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Preface

Musculoskeletal diseases are rapidly becoming a major health concern. The
incidence of osteoarthritis, the most common arthritic disorder, is increasing
steadily due to the graying of the world population. This disease is responsible
for significant morbidity, particularly in the second half of human life, a time in
which the quality of life is of primary importance. The aim of this publication
is to bring to physicians and scientists a comprehensive overview of the field,
from molecules to men.

The direct costs related to osteoarthritis have been increasing steadily over
the years and will soon be comparable to those of other major illnesses, such as
cardiovascular diseases. This, of course, does not take into account all of the
other costs related to the disease which often cannot be simply calculated in
dollars and cents.

There has been a great deal of renewed interest in osteoarthritis in the last
few decades. This has been brought on by the need to improve our knowledge
of all aspects of the disease, especially with regard to its etiopathogenesis and
treatment. The most recent findings and developments on the structural, bio-
chemical, biomechanical and molecular changes observed in clinical and ex-
perimental osteoarthritis are presented in this book.

Each chapter highlights the most recent progress made with respect to the
understanding of the different mechanisms involved in inducing the structural
changes characteristic of the disease. The relevance of experimental models to
explore with great detail and precision the very early stages of osteoarthritis
and to study cartilage response damage and repair is also reviewed. Several
interesting developments have recently occurred with regard to the exploration
of the different clinical aspects of the disease. Dimensions of the disease which
were long ignored, such as its economic aspects and its impact on the daily life
style of the patient, are now receiving much more attention, in part because of
the practical implications for the administration of health care programs in
industrialized countries around the world.

This review also focuses on recent developments of the imaging techniques
used to evaluate osteoarthritic structural changes. Several advances have
brought forth new technologies that enable not only the evaluation of the pro-
gression of the disease over time, but also allow evaluation of the effectiveness
of treatment on the structural changes of osteoarthritis.
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The development of new treatments for osteoarthritis has experienced a
broad expansion in many ways. The advent of several new drugs has forced the
improvement of protocols to accurately evaluate their efficacy. Many of these
advances have been made possible through the collaboration of multidis-
ciplinary groups, which has allowed a comprehensive approach. Substantial
progress has been made, for instance, in the development of accurate and sen-
sitive tools to evaluate the impact of the disease and its treatment on the qual-
ity of life of patients. Recent advances in the understanding of the pathophysio-
logical mechanisms of osteoarthritis have allowed for the development of new
agents and drugs, some of which we hope will be found to have structurally
protective effects vis-a-vis the disease process. Some very challenging and ex-
citing years lie ahead of us in this field.

Progress in the field of osteoarthritis has been the result of fruitful collab-
orations among physicians, scientists, epidemiologists and people from many
other areas of expertise. We wish to sincerely thank them for their excellent
contributions and their dedication. The future looks brighter than ever now
that a cure for osteoarthritis may be within reach.

J.-Y. REGINSTER

J.-P. PELLETIER

J. MARTEL-PELLETIER
Y. HENROTIN
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CHAPTER 1

Structure and Function of Normal Human Adult
Articular Cartilage

E.J-M. A. THONAR, K. MAsuUDA, D.H. MANICOURT and K.E. KUETTNER

1.1
Introduction

Synovial (diarthrodial) joints facilitate mobility by allowing bones to articulate
with one another. In synovial joints, the bones are covered by hyaline articular
cartilage: a viscoelastic tissue that cushions and thus minimizes the forces that
the non-deformable bones are subjected to during load bearing. Each synovial
joint contains a vascularized synovium and is enclosed by a tough fibrous
capsule [1].

1.2
Structure and Composition of Normal Human Adult Articular Cartilage

1.21
Structure

Adult human normal articular cartilage can be divided into several layers or
zones (Fig.1). From the surface inward, these zones are: the superficial or
tangential zone (I), the transitional or middle zone (II), the radial or deep zone
(III) and the calcified zone (IV). The transitions between zones I and II, but
especially between zones II and III, are not sharp boundaries, but rather gradual
changes in composition and structure [2]. The junction between uncalcified
and calcified articular cartilage is called the “tidemark”, a line distinguishable
in stained sections of decalcified tissue. It provides a well-defined boundary
for the uncalcified tissue [3]. It is also worth noting that the zone of calcified
cartilage makes up a relatively constant proportion (6% to 8%) of the total
articular cartilage height. In contrast, the total thickness of the articular
cartilage, including the zone of calcified cartilage, varies with the magnitude
of the forces applied at a specific site and from joint to joint [4]. Intermittent
hydrostatic pressure, acting on the ends of the bones, may play a vital role in
maintaining the articular cartilage by retarding the ossification front [5].
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Fig.1. The zones of articular cartilage. Light micrograph of human articular cartilage from
the medial tibial plateau of a 66-year old woman. Weigert’s acid iron chloride hematoxylin,
Safranin-O and fast green stain (proteoglycans: red; collagen: green; calcified cartilage:
yellow). Cartilage thickness: 1.8 mm. The corresponding computer-enhanced schematic il-
lustration of the different layers of articular cartilage from the surface to the subchondral
bone is shown on the right. Zone I. tangential zone; zone II: transitional zone; zone III: radial
zone, followed by the tidemark which separates the non-calcified cartilage from the calcified
zone (zone IV). The osteochondral junction links the subchondral bone with the cartilage.
Reproduced with permission from Kuettner and Thonar 1998

1.2.2
Cellular Elements

The cells, termed chondrocytes, also exhibit marked variations in density with
tissue depth - cell density is highest in zone I and decreases progressively
through zones II to IV (Fig. 1). Cartilage is also more cellular in some joints than
in others. Further, within each joint, cellularity is inversely related to the thick-
ness of the cartilage and the degree of load bearing at a particular site.

The most superficial chondrocytes are disc-shaped and form a several cell-
thick layer (zone I) very close to the surface but beneath a thin layer of matrix;
their long axes are parallel to the articular surface. The deepest cells in this layer
show a gradual change to a less flattened shape. In zone II, the chondrocytes
are more spherical, sometimes arranged in small groups, and appear to be
dispersed randomly throughout the matrix [6, 7]. The chondrocytes of zone III
are predominantly ellipsoid with their long axes perpendicular to the articular
surface and grouped in radially-arranged columns of 2- 6 cells. In calcified zone
IV, the chondrocytes are more sparsely distributed; while some may appear
necrotic, most apparently are viable. The cells remain surrounded by non-calci-
fied matrix, since mineralization is restricted to the interterritorial compart-
ment of the matrix.
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1.23
Extracellular Matrix

Adult human articular cartilage is composed of a hydrated extensive extracel-
lular matrix (ECM) in which a small number of chondrocytes (=2 %-3% of the
total tissue volume) are embedded. The cells lack cell-cell contact and, con-
sequently, communication between them must involve the ECM. As the tissue
has no blood vessels or lymphatics, the delivery of nutrients to, and the removal
of waste products from, the cells occurs via diffusion through the ECM. There
also are no nerve fibers; neural signals are thus not directly transmitted from
the tissue. Although the chondrocytes within the tissue are metabolically very
active, they normally do not divide after adolescence. They live in an anoxic
environment and are believed to carry out their metabolism mainly through
anaerobic pathways [8].

Each chondrocyte can be thought of as a metabolically functional unit of
cartilage, isolated from neighboring cells but ultimately responsible for the
elaboration and maintenance of the ECM in its immediate vicinity [9]. The
ECM in adult cartilage is composed of several compartments (Fig. 2), each with
a unique morphological appearance [7] and distinct biochemical composition
[10,11]. The ECM immediately adjacent to the chondrocyte membrane is called
the pericellular or lacunar matrix. It is characterized by a high content of large
proteoglycan aggregates, bound to the cell via the interaction of hyaluronate
(HA) with CD44-like receptors [12], and by the relative absence of organized
fibrillar collagens. Contiguous to this pericellular matrix lies the territorial or
capsular matrix which is composed of a basket-like network of crosslinked
fibrillar collagen that encapsulates individual cells or sometimes groups of

Fig. 2.
Compartmentalization of pericellular
the articular cartilage

matrix. The thin rim of ,.__-—-\

pericellular matrix (red) and

the territorial matrix : /— T, N ‘\\
(light blue) form the cell- P4 £ chondrocyte b

associated matrix, the meta- ;
bolically active compart- / /\ \
ment. The metabolically {

“inert” interterritorial | !

matrix compartment (dark A \

blue) makes up more than \_/

90% of the total volume of
the matrix in human
articular cartilage. Re-
produced with permission ~._ teritorial o
from [1]

interterritorial
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chondrocytes (chondrons) and probably provides a special mechanical support
for the cells [1]. The chondrocytes establish contact with the capsular matrix
through numerous cytoplasmic processes rich in microfilaments as well as
through specific matrix molecules (e.g. anchorin and CD44-like receptors, see
below). The largest compartment of the ECM, and the furthest removed from
the chondrocyte membrane, is the interterritorial matrix containing most of
the collagen fibrils and proteoglycans [7].

The division of the ECM into matrix compartments is more clearly de-
lineated in adult articular cartilage than in immature cartilage [1]. The relative
size of each compartment may vary from joint to joint and even within the
same cartilage. The resident chondrocytes initially produce, and continuously
maintain, their surrounding matrix. Recent studies suggest that in adult tissue
chondrocytes exert active metabolic control over their pericellular and terri-
torial matrix compartments but less active control over the interterritorial
matrix which may be metabolically “inert” [7, 10].

As mentioned above, articular cartilage is composed primarily of an exten-
sive ECM synthesized, assembled and regulated by the chondrocytes. The tissue
macromolecules and their concentrations change during the different phases of
development and aging in order to meet altered functional needs. However, it is
not known if the cells synthesize all matrix components simultaneously or in
regulated phases according to physiological requirements [1]. The concentra-
tion and metabolic balance among the various ECM macromolecules and their
structural relationships and interactions determine the biochemical properties,
and hence the function, of articular cartilage within different joints. The major
component of the ECM of human adult articular cartilage is water (65-70%
of the total weight). This water is tightly bound within the ECM due to the
physical properties of the macromolecular components of the tissue which are
composed of collagens, proteoglycans and non-collagenous glycoproteins.

1.3
Biochemical Composition of Normal Human Adult Articular Cartilage

1.3.1
Fibrillar Network

Collagen molecules form the fibrous elements found in the extracellular spaces
of most connective tissues. Within this insoluble three-dimensional network of
crosslinked fibers, other more soluble components such as proteoglycans,
glycoproteins and tissue-specific proteins are enmeshed and, in some cases,
non-covalently bound to the collagenous elements.

1.3.1.1
Collagen Type II: The Major Component of the Fibrillar Network

Collagen molecules organized into fibrils make up about 50% of the organic
dry weight (or 10-20% of the wet weight). In adult cartilage, approximately
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90 % of the collagens are of the type II variety, a form found only in a few other
tissues (e.g. vitreous body, notochord). Type II belongs to class 1 (fibril
forming) collagen molecules. In addition, types IX, XI and small amounts of
type VI collagen have been found in adult articular cartilage. The relative
amount of type IX in the collagen fibrils decreases from about 15% in fetal
cartilage to about 1% in mature (bovine) articular cartilage [13-15].

The type II collagen molecule is composed of three identical polypeptide
chains, a, (II), synthesized and secreted as procollagen precursors whose non-
helical extensions are removed by enzymes before the molecule is incorporated
into the ECM. Once the trimmed collagen molecules are released extracel-
lularly, they form fibrils within the ECM [1]. In adult articular cartilage, type II
collagen forms fibrillar arcades with thicker fibrils in the deeper layers
of the tissue and fine fibrils horizontally arranged and enriched at the surface
of the tissue [9, 16]. Molecular biological approaches recently have shown that
differential splicing of exons occurs. In the type II procollagen gene, a new
exon (exon 2) coding for a cysteine-rich domain in the amino-terminal
propeptide was recently discovered. This exon is not expressed in mature
cartilage but is abundant in early stages of development (early or pre-chondro-
genesis) and results in a type II procollagen which is larger in size (type II A)
[17]. The expression of this type II A procollagen may be inhibitory to matrix
accumulation; the role (if any) it plays during development and cartilage
pathology (e.g. inadequate repair, osteophyte formation) remains to be
elucidated [18]).

The network of type II collagen fibrils provides the tensile strength and is
essential for maintaining the tissue’s volume and shape [7 15]. The tensile
strength is increased by covalent, intermolecular crosslinks formed between
type II collagen molecules [19]. Extracellularly, the enzyme lysyloxidase
produces aldehydes from hydroxylysine which then form the multivalent
crosslinking amino acid, hydroxylysyl pyridinoline. The concentration of this
mature hydroxypyridinium crosslink in cartilage rises with age but changes
little during adult life [20]. On the other hand, articular cartilage shows a
marked age-related enrichment in a different type of crosslink produced by
non-enzymatic means (browning) [21].

1.3.1.2
Minor Collagens: Essential Players in Fibril Organization and Function

Up to 10% of the total collagen content in adult articular cartilage is made up
of other genetically distinct types, the so-called “minor” collagens that con-
tribute to the unique functional properties of the tissue. Type IX collagen
belongs to the class 3 short-helix molecules and to the unique group of FACIT-
collagens (Fibril-Associated Collagens with Interrupted Triple-helices) [22].
It is assembled from three genetically distinct chains. One of these [the o, (IX)
chain] becomes glycosylated with a chondroitin sulfate (CS) chain, making
this collagen molecule a proteoglycan as well. Both mature and immature
hydroxypyridinium crosslinks have been identified between helical segments
of type IX and the telopeptides of type II collagen (Fig. 3) [23, 24]. Type IX may
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Fig. 3. Interaction of type IX and type XI collagen with type II fibrils. Most type IX collagen
molecules in the extracellular cartilage matrix are covalently linked antiparallel onto the
surface of type II collagen fibrils that contain in their interior type XI collagen. Adapted from

[14,15]

therefore function as an intermolecular-interfibrillar “connector” (or bridging)
molecule between adjacent collagen fibers [25, 26]. Since type IX collagen mole-
cules can also form crosslinks with each other, various homotypic and
heterotypic peptides have been identified. The crosslinks between fibers
enhance the mechanical stability of the fibrillar three-dimensional network and
make it less susceptible to enzymatic attack. They also promote resistance to
deformation by restricting swelling of the entrapped proteoglycans. It is also
worth noting that in addition to the anionic CS chain, the type IX collagen
molecule contains a cationic domain. This makes the surface of the fibrils
highly charged and prone to interactions with other matrix macromole-
cules [27].

Type XI collagen makes up only 2-3% of the total collagen. It belongs
to class 1 (fiber forming) collagens and is composed of three distinct a chains.
Together with types II and IX, it is co-assembled in the heterotypic fibrils
of articular cartilage [15]. Type XI collagen molecules have been located
by immunoelectronmicroscopy within the interior of the type II collagen
fibrils. Their role may be to organize type II collagen molecules by controlling
lateral fibril growth and by determining the diameter of the final heterotypic
collagen fibrils [28]. Type XI collagen also is involved in crosslinking but,
even in adult cartilage, the crosslinks remain as immature divalent keto-
amines [15].

Small amounts of type VI collagen, another representative of class 3 short-
helix molecules, have been found in articular cartilage [14, 29]. This collagen
forms distinct microfibrils and seems to be concentrated selectively in the cap-
sular matrix of chondrons [30].
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1.3.2
Proteoglycans

Proteoglycans are proteins to which are covalently attached at least one glycos-
aminoglycan chain. They are among the most complicated biological macro-
molecules. They are ubiquitous in the body and most abundant in the ECM of
cartilage. In articular cartilage, these highly hydrophilic proteoglycans are the
major space-filling matrix macromolecules. Entrapped in an underhydrated
(compressed) form within the fibrillar collagen network, their primary func-
tion is to give articular cartilage its ability to undergo reversible deformation
[1]. However, they are believed to play other roles that as yet are incompletely
understood (for reviews see [31-34]).

1.3.2.1
Aggrecan

Aggrecan is the predominant proteoglycan in articular cartilage: it makes up
approximately 90 % of the mass of proteoglycans in the tissue. Its protein core
(M, = 230 kilodaltons [kDa]) is glycosylated with numerous covalently-attached
glycosaminoglycan chains, as well as N-linked and O-linked oligosaccharides
[33] (Fig. 4). The glycosaminoglycan chains, which comprise approximately
90 % of the total mass of the macromolecule, are keratan sulfate (KS, containing
the repeating sulfated disaccharide (N-acetylglucosamine - galactose), with
multiple sulfation sites and other monosaccharide residues such as sialic acid)
and CS (containing the repeating disaccharide (N-acetylgalactosamine - gluc-
uronic acid), with a sulfate ester on either the fourth or sixth carbon atom of
N-acetylgalactosamine).

The core protein of aggrecan contains three globular (G,, G, and G;) and two
extended interglobular (E,, E,) domains. The amino-terminal region contains
the G, and G, domains separated by the 21 nm extended E, segment. G;, present
at the carboxy-terminal end, is separated from G, by the major (about 260 nm-
long) extended E, region that carries over 100 CS chains and many of the KS
chains (about 15-25) in addition to O-linked oligosaccharides. N-linked
oligosaccharides are found mostly within the G,-E,-G, domains and near the
G; region. The glycosaminoglycans are clustered in two regions: the largest,
termed the CS-rich region, contains all the CS and up to 50% of the KS chains
[36]. A KS-rich region is located in the E, domain near the G, domain and
before the CS-rich region [33]. The aggrecan molecules also contain some phos-
phate esters located primarily on the xylose residues that link CS chains to the
core protein, but also are found on some serine residues in the core protein.

A segment of the carboxy-terminal G; domain is highly homologous with a
hepatic cell-surface lectin specific for galactose and fucose and thus may help
anchor proteoglycan molecules within the ECM by binding to select carbohy-
drate structures [33, 37]. Recent analyses have revealed an alternatively spliced
exon encoding an EGF-like sub-domain and a complement B-like sequence
within the G; domain. Using anti-EGF polyclonal antibodies, the EGF-like
epitope has been localized within a peptide of 68 kDa in human aggrecan. Its
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Fig. 4. The structure of cartilage aggrecan and link protein molecules. In aggrecan the three
globular domains (G,, G, and G;) are separated by two extended segments (E, and E,) which
carry the glycosaminoglycans chondroitin sulfate (CS, in the CS-rich domain) and keratan
sulfate (KS, in the KS-rich domain, but some also in the E; segment and within the CS-rich
domain). Furthermore, the core protein is substituted with N- and O-linked oligosaccharides.
The G, and G, domains as well as the link protein (LP) contain a double loop structure
(proteoglycan tandem repeat, PTR). In addition both G, and LP show an additional loop
structure (immunoglobulin fold, Ig-fold) which can selectively interact with hyaluronate to
form aggregates. The G; domain contains a lectin-binding region. Adapted from [35]

function remains to be elucidated [1]. These sub-domains also have been found
in adhesion molecules controlling lymphocyte migration [33]. Only about one-
third of the aggrecan molecules isolated from adult cartilage actually contain an
intact G; domain suggesting that within the matrix the aggrecan molecules may
be proteolytically reduced in size. The fate and possible function of the released
fragments are still unknown [1].

The glycosaminoglycan-bearing E, domain is the major “functional” seg-
ment of the aggrecan molecule. The KS-rich region closest to G, is enriched in
the amino acids proline, serine and threonine. Most of the serine and threonine
residues are O-glycosylated with an N-acetylgalactosamine residue, which
serves as a primer for the synthesis of characteristic oligosaccharides which can
become extended as KS chains. The remainder of the E, domain contains over
100 serine-glycine sequences in which the serine provides the attachment for
the xylosyl residues that initiate the CS chains. Usually both chondroitin 4-
sulfate and 6-sulfate exist within the same proteoglycan molecule with the ratio
of each molecule varying with tissue source, age and from species to species.

