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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. 



VI Preface 

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 



Contents 

1 

2 

Structure and Function of Normal Human Adult Articular Cartilage ... 
E.J-M.A. THONAR, K. MASUDA, D.H MANICOURT, 
and K. E. KUETTNER 

Epidemiology and Economic Consequences of Osteoarthritis 

1 

20 

2.1 The American Viewpoint ................................... 20 

2.2 

J. C. SCOTT, M. LETHBRIDGE-CEJKU, and M.C. HOCHBERG 

The European Viewpoint 
X. BADIA LLACH 

38 

3 Experimental Models of Osteoarthritis . . . . . . . . . . . . . . . . . . . . . . . . . . 53 

3.1 In Vitro Models for the Study of Cartilage Damage and Repair. . . . 53 
Y. HENROTIN and J.-Y. REGINSTER 

3.2 Animal Models of Osteoarthritis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 
K.D.BRANDT 

4 Pathophysiology of Osteoarthritis 101 

4.1 Role of Mechanical Factors in the Aetiology, Pathogenesis 
and Progression of Osteoarthritis. . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 
G.NUKI 

4.2 Role of Biomechanical Factors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 115 
P.GHOSH 

4.3 Genetic and Metabolic Aspects .............................. 134 
c.J. WILLIAMS and S.A. JIMENEZ 

4.4 Biochemical Factors in Joint Articular Tissue Degradation 
in Osteoarthritis .......................................... 156 
J. MARTEL-PELLETIER, J. DI BATTISTA, and D. LAJEUNESSE 



VIII Contents 

4.5 Role of Growth Factors and Cartilage Repair. . . . . . . . . . . . . . . . . .. 188 
W.B. VAN DEN BERG, P.M. VAN DER KRAAN, 
and H.M. VAN BEUNINGEN 

4.6 Role of Crystal Deposition in the Osteoarthritic Joint. . . . . . . . . . .. 210 
G.M.McCARTHY 

5 Diagnosis and Monitoring of Osteoarthritis . . . . . . . . . . . . . . . . . . . . .. 228 

5.1 Direct Visualization of the Cartilage. . . . . . . . . . . . . . . . . . . . . . . . .. 228 
X. AYRAL and M. DOUGADOS 

5.2 Radiographic Imaging of Osteoarthritis. . . . . . . . . . . . . . . . . . . . . .. 246 
e. BUCKLAND-WRIGHT 

5.3 Magnetic Resonance Imaging in Osteoarthritis. . . . . . . . . . . . . . . .. 268 
Y. JIANG, e.G. PETERFY, J.J. ZHAO, D.L. WHITE, J.A. LYNCH, 
and H. K. GENANT 

5,4 The Role of Molecular Markers to Monitor Breakdown and Repair 296 

6 

7 

L.S. LOHMANDER 

Evolution and Prognosis of Osteoarthritis 
E. VEYS and G. VERBRUGGEN 

Impact of Osteoarthritis on Quality of life 
J. POUCHOT, J. COSTE, and F. GUILLEMIN 

312 

331 

8 Medical Management of Osteoarthritis ......................... 356 

8.1 Medical Aspects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 356 

8.1.1 Basic Principles in Osteoarthritis Treatment ................... 356 
D. CHOQUETTE, J.-P. RAYNAULD, and E. RICH 

8.1.2 Non-steroidal Anti-inflammatory Drug Administration 
in the Treatment of Osteoarthritis. . . . . . . . . . . . . . . . . . . . . . . . . . .. 370 
J.T. DINGLE 

8.1.3 New and Future Therapies for Osteoarthritis. . . . . . . . . . . . . . . . . .. 387 
J.-P. PELLETIER, B. HARAOUI, and J. C. FERNANDES 

8.2 Regulatory Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 408 

8.2.1 Preclinical Studies in Osteoarthritis .......................... 408 
M. SISAY and R. D. ALTMAN 

8.2.2 Clinical Evaluation of Drug Therapy. . . . . . . . . . . . . . . . . . . . . . . . .. 421 
J.-Y. REGINSTER, B. AvouAc, and C. GOSSET 



Contents 

9 Surgical Treatment of the Cartilage Injuries 
M. BRITTBERG 

10 Scientific Basis of Physical Therapy and Rehabilitation 

IX 

431 

in the Management of Patients with Osteoarthritis ............... 453 
J-M. CRIELAARD and Y. HENROTIN 

11 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 480 
M. LEQUESNE and L. PUNZI 

Subject Index. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 511 



Contributors 

R.D.ALTMAN 

Rheumatology and Immunology, 
Department of Medicine, 
University of Miami School of Medicine, 
and Geriatric Research, Education 
and Clinical Center (GRECC), 
Miami Veterans Affairs Medical Center, 
Miami VAMC (NH207G), 
Miami, FL 33125, USA 
(e-mail: raltman@mednet.med.miami.edu) 

B.AVOUAC 

Department of Rheumatology, 
H6pital Henri Mondor, Creteil, France 

X.AYRAL 

Department of Rheumatology, 
Cochin Hospital, Rene Descartes University, 
Service de Rhumatologie B, 
27 rue du Faubourg Saint Jacques, 
75679 Paris Cedex 14, France 

X. BADIA LLACH 

Catalan Institute of Public Health, 
University of Barcelona, Campus de 
Bellvitge, Ctra. de la Feixa Llarga sIn 08907 
L'Hospitalet de Llobregat, Spain 
(e-mail: xbadia@bell.ub.es) 

K.D.BRANDT 

Rheumatology Division, Indiana University 
School of Medicine and Indiana University 
Multipurpose Arthritis and Musculoskeletal 
Diseases Center, 541 Clinical Drive, Room 
492, Indianapolis, IN 46202-5103, USA 

M. BRITTBERG 

Cartilage Research Unit, 
Goteborg University, Department 
of Orthopaedics, Kunsgsbacka Hospital, 
S-43440 Kungsbacka, Sweden (e-mail: 
mats.brittberg@varberg.mail.telia.com) 

C. BUCKLAND-WRIGHT 

Division of Anatomy and Cell Biology, 
United Medical and Dental Schools of Guy's 
and St. Thomas's Hospitals, London Bridge, 
London SE1 9 RT, UK 
(e-mail: c.bucklandw@umds.ac.uk) 

D. CHOQUETTE 

Rheumatic Disease Unit, Centre Hospitalier 
de l'Universite de Montreal, 
Campus Notre-Dame, 1560 Sherbrooke 
S1. East, Montreal, Quebec, H2L 4M1 
Canada 

J. COSTE 

Departement de Biostatistique, 
H6pital Cochin, Paris, France 

J-M. CRIELAARD 

Bone and Cartilage Metabolim Research 
Unit, Department of Physical Medicine, 
Institute of Pathology, University 
of Liege, CHU Sart-Tilman, 4000 Liege, 
Belgium 

J. DI BATTISTA 

Osteoarthritis Research Unit, Centre de 
Recherche L.C. Simard, Centre Hospitalier 
de l'Universite de Montreal, 
Campus Notre-Dame, 1560 Sherbrooke 
S1. East, Montreal, Quebec, H2L 4M1 
Canada 

J. T. DINGLE 

Cambridge Research Laboratories, l3 Adam 
Road, Cambridge CB3 9AD, UK 

M.DOUGADOS 

Department of Rheumatology, 
Co chin Hospital, Rene Descartes University, 
Paris, France 



XII 

J. C. FERNANDES 
Osteoarthritis Research Unit, Centre de 
Recherche L.C. Simard, Centre Hospitalier 
de l'Universite de Montreal, Campus 
Notre-Dame, Montreal, Quebec, Canada 

H.K.GENANT 
Osteoporosis and Arthritis Research Group 
and Muskuloskeletal Section, Department 
of Radiology, University of California, 
San Francisco, CA, USA 
(e-mail: Harry.Genant@oarg.ucsf.edu) 

P.GHOSH 
Raymond Purves Bone and Joint Research 
Laboratories, Department of Surgery, 
University of Sydney, Royal North Shore 
Hospital, St. Leonards, NSW 2065, Australia 
(e-mail: pghosh@mail.usyd.edu.au) 

C.GOSSET 
Department of Epidemiology and Public 
Health, University of Liege, Liege, Belgium 

F. GUILLEMIN 
Ecole de Sante Publique, Faculte de 
Medecine, 9, avenue de la For~t de Haye, 
BP 184,54505 Vandoeuvre Cedex, France 
(e-mail: guillemi@sante-pub.u-nancy.fr) 

B.HARAOUI 
Osteoarthritis Research Unit, Centre de 
Recherche L.C. Simard, Centre Hospitalier 
de l'Universite de Montreal, 
Campus Notre-Dame, Montreal, Quebec, 
Canada 

Y.HENROTIN 
Bone and Cartilage Metabolism Research 
Unit, Department of Physical Medicine, 
Institute of Pathology (+5), University of 
Liege, CHU Sart -Tilman B23, 4000 Liege, 
Belgium 

M. C. HOCHBERG 
Division of Rheumatology and Clinical 
Immunology, Department of Medicine, 
and Department of Epidemiology 
and Preventive Medicine, University of 
Maryland School of Medicine, Gerontology 
Research Center, National Institute on 
Aging, Geriatric Research Education and 
Clinical Center, Veterans Affairs Medical 
Center, 10 South Pine St., MSTF 8-34, 
Baltimore, MD 21201, USA 

Contributors 

Y.JIANG 
Osteoporosis and Arthritis Research Group 
and Muskuloskeletal Section, Department 
of Radiology, University of California, 513 
Parnassus Avenue, Suite HSW207 A, 
San Francisco, CA 94143-0628, USA 
(e-mail: Yebin.Jiang@oarg.ucsf.edu) 

S.A. JIMENEZ 
Department of Medicine, Division of 
Rheumatology, Thomas Jefferson Univer
sity, 233 South Tenth Street, Philadelphia, 
PA 19107, USA 
(e-mail: Sergio.Jimenez@mail.tju.edu) 

K.E. KUETTNER 
Departments of Biochemistry 
and Orthopedic Surgery, Rush Medical 
College at Rush-Presbyterian-St. Luke's 
Medical Center, Chicago, USA 

D. LAJEuNEssE 
Osteoarthritis Research Unit, 
Centre de Recherche L.C. Simard, Centre 
Hospitalier de l'Universite de Montreal, 
Campus Notre-Dame, 1560 Sherbrooke 
St. East, Montreal, Quebec, H2L 4Ml 
Canada 

M.LEQuESNE 
Department of Rheumatology, Hopital 
Leopold Bellan, 19 rue Vercingetorix, 
75014 Paris, France 
(e-mail: mlequesne@aol.com) 

M. LETHBRIDGE-CEJKU 
Division of Rheumatology and Clinical 
Immunology, Department of Medicine, 
and Department of Epidemiology 
and Preventive Medicine, University of 
Maryland School of Medicine, 
Gerontology Research Center, 
National Institute on Aging, Baltimore, 
MD,USA 

L. S. LOHMANDER 
Department of Orthopedics, University 
Hospital, SE-22185 Lund, Sweden 
(e-mail: Stefan.Lohmander@ort.lu.se) 

J.A.LYNCH 
Osteoporosis and Arthritis Research Group 
and Muskuloskeletal Section, 
Department of Radiology, University of 
California, San Francisco, CA, USA 



Contributors 

D.H. MANICOURT 
Service de Rhumatologie, Universite Ca
tholique de Louvain, Cliniques Universitai
res St Luc, Brussels, Belgium 

J. MARTEL-PELLETIER 
Osteoarthritis Research Unit, Centre de 
Recherche L.e. Simard, Centre Hospitalier 
de l'Universite de Montreal, Campus 
Notre-Dame, 1560 Sherbrooke St. East, 
Montreal, Quebec, H2L 4M1 Canada 

K.MASUDA 
Departments of Biochemistry and 
Orthopedic Surgery, Rush Medical College 
at Rush-Presbyterian-St. Luke's Medical 
Center, Chicago, USA 

G.MCCARTHY 
Department of Clinical Pharmacology, 
Royal College of Surgeons in Ireland, 
123 St. Stephen's Green, Dublin 2, Ireland 
(e-mail: gmccarthy@rcsi.ie) 

G.NUKI 
University of Edinburgh Rheumatic 
Diseases Unit, Department of Medicine, 
Western General Hospital, Crewe Road 
South, Edinburgh EH4 2XU, Scotland, 
UK (e-mail: gn@srvO.med.ed.ac.uk) 

J.-P. PELLETIER 
Rheumatic Disease Unit and Osteoarthritis 
Research Unit, Centre de Recherche L.C. 
Simard, Centre Hospitalier de l'Universite 
de Montreal, Campus Notre-Dame, 1560 
Sherbrooke St. East, Montreal, Quebec, 
H2L 4M1 Canada 

C.G.PETERFY 
Osteoporosis and Arthritis Research Group 
and Muskuloskeletal Section, Department 
of Radiology, University of California, San 
Francisco, CA, USA 

J. POUCHOT 
Service de Medecine Interne, H6pital Louis 
Mourier, 178 rue des Renouillers, 92700 
Colombes, and Inserm U.292, H6pital de 
Bicetre, 82, rue du General Leclercq, 94275 
Le Kremlin Bicetre Cedex, France 
(e-mail: pouchot@ext.jussieuJr) 

L. PUNZI 
Division of Rheumatology, University of 
Padova, via Giustiniani 2,35128 Padova, 
Italy 

J-P. RAYNAULD 
Rheumatic Disease Unit, 

XIII 

Centre Hospitalier de l'Universite de 
Montreal, Campus Notre-Dame, Montreal, 
Quebec, Canada 

J.-Y. REGINSTER 
Bone and Cartilage Metabolism Research 
Unit, and Department of Epidemiology 
and Public Health, University of Liege, 
CHU Sart-Tilman B23, 4000 Liege, 
Belgium, and Georgetown University 
Medical Center, Washington DC, USA. 

J. RICH 
Rheumatic Disease Unit, 
Centre Hospitalier de I'Universite de 
Montreal, Campus Notre-Dame, Montreal, 
Quebec, Canada 

M. SISAY 
Rheumatology and Immunology, 
Department of Medicine, University of 
Miami School of Medecine, Miami, FL, 
USA 

J.e. SCOTT 
Division of Rheumatology and Clinical 
Immunology, Department of Medicine, 
and Department of Epidemiology 
and Preventive Medicine, University of 
Maryland School of Medicine, Baltimore, 
MD,USA 

E.J-M.A. THONAR 
Departments of Biochemistry, Internal 
Medicine (Section Rheumatology) 
and Orthopedic Surgery, Rush Medical 
College at Rush-Presbyterian-St. Luke's 
Medical Center, 1653 West Congress 
Parkway, Chicago IL 60612, USA 
(e-mail: ethonar@rush.edu) 

H. M. VAN BEUNINGEN 
Department of Rheumatology, University 
Hospital St Radboud, 6500 HB Nijmegen, 
The Netherlands 

W. B. VAN DEN BERG 
Department of Rheumatology, University 
Hospital St Radboud, Geert Groteplein 
Zuid 8, PO Box 9101, 6500 HB Nijmegen, 
The Netherlands 
(e-mail: w.vandenberg@reuma.azn.nl) 



XIV 

P.M. VAN DER KRAAN 
Department of Rheumatology, 
University Hospital St Radboud, 
6500 HB Nijmegen, The Netherlands 

G.VERBRUGGEN 
Department of Rheumatology, 
University of Ghent, University Hospital 
of Ghent, De Pintelaan 185, B-9000 Ghent, 
Belgium 

E.M.VEYS 
Department of Rheumatology, 
University of Ghent, University Hospital 
of Ghent, De Pintelaan 185, B-9000 Ghent, 
Belgium 

Contributors 

D.L. WHITE 

Osteoporosis and Arthritis Research Group 
and Muskuloskeletal Section, Department 
of Radiology, University of California, San 
Francisco, CA, USA 

C.J. WILLIAMS 

Department of Medicine, Division of 
Rheumatology, Thomas Jefferson 
University, 233 South Tenth Street, 
Philadelphia, PA 19107, USA 
(e-mail: Charlene.Williams@mail.tju.edu) 

J.J. ZHAO 

Osteoporosis and Arthritis Research 
Group and Muskuloskeletal Section, 
Department of Radiology, University of 
California, San Francisco, CA, USA 



CHAPTER 1 

Structure and Function of Normal Human Adult 
Articular Cartilage 

E.J-M.A. THONAR, K. MASUDA, 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 

1.2.1 
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 playa 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 [6,71. 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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1.2.3 
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 [B]. 

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 
the articular cartilage 
matrix. The thin rim of 
pericellular matrix (red) and 
the territorial matrix 
(light blue) form the cell
associated matrix, the meta
bolically active compart
ment. The metabolically 
"inert" interterritorial 
matrix compartment (dark 
blue) makes up more than 
90% of the total volume of 
the matrix in human 
articular cartilage. Re
produced with permission 
from [1) 

pericellular 

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 dearly de
lineated in adult articular cartilage than in immature cartilage [I]. 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, (Xl (II), synthesized and secreted as pro collagen 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 pro collagen 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 pro collagen which is larger in size (type II A) 
[17]. The expression of this type II A pro collagen 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 (X2 (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, lsI 

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 (X chains. 
Together with types II and IX, it is co-assembled in the heterotypic fibrils 
of articular cartilage [IS]. 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 [IS]. 

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 micro fibrils and seems to be concentrated selectively in the cap
sular matrix of chondrons [30]. 
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1.3.2 
Proteoglycans 

7 

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 
Aggrecon 

Aggrecan is the predominant proteoglycan in articular cartilage: it makes up 
approximately 90 % of the mass of proteoglycans in the tissue. Its protein core 
(Mr = 230 kilodaltons [kDa]) is glycosylated with numerous covalently-attached 
glycosaminoglycan chains, as well as N-linked and O-linked oligo saccharides 
[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 (GI, G2 and G3 ) and two 
extended interglobular (E I, E2) domains. The amino-terminal region contains 
the GI and G2 domains separated by the 21 nm extended EI segment. G3 , present 
at the carboxy-terminal end, is separated from G2 by the major (about 260 nm
long) extended E2 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 GI-EI-G2 domains and near the 
G3 region. The glycosaminoglycans are clustered in two regions: the largest, 
termed the CS-rich region, contains all the CS and up to So % of the KS chains 
[36]. A KS-rich region is located in the E2 domain near the G2 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 G3 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 G3 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 (G1, Gz and G3 ) are separated by two extended segments (E 1 and Ez) 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 El segment and within the CS-rich 
domain). Furthermore, the core protein is substituted with N- and O-linked oligosaccharides. 
The G1 and Gz domains as well as the link protein (LP) contain a double loop structure 
(proteoglycan tandem repeat, PTR). In addition both G1 and LP show an additional loop 
structure (immunoglobulin fold, Ig-fold) which can selectively interact with hyaluronate to 
form aggregates. The G3 domain contains a lectin-binding region. Adapted from l351 

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 G3 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 Ez domain is the major "functional" seg
ment of the aggrecan molecule. The KS-rich region closest to Gz 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 oligo saccharides which can 
become extended as KS chains. The remainder of the Ez 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 GJ -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 GJ 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 
GJ region and the HA molecule and stabilizes the aggregate structure. The 
ternary complex GJ-HA-LP forms a highly stable interaction that protects the 
GJ 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 5 x 10 7 to 5 X 108 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 playa 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]. 

1.3.3 
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 [I]. 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. S. 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 G3 

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 up regulation 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 [55]. 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 
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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.S 
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 II, 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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CHAPTER 2 

Epidemiology and Economic Consequences 
of Osteoarthritis 

2.1 
The American Viewpoint 

J.e. SCOTT, M. LETHBRIDGE-CEJKU and M.e. HOCHBERG 

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 kglm2 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/m2) or severely overweight (BMI >30 kg/m2) 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." 

2.1.3 
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 a 

I. Idiopathic 

A. Localized 
1. Hands 
2. Feet 
3. Knee 
4. Hip 
5. Spine 
6. Other single sites 

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 

F. Other bone and joint diseases 

G. Neuropathic (Charcot) arthropathy 

H. Endemic disorders 

I. Miscellaneous conditions 

a Modified from [11]. 
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occupation activities 1 may be considered as risk factors for idiopathic osteo
arthritis; conversely, risk factors for idiopathic osteoarthritis [e. g., overweight 1 
may be considered as causes of secondary osteoarthritis. 

2.1.3.1 
Radiographic Criteria 

Classically, the diagnosis of osteoarthritis in epidemiologic studies has relied 
on the characteristic radiographic changes described by Kellgren and Lawrence 
in 1957 [141, and illustrated in tbe Atlas of Standard Radiographs [151. 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: 0 = 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 a 

1. Knee pain for most days of prior month 
2. Crepitus on active joint motion 
3. Morning stiffness ~30 minutes in duration 
4. Age 2: 38 years 
5. Bony enlargement of the knee on examination 

Clinical, Laboratory and Radiographic b 

1. Knee pain for most days of prior month 
2. Osteophytes at joint margins (Xray spurs) 
3. Synovial fluid typical of osteoarthritis (laboratory) 
4. Age 2:40 years 
5. Morning stiffness ~30 minutes 
6. Crepitus on active joint motion 

Modified from [11,27]. Reproduced from Silman AJ, Hochberg MC (1993) Epidemiology of 
the rheumatic diseases. Oxford University Press, Oxford. 
a Osteoarthritis present if items 1,2,3,4 oritems 1,2,5 or items 1,4,5 are present. Sensitivity 

is 89 % and specificity is 880/0. 
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 880/0. 
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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' 
1. Hand pain, aching, or stiffness for most days of prior month 
2. Hard tissue enlargement of;:::2 of 10 selected hand joints b 

3. Fewer than 3 swollen MCP joints 
4. Hard tissue enlargement of 2 or more DIP joints 
5. Deformity of 2 or more of 10 selected hand joints 

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. 
, Osteoarthritis 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. 

2.1.4 
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]. 

2.1.4.3 
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-I1I, 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 andlor sports activities 

2.1.5.1 
Overweight 

J. C. Scott et al. 

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 [35,41-461. 

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 [351. 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/m2 and 35 kg/m2, and over 35 kg/m2, respectively, 
had higher odds of knee osteoarthritis than subjects who were only overweight, 
defined as body mass index between 25 kg/m2 and 30 kg/m2, 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-J of whom 226 (4.9%) had bilate
ral osteoarthritis and 75 (1.8 %) had unilateral osteoarthritis [441. Overall, 65.0 
percent of subjects with bilateral knee osteoarthritis had a BMI above 30 kg/m2, 
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 I, 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 kglm2 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 lO-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/m2. 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/m2 and 27.8 kg/m2 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 [53]. 
Occupational status was assessed between examinations 1 and 6, i. e., 1948 - 51 
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. 

2.1.5.3 
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 [55), 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 Injuryflrauma 

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
arthritis of the knee 

Older age 

Female sex 

Overweight 

Generalized osteoarthritis 
Heberden's nodes 

Low dietary intake of antioxidants 

J. c. Scott et al. 

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. BADIA 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 ~A. 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 OA 

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), J0rring 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 85, 
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 OA 

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 
radiologicalOA [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 [141. 
Likewise, in a recent French study of 20,J25 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) [151. 

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 [161, 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 [131.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-tibiaIOA) [151. 

2.2.4 
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 % [171. 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 [181. Though some 
progress has been made in identifying hereditary defects, such as those in type 
II 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. 

2.2.4.2 
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 [191. 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 [201. 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 [211. 

2.2.4.3 
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 [221, 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 [231. 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 [241. Activities principally 
identified with the development of OA are regular lifting for OA of the hip, and 
knee bending for OA of the knee [251. 

2.2.4.4 
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-
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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]. 

2.2.4.5 
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]. 

2.2.4.7 
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]. 

2.2.5 
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 ~A. 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/lOO) X P + T/Ioo x (C + Ph) 

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 [431, 
and similar results were obtained in a British context [441. 

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 [451. 

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 [461, 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 to day'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) [471. 

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 So % 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 [so]. 

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 (02 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 dearly 
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-l 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 TGF~. bFGF increases thymidine, proline and leucine 
incorporation into rib, but not into ear, primary cultured chondrocytes. TGF~ 
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. TGF~ 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 (TGF~), while the inverse pattern is observed in cells from adult 
donors [lOJ. 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. [11J 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, 13J. Moreover, a focal 
onset of type III collagen expression was observed. TGF~ and IGF are able to 
stimulate proteoglycan synthesis by chondrocytes and partially reverse adverse 
effects of IL-l and TNFa. Interestingly, osteoarthritic cartilage explants and 
isolated chondrocytes from osteoarthritic cartilage are much more sensitive to 
stimulation by TGF~ than healthy cartilage. This difference is largely attributed 
at phenotypically changed chondrocytes present in the damaged upper layer of 
osteoarthritic chondrocytes [14J. 

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 andlor 
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 lA, 1 mg/320 Vlml) and after successive enzymatic digestion with hyaluro
nidase (30 min.; Type IV S; 0.5 mg/400 Vlml), pronase (1 h; 1 mg/4000 Vlml) 
and collagenase (24 h; collagenase clostridial, type lA, 1 mg/320 Vlml) 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 106 cells were isolated from 1 g of tissue whereas 
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Fig.1. Microscopic observation (magnification: XlOO) 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 106 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, PGEz 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]. 
TGFp 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-p [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, PGE2 and 
proteoglycans by human articular chondrocytes in vitro. Chondrocytes were isolated from 
the cartilage by a single enzymatic digestion (0) 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 Immunoassays) 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 j.lg 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 

Mono-digestion 
Tri -digestion 

" p<O.Ol. 
b p<O.OOl. 

Proteins 
(Jlg/Jlg DNA) 

14 ± O.o? 
9.7 ± 0.04" 

IL-8 
(pg/Jlg DNA) 

58 ± 0.61 
3.7 ± 0.93b 

IL-6 
(pg/Jlg DNA) 

61 ± 5 
6.5 ± O.91 b 

Proteoglycans 
(ng/Jlg DNA) 

210 ± 3.15 
41 ± 3.75 b 

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. [191 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 - 231. 
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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-l p, TNFa, or 
FGF suggesting that HA can counteract the biological activity of cytokines 
and growth factors [241. 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 [25,261. Binding of HA to receptors stimulates the tyrosine phos
phorylation of proteins [271. 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 (Le., IGF-l, TGFP) are trapped in 
the cartilaginous extracellular matrix [28 - 301. The best known example 
is the binding of TGFp by decorin. Indeed, it has been reported that the 
interaction between TGFp and decorin is partially responsible for the decreas
ed ability of TGFp to induce cell growth in Chinese hanIster ovary cells [311. 
There is evidence that the decorin content in the cartilage increases with age 
suggesting that the bioavailability of TGFp could decrease with age [321. 
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 Monoloyer 

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 [331. 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 [34,351. Small non-aggregating proteoglycans are synthesized at the 
expense of functional aggrecan [36-381. The synthesis of cathepsin Band L 
are extremely low in differentiated cells, but are soon increased in parallel with 
the loss of the differentiated state. Inversely, collagenase-l is strongly expressed 
by differentiated chondrocytes and declines rapidly with successive subculture 
[391 while TIMP production progressively increases [351. 

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 TGF~, 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-l in flattened 
chondrocytes but not in rounded cells [46]. IL-l~ and TNFa stimulating effect 
on pro collagenase 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 (II, 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 micro carriers maintained in suspen
sion by constant agitation in a siliconized spinner flask [51,52]. Different types 
of micro carriers, including dextran beads (Cytodex), dextran beads collagen 
coated (Cytodex III) and non-porous type I collagen micro spheres (Cellagen), 
have been tested for chondrocytes suspension culture. In these culture condi
tions, chondrocytes attach to the micro carrier 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 
1.106 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 [55]. 
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-~ 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 ~1,4 and (x1,4 
glucoside binds. In the presence of divalent cations such as Ca++, the polymer 
undergoes instant ionotrophic gelation [60]. Each chondrocyte entrapped in 
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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
tionallevels. 

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 Sus ante 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-Iysine 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 ]lm 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. 

3.1.3.3 
Explant Culture 

Cartilage explant culture has been used by many investigators to study various 
aspects of the anabolic and catabolic metabolism of articular cartilage [85,86]. 
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-l~, 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 (HzOz, IL-l, 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 Chondrocyfes 

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 SV 40 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 S19 - 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 
os teo blasts. 

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 }lm 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, 1l2], 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 trans differentiation 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 [l21]. These effects may be conducted by active 
oxygen species production [122,123]. 
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3.1.4.2 
Effects of Ionic 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 35S-sulphate and 3H-proline incorporation rates by isolated 
cells incubated in D MEM for 2 - 4 h 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 35S-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 0-10 mM [125,127]. Nevertheless, CaClz 
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 4 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. Mg2+ and Mn2+ supported attachment to fibro
nectin and type II collagen while Ca2+ did not support adhesion to collagen 
[l28]. These data indicate that synthesis rates in chondrocytes incubated in 
DMEM after isolation are affected by changes in extracellular K+, Na+, Ca++ and 
osmolality. 

