other common pathologies that may mimic glenohumeral OA, including
rotator cuff tears, labral tears, inflammatory arthritis, impingement, adhesive capsu-
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Eccentric
<— posterior
glenoid wear

Fig. 3.1 Shoulder osteoarthritis. (a, b) Demonstration of the typical radiographic appearance of
primary shoulder osteoarthritis in the anteroposterior and axillary views, respectively. Typical radio-
graphic features include an inferior humeral head osteophyte (a), subchondral sclerosis (a), subchon-
dral cysts (b), and eccentric posterior glenoid wear (b). (¢, d) Demonstration of corresponding
coronal and axial MRI views of the same patient, respectively. In these images, there is complete loss
of articular cartilage on the humeral head (c), subchondral cysts (d), and subchondral bone edema (d)

litis, and cervical disk disease. A review of these pathologies is beyond the scope of
this chapter, but the clinician should seek to exclude them during each patient
assessment.

Elbow

Compared to OA of other joints in the body, elbow OA is unique in that it is charac-
terized by hypertrophic osteophyte formation and capsular contracture alongside a
relative preservation of both articular cartilage and joint space [7]. These features
account for the typical patient complaints of loss of motion (capsule contraction)
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and pain at terminal extension or flexion (impingement from an osteophyte on the
olecranon and coronoid, respectively). Similar to the clinical assessment of gleno-
humeral OA, it is important to determine degree of pain and disability, including
pain with activity, pain at rest, pain at night, location of pain, loss of motion, lock-
ing, crepitus, and instability. As alluded to above, patients commonly report
increased pain at the terminal ends of motion, which is the hallmark of impingement
[8]. There is an association between repetitive stress and elbow OA, and it is impor-
tant to inquire about vocation (manual labor) and recreational demands (overhead
sports and weight lifting) [8]. A thorough history of past elbow complaints, injuries,
and surgeries would be helpful to exclude secondary causes of elbow OA, such as
fracture. Furthermore, any past attempts at nonsurgical (activity modification, injec-
tions, and physiotherapy) or surgical management would help guide future manage-
ment decisions.

In elbow OA, pathology tends to begin on the lateral aspect of the elbow [8], and
physical examination can reveal an effusion in the lateral soft spot (a point on the
lateral elbow bordered by the tip of the olecranon, the lateral epicondyle, and the
radial head) and lateral joint line tenderness. Additionally, elbow OA may result in
decreased active and passive range of motion, pain at the terminal ends of motion,
crepitus, and instability. It is imperative to document the integrity of the collateral
ligaments, as this can guide surgical management [39]. Lastly, a detailed neurovas-
cular exam should be performed with care to document the sensory and motor func-
tion of the ulnar nerve.

As in glenohumeral OA, the mainstay of diagnosis is imaging. Standard radio-
graphs with anteroposterior and lateral views are usually sufficient to make the
diagnosis of elbow OA. Pathology tends to begin in the radiocapitellar joint, and
loss of ulnohumeral joint space signifies more advanced disease [8, 39]. Visualization
of loose bodies and a more advanced perspective of osteophyte distribution can be
difficult with standard radiographs, and this would be an indication for a CT scan
[8, 39, 40].

Classification Systems

Shoulder

Several shoulder-specific classification systems have been developed to describe the
stages of primary glenohumeral OA, including glenoid morphology and erosion
(the Walch classification), the formation of an inferior humeral head osteophyte (the
Samilson and Prieto classification [27] and the modified versions of this classifica-
tion made by Allain et al. [41] and Gerber [42]), the loss of glenohumeral joint
space (the Weinstein classification [43]), and the constellation of classic radio-
graphic changes, including joint space narrowing, subchondral sclerosis, osteophyte
formation, and subchondral cysts (the Guyette classification [44]). The Samilson
and Prieto classification was originally developed for dislocation arthropathy [27]
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but is now commonly used in primary glenohumeral OA [45]. All of the aforemen-
tioned classification systems have demonstrated excellent intra- and inter-observer
reliability and are suitable for clinical and scientific use [45].

Classification systems have also been developed to describe the stages of cuff
tear arthropathy, including glenoid erosion (the Sirveaux classification [46]), and
the classic collection of radiographic changes, including anterosuperior migration
of the humeral head, acetabularization of the coracoacromial arch, femoralization of
the humeral head, and narrowing of the glenohumeral joint space (the Favard clas-
sification [47], the Visotsky-Seebauer classification [48], and the Hamada classifi-
cation [49]). Evidence suggests that the Sirveaux classification demonstrates the
best overall reliability [47]; however, it does not address the changes in humeral
head position and morphology [46]. The Visotsky-Seebauer and Hamada
classification systems reliably characterize both humeral head and glenoid changes
and have been recommended for clinical and scientific use [47].

Elbow

At present, the Rettig classification [50] is the only classification system available
to stage radiographic changes in elbow OA, including radiocapitellar joint space
narrowing and instability, and the development of marginal ulnohumeral osteo-
phytes (the Rettig classification [50]). This classification system has demonstrated
good correlation with clinical outcomes (pain and function) [50]; however, intra-
and inter-observer reliability has not been established.

Nonoperative Management

Nonoperative interventions are the first-line management for both glenohumeral
and elbow OA, including rest, anti-inflammatory medication, long-term activity
modification, intra-articular injections, physiotherapy, and bracing; however, the
efficacy of these interventions is quite variable. Emerging biological therapies, such
as intra-articular injections of platelet-rich plasma or stem cells, should be consid-
ered experimental in the shoulder and elbow [51].

Shoulder

In 2010, the American Academy of Orthopaedic Surgeons released clinical practice
guidelines for the treatment of glenohumeral OA [52]. In this publication, the
authors concluded that evidence was not sufficient to recommend for or against the
use of physical therapy, pharmacotherapy (nonsteroidal anti-inflammatories,



52 T. Leroux and C. Veillette

acetaminophen, and opioids), and intra-articular corticosteroid injections to manage
patients with glenohumeral OA [52]. At the time of the publication, one industry-
funded level IV study suggested that viscosupplementation (hyaluronic acid) sig-
nificantly decreased pain, increased range of motion, and improved quality of life
up to 6 months postinjection [53]. The clinical practice guidelines do acknowledge
the weakness of this study [52], and a recent randomized trial suggests that, as com-
pared to placebo injections, there may be no significant clinical improvement fol-
lowing intra-articular hyaluronic acid injections [54].

Elbow

Given the relationship between repetitive stress and the development of elbow OA,
the mainstay of nonoperative management is long-term activity modification [7],
which can be challenging when activity modification impacts employment (manual
labor) [8]. Intra-articular corticosteroid or hyaluronic acid injections may provide
short-term (<3 months) improvement in symptoms [8, 55], but the evidence is
sparse, and their benefit in the long-term has not been demonstrated. Similarly, anti-
inflammatory medications, bracing, and physiotherapy are often recommended, but
their benefit for patients with elbow OA has not been studied.

Operative Management

Surgical options for patients with OA include procedures that preserve the native
joint and those that replace the native joint (arthroplasty). A general approach to
management of these patients would be to fully exhaust all nonoperative measures,
followed by an emphasis on joint preservation rather than joint replacement.

Shoulder

A number of surgical procedures have been described to manage glenohumeral OA,
including those that are joint preserving (arthroscopic debridement, osteotomy, and
interposition arthroplasty) and joint replacing (humeral head resurfacing, humeral
head replacement with or without glenoid reaming, and total shoulder replacement)
[11, 56]. Based upon the 2010 American Academy of Orthopaedic Surgeons clini-
cal practice guidelines for the treatment of glenohumeral OA, humeral head replace-
ment and total shoulder replacement were recommended; however, total shoulder
replacement was the preferred treatment [52], as it has demonstrated superior clini-
cal outcomes (decreased pain, improved range of motion, and increased strength)
and a lower revision rate in the short term (6.5 % vs. 10.2 %) [57, 58]. Recent
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long-term evidence suggests that clinical improvements following total shoulder
arthroplasty are sustained up to 15 years but revision rates may be as high as 30 %
[59]. Additional studies are needed to substantiate these long-term findings.

Surgical management of glenohumeral OA in the young patient (<60 years of
age) is challenging for a number of reasons, including higher activity levels, greater
functional expectations, and limited lifespan of prosthetic joint replacement in this
demographic [56]. Arthroscopic debridement is often the first-line surgical manage-
ment for these patients, as it also has value in diagnosing and characterizing carti-
lage lesions [56]. It tends to be more efficacious in patients with mild OA [60],
small cartilage defects (<2 cm?) [61], and disease that only affects one side of the
joint (humeral head or glenoid) [62]. An alternative joint-preserving procedure is
glenoid interposition arthroplasty, which involves the interposition of a graft to
resurface the glenoid (commonly used grafts are lateral meniscus and Achilles ten-
don allografts) [56]. Early results of this procedure were favorable, but more recent
evidence suggests it has failure rate of over 50 % at a mean follow-up of 2.8 years
[63]. Interestingly, the American Academy of Orthopaedic Surgeons clinical guide-
lines could not recommend for or against arthroscopic debridement or interposition
arthroplasty [52].

As alluded to above, joint replacement in the young patient can be challenging
given the high failure rates [56]. Of the options available, humeral head resurfacing
has the theoretical advantage of preserving bone stock, but the evidence is quite
sparse and no high-level comparative trials have been undertaken to determine sur-
vivorship. The ultimate challenge of shoulder replacement in young patients is man-
agement of the glenoid. For instance, it has been shown that humeral head
replacement decreases pain and improves motion, but its survival in patients under
the age of 50 is only 83 % and 73 % at 10 and 15 years, respectively [64]. Most
concerning, however, was the degree and progression of glenoid erosion, which can
complicate future revision procedures [56]. Similar improvements in pain and func-
tion have been observed for young patients undergoing total shoulder replacement,
but the concern in this population is glenoid component loosening [56]. In fact,
studies have demonstrated a high rate of radiolucency about the glenoid component
[56], which may translate into a higher risk for failure and need for revision in these
young patients. Given its functional limitations, reverse total shoulder replacement
has generally not been considered an option for young patients; furthermore, recent
evidence suggests a lower satisfaction rate [65] and higher complication rate [66] in
this patient demographic, and the long-term survivability has yet to be determined.

Surgical management of rotator cuff arthropathy is also challenging, but the
advent of the reverse total shoulder arthroplasty has improved this. The biomechani-
cal concept of this implant is to increase the efficiency of the deltoid for abduction —
an activity that a rotator-deficient shoulder would otherwise have difficulty doing
[18]. A second advantage of this implant is that it is semi-constrained, preventing
superior migration and instability often seen following total shoulder replacement
performed in rotator-deficient shoulders [18]. Although reverse total shoulder
replacement improves patient function, its use is limited by high failure rates in
patients who do not have low functional demands (generally used in patients over
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the age of 70) [18]. In higher-demand patients with rotator cuff arthropathy and an
intact coracoacromial arch and anterior deltoid, humeral head replacement has been
the mainstay of treatment [18]. Again, glenoid erosion and failure are a concern, but
less so with increasing age. A difficult situation is the high-demand patient with
rotator cuff arthropathy who does not have an intact coracoacromial arch or anterior
deltoid. In these cases, superior escape is a dreaded complication of humeral head
replacement, and arthrodesis may be a consideration if the patient cannot tolerate
the functional demands of a reverse total shoulder arthroplasty [13]. Lastly, ana-
tomic total shoulder replacement is not advisable in rotator-deficient shoulders due
to high failure rates [52].

Elbow

Similar to glenohumeral OA, surgical management of elbow OA can be categorized
into joint preserving (open or arthroscopic debridement, otherwise known as ulno-
humeral arthroplasty) and joint replacement (radiocapitellar replacement and total
elbow replacement). The mainstay of elbow OA is joint debridement, which can be
done either open or arthroscopically. The goals of either approach are to remove
loose bodies and osteophytes, debride frayed articular cartilage, and perform a cap-
sule release [67]. The advantages of an arthroscopic debridement would be less
complications (open has been associated with instability, heterotopic bone forma-
tion, ulnar neuropathy) [68], pain, and bleeding [69]; however, it may be difficult to
perform a complete debridement (as can be performed in an open debridement) and
requires expertise and equipment that may not be readily available [68]. Short-term
results suggest an improvement in pain and functional outcome scores following
either procedure, but the evidence supporting an improvement in range of motion is
mixed [68]. Despite short-term improvements, long-term studies following open
joint debridement suggest that the rate of recurrence is high (loss of motion [70, 71],
progression in radiographic OA changes [68], and there is recurrence of osteophytes
[70]), but similar studies do not exist for arthroscopic joint debridement. Lastly, it is
advised to decompress the ulnar nerve following ulnohumeral arthroplasty, as post-
operative ulnar neuropathy can be as high as 28 % [72].

Beyond joint debridement, few surgical options are available. Although the results
of total elbow arthroplasty in elbow OA are good (improvement in pain, range of
motion, and functional outcome scores [73]), the indications for its use are limited to
elderly patients with minimal physical demands. Furthermore, much of the evidence
on elbow arthroplasty pertains to patients with inflammatory arthritis — a vastly dif-
ferent population with lower expectations as compared to the patient with primary or
posttraumatic elbow OA. In the young patient with elbow OA (commonly posttrau-
matic), elbow arthroplasty has a high failure rate (among young patients with post-
traumatic elbow OA, the rate of revision was 37 % at a mean follow-up of 91 months
[74]; at 9 years follow-up for elbow arthroplasty performed in patients with posttrau-
matic elbow OA, there was a 19 % failure rate; and 75 % of these failures were in
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patients under 60 years of age at the time of the replacement [75]). In the older popu-
lation, revision and complication rates are improved, albeit still higher than com-
monly performed joint replacements such as hip, knee, and shoulder [76]. For
instance, a systematic review found the overall complication rate to be approximately
25 %, with a higher loosening rate among patients with a preoperative diagnosis of
posttraumatic OA [76]. Given the technical demands of the procedure, it is not sur-
prising that provider volume has an impact on outcome following total elbow arthro-
plasty, whereby surgeons who perform more than ten per year have lower revision
rates [77]. An alternative to the total elbow arthroplasty is radiocapitellar replace-
ment, and although early outcomes following radiocapitellar replacement have been
encouraging [78—-80], long-term outcomes and survivability remain unknown [73].

Outcome Assessment

The primary purpose of an outcome scoring system is to establish the severity of
impairment, track the response to treatment, compare treatments, and report out-
comes in a meaningful way [8]. There are two primary types of outcome scoring
systems: physician-completed or patient-completed questionnaires. There is a
recent emphasis on the latter, which have become the gold standard in the orthope-
dic literature [81, 82]. To deem a scoring system valid, it must demonstrate reliabil-
ity, consistency, and reproducibility [82].

Shoulder

There are a number of shoulder scoring systems [82]; however, the Western Ontario
Osteoarthritis of the Shoulder Index (WOOS) [83] is the only scoring system to be
specifically developed, validated, and recommended for use in patients with pri-
mary glenohumeral OA [84]. Initially developed to be used as the primary outcome
measure in clinical trials involving patients with symptomatic primary glenohu-
meral OA [85], the WOOS is a 19-item, patient-completed scoring system that
assesses four domains: pain and physical symptoms; sport, recreation, and work;
lifestyle function; and emotion function. A minimal clinically important difference
(change in score that is clinically relevant) has not been determined for the WOOS
[84]. For general assessment of the shoulder, the American Shoulder and Elbow
Surgeons Shoulder Score [86], the University of California Los Angeles Shoulder
Score [87], the Disabilities of the Arm, Shoulder, and Hand Score [88], and the
Single Assessment Numeric Evaluation [89] have all been recommended [84],
whereas the American Shoulder and Elbow Surgeons Shoulder Score [86] and the
Shoulder Pain and Disability Index [90] were found to be the most responsive
instruments for assessment of patient improvement following total shoulder arthro-
plasty [91] — a treatment for end-stage glenohumeral OA.
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Elbow

At present, no scoring system has been created specifically for patients with elbow
OA; however, a recent review of the literature identified 12 commonly used
elbow-specific scoring systems [81], including the Liverpool Elbow Score [92], the
Elbow Functional Assessment [93], the Mayo Elbow Performance Score [94], the
American Shoulder and Elbow Surgeons Elbow Score [95], the Hospital for Special
Surgery Elbow Assessment Scale [96], the shortened version of the Hospital for
Special Surgery Elbow Assessment Scale [97], the Ewald Scoring System [98], the
Broberg and Morrey rating system [99], the Pritchard Score [94], the Oxford Elbow
Score [100], the Patient-Rated Elbow Evaluation [95], and the Patient-Rated Tennis
Elbow Evaluation [101]. Despite the plethora of elbow-specific scoring systems, the
authors concluded that only the Oxford Elbow Score was validated using high-
quality methodology on heterogeneous patient populations, including elbow OA
[81]. Briefly, the Oxford Elbow Score is a patient-completed outcome measure that
comprises three scales, including elbow function, pain, and social-psychological
domains, and is scored on a 100-point scale (0—100) [100]. The minimal clinically
important difference for the elbow function, pain, and social-psychological domains
was approximately 10, 18, and 18 points, respectively [102].

Conclusions

Management of patients with shoulder or elbow OA is complex. Although favorable
outcomes have been reported following arthroplasty of the shoulder or elbow, suc-
cess appears to be highly dependent upon appropriate patient selection, and evi-
dence pertaining to outcomes is quite limited. As explored in this chapter, clinicians
who manage patients with shoulder or elbow OA should not only be familiar with
the various treatment options but also the outcomes and limitations of each. Perhaps
most importantly, patients should be appropriately counseled and realistic expecta-
tions established.
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Key Points

* Spinal degeneration is often not considered in the same context as osteoar-
thritis (OA); however, the degenerative changes in the disc and, in particu-
lar, the synovial facet joints are consistent with those of OA elsewhere.
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* The main clinical symptoms of lumbar spine OA (i.e., facet joint OA) are
low back pain and associated leg symptoms (pain, numbness, and
weakness).

* Various factors contribute to the degenerative changes, including age, bio-
mechanical factors, systemic factors, genetics, and lifestyle.

* Although there is no universal nonsurgical or surgical treatment for spine
OA, exercise and activity modification is typically accepted as an effective
form of initial management.

» For end-stage disease, nonsurgical treatment has limited efficacy and sur-
gical intervention in appropriately selected patients is associated with good
patient-reported outcomes that are comparable to those associated with
total knee replacement for OA.

» This chapter focuses on the latest knowledge on lumbar spine OA and
associated clinical presentations to enable further understanding from both
a clinical and a research perspective.

Introduction

Each spinal segment, except one cervical spine level (C1-C2), consists of an ante-
rior situated intervertebral disc and smaller paired posterior facet joints (also termed
the zygapophyseal joint), thereby comprising a “three-joint complex.” Intervertebral
disc degeneration and vertebral osteophyte formation do not share the exact same
pathophysiological process of degeneration associated with osteoarthritis, in part
due to a lack of synovial structures, and thus do not meet the definition of
OA. However, the facet joint is a synovial joint (hyaline cartilage overlying sub-
chondral bone, a synovial membrane, and a joint capsule) that shares the same
pathophysiologic attributes of appendicular OA [1, 2]. Due to the wide variety of
confounding factors, the interplay between disc degeneration and spine OA as they
relate to clinical sequelae and OA as a whole remains unclear [3]. Given the increas-
ing prevalence and tremendous disease burden of low back pain (LBP) and the
overlap with that of OA [4-7], spine OA represents an important area of clinical and
research focus.

OA is a major cause of disability and is one of the most frequent musculoskeletal
disorders [8, 9]. LBP, including that caused by spine OA, is ranked as the single
leading cause of disability worldwide [8, 9]. From a societal perspective, the annual
economic burden of spine OA, including health-care costs and lost work hours, has
been estimated in billions of dollars [10]. Clinically, OA is characterized by carti-
lage deterioration, persistent inflammation, synovial fibrosis, sclerosis of the sub-
chondral bone, and osteophyte formation at the joint margin [11]. OA is observed
throughout the appendicular and axial skeleton, affecting both weight-bearing and
non-weight-bearing joints. There exists a tremendous amount of clinical and basic
science research in OA. However, in the spine due to a historical focus on disc
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degeneration and the association of spine degeneration with neurologically induced
symptoms and sequelae, the epidemiologic, clinical, and basic research focus of
appendicular OA and spine degeneration typically occurs in isolation from each
other. Furthermore, the study of facet joint OA is grossly deficient.

A variety of both mechanical and nonmechanical factors can contribute to the
pathogenesis of spine OA [3]. Aging is the most common risk factor; however, oth-
ers such as genetic and systemic factors similar to what have been demonstrated for
knee OA [1] may also play significant roles for the pathogenesis and warrant explo-
ration and discussion. In particular, the identification of spine OA specific microR-
NAs (miRNAs) may have potential of being biomarkers that both enable early
disease detection and enable targeted treatment(s). At present, we still rely on clini-
cal diagnosis of facetogenic-based symptoms (i.e., extension-based LBP and/or
neurogenic claudication relieved by forward flexion) and correlation with imaging
such as computed tomography (CT) and magnetic resonance imaging (MRI) [12,
13]. However, imaging does not always correlate with clinical symptoms, with
many asymptomatic individuals demonstrating significant structural abnormalities
on spine imaging [14]. Consequently, in the absence of red flags (e.g., suspicion of
cancer, infection, fracture, or neurological deficits), imaging is not required, nor
recommended, for LBP that is manageable and nonprogressive. The treatment
options for spine OA ranges from self-management to complex surgery. Although
generally associated with a favorable natural history and manageable by conserva-
tive means [13], approximately 20 % of patients with spine OA have progressive or
persistent severe symptoms that undergo surgical management [15]. Surgery is
typically aimed at addressing the structural changes that have led to increasing
nerve compression due to facet joint and ligamentous hypertrophy (i.e., lumbar
spinal stenosis (LSS) causing neurogenic claudication) and/or failure of both facet
joint and the disc, leading to spinal instability with resultant degenerative spondy-
lolisthesis (slippage of one vertebrae over the next in the anterior-posterior plane)
and/or degenerative scoliosis (coronal/rotational plane deformity that develops in
late adulthood).

In this chapter, we focus on the latest knowledge on lumbar spine OA, including
the epidemiology, pathogenesis, clinical characteristics, and treatments options. In
addition, we will touch on areas requiring further research to improve our under-
standing of spine OA and its role in the overall bigger picture of OA.

Anatomy and Kinematics of the Spine

Basic knowledge of spine structure is necessary to understand spine OA. The human
spine consists of 33 bony vertebrae: 7 cervical, 12 thoracic, 5 lumbar, 5 sacral
(fused), and 4 coccygeal (usually fused). At every spine level below the second
cervical vertebra, the term ‘“three-joint complex” is often used in describing the
spinal structure, which is formed by the three articulations between two vertebral
levels: one disc and two facet joints (Fig. 4.1). Together, with the ligamentous
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Fig. 4.1 (a) Midsagittal MRI demonstrating the L1-S1 vertebrae in a 47-year-old female. (b—d)
Axial views of the facet joint from L2-L3 to L5-S1 vertebrae. Each vertebra connects to an adja-
cent vertebra with two facet joints (b—e) and intervertebral disc to form the three-joint complex that
makes up the spine functional unit. As can be seen, the orientation of the facet joints progressively
changes from a more horizontal orientation at L5-S1 to a more oblique or vertical orientation at
L2-L3. This enables complex kinematics of the lumbar spine. Also demonstrated in (d) is the
evidence of facet joint OA, with hypertrophy of the bony articulations and the ligament that is
resulting in stenosis of the spinal canal (white arrow) compared to other levels where the facets are
essentially normal in appearance. In addition, there is minimal disc degeneration in this particular
patient

structures, the pairing of two vertebrae is termed the functional spinal unit. Although
these three joints are closely related to each other functionally, the facet joints are
anatomically distinct from the disc because they are true synovial joints, containing
hyaline cartilage, synovial membrane, and a fibrous joint capsule [16]. The facet
joints form an articulation between the inferior articular process of the vertebrae
above and the superior articular process of the vertebrae below and enable the sig-
nificant multiplanar motion of the spine. In the lumbar region, the facet joints are
inclined to a nearly vertical and oblique orientation and are curvilinear, such that
they limit rotation as well as forward displacement, but allow significant flexion
[17, 18]. Clinically, the range of motion for the lumbar spine varies significantly
and depends on age (reduces with increasing age), sex (greater in women than
men), the presence or absence of LBP (reduced with LBP), and most significantly
the method of measurement [19]. In healthy individuals, flexion has been reported
to range between 23° and 92°, extension 17-56°, lateral flexion 28-44°, and rota-
tion 5-15° (in either direction). The spinal musculature is also critical to spinal
kinematic and dynamic stability. The musculature controls the movement of the
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spine and dynamically stabilizes the spinal functional units throughout physiologic
spinal movement [20].

Joint alignment, load distribution, and wide range of movement are thought to be
major anatomical factors in the development and progression of spinal OA (see
below) [21].

Prevalence

The exact incidence of spine OA is impossible to pinpoint due to the fact that the
degenerative process is initiated years before the clinical symptoms and morpho-
logic abnormalities are detected. In addition, many patients with mild and/or epi-
sodic symptoms do not seek health care. Nevertheless, cross-sectional
population-based studies in adults give a reasonable estimate of the prevalence of
spine OA. The lumbar region is the most common sight of spine OA. However, it
must be clear that one has to consider the gross difference between symptomatic
prevalence and radiographic or cadaveric prevalence of facet joint OA. For example,
a recent population-based clinical study showed that the prevalence of symptomatic
lumbar facet joint OA was 7.4 % [22]. Comparatively, cadaveric studies of the lum-
bar spine reported that at least 50 % of the population demonstrates lumbar facet
joint OA [23]. It is well established that the radiographic prevalence of spine OA
increases with age similar to other synovial joints. Kalichman et al., from the
Framingham Heart Study, reported OA of the facet joints was present in 24.0 % of
<40-year-olds, 44.7 % of 40-49-year-olds, 74.2 % of 50-59-year-olds, 89.2 % of
60—69-year-olds, and 69.2 % of >70-year-olds [24]. Surprisingly, even for individu-
als who are less than 40 years old, the presence of facet joint OA ranges from 3.4 to
36 % [1, 22, 25]. In terms of gender, data is limited and thus it is not clear which
gender is more radiographically or clinically affected by spinal OA [25]. However,
Kalichman et al. [26] have demonstrated a greater ratio of degenerative spondylolis-
thesis in women. Recent work by Goode et al. from the Johnston County Osteoarthritis
Project has also shown facet joint OA is radiographically greater in women (61.6 %)
than men (51.6 %); however, facet joint OA was not correlated to self-reported LBP.

Joint Areas Affected

Almost all studies showed that the level of L4-L5 is the most affected region among
lumbar spines, followed by L3-L4 or L5-S1 [23, 24, 27, 28]. Kalichman et al.
reported the prevalence at the spinal level and noted that the prevalence of facet
joint OA was 15.1 % at L2-1.3, 30.6 % at L3-14, 45.1 % at L4-L5, and 38.2 % at
L5-S1 [24].

Disc degeneration is considered as another important factor for progressing spine
OA. Recent studies revealed that disc degeneration precedes the changes of OA in
other joints such as the knee and hip and is more common [29-31]. Bajwa et al.
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reported in the 340 specimens of a cadaveric human study that 35 % of specimens
of age younger than 29 years had evidence of degenerative disc and 17 % of them
had hip OA changes. At 70 years, 100 % of specimens had evidence of disc degen-
eration and 50 % of hip OA changes. They found that there was a significant asso-
ciation between lumber disc degeneration and hip OA changes and lumbar
degeneration precedes hip degeneration [31]. Fujiwara and his colleague reported
the relationship between facet joint OA and disc degeneration on the lumbar study
assessing 84 lumbar facet joints by MRI [29]. They found all patients with facet
joint OA had some degrees of disc degeneration, even the population under 40 years
old. In addition, they noted that disc degeneration was the primary event leading to
facet joint OA, due to increased loading of facets that occurs as a result of disc
degeneration. A similar study reported by Vernon-Rogerts and Pirie showed that
disc degeneration occurred in advance of facet joint OA and the formation of osteo-
phytes [30]. In a community-based population study, Suri et al. demonstrated simi-
lar findings for the majority of individuals [32]. However, 22 % of the individuals
studied demonstrate patterns of degeneration, beginning in the posterior joints. The
authors found that increased age and BMI and female sex may be related to the
occurrence of isolated posterior degeneration in these individuals. In a preliminary
work for our center, we have found that this occurrence may also be associated with
spino-pelvic parameters, in particular a higher pelvic incidence, which is a fixed
anatomical relationship between the pelvis and sacrum that imparts greater lumbar
lordosis and, hence, increased facet loading (Fig. 4.2) particularly at the lower lum-
bar levels [33]. The pelvic incidence in women is typically greater than men.

Symptoms of Spine OA

Activity-limiting LBP, in particular, has a worldwide lifetime prevalence of approx-
imately 39 % and a similar annual prevalence of 38 % [9]. LBP is second only to the
common cold in frequency [34], is the most common reason for time-off work, and
has a total social cost of more than $100 billion annually [35]. Up to 85 % of patients
never receive a definitive diagnosis and are classified as having nonspecific pain
[36]. The source of LBP remains a very controversial topic, and a detailed discus-
sion is not within the scope of this chapter, but suffice it to say that LBP, as is OA
pain, is multifactorial involving both peripheral and central mechanisms [3].

As noted above, the prevalence of radiographic spine OA compared with symp-
tomatic spine OA is grossly different. Previous studies assessing the association
between LBP and imaging characteristics of spinal degeneration are listed in
Table 4.1. The majority of studies have found that disc space narrowing (DSN) is
the most significant radiographic factor associated with LBP. In a recent study of
community-based US older adults, Suri et al. are the first to demonstrate that severe
facet joint OA was more common in participants with back pain than those without
(63.2 % vs. 46.7 %; p=0.03) [37]. In the study of 252 patients who were partici-
pants in the Framingham Heart Study multivariable analysis, adjusting for sociode-
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Fig. 4.2 Lateral standing radiograph, midsagittal MRI, and axial MRI at L4-L5 in a 71-year-old
female with a degenerative spondylolisthesis at L4-L5 and associated back pain and neurogenic
claudication with less than one-block walking tolerance. As marked by the white asterisks, the L4
vertebra has slipped forward on the L5 vertebra. In combination with the facet joint OA, this causes
severe spinal stenosis to the point where the spinal fluid is no longer seen (white arrow) compared
to the degree of stenosis demonstrated in Fig. 4.1. This particular patient has a high pelvic inci-
dence (74°; normal is approximately 50+ 10°) which gives her higher than normal lordosis, which
increases the loading of the facet joints and decreases the load on the disc. Complete disc collapse
is seen at the L4-L5 level, with relative normal discs above and below

mographics, health factors, and disc height narrowing, the association of severe
facet joint OA remained significant (odds ratio of 2.15 (95 % confidence interval,
1.13-4.08)), with a greater number of joints with severe facet joint OA also confer-
ring a greater odds of having frequent back pain. Interestingly, disc height narrow-
ing was independently associated with back pain in younger adults < age 60 years,
but not in older adults. These findings conflict with prior studies [4, 24, 38] showing
no association or only minimal association between facet joint OA and LBP. In
these studies, patients were relatively younger and the severity of OA was not con-
sidered. Interestingly, studies that have investigated edema of the lumbar facet joint
have showed significant correlation with LBP [39, 40]. Bone marrow edema is con-
sidered a possible cause of pain in the musculoskeletal system [41]; however, its
diagnostic or prognostic capacity function remains unclear in the spine.
Osteophytes resulting from facet joint OA and/or ligamentous hypertrophy that
is associated with facet joint OA (i.e., spinal stenosis) may directly impinge on the
spinal nerve roots or the spinal cord which may cause severe pain and/or neurologi-
cally based back and leg symptoms, commonly termed neurogenic claudication [13,
42]. Tt is estimated that LSS causing neurogenic claudication affects about 20 % of
people older than 65 years and about half of that group suffer serious restrictions in
their daily routines [13, 43]. In a recent study by Battie et al., the authors demon-
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strated that the associated health burden of LSS on health-related quality of life was
significant and is about the same or greater than diabetes, heart disease, arthritis, or
stroke. The hallmark of neurogenic claudication is spinal symptoms that are relieved
by forward flexion (e.g., sitting or walking in a flexed posture using a “shopping
cart”) [12]. The physical exam is often normal; however, in more severe cases of
LSS, static objective neurological deficits may occur.

Diagnosis

The diagnosis of spinal OA is ultimately based on medical history and physical
examination and confirmed by imaging. The most common presentation is LBP
with or without radicular or claudicant leg symptoms that are typically brought on
by standing or walking (i.e., erect posture) and relieved by forward flexion of the
spine [12, 13, 44]. Due to multiple potential sources, the presentation of symptom-
atic spine OA must be differentiated from other common causes of LBP [44, 45].

Differential Diagnosis

In clinical practice, patients with LBP regardless of presentation must be screened
for red flags (e.g., fevers, unexplained weight loss, progressive neurological deficit)
that are associated with more serious but less common causes of back pain (such as
infection, cancer, or fracture) and represent an indication for urgent or emergent
investigation in patients who present with LBP [46, 47]. With respect to facet joint
OA, it is important that the typical clinical presentation of other mechanical LBP
disorders be excluded as they all can increase progressively with age (often coexist-
ing) (Table 4.2) [44].

Imaging

It is important to note that the severity of symptoms, treatment decisions, out-
comes of treatment, and even the existence of symptoms do not strongly correlate
with spinal imaging [14, 48, 49]. For example, 22-51 % of asymptomatic indi-
viduals have been shown to demonstrate MRI irregularities in their lumbar spine,
with this number increasing to between 57 and 80 % for those over the age of 60
[50, 51].

Multiple modalities exist that can assess spine OA including radiography, CT,
MRI, and hybrid single-photon emission computed tomography/CT (SPECT/CT).
Plain radiograph, CT, and MRI are most commonly used in clinical practice
(Table 4.3, Fig. 4.2).
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Radiographs

Due to their inexpensive cost and universal availability, radiographs remain the
most common initial imaging choice of many bone and joint disorders [52]. They
are typically limited to picking up gross abnormalities of the bone and to a lesser
degree the soft tissue; however, due to the ability to easily image in an upright/
loaded or dynamic posture(s), they are superior for the assessment of malalignment
or instability of the spine. For spine OA, radiographs are limited to detecting disc
degeneration by narrowed intervertebral spaces and the appearance of osteophytes
(Table 4.3). Similarly, it is relatively easy to identify gross facet osteophytes (i.e.,
hypertrophy) and severe joint-space narrowing of facet joints (on oblique views) but
very limited with respect to detecting lower grades of hypertrophy of articular pro-
cess, subchondral erosion, and subchondral cysts. Pathria et al. divided the radio-
graphic features of facet joints into four groups [52]. Normal facets were classified
as grade 0, facets with joint-space narrowing as grade 1, facets with narrowing plus
sclerosis or hypertrophy as grade 2, and facets with severe degenerative disease
encompassing narrowing, sclerosis, and osteophytes as grade 3. They demonstrated
that the sensitivity and specificity for oblique radiographs to distinguish between
the presence and absence of degenerative disease in the lumbar facet joints in
patients with LBP were 55 and 69 %, respectively. Since the specificity was high but
the sensitivity was not as good for early or middle stage, they concluded that the
utility of radiographs should be limited only when patients with LBP are being
screened. Currently, unless there exist significant clinical concerns of serious under-
lying pathology, radiographic screening or other forms of imaging are strongly dis-
couraged for the aforementioned reasons [14].

CT

The axial nature of CT provides much more detailed bony information for spine
OA, especially with respect to facet joint changes compared with standard radio-
graphs [53]. As shown in Table 4.3, CT can detect almost all changes seen in the
spine OA, although it is not as useful as MRI in depicting the disc degeneration and
subchondral cysts. Specifically, Leone et al. reported that CT clearly delineates
most degenerative changes including articular process hypertrophy, osteophytes,
subchondral sclerosis, and capsular and ligamentous calcification [54]. However,
exposure to the radiation dose associated with CT should always be considered
particularly when serial imaging is required.

MRI

MRI depicts internal structures of joint based on their chemical composition [55].
A major advantage of MRI in the evaluation of OA is its ability to evaluate non-
calcified tissues. The periarticular soft tissues such as the ligaments, tendons,
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muscles, synovium, and cartilage are directly visualized and are readily evaluated
with MRI. However, with the exception of edema, MRI is less sensitive to detect
bony OA changes of spinal structures [56]. More recent imaging techniques utilizing
fat-suppressed MRI sequences, which are more fluid sensitive than conventional MRI
such as fat-suppressed T2-weighted images (e.g., short T1 inversion-recovery [STIR]
sequences). MRI has no radiation exposure, although there are several contraindica-
tions including orbital metallic foreign bodies, cardiac pacemakers or implanted defi-
brillators, and cochlear implants [57] and other metallic implanted devices.

Comparison of CT and MRI

Weishaupt et al. investigated the coefficient between MRI and CT in the assessment
of facet joint OA [58]. They were using a four-point scale similar to that of Pathria,
and images of both CT and MRI were assessed by two musculoskeletal radiologists
independently. As a result, the weighted kappa coefficients for MRI versus CT were
0.61 and 0.49, for readers 1 and 2, respectively (0.41-0.60=moderate, 0.61—
0.80=substantial). Looking at the agreement between CT and MRI imaging within
one grade, it was at 95 % and 97 %, respectively. In addition, the majority of dis-
agreements were in mild grades. From a clinical perspective, the authors suggested
that the agreement between CT and MRI was adequate and, thus, a CT in the situa-
tion of existing MRI is not required for grading the severity of facet joint OA.

Fujiwara et al. reported that CT is better able to demonstrate the degenerative
bony changes of facet joints; however, the detection of joint effusions and juxtafacet
synovial cysts is less sensitive than MRI [29].

Leone et al. examined nine human autopsy specimens with CT and MRI and
compared them with histopathologic findings. CT delineated the most degenerative
changes including articular process hypertrophy, osteophytes, subchondral sclero-
sis, and capsular and ligamentous calcification. On the other hand, MRI was better
able to depict cartilage surface tears in specimens demonstrating mild and advanced
stages of degeneration [54].

SPECT/CT

Recently, hybrid SPECT/CT imaging has been introduced for spine OA. SPECT/
CT provides functional imaging and is used to detect microcalcification due to
increased osteoblastic activity [59]. Hosam et al. reported identification of potential
pain generators in 92 % of cervical spine scans and 86 % of lumbar spine scans with
SPECT/CT supported by a good response to the intra-articular steroid injections.
The most common method for diagnosing a facetogenic source of LBP is with low-
volume intra-articular and medial branch blocks, both of which are associated with
high false-positive rates. SPECT/CT may represent a noninvasive alternative. Dolan
et al. noted that there are 95 and 79 % response rates at 1 month and 3 months,
respectively, after injection therapy in patients with SPECT-positive facets [60].
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Pneumaticos et al. also reported that significant improvement in LBP was shown
only when SPECT-positive facet joints were subjected to injection therapy [61].
Hariankar et al. investigated the correlation of SPECT/CT findings with clinical
features and MRI findings. They concluded SPECT/CT had less sensitivity for
detecting facet arthropathy but is likely to be more specific as compared to MRI
[62]. Furthermore, because of its significantly higher accuracy, SPECT/CT could be
the conventional nuclear medical procedure of choice for patients with lower back
pain after lumbar fusion surgery to clarify the pathogenesis of persistent pain [63].

Diagnostic Blocks

Facet pain often overlaps disc pain and may coexist with disc disease. In 1976,
Mooney and Robertson introduced a technique of injecting steroid preparations and
local anesthetic into the facet joint [64]. It is generally accepted in clinical practice
that diagnostic blocks are the most reliable and minimally invasive procedures for
diagnosing facet joints as pain generators [65]. Intra-articular injections and medial
branch block (MBB) are readily available and are equally effective [66]. Due to
their location, size, and orientation, facet blocks are performed under radiographic
guidance such as CT or fluoroscopy. Ultrasound-guided blocks have been proposed,
although they may be less likely to detect low-volume intravascular uptake and are
less accurate in obese woman [67]. It is well known that single diagnostic blocks
have been shown to be associated with a high false-positive rate [68] and repeated
blocks are recommended. The use of local anesthetics enables the determination of
pain relief and is used for diagnostic purposes, whereas the use of corticosteroids
may provide short-term therapeutic relief (see section “Treatment” below).

Pathogenesis/Risk Factors

Degenerative spine OA is a multifactorial process, with contributions from both
systemic and local factors. Genetic predisposition and mechanical factors can con-
tribute to both disc degeneration and facet joint OA with disc degeneration typically
proceeding that of facet joint [69]. Spine OA can lead to associated subconditions,
such as spinal instability and deformity (see section “Treatment” below).

Aging

Aging is a normal process in all structures. Similar to other sites, advanced age is
one of the strongest risk factors associated with spine OA [70]. The prevalence of
disc degeneration clearly increases with age, in both the cervical and the lumbar
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spine. Aging leads to degenerative changes starting with subtle biochemical altera-
tions followed by microstructural and finally gross structural changes of the spinal
unit. The human intervertebral disc is one of the tissues most vulnerable to degen-
eration in the human body with degeneration beginning as early as the second
decade of life [71]. The disc itself has great variation in the matrix organization,
composition, cell morphology, and activities in different regions of the disc. The
annulus is a collagen-rich, concentrically organized tissue. Its outer cells are thin
and elongated, while the cells of the inner annulus are rounded. The annulus pro-
tects the nucleus pulposus. The nucleus pulposus consists of chondrocytes that pro-
duce and maintain a well-hydrated proteoglycan-rich matrix. These cells have a
notochordal origin and are replaced in the first decade of life by rounded chondrocyte-
like cells. The disc does not have a uniform cell density. The cell density is greatest
in the regions closest to the blood supply, which is generally near the end plate and
at the periphery of the annulus. Aggrecan is the most prevalent proteoglycan in the
disc, making up approximately 70 % of the nucleus and 25 % of the annulus. Studies
have demonstrated that aging leads to the decrease of nutrient supply to the intradis-
cal chondrocytes [72], which in turn lead to loss of proteoglycans. As a result, a loss
of glycosaminoglycans leads to the decrease in hydration of the disc, as well as the
loss of mechanical competence and ability of the disc to withstand and distribute
load in a normal manner [73]. These changes lead to the migration of inflammatory
cells and the production of various cytokines and proteases [74], which contribute
to further cellular and matrix degradation. As noted above, degeneration of the facet
joints can occur secondary to disc degeneration. The altered mechanics caused by
disc degeneration, including loss of disc height and segmental instability (increased
micro- or macro-motion), leads to increased and unbalanced loading on the facet
joints and results in cartilage alteration [71]. In addition to those two main aging
processes, the aging of the ligaments, muscles, and bones is reported as a contribut-
ing factor to spinal aging [75, 76].

Genetics

For disc degeneration, the contribution of various factors including vitamin D recep-
tor, genes encoding the collagen IX molecule, aggrecan, collagen I, and matrix
metalloproteinase 3 have been reported [3, 77]. Recent studies related to miRNAs
are beginning to shed light on the mechanisms of disc degeneration, as well as OA
of other joints [78—81]. We are not aware of any study that has specifically looked
at or identified definitive factors or pathways for facet joint OA; however, we would
postulate that they would be similar to OA in other joints.

Although there are many hurdles for the translocation of current research into
clinical practice at this time, several pathways related to miRNAs are expected to be
targets for disease modification of OA or disc degeneration. In addition, miRNAs
may also prove to be reliable biomarkers for the severity of OA and determination of
treatment response. At present, miRNA expression from facet joints has not been
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reported. We feel that specific assessment of the facet joint concurrently with changes
in the disc is required for further understanding of the pathogenesis for spine OA.

Systemic Factors

Recently, metabolic syndrome (MetS) has been reported as an independent risk fac-
tor for OA [82]. MetS is a combination disorder including dyslipidemia, hyperten-
sion, diabetes or insulin resistance, and obesity [83] and increases the risk of
cardiovascular diseases. Longitudinal hyperglycemia may disrupt chondrocyte
homeostasis via multiple direct and indirect mechanisms [84, 85], hypertension
may decrease the blood flow in the subchondral microvessels and impair subchon-
dral bone remodeling [86], and hyperlipidemia may also affect chondrogenesis,
osteogenesis, and mesenchymatous cell differentiation [87]. Our group investigated
the association between MetS and spine OA [88] and found that patients with severe
spine OA had more composition of factors of MetS than those with early spine OA
statistically [88], although significant further investigation is required.

Obesity has been well established as a risk factor for OA in weight-bearing joints
such as the hip and knee, with mechanical overload being the causative link [89—
91]. However, studies have also identified obesity as a predictor of OA in non-
weight-bearing joints such as the hands, which supports the influence of an
independent systemic metabolic effect. It has been demonstrated that white adipose
tissue (WAT) secretes inflammatory mediators into the systemic circulation and
negatively impacts cartilage degeneration [90, 92, 93]. Although a comprehensive
understanding of the association between obesity and OA in both weight-bearing
and non-weight-bearing joints is lacking, adipokines such as adiponectin, leptin,
and visfatin seem to play important roles [94]. It has been shown that adipokines
stimulate similar chondrocyte activation as that seen with mechanical stress and
proinflammatory cytokines [95, 96].

Mechanical Factors

The lumbar spine transmits loads between intervertebral levels through the “three-
joint complex.” The percentage of load transferred through the anterior or poste-
rior spine depends on the spinal posture and the degree of disc degeneration [97].
The lumbar facet joints may normally carry up to 33 % of the total compressive
load [98, 99], which increases to 47 % in the presence of facet joint spondylosis
and up to 70 % in the presence of intervertebral disc degeneration [100]. Disc
degeneration, including loss of disc height and segmental instability, leads to the
asymmetrical stress distribution. Increased degree of degeneration may be influ-
enced by the variation of pelvic incidence and associated lordosis from one indi-
vidual to the next.
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Inflammation

Although OA is not classified as an inflammatory disorder, inflammation is a major
factor associated with the risk of both progression of cartilage loss and symptoms of
the disease, including joint pain, swelling, and stiffness [101]. The cytokine media-
tors detected in the synovial fluid of OA can come from the three-joint sources: the
cartilage, the subchondral bone, and the synovium. Synovitis, involving infiltration
of mononuclear cells into the synovial membrane and production of proinflamma-
tory mediators, including interleukin-1p (IL-1f), tumor necrosis factor-a (TNF-a),
and chemokines, is common in early-stage and late-stage disease [101]. In spine
OA, only a few studies related to inflammation are available. Igarashi et al. reported
IL-1p positivity in a third of cases with facet joint OA. In addition, the presence of
IL-1p in facet joint cartilage was associated with leg pain and poorer quality of life
[102]. Similarly, Xu et al. revealed that overexpression of MMP-1 induced by IL-1
plays an important role in the inflammatory process of lumbar facet joint degenera-
tion [103]. As more attention has been focused on the association of inflammation
in peripheral OA, the role of inflammation in the pathogenesis of spine OA requires
further investigation.