The structure of aggrecan molecules in the cartilage matrix undergoes many
changes with development and aging [36, 38— 40]. Some of these reflect age-
related changes at the level of synthesis; they include a decrease in hydro-
dynamic size, the result mostly of a change in the average length of the
CS chains, and an increase in the number as well as length of KS chains [36].
Aggrecan molecules also undergo changes in the matrix, reflecting the action
of proteolytic enzymes (e.g. by aggrecanase and stromelysin) upon their core
protein [41]. This results in a progressive decrease in the average length of the
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core protein of aggrecan molecules in aggregates and in the accumulation, with
time spent in the matrix, of G,-containing fragments relatively deficient in
glycosaminoglycan chains.

1.3.2.2
Proteoglycan Aggregates

Aggrecan molecules synthesized by the chondrocytes are secreted into the ECM
where they form aggregates stabilized by link protein (LP) molecules. This ag-
gregation involves highly specific non-covalent and cooperative interactions
between a strand of HA and up to 200 molecules of both aggrecan and LP. HA
is an extracellular, unsulfated, linear, high molecular weight glycosaminoglycan
consisting of many repeating units of N-acetylglucosamine and glucuronic acid
[12]. The double loop structure of the G, domain of aggrecan interacts revers-
ibly with five consecutive HA disaccharide repeat units. LP, which contains a
similar (highly homologous) double loop structure [42], interacts with both the
G, region and the HA molecule and stabilizes the aggregate structure. The
ternary complex G,;-HA-LP forms a highly stable interaction that protects the
G, domain and LP from proteolytic digestion. Two LP molecules with molecular
weights between 40 and 50 kDa have been identified; they differ from each
other by the degree of glycosylation. Only one LP molecule is present at each
HA-aggrecan linkage site. A third smaller LP appears to be derived from the
larger species by limited proteolytic cleavage [43].

As many as 200 aggrecan molecules can bind to one single HA molecule to form
an aggregate of 5X107 to 5x10® molecular weight that by electronmicroscopy
is more than 8-pm long [31]. In the cell-associated matrix, made up of the peri-
cellular plus territorial matrix compartments, the aggregates retain their associa-
tion with the cell by binding, via their HA strand, to CD44-like receptors on the cell
membrane [12].

The formation of aggregates within the ECM is complex. Newly-synthesized
aggrecan molecules exhibit a delay in ability to bind to HA with high affinity [44].
This may act as a regulatory mechanism, allowing newly-synthesized molecules
to reach the interterritorial areas of the matrix before becoming immobilized into
large-size aggregates [10]. The proportion of newly-synthesized aggrecan and LP
molecules able to form aggregates by interacting with HA decreases markedly as
a function of age [45]. With age, the size of the aggregates isolated from human
articular cartilage also decreases significantly. This is due in part to a reduction in
the average length of the HA molecules and in part to the decrease in the average
size of the aggrecan molecules, as mentioned above.

Two populations of aggregates have been identified [46]. Most aggregates
have an average size of approximately 60 S. A second population of fast sedi-
menting “superaggregates”, with an average S-value of about 120, is enriched in
LP molecules [46, 47]. The presence of this superaggregate may play a major role
in tissue function; it is more concentrated in the middle layer of the articular
cartilage, regains its prominence during tissue recovery after immobilization of
the limb, and undergoes a significant decrease in size in osteoarthritic tissues
during the early onset of the disease [47].
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1.3.2.3
Small Non-Aggregating Proteoglycans

Aside from aggrecan, articular cartilage contains several smaller proteoglycans.
Biglycan and decorin, dermatan sulfate-bearing molecules, have molecular
weights of approximately 100 kDa and 70 kDa, respectively, and core proteins
of about 30 kDa [48]. Biglycan in human articular cartilage contains two
dermatan sulfate chains, whereas decorin, the most abundant of the two,
contains only one. These molecules make up only a small fraction of the mass
of proteoglycans in articular cartilage although they may be as numerous as the
larger aggregating proteoglycans. The small proteoglycans interact with other
macromolecules within the ECM including collagens, fibronectin and growth
factors (and with other macromolecules such as heparin cofactor II) [1].
Decorin is located primarily on the surface of collagen fibrils and inhibits
collagen fibrillogenesis [49, 50]. The core proteins bind avidly to the cell-binding
domain of fibronectin and probably sterically hinder fibronectin from binding
to cell-surface receptors (integrins). Since both decorin and biglycan bind to
fibronectin and restrain both cell adhesion and migration as well as clot forma-
tion, they may well inhibit processes involved in tissue repair [51].

Fibromodulin in articular cartilage is a proteoglycan (Mr = 50-65 kDa)
apparently associated primarily with collagen fibrils [52]. Its core protein,
homologous to those of decorin and biglycan, is substituted with a significant
number of tyrosine sulfate residues. This glycosylated form of fibromodulin
(previously called 59 kDa matrix protein) may help regulate the assembly and
maintenance of collagen fibrils [53]. It is noteworthy that both fibromodulin and
decorin are located on the surface of the collagen fibrils. Thus, as mentioned
previously, any growth in diameter of the fibrils must be preceded by selective
removal of these proteoglycans (as well as the type IX collagen molecules bound
along the fibrils) [1].

1.33
Non-Collagenous Matrix Proteins

Articular cartilage also contains a number of ECM proteins that are neither
collagens nor proteoglycans (Fig. 5). They participate in interactions with other
matrix molecules to form a network in which most molecules of the ECM are
involved (for reviews see [54, 55]. Some of these non-collagenous proteins have
been studied in detail and briefly are summarized below.

Anchorin, a 34 kDa protein present on the surface of chondrocytes and with-
in the cell membrane, may mediate interactions between the cell and the matrix.
Through its high affinity for type II collagen fibrils, it may act as a mechano-
receptor transmitting altered stress on the fibers to the chondrocytes [56].

Fibronectin is a minor component in most cartilaginous tissues and differs
slightly from plasma fibronectin [1]. It is thought to contribute to matrix
assembly through interactions with the cell membrane and other matrix
constituents such as type II collagen and thrombospondin [55]. Fibronectin
fragments with deleterious effects upon the metabolism of chondrocytes, i.e.
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Fig.5. Some of the major macromolecules in the extracellular matrix of articular cartilage
and their possible multiple interactions. Type XI collagen is located within the collagen type
II fibers which carry attached to it type IX collagen molecules. Decorin and fibromodulin
may bind to the fibers, possibly via the interaction of their negatively charged glycosamino-
glycans with the cationic segment of type IX collagen. A proteoglycan aggregate composed of
aggrecan, link protein and hyaluronate is shown; it is bound to the cell membrane via the in-
teraction of HA with a cell surface receptor. Some of the aggrecan molecules may lack the G,
domain. The circle depicts the hydration radius of a compressed aggrecan molecule. Neither
the specific location of biglycan, the interaction of anchorin with the collagen fiber, nor the
presence of crosslinks between collagen types II and IX are shown. Adapted from [54]

shutdown of aggrecan synthesis and upregulation of catabolic processes, are
found in elevated amounts in the joint fluid of patients with osteoarthritis and
thus may contribute to the pathogenetic changes that occur in the late stages
of this degenerative disease [57]. It is likely that fragments of other matrix
molecules that bind in a receptor-mediated fashion to chondrocytes may also
produce such effects [58].

Cartilage oligomeric matrix protein (COMP), a member of the thrombospon-
din superfamily, is a pentamer with five apparently identical subunits with
Mr =83 kDa. It is found in abundance in articular cartilage, especially in the
proliferative cell layer in growth cartilage and may thus be involved in regulating
cell growth [55]. This protein is very homologous to thrombospondin, also found
in the articular cartilage matrix although in much smaller amounts [55].
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Other matrix proteins include the following. A 36 kDa slightly basic cartilage
matrix protein expresses high binding affinity for chondrocytes and may
mediate interactions of cells with the matrix, e.g. during tissue remodeling.
A 39 kDa protein, termed GP-39, is expressed in the superficial layer of articular
cartilage and in synovium but its function is not known [55]. A 21 kDa protein
synthesized by hypertrophic chondrocytes interacts with type X collagen and
may have a function in the tidemark zone [s55]. Finally, it is becoming increas-
ingly evident that unglycosylated forms of the small non-aggregating proteo-
glycans are expressed by the chondrocytes, sometimes in distinct develop-
mental stages and in disease, but their specific functions are still unknown and
under investigation.

1.4
Functional Properties of Articular Cartilage

1.4.1
Biochemical Basis

Aggrecan molecules give cartilage its ability to undergo reversible deformation
[59]. They show specific interactions within the extracellular milieu and un-
doubtedly play additional prominent roles in the organization, structure and
function of the ECM. Within the tissue, aggrecan molecules reach concentra-
tions as high as 100 mg/ml. They are compressed to about 20 % of the volume
they occupy when maximally extended in solution and are not freely mobile
within the ECM. Collagen fibers form a three-dimensional network that
bestows correct tissue shape by preventing these space-filling proteoglycans
from further expanding. The proteoglycans entrapped within this collagen
network are molecules with high concentrations of negatively charged anionic
groups. These charges are fully-ionized under physiological conditions enabling
these molecules to provide high local concentrations of negative charges which
interact with the mobile cations in the tissue water (interstitial fluid) [1].
Since proteoglycans as highly charged polyelectrolytes occupy only a fraction of
their possible hydrodynamic domain, they attract water and thus provide a
swelling pressure that is restrained by the stiffness and tensile forces of the
collagen fibers [60].

The water content of the ECM is very important. Water defines the volume of
the tissue and, entrapped by the proteoglycans of the ECM, offers compressive
resistance. It is essentially incompressible and provides for the molecular trans-
port and diffusion within the ECM. The high density of negative charges on the
large-size proteoglycans “fixed” in the tissue creates an “excluded volume effect”
[1]. The effective pore size within the concentrated proteoglycan solutions is
very small and, consequently, the rate of diffusion of large globular proteins
into the tissue is very low [61]. Large-size proteins (such as albumin or
immunoglobulins) and small negatively-charged proteins tend to be excluded
from the ECM.

In the ECM of cartilage some of the water is present within the collagen fibrils,
the remainder in the extrafibrillar component. Because of their large size, the
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proteoglycans are excluded from the intrafibrillar space. It is the extrafibrillar
space, therefore, that determines the physiochemical and biomechanical charac-
teristics of cartilage [59]. The water content of the intrafibrillar compartment is
dependent upon the concentration of proteoglycans in the extrafibrillar space
and increases when the proteoglycan concentration decreases.

The fixed negative (anionic) charges on the proteoglycans determine the
ionic composition of the extracellular milieu that contains free cations at high
concentrations and free anions at low concentrations [61]. Since the concentra-
tion of aggrecan shows a tendency to increase from the surface to the deep
zone, the immediate ionic environment of the chondrocytes differs accordingly.
In general, the concentration of inorganic ions within the matrix creates a high
osmotic pressure.

1.4.2
Effect of Loading on Cartilage

The material properties of articular cartilage depend upon the interplay among
its collagen fibers, the entrapped proteoglycans and the fluid phase of the tis-
sue. Structural or compositional changes resulting from an imbalance between
synthesis and catabolism, degradation of macromolecules or physical trauma
seriously affect the material properties of the tissue and impair its function.
Since the concentration, distribution and macromolecular organization of
collagens and proteoglycans change with depth from the articular surface, the
biomechanical properties of individual zones also vary, with each zone con-
tributing in its own way. For example, the superficial zone with its high con-
centration of collagen, its tangentially oriented fibers and its relatively low
content of proteoglycans shows the highest tensile stiffness and distributes the
load evenly over the entire surface of the tissue [1]. In the transitional and radial
zones, the high concentration of proteoglycans enables the tissue to bear com-
pressive loads. The material properties change abruptly at the tidemark, from
the compliant non-mineralized tissue to the stiffer mineralized cartilage [62].
The continuity of collagen fibers throughout the tidemark provides strength
but, at the underlying chondro-osseous junction not crossed by collagen fibers,
the highly irregular interdigitating contours between mineralized cartilage and
bone serve to lock together the two layers to prevent separation. The calcified
cartilage is less stiff than the subchondral bone; thus, it acts as an intermediate
layer. At the undulating interface, shear stresses are converted into less damag-
ing compressive forces transmitted to the subchondral bone [63].

Upon loading, a complex distribution of tensile, shear and compressive stres-
ses comes into play. The cartilage matrix is deformed by the expulsion of fluid
(together with the metabolic products of the cells) from the loaded region,
effectively increasing the ionic concentration within the interstitial fluid [64]
(Fig. 6). Movement of water is related directly to the magnitude and duration
of the load applied and is retarded by the negative charges (forces) of the
proteoglycans. Thus, energy is absorbed by the tissue as water is displaced
[65, 66]. Concomitantly, as the tissue is deformed, the proteoglycans are forced
closer together, effectively increasing the negative charge density and the inter-
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molecular charge-charge repulsive forces that in turn increase the resistance
of the tissue to further deformation. Ultimately, the deformation reaches an
equilibrium in which the external loading force is balanced by the internal
forces based upon the swelling pressure (proteoglycan-ionic interactions)
and the mechanical stress (proteoglycan-collagen interaction). As the load is
removed, the tissue regains its original form by imbibing water (together with
nutrients from the surrounding tissue fluids). The unloaded form of the tissue
is reached when the swelling pressure of the proteoglycans again is balanced by
the resistance of the collagen network to further expansion.

The biomechanical properties of articular cartilage to withstand applied
load are based upon the structural integrity of the tissue which in turn is a con-
sequence of the collagen-proteoglycan composition as a “solid” phase, the hy-
dration of the tissue and ion composition of the “solute” phase [67]. The hy-
drostatic pressure of unloaded articular cartilage, and thus of its embedded
chondrocytes, is around one to two atmospheres. This hydrostatic pressure can
increase in vivo to 100 to 200 atmospheres within milliseconds upon standing
and may cycle between 40 to 50 atmospheres when walking. In vitro studies
have suggested that a hydrostatic pressure of 50 to 150 atmospheres, which is
physiological, leads to a moderate increase in cartilage anabolism (increased
amino acid and sulfate incorporation) if applied for short periods of time. If
applied for two hours, causing fluid loss, no effect is induced, suggesting that
this effect is dependent directly upon tissue hydration [68]. It remains to be
seen, however, whether the chondrocytes respond as rapidly in vivo to these
kinds of changes.

An induced decrease in hydration with its concomitant increase in proteo-
glycan concentration results in the attraction of positive counterions such as H*
and Na* [69]. This leads to a change in the overall ionic composition and the pH
of the ECM and thus of the chondrocyte. Prolonged application of load induces
a drop in pH with an accompanying decrease in rate of proteoglycan synthesis
by cartilage. It is likely that the effect of the extracellular ionic environment on
the rate of synthesis also is directly related in part to its effect on intercellular
composition. As newly-synthesized aggrecan molecules maintained under
mildly acidic conditions exhibit a longer than normal delay before they mature
into aggregating forms [70], it is possible that a drop in pH around the chondro-
cyte, such as occurs during loading, may allow more newly-synthesized
aggrecan molecules to reach the interterritorial areas of the matrix [10].

Immobilization or reduced loading leads to a marked decrease in synthesis
and tissue content of proteoglycans, whereas increased dynamic loading
leads to a moderate increase in synthesis and content of proteoglycans [71].
Strenuous training (20 km/day, 15 weeks) of dogs causes some change in total
tissue proteoglycans and specifically depletes the proteoglycans in the super-
ficial zone [72]. Some reversible softening of the cartilage occurs combined with
a stimulated remodeling of the subchondral bone. Severe static or impact load-
ing, however, causes cartilage damage and subsequent degeneration. In addi-
tion, abnormal changes in the physical-mechanical environment, as occur in
osteoarthritis, are initiated by a loss of aggrecan from the ECM [72]. This loss
results in water attraction (swelling) by the remaining proteoglycans that are



16 E.J-M.A. Thonar et al.

now present in lower concentration with more space available. This dilution
leads to a decrease in local fixed-charge density and ultimately in a change in
osmolarity with altered feedback to the chondrocytes.

1.5
Concluding Remarks

While we have described the functional properties of normal human adult artic-
ular cartilage as the result of the interactions among its three most abundant
molecules (collagen type I, aggrecan and water), it is likely that other consti-
tuents of the matrix also play important roles. Recent studies have led, for
example, to the identification of several matrix proteins found at higher con-
centrations in cartilage than in any other tissue. At this time, however, their
functional roles remain unclear. Future studies should help clarify the roles
such minor components of the matrix play in the maintenance of matrix
integrity, an absolute requirement for sustaining the normal functions of artic-
ular cartilage over the long term.
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2.1.1
Overview

Arthritis and musculoskeletal diseases are the most common chronic diseases
and causes of physical disability in the United States [1]. Based on data from the
1989 -1991 National Health Interview Survey (NHIS), 15.1 percent of the civilian,
noninstitutionalized population of the United States reported the presence of a
musculoskeletal condition that was classified as arthritis by the National
Arthritis Data Work Group [2]. The prevalence of arthritis increased with
increasing age; the majority of persons aged 65 and above reported the presence
of an arthritis diagnosis (Fig. 1). Age-adjusted prevalence was higher in women
than men, and in persons of non-Hispanic than of Hispanic ethnicity; there was
no difference in age-adjusted prevalence between whites and blacks, but the ratio
was lower in Asians [2, 3]. Other factors associated with the presence of arthritis,
analyzed in a subset of this cohort aged 18 and above, included being overweight,
defined as having a body mass index (BMI) of 25 kg/m? of greater, and having
low levels of formal education, defined as not being a high school graduate [4].

Fig. 1.

Age-specific average annual
prevalence of self-reported
arthritis. Data derived

from the National Health
Interview Survey - United
States, 1989-1991 [2]
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Applying the overall prevalence ratio to 1990 population census figures, an
estimated 38 million persons in the United States are affected by arthritis [2].

The impact of arthritis in the United States can be estimated by examining
its relationship with disability and its associated economic costs. In the NHIS,
disability was defined as some difficulty in performing one or more activities of
daily living or instrumental activities of daily living. Overall, almost 3 percent
of persons reported that they had an activity limitation attributable to arthritis
[2]. Disability attributed to arthritis increased with increasing age, and was
higher in women than men, blacks than whites, as well as in people with lower
levels of formal education, and people with lower incomes [2]. In an examina-
tion of baseline data from the NHIS Longitudinal Supplement on Aging, Ver-
brugge and colleagues noted that people with other chronic diseases or illnes-
ses in addition to arthritis, and people who were either underweight (BMI
<20 kg/m?) or severely overweight (BMI > 30 kg/m?) were also more likely to
have arthritis resulting in disability [5].

Musculoskeletal diseases such as arthritis exact a heavy economic burden in
the United States [6-9]. The total cost to the U.S. economy (including in-
patient and out-patient care, nursing home care, medications, and lost produc-
tivity) in 1988 of arthritis was estimated at $54.6 billion [8]; in 1992 dollars, this
figure was $64.8 billion [9]. Less than a quarter of these costs are due to direct
medical care, including inpatient and outpatient hospital and physician char-
ges, and costs of pharmaceuticals. The vast majority of costs are attributable to
indirect costs, predominantly due to lost wages.

More than 100 diseases make up the spectrum of arthritis and musculoskel-
etal disorders. Most of these diseases are uncommon, are of unknown cause,
and allow little opportunity for primary or secondary prevention in the general
population [10]. One disorder, osteoarthritis, makes up the vast majority of the
disability and economic costs of arthritis, and is subject to primary and
secondary prevention initiatives. The remainder of this chapter reviews the
epidemiology of osteoarthritis, highlighting studies conducted in the U.S., and
notes recent data on economic costs of osteoarthritis.

2.1.2
Definitions of Osteoathritis

Prior to 1986, no standard definition of osteoarthritis, formerly known as
degenerative joint disease, existed; most authors described osteoarthritis as a
disorder of unknown etiology(ies) in which articular cartilage was primarily
affected in contrast to rheumatoid arthritis which primarily affects the synovial
membrane. In 1986, the Subcommittee on Osteoarthritis of the American
College of Rheumatology Diagnostic and Therapeutic Criteria Committee,
proposed the following definition of osteoarthritis: “A heterogeneous group of
conditions that lead to joint symptoms and signs which are associated with
defective integrity of articular cartilage, in addition to related changes in the
underlying bone at the joint margins.” [11].