3.1.4.3 
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 [l25], 
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 Caz+-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 Ez 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 
U2- but not ul-integrin. The integrin U2Pl 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 p02 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., CI-, HCO;) 
[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 
35S0 4 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 CI- HC03 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 % Fes 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 3SS-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-~ 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-~, 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-~ 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-hate condition [88]. 

Lee et al. [46] compared the effect of DMEM + 20% FCS, DMEM and 
DMEM + 20 ng ofIGF-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-l. However, serum containing cultures incorporated significantly more 
radio nucleotide (3 H -T dR) than in the other treatments. 

Vitamin C is required for the activity of prolyl hydroxylases, RER enzymes 
that hydroxylate proline residues in the nascent pro collagen 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 llg/ml), type II 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 pro collagens [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. 
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3.2 
Animal Models of Osteoarthritis 

K.D. BRANDT 

3.2.1 
Introduction 

As discussed by Pritzker [1], an animal model can be defined as "a homogenous 
set of animals which have an inherited, naturally acquired, or experimentally 
induced biological process, amenable to scientific investigation, that in one or 
more respects resembles the disease in humans." Animal models of osteo
arthritis (OA) are useful in studying the evolution of structural changes in joint 
tissues, determining how various risk factors may initiate or promote these 
changes, and evaluating therapeutic interventions. Because it is difficult to ob
tain joint tissues from humans with OA until the pathological changes are far 
advanced and to obtain them sequentially, use of animal models provides the 
only practical way to examine the processes involved with initiation of the 
disease, the associated morphologic biochemical, metabolic and molecular 
biological changes in articular cartilage, and how, e. g., the balance of matrix 
cartilage synthesis and degradation influences disease progression. However, it 
must be borne in mind that OA is not a disease of only a single tissue - artic
ular cartilage - but that all of the tissues of the joint are affected, i. e., the sub
chondral bone, synovium, menisci, ligaments, periarticular muscles and the af
ferent nerves whose terminals lie both within and external to the joint capsule. 
To date, studies of OA in animal models of pharmacologic agents have focused 
chiefly on their effects on articular cartilage. The effects, for example, of quad
riceps weakness, which is a major cause of disability in humans with knee OA 
[2] and a risk factor for knee OA in humans [3], have received essentially no 
attention in animal models of knee OA. Indeed, if such studies were performed 
in quadripeds, their relevance to the disease in humans would be questionable. 
Furthermore, because joint pain is the chief clinical feature of OA leading the 
human subject to seek medical attention, it is worth emphasizing that the ef
fects of a drug on joint pain in humans cannot be studied adequately in any ani
mal model. 

A comprehensive, although not exhaustive, list of animal models of OA is 
provided in Table 1, modified from the excellent recent review of the subject by 
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Table 1. Examples of Animal Models of OA 

Underlying Species/ strain Inducing agent Reference 
mechanism 

Spontaneous OA Guinea pig, Hartley Age/obesity 5,6 

Mouse, STR/ORT, Unidentified genetic 7-9 
STR/INS predisposition 

Mouse, C 57 black Unidentified genetic 10-13 
predisposition 

Mouse Type II collagen mutation 14 

Mouse Type IX collagen mutation 15 

Rat, Wister, Fischer 16 
344 

Dog Hip dysplasia 17 

Primate Unidentified genetic 18-20 
predisposition 

Chemically-induced Chicken Intra-articular iodoacetate 21 

Rabbit Intra-articular papain 22-24 

Guinea pig Intra-articular papain 25 

Dog Intra-articular chymopapain 26 

Guinea pig Intra-articular papain 27 

Mouse Intra-articular papain 28 

Mouse Intra -articular collagenase 28 

Mouse Intra-articular TGF-~ 29 

Rabbit Intra-articular hypertonic saline 30 

Physically-induced Dog Anterior cruciate ligament 31,32 
transection (unilateral) 

Dog Anterior cruciate ligament 33 
transection (bilateral) 

Rabbit Anterior cruciate ligament 34,35 
transection 

Sheep Meniscectomy 36 

Rabbit Meniscectomy 37-39 

Guinea pig Meniscectomy 5 

Guinea pig Myectomy 40-42 

Rabbit Patellar contusion 43,44 

Rabbit Immobilization 45,46 

Dog Immobilization 47-49 

Dog Denervation followed by 50 
anterior cruciate ligament 
transection 

Modified from Doherty Net al. [4]. 
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Doherty et al. [4 - 50]. In general, the greater the similarity of OA changes in the 
model to those in humans, the more desirable the model. However, practical 
issues, such as the availability of the animal species, the rate at which changes 
of OA develop, the ease of handling and maintenance, and cost all are important 
considerations. 

Great interest currently exists in therapeutic agents which may slow the 
progression of OA, i.e., disease-modifying OA drugs (DMOADs) [51]. Although 
several drugs have been shown to slow the progression, or prevent the develop
ment, of experimentally-induced or spontaneous OA in animals, none has yet 
been shown to be effective in humans with ~A. Clinical trials of diacerhein and 
of doxycycline are now in progress and trials of other matrix metalloproteinase 
(MMP) inhibitors and of an antiresorptive agent (targeting bone rather than 
articular cartilage) will soon be initiated in patients with knee ~A. 

Surgical models of OA and models which involve intra-articular injection of 
a degradative enzyme to destabilize the joint by damaging articular cartilage or 
other structures are currently popular; whether they are more relevant to post
traumatic OA than to primary (idiopathic) OA in humans, however, at least with 
regard to their suitability for evaluating therapeutic agents, remains to be seen. 
The development of spontaneous knee OA in a variety of animal species -
bipeds as well as quadripeds - provide alternatives to these surgically or 
chemically induced models (Table 1). However, because no animal model can 
mirror fully all of the variables which may modify the disease in humans, use of 
models for discovery of DMOADs represents, as noted by Billingham [52], 
« '" an expensive gamble that what can be achieved in animals will translate to 
the OA diseases of man:' 

Over the past several years, numerous reviews of animal models of OA have 
been published. This chapter draws extensively on two recent excellent com
prehensive reviews: one, by Billingham [52], emphasizes the advantages 
attached to the use of animal models of OA while the other, by Doherty [4], 
deals with the limitations associated with the use of models. 

3.2.2 
Spontaneous OA in Animals 

Medial compartment knee OA has been described in mouse strains, the Dunkin 
Hartley strain of guinea pig, Rhesus and Cynomolgus macaque monkeys and 
the Wistar and Fischer 344 strains of rats (see Table 1). Whether OA in larger 
species will prove to be more important to the study of idiopathic knee OA in 
humans than OA in rodent models and whether mechanisms of initiation and 
progression of the disease may be elucidated in macaques which are more 
relevant to human OA than those in small quadripeds remains to be seen. 

3.2.2.1 
Mice 

Nearly all inbred strains of mice develop OA, although the incidence, severity 
and localization of the disease varies among strains. The highest incidence and 
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most severe joint pathology are seen in STR/ORT and STR/INS strains [53]. In 
STR/ORT mice, the disease is more prevalent and more severe in males than in 
females. The initial articular cartilage lesion appears to develop in the medial 
tibial plateau. It has been suggested that patellar displacement precedes the 
changes in the cartilage but Evans et al. [54] and Collins et al. [55] found that all 
mice had cartilage damage by 11 months of age, although not all had patellar 
displacement. 

Chondro-osseous metaplasia in tendinous structures around the knee joint 
and in ligament insertions is also common in this model [54,55] and precedes 
the cartilage changes, suggesting that it may be of primary pathogenetic 
importance in these strains of mice. It is possible that ligamentous calcification 
alters the mechanical stress on intra-articular structures, and that the ensuing 
cartilage changes reflect unsuccessful attempts to maintain normal loading of 
the joint. In contrast to the guinea pig and macaque models, in which sub
chondral bone changes precede the development of cartilage degeneration, 
sclerosis of subchondral bone is a late feature of OA in this model. 

Even though several months of treatment are required to evaluate a DMOAD 
in mice, their small size is advantageous insofar as less compound is required to 
study a drug in mice than in guinea pig or macaque models of OA. On the other 
hand, the small quantity of articular cartilage available from mice is a dis
advantage for biochemical studies of pathogenetic mechanisms and drug 
effects. Molecular biology techniques, such as the differential display of genes 
which are activated or repressed during development of OA, can be used to as
sess a pharmacologic effect on very small amounts of tissue over a shorter time 
span than is needed to evaluate the effects of a DMOAD on the pathoanatomy 
of the joint, but cannot replace morphologic evaluation. 

3.2.2.2 
The Guinea Pig 

The studies of Bendele et al. [56, 57] and Meacock et al. [58] describing the 
natural history of the disease, have stimulated interest in the guinea pig model 
of OA. All male guinea pigs of the Dunkin Hartley strain begin to show carti
lage degeneration after 13 months of age [57,62]. Similar changes are seen in 
females but are somewhat delayed and less severe than in males. By one year of 
age, full-thickness loss of articular cartilage on the medial femoral condyle and 
tibial plateau has occurred. Increases in body weight increase the severity of 
the disease and diet restriction, limiting body weight to less than 900 g, can 
decrease the severity of joint pathology by 50 % [59]. 

Magnetic resonance imaging studies [60] have identified a change within the 
subchondral bone in this model as early as 8 weeks of age, i. e., preceding any 
apparent change in the articular cartilage. Radiography of 1 mm-thick un decal
cified sections revealed extensive thinning of the subchondral trabeculae in the 
tibia and femur at the sites of insertion of the cruciate ligaments at an even 
earlier age. As seen with spontaneous OA in mice, cartilage degeneration in this 
guinea pig model is apparently preceded by a change in the subchondral bone. 
Although a change within the cruciate ligaments may precipitate the bone 
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remodeling, it is possible that a subtle change in the articular cartilage leads to 
remodeling of the underlying bone. 

Few drug studies have been reported in the guinea pig model of OA. Bendele 
et al. found that oral administration of diacerhein [61], the acetylated derivative 
of the anthroquinone, rhein, from 3 months to 12 -15 months of age reduced the 
rate of progression of joint damage by some 50 per cent. 

In 1986, Arsever and Bole [40] described changes of osteoarthritis in both the 
hip and knee of Hartley guinea pigs after unilateral resection of the gluteal 
muscles and/or transection of the infrapatellar ligament. Abnormalities also 
developed in joints of the contralateral hind limb. While this model provided an 
opportunity to examine early OA events unaffected by post-operative synovitis 
or local joint trauma, factors which may confound other physically-induced 
models of OA, interpretation of the results is confounded by the changes of OA 
that develop spontaneously in this species (see above). 

3.2.2.3 
Rhesus and Cynomolgus Macaques 

Although OA develops spontaneously in rhesus monkeys [20,62-64], the avail
ability of this species for study is limited. However, development of a similar 
disease in the much more readily available Cynomolgus species has permitted 
study of naturally occurring medial compartment knee OA in a primate species 
[22,65,68]. The disease occurs in middle-aged to elderly animals which, unlike 
mice and guinea pigs, are bipedal. The earliest histological change is thickening 
of the subchondral plate, which is followed by fibrillation of the articular carti
lage in the medial plateau [65]. Eventually, the lateral compartment becomes 
involved. Notably, degeneration of the cartilage does not occur until the sub
chondral bone undergoes thickening to 400 J.1m [66]. Both the prevalence and 
severity of knee OA increase with age in this model but, in contrast to the epi
demiology of knee OA in humans [67], these are not affected by either gender 
or weight. This model has not yet been employed for studies of potential 
DMOADs. 

3.2.3 
Surgical Models of OA 

Models based on surgically induced laxity of the knee joint, altering the 
mechanical stresses, have most frequently utilized rabbits and dogs. The most 
extensively studied surgical model is the cruciate-deficient dog, described by 
Marshall and Olsson [30] and by Pond and Nuki [31], and characterized in de
tail by our unit [32]. In the rabbit, a variety of surgical procedures on ligaments 
and menisci have been described [68], including cruciate ligament transection, 
with and without medial and collateral ligament section, total and partial 
meniscectomy, and creation of bucket-handle tears of the meniscus. In the 
guinea pig, partial meniscectomy and cruciate and collateral ligament tran
section have been studied [58, 69]. Partial meniscectomy leads to osteophyte 
formation within 2 weeks and extensive cartilage degeneration within 6 weeks, 
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greatly accelerating the underlying spontaneous disease in this species (see 
above). 

Because the natural history of OA in the canine cruciate-deficiency model 
has been well elucidated and the pathology, not only in articular cartilage but 
also in other joint tissues, has been characterized to a greater extent than in 
other animal models of OA [32], it is described in some detail below. 

3.2.3.1 
The Natural History of OA in the Canine Cruciate-Deficiency Model 

Until recently, because of an apparent absence of progressive changes and 
lack of full-thickness cartilage ulceration (as seen in human OA), the cruciate
deficient dog was widely viewed with skepticism as a model of OA. Studies by 
Marshall and Olsson [30] had suggested that the articular cartilage changes 
2 years after ligament transection were no more severe than those seen only a 
few months after surgery. It was presumed that mechanical factors, e. g., 
capsular fibrosis and buttressing osteophytes, stabilized the cruciate-deficient 
knee and prevented progressive cartilage breakdown. The apparent lack of 
progressive cartilage changes led a number of investigators to contend that this 
was a model of cartilage injury and repair, rather than of OA. 

Our studies, however, which documented the findings in the unstable knee 
after a lengthier period of observation than had been employed previously, 
clearly validate the cruciate-deficient dog as a model of OA [70]. They empha
size, furthermore, the striking capacity of the chondrocyte for repair in the 
earlier stages of OA [71], as outlined below: 

McDevitt and Muir had noted that an increase in proteoglycan (PG) syn
thesis by chondrocytes in articular cartilage of the unstable knee occurs within 
days after ligament transection [72,73]. We found that cartilage from the OA 
knee, while showing typical biochemical, metabolic and histological changes of 
OA, remained thicker than normal for as long as 64 weeks after the onset of 
knee instability [71], and showed that this thickening was associated with a 
sustained increase in PG synthesis and increases in both the content and 
concentration of PGs in the OA cartilage (Fig. 1). By magnetic resonance imag
ing (MRI) [74], we showed that this hypertrophic cartilage was maintained 
for as long as 3 years after cruciate transection, but that progressive loss of 
articular cartilage then occurred, so that 45 months after cruciate ligament 
transection extensive areas of the joint surface were devoid of articular carti
lage. Studies of dogs sacrificed 54 months after cruciate ligament transection 
provided pathological confirmation of our MRI observations. In summary, 
given sufficient time, the changes of OA in this model are progressive; this is, 
indeed, a model of OA. 

The phenomenon of hypertrophic repair of articular cartilage in OA is 
illustrated particularly well by the canine cruciate-deficiency model. It is, how
ever, by no means unique to that model. It was recognized first in human OA 
cartilage by Bywaters [75] and subsequently by Johnson [76], and evidence exists 
of its presence in OA cartilage from rabbits subjected to partial meniscectomy 
[77] and from Rhesus macaques developing OA spontaneously [21,78]. 
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Fig. 1. Full thickness sections of articular cartilage from a mongrel. The sections were stained 
with safranin-O and fast green. The right anterior cruciate ligament was transected 12 weeks 
before sacrifice. The thickness of the articular cartilage from the OA knee and intensity of 
staining with safranin-O are greater in the OA knee (A) than in the contralateral knee (B). 
Original magnification X 40. Taken from [71] 

Although contemporary descriptions of the pathology of OA emphasize the 
progressive loss of articular cartilage, they often fail to take into account the 
increases in cartilage thickness and PG synthesis in the earlier stages of OA, 
which are consistent with a homeostatic phase of compensated, stabilized OA. 
In this phase, repair may keep place with cartilage breakdown and maintain the 
joint in a reasonably functional state for years. The repair tissue, however, often 
does not hold up as well to mechanical stress as normal hyaline cartilage and, 
eventually, at least in some cases, the rate of PG synthesis falls and the cells can 
no longer successfully maintain the matrix. End-stage OA then develops, with 
full-thickness loss of the articular cartilage [70]. In marked contrast to this 
protracted time course, Fernandes et al. [79] described a surprisingly extensive 
loss of articular cartilage in this model within only a few weeks after cruciate 
ligament transection. 

Recently, Manolopoulos et al. [80] have used mongrel dogs in which the 
anterior cruciate ligament was transected in both knees, leading to develop
ment of bilateral OA, to compare the effects of a pharmacologic agent which 
was administered by intra-articular injection in one knee with the findings 
after placebo (saline) injection into the contralateral knee [33]. It is possible that 
the loading of the unstable hind limbs in that model is quantitatively and 
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qualitatively different from that of the unstable knee in the unilateral canine 
cruciate-deficiency model; no direct comparisons of pathology in the two 
models are available. It should be emphasized, however, that the contralateral 
knee of dogs with unilateral knee instability is not a truly normal control [81]. 

3.2.3.2 
Neurogenic Acceleration of OA 

As described above, in the canine cruciate-deficiency model of OA, cartilage 
degeneration, with fibrillation and thinning of the cartilage, develops gradually 
and failure of the joint, with loss of cartilage down to bone, may take 3 - 5 years. 
However, we have shown that if ligament transection is preceded by dorsal root 
ganglionectomy [50] or articular nerve neurectomy [82], full-thickness ulcera
tion of the cartilage occurs within only weeks [83]. 

This observation is relevant to Charcot (neuropathic) arthropathy, a joint 
disorder characterized by severe, chaotic joint destruction, with osteochondral 
fractures, loose bodies, effusions, ligament instability and formation of new bone 
and new cartilage within the joint. The general concept of the pathogenesis of 
Charcot arthropathy is that interception of sensory input from the extremity by 
a neurologic disease (e.g., tabes dorsalis, syringomyelia) deprives the central 
nervous system of information from nociceptive or proprioceptive nerve fibers, 
leading to recurrent episodes of joint trauma and, ultimately, to joint breakdown. 

A problem exists with this proposed mechanism, however: it is impossible to 
consistently produce Charcot arthropathy experimentally by neurosurgical 
procedures which interrupts the sensory nerve supply from an extremity. For 
example, we were unable to induce knee joint pathology in normal dogs sub
jected to unilateral L4-S1 dorsal root ganglionectomy [83]. On the other hand, if 
we transected the ipsilateral anterior cruciate ligament in dogs which had 
previously undergone dorsal root ganglionectomy, cartilage in the ipsilateral 
knee broke down within weeks. These results stand in sharp contrast to the very 
slowly progressive changes seen in the neurologically intact dog with a cruciate
deficient knee (see above). 

The accelerated canine model of OA has proved very useful for evaluation of 
pharmacologic agents, the impact of which on progressive joint damage can 
be observed within only a few weeks (Fig. 2) [84]. However, the pathogenetic 
processes underlying the initiation of OA, i. e., the homeostatic hypertrophic 
repair phase (see above) may be different from those associated with the stage 
of progression of joint damage [85-87]. It is possible that a drug may show 
efficacy in the slowly progressing (neurologically intact) cruciate deficiency 
model but not in the accelerated model, as was the case with diacerhein 
[86-87]; the converse may also be expected. 

3.2.3.3 
Periarticular Muscle 

Several years ago we showed that when the hind limb of a normal dog was 
immobilized in an orthopedic cast, the articular cartilage soon developed 
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Fig.2. Gross appearance of femoral condyles from doxycycline-treated and untreated dogs. 
Distal femur from the osteoarthritic knee of an untreated dog (A). Note the extensive full
thickness ulceration of the central, weight-bearing region of the medial femoral condyle. 
Contralateral, stable knee of the same animal as in A (B). The cartilage is grossly normal. 
Unstable knees of dogs treated prophylactically with doxycycline (C and D). The knee shown 
in C has only partial thinning of cartilage over the weight-bearing region of the medial 
condyle (arrow); however a linear cartilage ulcer is present on the medial trochlear ridge. The 
articular cartilage shwon in D, was grossly normal. Taken from [84] 

striking atrophic changes, with thinning, a decrease in proteoglycan concentra
tion, reduction in net proteoglycan synthesis and a defect in proteoglycan 
aggregation [88]. Notably, if the unstable knee is immobilized immediately af
ter cruciate ligament transection, OA does not develop, but changes of cartilage 
atrophy are seen [89], identical to those noted after immobilization of a dog 
with normal knee stability, emphasizing the importance of altered joint me
chanics in the genesis of OA in this model. Studies aimed at elucidating the pa
thogenesis of the cartilage changes seen with immobilization indicated that 
these were not due principally to a decrease in oscillatory motion of the joint, 
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but to reduction in the contraction of the periarticular muscles that span the 
joint (e. g., hamstrings, quadriceps), and stabilize the limb during stance [90]. 

In patients with knee OA, quadriceps weakness is common and is generally 
believed to be due to atrophy of the muscle, secondary to unloading of the pain
ful extremity [91]. Recently, an additional explanation for the quadriceps 
weakness in subjects with knee OA has been suggested, based on epidemiologic 
data. In a study of a community cohort of elderly individuals from central 
Indiana we found that among women with radiographic changes of knee OA, 
quadriceps weakness was common even among those who have no history of 
knee pain and hypertrophy (rather than atrophy) of the quadriceps muscle, due 
to their obesity [91]. Furthermore, longitudinal analysis of women in this 
cohort strongly suggested that baseline quadriceps weakness was a risk factor 
for radiographic changes of knee OA (i.e., for structural damage) [92]. The 
proposed mechanism by which quadriceps weakness in humans may 
predispose to knee joint damage is as follows: although hamstring activity 
decelerates the forward swing of the leg, at the end of swing, the leg is pulled to
ward the ground (toward heel-strike) by gravity, assisted by continuous 
hamstring action. Quadriceps action at this point retards the rate of descent, 
acting to brake the fall of the leg. Furthermore, because the quadriceps is im
portant in providing anteroposterior stability to the knee [93], quadriceps 
weakness may alter sites of mechanical loading of the joint surface, resulting in 
damage to the articular cartilage. Experimental paralysis of the quadriceps in a 
normal subject was shown to result in a marked heelstrike transient and an 
estimated s-fold increase in forces acting at the knee at touchdown [94]. Among 
subjects with normal knee radiographs, those with knee pain were found to 
exhibit a significantly greater heelstrike transient than those without knee pain 
[95]. The authors suggested that the gait pattern in the former group, the 
consequence of which was repeated impact loading of the lower extremity, led 
to a "pre-osteoarthritic" state, although no evidence was provided that those 
with knee pain developed OA or that the increased heels trike transient was the 
cause, rather than the result, of knee pain. 

Experimentally, some support exists for the above hypothesis: rabbits sub
jected to repeated acute (50 msec) impact loading of the knee incurred damage 
to articular cartilage and subchondral bone [96] while impulsive loads of 
greater magnitude, if applied more gradually (500 msec), were innocuous 
(Radin, E., personal communication). Very rapid application of load does not 
allow sufficient time for the periarticular muscles, the major shock absorbers 
protecting the joint, to absorb the load through eccentric contraction [97, 98]. 
Why some normal subjects generate a large heelstrike transient when walking, 
while others do not, is also unknown, but may reflect individual differences in 
central program generators, i. e., neurologic mechanisms based in the central 
nervous system which coordinate complex limb movements during gait [99]. 

Finally, the importance of muscle spindles (sensory nerve endings within 
muscle) in modulating muscle tone in response to changes in the position of a 
limb, thereby protecting the joint from injury, has received attention recently 
[93]. Joint position sense, measured both as the ability to reproduce passive 
positioning and to detect the onset of movement (kinesthesia), was significantly 
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impaired in normal subjects after completion of a strenuous exercise protocol 
[100]. Hence, maintenance of quadriceps strength appears to be important also 
in preserving the integrity of protective muscular reflexes. 

A variety of evidence suggests that the pathogenesis of knee OA in women 
may be different from that in men. For example, in women, knee OA tends to be 
more strongly associated with obesity and to be bilateral than in men, in whom 
it is more likely to be related to prior trauma and to be unilateral [101]. Although 
the association between knee OA and obesity is well-established, the mechanism 
by which they are related is unclear. Both biomechanical and metabolic 
mechanisms have been postulated. Martin et al. [102] found recently that, after 
adjustment for age and for obesity, metabolic correlates of obesity (measure
ments of glucose and lipid metabolism) did not exhibit an independent 
association with knee OA, indirectly favoring a mechanical basis. 

Our data suggest that among women with incident OA, the greater their body 
weight, the poorer their quadriceps function. Regardless of the cause, our 
findings raise the possibility that the well-recognized association of obesity 
with knee OA in women is mediated through quadriceps weakness. Clearly, 
quadriped models of OA are unlikely to prove suitable for study of the 
relationship between periarticular muscle strength and development of OA; 
whether primate models will prove suitable in this respect remains to be seen. 

3.2.3.4 
Subchondral Bone 

Some investigators have suggested that stiffening of the subchondral bone may 
be of primary importance in the etiopathogenesis of OA in man [103]. Radio
graphic studies of dogs that had undergone cruciate ligament transection 
revealed typical bony changes of OA, including subchondral sclerosis, by 
24 months after surgery [104]. However, direct examination by computerized 
tomographic micro densitometry of the subchondral plate and the subchondral 
trabeculae in samples from dogs which were maintained as long as 72 weeks 
after cruciate ligament transection showed no increase in thickness of the sub
chondral plate and thinning of the underlying cancellous bone [103]. Only later 
was a trend noted for thickening of the subchondral plate. The osteopenia in the 
subchondral trabeculae is presumably due to the decrease in loading of the 
unstable limb after cruciate ligament transection [105] and to the synovitis 
which characterizes this model [106]. 

Our observations make it clear that typical articular cartilage changes of OA 
can occur in the presence of osteopenia; stiffening of subchondral bone is not a 
requisite for initiation of the early cartilage changes in this OA model. Indeed, 
the loss of subchondral bone could theoretically increase mechanical strain in 
the overlying articular cartilage, leading to degeneration [1071. Thickening of the 
subchondral plate, a relatively late phenomenon in the canine model, could, how
ever, contribute to the failure of intrinsic repair mechanisms and to the 
progression of cartilage breakdown. Recently, we have shown that administration 
of a bisphosphonate can effectively inhibit resorption and formation of sub
chondral bone in the canine cruciate-deficiency model of OA [108], although it 
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had no effect on osteophyte formation. Formation of new subchondral bone in 
the OA knee is presumably coupled to osteoclastic resorption, which can be 
inhibited pharmacologically [109, 110]; because osteophyte formation involves 
bony metaplasia of new fibrous connective tissue and bears no relationship to 
bone resorption, the absence of a pharmacologic effect on osteophytosis, while 
formation of subchondral bone was blocked by the bisphosphonate, is not 
surprising. A multi -center clinical trial to evaluate the effectiveness of a bisphos
phonate as a DMOAD in patients with knee OA is currently planned. 

Despite the costs associated with the model, several drug studies have been 
undertaken in the canine cruciate-deficiency dog. The NSAID, tiaprofenic acid, 
was reported to reduce both the severity of OA and protease levels within the 
cartilage [lll], although evidence for a DMOAD effect in humans with this or 
any other NSAID is lacking. Tenidap, a nonsteroidal anti-inflammatory drug 
with cytokine-inhibitory properties, has also been reported to prevent cartilage 
damage in this model [79]. However, the extent of cartilage damage in that 
study was unusually severe only 8 weeks after cruciate ligament transection and 
confirmation of the results is needed. Corticosteroid treatment in relatively 
high doses, either oral or intra-articular, has been shown to prevent osteophyte 
formation and to reduce levels of stromelysin in extracts of the articular 
cartilage [111-113] in the canine cruciate-deficiency model. However, when 
prednisone was given orally in a lower dose (which, on a weight basis, would 
have been the equivalent of 5 mg/d for a 70 kg human), no effect on OA patho
logy was noted [114]. This model [115], and the lapine partial medial meniscec
tomy model [116], have been used to demonstrate the efficacy of glycosamino
glycan polysulfate acid ester. Co-administration of petosan sulfate and IGF-l 
protected against cartilage damage and resulted in a reduction in the levels of 
MMP and increase in the levels of TIMP within the cartilage [117]. Finally, we 
have shown that oral doxycycline administration strikingly inhibited joint 
breakdown in the accelerated canine cruciate-deficiency model (i. e., in which 
sensory input from the ipsilateral limb was interrupted by L4 - 5 dorsal root 
ganglionectomy prior to ligament transection, see above) [84]. This treatment 
prevented the extensive loss of cartilage seen in this model and dramatically 
reduced the levels of MMP within the cartilage. 