Treatments

The treatment of spinal OA consists of various approaches comprising self-
management, supervised exercise therapy, medical management, interventional
procedures, and surgery. The goals of therapy for patients with spinal OA are to
control pain, minimize disability, improve the quality of life, and educate the patient
about their role in chronic disease management.

Nonsurgical Treatment
Exercise

Spine OA pain is exacerbated by activities that involve lumbar extension such as
standing and walking; thus, treatments are directed at avoiding those positions and
promoting exercises that involve flexion of the lumbar spine. Flexion exercises will
increase the relative space of the posterior spinal elements (i.e., unloads the facet
joints), which opens up the spinal canal and the foramina to help alleviate the symp-
toms of neural compression and/or facet overload. Simply stretching in the flexed
position will provide temporary relief for these patients. An exercise program can be
formulated under the guidance of a physiotherapist, chiropractor, kinesiologist, or
personal trainer. The desire and encouragement of others to have a good (i.e., “erect”)
posture generally aggravates the spine OA back and/or leg pain. Significant educa-
tion is required to undo this counterintuitive reasoning and to promote “bad posture”
to help alleviate the symptoms. While the use of a walker will greatly improve
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walking tolerance by allowing ambulation with the spine in a flexed position, many
patients are resistant to using these devices for reasons of practicality and vanity.

Pharmacotherapy

Oral medications for spine OA are the same as those commonly used in patients with
peripheral OA. Nonsteroidal anti-inflammatory drugs (NSAIDs) and acetaminophen
are widely used as first-line drugs for the treatment of LBP or neck pain. NSAIDs
might be considered for younger patients without significant renal, gastric, or cardio-
vascular comorbidity. Acetaminophen should be considered for patients without
hepatic compromise who cannot tolerate NSAIDs, although it is not typically useful
for LBP [104]. Although there is no evidence to support chronic use of muscle relax-
ants [105], they have been understood as more effective agents than placebo for
short-term relief of acute LBP (RR 0.80, 95 % CI 0.71-0.89), regardless of etiology
[106]. Opioid therapy is occasionally indicated for severe pain and should be pre-
scribed for short-term use on a fixed schedule [107] with monitoring of side effects
such as sedation, confusion, nausea, and constipation. Several other medications,
including anticonvulsants and tricyclic antidepressants, have been also used clini-
cally. Tricyclic antidepressants have been found to be beneficial in the setting of
chronic back pain but have not been studied for acute back pain or spine OA [108].

Interventional Procedures

The use of glucocorticoid injections into the epidural space or facet joint to treat
neurogenic claudication or facet joint pain, respectively, is still a controversial sub-
ject. Despite significant increase in the utilization of these interventions, evidence-
based reviews have concluded that there is not sufficient evidence to support their
ubiquitous use [109, 110]. The overall risk of these intervention is actually quite
low; however, they are not without the potential for very rare but severe neurologi-
cal complications (e.g., paraplegia) [111]. Globally, epidural steroid injections are
the most commonly performed pain procedure; however, multiple reviews suggest
they offer little if any benefit for low back pain and only short-term benefit for leg
symptoms [112-114]. Facet joint intervention typically involves image-guided ste-
roid injection, medical branch nerve block, or facet joint radiofrequency denerva-
tion (FJIRD). There is no strong consensus regarding the treatment efficacy of FIRD
and how it compares with nerve blockades and joint infiltration with anesthetics
and/or corticosteroids [115]. A recent review by Falco et al. [116] suggests there is
good evidence for the use of FIRD and fair to good evidence for lumbar facet joint
nerve blocks for the treatment of chronic lumbar facet joint pain resulting in 6-12-
month pain relief and functional improvement. They noted that there was limited
evidence for intra-articular facet joint injections.

In a recent systematic review of nonoperative treatment of spine OA (i.e., steno-
sis) causing neurogenic claudication, Ammendolia et al.[117] noted that most cur-
rent nonoperative treatment had no or limited (effect size and/or duration) impact in
patients with neurogenic claudication.
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Surgical Treatment

The rate of spine surgery has steadily increased in recent decades, even after adjust-
ment for the aging of the population [118]. The only absolute indication for surgery
in spine OA is in the uncommon scenario of a progressive neurological deficit or
cauda equina syndrome. Otherwise, surgical treatment is a preference-based deci-
sion for patients that have significant symptoms that have not been well controlled
with appropriate nonsurgical treatment methods. In the current surgical practice,
LSS patients without instability or deformity most commonly undergo direct spinal
decompression (removal of bony and ligamentous structures causing neural com-
pression) [119]. Those with significant back pain, instability, or deformity typically
undergo decompression along with instrumented fusion (placement of bone screws
into the spine to stabilize the movement and facilitate bony bridging of one vertebra
to the other (i.e., fusion)) [119]. The majority of surgery for spine OA is in patients
with stenosis-related back and leg symptoms. In select cases, surgery for isolated
axial low back pain may also be indicated, particularly in those with associated
instability or deformity (see below).

Overall, the best evidence regarding patient-reported outcomes has been from
the Spine Patient Outcomes Research Trial (SPORT). In general, better outcomes
are reported for patients choosing to proceed with surgery compared to continued
nonoperative treatment for patients with lumbar stenosis or degenerative spondylo-
listhesis (see below) [120]. In addition, surgical intervention appears to be cost-
effective in this scenario. Furthermore, patients with leg dominant symptoms tend
to have the best overall outcomes [121]. Compared to the generally accepted excel-
lent outcomes of primary hip and knee replacement for OA, work from our center
has demonstrated comparable improvement in patient-reported health-related qual-
ity of life (HRQoL) and cost per quality-adjusted life year following spine surgery
for level 1-2 spine OA compared to total knee replacement at a minimum of 5
years’ follow-up [122, 123]. Total hip replacement was associated with superior
outcomes compared to both spine surgery and total knee replacement. Spine sur-
gery, however, was associated with a significantly higher long-term reoperation rate
compared to either hip or knee replacement surgery.

Morbidity of Surgical Care

The best available adverse event (AE) data stem from the multicenter SPORT stud-
ies for LSS and degenerative spondylolisthesis [119]. In general, the intraoperative
complication rate was 12 %, with dural tears (10 %), which typically did not affect
outcome, representing the most common AE. The majority of postoperative events
are medical adverse events (AEs) (7 %), with urinary tract infections being the most
common. Major medical AEs such as myocardial infarction or pulmonary embo-
lism are uncommon (<1 %). The wound infection rate was 2 %. While the majority
of infections are curable with appropriate treatment, there may be permanent
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negative effects regarding pain and function. Permanent neurological injury was
less than 1 % with varying impact on postoperative outcome. The reoperation rate
(same or adjacent level) at 2 and 4 years for decompression and fusion was 12 and
15 %, respectively [124]. The reoperation rate for decompression alone is similar (8
and 13 % at 2 and 4 years, respectively) [125].

Distinct Spine OA Subpopulations

Spine OA has two distinct radiographic subgroups that demonstrate secondary
instability (termed degenerative lumbar spondylolisthesis) and/or deformity (termed
degenerative scoliosis). Although, clinically similar to other spine OA patients,
these patients often require different decision-making regarding management, par-
ticularly from a surgical perspective.

Degenerative Lumbar Spondylolisthesis (DLS)

In this subgroup, the arthritic changes result in the forward movement of one spinal
vertebra over the other, often referred to as a “slip” [126]. DLS creates increased
narrowing of the spinal canal and instability (hypermobility) of the spine. The prev-
alence of LSS with DLS in the general population is estimated at 6 % [127] and
progressively increases from the fifth to the eighth decade of life [128]. DLS typi-
cally occurs in patients over the age of 50 and is five times more common in women
than men [127]. The majority of DLS patients have a grade 1 listhesis (i.e., <25 %
slip), and nearly 60 % of patients with DLS will have recurrent/persistent symptoms
[127]. Limited studies looking at demographic and radiographic predictors of pro-
gression of degenerative spondylolisthesis have found contradictory results regard-
ing the significance of facet angles, facet fluid volumes, or pelvic incidence at the
relevant vertebral levels [129-131].

Nonoperative treatment of DLS is as noted in section “Treatment” for spine
OA. In current surgical practice, LSS patients without DLS typically undergo
decompression (removal of bony and ligamentous structures causing neural com-
pression). On the other hand, decompression along with instrumented fusion (place-
ment of bone screws into the spine to stabilize the movement and facilitate bony
bridging of one vertebra to the other (i.e., fusion)) is recommended for those with
DLS [126] (Fig. 4.3). Current decompression techniques that preserve the stabiliz-
ing midline spinal anatomy have been proposed as an effective and less morbid
alternative to fusion for patients with stable DLS (i.e., <3—5 mm of motion on flex-
ion/extension radiographs or supine to standing (i.e., unloaded to loaded films))
[132-134]. Overall, the surgical outcomes for DLS, which is typically limited to
level 1-2 surgery, seem to more durable and provide greater cost-effectiveness com-
pared to surgery for LSS [120].
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Fig. 4.3 Five-year postsurgical lateral standing radiograph, midsagittal MRI, and axial MRI at
L4-L5 in the same patient as in Fig. 4.2. Due to the instability, the patient required a decompres-
sion of the spinal canal (white arrow) and spinal fusion with instrumentation that is seen on the
lateral radiograph. This resulted in dramatic reduction of her pain and improvement of her func-
tional ability

Degenerative Scoliosis

Degenerative scoliosis is defined as an abnormal coronal curvature of the spine
greater than 10° that develops in adulthood in the absence of a preexisting childhood
deformity [135]. It is considered to be “de novo,” another term used to describe the
deformity, as it is felt to arise through asymmetrical degeneration of the discs or
facets [136]. It occurs almost exclusively in the lumbar spine and is often associated
with the progression of the coronal plane deformity over time. Secondary listhesis,
generally in the coronal or rotational plane, may occur as well. The associated spine
OA generally occurs on the concave part of the curve (increased loading). This can
be on the concavity of the main curve, the concavity of the fractional lumbosacral
curve, or concavity at both sites [137] (Fig. 4.4). The etiology, epidemiology, clini-
cal course, and treatment of degenerative scoliosis remain unclear.

Etiology
Spinal deformities are associated with asymmetrical disc wear. Whether this is a

result of asymmetrical wear of the disc resulting in the deformity or the deformity
leading to the asymmetrical disc wear is not known [138]. These deformed discs
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Fig. 4.4 Spinal stenosis in the setting of a coronal plane deformity will develop on the concave
side of the curve. For example, a lumbar curve with a right convex apex at L1-L2 (d). Stenosis will
develop on the left concave aspect at the curve apex (b, ¢). Because of the main curve, a secondary
fractional curve develops in the lumbosacral region with an opposite configuration to the main
curve. This results in lumbosacral stenosis on the right side (e—g), which is the concave side for the
lumbosacral fractional curve. Because the distal lumbar levels are more prone to stenosis second-
ary to smaller foramens and underlying degeneration, nerve compression most often occurs in the
fractional curve. Note the wide open foramens in the lower lumbar region on the convex left (a)
compared with the tight distal foramens (g) on the concave side of the fractional lumbosacral
curve. For these reasons, a right lumbar degenerative scoliosis with an upper lumbar apex will most
often lead to right-sided neurological symptoms of the distal lumbar roots

often have calcifications and osteophytes on the concave side of the disc with noted
changes in cell number and collagen types and composition of the disc matrix.

Demographics

Adult scoliosis has a prevalence rate of up to 10 % in some series. The adult de novo
degenerative type is generally seen in patients older than 40 years without a previ-
ous history of scoliosis [138]. The most common site for the curves is in the lumbar
spine without a thoracic component. The Cobb angle measurement of these curves
is often less than 10°; however, the majority of curves that require treatment are
greater than 20°. Males and females are equally affected. Characteristic radio-
graphic features can include a coronal plane deformity, a rotational deformity to the
apex vertebra, and a lateral or rotational listhesis of one or more vertebrae with
varying degrees of sagittal plane (i.e., leaning forward) deformity. The curves can
progress over time, usually at about a mean rate of 3° per year [139]. Unlike idio-
pathic curves, which tend to be left-sided lumbar curves (the convexity of the curve
points to the left), the curves in adult degenerative scoliosis have similar distribu-
tions of right- and left-sided curves.
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Clinical Presentation

Patients with adult-onset scoliosis present essentially the same as other spine OA
patients with back and/or leg pain [140]; however, leg pain is frequently unilateral,
secondary to the asymmetrical degeneration of the disc and facet joints [141, 142].
As the curves are usually less than 30°, few patients complain of spinal deformity
as a primary complaint. For mild curves, a small prominence may be apparent in the
lumbar region on the convexity of the curve. For patients with larger deformities,
evidence of global sagittal and/or coronal imbalance (i.e., head/trunk is not centered
over the pelvis) may be evident. Patients with progressive curves and symptoms can
be profoundly limited in function and quality of life.

Treatment

Conservative treatment is as outlined above for spine OA. Specific to degenerative
scoliosis, brace treatment has no role in the treatment of spinal stenosis in associa-
tion with degenerative scoliosis [138]. While radiographic parameters are not con-
sidered surgical indications per se, patients requiring surgery generally have
significant spinal stenosis in association with progression of the curve, lateral listhe-
sis, and increasing symptomatology. There is a large gamut of surgical treatments
that can range from a limited decompression to a large multilevel instrumentation
with osteotomies.

Decompression Alone

Similar to patients with spondylolisthesis, decompression alone for degenerative
scoliosis is generally reserved for patients with normal sagittal and coronal balance,
presenting with leg dominant pain secondary to spinal stenosis [132]. Back pain
should be minimal or absent, and radiographically, there should be no sagittal or
coronal plane listhesis. Care during surgery must be taken in these cases to preserve
as much of the anatomy as possible, as progression of the curve and worsening of
the symptoms can be associated with these limited procedures.

Decompression and Limited Fusion

In patients with well-balanced spines in the coronal and sagittal planes with focal
levels of degeneration and listhesis, a decompression and fusion of only the affected
level is a reasonable option [140]. This allows for a more complete decompression
at the affected level without the concern of focal progression of the deformity. This
can help alleviate the symptoms without subjecting the patient to a large procedure.
This can be an excellent compromise in older patients or those with serious medical
comorbidities.
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Fig. 4.5 Preoperative standing posteroanterior (a) and lateral (b) views of the patient depicted in
Fig. 4.4. A pedicle screw-based construct extending from T4 to the pelvis was performed restoring
her coronal (c) and sagittal balance (d). Interbody devices placed posteriorly were placed at L4-L5
and L5-S1 to help promote fusion at these levels. A decompression was performed from L2 to S1
to relieve the spinal stenosis

Decompression and Fusion of the Entire Lumbar Curve

Patients with reasonable sagittal and coronal balance with large symptomatic curves
are candidates for fusion of the entire curve with partial correction of the deformity
and decompression of the affected levels. These patients often have larger curves
(Cobb angles greater than 30°) with levels of sagittal or lateral listhesis. The fusions
extend along the entire curve and generally require fusion to the sacrum and pelvis.
The choice of the proximal level of the fusion can be somewhat controversial but
often either extends to L2, when there is no deformity or rotation in the upper lumbar
levels, or crosses the thoracolumbar junction to T10 or T11. For patients with struc-
tural deformities in the thoracic spine, kyphosis or scoliosis, the constructs can extend
proximally up to T4 (Fig. 4.5). Patients with sagittal or coronal imbalance will require
spinal osteotomies in conjunction with the fusion to rebalance the spine [138]. A
variety of techniques exist regarding fusion and correction of alignment [138].

Morbidity of Surgical Care
Despite the highest degree of planning and attention to perioperative care, spinal

deformity surgeries are associated with a relatively high complication rate. Short-
term complications include deep wound infection, dural tears, the need for blood
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transfusions, and others. Relatively common later complications include failure to
fuse at one or more levels and junctional failures, most frequently at the proximal
end of the construct. Despite the high complication rates, outcomes from these pro-
cedures are quite successful, with the majority of patients enjoying improved func-
tion and quality of life [138].

Future Directions

Increased genomic and proteomic investigations that include the facet joints will
hopefully increase our understanding of the mechanisms of spine degeneration and
ultimately lead to the development of advanced diagnostics (i.e., biomarkers) and
treatments that can mitigate the tremendous burden of disease and need for complex
surgeries in the treatment of advanced spine OA.

Conclusion

Spinal degeneration is often not considered in the same context as OA; however, the
degenerative changes in the disc and particular the synovial facet joints are consis-
tent with those of OA elsewhere. The main clinical symptoms of lumbar spine OA
(i.e., facet joint OA) are low back pain and/or associated leg symptoms (pain, numb-
ness, and weakness). Various factors contribute to the degenerative changes, includ-
ing age, biomechanical factors, systemic factors, genetics, and lifestyle. Although
there is no universal nonsurgical or surgical treatment for spine OA, exercise and
activity modification is typically accepted as an effective form of initial manage-
ment. For end-stage disease, nonsurgical treatment has limited efficacy and surgical
intervention in appropriately selected patients is associated with good patient-
reported outcomes that are comparable to those associated with total knee replace-
ment for OA. Further research in spine OA pathophysiology, biomarkers, and early
disease management is critically required to mitigate the increasing socioeconomic
burden of spine OA.
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Chapter 5
Ankle Osteoarthritis

Johnny Lau, Andrea N. Veljkovic, and Patricia Farrugia

Key Points

Ankle Osteoarthritis (OA) arthritis usually results from posttraumatic
arthritis.

Patients with ankle OA are usually younger than those individuals with hip
and knee OA but are equally disabled.

Common traumatic injuries to the ankle include ankle fractures and sprains.
Ankle fractures are common in young and old adult populations and are
one of the most common orthopedic injuries.

Ankle OA has a specific pathology in cartilage load bearing and injury
compared to OA of the knee and hip.

Injuries to the ankle may predispose to an altered gait cycle and weight-
bearing process in the lower extremity.

Treatment for ankle injuries can be nonoperative or operative depending
on the severity of trauma, involved soft tissue, and bony anatomy.

OA of the ankle can be treated conservatively with anti-inflammatory med-
ications and therapy. Surgical treatments include joint-sparing procedures,
joint fusions, or total ankle replacements.

Research related to the biomechanics of trauma and ankle OA remains an
area of focus.

J. Lau, MD (<)) » A.N. Veljkovic, MD ¢ P. Farrugia, MD

Division of Orthopedic Surgery, Toronto Western Hospital, University Health Network,
Toronto, ON, Canada

e-mail: drjohnnylau@gmail.com

© Springer International Publishing Switzerland 2015

M. Kapoor, N.N. Mahomed (eds.), Osteoarthritis: Pathogenesis, Diagnosis,
Available Treatments, Drug Safety, Regenerative and Precision Medicine,
DOI 10.1007/978-3-319-19560-5_5

93


mailto:drjohnnylau@gmail.com

94 J. Lau et al.
Introduction

The ankle joint is one of the major weight-bearing joints in the body. Unlike the
common degenerative pathology in hip and knee arthritis related to aging, arthritis
in the ankle usually results from posttraumatic causes [1]. Ankle arthritis can affect
both young and older populations, resulting in pain, limited mobility, and decreased
quality of life [2]. Combination of both bony and ligamentous issues related to
trauma and aging may play a role in accelerating the quality and viability of the
cartilage, ligaments, and tendons of the ankle [3]. Alterations to the unique biome-
chanical properties of the ankle which are involved in the gait cycle can create
issues with mobility and stability of the lower limbs. There are many different treat-
ment options, both surgical and nonsurgical, which have been developed. Potential
treatment options for ankle arthritis continue to be a dedicated focus for clinical
research, with an aim to better address the symptoms and pathologies involved in
ankle degeneration.

Incidence

The common pathology of arthritis can have many causes including trauma, infec-
tion, and inflammatory and systemic disorders. Primary OA has been defined as an
idiopathic condition developing in previously undamaged joints in the absence of an
obvious causative mechanism [4]. Secondary arthritis can be caused by an underly-
ing condition, such as a joint injury, accumulation of calcium inside the joint, other
inflammatory bone and joint conditions (e.g., theumatoid arthritis (RA)), or a medi-
cal condition, such as diabetes. Rheumatoid and psoriatic arthritis, as well as gout,
neuromuscular disorders, and infection, can contribute to degeneration of a joint.
However, in the ankle, posttraumatic arthritis is the most common cause of OA.

The most common etiological factor in the development of OA of the ankle is
posttraumatic following fractures and severe sprains of the ankle [5]. Injuries to the
ankle have a bimodal population distribution among young, active, risk-taking indi-
viduals and middle-aged individuals with sprains or work-related injuries. Foot and
ankle fractures were most common presentations seen at major trauma hospitals in
the United States [6], with a majority of the posttraumatic ankle arthritis resulting
from rotational ankle fractures. While the reported prevalence of posttraumatic
arthritis in the ankle has been variable, an important predictor is the severity of the
injury to the articular cartilage [7].

Ankle Anatomy and Osteoarthritis

The ankle joint provides a combination of the ability to serve as a weight-bearing
surface with the ability to permit motion and force alterations in a normal gait cycle.
In order to address the complex changes which can occur in this joint due to injury
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and resultant pathology, a basic understanding of the anatomical structure of the
ankle is paramount.

The ankle joint is comprised of three bony surfaces: the distal tibia, the distal
fibula, and the talus. These three surfaces articulate with each other with each step
of the gait cycle. The tibiotalar joint is covered with articular cartilage that reduces
the shear and compressive forces transmitted across the ankle with normal weight-
bearing. The distal fibula is the central attachment point for the lateral ankle liga-
ments as well as the syndesmosis of the ankle. The syndesmosis complex is located
2 cm above the ankle joint and contains four ligaments, including the anterior and
posterior tibiofibular ligamentous complex which helps to stabilize the mortise of
the ankle. The deltoid, a primary robust stabilizer of the ankle, attaches to the medial
aspect of the tibia and inserts along the medial column of the foot. Stability of the
ankle is dependent on the interaction between the bony articulations of the ankle
joint and ligamentous structures for balance. These ligaments ensure that the tibia
and fibula, which create the primary constraints of the joint, stay in close contact
while weight-bearing, and the joint remains a stable construct in the ankle mortise.
Any pathology which may affect the bone [8] and soft tissue complex of the ankle
can cause altered biomechanics and acceleration in degenerative changes.

The ankle—foot mechanism is a critical component of gait. The gait cycle is a
complex of interdependent physiological interactions between the bony and soft
tissue components of the foot and ankle, and the surrounding environment. The gait
cycle has two phases — the stance phase and the swing phase. During the stance
phase, bony articulations of the foot and ankle lock together to provide a platform
for weight-bearing, whereas in the swing phase, the bony and soft tissue articula-
tions unlock to allow for push-off of the foot to follow with an additional step,
which creates the cycle again. The joints that comprise the ankle and the foot allow
for full weight-bearing through the stance phase while at the same time dynamically
adjusting to any alterations in terrain. The ability of the foot to adjust and respond
to terrain variability optimizes people’s ability to mobilize. Unfortunately, it also
increases the risk of trauma to the ankle/foot mechanism [9].

Pathogenesis

The process of cartilage degeneration can vary among different joints in the body.
Primary and progressive OA is not common in the ankle compared to other joints,
such as the hip and knee [10]. Cartilage in the ankle, with its terminal weight-
bearing properties and smaller joint surface area compared to the knee and hip,
has unique features to allow these functions. Basic science research has dedicated
a focus to determining specific biochemical and mechanical properties following
traumatic injuries which may explain this phenomenon. Although the exact mech-
anisms underlying the pathogenesis of posttraumatic OA have not yet been fully
established, inflammatory responses within the joint, direct impact of the articular
cartilage, and early changes in subchondral bone have all been implicated as
potentially deleterious processes predisposing to OA development over the long
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term [11]. Nakasa et al. [12] studied these differences between the ankle and other
joints and concluded a strong relationship between the subchondral bone plate
and cartilage degeneration in the progression of OA in the ankle. Cartilage in the
ankle joint differs from other joints of the body due to the unique properties with
weight-bearing and gait. Interestingly, the articular cartilage of the ankle is one of
the thinnest of the weight-bearing joints and ranges from 1 to 1.7 mm [13]. In
addition, ankle cartilage shows a higher compressive stiffness and proteoglycan
density, lower matrix degradation, and decreased response to catabolic stimula-
tions [14].

Compared to other smaller joints in the body, such as the elbow and wrist, the
ankle joint maintains a flexible range of motion (ROM). However, in the ankle as a
weight-bearing joint, the osteoarthritic process of degeneration and biomechanics
are strongly linked: altered loading patterns, micro-ligamentous instability,
increased intra-articular and periarticular mechanical forces, and changed biome-
chanics are substantial contributing factors in the initiation and progression of
ankle OA [15]. This is illustrated in the fact that 1 mm of lateral displacement of the
fibula post fracture can result in significantly diminished joint contact area and
increased joint reactive forces on the talus that result in accelerated abnormal wear
patterns [16].

Structural/Biomechanical Alterations

During normal walking, forces up to five times the body weight are transferred
through the ankle, and this increases with running and other strenuous exercise [17].
The cartilage of the ankle joint possesses unique physical and biomechanics charac-
teristics which allow adaption to weight-bearing stressors. The cartilage in the ankle
is stiffer and more resistant to deformation than other weight-bearing joints, allow-
ing it to support these increased loads [18]. In the setting of OA, the cartilage of the
ankle joint degenerates, which may negatively impact the weight-bearing properties
and mobility of the ankle during the gait cycle.

Changes in gait patterns are common complaints in patients with ankle
OA. Quality and quantity of distance walking ability, usually diminish as the
disease progresses. Patients with restricted ankle function due to OA generally
walk slower than normal [19], which has been shown to mediate joint load reduc-
tion [20].

In addition to changes in gait, other factors may predispose individuals with
previous ankle trauma to an accelerated process of cartilage and joint degeneration.
The circumstances and timeline surrounding acute treatment of ankle injuries have
been shown to be a critical factor in increased risk of developing OA. The more
severe the fracture, the more likely a patient develops degenerative joint disease
[21]. Several conditions have been associated with an increased risk of developing
radiographic ankle OA or end-stage OA following a malleolar fracture. These
include increasing age, female gender, fracture severity, location and extent of car-
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tilage lesions (especially of the medial malleolus), quality of fracture reduction, and
presence of a fracture dislocation [22]. Goals of acute operative fracture treatment,
include, anatomic restoration of the joint; adequate reduction is critical, with reduc-
tion of the lateral malleolus to restore normal length, and produce correct alignment
of the talus within the mortise being most important [23]. A mere 1 mm of lateral
displacement of the talus, the combination of decreased surface area and increased
contact pressures across the ankle joint articular cartilage, if left unaddressed,
results in cartilage wear and arthritis [24].

There are other factors that can increase the likelihood of complications and
predispose one to the development of ankle OA. Patients with a body mass index
(BMI) greater than 25 have a 1.5 times higher risk for the diagnosis of foot and
ankle OA [25], with the risk increasing in people with rising BMI and in patients
over 30 years of age at the time of injury and with increasing length of time since
surgery. The probability of developing posttraumatic ankle OA among patients hav-
ing three or more risk factors was 6070 % in an 18-year follow-up study [22]. In
general, a higher risk for ankle fractures in overweight and obese persons has been
suggested [26]. Additionally, overweight and obese subjects seem to sustain more
severe types of ankle fractures [27].

Stufkens et al. [28] performed a long-term follow-up study of a prospective
cohort of 288 ankle fractures that were treated operatively between 1993 and 1997.
In the initial study, arthroscopy was performed in all cases to assess the extent and
location of intra-articular cartilage damage. In a follow-up study, a total of 109
patients were available for clinical and radiographic assessment. Deep cartilage
lesions on the anterior and lateral aspect of the talus and on the medial malleolus
with odds ratios of 12.3, 5.4, and 5.2, respectively, were identified as independent
predictors of the development of posttraumatic ankle OA [29]. Traumatic injuries to
the ankle joint can accelerate the process of OA. Although this may not occur as an
acute process in all individuals with ankle injuries, it may accelerate osteoarthritic
symptoms and cartilage quality of the ankle joint. Traumatic ankle injuries that may
result in OA, include, fractures of the malleoli, tibial plafond, talus, isolated osteo-
chondral damage of the talar dome secondary to ankle sprain, and ankle ligament
injury. The fact that primary injuries are more likely to be sustained by younger
individuals indicates that posttraumatic OA develops earlier than other forms of
OA, with a recent study finding that individuals with ankle and knee posttraumatic
OA were approximately 14 and 10.4 years younger, respectively, than their counter-
parts with other forms of OA [30].

Clinical Presentation/Risk Factors

Clinical history is of uttermost importance in patients presenting with ankle OA. Due
to the nature of causes of OA in the ankle, commonly being a result of injury, infor-
mation about the timeline since injury, method of treatment, and location of symp-
toms can assist with clinical decision making. Gathering information regarding
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duration and specificity of symptoms, in conjunction with complete physical exam
of the ankle, including, gait analysis, can help to identify issues of concern specific
to each patient.

Patients with ankle OA usually present with gait abnormalities and decreased
ROM of the affected ankle. These abnormalities may affect simple daily functions
of living, such as, walking upstairs, and tolerating inclines and uneven surfaces.
Clinical examination should include, observation of gait, and stance of the lower
extremities. In general, gait analyses in patients with ankle OA revealed a lower
walking speed, cadence, step length, and stride length compared to healthy people
of a similar age [19]. Individuals may be able to specify the exact location of their
discomfort with a related activity, whereas others may complain of overall ankle
pain. It is common for patients with ankle OA to have small to moderate joint effu-
sions and crepitus of the affected ankle. Patients may complain of symptoms related
to impingement, secondary to osteophyte and degenerative bony changes, and
hypertrophied soft tissues with stair climbing, with walking on uneven surfaces, or
with prolonged activity. Specifying the location and distinguishing features of
ankle-related pain can help direct clinical testing and radiographic investigations.

Identification of the position of the ankle, hind foot, and forefoot during weight-
bearing and phases of the gait cycle can help identify primary or secondary struc-
tural abnormalities. Altered positions of the ankle and foot may reflect underlying
soft tissue pathologies such as tenosynovitis, tendon dysfunction, incompetent liga-
ments, neurological abnormalities, or associated degenerative joints of the ankle
and foot. These structural differences may be unilateral or bilateral and should be
explored as possible contributors to the patients’ spectrum, dysfunction, and presen-
tation of ankle OA.

Tendons and ligaments of the affected ankle and foot should be examined for
excursion, strength, and fatigue. Specific structures to examine on the lateral side of
the ankle include, the peroneus longus and brevis, the lateral ankle ligamentous
complex, and the syndesmosis. On the medial side, specific attention should be
directed to the deltoid ligament, the tibialis posterior tendon, and the spring liga-
ment. It is important to determine whether the interplay of ligament or tendon
pathology is functional or mechanical in nature. Quality of the ligaments and ten-
dons as well as ROM of the affected side should be compared to the contralateral
side.

A complete neurological as well as a vascular exam should accompany any phys-
ical exam of the lower extremities. Patients with underlying systemic conditions,
such as, diabetes mellitus or vascular insufficiency may be at an increased risk for
complications such as, infection, nonunion, and wound healing issues. Identifying
these potential risk factors may guide decision making for specific treatments in
joint-preserving versus joint-sacrificing procedures within the ankle.

Although it is not always feasible, reviewing previous imaging and identification
of possible complications and treatments to date can guide ongoing treatment deci-
sions. Review of imaging with evolving symptoms and complaints is important to
determine which structures of the ankle joint may be involved or becoming progres-
sively involved.
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Diagnosis

There are many facets to the clinical diagnosis of OA: clinical exam, patient com-
plaints, and history can help point to the diagnosis. With the adjuncts of radio-
graphicimaging and applicationtoresearch-based ankle OA scales, treatment-specific
goals can help address the underlying stage of OA of the ankle.

Radiographic evaluation should begin with weight-bearing anteroposterior, lat-
eral, and mortise (oblique) views of the ankle (Fig. 5.1a—c). Weight-bearing radio-
graphs of the ankle are essential to observe the natural joint reference contact
relationships of the ankle and supporting hind and midfoot joints. The Saltzman
hind foot alignment view is helpful for the evaluation of hind foot deformity.
Standing AP hip to ankle views (4 ft standing) can also be helpful in assessing gen-
eralized limb alignment. Additional imaging studies, such as, computed tomography

a
Tibia
Fibula
Fibula
Talus
C
Tibia
Fibula

Talus

Fig. 5.1 Radiographic images showing (a) anterior—posterior, (b) lateral, and (c) oblique views of the
right ankle. Radiographs showing right (d) lateral and (e) oblique views of a total ankle replacement



100 J. Lau et al.

d

Fibula broken
to insert
replacement
and fixed
with plate
and screws

Tibia replacement
Talus replacement

Fibula broken

to insert

replacement

and fixed

with plate Tibia replacement
and screws Talus replacement

Fig. 5.1 (continued)

(CT) scans are helpful for assessing bone morphology and for the preoperative map-
ping of size, shape, and quantity of osteophytes or loose bodies. Magnetic reso-
nance imaging (MRI) can define surrounding soft tissue structures, including
tendons and ligaments. MRIs can also help determine cartilage quantity of the ankle
joint, including the presence of osteochondral defects.

Positive imaging findings should correlate with clinical findings. Common radio-
graphic signs associated with OA, include, formation of osteophytes, associated
bone cysts, subchondral sclerosis, and joint space narrowing (JSN). Painful impinge-
ment at the ankle joint on dorsiflexion can be caused by osteophytes at the anterior
joint margin. These spurs may be related to OA but can also be seen in athletes,
especially those involved in kicking sports [31].

There have been many scales and tools developed to quantify the degree of OA
of the ankle. Although many of the scales have been applied and revised, a current
scale to determine the stages of ankle OA and appropriate treatments has been
developed by the Canadian Foot and Ankle Society (COFAS). This tool was
designed to be a simple and reliable tool to be used for arthritis stratification and
outcome comparison in research, being a representation of the local anatomic con-



5 Ankle Osteoarthritis 101

Table. 5.1 The COFAS Preoperative and Postoperative Classification System for End-Stage
Ankle Arthritis

Type I Type 2 Type 3 Type 4

Isolated Ankle arthritis with | Ankle arthritis with hind foot Types I-3 plus

ankle intra-articular deformity, tibial malunion, midfoot | subtalar,

arthritis varus/valgus abductus or adductus, supinated calcaneocuboid, or
deformity or a tight | midfoot, plantar flexed first ray, talonavicular arthritis

heel cord, or both etc.

ditions that may affect outcome and surgical decisions, not applicable to patients
who are not eligible for a joint replacement [32]. Although it does not take into
account patient factors, it is a valuable and useful tool for surgeons to utilize as a
platform for decision making for nonsurgical and surgical treatment options for the
patient with ankle OA (Table 5.1).

Nonsurgical Treatment/Foot and Ankle Care

First-line treatment in many orthopedic conditions is nonsurgical treatment. Due to
the pathologies involved in the development of ankle OA, different populations may
require different nonoperative treatment options; they should be offered for a mini-
mum of 6 months for all older patients. However, early discussions among young
and active patients with mild, moderate, and occasionally even advanced asymmet-
ric ankle OA should occur more expediently, as certain joint-preserving treatment
may help delay the progression of joint degeneration [33].

Successful conservative care is dependent on the stage of the ankle OA and the
patients’ age and motivation. When choosing between conservative and joint-
sparing/joint-sacrificing treatment, the extent of subchondral bone exposed and the
time over which the OA has advanced are factors that should be considered. Patients
with only little exposure of subchondral bone and slow OA progression will likely
respond better to conservative treatment.

There are several modes of nonoperative and conservative treatment. Some
options have research examined benefits, while others are newer therapies that lack
concrete evidence of the benefits. Therapies include activity modification, shoe
wear modification, weight loss, the use of anti-inflammatories, bracing, and physi-
cal therapy. These nonoperative treatments immobilize or off-load the joint to
improve symptoms. Newer modalities include intra-articular injections, such as,
hyaluronate viscosupplementation to help reduce joint inflammation and pain and
assist in lubrication.

These newer modalities remain popular in the orthopedic literature as a clear
determination of efficacy remains undefined. Clinically, a benefit of chondroitin or
glucosamine for ankle OA has not yet been proven. In ankle OA, viscosupplementa-
tion demonstrated evidence for significant improvement after 1 and 6 months of five
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weekly injections in a prospective randomized double-blind trial [34]. A random-
ized control trial (RCT) was done by Witteveen et al. [35] of 70 patients who
received HA injection into the joint under fluoroscopy versus distraction in patients
with severe OA. There is no significant difference between the two injection meth-
ods regarding any of our formulated outcome measures. Considering the substantial
amount of possible extra-articular injections prior to fluoroscopic control with both
techniques, the use of contrast-aided fluoroscopy for injecting the ankle with severe
OA, anterolateral or anteromedial osteophytes, is advisable.

There is no evidence of the efficacy of protein-rich plasma for ankle OA in the
literature. Furthermore, the efficacy of intra-articular corticosteroid injections in the
osteoarthritic ankle has not been studied; most clinical studies have involved knee OA.

Additional oral conservative treatment for OA includes the use of nonsteroidal
anti-inflammatory medications or drugs (NSAIDs) [36]. They can be used as a tempo-
rary measure for control of intermittent pain, inflammation, and symptoms. However,
many older individuals may have other medical conditions, such as, cardiac and respi-
ratory disorders, that may interact with these medications and preclude their use.

Physical therapy and activity modification can be effective in addressing the loss
of mobility in ankle OA; muscle strength during dorsiflexion and plantar flexion in
individuals with ankle arthritis has been found to be decreased [37]. Therapy pro-
grams for the nonoperative management of ankle arthritis should have a focus on
lower extremity strengthening, proprioception, and gait training.

Orthoses and shoe modifications can provide effective pain alleviation, improve
quality of life, and postpone total ankle replacement or ankle arthrodesis in patients
affected by advanced ankle arthritis with or without deformity [38]. The Ankle Foot
Orthosis (AFO) is used to address pathology at the level of the ankle joint during the
stance phase of gait [39].

Surgical Treatments

Conservative treatment should be the first-line treatment in ankle OA. However,
many individuals fail to alleviate their symptoms of pain and limited mobility
despite their best efforts. Although conservative treatment should be attempted,
there may be a limit to its efficacy, and surgical management of ankle OA may be
considered.

The goals of surgical management remain directed toward a pain-free ankle
joint. Although in many of the surgical options, joint motion may be sacrificed to
achieve this goal; joint-sparing procedures may provide options for sufficient pain
relief while allowing ankle motion to remain. Treatment, joint-sparing versus joint-
sacrificing, depends on many factors including patient age, patient preference, car-
tilage quality and quantity, and other systemic conditions.

Severe ankle OA treatments are usually joint sacrificing in nature, including total
ankle arthroplasty and ankle arthrodesis. Mild to moderate OA in a younger patient
may be treated by joint-preserving surgery, such as arthroscopic debridement,
osteochondral repair, ligament and tendon reconstruction, and osteotomies.
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Arthroscopic Debridement/Osteophyte Resection

With any injury, the cartilage of the ankle joint may be affected. Radiographic
investigations, such as, MRIs can help to provide information about the cartilage of
the ankle joint. Despite the emerging role of three-dimensional imaging studies,
ankle arthroscopy is considered the gold standard in determining the true extent of
cartilage damage in the ankle joint [40].

Diagnostic arthroscopy also has a role in the prognostication of OA development
as a result of trauma [41]. Glazebrook [42] and colleagues performed a systematic
review of the benefits of ankle arthroscopy treatment in ankle injuries and posttrau-
matic arthritis. This systematic review found a general trend of improved postopera-
tive outcomes in these case series in patients with soft tissue impingement compared
with bony impingement and increasingly poor results with increasing degree of
ankle OA. Although evidence is limited, arthroscopic debridement has shown ben-
efits in the treatment of arthritic disorders that primarily involve synovium of the
ankle joint including RA, localized pigmented villonodular synovitis, and hemo-
philic arthropathy [41]. It is, however, important to assess alignment prior to arthros-
copy, as this may need to be additionally addressed so that the mechanical forces for
creating osteophytes may be altered.

Indications for ankle arthroscopy for ankle OA include diagnostic arthroscopy
and loose body removal, anterior ankle impingement, and early stage ankle OA with
intact joint space.

With any surgical procedure, there are postoperative risks and complications.
Review of ankle arthroscopy complications by Deng et al. [43] revealed that the most
common complication was cutaneous nerve injury, which involved nine cases (3.46 %),
and localized superficial infection, which involved eight cases (3.08 %). Injury to the
superficial peroneal nerve accounted for five of the cutaneous nerve injuries.

Allograft Resurfacing

Osteochondral lesions can be seen as a local degeneration of the ankle joint,
can be the result of injury to the tibiotalar joint from direct trauma, or can be seen
as a secondary injury due to a severe ankle sprain. Within the foot and ankle, the
talar dome is the most common location for development of an osteochondral
lesion [44], termed an osteochondral lesion of the talus, and can be degenerative or
posttraumatic. Surgical treatment techniques can be categorized into non-tissue
transplantation and tissue transplantation methods. Potential options for repair or
reconstruction, include, procedures such as arthroscopic debridement combined
with microfracture and/or drilling, autologous chondrocyte implantation, and the
osteochondral autograft transplant system (OATS)/mosaicplasty. However, each
of these has limitations in the treatment of large lesions for which the success rates
are poor and tissue available for harvest and implantation is limited by risk of
harvest-site morbidity [44].
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Treatment of osteochondral lesions may be a temporary measure to prevent fur-
ther joint degeneration, although most studies demonstrate little long-term success.
Despite the fact that in theory, this procedure is a potentially desirable option for a
young patient with advanced ankle arthritis, it has a high level of technical difficulty
and complications with the reported results showing a high failure rate [44].

Supramalleolar Osteotomy

In younger patients with mild to moderate ankle OA, goals of treatment include
preserving the joint while addressing altered joint mechanics as a result of injury.
Supramalleolar osteotomy (SMO), reported to be an effective realignment surgery
in patients with varus ankle OA, is performed to restore orientation and axial align-
ment of the ankle. It has been shown to reduce pain and improve function and radio-
logical signs of arthritis, as well as postpone fusion and replacement surgery in
these patients [45].

The main indication for SMOs is asymmetric ankle OA with concomitant valgus or
varus deformities and a partially (at least 50 %) preserved tibiotalar joint surface [46].

SMO is an option for some surgeons to consider but is based on surgeon experi-
ence. In patients with supramalleolar valgus or varus deformities, the surgeon can
choose from four surgical options: medial closing wedge osteotomy (anti-valgus
osteotomy), medial opening wedge osteotomy, lateral closing wedge osteotomy
(anti-varus osteotomy), and dome osteotomy. Rotational and translational osteoto-
mies can also be performed where necessary. In some cases where there is a sagittal
(anterior—posterior) deformity, various osteotomies can be performed to correct the
deformity at the center of rotation and angulation [47].

The clinical effectiveness of SMOs can vary from patient to patient. A study by
Egloof et al. demonstrated a decrease in tibial and talar subchondral bone plate
density distribution after supramalleolar medial closing wedge osteotomy in patients
with valgus ankle OA; our patients reported a decrease in pain and most of them
were satisfied with the procedure. SMO should be considered a surgical treatment
option for ankle OA in certain patients with remaining joint space.

Total Ankle Arthroplasty

Total ankle arthroplasty was designed as an alternative to arthrodesis of the ankle
joint in the treatment of OA. The design of this prosthetic joint implant has con-
tinued to develop since its inception in the early 1970s, with several generations
of prosthetic templates continuing to evolve (Fig. 5.1d, e).

Total ankle arthroplasty was developed to reduce pain and retain motion of the
ankle joint in patients with OA, much like its total hip and knee counterparts. Total
knee and hip arthroplasties remain one of the most common surgical procedures in
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the modern orthopedic theater. While arthrodesis is still considered the “gold stan-
dard” for treatment of end-stage ankle arthritis, progression of adjacent joint arthro-
sis and diminished gait efficiency has led to a resurgence of interest in ankle
arthroplasty. Long-term outcome studies for total ankle replacement found excel-
lent or good results in 82 % of patients who received a newer generation ankle
device compared with 72 % if undergoing ankle fusion [48].

The optimal patient is older (>50 years old), with end-stage ankle arthrosis, non-
obese, and with low physical demands [49]. Patients with posttraumatic ankle
arthrosis, especially younger patients, seem to have worse outcomes and are more
likely to undergo revision than patients with other causes of arthritis [50].

Complications, such as, infection required revision for implant failure with posi-
tive radiographical anomalies in 18 AES total ankle arthroplasties. In this study by
Rodgiuez et al. [51], the most frequently encountered complication was asymptom-
atic osteolysis, which was best detected on CT scan compared to conventional
X-rays. For now, the osteolysis leads to only a very low frequency revision. It was
most frequently seen around the tibial component on X-ray and in the talar body on
CT scan. Therefore, it is recommended to repeat CT scans every 6 months to moni-
tor for osteolysis and prosthesis stability.

Symptomatic improvement can vary from patient to patient depending on preop-
erative symptoms. However, many patients may prefer maintaining some movement
of the affected joint choosing arthroplasty versus arthrodesis. The gait patterns of
patients following three-component, mobile-bearing total ankle arthroplasty more
closely resembled normal gait when compared with the gait patterns of patients fol-
lowing arthrodesis [52].

In conclusion, the intermediate-term clinical outcomes of ankle replacement and
arthrodesis in a diverse cohort of patients were comparable, even when patients who
required revision ankle replacement were included; however, the rates of additional
surgery and major complications were higher after ankle replacement than after
arthrodesis [53].

Ankle Arthrodesis

Another treatment option for ankle OA includes ankle arthrodesis. Debilitating
posttraumatic arthritis is the most common indication for arthrodesis and is widely
considered the gold standard. It is also indicated for pain and deformity secondary
to previous infection, osteochondral defects, osteonecrosis of the talus, OA, inflam-
matory arthropathies, and RA [48].

While ankle arthrodesis, otherwise known as ankle fusion, sacrifices any remain-
ing ankle joint motion, the results are predictable with regard to consistent pain
relief once fusion is achieved. Assessment of postoperative fusion is based on clini-
cal and radiographic means, such as, CT.