A more comprehensive definition of osteoarthritis was developed at a con-
ference on the Etiopathogenesis of Osteoarthritis sponsored by the National
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Institute of Arthritis, Diabetes, Digestive and Kidney Diseases, National In-
stitute on Aging, American Academy of Orthopaedic Surgeons, National
Arthritis Advisory Board and Arthritis Foundation [12]. This definition sum-
marizes the clinical, pathophysiologic, biochemical and biomechanical changes
that characterize osteoarthritis: “Clinically, the disease is characterized by joint
pain, tenderness, limitation of movement, crepitus, occasional effusion, and
variable degrees of local inflammation, but without systemic effects. Patholog-
ically, the disease is characterized by irregularly distributed loss of cartilage
more frequently in areas of increased load, sclerosis of subchondral bone, sub-
chondral cysts, marginal osteophytes, increased metaphyseal blood flow, and
variable synovial inflammation. Histologically, the disease is characterized early
by fragmentation of the cartilage surface, cloning of chondrocytes, vertical
clefts in the cartilage, variable crystal deposition, remodeling, and eventual
violation of the tidemark by blood vessels. It is also characterized by evidence
of repair, particularly in osteophytes, and later by total loss of cartilage, sclero-
sis, and focal osteonecrosis of the subchondral bone. Biomechanically, the
disease is characterized by alteration of the tensile, compressive, and shear
properties and hydraulic permeability of the cartilage, increased water, and
excessive swelling. These cartilage changes are accompanied by increased
stiffness of the subchondral bone. Biochemically, the disease is characterized by
reduction in the proteoglycan concentration, possible alterations in the size and
aggregation of proteoglycans, alteration in collagen fibril size and weave, and
increased synthesis and degradation of matrix macromolecules.”

A more recent definition of osteoarthritis was developed in 1994 at a work-
shop entitled “New Horizons in Osteoarthritis” sponsored by the American
Academy of Orthopaedic Surgeons, National Institute of Arthritis, Musculoske-
letal and Skin Diseases, National Institute on Aging, Arthritis Foundation and
Orthopaedic Research and Education Foundation [13]. This definition under-
scores the concept that osteoarthritis may not represent a single disease entity:
“Osteoarthritis is a group of overlapping distinct diseases, which may have dif-
ferent etiologies but with similar biologic, morphologic, and clinical outcomes.
The disease processes not only affect the articular cartilage, but involve the
entire joint, including the subchondral bone, ligaments, capsule, synovial mem-
brane, and periarticular muscles. Ultimately, the articular cartilage degenerates
with fibrillation, fissures, ulceration, and full thickness loss of the joint surface.”

213
Classification of Osteoarthritis

Osteoarthritis, as noted above, is a disorder of diverse etiologies. A classification
schema for osteoarthritis developed at the “Workshop on Etiopathogenesis of
Osteoarthritis” is shown in Table 1 [12]. Idiopathic osteoarthritis is divided into
two forms: localized or generalized; the latter represents the form of osteo-
arthritis described by Kellgren and Moore involving three or more joint groups.
Patients with an underlying disease that appears to have caused their osteo-
arthritis are classified as having secondary osteoarthritis. Some forms of
secondary osteoarthritis [e.g., that due to chronic trauma from leisure and/or
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Table 1. Classification ] )
of osteoarthritis® L. Idiopathic

A. Localized

1. Hands

. Feet
. Knee
. Hip
Spine
. Other single sites

=S I NN

B. Generalized

II. Secondary

A. Traumatic
B. Congenital or developmental diseases
C. Metabolic diseases

1. Ochronosis

2. Hemochromatosis

3. Wilson’s disease

4. Gaucher’s disease

D. Endocrine diseases
1. Acromegaly
2. Hyperparathyroidism
3. Diabetes mellitus
4. Hypothyroidism
E. Calcium deposition disease
1. Calcium pyrophosphate dihydrate deposition
disease
2. Apatite arthropathy

Other bone and joint diseases
. Neuropathic (Charcot) arthropathy
. Endemic disorders

~nm o™

Miscellaneous conditions

2 Modified from [11].

occupation activities] may be considered as risk factors for idiopathic osteo-
arthritis; conversely, risk factors for idiopathic osteoarthritis [e.g., overweight]
may be considered as causes of secondary osteoarthritis.

2.1.31
Radiographic Criteria

Classically, the diagnosis of osteoarthritis in epidemiologic studies has relied
on the characteristic radiographic changes described by Kellgren and Lawrence
in 1957 [14], and illustrated in the Atlas of Standard Radiographs [15]. These
features include 1) formation of osteophytes on the joint margins or in liga-
mentous attachments; 2) periarticular ossicles, chiefly in relation to distal and
proximal interphalangeal joints; 3) narrowing of joint space associated with
sclerosis of subchondral bone; 4) cystic areas with sclerotic walls situated in the
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subchondral bone; and 5) altered shape of the bone ends, particularly the head
of the femur. Combinations of these changes considered together led to the
development of an ordinal grading scheme for severity of radiographic features
of osteoarthritis: o = normal, 1 = doubtful, 2 = minimal, 3 = moderate, and
4 = severe.

Potential limitations of the use of the Kellgren-Lawrence grading scales, as
illustrated in the Atlas on Standard Radiographs, have been noted [16]. Radio-
graphic grading scales which focus on individual radiographic features
of osteoarthritis at specific joint groups have now been published for the
hand [17], hip [18, 19], knee [20, 21], as well as all three peripheral joint
groups [22].

2.1.3.2
Clinical Criteria

As noted above, the are potential limitations to the use of purely radiographic
criteria for case definition, especially in clinical studies of osteoarthritis. At the
Third International Symposium on Population Studies of the Rheumatic
Diseases in 1966, the Subcommittee on Diagnostic Criteria for Osteoarthrosis
recommended that future population-based studies should investigate the
predictive value of certain historical, physical and laboratory findings for the
typical radiographic features of osteoarthritis on a joint-by-joint basis [23].
Such historical features included pain on motion, pain at rest, nocturnal joint
pain, and morning stiffness. Features on physical examination included bony

Table 2. Algorithm for classification of osteoarthritis of the knee, Subcommittee on Osteo-
arthritis, American College of Rheumatology Diagnostic and Therapeutic Criteria Com-
mittee

Clinical?

Knee pain for most days of prior month
Crepitus on active joint motion

. Morning stiffness <30 minutes in duration

. Age 238 years

. Bony enlargement of the knee on examination

G W~

Clinical, Laboratory and Radlographlc

. Knee pain for most days of prior month

. Osteophytes at joint margins (Xray spurs)

. Synovial fluid typical of osteoarthritis (laboratory)
Age 240 years

. Morning stiffness <30 minutes

. Crepitus on active joint motion

NV W~

Modified from [11, 27]. Reproduced from Silman AJ, Hochberg MC (1993) Epidemiology of

the rheumatic diseases. Oxford University Press, Oxford.

2 QOsteoarthritis present if items 1,2, 3,4 or items 1, 2,5 or items 1,4, 5 are present. Sensitivity
is 89% and specificity is 88 %.

b Osteoarthritis present if items 1,2 or items 1, 3,5, 6 or items 1,4, 5, 6 are present. Sensitivity
is 94% and specificity is 88 %.
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enlargement, limitation of motion, and crepitus. Laboratory features included
erythrocyte sedimentation rate, tests for rheumatoid factor, serum uric acid and
appropriate analyses of synovial fluid.

The Subcommittee on Osteoarthritis of the American College of Rheumato-
logy’s Diagnostic and Therapeutic Criteria Committee has proposed sets of
clinical criteria for the classification of osteoarthritis of the knee [11, 24], hand
[25], and hip [26]; these criteria sets have been amplified into algorithms by
Altman for ease of use in clinical research and population-based studies
(Tables 2-4) [27]. These criteria sets identify patients with clinical osteoarthri-
tis, as the major inclusion parameter is joint pain for most days of the prior
month. This contrasts with the use of radiographic features alone wherein
many, if not most, subjects do not report joint pain. Thus, prevalence estimates
using different case definitions will likely be systematically lower when based

Table 3. Algorithm for classification of osteoarthritis of the hand, Subcommittee on Osteo-
arthritis, American College of Rheumatology Diagnostic and Therapeutic Criteria Com-
mittee

Clinical®

. Hand pain, aching, or stiffness for most days of prior month
. Hard tissue enlargement of 22 of 10 selected hand joints®

. Fewer than 3 swollen MCP joints

. Hard tissue enlargement of 2 or more DIP joints

Deformity of 2 or more of 10 selected hand joints

Vi LN~

Modified from [25, 27]. Reproduced from Silman AJ, Hochberg MC (1993) Epidemiology of

the rheumatic diseases. Oxford University Press, Oxford.

DIP = distal interphalangeal, PIP = proximal interphalangeal, MCP = metacarpophalangeal,

CMC = carpo-metacarpal.

@ Qsteoarthritis present if items 1,2, 3, 4 or items 1, 2, 3, 5 are present. Sensitivity is 92% and
specificity is 98 %.

b Ten selected hand joints include bilateral 2nd and 3rd DIP joints, 2nd and 3rd PIP joints
and 1st CMC joints.

Table 4. Algorithm for classification of osteoarthritis of the hip, Subcommittee on Osteo-
arthritis, American College of Rheumatology Diagnostic and Therapeutic Criteria Com-
mittee

Clinical, Laboratory and Radiographic?®

1. Hip pain for most days of the prior month

2. Femoral and/or acetabular osteophytes on radiograph
3. Erythrocyte sedimentation rate <20 mm/hr

4. Axial joint space narrowing on radiograph

Modified from references 26 and 27. Reproduced from Silman AJ, Hochberg MC (1993)

Epidemiology of the rheumatic diseases. Oxford University Press, Oxford.

@ Osteoarthritis present if items 1, 2 or items 1, 3, 4 are present. Sensitivity is 91% and
specificity is 89 %.
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on the American College of Rheumatology classification criteria as opposed to
traditional radiographic criteria [28]; readers need to be aware of this when
reviewing published studies.

214
Descriptive Epidemiology of Osteoarthritis

2.1.4.1
Prevalence

The prevalence of osteoarthritis has been estimated in two national studies: the
National Health Examination Survey (NHES), conducted from 1960 to 1962,
[29], and the First National Health and Nutrition Examination Survey
(NHANES-I), conducted from 1971 to 1975 [30]. The case definition of osteoar-
thritis was based on radiographic changes in the hands and feet in the NHES
and on radiographic changes in knees and hips in NHANES-I. In addition, a
physician’s clinical diagnosis of osteoarthritis was also available in NHANES-I.
These data were summarized by the National Arthritis Data Work Group in 1989
and again in 1998 [31, 32].

Overall, about one third of adults aged 25 to 74 years have radiographic
evidence of osteoarthritis involving at least one site. Specifically, 33 percent had
changes of definite osteoarthritis of the hands, 22 percent of the feet, and 4 per-
cent of the knee [31]. Among persons aged 55 to 74, corresponding prevalence
ratios were 70 percent for the hands, 40 percent for the feet, 10 percent for the
knees, and 3 percent for the hips [32]. Overall, a clinical diagnosis of osteo-
arthritis, based on symptoms and physical findings, was made by the examining
physician in 12 percent of 6,913 examinees aged 25 to 74 years in NHANES-I
[30]; using estimates for the 1990 U.S. Population, the National Arthritis Data
Work Group estimated that over 20 million adults have physician-diagnosed
osteoarthritis [32].

Radiographs of the knees obtained in the NHANES-I were not weight-
bearing; hence, joint space narrowing may not have been present in subjects
with cartilage loss, leading to an underestimate of the prevalence of radio-
graphic knee osteoarthritis. Population-based data from the Framingham
Osteoarthritis Study, a prevalence survey of radiographic knee osteoarthritis in
white elders aged 63 to 93 years, suggest that one-third of persons in this age
group have evidence of definite radiographic osteoarthritis of the knees [33].
These results are similar to those from the Baltimore Longitudinal Study on
Aging [34].

The prevalence of symptomatic knee osteoarthritis can also be estimated
from NHANES-I and the Framingham Osteoarthritis Study. Subjects are con-
sidered to be symptomatic if they report pain in or around their knees on most
days of at least one month. The prevalence of symptomatic knee osteoarthritis
was 1.6 percent in adults aged 25 to 74 years using data from NHANES-I [30],
and 9.5 percent among adults aged 63 to 93 years in the Framingham Osteo-
arthritis Study [33].
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2.1.4.2
Demographic Factors

Prevalence of osteoarthritis, as well as the proportion of cases with moderate or
severe disease, increases with increasing age at least through age 65 to 74 years.
Osteoarthritis is more common among men than women under age 45 and
more common among women than men over age 54. Clinically, patterns of joint
involvement also demonstrate sex differences, with women having on average
more joints involved and more frequent complaints of morning stiffness and
joint swelling. Among adults in the United States who participated in NHANES-
I, radiographic knee osteoarthritis was more common among black women
than white women [35]. No racial differences have been noted for hip osteo-
arthritis [36].

2143
Geographic Distribution

Data from national surveys suggest that arthritis and associated disability are
more prevalent in the South and least prevalent in the Northeast [2]. Possible
explanations for these patterns include lower socioeconomic status and greater
proportion of the population employed in manual labor in the South. No
specific studies, however, have been conducted to determine reasons for these
regional variations.

2.1.4.4
Time Trends

No data are available on time trends in the prevalence of osteoarthritis in the
United States. The National Center for Health Statistics recently released the
clinical data from NHANES-III, conducted from 1988 to 1993; this study also in-
cluded radiographs of the hands and knees in elders. When these radiographic
data become available, they will be useful for comparing the prevalence of
osteoarthritis with the prevalence based on earlier national surveys.

2.1.5
Modifiable Risk Factors for the Development of Osteoarthritis

Risk factors for the development of osteoarthritis have been the subject of many
studies. These factors include genetic and nongenetic host factors, and
environmental factors (Table 5). Results have been reviewed elsewhere [37-40];
this section will focus on three potentially modifiable factors associated
with osteoarthritis of the knee and hip: overweight, occupation and physical
activity, and joint injury/trauma. The reader is referred to the above cited reviews
for a detailed discussion of the role of other factors in the development of osteo-
arthritis at these joint groups as well as at other sites, including the hand and
spine.
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Table 5. Factors associated with the presence of osteoarthritis

Genetic factors
Gender
Inherited disorders of type II collagen gene [e.g., Stickler’s syndrome]
Other inherited disorders of bones and joints
Race/ethnicity

Nongenetic host factors
Increasing age
Overweight
Depletion of female sex hormones [e.g., postmenopausal state] (?)
Developmental and acquired bone and joint diseases
Previous joint surgery [e.g., meniscectomy]

Environmental factors
Occupations and physical demands of work
Major trauma to joints
Leisure and/or sports activities

2.1.5.1
Overweight

Overweight is clearly the most important modifiable risk factor for the devel-
opment of knee osteoarthritis in both sexes; however, its role as a risk factor for
the development of osteoarthritis of the hip remains controversial. Many
epidemiologic studies have found a cross-sectional association between obesity
and radiographically-defined knee osteoarthritis [35, 41-46].

Anderson and Felson studied the association between overweight and radio-
graphic osteoarthritis of the knee in 5,193 subjects aged 35 to 74 years who
participated in NHANES-I of whom 315 had definite osteoarthritis of one or
both knees [35]. In age-adjusted multiple logistic regression models, there was
a significant direct association between BMI and osteoarthritis of the knee in
both sexes: for each 5 unit increase in BMI the odds ratio (95% confidence in-
tervals) for the association with osteoarthritis of the knee was 2.10 (1.70, 2.58)
in men and 2.20 (1.95, 2.50) in women. After adjustment for potential con-
founders, the odds ratio increased in men to 2.53 (1.75, 3.68) but remained con-
stant in women at 2.17 (1.74, 2.77). Finally, these authors demonstrated a dose-
response relationship between overweight and osteoarthritis in both sexes: in
models adjusted for age and race, subjects who were obese and very obese, de-
fined as BMI between 30 kg/m? and 35 kg/m? and over 35 kg/m?, respectively,
had higher odds of knee osteoarthritis than subjects who were only overweight,
defined as body mass index between 25 kg/m? and 30 kg/m? compared to those
of normal weight.

Davis and colleagues studied the association between overweight and unila-
teral and bilateral radiographic osteoarthritis of the knee in 3,885 subjects aged
45 to 74 years who participated in NHANES-I of whom 226 (4.9 %) had bilate-
ral osteoarthritis and 75 (1.8 %) had unilateral osteoarthritis [44]. Overall, 65.0
percent of subjects with bilateral knee osteoarthritis had a BMI above 30 kg/m?,
compared to 37.4 percent of 37 subjects with right knee osteoarthritis, 43.3 per-
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cent of 38 subjects with left knee osteoarthritis, and 17.7 percent of 3,584 with
normal radiographs. In multiple polychotomous logistic regression analysis ad-
justing for age, sex, and history of knee injury, the odds ratio (95% confidence
intervals) for the association of overweight with bilateral knee osteoarthritis
was 6.58 (4.71, 9.18) as compared with right knee osteoarthritis and left knee
osteoarthritis of 3.26 (1.55,7.29) and 2.35 (0.96, 5.75), respectively.

Is the association of overweight with osteoarthritis of the knee related to the
distribution of body weight and/or the amount of body fat? Davis and col-
leagues examined the relationship between body fat distribution and osteoar-
thritis of the knees in subjects aged 45 to 74 years in NHANES-I [45]. Central fat
distribution was measured as subscapular skinfold thickness, while peripheral
fat distribution was measured as triceps skinfold thickness. There was no as-
sociation of either subscapular skinfold thickness or triceps skinfold thickness
with either unilateral or bilateral osteoarthritis of the knees in men or women
after adjustment for age, race and body mass index. BMI remained significantly
associated with bilateral knee osteoarthritis in both sexes and unilateral knee
osteoarthritis in men only.

Hochberg and colleagues examined the relationship between body fat
distribution and percent body fat in 465 Caucasian men and 275 Caucasian
women participants in the Baltimore Longitudinal Study of Aging; 169 men and
99 women had radiographic features of definite knee osteoarthritis [46]. Body
fat distribution was measured using the ratio of waist and hip girth, while
percent body fat was estimated from standard equations using the subscapular,
triceps and abdominal skinfold thicknesses. As expected, BMI was significantly
associated with the presence of knee osteoarthritis in both sexes. A central body
fat distribution, defined as a higher waist-hip ratio, was weakly associated with
bilateral knee osteoarthritis in both sexes; however, after adjustment for BMI,
body fat distribution was no longer significantly related to the presence of knee
osteoarthritis. A higher percent body fat was significantly related to knee osteo-
arthritis in women but not men; similarly, however, after adjustment for BMI,
percent body fat was no longer significantly related to the presence of knee
osteoarthritis. Thus, based on these two studies, it appears that being over-
weight is the important factor related to the presence of knee osteoarthritis, not
whether the weight is predominantly fat vs. lean body weight or where the
weight is distributed.

Is the relationship of overweight with knee osteoarthritis mediated by bio-
mechanical factors or metabolic factors related to obesity? Davis and colleagues
examined the role of metabolic factors in subjects participating in NHANES-I
[42]. They found that the strength of the association between overweight and
the presence of knee osteoarthritis was not diminished by adjustment for
potential confounding variables including blood pressure, serum cholesterol,
serum uric acid, body fat distribution and history of diabetes. Similar results
have been found in analyses from the Baltimore Longitudinal Study of Aging
which failed to demonstrate significant confounding or effect modification of
the association of BMI with definite knee osteoarthritis by blood pressure,
fasting and 2-hour serum glucose and insulin levels, and fasting serum lipid
levels, including cholesterol, triglycerides and HDL-cholesterol [47].
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These cross-sectional data demonstrating an association between over-
weight and osteoarthritis of the knee were confirmed in an analysis of long-
itudinal data from the Framingham study [48]. These authors examined the re-
lationship between weight measured at examination 1, between 1948 -1952, and
the presence of radiographic knee osteoarthritis measured 36 years later at the
18th biennial examination in 1983 -1985. When subjects were grouped into quin-
tiles based on their sex- and height-adjusted weight at baseline, both men and
women in the highest quintiles were significantly more likely to have developed
knee osteoarthritis; the relative risks (95 percent confidence intervals) were 1.51
(1.14, 1.98) and 2.07 (1.67, 2.55) in men and women, respectively. Furthermore,
women in the fourth quintile also had an elevated relative risk of developing
knee osteoarthritis: 1.44 (1.11,1.86).