3.2.4 
Pitfalls Associated with the Use of Animal Models in the Discovery of DMOADs 

Because the etiology of OA is poorly understood, it is impossible to measure 
how well any animal model, although it may display some features of OA in 
humans, mimics the disease in humans. It is impossible to determine how 
closely a therapeutic effect in any animal model will predict therapeutic activity 
in man. In particular, the importance of inflammation in OA is uncertain. 
Therefore, use of models in which joint damage is mediated by an inflammatory 
response could give misleading indications of efficacy. Similar uncertainty con
cerning the importance of other etiologic factors, such as a systemic increase in 
bone density, ligamentous laxity, inherited defects in the structure of cartilage 
collagen and, as indicated above, periarticular muscle weakness. 
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It should also be noted that, as emphasized by Doherty et al. [4], major dif
ferences exist among species with respect to the relative contribution to the 
pathologic changes of OA of various mediators, receptors or enzymes which 
could lead to inappropriate extrapolation to humans of therapeutic activity 
seen in animal models. For example, results in rodent models of inflammatory 
arthritis, in which NSAID treatment profoundly inhibits disease activity [117], 
led to overestimation of the efficacy of NSAIDs in treatment of arthritis in 
humans, in whom prostaglandins do not play the same fundamental role in the 
pathogenesis of the disease as they do in rodents and in whom the clinical 
benefits of NSAIDs are therefore limited to treatment of symptoms rather than 
modification of joint damage. 

On the other hand, underestimation of the therapeutic potential of novel 
agents on the basis of animal data could lead to the abandonment of potentially 
useful agents. For example, gold, penicillamine, chloroquine and sulfasalazine, 
all of which have some efficacy in the treatment of rheumatoid arthritis, are not 
effective in the animal models routinely employed to screen antirheumatic 
drugs [118]. Discovery of their efficacy in treatment of patients with rheumatoid 
arthritis was serendipitous and their mechanisms of action in this disease are 
unknown. The point is this: excessive reliance on animal models of disease in 
drug screening could lead researchers to discard novel mechanism-based 
agents with potential utility in the treatment of arthritis in humans. 

A species difference particularly relevant to the development of DMOADs 
relates to cartilage collagenase, an enzyme widely assumed to contribute im
portantly to cartilage damage in ~A. Although inhibitors of interstitial col
lagenase (collagenase-I, MMP-l) are frequently evaluated in rodent models 
[116], a rodent homologue of collagenase-l has not been identified and probably 
does not exist. Inhibitors specific for human collagenase-l would, therefore, not 
exhibit therapeutic activity in a rodent model of arthritis. Fortunately, however, 
most MMP inhibitors which have been developed to date do not have great 
selectivity [120] and will inhibit also the collagenase now shown to be involved 
in cartilage damage in rodents, collagenase-3 (MMP-13). Furthermore, human 
collagenase-3 [121], recently shown to be expressed in human osteoarthritic 
cartilage, may play an important role in human OA [122]. 

Finally, even assuming that a given mediator, receptor or enzyme plays 
a role in the pathogenesis of OA in a particular animal model, similar to that 
it plays in human OA, the ability of a drug to interfere with a molecular target 
may differ among species [4]: for example, although the chemotactic potency 
of leukotriene B4 for human, murine and lapine neutrophils is similar, some 
antagonists show differences in potency as great as 1,000-fold in some of these 
species. In the evaluation of a mechanism-based agent, such species-specific 
differences in potency can be detected and methods can be developed to 
permit in vivo pharmacodynamic studies, for example, by evaluating the 
effects of compounds which inhibit an exogenously administered human 
enzyme or mediator. This technique has been used to evaluate MMP inhibitors 
by determining the ability of drugs to inhibit release of proteoglycans from 
the articular cartilage after injection of human stromelysin into the lapine 
knee [123]. 
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Despite the fact that results obtained from animal models of OA may be 
misleading in the evaluation of potential DMOADs, models have an important 
role to play in basic research. By examining the pathogenetic mechanisms 
underlying joint damage in animal models, potential roles in human OA of 
enzymes, mediators or receptors may be identified. However, evidence of the 
importance a molecular mechanism of joint damage in an animal model 
provides no assurance that it is important in man. Perhaps the strongest evi
dence of the pathogenetic importance of a postulated disease mechanism is 
the demonstration of a therapeutic effect after pharmacologic interference 
with that mechanism. Therefore, development of mechanism-based drugs and 
demonstration of their efficacy in animal models of OA may be integral to our 
understanding of the pathogenesis of the disease; however, validation of a 
molecular target in human disease will be obtained only after phase III clini
cal trials in humans. 
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CHAPTER 4 

Pathophysiology of Osteoarthritis 

4.1 
Role of Mechanical Factors in the Aetiology, 
Pathogenesis and Progression of Osteoarthritis 

G.NUKI 

Motion and mechanical stimulation play a critical ro'e in the development of 
the skeleton and normal joints [1, 2]. Movement, loading and intermittent 
mechanical strain are also crucial for the maintenance of healthy articular 
cartilage, [3], bone mineral [4] and muscle [5]. Paradoxically mechanical factors 
also play an important role in the development and progression of osteoarthritis. 

4.1.1 
Definition and Classification 

Osteoarthritis (OA) is currently defined as "a group of overlapping distinct 
diseases, which have different aetiologies but with similar biological, morpholo
gic and clinical outcomes. The disease processes not only affect the articular 
cartilage, but involve the entire joint, including the subchondral bone, ligaments, 
capsule, synovial membrane and periarticular muscles. Ultimately, the articular 
cartilage degenerates with fibrillation, fissures, ulceration and full thickness loss 
of the joint surface" [6]. This long, clumsy and rather wide ranging definition 
does at least emphasise that OA is not a single disease, or process, but rather the 
clinical and pathological outcome of a variety of disorders that lead to structu
ral and functional failure of one or more synovial joints [7,8]. 

Current concepts [9] emphasise the dynamic nature of the OA process which 
is characterized by new bone formation, increased turnover of cartilage matrix 
components and joint remodelling as well as by degeneration of articular tissues. 

Osteoarthritis is usually classified as primary (idiopathic) or secondary when 
it follows some clearly defined predisposing disorder [10]. An abbreviated clas
sification, [11], based on recommendations of an osteoarthritis sub-committee 
of the American College of Rheumatology is shown in Table 1. Although distinct 
from the more common type of idiopathic OA, many of the rarer subsets of se
condary osteoarthritis are good examples of accidents of nature which can 
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Table 1. Classification: subsets of osteoarthritis [Ill 

Primary (idiopathic) 

Localized 
Hands and feet 
Knee 
Hip 
Spine 
Other 

Generalized 
3 or more joint areas 

Secondary 

Post traumatic 
Congenital/developmental 

Localised 
Hip diseases, e.g., Perthes 
Mechanical and local factors, e.g., obesity, 
hyper mobility, valgus/varus 

Generalised 
Bone dysplasias 
Metabolic diseases 

Calcium deposition diseases 
Calcium pyrophosphate deposition disease 
Hydroxyapatite arthropathy 
Destructive arthropathies 

Other bone and joint disorders 
Avascular necrosis 
Rheumatoid arthritis 
Paget's disease 

Miscellaneous other diseases 
Endocrine, e.g., acromegaly, neuropathic 

serve as models for understanding some of the pathological mechanisms that 
can lead to joint failure. Mechanical factors playa role in all types of primary, 
as well as secondary, ~A. Joint failure results from an imbalance between the 
combination of mechanical stresses and catabolic processes acting on the joint 
and the capacity of its tissues to withstand the strains and repair the damage. 
In broad terms structural failure of articular cartilage and bone either result 
from abnormal mechanical stresses causing damage to normal tissues, or fail
ure of pathologically impaired articular cartilage and bone under the influence 
of physiologically normal mechanical strains (Fig. 1). 

Post traumatic OA, the OA that complicates Paget's disease, Perthes disease, 
congenital dislocation of the hip, slipped capital epiphyses or anyone of a 
number of skeletal dysplasias are examples of secondary OA that can result 
from the generation of abnormal mechanical stresses which cause injury to 
initially normal articular cartilage. In contrast, the premature osteoarthritis 
that is associated with acromegaly, crystal deposition diseases and metabolic 
disorders such as haemochromatosis or ochronosis are examples of secondary 
OA in which the articular cartilage is impaired by the primary pathological 
process and cartilage degeneration and joint failure then progress even under 
the influence of physiologically normal mechanical stresses. 
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Developmental 
abnormalities 

Trauma 

Hypermobllity 

Obesity 

Paget's disease 

Aseptic necrosis 
of bone 

Abnormal 
stress 

Normal 
cartilage 

Fig. 1. Pathways leading to secondary osteoarthritis 

4.1.2 
Risk Factors 

< 

Normal 
stress 

Abnormal 
cartilage 
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Ageing 

Ochronosis 

Hypothyroidism 

Acromegaly 

Gout 

CPPD 

Inflammatory 
arthritis 

It is likely that in the majority of patients with primary, idiopathic and 
secondary OA, multiple genetic and environmental factors are contributing to 
the pathogenesis and progression of joint failure. The importance of ageing and 
as yet undefined genetic factors, as contributory risk factors is well illustrated in 
patients who develop osteoarthritis of the knee after meniscectomy - an 
apparently straightforward example of mechanically determined secondary 
~A. Although overall about 70 % of patients develop radiological evidence of 
knee OA 20 years after meniscectomy there is evidence that post-meniscectomy 
OA may occur more frequently in patients with primary hand OA [l21 and more 
rapidly in older patients [131. 

4.1.2.1 
Ageing 

The prevalence and incidence of osteoarthritis of the hands, hip and knee in
crease dramatically in men and women between the ages of 50 and 80 years [141 
but the basis for this is far from clear. Age-related changes in articular cartilage 
matrix chemistry and structure are distinct from those that are seen in osteo
arthritis and mechanically induced experimental osteoarthritis [151 (Table 2). 
Ageing cartilage is characterised by a progressive increase in keratan sulphate 
and a decrease in chondroitin sulphate without significant change in the total 
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Table 2. Structural and biochemical changes in ageing articular cartilage, osteoarthritis and 
mechanically induced experimental osteoarthritis compared 

Ageing OA/Experimental OA 

Cartilage thickness Decreased Initially increased, later decreased 

Tensile modulus Slighty decreased Greatly decreased 

Collagen fibre network Largely intact Grossly disrupted 

Collagen fibrillogenesis Decreased Decreased 

Collagen synthesis Unchanged Increased 

Total sulphated Unchanged Initially increased, later decreased 
glycosaminoglycans 

Proteoglycan synthesis Decreased Increased 

Keratan sulphate Increased Decreased 

Chondroitin sulphate Decreased Initally increased, later decreased 

Low molecular weight Increased Increased 
proteoglycans 

Aggrecan size Decreased Decreased 

Water content Decreased Increased 

Hyaluronan content Increased Increased 

Hyaluronan size Decreased Unchanged 

Chondroitin sulphate neoepitopes Not expressed Re-expressed 

Cartilage oligomeric protein Unchanged Increased 

tissue content of sulphated glycosaminoglycans [151 The average size of the pro
teoglycan aggregates decreases in older cartilage, as does the water content, and 
there are increased amounts of proteolytically cleaved link protein, biglycan 
[161 and hyaluronan of shorter chain length [171. The decreases in tensile 
stiffness and fracture stress of articular cartilage that occur with ageing [18,191 
are, however, more likely to be related to thinning, loss of packing and increased 
cross-linking of collagen fibrils [20,211. 

Age-related decreases in the capacity of chondrocytes to synthesize normal 
matrix proteins and age-related decline in muscle strength, capsular collagen 
and joint proprioception may also have an influence on mechanical stresses in 
ageing joints. 

4.1.2.2 
Hypermobi/ity 

Evidence that constitutional hypermobility might be an important risk factor 
for the development of generalised osteoarthritis remains sparse [22-241 and 
unconvincing as premature osteoarthritis is not a feature of many inherited 
disorders of connective tissue which are associated with striking hypermobility 
[251. Recent studies have however suggested that prominent osteoarthritis of 
the carpometacarpal joints of the thumbs constitutes a localised clinical and 
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radiological subset of hand OA which is associated with constitutional hyper
mobility [26]. 

4.1.2.3 
Direct Trauma and Sporting Injury 

In addition to meniscus injuries and other intra-articular derangements, 
osteochondral injuries, post-traumatic incongruities of articular surfaces and 
malaligned fractures are important causes of premature, localised osteoarthritis 
[27]. The relative risk of developing knee OA is increased more than threefold 
following major knee injuries [28] and the average time to develop secondary OA 
of the hip, severe enough to warrant arthoplasty, following fracture-dislocation 
is seven years [29]. Cruciate ligament deficiency leads to premature knee OA 
in orthopaedic practice [30] as well as in canine veterinary practice [31] and in 
experimentally induced OA in the stifle joints of dogs [32]. The high prevalence 
of knee OA in former soccer players [33,34] and American football players [35] 
has been largely attributed to the high incidence of meniscectomy and cruciate 
ligament injuries in these professional athletes. Although there is some data to 
suggest that long-distance running may be associated with an increase in radio
graphic OA of the knee [36] and hip [37] other controlled studies found no 
increase in hip OA in marathon runners after 20 years [38] and little increase in 
knee OA in top level long-distance runners [39]. A retrospective cohort study 
of former elite women runners and tennis players showed a two- to threefold 
increase in radiographic OA, but this was predominantly the development of 
osteophytes [40]. A recent review of sports related osteoarthritis has analysed 
the methodological problems that beset many of the reported clinical studies 
and emphasized that radiographic osteophyte formation in former athletes may 
not correlate with articular cartilage loss [41]. These authors also suggest that 
joint dysplasia, muscle weakness, neurological deficits and increased weight may 
be additional risk factors for the development of OA in athletes. 

4.1.2.4 
Occupational Risks 

Repetitive mechanical stress, particularly in occupations that involve regular 
knee bending and the lifting of heavy loads is associated with the development 
of knee OA [42]. Industrial surveys in Scotland in the 1960'S showed that 
osteoarthritis of the elbows, knees and spine were significant clinical problems 
in miners working at the coal face [431 and subsequent studies in dockyard 
workers [441 confirmed that the risk of knee OA was increased in occupations 
involving heavy manual labour. More recent epidemiological studies have 
identified occupational risks for the development of OA in the hips and knees 
in farmers, firefighters and construction workers [45]. 

Farming is associated with a particularly high risk of developing OA of the 
hip. Croft's case-control studies suggested that farmers were ten times more 
likely to develop radiographic signs of hip OA after farming for ten years than 
controls employed in sedentary occupations [46]. 
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Data from the US national health and nutritional examination survey 
(NHANES-l) showed a threefold increase in radiographic OA of the knee in 
people undertaking heavy work that involved bending of the knees [47] and the 
role of occupations involving knee bending was confirmed by data from the 
Framingham Study [48]. 

Lawrence's classical studies [49] showing an increase in hand OA in cotton 
mill workers in Lancashire, were followed by a detailed study of job related 
activities in 3 groups of workers in a Virginia textile mill [50]. Hadler 
demonstrated that women whose jobs involved using a pinch grip which was 
associated with increased stress through the distal interphalangeal joints had 
more OA in the DIP joints than women whose jobs involved using a power grip 
which did not stress the DIP joints [so]. 

4.1.2.5 
Body Weight 

After many years of uncertainty, conflicting data and opinion, evidence is now 
accumulating to show that obesity is definitely associated with a significant 
increase in risk of developing knee OA; and possibly with an increase in risk for 
hip and hand OA as well [51]. 

Cross sectional data from the US health and nutrition examination survey 
showed that men and women with a body mass index of 30 - 3S had an ap
proximately fourfold increase in knee OA compared with normal weight 
controls [47]. Excess weight is associated with OA in both the patellofemoral 
and tibiofemoral compartments of the knee [S2, 53], and twin studies from St 
Thomas' Hospital in London also showed a small but statistically significant 
increase in risk for the development of hand OA in the CMC joints of the 
thumbs [S3]. 

The data from the Framingham study shows that obesity precedes the develop
ment of knee OA with a 40% increase in risk (odds ratio 1.4; CI 1.1-1.8) for every 
10 Ib (S kg) gain in weight [S4]. In this study, where changes in weight and radio
graphic status were recorded over an eight year period, there were also commen
surate decreases in incident knee OA for every 10 Ib (S Kg) weight lost, suggesting 
that obesity is a modifiable risk factor, and that even modest reductions in weight, 
in overweight individuals might slow the progression of disease. 

Although the relationships between weight and knee OA are likely to be 
attributable to mechanical strains the associations with hand OA require some 
alternative explanation. The fact that the relationship between obesity and OA 
is stronger in women than in men has suggested the possibility of an unidenti
fied endocrine factor. Alternatively the increase in bone mineral density which 
occurs in obese people could itself be a risk factor for OA [SS]. 

4.1.3 
Subchondral Bone and Bone Mineral Density 

The biomechanical properties of the cortical and subchondral bone are key to 
the protection of articular cartilage from damage following impact loading. 
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Table 3. 
Force attenuation in joints 
[56] 

Tissue 

Subchondral bone 
Cortical bone 
Articular cartilage 
Joint capsule/synovium 
Synovial fluid 

Attenuation (%) 

30 
30-35 
1-3 

35 
o 
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Cortical and subchondral bone are far more effective than articular cartilage in 
attenuating force through joints and synovial fluid plays no significant role [56] 
(Table 3). The presence of subchondral bone limits the radial deformation of 
articular cartilage under load [57] and the undulating structure of the tidemark 
and osteochondral junction help to transform shear stresses into potentially 
less damaging tensile and compressive stresses in the articular cartilage [58]. 
Radin [59] has suggested that the process of OA is initiated by an increase in 
stiffness and density in subchondral bone following microfractures caused by 
impulsive loading of joints. It is suggested that loss of viscoelasticity of the bone 
results in steep stiffness gradients, stretching of the overlying articular cartilage 
and induction of cartilage fibrillation [59]. Progression to full thickness 
cartilage loss would depend on continued impulsive loading of the stiffened 
subchondral bone plate, but finite element mathematical models [60] suggest 
that such a mechanism could not generate sufficient mechanical strains in the 
articular cartilage to cause progressive cartilage loss. There is no doubt however 
that the development of subchondral bone sclerosis in osteoarthritic joints is 
associated with loss of shock absorbing capacity of the bone. OA knees only 
absorb half the load absorbed by normal joints [61]. 

Indirect support for Radin's hypothesis that OA is initiated by changes in 
bone stiffness comes from studies of the relationship between osteoporosis and 
osteoarthritis. Following the observation that severe OA changes were seldom 
observed on femoral heads removed after femoral neck fractures Byers showed 
that bone mineral density was increased in patients with hip OA [62]. There is 
some evidence to suggest that reduced bone mineral density may protect 
women from developing severe osteoarthritis [63], and that the presence of OA 
may retard the development of osteoporosis [64]. Dequeker's suggestion that 
OA and osteoporosis tend to be mutually exclusive [63] was supported to some 
extent by an epidemiological study which showed that less than 1 % of a 
population had coexistent osteoporosis and OA of the hip [65]. 

4.1.4 
Developmental Abnormalities 

Abnormal joint loading secondary to alterations in the geometry of joints leads 
to secondary OA in patients with a wide range of developmental abnormalities 
and gene mutations. 

Slipped capital femoral epiphyses, congenital dislocations of the hip and 
Perthe's disease are three examples of localised developmental abnormalities 
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which commonly lead to premature secondary OA of the hip. In many cases the 
nature of the preceding abnormality can be easily recognised but in others 
presenting with advanced disease it can be very difficult to discern what was the 
underlying abnormality. Two studies have suggested that about a quarter of 
patients with "primary" osteoarthritis of the hip presenting for orthopaedic 
surgery have evidence of an underlying acetabular dysplasia [66, 67]. Although 
there is little doubt that acetabular dysplasia can progress to OA of the hip in a 
high proportion of patients [68], a large study of pelvic radiographs taken for 
non-skeletal indications suggested that acetabular dysplasia was unlikely to be 
an important pre-disposing cause of the common form of hip OA in men [69]. 
The possibility of a more generalized multiple epiphyseal or spondyloepiphy
seal dysplasia must always be considered in patients presenting with bilateral 
premature hip ~A. Short stature and clinical evidence of spinal deformity may 
be useful pointers, but a family history suggesting dominant inheritance of 
premature OA may be the only clinical clue in some cases. 

Following the identification of mutations in the type II pro collagen gene 
(COL2Al) in families with chondrodysplasia and premature OA 10 years ago 
[70,71] numerous collagen gene mutations have been associated with structu
ral abnormalities of articular cartilage, bone and other connective tissues in 
mouse and man [72,73]. The rapid advance in detecting mutations responsible 
for familial OA has been greatest in identifying mutations in COL2Al, the gene 
that codes for the most abundant type of collagen in articular cartilage. 
Recently, however, a number of mutations in genes for type X collagen 
(COLlOIA) have been found in patients with the Schmid type of metaphyseal 
osteochondrodysplasia [74] where growth plate cartilage is affected. It will be 
interesting to see if mutations in the genes coding for collagen type VI, IX and 
XI, which are also found in articular cartilage, will be associated with familial 
forms of OA in the future. At the present time mutations responsible for the 
development of most cases of multiple epiphyseal dysplasia, a relatively 
frequently recognised familial disorder associated with the development of 
premature OA, cannot be identified, but this situation may change rapidly 
following the identification of mutations in the cartilage oligomeric matrix 
protein (COMP) in three patients with MED/pseudoachondroplasia [75]. 

4.1.5 
Neuropathic Joint Disease 

Neuropathic (Charcot) arthritis is a complication of neurological disorders 
associated with prominent loss of proprioception. Classically it occurs in the 
knees in about 5 % of patients with Tabes dorsalis and in the elbows and other 
upper limb joints of up to 25% of patients with syringomyelia. Neuropathic 
arthritis is, however, most commonly encountered in the mid and hindfoot 
joints of diabetics, and up to 5 % of patients with a diabetic neuropathy may be 
affected. Charcot joints are among the most hypertrophic forms of ~A. The dra
matic outgrowths of new bone and cartilage in this form of OA emphasizes the 
point that osteoarthritis is associated with regeneration, as well as degeneration 
of cartilage and bone. O'Connoll and Brandt [76] have shown that the speed 
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with which experimental osteoarthritis develops in the stifle joints of dogs fol
lowing anterior cruciate ligament transection is greatly accelerated by ipsilate
ral deafferentation: emphasizing the protective role of muscular reflexes trigge
red by joint receptors. Abnormalities of proprioception have also been detected 
in patients with OA knees [77] and this may playa part in pathogenesis by faci
litating inappropriate joint loading. Radin [78] has suggested that minor neu
romuscular incoordination may also contribute to the development of knee OA, 
but clearly we need to know a great deal more about the influence of afferent 
nerves on the metabolism of joints. 

4.1.6 
Articular Cartilage Loading 

When external loads are applied to joints during movement and weight 
bearing shear, tensile and compressive stresses are generated in the articular 
cartilage as it changes in shape and the congruence and contact areas of 
opposing cartilage surfaces are increased. In addition to mechanical deforma
tion, joint-loading leads to changes in hydrostatic pressure, fluid flow, loss of 
water and alterations in pH and osmolality within the cartilage matrix [79]. The 
articular cartilage behaves as a viscoelastic material so that deformation and 
recovery of shape are time-dependent and accompanied by creep and energy 
dissipation [80]. The mechanical functions of articular cartilage and its ability 
to withstand loading are critically dependent on the structural integrity of its 
extracellular matrix proteins. In general the collagen network imparts tensile 
strength and the negatively charged proteoglycan aggregates within it resist 
compression [81]. A few measurements with implanted pressure transducers 
have shown that peak contact pressures of 10 - 20 MPa can be generated in the 
hip on standing [82] and articular cartilage may be compressed in volume by as 
much as 13 % [83]. Static loading is associated with depression of matrix 
synthesis while dynamic, high frequency, cyclical loading is associated with 
increases of up to 50 % in proteoglycan synthesis [84, 85]. Cyclical compression 
of articular cartilage can have variable effects on proteoglycan synthesis 
depending on the nature of the loading and whether measurements of synthesis 
are made during or following compression [85]. In general, loads which raise 
hydrostatic pressure and cause fluid movement without significant fluid loss 
lead to an increase in matrix synthesis rates whilst loading regimes that cause 
fluid loss decrease synthesis. Overloading [86] and unloading [87] of articular 
cartilage are both associated with proteoglycan depletion while proteoglycan 
synthesis and articular cartilage thickness are increased by the mechanical 
stresses associated with physiological exercise [88]. Articular chondrocytes are 
the cells responsible for the synthesis of matrix proteoglycans and collagen. 
Compression of articular cartilage results in deformation of chondrocytes 
which strain at contact points between the cells and the pericellular matrix but 
compression is also accompanied by hydrostatic pressure gradients, fluid flow, 
streaming potentials and currents and physico-chemical changes such as 
alterations in matrix water content, fixed charge density, fluxes in ion con
centrations and changes in osmotic pressure [85,86]. 



110 G.Nuki 

Cyclical pressurisation of cultured chondrocytes results in increases in cyclic 
AMP and proteoglycan synthesis and decreases in DNA synthesis [89] but the 
signal transduction mechanisms that lead to these metabolic changes have still 
to be elucidated. 

In Edinburgh we have developed experimental techniques that allow us to 
measure membrane potentials and proteoglycan metabolism in human articular 
chondrocytes in monolayer cell culture following cyclical pressure-induced 
microstrain. Early results showed that chondrocytes, unlike fibroblasts, hyper
polarise following cyclical pressurisation [90] as a consequence of activation of 
apamin sensitive, charybdotoxin and iberiotoxin resistant low conductance 
Ca2+-activated K+ ion channels [91]. Cyclical pressure induced strain also led 
to increased expression of the immediate early response gene c-fos [92] and 
increases in proteoglycan synthesis [93]. Membrane hyperpolarisation and 
accelerated proteoglycan synthesis could be blocked with wpm gadolinium, 
a blocker of stretch-activated ion channels [93]. Subsequent experiments showed 
that the membrane hyperpolarisation response following cyclical pressure
induced strain was inhibited by RGD containing oligopeptides and antibodies to 
~1 and as integrins, but not by antibodies to other integrins expressed by human 
articular chondrocytes [94]. This suggests that aS~l, the classical fibronectin 
receptor, which is strongly expressed in human articular cartilage may be a 
mechanoreceptor which could function as a regulator of chondrocyte responses 
to strain. More recently we have demonstrated that neutralizing antibodies to 
IL-4 and IL-4 receptor a will block mechanically induced membrane hyper
polarisation [9S] suggesting a novel regulatory function for this cytokine in 
articular cartilage. Most recently we have obtained preliminary evidence that 
the P38 MAP Kinase pathway is involved in the upregulation of proteoglycan 
synthesis that follows cyclical pressure-induced strain [96]. 

Further studies are clearly necessary to clarify the intracellular pathways 
involved in mechanical signalling in chondrocytes and also to clarify whether 
IL-4 does have an important role as an autocrine/paracrine regulator of 
mechanically induced responses in cartilage. Better understanding of these 
basic mechanisms may lead to new targets for therapeutic intervention in 
patients with osteoarthritis where progression of disease is so dependent on 
mechanical factors. 
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Degeneration of articular cartilage, subchondral bone sclerosis and remodel
ling are well established hallmarks of osteoarthritis (OA) but the etiologic 
factors responsible are still the subject of debate. Numerous epidemiological 
studies have shown that certain occupations which involve long-term repetitive 
joint usage can increase the risk of cartilage failure and OA [1-14]. However, 
it is often difficult, if not impossible, to separate the mechanical contribution 
to OA from the influences of age, cultural habits, genetic, hormonal or other un
known factors, all of which can impinge on the onset and rate of disease pro
gression to varying degrees. Where appropriate stratifications and normalisa
tion for confounding variables has been undertaken, occupations such as 
farming [3,5,13], ballet dancing [2] and heavy construction work [1,8,11,12,14] 
emerge as risks for OA. Regular participation in certain sports, such as soccer 
[15 -17] skiing, racquet sports and some track and field activities [17- 20], have 
all been shown to be associated with OA in later life. But again it is a problem 
to clearly distinguish cartilage degeneration related directly to these sporting 
activities from secondary cartilage changes arising from injury to other joint 
tissues, such as the menisci or ligaments. Injury to and rupture of the menisci 
and anterior cruciate ligament (ACL) are relatively common events in joints of 
competitive soccer players [21]. Studies of the kinetics of release into synovial 
fluid of cartilage-derived proteoglycans (PGs) in a group of these individuals 
showed that the concentration was markedly elevated a few hours after injury 
and although the levels declined with time, they remained above normal for 
several years thereafter [22]. Radiological evidence of OA did not appear in 
these patients for 15 years post injury, highlighting the long lead time between 
an initial joint injury altering cartilage metabolism and the appearance of 
clinical signs of OA [21]. Since the knee joint meniscus is a weight-bearing 
tissue which has an important mechanical role in normal joint function 
[23 - 25], its mechanical failure due to injury results in the imposition of 
abnormally high contact stresses on articular cartilage. These stresses may 
accelerate its degeneration and development of OA [26,27]. 