In most cases, good and excellent intermediate-term results are reported for
modern arthrodesis techniques. Long-term reliability, however, is questioned
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because ankle fusion has been associated with premature arthritis, pain, and dys-
function of the adjacent hind foot joints. Waters and coworkers reported a 16 %
decrease in gait velocity, 3 % increase in oxygen consumption, and 10 % decrease
in gait efficiency after ankle fusion [54]. In a long-term follow-up study of
23 patients evaluated over an average of 22 years after tibiotalar arthrodesis,
Coester and associates [55] demonstrated progressive degenerative changes of
ipsilateral subtalar (91 %), talonavicular (57 %), and tarsometatarsal (41 %) joints.
The progressive arthritis in these joints led to ipsilateral foot pain and limitations
in ambulation and activities of daily living. Pseudoarthrosis rates approach 50 %
in some studies, and appropriate position for fusion is often difficult to obtain in
cases with bone loss. With the advent of arthroscopic ankle fusion, there are the
potential benefits of improved wound and bony healing, due to preservation of the
soft tissue envelope and diminished soft tissue stripping, and potential improved
outcomes.

Several patient factors can contribute to post-op complications including non-
union. Factors associated with nonunion, included, fracture type, evidence of avas-
cular necrosis, infection, major medical problems, and open injuries. Factors that
were not associated with nonunion, included, age, past history of subtalar or triple
arthrodesis, and technique [56].

Joint fusion in foot and ankle surgery may allow a high activity level, but degen-
eration of the neighboring joints occurs in up to 50 % of cases after 7-8 years and
up to 100 % of cases after 22 years [57].

The debate continues over which joint-sacrificing procedure — total ankle arthro-
plasty or ankle arthrodesis — is best to address ankle OA. A recent systematic review
was done by Jordon et al. [58] to determine how end-stage ankle OA should be
managed. Although half of the reviewed studies report some functional improve-
ment following total ankle replacement, the lack of high quality evidence limits a
definitive conclusion being drawn. Insufficient evidence is available to decide
whether total ankle replacement or ankle arthrodesis improves functional outcomes
and further research in the form of robust RCTs is indicated.

Conclusions

Ankle OA is a common pathology among young adults and older populations.
There are many etiologies contributing to the prevalence of this disease, although
posttraumatic OA is the primary cause. Recognizing the uniqueness of the proper-
ties of the ankle joint, both biology and biomechanics, is important for determina-
tion of nonoperative versus operative treatment. Many nonoperative treatments may
be applicable to particular populations; however, many still lack evidence for effi-
cacy. Operative therapies should be attempted after a trial of conservative therapy,
although conversations with younger patients about joint-sparing procedures should
take place early. Joint-preserving and sacrificing procedures may offer symptom
relief but are associated with increased risks and complications. Pathogenesis and
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associated treatments of ankle OA remains a topic of interest in orthopedic research
and will continue to provide additional information to address this common disease.
Patient-tailored approaches with biologics and mechanical realignment may be the
key focus for future research, as it may allow for patient-specific joint-preserving
modalities.
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Chapter 6
Hand and Wrist Osteoarthritis

Herbert P. von Schroeder and Steven J. McCabe

Key Points

Hand and wrist osteoarthritis (OA) affects almost every individual as they
age. It is painful and results in profound weakness of pinch and grip strength
as more joints are involved. It can result in profound functional limitations.
The distal interphalangeal joints of the fingers and interphalangeal joint of
the thumb are the most commonly involved when assessed on physical
examination. Osteophytes, mucus cysts (with nail deformities), and pro-
gressive deformity are some of the physical characteristics of hand
OA. Patients often complain that their arthritic fingers are unsightly.
Other common sites of OA include the carpometacarpal joint of the thumb
and the scaphotrapeziotrapezoid of the wrist. Chronic scaphoid fracture
nonunions and scapholunate ligament tears lead to characteristic arthritic
patterns.

The diagnosis of OA in any joint of the hand is usually made by history and
physical examination. Radiographs are useful to confirm the diagnosis; to
evaluate the severity of joint changes, for the purposes of discussion with
the patient; and to assist in surgical planning.

Medical management of OA commonly includes oral acetaminophen, oral
or topical nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroid
injections, and the use of splints.

Surgical arthrodesis (joint fusion) or arthroplasty (joint replacement) can
be useful in controlling pain, improving stability, and, in some cases, main-
taining motion to improve function and appearance of the hand.
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Introduction

OA of the hand and wrist is a ubiquitous condition that eventually affects virtually
everyone. It is painful and results in profound weakness of the hands as well as
progressive deformity that we associate with aging. The severity of hand OA is
related to hand dysfunction. Weakness of pinch and grip strength is more profound
with more joints involved, and pain and tenderness have significant effects on hand
function [1].

OA is one the most common diagnoses treated by hand surgeons. It can occur de
novo or can be the long-term sequelae following a fracture or ligament injury. It
may also represent the final stage of osteonecrosis. The diagnosis of OA in any joint
of the hand can typically be made by history and physical examination. Radiographs
are useful to confirm the diagnosis; to evaluate the severity of joint changes, for the
purposes of discussion with the patient; and to assist in surgical planning.

Medical management of OA commonly includes oral acetaminophen, oral or
topical nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroid injections,
and the use of splints. There has been increased awareness of the adverse events
associated with nonsteroidal anti-inflammatory drugs beyond gastrointestinal bleed-
ing. In a systematic review of cost-effectiveness analysis, Wielage has reviewed the
evolution in the care and evaluation of patients with OA. There has been a shift to
improved research methods, evaluation of multiple oral agents, and inclusion of
cardiovascular and neurologic outcomes [2]. Recently, topical NSAIDs have
become an alternative to oral agents. In a comprehensive review of the effectiveness
and safety of topical versus oral NSAID drugs, Klinge and Sawyer found that both
topical and oral agents performed better than placebo and were similar in efficacy.
As might be expected, there are less serious adverse events but more skin reactions
with topical agents [3]. It is noted that topical salicylates and capsaicin have not
shown substantial efficacy in clinical trials [4].

Occupational therapists help to improve patients’ daily function. Surgical
arthrodesis (joint fusion) or arthroplasty (joint replacement) can be useful in con-
trolling pain, improving stability, and, in some cases, maintaining motion to improve
function and appearance of the hand. Denervation of the wrist is also possible as an
attempt to control pain in some cases.

Distal Interphalangeal (DIP) Joints of the Fingers
and Interphalangeal (IP) Joint of the Thumb OA

OA at the DIP joints (Fig. 6.1) is the most common location in the body, found in
70 % of a large cohort of 61-63-year-olds. This was compared to 23 % at the proxi-
mal interphalangeal joints, 10 % at the metacarpal phalangeal joints, and 41 % at the
basal (carpometacarpal) joint of the thumb [5]. The DIP joints and the IP joint of the
thumb are also the most commonly involved when assessed on physical examina-
tion. Osteophytes (traditionally called Heberden nodes in this location), mucus cysts
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Fig. 6.1 Photograph of an
82-year-old man’s hand with
severe osteoarthritis and
deformity of the small joints
of the hand

(with nail deformities), and progressive deformity are noted. The joints may become
unstable and angulated. Patients complain that their arthritic fingers are unsightly.
Painful arthritis in the distal or proximal interphalangeal joints is associated with
worse health status when measured by patient-reported outcome measures [6].

Splinting can be used to immobilize painful joints and is almost always indicated
as initial treatment of OA of the DIP joint. In a small non-randomized study, DIP
joints splinted at night were less painful at 6 months compared to joints without
nighttime splinting. There was decreased extensor lag in the treated group without
increased stiffness of the joint [7]. In another study of 25 patients splinted for 6
months, pain scores measured on a visual analog scale decreased from 100 to 34 %,
and DASH scores improved from 28 to 17. The change in DASH score was not
significant [8].

The primary indication for surgery to treat OA of the distal interphalangeal joints
is pain, but surgery is sometimes done for dysfunction or cosmesis. Several surgical
approaches have been evaluated; however, since the mainstay for surgical treatment
is arthrodesis, a patient with a cosmetic concern would need to give up all motion of
the joint for the sake of appearance.

Arthrodesis is the primary surgical option for OA of the distal interphalangeal
joint. This procedure is indicated for severe pain that is not controlled adequately by
splinting and medication. A variety of methods have been used to achieve fusion of
the DIP joint. These include K wires alone or in combination with an interosseous
cerclage wire, or headless compression screw techniques.

Using evidence from a splinting study, it was found that fusion of the index fin-
ger in 20° of flexion resulted in higher grip strength and improved dexterity com-
pared to zero degrees. Position of the middle finger at one of these two angles did
not affect dexterity or grip strength [9]. One concern about studies that use splinting
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to simulate arthrodesis is the negation of shortening that must occur with fusion but
not splinting. As flexion functionally shortens the digit, this would suggest that
splinting experiments might overestimate the degree of flexion recommended. In
addition, tip and key pinch are perhaps the most important functions for the index.
Our personal preference is to fuse the DIP joint in zero degrees of flexion.

A systematic review of the English language literature revealed that most studies
are evidence level IV. The most common techniques were K wires, headless com-
pression screws, and cerclage wires. The headless screws appeared to have higher
union rates but introduced negative events otherwise not seen [10]. Stern found the
same nonunion rates for fusions using either crossed K wires, an interfragmentary
wire plus a longitudinal K wire, or a Herbert screw at 12 %, 12 %, and 11 %, respec-
tively. Major complications occurred in 20 %. Stern prefers “Herbert screw fixation
when there is adequate bone stock and sufficient cross-sectional area to contain the
screw” [11]. Other authors report arthrodesis of the DIP joint using a headless com-
pression screw has resulted in high union rates around 95 %. Cox had a union rate
of 94 % with a complication rate of 9 % [12].

One specific problem that can occur with screw fixation is penetration of the cor-
tex. One study noted the distal phalanx shaft as measured on the lateral view is the
narrowest determinant of fit and that most commercially available screws were too
large [13]. Iwamoto placed the screw in a proximal to distal direction in an oblique
fashion to avoid invasion of the nail bed. They report a union rate of 96 % [14].

In an interesting approach, Renfree compared the standard use of the headless
compression screw with an in situ group where there was no preparation of the
articular surfaces. Interestingly, ten of 17 joints fused with no preparation of the
surfaces compared to 11 of 12 with the standard technique [15]. Despite the finding
that fusion can be successful without joint surface preparation, the rate was lower,
and therefore this procedure is not recommended. These studies have typically
included a heterogeneous population of patients with a variety of pathology, not just
osteoarthritis.

Authors’ Technique

We favor a traditional technique for DIP joint fusion using a longitudinal K wire and
a transverse cerclage wire. This is a quick, low-cost, and reliable method.

The procedure is performed using local anesthetic and a digital tourniquet. A
curved incision is made in a transverse direction at the DIP joint dorsally, proximal
and parallel to the nail margin. This must be proximal to the most proximal extent
of the nail bed. In addition, the incision can be scythed proximally to avoid the nail
bed. A longitudinal incision is made proximal to this along the central dorsal axis of
the middle phalanx. This incision is made directly onto the bone of the middle pha-
lanx, and using a skin hook to hold the now split extensor apparatus, the extensor
insertion on the base of the distal phalanx is elevated, continuing around to elevate
the collateral ligaments from both sides of the DIP joint. At this time, the joint can
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be hyperflexed. If this is not possible, the collateral ligaments would require further
release from the distal aspect of the middle phalanx. The power saw is used to make
a cut just proximal to the articular surface of the middle phalanx. This is cut first as
it is accessible and once accomplished allows more space to work on the base of the
distal phalanx. We attempt to preserve cortical bone on the lateral margins of both
opposing surfaces as this will be required to hold the interosseous wire loop. The
soft tissue is dissected off the circumference of the distal phalanx for a few millime-
ters dorsally and palmarly and for about 5 mm laterally. The saw is then used to
make a parallel transverse cut in the distal phalanx. We typically fuse the DIP joints
in 0° of flexion. A 0.35” K wire is used to drill a hole transversely in the middle and
distal phalanx and pass a cerclage wire through each. The same K wire is then
passed through the base of the distal phalanx to exit the tip of the finger just palmar
to the nail. This is passed all the way until the proximal pin is at the osteosynthesis
site. The joint is reduced and the pin is passed into the middle phalanx. Intraoperative
X-rays are used to confirm the reduction and hardware placement, and the cerclage
wire is tightened. A small dressing and splint are then applied. The K wire is pro-
tected and is left in place for 6-8 weeks. X-rays are taken at the first postoperative
visit and at 6 weeks post-op. A splint is always worn when the K wire is in place and
can be continued as needed.

As an alternative to surgical arthrodesis, flexible implant arthroplasty has been
reported and has the advantage of preservation of motion when compared to
fusion. In comparison to the proximal interphalangeal joint and the metacarpal
phalangeal joint however, its use is less common in the distal interphalangeal joint.
The procedure mimics implant arthroplasty of the PIP joint with division of the
extensor tendon, preparation of the proximal joint articular surface and canals, and
fitting of the implant. Although few cases have been reported, the results seem
reasonable [16, 17].

As an innovative strategy, we have observed Dr. Harold Kleinert perform surgi-
cal debridement and extensor tendon plication and re-balancing at the DIP joints.
He then distracted the joints over a K wire for a period of time. This allowed the
preservation of motion with the intention of pain relief.

Proximal Interphalangeal (PIP) Joints of the Fingers OA

The proximal interphalangeal (PIP) joint is a common site for OA. Joint pain, defor-
mity, and stiffness are common presenting features (Fig. 6.2). Osteophytes in this
location are termed Bouchard nodes. As with DIP joints, the same nonsurgical care
is available for the PIP joints including medication, the application of hand therapy
modalities, and splinting. The role of the PIP joints is to bring the fingers into the
palm, and motion is therefore more important at the PIP than the DIP joint, and
hence arthroplasty has a large role in the surgical management of PIP arthritis.
Ironically, it has been shown that arthroplasty preserves but does not improve motion
at the PIP joint. Both arthrodesis and arthroplasty have been shown to reduce pain.
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Fig. 6.2 DIP joint OA seen
on a radiograph with typical
joint space narrowing,
osteophytes, and angular
deformity at the index finger
and at the thumb IP joint. PIP
joint OA seen clearly on the
long finger. The STT joint of
the wrist is also arthritic

A

The index and small fingers can retain good function following joint arthrodesis.
The small finger has motion at the CMC joint and can hyperextend at the MCP joint
which compensates for a fused PIP joint. The index finger is functional with a fused
PIP joint primarily because the other fingers will provide good grip strength and the
presence of the bulk of the thenar muscles makes incomplete flexion of the PIP joint
less important for gripping. In contrast, the long and ring fingers tolerate arthrodesis
poorly. The long and ring finger with a fused PIP joint can neither flex nor extend
adequately.

In our opinion, fusion of the PIP joint of the index finger should be in slight flex-
ion. Once again, splinting experiments overestimate the degree of flexion that results
in the best function because they fail to account for the shortening of the finger
caused by the surgery. The ideal angle of fusion of the PIP joints is likely less than
advocated in most texts. The small finger PIP joint can be fused in 30-35°. This will
allow the hand to lie “flat” on a table and to have good grip of small objects.

In cadaveric testing of the stiffness of PIP joint fusion techniques, the intramed-
ullary linked screw method had higher stiffness than 90/90 wiring, tension band
wiring, and cerclage wire with an oblique K wire in all planes of motion and greater
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stiffness than a dorsal plate in extension [18]. In a study comparing fusions of the
MP and PIP joints using tension band arthrodesis versus a compression screw, both
had similar healing times and complications. Removal of hardware was required
more often following tension band arthrodesis [19].

Authors’ Technique

For arthrodesis of a joint in flexion (always for the PIP joints), we use a tension
band technique. A straight dorsal incision is made over the PIP joint and taken
straight through the extensor mechanism. The tendon is retracted with skin hooks
and sharply dissected from the base of the middle phalanx. The sharp dissection is
continued releasing the collateral ligaments. This allows the joint to be flexed to
almost 180°. The collateral ligaments are dissected from the distal aspect of the
proximal phalanx, and the power saw is used to remove the articular surface with a
slight proximal palmar angle. This angle is the angle that is anticipated for the joint
upon completion of the procedure. Having removed the phalangeal head, there is
more room to work on the base of the middle phalanx. The soft tissues are dis-
sected from the base of the phalanx including enough dorsal dissection to pass a
transverse pin for the tension band wire. The base of the middle phalanx is then
removed with the power saw parallel to the joint surface. The joint is then reduced
to test the fit and the osteosynthesis is performed. To fix the fusion, a 0.35” K wire
is used to drill a transverse hole across the dorsal aspect of the base of the middle
phalanx about 5 mm distal to the bone cut. A cerclage wire is passed through this
hole. This must be done before the K wires are inserted into the middle phalanx as
the K wires can crimp this hole and make passage of the tension band impossible.
A 0.35” K wire is then inserted through the cut end of the proximal phalanx at the
same angle as the intended fusion to exit the dorsum of the proximal phalanx 1 cm
from the cut end. The second pin is placed parallel to the first. The placement of
these pins is important as the surgeon must plan ahead to insure they will penetrate
into the medullary canal of the middle phalanx when the fusion site is reduced. The
fusion is reduced and the K wires are passed into the medullary canal of the middle
phalanx. Position is checked with fluoroscopy. The cerclage wire is then crossed
over the dorsum of the middle phalanx and osteosynthesis site and twisted around
the pins on the dorsal surface of the proximal phalanx. The wire is tightened and
the pins are bent, cut, and twisted so the bent end is at the shoulder of the phalanx.
A short period of splinting is used; however, early motion creates compression and
is encouraged.

The importance of motion of the PIP joint is reflected in the common use of
arthroplasty to treat OA of this joint. The procedure has traditionally been performed
using a dorsal approach and silicone implants; however, there are variations described
in the literature. New materials have created ongoing interest in this procedure.

The techniques for flexible implant arthroplasty have been detailed including a
dorsal and palmar approach [20]. The dorsal approach has the potential to disrupt
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the extensor mechanism although the central slip-sparing approach described by
Swanson can minimize this. The palmar approach has the theoretic advantage of
sparing the extensor mechanism. In a comparison of the palmar and dorsal approach,
better preservation of extension was found with the palmar approach. At mean fol-
low-up of 29 months, the PIP motion was 60/15 with the dorsal approach and 62/2
with the palmar approach [21].

New materials have been introduced for PIP arthroplasty. In a large series of
pyrocarbon implants with minimum of 2-year follow-up, it was found that patients
had good relief of pain but no improvement of range of motion. Thirty-six percent
of patients needed repeat surgery [22]. A systematic review of studies evaluating the
outcomes of silicone and pyrocarbon arthroplasties of the PIP joint revealed similar
postoperative arcs of motion but higher rates of revision and salvage procedures
performed secondary to pyrocarbon arthroplasty. The authors cautioned against
widespread use of this implant until further evidence is developed [23]. Further
evolution of PIP implants has yielded metal alloy and polyethylene anatomically
based designs. These are used as total joints or as hemiarthroplasty. This method has
been shown to improve pain and preserve joint motion [24].

Authors’ Technique

For a PIP arthroplasty, we use the dorsal approach with a central slip-sparing
method. A straight dorsal incision is made through skin and subcutaneous tissue
to the plane overlying the extensor tendon. A small “entry incision” is made at the
lateral margins of the extensor apparatus about 1 cm proximal to the PIP joint,
and an elevator is passed under the extensor tendon on the dorsolateral aspect of
the PIP joint on each side sequentially. This separates the extensor mechanism
and transverse retinacular fibers from the underlying collateral ligaments. The
transverse fibers are marked with a small permanent suture proximally and dis-
tally and divided a few mm from the lateral band to allow suturing at the end of
the procedure. This is done on both sides of the joint. The true collateral liga-
ments, now under direct vision, are released from the attachment to the proximal
phalanx. The central slip is intact throughout this procedure but may require sac-
rifice if OA is extreme. Release of the collateral ligaments allows dislocation of
the joint through flexion and rotation of the joint. Working from both sides of the
central slip, the proximal joint surface is prepared and resected using a power
saw. Osteophytes are removed from the base of the middle phalanx but no bone
is resected with the saw.

The medullary canals are prepared and the implants are fitted. The collateral
ligaments are not repaired although stability is achieved by suturing the previously
marked transverse retinacular ligaments. The alignment is evaluated and the wounds
are closed. Since the central slip is preserved, early motion can be started with a
splint used for resting.
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Metacarpal Phalangeal (MCP) Joint of the Index, Long, Ring,
and Small Finger OA

The MCP joint is readily accessed for steroid injection which is recommended in
conjunction with the nonsurgical procedures used for the IP joints. Buddy taping
can also be useful to reduce pain in the joint.

If nonsurgical treatment is not satisfactory, arthroplasty can be recommended.
Compared to rheumatoid disease, OA in the MCP joint is less frequently a cause of
significant problems. Additionally, OA in the MCP joints can occur in a single joint
often requiring arthroplasty of one joint in contrast to rheumatoid arthritis which
typically requires all joints to be replaced. Fusion of the MCP joints results in poor
function so preservation of motion is desirable. The wisdom of fusion versus arthro-
plasty of the isolated index MP joint is often debated but not resolved. For painful
OA of the long, ring, and small MCP joints, arthroplasty is preferred.

Silicone interposition arthroplasty is the traditional implant used for the MCP
joint in OA. The literature shows this to be effective in pain reduction, increasing
motion, and providing patient satisfaction [25]. Pyrocarbon implants seem to per-
form well at the MCP location. Wall and Stern have shown good results at 2-year
follow-up with good pain relief, improved motion, strong patient satisfaction, and
few complications [26]. Both materials seem to provide similar clinical results at the
MCP joints. Further evaluation of survival of the implants and cost may clarify their
respective roles in the future.

Following replacement arthroplasty of the MCP joint, protection of the extensor
apparatus is required. The care of a hand therapist is extremely valuable following
arthroplasty of IP and MCP joints. Protection of the extensor apparatus can be done
with resting splints that are removed for appropriate range of motion exercises or
with splints designed with traction to position the finger to control alignment and
allow flexion against elastic traction.

Metacarpal Phalangeal (MCP) Joint of the Thumb OA

OA of the thumb MCP occurs with chronic ligament injury (ulnar collateral
(gamekeeper thumb) or less commonly radial collateral ligament or volar plate).
OA can also occur de novo at this joint or in association with OA at the carpo-
metacarpal (CMC) joint of the thumb. Splinting and corticosteroid injections are
useful. Arthrodesis of the joint provides stability and pain control. The technique
is most commonly performed in the neutral position with cerclage and K wires
similar to the description for DIP joint arthrodesis. Compression screws or plate
and screw fixation are also used. Regardless of surgical detail, the procedure is
reliable with high patient satisfaction and requires only a brief period of
immobilization.
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Carpometacarpal (CMC) Joint of the Thumb OA

The CMC joint at the base of the thumb has a wide arc of motion, and radiographic
OA changes are exceptionally common and increase with age (Fig. 6.3). The meta-
carpal bone subluxes out of the joint to create a characteristic deformity. There is
prominence of the base of the metacarpal which is commonly accompanied by
hyperextension of the MP joint and eventual adduction of the thumb toward the
palm. Patients can have pain directly over the dorsum of the CMC joint but often
complain of pain at the base of the thenar muscles. Active circular motion of the
joint will often reveal crepitus. The history and physical findings are so characteris-
tic that the grind test is not usually performed. It can be quite painful and adds little
information when the findings are obvious. X-rays are done to evaluate the CMC
and the STT joints and to look for other pathology that might influence treatment.
X-ray staging of the severity of the disease does not strongly correlate with symp-
tom severity. X-rays provide useful information if they are normal in the face of
severe symptoms.

Nonsurgical management consisting of splinting, oral NSAIDs, and injection of
corticosteroids is found to be beneficial in the management of first CMC OA. In a
randomized trial, it was found that wearing an orthosis provided pain relief but no
change in the function of symptomatology over time when the orthosis was not

Fig. 6.3 CMC OA at the
base of the thumb. Joint space
narrowing and subchondral
sclerosis between the thumb
metacarpal (MC) and the
triquetrum (77) are noted
(circle) as well as osteophytes
(arrows) at the trapezium.
The thumb is subluxed off of
the central axis
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worn [27]. In contrast, Bani found that custom-made splints improved pain, grip,
and pinch strength and function [28].

A single steroid injection into the thumb CMC joint has been found to reduce
pain and increase function [29]. This confirmed a study by Day that showed “Steroid
injection with splinting for the treatment of basal joint arthritis of the thumb pro-
vided reliable long-term relief in thumbs with Eaton stage 1 disease but provided
long-term relief in only 7 of 17 thumbs with Eaton stage 2 and stage 3 basal joint
arthritis” [30]. Interestingly, both of these studies showed that the effect of steroid
injection is related to the Eaton stage of arthritis. This is in contrast to a randomized
trial that showed no benefit following a steroid injection [31]. In spite of this, how-
ever, we recommend an initial trial of splinting and injection for all new patients
presenting with this problem.

Common surgical procedures include excision of the trapezium with interposi-
tion of tendon or other material, other forms of arthroplasty or fusion of the joint.
The CMC is a fertile ground for innovation of new surgical procedures. Various
materials have been used as interpositions, a wide variety of implants have been
developed, and new methods continue to be employed and advocated. Typically,
these are based on products available on the marketplace and have little evidence to
support their use. A Cochrane review revealed, “We were unable to demonstrate that
any technique confers a benefit over another technique in terms of pain and physical
function. Furthermore, the included studies were not of high enough quality to pro-
vide conclusive evidence that the compared techniques provided equivalent out-
comes” [32]. Without clear evidence of superiority of alternatives, our philosophy
is that autogenous tissue is always preferred for the reconstruction. The most com-
mon surgical procedure involves excision on the trapezium, ligament reconstruction
with a local tendon graft, and interposition of the graft into the joint.

Arthritis in this joint is frequently associated with OA at the scaphotrapeziotrap-
ezoid (STT) joint. Excision of the trapezium for the CMC OA will also eliminate
the arthritic scaphotrapezoid pain, but the scaphoid articulation with the trapezoid
should also be inspected and aggressively debrided if OA is present. The presence
of STT arthritis in a percentage of patients with CMC arthritis is a common argu-
ment against fusion of the CMC joint. Despite this, however, arthrodesis continues
to have support. One author found 17 nonunions of 249 thumb CMC fusions. The
results showed improved pain, increased function, and excellent patient satisfaction
with the procedure [33].

Carpometacarpal (CMC) Joints of the Index and Long
Fingers OA

Carpal bossing is the term used to describe the deformity caused by osteophyte
formation at the second and third CMC joints at the index and long fingers. It occurs
with age and may be associated with tendonitis of the extensor carpi radialis tendon
insertions. The boss can be excised but may recur. The joints can also be fused.
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Carpometacarpal (CMC) Joints of Ring and Small Finger OA

OA of the fourth and fifth CMC joints is generally posttraumatic following fracture
at the metacarpal bases or fracture-dislocation of the joints. The joints are more
mobile than the second and third CMC joints, and this motion is important during
gripping activities. Fusion or interposition with soft tissue can be considered in the
rare cases that these joints require surgery.

Scaphotrapeziotrapezoid (STT) OA

OA of the STT (scaphotrapeziotrapezoid) joint on the radial aspect of the wrist
occurs with age and is more common in women. It is a common radiographic find-
ing (Fig. 6.4) in people over the age of 60 years and is the second most frequent OA
in the wrist, but it may not be symptomatic [34]. When symptoms do occur, the
pain can be localized in the distal part of the anatomic snuff box and proximal to
the thumb CMC joint. Pain also occurs around the scaphoid tubercle in the thenar
region and is worse with gripping and radial deviation. Progressive loss of wrist
motion typically ensues. STT OA may occur in conjunction with OA of the thumb
CMC joint or with chronic tears of the scapholunate ligament [35]. With disruption
of all of the ligaments around the scaphoid, rotation and subluxation of the scaph-
oid result in increased pressure at the STT joint and local arthritic changes [36]. As
with most types of OA, medical management is helpful, and when these fail, surgi-
cal options must take other regional OA into account. For isolated STT OA, exci-
sion of the distal scaphoid and soft tissue interposition is a useful motion-sparing
procedure. Fusion of the joint is useful for pain control but will limit wrist motion

Fig. 6.4 STT joint OA
(arrows) seen on a radiograph
of a right wrist between the
scaphoid (S), the trapezium
(Tr), and the trapezoid (T)
carpal bones. The STT joint
is the second most common
site of OA in the wrist, this
condition has variable
symptomatology
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and carries with it a relatively high nonunion rate. If CMC OA is also present, exci-
sion of the trapezium and soft tissue interposition is required, but the proximal
portion of the trapezoid must also be removed in order to excise all of the painful
arthritis. Surgery requires 6 weeks of full immobilization, followed by the use of a
splint.

Scaphoid Nonunion Advanced Collapse (SNAC) OA

The scaphoid bone is the most commonly fractured bone in the wrist and occurs
most frequently in young men. The injury is often ignored or missed since the pain
can resolve quickly, and initial X-rays can be read as being normal [37]. However,
the fracture may not heal resulting in a pseudoarthrosis that causes abnormal
mechanical wear and arthritis that begins between the scaphoid and the radial sty-
loid (Fig. 6.5) and typically progresses to become symptomatic in midlife [38, 39].
Over time, the arthritis advances across the wrist but surprisingly spares the radiolu-
nate articulation. Early symptoms include radial wrist pain and limited motion (par-
ticularly extension). With progression, there is further loss of motion, weakness of
grip, pain with impact, and chronic radio-dorsal wrist swelling and joint effusion.
As with all OA of the hand, NSAIDs, analgesics, corticosteroid injections, and
splints are useful.

For early stages, with minimal arthritic changes, reconstruction of the scaphoid
with bone graft and internal fixation can be considered [40]. Alternatively, only
the distal scaphoid can be excised and interposed with soft tissue with favorable
outcomes, but this procedure should only be considered as a stopgap or reserved
for patients with limited overall function since further eventual collapse of the
wrist will occur with time [41]. More commonly patients will benefit from a

Fig. 6.5 “SNAC” OA seen
on a radiograph of a right
wrist resulting from a
scaphoid fracture nonunion
(arrow). A large osteophyte is
present at the radial styloid
(R). The radiolunate joint (*)
is typically not arthritic and
the basis for reconstructive
options to allow for some
motion
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choice of one of the two common wrist salvage procedures [42]. A four-corner
limited wrist arthrodesis fuses the lunate, capitate, hamate, and triquetrum and
excises the arthritic scaphoid and often the radial styloid. The procedure has many
variations and technical nuances, but all versions of the procedure capitalize on
the non-arthritic radiolunate articulation. Alternatively, a proximal row carpec-
tomy (PRC) involves complete excision of the scaphoid, lunate, and triquetrum
(and often the radial styloid) and allows the capitate to articulate with the lunate
fossa of the distal radius. The procedure requires that the capitate be free of arthri-
tis. Despite the differences in the two techniques, they have similar outcomes in
terms of motion and pain reduction [43]. The four-corner arthrodesis is techni-
cally more difficult and has a measurable nonunion rate. The proximal row car-
pectomy carries the risk of future arthritis at the radio-capitate articulation [44].
Failed procedures or heavy laborers can be given the option of a total wrist fusion
which is useful for pain control but eliminates all wrist motion, leaving only pro-
nation and supination at the forearm. Total wrist arthroplasty is a progressive
alternative.

Scapholunate Advanced Collapse (SLAC) OA

Analogous in many ways to scaphoid fracture, tears of the scapholunate ligament
also occur most frequently in young men. The injury is also often ignored or missed
since the pain can resolve quickly and initial X-rays can be interpreted as normal.
The ligament is important for maintaining the integrity of the proximal carpal row
and the socket that the scaphoid and lunate come together to form for the capitate.
A scapholunate ligament tear can range in severity from a partial tear to a complete
tear. With the tears, the scaphoid and lunate twist and splay apart resulting in abnor-
mal mechanical wear and arthritis that begins on the radial side of the wrist and typi-
cally occurs in midlife. Over time, the arthritis progresses across the wrist but also
spares the radiolunate articulation. Early symptoms include radial wrist pain and
limited motion which progresses over time resulting in chronic pain and dysfunc-
tion. For very early stages, with minimal arthritic changes, reconstruction can be
considered. There are numerous reconstructive options but none can ensure full
improvement of function [45]. Once the arthritis has progressed (Fig. 6.6), patients
will benefit from a choice of either a four-corner limited wrist arthrodesis or a proxi-
mal row carpectomy (PRC) as noted above. The PRC procedure requires that the
capitate be free of arthritis. Despite the differences in the two techniques, they have
similar outcomes in terms of motion and pain reduction. The four-corner arthrodesis
is technically more difficult and has a measurable nonunion rate. The proximal row
carpectomy carries the risk of future arthritis at the radio-capitate articulation.
Failed procedures or heavy laborers can be given the option of a total wrist fusion
which is useful for pain control but eliminates all wrist motion, leaving only prona-
tion and supination intact at the forearm. Total wrist arthroplasty is a progressive
alternative that can be considered for when this type of arthritis is advanced.
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Fig. 6.6 “SLAC” OA seen
on a radiograph of a right
wrist resulting from a
scapholunate ligament tear
(double arrow) between the
scaphoid (S) and the lunate
(L) bones. There is complete
loss of the joint space
between the scaphoid (S) and
the radius (R). The
radiolunate joint (*) is
typically not arthritic and the
basis for reconstructive
options to allow for some
motion

Pancarpal OA

SNAC, SLAC, and other conditions, such as Kienbdck’s avascular necrosis of the
lunate and perilunate injuries, can progress to pancarpal arthritic changes. Partial
fusions and partial corpectomies are generally not satisfactory for controlling the
symptoms. Instead, total wrist arthrodesis or arthroplasty can be considered. Total
arthrodesis is performed with a contoured internal fixation plate from the radius to
the third metacarpal to align the wrist and also to place it in slight extension for
power grip. Excision of articular surfaces in the wrist, including the second and third
carpometacarpal joints, and packing all debrided regions with bone graft will pro-
mote fusion rates. The proximal row can also be excised and morselized to be used
as bone graft instead of using the iliac crest. Wrist arthrodesis (Fig. 6.7) does not
affect pronation or supination of the forearm unless the distal radioulnar joint (DRUJ)
is already arthritic. Outcomes following total fusion can be satisfactory [46].

An alternative to fusion is a total wrist arthroplasty. Several prostheses are avail-
able. The procedure and the implant allow for some, albeit not normal motion and
are effective for pain relief [47, 48]. Long-term databases are not yet available to
accurately predict survival, but the procedure carries risks as with all total joints
which include osteolysis, loosening, and infection.

Ulnocarpal Abutment

The triangular fibrocartilage complex (TFCC) is a continuation of the articular part
of the distal radius to provide a hammock for the carpus and also provides stabiliza-
tion between the radius and ulna. TFCC tears themselves are not necessarily associ-
ated with arthritic changes. However, tears and degenerative changes do occur with
trauma and with age. Tears and degenerative changes are more likely to occur in
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Fig. 6.7 Total wrist arthrodesis with internal fixation from the radius to the third metacarpal. The
position of the wrist is in slight extension to improve gripping

conjunction with positive ulnar variance (Fig. 6.8), which is defined as an ulnar artic-
ular surface that is more distal (i.e., longer) than the radial articular surface. Under
these circumstances, the TFCC is thinner and prone to injury between the ulnar head
and the carpus. Changes in the ulnar corner of the lunate are the first sign of local
arthritis. Ulnar shortening osteotomy is the cornerstone of treatment to mechanically
reduce the forces from the carpus to the TFCC and ulna [49]. TFCC tears can be
repaired in some cases either by arthroscopic or open surgery, or they can be debrided.

Distal Radioulnar Joint (DRUJ) OA

The DRUI is responsible for stable pronation and supination of the forearm. The
joint can become arthritic following injury or instability. Surgical management can
include resection of the ulnar articular surface and interposition with local soft tis-
sue. Hemi and total joint arthroplasties are also available for the joint [50, 51].
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Fig. 6.8 Positive ulnar
variance notes on this
radiograph of a right wrist
and defined by an ulna that is
longer than the radius
(hashed line). Evidence of
abutment between the ulna
and the lunate is seen with a
large cyst at the lunate bone
(arrows)

Summary

OA of the hand and wrist is pervasive with age and following trauma. Arthritis can
cause profound functional limitations. The joints of the hand and wrist all have
specific functions and all have unique surgical options to treat arthritic changes.
Skilled surgical care is required to minimize complications, reduce pain, and
improve or maintain hand function. In the past, there has been an emphasis on
arthrodesis to control pain, but limited fusions and the advances in prosthetic arthro-
plasty design now provide viable options in the hand and wrist. Arthritis surgery for
the hand can also result in cosmetic improvement.
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Chapter 7
Imaging in Osteoarthritis

Peter Salat, David Salonen, and Andrea N. Veljkovic

Key Points

Imaging of osteoarthritis (OA) can be performed with many different
imaging modalities, but, in the clinical setting, the most commonly used
modality is radiography.

Radiographic manifestations of OA mirror the pathologic changes of the
disease, but the technique has well-known limitations in detecting very
early disease and monitoring progression.

The limitations of radiographic assessment of OA may be one of the rea-
sons behind the failure of many past DMOAD development trials.

MRI allows assessment of all relevant tissues in a joint affected with OA
and enables characterization of tissue changes on a biochemical level and
the detection of the earliest pathologic alterations of OA.

The clinical utility of advanced MRI techniques is limited at present with
most applications being experimental and increasingly applied in DMOAD
development trials.
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* Computed tomography, ultrasound, and nuclear medicine imaging have a
very limited role at present in the clinical assessment of OA, but research
interest in these techniques is growing and may provide additional tools in
the future.

Introduction

Imaging plays a pivotal role in OA. Currently available imaging techniques enable
diagnosis, grading, and monitoring of OA in the clinical setting. Research tech-
niques can detect the earliest stages of disease and are becoming available clinically.
Such advanced imaging techniques are poised to revolutionize the management of
OA and will potentiate the development of effective treatments. The pathologic
changes of OA in a joint mirror the imaging appearances. The final common path-
way in the development of OA is cartilage damage leading to changes in the sub-
chondral bone and growth of osteophytes. These are the cardinal features by which
diagnosis of OA is confirmed on imaging. Several different imaging modalities are
available for the diagnosis, staging, and monitoring of OA. The most commonly
used and most important modalities for this purpose are radiography and magnetic
resonance imaging (MRI).

Radiographic markers such as joint space narrowing have been the standard by
which the severity and progression of OA are evaluated in clinical trials [44].
However, the use of radiography as the gold standard in clinical trials evaluating
the efficacy of disease-modifying osteoarthritis drugs (DMOADs) has known
limitations that may be one of the reasons why many promising DMOAD:s fail in
human trials.

Intense research has been focused on improving the uniformity of diagnosis of
OA with radiography and at increasing the sensitivity of the radiographic evaluation
to progression of the disease. In addition, newer modalities such as MRI are increas-
ingly used in experimental settings to quantify the burden of disease, to help detect
OA in its earlier stages, and to monitor the progression of the disease. MRI allows
the evaluation of numerous tissues that contribute to the development of OA and
may more closely reflect the clinical manifestations of the disease. Some MRI tech-
niques hold promise as markers of early OA. Other modalities such as ultrasound,
computed tomography (CT), and nuclear medicine play a limited role in OA imag-
ing; primarily restricted to a research setting at the present time. In the future, addi-
tional value in imaging OA may be realized with these modalities.

This chapter reviews the current role of imaging modalities in the evaluation of
OA focusing on radiography and MRI with an overview of the ultrasound, CT, and
nuclear medicine imaging. The benefits and limitations of the modalities and the
implementation of each modality in the clinical and research assessment of OA are
discussed, along with highlighting the current trends in imaging techniques for
diagnosis and monitoring.
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Radiography

The typical initial evaluation of a joint with suspected OA is radiography — the most
available, inexpensive, and most widely studied imaging modality. It is based on the
production of images using cathode ray tube-generated x-rays that are passed
through the body part of interest and captured with a detector. This detector used to
be a sensitive film in a cassette combination that was developed to provide the x-ray
for interpretation by a radiologist. In most cases today, the film and cassette system
has been replaced by solid-state electronic detectors that produce a digital image for
interpretation on a computer screen. Replacing the massive libraries used for stor-
age of plain film radiographs in the past, electronic picture archiving and communi-
cation systems (PACS) are in common use today. These electronic databases allow
for the evaluation of radiographic images on digital, computer-aided platforms and
have enhanced our ability to collect and analyze images for large populations of
patients across long periods of time. The digital nature of radiographic images also
lends itself to computer-aided analysis, which adds another degree of reproducibil-
ity and efficiency in the research setting in addition to opening the door to more
sophisticated statistical modeling of disease patterns.

The usefulness of radiographs in the diagnosis of an osteoarthritic joint has been
recognized since the early part of the last century. In daily clinical practice, radio-
graphic assessment of a joint for the presence of OA is based on obtaining and
evaluating two orthogonally oriented images centered on the area of interest using
the appropriate amount of radiation. Special projections may be acquired to increase
the sensitivity of the examination for early radiographic manifestations of OA.

Radiographs allow differentiation of four different types of densities in human
tissues: air, fat, water (soft tissue parts), and bone. In addition to the tissue densities
mentioned above, metal objects, such as joint replacements, have a unique identifi-
able density that is distinct from human tissue densities. The two-dimensional
human anatomy forms are identifiable on radiographs when the interfacing tissues
have different radiographic densities. The forms of adjacent tissues that have the
same radiographic density cannot be distinguished as a result, which is the main
inherent limitation of this imaging modality. The diagnosis of the disease using
radiography is based on the analysis of deviations from the normal state of these
tissue densities.

High-quality radiographic images obtained on modern systems allow the evalu-
ation of the fine internal structure of some tissues. This is especially true of bone,
the structure of which is well suited for the evaluation with radiographs. The outer
shell of bone, the cortex, is seen as a dense white line at the periphery of a bone,
while the inner cavity of bone, the medullary cavity, is seen as a meshwork of fine
thin white lines — the trabeculae. At a joint surface, the marginal white line repre-
sents the plate of bone that supports articular cartilage. This is termed the subchon-
dral bone plate. The cartilage at the opposing surface of a joint cannot be
distinguished normally because the radiographic density of the cartilage layers is
identical (like other soft tissue or water). Hence, radiographs can only indirectly
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represent the apparent thickness of the two opposing layers of cartilage in a joint.
This distance between the opposing bone ends in a joint — the distance between the
subchondral bone plate white lines — is termed the joint space width (JSW).
Assessment of the JSW is one of the cardinal parameters in the radiographic diag-
nosis and monitoring of OA.

The most common joints involved with OA are the interphalangeal and metacar-
pophalangeal joints in the hands, first carpometacarpal and trapezioscaphoid joints
of the wrist, acromioclavicular and sternoclavicular joints, hip, knee, and the first
tarsometatarsal and metatarsophalangeal joints of the foot. OA of the elbow, shoul-
der, and ankle joints is much less common and usually related to prior trauma, joint
instability, or other joint disorders.

The radiographic appearance of OA, whether due to an identifiable or idiopathic
cause, is sufficiently characteristic to allow differentiation from other diseases of
the joints (see Fig. 7.1). The general radiographic features of OA are well known,
consisting of joint space narrowing (JSN), osteophytes, subchondral sclerosis, and
subchondral cysts. Joint malalignment, joint debris, effusions, and juxta-articular
soft tissue swelling are additional nonspecific radiographic features that can be seen
in OA or other disorders. The joint space is defined as the area between the opposing
subchondral bone plates. This space contains the two cartilage layers articulating in
a joint. In some joints, such as the acromioclavicular (AC) and the knee, this space
also contains other tissue such as an articulating disk (AC joint) or menisci (knee)

Fig. 7.1 Frontal radiograph of the knees demonstrating bilateral knee OA. There are features of
severe OA in the left knee with bone on bone joint space loss in the medial compartment, large
osteophytes, subchondral sclerosis, and a large cyst in the subspinous tibial plateau. Mild findings
indicating early OA are seen in the right knee with spurring of the tibial spines and mild medial
joint space narrowing. There is also varus malalignment of the knees, worse on the left
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that contribute to the JSW. These structures are of similar radiographic density to
adjacent cartilage and hence cannot be seen separately. In the setting of OA, the
joint space narrows in a characteristic irregular fashion as opposed to uniform joint
space narrowing seen in inflammatory arthropathies such as rheumatoid arthritis.

Osteophytes are spur-like bone outgrowths that typically develop at the margins
of a joint, generally forming from a cartilaginous precursor that ossifies over time.
They are thought to represent an adaptive response of the joint tissues to redistribu-
tion of pressure in OA joints. The presence of osteophytes is considered another
cardinal feature for the radiographic diagnosis of OA and differentiates this disease
from other joint diseases such as rheumatoid arthritis. The size and volume of osteo-
phytes can be measured from radiographs and may help to stage the severity of the
disease, as is discussed below.

Subchondral cysts (also termed pseudocysts or geodes) are well-defined areas of
radiolucency that occur under the cartilage-bearing bone plate in OA or other disor-
ders. They can be of variable size and may change over time. The cysts represent
collections of joint fluid that are thought to form when overlying damaged cartilage
and subchondral bone are penetrated by pressurized fluid or when the bone under
the subchondral plate dies as a result of a bone contusion [1]. They are not true cyst
pathologically as they do not contain a synovial lining.

Subchondral sclerosis is seen as areas of increased density and widening of
the white line of the subchondral bone plate that represents new bone formation.
Joint effusions associated with OA are generally small. Joint malalignment can
develop as a result of progressive OA and is seen as abnormal position of the
articular surfaces across the joint. Intra-articular bodies can be seen radiographi-
cally as bone or calcified fragments of various sizes. Joint ankylosis is an uncom-
mon late complication of OA, represented by bone growth fusing a severely
degenerated joint.