Does prevention of weight gain or weight loss among those overweight result
in a decreased risk of developing knee osteoarthritis? Felson and colleagues
analyzed data from the Framingham study to examine the effect of weight
change from the baseline examination on the incidence of symptomatic knee
osteoarthritis in women [49]. The outcome in this analysis was the recalled year
of onset of knee symptoms in those with radiographic knee osteoarthritis at the
18th biennial examination who also had current knee symptoms. After
adjusting for baseline BMI, they showed a relationship between weight change
from 6 to 12 years prior to the radiographic examination; women whose weight
increased by 2 kg/m? had between a 25 and 35 percent increased risk of having
current symptomatic knee osteoarthritis compared to women without weight
change, while those whose weight decreased by the same magnitude had a
reduced risk of developing current symptomatic knee osteoarthritis. Focusing
on the 10-year interval prior to the radiographic examination, the authors
showed that the odds of having current symptomatic knee osteoarthritis were
reduced by 50 percent for a loss of every 2 kg/m? Thus, these data suggest that
weight loss during adulthood can reduce the risk of developing symptomatic
knee osteoarthritis.

The results of cross-sectional studies examining the association of obesity
with hip osteoarthritis are inconsistent, suggesting that the relationship is of
lower strength than that with osteoarthritis of the knee [36, 41].

Tepper and Hochberg studied the association between overweight and
radiographic osteoarthritis of the hip in 2,358 subjects aged 55 to 74 years who
participated in NHANES-I of whom only 73 (3.1%) had definite osteoarthritis
of one or both hips [36]. In multiple logistic regression models adjusted for age,
race and education, there was not a significant association between overweight,
defined as a BMI exceeding 27.3 kg/m? and 27.8 kg/m? in women and men,
respectively, and osteoarthritis of the hip in either sex. When the analysis was
performed examining the relationship between overweight and either unilate-
ral or bilateral hip osteoarthritis, however, the odds ratio (95% confidence
intervals) for the association of overweight with bilateral hip osteoarthritis was
2.00 (0.97, 4.15) as compared with unilateral hip osteoarthritis of 0.54 (0.26,
1.16).
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2.1.5.2
Occupation and Physical Activity

Certain occupations which require repetitive use of particular joints over long
periods of time have been associated with the development of site-specific
osteoarthritis. Specific occupational groups with increased risks of osteoarthri-
tis include miners, who have an excess of knee and lumbar spine disease;
dockers and shipyard workers, who have an excess of hand and knee osteo-
arthritis; cotton and mill workers, who have an excess of hand osteoarthritis in-
volving specific finger joints; pneumatic tool operators, who have an excess of
elbow and wrist osteoarthritis; concrete workers and painters, who have an
excess of knee osteoarthritis; and farmers, who have an excess of hip osteo-
arthritis. The relationship between occupation and osteoarthritis has been the
subject of several reviews [50, 51]. In addition, Buckwalter has reviewed the bio-
mechanical mechanisms underlying the relationship between abuse of joints
and development of osteoarthritis [52].

Anderson and Felson examined data from NHANES-I to study the relation-
ship between occupation and knee osteoarthritis in the general population [35].
Occupation was coded into one of seven broad categories and the physical
demand and knee-bending requirement for each code were categorized into
3-level variables: low/moderate/high or none/some/much, respectively. Occupa-
tions associated with high strength demands included laborers and service
workers, while those associated with much knee-bending included laborers and
service workers and craftsmen. In multiple logistic regression models adjusted
for race, BMI and education levels, subjects in both sexes aged 55 to 64 years
who worked in jobs with either increasing strength demands or higher knee-
bending demands had greater odds of radiographic knee osteoarthritis.

The association between occupational physical demands and knee osteo-
arthritis was confirmed in men in the longitudinal Framingham study [s3].
Occupational status was assessed between examinations 1 and 6, i.e., 194851
through 1958-61, and presence of radiographic knee osteoarthritis was deter-
mined at examination 18 in 1983-85. Occupations which involved at least a
medium level of physical demand and knee-bending included craftsmen,
operators/transporters, and laborers/service workers. Men who were employed
in jobs requiring knee-bending and medium, heavy or very heavy physical
demands had a 2-fold greater risk of developing radiographic knee osteo-
arthritis than men employed in jobs not requiring knee-bending and with only
sedentary or light physical demands. Furthermore, these authors estimated that
the proportion of radiographic knee osteoarthritis in men attributable to these
occupational factors was 15 percent. Thus, certain occupations which repeti-
tively stress apparently normal knee joints through repeated use appear to
predispose to the development of knee osteoarthritis.

Occupational physical activity has also shown to be associated with hip
osteoarthritis in several studies conducted in Europe; these are reviewed else-
where [40, 50]. In the only U.S. Study which examined the relationship between
occupation and hip osteoarthritis, Roach and colleagues compared occupatio-
nal work load, defined based on estimated joint compression forces produced
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by an occupational activity, in 99 men with primary hip osteoarthritis and 233
male controls known to be free of radiographic hip osteoarthritis [54]. Work
load was categorized as light, intermediate or heavy based on the type and
duration of exposure to different levels of sitting, standing, walking or lifting in
their jobs. In multiple logistic regression models, adjusting for obesity and
history of sports actitivies, men with hip osteoarthritis had a 2.5-fold greater
odds of having performed heavy workloads than controls. Furthermore, dura-
tion of performing heavy workloads also appeared to be significantly related to
increasing odds of hip osteoarthritis.

2.1.53
Sports and Exercise

Many studies have been conducted to examine the relationship between regu-
lar physical activity and osteoarthritis; most of the recent European studies
have included elite athletes, particularly football players, runners, and soccer
players. Panush and Lane [s5], and Lane and Buckwalter, [56], reviewed these
and older studies, and concluded that individuals who participate in sports at a
highly competitive level [i.e., elite athletes] or who have abnormal or injured
joints appear to be at increased risk of developing osteoarthritis as compared to
persons with normal joints who participate in low impact activites.

Running as a recreational activity does not appear to be a risk factor for the
development of osteoarthritis of the knee in the absence of knee injury [57-59].

2.1.5.4
Joint Injury/Trauma

As noted above, leisure physical activity does not appear to be associated with
an increased risk of either knee or hip osteoarthritis in the absence of joint
injury. Furthermore, knee injury, especially rupture of the anterior cruciate
ligament, is associated with an increased risk of knee osteoarthritis in elite
soccer players. Is joint injury associated with knee and hip osteoarthritis in the
general population?

Davis and colleagues studied the association between knee injury and uni-
lateral and bilateral radiographic osteoarthritis of the knee in 3,885 subjects
aged 45 to 74 years who participated in NHANES-I of whom 226 (4.9%) had
bilateral osteoarthritis and 75 (1.8 %) had unilateral osteoarthritis [44]. Overall,
a history of right knee injury was present in 5.8 percent of subjects with bilate-
ral knee osteoarthritis, 15.8 percent of 37 subjects with right knee osteoarthritis
and 1.5 percent of controls, while a history of left knee injury was present in 4.6
percent of those with bilateral knee osteoarthritis, 27.0 percent of subjects with
left knee osteoarthritis and 1.8 percent of controls. In multiple polychotomous
logistic regression analysis adjusting for age, sex, and BMI, the odds ratio (95%
confidence intervals) for the association of knee injury with bilateral knee
osteoarthritis was 3.51 (1.80, 6.83) as compared with right knee osteoarthritis
and left knee osteoarthritis of 16.30 (6.50, 40.9) and 10.90 (3.72, 31.93), respec-
tively.
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Tepper and Hochberg studied the association between hip injury and radio-
graphic osteoarthritis of the hip in 2,358 subjects aged 55 to 74 years who partic-
ipated in NHANES-I of whom only 73 (3.1%) had definite osteoarthritis of one
or both hips [36]. In multiple logistic regression models adjusted for age, race
and education, a history of hip injury was significantly associated with higher
odds of hip osteoarthritis: odds ratio (95% confidence intervals) 7.84 (2.11,
29.10). When the analysis was performed examining the relationship between
hip injury and either unilateral or bilateral hip osteoarthritis, however, the odds
ratio (95% confidence intervals) for the association of hip injury with unilate-
ral hip osteoarthritis was 24.2 (3.84, 153) as compared with bilateral hip osteo-
arthritis of 4.17 (0.50, 34.7). Thus, these data suggest that hip and knee injury are
an important risk factor for hip and knee osteoarthritis, respectively, especially
unilateral hip and knee osteoarthritis.

2.1.5.5
Population - Attributable Risk

Several studies provide data on the estimated proportion of knee osteo-
arthritis attributable to individual risk factors. For overweight, based on data
from the Baltimore Longitudinal Study of Aging, Hochberg and colleagues
estimated that the proportion of knee osteoarthritis attributed to overweight,
defined as being in the highest tertile of BMI, was 31.6 percent in men and 52.4
percent in women [46]. For occupational activity, Felson and colleagues
estimated that the proportion of cases of radiographic knee osteoarthritis
attributable to jobs with both physical demands and knee bending was 15 per-
cent [51]. The amount of knee osteoarthritis attributable to sports and joint
injury/trauma would be expected to be lower because of the low prevalence of
these exposures in the general population. Thus, for knee osteoarthritis, over-
weight is the most important modifiable risk factor followed by occupational
activity.

Data on which to base estimates for osteoarthritis of the hip are limited to
studies from Scandinavia, and are discussed elsewhere [40].

2.1.6
Prevention of Osteoarthritis

2.1.6.1
Primary Prevention

Epidemiologic considerations in the primary prevention of osteoarthritis have
been reviewed elsewhere [38, 40]. Primary prevention strategies directed
towards preventing overweight through dietary instruction and regular low
intensity physical exercise, workplace modification to reduce the physical stress
on lower extremity joints, and preventing major joint injury would be expected
to reduce the incidence of hip and knee osteoarthritis in the population. Natio-
nal recommendations include reducing obesity (BMI >27.8 for men and >27.3
for women) to a prevalence of no more than 20 % among adults and 15% among
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Table 6. Factors associated

with progression of osteo- Older age
arthritis of the knee Female sex
Overweight

Generalized osteoarthritis
Heberden’s nodes

Low dietary intake of antioxidants
Low dietary intake (serum levels) of vitamin D

adolescents and reducing the number of nonfatal unintentional injuries, espe-
cially those that are work-related.

2.1.6.2
Secondary Prevention

Factors associated with the progression of osteoarthritis have been reviewed
elsewhere and are listed in Table 6 [60, 61]. Secondary prevention strategies
directed towards weight loss through dietary instruction and regular low inten-
sity aerobic physical exercise have been shown to decrease symptoms and
functional limitation in patients with knee osteoarthritis [62]; it is possible that
this intervention may slow progression of knee osteoarthritis and reduce the
need for total joint replacement. In addition, recent data from the Framingham
Osteoarthritis Study suggest that elders with a low dietary intake of anti-
oxidants, especially vitamin C and vitamin E, as well as those with low serum
levels of vitamin D, have higher rates of progression of radiographic changes of
knee osteoarthritis [63-65]. Hence, dietary supplementation with vitamin C
1000 mg/day, vitamin D 400 IU/day, and vitamin E 400 IU/day, may be indi-
cated in elders with knee osteoarthritis.

2.1.7
Economic Impact of Osteoarthritis

As noted above, arthritis and related musculoskeletal diseases exact a tremen-
dous economic burden in the United States. Gabriel and colleagues estimated
the economic burden attributable to osteoarthritis using data from the Ro-
chester Epidemiology Project [66, 67]. They identified all prevalent cases of
osteoarthritis among Olmsted County residents as off January 1, 1987
and examined billing data for all health services, including pharmacy charges
for prescription medications, using the Olmsted County Health Care Utiliza-
tion and Expenditures Database [66]. The prevalence cohort included 6,742
individuals aged 35 and above with osteoarthritis who had a mean age of
69 years; these cases represented 17 percent of the Olmsted County popula-
tion aged 35 and above. Eighty-five percent of the osteoarthritis cases received
medical care in the index year and had average direct medical charges of
$2,654 per person; the age-, and sex-adjusted median charge per person
was $664. These charges were significantly greater that those for patients with-
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out arthritis, but were significantly lower that for patients with rheumatoid
arthritis.

Indirect medical costs and nonmedical costs were examined in a sample of
200 patients with osteoarthritis drawn from this prevalent cohort [67]. One
hundred sixteen (58 %) completed a self-administered questionnaire detailing
their use of and expenditures for nonmedical practitioners, total number of
days missed from work due to illness, use of home health care services due to
illness, and other factors which may contribute to indirect costs for the calendar
year 1992. Forty percent of respondents with osteoarthritis incurred indirect or
nonmedical expenditures in 1992; the average indirect and nonmedical ex-
penditures, excluding wage losses, were $726 per person. These costs were
significantly greater than persons without arthritis, but were significantly lower
than those among patients with rheumatoid arthritis.
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2.2
The European Viewpoint

X.BaDp1A LLACH

2.2.1
Introduction

Data on epidemiological aspects of osteoarthritis (OA) in various European
countries has become increasingly available over recent years, to the point where
it is beginning to be possible to put together a broad picture of prevalence in dif-
ferent populations, and of the risk factors associated with the disease. Neverthe-
less, problems still arise in providing an overview of the situation, particularly at
a European level, largely for two reasons: firstly, because of a lack of published
data in some countries, and, secondly, because very few of the epidemiological
studies carried out to date are strictly comparable. In particular, the use of differ-
ent criteria for classifying individuals with OA, and the use of different metho-
dologies for measuring prevalence, may well account for a considerable amount
of the variation in prevalence found in different studies. Though many studies of
the prevalence of OA have used Kellgren and Lawrence’s system of radiographic
changes [1], recent studies have used other measurements, such as self-reports
of joint pain, and even where Kellgren and Lawrence’s system is used there is
still disagreement about how subjects should be classified using that system,
for example, whether subjects with Grade II changes should be included in
study protocols or dealt with as a separate group [2]. In the case of self-reports
of joint pain there is evidence of a lack of reliability [3], and in the case of
combined methods there is evidence that they may produce excessively low
prevalence rates [2].
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Agreement on classification and measurement is essential if data is to be
compared across studies and across countries; the use of standardised measures
would also provide more accurate information on the prevalence and incidence
of OA. The discrepancies between studies and the rather partial information
available, as well as the growing importance of OA, not only in terms of its
effects on health but also its impact on health care systems, would appear to
make studies at a European level essential. Such studies, using standardized
classifications and measurement techniques, would not only help to fill in the
gaps concerning various epidemiological aspects of the disease, but would
also provide important opportunities for co-operation on means of tackling the
disease.

That new approaches are necessary seems beyond doubt, especially given the
rising costs associated with the disease. Though readily available data on the
economic impact of OA is also somewhat lacking in Europe, there can be little
doubt that the condition is a major contributor to both direct and indirect
(social) costs, and that these costs are likely to increase in the long-term, given
the combination of the degenerative nature of the disease and the ageing of
populations in Europe, together with the increasing availability and rising costs
of health care used to treat patients with the disease. Again, the limited number
of cost-based studies to date make it difficult to estimate costs on a European
scale, though an approximate idea can be gained from the data that do exist.
Further studies are required to make more accurate estimations, to estimate
likely trends in future costs, and to find the most cost-effective ways of im-
proving the quality of life of people with the disease.

2.2.2
Prevalence

2.2.2.1
General

In Spain, a study carried out in 1990 which used self-reports to study the
prevalence of rheumatic disease in the community, found that 12.7% of all
respondents reported some form of rheumatic complaint (25.7% in individuals
over 60), of which 43% were reported to be osteoarthritic complaints. Re-
porting of osteoarthritic complaints differed between the sexes, with 29.4 % of
men and 52.3% of women reporting osteoarthritic complaints [4]. A survey of
the prevalence of chronic conditions in the Scottish highlands showed that
symptomatic OA had an overall prevalence of 65 per 1000 but rose from one in
20 of those aged 40-50 years to one quarter of those aged over 70 [5].

2.2.2.2
Small Joints of the Hand

Petersson has provided a very useful review of the occurrence of OA in the
peripheral joints in European populations [6], reporting that OA of the finger
joints was present in about 10% of individuals aged 40- 49, rising to 92% in
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individuals over 70 (>90% in females; 80 % in males). A comparison of Swedish
and Dutch elderly populations using a similar methodology found prevalence
figures of 92% and 75% respectively. In individuals over 15, prevalence figures
were 22% and 29 % for males and females.

2.2.2.3
Hip 0A

In Britain, Kellgren and Lawrence reported prevalence rates of hip OA in indi-
viduals over 55 as 8.4% in women and 3.1% in men for OA grade 3 or 4 on the
Kellgren and Lawrence system [7], Jorring reported figures for Denmark in
persons over 60 of 5.6% in women and 3.7 % for men [8], while a retrospective
Swedish study of 12,051 radiographs indicated that prevalence of coxarthrosis
rose from less than 1% in the population aged under 55 to 10 % in those over 8s,
with an average prevalence of 3.1% for subjects over age 55, and no differences
between sexes [9]. The Swedish figures were identical to figures reported
20 years previously [10]. In Holland, prevalence of hip OA has also been
reported to be approximately 3% in the 45 - 49 age group for OA of Kellgren and
Lawrence grade 2 or more [11].

2.2.2.4
Knee OA

As Petersson states, prevalence figures for knee OA vary substantially across
studies. For example, in 1958 Kellgren and Lawrence reported figures of 40.7%
for women and 29.8% for men in subjects aged 55-64, whilst more recent
figures range between 2.9% in women aged 45-65 [12] to 7.7%-14.3% in
individuals aged 45-49 years [11]. A Swedish study which made use of self-
reports of joint pain to measure prevalence of OA in an elderly population
found that 30-43% of female subjects and 15-25% of male subjects between
the ages of 70 and 79 reported joint complaints, and that knee joints were the
most common site of complaints in both sexes. It should be noted, however,
that reporting did not appear to be consistent, with complaints tending to
‘disappear’ with repeated measurements. In all, 15% of women and 3% of men
reported joint complaints on all three occasions (at baseline and at 4 and 5 year
intervals), though an association was found between repeatedly reported
complaints and radiographic OA [13].

2.2.2.5
Cervical and Lumbar Spine 0A

Surprisingly, given the importance of lower back pain as a prime determinant
of lost work days and physician visits, data on the prevalence of lumbar and
cervical OA is relatively scarce, although at least one study found that it was one
of the most prevalent sites of OA, with peak rates as high as 84% and 70% for
cervical and lumbar spine OA, respectively, in older age groups and based on
radiological OA [11].
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Finally, at least two studies have been carried out which suggest that there
may be substantial regional variation in prevalence within countries. An inter-
view survey carried out in Sweden found that reported long-standing illness,
complaints, handicap or other debility due to OA were most prevalent in
northern and south-eastern areas of Sweden, with these variations being
attributed principally to differences in climatic (hot and cold) conditions at
work, though also to variations in the amount of physical strain at work [14].
Likewise, in a recent French study of 20,325 individuals aged between 35 and 50,
OA was one of the conditions in which statistically significant regional varia-
tions were found, with the likelihood of having OA being lower than the
national mean in western France (odds ratio 0.6 -0.79) and higher in the South
(odds ratios 1.24-1.46) [15].

2.2.3
Incidence

Relatively few studies of the incidence of OA have been reported in the litera-
ture in Europe. A 12-year follow up study of 258 individuals aged over 45 from
the general population showed that approximately 25% of women and 10% of
men developed radiographic knee OA during the study period [16], whilst in
individuals between 75 and 79 the incidence in small joints of the hand was
13.6 % and of knee OA 4.5% over a 5 year period [13]. A 1992 French study found
that the mean ages for onset of chronic pain in women with lateral femoro-
patellar, medial femora-tibial, and lateral femoro-tibial OA were 56.6 (+/-12),
62.7 (+/-12),and 69.2 (+/-10) years, respectively. Onset of pain was slightly later
in men (60.5 +/-10 for lateral femoro-patellar OA, and 64 +/-10 in medial
femoral-tibial OA) [15].