4.2.2 
Cartilage and Exercise: Long Distance Running 

4.2.2.1 
Human Investigations 

Long distance running as a risk factor for OA has attracted particular atten
tion in recent years because of the popularity of jogging as a form of exercise. 
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Retrospective and prospective studies [19, 28 - 351 have shown that middle 
distance and marathon runners do not exhibit higher symptomatic or radio
logic evidence of OA than non-running cohorts. However, many of these studies 
had weaknesses in experimental design (eg. inadequate numbers for statistical 
analysis, incomplete or invalid methods of diagnosis or assessment of OA) and 
their conclusions have therefore been questioned [191. Some of these metholo
gical deficiencies were redressed in the longitudinal studies undertaken by 
Lane et al. [29 - 321 where non-elite veteran runners were evaluated over 2,5 and 
9 years follow-up periods. In a group of these runners with an average age of 
65 years, they reported that the incidence of radiological assessed OA was no 
greater than in non-running age-matched controls. However, females of the 
group showed higher subchondral sclerosis and in both males and females 
osteophytes were more common in the runners. Furthermore, it could be 
argued that individuals of this age who continued running were a self-selected 
group. Nevertheless, it was concluded by Lane et al. [29,30] and Lequesne et al. 
[191 that non-competitive (non-elite) running was not a risk for ~A. 

Collectively, these epidemiological studies indicate that for individuals with 
well aligned "healthy" joints, long distance running is not a definite cause of 
cartilage degeneration and subsequent OA providing the level of running was 
non-competitive. 

4.2.2.2 
Animal Models 

More direct support for this conclusion has been provided by experiments 
undertaken with animals. Animal models offer many advantages over epide
miological or radiological investigations conducted with human subjects. 
Animals of similar weight, sex and genetic stock may be used and randomly 
assigned to exercised and non-exercised groups. The type and level of exercise 
to be undertaken by the animal may also be predetermined and the duration of 
the experiment varied. Moreover, animals may be euthanased at the completion 
of the experiments and joint examined for qualitative and quantitative changes 
at specific tissue sites and correlations sought with the experimental protocol 
used. 

Beagles. In a recent study reported by Newton et al. [36] skeletally mature young 
adult beagles were trained to run at 3.3 km/h on a level treadmill for 75 minutes 
a day for 5 days a week carrying an external average load of 11.5 kg (130 % body 
weight). A matched non-exercised non-weight carrying control group were 
housed in dog runs with an area of 4 square meters. Both groups were sacrificed 
527 weeks after initiating the exercise protocol and knee joint cartilage, 
ligaments and menisci examined histologically. Surprisingly, it was found that 
this level of "lifelong" physical activity failed to provoke degenerative changes 
in joint tissues in the exercised dogs. Menisci and ligaments appeared normal 
while articular cartilage exhibited no evidence of fibrillation, loss of PGs or 
osteophytosis. The material properties of the cartilages of the exercised and 
non-exercised groups as determined biomechanically were also found to be 
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indistinguishable. In another study in which immature beagles were subjected 
to a non-strenuous exercise program (4 km/day on a treadmill inclined at 15°) 
for 15 weeks, it was observed that the thickness and PG content of patella and 
femoral cartilage increased relative to a non-exercised control group [37,38]. 
However, a larger proportion of PGs which accumulated in the cartilages of the 
exercised animals failed to aggregate with hyaluronan and contained more 
chondroitin 6-sulphate than the PGs isolated from the non-exercised group 
[39]. It was postulated that this level of exercise accelerated the maturation of 
matrix deposited in the cartilage of these animals. In a subsequent study, again 
with young beagles, the exercise program was increased to 20 km/day for 
15 weeks [40]. Under these more vigorous conditions, evidence of cartilage 
degeneration became apparent as shown by the loss of collagen, increased 
water content and reduced ratio of chondroitin-6 to chondroitin-4- sulphate in 
cartilage from the lateral femoral condyles of these animals. Extending the 
distance exercised by the beagles to 40 km/day confirmed that high endurance 
running (15 - 52 weeks) promoted loss of PGs from the cartilage extracellular 
matrix [41,42]. Site-specific analysis of glycosaminoglycans in different joint 
regions revealed that the loss occurred primarily at the summits of the femoral 
condyles, particularly in the cartilage superficial zones [42,43]. Further support 
for the disruption of cartilage matrix assembly by this high level of running 
activity was provided by the observed decreased birefringence of the collagen 
fibres [42, 44]. 

Horses. We have confirmed, using standard bred horses, that sustained strenuous 
exercise can induce metabolic changes in cartilage PGs in carpal joints [45]. 
In this study the relative effects of moderate or strenuous exercise on the syn
thesis and degradation of the large aggregating PGs (aggrecan) and two small 
dermatan sulphate-containing proteoglycans, DS-PGII (decorin) and DS-PGI 
(biglycan) were investigated. Cartilage explants were taken at necropsy from 
three weight-bearing regions of the third carpal bone, which are common sites 
of OA lesions in sporting horses [46] (Fig. 1). Twelve adult horses (aged three to 

(PC) Palmar 
Condyle 

(DIF) Dorsal 
Intermediate Facet 

Fig.1. Schematic representation of the third carpal bone of the horse showing the three 
regions analysed. Full-depth 2 mm cartilage plugs (shown as solid circles) were sampled from 
the dorsal radial facet (DRF), palmar condyle (PC) and dorsal intermediate facet (DIF) 
regions and established in culture. Osteochondral plugs from similar sites of contralateral 
joints were also taken for histological investigations 
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five years) that were free from clinical and radiographic evidence of disease of 
the middle carpal joint at entry were used for the study. Animals were subjected 
to an eight week moderate exercise program consisting of running 2,000 meters 
at 6 m/s three days a week increasing to 4000 metres for eight weeks. The horses 
were then randomly assigned to one of two groups. Group A continued the 
moderate exercise as before while the program for Group B was increased to 
4000 metres at 8 m/s, four days/week for 17 weeks. The horses of both groups 
were then rested for 16 weeks before euthanasia and collection of both carpal 
joints for study. Osteochondral plugs were sampled from the dorsal radial facet, 
dorsal intermediate facet and palmar condyle of the third carpal bone (Fig. 1) 
for histological examination. From the other joint full depth articular explants 
were removed from the same regions and established in culture. After 72 hours, 
media containing 35S0~- was added to the explant cultures for 48 hours to 
radiolabel newly synthesised PGs. Explants were removed and 3 out of 4 
explants extracted with 4 M guanidinium hydrochloride. Media and the 
remaining unextracted explant were digested with papain and sulphated glyco
saminoglycans and radioactivity determined. The extracts from the cartilage 
explants were subjected to hydrophobic and anion exchange chromatography 
to separate aggrecan from the dermatan sulphate containing PGs, decorin and 
biglycan. The proportions of 35S incorporated into these individual PG species 
was quantitated by SDS-PAGE followed by phosphor screen autoradiography. 

Histological examination of cartilage from the carpal joints of both 
strenuously and moderately exercised groups showed superficial cartilage 
depressions accompanied by disruption of calcified cartilage and the tidemark 
in the radial facet of the third carpal bone but not in the other regions. However, 
there were no apparent differences between these histological changes in car
tilages from group A and B animals. In explant cultures from the strenuously 
exercised group, more PGs were released into media from cartilage of the DRF 
region than in the same region of moderately exercised animals, suggesting en
hanced catabolism of cartilage in the strenuous exercise group. Extracts of car
tilage explants from the DRF region, after purification and quantitation of PGs 
by phosphor autoradiography, showed that the incorporation of 35S into ag
grecan PGs was less in tissues from the strenuously exercised animals than in 
the same region of the moderately exercised group (Fig. 2). In contrast, decorin 
synthesis was elevated and biglycan synthesis remained unchanged (Fig. 2). 

These data indicated that in joint regions of the horse carpal joint normally 
subjected to high contact stress (DRF), strenuous running activity altered chon
drocyte metabolism of PGs. The synthesis of aggrecan was decreased while the 
synthesis of the DS-containing PG, decorin, was elevated. 

The functional role of decorin in connective tissues is still the subject of in
vestigation, however, it would appear that it plays a central role in collagen 
macromolecular assembly and organisation [47], cell proliferation [48j, and 
the modulation of the activities of growth factors such as TGF-p [49j. Addition 
of decorin to collagen gels was observed to lead to the deposition of more 
uniformly thin fibrils than in the absence of this PG [50 j. Moreover, the decorin 
was shown to be associated with d bands of the collagen fibrils [50, Slaj. In 
periparturient uterine cervical tissue, loosening of the collagen network has 
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Fig.2. 
Synthesis of (A) aggrecan, 
(B) decorin, (C) biglycan 
proteoglycans in explant car-
tilage cultures from different 
regions (Fig. 1) of carpal 
bones from moderately 
exercised (black bars) and 
strenuously exercised 
(hatched bars) horses. 
Results are shown as DPM-
35S/}lg DNA (as means ± SE). 
Note the decreased synthesis 
of aggrecan and increased 
synthesis of decorin in carti-
lages of the strenuously 
exercised group 
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been shown to correlate with increased decorin levels [51]. From these studies, 
it would appear that an important function of decorin is in orchestrating the 
repair and remodelling of connective tissues. The enhanced synthesis of 
decorin by chondrocytes in the cartilage of strenuously exercised horse joints 
could therefore be interpreted to indicate that this PG (and perhaps other 
leucine rich PGs) are messengers released by traumatised chondrocytes in 
response to mechanical overload. This hypothesis is supported by in vitro and 
in vivo studies which have demonstrated increased production of decorin by 
chondrocytes subjected to supraphysiological mechanical stresses. Korver et al. 
[52] reported a three fold increase in decorin synthesis in cartilage explants 
subjected to in vitro cylic loading for seven days. Similar results were obtained 
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by Visser et al. (1994) using both immature [53] and mature articular cartilage 
[54]. In a model of early (hypertrophic) OA induced in dogs by transection 
of the ACL, Douradoi et al. [55] observed increased mRNA levels for biglycan, 
decorin and fibromodulin in cartilage of the destabilised joints. Meniscectomy 
in sheep joints has been shown to increase focal stress on cartilage and induced 
OA. In this model, decorin synthesis was increased in cartilage regions subject
ed to high contact stresses [56,57]. 

4.2.3 
Cartilage and Injury: Meniscectomy 

As already mentioned, the knee joint menisci have an important role in normal 
joint function. Menisci are weight bearing structures which increase tibial
femoral congruence, increase lateral stability and improve synovial fluid distri
bution and nutrient exchange with articular cartilage [23,24]. Total or partial 
meniscectomy, which is often necessary if a meniscus is torn and symptomatic, 
is therefore not a benign procedure since it leads to the imposition of high focal 
stresses on articular cartilage which generally degenerate [27]. This sequela has 
been observed clinically [58 - 60] and in animal models where meniscectomy 
has been used to induce OA [61,62]. 

We initially used medial meniscectomy in dogs [63] and sheep [64-69] 
to produce degenerative changes in articular cartilage. However, more recent 
studies [45, 56, 69, 70] have shown that lateral meniscectomy provides a more 
rapidly progressive OA model than medial meniscectomy. Using lateral menisc
ectomy (Fig. 3) as a model of traumatic OA, we have investigated the cartilagin
ous and subchondral bone changes which evolved in different topographical 
regions of sheep joints (Fig. 4) as a function of time and different post-opera
tive regimens. Six months following meniscectomy, the aggregate histological 
scores for cartilage degeneration as defined by a modified Mankin system, 
were elevated in the lateral femoral condyles (FUL), unprotected (TUL), and 
previously protected (by the lateral meniscus) (TPL) regions of the tibial 
plateau [45] (Fig. 5). Typical histological sections illustrating the changes 
induced in cartilage and the subchondral bone plate in this model are collected 
in Fig. 6. Cartilage fibrillation, loss of matrix PGs as indicated by reduce staining 
with Toluidine blue, cell death and cloning were universal features of this 
model. Beneath areas of cartilage depletion, capillaries in the subchondral bone 
were noted to invade and penetrate the calcified cartilage accompanied by 
advancement of the tide mark and thickening of the subchondral cancellous 
bone (Fig. 6). In a subsequent study, where joint tissues were examined 3 and 
9 month post-meniscectomy [71], it was observed that bone remodelling and 
increased bone mineral density appeared to be secondary to the failure of the 
articular cartilage. Investigations of PG synthesis in cartilages from menisc
ectomized ovine joints revealed elevated synthesis of the DS-PGs in those 
regions subjected to the abnormally high mechanical stresses introduced by the 
excision of the lateral meniscus [56]. These regions (Fig. 5) included the lateral 
femoral (FUL) condyles and tibial plateaux (TUL and TPL) although the 
cartilages of the medial tibial plateau (TUM) also showed increased synthesis of 
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Operated Joint 
Fig.3. Schematic representation of the knee joint showing how lateral meniscectomy in
creases the intensity of focal stresses on articular cartilage and subchondral bone 

Fig. 4. 
Diagram of the ovine knee 
joint identifying topographi
cal regions analyzed for car
tilage and subchondral bone 
changes associated with 
altered mechanical loading 
following meniscectomy 
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these PG species. By means of Western blotting [56] and in situ hybridization 
[70] it was confirmed that decorin was the major DS-PG which was up-regulat
ed in the cartilages subjected to high focal stresses. The levels were highest 
in the middle and deep zones of these cartilages [70]. Such observations were 
consistent with the report of Poole et al. [72] who showed that decorin levels in 
human OA cartilage were high in the deep zone. 

Concomitant with increased DS-PG synthesis in high weight bearing regions 
of the meniscectomized ovine joints was increased aggrecan catabolism, as 
shown by the release of these fragments into media from cultures of the same 
cartilage explants [56]. Parallel experiments [73] using extracts of cartilage 
from cartilages of the lateral compartment of meniscectomized joints revealed 
that levels of matrix metalloproteinases (MMPs) were elevated in high weight
bearing regions (Fig. 7). 

Although it is well established that MMPs can degrade most cartilage com
ponents, including aggrecan [74], there is presently some debate as to whether 
the interglobular domain (IGD) G1-G2 region of aggrecan, is initially cleaved by 
MMPs or another class of proteinase, aggrecanase [75]. This debate rests on the 
finding that G1-G2 cleavage fragments released from cartilage into synovial 
fluid [75,76] or culture media of cartilage explants [77] were not generated by 
the proteolytic action of MMPs as determined using monoclonal antibodies 
which identify specific amino acid sequences (see Chapter 5.4 for further de
tails). As indicated in Fig. 8, the monoclonal antibody (MAb) BC-3 recognises 
the aggrecanase cleavage site on G1-G2 attached to the glycosaminoglycan con
taining end of aggrecan. This fragment is released from cartilage into synovial 
fluid (or culture media) and its presence has been used to indict aggrecanase 
as the catabolic mediator of aggrecan [75 -77]. Using explant culture of cartilage 
from the lateral region of meniscectomized sheep joints, we have found, using 
MAbs and Western blotting, that the culture media contained material that re
acted positively with MAb BC-3 (Fig. 9). These data suggest that the proteolytic 
cleavage of the G1-G2 domain of aggrecan in cartilages of ovine joints subjec
ted to the high focal stresses introduced by meniscectomy is similar to the re-
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Fig. 6 A-B. Stained histological coronal sections derived from laterally meniscectomized 
ovine joints. A Normal cartilage and bone of medial femoral condyle stained with Toluidine 
blue/fast green and photographed with crossed-polarizers showing intact full-depth cartilage 
(green) and well organized trabeculae of the cancellous bone (violet) (M x 16). B Lesion 
region on lateral tibial plateau viewed and stained in as A showing erosion of cartilage 
(green) down to calcified cartilage with loose collagen fibres remaining on the top in the 
defect (violet). Note that the subchondral bone is markedly thickened with deposition of 
woven bone (violet) and decreased marrow space (M x 16) 
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Fig.6C-E. 
• (C) Toluidine blue/fast green stained section 

of a central lesion oflateral tibial plateau 
showing fibrillation and loss of cartilage 
down to the middle zone, depletion of 
matrix proteoglycans (decreased blue) and 
decline in chondrocyte numbers (M x 50). 
(D) Higher magnification (M x 100) of 
Toluidine blue/fast green staining section of 
lateral tibial plateau lesion area showing 
penetration of calcified cartilage by a sub
chondral blood vessel indicating early 
endochondral ossification of cartilage. 
(E) Polarized Masson Trichrome stained 
section oflateral tibial plateau showing 
multiple tidemarks (as 3 wavy red bands) in 
the calcified cartilage (yellow) region of the 
periphery of the lesion. Note also the 
thickened subchondral bone which appears 
in red under these conditions (M x 50) 

D 
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Fig. 7A, B. 
Relative levels of active 
forms of matrix metallo
proteinases in different 
regions (see Fig. 4) of con
trol (open bars) and laterally 
meniscectomized (hatched 
bars) sheep joints. The MMP 
activity in these cartilages 
was determined using A 
gelatin zymography for 
MMP-2 and B Western blot
ting for MMP-3. Regions, 
FUL, TUL and TPL, where 
focal stresses on cartilage 
were highest showed 
elevated levels of MMPs 
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Fig.8. Cleavage of the interglobular domain (G1-G2) of aggrecan releases fragments from 
cartilage into synovial fluid or culture media. Matrix metaIloproteinases cleave at a different 
G1-G2 site to aggrecanase. The terminal amino-acid sequences generated by cleavage along 
G1-G2 by these two classes of proteinases can be recognised by monoclonal antibodies 
(MAb). These MAb have therefore been used to identify the proteinases responsible for tur
nover of aggrecan G1-G2 region in cartilage. MMP = matrix metalloproteinase, G1 - globular 
domain 1, G2 = globular domain 2, G3 = globular domain 3, KS = keratan sulphate region, 
CS-1 = chondroitin sulphate region-1, CS-2 = chondroitin sulphate region-2 
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Fig.9. Full-depth cartilage plugs (see Fig. 4) taken from different regions of the stifle joints of 
sheep which had been meniscectomized or sham operated, where initiated in explant culture. 
PG fragments which were released into the culture medium were analysed on Western blots 
with the monoclonal antibody BC-3 which recognises aggrecan fragments with the N-termi
nal ARGSVIL (aggrecanase cleavage site). Media samples of explant cultures from degenerate 
regions of meniscectomized joints showed clear immuno-reactivity with the MAb BC-3 while 
those from the same regions of control joints did not. The BC-3 positive bands migrated as a 
triplet with apparent Mr of -120, 140 and 180 kDa and a doublet of - 89 kDa. Lane 1, globu
lar protein standards, lanes 2, 3, extracts from ovine cartilage from meniscectomized joint, 
lanes 4, 5, extracts of same regions as 2, 3 but from control joint. Lanes 6 -10 were a time 
course digestion of ovine fetal aggrecan with purified ovine AC serine proteinase: lane 
6 = 0 h, lane 7 = 1 h, lane 8 = 2 h, lane 9 = 4 h and lane 10 = 24 h digestion. Arrows indicate BC3 
positive bands 

ported proteolysis of aggrecan in human OA cartilage [75]. The question of 
whether aggrecanase acts independently of MMPs may be dependent on the 
pools of PGs available at the sites of proteolysis, ego in the pericellular or inter
territorial matrix [76]. More recently an alternative pathway has been postula
ted by Imai et al. [78], invoking membrane-type I matrix metalloproteinase 
(MTI-MMP) as a critical activator. Levels of MTI-MMP are up-regulated in OA 
cartilage and correlate with the activation of pro-MMP-2, a potent mediator of 
cartilage destruction. 

4.2.4 
Biomechanical Factors and OA 

Although many questions still remain unanswered, the aforementioned studies 
have provided some insight into how biomechanical factors may contribute 
to the pathobiology of ~A. It is clear that the chondrocyte is capable of sensing 
its mechanical environment and responding by synthesizing an extracellular 
matrix which is most suited to dissipate the stresses imposed upon it, thereby 
protecting it from injury. Thus in young adult animals, moderate exercise was 
found to promote the synthesis of an aggrecan-rich matrix which could readily 
accommodate the increased stresses imposed on their joints. This adaptive or 
hypertrophic phase of the chondrocyte response may continue for some years, 
provided the level of mechanical stress remains fairly uniform and the chon-
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drocyte population within the cartilage are metabolically capable of sustaining 
the biosynthetic demands required of them. However, if this balance is distur
bed either by increasing the level and duration or the loading or changing the 
normal mechanics of the joint complex through injury or surgery, or if the abi
lity of the chondrocyte to respond to these additional stresses is diminished 
through ageing or chemical injury then significant cellular and matrix changes 
to the cartilage can follow. 

The finding in our sheep experiments that aggrecan synthesis was di
minished while DS-PG synthesis was increased in regions of joint cartilage 
subjected to high contact stress is consistent with altered phenotypic expres
sion by chondrocytes in these regions. Similar conclusions have been reached 
by Aigner and Dudhia [79] who noted that type II collagen expression was 
decreased and type III and type X collagen increased in chondrocytes in 
the superficial zone of OA cartilage where mechanical loading was high. The 
meniscectomy model also showed that concomitant with this altered chon
drocyte biosynthetic response was increased catabolism of the extracellular 
matrix. This was most evident in focal cartilage lesions where MMP (Fig. 7) 
and aggrecanases (Fig. 9) levels were elevated. Since synovial inflammation 
was minimal in this animal model [57], we postulate that these proteinases 
originated from the chondrocytes themselves. 

How mechanical stress up-regulates chondrocyte resorption of its extracel
lular matrix is presently unknown but the process is most probably mediated by 
prostanoids, cytokines such as Il-1p or TNF-a, or oxygen-derived free radicals 
including nitric oxide (NO·). However, it should be noted that once synovitis 
becomes established within the joint, synovial cells and infiltrating leukocytes 
are major sources of these mediators and these too can promote expression of 
additional anabolic and catabolic activities by chondrocytes [80 - 82]. 

An early study by Chrisman et al. [83] provided evidence that traumatic 
injury to cartilage can stimulate the production of the prostaglandin precursor, 
arachidonic acid. In these experiments, a weighted pendulum was made to 
swing directly on to the surface of femoral cartilage of anaesthetized dogs. 
It was estimated that the mechanical load imparted to the cartilage in this 
model was approximately 70 Newtons which was considered to be equivalent to 
stress received to a knee in an automobile dashboard injury. After 25 impactions 
it was found that the arachidonic acid content of impacted cartilage increased 
to 2-4 times that of non-impacted cartilage. The arachidonate was considered 
to be derived from the membranes of "injured" chondrocyte by the action of 
phospholipases. Arachidonate is known to be rapidly converted to eicosanoids 
by the cyclooxygenase pathway [83]. Prostanoids and PG-E2 in particular, have 
been shown to interact with chondrocyte receptors [84] and alter gene expres
sion [85]. However, whether this interaction stimulates or down-regulates pro
duction of proteinases such as MMPs or aggrecanase remains controversial. 
Early studies [86, 87] suggested that PGE2 increases MMP production and 
caused degradation of cartilage. But this conclusion is contrary to other studies 
which show that PGE2 is both anabolic and protects matrix integrity by down
regulating cytokine production by chondrocytes [85]. These conflicting experi
mental findings may be attributed to the different concentration of PGE2 used 
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in these studies, since the effects of PGE2 on chondrocytes is known to be 
biphasic [85]. 

It is currently accepted that interleukin-l (IL-l) is a prime up-regulator of 
MMP gene expression by chondrocytes (see review by [80, 81]). IL-1P and 
tumour necrosis factor a (TNF- a) also down-regulate production of endogen
ous inhibitors of MMPs, the TIMPs [81] as well as the synthesis of PGs and 
collagens [82]. IL-IP has been shown in a variety of mammalian species to 
promote nitric oxide free-radical generation by stimulating gene expression 
and levels of inducible nitric oxide synthase (iNOS) in chondrocytes [88]. 

Nitric oxide free-radicals have profound effects on chondrocyte biosyn
thesis of matrix components. Both aggrecan and type II collagen synthesis are 
suppressed and it can induce chondrocytes to undergo apoptosis [88]. Pre
liminary studies also suggest that MMP production may be up-regulated by this 
radical. 

Chondrocytes can secrete IL-IP in response to treatment with LPS or other 
cytokines [89]. It is feasible therefore, that mechanical injury to chondrocytes 
could generate small amounts of IL-1P whose effects on other chondrocytes 
would be amplified by autocrine and paracrine pathways induced by this cyto
kine leading to the release of mediators of matrix destruction. Given that all 
these mediators have been detected in OA cartilage (see reviews by [80,81,88]) 
it is highly likely that they are implicated in mechanically-induced cartilage 
hypertrophy and resorption. 

4.2.5 
Summary and Conclusions 

From the above considerations, it is clear that chondrocytes, the living ele
ments of cartilage, can readily adapt to the changing mechanical demands 
placed upon them over a lifetime of weight-bearing activities. However, their 
ability to react to these mechanical demands may be modified by other factors 
which influence cellular functions. Examples of such factors could include: 
genetic defects inherited or accumulated through ageing, endocrine and 
paracrine factors (hormones, growth factors, cytokines, etc.) all of which can 
influence cell metabolism and macromolecular synthesis. Furthermore, even in 
the absence of these non-mechanical contributions the chondrocyte can still fail 
when subjected to supraphysiological stresses for long periods of time. 

For the most part, the non-mechanical influences on chondrocyte meta
bolism and function are described elsewhere in this publication and therefore 
are not discussed here. However, the induction of mechanically-induced 
changes in chondrocyte metabolism was reviewed and potential mechanisms 
identified. In general terms, these studies showed that chondrocytes respond 
positively to dynamic loads below the threshold which causes cellular necrosis. 
Maintenance of this level of mechanical insult, for as yet to be determined 
periods of time, stimulates chondrocytes to divide and enter a hypertrophic 
phase in where differentiation and/or clonal selection of chondrocyte popula
tions more capable of tolerating the new mechanical environment accumulate 
in the tissue. 
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Fig.l0. A simplified diagrammatic representation of the temporal relationship between 
supraphysiologicalloading of cartilage and the metabolic response of resident chondrocytes. 
The end stages, i.e., where the catabolic processes are well established generally corresponds 
to the symptomatic stage of osteoarthritis 

These hypertrophic chondrocytes may be considered to be at the terminal 
stage of differentiation and as such their expression of important matrix genes 
is altered. Thus, aggrecan PGs and type II collagen synthesis become repressed 
while decorin and types I, III and X collagen synthesis by these cells are up
regulated. The decline in aggrecan and type II collagen levels in the extracel
lular matrix due to the imbalance between synthesis and degradation renders 
the cartilage biomechanically inadequate and less capable of dissipating the 
mechanical stresses imposed upon the cell. As a consequence, the chondrocyte 
becomes "de shielded" and may be further mechanically driven to a catabolic 
state where excess proteolytic activity and secretion of autocrine/paracrine 
factors predominate. Matrix destruction ensues and clinical signs of OA may 
become manifest. This hypothesis is summarised in Fig. 10 and while it is un
doubtedlyan over simplification of a very complex issue, it is nevertheless con
sistent with current concepts of cartilage pathobiology. 
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4.3 
Genetic and Metabolic Aspects 

c.J. WILLIAMS and S.A. JIMENEZ 

4.3.1 
Overview 

C.J. Williams and S.A. Jimenez 

Although osteoarthritis (OA) is frequently a manifestation of mechanical or 
inflammatory/immunologic events, there is compelling evidence that several 
distinct forms are inherited as Mendelian traits. In general, the heritable osteo
arthropathies can be sub-divided into conditions such as primary generalized 
osteoarthritis (PGOA) and some metabolic joint diseases including the crystal
associated arthropathies, and precocious osteoarthritis that is a consequence of 
an underlying osteochondrodysplasia. It is this latter group which has been the 
easier to study and in which most of the successful identification of gene muta
tions responsible for the disease phenotype has been accomplished to date. This 
review of heritable arthropathies is designed to illustrate the significant pro
gress that has been made in our understanding of the genetics of these diseases 
and to demonstrate the appropriateness of a molecular genetic approach 
toward understanding the etiopathogenesis of the metabolic joint diseases such 
as calcium pyrophosphate dihydrate crystal deposition disease (CPPDD). 