In addition to confirming the diagnosis, radiography can be used to stage the
severity of OA in a joint. The oldest and most well-known radiographic staging
system for OA is based on the work of Kellgren and Lawrence from 1957 [2] and
1963 [3]. The grading system was adopted by the World Health Organization as part
of the definition of the disease. The atlas published by Kellgren and Lawrence con-
tains descriptions of the radiographic findings for each grade of OA severity for
several joints. The radiographic findings consist of osteophytes at the joint margin
or at ligamentous attachments, joint space narrowing, sclerosis and cysts in the sub-
chondral bone, as well as deformity of the bone ends for evidence of OA. The
assignment of severity grade was based on an overall assessment of these features
for a joint, referenced by the atlas of standards for each grade. Five grades of sever-
ity of OA were thus apportioned: none, doubtful, minimal, moderate, and severe.
A written definition of each grade was subsequently provided in 1977 by Lawrence
[4]. Grade zero was defined as the absence of the features of OA; Grade 1 as pos-
sible JSN and possible osteophyte lipping; Grade 2 as definite osteophyte, possible
JSN, and slight sclerosis; Grade 3 as marked osteophyte, definite JSN, and some
sclerosis; and Grade 4 as gross loss of joint space, large osteophytes, sclerosis,
cysts, and marked deformity of bone ends.
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The description of the grades provided by Lawrence focused on the presence or
absence of particular radiographic features. As a result, the absolutely necessary
presence of an osteophyte for the radiographic diagnosis of OA has become associ-
ated with the K-L system. Given the subtle differences in the source document
descriptions, variations have arisen in the exact wording of the Kellgren-Lawrence
(K-L) grades over time. This has led to different definitions of the radiographic
presence of OA, which is usually taken to be a joint of at least Grade 2. Thus, some
subsequent users of the K-L scale have defined the definite presence of OA as “defi-
nite osteophyte,” while others as “definite osteophyte with possible joint space nar-
rowing.” As a result, studies that rely on a K-L Grade 2 definition for the detection
of the presence of OA may include slightly different populations of subjects [5, 6].
In addition, increasing grade of OA in the K-L system has been taken to represent
the natural progression of OA in a joint. These points have led to much controversy
and disagreement in the literature regarding the radiographic classification of OA.

The K-L system has several limitations. The initial publications of Kellgren and
Lawrence indicated a high reproducibility for a particular observer when using this
grading system. At the same time, a poor reliability between different observers
using this system was also documented in the original author’s own work [4], where
it was noted that one observer diagnosed the presence of definite OA in the hip four
times more than another.

Additional drawbacks of this grading system became apparent in subsequent
research. Studies using the K-L system for defining new onset of disease and pro-
gression of OA ran into difficulties as the K-L system was not designed to answer
these questions. Large-scale longitudinal studies of OA, such as the Framingham
Osteoarthritis Study [7], defined new onset of OA in the knee as K-L Grade 2 disease
in a knee that was previously Grade O or 1. The Rotterdam Study [8], in comparison,
defined new onset of disease as Grade 1 disease in a knee previously Grade 0. The
onset and progression of OA is similarly heterogeneously defined in the literature.

To ameliorate the abovementioned shortcomings of the K-L system, several rec-
ommendations have been made. Defining the onset of OA as the definite presence
of an osteophyte is one of the main limiting features of the K-L system. The exact
point at which a possible osteophyte becomes a definite one is difficult to define
leading to errors in the detection of osteophytes. Even using standardized x-ray
acquisition leads to errors because of rotation of the knee. The suggested modifica-
tion of the K-L grade 2 is that the combined presence of a definite osteophyte and
definite JSN be required [9]. New-onset disease can then be defined as a K-L grade
2 knee, having both JSN and osteophyte, with at least one of these features being
new. This approach is used by some of the largest longitudinal OA studies, namely,
the MOST Study and the Osteoarthritis Initiative (OAI).

Using MRI assessment of cartilage damage, it was shown that cartilage damage
is significantly more common in K-L Grade 2 disease with JSN than in Grade 2
disease without JSN [9]. A further limitation of radiographic detection of OA is that
cartilage damage may be present in a joint that appears normal on radiographs, and
the appearance of even Grade 1 disease may represent progression rather than new
development of disease.
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Using the K-L system for longitudinal follow-up to detect progression has given
rise to additional variations in the use of the system in different studies [8, 10]. The
annual risk of progression based on the K-L grades has been estimated at 5.6 % +/—
4.9 % and exhibits a negative linear relationship with follow-up time [11]. The
original K-L Grade 3 results in difficulties in detecting progression of disease
because this grade includes a wide breadth of JSN from mild to almost complete
loss. Knees with progression of JSN over time might be classified as K-L Grade 3,
hence showing no change in K-L grade.

A more accurate characterization of disease progression has been achieved by
using JSN as the primary indicator, which can be assessed by semiquantitative scoring
or with quantitation of JSN, rather than using the classic K-L grades [12]. The annual
rate of progression of JSN has been estimated at 0.13 +/— 0.15 mm/year in one com-
prehensive literature review, and the rate of progression exhibits a negative linear
relationship with follow-up time as seen with the risk of K-L grade progression [11].
The study noted that the variability of JSN rates in the literature is partly dependent on
the radiographic approach and study design. An inherent limitation of radiographic
interpretation of JSN is that joint space loss may be due to cartilage loss, meniscal
loss, or both [13, 14]. Differentiation of the damage to these tissues may be important
to better define the severity of the disease but is not possible radiographically.

Assessment of individual radiographic features of OA has been suggested as an
alternative to the K-L score. The Osteoarthritis Research Society International
(OARSI) atlas is a tool that provides standards for the grading of individual features
of OA such as JSN and osteophytes [15]. The use of this tool can standardize the
reading of radiographs in trials, but the inherent limitations of radiographic tech-
nique, such as variability in the appearance of JSN due to variations in beam angle
or knee flexion, are not eliminated. When using the OARSI atlas to detect the pres-
ence of OA in the knee, up to twice as many cases of disease may be detected com-
pared to using a modified K-L definition of disease [16, 17]. However, an argument
against abandoning the K-L score is the large volume of historical data accumulated
using this system, which would not inform a new system. In addition, OA pain is
more strongly related to a global system score such as K-L than grading of indi-
vidual features or a combined score of individual feature grades for the knee [18].
Other studies have shown that using the OARSI atlas for the grading of JSW is more
reliable when the radiographic reading is centralized [19]. Due to the anatomic dif-
ferences of various joints in the body, the specific progression of OA varies by joint.
Various radiographic grading systems have been developed to reflect the specific
feature of OA at many joints. The K-L score can be generically used for any joint
and is often the gold standard comparison for joint-specific schemes.

Measuring JSN quantitatively is performed manually or using computer soft-
ware. The standard metric used is minimal JSN. Quantitative JSN responsiveness
depends on the degree of OA, severity, length of follow-up, and knee positioning
used for the study [20, 21]. Good reliability has been shown in studies measuring
JSN on knee radiographs with follow-up of at least 2 years using standardized knee
positioning [22]. Radiographic JSW measurements using software analysis of the
knee was shown to be comparable to MRI in detecting OA progression [21].
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Radiography remains a useful and widely used method in clinical trials. Recent
studies have shown the slowing of JSN progression in the medial compartment of
the knee seen with doxycycline treatment, when the knees are in varus alignment
[23]. In a study of patients with baseline knee pain, radiographic measurement of
osteophyte area and minimum JSN was predictive of knee OA at 5-year follow-up
[24]. In another study of knee OA, valgus knee alignment was shown to predispose
to radiographic disease progression in knees with lateral knee OA [25]. Knees with-
out any radiographic evidence of OA, having valgus alignment of as little as 3°,
developed OA on follow-up in the lateral compartment.

Newly developed techniques have added to the capabilities of radiographically
based methods in the evaluation and study of OA. The EOS system is based on a
novel Nobel Prize-winning gaseous x-ray detector with multiwire proportional
chamber. It can capture simultaneous spatially calibrated 2D images of the entire
body under weight-bearing load, which can then be reconstructed in 3D. The sys-
tem can acquire an entire skeletal survey at a fraction of the radiation typically
required for such an evaluation, which makes it appealing especially for pediatric
applications. The initial publications were focused on the evaluation of pediatric
scoliosis with recent interest in lower extremity alignment in adult subjects with OA
[26] and evaluation of patients with total joint replacements [27, 28].

Bone texture analysis and tomosynthesis are two older methods that have been
revived for the study of OA. Bone texture analysis allows the evaluation of subchon-
dral trabecular bone texture in 2D, which may be a predictor of progression of OA in
the knee [29]. Tomosynthesis has been shown to be more sensitive in the detection
of osteophytes and subchondral cysts in knee OA compared to radiography [30].

Magnetic Resonance Imaging (MRI)

MRI is an imaging technique exploiting the physical properties of subatomic parti-
cles, typically protons. When placed in a strong magnetic field, protons within bio-
logic tissue can be induced to emit a radiofrequency signal that indicates their
position, density, and chemical relationships. Radiofrequency pulses are delivered
to the area of interest using radiofrequency coils that then also receive the signals
emitted by the tissue under study. The timing of the pulse sequence determines
which types of protons produce the most signal. This allows creation of images and
identification of individual tissues (such as cartilage, menisci, bone marrow,
synovium, ligaments, and capsule) which normally cannot be seen radiographically.
A joint can be evaluated in its entirety using MRI, allowing assessment of individual
tissue changes before structural changes occur, grading of the progression of OA at
the individual tissue level, and detection of pre-radiographic disease.

Some of the limitations of MR imaging are its cost and availability. The strength
of the magnet (commonly 1.5 or 3 T) and the type of coil used, which should be a
dedicated coil for the joint imaged, are important inherent factors that influence the
quality of the study. The specific parameters used to encode a particular type of
sequence, the number of acquisition per sequence, the spatial resolution, as well as
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the combination of sequences used (the protocol) are variable between studies and
reflect a compromise between image quality, time required for imaging, and patient
comfort. Quality parameters such as signal homogeneity, patient positioning, image
orientation, signal-to-noise ratio, and technical artifacts need to be optimized and
consistently applied in both the clinical and research settings in order to maximize
the potential of MR imaging. The overall quality of the study achieved can influence
the sensitivity for the detection of the individual features of OA.

A consensus statement [31] by the OARSI-Outcome Measures in Rheumatoid
Arthritis Clinical Trials (OMERACT) panel summarizes the requirements for an
MRI protocol in the investigation of features of OA. In brief, the minimum number
of sequences should be used such that the integrity of the whole-organ assessment
of most articular features of OA is not compromised. In addition, fluid-sensitive fast
spin echo sequences should be used in three orthogonal planes.

Because of the many different tissues that make up a synovial joint such as the
knee, multiple sequences have to be used for a complete MRI evaluation. This
allows the optimal evaluation of all tissues of interest. For example, assessment of
focal cartilage defects and bone marrow lesions is most appropriate with a fluid-
sensitive fast spin echo sequence with fat saturation [32]. A potential limitation of
MRI is the occurrence of artifacts that can mimic pathology if the reader is unaware
of them. These are signal changes that can arise from various sources such as a
poorly performing sequence, foreign bodies such as metal in and around joints, or
pathologic phenomena such as intra-articular gas that can form in the setting of OA
and mimic pathology of the cartilage of meniscus. Certain sequences, such as
gradient-recalled sequences which are well suited for the evaluation of cartilage, are
particularly sensitive to such susceptibility artifacts [16]. Other sources of reader
error are volume-averaging artifact which can occur, for example, at the periphery
of joint margins simulating bone marrow lesions.

The use of MRI in OA has helped expand our understanding of the disease pro-
cess. The traditional view that OA is a disease primarily of cartilage is currently felt
to be true only of the final part in a series of events. The loss of cartilage and failure
of the synovial organ are currently viewed as the final outcome of a range of differ-
ent processes in OA. The radiologic-pathologic changes that occur in the early
stages of OA can be seen on MRI. These include synovitis, effusions, joint debris,
subchondral bone alterations, meniscal and other supporting structure damage, and
osteophytes as well as a spectrum of cartilage alterations that culminate in full-
thickness loss. Late changes that are classic of OA radiographically, such as sub-
chondral sclerosis, cysts, and osteophytes, are also depicted on MRI.

An MRI definition of OA has been proposed under which the disease is definitely
present in the knee if one of the two conditions is met [33].

1. A definite osteophyte and a full-thickness cartilage defect are present together.

2. A definite osteophyte or a full-thickness cartilage defect is present along with
one of the following findings: a subchondral bone marrow lesion or cyst not
associated with meniscal or ligamentous attachment; meniscal subluxation,
maceration, or degenerative tear; partial-thickness cartilage loss; and bone
attrition.
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As was discussed in the previous section, radiographic markers of OA correlate
with the degree of cartilage damage as detected on MRI. Osteophyte size increase
was also shown to correlate with reduction of JSW radiographically, a surrogate
marker for cartilage damage [34]. Experimentally, osteophyte growth has been
shown to occur within days of inducing the disease [35], which suggests that carti-
lage damage may not be directly related to osteophyte formation in the early stages.
To date, there are no reported longitudinal studies in humans that further evaluate
this relationship. In a cross-sectional study of a large American population (the
Framingham Osteoarthritis Cohort), the risk of severe cartilage damage on MRI
was shown to correlate strongly with maximum osteophyte size [36] in the majority
of the cohort. A small number of patients exhibited one of the two additional phe-
notypes, called atrophic and hypertrophic OA.

The atrophic OA phenotype has been defined based on MRI grading of cartilage
and osteophytes using the WORMS grading system (see below) as severe cartilage
damage and absence of osteophytes. The hypertrophic phenotype was defined as
near intact tibiofemoral cartilage and large osteophytes. The prevalence of the phe-
notypes in the Framingham OA cohort was estimated at between 0.2 and 2.4 % [36].
The atrophic group of subjects was noted to have more structural damage such as
meniscal and bone marrow lesions than the reference group. The lack of osteo-
phytes in this phenotype may represent an imbalance in the rates of progression of
cartilage damage and osteophyte formation with an increased rate of cartilage dam-
age [37]. The subjects with a hypertrophic phenotype had a higher BMI and more
bone marrow lesions than the reference group. This phenotype may be related to
instability or malalignment due to ligament or other supporting structure damages
[38]. The radiologic atrophic and hypertrophic phenotypes have been shown to cor-
relate with different clinical patterns of OA in the knee [39].

MRI evaluation also allows the identification of the tissue source of pain in
OA. The association of knee pain with MRI-detected bone marrow lesions [40],
effusions, and synovitis [41] has been reported. MRI biomarkers of OA have been
shown to be reliable and responsive [42] and to have predictive validity in knee OA
[43]. MR imaging is currently recommended as an appropriate modality for the
assessment of cartilage in clinical trials by the OARSI-FDA working group [44].

As in the case of radiographically based assessment of OA, MR-based grading of
OA has been validated for several joint-specific scoring systems. These systems are
semiquantitative in that they grade various features of OA — cartilage, menisci, liga-
ments, bone marrow lesions, synovitis, effusion, cystic lesions, and loose bodies in
the case of the knee — according to a system-specific ordinal scale of severity. The
individual scores can then be summed to give an overall grade of OA, similar to the
OARSI atlas method of radiographic grading. This allows for a consistent approach
to the evaluation of OA, allowing researchers to study the natural history of the
disease, to correlate clinical symptoms to imaging findings, and to identify MRI-
based risk factors of the disease.

Quantitative assessment of OA with MRI refers to the measurement of particular
features such as cartilage thickness or volume as well as to the use of compositional
methods such as T1 rho, T2 mapping, delayed gadolinium-enhanced MRI of
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cartilage, or other techniques that produce an objective measure of tissue signal
intensity. These compositional measures allow for the detection of molecular
changes in tissues that may be precursors to morphologic abnormalities seen in
OA. As such, compositional assessment enables the detection of the earliest imag-
ing evidence of OA.

Semiquantitative and quantitative assessment tools are primarily intended for
the evaluation of osteoarthritic joints by trained musculoskeletal radiologists in a
research environment and are currently not used for routine clinical joint evalua-
tion. Semiquantitative assessment of a knee joint using one of the scoring systems
by a trained specialist can take up to 45 min. Quantitative assessments require
additional MRI time to obtain the sequences as well as additional time for seg-
mentation of the tissue of interest. While segmentation can be performed manu-
ally or semiautomatically, it is labor intensive and requires special software and
considerable operator input with segmentation method to produce reliable
measurements.

Semiquantitative scoring systems have been developed for individual tissues
involved in OA, such as the menisci, cartilage, ligaments, synovitis, and bone mar-
row allowing for a focused assessment. This can reduce the time required for scor-
ing in studies limited in scope. Semiquantitative scoring systems are also available
for joints other than the knee, including the hip, hand, spine, shoulder, and ankle,
and are described below.

Knee

OA of the knee has received the most attention in the published literature. The knee
is particularly well suited for study of OA by MRI in part due to the nature of its
cartilage, which has the greatest thickness of all the joints in the body at the patella.
Consequently, several MRI-based scoring systems have been developed for the
semiquantitative grading of OA-related changes in the knee. There are five whole-
joint scoring systems: WORMS, KOSS, BLOKS, MOAKS, and a system published
by Meredith et al. [45].

The oldest and most widely used system is the Whole-Organ Magnetic Resonance
Imaging Score (WORMS), first published in 2004 [46]. This system has been used
in a large number of epidemiological studies including the Multicenter Osteoarthritis
Study (MOST), the Framingham Knee Osteoarthritis Study, and the OA Initiative
(OAI). The scoring in this system is based on a regional analysis of OA-related
features rather than defining the exact number of lesions. The knee joint surface is
split into 15 subregions. This division has the benefit of summarizing several fea-
tures in a subregion, enabling interpretation and analysis. The system avoids the
problems encountered when lesions are difficult to distinguish individually or when
lesions split or merge over time [40]. In addition, WORMS is the only system that
assesses subchondral bone attrition, defined as non-traumatic flattening or depres-
sion of the articular surface.
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The Knee Osteoarthritis Scoring System (KOSS), published in 2005 [47], is the
second most widely used score. KOSS assesses the same OA features as WORMS
does and additionally scores meniscal subluxation. Scores in KOSS are assigned for
individual OA-related features in a particular subregion rather than additively as in
WORMS. The subregion definitions are different than in WORMS, and the grade of
each individual feature is based on the size of the lesion.

The Boston Leeds Osteoarthritis Knee Score (BLOKS), published in 2008 [48],
is relatively new. In this system, the knee is divided into weight-bearing and non-
weight-bearing segments for the assessment of OA features, and a lesion-based
approach is used for scoring bone marrow lesions. This enables longitudinal evalu-
ation of individual lesions. The BLOKS assessment of individual lesions performed
better than the WORMS approach for association with pain and cartilage loss [48].

The scoring system described by Meredith et al. [45] assesses individual carti-
lage lesions for signal change and size, summed over 17 subregions with a grade
assigned for the overall severity of osteophytes, effusion, synovitis, and subchondral
sclerosis. This is the only system that uses absolute size measurements for all fea-
tures. This has the potential to bias results owing to natural patient size variations.

Most recently, the MRI Osteoarthritis Knee Score (MOAKS) was developed to
address some of the limitations and concerns of the above described systems [49].
The same subregion definitions as WORMS are used in MOAKS with reduced
redundancy of BML and cartilage scoring and refined scoring of bone marrow and
cartilage lesions.

Scoring systems have also been developed for the individual features of OA. For
cartilage assessment, at least five different scoring systems are available. These are
mostly based on the surgical classification system of Outerbridge [50]. In the sys-
tem proposed by Biswal et al. [51], cartilage lesions are graded similar to WORMS,
on a 6-point scale with a further differentiation based on size less than or greater
than 1 cm? Such a classification allowed the detection of progression of cartilage
lesions in less than 2 years in the study population.

Signal alterations in Hoffa’s fat pad on non-contrast MRI correlate with mild
chronic synovitis histologically [52] in knees with OA. These signal changes can be
scored semiquantitatively but are not specific since other etiologies such as nonspe-
cific edema or chronic fibrosis can have similar appearances [53]. Accurate assess-
ment of the extent of synovitis in the knee is currently best performed with
contrast-enhanced MRI (CE-MRI) [54]. Several scoring systems based on CE-MRI
assessment of synovitis are published [55-57], with the presence of synovitis cor-
relating with histological evidence of synovial inflammation [58]. The synovitis
score based on the CE-MRI scoring system of Baker et al. [56] was shown to cor-
relate closely with severity of knee pain [56]. While the other scoring systems focus
on the assessment of synovitis around the patella, the more comprehensive scoring
system of Guermazi et al. [57] assesses additional sites such as the perimeniscal and
peri-ACL and PCL recesses. A moderate to severe score in this system correlates
significantly with the maximum Western Ontario and McMaster Osteoarthritis
Index (WOMAC) pain score [57] as well as with meniscal damage and radiographic
tibiofemoral OA [59]. As a result of the cross-sectional and longitudinal association
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of synovitis detected on CE-MRI and assessed semiquantitatively as demonstrated
in these studies, this feature of OA can be used as an imaging marker of disease
activity. This may prove useful in clinical trials assessing new disease-modifying
OA drugs.

There are few scoring systems for MRI assessment of ligaments in knee
OA. However, studies have shown that semiquantitative assessment of ligaments
may have relevance in knee OA research. For example, an association between liga-
mentous injury and medial compartment knee OA or subjects with atraumatic knee
pain without OA [60] was shown in one study, while another showed an association
with crepitus of the knee [61]. A predisposition for lateral tibiofemoral joint damage
in patients with OA and partial or complete tears of the anterior cruciate ligament
(ACL) has been described [62].

Bone marrow lesions (BMLs) have been correlated with knee pain in a cross-
sectional study as well as with progression of OA [40]. A scoring system based on
lesion size was used for grading BMLs in this study. Another system using absolute
size has shown response to BML changes over time [63]. Meniscal tear and extru-
sion also has an available grading system; the presence of tears and extrusion has
been associated with the progression of symptomatic OA in the knee [64]. The pres-
ence of meniscal pathology [65] or elevated levels of total serum cholesterol [66]
were found to be associated with incident or progressive BMLs.

Bone marrow lesions detected on MRI have gained much interest as an imaging
marker of OA-related pain. Studies have shown that BMLs are associated with pain
in patients with OA of the knee or at high risk of developing knee OA [40] and that
an increase in the semiquantitative BML score over 15 months correlated with the
development of OA-related knee pain [40], defined as aching, stiffness, or pain on
most days. Other studies have shown that changes in knee pain in the setting of OA
are reflected by changes in BML size [41], and others have indicated a direct rela-
tionship between pain as measured using the Western Ontario and McMaster
Universities Arthritis Index (WOMAC) [48].

In addition to BMLs, semiquantitatively assessed synovitis on contrast-enhanced
MRI is a well-established imaging marker of clinical disease activity in the knee.
Other imaging markers that have been associated with the progression of OA in
longitudinal studies include increased BMI (>30) [67], meniscal damage [68], mal-
position [13], and prevalent cartilage damage [69]. In the case of the patellofemoral
joint, the presence of patella alta has been suggested as an additional risk factor for
the progression of cartilage damage and BMLs [70].

Hip

A single MRI-based grading system of OA of the hip has been published, called the
Hip Osteoarthritis MRI Scoring System (HOAMS) [71]. This system is based on a
cross-sectional analysis, and its longitudinal responsiveness is unknown. HOAMS
scores traditional OA parameters, consisting of cartilage, osteophytes, subchondral
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cysts, attrition, loose bodies, synovitis, and effusion. The evaluation of synovitis in
this system uses contrast-enhanced MRI. In addition, hip joint-specific features,
consisting of labrum, dysplasia, greater trochanteric tendonitis/bursitis, labral
hypertrophy, paralabral cysts, and herniation pits, are scored. The severity of the
traditional OA-related parameters listed above with the addition of BMLs and
greater trochanteric tendonitis/bursitis using this scoring system was found to cor-
relate well with the Kellgren-Lawrence severity of hip OA [71].

Hand

In the hand, the main published OA system is based on semiquantitative scoring of
OA features of small distal joints, the PIP and DIP joints, of the second through the
fifth fingers [72]. The Oslo Hand OA MRI (OHOA-MRI) Score, the score is applied
to a contrast-enhanced evaluation that assesses synovitis and tenosynovitis in addi-
tion to JSN, osteophytes, BMLs, erosions, cysts, malalignment, and collateral liga-
ment status. The original study published good inter and intra reader reliability.
Compared to radiography, MRI-based assessment of osteoarthritic hands using this
score detected twice the number of joints with osteophytes and erosions.
Nevertheless, the frequency of MRI-detected features of OA was positively corre-
lated with the radiographic severity of OA. Synovitis detected on MRI was found
more frequently in low-grade radiographic disease (K-L 2) than in moderate disease
(K-L 3). Several of the OHOA-MRI features — namely, BMLs, erosions, bone attri-
tion, osteophytes, and moderate to severe synovitis — were independently associated
with joint tenderness [73]. These studies suggest that MRI-based markers of OA
may be useful targets in clinical trials of DMOAD development.

Spine

The spinal column contains a number of joints, all of which can become symptom-
atic as they degenerate. While MRI enables assessment of the numerous joints in the
spine, there is no single grading system that accounts for changes in all of the dif-
ferent types of joints in the spine. Instead, MRI-based systems have been published
that grade the features of OA in the intervertebral disks or facet joints only in the
lumbar spine. The individual features that are assessed include signal and morpho-
logic changes of the intervertebral disk, vertebral end plate changes, facet joint OA
involvement, spinal canal, and neural foramen narrowing. The specific published
grading systems are designed for the assessment of intervertebral disk degeneration
[74], facet joint degeneration [75], and nerve root compromise [76]. The MRI pro-
tocols for these systems do not use contrast enhancement.
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An intervertebral disk degeneration classification system was originally pub-
lished by Pfirrmann et al. [74]. This was subsequently modified [77] as it was
based on the evaluation of the spines in subjects with an average age of 40,
resulting moderate to high grade for the majority of a cohort of older subjects
with a mean age of 73 [77]. A cadaveric study using the Thomson scale for grad-
ing discovertebral joint degeneration [78] showed that both disk and facet joint
degeneration progressed with age and that facet joint OA was most severe at the
L4-L5 level.

Nerve root impingement due to intervertebral disk herniation has been assessed
semiquantitatively on a four-level scale [76]. This MRI-based scale was shown to
correlate well with surgical grading and to be reliable.

A semiquantitative system for grading facet joint degeneration [75] has been
described and also grades disk degeneration and herniation, scoliosis, and anterolis-
thesis as well as facet joint BMLs. The study suggested that facet joint degeneration
is mostly attributable to intervertebral disk degeneration and instability.

Shoulder

An MRI grading system has been published for the acromioclavicular joint (AC
joint), which is a small joint at the tip of the shoulder between the distal end of the
clavicle and the acromion [79]. This system grades the severity of OA in the AC
joint on a scale of 1 to 3, depending on the presence and size of individual features.
The features that are assessed are the presence of subchondral cysts, marginal osteo-
phytes, bone sclerosis, joint soft tissue swelling, and impingement of the joint on
the rotator cuff. Grading using this system on non-CE-MRI was shown to be more
sensitive for the detection of AC joint OA than radiography.

Ankle

A single ankle-specific MRI-based grading system has been described [80],
called the Ankle Osteoarthritis Scoring System (AOSS). This scale was reported
in a small study showing good reproducibility compared to the Kellgren-
Lawrence scale but was not correlated with arthroscopic findings. The score is
based on a composite of parameters that were previously reported as clinically
important: depth of cartilage damage (53), depth of subchondral bone defect
(54), osteophyte size (55), size of bone marrow edema lesions (56), meniscoid
impingement (57), effusion (58), loose bodies (59), synovitis (60), and soft tis-
sue cysts (61).
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Compositional MRI Techniques

MRI techniques have been developed that allow quantification of particular
biochemical properties of different tissues of a joint such as cartilage, menisci, or
ligaments. Techniques such as T2 mapping, T1 rho, CEST, and delayed gadolin-
ium-enhanced MRI of cartilage (d\GEMRIC) have allowed researchers to investi-
gate early changes in the biochemical make up cartilage before the advent of any
radiographic or gross morphologic changes. The T1 rho and dGEMRIC techniques
are sensitive to loss of glycosaminoglycans (GAGs) in the cartilage, which has been
associated with early damage in OA. Chemical exchange saturation transfer (CEST)
can also be tuned to detect changes in GAG concentrations in the cartilage. In com-
parison, T2 mapping technique can be used to produce a color-coded representation
of the average T2 values across a volume of tissue (see Fig. 7.2). Average T2 values
are affected by changes in collagen orientation and hydration in the cartilage, seen
as an increase of T2 values in areas of early OA [45, 55, 81].

While these techniques remain largely investigational and are not currently
widely available, dGEMRIC, T2 mapping, and T1 rho techniques have been used in
clinical studies of OA. Several studies have used dGEMRIC to assess cartilage in
the knee to assess collagen hydrolysate in mild knee OA [82] or the effect of exer-
cise on cartilage status [83]. The investigation of cartilage with average T2 maps has
shown increasing values with increasing grade of cartilage defects (32, 33). Loading
of the knee acutely has been shown to correlate with decreased T1 rho and T2 values
in the medial knee compartment that was more marked in the presence of small

Fig. 7.2 Coronal plane T2 map of ankle cartilage obtained on 1.5 T MRI. The insert on the right
shows in detail the normal T2 value gradients of the medial ankle cartilage. Low values (blue) are
seen at the deepest layers and progressively increasing values (red) in the more superficial cartilage
layers of both the talus and tibial surface. Color bar on the right represents average T2 values in
milliseconds (ms)
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focal cartilage defects [84]. Changes in T2, T1 rho, dGEMRIC, or CEST contrast
values can therefore be used to detect and monitor OA severity and progression at
the biochemical level before the onset of radiographic features, albeit still mostly
used as experimental techniques.

Quantitative Techniques

Measurement of physical dimensions such as thickness, area, and volume of tissues
of interest has been well established and was enabled by 3D MRI techniques.
Measures such as cartilage volume, total area of subchondral bone (tAB), denuded
area of subchondral bone (dAB), and mean cartilage thickness over total area of
subchondral bone have been defined in the assessment of cartilage with MRI [85].
An efficient description of cartilage morphology and its longitudinal changes in
knees with OA can be obtained by measuring tAB and dAB [86]. These measures
allow the detection and tracking of cartilage changes in knees independent of ana-
tomic location, as the location of cartilage loss in knees can be variable [87] and for
better categorization of patients. Cartilage thinning and total area of denuded
subchondral bone have been associated with progression to knee joint
replacement [88].

cTr

Computed tomography (CT) is a technology that creates images by rotating an
x-ray source and opposing detector while passing the body through the plane of
rotation. Computer algorithms then reconstruct images of the scanned volume in the
desired plane, typically transverse to the body. The CT beam is attenuated in a simi-
lar way to conventional x-ray, but CT can display a wider range of density differ-
ences. This together with the tomographic scanning allows demonstration of much
finer tissue details. The same features of OA seen with plain radiography are
depicted with CT but in greater detail and in three dimensions. Semiquantitative
analysis of OA using CT has been applied to facet joints in the lumbar spine [89],
demonstrating increasing prevalence of facet OA, most commonly at L4 and L5
levels.

The ability of CT and MRI to acquire a volume of tissue allows visualization of
the three-dimensional shape features that may not be visible on two-dimensional
radiographs. Because the data acquired with CT, MRI, or radiography is digital,
advanced statistical methods can be used for the analysis of morphologic features of
bones, among others. This line of investigation has allowed for the description of
bone shape changes in OA in three dimensions using CT or MRI images. In addition
to osteophyte formation that can be seen radiographically, these techniques have
shown flattening, widening, and ridge formation in the femoral, tibial, and patellar
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bones in joints with OA [90]. Furthermore, bone morphologic features in joints at
risk of OA have also shown a predictive correlation with incidence of OA in the
knee [90] and hip [91-93]. These studies suggest that bone morphologic features
may be in part responsible for the development of OA. Detection of these features
may therefore provide additional imaging biomarkers of OA.

Nuclear Medicine

Nuclear medicine imaging is based on the detection of decay photons originating
from intravenously injected radioisotope tracers. The tracers are designed to iden-
tify particular features of metabolism. In OA, the radioisotopes redistribute to areas
of increased bone turnover manifested by osteophyte formation, subchondral scle-
rosis, and bone marrow edema as well as synovitis [94]. Bone scintigraphy using
technetium 99 m-hydroxymethane diphosphonate and positron emission scintigra-
phy (PET) using 2-® F-fluoro-2-deoxy-D-glucose (18-FDG) or '8F-fluoride (18-
F-) can be used to survey the entire body for bone or joint sources of pain in
patients with complex pain symptoms [95]. PET scanning using 18-F~ showed
increased bone metabolism in the proximal femur in patients with symptomatic hip
OA suggesting that detection of early OA may be possible [96]. Nuclear medicine
imaging suffers from a lack of resolution and imparts a significant radiation dose
to the subject. Recently, efforts have been made to increase the resolution by com-
bining the metabolic imaging capabilities of nuclear medicine with the resolution
of CT [97] and MRI [98]. Further development of these technologies may provide
powerful hybrid systems for the evaluation of OA in the future.

Ultrasound

Ultrasound uses high-frequency sound waves to interrogate tissues of interest
around a joint. The advantage of ultrasound is its real-time, multiplanar capa-
bilities at a relatively low cost. However, ultrasound is not capable of evaluating
subchondral bone or intra-articular structures in adults due to the physical prop-
erties of sound. In addition, it is operator dependent. Nevertheless, many fea-
tures of OA can be assessed and have shown clinical usefulness. In particular,
ultrasound is useful in the assessment of synovial hypertrophy, vascularity, and
joint effusion [99]. Evaluation of cartilage has been performed with ultrasound,
demonstrating that early cartilage surface fibrillation can be detected to an accu-
racy of 20 pm [100]. In the evaluation of hand OA, a grading system has been
published using semiquantitative scoring of synovial hypertrophy and



7 Imaging in Osteoarthritis 149

vascularity [101] that showed moderately good reliability. JSN and osteophytes
detected on ultrasound have been associated with pain in the hands [102]. In a
large study of patients with painful knee OA, ultrasound-detected synovitis was
associated with radiographically detected knee OA and clinical findings of an
inflammatory flare [103].

Conclusions

Imaging evaluation of OA can be performed with many different modalities,
each imaging modality providing an objective method of assessing the various
features of OA. While radiography remains the primary modality of assessing
and following the progression of OA in trials and routine clinical practice, devel-
opments in MRI techniques have propelled this imaging modality to the position
of highest importance in furthering OA research. Compositional MRI techniques
and new statistical methods are promising new avenues into the pathogenesis of
OA and as imaging markers potentiating detection of early OA or joints at risk
of developing the disease. Other imaging modalities such as ultrasound, CT, and
nuclear medicine may provide valuable methods of evaluating OA in particular
situations (see Table 7.1). The objective and noninvasive nature of diagnostic
modalities makes them central to the management of OA and a key element in
the development of DMOADs.

Table 7.1 Summary of benefits and limitations of different imaging techniques

Imaging modality Benefits Limitations
Radiography Low cost Limited responsiveness
Global OA severity assessment | Early disease detection
Scoring system
Computed tomography 3D joint assessment Radiation exposure
Bone tissue assessment Moderate cost
Limited soft tissue evaluation

Magnetic resonance 3D joint assessment High cost

imaging Biochemical tissue evaluation Complexity
Scoring system

Nuclear medicine imaging | Whole body assessment Limited anatomic detail
Metabolic assessment Radiation exposure

Ultrasound Low cost Operator dependent
Synovitis assessment Limited joint penetration

Scoring system
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Chapter 8
Osteoarthritis: Joint Conservation Strategies

Rachel Schachar and Darrell Ogilvie-Harris

Key Points

Patients with symptomatic osteoarthritis (OA) of the knee should partici-
pate in self-management programs, strengthening, low-impact aerobic
exercises, and neuromuscular education.

Patients with body mass index of equal to or greater than 25 should be
encouraged by their physician to lose weight.

Aerobic activity of at least 150 min per week of moderate intensity or
75 min per week of vigorous intensity performed in episodes of at least
10 min spread over 7 days and muscle-strengthening activities of moderate
or high intensity should be included on 2 or more days per week.

The evidence is inconclusive regarding the value of braces and orthotics
for OA; cane or walking stick use was appropriate for knee-only OA.
Therapeutic ultrasound, acupuncture, and electrotherapeutic therapies are
subject to disagreement regarding their use, but there are no clear recom-
mendations for benefit.

From the evidence available, the AAOS clinical practice guideline can-
not recommend performing knee arthroscopy and lavage or debridement
procedures in patients with a primary diagnosis of symptomatic OA of the
knee.
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» Patients with evidence of unstable meniscal tears had significantly
improved pain and restored knee function when compared to treatment by
physical therapy alone, but AAOS clinical practice guidelines published in
2013 were unable to recommend for or against arthroscopic partial menis-
cectomy in patients with OA.

* The AAOS clinical practice guidelines provide a limited recommendation
for the use of a valgus-producing proximal tibial osteotomy in patients
with symptomatic medial compartment OA of the knee.

Introduction

OA is the most common form of arthritis and is identified as one of the leading causes
of pain and disability worldwide [1]. Approximately 70 % of the population greater
than age 65 demonstrates radiographic evidence of OA [2]. With increased understand-
ing of how the musculoskeletal system works, the standard of care for people suffering
from arthritis has changed [3]. Not only is the goal for patients to regain movement, but
for this movement to be pain-free and for quality of life to be maintained or improved.

Since the introduction of minimally invasive arthroscopy, attempts have been
made to treat this disease [2]. There exists evidence that articular cartilage has some
potential to regenerate, and current efforts in research are working toward cartilage
restoration. This has so far proven to be difficult, as no technique currently exists
that achieves a completely normal articular surface. For this reason, joint conserva-
tion strategies remain an important aspect in the management of OA.

There are a number of risk factors associated with OA, including age, gender,
genetics, occupation, previous periarticular injury, and obesity [4]. Excessive
intense high-impact exercise has also been identified as a risk factor for the develop-
ment of OA [5]. Joint pain, specifically in the hip and knee, associated with OA can
eventually lead to inactivity and loss of mobility, which in turn results in decon-
ditioning, weight gain, loss of independence, and a decreased quality of life [6].

While conservative treatment for OA is limited, management goals are the
same — joint preservation. Injury prevention, pain management and treatment of
sustained injuries, and minimally invasive non-arthroplasty surgical interventions
can achieve some of these goals (Fig. 8.1).

Exercise

The primary goal of OA treatment is to alleviate symptoms and prevent pro-
gression [4]. While there is no cure for knee OA treatment, options exist to
improve quality of life and slow progression of joint deterioration, which can be
expected to yield both immediate and long-term benefits (Fig. 8.2). The American
Academy of Orthopedic Surgeons (AAOS) clinical practice guidelines published
in 2013 recommends that patients with symptomatic OA of the knee participate
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Core treatments
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Fig. 8.1 OARSI guidelines for the nonsurgical management of knee OA (McAlindon et al. [10])
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in self-management programs, strengthening, low-impact aerobic exercises, and
neuromuscular education and engage in physical activity consistent with national
guidelines [7]. These guidelines were put forward as a “strong” recommendation
for practitioners to follow.

The issue of weight loss is significant. This is a more difficult subject to broach
with patients but is equally if not more important and is strongly recommended in
the AAOS guidelines [7]. The evidence suggests that patients with symptomatic OA
of the knee and a body mass index of equal to or greater than 25 should be encour-
aged by their physician to lose weight. This recommendation comes with the caveat
to be sensitive to the patient and their preferences.

The 2008 Physical Activity Guidelines for Americans published by the Surgeon
General provides key physical activity guidelines for the youth, adults, and older
adults with the intended audience being policymakers and health professionals. In
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general, the recommendations encourage aerobic activity of at least 150 min per
week of moderate intensity or 75 min per week of vigorous intensity performed in
episodes of at least 10 min spread over 7 days. It also recommends that muscle-
strengthening activities of moderate or high intensity be included on 2 or more
days per week. When an individual has a chronic medical condition, the Surgeon
General recommends that an individual still participate in regular physical activ-
ity at a level reasonable and safe for their abilities. These people should be under
the direct care and supervision of a health-care provider and should first consult
their health-care provider about the type and amount of activity that is appropriate
for them.

Specific exercise regimes have been evaluated individually. Land-based exer-
cise has been reviewed in four recent meta-analyses, which found small but clini-
cally relevant short-term benefits for both pain control and physical function in
knee OA. Interestingly, in two separate meta-analyses, the sport of t’ai chi was
found to have strong favorable benefits for individuals with knee OA for improv-
ing pain and physical function. Overall the duration and type of land-based exer-
cise programs varied — all included a combination of strength training, active
range of motion exercise, and aerobic activity. The Osteoarthritis Research
Society International (OARSI) felt that the quality of evidence was good and
deemed land-based exercise to be an “appropriate” recommendation in the man-
agement of OA [8-10]. Along those same lines, water-based exercise, while not
as extensively studied, was found to have small to moderate short-term benefits
for function and quality of life in persons with OA of the hip and knee and was
determined to be an appropriate recommendation for managing OA. However, a
2007 systematic review of water-based exercise for OA found only minor benefits
for pain modification [11].

Strength training has also been demonstrated to be an appropriate recommenda-
tion for OA management — the programs primarily involve resistance-based lower
extremity and quadriceps strengthening exercises. A 2011 meta-analysis and sys-
tematic review showed the strength training groups to have a moderate effect for
reducing pain and improving physical function when compared to controls [12].

Biomechanical Interventions

Knee Bracing and Foot Orthoses

Patients consistently ask if a brace would be beneficial or provide relief (Fig. 8.3).
Unfortunately, the evidence is somewhat mixed and inconclusive. In their 2013
clinical practice guidelines, the AAOS was unable to make recommendations for or
against valgus-directed force brace (i.e., medial compartment unloader braces) for
patients with symptomatic OA of the knee [7]. This recommendation of “inconclu-
sive” was addressed by one level II systematic review and two randomized con-
trolled trials (RCTs) that looked at the use of braces for patients presenting with
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Fig. 8.3 OA unloader brace

isolated medial compartment OA of the knee. An inconclusive recommendation
was also put forth for the use of braces with varus-directed force [7].

First of all, it is important to understand that OA of the entire knee is different
from that of single compartment OA, which is often caused by a mechanical prob-
lem [13]. Patients with medial-sided compartment tend to have genu varum or varus
knee alignment where the mechanical axis of the leg and body forces pass more
through the medial compartment. The opposite is true of the lateral compartment
OA. This joint malalignment places the knee at risk for progression of degenerative
changes, worsening of pain, and impaired physical function [14]. In general, the
purpose of a knee brace is to off-load the affected joint compartment, decrease pain,
and improve function. In addition to the AAOS clinical practice guidelines, a
Cochrane review on the topic concluded that there is very limited evidence for the
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effectiveness of brace treatment for OA, primarily due to lack of studies which
addressed the issue [13]. The two knee brace studies reviewed did show improve-
ment in both pain and function scores in the brace and neoprene sleeve group at 6
months and 1 year compared with the control groups [13].

A multicenter RCT following this set out to further investigate the use of bracing
for knee [15]. This study effectively randomized 117 patients with unicompartment
OA of the knee to receive a brace (N=60) or conservative treatment with no brace
(N=57). The primary outcome measure was pain severity and knee function score,
with secondary outcomes including walking distance and quality of life. Overall,
their results also showed very little additional benefit for unicompartmental knee
OA treated with an unloader brace versus conservative treatment alone [15]. It was
felt that the main reason for this was that many patients do not adhere to the brace
treatment long term. This was either because the positive effects were too small or
because the adverse effects were too large. Fifteen out of the 60 patients in the brace
group gave “no effect” as their reason for stopping. Other reasons for discontinua-
tion included skin irritation, poor fit, and minimal symptoms. In favor for brace
treatment, Kirkley et al. showed that if a patient is carefully selected, there could be
potential benefit to brace treatment. They looked at patients with varus malalign-
ment and found that knee pain was reduced with a neoprene sleeve relative to no
treatment [16]. It is important to consider the patient population as well. A brace to
reduce load can be viewed as a reasonable treatment option for younger patients
with unicompartmental OA with varus alignment, given there are few conservative
treatment alternatives that have proven effective and knee arthroplasty for younger
patients with OA is not recommended [15].

Foot orthoses have also been used as an intervention for patients with symptom-
atic isolated unicompartmental OA of the knee, specifically lateral wedge insoles
for medial compartment OA. The second edition of the AAOS evidence-based clini-
cal practice guideline for the treatment of OA of the knee states that, with moderate
strength, they cannot recommend the use of these insoles. As with knee bracing, the
available evidence regarding lateral wedge insoles is conflicting. One published
RCT shows lateral wedge insoles to provide no symptomatic or structural benefits
[17], while another advocates their suitability as a possible alternative to valgus
knee bracing in the setting of isolated medial knee OA [18]. Variable-stiffness walk-
ing shoes are another type of footwear which are felt to be more comfortable than
lateral wedge insoles. These shoes have a stiffer lateral midsole, shown to reduce
the external knee abduction moment and were shown in one recent RCT to reduce
pain and improve function after a period of 6 months [19]. Unfortunately, this study
did not show this benefit to be statistically significant when compared to constant-
stiffness footwear.

The use of a cane or walking stick has also been viewed as a reasonable con-
servative treatment option for patients with knee pain and specifically due to knee
OA. In medial knee OA, there is a strong association between excessive medial
joint loading and disease progression [20]. As a result, and for generations, canes
or walking aids have been recommended by health-care professionals in an
attempt to off-load the painful knee. It has been estimated that 40-70 % of patients
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with OA use some type of walking aid [21, 22]. The use of assistive walking
devices by older adults tends to primarily be for the management of knee pain or
balance problems [23]. However, there is a paucity of evidence with respect to the
impact of cane use in the treatment of OA. A single-blind RCT, conducted by
Jones et al. 2012, concluded that a cane for gait assistance in patients with knee
OA could be used to diminish pain and improve function and some aspects of
quality of life compared with those not using a walking aid [24]. It was found that
initially, during the first month, patients in the cane group had a substantial
increase in energy expenditure, but this was no longer a factor by the end of the
second month. Another interesting finding was that compared to the control group
(no cane), patients using a cane consumed fewer nonsteroidal anti-inflammatory
drugs or NSAIDs. This was statistically significant when measured at the end of
the second month [24]. This study, despite a short follow-up period of only 2
months and the only RCT looking at cane use in this population, was well done
and provides results that can be extrapolated to a similar patient population with
knee OA. It was noted by the OARSI that this study lacked evidence for cane use
for individuals with multiple affect joints and that caution should be used when
trying to reduce knee pain at the expense of increasing load through other affected
joints (i.e., hands) [10].