2.24
Risk Factors

2.2.4.1
Genetic

Few epidemiological studies of the impact of genetic factors on osteoarthritis
have been carried out in Europe. However, a recent study carried out in England
found significant differences between identical and non-identical twins in
terms of prevalence in both twins, with a clear genetic effect of hand or knee OA
in women, and genetic influences ranging from 39 to 65% [17]. A further study,
also based in England, suggested that the relative risk of undergoing total knee
or hip replacement was higher in siblings than in spouses of those who had
already undergone such an operation, with relative risks of 1.86 and 4.8 in the
sibling group for hip and knee replacements, respectively [18]. Though some
progress has been made in identifying hereditary defects, such as those in type
IT collagen, which appear to predispose to the early development of osteo-
arthritis in affected family members, considerable further research is necessary
to understand the epidemiological role of genetic factors in OA. Again, given
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the size of combined European populations, and the range of genetic bases,
the possibility of co-operation at European level seems to provide an ideal
opportunity for the epidemiological study of the role of genetic factors in the
development of OA, though to date it is an opportunity which has not been
taken advantage of to any great extent.

2.24.2
Overweight

The association between increased risk of developing OA and being overweight
is increasingly clear, with recent studies showing, for example, close associa-
tions between body mass index (BMI) and bilateral coxarthrosis, with adjusted
odds ratios of having bilateral coxarthrosis for those with a BMI >35 of 2.8
(1.4-5.7) compared to subjects with a BMI of <25 [19]. A study of middle-aged
women in an English sample of the general population also found that obesity
was a strong and important risk factor in the development of knee OA
with odds ratios of 17.99 for the upper tertile of the sample on BMI of having
bilateral knee OA compared to the lowest tertile, though associations between
obesity and OA of the small joints of the hand were not so strong [20]. In a
study of the association between various risk factors and coxarthrosis, it was
found that although being overweight was a risk factor in the development of
hip OA, it appeared to be less important than physical work load and sport, with
the etiologic fraction related to the three factors being 55% for sports, 40 % for
physical work load and 15% for obesity. Together, however, these three factors
explained 80 % of the idiopathic coxarthrosis [21].

2243
Occupation

Several studies have shown that occupation can be a significant risk factor in
the development of OA, with sites of OA being associated with the type of work
performed. For example, it was found that knee OA was more common among
carpet and floor layers than among painters [22], and that OA of the acro-
mioclavicular joint was more common among construction workers than
among foremen, with odds ratios of 2.62 and 7.67 for right and left sides,
respectively [23]. The increased prevalence of coxarthrosis among farmers
when compared with controls in mainly sedentary jobs (odds ratios of 9.3 in
farmers who had farmed for over 10 years) led to the suggestion that hip OA
should be a prescribed industrial disease in farmers [24)]. Activities principally
identified with the development of OA are regular lifting for OA of the hip, and
knee bending for OA of the knee [25].

2244
Age

Although it is clear that most forms of OA are very much age-related, with
prevalence being very low below the age of 45-50, OA is not an inevitable con-



Epidemiology and Economic Consequences of Osteoarthritis 43

sequence of ageing, but depends on many interacting factors such as the site of
OA, gender, lifestyle, etc., that make it difficult to generalise as to age of onset
(though see [15] for further data).

There have also been relatively few studies of the effect of ageing on disease
progression, though at least one follow-up study suggested that long term
prognosis was good in a large proportion of patients with OA, with no change
over an 11 year follow-up period in 60% of knees studied, and mild deterioration
in 33 %, using the Kellgren and Lawrence system. In the same study, no significant
differences were found in terms of self-reported pain using visual analogue scales
between the two administrations. The study did suggest, however, that reporting
of knee pain might have prognostic significance [26].

2.24.5
Gender

It is also becoming increasingly clear that gender plays an important role in
the development of OA, with women being more susceptible to OA in many
sites, though perhaps not all. A Finnish study of 6,647 farmers aged 40-64
published in 1996 for example found that being female was an independent
predictor of having disabling knee OA, with odds ratios in women compared to
men of 7 (2.5-19.7),3.3 (1.1-9.8),and 4.8 (2.4-9.3) of having right unilateral, left
unilateral and bilateral knee OA, respectively [27]. Also, a review of 29 epi-
demiological studies of hip and knee OA from 14 countries, appeared to show
that the presence of radiographic OA of the hip was higher in men than in
women, though the pattern was reversed for OA of the knee, especially over age
45 [28]. Nevertheless, the majority of studies reviewed for this chapter suggest
that hip OA is also more prevalent in women. It has been suggested that the
sharp increase in the incidence of knee OA in women over age 50 may be due to
changes in hormonal status associated with menopause [28]. Again, although
the evidence of gender being a risk factor is fairly conclusive for some OA sites,
there is nevertheless conflicting evidence for other sites, and much work needs
to be done to on understanding the mechanisms which produce increased levels
of risk, particularly in women, and on means of tackling this differential, both
at a biological and public health level.

2.2.4.6
Sport

There is an increasing amount of evidence regarding the role of sport as a risk
factor for OA. For example, it has been found that incidence of admission to
hospital for OA of the hip, knee or ankle is between 1.73 and 2.17 times higher
in athletes than in control subjects, with athletes practising mixed and power
sports having higher rates of admissions for premature OA, and admissions
being at an older age in endurance athletes [29]; that in a comparison of over-
weight, physical work-load and sport as risk factors for coxarthrosis showed the
etiologic fraction related to sport to be 55%, compared to 40% for physical
work-load and 15% for overweight [21]; and that weight-bearing sports activity
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in runners and tennis players produced a 2- to 3-fold increased risk for radio-
logic OA of the knees and hips in the study group compared to matched control
groups [30]. Soccer has also been shown to lead to a possible increased risk of
hip OA [31].

2.24.7
Others

At least one recent European study has provided evidence that the risk of
developing hip OA leading to total hip replacement (THR) is greater among
smokers than non-smokers (OR 1.5), as well as suggesting that the use of
contraceptive pills appeared to increase the relative risk for THR, this risk
was decreased by oestrogen substitution [32]. Ethnicity is a further risk factor
to be taken into account, with the review of 29 epidemiological studies from
14 countries mentioned above finding that radiographic hip OA was higher
in Caucasian populations than in non-Caucasian populations, though there
appeared to be no differences in prevalence of radiographic knee OA [28].
Other studies have shown that rural populations appear to be at greater risk
of developing coxarthrosis than urban populations, though the increased risk
was attributed primarily to the heavy labour involved in farming in the rural
population [33]. Finally, physical trauma is also positively associated with the
presence of coxarthrosis, one study finding odds ratios of 2.1 of unilateral
coxarthrosis and 1.5 of bilateral coxarthrosis in a sample which had suffered
physical trauma compared to controls [19].

225
Resource Implications

Given the relatively high prevalence rates of various types of OA and its fairly se-
vere impact on health and functional capacity, it is hardly surprising that the re-
source implications of treating OA should be enormous. This section reports
some of the data which are available regarding some aspects of treatment for OA,
and is intended to provide an impression of the impact of OA on health care
resources, and by no means is intended to provide a detailed picture. Other
aspects of caring for individuals with OA, such as home help or informal care-
giving, are not covered here, though their importance should not be understated.

A Finnish study of hip and knee arthroplasties [34] showed that between
1980 and 1988, 25,966 such operations were performed, of which 56 % were for
primary OA, 22% for rheumatoid arthritis, and 6.3 % for secondary arthrosis. In
1988, the total number of arthoplasties was 4,268 of which about two thirds were
hip arthoplasties and one third knee replacements. Over 40% of patients were
under 65 years of age, and the annual frequency of rearthroplasty increased be-
tween 1980 and 1988 from 9.8 to 13.6 %, indicating an increasing orthopaedic
work load in the future. Other studies have shown that the while the percentage
of knee arthroplasties performed due to rheumatoid arthritis has declined, the
number of such operations performed for OA have steadily increased [35].
Apart from the need for surgical interventions, another Finnish study found
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that OA, especially of the hip, was a strong determinant of both occasional and
regular need for assistance and that, together with chronic low back pain and
inflammatory arthritis, it was one of the disorders with the highest community
impact [36].

In terms of overall impact, a very useful French study which aimed to
quantify the social and financial burden imposed by OA estimated that 6 mil-
lion new diagnoses of OA were reported in France each year, and that it was
responsible for 8.7 million physician visits in 1993. The annual number of hos-
pital admissions was 93,000. In a further study to determine the economic and
social impact of rheumatic complaints, it was found that 40.5% of lost work
days were due to rheumatic diseases, and that osteoarthritis was the most
frequent cause of lost work days within this category. It was also found that OA
was the third most frequent cause of visits to a primary care centre [37].

2.2.6
Costs of Osteoarthritis

Again, it is not possible at present to develop a reliable overall picture of the
costs associated with OA in Europe, as relatively little data is available on the
costs associated with the disease in many countries, and there are still large
gaps regarding the cost implications of different types of OA. Likewise, though
substantial information may be available on certain aspects of treatment, such
as the cost of total hip replacement or expenditure on pharmacological treat-
ments, very little information is available on other aspects of resource implica-
tions such as the cost of home care, or physiotherapeutic measures. Never-
theless, it is abundantly clear that OA is an extremely costly disease, not only in
terms of direct costs to health care systems, but also in terms of indirect costs
attributable to lost work days, reduced production, invalidity payments, etc.
Considerable further research is required into both epidemiological aspects
and economic aspects of the disease in order to be able to predict future
resource implications with any accuracy. Given the huge costs associated with
OA, it is imperative to develop means of regulating expenditure on the disease
and of finding ways to reduce both direct and indirect costs.

2.2.6.1
Overall Costs

One of the few papers reporting the direct costs of OA to the health care system
[37], estimated that total direct costs for OA in France in 1992 amounted to
4 billion French francs (606 million ECUs), of which physician visits accounted
for 950 million FF (144 million ECUs), prescribed drugs for 965 million FF (146
million ECUs), laboratory tests, roentgenograms, and rehabilitation therapy for
330 million FF (50 million ECUs), and hospital costs (with average stay ranging
from 11 to 16 days) for 1.6 billion FF per year (242 million ECUs). Indirect costs
in terms of sick leave benefit were estimated to be 556 million FF (84 million
ECUs). The total of direct and indirect costs therefore amounted to 6.2 billion
FF (939.4 million ECUs).
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2.2.6.2
Cost of Pharmacological Treatment

An increasingly important component of costs associated with OA is represented
by expenditure on pharmacological treatment for the condition. Pharmacological
treatment is largely directed at the control of pain as the disease proceeds, with
surgical options being resorted to in the case of severe symptomatic OA which
fails to respond to medical therapy. Pharmacological treatment ranges from non-
opioid and opioid analgesics, to nonsteroidal antiinflammatory drugs (NSAIDs),
to intraarticular steroid injections in the case of knee OA. Recent guidelines [38]
indicated that acetaminophen should be the initial drug of choice in the treatment
of knee osteoarthritis, but that in patients who fail to respond to acetaminophen
or other oral analgesics, NSAIDs would be indicated.

The cost implications of NSAID use are considerable. For example, in the UK
in 1990 prescriptions for NSAIDs accounted for approximately 1 in 20 UK
National Health Service prescriptions, while the total cost of antirheumatic
prescriptions (mainly NSAIDs) was 219 million pounds sterling (336 million
ECUs). As Wynne and Campbell [39] suggest that half of all NSAID prescription
use is attributable to the control of degenerative diseases, and especially OA,
then the cost of NSAID use associated with OA is easy to appreciate. In Spain,
in 1996, NSAIDs were the 8th most costly drug in terms of cost to the National
Health Care System, with a total cost for the period of January to September of
22,500 million pesetas (134 million ECUs). Increase in expenditure compared to
1995 was equivalent to 5.9 % [40].

One of the major disadvantages of NSAIDs, however, is the likelihood of
adverse drug reactions, particularly those affecting the gastrointestinal system.
The incidence of adverse drug events related to NSAIDs are well-known and
widely covered in the medical literature [41, 42]. The treatment of such adverse
events represents a significant part of the total costs associated with treatment
with NSAIDs. Since the efficacy of available NSAIDs has been shown to be si-
milar, an economic evaluation of these drugs must place an emphasis on the
cost of treating adverse drug reactions, and not simply the cost of the drug
itself, in order to give a complete idea of the total medical costs of NSAIDs.
De Pouvourville for example calculated what he called the ‘shadow price’ of
an NSAID by adding the direct medical costs of treatment of NSAID-induced
gastrointestinal complications to the public price of the drug in the following

way [43]:
(1 - T/100) X P + T/100 X (C + P/2)

where P is the price of the drug over a given period, T% designates the known
rate of complications related to the prescription of the NSAID, and C represents
the direct medical cost for the treatment of such complications. When the
‘shadow price’ derived from this formula is related to the cost of NSAID therapy
the iatrogenic cost factor, i.e. the ratio of shadow price to treatment cost is
derived, as follows:

iatrogenic cost factor = shadow price/cost of NSAID therapy
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Thus, as de Pouvourville states, ‘if the [iatrogenic] cost factor is 2 this means
that each dollar spent for a prescription of this drug will incur an extra dollar
for the treatment of its secondary effects’ The iatrogenic cost factor will vary
depending on the cost of treatment with different drugs and on assumptions
regarding scenarios for treatment of secondary effects, but is nevertheless use-
ful in determining the ‘true’ cost of different NSAIDs. De Pouvourville reported
that the iatrogenic cost factor for the least safe NSAID ranged between 2.16 and
3.6 depending on the scenario chosen for treatment of secondary effects [43],
and similar results were obtained in a British context [44].

In a recent unpublished study, the iatrogenic cost factor was calculated
for a number of different NSAIDs used in Spain, but took into account not
only gastrointestinal adverse events but other adverse events associated with
NSAID use such as abdominal pain and nausea, which, though not as serious
as the gastrointestinal events included in de Pouvourville’s study, are never-
theless more common and also imply the use of health care resources above
and beyond the cost of the drug itself. The cost analysis of the NSAID
was based on the total medical cost of NSAID treatment, i.e. the total cost
for each option is the NSAID drug cost (market price) plus all described
ADR-related costs of a particular NSAID. Resource use related to each ADR
(Adverse Drug Reaction) was estimated by a panel of rheumatologists who
had participated in clinical trials with different NSAIDs. Resource use centred
on issues related to the treatment of ADR including specific pharmaco-
logical treatment for the ADR (drug, dose and treatment duration), number of
medical visits associated with the ADR (phone, home, ambulatory or hospital
visits), length of hospital stay (when indicated), diagnostic tests, and the
need to discontinue treatment with the given NSAID and the substitution
treatment after that point. Cost variables included in the analysis were
therefore related to direct medical resources employed in treatment using
NSAIDs, i.e. drug costs for the different NSAID options, ADR related costs,
and drug replacement treatment for cases where NSAID treatment was dis-
continued.

Of the 7 NSAIDs included in the analysis, there was a wide range in iatro-
genic cost factors (ICF) derived from the analysis, with the lowest ICF being 1.67
and the highest being 6.01, when a three-month time horizon was used. Sen-
sitivity analysis showed that the results were stable when data on key variables
such as ADR treatment costs, efficacy, and time of ADR occurrence were mani-
pulated.

The results of this type of study indicate that the ‘true’ cost of an NSAID will
not normally be reflected by its prescription price, and also that the cheapest
drug may not be the least expensive in terms of total medical costs. From the
point of view of estimating costs associated with OA and its treatment, the first
of these is an important factor to take into account, and both will be important
from the point of view of cost control and purchasing decisions, though at pre-
sent the repercussions of such analyses on both cost estimation and purchasing
decisions is undoubtedly limited. Nevertheless, they highlight the need for con-
tinuing appraisal of safety and effectiveness studies in clinical practice, i.e. in
real patients under real conditions.
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2.2.6.3
Costs of Surgical Treatment

The costs of surgical interventions related to OA are clearly of considerable im-
portance, given that procedures such as total hip replacement and knee arthro-
plasties are some of the most costly procedures currently provided in terms of
overall expenditure on health care. Again, demographic trends suggest that the
demand for this type of procedure can be expected to increase, and that such
trends will be coupled with rising costs due to technological advances, which
not only involve higher costs per se but also mean that such procedures are in-
creasingly performed in patients who would once have been considered too old
or too impaired to benefit from them, with a concomitant rise in the cost of
such procedures due to factors such as an increased length of hospital stay and
higher complication rates [45].

A number of studies are available which calculate the costs of hip and knee
arthroplasties in different European countries. A study of costs in Sweden
published in 1991 reported that the cost of hip replacement was 34,092 Swedish
crowns and for knee replacement 56,200 Swedish crowns (4,010 and 6,611 ECUs,
respectively). In a British study to calculate the total cost of primary total hip
replacement [46], a primary replacement episode was assumed to cost 3,500
pounds sterling (4,900 ECUs), with revision surgery costing twice that amount.
The results of this study highlighted the importance of the recipient’s age
and the influence of life expectancy on total costs, and also illustrated the
influence of quality on costs by using the idea of insurance premiums based
on a life-time care package, finding that the use of the best available
procedure would result in significantly reduced premiums when compared with
the worst available procedure (880 ECUs compared to 4,312 ECUs respectively).
For comparison, a French study conducted in 1987 estimated the total cost of
a THR to be 2,725 ECUs at 1987 prices, which, assuming an annual rate of
inflation of 5% would give a figure in today’s prices very similar to that cited
above for UK.

In terms of overall costs, a recent Norwegian study found that, for the period
1987 to 1994, the annual costs of THR were $70 million (77 million ECUs),
though obviously only a certain proportion of these costs, not specified by the
authors, are attributable to OA. The authors also highlight the fact that varia-
tions in the procedure used produce additional revision costs of approximately
$1.7 million per year compared to the reference procedure (Charnley prothesis
fixed with high viscosity cement containing antibiotic and with systemic anti-
biotic prophylaxis) [47].

2.2.7
Cost Containment Strategies

It is clear from a number of the observations made above that there are various
means of implementing strategies which will help to contain if not reduce
spending on OA. The development of more sophisticated methods for analysing
the true cost of pharmacological treatment and their incorporation into
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purchasing plans would help to curtail spending on drugs such as NSAIDs, as
would the development of prescribing guidelines which took true costs into
account. Bloor and Maynard, for example, suggest that reducing the prescribing
of NSAIDs, reducing dosage, switching to less toxic NSAIDs and using targeted
prophylaxis could lead to a reduction of up to 50% in spending on these drugs,
which would represent a saving of 86 million pounds (approximately 120 mil-
lion ECUs) [48]. Careful cost-based analysis of surgical interventions would
also provide useful data on which to base purchasing decisions, especially if the
concept of iatrogenic cost factors is employed, and may lead to the purchase
of interventions which are initially more expensive but which in fact lead to
substantial savings compared to present practices in terms of complications,
revision and replacement rates.

Other studies have pointed the way to means of containing costs. For ex-
ample, it has been suggested that patient management by multidisciplinary
teams which involve extensive use of prior screening, better patient education
before admission and surgery, improved communication between team mem-
bers on patient progress and co-ordination of care across the continuum re-
sulted in a reduction in the length of hospital stay to 4 days, a reduction in
direct costs per patient of $667 (734 ECUs), no reported cases of readmission
for complications in a 2 year follow up period, reductions in length of stay for
patients referred to extended care facilities, and a shortened period in home
health services [49]. Other initiatives which are perhaps underused in current
treatment approaches to OA include patient educational and self-management
programs, health professional social support via telephone, weight loss, physi-
cal and occupational therapy, and aerobic aquatic exercises, all of which can
produce excellent results at relatively low cost in the treatment of hip and knee
OA [38]. Other options for cost reduction include the use of transitional home
care programmes, though the extent to which such programmes reduce costs to
date remains unclear [50].