4.3.2 
Hereditary OA: Historical Perspective and Phenotypic Spectrum 

In 1803, Heberden described "little hard knots, about the size of a small pea" in 
the dorsal aspect of the distal interphalangeal joints of the hands. This obvious 
trait made it possible for him to distinguish OA from other forms of arthritis, 
including gout [1]. Haygarth expanded the clinical description of Heberden's 
nodes to include their association with the simultaneous involvement of other 
joints [2] and Bouchard further described bony enlargements of the proximal 
interphalangeal joints of the hands (Bouchard 1982). These characteristic 
"Heberden's and Bouchard's nodes" provided a means by which Osler was able 
to separate "arthritis deformans" from "hypertrophic arthritis" (Osler 1909). In 
1953, Stecher and Hersh documented the familial occurrence of Heberden's 
nodes and concluded that the lesions were inherited in an autosomal dominant 
manner with a strong female sex bias [31. Other studies rapidly followed 
in which familial cases of Heberden's and Bouchard's nodes associated with 
degenerative disease of other joints, were identified [4 - 10]; based on the 
clinical presentation and HLA typing several of these studies suggested a poly
genic inheritance, rather than a single gene defect [11,12]. 

The phenotypic spectrum of hereditary OA is quite varied encompassing 
mild disorders, which do not become clinically apparent until late adult life, to 
very severe forms that manifest early in childhood. Traditionally, all these forms 
have been classified as secondary ~A. However, it is now known that several of 
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Table 1. Differences between hereditary OA and secondary OA 

Etiology 

Hereditary OA 

Mutations in genes expressed in articular 
cartilage 

Pathogenesis Alterations in structural or functional 
components of articular cartilage 

Therapy Possible gene therapy to correct gene 
defect 

Secondary OA 

Various hereditary or acquired 
diseases 

Secondary effects to diseases 
not exclusively affecting articular 
cartilage 

Treatment of primary disease 

these phenotypes are caused by mutations in the genes that code for extracel
lular matrix macromolecules of articular cartilage. As a result, the structural 
integrity of the cartilage matrix may be compromised, or the regulation of 
chondrocyte proliferation or gene expression may be deranged. Thus, these 
hereditary disorders represent a truly distinct sub-group of OA that is different 
from secondary OA. Hereditary OA disorders include PGOA, the familial 
crystal-associated arthropathies, several osteochondrodysplasias (OCD), and 
the multiple epiphyseal dysplasias (MED). Mutations in cartilage extracellular 
matrix gene products have already been identified in several MEDs, and OCDs. 
In the discussion of the dysplastic syndromes below, we will concentrate on 
those disorders in which precocious onset of OA is a common clinical feature 
of the syndrome, and in which mutations in candidate genes have already been 
identified. For the crystal-associated arthropathies, progress has been made in 
defining loci that are linked to these phenotypes, and in some cases, gene mu
tations have been identified. However, for the calcium crystal arthropathies, no 
gene mutations have yet been described. Additional likely "candidate genes" for 
hereditary OA phenotypes may include proteoglycans and other non-col
lagenous cartilage proteins, growth factors and their receptors, and other 
regulatory proteins or enzymes that are involved in cartilage-specific functions. 

As described above, the distinction between hereditary OA and secondary 
OA is not an artificial one since it is based on clear-cut differences in their 
etiology and pathogenesis, as well as in their course of evolution and prognosis 
(see Table 1). Furthermore, there are clear differences in the therapeutic ap
proaches for these two forms of OA. Whereas in secondary OA treatment must 
be directed toward the primary disease, in hereditary OA the ideal treatment 
would be the correction of the causative gene mutation. Progress toward this 
end is underway in several laboratories and the prospects for gene therapy ap
pear plausible in the near future. 

4.3.3 
Chondrodysplasias/Osteochondrodysplasias and Inherited Osteoarthritis 

The chondrodysplasias/osteochondrodysplasias (CD/OCD) are a group of 
clinically heterogeneous hereditary disorders characterized by abnormalities in 
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Table 2. Heritable dysplasias associated with premature onset of OA 

Disorder Locus Inheritance Mutated Gene Type of Mutation 

Precocious OA with l2q13.l-q13.2 AD COL2Al Base substitution, 
late-onset SED (OAP)" splice site, deletion 

Stickler syndrome l2q l3.l-q 13.2 AD COL2Al Base substitution; 
(STLl) splice site 

Stickler syndrome 6p21.3 AD COLllA2 Splice site; deletion 
(STL2) 

Stickler syndrome lp2l AD COLllAl Base substitution 

Wagner syndrome l2q13.l-q13.2 AD COL2Al Base substitution 

OSMED 6p21.3 AR COLllA2 Base substitution 

Marshall syndrome lp2l AD COLllAl Splice site 

Kniest dysplasia l2q13.l-q13.2 AD COL2Al Splice site; deletion 

MED (EDM 1) 19p13.l AD COMP Base substitution; 
(deletion in PASCH) 

MED (EDM2) lp32.2-p33 AD COL9A2 Splice site 

MCD Schmid (MCDS) 6q2l-q22.3 AD COLlOAl Base substitution; 
deletion 

MCD Jansen (MCDJ) 3p2l.2-p21.3 AD PTHRl Base substitution 

AD, autosomal dominant; AR, autosomal recessive. 
" Locus symbol. 

the growth and development of articular and growth plate cartilages. Among 
the CD/OCD, several distinct entities are more likely to result in premature OA. 
The term "chondrodysplastic rheumatism" has been coined to refer to 
these forms of OA [13]. Those CD/OCD that are frequently accompanied by the 
premature onset and often severe clinical course of osteoarthritis include the 
spondyloepiphyseal dysplasias, Stickler syndrome and its variants, Kniest dys
plasia, the multiple epiphyseal dysplasias, the metaphyseal chondrodysplasias, 
and some oto-spondylomegaepiphyseal dysplasias (see below). The CD/OCD 
present with radiological changes that make them distinct from the non-dys
plastic forms of inherited osteoarthritis. Also, expression of the phenotype 
occurs relatively early in life; most are inherited as dominant traits and are fully 
penetrant. These characteristics facilitate the distinction of the phenotypes and 
identification of affected families. A summary of the genetic characteristics of 
various chondro- and osteochondrodysplasias that give rise to precocious (and 
often severe) OA is depicted in Table 2. 

4.3.3.1 
Spondy/oepiphysea/ Dysp/asia (SED) 

The SED comprise a heterogeneous group of autosomal dominant disorders 
characterized by abnormal development of the axial skeleton and severe altera
tions of the epiphyses of the long bones often resulting in dwarfism. Congenital 
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SED is an autosomal dominant disorder and is usually clinically severe, with 
marked shortening of the trunk and, to a lesser extent, of the extremeties 
[14-18]. However, in the late-onset form, the phenotype is often far less severe 
and may not be clinically apparent until affected individuals present with severe 
OA in adolescence. Deformity of the lumbar spine may be manifested with disc 
space narrowing, platyspondyly and mild kyphoscoliosis. There may be mild 
epiphyseal abnormalities in peripheral joints and early degenerative changes 
are present in multiple joints. The most constant features of peripheral joint 
involvement include flattening of the articular surfaces of the ankles and the 
knees, and shallowness of the femoral intercondylar notches. Deformities of the 
femoral head and neck are commonly observed and hip OA may develop in 
adolescence, worsening in early adulthood. 

Since type II collagen is the major constituent of hyaline cartilage, the gene 
which codes for it, COL2A1, was originally suspected in the development of 
chondrodysplasias such as SED. Initial descriptions of genetic linkage be
tween the phenotype of precocious OA/late-onset SED and the type II pro
collagen gene (COL2Al) were made in 1989 and 1990 [19,20]. The first report of 
a COL2A1 mutation in a precocious OA/mild SED kindred was a heterozygous 
Arg519 ~ Cys base substitution [21]. Four additional families with an identical 
mutation have now been identified [22]. A second dominant Arg ~ Cys base 
substitution, at position 75 of the type II collagen triple helix, has been 
identifed in another kindred with precocious OA and mild SED [23], although 
the SED phenotype in the affected members of the family carrying this muta
tion is not identical to that seen in the Arg519 mutation kindreds. However, like 
the Arg519 mutation, the Arg75 mutation has been shown to exist in an addi
tional, presumably unrelated, family [24]. Other kindreds with mild chondro
dysplasias and precocious osteoarthritis have also been found to display muta
tions in COL2A1; these mutations include a dominant GlY976 ~ Ser mutation 
[23] and a GlY493 ~ Ser heterozygous base substitution [25]. Interestingly, 
several other point mutations near to these positions have been reported in the 
more severe phenotypes of SED congenita and achondrogenesis II/hypo
chondrogenesis (see [26] for review), and the term "type II collagenopathies" 
has been used to describe hereditary cartilage diseases in which the primary 
defects are mutations in COL2A1 [271. Clearly, the position and nature of the 
substituted amino acid ultimately affects the severity of the phenotype in these 
dominant disorders. 

4.3.3.2 
Stickler Syndrome and Its Variants 

The classic form of Stickler syndrome was originally described in 1965 and 
was termed hereditary arthro-ophthalmopathy [28]. It is characterized by 
prominent ocular involvement and severe degenerative joint disease which 
often develops in the third or fourth decade. It is an autosomal dominant condi
tion with a prevalence of approximately 1 in 10,000 births. Associated clinical 
symptoms include myopia, progressive sensorineural hearing loss, cleft palate 
and mandibular hypoplasia (Pierre-Robin anomaly), and epiphyseal dysplasia. 
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Radiographic studies of affected joints from patients with Stickler syndrome 
in the neonatal period show enlarged epiphyses, particularly of the proximal 
femur and distal tibia. With growth, epiphyseal dysplasia develops with irregular 
ossification of the epiphyses and subsequent progressive degenerative changes. 
In the spine, there is often mild irregular platyspondyly with endplate irregulari
ty and anterior wedging. 

COL2Al was also a likely candidate gene in early studies of the molecular 
defect in Stickler syndrome because of its expression both in articular cartilage 
and the vitreous of the eye. Linkage analyses of several Stickler syndrome 
kindreds showed that the disease is linked to COL2Al in some, but not all, 
affected families [29 - 31]. The mutations in COL2Al that have been identified in 
Stickler kindreds have resulted in the generation of a stop codon in the coding 
region of COL2Al due to base substitution, or from frame shifts caused by 
insertions, deletions, or splice site mutation (for review see [26]). Of historical 
interest is the fact that the COL2Al mutation in the original kindred described 
by Stickler in 1965 was shown to result from a base substitution in the 3' splice 
acceptor site of intron 17 and the utilization of a cryptic splice site in exon 18, 
giving rise to a deletion of 16 basepairs of exon 18. The resultant frame shift 
eventually generates a stop codon [32]. The form of Stickler syndrome that is 
caused by mutations in COL2Al is now referred to as type 1 (MIM 108300; locus 
symbol: STLl) 

The clinical spectrum of Stickler syndrome is varied, and different subset 
phenotypes have now been distinguished. Among these is Wagner syndrome 
(MIM 143200), which is characterized by predominant ocular involvement and 
virtually no osteoarticular alterations. Nonetheless, in a patient with Wagner 
syndrome, a COL2Al dominant mutation (Gly67 ~ Asp) was detected [33]. 
Why this particular substitution in COL2Al would compromise the function of 
vitreous tissue but not hyaline cartilage is unclear. Another variant of Stickler 
syndrome was also recently described in a Dutch kindred that displayed all the 
features of classical Stickler syndrome except ocular involvement. In this case, 
linkage to the COL2Aliocus was excluded and other cartilage-expressed extra
cellular matrix proteins were examined, including the genes for type XI colla
gen. This collagen is closely associated with type II collagen in the thin fibrils of 
hyaline cartilage. Brunner et al. demonstrated that the phenotype in the Dutch 
family was linked to the COLllA2 locus [34]. The dominant mutation was 
shown to be a splice site abnormality that resulted in a 54 basepair in-frame 
deletion, and the subsequent deletion of an exon [35]. This finding made 
COLllA2 the second locus in Stickler syndrome and this phenotype is now 
referred to as Stickler syndrome type II (MIM 184840; locus symbol: STL2). 
The role of COLllA2 in the etiopathogenesis of non-ocular Stickler syndrome 
has been confirmed by the finding of a second, unrelated family with clinical 
manifestations similar to the Dutch family, in which the observed phenotype 
is caused by a heterozygous 27 basepair deletion in the COLllA2 gene (Sirko
Osadsa et al. 1998). Finally, a third locus for Stickler syndrome has now been 
identified in a family with a variant of Stickler syndrome exhibiting vitreo
retinal changes that were phenotypically distinct from those seen in classic 
Stickler syndrome. In affected members of this family, a heterozygous base 
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substitution in the COLnAl gene (GlY97 ~ Val) was detected [36]. It has been 
postulated that mutations in COLnA2 lead to the Stickler syndrome variant 
that displays no ocular involvement, whereas mutations in COLnAl lead to a 
Stickler syndrome variant with ocular changes that are distinct from classic 
Stickler syndrome. Clearly, more cases will need to be examined to determine if 
this phenotype/genotype trend is confirmed. 

Marshall syndrome has long been the subject of controversy concerning its 
nosologic relationship to classic Stickler syndrome. It has now been classified 
as a distinct phenotype, in large part due to a greater degree of facial skeletal 
deformity. Marshall syndrome, however, displays substantial clinical overlap 
with classic Stickler syndrome especially with regard to joint manifestations. A 
family with Marshall syndrome has recently been described in which early 
onset (4th decade) symptomatic osteoarthritis affecting the knees and lumbo
sacral spine was present. Radiographic findings included narrowed joint spaces, 
with osteophytic degeneration in the hips and knees. Interestingly, in this 
family the clinical phenotype was associated with a splicing defect in the 
COLnAl gene, causing the deletion of 18 amino acids from the triple helical 
domain of the (Xl (XI) collagen chain [37]. These results suggest that Marshall 
syndrome and Stickler syndrome associated with COLnAl mutations are allelic; 
however, the differences in the severity of their respective phenotypes would 
suggest that COLnAl mutations in Marshall syndrome are more disruptive to 
protein structure that those in Stickler syndrome. 

4.3.3.3 
Other Osteochondrodysplasias (OeD) 

Another OCD that exhibits precocious and severe OA, and in which a mutation 
in an extracellular matrix protein has been demonstrated, is a recessive dis
order that closely resembles otospondylomegaepiphyseal dysplasia (OSMED; 
MIM 215150). This phenotype was described in another Dutch family in which 
severe degenerative joint changes, resembling osteoarthritis, presented in early 
adulthood and occurred predominantly in the hips, knees, elbows and shoul
ders. There was also increased lumbar lordosis and prominent interphalangeal 
joints. The affected members had distinctive facial features and sensorineural 
hearing loss; however, no ocular abnormalities were observed. In this family, 
linkage to COLnA2, the gene coding for the alpha 2 chain of type II collagen, 
was demonstrated. The mutation was shown to be a G to A transition that 
converted a glycine codon to an arginine codon in both alleles of the gene. 
The mutation occurred in a gly-X-Y triplet of the helical region of type XI 
collagen [351 and is a rare example of a recessive mutation in the OA/dysplasia 
syndromes. 

Kniest dysplasia (MIM 156550) is a disorder characterized by an autosomal 
dominant pattern of inheritance displaying shortening of the trunk and limbs, 
flattening of the face and nosebridge, protuberance of the eye globes and severe 
joint abnormalities [38,391. The joints are usually very large at birth and con
tinue to enlarge during childhood and early adolescence. Myopia, hearing loss, 
cleft palate, and clubfoot are common, and the majority of affected individuals 
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develop severe, premature degenerative joint disease which is prominent in the 
knees and hips. On radiographs, the vertebral bodies are flat, irregular and 
markedly elongated; the findings in the spine include irregular platyspondyly 
and anterior wedging. The long bones are dumb-bell shaped with marked delay 
in epiphyseal ossification and the metaphyses display irregularity with cloud
like defects on both sides of the epiphyseal plate. The joints in the hands display 
flattened and squared epiphyses with joint space narrowing. The articular carti
lage is soft and has decreased resiliency, and, histologically, shows large cystic 
lesions giving a typical appearance that has been compared to that of Swiss 
cheese. Since large inclusions in the rough endoplasmic reticulum have been 
found to contain the carboxyl propeptide of type II collagen, it was originally 
suggested that the disorder results from abnormalities in the processing of 
type II pro collagen [40]. We now know that most of the cases of Kniest dys
plasia that have been studied to date demonstrate mutations in the gene that 
codes for type II pro collagen. These mutations include splicing defects resulting 
in deletions and exon skipping, and partial gene deletions [41-44]. 

4.3.4 
Multiple Epiphyseal Oysplasias (MEO) 

The MED are a heterogeneous group of disorders characterized by alterations 
in epiphyseal growth that subsequently cause irregularity and fragmentation of 
the epiphyses of multiple long bones. Characteristically, spinal alterations are 
minimal (limited to the occurrence of irregular end-plates with varying degrees 
of flattening of vertebral bodies) or absent. The epiphyseal abnormalities often 
result in precocious, crippling OA of both weight-bearing and non-weight 
bearing joints. MED is inherited in an autosomal dominant manner with a high 
degree of penetrance. These diseases include various phenotypes such as those 
described by Fairbanks [45] and Ribbing [46]. The MEDs are characterized 
by abnormalities in the development of the epiphyseal growth plates of long 
bones. These abnormalities are usually multiple and symmetric, particularly 
involving the knees, hips, hands, wrists and shoulders. Most of the affected 
individuals develop symptoms in early childhood with pain and stiffness in 
multiple joints, and abnormal gait. These symptoms become progressively 
more severe and joint alterations evolve relentlessly into severe degenerative 
arthritis. Although there is no marked dwarfism, affected individuals are 
usually shorter than their unaffected siblings. There are no ocular or retinal 
abnormalities. Characteristic radiographic features include irregularity of 
multiple epiphyses predominantly at the knees, hips, and shoulders. Centers of 
ossification are fragmented and irregular and appear later than usual. The 
capital femoral epiphyses are nearly always involved and the femoral heads 
become subsequently more flattened. 

As abnormalities in the epiphyseal growth plate are the hallmark of MED, it 
was suspected that a defect in one of the genes encoding growth plate cartilage 
macromolecules may be responsible for the disease. We now know that there 
are at least three loci that are linked to the MED phenotype. Linkage analyses of 
some families with MED, and of the clinically related pseudo achondroplasia 
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(PSACH) syndrome, excluded the genes for collagen types II and VI, chondro
itin sulfate proteoglycan core protein, and cartilage link protein [47,48]. How
ever, close linkage of these two diseases to the pericentromeric region of 
chromosome 19 was observed in some families [49,50]. Subsequent studies 
identified mutations in the gene encoding the cartilage oligomeric protein 
(COMP) in three patients affected with MED/pseudoachondroplasia (locus 
symbol: EDM 1; [51]). Because the three mutations occurred in a region of the 
gene encoding the calcium binding domain in COMP, it is likely that the calcium 
binding function of the protein is essential for the normal development of 
growth plate cartilage. In a Dutch family, linkage to a region of chromosome 1 
containing one of the genes for type IX collagen (locus symbol EDM 2) was 
demonstrated [52]. In this family, a heterozygous splice site mutation in 
COL9A2 was demonstrated [53]; the mutation resulted in exon skipping and an 
in-frame loss of 12 amino acids. Although type IX collagen was known to be 
located on the surface of type II collagen fibrils, the finding of a mutation 
associated with a disease phenotype for this particular collagen was the first 
evidence of its role in maintaining the integrity of hyaline cartilage. Further 
genetic heterogeneity of MED was demonstrated when a family with the 
Fairbanks type MED did not show linkage of their disease phenotype to either 
the EDM 1 or EDM 2 loci [54]; no other locus linked to the observed phenotype 
has yet been identified in this family. 

4.3.5 
Metaphyseal Chondrodysplasias (MCO) 

The metaphyseal chondrodysplasias [55 - 57] are another family of heritable 
cartilage disorders that may present with precocious ~A. These disorders are 
heterogeneous (over 150 types have been described) and are characterized by 
intrinsic alterations of metaphyseal bone. Clinical features include short stature 
with short limbs, bowed legs, and a waddling gait. There may also be manifesta
tions reflecting abnormalities in other organ systems such as the immune 
and digestive systems. The growth plate cartilage is highly disorganized, dis
playing clusters of proliferating and hypertrophic chondrocytes surrounded by 
thickened septa and disorganized matrix, with unmineralized cartilage extend
ing into the subchondral bone. 

Three of the most well-characterized syndromes within this group are the 
Jansen, Schmid and McKusick types. The skeletal abnormalities are similar in 
all three groups but they differ in their degree of severity (Jansen> McKusick 
> Schmidt). The Schmid type (locus symbol: MCDS) is the most common and 
displays an autosomal dominant mode of inheritance. The radiographic 
features include coxa vara, shortening and bowing of the tubular bones, and 
cupping and fraying of the metaphyses with more pronounced proximal than 
distal femoral involvement. The most prominent alterations occur in the growth 
plates of long bones which are irregular, disorganized, and markedly widened, 
especially at the knees. 

To date, at least 17 mutations in the gene for type X collagen have been 
characterized in the Schmid type metaphyseal chondrodysplasia. Type X col-
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lagen is expressed almost exclusively in hypertrophic chondrocytes of the 
growth plate and probably plays a role in endochondral ossification [58]. Thus, 
the gene encoding this collagen type (COL1OA1) has been an obvious candidate. 
All of the mutations identified have been in the region of the gene that codes for 
the carboxyl terminus of the protein and include missense, nonsense, and 
deletion mutations (for review, see [26]). The carboxyl terminus of the protein 
is important for chain association and the mutations presumably decrease the 
amount of type X collagen that is synthesized and secreted by hypertrophic 
chondrocytes. 

In Jansen metaphyseal chondrodysplasia (locus symbol: MCDJ), hyper
calcemia was noted in childhood cases [59]. A number of biochemical indices of 
bone turnover were assessed and, despite hypercalcemia, elevated urinary phos
phate and suppressed values of parathyroid hormone and PTH-related peptide 
were found. In 1994, Karaplis et al. disrupted the gene encoding PTH-related 
peptide in murine embryonic stem cells by homologous recombination. Mice 
homozygous for the null allele died postnatally and exhibited widespread 
abnormalities in subchondral bone development. Cartilage growth was dis
turbed and chondrocyte proliferation was decreased [60]. These findings 
suggested that PTH-related pathways were probably the cause of Jansen type 
metaphyseal chondrodysplasia. In 1995, Schipani et al. demonstrated the first 
heterozygous mutation in the PTH receptor gene in a patient with this disorder 
[61]. The mutation was a de novo His223 to Arg substitution which led to ligand
independent cAMP accumulation, thus indicating that the His223 residue has a 
critical role in signal transduction [62]. Two other Jansen patients were found to 
harbor the same mutation and a third patient displayed a novel Thr410 to Pro 
mutation. Interestingly, in two patients with radiologic evidence of the Jansen 
type metaphyseal chondrodysplasia, but with less severe hypercalcemia, no 
receptor mutations were detected [63], suggesting the potential for locus hetero
geneity. 

4.3.6 
Primary Generalized OA (PGOA) 

The most common form of inherited, non-dysplastic OA is PGOA which was 
first described as a discrete clinical entity in 1952 [4]. PGOA is characterized by 
the development of Heberden's and Bouchard's nodes and premature degenera
tion of the articular cartilage of multiple joints [7,10]. Typically, the clinical and 
radiologic features have a precocious onset and accelerated progression. The 
loss of articular cartilage in PGOA is concentric or uniform, particularly in the 
knees and hips [5,64,65]. This pattern of cartilage loss is not constant and the 
radiographic appearance of affected joints is indistinguishable from that of 
non-hereditary OA, except for its premature occurrence, increased severity, and 
rapid progression. In the hand, the pattern of distribution favors the distal and 
proximal interphalangeal joints, with prominent bone reaction resulting in 
formation of Heberden's and Bouchard's nodes, and with frequent involvement 
of the first carpometacarpal joint. Degenerative changes of the hip typically 
develop early in adult life. The femoral heads tend to become flattened as the 
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disease progresses. Sclerosis, pseudocysts, and femoral head deformity are seen 
with advanced disease and usually occur more rapidly than in sporadic ~A. 

Although there is controversy regarding the etiopathogenesis of PGOA, 
multiple studies have shown that a genetic predisposition plays an important 
role in its development and progression [5 - 8, 66]. One study found that 
Heberden's and Bouchard's nodes were present in 36 % of the relatives of males 
and in 49 % of relatives of females with PGOA in comparison to expected 
frequencies in the general population of 17 % and 26 %, respectively [7]. The 
frequency of nodal generalized OA increased to 45 % if only first degree female 
relatives of individuals with nodal OA were studied. The familial pattern of 
PGOA is also supported by studies that examined the inheritance of various 
genetic markers in affected individuals with PGOA and in their non-affected 
relatives. For example, a genetic predisposition to the disease was suggested by 
the demonstration of an increased frequency of the HLA Al B8 haplotype [12, 
67], and of the MZ isoform of al antitrypsin [67]. More recently, the relative 
contribution of genetic and environmental factors to OA affecting the hands 
and knees was investigated employing a classic twin study [68]. In this study, 
130 identical and 120 non-identical female twins were examined radio
graphically for the presence of OA changes in hands and knees. The results 
demonstrated a clear genetic influence on the development of PGOA with a 
calculated score for heritability influence ranging from 40 to 70 %, independent 
of known environmental or demographic confounders. The concordance of 
radiographic changes of OA at all sites examined was consistently two-fold 
higher in identical twins compared to the non-identical pair, providing 
convincing evidence for the hereditary nature of the disease. Finally, in a recent 
study of nodal arthritis, evidence for earlier disease onset, increased severity of 
disease in offspring, and negative correlation between the age of disease onset 
and parental age at conception, suggested that genetic anticipation may occur 
in nodal OA of the hands [69]. Since the mechanism for genetic anticipation 
is expansion of trinucleotide repeats (likely due to somatic and/or germline 
mitotic instability), the authors suggested that a search of trinucleotide repeat 
regions may be warranted. 

4.3.7 
Etiology of Metabolic Joint Diseases: Crystal-Associated Arthropathies 

Among the crystal-associated arthropathies, the deposition of uric acid 
crystals and calcium-containing crystals in joint spaces has been shown to 
occur as familial conditions. However, the contribution of heredity to these 
relatively common arthropathies remains unclear. For example, gout is 
probably the most common cause of joint inflammation; however, gout is 
actually a heterogeneous group of disorders that results when the end 
products of purine metabolism supersaturate extracellular fluids. The mono
sodium urate crystals that precipitate from these fluids can deposit in a variety 
of connective tissues. Hyperuricemia can be caused by increased biosynthesis 
or urate production resulting from a variety of inherited disorders such as 
hypoxanthine guanine phosphoribosyl transferase (HPRT) deficiency (locus 
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Table 3. Heritable Crystal-associated Arthropathies 

Disorder Locus 

Gout (HPRT- Xq27 
related)" 

Gout (PRPS- Xq22-q24 
related) 

primary CPPDD 5p15.1-p15.2 
(CCAL!) 

precocious 8q 
OA/CPPDD 
(CCAL2) 

AD, autosomal dominant. 
" Locus symbol. 

Inheritance 

X-linked 

X-linked 

AD 

AD 
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Mutated Gene Type of Mutation 

HPRTl Base substitution, 
deletion 

PRPSI Base substitution 

symbol: HPRT1) or phosphoribosyl pyrophosphate synthetase (locus symbol: 
PRPS1) superactivity. Both these disorders are inherited as X-linked traits. 
However, inherited disorders caused by deficiencies of these two enzymes are 
rare, and most cases of hyperuricemia result from non-hereditary clinical 
disorders that lead to purine over-production or decreased renal clearance 
of urate. Likewise, those arthropathies that are associated with the deposition 
of calcium pyrophosphate dihydrate and/or basic calcium phosphate crystals 
may occur as late-stage events in the course of degenerative joint disease, or 
as arthropathies secondary to other metabolic disorders. Nevertheless, in an 
effort to be consistent with our focus on genetic aspects of OA, the discussion 
below will concentrate on the etiology of heritable metabolic joint disorders 
that are characterized by the deposition of crystalline species, including 
monosodium urate, calcium pyrophosphate dihydrate and hydroxyapatite, in 
the joint space. A summary of genetic characteristics of some heritable crystal
associated arthropathies is shown in Table 3. 