The Health, Aging and Body Composition (Health ABC) Study is a community-
based, multicenter cohort study, which included 3075 men and women ages 70—79
recruited at the University of Pittsburgh that began in 1997 with the primary
objective of examining the incidence of physical disability in relation to body com-
position and weight-based health conditions in healthy older adults [23]. A recently
published prospective cohort study of a subset of 874 patients, from the Health ABC
study group, with prevalent knee pain was assessed to identify factors that predicted
incident use of walking aids and to assess whether their use was associated with
changes in knee OA [23]. Main outcome measures included mean Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC) pain scores and the fre-
quency of joint space narrowing (JSN) on knee radiographs taken over a 3-year time
period [23]. Unfortunately, only 10 % of the patient subset with radiographs and
WOMAC data used walking aids, which could account for lack of difference
between groups in both domains. However, while their longitudinal analysis look-
ing at the association of walking aid use, with changes in JSN on radiographs,
showed no relationship between use or nonuse of a walking aid and joint space
changes, there was no evidence of progressive worsening in the walking aid group
which was felt to be encouraging [23].

The ability to draw conclusions about these treatment modalities is limited by
heterogeneity and poor quality of available evidence. From the available evi-
dence, the OARS concluded that cane or walking stick use was appropriate for
knee-only OA, but their recommendation was uncertain for multi-joint OA and
suggested that further research be done in this area. The use of biomechanical
interventions as directed by an appropriate specialist was advised [10]. Overall,
these treatment options have greater benefit than risk if surgical intervention is
not yet an option.
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Physical Modalities

Joint pain associated with OA often leads to inactivity and loss of mobility, which in
turn results in deconditioning, weight gain, loss of independence, and a decreased
quality of life [6]. While a patient with knee OA may eventually need to employ
pharmacotherapy and injection-based treatment or undergo a total knee arthro-
plasty, an intervention will have excellent outcomes for pain relief and improved
quality of life. Due to associated risks of surgery or potential adverse effects of
other invasive treatments, many patients may choose to pursue physical manage-
ment options first [1].

A recent systematic review rigorously critically appraised 17 guidelines, which
provided recommendations for physical management of OA [1]. Forty different
therapeutic interventions were identified across all guidelines reviewed, and rec-
ommendations were graded from “strongly recommended” to “unsupported.”
From the identified treatment modalities, those felt to be most often used by
patients and prescribed by health practitioners for management of OA are dis-
cussed further [1].

Ultrasound

Therapeutic ultrasound (US), the application of sound waves in tissue, is one of
the many physical therapy modalities that are often employed when treating
patients with pain and loss of function due to OA. While there is limited support
from two systematic reviews compiled in 2010 that suggest a possible benefit of
US in the treatment of knee OA, overall the evidence for the recommended use of
therapeutic US for OA of the knee is poor [10]. The OARSI guidelines state that
the quality of the analyzed evidence was low and therefore they were unable to
make recommendation for its use. In the most recent Cochrane Collaboration
Review, four additional trials were included for analysis, which included a total of
341 patients with knee OA [25]. The authors concluded that in comparison to the
earlier version of the review (2001), the results suggest that therapeutic US may
be beneficial for patients with knee OA. However, it was emphasized that there
exists uncertainty about the magnitude of the effects on pain relief and function
[25]. A recent systematic review and network meta-analysis (a means of evaluat-
ing the relative effectiveness of several interventions and synthesizing evidence
across a network of RCTs) comparing continuous versus pulsed US for the man-
agement of knee OA indicated that pulsed US is more effective in both pain relief
and functional improvement when compared to a control group [26]. It was noted
by the authors that continuous US could only be considered as a pain relief
treatment.

In a recent publication, a therapeutic US verses sham US randomized double-
blind controlled clinical study, US was not found to have any additional benefit to
conventional physical therapy programs alone in patients with knee OA [27].
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Acupuncture

The efficacy of acupuncture for peripheral joint OA has been tested in numerous
clinical trials. Trials that used a wait list or usual care control groups have generally
found some clinically relevant benefit, but those using a sham acupuncture have
been less positive [28]. A recent pooled analysis of 16 RCTs found statistically
significant benefit of acupuncture in sham-controlled trials, though this did not
reach the investigators’ threshold for clinical significance. The most recent JAAOS
clinical practice guidelines provided a strong recommendation against the use of
acupuncture in patients with symptomatic knee OA [7]. Based on the best available
evidence, the OARSI was “uncertain” about recommending acupuncture for the
treatment of OA [10]. A harms analysis was not performed; it is outlined by the
JAAOS guidelines that “strong” recommendations should be followed by health
practitioners unless presented with a more convincing reason for an alternative
approach [7].

Electrotherapeutics

Transcutaneous electrical nerve stimulation (TENS) [11] is often used as an adjunct
by physical therapists when treating patients with joint pain associated with OA. The
literature in this area is somewhat conflicting with respect to the results. The OARSI
guidelines concluded that TENS was not appropriate for multiple-joint OA and
were uncertain about the use for knee OA only [10]. This was based on a single
systematic review that found inclusive results concerning the effect of TENS for
pain relief in knee OA and a double-blind multicenter RCT, which showed no sta-
tistically significant difference between the TENS group and the sham TENS group
for pain control [10]. Another randomized sham-controlled clinical trial looking at
the additional effects of TENS for knee OA, when combined with a group education
and exercise program, found that while all outcome measures improved over time
(including the WOMAC pain scores, stiffness, quadriceps strength, exercise adher-
ence, and exercise self-efficacy), there were no differences between the groups [29].
This may be explained by the fact that self-education and focused exercise pro-
grams seem to have the greatest impact for conservative management of knee
OA. Finally, more recently a single-blinded RCT showed that the use of TENS
significantly improved the quadriceps strength in patients with early-stage knee OA
when compared with standard therapy [30]. Patients showed a significant reduction
at 3-month follow-up in their pain visual analog scale.

While there are promising results from some RCTs, there is overall disagreement
in the literature for the use of TENS for patients suffering from knee OA. This is
supported by the JAAOS evidence-based clinical practice guidelines, which state
that they are unable to recommend for or against the use of physical agents includ-
ing electrotherapeutic therapies [7]. The strength of this recommendation, as out-
lined above, is inconclusive.
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Thermotherapy

OA is a complex degenerative disease process that results in pain and stiffness and
is often associated with joint swelling. Thermotherapy, also known as hot or cold
therapy, involves applying heat or cold to the affected joints for the relief of pain
symptoms [31]. This can be done through the use of hot or cold packs, damp towels,
or wax baths. Heat applied to the body works to improve local circulation and muscle
relaxation, whereas cold packs placed on the body tend to constrict blood vessels and
block nerve impulses to the area resulting in decreased pain and swelling [31]. In the
2003 Cochrane Review, three RCTs were found to be appropriate for review. The
authors’ conclusions were that ice massage and cold packs decreased swelling result-
ing in a statistically beneficial effect on joint range of motion, knee strength, and
patient function but not on pain control. Hot packs had no effect on joint swelling.

Non-arthroplasty Surgical Interventions

Arthroscopy

Arthroscopic lavage, arthroscopic abrasion, and debridement have had a basic role
in the treatment of knee OA in the past [2]. More recently, its use in the treatment of
knee OA has been called into question. It has been found that approximately
50-75 % of patients who undergo knee arthroscopy and debridement initially ben-
efit from decreased pain and stiffness [32]. Unfortunately, 15 % of those patients
progress to needing a total knee replacement within 1 year following surgery.

In 2002, Moseley et al. published a landmark study in which patients were ran-
domized to receive arthroscopic lavage, debridement, or placebo surgery. Patients in
the placebo group received skin incisions and underwent a simulated debridement
without insertion of the arthroscope [33]. The 180 patients in the three treatment
arms, most with moderate to severe knee OA, were then followed for a period of 2
years. During the follow-up period, no benefits were seen between the surgical
groups and the sham surgery group. This study has been criticized on many levels
but most importantly regarding the homogeneity of the study population, specifi-
cally that greater than 85 % of the patients were male making generalizability of the
study results difficult. A more recent RCT by Kirkley et al. (2008), where patients
were randomized to surgical lavage and arthroscopic debridement together with
physical and medical therapy or to treatment with physical and medical therapy
alone then followed for 2 years, found similar results [34]. The primary outcome
measures were the WOMAC, the SF-36 short form physical component summary,
and a pain and function scale. At the 2-year follow-up, there was no difference
between the groups in either domain [32, 34]. One important point to note is that
patients found, by clinical examination or MRI, to have large bucket handle menis-
cal tears were excluded from the study. Regardless, this study was very well exe-
cuted with sound results. Their conclusions were that arthroscopic surgery does not
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provide any additional benefit to optimized physical and medical therapy for the
treatment of knee OA [34]. Other studies have suggested that the need for arthro-
plasty may be delayed by arthroscopic surgery.

From the evidence available the AAOS clinical practice guideline cannot recom-
mend performing knee arthroscopy and lavage or debridement procedures in
patients with a primary diagnosis of symptomatic OA of the knee. This was put
forward as a strong recommendation.

Partial Meniscectomy

The menisci are important with respect to knee function. They play a role in load
sharing, shock absorption, reduction in joint contact stresses, passive stabilization,
increasing congruity and contact area, limitation of extremes of flexion and exten-
sion, as well as proprioception [35]. These important functions are achieved by the
transmission of load over the tibial plateau. Radiographic findings consistent with
OA of the knee, including JSN, osteophyte formation, and squaring of the femoral
condyles after total meniscectomy, suggest that the meniscus is an important struc-
ture in joint protection [35].

Biomechanical studies have demonstrated that the medial and lateral menisci
transmit at least 50-70 % or more of the load when the knee is in extension with
forces increasing to 85 % with 90° of knee flexion [36]. These loads are well distrib-
uted when the menisci are intact [37].

Removal of the medial meniscus results in a 50-70 % reduction in femoral con-
dyle contact area and in a 100 % increase in contact stress. Total lateral meniscec-
tomy causes a 40—50 % decrease in contact area and increases contact stress in the
lateral compartment to 200-300 % that of normal.

Based on AAOS clinical practice guidelines published in 2013, they were unable
to recommend for or against arthroscopic partial meniscectomy in patients with OA
of the knee with a torn meniscus (Fig. 8.4). However, the strength of this recom-
mendation was inconclusive, and therefore practitioners should feel little constraint
in following this recommendation but should exercise good clinical judgment.
Newly published research, in support of arthroscopic partial meniscectomy, showed
that patients with evidence of unstable meniscal tears had significantly improved
pain and restored knee function (using visual analog scale and Lysholm knee score
outcome measures, respectively), when compared to treatment by physical therapy
alone [38]. This study looked at 70 patients between the ages of 18-27, 29 % of
whom had evidence of mild OA.

High Tibial Osteotomy

High tibial osteotomy (HTO) [33] was a procedure initially popularized in the 1970s
by Coventry and Insall [32]. The basic principle of the HTO is to redirect the
mechanical axis from the degenerated area of the knee joint to the relatively
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Fig. 8.4 OA knee with
meniscal tear causing
mechanical symptoms which
may benefit from partial
meniscectomy

Fig. 8.5 High tibial
osteotomy, opening medial
wedge

well-preserved joint compartment (Fig. 8.5). Typically, this is done for the medial
compartment OA of the knee resulting in the weight-bearing forces being shifted
from the arthritic medial compartment over to the intact cartilage of the lateral side
of the knee [32]. This procedure is typically indicated for highly active patients or
laborers who have unicompartmental varus or valgus knee arthritis. Contraindications
for this procedure include previous meniscectomy, significant degenerative changes
in the compartment of the knee where the forces are to be transferred, inflammatory
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arthropathies, patients aged greater than 65, and symptomatic patellofemoral arthri-
tis. There is good evidence for good-to-excellent functional outcomes with follow-
up from 2 to 17 years [39—41].

The AAOS clinical practice guidelines provide a limited recommendation for the
use of a valgus-producing proximal tibial osteotomy in patients with symptomatic
medial compartment OA of the knee [7].

Conclusions

The evidence is clear that patients with symptomatic OA of the knee should partici-
pate in self-management programs, strengthening, low-impact aerobic exercises,
and neuromuscular education. In addition, weight control is of value. Patients with
body mass index of equal to or greater than 25 should be encouraged by their physi-
cian to lose weight and aerobic activity of at least 150 min per week of moderate
intensity or 75 min per week of vigorous intensity performed in episodes of at least
10 min spread over 7 days. Along with this, muscle-strengthening activities of mod-
erate or high intensity should be included on 2 or more days per week.

The evidence is inconclusive regarding the value of braces and orthotics for OA;
cane or walking stick use was appropriate for knee-only OA. The evidence regard-
ing physical modalities of treatment is generally equivocal. Therapeutic ultrasound,
acupuncture, and electrotherapeutic therapies are subject to disagreement regarding
their use, but there are no clear recommendations for their benefit.

Arthroscopic interventions should be limited to clear mechanical issues such as
an unstable meniscus in an OA knee. From the evidence available, the AAOS clini-
cal practice guidelines cannot recommend performing knee arthroscopy and lavage
or debridement procedures in patients with a primary diagnosis of symptomatic OA
of the knee. Recently, it was shown that patients with evidence of unstable meniscal
tears had significantly improved pain and restored knee function when compared to
treatment by physical therapy alone, but AAOS clinical practice guidelines pub-
lished in 2013 were unable to recommend for or against arthroscopic partial menis-
cectomy in patients with OA. The AAOS clinical practice guidelines provide a
limited recommendation for the use of a valgus-producing proximal tibial osteot-
omy in patients with symptomatic medial compartment OA of the knee.
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Chapter 9
Osteoarthritis Biomarkers

Ying-Hua Li, Christopher Kim, and Rajiv Gandhi

Key Points

* Biomarkers in OA can be categorized using the BIPEDS classification sys-
tem: burden of disease, investigative, prognostic, efficacy of intervention,
diagnostic, and safety.

e Urine CTX-II and serum COMP have the best performance and promise
of all commercially available OA biomarkers.

 Identification and validation of panels of biomarkers correlated with imag-
ing modalities may provide improved diagnosis, prediction, and under-
standing of the pathogenesis of OA.

» Catabolic factors reflecting the degradation of cartilage joint tissue remain
the most promising OA biomarkers and are awaiting validation in clinical
trials.

* Omics-based technology platforms, including DNA microarray, transcrip-
tomics, proteomics, and metabolomics, are being increasingly applied in OA
research and have identified significant amount of new potential OA biomarkers.

* Aberrantly expressed miRNAs contribute to the pathogenesis of OA and
could serve as potential therapeutic targets to treat OA, as well as diagnos-
tic biomarkers.

e Circulating miRNAs have emerged as a new class of minimally or nonin-
vasive OA biomarkers due to their highly stability and ease of detection.
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Introduction

The hallmark of osteoarthritis (OA) is progressive degradation of cartilage, leading
to whole joint destruction and clinical symptoms of pain and loss of function [1].
The accepted gold standard diagnosis of OA is currently based on radiographic
criteria, typically a Kellgren-Lawrence (K-L) grade > 2 with pain and impairment of
mobility [2]. However, radiographic measures have limitations with diagnosing and
assessing the progression of OA, as radiographs indicate changes in bone and indi-
rectly assess the progression of cartilage loss. Also, radiographic changes character-
istic of OA appear after significant joint deterioration, and the change may occur
relatively slowly with poor correlation with patient joint function [3]. Given these
limitations, there has been considerable interest in the identification and develop-
ment of biomarkers to quantify joint remodeling and disease progression.

The National Institutes of Health (NIH) defines a biomarker as a characteristic
that is objectively measured and evaluated as an indicator of normal biologic pro-
cesses, pathogenic processes, or pharmacologic responses to a therapeutic
intervention [4]. The term biomarker encompasses proteins, protein fragments,
metabolites, carbohydrate biomarkers, genomic RNA and DNA biomarkers, cellu-
lar biomarkers, and imaging biomarkers [5]. In a systematic review of the literature
in OA biomarkers, van Spil et al, identified 84 relevant publications covering 26
different biomarkers published up to 2010 [6].

The goal of biomarkers in OA is to measure and predict disease progression and
outcome. Therefore, identifying OA biomarkers that can capture the full spectrum
of the pathogenesis of OA is needed.

Classification of Osteoarthritis Biomarkers

In 2006, the NIH funded OA Biomarkers Network proposed a classification scheme
for OA biomarkers represented by the acronym BIPED to connote the five catego-
ries of markers: Burden of Disease, Investigative, Prognostic, Efficacy of Intervention
and Diagnostic [3]. Through the recent Osteoarthritis Research Society International
(OARSI)/US Food and Drug Administration (FDA) initiative, the BIPED classifica-
tion system added a sixth category, Safety of Interventions, to become BIPEDS [7].
The same OA biomarkers working group proposed to divide biomarkers in two
major groups: wet biomarkers and dry biomarkers. The soluble or wet biomarkers
are measured in blood, serum, plasma, urine, or synovial fluid and represent a mod-
ulation of endogenous substances in these fluids, whereas dry biomarkers consist of
visual analog scales, performed tasks, or imaging [8].

Based upon the BIPEDS classification, Bauer et al. and Kraus et al. proposed the
following clinical use of biological markers in OA [3, 7]. (a) Diagnostic markers:
as indicated by Bauer et al., diagnostic markers are defined by the ability to classify
individuals as either diseased or non-diseased with good positive and negative like-
lihood ratios and area under the curve in the receiving operator curve [3]. (b) Burden



9 Osteoarthritis Biomarkers 173

of disease markers: these markers assess the severity or extent of disease, typically
at a single point in time, among individuals with OA [3]. (¢) Prognostic markers:
prognostic markers predict the future onset of OA among those without OA at base-
line or the progression of OA among those with existing disease. These biomarkers
may be used to determine risk in those without OA, clinical outcomes in individuals
with OA, or the efficacy of potential new disease-modifying osteoarthritis drugs
(DMOADs) [3]. (d) Efficacy of intervention markers: these biomarkers provide
information about the efficacy of treatment among those with OA or those at high
risk of developing OA. These biomarkers can be used in randomized controlled tri-
als (RCTs) to evaluate short- and long-term changes associated with DMOAD:s [3].
(e) Investigative markers: as stated by Bauer et al., an investigative marker is one
on which there is insufficient information to allow inclusion into one of the existing
categories [3]. (f) Safety of intervention markers: finally, safety biomarkers provide
information about exposure to new potential drugs, radiation, and contrast agents.
These biomarkers are expected to be of increasing significance as new biomarkers
are identified and studied [7].

Circulatory and Inflammatory Biomarkers

Increasingly, indicators of inflammation have gained credibility as OA biomarkers
because they have been shown to predict outcomes in OA.

Adipokines (adiponectin and leptin) are emerging as modulators of joint disease
by promoting and perpetuating the inflammatory response. Several studies have
revealed associations between adipokines and joint disease. Perruccio and col-
leagues have shown a dose response association between overall painful joint bur-
den and plasma levels of adipokines in individuals with hip and knee OA [9]. As
well, plasma adiponectin levels have been reported to be significantly higher in
individuals with OA compared to healthy controls [10]. In a recent study, serum
leptin was found to correlate with the severity of knee OA [11]. In another study, the
investigators reported a negative association between serum leptin levels and knee
cartilage volume [12]. Stannus and associates reported a positive association
between serum leptin and radiographic hip joint space narrowing [13].

The presence of high-sensitivity C-reactive protein (CRP) and interleukin 6 (IL-
6) has been shown to predict outcomes in OA. In a group of 54 patients with idio-
pathic OA undergoing total hip and knee arthroplasty, increased synovial
inflammation correlated with elevated plasma CRP levels [14]. In a cross-sectional
study of 105 women with knee OA who were followed for 2 years, increased levels
of CRP were found, which predicted disease progression in these patients compared
to 740 women without OA [15]. Increased serum levels of CRP predicted cartilage
loss associated with knee OA and poorer functional outcomes post total knee arthro-
plasty as well [16, 17]. Similar results have been reported for IL-6. In a study of 172
randomly selected patients followed over 3 years, baseline levels of serum IL-6
could predict loss of both medial and lateral tibial cartilage volume, and changes in
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IL-6 over 3 years were associated with changes in tibial cartilage volume [18]. In a
study of 908 women who were followed prospectively for 15 years, Livshits and
colleagues reported that prevalent radiographic OA was significantly associated
with both increased circulating levels of CRP and IL-6, and incident radiographic
OA was significantly predicted by IL-6 [19]. In another study of 161 patients with
knee OA followed over 2 years, baseline levels of CRP and IL-6 predicted cartilage
volume loss in the medial compartment of the knee [20]. The predictive value of
baseline CRP and IL-6 levels on cartilage volume loss was possibly related to the
fact that both are known inflammatory biomarkers. Synovitis, followed over 1 year
arthroscopically in 422 patients, was a potential predictive factor of rapid progres-
sion of cartilage lesions in the medial tibiofemoral compartment [21].

These studies show the involvement of inflammatory biomarkers in OA pathogen-
esis and support the association between inflammation and joint disease (Table 9.1).

Catabolic Osteoarthritis Biomarkers

A hallmark feature of OA pathology is the higher rate of cartilage degradation
than cartilage synthesis, leading to chronic cartilage loss. Cartilage, composed of
chondrocytes and the extracellular matrix (ECM), is a connective tissue possess-
ing unique biological and mechanical properties which supports its load-bearing
function [22]. The dry weight of cartilage is mainly made of type II collagen and
some type I, along with certain amount of proteoglycans and integral proteins.
Fragments of these components generated during cartilage degeneration can be
released into the bloodstream, synovial fluid, and urine and therefore be utilized
as biomarkers [23].

Table 9.1 Circulatory and inflammatory OA biomarkers

Biomarker subtypes Biomarkers BIPEDS classification

Cytokine and protein CRP

biomarkers IL-6
IL-1B
1L-8
TNF-a
15-HETE
PGE2

Obesity-related Leptin
inflammatory biomarkers Adiponectin

T w|w vl v v|v T oo

Resistin
Visfatin

a~]

Abbreviations: P prognostic, CRP C-reactive protein, /L interleukin, TNF tumor necrosis factor,
15-HETE 15-hydroxyeicosatetraenoic acid, PGE2 prostaglandin E2
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C-Telopeptides of Type II Collagen

Since type II collagen is the major collagen type and most abundant protein in car-
tilage, C-terminal telopeptides of type II collagen (CTX-II), a catabolic product of
type II collagen, has become the widely accepted biomarker for assessing collagen
breakdown [24]. Urinary levels of CTX-II (uCTX-II) have been used as a marker for
cartilage metabolism, disease severity, and monitoring drug response in OA patients
[25-27]. Reijman et al. studied the association between the concentration of uCTX-II
and the prevalence and progression of radiographic OA of the knee and hip. The 1,235
subjects were 55 years of age and older and were followed for 6.6 years on average.
They found that subjects with a uCTX-II level in the highest quartile had a 4.2-fold
increased risk of having radiographic knee or hip OA, compared with subjects with a
uCTX-II level in the lowest quartile. Furthermore, subjects with an uCTX-II level in the
highest quartile had a 6.0-fold increased risk for progression of radiographic knee OA
at the knee and an 8.4-fold increased risk for progression of radiographic hip OA. In
addition to its strong correlation with radiographic OA, another advantage of uCTX-
II or serum CTX-II is that it is noninvasive. However, as collagen type II breakdown
correlates with radiographic features of OA, the use of uCTX-II as a pre-radiographic
diagnostic biomarker is limited. Additional biomarkers originated from collagen type
II include cleavage of collagen type II triple helix (C2C), triple helix collagen type
II cleavage (Coll2-1), nitrated form of Coll2-1 (Coll2-1NO?2), collagen type II pro-
peptides (PIINP, PIIANP, PIIBNP, PIICP, CPII), and collagen type I and II cleavage
neoepitope (C1, C2). These additional collagenous biomarkers either provide comple-
mentary information on collagen type II catabolism or help to distinguish subtypes of
OA [28]. For example, Coll2-1 and Coll2-1NO2 are more useful for studying oxida-
tive stress-related collagen II degradation in OA [29, 30].

Cartilage Oligomeric Matrix Protein

Cartilage oligomeric matrix protein (COMP) is a structural glycoprotein binding to
and stabilizing type I, II, and IX collagen fibers, fibronectin, and aggrecan [31].
COMP has been considered as an OA biomarker and has been tested in OA diagno-
sis, prognosis, and therapeutic intervention. Many large population studies have
shown that serum COMP (sCOMP) levels correlated with cartilage degradation and
disease severity. In the Johnston County OA Project involving 143 patients with
radiographic knee OA and 148 healthy controls, a significant elevation of sSCOMP
levels were detected in the OA group compared to controls. Moreover, sSCOMP
levels were upregulated with knee OA K-L grade and the number of joints involved
[32]. Sharif et al. suggested the use of SCOMP levels to predict OA progression. In
this longitudinal study lasting 5 years, 115 patients with OA were grouped as non-
progressors and progressors defined by either a reduction in the tibiofemoral joint
space width by at least 2 mm or total knee arthroplasty at follow-up. They found that



176 Y.-H. Lietal

the chance to have radiographic OA progression was increased by 15 % with every
1 unit increase in SCOMP levels [33]. The existence of COMP fragments and their
release into the culture medium were also confirmed recently which may provide
complement to total COMP in use as biomarkers [34].

Hyaluronic Acid

Hyaluronic acid (HA) is a common component of most connective tissues, as well
as a principal component of the synovial fluid. During the degenerative process, HA
is secreted by the synovium and cartilage. Serum levels of HA were proposed to be
a marker to predict the progression of knee OA [35]. OA patients had increased
serum HA (sHA), and patients with higher initial sHA values displayed a more
rapid progression of the disease [36, 37]. More recent studies also suggested that
sHA can be available as a burden of disease marker for patients with radiographic
or severe OA [38, 39]. The major problem associated with HA as an OA biomarker
is its specificity and sensitivity, as HA is ubiquitously present in all connective tis-
sues and tends to be affected by physical activities and food intake [40].

Despite the existence of multiple catabolic biomarkers in research, currently, there
is no single biomarker validated for clinical use for OA. Given the unique advantages
and disadvantages of these biomarkers, combined use of different biomarkers might
be of benefit in the future (Table 9.2). Also, majority of the abovementioned biomark-
ers are systemic, for example, from serum or urine, and their concentrations are sub-
ject to systemic conditions or illnesses. Therefore, obtaining local biomarkers from
synovial fluid may provide more specificity and sensitivity. Moreover, local biomark-
ers would ensure the ability to detect OA in a particular joint.

Table 9.2 Catabolic OA biomarkers

BIPEDS
Biomarkers Catabolic process Tissue of origin classification
uCTX-1I Type II collagen degradation | Cartilage, bone BPED
sCOMP Cartilage matrix degradation Cartilage, bone, meniscus, BPD
synovium, tendon
sHA Cartilage degradation Cartilage, synovium, BPED
ubiquitous in all ECM
s/uColl2-1 Triple helix type II collagen Cartilage BPD
degradation
s/uColl2-1INO2 | Triple helix type II collagen Cartilage BPD
(nitrated) degradation
sluC2C Type II collagen degradation | Cartilage BED
s/uCl, C2 Collage type I and type II Cartilage, bone, D
degradation synovium, meniscus

Abbreviations: B burden of disease, P prognostic, E efficacy of intervention, D diagnostic, « urine,
s serum
Note: Adapted from Mobasheri and Henrotin [97].
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Post-Genomic Osteoarthritis Biomarkers

Following completion of the Human Genome Project, the generation of massive
genomic information has rapidly transformed the field of biomedical research
into the post-genomic era [41]. Post-genomics, or so-called system biology, stud-
ies the expression and functions of the entire set of genes and proteins present
in a whole genome by using high-throughput methodologies including microar-
ray, transcriptomics, proteomics, and metabolomics. With thousands of genes and
proteins being analyzed simultaneously, these omics-based technology platforms
have significantly contributed to the discovery of the new crop of biomarkers over
the past decade [42]. The post-genomic strategies have been applied in various
fields, including OA.

Transcriptomic Osteoarthritis Biomarkers

Transcriptome refers to all the ribonucleic acids (RNAs) that are transcribed from
the genome containing messenger RNAs (mRNAs), ribosomal RNAs (rRNAs),
transfer RNAs (tRNAs), and noncoding RNAs. Transcriptomic analysis has been
performed through gene microarrays or RNA sequencing (RNA-Seq) to quantify
the abundance of all transcripts in a particular biological specimen [43].

Gene microarrays have been widely used in gene expression studies and have
proven to be a powerful tool to identify candidate RNA biomarkers for various path-
ological conditions including OA. Geyer et al. performed a transcriptomic analysis
of affected versus intact articular cartilage from the same joint using high-density
synthetic oligonucleotide hybridization arrays (HG-U133 Plus 2.0 GeneChips), and
411 transcripts out of 54,675 probes appeared to be differentially expressed. Of
these, 6 genes were upregulated in the affected cartilage of all patients, including
insulin-like growth factor-binding protein 3 (IGFBP-3), Wnt-1-inducible signaling
protein 1 (WISP-1), aquaporin 1 (AQP-1), delta/notch-like EGF-repeat containing
transmembrane (DNER), decay-accelerating factor (DAF), and complement factor I
[44]. The Research Arthritis and Articular Cartilage (RAAK) study which involved
a larger patient cohort was carried out to determine the genome-wide gene expres-
sion in 33 pairs of matched OA affected and intact cartilage from the same joint of
patients. About 1,717 genes were found to be differentially expressed, and 18 were
present with a change of twofold or higher in OA affected cartilage compared with
preserved cartilage.

Comparing gene expression at damaged focal areas of cartilage to those pre-
served areas provides information of dynamic changes of genes and pathways
involved in OA progression [45]. However, macroscopic assessment of damaged or
preserved cartilage is relatively subjective and less accurate, which may partially
explain the low consistency of the differentially expressed genes between studies
with similar design using comparable tissues. Xu et al. identified 998 differentially
expressed genes between femoral neck fractures and cartilage from hip OA patient
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using the [llumina Human HT-12 V3 microarrays. These target genes were enriched
within 71 canonical pathways and showed excellent correlation with previous stud-
ies using similar tissues but revealed discord between hip and knee OA, indicating
different mechanisms may be present for knee and hip OA pathophysiology [46].
The RNA-Seq transcriptome platform, as a relatively new technology still at
the development stage and due to high costs, has just started to be applied in OA
research. In a study, RNA sequence libraries were prepared from normal cartilage of
the metacarpophalangeal joints from 4 young (4 years old) and 4 old (>15 years old)
horses, and sequencing was undertaken using the Illumina HiSeq platform. Levels
of 396 transcripts, including noncoding RNAs, were significantly different in old
compared to young cartilage. The majority of cartilage genes relating to ECM, pro-
teases, matrix synthetic enzymes, cytokines, and growth factors, as well as Wnt
signaling, were reduced in old cartilage relative to young cartilage. As aging is an
important risk factor of OA, altered expressions of transcripts identified in old carti-
lage could provide valuable information to understand the pathogenesis of OA [47].
Blood samples have also been subject to transcriptomic analysis in OA. A comple-
mentary DNA (cDNA) microarray was used to screen for differentially expressed
genes in 85 subjects with mild OA and 76 controls. Six genes were significantly
downregulated in mild OA: heat shock 90 kDa protein 1, alpha; inhibitor of kappa
light polypeptide gene enhancer in B cells, kinase complex-associated protein; inter-
leukin 13 receptor, alpha 1; laminin, gamma 1; platelet factor 4 (also known as che-
mokine (C-X-C motif) ligand 4); and tumor necrosis factor, alpha-induced protein 6.
A nine-gene signature (abovementioned six genes plus early growth response 1; alpha
glucosidase II alpha subunit; and v-maf musculoaponeurotic fibrosarcoma oncogene
homologue B) was identified as a diagnostic biomarker to discriminate mild OA from
controls, with a higher diagnostic capacity than any of the individual nine genes [48].
Another transcriptomic screen of peripheral blood leukocytes from patients with
symptomatic knee OA and controls identified 173 abnormally expressed genes.
Cluster analysis revealed 2 distinct OA subgroups: those with or without the interleu-
kin 1-beta (IL-1p) signature, defined as >2 fold IL-1f overexpression. Patients with
IL-1p signature had more pain, decreased function, and higher risk of radiographic
progression of OA [49]. This study suggested a novel method to classify OA based on
IL-1P expression and moreover that the transcriptomic profile of peripheral blood
leukocytes had the potential as a prognostic biomarker for OA patients.
Transcriptome analysis has generated valuable information on the molecular
changes across the whole genome, which will improve our understanding of the
complexity of OA phenotypes. With the popularization of the powerful RNA-Seq
platform, the discovery of multiple panels of new OA biomarkers is warranted.

Proteomics Biomarkers

By studying the presence and functions of an entire set of proteins in a particular bio-
logical sample, proteomics is being increasingly applied in cartilage research and OA
pathology [50]. It also elucidates information regarding protein structure and
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interactions, thereby providing mechanistic insight into disease pathogenesis and a
new powerful tool for biomarker exploration. In OA research, proteomic studies have
been applied to cartilage tissue, chondrocytes, synovial fluid, serum, urine, and culture
supernatant, and have identified significant panels of novel candidate biomarkers [51].

Wau et al. measured the protein compositions in cartilage from OA and healthy donors
and found 59 differently expressed proteins by liquid chromatography—mass spectrom-
etry. In particular, HtrA1, a serine protease, was upregulated at high levels in OA carti-
lage [52]. Another study by Guo et al. performed proteomics on cartilage extractions
from individuals with and without OA and identified 16 differentially expressed pro-
teins which belonged to the following five function groups including glycolysis and
energy production (ADH, ADK, ENOA, KPYM, and FR), signaling (ANNX-I, PEBP,
and TUB), redox (PRDX3 and SODM), and cartilage matrix (COLL-I and COLL-VI)
[53]. Proteomic profiling of chondrocytes also revealed that 19 proteins were increased
and 9 decreased significantly in OA cells compared to normal. Among these, three stress
response proteins (HSP90beta, GRP78, and GRP94) were upregulated and three glycol-
ysis-related proteins (enolase, glyceraldehyde 3-phosphate dehydrogenase, and fructose
biphosphate aldolase) were downregulated [54]. This study indicated an impaired gly-
colytic metabolism and an increased stress response in OA chondrocytes, both of which
have been reported previously to be implicated in cartilage degradation [55, 56].

With the goal of searching for new OA biomarkers, intensive proteomic profiling
studies have focused on bodily fluids from OA and non-OA individuals. Fernandez-
Puente et al. measured protein levels in serum from 50 moderate OA patients, 50
severe OA patients, and 50 non-symptomatic controls using isobaric tags for rela-
tive and absolute quantitation iTRAQ) and matrix-assisted laser desorption/ioniza-
tion (MALDI)-TOF/TOF mass spectrometry. They identified 349 total proteins in
serum, and of these, 6 were modulated only in moderate OA, 13 only in severe OA,
and 7 in both groups. In addition to COMP, most of these differentially expressed
proteins were novel candidate biomarkers for OA including a few complement com-
ponents, lipoproteins, von Willebrand factor, tetranectin, and lumican [57]. Han
et al. analyzed synovial fluid samples from 36 OA patients and 24 rheumatoid
arthritis (RA) patients. Three protein peaks were identified and able to differentiate
between OA and RA patients at a sensitivity of 89.4 % and a specificity of 91.2 %
by artificial neural networks analysis. One peak was identified as S100A12 which
was also reported to be upregulated in human OA elsewhere [58]. Ritter et al. per-
formed a proteomic analysis of knee synovial fluid from 20 OA patients and 10
controls. Sixty-six proteins were differentially present in both OA and control
synovial fluid. Analysis showed that these proteins were associated with the acute-
phase response pathway, the complement pathway, and the coagulation pathway
[59]. The complement pathway has been identified in numerous studies to play a
critical role in the pathogenesis of OA and a potential biomarker [60].

While a considerable amount of candidate protein markers have been identified
from proteomic studies, the studies are not sufficiently consistent. For example,
there was less than 25 % reliability of the synovial fluid protein list between Ritter
et al. and Kamphorst et al. studies [59, 61]. However, proteomics has emerged as a
powerful approach to identify proteins in pathological conditions and to discover
new potential biomarkers.
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Metabolomic Biomarkers

Metabolomics, defined as large-scale profiling of small molecular metabolites pres-
ent in a cell, tissue, body fluids, or any biological system, has opened new avenues
for biomarker identification [62]. Metabolites include various low-molecular end
products of diverse cellular processes, such as lipids, amino acids, peptides, vita-
mins, organic acids, carbohydrates, and nuclear acids. The levels of metabolites are
considered to be the ultimate response of biological systems to genetic, environ-
mental, and lifestyle factors under normal or diseased states. Current commonly
used methods for studying metabolomics are nuclear magnetic resonance and mass
spectrometry, along with gas chromatography, liquid chromatography, or capillary
electrophoresis for sample separations.

Zhai and coworkers utilized targeted metabolite profiling to investigate the asso-
ciation of metabolite ratios in serum with the development of knee OA. They found
14 ratios that were significantly associated with knee OA at discovery stage in their
cohort. By replicating this study in the Chingford cohort, two of these 14 ratios
(valine/histidine and xleucine/histidine) were successfully confirmed to correlate
with radiographic severity of OA. Mechanically, as these branched-chain amino
acids (BCAAs) including valine and xleucine could not be synthesized by the body,
an increase in BCAAs metabolites implied the breakdown of collagen [63]. This
was the first study using serum-based metabolomics and demonstrated that the
BCAAS to histidine ratio have potential clinical use as an OA biomarker.

Jiang et al. reported a mass spectrometry-based metabolic study to identify the
global metabolic defects in the serum of four major types of arthritis including RA
(n=27), OA (n=27), ankylosing spondylitis (n=27), and gout (n=33) compared
with healthy control subjects (n=60). They identified a global metabolic profile in
all arthritic patients, suggesting these four types of arthritis share common metabolic
defects possibly resulting from joint inflammation. Meanwhile, a unique metabolic
signature, potential biomarker for diagnosis, was discovered for each type of arthri-
tis. This report demonstrated the applicability of metabolomic profiling as a novel
diagnostic tool for arthritis including OA, along with current clinical detection
methods [64]. Another group conducted a global metabolite profiling of conditioned
medium of synovial tissue cultures from patients with severe OA or non-OA patients
undergoing ligament or meniscal repair. They identified 13 compounds significantly
elevated in the end stage OA group [65]. Given the difficulty in translating synovium
culture method into clinical practice, they also performed metabolomics on ankle
synovial fluid of patients with and without ankle OA. One hundred and six metabo-
lites were significantly elevated in the OA sample, representing abnormalities in
almost all pathways involving metabolism including amino acid, carbohydrate,
mitochondrial oxidation, lipid, peptide, vitamin, nucleotide synthesis, and redox
homeostasis [606].

Taken together, these studies have linked abnormal metabolic changes to the
pathogenesis of OA, and metabolomics have proven to be a new robust tool for
biomarker discovery in OA. This is in accordance with the emerging new subtype
of OA, metabolic syndrome OA, which has recently been recognized because of the
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increased incidence of OA in patients with metabolic syndrome such as dyslipid-
emia, hypertension, obesity, and type 2 diabetes. Therefore, biomarkers identified
by metabolomics will also help discriminate between different OA subtypes.

MicroRNAs Biomarkers in Osteoarthritis

MicroRNA and Its Biogenesis

MicroRNAs (miRNAs) belong to the family of small noncoding RNAs, about
19-23 nucleotides long when eventually processed as functioning mature
miRNA. Though not coding for proteins, miRNAs play important roles in regulat-
ing gene expression at the posttranscriptional level through complementary base-
pairing within 3’ untranslated region (3’UTR) of target mRNA [67]. According to
miRNA databases, the targeting strategy between miRNAs and mRNAs is not sim-
ply a one to one relationship, rather, one mRNA can be synergistically targeted by
multiple miRNAs or a single miRNA can target multiple genes [68, 69]. There are
more than 2,000 annotated miRNAs from the human genome and the number is still
increasing. It is estimated that human miRNAs regulate as much as 60 % of genes
and play pivotal roles in various physiological processes such as cell proliferation,
differentiation, genomic stability, metabolism, apoptosis, and aging. Not surpris-
ingly, deregulation of miRNA has been associated with many pathological condi-
tions including OA [70].

There are three forms of miRNAs which are long primary miRNAs (pri-miRNA),
hairpin precursor miRNAs (pre-miRNA), and short mature miRNAs. In the nucleus,
the miRNA gene is transcribed into large pri-miRNA which is subsequently cleaved
by Drosha, an RNase III enzyme, to make pre-miRNA. Pre-miRNA is a 70-125
nucleotide long hairpin structure with 2 nucleotides overhanging at the 3’ end. It is
then exported by RanGTP and exportin5 proteins into the cytoplasm where it is
processed by a second RNase III enzyme Dicer, to form the short mature miRNA. At
this point, it is incorporated into an RNA-induced silencing complex to induce tar-
get mRNA degradation and protein translation depression [71].

MicroRNA Biomarkers in Joint Tissues

The critical role of miRNA regulation during skeletal development has been high-
lighted by a study with Dicer-null mice where chondrocytes from these mice dis-
played reduced proliferation and accelerated differentiation into cell hypertrophy [72].

MiR-140 is the most studied miRNA involved in OA. It was first reported as
cartilage-specific miRNA in mouse and directly targeted HDAC4 [73]. Microarray
profiling by Miyaki et al. discovered that miR-140 was upregulated during chon-
drogenesis but downregulated in OA chondrocytes compared to normal [74].
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A further study demonstrated that IL-1p treatment of normal chondrocytes sup-
pressed miR-140 expression, while overexpression of miR-140 downregulated
IL-1p-induced ADAMTSS expression and rescued the IL-13-dependent repression
of AGGRECAN gene expression. An additional study in vivo in mice by the same
group showed that MiR-140-null mice developed age-related OA-like phenotypes,
including proteoglycan loss and articular cartilage fibrillation. The crucial role of
miR-140 in OA cartilage protection was further demonstrated by resistance to anti-
gen-induced arthritis through miR-140 overexpression [75]. Meanwhile, another
group identified matrix metalloproteinases-13 (MMP-13) and insulin-like growth
factor-binding protein 5 as two more targets for miR-140 [76]. NFAT3 and SMAD?3
seemed to activate and repress miR-140 expression respectively, providing novel
strategies for treating OA [77].

Similar as miR-140, miR-27b has been shown to be downregulated in IL-1p-
stimulated OA chondrocytes. MiR-27b directly targeted MMP-13, indicating that
decreased miR-27b might be responsible for the overexpression of MMP-13 in
response to IL-1p [78].

Yamasaki et al. reported expression of miR-146a in early-stage OA cartilage
compared to normal. Interestingly, miR-146a levels were decreased in later stage
OA when Mankin scores were increased [79]. MiR-146a is inducible by IL-1p stim-
ulation in normal human chondrocytes, by lipopolysaccharide in THP-1 cells and
by mechanical pressure injury [79-82]. MiRNA-146a has also been linked to pain
by modulating inflammatory cytokines such as tumor necrosis factor-alpha (TNF-
o), COX-2,iNOS, IL-6, IL-8, RANTS, and ion channel TRPV 1. Therefore, miRNA-
146a may serve as target for therapeutic intervention to alleviate OA-related pain
[83, 84].

Using human miRNA gPCR array, a few studies have examined the expression
of hundreds of miRNAs in chondrocytes, cartilage, or bone tissue. Iliopoulos et al.
measured the expression of 352 miRNAs in OA versus normal cartilage. They found
that 16 miRNAs were deregulated in OA cartilage and were able to distinguish OA
chondrocytes from normal chondrocytes. Among these, nine miRNAs were upregu-
lated and seven downregulated. Interestingly, levels of five miRNA (miR-22, miR-
103, miR-25, miR-337, and miR-29a) statistically correlated with body mass index
(BMI), suggesting the potential role of these miRNA in lipid metabolism and OA
pathology [85]. In another study, Jones and associates identified that some miRNAs
were differentially expressed in late-stage human OA, 17 in cartilage, and 30 in
bone. Further functional analysis revealed that miR-9, miR-98, and miR-146 might
play a role in inflammatory regulation mediating IL-1p-induced TNF-a production
and MMP-13 secretion [81]. Another study conducted a profiling of 723 miRNAs
in cultured chondrocytes and discovered 1 upregulated (has-miR-483-5p) and 6
downregulated (hsa-miR-149, hsa-miR-582-3p, hsa-miR-1227, hsa-miR-634, hsa-
miR-576-5p, hsa-miR-641) miRNAs in OA chondrocytes versus controls [86].

Given the essential regulatory roles of miRNAs in mRNA stability and protein
translation, identification of differentially expressed miRNAs in OA joint tissue will
deepen our understanding of the mechanism underlying cartilage degradation and
OA pathology. Moreover, aberrantly expressed miRNAs involved in the pathogen-
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esis of OA could serve as potential therapeutic targets to treat OA, as well as diag-
nostic biomarkers.

Promising Circulating MicroRNA Biomarkers

Majority of miRNAs exist and function intracellularly; however, non-tissue and
cell-free circulating miRNAs are also present in extracellular compartments in all
tested body fluids such as serum, plasma, synovial fluid, urine, cerebrospinal fluid,
and saliva [87]. Unlike mRNA and other nuclear acids, miRNAs in human plasma
and serum are highly stable and protected from ribonuclease digestion [88]. In addi-
tion to its stability, other distinct advantages associated with using miRNAs as bio-
markers include high sensitivity, easy accessibility, and detection. Therefore,
attention has been drawn to the development of circulating miRNAs as clinical bio-
markers in OA [89-90].

In 2010, Murata et al. first investigated the presence of miR-16, miR-132, miR-
146a, miR-155, and miR-223 in plasma and synovial fluid, as well as their high stabil-
ity under multiple freezing—thawing cycles [91]. They found that both synovial fluid
and serum miRNAs were quite stable for storage at —20 °C and were still stable after
as many as eight freeze—thawing cycles from —20 to 4 °C. The concentrations of the
five miRNAs in synovial fluid were found to be much lower than those in plasma in
both OA and RA patients. In addition, there was no correlation between plasma and
synovial fluid miRNAs. Finally, the authors reported that the levels of miR-132 in
plasma of both OA and RA were significantly reduced compared to normal [64].

Subsequently, a 3 miRNAs signature consisting of miR-454, miR-885-5p, and
let-7e was identified in serum which could predict the risk of developing severe
knee or hip OA [92]. This study followed 816 individuals over a 15-year period and
assessed the occurrence of severe knee or hip OA using total knee or hip arthro-
plasty, with at least one joint as a definitive outcome. At follow-up, 67 individuals
had developed severe knee or hip OA. In the initial screening, Tagman qPCR array
analyses of 377 miRNAs were performed in 13 individuals with severe OA versus
13 controls matched for sex, menopausal status, age, and BMI. Screening results
revealed that 12 miRNAs were differentially expressed, which were subsequently
validated in the entire cohort by Tagman qPCR. Validation showed that miR-454,
miR-885-5p, and let-7e were strongly associated with the development of severe
OA. Let-7e appeared to be the most promising biomarker to predict severe
OA. Another study identified 12 differentially expressed miRNAsS in the plasma of
54 patients with primary OA at early and intermediate stages (stages 2 and 3, respec-
tively), indicating the value of these miRNAs as disease progression markers.
Analysis showed that these miRNAs could regulate mRNAs that are crucial in
chondrocyte maintenance and differentiation, including SMADI, IL-1p, COL3A,
VEGFA, and FGFR1 [93].