2.2.8
Conclusions

Currently, the data which is available on both the epidemiological and econom-
ic aspects of OA in Europe, though not ideal, does nevertheless allow us to
build up a picture of the condition which highlights both its prevalence and its
costs. The picture is perhaps a cause for concern, particularly in terms of costs,
given current demographic trends and technological advances in health care.
However, a number of tools are available to control, to a substantial extent, the
economic consequences of the disease. These tools range from public health
interventions which target at risk groups, to cost-effectiveness analyses of
interventions and treatment associated with the disease, the development of
treatment guidelines and protocols which take into account both the health and
economic consequences of treatment, and the implementation of co-ordinated
disease management programs. It is clear, however, that continuing research on
both the epidemiological and economic aspects of the disease are vital, and that
increased co-operation between European countries and studies at European
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level would be of great value in providing much needed information, and in
developing common approaches to dealing with what is likely to be one of the
major health care challenges of the coming millennium.
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CHAPTER 3

Experimental Models of Osteoarthritis

3.1
In Vitro Models for the Study of Cartilage Damage and Repair

Y. HENROTIN and J.-Y. REGINSTER

3.1.1
Introduction

Cartilage is a very specialized tissue containing only one type of cell and
characterized by the absence of blood and lymphatic vessels. Nutrition is
mainly assumed by synovial fluid imbibition. Chondrocyte metabolism is
regulated by soluble factors produced locally by chondrocytes themselves and
also by neighboring tissues. Chondrocyte functions are also influenced by the
composition of the extracellular environment (O, tension, ionic concentration,
pH, etc), the extracellular matrix composition, the matrix-cell interactions and
the physical signals. The first challenge of in vitro research is to reproduce in
culture this complex extracellular environment without modifying the specific
phenotype of mature chondrocytes. The second goal is to perform culture
models to study the precocious, delayed, brief or sustained responses of chon-
drocyte to chemical and/or physical signals. In vitro culture also provides an
opportunity to study chondrocytes behaviors during osteoarthritis (OA). The
third aim is to develop co-culture systems that would allow investigation of the
interactions between different tissues of the joint. The fourth goal is to prepare
cartilage implants for further transplantation. Finally, in vitro research aims to
screen growth factors, cytokines or therapeutic agents that could stimulate car-
tilage repair and/or reduce cartilage resorption. Over the last decade, different
culture models have been developped. Monolayer culture, suspension culture,
chondron culture, explant culture, co-culture systems and immortalized cell
cultures will be described in this chapter. Each culture system presents ad-
vantages and disavantages and each is particularly suitable to explore one
particular aspect of chondrocyte metabolism. Cartilage explant culture is an
excellent model system for studying matrix turnover or mechanisms requiring
original cell surface receptors and normal cell-matrix and matrix-matrix inter-
actions. On the other hand, if the study aims to investigate matrix deposition or
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the regulatory pathways of chondrocyte metabolism, an isolated cell culture
system is recommended to avoid the presence of a pre-existing matrix. Low den-
sity monolayer culture is appropriate to investigate cell dedifferentiation proces-
ses. Freshly isolated chondrocytes are recommended to investigate active oxygen
species production and avoid the scavenging effect of matrix components.
Suspended culture in a natural or synthetic matrix is a suitable model to analyze
the adaptive responses of chondrocytes to mechanical stress. This chapter aims
to review and analyze the culture models described in the literature.

3.1.2
Chondrocytes in Culture

3.1.2.1
Tissue Harvest

Several important considerations must be taken into account in the selection of
cartilage tissue used for in vitro investigations. Matrix composition and meta-
bolic activity vary within individual joints as well as among different joints. It is
well recognized that the metabolic activity of chondrocytes varies through the
depth of the tissue. This fact has been reported in several studies where sub-
populations of chondrocytes isolated from different depths of the cartilage
were cultured. Some morphological and biochemical differences are clearly
evident between superficial and deep chondrocytes cultured in agarose gel.
Superficial cells synthesize a sparse, proteoglycan-poor fibrillar matrix whereas
the deeper cells produce an abundant matrix rich in proteoglycan [1, 2]. More-
over, superficial cells produce relatively more small non-aggregating proteo-
glycans and hyaluronic acid but less aggrecan and keratan sulfate than deep
cells [3-5]. Another important metabolic difference between chondrocytes
isolated from different depths of the cartilage is their responsiveness to exo-
genous stimuli. Based on both their anabolic and catabolic responses, bovine
chondrocytes derived from the superficial zone revealed a greater sensitivity to
IL-1 than deep zone chondrocytes [6, 7].

Cell behavior also differs according to the localization of the tissue. Rib and
ear chondrocytes isolated from the same animal respond differently to growth
factors such as bFGF and TGFp. bFGF increases thymidine, proline and leucine
incorporation into rib, but not into ear, primary cultured chondrocytes. TGFf
enhances thymidine incorporation into both chondrocytes but does not affect
proline or leucine incorporation into the ear cells [8]. Cartilage excised from
high-load-bearing areas differs from that of low-load-bearing areas. In adult
ovine stiffle joint, chondrocytes from the central region of the tibial plateau not
covered by the meniscus, which is subject to high mechanical loads in vivo,
synthesized less aggrecan but more decorin than cells from regions covered
by the meniscus [9]. This study serves to emphasize the importance of using
cartilage from identical joint areas when examining chondrocyte synthesis.

Chondrocytes metabolism and responsiveness to regulatory factors vary
greatly according the age of the donor, the skeletal development and the patho-
logical status of the joint from which the cartilage is harvested. Human chon-
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drocytes show a continuous age-related decline in the proliferative response to
serum. The greatest decrease is noted between cells of 40-50 year old donors
and those from donors a decade older. Moreover, the magnitude of the
proliferative response to growth factors (i.e. TGFp or PDGF) decreased with the
age of the donor. In addition to the quantitative changes in the proliferatives of
chondrocytes, there is a qualitative change in the pattern of growth respon-
siveness during development. Cells from young donors (10-20 years of age)
respond better to platelet derived growth factor (PDGF) than to transforming
growth factor (TGFf), while the inverse pattern is observed in cells from adult
donors [10]. Different mechanisms have been suggested to explain age-related
change in the synthetic pattern and growth factor responsiveness of chondro-
cytes. Reductions of cell surface receptor number and affinity, changes in
cytokine or growth factor synthesis and bioactivity, or modifications in post-
receptor signaling events are possible explanations.

The pathological status of the joint also alters chondrocyte morphology
and metabolic activity. Recently, Kouri et al. [11] have identified three distinct
chondrocyte subpopulations in osteoarthritic (OA) cartilage. Chondrocytes
from the superficial and upper middle of fibrillated cartilage form clusters and
synthetize higher levels of proteoglycan and collagen [12, 13]. Moreover, a focal
onset of type III collagen expression was observed. TGFp and IGF are able to
stimulate proteoglycan synthesis by chondrocytes and partially reverse adverse
effects of IL-1 and TNFa. Interestingly, osteoarthritic cartilage explants and
isolated chondrocytes from osteoarthritic cartilage are much more sensitive to
stimulation by TGFp than healthy cartilage. This difference is largely attributed
at phenotypically changed chondrocytes present in the damaged upper layer of
osteoarthritic chondrocytes [14].

3.1.2.2
Chondrocyte Isolation

Isolation of the individual chondrocyte is generally achieved through sequen-
tial proteolytic digestion of the extracellular matrix. After their release from the
matrix, isolated cells are ideally suited for the study of de novo synthesis of
matrix components. Some authors use only clostridial collagenase whereas
others previously incubate cartilage dices with trypsin, pronase, DNAse and/or
hyaluronidase. In this session, we report personal data on the effects of the
enzymatic isolation method on the amount of matrix components contamina-
ting the isolated cells. The residual amounts of protein and aggrecan contained
in the cellular pellet after collagenase digestion (24 h; collagenase clostridial,
type IA,1mg/320 U/ml) and after successive enzymatic digestion with hyaluro-
nidase (30 min.; Type IV §; 0.5 mg/400 U/ml), pronase (1 h; 1 mg/4000 U/ml)
and collagenase (24 h; collagenase clostridial, type IA, 1 mg/320 U/ml) are com-
pared. Chondrocyte clusters were obtained after collagenase digestion whereas
chondrocytes were well isolated from each other after three successive
enzymatic digestions with hyaluronidase, pronase and collagenase (Fig. 1). Cell
numbers isolated from 1 g of tissue were also widely varied. When collagenase
was used alone, only 1.4 X 10® cells were isolated from 1 g of tissue whereas
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Fig. 1. Microscopic observation (magnification: X100) of human chondrocytes isolated from
cartilage by a single digestion with collagenase (A) or by a triple digestion with hyaluro-
nidase, pronase and collagenase (B)

4.3 X 10° cells were isolated after pronase, hyaluronidase and collagenase treat-
ments. Aggrecan, total proteins, IL-6 and IL-8 amounts found in the cell pellet
obtained after collagenase digestion were significantly more elevated than in
the cell pellet obtained after three successive enzymatic digestions (Table 1).
Seventy-two hours after isolation, proteoglycan and cytokine synthesis also
fully differed according the isolation method used. Mono-digested chon-
drocytes produced more IL-6, PGE, and IL-8 but lower levels of aggrecans than
tri-digested chondrocytes (Fig. 2). Some information found in the literature
contributes to the explanation of differences observed between the two isola-
tion systems.

- Receptors may be down-regulated or damaged by enzymatic treatment [15].
TGFf inhibits DNA and proteoglycan synthesis of freshly isolated chondro-
cytes (first day) while the DNA and proteoglycan synthesis of chondrocytes
cultured in monolayer (7 days) was stimulated by TGF-B [16]. Therefore,
adequate time for re-expression of such a membrane component is essential
before the initiation of experiment.

- The exogenously applied proteases can disrupt cell-matrix interactions
mediated by integrins. The integrin family of transmembrane adhesion
receptors mediates attachment of chondrocytes to extracellular matrix mole-
cules [17]. Disruption of normal integrin mediated cell-matrix interactions
may influence matrix gene expression [18].
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Fig. 2. Influence of the enzymatic isolation method on the synthesis of IL-6, PGE, and
proteoglycans by human articular chondrocytes in vitro. Chondrocytes were isolated from
the cartilage by a single enzymatic digestion (o) or by triple digestion with hyaluronidase,
pronase and collagenase (*). Results are expressed as mean values of three cultures from the
same donor. Comparison of mean values was performed using the unpaired Student’s t-test

Table 1. Proteins, cytokines and proteoglycans contained in the cell pellets collected after
digestion of the cartilage by collagenase alone (mono-digestion) or by three successive
enzymatic treatments (tri-digestion) with hyaluronidase, pronase and collagenase. Before as-
says, cell pellets were homogenized by ultrasonic dissociation. IL-6 and IL-8 were measured
by two specific EASIAs (Enzyme Amplified Sensitivity Inmunoassays) and proteoglycans by
a radioimmunoassay in which the antiserum is directed against the core protein of the ag-
grecan. The data are expressed as amounts of proteins, cytokines and proteoglycans found in
the cell pellet per pg of DNA and presented as the mean and standard deviation of triplicate
cultures. Comparison of mean values was performed using the unpaired Student’s t-test

Isolation method Proteins IL-8 IL-6 Proteoglycans
(pg/ng DNA) (pg/pg DNA) (pg/pg DNA) (ng/pg DNA)

Mono-digestion 14 +0.07 58 *0.61 61 =5 210 + 3.15

Tri-digestion 9.7 £ 0.04° 3.7 £0.93 6.5+ 0.91° 41 £ 3.75°

* p<0.01.

® p<0.001.

- Residual matrix components contaminating isolated cells may regulate
chondrocyte synthesis. Integrins can recognize degradation products of the
extracellular matrix, suggesting an important role in tissue repair following
proteolytic matrix degradation. Larsson et al. [19] reported that the addition
of intact or fragmented proteoglycans to cell cultures stimulate the synthesis
of protein and proteoglycans. On the other hand, high level of hyaluronic
acid (HA) was shown to cause an important reduction of the sulphate in-
corporation into proteoglycans synthesized by chick embryo chondrocytes,
adult pig chondrocytes and Swarm rat chondrosarcoma cells [20-23].
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Furthermore, HA is a potent inhibitor of the release of proteoglycans from
the cell matrix layer into the medium even in the presence of IL-1, TNFa, or
FGF suggesting that HA can counteract the biological activity of cytokines
and growth factors [24]. The precise mechanism underlying the action of HA
remains unknown but chondrocytes contain a receptor for hyaluronate
which is associated with cytosolic actin filament and thereby influence its
organization [25, 26]. Binding of HA to receptors stimulates the tyrosine phos-
phorylation of proteins [27]. Thus, all together, these findings demonstrate that
fragmented or native cartilage matrix molecules may modulate chondrocytes
metabolic functions via the activation of cell membrane receptors.

~ The rapid up-regulation of chondrocyte matrix protein synthesis upon en-
zymatic resuspension of cells could also be a consequence of the change in
chondrocyte shape and/or cytoskeletal reorganization.

- Some cytokines (IL-8) and growth factors (i.e., IGF-1, TGFP) are trapped in
the cartilaginous extracellular matrix [28-30]. The best known example
is the binding of TGFP by decorin. Indeed, it has been reported that the
interaction between TGFf and decorin is partially responsible for the decreas-
ed ability of TGFp to induce cell growth in Chinese hamster ovary cells [31].
There is evidence that the decorin content in the cartilage increases with age
suggesting that the bioavailability of TGFB could decrease with age [32].
Growth factors and cytokines could be released from the residual matrix
during the culture period and then directly modulate the chondrocyte
functions.

3.1.3
Chondrocyte Culture Models

3.1.3.1
Culture in Monolayer

The differentiated phenotype of articular chondrocytes is primarily char-
acterized by the synthesis of type II collagen and cartilage-specific proteo-
glycans and by the low level of mitotic activity. Many studies have shown that
cultures in monolayer on plastic subtrata for prolonged periods or upon
repeated passages lead to the loss of chondrocytes spherical shape and to the
acquisition of an elongated fibroblast-like morphology [33]. The synthesis
pattern is fully modified by this dedifferentiation process. A progressive reduc-
tion in the synthesis of type II, IX and XI collagens and an increase in the
synthesis of type I, III and V collagens were observed during fibroblastic
metaplasia [34, 35]. Small non-aggregating proteoglycans are synthesized at the
expense of functional aggrecan [36-38]. The synthesis of cathepsin B and L
are extremely low in differentiated cells, but are soon increased in parallel with
the loss of the differentiated state. Inversely, collagenase-1 is strongly expressed
by differentiated chondrocytes and declines rapidly with successive subculture
(39] while TIMP production progressively increases [35].

Interestingly, dedifferentiated chondrocytes re-express the differentiated
collagen phenotype when they are transferred from monolayer to suspension
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culture [34, 40-42]. Differentiation process is not yet clearly identified but
seems to be related to the shape of the cells [43]. This characteristic is regularly
used by researchers investigating cartilage defect grafting with autologous
chondrocytes. A small number of cells obtained from the biopsy specimen may
be amplified in monolayer and therefore reinvested in a three-dimensional
matrix before transplantation. The re-expression of cartilage specific pheno-
type by dedifferentiated chondrocytes transferred in agarose culture may be
promoted by TGFp, osteogenin and vitamin C [44].

Chondrocyte responses to growth factors and cytokines are modified during
the dedifferentiation process. Cellular responses to cytokines and growth
factors differ between primary chondrocytes and dedifferentiated cells. IL-1
stimulates fibroblast proliferation, whereas primary chondrocytes are growth
inhibited by IL-1 [45]. DNA synthesis is stimulated by IGF-1 in flattened
chondrocytes but not in rounded cells [46]. IL-1p and TNFa stimulating effect
on procollagenase production is more pronounced on dedifferentiated
chondrocytes than on differentiated cells [47].

3.1.3.2
Culture in Suspension

Maintenance of chondrocytes in suspension in a liquid medium or in a natural
or synthetic three-dimensional matrix stabilizes the chondrocyte phenotype.
Chondrocytes conserve their spherical shape and continue to produce carti-
lage-specific proteins. Suspension culture is particularly recommended to study
new pericellular matrix formation. Culture of chondrocytes within synthetic or
natural absorbable polymers have also been developed for implantation of cells
into cartilage defects to promote regeneration of the articular joint surface. Cell
scaffolds for cartilage engineering should meet several criteria: (1) Implants
should provide a pore structure that allows cell adhesion and growth. (2)
Neither the polymer nor its degradation products should provoke inflam-
mation or toxicity when implanted in vivo. (3) Transplantation vehicles should
also provide binding capacity to adjacent cartilage or subchondral bone.
(4) The scaffold should be absorbable and the degradation should match the
rate of tissue regeneration. (5) To facilitate cartilage repair, the chemical struc-
ture and pore architecture of the matrix should allow the seeded cells to
maintain the chondrocytes phenotype and the synthesis of cartilage-specific
proteins. (6) The scaffolds need to be mechanically studied enough at the time
of in vivo implantation.

Suspension in a Liquid Phase. Cellular attachment to the supporting plastic
culture flask may be prevented by maintaining chondrocytes under constant
agitation [37, 48] or by coating the plastic dishes with a viscous solution of
methyl cellulose, agarose, hydrogel (poly-(2-hydroxyethyl methacrylate) or a
composite collagen-agarose [49]. In these conditions, chondrocytes form
clusters and synthesize mainly aggrecan and cartilage-specific collagens (IL, IX,
XI collagens). Nevertheless, two types of cells are usually observed. The cells in
the center of the nodules remains spherical and are surrounded by an abundant
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cartilaginous extracellular matrix, as evidenced by histochemical and ultra-
structural examinations. The cells in the periphery have a discoid morphology
and are surrounded by a sparse extracellular matrix. Little is known about the
synthetic and functional characteristics of the flattened surface cells. On the
other hand, plates coated with fibronectin and type I and type II collagens allow
chondrocyte attachment and promote direct motility of cells in a haptotatic and
chemotatic fashion [50].

Chondrocytes can also be cultured on microcarriers maintained in suspen-
sion by constant agitation in a siliconized spinner flask [51, 52]. Different types
of microcarriers, including dextran beads (Cytodex), dextran beads collagen
coated (Cytodex III) and non-porous type I collagen microspheres (Cellagen),
have been tested for chondrocytes suspension culture. In these culture condi-
tions, chondrocytes attach to the microcarrier surface and keep their spherical
shape and produce a matrix-like material. Moreover, Cellagen culture promotes
chondrocytes proliferation and re-expression of chondrocytic phenotype [52].
Therefore, Cellagen culture could be used for bulk production of chondrocytes
that continue to express their original phenotype before transplantation.

Another method consists of culturing chondrocyte as a pellet of high density
cells obtained by centrifugation. The high density pellet culture system (0.5 to
1-10° cells) has been widely used to study epiphyseal and growth plate chon-
drocyte differentiation and hypertrophy [53]. Recently, it was also applied to the
culture of adult bovine nasal and articular chondrocytes [54]. In this method,
chondrocyte suspension is centrifuged and cultured for at least 3 weeks in poly-
propylene tubes. This study showed that adult chondrocytes cultured as pellets
deposit a cartilage-like matrix that contains abundant proteoglycan and type II
collagen but not type I as judged by histological, immunohistochemical and
quantitative methods.

Suspension in a Natural Extracellular Matrix. Chondrocytes may also be cul-
tured in suspension within a three-dimensional matrix such as soft agar,
agarose, collagen gel and sponge, hyaluronan, fibrin glue or alginate beads.

Chondrocytes cultured in agarose are known to maintain their cartilage
phenotype and synthesized type II collagen and tissue-specific aggrecan ag-
gregated [42]. In the agarose culture, most of the proteoglycan remains in the
agar but is continuously released into the medium for more than 50 days. In the
monolayer culture, by comparison, the cellular phase becomes saturated with
GAG after 5-6 days whereas in the culture medium an increase initially occurs
and is followed by a time-dependent decrease after the first 8-10 days [s5].
Nevertheless, chondrocytes in agarose do not have exactly the same behavior
than in vivo. In agarose, the majority of the synthesized aggrecan aggregates
contain less than 20 aggrecan molecules and are smaller than in vivo [56].
TGF-f increased proteoglycan synthesis in explant culture [57 58] but down-
regulates aggrecan by the same cells in agarose [59].