4.3.7.1 
Gout 

In its most severe form, an absolute deficiency of HPRT results in Lesch-Nyhan 
syndrome, with features that include mental retardation, spastic cerebral palsy, 
and self-destructive behavior, in addition to hyperuricemia [70]. However, 
multiple reports of partial HPRT deficiency have documented a phenotype that 
is referred to as HPRT -related gout. One of the earliest reports of this phenotype 
described 5 male patients in two families. In one family, two brothers displayed 
nephrolithiasis at the ages of 6 and 7 years, followed by gouty arthritis at the age 
of 13 years. In the second family, acute gouty arthritis began between the ages of 
20 and 31 years in the three affected brothers [71]. With the advent of molecular 
techniques, it has become clear that most cases of HPRT-related gout result 
from base substitution mutations in the HPRTI gene (see [72] and [73] for a 
review of HPRTI mutations that cause human disease). In one case, however, 
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the phenotype resulted from a 13 basepair deletion in the 5' untranslated region 
of the HPRT1 gene [74]. This deletion included the first nucleotide of the initia
tion codon, leading to inappropriate downstream, in-frame initiation. Because 
of a lack of information about the three dimensional structure of the HPRT 
protein, it is difficult to determine structure-function correlations that result 
from various mutations, but clearly some mutations have far more devastating 
functional consequences than others. 

PRPS1 superactivity, described in 1972 as a familial disorder associated 
with gout [75], may be due to defects in the allosteric regulation of phospho
ribosyl pyrophosphate synthetase (PRPS), or due to an inherited catalytic 
superactivity. With respect to the former mechanism, at least 8 allelic 
variants of the disorder have been reported. Each variant resulted from a base 
substitution that changed the amino acid encoded by PRPS1 messenger 
RNA [72, 76 -78]. In some cases, the functional consequence of the mutation 
extended beyond gouty arthritis symptoms to include neurodevelopmental 
anomalies [76]. In the latter mechanism, where regulation of enzyme 
activity by nucleotide inhibitors is normal, as are affinities for substrates 
and activators, there are no detectable alterations in the coding sequence 
for PRPSI. It appears, therefore, that the catalytic superactivity of PRPS may 
reflect increased intracellular concentrations of the normal PRPS1 isoform, 
suggesting that a pre- or post-translational mechanism may be respons
ible for regulating expression of PRPS in affected (and mutation-free) 
patients [78]. 

4.7.3.2 
Calcium Pyrophosphate Dihydrate Deposition Disease (CPPDD) 

In 1958, Zitnan and Sitaj presented case studies of 27 patients with what 
they referred to as articular chondrocalcinosis [79,80]. Most of the patients 
were members of five families, suggesting that the disease had a strong 
hereditary component. McCarty and Hollander later reported on two cases 
of non-urate associated crystal deposition in the joints of patients thought 
to have gout [81]. Radiographic examination of the joints in these and other 
patients revealed distinctive and abnormal calcifications in and around hyaline 
articulate cartilage and fibrocartilage of numerous joints. The arthropathy 
of CPPDD (calcium pyrophosphate dihydrate crystal deposition disease) radio
graphically resembles non-hereditary, sporadic OA but its distribution is 
distinctive; it occurs in sites less commonly involved in the usual form of OA 
such as the metacarpophalangeal, radioscaphoid, and patellofemoral articula
tions [82]. Subchondral cysts are more common, frequently being numerous 
and large. 

Following the initial description of CPPDD in the five Czech families, 
multiple ethnic series were reported from throughout the world [84-96]. Most 
familial cases appeared to be inherited in an autosomal dominant manner 
with precocious onset and severe clinical expression. The radiographic features 
included crystal deposition in the knee, symphysis pubis, and triangular fibro
cartilage of the wrist [82, 97]. 
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Although most familial cases of chondrocalcinosis display crystal deposition 
prior to the onset of degenerative joint disease, the disorder may present idio
pathically as a secondary consequence to a variety of diseases including ad
vanced osteoarthritis and several metabolic disorders such as hypophos
phatasia, hypomagnesemia, hemochromatosis and hyperparathyroidism. The 
mechanisms responsible for the deposition of the CPPD crystals are not known, 
although some studies have reported that structural changes in articular carti
lage extracellular matrix might promote crystal formation [98, 99J. In support 
of this suggestion are results of a study of articular cartilage from a Swedish 
patient with familial CPPDD showing decreased collagen content in the middle 
zone of the cartilage matrix with some fragmentation of the collagen fibers 
[98, 99J. Since these changes were in crystal-free areas of the matrix, it was 
postulated that a matrix abnormality may predispose the tissue to CPPD 
deposition and to its degeneration. In addition, other abnormalities in the 
organic matrix have been reported in sporadic cases of CPPDD [100, 101J. In 
light of these reports, genes encoding cartilage extracellular matrix proteins 
have been considered as candidate genes for chondrocalcinosis. In a large 
family from the Chiloe Islands with a clinical phenotype of severe, precocious 
osteoarthritis with ankylosis, late-onset spondyloepiphyseal dysplasia, and 
chondrocalcinosis in multiple joints and fibrocartilages, a heterozygous muta
tion in the COL2Al gene that resulted in an Arg7S to Cys substitution in the gene 
product was identified [102, 103J. However, it appears that in this family, the 
chondrocalcinosis phenotype was a secondary consequence of the advanced 
and severe osteoarthritis. 

It has also been suggested that the inorganic composition of the matrix may 
affect CPPD formation. For example, hypomagnesemia has been associated 
with chondrocalcinosis by decreasing pyrophosphatase action, thereby de
creasing crystal dissolution [104J. Likewise, elevated levels of inorganic phos
phate have been observed in the synovial fluids of patients with CPPDD [lOSJ. 
This and other observations have led to the suggestion that abnormal local 
metabolism of inorganic pyrophosphate (PPi) in cartilage may occur in CPPDD 
patients [lOS, 106J. A chondrocyte nucleoside triphosphate pyrophosphohydro
lase (NTPPPH) that may playa role in the extracellular generation of inorganic 
pyrophosphate at the site of crystal deposition has been characterized 
[107-110J. The activity of this enzyme was elevated in sporadic cases of CPPDD; 
however, elevated levels of NTPPPH activity were not observed in the familial 
form of the disease [111J. Nonetheless, increased levels of inorganic pyrophos
phate have been observed in cultured fibroblasts and lymphoblasts of patients 
affected with familial CPPDD [112, 113], thus perpetuating the suspicion that 
abnormalities in pyrophosphate metabolism may give rise to abnormal crystal 
deposition in these families. 

In recent years, genetic linkage analysis has been undertaken to map the 
disease gene(s) for familial CPPDD. A study of a large family from Maine, in 
which the CPPDD phenotype appeared to occur as a secondary consequence to 
severe, non-dysplastic osteoarthritis, excluded linkage to the COL2Al locus; in 
this family, genetic linkage was demonstrated between the disease phenotype 
and a locus on the long arm of chromosome 8 (MIM 600668; Locus symbol: 
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tinean, French and British kindreds. Sex-averaged distances between markers are shown in 
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CCAL2; [114]). A study conducted on a British family with a phenotype of primary 
chondrocalcinosis and childhood seizures demonstrated genetic linkage to a 
chromosomal interval in the region of SplS (MIM 118600; Locus symbol: CCALI; 
[lIS]). Williams et al. have reported that the CCALI locus in a large Argentinean 
kindred resides just proximal to that reported by Hughes et al., in the SplS.llocus 
([116]; see Fig. 1); this observation has been confirmed in a genetic linkage study 
of a large French kindred previously described [86]. The results of all these 
studies indicate that familial CPPDD is a clinically and genetically heterogeneous 
disease and that mutations in at least three different genes may eventually lead to 
the expression of the disease. 



C.J. Williams and S.A. Jimenez 

4.3.7.3 
Hydroxyapatite Deposition Disease 

The basic calcium phosphate (BCP) crystal deposition diseases have been dif
ficult to study because of lack of diagnostic tests and the considerable hetero
geneity of crystal species that characterize these disorders (see [117] for review). 
The crystals can be found in joint fluid and in cartilage and synovial tissue and 
their presence can give rise to acute painful and inflammatory attacks that 
resemble gout. Several clinical studies have reported that basic calcium phos
phate crystals can be found in the joint fluid of 30 % to 60 % of patients with OA 
of the knee [118-120] and the presence of the crystals correlated with the 
degree of joint deterioration [120]. Although BCP crystal deposition has been 
associated with many articular and periarticular conditions, the Milwaukee 
shoulder syndrome [121] is a peculiar arthropathy that frequently manifests 
BCP crystal deposition. The most common radiographic features of this arthro
pathy include glenohumeral joint degeneration and soft tissue calcification. 
Aggregates of BCP crystals are found in synovial fluids. There has been one 
report in the literature of an Italian-Argentinean kindred with familial 
Milwaukee shoulder syndrome. In this case, X-ray diffraction analyses of 
aspirated synovial fluids from two affected family members confirmed the 
presence of calcium pyrophoshate dihydrate and hydroxyapatite crystals [122]. 
Genetic linkage analyses in this family have excluded several cartilage extra
cellular matrix components, as well as some loci that are important in cartilage 
development, as the disease gene (Serrano de la Peiia L., pers. commun.). 
A genome-wide screen will need to be undertaken in order to identify the 
genetic locus that is linked to the phenotype in this family. 

Hydroxyapatite deposition disease (HADD) is, as its name implies, due to the 
deposition of hydroxyapatite crystals in articular cartilage and joint fluids 
[123 -131]. In the familial form of the disease (MIM 118610), the mode of inheri
tance is that of an autosomal dominant pattern with full penetrance. This dis
order results in periarticular disease in the form of tendinitis or bursitis and, 
less frequently, true articular disease [126, 132, 133]. Calcium hydroxyapatite 
deposits in bursae and tendon sheaths are radiographically visible either as 
poorly defined linear densities or as dense, homogeneous, well-delineated 
masses. The most common locations of HADD are the shoulder, hip and wrists. 
In the shoulder, calcifications are visible in the rotator cuff and adjacent bursae. 
Calcification of the supraspinatus tendon is common and occurs in close 
proximity to the greater trochanter and surrounding bursa. Triceps tendon 
calcification at its insertion on the olecranon is occasionally observed. In the 
wrist, both flexor and extensor tendon calcifications can be seen. Calcific 
tendinitis may also occur in the neck, within the longus colli muscle tendon; 
it is visualized below the anterior arch of Cl and is accompanied by retro
pharyngeal soft tissue swelling. 

Generally, the clinical manifestations of HADD are essentially identical to 
those of CPPDD except for the nature of the crystalline material that is de
posited in the tissues. The effects of hydroxyapatite crystal deposition on the 
structural integrity of articular cartilage have not been defined to date. One 
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study examined the formation of hydroxyapatite crystals in normal and OA 
articular cartilage [134] and another study described the ultrastructural altera
tions in articular cartilage matrix in HADD [135]. The results indicated the 
occurrence of severe structural alterations in the extracellular matrix in areas 
of crystal deposits but there was no indication of ultrastructural abnormalities 
in collagen fibers or matrix in crystal free regions. 

Genetic linkage analyses in families with HADD have been more limited. A 
recent linkage study of a large Argentinean family with HADD associated with 
SED excluded several candidate genes including types II and X collagens [136]. 
However, no linkage to a chromosomal location has been described to date in 
this or in other HADD families [131]. 

4.3.8 
Summary 

The studies reviewed in this chapter provide conclusive demonstration that 
certain forms of OA are inherited and are caused by mutations in a variety of 
genes. Most of the chondrodysplasia/osteochondrodysplasia syndromes display 
mutations in genes which encode structural proteins that are found in cartilage, 
including collagen types II, IX, X, and XI and COMPo However, as demonstrated 
in studies of Jansen-type MCD, mutations in genes that encode molecules for 
growth factors and their receptors, as well as other yet-to-be-described mutated 
genes, may also be implicated in the compromise of cartilage that leads to 
degenerative joint disease. Further study of other forms of familial OA, employ
ing the techniques of molecular genetics now available or being developed, will 
allow the definition of the exact molecular cause of those disorders. An excel
lent example of this approach is currently underway in the study of familial 
chondrocakinosis; here the tools of "reverse genetics" are being used to define 
chromosomal loci that are linked to the disease phenotype. Where loci have 
been identified (see Table 3), the tools of positional cloning will be utilized to 
identify the disease gene. Eventually, these studies may lead to a classification of 
OA and related disorders that is based on their exact causative gene defects, 
rather than on their vastly variable clinical and radiographic phenotypes. Also, 
these studies may lead to the development of simple DNA tests that will permit 
definitive diagnosis of molecular defects in individual patients in whom it may 
be possible to initiate preventive therapy. The ultimate expectation is that studies 
of heritable forms of OA will help define the range of components that consti
tutes the complex milieu of cartilage and synovial tissues, and that this insight 
will reveal new therapeutic opportunities for the treatment of primary OA. 
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4.4 
Biochemical Factors in Joint Articular Tissue Degradation 
in Osteoarthritis 

J. MARTEL-PELLETIER, J. DI BATTISTA and D. LAJEUNESSE 

4.4.1 
Introduction 

Osteoarthritis (OA) is an idiopathic disease characterized by a degeneration of 
articular cartilage. A breakdown of the cartilage matrix leads to development of 
fibrillation, fissures, the appearance of gross ulcerations, and disappearance of 
the full thickness surface of the joint. This is accompanied by hypertrophic 
bone changes with osteophyte formation and subchondral plate thickening. 
Moreover, at the clinical stage of the disease, changes caused by OA involve not 
only the cartilage, but also the synovial membrane, where an inflammatory 
reaction is often observed. 

Although the etiology of OA is not yet known and likely multifactorial, the 
progression of this disease is generally divided into three stages [1]. Stage I 
involves the proteolytic breakdown of the cartilage matrix. Stage II occurs when 
there is fibrillation and erosion of the cartilage surface, accompanied by a 
release of breakdown products into the synovial fluid. During Stage III, synovial 
inflammation begins, when synovial cells ingest the breakdown products 
through phagocytosis, and produce proteases and pro-inflammatory cytokines. 

In this review, we will focus our attention on current knowledge of the major 
factors participating in the degeneration of OA articular joint tissues. Firstly, 
emphasis will be placed on the possibility of an interaction between sub
chondral bone and cartilage as an integral part of the disease, leading and/or 
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contributing to cartilage destruction in OA; do changes in one cause alterations 
of the other? We will then address the biochemical agents involved in the 
destruction of cartilage and the synovial membrane, followed by a brief survey 
of the intracellular signaling cascades of the most important pro-inflammatory 
cytokines, interleukin-l beta (IL-IP) and tumour necrosis factor-alpha (TNF-a). 

4.4.2 
Subchondral Bone 

In addition to degeneration of the articular cartilage, OA involves changes in 
the surrounding bone, and the recently expanded body of knowledge con
cerning the subchondral bone provides the basis upon which we may assert that 
this tissue is intimately involved in the pathology of OA. Indeed, it is suggested 
that the thickening of the subchondral bone plate may induce and/or parti
cipate in the progression of OA [2,31. The following hypothesis may explain the 
relationship between OA and subchondral bone alterations (Fig. 1). As OA 
progresses, the articular cartilage, which is subjected to mechanical as well as 
chemical stresses, slowly erodes due to an imbalance in repair and loss of 
cartilage. In particular, the mechanical stress on weight-bearing joints may 
contribute to increased microfractures in the subchondral bone plate and over
lying cartilage. As articular cartilage slowly erodes, sclerosis of the subchondral 
bone also progresses, and subchondral bone stiffness increases in this tissue, 
possibly contributing to further mechanical disturbances of the cartilage. 

Pressure Pressure Pressure 

Fig.1. Schematic view of progressive alterations of cartilage and subchondral bone of artic
ular joints in OA. The mechanical stress on articular joints may contribute to increased 
micro fractures in subchondral bone and cartilage. As cartilage slowly erodes, sclerosis of the 
subchondral bone also progresses, and subchondral bone stiffness increases. This probably 
contributes to further mechanical disturbances of the cartilage. Whether bone sclerosis ini
tiates or is involved in the progression of cartilage loss remains under debate 
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Whether bone sclerosis initiates or is involved in the progression of cartilage 
loss, however, remains a matter of debate. 

Roentgenographic changes in the subchondral cancellous bone, such as 
sclerosis and cyst formation, are observed in patients with OA, yet have 
generally been considered secondary. One of the mechanisms of initiation of 
OA, however, may be a steep stiffness gradient in the underlying subchondral 
bone [2,3] as the integrity of the overlying articular cartilage depends on the 
mechanical properties of its bony bed. Evidence from a primate animal model 
(Macaca fascicularis) of OA indicates that alterations of the bony bed may 
precede the changes in cartilage [4,5]. Evidence for and against this hypothesis 
has recently emerged from both animal model studies [6 - 8] and clinical trials 
[9 -12], hence fueling further debate. Trabecular thickening in subchondral 
bone is not always accompanied by increased bone mineralization, but rather 
by osteoid volume increases [12]. This is an indication of abnormal mineraliza
tion [13], suggesting that a disregulation of bone remodeling may be an integral 
part of OA. This would support the concept of a bone cell defect in this disease, 
which in fact may be a more generalized bone metabolic disease, as suggested 
by Dequeker's group [14,15]. 

4.4.2.1 
Bone Cell Physiology 

The bone is not a static organ as it undergoes continuous renewal. This dynamic 
process, termed bone remodeling, is a complex sequence of bone resorption/ 
mineralization, and the mechanisms involved in these events remain undefined. 
While osteoclasts resorb bone [16], osteoblasts secrete proteins forming the 
basic organic matrix for bone mineralization. Bone formation and resorption 
do not occur randomly throughout the skeleton, but follow a programmed 
sequence at discrete loci called bone remodeling units [17]. At the beginning of 
a cycle, osteoclasts appear on a previously inactive surface. Within two weeks, 
osteoclasts construct a tunnel in cortical bone, or a lacuna at the surface of 
trabecular bone. The activation frequency of new bone-remodeling units deter
mines the rate of bone turnover. Resorption and formation phases are tightly 
coupled in normal young adults, and bone mass is maintained. The hormonal 
control of resorption, at least for parathyroid hormone (PTH) and prostaglan
din E2 (PGE2), directly indicates a signal transduction within osteoblasts, as the 
exposure of isolated osteoblasts to PTH or PGE2 releases a factor(s) that stimu
lates osteoclastic bone resorption. However, there are currently more than 12 

known local or systemic regulators of bone growth, including PTH, 1,25 

(OHhD3 , calcitonin, growth hormone, glucocorticoids, thyroid hormone, 
insulin and insulin-like growth factor-l and 2 (IGFs), estrogens, PGE2 and 
androgens, that effect bone remodeling [18,19]. 

Bone cells release a number of proteins/cytokines involved in cell signaling 
and endocrine regulation. Proteins produced by osteoblasts include bone 
matrix proteins such as collagen, osteopontin, osteocalcin and bone sialo
protein [20-23]. These cells also release proteases, in both active and latent 
forms, that are involved in the process of bone remodeling. These include 
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metalloproteases (MMP) [24-26] and members of the PA/plasmin system 
[27-29]. The cytokines released by osteoblasts can act both locally via auto
crine mechanisms, or in a paracrine fashion on local cells (other osteoblasts, 
lining cells or osteoclasts) [30,31]. These signaling pathways are "static", which 
is to say they act to promote chemical signals within the bone milieu. 

Whether these signals are regulated by mechanical stresses, or if other 
chemical signals result from these stresses remains under debate. Repeated 
mechanical stresses are however known to act on local bone cell proliferation 
and/or protein synthesis. In vivo mechanical loading modifies bone strength, 
and is capable of activating osteoblasts [32]. Indeed, it can increase cyclic 
nucleotide levels [33,34], prostaglandin production [33,35], and morphological 
changes associated with the remodeling of bone tissue [32]. In vitro, mechani
cal stresses (mechanical stretch of culture dishes and/or applied pressure in 
bone organ culture) can increase the proliferation of osteoblasts in culture [36]. 
This can also promote the expression of a number of mRNA for bone proteins 
involved in osteoid formation and mineralization [36, 37] local growth factor 
release such as IGF-l and IGF-2 [38] and integrin and non-integrin adhesion 
molecules [39]. The effect of mechanical loading is also related to sex, as 
cumulative effects of loading and estrogens are observed in males, and 
enhanced effects are observed in females in the presence of estrogens alone [40, 
41]. This may indicate an indirect relationship to OA as this pathology is related 
to gender and obesity. Signal transduction of mechanicalloadinglstresses may 
be carried out via mechanosensitive ion channels, and ion channels have been 
linked to early events in bone cell metabolism [42 - 44]. There are absolutely no 
data in OA studies, however, on this particular point. 

4.4.2.2 
Possible Causes of Subchondral Bone Sclerosis in OA 

Opposing concepts can explain a stiffening of the subchondral bone. In sub
chondral bone, the healing of trabecular micro fractures, which are present due 
to repetitive impulsive loading of the joint and remodeling of the bony internal 
architecture to better resist these stresses, can generate a stiffer bone that is no 
longer an effective shock absorber [2,3]. Conversely, subchondral bone stiffness 
may be part of a more generalized bone alteration leading to increased bone 
mineral density/volume. OA is generally not seen in osteoporosis patients [45, 
46], while osteopetrosis, a condition associated with bone sclerosis [47], can 
present with OA in those patients who reach adulthood despite their osteo
petrotic condition [48]. Lajeunesse et al. [49] recently showed that, in addition 
to an osteoclast defect, human malignant osteopetrosis may be due to an osteo
blast defect as measured in primary osteoblast cell cultures showing reduced 
production of osteocalcin (a bone-specific protein) and of macrophage colony
stimulating factor (a stimulator of bone resorption). Hence, the relatively soft 
osteoporotic bone would act as an excellent shock absorber, easily sustaining 
the compression fracture of its relatively weak structure. Moreover, primary OA 
and primary osteoporosis rarely coexist [46,50,51]. Finally, OA patients have a 
better preserved bone mass [52 - 54] independently of body weight [55 - 57] 
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suggesting that a bone disease may initiate OA. In animal models with mild to 
moderate OA, increased bone density and osteoid volume are often more severe 
than cartilage changes [4,5,7,8]. In a primate animal model, the severity of 
cartilage fibrillation and loss generally exceeds bone changes only in advanced 
OA [4]. 

Three hypotheses may explain bone sclerosis. This condition may be due to 
a "field" or systemic effect. Hence, OA may be the result of a primary cartilage 
disease/dysfunction (or from another non-bone origin) or systemic hormonal 
alterations that promote changes locally in subchondral bone. Minor systemic 
endocrine changes between OA and primary osteoporosis have however been 
noted, and serum concentrations of calciotropic hormones are within normal 
limits in OA patients [58, 59]. Moreover, short-term 1,25 (OHhD3 therapy in 
postmenopausal women with osteoporosis or OA revealed no difference in 
calcium metabolism [60]. Alternately, it could result from a cellular defect of 
osteoblasts that perturb local bone remodeling/mineralization. Indeed, 
although within normal limits, intact PTH levels are somewhat higher in OA 
than in osteoporosis patients [59]. We have recently reported a resistance to 
PTH-stimulation in OA osteoblast-like cells in vitro [61]. Lastly, combined with 
cellular alterations, mechanical stresses may lead to bone sclerosis. Subchondral 
bone sclerosis in OA indicates both an increase in bone volume fraction and 
alterations in other microstructural characteristics. OA subchondral bone 
contains fewer, widely spaced, thicker than normal trabeculae [62]. Moreover, 
Kamibayashi et al. [62] have defined highly localized regional differences by 
depth from the articular surface, and from anterior to posterior across the 
medial condyle, variations that may significantly affect the biomechanical com
petence of bone, and disrupt bone remodeling, especially in weight bearing 
joints. 

4.4.2.3 
Evidence for a Role of Abnormal Osteoblasts in OA 

Indirect evidence of perturbed osteoblast function in OA has been reported. 
Gevers and Dequeker [63] have shown elevated serum osteocalcin levels in 
women with hand OA, and elevated osteocalcin in cortical bone explants, 
implying that a bone disease may be part of OA. OA has been associated with a 
thickening of subchondral bone, and also with an abnormally low mineraliza
tion pattern of the femoral head, identified in OA patients at autopsy [12]. In an 
animal model, a striking increase in the bone fraction, measured by computer 
tomography, was observed at the subchondral level in guinea pigs with sur
gically-induced OA [64]. An imbalance in collagen and non-collagen protein 
production (such as osteocalcin) can lead to an increase in bone volume with
out a concomitant increase in bone mineralization pattern. In this respect, it is 
also important to note that Shimizu et al. [109] have shown, using a large num
ber of patients, that the progression of joint cartilage degeneration is associated 
with intensified remodeling of the subchondral bone and increased bone 
stiffness. This is strongly indicative of a cellular bone defect in OA. Hannan et 
al. [65] have suggested that the relationship between osteophytes and femoral 
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bone mineral density is a sign that a primary attribute of bone formation may 
underlie the pathophysiology of ~A. Indeed, the proliferation of defective bone 
cells may result in an increased stiffness, not an increase in bone mineral 
density, an hypothesis also proposed by Li and Aspden [66]. 

The hypothesis that abnormal OA osteoblasts directly influence cartilage 
metabolism has recently been put forward by Westacott et al. [67]. These 
authors have shown that conditioned media from primary osteoblasts of OA 
patients versus subjects without arthritis significantly altered glycosaminogly
can release from normal cartilage in vitro, while cytokine release from these 
cells remained intact [67]. Hilal et al. [61] have recently reported that in vitro 
primary cultures of osteoblasts prepared from human OA subchondral bone 
plates show an altered metabolism, and that the uPA/plasmin system activity 
and IGF-l levels are elevated in these cells. This increase in protease activity 
by OA subchondral bone cells may consequently explain the observations of 
Westacott et al. [67]. 

Whether these changes in subchondral bone cells are responsible for OA or 
contribute to its progression is not definitively known. Indeed, using a cruciate
deficient dog model of OA, Dedrick et al. [7] have reported that a thickening of 
the subchondral bone is not required for the development of cartilage changes 
in this model. In contrast, they suggested that these bony changes contribute to 
the progression of cartilage degeneration, an hypothesis that could be recon
ciled with the results of Westacott et al. [67]. The results of Dedrick et al. [7], 
however, are not supported by those of SaYed et al. [68] who, using 50 MHz 
echography for assessing initial and progressive morphological and structural 
changes of articular cartilage and bone in experimental OA induced by intra
articular injection of mono-iodo-acetic acid in the knee joint of rats, have 
shown that the initial changes in cartilage occur simultaneously with bone 
changes as early as three days following the injection. 

Osteoblasts secrete a number of growth factors and cytokines that are in
volved in local remodeling of bone tissues, and these could also contribute to 
remodeling of the overlying cartilage in weight-bearing joints after seeping 
through microcracks in the calcified layer of articular cartilage [69]. Moreover, 
bone cell products are detected in synovial fluid, hence are secreted into the 
joint space [70]. Since Westacott et al. have shown that OA osteoblasts may 
secrete a product( s) that promote cartilage degradation in vitro [67], this sug
gests that abnormal osteoblasts may trigger the local remodeling of articular 
cartilage. Transforming growth factor-beta (TGF-~) and bone morphometric 
proteins (BMPs, other members of the TGF family) produced by osteoblasts and 
chondrocytes can all modify bone and cartilage remodeling in the joint space 
[71-73]. Our recent observation that TGF-~ levels are elevated in OA subchon
dral bone explants as compared to normal samples [74] may provide a clue to 
the role for this growth factor in OA. Insulin-like growth factors (IGFs), also 
produced by osteoblasts [75,76], are elevated in OA osteoblast-like cell cultures 
[61] and affect cartilage metabolism [77]. TGF-~, IGFs, BMPs and cytokines 
produced by osteoblasts in the subchondral bone plate may all influence the 
production of collagenases and other proteolytic pathways in cartilage, that in 
turn may ultimately promote matrix remodeling/degradation. Macrophage 
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colony-stimulating factor (M-CSF) is produced locally by osteoblasts, and ab
normally low production of M-CSF by primary human osteoblasts has been 
detected in human osteopetrosis [49]. Whether OA osteoblasts produce less 
M -CSF than normal cells, thereby contributing to subchondral bone thickening, 
is currently unknown. Recent data also suggests that the vitamin D receptor 
(VDR) genotype is involved in the pathogenesis of OA via a possible role in 
osteophyte formation [78]. Given that the VDR is expressed by osteoblasts and 
that it regulates the expression of a number of proteins/factors synthesized by 
these cells, this may also partly explain the role of OA osteoblasts in this disease 
and on the release of a product(s) involved in cartilage damage/loss. 