The origin and functions of circulating miRNAs remain largely unknown. It is
widely believed that these miRNAs might be released directly from blood cells into
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Table 9.3 Potential OA miRNA biomarkers in body fluids. Shown are potential miRNAs
biomarkers identified in body fluids from OA patients compared to controls with statistical
significance (p <0.05)

Differentially expressed Research
Types of fluid miRNAs (p <0.05)/FC population References
Plasma and miR-132 down/NA 30 OA, 30 normal Murata et al. [91]
synovial fluid
Serum Let- 7e down/0.75 67 severe OA, Beyer et al. [92]
miR-454 down/0.77 749 non-OA
Plasma miR-93 up/3.18 27 OA, 27 normal Borgonio Cuadra
miR-126 up/3.96 et al. [93]

miR-146a up/2.96
miR-184 up/2.47
miR-186 up/4.44
miR-195 up/3.53
miR-345 up/3.51
miR-885-5p up/3.51

Abbreviations: FC fold changes compared to controls, down downregulated, up upregulated

the bloodstream or from circulating cells from damaged tissue at disease states [94].
Murata et al. also reported that the expression patterns of four miRNAs (miR-16,
miR-132, miR-146a, and miR-223) in synovial fluid are similar to those in synovial
tissue from OA patients, suggesting that synovial tissue might release miRNAs
directly into the surrounding extracellular environment through an unknown mecha-
nism [91]. Currently, it is not clear if the secretion of miRNA from synovial tissue
is certain miRNA selective or is merely a universal mechanism for all miRNAs.
Further studies are also required to clarify the correlation of circulating miRNAs in
synovial fluid to OA disease activity as well as to explore the feasibility of use cir-
culating miRNAs as biomarkers in clinical practice (Table 9.3).

Conclusions

Despite much active research into various OA biomarkers, there is no single bio-
marker that is sufficiently well validated and recognized to diagnose OA or aid the
progression of individuals with or without OA [95]. In a systematic review applying
the BIPED classification, van Spil and associates indicated that uCTX-II and serum
COMP seemed to have the best performance and promise of all commercially avail-
able OA biomarkers [6]. However, the authors commented on the current limitations
of OA biomarker studies including an overall lack of consistent evidence, differ-
ences between the clinical trial populations versus population-based cohort studies,
and differences in sample collection and possible publication bias [6]. Presently, no
OA biomarker is consistent to function as an OA outcome measure in clinical trials
as a secondary or supportive endpoint [96]. As a result, the European Society for
Clinical and Economic Aspects of Osteoporosis and Osteoarthritis (ESCEO)
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convened a meeting in October of 2012 to discuss the direction of future research in
OA biomarkers. The ESCEO group outlined 3 areas of future research including
mechanisms of disease and development of new biomarkers, assays and technologi-
cal development, and prognosis and risk. Briefly, ESCEO discussed research into
the underlying mechanism of disease to validate existing biomarkers and identify
new candidates, improve assays and standardize protocols that can accurately and
reproducibly measure OA biomarkers in serum or urine, and identify biomarkers for
early stages of OA so treatments can be started to slow down the progression of OA
[95]. Furthermore, future research advancements and refinements in genetic, pro-
teomic, and metabolomics approaches, as well as identification and validation of
panels of biomarkers that may be correlated with imaging modalities, may provide
improved diagnosis, prediction, and understanding of the pathogenesis of OA [97].
Today, there remains a need for more active research in the area of OA
biomarkers.
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Chapter 10
Drug/Agent Treatments for Osteoarthritis:
Present and Future

Camille Roubille, Jean-Pierre Pelletier, and Johanne Martel-Pelletier

Key Points

Osteoarthritis (OA) management is currently based on a wide spectrum of
therapeutic options to relieve pain, but other OA drugs with disease-
modifying properties (DMOADs) are being developed.

There are presently agents that are symptomatic slow-acting drugs for OA
(SYSADOA), which not only reduce joint pain but could also slow the
structural disease progression in the joint.

Targeting cartilage changes (catabolism and anabolism), subchondral bone
remodeling, and synovial inflammation are the three main thrusts of
research in DMOAD development. Promising emerging therapies include
platelet-rich plasma (PRP), bone remodeling modulators, and inflamma-
tory inhibitors.

OA should be considered a dynamic process and may be a systemic disease
with several tissues and pathways to target for DMOAD development.
With the advent of DMOADs, physicians should aim at treating the
“patient” rather than the “disease.” Combining therapeutics at both local
and systemic levels to impact both symptoms and joint structural changes
will likely be the future strategy instead of a sole drug, at least at the begin-
ning of the treatment.

Selectively targeting some phenotypes of OA patients evidenced by sensi-
tive tools, such as magnetic resonance imaging (MRI), may allow the
development of DMOADs based on personalized medicine.
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Introduction

OA is the most common form of arthritis resulting in pain and reduced quality of
life. While a structure-modifying treatment remains the highest unmet need in OA,
several symptomatic treatments are already available on the market. A multimodal
approach combining non-pharmacological and pharmacological treatment is at
present the best option for OA management, yet the current options only relieve
pain. While the overall goal in OA management is to slow the natural progression
of structural damage, a global approach should be considered as OA is a dynamic
process involving the main tissues of the joint. In brief, OA is a whole joint dis-
ease characterized by degradation and loss of articular cartilage, hypertrophic bone
changes with osteophyte formation, subchondral bone remodeling, and inflamma-
tion of the synovial membrane. Advances in the understanding of the pathological
process have contributed to underlining the interconnection between the three joint
tissues as well as to defining certain phenotypes. Finding novel therapeutics that
will modify the structural changes occurring in the joint tissues during the disease
process is one of the most exciting challenges in the field of rheumatology, but
the development of new OA treatment requires innovative and global approaches.
Such new strategies would be cost-effective by reducing the need for pharmaco-
logical interventions and surgical management, while targeting specific pathways
leading to OA.

Currently, symptomatic therapies include mostly analgesics such as acetamino-
phen, non-steroidal anti-inflammatory drugs (NSAIDs), duloxetine, and intra-articular
injections of corticosteroids and of hyaluronate. With regard to the development of
disease-modifying OA drugs or agents (DMOAD:s), targeting cartilage changes
(catabolism and anabolism), subchondral bone remodeling, and synovial inflamma-
tion are the three main thrusts of research. The present review will focus on the con-
ventional pharmacological treatments and on future therapies with DMOADs.

Currently Available Pharmacological Therapies

Because OA is a chronic disease, more common in people older than 60, safety
remains critical. Guidelines for the medical management of OA focus on control-
ling pain and improving the function and quality of life while minimizing thera-
peutic toxicity [1-3]. For hand OA, the American College of Rheumatology (ACR)
guidelines [4] recommend topical capsaicin, topical NSAIDs, oral NSAIDs includ-
ing cyclooxygenase (COX)-2 inhibitors, and tramadol. They also advise not to use
opioids or intra-articular treatments for that condition. For knee and hip OA, acet-
aminophen, oral NSAIDs, topical NSAIDs (except for hip OA), tramadol, and intra-
articular steroid injections are recommended [4].
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Rapid-Acting Symptomatic Agents

The rapid-acting symptomatic treatments for OA consist mainly of analgesics and
NSAIDs.

Analgesics

Acetaminophen remains the first-line therapeutic agent for OA [2] because of its
low cost, as well as its efficacy and safety profile. It is recommended that it
should be the preferred long-term oral analgesic to be used [1]. It has been
reported that acetaminophen is less effective at relieving OA than NSAIDs [5]
but more effective than placebo. However, this was not confirmed when using
the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC)
and the Lequesne index [6]. The preferred use of analgesics in OA should take
into account the clinical context in which such treatment is prescribed. Indeed,
significant adverse effects of acetaminophen have been reported, including gas-
tric ulcerations and bleeding, increased risk of mild loss of renal function with
long-term consumption, and hypertension for doses up to 3 g per day [7-9].
Furthermore, even at therapeutic doses, acetaminophen could cause asymptom-
atic elevation of liver enzymes in healthy people [10]. It is recommended that
acetaminophen should not be used in patients who have existing liver dysfunc-
tion or such risk factors. Based on the above information, it is recommended
that the lowest effective dose of acetaminophen to obtain pain relief should
be used.

Opioids

Opioids have become more widely prescribed (often in combination with acetamin-
ophen), especially for OA patients who experience lack of efficacy, have contrain-
dications or intolerance to NSAIDs [2], and cannot undergo total joint arthroplasty
because of comorbidities contraindicating surgery and anesthesia [4]. It is common
to start with a weak opioid such as codeine or tramadol, often in combination with
acetaminophen and, if ineffective or not tolerated, to use a stronger opioid such as
hydrocodone, oxycodone, morphine, or transdermal fentanyl. However, opioids
show several, sometimes severe, adverse events, resulting from binding of opioids
to §, K, and p receptors that also cause analgesia, including sedation, vomiting, and
respiratory depression. Coordination and judgment impairment can lead to falls,
particularly in older adults who are more susceptible to opioid-related effects due to
renal insufficiency and lower lean body mass. In elderly people, opioids may cause
severe injuries from falls, such as hip fractures or even death. Fracture risk appears
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to be greater with opioids than with NSAIDs in older people and increases with
higher opioid dosage, especially during the first 2 weeks after initiating short-term
opioid therapy [11]. Moreover, it seems that opioids do not improve patients’ func-
tioning [12] or quality of life. The benefits of using opioids should be weighed as
judiciously as possible.

Duloxetine

Another analgesic, duloxetine, may improve knee OA pain as well as function
[13]. Duloxetine is a selective serotonin and norepinephrine reuptake inhibitor,
but the direct analgesic effect is independent of improvement of depression or
anxiety. Serotonin and norepinephrine have been involved in the mediation of
endogenous descending inhibitory pain pathways and central sensitization. In
chronic pain states, their inhibitory effect is reduced or lost, leading to pain facil-
itation. Thus, duloxetine, by inhibiting their reuptake, can increase their activity
and reduce persistent and chronic pain in OA [14]. Duloxetine was found to
improve knee OA pain as well as function, as evaluated by clinically relevant
outcomes in two 13-week trials [13]. The main adverse events include nausea,
constipation, and hyperhidrosis. Duloxetine is recommended [4] as an alternative
treatment for patients with symptomatic knee OA who have failed to respond to
both pharmacological and non-pharmacological options. Controlled trials to
compare duloxetine with other interventions in OA and to evaluate its efficacy in
combination with other therapies may be useful to enhance prospective
treatment.

NSAIDs

Other rapid symptomatic treatments that aim to block or reduce joint inflamma-
tion are the NSAIDs and specific cyclooxygenase-2 (COX-2) inhibitors, also
named coxibs. These are recommended for patients who are unresponsive to
acetaminophen, preferentially during inflammatory flares [2]. The use of
NSAIDs is limited by gastrointestinal, renal, and cardiovascular side effects,
which increase with age due to comorbidities. Coxibs demonstrate fewer gastro-
intestinal complications than NSAIDs but pose a potential cardiovascular risk
[15]. The absence of COX-2 in platelets may explain that thromboxane A2
(TXA2) generation is unaffected as it is mediated by COX-1, whereas prostacy-
clin production is inhibited. A coxib-induced imbalance based on an inhibition
of COX-2-generated prostacyclin, without an opposing reduction in TXA2, has
been one hypothesis to explain the coxib-related cardiovascular risk. This
imbalance could create continued TXA2 production and increased risk of
thrombosis. Another explanation could be that some coxibs have been found to
increase blood pressure.
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Topical Treatments

Adjuvant therapies are interesting means that could be used to decrease analgesic
consumption. NSAIDs can be used orally or topically with similar efficacy.
Topical NSAIDs have been reported to be as effective as oral NSAIDs [16, 17],
with a lower risk of systemic exposure and gastrointestinal complications. Their
principal reported side effect is local skin reactions. They are recommended as
alternative or adjuvant therapy [2], and ACR guidelines recommend them for the
initial management of knee OA and prefer them to oral NSAIDs for patients older
than 75 [4].

Capsaicin, the active principle of hot chili peppers, can cause depletion of sub-
stance P from sensory nerve endings and reduce or abolish the transmission of pain-
ful stimuli. However, its effectiveness and safety in pain relief remain controversial
[18]. A burning sensation is the most common side effect, particularly during the
first week of application [18]. It is still unclear if long-term capsaicin treatment can
cause persistent desensitization of the skin, which may not be totally reversible.
Capsaicin is recommended by guidelines for the initial management of hand OA but
not of knee OA [1, 4].

Lidocaine patches, which are approved for postherpetic neuralgia, were also
reported to reduce neuropathic pain associated with moderate-to-severe OA of the
knee, without any reported treatment-related adverse effects [19].

Intra-articular Treatments

Corticosteroids are potent anti-inflammatory drugs that inhibit, among other fac-
tors, phospholipase A2. Intra-articular corticosteroid injection is recommended
for OA inflammatory flares, especially if accompanied by effusion [2]. Short-term
pain reduction in knee OA occurs between 2 and 3 weeks but has no significant
effect on function. The Cochrane Review [20] reported that after 4 weeks, there
was no effect on pain, physical function, or stiffness. However, repeated injections
of intra-articular corticosteroids every 3 months for 2 years showed efficacy for
pain relief after 1 year but not after 2 years [20]. Long-term safety of repeated
intra-articular steroid injections in symptomatic knee OA has been demonstrated
with improvement of OA symptoms up to 2 years [21]. Comparisons between
corticosteroids revealed that triamcinolone hexacetonide was superior to beta-
methasone [20].

Hyaluronic acid (HA) is a constitutive glycosaminoglycan (GAG) component of
the extracellular matrix and of the synovial fluid. HA is involved in the maintenance
of joint homeostasis and its concentration is reduced in OA patients. Intra-articular
HA injection (viscosupplementation) is recommended for knee OA patients who
have had an inadequate response to initial therapy [4], despite possible induced
transient pain and swelling at the injection site [22]. Compared with intra-articular
corticosteroids, viscosupplementation has a delayed but prolonged effect [22].
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Slow-Acting Symptomatic Drugs

Disease-modifying agents that not only reduce joint pain but also could slow
the progression of the disease are of interest to alleviate the manifestations of
OA in the long-term. Among the symptomatic slow-acting drugs for OA
(SYSADOA) are glucosamine and chondroitin sulfate. For the past 10 years,
glucosamine and chondroitin sulfate have been widely prescribed and used by
OA patients for symptom relief. They are safe and with possible structure-
modifying effects [2].

Glucosamine is a substrate used in the formation of GAGs (important constitu-
ents of articular cartilage) and shows a protective structural effect. The protective
effect of glucosamine on structural progression of knee OA was reported in two
studies exploring the radiological progression of knee OA after a daily administra-
tion of glucosamine for 3 years [23—27]. Chondroitin, a sulfated GAG, improves
joint swelling and delays progression in patients with knee OA evaluated by X-rays
[27, 28] or by magnetic resonance imaging (MRI) [29]. In the latter study, chondroi-
tin was shown to reduce cartilage loss and the progression of bone marrow lesions
(BML) [29].

Diacerein, an inhibitor mainly of interleukin-1f (IL-1f) but also of some prote-
ases, was shown to be effective in patients with knee [30] and hip OA [31].
Diacerein provides sustained pain relief for several weeks after discontinuation,
suggesting a long carry-over effect, with an analgesic-sparing effect [30]. Moreover,
the effect of diacerein was found to be additive to that of NSAIDs. Interestingly, it
did not inhibit COX or prostaglandin E,. Diarrhea is the most frequent adverse
event, which likely occurs due to prostaglandin synthesis induced by rhein, the
active metabolite of diacerein, leading to an increase in gut motility. It is safer than
NSAIDs for the upper gastrointestinal system and is therefore an alternative option
to NSAIDs for the treatment of OA as it has a good global safety profile.

Treatment with avocado-soybean unsaponifiables (ASU) was found to reduce
pain in knee OA, with a carry-over effect that persisted after treatment discontinu-
ation [32] and in hip OA to reduce the percentage of radiologically assessed pro-
gressors [33]. Inhibition of IL-1p and matrix metalloproteinases (MMPs), as well
as a potential action on subchondral bone osteoblasts, have been proposed as
potential mechanisms of action [33].

Perspectives: Disease-Modifying Osteoarthritis Drugs
(DMOADs)

No DMOAD has yet been approved, but some promising emerging agents can be
speculated to have DMOAD effects in the future. Several drugs are in development
or currently being tested in clinical trials. These treatments fall under one of the fol-
lowing categories.
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DMOADs Targeting Pathways of Cartilage Catabolism
and Anabolism

Metalloproteinase (MMP) Inhibitors

MMP inhibitors aim to block MMPs and extracellular matrix degradation, but clini-
cal trials were limited by various adverse events including musculoskeletal effects.
One of them, doxycycline, a member of the tetracycline antibiotics group with cal-
cium chelating effect, thus inhibiting some MMPs, demonstrated a minimal struc-
tural beneficial effect but no effect on pain [34].

Growth Factors: Bone Morphogenetic Protein-7 and Fibroblast Growth
Factor-18

Two growth factors involved in OA cartilage repair are currently in clinical trials:
bone morphogenetic protein-7 (BMP-7), also known as osteogenic protein-1 (OP-
1), and fibroblast growth factor-18 (FGF-18).

In vivo, in animal models, BMP-7 demonstrated reparative effects on articular car-
tilage degradation [35]. In vitro, human chondrocytes also promoted cartilage forma-
tion in response to BMP-7 treatment [36]. One completed Phase I trial using a weekly
intra-articular injection of BMP-7 found no dose-limiting toxicity. By the 12th week
of treatment, there was a trend toward a greater symptomatic improvement compared
to placebo in knee OA patients who received 0.1 and 0.3 mg of BMP-7 [37].

In a meniscal tear rat model of OA, bi-weekly intra-articular injections of FGF-18
for 3 weeks induced chondrogenesis and cartilage repair, with dose-dependent
increases in cartilage thickness of the tibial plateau [38]. Two Phase I studies have
been completed. A randomized, double-blind, placebo-controlled, proof-of-concept
trial evaluated the DMOAD effects of intra-articular administration of FGF-18 at
doses of 10, 30, and 100 pg [39]. Outcomes were central medial tibiofemoral com-
partment cartilage volume change assessed by gMRI, and loss of joint space width
(JSW) measured by X-rays, as well as the WOMAC pain and function scores after 6
and 12 months. FGF-18 was associated with a dose-dependent reduction in cartilage
volume loss, not in the medial compartment but in the lateral compartment. A reduc-
tion in the lateral JSW loss was also evidenced in the FGF-18 group compared to
placebo. All groups had improved WOMAC pain scores, with significance achieved
at 12 months in patients receiving a 100 pg dose of the growth factor compared to
placebo. Tolerance of the active treatment was good and no safety issue was observed.

Platelet-Rich Plasma

The rationale for using platelet-rich plasma (PRP) is that platelets contain storage
pools of growth factors, including transforming growth factor-p (TGF-f), platelet-
derived growth factor (PDGF), and vascular endothelial growth factor (VEGF), as
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well as cytokines, chemokines, and other mediators [40], which are currently
thought to accelerate the natural healing process and promote cartilage repair after
local injection. Moreover, as TGF-f and PDGF can stimulate the proliferation of
mesenchymal stem cells (MSCs), these factors may direct the local mesenchymal
and epithelial cells to migrate, divide, and increase collagen and matrix synthesis
[41]. Nevertheless, the exact mechanism of how PRP could improve cartilage heal-
ing in OA remains to be determined. It is suggested that PRP may have an indirect
effect by reducing synovial inflammation and modulating cytokinic local environ-
ment or a direct effect by stimulating the chondral anabolism and slowing the cata-
bolic activity [42]. Indeed, growth factors contained in PRP may increase expression
of the chondrocyte phenotype and stimulate the differentiation of MSCs as well as
reduce IL-1 synthesis. Moreover, platelet-released growth factors may regulate
endogenous HA synthesis [41], which could contribute to its action.

First reports of PRP efficacy in musculoskeletal conditions concerned sports-
and overuse-related injuries, such as tendinitis, acute rotator cuff tears, and knee
cartilage lesions [43]. Nowadays, a growing literature portrays PRP as a simple,
low-cost, minimally invasive, and promising therapy for knee OA because of its
potential for articular cartilage repair. However, high-quality studies sufficiently
powered to support such postulate are lacking [42]; indeed, the literature contains
mostly anecdotal reports and case series or studies of small sample size or uncon-
trolled studies [44—-47].

On the other hand, some studies compared PRP to HA for ethical reasons, while
others used placebo. Explanation of the data is also complicated by a lack of stan-
dardization of study protocols, especially PRP preparation and subsequent variabil-
ity in platelet concentrations, as well as platelet activation status. Some used fresh
PRP, avoiding cold storage which is thought to potentially alter platelet function
[42], while others preferred to freeze PRP and delay intra-articular injection to
assess the sample quality [48]. Moreover, the role of white blood cell (WBC) filter-
ing during PRP preparation remains uncertain as WBCs are not only a source of
cytokines and enzymes but can also release proteases and reactive oxygen [48].
Additional issues are the number and frequency of injections for optimal results and
for which OA patients this therapy would be the most effective [42]. Future clinical
trials are needed to address these issues.

Three main clinical trials in knee OA, two comparing PRP to HA and one to
placebo, have been published [42, 48, 49]. The first one [48] compared the PRP
treatment (three weekly injections) at 2, 6, and 12 months to HA. PRPs were
obtained through a double-spinning procedure providing a high concentration of
platelets but also containing WBCs and were frozen before injection. Both groups
improved and no statistical differences were found between HA and PRP patients.
A trend favoring the PRP group was noted only in patients with low-grade articular
degeneration (KL grade up to 2) at 6 and 12 months. The second one [49] compared
plasma rich in growth factors (PRGF), a single spinning procedure providing WBC-
free PRP with a low platelet concentration, with HA at a short-term follow-up of 24
weeks, both administered three times on a weekly basis. The primary outcome mea-
sure was a 50 % decrease in knee pain from baseline to week 24. Compared with
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HA, the rate of response to PRGF was significant at 14.1 percentage points higher.
However, no significant differences were found between PRGF and HA groups with
regard to all secondary outcomes measured, including WOMAC. More recently,
Patel et al. [42] evaluated patients with knee OA divided into three groups, one
receiving a single injection of PRP (WBC filtered), one receiving two injections of
PRP 3 weeks apart, and one receiving a single injection of saline as placebo control.
WOMAC, visual analogue scale (VAS) pain score, and overall satisfaction were
measured at 6 weeks, and at 3 and 6 months. Both groups treated with PRP com-
pared to the placebo group had statistically significantly better results within 2—3
weeks lasting up to 6 months.

It is noteworthy that all these studies described improvement in pain scores but
did not assess cartilage damage. However, given the rationale of using PRP in OA,
partly based on the fact that growth factors may influence cartilage repair through
their potential effects on stem cells, PRP may be a future DMOAD. For this reason,
investigation of its structural effects in future trials is needed.

Blocking Nitric Oxide

Nitric oxide (NO) contributes to extracellular matrix damage in OA [50]. Inducible
NO synthase (iNOS) is responsible for excessive and sustained NO production by
chondrocytes. Selective inhibition of iNOS reduced the progression of experimental
OA in an animal model [51]. However, a recent 2-year randomized controlled trial
(RCT) (Phase II/IIT) of cindunistat, an oral iNOS inhibitor, showed no superiority
over placebo for rate of change in joint space narrowing (JSN) and no effect on pain
or function. Only a transient slowing of JSN was noted in KL grade 2 OA patients
at 48 weeks, which was not sustained at 96 weeks of follow-up. No slowing of OA
progression was evidenced in KL grade 3 OA patients [52].

DMOADs Targeting Subchondral Bone Remodeling

Subchondral bone is at the interface between articular cartilage and trabecular bone.
Loss of integrity of the osteochondral junction in OA removes the barrier between
intra-articular and subchondral compartments and is associated with the invasion of
articular cartilage by vascular channels originating from the subchondral bone. A
cross talk between subchondral bone and cartilage as well as an increased subchon-
dral turnover was shown to play a key role in the development of OA, and interest in
subchondral bone as a therapeutic target is growing [53, 54]. The potential DMOAD
effect of anti-osteoporotic agents is currently being explored in OA [55].

After promising preclinical findings in OA animal models, particularly in early
OA [56, 57], clinical trials with bisphosphonates in human OA have provided mixed
results. In a cross-sectional study in postmenopausal women with knee OA, alen-
dronate and estrogen therapy decreased the frequency of BMLs detected by qMRI,
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and alendronate use alone was associated with less severity of knee pain [58]. In a
double-blind 1-year trial in patients with mild-to-moderate knee OA, risedronate
decreased the WOMAC score, but the reduction in JSN was found to be non-
significant compared to placebo [59]. In contrast, a 2-year clinical trial found no
significant effect of risedronate on WOMAC score or radiographic progression
[60]. On the other hand, in a gMRI study in knee OA patients, a significant reduc-
tion in pain and BMLs at 6 months after a single infusion of zoledronic acid com-
pared to placebo was reported [61].

While most commonly used osteoporosis treatments including bisphosphonates
act by inhibiting bone resorption, another class of agents, strontium ranelate
(SrRan), not only decreases bone resorption but also increases bone formation and
is currently portrayed as the first potential DMOAD. In vitro, SrRan was found to
inhibit the resorptive properties of human subchondral bone osteoblasts by reducing
the synthesis of some MMPs and modulating osteoprotegerin (OPG) and receptor
activator of nuclear factor-xB ligand (RANKL) levels [62]. SrRan was also reported
to stimulate cartilage matrix formation by human chondrocytes in vitro [63]. In
vivo, in an experimental dog OA model, therapeutic dosages of SrRan significantly
reduced the progression of OA structural changes and inhibited the expression of
IL-1p and key proteases involved in cartilage degradation [64]. Together, these data
suggest that SrRan could target the three major tissues involved in OA, namely, the
cartilage, subchondral bone, and synovium. In clinical studies, SrRan was found to
reduce the radiological progression of spinal OA and back pain in women with
osteoporosis and OA after a 3-year treatment [65]. A 3-year double-blind, random-
ized trial demonstrated that treatment with SrRan was associated with a significant
protective effect on joint structure and clinically relevant improvement of symptoms
in patients with knee OA [66]. In brief, the groups treated with SrRan at both 1 g/
day and 2 g/day had less JSN and fewer radiological progressors compared to pla-
cebo. In addition, patients treated with SrRan 2 g/day had a greater reduction in
WOMAC total score, as well as pain and physical function subscores, than those
receiving placebo. Treatment with SrRan 2 g/day over 3 years was also associated
with a clinically meaningful improvement in pain starting at 6 months, as well as
physical function and stiffness as assessed by the number of responders above
thresholds of clinical relevance [67].

A subgroup of patients from that trial was included in a study exploring the effect
of SrRan on cartilage volume loss and BMLs using qMRI [68]. Data showed that
SrRan has a beneficial impact on both cartilage and subchondral bone. As in vitro
and in vivo data [62—-64] demonstrated that SrRan has combined anti-catabolic and
pro-anabolic properties, although speculative, SrRan could have a direct impact on
cartilage as well as a positive effect on the cross talk between subchondral bone and
cartilage. The loss of osteochondral integrity may expose the cartilage to mediators
released from subchondral channels stimulating chondrocytes, combined with a
possible direct effect on the chondrocytes, and may partly account for the impact of
SrRan on cartilage loss, in addition to its preponderant effect on BMLs.

The data on the DMOAD properties of SrRan open the door to other promising
bone pathways to target OA. Hence, targeting the OPG/RANKL system, which is
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critical for bone turnover [54, 69, 70], appears interesting. RANKL, localized on
osteoblasts, enhances osteoclastogenesis via interaction with the receptor RANK,
localized on osteoclasts. OPG, produced by osteoblasts, is a secreted decoy receptor
for RANKL that serves as a physiological inhibitor of RANKL-driven osteoclast
activities. Data showed that OPG, RANK, and RANKL are also expressed and pro-
duced by human chondrocytes [71], and on human OA chondrocytes, the OPG/
RANKL ratio was reduced whereas the RANK/RANKL ratio was increased [71].
An imbalance in the OPG/RANKL system, both in synovial fluid and serum, has
been associated with OA severity [72]. The pro-resorptive effect of RANKL on the
osteoclastogenesis process could therefore be targeted by the use of either OPG or
an anti-RANKL antibody. A study carried out in an experimental mouse model of
OA revealed, upon OPG administration, reduced cartilage degradation through an
effect on the trabecular bone [73]. The potential of RANKL inhibition as a DMOAD
is therefore interesting. Denosumab is a fully human IgG2 monoclonal antibody
that binds human RANKL with a high affinity and which has been approved for use
in postmenopausal osteoporosis [74] and in oncology. By analogy, in rheumatoid
arthritis (RA), a Phase II trial evaluated the effects of denosumab in addition to
methotrexate on structural damage. At 6 months, the increase in the MRI erosion
score from baseline was lower in patients receiving 60 mg of denosumab and
significance was reached with 180 mg of denosumab compared to placebo [75].
Denosumab has not yet been evaluated as a DMOAD.

Cathepsin K inhibitors may also be prospective DMOAD:s. In preclinical mod-
els, cathepsin K inhibition showed beneficial effects on protection of subchondral
bone loss and against cartilage degradation and suggested reduced osteophyte for-
mation [76].

The use of parathyroid hormone (PTH) as a DMOAD is also conceivable but has
not yet been evaluated. Recombinant human PTH 1-34, teriparatide, is a bone ana-
bolic therapy used for osteoporosis. In a mouse meniscal/ligamentous injury model
of knee OA, intermittent teriparatide systemic injections decreased cartilage degen-
eration and induced matrix regeneration [77].

Calcitonin also appears an option. In a Phase Ila clinical trial in knee OA [78],
oral calcitonin improved the Lequesne function score, whereas no difference was
found in terms of pain relief compared to placebo. Moreover, the nasal form of cal-
citonin was found to improve WOMAC total and subscale scores (pain, stiffness,
and function) [79]. This study was limited by the absence of a control group. A
2-year Phase III trial in knee OA patients resulted in the symptom-modifying effi-
cacy of oral calcitonin with a significant improvement in WOMAC pain, function,
and stiffness scores compared to placebo. With regard to structural effects, oral
calcitonin did not impact JSW, which was the primary endpoint, but significantly
increased cartilage volume compared to placebo, suggesting some structure-
modifying efficacy [80]. Another Phase III trial was terminated early, probably due
to an imbalance in prostate cancer events in male subjects. Of note, the European
Medicines Agency’s Committee for Medicinal Products for Human Use (CHMP)
recommended in 2012 that calcitonin therapy should only be used for short-term
periods because of an increased risk of cancer of 0.7-2.4 % with long-term use,
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especially with intranasal calcitonin [81]. This could limit the potential use of calci-
tonin as a DMOAD.

Vitamin D supplementation failed to reduce WOMAC pain or cartilage volume
loss assessed by qMRI compared to placebo in a recent 2-year knee OA trial [82].
Another work evaluating whether vitamin D supplementation can slow knee carti-
lage loss assessed by qMRI in OA patients is ongoing [83].

Targeting Inflammatory Pathways

Several proinflammatory cytokines play a pivotal role in the pathogenesis of OA. In
particular, IL-1p and TNF-« are key cytokines favoring the degeneration of articular
cartilage matrix, which makes them prime targets for OA treatment [84]. IL-1f
stimulates joint tissue to produce several proteases involved in cartilage degradation
and reduces the production of matrix macromolecules such as aggrecan. It was
recently reported that one IL-1 receptor antagonist (IL-1Ra) haplotype could be
associated with increased OA progression [85]. Targeting IL-1f in OA seems a logi-
cal approach to slow the disease progression, either directly with recombinant
human IL-1Ra, antibodies against the cytokine or its specific receptor, or through
gene therapy. Intra-articular injection of recombinant human IL-1Ra was found to
be protective against the development of induced OA in a dog model and associated
with a reduction in the expression of some MMPs [86], providing evidence of a role
of IL-1 in cartilage degradation. However, after a promising pilot clinical study [87]
reporting that intra-articular injection of anakinra (a recombinant non-glycosylated
version of the human IL-1Ra) was well tolerated in OA patients and improved pain
as well as WOMALC total scores through 3 months, Chevalier et al. [88] performed
a 12-week double-blind study assessing the efficacy of a single intra-articular injec-
tion of 50 mg or 150 mg of anakinra versus placebo in patients with moderate-to-
severe knee OA evaluated 4 weeks later. Anakinra was found to be safe and well
tolerated. Patients treated with anakinra showed no significant difference versus
placebo in score change from baseline to week 4 in the WOMAC index. However,
significant short-term pain relief was evidenced at day 4 with the 150 mg anakinra
injection compared to placebo. In this study, several factors could have negatively
impacted the evaluation of treatment response such as the inclusion of patients with
low-level pain at baseline; the short half-life of the drug, suggesting that repeated
injections are necessary to obtain a sustained symptomatic effect; and a strong pla-
cebo effect. Of note, the structural effect of such strategy has not been investigated,
and the absence of symptomatic effect does not mean absence of structural effect.
In contrast, 3 months of daily subcutaneous injections of anakinra in three patients
with erosive hand OA showed improvement of pain and disability [§9]. Additionally,
a double-blind, placebo-controlled RCT using a systemic administration of a mono-
clonal antibody (AMG 108) directed against the functional type 1 receptor of IL-1
demonstrated no significant difference in the level of pain at 6 weeks when com-
pared to the placebo [90]. However, a trend toward efficacy favoring AMG 108 was
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found in patients with high baseline WOMAC pain [91]. Additionally, although no
difference in the incidence of serious infections related to the reduction of neutro-
phil count was seen compared to placebo, such biological therapy may expose
patients to serious adverse events [91].

Briefly, most of the studies so far have failed to show a beneficial symptomatic
effect of IL-1p inhibition in OA. Recently, a Phase II proof-of-concept study assess-
ing the efficacy and safety of subcutaneous injections of gevokizumab, a potent
anti-IL-1p antibody, compared to placebo, in the treatment of active erosive OA of
the hand revealed no drug-related benefits after 6 months of treatment [92]. Another
study on the safety and effect on pain of a single intra-articular administration of
canakinumab, an anti-IL-1f monoclonal antibody, in patients with knee OA is com-
pleted but not yet published. Further studies evaluating the effect of anti-IL-1p,
especially of repeated intra-articular injections, for instance, on a weekly basis, or
of biologic agents with sustained half-life, are needed before burying the concept of
IL-1 inhibition in OA management [93]. Moreover, as mentioned above, studies
should evaluate the effect not only on pain but also on the joint structure, which is
the target benefit that we are looking for.

Another approach is the intra-articular injection of an autologous anti-
proinflammatory cytokine product named Orthokin, consisting of autologous con-
ditioned serum obtained after incubation with glass beads to induce the synthesis of
various anti-inflammatory cytokines such as IL-1Ra, IL-4, IL-10, and IL-13. Two
clinical studies provided controversial results. The first reported study failed to
show any difference between WOMAC, VAS, and Knee Injury and Osteoarthritis
Outcome Score (KOOS) pain scores between Orthokin and saline over 12 months
of follow-up [94]. The second demonstrated significantly better outcomes com-
pared to saline and to HA [95]. Further studies will be needed before considering
this technique in routine practice.

Targeting TNF-o in OA with infliximab and adalimumab has also been evaluated
in a few trials providing conflicting results. Two antibodies against TNF-o (adalim-
umab, infliximab) were also shown to relieve symptoms of hand [96] and knee OA
[97], but results are still controversial, as another study reported no significant
symptomatic or DMOAD structural effect of adalimumab in hand OA [98].

In an open-label pilot trial in 10 patients with erosive OA of the hands, monthly
intra-articular injections of infliximab reduced pain in all patients, without adverse
reactions after 1 year of follow-up [96]. In contrast, another open-label study [99] in
patients with erosive hand OA who received subcutaneous injections of adalim-
umab every 2 weeks for 12 weeks showed no improvement in the number of tender
joints, grip strength, disability, pain, and global disease assessment. However, there
was a statistically significant improvement in the number of swollen joints compared
to baseline. A clinical trial [98] in patients with erosive hand OA treated with sub-
cutaneous injections of adalimumab or placebo every 2 weeks for 12 months failed
to demonstrate the control of structural damage on radiography as similar percent-
ages of patients in both groups had either development of new erosions or progres-
sion of existing erosions. There were also no significant differences between groups
with regard to pain and swelling on palpation, grip strength, morning stiffness, pain
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severity score, and function. However, palpable soft tissue swelling in interphalan-
geal finger joints at baseline was identified as the strongest predictor of erosive
progression in these joints, and adalimumab was found to halt the erosive progres-
sion compared to placebo in these joints with destructive features on radiography
and palpable effusion [98]. A Phase II study also showed the lack of efficacy of
adalimumab in hand OA [100]. A recent open-label evaluation of adalimumab for
12 weeks in 20 patients with knee OA and clinical effusion reported that 70 % of the
patients achieved an Osteoarthritis Research Society International/Outcome
Measures in Rheumatology Clinical Trials (OARSI/OMERACT) response at week
12 [97]. In these studies, differences within results from erosive hand OA and knee
OA could reflect different disease phenotypes.

To summarize, the current evidence does not support the use of anti-cytokine
therapy in all OA patients. Further trials are needed, especially with respect to the
selection of OA patients who may be speculated to benefit most from such therapy
[101]. As for strategies targeting subchondral bone remodeling, selecting patients
with early OA and synovitis may be necessary in future studies for targeted and
personalized OA management. However, the method for selecting inflammatory
OA patients, whether only clinically based with synovial effusion of a swollen
and painful joint or MRI based with radiological synovitis, remains to be
determined.

Another proinflammatory cytokine, IL-6, could be of therapeutic benefit to OA
patients, but to our knowledge, no study has yet assessed IL-6 inhibition in OA.

Conclusion

OA drug management is based on a wide spectrum of therapeutic options to relieve
pain and to try to delay progression. The focus is now on the development of
DMOAD:s that could be associated with conventional therapy to provide a more
effective treatment, which remains a huge unmet medical need worldwide given that
OA prevalence is likely to increase with the aging population. An exciting and
promising new era in DMOAD development may be within reach, provided that
future clinical trials are sufficiently powered and systematically designed, use the
right evaluation techniques, and target the appropriate and more homogeneous cat-
egories of OA patients.
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Chapter 11
Safety Profile of Current OA Therapies:
Evidence from Clinical Trials

Anthony V. Perruccio and Vinod Chandran

Key Points

* The pharmacologic management of osteoarthritis (OA) is primarily targeted
at managing symptoms, and there are several classes of agents in current use.
Many of these agents, though efficacious, are associated with adverse events.

* Over time, the complement of adverse events under investigation has
broadened, expanding from gastrointestinal (GI) events to also include car-
diovascular (CV) and neurological events.

* Pharmacologic management in OA is challenging, especially in older adults
particularly due to comorbidities, different causes of pain, and a high rate of
polypharmacy. In addition, while OA is treated as a homogeneous diagnos-
tic category, there is evidence to suggest otherwise. This has implications
for the pharmacologic management of OA and design of drug trials.
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» There is significant adverse GI risk associated with nonselective NSAIDs
and adverse CV risk associated with both nonselective and selective
NSAIDs.

* While topical NSAIDs appear to have a better safety profile than oral
NSAIDS, there can be some risk of GI and CVD adverse events associated
with their use.

* Intra-articular treatment for knee OA is generally associated with risk of
mild adverse events of limited duration. However, there is an identified
need for studies of longer follow-up with this intervention. With respect to
the use of platelet-rich plasma (PRP), it is suggested that the inclusion of
leukocytes in the treatment of OA be avoided.

* Treatment with TNF blockers and IL-1 inhibition is generally well toler-
ated; majority of adverse events are graded as mild to moderate in severity.
Further work with improved study designs is needed.

» Favorable safety profiles are critical from a clinical perspective. Pragmatic
studies that include a wider range of people, including the older age groups
with a greater burden of arthritis, are necessary to inform clinical practice.

Introduction

The pharmacologic management of OA is primarily targeted at managing symp-
toms such as pain and swelling, minimizing functional impairment, and preserving
quality of life. Several classes of agents are currently in use. While many of these
agents may be efficacious, many also are associated with adverse events, and thus
there are safety concerns. Disease-modifying agents and novel drug formulations
are currently under investigation.

There are a number of adverse events typically investigated in OA pharmacologi-
cal studies, and over time the complement of adverse events under investigation has
broadened. A recent systematic review by Wielage and colleagues traced the devel-
opment of cost-effectiveness analyses (CEAs) for oral non-disease-altering treat-
ments in OA [1]. Among a number of factors, adverse events appearing in each
included CEA were extracted and organized by the authors. Thirty publications of
28 CEAs were identified and evaluated. The authors noted that developments in
CEAs included an expanded set of comparators that broadened from nonsteroidal
anti-inflammatory drugs (NSAIDs) only to NSAIDs plus gastroprotective agents,
cyclooxygenase-2 inhibitors, and opioids. In turn, adverse events expanded from
gastrointestinal (GI) events to also include cardiovascular (CV) and neurological
events.

From their review, Wielage et al. found that in most models the principal dif-
ferentiators of comparators were adverse events. GI events were modeled by all
but one CEA, an analysis conducted alongside a clinical trial of opioids. All
other CEAs considered GI adverse events, particularly GI events associated with
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treatment with NSAIDs. Starting with Maetzel et al. [2], CV events began to be
modeled, with myocardial infarction (MI) modeled first. Schaefer et al. [3] was
the first to add congestive heart failure (CHF), and Contreras-Hernandez et al.
the first to add stroke [4]. Both Schaefer et al. and Contreras-Hernandez et al.
also included renal failure as an event. Wielage et al. conclude that CEA devel-
opments have been in response to changes in treatments and the knowledge of
their adverse events and that due to greater knowledge of CV events associated
with NSAIDs, modeling techniques that incorporate longer time horizons have
increasingly been used.

Several factors present challenges in pharmacologically managing OA, particu-
larly in older adults, among whom the prevalence of OA is greatest, particularly due
to the presence of multiple chronic conditions or causes of pain and a high rate of
polypharmacy. Interestingly, for the first time, the latest guidelines released by the
OA Research Society International (OARSI) for the nonsurgical management of
knee OA provide treatment recommendations stratified into four clinical sub-
phenotypes in order to enhance the specificity of the treatment recommendations for
individuals with varying health profiles and OA burden [5]. The rationale for the
stratifications was that comorbidities and the presence of OA in other joints might
influence treatment choices.

This chapter presents the safety profile for some of the most commonly used
therapeutic agents for OA. It begins with oral drugs, including acetaminophen,
NSAIDs, opioids, and serotonin—norepinephrine reuptake inhibitors (SNRIs), for
example, and continues with topical, intra-articular, and then biologic agents, such
as anti-TNF therapy.

Oral

NSAIDS

Oral NSAIDs are associated with significant gastrointestinal, CV, and renal adverse
events (AEs) [6-9]. GI side effects were the first adverse events to be recognized
with the use of nonselective NSAIDS. COX-2 selective NSAIDS were developed to
reduce GI risk but were subsequently found to be associated with higher CV side
effects, after which nonselective NSAIDs also were suggested to be associated with
higher event rates. Generally, there is an increase in the development of AEs with
increasing NSAID dose [10], for which growing concern prompted the FDA in
2005 to release a Public Health Advisory, physician-education initiative, and class
labeling template [11].

Oral NSAID-related GI complications comprise a significant proportion of all
medication-related AEs [11, 12]. They are associated with a fivefold increased risk
for incidence of peptic ulcer disease and peptic ulcer-related complications, includ-
ing perforation and hemorrhage [13]. Though not without persistent risk, coadmin-
istration of gastroprotective agents can reduce GI adverse event rates [14].
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Oral NSAIDs are also associated with small and large intestine disease develop-
ment [15], and in addition, nonselective NSAIDs are associated with serious CV
AEs (M1, stroke, exacerbation of chronic heart failure, hypertension, and CV death)
[7, 16, 17]. In a Kaiser Permanente-conducted nested case—control study covering
more than 2 million person-years, ibuprofen and naproxen were associated with an
odds ratio of 1.26 and 1.36, respectively, for the development of MI [18]. Trelle
et al. undertook a meta-analysis in which they identified CV mortality rate ratios of
2.39 and 2.07 for ibuprofen and celecoxib, respectively, compared with placebo [7].
In a retrospective analysis of close to 5,000 patients with stroke, the relative risk for
the development of first stroke in patients receiving NSAIDs was 1.2 compared with
non-NSAID users [19]. Schneider and colleagues matched >4,000 new NSAID
users aged 65+ years with >80,000 controls [20]. Naproxen >750 mg was associ-
ated with a relative risk of 3.62 for acute renal failure hospitalizations. Finally, one
prospective trial reported a relative risk of 1.26 for the development of chronic kid-
ney failure in patients receiving high-dose (cumulative dose >90th percentile)
NSAIDs [21].

The duration of NSAID exposure does not appear to be associated with related
GI and CV AEs, which can occur at any time following administration [22-24].
Studies have documented that renal complications can develop within hours follow-
ing NSAID administration, and GI complications within days [22, 23]. Schjerning
and colleagues undertook a retrospective analysis for which they reported that dura-
tion of NSAID exposure was a poor predictor of CV risk [24], supported by a case—
control study undertaken by Helin-Salmivaara and colleagues, where risk for MI
was associated with both short- and long-term NSAID use [25].

Though not without persistent risk, the combination of NSAIDs with gastropro-
tective agents can reduce GI AE rates [14, 26-28].

While selective COX-2 inhibitors (selective for the cyclooxygenase-2 (COX-2)
isoenzyme) were developed to reduce GI AE risk, they were associated with serious
CV events. In fact, studies reporting increased CV risk with NSAID use initially
were shown with COX-2-inhibitor drugs, including rofecoxib (Vioxx), valdecoxib
(Bextra), and celecoxib (Celebrex). Both rofecoxib and valdecoxib were removed
from the market as a consequence of this risk.