Alginate is a linear polysaccharide isolated from brown algae and composed
by two uronic acids, L-guluronic and D-manuronic acid linked by f1,4 and a 1,4
glucoside binds. In the presence of divalent cations such as Ca**, the polymer
undergoes instant ionotrophic gelation [60]. Each chondrocyte entrapped in



Experimental Models of Osteoarthritis 61

alginate is surrounded by a negatively charged polysaccharide matrix that has a
pore size comparable to that of hyaline articular cartilage. The matrix formed by
adult human chondrocytes in alginate beads is composed in two compartments;
a thin rim of cell-associated matrix that corresponds to the pericellular and
territorial matrix of articular cartilage and a more abundant further removed
matrix, the equivalent of the interritorial matrix in the tissue. On day 30 of
culture, the relative and absolute volumes occupied by the cells and each of the
two compartiments in the beads are nearly identical to those in native cartilage
[61, 62]. The chondrocytes maintain a spherical appearance for at least 30 days
and mainly produce aggrecan of similar hydrodynamic size to aggrecan mole-
cules present in the matrix of articular cartilage as well as cartilage charac-
teristic collagens including type II, IX and XI [62-64]. Meanwhile, as observed
in other supension culture models, flattened cells are present at the surface of the
beads. These flattened cells produce small amounts of type I collagen molecules
which are directly released in the culture medium and do not become incor-
porated in the extracellular matrix [62]. Chondrocytes proliferate moderately in
the alginate beads. After 8 months in alginate gel, adult chondrocytes are still
metabolically active and continue to synthesize cartilage specific type II collagen
and aggrecan [65]. Tanaka et al. [66] investigated the diffusion characteristics of
a variety of naturally occurring molecules into alginate and found that the
diffusion of molecules larger than 70 Kda was excluded out of the matrix. This
culture system is very well suited for the investigation of the regulation of matrix
biosynthesis and extracellular matrix organization. Additionally, culture in
alginate has the advantage that rapid depolymerization of the matrix can be
achieved in the presence of a calcium chelating agent that allows the cells and
matrix to be harvested for further analysis. The accessibility of the cells allows
further investigation of the mode of action of peptide regulatory factors and
pharmacological agents at the transcriptional, post-transcriptional and transla-
tional levels.

Chondrocytes are also cultured within type I and type II collagen matrices
[67, 68]. Recently, Nehrer et al. [69, 70] compared the behaviors of canine
chondrocytes in a porous collagen-glycosaminoglycan copolymer matrix com-
prising different collagen types. They observed an important difference in the
morphology and biosynthetic activities of the cells in the type I and type II
collagen matrices. The cells in the type II collagen matrix retain their spherical
shape, while in the type I matrix chondrocytes displayed a fibroblastic morpho-
logy. Moreover, chondrocytes cultured in type II matrix produce higher
amounts of GAG than in type I sponge. In addition, cell numbers increase with
culture time in all collagen matrices. Van Susante et al. [71] compared viability,
phenotype, proliferation and sulfate incorporation of bovine chondrocytes
cultured in alginate or type I collagen gel. The author observed a significant
increase in cell numbers in collagen gel, but the chondrocytes dedifferentiated
into fibroblast-like cells from day 6. In alginate gels, initial cell loss occurred but
the cells maintained their typical chondrocyte phenotype. The total quantity of
proteoglycans initially synthesized per cell in collagen gel was significantly
higher. However, in collagen gel, matrix production decreased from day 6,
whereas in alginate gel it continued to increase. Subsequently, proteoglycan
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synthesis in alginate gel, expressed per chondrocytes, surpassed that in collagen
gel on day 6.

Solid three-dimensional fibrin matrices represent a natural substance which
also sustains suspended chondrocytes in a differentiated phenotype. Three-
dimensional fibrin matrix was also tested as a vehicle in chondrocyte trans-
plantation [72]. The benefits of fibrin include its absence of cytotoxicity, space-
filling capabilities and adhesive capacity [73, 74]. Histology, autoradiography,
electron microscopy and biochemical investigations revealed that chondrocytes
seeded in fibrin glue kept their morphology, multiplied and produced matrix
even after 14 days of culture [74]. Nevertheless, Homminga et al. [72] reported
that glue desintegration began after 3 days and cell dedifferentiation pro-
gressed.

Suspension in a Synthetic Matrix. Cartilage implants for potential use in re-
constructive or orthopedic surgery can be created by growing isolated chon-
drocytes in vitro into a synthetic, biocompatible and biodegradable scaffold.

Chondrocytes cultures in polyglycolic acid (PGA) scaffolds proliferate and
keep their morphology and phenotype for 8 weeks. Chondrocyte-PGA con-
structs consisted of cells, GAG and collagen, and had an outer collagenous cap-
sule. Nevertheless, both type I and type II collagen were present in the cell-PGA
implants. Moreover, the authors reported that implants based on dedifferen-
tiated chondrocytes by serial passage had similar cellularities, higher GAG con-
tents and higher collagen contents than those based on primary chondrocytes.
These findings indicate that tissue engineering can be amplified by a previous
serial passage prior to seeding chondrocytes on PGA scaffolds [75]. Freed
and collaborators [76] also compared the behaviors of human and bovine
chondrocytes cultured on fibrous polyglycolic acid (PGA) and porous poly(L)-
lactil acid (PLLA). Over 6-8 weeks of in vitro culture, bovine chondrocytes
cultured on PGA or PLLA proliferated and regenerated cartilaginous matrix.
On PGA, chondrocytes appeared rounded and within lacunae surrounded by
cartilaginous matrix. After 8 weeks of in vitro culture, regenerated tissue
accounted for 50% of the construct dry weight (4% cell mass, 15% GAG and
31% collagen) [77].In contrast, on PLLA the cells appeared spindle-shaped and
minimal matrix staining for GAG and collagen was observed. Moreover, the cell
growth rate was approximately twice as high on PGA as it was on PLLA [51].
In vivo, chondrocytes grown on both PGA and PLLA for 1- 6 months produced
tissue appearing glistening white macroscopically and resembling cartilage
histologically. At this time, implants contained GAG, type I and type II collagen
as shown by immunostaining [51].

Porous high density hydrophobic or hydrophilic polyethylene (HDPE) sub-
strates have also been tested to culture fetal bovine chondrocytes. After 7 days
of incubation, the cells within both subtrates remained spherical and contained
mainly type II collagen. After 21 days, the majority of the cells had spread. The
hydrophilic matrices contained significantly more type II collagen than the hy-
drophobic matrice [78].

Bioresorbable co-polymer fleeces of vicryl and polydioxanon (Ethicon) or
polylactic acid soaked with poly-L-lysine or type II collagen were tested for car-
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tilage tissue engineering in perfusion culture {79, 80]. The biomaterial contain-
ing cells were encapsulated in agarose gel to improve retention and accumula-
tion of extracellular matrix component synthesized by the chondrocyte. The
fleece organization offers a maximun of available internal polymer surface and
a minimun of solid polymer volume and therefore allows attachment of a great
number of cells. Culture perfusion avoids repetitive culture manipulation,
decreases the risk of bacterial contamination and achieves a constant supply of
nutrient by diffusion. Moreover, perfusion not only stabilizes the components
provided by the culture medium, it also stabilizes secreted autocrine factors at
a constant level. For example, it was demonstrated that glucose concentrations
fluctuate at each culture medium change when chondrocytes are cultured in
monolayer in a stagnant medium environment [80]. Using a perfusion culture
system, a constant concentration of nutrients like glucose is provided. However,
the measured concentrations of lactate are unstable and significantly increase
during the perfusion culture of cell-Ethicon system tissue due to the hydrolytic
degradation of the poly-hydroxy acids [81]. Furthermore, chondrocytes cultur-
ed on bioresorbable polymer of polylactic acid rapidly adhered onto bioresorb-
able carrier fleece but conserved their rounded morphology. The chondrocytes
in cell-polymer cultures continued and maintained synthesis of type II collagen
and proteoglycan as analysed by immunohistochemistry.

Cartilaginous tissue may also be obtained by culturing chondrocytes as
monolayer on Millicell-CM filters. Precoating the filters with collagen was
necessary for attachment of the chondrocytes. Histological examination of the
culture showed that the chondrocytes over time accumulated an extracellular
matrix which contained proteoglycans and type II collagen and formed a
continuous layers of cartilaginous tissue. No type I collagen was detected.
Chondrocytes within the tissue were spherical but appeared flattened on the
surface. The thickness of the tissue generated increased over time and was
dependent on the initial plating density. Under optimal culture conditions, the
cartilaginous tissue attains a thickness of 110 pm and shows organization of
cells and collagen into superficial and deeper layers similar to that previously
described for articular cartilage. The extracellular matrix contains approxima-
tely three-fold more collagen than proteoglycan, which is similar to in vivo
cartilage. After 2 weeks, there was sufficient matrix accumulation that the tissue
could be handled and removed easily from the supporting filter and used for
transplantation. In vivo, engineered tissue did not integrate to the host cartilage
and tissue fixation was needed. Moreover, fibrovascular tissue was observed in
some transplants [82, 83].

More recently, Sims et al. [84] investigated the utilization of polyethylene
oxide gels as encapsulating polymer scaffolds for delivering large numbers of
isolated chondrocytes via injection. As early as 6 weeks after injection into the
subcutaneous tissue of athymic mice, new cartilage was formed exhibiting a
white opalescence similar to that of hyaline cartilage. Histologic and biochemi-
cal analysis showed the presence of actively proliferating chondrocytes with
production of a well-formed cartilaginous tissue in the transplant.

Culture chondrocytes in a three-dimensional synthetic matrix seems to be
suitable for long-term study of cartilage formation. Nevertheless, little in-
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formation is available concerning the utilization of these systems for cartilage
resorption investigation. One major disavantage of suspension cultures utiliz-
ing gel matrices is the difficulty of harvesting the cells once they have been
encapsulated within the artificial matrix.

3.133
Explant Culture

Cartilage explant culture has been used by many investigators to study various
aspects of the anabolic and catabolic metabolism of articular cartilage [8s5, 86].
Articular cultures offer a panel of advantages for the in vitro study of matrix
homeostasis, resorption and repair. The chondrocytes in cartilage explants main-
tain their phenotype and the extracellular matrix is similar to that observed in
vivo. After 5 days in culture in the presence of serum, steady-state rates of synthesis
and turnover were reached [87, 88]. Resorption may be accelerated in both basal
and serum-supplemented culture by several agents including IL-1p, TNFa, bac-
terial lipopolysaccharides, retinoic acid derivative or active oxygen species flux.
Repair capacity of the cartilage may also be investigated. Initial injury to the car-
tilage is usually induced by soluble mediators of inflammation (H,0,, IL-1, TNFa)
or by physical disruption of the matrix. Thereafter, healing of the tissue may be
easily studied.

Organotypic culture is also an adequate in vitro model to study the effects of
isolated environmental factors on chondrocytes and the surrounding matrix. In
vivo, chondrocytes are sparsely distributed in the extracellular matrix and do
not have contact between one another. Cartilage explant cultures conserve these
structural organizations and the multiple interactions between chondrocytes
and their direct extracellular environment.

This model is also used to test the effect of mechanical stress, pharma-
cological agents, growth factors, cytokines or hormones on the cartilage meta-
bolism. The system yields some information on the possible interactions of the
tested compounds with the matrix and their accessibility to the chondrocytes.

Another advantage is that chondrocytes are not damaged by enzymatic or
mechanical stress occurring during cell isolation. Receptors and other men-
brane proteins and glycoproteins are protected from damaging stress. Removal
and dicing of full-thickness cartilage to randomize the influence of geographic
effects are recommended. On the other hand, there are no clear guidelines on
the surface and the volume of the dice. Too large an explant may induce central
necrosis. The shape of the explant may influence the size of the exchange sur-
face between explant and culture medium. It is well known that the alteration in
surface area of the explant cartilage may produce an initial increase in the rate
of proteoglycan loss from the tissue.

3.1.3.4
Chondron Culture

Chondron is a morphological entity in articular cartilage composed of chon-
drocyte, its pericellular matrix and a compacted filamentous capsule [89-92].
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They are considered as the primary structural, functional and metabolic unit
in hyaline cartilage responsible for matrix homeostasis. Chondrons are
mechanically extracted from cartilage and collected by serially low-speed
homogenisation. Chondrons isolated from full-deep articular cartilage are
classified in four broad categories; single chondrons, double chondrons, multiple
linear column (three or more chondrons) and chondron clusters/matrix chips.
Single chondron represent the smallest chondron unit identified and is com-
monly found in the middle layers of intact cartilage. Double chondrons are typi-
cally identified in the middle-to-deep layers of intact tissue. Multiple chondron
columns consist of three or more chondron units organized in a linear array
typical of those seen in the deep layers of intact cartilage. Finally, clusters consist
of randomly organized groups of single and double chondrons that remain
aggregated during the homogenization procedure. Chips are described as large
cartilage fragments usually containing several chondrons aligned and spatially
organized in parallel with radial collagen fibres typical of the deep layer matrix
[93]. Techniques have now been introduced to immobilize chondrons in
transparent agarose allowing a range of structural, molecular and metabolic
investigations. This chondron-agarose system is considered as a micro-cartilage
explant model and differs from traditional chondrocyte-agarose cultures in that
the natural microenvironment is retained and need not be resynthesized and
assembled [94]. Microscopy and immunohistochemistry analysis have ushered
in a clearer understanding of the composition of the pericellular environment of
the chondrocytes as well as the cell matrix interaction [93, 95-100]. Chondrons
are presented as a model system to study cell-matrix interaction in articular
cartilage health and disease. Nevertheless, little information is available on the
maintenance of chondrons in culture.

3.1.3.5
Immortalized Chondrocytes

Recombinant DNA or virus containing oncogene with an “immortalizing”
function has been used with various cell types to establish permanent cell
lines [101-104]. Immortalization of chondrocytes in culture, displaying both
infinite proliferation capacity and stable phenotype, could be of interest be-
cause chondrocytes lose their phenotype when grown in monolayer. Mallein-
Gerin et al. [104] showed that SV40 large T oncogene is able to induce mouse
chondrocyte proliferation without loss of expression of type II, IX and XI colla-
gens, as well as cartilage aggrecan and link protein. Nevertheless, the cell line
obtained also synthesized type I collagen when cultured in monolayer or in
agarose gel. Horton et al. [101] described an immortalized cell line having a low
level of type II collagen mRNA expression. These cells were created by trans-
formation with a murine retrovirus carrying the v-myc and v-raf oncogenes.
This cell type represents a unique model to study cartilage matrix interactions
in the absence of type II collagen and also the type II collagen synthesis regula-
tory pathway [103]. Finally, it was shown that rat chondrocytes immortalized by
myc express mRNA transcript coding for the proa2 chain of type I collagen
when cultured in monolayer, but not in suspension as normal chondrocytes.
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Chondrocytes with mutated or knock-out genes important for cartilage
physiology can also be maintained in culture. This approach is of particular
interest to investigate the role of specific molecules in the organization of
cartilage matrix or the effect of regulatory factors on the cartilage metabolism.
Chondrocytes knock-out for type IX collagen gene synthesize type II collagen
fibrils larger than normal type II collagen fibrils suggesting that type IX col-
lagen acts as a fibril diameter regulator [104]. Recently, molecular and genetic
analyses have demonstrated the presence of mutations in COL2A1, the gene
coding for type II collagen, in family with primary generalized osteoarthritis.
To examine the influence of mutant type II collagen molecules on cartilage
matrix, Dharmaravan et al. [105] performed stable transfection of COL2A1
construct containing the Arg®"® - Cys mutation into human fetal chondrocytes
in vitro.

3.1.3.6
Co-Culture System

In the joint, the articular cartilage develops a relationship with other cell types
contained in synovial membrane, synovial fluid, ligament and subchondral
bone. Chondrocytes metabolism may be influenced by soluble factors synthe-
sized by these cells. In arthritis, cartilage is directly degraded by enzymes
and free radicals produced by synovial cells. Many reseachers have developed
culture models studying the interactions between cartilage and neighboring
tissues.

Lacombe-Gleize et al. [106], cultured rabbit chondrocytes and osteoblasts in
a co-culture system (COSTAR) in which cells were separated by a microporous
membrane (0.4 pm) that permitted exchanges between the two cell types with-
out any direct contact. This study demonstrated that osteoblasts are able to
stimulate growth of chondrocytes by way of soluble mediators. This model
should be of interest to understand interaction between chondrocytes and
osteoblasts.

Another model described by Malfait and collaborators [107], studied the
relation between peripheral blood mononuclear cells and chondrocytes. This
model was particularly useful to investigate cytokine-mediated events at the
cartilage-synovial pannus junction in destructive arthropathies. In this model,
agarose cultures were performed in tissue culture inserts consisting of a low-
protein binding membrane with 0.4 pm pores. Chondrocytes culture in agarose
were then placed in a Petri dish on the top of mononuclear cells. This study
showed that mononuclear cells stimulated by LPS produced IL-1 and TNFa
which thereby depressed chondrocyte aggrecan synthesis and provoked the
breakdown of newly synthesized aggrecan aggregates.

Tada et al. [108] established an in vitro model in which vascular endothelial
cells on type I collagen in an inner chamber, which featured a 0.4 pm millipore
filter, are co-cultured with chondrocytes in an outer chamber. In this model,
human endothelial cells formed tubes in the collagen gel in the presence of
epidermal growth factor (EGF) or transforming growth factor-a. Interestingly,
TGF-dependent tube formation by endothelial cells was inhibited when human
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chondrocytes were co-cultured in the outer chamber. This chondrocyte-
induced inhibition is partly abrogated by anti-TGFp antibodies suggesting that
avascularity of cartilage is partly due to TGFp produced by chondrocytes
themselves.

Groot et al. [109] co-cultured chondrocytes from the hypertrophic and
proliferative zones of 16-day-old fetal murine bone with pieces of cerebral
tissue. After 4 days of co-culture, some chondrocytes had transdifferentiated
into osteoblasts and started to form osteoids. After 11 days, part of the cartilage
was replaced by bone and the bone matrix was partially calcified. The nervous
system produces neuropeptides and neurotransmitters, of which some are
known to affect osteoblast metabolism or have receptors on osteoblastic cells,
such as norepinephrine [110], vasoactive intestinal peptide [111, 112], calcitonin
gene-related peptide [113, 114], substance P [114] and somatostatin [115]. The
co-cultured pieces of cerebral tissue may produce some of these factors
capable of inducing transdifferentiation process of chondrocytes into osteo-
blasts.

3.1.4
Chondrocyte Culture Environment

3.1.4.1
Effects of Oxygen Tension on Chondrocyte Metabolism

Most chondrocyte cultures are developed within an atmospheric oxygen ten-
sion. Nevertheless, it is widely assumed that chondrocytes live in a hypoxic
environment and that oxygen tension may vary in pathological situations.
Morever, during maturational process, there are marked changes in the vascu-
lar supply to epiphysis. In concert with the observation that the vascular supply
varies from zone to zone in the growth plate, sharp differences in the oxygen
tension accross the plate have been noted. Brighton and Heppenstall [116],
demonstrated that in the tibial plate of the rabbit, the oxygen tension is lower
in the hypertrophic zone than in surrounding cartilage. Measurement of a
number of metabolic parameters indicated that chondrocytes are able to
rapidly respond to local alterations in the oxygen concentration. Firstly, oxygen
consumption by chondrocytes decreases at low oxygen tension [117]. Secondly,
glucose utilization, glycolytic enzyme activity and lactate synthesis progres-
sively increase when the oxygen tension is lowered from 21% to 0.04%. Thirdly,
the absolute levels of ATP, ADP or AMP remain stable even at very low oxygen
tension [118]. These data demonstrate that chondrocytes exhibit metabolic
characteristics directed at preserving maximum energy levels for vital pro-
cesses. Nevertheless, synthetic activity, and thus repair processes, is altered by
hypoxic conditions. Low oxygen tension inhibits sulfate incorporation and DNA
synthesis [119].