4.4.2.4 
Working Hypothesis to Subchondral Bone and Cartilage Remodeling in OA 

Taking all these observations into consideration, our laboratories [61,74] have 
proposed the following hypothesis (Fig. 2). At the onset of or during the OA 
process, enhanced bone remodeling at the subchondral bone plate, coupled 
with repetitive impulse loading leading to local microfractures and/or an im
balance of the IGF/IGFBP system due to an abnormal response of subchondral 
osteoblasts, promotes subchondral bone sclerosis. This in turn may also create 
local microfractures of the overlying cartilage and promote cartilage matrix 
damage. 

This damage would normally be repaired by local synthesis or release of 
IGF-l and IGFBP that stimulate matrix formation in the cartilage. However, at 
the same time, the IGF system would also promote subchondral bone cell 
growth and subchondral bone matrix deposition. This general hypothesis im
plies that the anabolic activity of the IGF system, which could be locally 
regulated by the PA/plasmin system, is enhanced in subchondral bone, while the 
local activation of the PA/plasmin system in cartilage promotes local cartilage 
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Fig. 2. Hypothetical schematics of the local biochemical processes in both subchondral bone 
and cartilage leading to cartilage loss/damage and to OA 
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alteration [79]. However, IGF-l in OA osteoblast prevents the positive feedback 
loop of plasmin on PA, hence could refrain remodeling in this tissue ultimately 
leading to bone sclerosis [77]. Thus, in bone and cartilage, the local induction of 
IGF-l and the protease regulatory system would promote both cartilage damage 
and subchondral bone plate thickening, this last pathway leading to further 
cartilage damage. The imbalance in the repair capacity and damage of the 
cartilage due to subchondral plate thickening would then lead to progressively 
altered cartilage matrix, and eventually to ~A. Hence, this would also explain 
the slow progression of the disease. 

4.4.3 
Cartilage and Synovial Membrane 

4.4.3.1 
Enzymes/Enzyme Inhibitors (Fig. 3) 

A great deal of attention is focused on identifying the protease responsible for 
the initial occurrence of matrix digestion. Current knowledge indicates an im
portant involvement of matrix metalloproteases (MMP) (1,80). Of this family, 
members from three groups in human articular tissue have been identified that 
are elevated in OA, these being the collagenases, the stromelysins and the 
gelatinases. In general, collagenase is responsible for the degradation of native 
collagen; stromelysin for proteoglycans; and gelatinase for the denatured col
lagen. For proteoglycans, however it is suggested that aggrecanase - another 
enzyme having MMP properties, but not yet clearly defined - may be respon
sible for the proteolysis of cartilage proteoglycan aggregates found in the 
synovial fluid of OA patients [81]. 

Three collagenases have been identified in human cartilage, and their levels 
definitely elevated in human OA: collagenase-l (MMP-l), collagenase-2 (MMP-
8) and collagenase-3 (MMP-13). The coexistence of different collagenases in 
articular tissue is indicative of a specific role for each [82]. Indeed, recent data 
showing different topographical distributions as well as correlations of these 
collagenases within pathological cartilage suggest a selective involvement of 
each collagenase at preferential sites during the disease process. In OA, col
lagenase-I and -2 are located predominantly in the superficial and upper inter
mediate layers, whereas collagenase-3 is found mostly in the lower intermediate 
and deep layers [82-86]. Moreover, it has been shown in an immunohisto
chemical study using an OA animal model that the positive staining chon
drocyte score for collagenase-3 plateaued, and even declined with the progres
sion of the disease, whereas for collagenase-I, chondrocyte score increased 
steadily [84]. Interestingly, recent data on these collagenases, combined with 
those from studies on other target cells, suggest that in OA cartilage, col
lagenase-I is involved mostly during the inflammatory process, whereas 
collagenase-3 is implicated in the remodeling phase of this tissue. 

For the second group of MMPs, the stromelysins, three such enzymes have 
been identified in human, stromelysin-l (MMP-3), -2 (MMP-lO) and -3 (MMP-
11). To date, only stromelysin-l appears to be involved in OA [87- 89]. 
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Fig.3. Metalloproteases/TIMP cascades in human articular tissue. uPA and uPA R refer to 
urokinase and urokinase receptors respectively, TIMPs are the tissue inhibitors of metallo
proteases, MT-MMPs are the membrane type metalloproteases. (+) indicates activation and 
(-) inhibition. [Reproduced and modified with the permission of Amersham Life Sciences, 
USA] 

Stromelysin-2 could not be detected in OA synovium [88,89], but was found 
expressed at very low levels in synovial fibroblasts from rheumatoid arthritis 
patients [88]. However, the latter enzyme was not affected by IL-1P treatment 
[88]. Stromelysin-3 was also detected in rheumatoid synovium, and confined to 
fibroblasts, especially near fibrotic areas [90]. In human articular tissue, two ge
latinases have been found, the gelatinase 92 kD (MMP-9) and 72 kD (MMP-2). 
In human OA, only the gelatinase 92 kD is enhanced [91]. 

Another group of MMPs, localized at the cell membrane surface, has recently 
been discovered, and named membrane type MMP (MT-MMP). Four members 
have been identified, and named MT1-MMP through MT4-MMP. 

MT1-MMP was found to be expressed in human articular cartilage [92]. 
Although MT1-MMP possesses properties of collagenase [93], and both 
MT1-MMP and MT2-MMP are able to activate the gelatinase 72 kD and col
lagenase-3 [92, 94, 95], the relevance of these enzymes to OA has yet to be 
determined. 

MMP biologic activity is controlled by physiologically-specific tissue in
hibitors (TIMP). There are currently three TIMP known to exist in human joint 
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tissue: TIMP-l, TIMP-2 and TIMP-3 [96-98]. TIMP-4 has been identified and 
cloned [99], but its involvement in articular joint tissue is not yet known. These 
molecules specifically bind the active site of the MMP, but some also bind the 
pro-form of the gelatinase 72 kD (TIMP-2,-3,-4) and pro-gelatinase 92 kD 
(TIMP-l and -3) [100,101]. Studies have shown that, in OA tissue, there is an 
imbalance in the amount of TIMP and MMP resulting in a relative deficit of the 
inhibitors [98,102], which may partially account for the increased level of active 
MMP in pathologic articular tissues. TIMP-l and -2 are present in cartilage, and 
synthesized by chondrocytes [96, 98, 103, 104]. In OA synovium and synovial 
fluid, only TIMP-1 has been detected [89,105,106]. TIMP-3 is found exclusively 
in the extracellular matrix and not in conditioned media [107]. TIMP-4 has ap
proximately 50% sequence identity with TIMP-2 and TIMP-3, and 38 % with 
TIMP-1 [108]. Moreover, in other target cells, TIMP-4 appears responsible for 
modulating the cell surface activation of the pro-gelatinase 72 kD, suggesting its 
importance as a tissue-specific regulator of extracellular matrix remodeling [100]. 

Another mechanism controlling MMP biological activity is the physiological 
activators of this family. Enzymes from the serine- and cysteine-dependent 
protease families, such as the PA/plasmin system and cathepsin B respectively, 
have been proposed as activators [109,110], and enhanced levels of urokinase 
(uPA) and plasmin have been identified in human OA cartilage [79]. Although 
other cathepsins have been found in the synovial membrane, cathepsin B 
appears most relevant to MMP activation in cartilage [111, 112]. Several 
physiologic inhibitors of these two latter protease families have also been 
detected in human articular tissue, and indeed the plasminogen activator 
inhibitor-l (PAl-I) as well as the cysteine protease inhibitory activity, were 
found at decreased levels in OA articular joint tissue [79, lll]. As for the 
MMP/TIMP, an imbalance in the levels of these MMP activators and their 
specific inhibitors appears an important contributing factor in OA articular 
tissue degradation, and could therefore explain the increased level of 
biologically active MMP in these pathologic tissues. Other enzymes have also 
been found to act as MMP activators (Fig.3); for example, stromelysin-l 
activates collagenase-I, collagenase-3 and gelatinase 92 kD; collagenase-3 activates 
gelatinase 92 kD, MT-MMP activates collagenase-3, and gelatinase 72 kD poten
tiates the latter activation; MT-MMP also activates gelatinase 72 kD [113-119]. 

4.4.3.2 
Pro-Inflammatory Cytokines and Nitric Oxide (NO) 

Despite the profound alterations of proteases in OA which could explain the 
exhaustive degradation of articular joint tissue, this does not account for the 
enhanced synthesis and expression of MMP in these pathological tissues. Cur
rent evidence suggests that pro-inflammatory cytokines are responsible for this 
process. They appear to be first produced by the synovial membrane, and dif
fuse into the cartilage through the synovial fluid. They activate the chon
drocytes, which in turn could produce pro-inflammatory cytokines. In OA 
synovial membrane, it is the synovial lining cells that play a major role as 
inflammatory effectors. Indeed, these cells can secrete proteases and inflam-
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matory mediators of which IL-IP, TNF-Q, IL-6, leukemic inhibitor factor (UF) 
and IL-I7 appear most relevant to OA. 

The OA data in literature strongly support the concept that IL-IP, and 
perhaps TNF-Q, are the major catabolic systems involved in the destruction of 
joint tissue, and may constitute the in situ source of articular tissue degradation 
[1]. It is still unclear whether IL-IP and TNF-Q act independently or in concert 
to induce the pathogenesis of OA, or if a functional hierarchy exists between 
these pro-inflammatory cytokines. In animal models, it has been shown that 
blocking IL-I or its activity is very effective in preventing cartilage destruction 
[120,121], whereas blocking TNF-Q results in decreased inflammation [l21,122]. 
Both these cytokines have been found in enhanced amounts in OA synovial 
membrane, synovial fluid and cartilage [1, 123 -127]. In chondrocytes, they have 
the potential not only to increase the synthesis of proteases - particularly the 
MMPs and PA, as well as minor collagen types such as I and III - but also to 
decrease the synthesis of collagen types II and IX, and proteoglycans. These 
cytokines also stimulate reactive oxygen species and inflammatory mediators 
like PGEz. These macromolecular changes in OA cartilage have an important 
functional impact, as they could result in inadequate tissue repair leading to 
further cartilage erosion. 

The process involved in the inhibition/activation of MMP in OA may also be 
modulated by these pro-inflammatory cytokines. For instance, the imbalance in 
the TIMP-l and MMP levels in OA cartilage may be mediated by IL-IP, as in vitro 
experiments have shown that increasing the concentration of IL-IP produces 
a decrease in TIMP-l synthesis, paralleled with an increased MMP synthesis in 
articular chondrocytes [96]. The PA synthesis is also modulated by IL-IP. In vitro 
stimulation of cartilage chondrocytes using IL-I revealed a dose-dependent 
increase in PA, concomitantly with a sharp decrease in PAI-I synthesis [128]. The 
potent effect ofIL-I at decreasing PAl -1 synthesis, in combination with an increas
ed PA synthesis, is a powerful mechanism for generating plasmin and activating 
MMP. In addition to the plasmin role as an enzyme activator, it could also be 
involved in the degradation of cartilage matrix by direct proteolysis. 

IL-IP is primarily synthesized as a 31 kD precursor (pro-IL-IP) devoid of a 
conventional signal sequence, and released in active form (17.5 kD) [129, 130]. In 
articular joint tissue including synovial membrane, synovial fluid and cartilage, 
IL-IP has been found in the active form, and ex vivo experiments have demon
strated the ability of the OA synovial membrane to secrete this cytokine [131]. 
Several serine proteases can process the pro-IL-IP to bioactive forms [132] but 
in mammals only one protease, belonging to the cysteine-dependent protease 
family and named IL-IP converting enzyme (ICE or Caspase-l), can specifically 
generate the mature 17.5 kD cytokine [132,133]. ICE is a pro-enzyme polypeptide 
of 45 kD (P45) [132, 133] located in the cellular membrane, and belonging to the 
family of cysteine aspartate-specific proteases known as caspases. Active ICE is 
produced following proteolytic cleavage of the pro-enzyme P45, generating two 
subunits known as plO and P20, both of which are essential for enzymatic 
activity [134]. 

TNF-Q occurs in a precursor membrane-bound form (26 kD), and is released 
from cells by proteolytic cleavage, resulting in a soluble form of 17 kD factor that 
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oligomerizes to form trimers [135,136]. This appears to occur via a TNF-a con
verting enzyme (TACE) belonging to a subfamily of the adamalysin (ADAM) 
[137]. Parenthetically, this enzyme is also required for shedding the TNF 
receptors (see below). Moreover, Amin et al. [138] have recently reported an 
upregulation of TACE mRNA in human OA cartilage. 

The biological activation of chondrocytes and synovial cells by IL-1 and 
TNF-a is mediated through association with specific cell-surface receptors, the 
IL-1R and TNF-R. For each cytokine, two types of receptors have been identi
fied, type I and type II IL-R [139], and TNF-R55 and TNF-R75 [140]. The type I 
IL-1R and the TNF-R55 appear responsible for signal transduction in articular 
tissue cells [141-145]. Type I IL-IR has a slightly higher affinity for IL-1~ than 
IL-1a. The type II IL-IR has a greater affinity for IL-la than IL-l~ and it is 
unclear whether this receptor can mediate IL-1 cell signaling or if it serves to 
competitively inhibit IL-l binding to the type I IL-IR. For TNF-R, the affinity 
constant for TNF-a ranges approximately from 2 - 5 X 10-5 M and 0.1 - 7 X 10-10 M 
[146-148] for TNF-R55 and TNF-R75 respectively. The number of type I IL-IR 
and TNF-R55 is increased in OA chondrocytes and synovial fibroblasts 
[142-145]. This in turn appears responsible for the higher sensitivity of these 
cells to stimulation by these cytokines [142]. This process both increases the 
potential proteolytic enzyme secretion and enhances joint destruction. 

IL-6 has also been proposed as a contributor to the OA pathological process 
by: i) increasing the amount of inflammatory cells in synovial tissue [149]; 
ii) stimulating the proliferation of chondrocytes; and iii} by inducing an ampli
fication of the IL-l effects on the increased MMP synthesis and inhibition of 
proteoglycan production [150]. However, as IL-6 can induce the production of 
TIMP [151], and not MMP themselves, it is believed that this cytokine is involved 
in the feedback mechanism that limits enzyme damage. 

The LIF is another cytokine of the IL-6 family that is upregulated in OA 
synovial membrane and fluid, and produced by chondrocytes in response to the 
pro-inflammatorycytokines IL-l~ and TNF-a [152-154]. This cytokine stimulates 
cartilage proteoglycan resorption, as well as MMP synthesis and NO (see below) 
cellular production [155]. In OA, however, its role has not yet been clearly defined. 

IL-17 is a newly discovered cytokine of 20 - 30 kD present as a homodimer, 
and with variable glycosylated polypeptides [156]. The nature of the tissue dis
tribution of the IL-17R appears ubiquitous, and it is not yet known whether all 
cells expressing IL-17R respond to its ligand. IL-17 upregulates a number of gene 
products involved in cell activation, including the pro-inflammatory cytokines 
IL-l~, TNF-a and IL-6, as well as MMP in target cells such as human macro
phages [157]. IL-17 also increases the production of NO on chondrocytes [158]. 
As for the LIF, its role in OA remains undetermined. 

In addition, the inorganic free radical NO has been suggested as a factor that 
promotes cartilage catabolism in ~A. Compared to normal, OA cartilage pro
duces a larger amount of NO, both under spontaneous and pro-inflammatory 
cytokine-stimulated conditions [159]. A high level of nitrite/nitrate has been 
found in the synovial fluid and serum of arthritis patients [160,1611. This is the 
result of an enhanced expression and protein synthesis of the inducible NO 
synthase (iNOS), the enzyme responsible for NO production [161,162]. A chon-
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drocyte-specific iNOS cDNA has been cloned and sequenced, and encodes a 
protein of 131 kD [1631. The deduced amino acid sequence shows about 50 % 
identity and 70 % similarity with endothelial and neuronal forms of iNOS. 

NO inhibits the synthesis of cartilage matrix macromolecules and enhances 
MMP activity. Moreover, the elevation of NO production reduces the synthesis 
of IL-1R antagonist (IL-1Ra, see below) by chondrocytes [1591. As such, an in
creased level of IL-1, in conjunction with a decreased IL-1Ra level, may cause an 
over stimulation of OA chondrocytes by this factor, leading to an enhancement 
of cartilage matrix degradation. Interestingly, in vivo therapeutic effects of a 
selective inhibitor of the iNOS on the progression of lesions in experimental 
arthritis and OA models have recently been reported [164-1661. 

4.4.3.3 
Inhibitors of Pro-inflammatory Cytokine Production/Activity 

Natural inhibitors capable of directly counteracting the binding of the cytokine 
to cells or reducing the pro-inflammatory level have been identified, and can be 
divided into three categories based on their mode of action. 

The first inhibitor category is a receptor-binding antagonist which interferes 
with the binding of the ligand to its receptor by competing for the same binding 
site. Until now, such an inhibitor has been found only for the IL-1 system, and 
named IL-1Ra [141,1671. This inhibitor does not bind to IL-1, and therefore is not a 
binding protein, but rather a competitive inhibitor of IL-1/IL-1R. Moreover, 
IL-1Ra does not stimulate target cells. IL-1Ra can block many of the effects 
observed during the pathological process of OA, including prostaglandin synthesis 
in synovial cells, collagenase production by chondrocytes and cartilage matrix 
degradation. IL-1Ra is found in different forms, one extracellular and termed the 
soluble IL-1Ra (IL-1sRa), and two intracellular, the icIL-lRal and icIL-lRaII [1411. 
Both the soluble and the icIL-lRa can bind to the IL-1R, but with about 5-fold less 
affinity for the latter. Although intensive research is underway, the action of the 
icIL-lRa remains elusive. In vitro experiments have revealed that an excess of 
10-100 times the amount of IL-1Ra is necessary to inhibit the IL-1~ activity, 
whereas 100-2000 times more IL-1Ra is needed in vivo [131,168-1701. This may 
likely explain the relative deficit of IL-1Ra to IL-1~ found in OA synovium, which in 
turn may cause the increased level of IL-1 activity in this pathological tissue. 

The second category is the binding inhibition of the pro-inflammatory cyto
kine to its receptor by binding to free cytokines. Such molecules exist in humans, 
two of which are IL-1SR and TNF-sR [171, 1721. These soluble receptors are 
truncated forms of each receptor - types I and II IL-1SR, and TNF-sR55 and 
TNF-sR75. The shedded receptor may function as a receptor antagonist because 
the ligand binding region is preserved, thus being capable of competing with 
the membrane-associated receptors of the target cells. As well, the shedding of 
surface receptors may enable target cells to decrease their responsiveness to the 
ligand. 

Recent work suggests that the type II IL-1R serves as the main precursor for 
shedded soluble receptors. The binding affinity of IL-1SR to both IL-1 and IL
IRa differs. The type II IL-1SR binds IL-6 more readily than IL-1Ra; in contrast, 
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the type I IL-1SR binds IL-1Ra with high affinity [141, 167, 1731. Hence, the 
simultaneous addition of both IL-1Ra and type II IL-1SR appears extremely 
beneficial, while the individual inhibitory effects of both IL-1Ra and type I 
IL-1SR are abrogated when present concurrently. 

For TNF-<x, an equivalent to the IL-1Ra has not yet been found; however, 
both membrane receptors could also be shed from chondrocytes and synovial 
fibroblasts. In vivo both the TNF-sRss and TNF-sR7s are present in patholo
gical articular tissue [123, 174, 1751. In OA synovial fibroblasts, a statistically 
significant upregulation in the release of TNF-R7s has been found [1441. 
The exact role of these TNF-sR in the control of TNF-<x action remains under 
debate, and may depend on the irrelative abundance. It has been suggested that 
the TNF-sR acts as a receptor antagonist, mediates TNF-<x activity, and/or 
stabilizes TNF-<x [1761. Indeed, it has been suggested that at low concentrations 
these soluble receptors may stabilize the trimeric structure of TNF-<x thereby 
increasing the half life of bioactive TNF-<x [1771, whereas at high concentra
tions, TNF-sR may reduce the bioactivity of TNF-<x by competing for TNF-<x 
binding with cell-associated receptors [17S, 1791. Moreover, it has also been 
proposed that the TNF-R7s and/or the TNF-sR7s may function as a carrier of 
TNF-<x, and is involved in facilitating the binding of TNF-<x to its receptor 
[ISO 1. 

Another natural inhibitor able to reduce pro-inflammatory cytokine produc
tion and/or activity is the presence in articular tissue of cytokines having anti
inflammatory properties. Four such cytokines, namely TGF-~, IL-4, IL-1O and 
IL-13, have been identified as able to modulate various inflammatory processes. 
These processes include a decreased production of pro-inflammatory cytokines 
such as IL-16 and TNF-<x, as well as some proteases, and an upregulation of the 
IL-1Ra and TIMP production [lSl-lSs1. Of note, it appears that the anti-inflam
matory potential of these factors depends greatly on the target cell, even within 
the articular tissues [lS6 -lSS1. Moreover, the individual effect on the cellular 
signaling pathways also varies greatly between them [lS91. 

4.4.4 
Signaling Pathways Activated by IL-lp and TNF-<x 

As mentioned above, IL-1~ and TNF-<x are the prototypes of pro-inflammatory 
cytokines involved in OA, and by acting alone or in tandem, both can promote ar
ticular joint tissue destruction. We will discuss some signaling pathways activated 
by the latter two cytokines in chondrocytes and synovial fibroblasts, and how they 
affect the genetic program of the latter cell types (Fig. 4). 

Post-translational modification of proteins by phosphorylation plays an im
portant role in the regulation of many cellular processes including gene expres
sion [190, 1911. Considerable evidence accrued over the years has implicated 
phosphorylation reactions as the molecular basis for a large number of intra
cellular signaling cascades. Biological processes that depend on reversible phos
phorylation require not only protein kinases but also protein phosphatases, and 
the cellular concentration of serine/threonine directed kinases (but not tyro
sine specific kinases) is approximately equal to that of serinelthreonine direct-
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Fig. 4. Signaling pathways identified in human articular chondrocytes activated by various 
extracellular stimuli. NF-ICB, nuclear factor ICB; JPTKs, Janus tyrosine kinases SAPK/JNK, 
c-Jun N -terminal kinase; ERK, extracellular signal-regulated kinase; MAP, mitogen-activated 
protein; MEK, MAP kinase; MEKK, MEK kinase; PKA, cyclic AMP dependent protein kinase; 
PKC, calcium/phospholipid dependent protein kinase; PLC, phospholipase C; DAG, diacyl
glycerol; IP, inositol phosphate 

ed phosphatases in cells [191]. Targeted substrate proteins are specifically 
phosphorylated at cognate sites by protein kinases, and dephosphorylated by 
substrate-specific phosphatases. 

4.4.4.1 
IL-l P Activated Signaling Pathways 

The precise mechanism by which IL-IP induces target gene expression (e.g. col
lagenase-I, collagenase-3, cyclooxygenase 2 [COX-2], phospholipase A2 [cPLA2], 
iNOS, etc.) in chondrocytes and synovial fibroblasts is only partially understood. 
The cytoplasmic domains of these receptor types have no intrinsic enzymatic 
(e. g. kinase) activity in contrast to a number of growth factors or other cytokines. 

For IL-IP, several post-receptor cytoplasmic signal transduction pathways 
have been implicated such as those involving protein kinase C (PKC), cAMP
dependent protein kinase A (PKA), MAP kinases ERKI/2, P38, JNK/SAPK and 
other protein kinases including tyrosine kinases and sphingomyelinase 
(Smase) [192-197]. IL-IP can also stimulate guanylate cyclase suggesting that 
cGMP could serve as a second messenger. Liberated as a result of IL-IP in
duction ohNOS, NO has also been implicated as a second messenger of IL-l 
chondrocyte signaling [163,198]. 
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IL-1 activation of target cell collagenase-1 expression has been convincingly 
shown to be closely associated with increases in the activity of nuclear AP-I and 
JNK/SAPK, and possibly Fos kinase [21, 199-201]. The latter two proline
directed MAP kinases specifically phosphorylate c-Jun and c-Fos, a process 
necessary for tight DNA binding [202]. The AP-1 protein complex, possibly a 
heterodimer of c-Fos and c-Jun, binds to a TPA regulatory element (TRE, in
ducible enhancer sequences) in the promoter region of collagenase-1 gene. This 
same TRE is known to be responsive to tumour promoting agents such as 
phorbol esters [203]. Phorbol myristate acetate, a potent phorbol ester, binds 
specifically to and potently activates PKC, thus giving rise to the association of 
PKC activation (and IL-1 activation of PKC) and collagenase-l expression [204]. 

Interestingly, the increases in AP-1, JNK/SAPK activity, and collagenase-l 
expression were found to be contingent on the IL-1 induced generation of 
reactive oxygen species (ROS) since potent anti-oxidants like N-acetylcysteine 
(NAC) abrogated the response of chondrocytes to IL-1 [205]. Furthermore, 
inhibiting endogenous ROS production with diphenyleneiodonium (DPI) also 
significantly attenuated IL-1 induced AP-I and collagenase-l gene expression 
[205]. Other ROS species stimulated by IL-1, such as NO, have been shown to 
playa partial role in collagenase-l gene expression. 

As mentioned above, a major IL-1 target gene in human chondrocytes is the 
iNOS, and indeed, large amounts of NO are released by IL-1 activated chon
drocytes. The role of changes in cellular calcium flux as a mediator of IL-I 
modulation of target gene expression has been a source of controversy. 
Increased intracellular Ca++ selectively suppresses IL-1-induced NO production 
by reducing iNOS mRNA stability in human chondrocytes [206]. These data 
would suggest that IL-1 either suppresses, or has no effect on, calcium meta
bolism. However, under identical culture conditions, calcium alone mediated 
increases in COX-2 expression, and combined with IL-I produced enhanced 
levels of COX-2 mRNA [206]. In chondrocytes, more recent data indicate that 
IL-1-induced Ca++ signaling is dependent on focal adhesion formation, and that 
focal adhesions recruit IL-I receptors by redistribution in the cell membrane 
[207]. 

Indeed, IL-I induction of COX-2 has been shown to be mediated by PKC and 
NF-1<B in mesangial cells [208] although this pathway has never been implicated 
in chondrocytes and synovial fibroblasts. In human chondrocytes, IL-IP may 
upregulate COX-2 by inhibiting serine/threonine protein phosphatases like 
PP-I and PP-2 A. Specific inhibitors of PP-I and PP-2 A mimic the effects of 
IL-I in terms of COX-2 expression [209]. The inhibition of PP-I/PP-2 A results 
in a shutdown of the MEKKI/ MEKI/ERK cascade probably due to an increase 
in PKA activity which is known to inhibit Raf-l, a MEKKI kinase. In contrast, in 
addition to an increased level of PKA, there is a concomitant activation of the 
other proline-directed MAP kinase pathway, namely MEKKI/JNKK/SAPKIJNK. 
There is circumstantial evidence to implicate a Fos kinase as well, given the 
prominence of c-Fos in the AP-I complexes. The accumulated AP-I factors 
probably consists partially of c-Fos/c-Jun, c-JunlJunB and c-FoslJunB dimers as 
judged by supershift assays. The AP-I and CREB/ ATF family of transcription 
factors may be substrates for PP-I/PP-2A in human chondrocytes [209]. 



172 J. Martel-Pelletier et aI. 

Additional studies are underway to identify the regulatory elements in the 
promoter region of the COX-2 gene that mediate increases in the rate of COX-2 
gene transcription following phosphatase inhibition and IL-1 treatment. 

4.4.4.2 
TNF-a Activated Signaling Pathways 

TNF-a induces multiple biological activities and several distinct mechanisms of 
signal transduction may explain this diversity of action. As mentioned, after 
being secreted, TNF-a oligomerizes to form trimers [136]. Native TNF-a 
assumes a triangular pyramidal shape such that each side of the pyramid is 
formed by a different monomeric subunit. The receptor binding sites are 
located at the pyramid base permitting the simultaneous binding to more than 
one receptor. 

The multiple biological activities could then first reflect that both the mem
brane receptors TNF-RSS and TNF-R7S are linked to distinct intracellular 
second-messengers. Second, these membrane receptors may function as trans
porters of TNF-a which by itself or complexed to its receptor may exhibit in
tracellular function. Third, response heterogeneity may be caused by a diver
sification of post-receptor signal transduction pathways [210]. Following 
receptor trimerization, a number of intracellular pathways can be triggered by 
TNF-a. One strategy for transmitting signals from the cell surface to the 
nucleus is regulated nuclear translocation of transcription factors that are 
stored as an inactive cytoplasmic complex, first demonstrated for NF-1<B [211]. 