One study undertook systematic reviews of randomized control trials (RCTs)
assessing the clinical effectiveness of COX-2 selective NSAIDs (etodolac, meloxi-
cam, celecoxib, rofecoxib, etoricoxib, valdecoxib, and lumiracoxib) for OA and
rheumatoid arthritis (RA) [29].

Etodolac was evaluated in 29 RCTs, comparing it to either placebo or nonselec-
tive NSAIDs. Compared with nonselective NSAIDs (naproxen, piroxicam, diclof-
enac, indomethacin, tenoxicam, ibuprofen, nabumetone, or nimesulide), etodolac
showed the same or better GI tolerability. Pooled analysis showed no difference in
complicated upper GI events (RR: 0.39, 95 % confidence limits: 0.12, 1.24), and
significantly fewer clinical upper GI events (RR: 0.32, 95 % CL: 0.15, 0.71). MIs
were not reported.

Meloxicam was assessed in 16 RCTs, comparing it with either placebo or nonse-
lective NSAIDs. Compared with naproxen, diclofenac, nabumetone, or piroxicam,
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meloxicam was of better GI tolerability, associated with fewer clinical upper GI
events (RR: 0.53, 95 % CL: 0.29, 0.97), and no difference was shown for compli-
cated upper GI events. The review did not comment on MI risk as there were insuf-
ficient events.

Forty RCTs examined celecoxib, compared with placebo, nonselective NSAIDs,
or other COX-2 selective NSAIDs. Compared with nonselective NSAIDs, cele-
coxib was associated with a reduced risk of clinical upper GI (RR: 0.55, 95 % CL.:
0.40, 0.76) and complicated upper GI events (RR: 0.57, 95 % CL: 0.35, 0.95), but
higher risk of MI (RR: 1.77, 95 % CL: 1.00, 3.11).

Seven RCT studies compared etoricoxib with either placebo or nonselective
NSAIDs. Compared with naproxen, diclofenac, and ibuprofen, etoricoxib had
equivalent or better GI tolerability. Significant differences in clinical and compli-
cated upper GI events were not shown (RR, 0.23; 95 % CL, 0.05, 1.08; and RR,
0.46; 95 % CL, 0.07, 3.10, respectively). MI events were reported in one trial only
(RR, 1.58; 95 % CL, 0.06, 38.66).

While the authors of the systematic review were careful to note that caution in
interpretation was warranted as the meta-analysis results were based on small num-
bers of clinical GI and MI events across trials, the review concluded that COX-2
selective NSAIDs provided superior GI tolerability, although the magnitude of pro-
tection varied considerably across individual drugs. In addition, the increased risk
of Ml associated with COX-2 selective NSAIDs, compared to nonselective NSAIDs,
also varied substantially across individual COX-2 NSAIDs [29].

Though rare, NSAID use has been linked to some central nervous system (CNS)
side effects [30]. A longitudinal study looking at ibuprofen overdose noted that
30 % of patients experience CNS effects ranging from drowsiness to coma [31].
Aseptic meningitis also has been reported with NSAID use [30].

As a result of safety concerns associated with NSAID use, the American
Geriatrics Society’s clinical practice guidelines on the pharmacologic management
of pain recommends the use of oral NSAIDs sparingly and “with extreme caution,”
[32] particularly as the increased risk of GI, CV, and renal AEs appears greater in
the elderly patient population [33-38].

Acetaminophen

Where recommended, current Osteoarthritis Research Society International
(OARSI), American Academy of Orthopaedic Surgeons (AAOS), National Institute
for Health and Care Excellence (NICE), European League Against Rheumatism
(EULAR), and American College of Rheumatology (ACR) guidelines indicate
analgesia-based dose titrations of acetaminophen up to a maximum dose of 4 g/day
[39—45]. This limit is principally derived from historical figures demonstrating hep-
atotoxicity at doses >4 g/day [46, 47]. Even so, when dosed at its recommended
upper limit, its safety is not straightforward. Acetaminophen toxicity was the lead-
ing cause of acute liver failure in the United States from 1998 to 2003 [48].
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Unintentional overdose is the leading cause of acetaminophen-induced hepatotoxic-
ity, including over-the-counter drug polypharmacy [49, 50]; the vast majority of
cases had taken acetaminophen to treat pain [48].

In January 2011, the Food and Drug Administration (FDA) instituted a boxed
warning emphasizing the risk of liver failure with too much acetaminophen use
[51]. Various medical organizations and the FDA have suggested limiting the maxi-
mum daily dose to 3 g/day. Investigations also suggest that acetaminophen, at ele-
vated doses, may place patients at risk for upper GI complications. Garcia Rodriguez
and Hernandez-Diaz, in a case—control study of nearly a million individuals receiv-
ing >2 g/day of acetaminophen, reported a relative risk (RR) of 3.6 for upper GI
complications [52]. In patients receiving >3 g/day of acetaminophen, Rahme et al.
reported elevated hospitalization rates for GI complications [53]. Acetaminophen
also may be associated with an increased risk of CV complications. In a large pro-
spective study, Chan et al. observed a dose-dependent relationship between acet-
aminophen and CV adverse events (M1, stroke, exacerbation of CHF, and CV-related
deaths) [54]. Moreover, studies have shown that ongoing use of acetaminophen has
a negative influence on blood pressure [55-57].

In addition, a large population-based retrospective cohort study found that older
adults combining acetaminophen and NSAIDs had an increased risk of hospitaliza-
tion for GI events compared with those using either acetaminophen or an NSAID
alone [53]. The study was limited, however, by a lack of ability to account for over-
the-counter analgesic use. It was such data that led to the aforementioned FDA’s
2011 recommendations, with subsequent press releases, communications, and rec-
ommendations up to and including April 2014, that manufacturers cap the amount
of acetaminophen in prescribed combination products, and that public awareness
focus on the risk of acetaminophen-related liver injury [58].

Opioids

Opioids are strong analgesics usually given when other drug and nondrug interven-
tions have failed. This class includes morphine, hydrocodone, oxycodone, hydro-
morphone, and fentanyl.

In a meta-analysis of 40 studies examining opioids in the treatment of chronic
noncancer pain in older adults (predominantly OA of the hip or knee), Papaleontiou
and colleagues reported that AEs were common and included constipation, nausea,
and dizziness, prompting opioid discontinuation in about 25 % of cases [59]. In a
2007 meta-analysis by Avouac et al., including 18 RCTs comparing safety of opi-
oids versus placebo or nonopioid analgesics in >4,000 OA patients, the most fre-
quent AEs reported with opioids were nausea (30 %), constipation (23 %), dizziness
(20 %), somnolence (18 %), and vomiting (13 %). The average treatment discon-
tinuation rate for toxicity was 25 % (818/3,244) in the opioid group (516/1,650,
31 % for strong opioids and 302/1,594, 19 % for weak opioids) and 7 % (116/1,612)
in the placebo group [60].
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Using Medicare claims data (1995-2005), Solomon and colleagues examined
the safety of opioids, COX-2-selective NSAIDS, and nonselective NSAIDs in older
adults with arthritis, including >12,000 members after propensity score matching;
>80 % in each category had OA [12]. Subjects receiving opioids had a higher risk
for adverse CV outcomes compared with those receiving nonselective NSAIDs
(hazard ratio: 1.77; 95 % CI: 1.39-2.24). No difference in GI tract bleeding risk was
found between opioid and nonselective NSAID users. While both NSAID groups
had similar fracture risks, increased risks of fracture were observed for opioid users
(HR, 4.47; 95 % CI, 3.12-6.41), along with AEs requiring hospitalization (HR,
1.68; 95 % CI, 1.37-2.07), and all-cause mortality (HR, 1.87; 95 CI, 1.39-2.53),
compared to nonselective NSAID users [12]. Solomon et al. conclude by noting that
while opioid users experienced moderate risk early in treatment, the numbers
needed to harm by 1 year were small and therefore clinically relevant.

Da Costa et al. undertook a review to determine the effects on pain, function,
safety, and addiction of oral or transdermal opioids compared with placebo or no
intervention in people with knee or hip OA [61]. They included randomized or
quasi-randomized controlled trials; studies of tramadol were excluded. The authors
reported a greater frequency of AEs among individuals receiving opioids compared
with control, with a pooled risk ratio of 1.49 (95 % CL: 1.35, 1.63) for any AE (9
trials; 22 % among opioid users and 15 % among control experienced side effects).
While high heterogeneity between different studies was reported, there was no evi-
dence that risk ratios differed between different types of opioids (P-value for inter-
action: 0.47) or length of treatment duration (P value: 0.09). A risk ratio of 3.76
(95 % CL: 2.93, 4.82) was reported for drop outs due to AEs (19 trials; 6.4 % among
opioid users and 1.7 % among placebo controls dropped out due to AEs). The high-
est pooled risk ratio was associated with oxycodone versus placebo (RR 5.55, 95 %
CL: 3.47, 8.87, 9 trials) and the lowest for morphine versus placebo (RR 2.12, 95 %
CL: 0.87, 5.15, 2 trials). While confidence limits were wide, the authors reported a
nonsignificant test for interaction between type of opioids and relative risk of being
withdrawn or dropping out because of AEs (P-value for interaction: 0.41). A risk
ratio of 3.35 (95 % CL: 0.83, 13.56) was reported for serious AEs (2 trials; 1.3 %
among opioid users and 0.4 % among controls experienced serious AEs). However,
due to the low number of trials and events, an analysis of the association between
treatment duration or equivalence dose and log relative risk for this outcome was not
performed. Finally, withdrawal symptoms occurred more often in opioid compared
with control treatment groups (odds ratio, 2.76; 95 % CL, 2.02, 3.77; 3 trials; 2.4 %
of participants in opioid and 0.9 % of participants in control groups experienced
withdrawal symptoms).

Finally, an often overlooked potential complication of chronic opioid therapy is its
association with the development of opioid-induced hyperalgesia and tolerance,
which can reduce analgesic efficacy over time and complicate pain management [62].

Generally, the prevalence of nausea, constipation, dizziness, vomiting, and
drowsiness associated with opioid use has altered prescription practices, generally
reducing opioid use, as has the potential risk for addiction associated with opioid
use [60, 63, 64].
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Serotonin—Norepinephrine Reuptake Inhibitors (SNRIs)

Tricyclic antidepressants and serotonin—norepinephrine reuptake inhibitors (SNRIs)
have been investigated for use in OA [65-68]. Duloxetine is the only antidepressant
currently approved by the FDA for the management of OA [69, 70].

There have been three large placebo-controlled RCTs assessing duloxetine as
treatment for symptomatic knee OA [65, 66, 71]. In the initial study by Chappel
et al. [65], patients were randomized to duloxetine beginning at a dose of 30 mg/day
and increasing to 60 mg/day from week 2 to 6 or placebo. Those in the duloxetine
group were subsequently further randomized to continue on 60 mg daily or increase
to 120 mg daily at week 7. In the second trial by Chappel et al. [66], there was a
slight difference in design, as only patients who did not have a predefined improve-
ment in pain at week 7 had their dose increased to 120 mg daily in a blinded fashion.
These two studies led to the FDA approval of duloxetine for the treatment of chronic
knee pain due to OA. More duloxetine-treated patients compared with placebo-
treated patients experienced >1 treatment-emergent AEs (p=0.003, number needed
to harm =8). Frakes et al. [71] found that duloxetine was superior to placebo when
added to therapy with background NSAIDs in patients who continued to have mod-
erate pain in their knee due to OA. All of these studies noted similar adverse effects
of GI upset including nausea, constipation, and dry mouth as well as changes in
appetite.

Though generally well tolerated, SNRIs have, in rare circumstances, been asso-
ciated with hepatotoxicity and serotonin syndrome, a condition characterized by
confusion, autonomic hyperactivity, and neuromuscular dysfunction [72-74].
Assessment of patient risk for AE development is important.

Topical Treatments

Topical NSAIDs (including gels, creams, and sprays [75]) appear to be safer than
oral NSAIDs [76-79]. In some studies, these have demonstrated comparable anal-
gesic efficacy to traditional oral NSAIDs [60, 75, 80, 81]. They directly deliver
medication to the skin around the affected area [82, 83] and are associated with
lower systemic absorption and lower incidence of GI (dyspepsia, abdominal pain,
and diarrhea), renal, and CV AEs compared with traditional oral NSAIDs [81-87].
Nevertheless, one systematic review reported that about 20 % of patients receiving
a prescription-strength topical NSAID reported a systemic adverse event such as GI
problems and headache [85]. Since 2009, the FDA requires that topical NSAIDs
carry the same box warning as oral NSAIDs regarding their potential for GI and CV
AEs and hepatic function test abnormalities [88].

A recent study reviewed RCTs of topical capsaicin use in OA [89]. Five double-
blind RCTs and one case-crossover trial of topical capsaicin use were identified,
with formulations ranging from 0.025 to 0.075 % and trial durations from 4 to 12
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weeks. Trials assessed OA of the knee (n=3), hand (n=1), and a mix of joints
(n=2). Capsaicin treatment efficacy was evaluated vs. placebo. Capsaicin was
reported as being safe and well tolerated, with no systemic toxicity. Mild applica-
tion site burning affected 35—-100 % of capsaicin-treated patients with a risk ratio of
4.22 (95 % CI1 3.25-5.48, n=5 trials); incidence peaked at week 1 and declined over
time. The authors concluded that topical capsaicin treatment four times daily is well
tolerated.

Intra-articular Treatments

In a systematic review evaluating the efficacy and safety of intra-articular cortico-
steroids for treatment of knee OA, Bellamy et al. reported no statistically significant
differences in total number of withdrawals overall or in the number of withdrawals
due to lack of efficacy compared to placebo. Further, no statistically significant dif-
ferences were detected in the number of patients reporting postinjection flare or in
the number of patients reporting local discomfort when compared to placebo [90].
Similar safety findings were reported from studies assessing corticosteroid against
hyaluronan or hylan, with no statistically significant differences in any of the
extracted safety outcomes. Overall, most AEs from corticosteroid injection were
rated as mild/moderate, and steroid injections were deemed to be safe [90-93].

A Cochrane review that synthesized results from 76 trials examining outcomes
in those with knee OA found that when compared with placebo, treatment with
hyaluronan and hylan derivatives (viscosupplements) noted no major safety issues,
and in general, few AEs were reported in the hyaluronan/hylan trials included in
their analyses [94]. Generally, typical AEs examined included total withdrawals
overall, withdrawals due to inefficacy, AEs, number of patients affected, number of
patients with nonserious AEs, and/or number of patients with serious AEs, as
reported by included studies.

Rutjes and colleagues concluded that viscosupplementation for knee OA is asso-
ciated with serious unexplained AEs [95]. They examined randomized trials that
compared viscosupplementation with hyaluronic acid with sham or nonintervention
control in adults with knee OA. The most frequent events were related to the GI
system (2 events among viscosupplementation patients versus 8 events among con-
trol patients), CV system (5 versus 2 events), cancer (6 versus 0 events), and mus-
culoskeletal system (4 versus 2 events). Though indicating that trial quality was
generally low and safety data often not reported, Rutjes et al. concluded by discour-
aging the use of the intervention and suggested that an individual patient data meta-
analysis would be needed to explore the issue of AEs further. An important need for
using extreme caution in interpreting these findings was raised, however, as this
conclusion was disputed by others who pointed out that the serious AEs attributed
to the hyaluronic acid treatment in Rutjes et al.’s review had been reported as unre-
lated by primary study authors, noting also biological implausibility and lack of
previous history of systemic toxicity affiliated with hyaluronic acid [96].
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Miller and Block undertook a systematic review and meta-analysis of random-
ized saline-controlled trials to determine the safety and efficacy of US-approved
intra-articular hyaluronic acid injections for symptomatic knee OA [97]. Twenty-
nine studies with nearly 5,000 subjects (hyaluronic acid, 2,673; saline, 2,193) were
included, with inclusion of different molecular weights of hyaluronic acid and dif-
ferent injection schedules. They reported no statistically significant differences
between groups for any safety outcome, including serious AEs (P=0.12), treatment-
related serious AEs (P=1.0), study withdrawal (P=1.0), and study withdrawal
related to AEs (P=0.46). A critical assessment of this review, however, indicated
that the limited duration of and size of trials meant that safety outcomes were impre-
cisely estimated, so the authors’ conclusions on safety risk “may have confused lack
of effect with lack of ability to detect effects” [98].

Recently, Bannaru and colleagues undertook a systematic review and meta-
analysis examining intra-articular hyaluronic acid in comparison with oral NSAIDs
for knee OA [99]. Five trials (712 participants) were included, with four different
hyaluronic acid preparations used in these trials. GI AEs were more common in the
NSAIDs group, and injection site pain was the most common adverse event reported
in the hyaluronic acid group. Three serious AEs were reported among those receiv-
ing hyaluronic acid, though these events were reported as unrelated to the interven-
tion. In the NSAIDs group, one related GI bleed was reported. Only two trials
reported on withdrawals due to AEs by treatment group with no significant differ-
ences noted. While Bannaru et al. reported no safety concerns, follow-up length was
short and adverse event reporting variable across trials, making definitive assess-
ments of safety challenging, particularly as the study was unlikely to have captured
the serious GI risk associated with longer NSAID use [7, 100-102].

One meta-analysis and systematic review explored the effectiveness and safety
of hyaluronic acid administration for ankle OA [103]. Chang et al. reported that
among the 285 participants undergoing the administration of intra-articular HA,
43 (15 %) participants had adverse effects. Transient postinjection pain was
reported by 28 participants, with other AEs including inguinal lymph node
enlargement (n=1), ankle effusion (n=1), and local pruritus (n=1). All adverse
reactions resolved spontaneously without specific treatment. The authors con-
clude by noting that the side effects after intra-articular HA injection were mostly
minor and self-limited. However, for postinjection pain, they found that the major-
ity of such cases originated from studies that used hyaluronic acid (Synvisc), an
HA product with a molecular weight of up to 6,000 kDa [104-108]. Although
another trial that employed Synvisc did not report such AEs [109], the trial con-
ductors administered HA arthroscopically rather than through conventional injec-
tion. Findings are in agreement with a recent meta-analysis indicating that the use
of high-molecular-weight HA is associated with an increased risk of local adverse
effects [110]. The authors recommend not using high-molecular-weight products
in an attempt to lessen the likelihood of irritation resulting from extra-articular
injection.

Following from their systematic reviews, Colen et al. [111, 112] concluded that
well-designed RCTs assessing the effects (benefits and harms) of hyaluronic acid,
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incorporating longer duration of follow-up and larger samples, for treating knee and
other OA are warranted.

Platelet-Rich Plasma (PRP)

Patel et al. [113], in a level 1 evidence study comparing PRP and saline solution,
assessed 78 patients with bilateral knee OA (156 knees) graded 1 or 2. The sample
was divided randomly into three groups: group 1, single injection of PRP; group 2,
2 injections 3 weeks apart; and group 3, single injection of normal saline. White
blood cell (WBC)-filtered PRP (PRP type 4B) was used. Six patients (22.2 %) in
group 1 and 11 patients (44 %) in group 2 had AEs at the time of injection, signifi-
cant in comparison with group 3 which reported no AEs. Five patients (20 %) in the
second group had AEs during the second injection, which variably included dizzi-
ness, syncope, nausea, headache, gastritis, sweating, and tachycardia, which were
of short duration. Four patients in group 1 and 3 in group 2 had pain and stiffness
after injection for 2 days. It was noted that the AE group had a significantly higher
(P=.02) quantity of platelets injected compared with the group with no AEs.

Filardo et al. [114] undertook a randomized double-blind prospective trial assess-
ing the efficacy of PRP compared to hyaluronic acid injections for the treatment of
knee chondropathy or OA (Kellegren-Lawrence <3). One hundred nine patients
received a cycle of 3 weekly injections administered blindly (54 treated with PRP,
55 with HA). Only minor AEs were detected in some patients, such as mild pain and
effusion after the injections, in particular in the PRP group, where a significantly
higher postinjective pain reaction was observed (p=0.039), resolving within a few
days.

Finally, in a systematic review [115] assessing safety and effectiveness, intra-
articular injection of plasma rich in growth factors (PRGF) in the treatment of knee
OA, Anitua et al. reviewed five studies comparing PRGF against a control group
(HA or leukocyte-enriched PRP). Although all studies included a safety analysis of
the treatments administered, only three listed the AEs [116—118]. Overall, no severe
AEs were observed; they were generally mild and evenly distributed between the
groups. Some of them, both related and unrelated to treatment, included nonspecific
low-back pain, other knee surgery, febrile syndrome, abdominal pain, knee and hip
pain, itching of both outer thighs, headache, dizziness, sciatica, cold, and pain after
third injection.

In a double-blind multicenter clinical trial (n=173) comparing efficacy and
safety of PRGF-Endoret versus hyaluronic acid (3 injections on a weekly basis) as
a short-term treatment for knee pain from OA, Sanchez et al. reported that AEs were
mild and evenly distributed between groups [117]. Fifty AEs were reported in 50
patients, 26 in the PRGF-Endoret group and 24 in the HA group. They were gener-
ally mild and evenly distributed between the groups (P=.811). An excess of 90 %
of these in each group was deemed unrelated to the type of treatment. The number
of patients who withdrew because of AEs was similar between groups. Vaquerizo
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et al. reported 16 AEs in their study: 7 in the PRGF group and 9 in the control group
[118]. All of the AEs in the PRGF group and 7 of 9 events in the control group were
associated with the infiltration and were related to pain. In the study by Filardo et al.
[116] both procedures showed a statistically significant difference in the number of
AEs observed after the injections: both pain and swelling reaction were more fre-
quent in the leukocyte-enriched PRP group than in the PRGF-treated group
(P<0.001 for pain, P=0.03 for swelling). Brief comments about AEs were included
by the two remaining studies, events which appeared related to the injection proce-
dure, such as pain and swelling of short duration [119, 120]. Due to significant dif-
ferences in the control group among the five studies and PRGF administration
schedule differences, a formal meta-analysis could not be carried out.

It has been observed that the incidence of AEs related to pain and swelling
increases in patients receiving PRP containing leukocytes. It is postulated that high
concentrations of leukocytes can generate temporary inflammation, which in some
instances may be reflected clinically [121]. Anitua et al. conclude that it is espe-
cially important to avoid the inclusion of leukocytes in the treatment of OA because
their inclusion might not yield the optimal anabolic environment for OA treatment
[115, 122-124].

Strontium Ranelate: Bone Turnover Agent Favoring Bone
Formation

Reginster et al. recently reported from a large randomized placebo-controlled trial
in which patients with knee OA (Kellgren—-Lawrence grade 2 or 3, and joint space
width 2.5-5 mm) were randomly allocated to strontium ranelate 1 g/day (n=558),
2 g/day (n=566) or placebo (n=559) [125]. Strontium ranelate was reported to be
well tolerated. The rate of venous thromboembolic events was <1 % in all groups.
The number of emergent AEs reported was similar across groups, 85.8%, 87.9%,
and 86.5 % in the 1 g, 2 g, and placebo groups, as well as the number of serious
emergent AEs, 17.0 %, 16.5 % and 17.4 %, respectively [126]. Diarrhea was
reported by 3.3 %, 6.6 %, and 2.7 %, respectively; nausea by 2.0 %, 2.7 %, and
1.8 %, respectively; and headache by 1.6 % in each drug group and 0.7 % in the
placebo group. Regarding cutaneous safety, 16.3 % of the patients reported skin
disorders in the 2 g group compared to 12.4 % and 12.2 % in the 1 g group and in
the placebo group, respectively. Creatine phosphokinase increased from baseline
with treatment (11.7+85.6 and 20.7+104.4 TU/l with 1 and 2 g/day, respectively),
but not placebo (—0.4+68.1 TU/I) [125]. Eight patients (3, 1, and 4 in the 1 g/day,
2 g/day, and placebo groups, respectively) had values greater than five times the
upper limit of normal. No cases of drug reaction with eosinophilia and systemic
symptoms were reported. Concerns relating strontium ranelate use to CV events
have been raised, and subsequent contraindications have been identified [127]. In a
post hoc assessment of their data, where patients with contraindications were
excluded, Reginster reported the number of MIs as comparable between the three



11 Safety Profile of Current OA Therapies: Evidence from Clinical Trials 223

treatment groups: 1 event in the 1 g group, 2 in the 2 g group, and 1 in the placebo
group [126].

Tanezumab: NGF Blocker

There are currently no approved biological therapies for patients with OA.
Tanezumab is a monoclonal antibody that inhibits nerve growth factor and is admin-
istered intravenously. Recent studies have shown mild to moderate AEs occurring
with its use [128-131].

Lane et al. [128], in their proof-of-concept trial, randomly assigned 450 patients
with knee OA to receive 10, 25, 50, 100, or 200 pg/kg body weight of tanezumab or
placebo on days 1 and 56 administered intravenously. AE rates of 68 % and 55 % in
the tanezumab and placebo groups, respectively, were reported. The most common
among tanezumab-treated patients were headache (9 %), upper respiratory tract
infection (7 %), and paresthesia (7 %). Treatment-related incidence of AEs was
higher among patients treated with higher doses (28 % and 35 % in the groups
receiving 100 pg and 200 pg/kg, respectively, vs. 11-18 % in the groups receiving
lower doses). Peripheral sensory symptoms were reported in 14 % of the patients
receiving tanezumab and 4 % among those receiving placebo. While the AEs were
predominantly mild in 80 % of those receiving tanezumab, serious AEs were
reported in 6 patients (2 %) receiving tanezumab (appendicitis, bacterial arthritis,
cellulitis, spinal stenosis, breast cancer, and syncope) and in 1 patient (1 %) receiv-
ing placebo (noncardiac chest pain).

In several other phase III trials, tanezumab therapy was associated with rapid,
progressive OA requiring total knee arthroplasty [132—134]. In June 2010, the US
FDA placed all clinical trials of p-NGF antagonists on hold after cases of osteone-
crosis were reported with the use of tanezumab in OA. Although investigations
found that only 2 of 87 cases represented a drug-related side effect, 68 cases of
progressive OA were associated with higher doses of tanezumab (10 mg) or its
combination with NSAIDs [135]. Two key recommendations were to exclude tan-
ezumab 10 mg from further investigation in OA and to exclude concomitant use of
NSAIDs. B-NGF antagonists trials were allowed to subsequently resume. Even so,
Seidel and Lane suggest that the cases of rapid progressive OA indicate a need for
further investigation and great caution in monitoring and documenting adverse
effects [132].

A multicenter phase II study by Schnitzer et al. using an open-label, multiple-
dose extension of an earlier randomized clinical trial prioritized safety as the end
point [130]. Minimal evidence of AEs with repeat injections was shown. Nagashima
et al. [129] investigated the use of tanezumab in 83 patients with moderate and
severe OA — all AEs were considered mild to moderate in severity. Overall, the use
of tanezumab was considered safe and well tolerated.

In a phase III RCT, Brown et al. [133, 134] assessed NGF blockade by tane-
zumab versus placebo in hip and knee OA. The 690 knee and 621 hip patients
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received 1 of 3 intravenous doses of tanezumab (2.5 mg, 5 mg, or 10 mg) or placebo.
Those who received tanezumab had a 55-60 % incidence of AEs, compared with
48 % in the placebo group, among the knee group, and a 55-58 % AE incidence,
compared with 44 % in the placebo group, among the hip group. In general, the
authors concluded that tanezumab was well tolerated, and reports of worsening OA
and/or joint replacement were distributed equally among treatment groups. In both
studies, the tanezumab OA clinical program was temporarily placed on hold because
of AEs leading to joint replacement. Spierings et al. [131] investigated the efficacy
and safety of tanezumab for hip and knee OA in a phase III RCT. Six hundred sixty
patients were assigned to receive intravenous tanezumab (5 mg or 10 mg in 8-week
intervals), oral controlled-release (CR) oxycodone (10-40 mg every 12 h), or pla-
cebo. AEs were more frequent with oxycodone (63.3 %) than tanezumab (41-45 %)
or placebo (36 %). The more common AEs in the tanezumab group were nausea,
headache, nasopharyngitis, arthralgia, and paresthesia. AEs of abnormal peripheral
sensation were reported more frequently in the tanezumab groups than in the pla-
cebo or oxycodone CR groups, including paresthesia, and hypoesthesia.
Categorization of final neurological consultations as suggestive of a new or wors-
ened peripheral neuropathy was highest in the tanezumab 5-mg group (3.7 %) and
lowest in the oxycodone CR group (0.6 %). The incidence of serious AEs was simi-
lar among treatment groups. Spierings et al. [136] concluded that the safety profile
of tanezumab has not been thoroughly evaluated and agreed with Panzram and
Schiltenwolf [137] that further studies are needed to identify which patients are at
risk as well as to evaluate the optimal dose and duration of tanezumab treatment.

TNF Blockers

There have been trials evaluating tumor necrosis factor-alpha (TNF-«) inhibitors in
OA [138, 139], with the majority involving the use of systemic TNF-a inhibitors in
patients with erosive hand OA. Verbruggen et al. assessed the effects of adalimumab
in controlling progression of structural damage in erosive hand OA [139]. Sixty
patients with erosive hand OA received 40 mg adalimumab or placebo, subcutane-
ously, every 2 weeks during a 12-month randomized double-blind trial. No serious
AEs or malignancies were reported, nor were significant differences in numbers of
AEs between groups found. Magnano et al. [138] reported from an open-label pilot
study of 12 patients with symptomatic erosive hand OA who received adalimumab
40 mg subcutaneously every 2 weeks, with safety assessed 4 weeks after the final
dose. All AEs were graded as mild to moderate in severity; none required with-
drawal from the study. The most commonly reported AEs were injection site reac-
tions. A total of 6 mild infectious AEs were experienced by 4 patients; 3 required
oral antibiotics. The study was limited, however, in that no comparator control
group was included.
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In an open-label study, Maksymowych and colleagues evaluated the use of adali-
mumab in 20 patients with knee OA and evidence of clinical effusion. Patients
received subcutaneous injections of 40 mg adalimumab every other week over 12
weeks [140]. After 12 weeks, there were no safety concerns; AEs were minor with
no serious events recorded. Treatment was well tolerated and completed by 17
patients with withdrawals unrelated to AEs.

The effects of adalimumab injections in patients with hand OA who were unre-
sponsive to analgesics and NSAIDs have been examined in a randomized, placebo-
controlled trial [141]. Patients (n=85) were randomized to adalimumab 40 mg for
two subcutaneous injections at a 15-day interval or placebo and monitored for 6
months. A similar adverse event rate was reported for both groups. Overall adverse
event was 73.0 % (27/37) in the placebo group and 75.6 % (31/41) in the adalim-
umab group. Severe AEs were reported in 5.4 % (2/37) in the placebo group and
9.8 % (4/41) in the adalimumab group. No serious AEs related to subcutaneous
injection of adalimumab were reported. Pain of mild or minor intensity associated
with subcutaneous injection was observed in six patients: three in the treatment
group and three in the placebo group.

IL-1f Inhibition

In 2005, Chevalier et al. showed in a phase II clinical trial that intra-articular
administration of the IL-1Ra anakinra (up to 150 mg) was well tolerated and
safe in patients with symptomatic knee OA [142]. Subsequently in 2009, they
conducted a randomized, multicenter, double-blind, placebo-controlled trial, in
which 160 patients with painful knee OA were allocated at random in a 2:2:1 ratio
to single intra-articular injections of 150 mg or 50 mg of IL-1Ra or placebo [143].
The only adverse effect was an increased rate of upper respiratory infections in
patients treated with 150 mg of IL-1Ra (6 %) compared with those in the placebo
group (1 %). In a double-blind, placebo-controlled randomized trial, investigators
evaluated the effect of treatment with AMG 108 in 159 patients with knee OA
[144]. The study had two parts. In Part A, 64 patients were randomized 3:1 in
each of four cohorts (12 active; four placebo) to receive AMG 108 subcutane-
ously (75 mg or 300 mg) or intravenously (100 mg or 300 mg) or placebo every
4 weeks for 12 weeks. In Part B, 160 patients were randomized 1:1 to receive
300 mg AMG 108 subcutaneously or placebo, using the same dosing schedule.
The authors reported that AMG 108 was well tolerated. Most AEs, infectious AEs,
serious AEs and infections, and withdrawals from study due to AEs occurred at
similar rates in the AMG 108 and placebo groups [144]. The incidence of serious
infections was similar between the two groups. However, the AMG 108 develop-
ment program was stopped after the death of an 80-year-old man, in whom an
indirect role for neutropenia was suspected.
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Conclusions

Given the epidemiological profile of the OA population, and the reality of an aging
population, the management of OA pain will require careful consideration of a num-
ber of age-related issues which can affect treatment safety. Aging brings about
physiological changes which can affect the way drugs are absorbed, distributed,
metabolized, and eliminated by the body [145-147]. These physiological changes
occur at different rates, calling attention to the need for personalized treatment
plans, particularly for older adults [148]. As well, medical comorbidities are com-
mon in OA [149-153], and investigators should give consideration to prevalent
high-risk populations in OA drug trials. Favorable safety profiles are critical from a
clinical perspective. Therefore, pragmatic studies that include a wider range of peo-
ple, including the older age groups with a greater burden of arthritis, are requisite to
inform clinical practice.
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Chapter 12
Regenerative Medicine Approaches
for Treatment of Osteoarthritis

Sowmya Viswanathan, Jesse Wolfstadt, Jaskarndip Chahal,
and Alejandro Gomez-Aristizabal

Key Points

» To be effective, regenerative medicine-based treatment strategies for osteo-
arthritis (OA) should address multiple aspects of OA — which involves
inflammation, loss of chondrocytes, remodeling of subchondral bone and
endochondral ossification.

* Biologics involving growth factors to trigger appropriate chondrocyte pro-
liferation, anti-inflammatory cytokines to combat inflammation, and the
use of cartilage transcription factors are being considered in clinical inves-
tigations for the treatment of OA.

* Cellular therapy, including autologous chondrocytes, allogeneic cadaveric
chondrocytes, mesenchymal stromal cells, and pluripotent stem cell-
derived chondrocytes, is also being investigated for their ability to directly
or indirectly replace the loss of chondrocytes.
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* As part of treatment strategies for OA, natural and synthetic biomaterials
are used to mimic the biomechanical properties and function of
cartilage, which could be key to providing functional repair of degenera-
tive OA.

Introduction

Regenerative medicine offers the potential for disease modification and thereby
offers more than symptomatic treatment for OA patients. While regenerative medi-
cine applications have begun to make inroads in other complex indications includ-
ing cardiac diseases, graft-versus-host disease, and even treatment of cancer,
treatment options for OA have been relatively limited. ChondroCelect, a cell-based
medicinal product based on autologous chondrocyte implantation, was approved in
Europe in 2009 [1]; Carticel, a Food and Drug Administration (FDA)-approved
product, was launched in 1997 [2]; neither is approved for treatment of general OA
[3]. MEDIPOST Inc. received approval in S. Korea for CARTISTEM™ for treating
cartilage defects in the OA knee (ICRS Grade IV).

The relative paucity of regenerative medicine solutions is largely due to the
avascular nature of cartilage, which when damaged is unable to mount a suffi-
ciently robust innate healing response. There is limited access to nutrients,
which are largely obtained through perfusion by the synovial fluid, and to pro-
genitor cells to help heal cartilage injuries. The challenge is even more pro-
nounced moving from treating a small cartilage defect, in an otherwise healthy
cartilage to treating a cartilage defect in a severely degraded arthritic joint. OA
is a multifaceted disease involving inflammatory processes [4—6], loss of chon-
drocytes due to apoptosis [7], remodeling of subchondral bone and endochon-
dral ossification; therefore, treatment strategies for OA must approach it as a
disease of the entire joint [8].

To facilitate endogenous repair of articular cartilage and induce anti-
inflammatory effects in the context of OA, a number of biological agents which
can either stimulate chondrocyte progenitors such as fibroblast growth factor
(FGF-18) [9] or block inflammatory processes such as interleukin-1 receptor
antagonist (IL-1RA) are being considered, although results have not been compel-
ling to date [10]. Autologous serum that is enriched for anti-inflammatory cyto-
kines (Orthokin® and Onoccomed®) [11] and autologous platelet-rich plasma
(PRP) that contain various growth factors [12] are also being investigated. In this
chapter, we discuss some of the biologics that are being investigated for OA as
well as novel strategies including the use of interfering RNAs (iRNAs), use of
viral vectors to deliver SOX9, a cartilage transcription factor [13], or genetically
modified cells to provide sustained delivery of therapeutic factors such as IL-1RA
and IL-10 [14].
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One currently used treatment approach for articular cartilage damage includes
stimulation of bone marrow by microfracture to provoke release of bone marrow
progenitor cells to induce repair [15]. The use of exogenously manipulated cells
such as autologous chondrocytes that are expanded in culture, allogeneic chondro-
cytes from cadaveric donors, and mesenchymal stromal cell (MSCs) from various
sources are being intensely investigated for their regenerative potential to replace
degraded cartilage. However, long-term maintenance of the chondrocyte phenotype
has proven to be elusive with the chondrocytes tending toward either a fibrocartilage
phenotype or a hypertrophic phenotype, neither of which can provide the required
mechanical strength. In this chapter, we review the different types of cells used and
proposed, and discuss the advantages and disadvantages of each cell type.

The need to have biomechanical support, one of the inherent features of cartilage,
has spawned considerable research into developing supportive scaffolds which can
mimic, to some extent the dichotomous properties of joint cartilage (load bearing,
yet flexible, a low coefficient of friction, sufficient tensile modulus strength, ability
to maintain rounded chondrocyte morphology and phenotype, biocompatible, and
biodegradable). The hierarchical organization of articular cartilage into three zones,
a superficial zone (collagen Il rich), a deep zone (cartilage-bone interface area), and
middle zone (proteoglycan rich), helps achieve tensile and compression-resistance
properties of native cartilage — this level of engineering is really needed to produce
biomaterials that can mimic the properties of native cartilage [16]. In this chapter,
we review the different approaches to generating scaffolds and engineering them to
have suitable biocompatible, biomechanical, and in some cases bioactive properties
that are conducive to cartilage tissue repair and regeneration.

In the sections below, we will highlight the importance of using biologics, cell
and scaffolds. While each section is presented separately, it is likely that a true solu-
tion for managing OA from a regenerative medicine perspective will involve an
integration and synthesis of more than one of these concepts (Table 12.1).

Biologics
Hyaluronic Acid and Platelet-Rich Plasma

Hyaluronic acid (HA) and platelet-rich plasma (PRP) represent two popular nonop-
erative treatments for patients with OA. While HA has been studied extensively and
has been used clinically for up to two decades, PRP has seen a relative recent
increase in both lay and scientific popularity. Both are considered to be “biological”
interventions and should be considered as part of the existing treatment armamen-
tarium for knee OA.

Hyaluronan is a polyanionic, unbranched glycosaminoglycan polymer com-
posed of disaccharide subunits [17]. HA is endogenously produced by synovio-
cytes, fibroblasts, chondrocytes, and MSCs, and is a major constituent of synovial
fluid. Its functions include providing viscoelastic properties to achieve boundary
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Table 12.1 Summary of current and predicted regenerative medicine approaches for OA

Biologics

Cells

Therapy
Platelet-rich
plasma (PRP)
Hyaluronic acid
(HA)

IL-1RA

Antibodies to
nerve growth
factor

Small interfering
RNA

Gene Ex
therapy: vivo

In
vivo

Autologous
chondrocyte
transplantation

Particulated
cartilage

Bone marrow
mononuclear cells
Adipose stromal
vascular fraction
MSCs

ESC/
iPSC-
chondrocytes

Advantages

Multiple growth factors
Anti-inflammatory effects
Anti-inflammatory and
antinociceptive effects
Autologous conditioned
serum has high
concentration of IL-RA
Excellent preliminary
outcomes

Superior to placebo and
oxycodone in a phase III
study

Upstream strategy to block
production of
proinflammatory mediators

Continuous delivery of high
levels of therapeutic factors
High control over cells to be
delivered

Stronger modifications of
the environment

Easy delivery

Need for few doses

Perfect HLA matching
Partial repair

Lower cost

Less ex vivo manipulation
Chondrocyte in native state
Reparative potential

Perfect HLA matching
Cheap and easy to generate
Perfect HLA matching
Low cost

Reparative potential
Anti-inflammatory
Antifibrotic

Large number of cells
Readily available
Unlimited cell number

Disadvantages

Regenerative effectiveness
unknown

Controversial data regarding
efficacy

Further study required to be
accepted as a standard of care
Considered as a device and not
available in North America

Possibly more adverse events
than placebo

Transient effects

Transcripts with high turnover
difficult to silence

Off-target effect

Needs carrier cells for delivery

Lacks control over cells that get
modified

Possible immunological
rejection

Donor morbidity

High cost and technically
tedious

Chondrocyte dedifferentiation
Cannot treat severe OA
Allografts: need of HLA
matching?

Cannot treat severe OA
Definite effectiveness
unknown

Autologous: limited cartilage

Effectiveness unknown
Effectiveness unknown

Effectiveness unknown
Expensive production

Teratogenic and/or tumorigenic
Differentiation not yet well
defined

(continued)
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Table 12.1 (continued)
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Therapy Advantages Disadvantages
Scaffolds | Fibrin Easily harvested Poor mechanical strength

Widely available
commercially
Excellent biocompatibility

Collagen Good biocompatibility and Poor mechanical strength
biodegradability
Low immunogenic response

Modified HA May be engineered to Poor mechanical strength
release growth factors Impurities
May be augmented with
structural proteins

Synthetics Highly porous Poor biocompatibility
Can be engineered with Potential for immunogenic
desired mechanical strength, |response
shape, and biodegradable Toxic breakdown products
properties

Hybrid/composite | Harness the attractive Cost

properties of natural and
synthetic biomaterials

lubrication and hence low friction levels in the synovial joint [17]. High molecular
weight (HMW) HA has also shown to be immunosuppressive, anti-inflammatory,
and anti-angiogenic and is potentially more therapeutic than the low molecular
weight (LMW) varieties [18, 19]. In OA, the concentration and molecular weight
of HA decreases [20, 21]. It is likely that smaller HA fragments become
proinflammatory and pro-angiogenic by engaging toll-like receptors 2 and 4 in
macrophages and chondrocytes [22]. Furthermore, the viscosity of the synovial
fluid decreases which in turn results in an increase in mechanical stress to cartilage
[17]. From a therapeutic standpoint, HA is hypothesized to be an anti-inflamma-
tory agent and also involved in direct analgesia [17], in part by stimulating the
x-opiod receptor (KOP) having direct action on synovial nerve endings [23].

With respect to the clinical evidence for HA, the results in the literature, to date,
have been controversial, with support for and against the routine use of HA. Miller
et al. conducted a systematic review of US-approved intra-articular HA injections
which were studied in the context of randomized, saline-controlled trials. Using
data from 29 trials and 4,866 patients, the authors concluded that HA is safe for
intra-articular administration and efficacious compared to control treatments with
respect to pain and function restoration [24]. In contrast, Rutjes et al. performed a
meta-analysis of 89 trials with 12,677 patients. In this study, 71 of 89 trials showed
that HA reduced pain. However, when looking only at blinded trials with a mini-
mum of 100 patients in each treatment arm, the results were nonsignificant.
Furthermore, there were more adverse effects in the HA group in the latter studies
[25]. In general, however, greater benefits have been observed with low-grade OA
when using HA. Moreover, the studies in the literature have a large degree of
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variability with regard to HA dosing, number of injections, the use of HMW versus
LMW HA, as well as variable outcome measures and follow-up periods [17].

In comparison to HA, the use of PRP represents a shift in our approach to treat-
ing OA in the context of biological treatment strategies [17]. Specifically, there has
been a shift from a single molecule approach to an idea of co-delivering multiple
bioactive factors which in turn, theoretically, is more apt to mimic the complex
intra-articular environment [17]. PRP has mostly been defined as a sample of autol-
ogous blood with concentrations of platelets above baseline values [26]. The main
growth factors in PRP are transforming growth factor beta-1 (TGF-p), platelet-
derived growth factor (PDGF), vascular endothelial growth factor (VEGF), hepato-
cyte growth factor (HGF), and insulin-like growth factor 1 (IGF-1) [26]. These
growth factors are found in the alpha-granules of platelets and released upon plate-
let activation [27]. In vitro studies of PRP have shown increases in chondrocyte
viability, proliferation, and synthetic capability, as well as an inhibitory effect on the
inflammatory cascade. In vivo studies have shown that PRP improves both cartilage
stiffness and the histological appearance of cartilage repair tissue, specifically
increased proteoglycan and type II collagen content [27]. Possible mechanisms by
which PRP may exert reparative effects include creating a gradient of growth factors
which is a stimulus for cell migration (i.e., mesenchymal progenitors, chondro-
cytes), stimulation of endogenous production of HA, stimulation of MSC prolifera-
tion and increased chondrogenic differentiation [17].

Despite the increasing use of PRP, there are several variables that require further
study. At the present time, there is no agreement regarding the ideal platelet concen-
tration, the presence or absence of white blood cells (the former may be related to a
proinflammatory response), the use of anticoagulants and platelet activators, injec-
tion frequency, and the concomitant use of local anesthetics [28]. If an anticoagulant
is used, then platelet activation becomes important since clot formation is pivotal to
sustained release of growth factors in a gradient-dependent fashion [28]. Sundman
et al. [29] have also demonstrated that growth factor and catabolic cytokine concen-
trations were influenced by the cellular composition of PRP. Platelets increased ana-
bolic signaling, while leukocytes increased catabolic signaling molecules. Thus,
PRP products should be analyzed for their platelet and leukocyte content, as both
can influence the biologic effects of PRP [29].

In a recent study by Sundman et al. [30], synovium and cartilage were har-
vested from patients undergoing total knee arthroplasty, and the tissues were
co-cultured in HA, PRP, or control medium. In both HA and PRP conditions, the
tumor necrosis factor alpha (TNF-a) concentration was decreased compared to
control. Additionally, in PRP co-cultures, synoviocytes downregulated the
expression of matrix metalloproteinase (MMP)-13 expression while upregulat-
ing hyaluronic acid synthase-2. Co-cultures with HA had lower levels of inter-
leukin (IL)-6, relative to controls. These results demonstrated that while PRP and
HA treatment of OA joint tissues resulted in decreased inflammation (via differ-
ent mechanisms), PRP treatment also has the ability to enhance endogenous HA
production and decrease cartilage catabolism. This study was unique because it
looked at an ex vivo culture system of cartilage and synovium in different media
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conditions, which is more likely to represent the complex intra-articular environ-
ment in OA compared to a single tissue culture system [30].