High oxygen tension may also induce adverse effects on chondrocyte meta-
bolism including reduction of the proteoglycan and DNA synthesis [119,120] or
cartilage matrix degradation [121]. These effects may be conducted by active
oxygen species production [122, 123].
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3.1.4.2
Effects of lonic and Osmotic Environment on Chondrocyte Function

In cartilage, the extracellular ionic environment is different from that of most
cells, extracellular Na* being 250-350 mM and extracellular osmolality
350-450 mOsm. When chondrocytes are isolated from the matrix and in-
cubated in a standard culture medium (DMEM; osmolality 250-280 mOsm),
their extracellular environment changes sharply. Furthermore, Ca** and K*
concentrations in the medium are considerably lower than in the tissue, and
anion concentration are higher.

Hyperosmotic stimuli produced by addition of sucrose concentration, in-
duces a transient intracellular elevation of proton and calcium anions in the
cytosol [124]. This intracellular change may affect several cell processes such
as chondrocyte differentiation and metabolic activity. Urban et al. [125]
demonstrated that **S-sulphate and *H-proline incorporation rates by isolated
cells incubated in DMEM for 2-4h is only 10% of that in the tissue. Synthesis
reached a maximum when the extracellular osmolality is 350-400 mOsm for
both freshly isolated and for cartilage explant. Moreover, the cell volume of
chondrocytes increased by 30 - 40 % when the cells were removed from their in
situ environment into DMEM. If, however, chondrocytes are maintained for
12-16 h in non-physiological osmolalities, they appear to adapt to some extent
to their new extracellular environment so that as before, synthesis rates
decreased in proportion to any further change in extracellular osmolality.
Another study reported the effect of osmolarity on pig chondrocyte growth,
synthesis and morphology when cultured at high density. This study showed a
similar biochemical and morphological behavior of chondrocytes cultured at
0.28 and 0.38 osM. At 0.48 osM, cell proliferation and protein synthesis are
reduced during the first 4- 6 h of culture and then progressively recovered their
rate and nearly reached the control value. In contrast, cells cultured in 0.58 osM
medium are unable to sustain their proliferative rate and after 6-days of expo-
sure cell number drastically decline indicating cell detachment or death. At 0.58
osM, protein synthesis is highly inhibited and protein synthesis does not restore
to the control rate level during the subsequent period of observation. Further-
more, while chondrocytes cultured in 0.28-0.38 osM medium maintained
phenotypic characteristic in culture, the higher osmolarities (0.48-0.58)
caused morphological change resulting in loss of phenotypic stability as
demonstrated by their taking on a fibroblast-like shape as well as a lack of
ability to assemble matrix proteoglycans [126]. These findings suggest that
chondrocytes possess adaptative mechanisms capable of responding quickly at
limited osmolarity variation. The change in concentration of other ionic species
as the result of cell isolation may also affect matrix synthesis. Incorporation
rates of *S-sulphate increased by 50 % as the medium concentration of K* was
raised from 5 mM (DMEM concentration) to 10 mM (extracellular concentra-
tion in cartilage). Extracellular HCO; has no effect on the synthesis rate over the
physiological range. In addition, Ca** had no effect on tracer incorporation
rates in cells or cartilage slices over o—10 mM [125, 127]. Nevertheless, CaCl,
concentration below 0.5 mM to the selectively promoted the production of
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collagen by adult bovine chondrocytes whereas the lowest levels of collagen
synthesis were reached at calcium concentrations of 1-2 mM (which corre-
sponded at the amount found in DMEM). A moderate increase occurred at high
levels of calcium (2-10 mM) [127]. SO} became rate-limiting at 0.3 mM, but had
no significant effect above this concentration. Moreover, cations were required
for chondrocytes attachment and provided a mechanism to differentially regu-
late attachment to ECM protein. Mg?* and Mn** supported attachment to fibro-
nectin and type II collagen while Ca’* did not support adhesion to collagen
[128]. These data indicate that synthesis rates in chondrocytes incubated in
DMEM after isolation are affected by changes in extracellular K*, Na*, Ca** and
osmolality.

3.143
Effects of Mechanical Stress on Chondrocyte Metabolism

Joint immobilization causes reversible cartilage athrophy suggesting that
mechanical stimuli are required for physiologic turnover of the extracellular
matrix. The majority of culture models reported in the literature is realised
at normal atmospheric pressure and fails to expose chondrocytes at tensile
or compressive strength. However, it has been clearly demonstrated that
chondrocyte metabolism is influenced by the mechanical environment, with the
level of response dependent on both the strain and frequency of the compres-
sive load [129]. Loading experiments using intact articular cartilage explants in
vitro have indicated that static loading reduces PG and protein synthesis, while
dynamic loading may stimulate synthesis in a frequency dependent manner
[5, 130, 131]. The exact signaling pathways are complex and believed to involve
cell deformation [132], hydrostatic pressure [133], osmotic pressure [125],
streaming potentials [134], or cell surface receptor for matrix molecule [135].
To assess the exact influence of each of the parameter, it is necessary to develop
systems in which one parameter can be varied independently. For example,
explant culture is not adapted to study cell deformation but may be used to
investigate the general effect of pressurization on chondrocyte metabolic
activity. Indeed, compression of cartilage results in deformation of cells but it is
also accompanied by hydrostatic pressure gradients, fluid flow, streaming
potentials and currents as well as physiochemical changes such as altered
matrix water content, fixed charge density and modifications in osmotic pres-
sure. Cell deformation can be studied using isolated cells embedded in agarose
gel or collagen gel [132].

A variety of experimental system have been developped to investigate the
effect of mechanical stimulation on cultured chondrocytes. Some groups used an
experimental system where pressure is applied to the cultured chondrocytes via
a gas phase. Using pressure of 13 kPa above atmospheric at a low frequency of
0.3 Hz for 15 min, Veldhuijzen et al. [136] demonstrated an increase in cytoplas-
mic cyclic AMP and proteoglycan synthesis and a reduction in DNA synthesis.
Complementarily, Smith el al. [137] showed that primary bovine chondrocytes
cultured at high density in the presence of fetal bovine serum and exposed to
hydrostatic pressure (10 MPA) applied intermittently at 1 Hz for 4 h increased
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aggrecan and type II collagen mRNA signals whereas constant pressure had no
effect on either mRNA. In a similar system, Wright et al. [129] reported that
cyclical pressurization is associated with hyperpolarization of chondrocyte cell
membranes and activation of Ca%*-dependent K-ion channels. This effect is as-
sociated with changes in microstrain applied on the base of the culture plate and
subsequent stretching of the attached chondrocytes suggesting that effect
observed after intermittent pressurization is mediated by stretch-activated ion
channels in chondrocytes plasma membrane. The chondrocyte reaction to
hydrostatic pressure depends on culture conditions and testing regimens. Cyclic
hydrostatic pressure (5 MPa) decreases sulfate incorporation in chondrocyte
monolayers when applied at 0.05,0.25 and 0.5 Hz but stimulates sulfate incorpo-
ration when applied to cartilage explants at 0.5 Hz [133].

Fluid-induced shear can be applied on chondrocytes monolayer culture
using a cone viscometer rotating within the cell culture medium at a constant
speed. Chondrocytes submitted at fluid-induced shear adapted an elongate
shape and align tangentially to the direction of the cone rotation. Fluid induced
shear stimulated glycosaminolycan and increased the length of newly syn-
thesized chain in human and bovine chondrocytes [138]. Moreover, the release
of prostaglandin E, and mRNA signal for tissue inhibitor of metalloproteinase
was enhanced by fluid-induced shear. In contrast, mRNA signals for the neutral
metalloproteinases did not show major changes.

Recently, Buschmann et al. [139] reported that chondrocytes in agarose gel
respond biosynthetically to static and dynamic mechanical load in a manner
similar to that of intact organ culture. However after the level of matrix devel-
opment was more advanced, the response to compression was more pro-
nounced in culture. This method has also demonstrated that mechanical loads
generate a hyperosmotic stimulus and subsequent pH decrease at the level of
the chondrocytes.

The effect of mechanical tensile may be studied within a gel embedded cell
system or on adherent support cells. Tensile strain may be determinated with a
system in a computer-controlled vacuum unit and a base plate to hold the cul-
ture dishes. When a precise vacuum level is applied to the system, the culture
plate bottoms are deformed to a known percentage elongation which is maxi-
mal at the edge and decrease at the center. The strain is translated to the cells
cultured. By this way, Holmval et al. [135] showed that chondrosarcoma cells
cultured on collagen type II-coated dishes increased the mRNA expression of
a2- but not ai-integrin. The integrin a2f1 is able to bind type II collagen.
Therefore, it is an excellent candidate for mechanoreceptors since it interacts
with actin-binding proteins and thereby links the extracellular matrix with the
cytoskeleton.

3.1.4.4
Effect of pH on Chondrocyte Metabolism

Chondrocytes exist in an extracellular environment where the pH of the inter-
stitial fluid is more acidic than that of other tissues and which changes with tis-
sue loading. Values of pH 6.9 have been measured for the matrix of articular
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cartilage [140] and there are reports of values as low as 5.5 for diseased tissue
[141]. Chondrocytes live at low pO2 implicating that metabolism is largely by
glycolysis (up to 95% of all glucose metabolism), with consequent production
of significant quantities of lactic acid [142]. In addition to this acidification
which arises from metabolism, there is also a contribution from the components
of the matrix itself. The large numbers of fixed negative charges on proteo-
glycans modify the extracellular ionic composition. There are high levels of free
cations (e.g., H*, Na*, K*) and low concentration of anions (e.g., Cl-, HCO3)
[143]. Furthermore, the water present in the matrix can be expressed during
tissue loading, resulting in a higher concentration of fixed negative charges, and
so attracting more positive ions into the matrix. This includes a decrease of the
extracellular pH, which is known to affect the intracellular pH, thereby modify-
ing intracellular metabolism. Recently, Wilkins and Hall [144] have studied the
effect of extracellular and intracellular pH on matrix synthesis by isolated
bovine chondrocytes. They have observed that matrix synthesis exhibited a
bimodal relation with decreased pH. Slight reductions (7.4 < pH < 7.1) increased
380, and 3H-proline incorporation by up to 50 % whereas profound acidification
of the media (pH < 7.1) inhibited syntheses by up to 75% of the control value.
On the other hand, direct imposition of a sustained intracellular acidosis
(pH = 6.65) using ammonium prepulse with amiloride inhibited matrix syn-
thesis by only 20%. These findings suggest that the modification of the matrix
synthesis by extracellular pH, could not be entirely explained by changes of the
intracellular pH. Moreover, chondrocytes possess a power regulating system of
intracellular pH involving a Na*-H* exchanger,a Na*-dependent Cl- HCOj; trans-
porter and H*-ATPase pump [145].

3.1.4.5
Culture Medium Composition

The culture medium must be adapted according the experimental requirement.
Fetal calf serum has often been used in the past decade to optimize culture con-
dition, but several problems with the use of serum should be noted: (1) out-
growth of cells from the periphery of tissue in organ cultures; (2) variability
between the composition of different batches of serum [146]; [3) presence of an
unknown amount of components; (4) elevated risks of interferences with the
results of studies on the influence of various biologic factors on metabolic
activities of cells. A example of interference was recently related to the effect of
EGF on rat articular chondrocytes. EGF stimulated 3H-thymidine incorporation
and increased DNA content of cultures. The effect was strongest when serum
concentration was low (<1%) and was lost at high (> 7.5%) concentration [147].
Moreover, it is well known that levels of synthesis and degradation in DMEM
supplemented with fetal calf serum are greatly elevated compared with in vivo.
The differences between metabolism in vivo and vitro may be caused by differ-
ences between the synovial fluid and medium in which cells are batched. There-
fore, Lee et al. [148] cultured steer chondrocytes into agarose using a nutrient
medium containing Dulbecco’s Minimal Essential Medium supplemented with
20% FCS and an increased amount of normal allogenic synovial fluid. Dilution
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of medium with synovial fluid induced an increase in proteoglycan amounts
to levels of 80 % synovial fluid. On the other hand, tritiated thymidine uptake
decreased with increasing concentrations of synovial fluid. These results
suggest that culture in synovial fluid induces a metabolic state similar to that
seen in vivo, with high levels of glycosaminoglycan synthesis and low levels of
cell division.

Some substitutes of serum with a standardized composition are available
commercially. The most currently used are ultroser G and ITS+ (Insulin, trans-
ferrin, selenium, BSA and linoleic acid). In order to avoid interferences, a com-
pletely defined serum-free culture media can be prepared in a composition
adapted at the goals of the in vitro study. In a very interesting study, Verbrug-
gen et al. [149] demonstrated that 3°S-aggrecan synthesis by human chondro-
cytes cultured in agarose in serum-free DMEM was between 20 and 30% of
the value observed in DMEM supplemented with 10% fetal calf serum. They
determined the extent to which IGF-1, IGF-2, TGF-f or insulin were able to
restore aggrecan production in serum-free medium. The authors conclude that
100 ng/ml of insulin, IGF-1 or IGF-2 partly restored aggrecan synthesis to
39-53% of the control level. No cumulative or synergic activities were observed
when these factors were combined. Interestingly, 10 ng/ml of TGF-f, in the
presence of 100 ng/ml of insulin, stimulated aggrecan synthesis to more than
90% of the reference level. Finally, human serum transferrin, alone or in
combination with insulin, had no effects on aggrecan synthesis. When FCS was
replaced by BSA, the proportion of aggrecan aggregates decreased dramatically.
Supplementing the culture media with IGF, insulin or TGF-f partly restored the
ability of the cells to produce aggrecan-aggregates. On the other hand, IGF-1
and insulin have been shown to maintain homeostasis in organ cultures. After
40 days of culture, 10 to 20 ng/ml IGF-1 maintained PG synthesis at the same or
higher levels than in a medium containing 20 % fetal calf serum. Catabolic rates
were slower in IGF-1 medium than in medium with only 0.1% albumin, but
somewhat faster than for culture in medium with 20% FCS. In long-term
cultures, 20 ng/ml IGF-1 maintained a steady-state condition [88].

Lee et al. [46] compared the effect of DMEM + 20% FCS, DMEM and
DMEM + 20 ng of IGF-1 on DNA synthesis in explant culture, monolayer culture
or in suspension culture over agarose. When cultured over agarose in the
presence of serum, there was a tendency for chondrocytes to clump together,
forming large clusters. Cells cultured without serum or with IGF-1 remained
rounded over agarose, clumping in small groups, but failed to form large ag-
gregates. In monolayer, DNA synthesis was significantly greater in serum con-
taining cultures than in cultures supplemented with IGF-1, which in turn, was
significantly greater than in serum free cultures. In contrast, when chon-
drocytes were cultured in suspension over agarose, no difference in DNA syn-
thesis was observed between serum-free culture and culture supplemented with
IGF-1. However, serum containing cultures incorporated significantly more
radionucleotide (3H-TdR) than in the other treatments.

Vitamin C is required for the activity of prolyl hydroxylases, RER enzymes
that hydroxylate proline residues in the nascent procollagen chains and allow
folding of the chains into a stable triple helix. Scorbutic chondrocytes syn-
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thesized underhydroxylated non-helical precursors of collagens that were
secreted very slowly and accumulated in the RER. Acute ascorbic acid treatment
(50 pg/ml), type I and IX underwent hydroxylation and were secreted at normal
high rates. On the other hand, proteoglycans synthesis and secretion were
unchanged by acute acorbic acid treatment. These findings suggest that secre-
tion of collagens is regulated independently of proteoglycan secretion and that
RER must possess mechanisms able to discriminate between proteoglycans
core protein and procollagens [150].

3.1.5
Concluding Remarks

Maintenance of chondrocytes in culture is challenging because chondrocyte
phenotype and metabolism are strongly regulated by their close environment.
Chondrocyte isolation from the extracellular matrix drastically modifies its
extracellular environment and deeply alters its behavior. Chondrocytes are
suddenly exposed to abnormal oxygen tension, ionic and osmotic environment
and are released from cell-matrix interactions. Moreover, chondrocyte pheno-
type is not stable. When chondrocytes are seeded in a support plastic they lose
their cartilage-specific phenotype and show a fibroblastic-like morphology.
Monolayer culture does not allow a long-term study of chondrocyte meta-
bolism but is particularly recommended to study cell dedifferenciation. Since
the discovery that chondrocytes re-express the differentiated phenotype when
they are transferred from monolayer to suspension, some tri-dimensional
culture models have been developped. Chondrocytes were embedded in natural
or synthetic matrix or maintained in suspension by constant agitation. In these
culture conditions, chondrocytes conserve their phenotype for several weeks
and are suitable to study matrix formation. Morever, cultures of chondrocytes
in a tridimensional matrix allow tissue engineering for transplantion in car-
tilage defects. This culture method granted the study of matrix homeostasis,
resorption and repair in environmental conditions close to that observed in vivo.

We can conclude that in vitro studies on cartilage explants or isolated
chondrocytes provide important information on normal and pathological
chondrocyte metabolic functions and may help to define the mode of action of
regulatory factors and drugs. Nevertheless, some discrepancies in the con-
clusion can appear according the origin of the cartilage, the culture model and
the experimental conditions used.

References

1. Aydelottte M, Kuettner K (1988 a) Differences between subpopulations of cultured bovine
articular chondrocytes. I Morphology and cartilage matrix production. Connect Tiss Res
18:205-222

2. Archer C, McDowell ], Bayliss M, Stephens M, Bentley G (1990) Phenotypic modulation
in sub-populations of human articular chondrocytes in vitro. J Cell Sci 97:361-371

3. Manicourt D, Pita J (1988) Quantification and characterization of hyaluronic acid in differ-
ent topographical areas of normal articular cartilage from dogs. Coll Rel Res 1:39- 47



74

Y. Henrotin and J.-Y. Reginster

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Siczkowski M, Watt F (1990) Subpopulations of chondrocytes from different zones of

pig articular cartilage-isolation, growth and proteoglycan synthesis in culture. J Cell Sci
97:349-360

. Korver T, van de Stadt R, Kiljan E, van Kampen G, van der Korst J (1992) Effects of loading

on the synthesis of proteoglycans in different layers of anatomically intact articular
cartilage in vitro.] Rheumatol 19:905-912

. Aydelotte M, Raiss R, Schleyerbach R, Kuettner K (1988b) Effects of interleukin-1 on

metabolism of proteoglycans by cultured bovine articular chondrocytes. Orthop Trans
(J Bone Joint Surg) 12:359

Aydelotte M, Schmid T, Greenhill R, Luchene L, Schumacher B, Kuettner K (1991) Synthesis
of collagen by cultured bovine chondrocytes derived from different depths of articular
cartilage. Trans Orthop Res Soc 16:26

. Lee J, Hwang O, Who Kim S, Han S (1997) Primary cultured chondrocytes of different

origins respond differently to bFGF and TGF-p. Life Sciences 61:293-299

. Little C, Ghosh P (1997) Variation in proteoglycan metabolism by articular chondrocytes

in different joint regions is determined by post-natal mechanical loading. Osteoarthritis
and Cartilage 5:49-62

Guerne P-A, Blanco F, Kaelin A, Desgeorges A, Lotz M (1995) Growth factor responsive-
ness of human articular chondrocytes in aging and development. Arthritis Rheum
7:960-968

Kouri J, Jimenez S, Quintero M, Chico A (1996) Ultrastructural study of chondrocytes
from fribrillated and non-fibrillated human osteoarthritic cartilage. Osteoarthritis and
Cartilage 4:111-125

Lafeber F, van der Kraan P, Van Roy J, Vitters E, Huber-Brining O, Bijlsma J, van den Berg
W (1992a) Local changes in proteoglycan synthesis during culture are different for normal
and osteoarthritic cartilage. Am J Pathol 140:1421-1429

Aigner T, Gluckert K, von der Mark K (1997) Activation of fibrillar collagen synthesis
and phenotypic modulation of chondrocytes in early human osteoarthritic cartilage
lesions. Osteoarthritis Cartilage 5:183-189

Lafeber F, van Roy H, van der Kraan P, van den Berg W, Bijlsma ] (1997) Transforming
growth factor-f predominantly stimulates phenotypically changed chondrocytes in
osteoarthritic human cartilage. ] Rheumatol 24:536 -542

Loeser R (1993) Integrin-mediated attachment of articular chondrocytes to extra-
cellular matrix prot<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>