A recent systematic review and meta-analysis by Khoshbin et al. [27] reviewed
six level I and II studies which compared PRP with either HA or saline. Pooled
results demonstrated that disease-specific functional outcomes were superior in
patients treated with multiple sequential PRP injections compared with other treat-
ment groups at a follow-up period of six months. However, there was a slightly
higher rate of nonspecific knee-related adverse events in the PRP group.

Andia et al. [17] have suggested that due to the overlapping yet distinct mecha-
nism which underlies the basis of PRP and HA, combination therapy has the poten-
tial to create a synergistic effect for symptom control and disease modification.
Certainly, further studies from a clinical and basic science perspective are required
to corroborate this.

IL-1 and TNF-a Blockade

Interleukin 1 (IL-1) appears to be one of the most important mediators of carti-
lage loss [11]. The naturally occurring inhibitor of IL-1 is called the IL-1RA which
has been shown to be therapeutic when delivered via intra-articular injection in
canine models of OA as well as other large animal models [10, 11, 31]. Autologous
conditioned serum (ACS) was developed in the mid-1990s in an attempt to gener-
ate an injectable material enriched in IL-1RA. Meijer et al. [32] demonstrated that
when whole blood is exposed to medical-grade glass beads and cultured for 24 h
at 37 °C, there is a rapid increase in the synthesis of several anti-inflammatory
cytokines including IL-1RA, IL-4, IL-10 and others to a lesser degree [33]. Baltzer
et al. have conducted a three-arm parallel-group randomized trial and demonstrated
superiority of ACS, compared with HA and saline controls, up to 2 years follow-
ing treatment in patients with low- to medium-grade OA [11]. At the present time,
ACS (Orthokine™) is approved in Europe, Australia, and some Asian countries.
The Orthokine™ (specifically the syringe with the glass beads) method is approved
as a medical device; the ACS itself is considered to be within the physician scope
of practice, and this aspect of the procedure does not require drug approval [33].
Nevertheless, more studies with Orthokine™ are required before it can be consid-
ered a first-line biological treatment for OA.

IL-1 and TNF-a are proinflammatory cytokines produced in response to injury
and animal models support the dominant role of IL-1 early in the development of
arthritis [34]. There is therefore an increased focus on the use of cytokine block-
ade immediately following acute joint injury in order to determine whether such an
intervention can prevent downstream chondral damage. Certainly in a canine ACL
transection model, Caron et al. [35] have shown that IL.-RA administration is chon-
droprotective. Similar effects have been shown with TNF-a inhibition in a rat ACL
transection model [36]. Ongoing clinical trials in humans will determine whether such
an approach has merit and ultimately efficacy from a disease prevention perspective.
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Antibodies Against Nerve Growth Factor

Another recent approach to treating OA is related to the use of humanized IgG2
antibodies (Tanezumab) that targets nerve growth factor (NGF). In adults, NGF is
essential in raising awareness of the nociceptor function of neurons with the onset
of pain and hyperalgesia in chronic pain [37]. NGF becomes important in injury and
inflammation even in the context of the OA environment. Lane et al. conducted a
proof of concept study in 450 patients and demonstrated that tanezumab resulted in
an overall reduction in joint pain and improvement in function, yet a higher rate of
mild to moderate adverse events compared to placebo [38]. Subsequent trials,
including phase III superiority trial, have demonstrated similar levels of efficacy
without any notable differences in adverse event rates [39, 40].

Small Interfering RNAs

In the setting of mechanical stress, nuclear factor kappa beta (NFkB) transcription
factors are activated and are associated with the production of proinflammatory cyto-
kines [37]. Biological inhibitors and the use of highly specific drugs and small inter-
fering RNAs (siRNAs) is one strategy to inhibit such proinflammatory actions. At the
present time, the use of siRNAs remains investigational. Akagi et al. [41] injected
chemically modified siRNAs into knee joints of mice with surgically induced OA in
order to create a matrix metalloproteinase-13 (MMP-13) knockdown. Injections took
place 1 week postmedial meniscus destabilization. The authors noted a significant
improvement in histological scores in the treatment versus control group 8 weeks
after the surgery. Thus, an effective knockdown of MMP-13 expression resulted in
delayed cartilage degradation. It was also determined that uptake of the siRNAs was
predominantly in the synovium and that blockade of MMP-13 expression was likely
present for at least 2 weeks. Such genetic upstream approaches appear promising, but
it will take time for such treatment options to be available for clinical use.

Gene Therapy

With gene therapy, one can deliver cells that have been genetically modified (ex
vivo) or deliver the genes without any vehicles directly to the OA joint tissue (in
vivo). While the ex vivo technique allows more control over the cells that will be
delivered, it is also more labor, time, and resource intensive than the in vivo deliv-
ery, which only requires the infusion of the vector into the joint. The main targets
for the in vivo approach are chondrocytes and cells of the synovium in the OA
joint, while chondrocytes, synoviocytes, and MSCs are candidate vehicles for the
ex vivo approach. Cell modifications could include insertion of genes coding for
anti-inflammatory, anti-apoptotic, and pro-chondrogenic factors [42]. Both viral
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and nonviral vectors are appropriate modes of delivery for both ex vivo and in vivo
approaches, although adeno-associated viral (AAV) vectors are preferred for in vivo
delivery, as they have low immunogenicity and have been shown to efficiently mod-
ify synovial cells without insertion into their genomic DNA [42, 43].

To date, only safety has been proven for the ex vivo delivery of cells modified to
express IL-1RA (anti-inflammatory factor) or TGF-f (pro-chondrogenic factor)
[43]; efficacy in humans remains to be proven although both genes demonstrated
efficacy in mitigating OA progression in animal models.

Cells for OA Therapy

Chondrocytes

Autologous chondrocyte transplantation (ACT) has been developed to aid chondral
defect regeneration: briefly, a piece of healthy cartilage is first removed from the
affected joint, to be later digested to acquire the contained chondrocytes. These
chondrocytes are expanded in monolayer culture and reimplanted into the cartilage
defect [44]. Since this technique has been used for at least two decades, there is
convincing data showing that ACT does improve the condition of patients with car-
tilage defects [45, 46]. Furthermore, ACT, overall, has shown better clinical out-
comes than microfracture in the long term (3-5 years) [47].

Despite the success of ACT, it is not yet a technique that can be applied to treat
severe OA [48], because of underlying disease which affects subchondral bone.
However, early OA treated with ACT can delay OA degeneration [49], and because
chondral defects are associated with the onset of OA, healing these defects can
delay OA incidence [46]. Since the development of ACT in 1987 [44], it continues
evolving as a high-cost procedure ranging from US $33-$67 thousand (depending
on the country of execution) [50]. However, it is labor-intensive and patient-specific
and may not provide optimal outcomes. A study showed that after 5-11 years of
ACT treatment, repaired cartilage was typically hyaline cartilage, although 25 % of
the cases had fibrous cartilage [51]. Chondrocytes expanded in monolayer culture
tend to dedifferentiate, losing their mature hyaline chondrocyte phenotype; thus,
continued effort has been aimed at improving culture conditions [44]. While the use
of autologous chondrocytes reduces the risk of immune rejection and disease trans-
mission, it also increases the costs. Thus, it is important to find alternative chondro-
cyte sources, such as allogeneic cells or stem cell-derived chondrocytes.

One alternative technique for chondrocyte implantation is the use of particulated
cartilage autografts and allografts. Unlike ACT, these particles are minimally
manipulated as they are simply minced cartilage, and thus, the chondrocytes con-
tained within them are in their native state. Additionally, due to lower manipulation,
the technical tediousness of ACT is greatly diminished. Upon implantation, the
chondrocytes contained within the cartilage particles are able to contribute to the
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repair of the affected area. To date, not much data regarding the effectiveness of the
autologous or allogeneic approach in humans has been generated, although one
small study has shown that autologous cartilage particles outperform microfractures
at 12, 18, and 24 months post-treatment [52]. Similarly, juvenile particulated cartilage
allografts have shown improvement of the symptoms after 12 months in four
patients with apparent defect filling, as judged by MRI [52]. The particulates thus
appear to present a viable alternative, although to decipher their real potential, larger
trials are still needed. Specifically for the allografts, a randomized or controlled
study has not yet been performed, leaving many questions unanswered.

Bone Marrow Mononuclear Cells (BM-MNCs)

BM-MNC:s are a highly heterogeneous population of cells acquired by eliminating
erythrocytes and granulocytes from whole bone marrow (BM). As such, BM-MNCs
contain monocytes, lymphocytes, mature and immature hematopoietic progenitors,
hematopoietic stem cells, MSCs, endothelial progenitors, and other subpopulations
[53]. In a sheep study, BM-MNCs improved cartilage repair, but their effect was
significantly lower than that of BM-MSCs [54]. It is thus likely that the positive
effects of BM-MNCs mainly come from MSCs, although the effects of other sub-
populations cannot be ignored [55]. To date, there have been no randomized human
trials using BM-MNCs, and thus no conclusions can be reached with regard to their
efficacy. Despite this, BM-MNC treatments are quite prevalent for OA [50] as they
do not require much processing, equipment, or time; the whole procedure from
aspiration to generating a concentrated solution of BM-MNCs takes less than
4 hours.

Adipose Stromal Vascular Fraction (A-SVF)

A-SVF isolation is a slightly more complex procedure than BM aspiration, but it
is still a short procedure compared to isolation and longer-term expansion of puri-
fied cell types (on the order of weeks). Lipoaspirates are enzymatically digested
and adipocytes removed by density separation from the A-SVF. Thus, A-SVF
contains all cells from adipose tissue except mature adipocytes and includes 28 %
blood-derived cells (CD45+), 29 % adipose stromal cells (ASC) (CD45-CD31-
CD34+), 13 % endothelial cells (CD45-CD31+CD34+), and other cells (CD45—
CD34-) [56].

A cartilage defect model in sheep has shown that A-SVF has good effects that
definitely outperform the vehicle [57]. It is thought the MSC fraction in A-SVF is
primarily responsible for its benefits, yet A-SVF can outperform MSCs [57], indi-
cating that other components of A-SVF may have therapeutic properties for carti-
lage regeneration.
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As with BM-MNCs, A-SVF treatment of cartilage defects is clinically offered all
over the world, and while clinical studies have shown benefits in OA patients [50], the
only study comparing it to a placebo control failed to show improved efficacy [58].

Mesenchymal Stromal Cells (MSCs)

MSCs were originally isolated from the BM, and it has been found that they are
present almost ubiquitously all over the body. They can be isolated from the BM,
adipose tissue, placenta, the umbilical cord and its blood, synovium, other tissues,
and even synovial fluid from OA joints [59—-62]. MSCs have been described, by the
International Society for Cellular Therapy, as cells that are plastic-adherent; posi-
tive for CD105, CD73, and CD90; negative for hematopoietic-specific surface mol-
ecules; and that can at least differentiate in vitro into bone, cartilage, and fat cells
[63]. MSCs may also decrease inflammation and provide support to other cell types,
thus promoting angiogenesis, cell survival, cell differentiation, and inhibiting fibro-
sis [64]. Thus, MSCs are ideal cells for OA therapy, as they could potentially
decrease inflammation, while contributing to cartilage regeneration both directly
and indirectly and diminishing synovial fibrosis.

MSCs have indeed shown reparative effects in various animal models of OA and
human OA, yet controlled, randomized, large trials are needed for humans, as most
of the benefits seen in humans have not been compared to proper controls [50,
65-71].

The main disadvantage for all sources of MSCs is the incapacity to predetermine the
quality of the MSC products, as there are no definitive markers for MSCs or predictive
in vitro assays. Global efforts, led by us and other groups, are thus looking for strategies
to develop reference materials for MSCs to standardize their characterization [72].
Systematic studies to address inter- and intra-donor variability, effect of culture condi-
tions, and tissue sources need to be undertaken to get a handle on this variability.

Stem Cell-Derived Chondrocytes and Directed
Transdifferentiation

Currently, chondrocyte-like cells can be derived from stem cells from different
sources including MSCs [73], embryonic stem cells (ESCs) [73, 74], and
induced pluripotent stem cells (iPSCs) [75]. While MSCs can be implanted
safely as they are not known to be teratogenic or tumorigenic, it has not been
definitively shown that they can replace endogenous cartilage in clinical trials.
ESCs are pluripotent and proliferate indefinitely allowing for the production of
a virtually infinite number of differentiated chondrocytes from one cell, although
induction of mature chondrocytes still remains under investigation [73, 74].
ESCs being a virtually limitless source of cells allow for automatized
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production and lower production costs: a number of human leukocyte antigen
(HLA)-matched banks could be created to facilitate major HLA matching of a
high percentage of the population and thus diminish the risks of allorejection.
On the other hand, their infinite proliferative capacity and pluripotency comes
with the high risks of tumorigenicity; thus, any chondrocytes produced would
have to be fully committed to that lineage, and growth-arrested, with perhaps
mechanisms to kill off aberrant cells [76]. In addition, ESCs raise ethical issues
that limit their use considerably. iPSCs have no such ethical constraints, as they
are derived by modifying virtually any somatic cell and have similar behavior to
ESCs [75]. Since iPSCs can be produced from adult cells, they present an alter-
native autologous product, although this would greatly increase costs. A strat-
egy for creation of HLA-matched banks for allotherapies would be more
efficient [77], although it would require putting patients on immunosuppres-
sants, which carry their own risks.

Another approach for the production of chondrocyte-like cells would be the
directed transdifferentiation of cells [78], which would direct cells to chondrocytes
without first dedifferentiating them to a primitive ESC-like stage. The main advan-
tage of this technique would be that tumorigenicity could be avoided and the pro-
cess to get chondrocytes could be potentially shorter compared to iPSCs. However,
one would be limited by cell supply, and thus, this approach would be similar to
MSC-derived chondrocytes. Still, it is an interesting potential source of chondro-
cytes which is just starting to be investigated.

Scaffolds for Cartilage Regeneration

The optimal route of administering biologics to treat OA remains unanswered.
Biologics may be administered with a scaffold or in a suspension intra-articularly
[50]. While some newer studies have investigated the use of scaffold-less tissues
[79], the majority of research focusing on cell therapies and their use for bioengi-
neering hyaline cartilage has utilized scaffolds [80].

The overarching role of scaffolds is to mimic the extracellular matrix of the
native tissue [81]. Scaffolds improve cell survival and optimize the environment
for cells to function at the site of cartilage loss. Scaffolds function by providing
mechanical support for implanted cells and chemotaxis to induce the formation
of new hyaline cartilage [82]. The mechanical strength of the scaffold must be
balanced with its porosity, which allows for transport of nutrients, growth fac-
tors, and metabolites within the developing extracellular matrix (ECM) [83]. A
scaffold should be biocompatible and allow for cell adhesion, proliferation, and
matrix synthesis, ensuring that cells are incorporated into the host tissue [84,
85]. The scaffold must mimic the natural environment of chondrocytes and ide-
ally should be bioactive, biomimetic, biodegradable, and bioresponsive [16,
86]. It is essential that the scaffolds are resorbable, ensuring that over time the
scaffold degrades and is replaced by new hyaline cartilage [87]. The scaffolds
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may be enhanced by peptides or cytokines, which provide spatial and tempo-
ral signals to promote cells to differentiate into chondrocytic phenotypes, mini-
mize the degradation of implanted cells, and improve cell viability. Historically,
scaffolds have been produced in the form of solid implants. However,
more recently, scaffolds have been developed in the form of a liquid or paste
form [88].

Scaffold Biomaterials

There are three main categories of scaffold biomaterials used for cartilage regenera-
tion [89]: natural, synthetic, and hybrid/composite.

Natural Biomaterial Scaffolds

Natural biomaterials, such as collagen type I or III, are the most commonly used
materials for bioengineering articular cartilage [16]. Natural scaffolds utilize mate-
rials that typically occur in a healthy joint [83]. In general, the advantages of natural
biomaterials are high biocompatibility, ample sources for procurement, and excel-
lent bioactivity. However, they can be immunogenic when they are harvested from
allogeneic or xenogeneic sources [83, 90]. Natural biomaterials can be further sub-
divided into proteins and polysaccharides [85].

Collagen is the most common protein used in scaffolds [91]. One of the earliest
investigations of MSCs used a collagen gel to regenerate cartilage defects in rab-
bits [92]. Not only can it be harvested from multiple sources such as skin, tendon,
and bone [93], but also demonstrates good biocompatibility, biodegradability, and
low immunogenicity. However, collagen has poor mechanical strength compared
to other natural scaffolds. Typically, porcine or bovine type I/III collagen has been
used as scaffold material. While these sources are abundant in nature, the use of
animal tissues in humans raises concerns about the risks of transmitting infectious
agents or inducing immune reactions. Moreover, animal tissues are harvested
from a heterogeneous mixture with high variability in tissue quality. More
recently, investigators have utilized recombinant human type II collagen [94].
Recombinant human tissues are more expensive than porcine or bovine sources,
but have demonstrated good biocompatibility and safety [95]. Recombinant tis-
sues can also be customized to exact specifications and come from a homoge-
neous source [96].

Silk is a natural protein [97] with high mechanical strength that can be engi-
neered into many different shapes and structures. The most common source of silk
is the silkworm B. Mori, but silk may also be harvested from spiders such as N.
clavipes or artificially engineered [98]. Naturally occurring silk can be harvested
easily, in large amounts, and at a low cost. The scaffolds have slow degradation rates
with excellent biocompatibility and biomechanical properties.
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Fibrin is a protein involved in the blood-clotting cascade that can be easily
harvested from human or animal sources and is widely available commercially
[99]. It has many advantages as a biological scaffold: it can be injected arthro-
scopically and be molded into many shapes, can act as a plug to seal cartilage
defects and has excellent biocompatibility. However, fibrin-based scaffolds have
poor mechanical properties, rendering them unable to support high mechanical
loads [100].

HA, a naturally occurring polysaccharide mentioned in the biologics section, as
one of the main components of the natural extracellular matrix in healthy joint tis-
sue [86], can also serve as a scaffold. Researchers have augmented HA-based scaf-
folds with structural proteins like fibrin or collagen to improve their poor
mechanical strength [16]. HA scaffolds may also be engineered to release growth
factors such as TGF-p1 [101]. Recently, investigators have engineered a HA hydro-
gel that is liquid at room temperature and solidifies at body temperature, allowing
the scaffold to fill the defect before solidifying [102]. Other polysaccharides that
may be used include gelatin, alginate, agarose, and chitosan [103]. They are often
used in formulations with synthetic biomaterials such as poly(L-lactide-co-capro-
lactone) (PLCL) [104] and poly(lactic acid) (PLA) [105], with varying results.

Synthetic Biomaterial Scaffolds

Synthetic biomaterials, the most common alternative to natural biomaterials,
allow for the diffusion of nutrients and cells within the scaffold as they are highly
porous [89]. They can be woven into three-dimensional shapes, mirroring the
shape and mechanical properties of the normal joint. The scaffolds may be indi-
vidualized to each patient based on their anatomy and can allow for immediate
load bearing, followed by cartilage regeneration over time. The scaffolds can also
be engineered with desired mechanical strength, shape, and biodegradable proper-
ties. The major advantage over natural biomaterials is the ability to tailor the
degradation rate of the scaffold. Synthetic biomaterials can be augmented with
matrix metalloproteinase-sensitive peptides, which help direct MSCs to differen-
tiate into chondrocytes [106].

They have two major disadvantages. The first is poor biocompatibility due to a
lack of sites for cell adhesion, resulting in synthetic polymers often failing to main-
tain the chondrocytic phenotype [81]. Secondly, synthetic scaffolds can elicit an
immune response and the breakdown products can be toxic to host tissues. One of
the main goals of biologic therapy is to decrease the inflammatory state of an
arthritic joint, making this is a particularly troublesome drawback of synthetic
biomaterials.

PLA is a frequently used synthetic biomaterial that demonstrates good mechani-
cal strength and a modifiable degradation rate [107]. However, it typically has a
stronger inflammatory response than natural polymers because of the breakdown
products. Other examples of synthetic biomaterials are polyglycolic acid (PGA)
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[108], poly(ethylene glycol) (PEG) [106], poly(lactic-co-glycolic acid) (PLGA)
[109], polyurethane, and polycaprolactone (PCL).

Hybrid/Composite Biomaterial Scaffolds

More recently, composite scaffolds have been developed which harness the attrac-
tive properties of various natural and synthetic biomaterials. These include
hyaluronan-collagen, gelatin-hyaluronan, PEG-hyaluronan, and PGA-fibrin
hybrids, which can be manufactured into three-dimensional cartilage-scaffold con-
structs unique to individual defects and the contour of the affected joint [16]. Since
healthy articular cartilage is highly hydrated and comprised mostly of collagen,
hyaluronan-collagen composites may offer the ideal combination for arthritic joints.
Even magnets have been investigated as a scaffold for implanting mesenchymal
stem cells into a degenerative joint [110].

Scaffold Architecture

Scaffolds can be implanted as a hydrogel, devitalized ECM from donor tissue, as
cell sheets that secrete ECM, or pre-made porous scaffolds [83]. They can take the
form of gels, foams, sponges, or solid woven polymers, which can be placed in
areas of damaged articular cartilage [111]. The architecture of the scaffold is a deli-
cate balance between porosity and strength — larger pore sizes increase the exten-
sion of ECM, whereas smaller pore sizes ensure that implanted cells differentiate
into chondrocytic phenotypes. It is important that the scaffold architecture is strong
enough to withstand the mechanical load of the joint surface. If the scaffold is too
soft, breakdown products will be produced which can cause degeneration in sur-
rounding healthy articular cartilage. Moreover, the scaffold should help recreate the
natural structure of healthy cartilage. The superficial layer of healthy cartilage is
composed of collagen fibrils aligned tangentially to the articular surface, whereas
collagen fibrils in the deep zone are oriented radially [112]. Self-assembling scaf-
folds have the potential to repair multiple different layers within damaged articular
cartilage and mimic healthy tissue.

Hydrogels are biphasic materials with properties similar to articular cartilage and
are innately hydrated structures with unique biocompatibility similar to native ECM
[16]. They are viscoelastic, exhibiting cartilage-like flexibility, and can form stable
and highly ordered scaffolds on which biologics can be implanted [86]. The main
pitfall of hydrogels is their low mechanical strength, which may be as low as 10 %
of natural cartilage compression moduli [85].

Sponges are highly porous, whereas woven scaffolds have poorer porosity.
Gradient structures can combine different porosities to maximize the extension of
ECM and chondrocyte differentiation.
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Fig. 12.1 Schematic for potential regenerative medicine approaches to treating OA. OA is a mul-
tifactorial disease which comprises chronic inflammation, cartilage degradation, osteophyte for-
mation, and synovial fibrosis. Regenerative medicine currently aims to address the main factors
that are thought to sustain OA, inflammation, and cartilage degradation. Cell- and gene-based
therapies are both being designed so that they can address either inflammation or cartilage repair
or both. Bioactive molecules have been mainly thought as means to reduce inflammation, although
some of them could be helpful on promoting cartilage repair or at least decrease the degradation
rate. Scaffolds have been designed in order to provide a helpful environment that can promote
cartilage and sometimes bone regeneration from surrounding progenitors or from exogenous cells
while also integrating with cartilage

Future Research for Scaffolds

The optimal scaffold architecture and biomaterial for regeneration of articular car-
tilage remains elusive. Some researchers have suggested that cartilage engineering
should focus on scaffold-less techniques because of the various limitations of scaf-
fold biomaterials [113]. The ideal scaffold is likely a composite, self-assembling
scaffold that mimics the properties of the four distinct regions of articular cartilage
(superficial, middle, deep, and calcified zone). A summary of emerging and existing
scaffolds can be found in our recent review [50].

Conclusion

Regenerative medicine approaches which include cell-based therapies, the use of
anti-inflammatory cytokines and/or supportive growth factors, and tissue-engineered
scaffolds offer the potential to combat the multiple modalities of OA progression
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and degradation. The combination of various individual regenerative therapies may
indeed be required to attenuate the destructive inflammatory process and provide
the accompanying structural changes to be truly disease modifying. The emerging
conceptual and technical solutions outlined in this chapter are becoming increas-
ingly sophisticated as they evolve and offer the potential for achieving this goal
(Fig. 12.1).
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Chapter 13
Precision Medicine for Osteoarthritis

Christian J.H. Veillette and Igor Jurisica

Key Points

1. Precision medicine, or what patients and the media often call personalized
medicine, aims to utilize molecular profiles of patient biospecimens and
increasingly precise outcome metrics from diverse biosensors to more
accurately diagnose a disease, tailor the therapy a patient receives, and
monitor response.

2. Inorder to accomplish the goals of precision medicine in osteoarthritis, sev-
eral key components of biomedical research (target identification, marker
identification, molecular mechanisms) and clinical medicine (treatment,
diagnosis, health outcomes) must be seamlessly integrated across several
data repositories (clinical records, biospecimen, -omics databases) and
analyzed using integrative data mining and iterative learning strategies.

3. A clinically meaningful and feasible strategy is required for identifying
OA phenotypes for targeted treatment.

4. The OA Data Integration Platform (OADIP) provides comprehensive,
expert curated clinical and molecular data repository across OA. Advances
in molecular profiling, interoperability, integration, and exchange of data
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combined with machine learning techniques will enable comprehensive
signatures for OA subtypes to be identified and targeted for treatment and
discovery.

5. The feasibility and reality of precision medicine for OA are on the horizon
as we strive to provide the right care to the right patient at the right time.

Introduction

While evidence-based medicine has long influenced the way patients are treated, a
coming revolution questions whether undertaking larger studies to refine the evi-
dence is the path to better patient outcomes. Importantly, the aim is to move medi-
cine closer to data science and through integrative analyses from current “reactive”
to preventive medicine. Precision medicine, or what patients and the media often
call personalized medicine, aims to utilize molecular profiles of patient biospeci-
mens (genes, proteins, microRNAs, metabolites, etc.) and increasingly precise out-
come metrics from diverse biosensors to more accurately diagnose a disease, tailor
the therapy a patient receives, and monitor response [1, 2]. The goal is to integrate
molecular and biosensor information to provide a more precise classification of
disease of a given individual patient, compared to past when we could not discrimi-
nate between patient subgroups. While personalized medicine might say, “patient X
with disease Y should get drug Z,” precision medicine says, “patient X has a sub-
type of disease Y — actually, disease Y3, not disease Y1, Y2, or Y4 — and patients
with subtype Y3 tend to respond more favorably to treatment A not treatment Z”
[1]. This approach aims to transform the paradigm from trial-and-error-based medi-
cine with therapies directed toward broad patient segments to drugs or surgeries
targeted at small segments defined by molecular profiles and biometrics to provide
the best possible therapeutic outcome with minimal adverse events. This is particu-
larly important in high-stakes medical decisions such as oncology and surgery.
Topol has highlighted that the typical number needed to treat (NNT) accepted in
large trials means that a majority of patients take therapies to benefit one, often at
astronomical cost and with a risk of adverse events [3].

In the field of OA, the identification of the optimal treatment for each individual
patient is a pressing concern for all stakeholders (patients, physicians, healthcare
payers, pharmaceutical, and device industry), due to the heterogeneity of the disease
and the very large number of individuals affected [4]. Over the past several decades,
there has been a lack of progress in identifying structure modifying treatments for
OA, and therefore it is even more important to identify the optimal patient popula-
tion in which to test a given treatment. The lack of efficacy of OA drugs and thera-
pies highlights the need for precision medicine for OA. OA drugs have been shown
to be ineffective in up to 50 % of a patient population and rank second only to cancer
drugs and Alzheimer’s drugs [5]. Even the response and satisfaction to joint replace-
ment surgery have been shown to be poor in up to 30 % of patients undergoing knee
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replacement for OA [6, 7]. This is highly reminiscent of examples of successful
precision medicine approaches for non-small cell lung cancer where initial clinical
trials had failed but when drugs were targeted to patients with specific molecular
profiles were highly effective [8, 9]. This paradigm shift in our current traditional
evidence-based strategies needs to be kept in mind when evaluating treatments —
just because a medication or treatment is not effective for everyone does not mean
it will not be effective for anyone. The task is to identify the biomarkers or subtypes
of disease that predicts response — whether the treatment is a medication, psychoso-
cial intervention, or surgical procedure.

Why Is OA an Optimal Candidate for Precision Medicine?

The majority of examples of successful precision medicine is currently derived
from oncology and, in comparison to a polygenic disease like OA, represents a rela-
tively simple stratification of treatment based on targeting a specific activated path-
way in an oligogenic disease [2, 4, 10]. However, it seems likely that specific
polygenic diseases with epigenetic influences and certain therapeutic situations may
prove better suited to the application of precision medicine than others [11]. OA is
an optimal candidate disease for precision medicine because it is characterized by a
highly heterogeneous patient population, low response rates to treatments, increased
risk of significant adverse events, and large economic burden due to high-cost thera-
pies from a trial-and-error approach which typifies our current management [12].

Karsdel et al. have identified four major drivers of precision medicine: (1) iden-
tification of patients that are in the greatest need of treatment, (2) identification of
patients whom may respond optimally with the highest efficacy and lowest safety
concerns to a given treatment, (3) development strategy for a selected subpopulation
of patients, and (4) efficient use of healthcare resources [4]. The interplay of these
four drivers dictates the overall economic and ethical benefits of a precision medi-
cine strategy and is a key requirement for improving OA care.

It has become increasingly evident from failures of clinical trials that OA is not
one disease but has different phenotypes [12]. Although there are currently no effec-
tive treatments to validate this hypothesis, several subtypes and proposed treatment
strategies have been identified [13—19]. Five subtypes have received the most atten-
tion in the current literature: metabolic OA (including obesity) [20-23], posttrau-
matic OA (including malalignment) [24, 25], inflammation driven OA [26-29],
subchondral bone turnover driven OA [30-33], and genetic-based OA [11, 34, 35].
Consideration of just these basic subtypes alone and the different pathological pro-
cesses involved highlights why the response rate for a particular therapy will be low
in the absence of patient selection for a subset of patients with a specific OA pheno-
type. The disappointing results of initially promising clinical treatments for OA
such as iNOS, strontium ranelate, calcitonin, MMP inhibitors, cathepsin K inhibi-
tors, and bisphosphonates are likely due to applying these therapies to nonselected
or poorly phenotyped patient populations [36—40].
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How Do We Get to Precision Medicine in OA?

In order to accomplish the goals of precision medicine in OA, several key compo-
nents of biomedical research (target identification, marker identification, molecular
mechanisms) and clinical medicine (treatment, diagnosis, health outcomes) must be
seamlessly integrated across several data repositories (clinical records, biospeci-
men, -omics databases) and analyzed using integrative data mining and iterative
learning strategies [2]. Although this is a formidable task, evolving technologies
that improve interoperability and exchange of data combined with machine learning
techniques are enabling the potential to be realized.

Biomarkers Central to Precision Medicine in OA

Biomarkers are central to the concept of precision medicine in OA. A biomarker is
defined as a characteristic that is objectively measured and evaluated as an indicator
of normal biological processes, pathological processes, or pharmacologic responses
to a therapeutic intervention [41—43]. Biomarkers are often only thought of as
molecular markers from blood, urine, or joint fluid; however, current classifications
of biomarkers recognize the importance of both soluble or wet biomarkers such as
RNA, DNA, miRNA, peptides, proteins, and metabolites and dry biomarkers such
as clinical factors, imaging (X-ray, MRI, US), and health outcomes (WOOS, pain-
DETECT). The properties of an ideal biomarker include being readily available for
acquisition and testing, being stable in storage, and being an accurate surrogate for
a specific disease pathogenesis or treatment goal. At present, very few tests function
well enough to meet these basic requirements; however, there is emerging evidence
to consider multiple biomarkers as valuable assets in caring for patients with OA
[44], leading to prognostic and predictive signatures.

Bauer et al. have outlined a classification of OA biomarkers (burden of disease,
investigative, prognosis, efficacy, and diagnosis — BIPED) to provide a logical structure
for the characterization of markers according to specific functions [45]. For example,
one marker such as SCOMP might measure aspects of burden of disease (B) while also
aiding in diagnosis (D). Specific combinations of biomarkers such as DNA or proteins
(“signature”) may be associated with OA subtypes, indicate a patient's risk of OA pro-
gression, or indicate probability of patient's response to specific treatment. Importantly,
it has been shown that signatures far outperform individual markers [9, 46, 47].

Identifying Clear OA Phenotypes for Targeting Treatment

A clinically meaningful and feasible strategy is required for identifying OA pheno-
types for targeted treatment. OA is a progressive heterogeneous disease with differ-
ent clinical phenotypes that change and evolve over the course of the disease leading
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to common clinical manifestations [12, 14]. The clinical presentation of a specific
phenotype at a point in time depends on the most active joint tissue (bone, cartilage,
synovium, fat pad, capsule, ligaments/muscles) and the predominant underlying
pathogenic mechanisms (autoimmunity, inflammation, genetic, hormonal, meta-
bolic, mechanotransduction, ageing, posttraumatic). In addition, OA needs to be
considered as a joint disease with other comorbidities and extra-articular risk fac-
tors (joint overloading, diabetes, metabolic syndrome, obesity, psychosocial,
depression) that often overlap and modulate the OA process. All of these factors, the
overlap of several pathogenic processes and the various tissues that are dominant at
different stages of the disease progression, have led to the difficulties in identifying
clear OA phenotypes (Fig. 13.1).

Knoop et al. have identified five clinical phenotypes in a population with OA of
the knees based on four clinically relevant patient characteristics: severity of radio-
graphic OA, lower extremity muscle strength, body mass index (BMI), and depres-
sion [17]. The proposed phenotypes of knee OA patients include (1) minimal joint
disease phenotype, (2) strong muscle phenotype, (3) nonobese and weak muscle
phenotype, (4) obese and weak muscle phenotype, and (5) depressive phenotype.
Higher pain levels and activity limitations occurred in patients with depressive and
obese and weak muscle phenotypes. Although this identification of these phenotypes
can be readily applied in a clinical practice and helpful in prediction of clinical
outcomes, it does not incorporate underlying pathogenic mechanisms that most
likely determine these end-stage clinical expressions. Importantly, such characteris-
tics are not yet readily measured as accurately as expression of molecular markers.
However, wearable technologies are revolutionizing this field.

OA can be divided into at least six different subtypes based on the predominant
joint tissue (subchondral bone, cartilage, synovium, fat pad, capsule, muscle/tendon/
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ligaments) involved at a particular stage of disease or the most active tissue in a
specific patient population [18]. This proposed classification of subtypes allows tar-
geted treatments toward the tissue drivers of OA [4]. In addition, OA can be sepa-
rated into at least seven different phenotypes based on pathogenic mechanisms and
corresponding molecular pathways (autoimmunity [27, 48, 49], inflammation [26,
34, 48, 50], genetic [11, 35], hormonal [20], metabolic [22, 51], mechanotransduc-
tion [24], posttraumatic [25]). When these two proposed classifications are com-
bined, adjusted for overlap and integrated with extra-articular factors and rate of
disease progression, a clearer targeted strategy for therapeutics can be envisioned.
For example, a patient with traumatic OA and a specific molecular signature, in the
early disease course, may benefit from an intra-articular protease inhibitor treat-
ment, due to a high level of protease activity destroying the cartilage. Another
patient with a similar apparent initial mechanism and a different molecular signa-
ture may benefit from augmentation with a stem cell injection to recalibrate a dys-
functional inflammatory cascade. Similar proposed treatment scenarios can be
envisioned for a patient with generalized OA with a molecular signature for high
bone turnover, where an antiresorptive treatment would be best indicated to help
regulate subchondral bone turnover at a specific stage of the disease.

Recently, Zhang et al. have proposed a classification of OA phenotypes by
metabolomic analysis of synovial fluid from hip and knee joints with OA [52]. They
demonstrated that their OA cohort comprised at least three metabolically distinct
subgroups due primarily to differences in carnitine, lipid, and collagen metabolism.
A targeted metabolomics approach may enable improved understanding and profil-
ing of the biological response of cellular processes to the complex interplay of
genotypic and environmental influences that occur in the joint.

Building an OA Data Integration Platform

In 2011, the National Academy of Sciences established a committee and published
a report entitled “Toward Precision Medicine: Building a Knowledge Network for
Biomedical Research and a New Taxonomy of Disease” [2]. The report recom-
mends the development of a knowledge management system, or Information
Commons, structured similar to a layered geographical information system used
for applications like Google Maps. Instead of being organized by geographical
positioning, the Information Commons would be organized around individual
patients as the bottom layer of all the overlays. This multilayered system would
collect a broad range of health data including demographics, sign and symptoms,
patient outcomes, genome, microbiome, epigenome, and exposome through a vast
knowledge network integrated into observational studies during the normal course
of clinical care. Rather than considering research efforts as separate from health
care, the report suggests we collect standardized clinical, molecular, and exposure
data useful for research as part of routine health care. The “new taxonomy” that
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Fig. 13.2 Osteoarthritis Data Integration Portal (OADIP). The OADIP is analogous to a layered
geographical information system (GIS). The OADIP connects data from (1) curated clinical and
molecular literature published on OA and our internal core research programs including (2) mes-
enchymal stem cells (MSC) and OA microenvironment responses, (3) animal models of OA phe-
notypes, (4) metabolic syndrome, and an (5) observational cohort of OA patients (LEAP OA)
across clinical and molecular data sources

emerges would define diseases by their underlying molecular causes and other fac-
tors in addition to their traditional physical signs and symptoms through intralayer
clusters and interlayer connections. In the context of OA, the individual patterns
emerging from this multilayered data would define specific OA subtypes or pheno-
types that are clinically relevant.

Our group has been building a translational framework for precision medicine
in OA that shares similarities in concepts and vision despite being conceived prior
to 2011. The OA Data Integration Platform (OADIP) provides comprehensive,
expert curated clinical and molecular data repository across OA and can be com-
pared with similar efforts in rheumatoid arthritis and psoriatic arthritis (Fig. 13.2).
Multiple experimental platforms are included such as mRNA microarray, aCGH,
SNP, microRNA, proteomics, methylation, and different histologies. One can
search based on studies, gene expression, chromosomal aberrations, SNPs, or path-
ways. OADIP facilitates connection and integration of individual cores of our
research program and ultimately enables us to determine the most biologically
relevant and clinically useful candidates for precision medicine therapies and
methods to augment a personalized therapy strategy. The platform will ultimately
provide the most cost-effective and fastest approach to move from research
discoveries to cures.
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Comprehensive Biobank Integrated into Clinical Care

A critical building block for precision medicine in OA is a comprehensive biobank
across all major joints with OA (knee, hip, shoulder, elbow, spine, ankle) and at the
different stages of the disease. Biobanks are an essential resource in the study of
complex diseases [53] when linked with patient data from medical records, outcome
questionnaires, and health system utilization data. Our integrated clinical and
research program has established a large-scale biobanking effort to achieve these
needs and has embedded this within an observational cohort study, which evaluates
response to treatment including early-stage and late-stage disease.

Our OA biobank is an opt-in biobank for which we obtain written informed con-
sent as part of our observational cohort. The UHN Institutional Review Board has
provided final review and approval to ensure that the informed consent process
meets all legal and ethical requirements. Participants in our prospective cohort agree
to permit use of biospecimen samples and data in multiple linked studies, provide
access to outcome questionnaires and medical record data, link these data to health
system utilization data, and permit the sharing of de-identified data with other
researchers. Participants can also agree to future contact for additional studies. Each
linked study has a separate information package that discusses privacy protections
and risks involved in participating.

Patients assessed within the UHN Arthritis Program who are 18 years or older
are able to communicate in English, have mental capacity to consent, and are eligi-
ble for the OA Biobank. Currently, focus has been placed on individuals with late-
stage disease undergoing joint replacement or early- to mid-stage disease being
treated with arthroscopic or other joint-preserving procedures, but the framework is
in place to include specific target populations or nonoperative treatments. The base-
line questionnaire was developed after a systematic review of the literature and
meetings with an academic advisory board. The final questionnaire includes general
health questions from the 12-Item Short Form Health Survey, joint-specific out-
come measures, demographics, comorbidities, medications, painDETECT, Patient
Health Questionnaire-9 (PHQ-9), Pain Catastrophizing Scale (PCS), and response
to treatment. Questionnaires are completed by participants on a tablet using the
DADOS Electronic Data Capture Platform with real-time reports integrated into the
clinical care. All questionnaires can also be completed using a paper-based version
and can be validated by a research assistant and scanned into the secure centralized
database. Participants are asked to provide blood and urine samples at baseline and
during follow-up over the course of 1 year. Tissue biospecimens including synovial
fluid, cartilage, synovium, subchondral bone, and capsule are obtained from stan-
dardized locations for each joint. Specimen metadata such as aliquot amount, size,
and time from harvest to freeze in liquid nitrogen are recorded during processing in
the OA Biospecimen Management database. Unique identifiers and 2D bar-coded
labels are attached to each individual container used for storage. Custom searches
and reports can be generated based on any demographic, clinical data, or outcome
questionnaire scores with the end goal to link to our -omics data repositories.
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The Arthritis Program Biobank Governance Committee reviews all requests from
investigators who wish to access OA Biobank samples and data. Only internal
requests are currently considered; however, our future goal is to consider all requests
including both academic and commercial.

Big Data Analytics and Machine Learning in OA

Understanding OA and advancing more personalized treatment regimens require
access to the full spectrum of bioclinical data for the individual and for large
cohorts. Regardless of whether these data are being used in mechanistic research or
in the pursuit of biomarker-based clinical decision strategies, we need to integrate
diverse, multimodal information (clinical, imaging, treatment, and tissue-derived
data) in a quantitative manner to generate biological insight and provide specific
clinical predictions and decision support that has clinical relevance. Identifying
the key signals or groups of signals can only be achieved through integrative data
mining and machine learning approaches. Conventional learning methods are
not capable of extracting simple correlations from these large datasets let alone
including prior probabilities (“priors”) associated with our biological or clinical
understanding. Machine learning methods and integrative computational biology
are central to advancing our understanding of OA. Many within the OA research
community are realizing that unimodal statistical or learning activities suffer from
a variety of confounders that reflect the complexity of the disease, the patient, and
our interventions [54].

To make a clinical impact, we must discover specific groups of markers (signa-
tures) that can be used to significantly improve detection, diagnosis, prognosis, and
treatment of OA. An integrative computational analysis and comprehensive compu-
tational and biological validation of putative markers identified from prospective
OA cohorts and molecular profiles of samples from patients with early-to-moderate
OA and end-stage OA is required [55]. The road to mapping OA markers focuses on
three goals: (1) identify signatures to detect patients with high risk of developing
subtypes of OA and increase the possibility of early detection; (2) identify signa-
tures for predicting patient’s response to specific treatments (this would help make
the treatment more personalized and could guide the development of customized
therapeutic treatments for that patient and the respective subgroup); and (3) develop
more efficient computational methods for discovering relevant patterns of markers
and create a public resource for OA research.

Two essential technologies are needed to enable scalable and effective data inte-
gration, annotation, and analysis: (1) IBM Watson system to process vast volumes
of unstructured information and (2) IBM InfoSphere Streams to provide real-time
data analytics for our World Community Grid Mapping Markers project [56].
Combined, this will enable us to significantly increase breadth and depth of integra-
tive analyses, organize knowledge sources based on evidence, and implement
effectively a prioritized ranking and recommending system.



266 C.J.H. Veillette and I. Jurisica

Specifically, integrative data mining approaches that utilize state-of-the-art
machine learning techniques are required that in addition to clinical data can ana-
lyze integrated networks of physical protein interactions, microRNA-gene net-
works, transcriptional regulatory networks, and metabolic networks [54, 55, 57,
58]. This process needs to be combined with expert clinical opinion as to which of
the identified machine-generated risk factors can be feasibly determined at the
clinical level or used to identify the need for further investigation (e.g., MRI or
blood tests).

Briefly, a proposed strategy can be considered where clinical data from health
records is combined with patient-reported outcomes, assessment data, and molecu-
lar profiles, in three steps. First, machine-generated phenotypes are determined
using only sociodemographic, patient-reported outcomes, and clinical data obtained
at baseline. Here, the IBM Watson system is used primarily. Second, iterative addi-
tion of more quantitative activity data, patient healthcare utilization, and molecular
profiles is used to assess the impact on phenotypes (i.e., which quantitative factor(s)
increases or decreases the association with high risk of persistent pain) determined
from the first step. Importantly, association-mining algorithm (with direction for
clinical experts and physicians) is used to optimize the clinical and molecular fac-
tors used. Case-based reasoning system is used to provide decision support and
relevant evidence for risk assessment. In the third step, clinical input from clinical
experts is used to ensure relevance and clinical usability of the computational output
regarding the specific risk factors and frequency of combined risk factors to deter-
mine phenotypes (including low-risk scenarios) with consensus-based (i.e., Delhi
method) association of the risk factor(s) individually or in combinations to known
evidence-based treatment (simple or complex multidisciplinary management) that
has been shown to be effective. The application of traditional methods, e.g., strati-
fied analyses, multilevel regressions, or recursive partitioning, to assess for advan-
tages or disadvantages of the machine learning strategies is important for clinical
and analytical internal validation. During this process, the existing evidence-based
interventions are assembled, and regionally appropriate recommendations for
implementation from clinicians and knowledge users with integrated patient feed-
back are developed. The results of this iterative process will lead to a web-based
risk-stratification tool and evidence-based, computational decision support system
for patients with OA. Signaling networks will serve as an integration platform to
build hypotheses and models for further functional studies of disease mechanisms
and for clinical validation of optimized interventions for the identified risk stratified
phenotypes [54].

Despite the obvious opportunity such a “big data” approach provides in the diag-
nosis, treatment, and particularly prevention of OA, there are several obstacles pre-
venting the widespread adoption of this novel paradigm of care. Although
infrastructure investments are decreasing in terms of the equipment necessary to
determine genetic profiles since the emergence of companies such as 23andMe [59,
60] and others, developing the data analysis and informatics function within a clini-
cal practice is time consuming and expensive. As a result of the complexity of the
data streams, it is not possible to simply glance at raw data and determine a treatment
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directly. Also, seamless access to data recorded by different services such as con-
sumer-based genetic analyses, activity trackers [61], and third-party data mining
enterprises is often not available given the value of the information. In addition,
when applying consumer products within the medical system, concerns related to
the protection of privacy, accuracy, and reliability of measurements will need to be
addressed.

Conclusion

The failure to date of most traditional evidence-based approaches in the manage-
ment of patients with OA highlights that treatments need to be targeted to specific
OA subgroups using the proposed precision medicine framework. Advances in
molecular profiling, interoperability, integration, and exchange of data combined
with machine learning techniques will enable comprehensive signatures for OA
subtypes to be identified and targeted for treatment and discovery. The feasibility
and reality of precision medicine for OA are on the horizon as we strive to provide
the right care to the right patient at the right time.
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