NF-1<B consists of at least five members (NF-1<B1 pso, NF-1<B2 PS2, Rel A p6S, 
Rel B, c-Rel) forming complexes. In non-stimulated chondrocytes and synovial 
fibroblasts, the various NF-1<B complexes (e.g. NF-1<B1 PSO and ReI A p6S) are 
held in the cytoplasm by interaction with the 11<Ba/~ inhibitors. The latter may 
function by masking the nuclear translocation sequence within the Rel-homol
ogy domain of NF-1<B proteins [212]. Following cell stimulation with TNF-a, 
the NF-1<B-I1<Ba/~ complex dissociates and NF-1<B dimers are rapidly (within 
minutes) translocated to the nucleus. The key step in NF-1<B activation is the 
TNF-a-inducible proteolysis ofI1<Ba/~ [213], an event that precedes its degrada
tion [214]. Two kinases have recently been identified that specifically phos
phorylate 11<Ba/~, namely 11<Ba and 11<B~ kinases, which are encoded by distinct 
genes [21S]. Once 11<Ba/~ are phosphorylated, they are targeted for degradation 
by the ubiquitin/proteasome system [214,216]. It is quite likely that COX-2 and 
IL-l~ are but two of several genes modulated, at least in part, by TNF-a -induced 
NF-1<B nuclear translocation. 

The regulation of collagenase-l and cPLA2 by TNF-a in chondrocytes and 
synovial fibroblasts and other cell types probably involves another signaling 
pathway distinct from NF-1<B. The promoter region of both of these genes 
harbors critical AP-1 sites, and TNF-a induces AP-l synthesis [217]. TNF-a 
activates a phosphatidylcholine (PC)-specific phospholipase (PLC) producing 
Ca++ independent diacylglycerol (DAG) formation and inositol phosphates 
from phosphatidylcholine [218]. The DAG acts as a second messenger ofTNF-a 
action and activates, among other enzymes involved in signal transduction, 
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acidic shingomyelinase (SMase) and PKC. The activation of the acid SMase by 
DAG causes a breakdown of sphingomyelin to produce cerami de, which acts as 
a second messenger mediating a number of cellular responses in many cell 
types, but has not been confirmed in chondrocytes and synoviocytes [219]. 

It has been shown that TNF-a can induce PKC-a (principal isoform in 
chondrocytes and synovial fibroblasts) activation/translocation to membrane 
fractions in these articular tissue cells resulting in long-term downregulation of 
cytosolic PKC activity [220]. There is a concomitant increase in nuclear AP-l 
activity that follows increases in JNK/SAPK activity. The PKC signaling pathways 
mainly affect AP-l activity at two levels: transcriptional and post-transcriptional. 
First, transcription of the fos genes, very low in most non-stimulated cells, is 
induced in response to TNF-a. The most rapid induction is exhibited by c-fos, the 
expression of which is also highly transient while induction of other fos genes, 
such as fra-l, is somewhat slower and longer lasting [221]. Most of the signals 
stimulate c-fos transcription through the serum response element (SRE) [222]. 
Induction of fos transcription results in increased synthesis of Fos proteins 
which combine with pre-existing Jun proteins to form more stable heterodimers 
and thereby increase the level of AP-l binding activity. Most of the signals that 
stimulate AP-l activity induce c-jun transcription, which usually is longer lasting 
than c-fos induction [221]. The persistent induction of c-jun is presumably due 
to the ability of c-Jun to auto regulate its expression by binding to a TRE in the 
c-jun promoter [223]. Expression of junB is also stimulated by TNF-a, while the 
expression of junD is constitutive [224]. The differential responsiveness and 
induction kinetics of the various jun and fos genes result in the formation of 
different AP-l complexes at various times after cell stimulation. 

TNF-a stimulates the activation of cPLA2 [225 - 228] resulting in the produc
tion of arachidonic acid (AA). Metabolites of AA such as prostaglandins may 
function as effector molecules in TNF-a cytotoxicity [229], and may be im
portant mediators of inflammation. cPLA2 is phosphorylated on serine residues 
by PKC and the P42 MAP kinase, and the MAP kinase mediated phosphoryla
tion is essential for receptor-induced cPLA2 activation [230,231]. The pathway 
from the TNF-R to cPLA2 is not clear, and the SMase/ceramide cycle may 
possibly offer a link. Indeed, the TNF/SMase initiated protein phosphorylation 
cascade stimulates a MAP kinase pathway; as the P42 MAP kinases activate 
cPLA2, it is conceivable that the ceramide-activated protein kinase is an inter
mediate in the MAP kinase action pathways [232]. What is clear is that TNF-a 
activates the P42 and P44 MAP kinases and increases their tyrosine phos
phorylation in human articular chondrocytes in culture [233]. Arachidonic acid 
is metabolized by lipoxygenase (LO) and COX generating eicosanoids and 
prostaglandins respectively. Lipoxygenase metabolites have been implicated in 
TNF-a responses such as TNF-a cytotoxicity, induction of the transcription 
factor c-fos, and the mitochondrial superoxide radical scavenging enzyme 
manganous superoxide dismutase (MnSOD) [234,235]. The eicosanoids can be 
converted into lipoxins and other metabolites, and these lipid peroxidation 
products are a source of reactive-free radicals [236]. Oxygen radical generation 
by TNF-a [237,238] may provide the essential cofactors for the induction c-fos, 
MnSOD, and TNF-cytotoxicity [239]. 
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A 38 kD protein has been identified as the major tyrosine-phosphorylated 
protein following lipopolysaccharide (LPS) treatment [240]. Sequence of the 
cDNA indicated that the 38 kD polypeptide is a new member of the MAPK 
group [240]. In addition to LPS and IL-l, P38 is activated in response to osmo
tic shock and by and large responds to the same agonists that activate the JNKs 
[241]. TNF-a is a powerful stimulator of P38 in human chondrocytes in culture, 
and is believed to mediate many TNF-a induced processes associated with 
cartilage catabolism [197]. 

Recently Rothe et al. [242] identified a novel family of molecules that 
associate with the cytoplasmic domain of TNF-R75 and may serve as signal 
transducers. TNF receptor-associated factor 1 (TRAFl) and TRAF2 contain a 
novel region homology and form homo or heterodimers. The TRAF2 facilitates 
direct contact with the receptor, whereas the interaction between the TRAFI 
and the cytoplasmic domain of TNF-R75 occurs indirectly via formation of 
TRAFl-TRAF2 heterodimers. The mode of activation of TRAFs, their down
stream effectors, and related molecules involved in signaling from other mem
bers in the TNF receptor family remain to be elucidated. 

4.4.5 
Conclusion 

Although cartilage degeneration characterizes human OA, there is increasing 
evidence suggesting that OA changes also involve the participation of the 
synovial membrane and the subchondral bone. 

It is currently suggested that subchondral bone sclerosis may be more 
intimately related to the progression and/or onset of OA rather than merely a 
consequence of this disease. Both clinical and laboratory evidence indicates 
altered subchondral bone metabolism in OA, a situation that may result from 
abnormal osteoblast behaviour. Coupled with mechanical/chemical stresses, 
abnormal OA osteoblasts would then accelerate subchondral bone formation, 
which would enhance the mechanical pressure on the overlying cartilage in 
supporting joints, promoting further deterioration and cartilage erosion. The 
role for a local factor(s) produced by osteoblasts (including PA/plasmin and 
IGF systems) promoting cartilage breakdown and/or increasing subchondral 
bone turnover is gaining support. 

At the clinical stage of the disease, the morphological changes observed in OA 
include a variable degree of synovial inflammation. The changes in cartilage are 
believed to relate to a complex network of biochemical factors, resulting in the 
breakdown of the articular joint tissue. In OA, pro-inflammatory cytokines as 
well as MMP playa pivotal role in mediating pathophysiological mechanisms. 

Cytokines are developmental and homeostatic bioregulators of joint tissues, 
and are etiopathologically associated with progressive joint destruction. A funda
mental axiom of cytokine biology is that they exhibit integrated functionality on 
several levels including biosynthesis and biological activity. A disturbance in the 
synthesis of pro-inflammatory cytokines may accelerate the progression of ~A. A 
relative deficit in the production of IL-lRa coupled with an upregulation of the re
ceptor level, as well as imbalances in the soluble IL-IR or TNF-R and/or anti- and 
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pro-inflammatory cytokines, are additional factors that favor the enhancement of 
the catabolic effect in ~A. Cell signaling by IL-l~ and TNF-a occurs through 
specific membrane receptors. Several post-receptor signal transduction pathways 
have been implicated for each of the latter cytokines. A better understanding of 
the specific (unique) IL-l~ and TNF-a intracellular signaling cascade or tran
scription factors in OA articular joint tissue cells will provide additional molecu
lar targets for pharmacological intervention. Indeed, the P38 MAP kinase was 
discovered to be an intracellular target for molecules that act as cytokine 
suppressive anti-inflammatory drugs. The current therapeutic strategies of 
antagonizing IL-l~ and TNF-a with either receptor blockade (with IL-IRa) or 
molecular quenching (with IL-IR or TNF-R soluble receptors) have also proven to 
be of value in other arthritic diseases or in animal models of ~A. 

The current understanding of the factors involved in this disease has 
evolved greatly during recent years. A better comprehension of the modulating 
factors as well as the major regulators has and will continue to generate new 
insights into a more accurate identification of effective targets having thera
peutic potential in the treatment of ~A. The future holds great promise for 
the development of new and successful approaches to the treatment of this 
disease. 
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4.5 
Role of Growth Factors and Cartilage Repair 

W.B. VAN DEN BERG, P.M. VAN DER KRAAN and H.M. VAN BEUNINGEN 

4.5.1 
The Osteoarthritic Process 

Osteoarthritis (OA) is characterized by focal lesions of the articular cartilage, 
and concomitant hypertrophic reactions in the bone compartment. The latter in
cludes sclerosis in the subchondral bone and new bone formation at the joint 
margins, the so-called osteophytes. The overall picture resembles a failure in 
attempt at repair. It is still debated whether the initiating process in human OA 
originates from changes in the underlying bone, with the articular cartilage 
trying to cope with this condition, or that the initial failure is in the cartilage 
itself. Given the heterogeneous character of the ill defined condition of human 
OA it might well be that both options do apply. It is long recognized that OA may 
occur as a consequence of multiple causes, ranging from blunt joint trauma, bio
mechanical overloading and inborn or acquired joint incongruency, to genetic 
defects in matrix components, inappropriate matrix assembly, or an imbalance 
of synovial and cartilaginous homeostasis. Probably the joint has only a limited 
capacity to react to various insults and, in fact, the osteoarthritic lesion does 
reflect a common endpoint. However, it seems likely that the mediators involved 
in the process may be different in the initial stages of the various forms. 

Features in the OA cartilage include enhanced proteolytic activity and im
balance with their natural inhibitors, as well as an overactive chondrocyte 
showing enhanced production of proteoglycans and collagen, combined with 
an impairment of the cell to orchestrate adequate assembly of the macromole
cules into the cartilage matrix. This might be due to the observed changes in the 
subtypes of proteoglycans and collagens produced by the OA chondrocytes, 
often showing embryonic elements, or is caused by yet unidentified blockades 
in the lesional tissue, hampering proper remodeling and substitution. 

4.5.1.1 
The Hypertrophic Stage 

As an illustration of complexity of the OA process, men is cal damage or liga
ment rupture both cause an abrupt shift in biomechanicalloading of articular 
cartilage and bone, with potential lesions and cellular response in that tissue, 
but it will also generate an attempted repair reaction in the damaged tissues, be 
it in this case either cartilaginous or ligamentous in nature. It is first recognized 
in the anterior cruciate ligament transection model in dogs and confirmed in 
other models [1- 3], that the early changes in the articular cartilage reflect a 
hypertrophic reaction, with enhanced synthesis of matrix and increase in ma
trix content. This is followed by a stage of increased matrix turnover, with net 
depletion of matrix components, and, finally, damage and loss of the collagen 
network. The hypertrophic stage clearly precedes the occurrence of the lesional 
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stage, with its characteristic focal loss of cartilage. It seems likely that excessive 
production and/or activation of growth factors is a major event in this early 
phase. Whether this growth factor response is pathogenic on its own (on the 
long run), or reflects the attempted repair with ultimate failure, remains to be 
elucidated. Basic understanding of the role of growth factors in articular carti
lage and interplay with other cartilage associated mediators will help to clarify 
this issue. 

4.5.1.2 
Late Stages of OA 

In late stages of the OA process further activation of the synovial tissue is a likely 
event. Excessive release of matrix components or even wear particles from the 
damaged cartilage will trigger synovial macrophages and fibroblasts, resulting in 
generation of a broad range of "inflammatory" mediators, including TNF and 
IL-1. This synovial activation may even extend to an immune reaction, under 
conditions where the individual loses its tolerance against auto antigens from the 
cartilage (Fig. 1). Mediators found in OA and RA synovium, taken at late stages 
of the diseases, display considerable similarity, be it that in general the levels are 
higher in the RA synovium. Apart from direct effects of growth factors on arti
cular cartilage, it is of utmost importance to understand the interplay between 
growth factors and "inflammatory" cytokines and to identify the critical balan
ces which lead to characteristic OA or RA cartilage pathology. 

4.5.2 
Growth Factors and Articular Cartilage 

Due to the overwhelming efforts in cloning technology there is a rapidly 
growing list of growth factors, which have been shown to affect articular chon-
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Table 1. Effect of various growth factors on cartilage 

Growth Factor Stimulation of cartilage Effect chondrocyte Present in OA joint 
proteoglycan synthesis phenotype! 

Insulin -like Growth Refs 4 - 7 
Factors (IGF) 

Transforming Growth Refs 22-24 
Factors (TGF-P) 

Bone- and Cartilage- Refs 35-38 
derived Morphogenetic 
Proteins (BMP, CDMP) 

Refs, references. 
, Cartilage. 
b Synovial tissue. 
C Synovial fluid. 

differentiation 

Refs 8-10 

Refs 8, 10,27 

Refs 39-41 

Refs 11 " 12 b, 13c, 
14,bc 

Refs 28 c, 29 c, 30' 

Ref 37' 

drocytes. Table 1 shows a selection of well known and novel growth factors, im
plicated in cartilage damage and repair. 

4.5.2.1 
IGF 

A first group of important growth factors to be mentioned is that of the IGFs. 
Insulin-like growth factors, as the name implies, are growth factors which are 
abundant in serum and share some properties with insulin. IGF-2 is an 
abundant factor in the embryonic stage, whereas IGF-l is the dominant factor in 
adult life. Both IGF-l and IGF-2 signal through the type I IGF receptor. The type 
II receptor is a mannose 6-phosphate receptor and its exact role in regulation of 
metabolism remains obscure. Although IGF-l is more prominent, it can not be 
excluded that IGF-2 becomes of relevance under pathological conditions in 
adulthood, or at repair sites, often showing embryonic elements. IGF-l is a 
potent stimulant of chondrocyte proteoglycan synthesis and markedly inhibits 
proteoglycan breakdown. In that sense, it is an important homeostatic factor for 
cartilage, the more so since it was found that IGF-l is the main anabolic stimu
lus for chondrocyte proteoglycan synthesis present in serum and synovial fluid 
[5]. It also appears a crucial factor in culture systems of articular cartilage 
[4-7]. Since serum contains high levels of IGF-l, originating from the liver, it is 
commonly thought that the bulk of IGF-l in synovial fluid is coming from the 
circulation. In addition, normal chondrocytes do make IGFs and recently, 
expression of both IGF-l and IGF-2 message was demonstrated in synovium 
and cartilage of OA patients [n, 12]. In normal cartilage, IGF-l is not mitogenic, 
but it has been claimed that IGF-l stimulates proliferation in a damaged matrix, 
suggesting a further role in cartilage repair. The action of IGFs is under the con
trol of a set of IGF-binding proteins, which can be produced by the chondrocyte 
[14]. The various binding proteins were shown to provide both carrier as well as 
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IGF-blocking activity. Cells isolated from OA cartilage make enhanced levels of 
IGF-bps, herein potentially limiting IGF action [15]. 

4.5.2.2 
PDGF, FGF 

A second category of growth factors displaying diverse activity at chondrocytes 
comprises PDGF, FGF and TGF~. These factors can be produced by the chon
drocyte but also in considerable quantities by activated synovial tissue. They 
are found in synovial lining cells as well as sublining cells, and levels are 
generally higher in RA as compared to OA synovium [16,17]. PDGF was shown 
to contribute to matrix homeostasis, with no apparent mitogenic effect. Both 
enhanced synthesis as well as decreased proteoglycan degradation was noted 
[18]. In contrast, bFGF is capable of promoting either anabolic or catabolic 
processes, dependent on growth factor dose and condition of the cartilage [19]. 

4.5.2.3 
TGFp 

TGF~ (transforming growth factor) is a factor of particular interest. It is the 
prototypic member of the large TGF superfamily, sharing functional and 
signaling homology with the more recently discovered BMPs (bone morpho
genetic proteins). TGF~ is a highly pleiotropic factor, showing immunosuppres
sive activity as well as potent chemotactic activity and being a strong stimulus 
for fibroblast proliferation. It is rather unique amongst the growth factors in 
that it inhibits enzyme release from various cell types and enhances the pro
duction of enzyme inhibitors such as TIMP [20, 21]. This unique pattern is 
found in both synovial cells and chondrocytes. Linked to this behaviour, TGF~ 
is considered as an important feedback regulator of tissue damage, following 
inflammatory episodes. With regard to cartilage, it can markedly stimulate 
matrix production by activated chondrocytes [22- 24], predominantly after 
preexposure to TGF~. Normal cartilage is not sensitive. Moreover, it is demon
strated that TGF~ enhances aggrecan production, but also stimulates the pro
duction of the smaller proteoglycans, which are found in OA cartilage [25,26]. 
The retarded responsiveness in normal cartilage/chondrocytes probably 
reflects a prerequisite TGF~ induced shift in receptor expression. 
TGF~ can be produced by numerous cell types, including chondrocytes. It is 

released in a latent form, linked to latency associated peptide (LAP). 
Dissociation from LAP does occur by proteases, which are abundantly pro
duced in inflamed tissues. Synovium and cartilage contain large amounts of 
latent TGF~. Apart from production by activated tissue cells or infiltrating 
macrophages, these stores of latent TGF~ provide a major element in the TGF~ 
reactivity of a tissue after local insults. Significant levels of TGF~ are found in 
the synovial fluid as well as the synovia and cartilage of osteoarthritic proces
ses [28 - 30]. Co expression with TNF and IL-l is seen at sites containing inflam
matory infiltrates [31], whereas exclusive expression of TGF~ is noted in fibro
tic areas. 
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4.5.2.4 
Morphogenetic Proteins 

The bone morphogenetic proteins (BMPs) are members of the TGFp superfamily, 
and share the potential to stimulate chondrocytes. Although the name suggests 
that these factors are mainly involved in processes in the bone, some of the BMPs 
(BMP-2, BMP-7 and BMP-9) also display a strong stimulation of chondrocyte 
proteoglycan synthesis. The BMPs use BMP-specific receptors on the cell surface 
and generate different down stream proteins as compared to TGFp [32,33]. Like 
TGFp, most of the BMPs members signal through heteromeric complexes of type 
II and type I serine/threonine kinase receptors. Within these complexes receptor 
II transphosphorylates and activates receptor I, which then transmits the signal to 
a down stream family of signal transduction molecules, the Smads [33]. Smads are 
rapidly phosporylated after signaling and it becomes clear that Smadl,5 and 8 are 
phosphorylated in response to BMP, whereas Smad2 and 3 are essential in the 
TGFp pathway. Thereafter, these Smads associate with Smad4, which is now con
sidered as an obligate element in signaling of the whole TGFp superfamily. This 
may explain some of the overlapping functions of the various members, but it also 
provides the intriguing condition that TGFp and BMP pathways can inhibit each 
other by competing for common components. Recently, another class of Smad 
proteins has been identified, represented by Smad 6 and 7. These Smads act as 
negative regulators of TGFp and BMP signaling [34]. Further description of the 
fine tuning of this regulation goes beyond the scope of the present paper, but it is 
becoming clear that genetic diversity in Smads may be linked to pathology, for 
instance tumor growth, and that these molecules may offer therapeutic targets in 
the regulation of various cell functions, including those of chondrocytes. 

The potential of BMPs to stimulate cartilage proteoglycan synthesis has long 
been recognized [35, 36, 38], but its application in cartilage repair has been 
questioned with regard to the risk of further dedifferentiation of chondrocytes 
and eventual calcification and bone formation. Recent studies with chondrocytes, 
in which a truncated type II BMP receptor was introduced, revealed that BMP-2 
signaling through this receptor is required for maintenance of the differentiated 
phenotype, control of proliferation and hypertrophy [41]. Recent studies with 
chondrocytes of young calves [42] suggested that BMP-2 maintained the 
chondrocyte phenotype in long term culture (4 weeks), not inducing a hyper
trophic chondrocyte and identical data were obtained with BMP-9 (personal 
comm). Moreover, in studies with mature articular chondrocytes in alginate it 
was shown that BMP-7 (identical to Osteogenic Protein, OP-l) stimulates mature 
human articular chondrocytes, with continued expression of the chondrocyte 
phenotype. It was claimed that BMP-7 is a more potent stimulator of synthesis of 
cartilage-specific macromolecules, as compared to TGFp [43]. 

4.5.2.4.1 
In Vivo Effects of BMPs 

We have injected BMP-2 and BMP-9 into the knee joint of normal mice and 
found that these morphogenetic growth factors markedly stimulate chon-
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drocyte proteoglycan synthesis (up to 300 %), which is far above the levels 
reached with TGFp [38]. However, the stimulatory effect is transient, with a 
return to normal in a few days, whereas TGFp provides more prolonged stimu
lation (Fig. 2). The latter is probably linked to TGFp autoinduction and sensibi
lization of the chondrocyte to TGFp stimulation. 

4.5.2.4.2 
CDMPs 

Cartilage-derived morphogenetic proteins (CDMPs 1 and 2) are recently dis
covered members of the TGFp superfamily, which are essential for the forma
tion of cartilaginous tissue during early limb development [44]. A null mutation 
in the CDMP-1 gene was characterized by chondrodysplasia [45]. It is hoped 
that these CDMPs provide growth factors with a more selective cartilage direct
ed profile. Although TGFp and BMPs can stimulate chondrocytes they have 
major effects on multiple cell types and considerable side effects will seriously 
hamper their application in cartilage repair. CDMP-1 and -2 were detected in 
healthy and OA cartilage and shown to be able to promote cartilage matrix 
recovery after enzymatic depletion, with maintenance of normal phenotype 
[37]· 

4.5.2.5 
Synergy of Growth Factors 

Although the various growth factors have been dicussed with regard to their 
distinct activities, it should be mentioned that considerable synergy may occur. 
Moreover, the one growth factor can often induce itself as well as other growth 
factors, creating a highly regulated interplay. For example, in cartilage repair of 
traumatic defects it is well recognized that FGF together with other growth 
factors provides much better tissue engeneering. Although FGF on its own is 
hardly stimulatory to matrix production, its mitogenic and transforming 



194 W. B. van den Berg et al. 

activity adds to chondrogenic potential [46,47]. In addition, IGF-l together with 
TGFp creates a much greater potential to induce a proper chondrocyte pheno
type in in vitro culture systems [48,49]. Intriguingly, TGFp was shown to inter
fer with the production of IGF-l as well as IGF binding proteins and to dephos
phorylate the IGF-l receptor, with apparent upregulation of IGF binding. We 
also noted no separate effect, but marked synergy with IGF-l for a number of 
growth factors in activation of chondrocyte proteoglycan synthesis in intact 
murine cartilage [50]. However, the apparent IGF nonresponsiveness observed 
in arthritic cartilage could still not be overruled with the application of growth 
factor cocktails [so]. 

4.5.3 
Balance with Destructive Cytokines 

Absolute levels of growth factors in the joints of RA and OA patients can be 
indicative of their role. However, the pattern of cartilage destruction and at
tempted repair is quite different in RA and OA, yet enhanced levels of growth 
factors are found in both conditions. This suggests that other, yet unidentified 
factors are of pivotal importance, or that other aspects determine the partic
ular response, such as defined receptor expression patterns on chondrocytes, 
shedded soluble receptors, binding proteins, or different counterbalance with 
destructive cytokines. 

Cytokines can be broadly catagorized in three major subclasses: destructive 
cytokines, regulatory cytokines, and anabolic growth factors (Fig. 3). As a prime 
example of a destructive cytokine, IL-l induces enhanced protease release, and 
inhibits chondrocyte proteoglycan and collagen synthesis. Regulatory mediators 
such as IL-4 and IL-I0 inhibit IL-l production, enhance the production of IL-Ira 
and furthermore reduce the levels of iNOS (inducible NO synthase) in chondro
cytes. In this, IL-4 provides at least three levels of potential counterbalancing of 
IL-l action: reducing production levels, but also enhancing scavenge of IL-l with 
IL-Ira, as well as decreasing the IL-l effect by reduction of NO, a pivotal secundary 
mediator in IL-l mediated inhibition of chondrocyte proteoglycan synthesis. 

Fig. 3. 
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Moreover, enzymatic breakdown is reduced with IL-4 [51]. Optimal therapeutic 
effect in vivo is achieved with the combination of IL-4 and IL-lO [52,53]. 

Factors from the anabolic category, such as IGF-l and TGFp, do not really 
interfere with IL-l production or action, but in fact display opposing activity: 
stimulation of proteoglycan and collagen synthesis, and suppression of protease 
action, the latter by inhibition of release of enzymes and/or upregulation of 
enzyme inhibitors. This plain counteraction further underlines the relevance of 
mediator balances. Prime examples of the categories are depicted in Fig 3. 

4.5.3.1 
Subclasses of Destructive Cytokines 

Apart from IL-l, the cytokines TNFa, LIF (leukemia inhibitory factor) and 
IL-17 are listed in the destructive catagory. Although these mediators share 
activities in common with IL-l, it is clear that IL-l is by far the most potent 
destructive cytokine [54, 55]. Direct intraarticular injection of IL-l caused 
proteoglycan synthesis inhibition, whereas TNF has to be dosed 1000-fold higher 
to get a modest effect. Elegant studies in TNF transgenic mice revealed that TNF 
overexpression leads to chronic arthritis, yet treatment with antibodies to the 
IL-l receptor fully abolished the destructive process [56]. Intriguingly, TNF levels 
were still high in these animals, excluding a direct cartilage destructive effect in 
vivo. The only role attributed to TNF in this respect is an IL-l inducing potential 
and a capacity to cause synergistic destructive activity, together with IL-1. With
in the process of OA, TNF levels are relatively low as compared to RA. However, 
TNF receptor expression on OA chondrocytes appeared to be enhanced [57]. 
Moreover, a new Tace-like activity was recently described in OA chondrocytes, 
contributing in regulation of TNF [58]. 

IL-17 is a novel cytokine, displaying IL-llike activity. It was demonstrated that 
its action on chondrocytes, with marked NO production, was independent of 
induction of IL-l and it was claimed in other studies that the major effect was 
chondrocyte mediated cartilage breakdown. We have used human recombinant 
IL-17 in vitro and in vivo in the mouse and in our hands the suppression of chon
drocyte proteoglycan synthesis was evident, although IL-17 appeared less potent 
as compared to IL-1. The claimed effect of marked cartilage degradation was not 
identified in our studies. IL-17 is considered a factor released from activated T 
memory cells. Although OA chondrocytes are sensitive to IL-17 [59], a major role 
in the OA cartilage destruction is unlikely. A final factor to be discussed is LIE 
This mediator can induce IL-l, but shows cartilage destructive activity, indepen
dent of IL-l [60]. Suppression of chondrocyte proteoglycan synthesis appeared 
independent of NO production [61], providing an additional pathway of cartilage 
pathology. Its potential role in the OA process remains to be elucidated. 

4.5.4 
Counteraction of IL-1 

Growth factors may display a complex interaction with IL-1. As an example, pre
exposure of chondrocytes to FGF enhances the subsequent protease release 



w. B. van den Berg et al. 

after IL-l exposure, probably linked to enhanced IL-l receptor expression [62]. 
PDGF also stimulates IL-l dependent protease release, yet reduces IL-l media
ted inhibition of proteoglycan synthesis [63]. This suggests that certain growth 
factors can enhance cartilage repair, but simultaneously promote cartilage 
breakdown. Other growth factors such as IGF-l and TGFp stimulate synthesis 
and reduce IL-l mediated breakdown, both activities consistent with repair. 
This counteraction is still operational after preexposure to IL-l, implying that 
IL-l does not induce a state of growth factor nonresponsiveness, in general [64]. 
Intriguingly, kinetics of IL-l and TGFp effects may differ and the potential of 
TGFp to inhibit breakdown is attenuated by its slow effect on TIMP mRNA 
levels [65]. On the other hand, studies in TGFp knock-out mice revealed in
creased iNOS and NO levels in the absence of TGFp [66]. Since the suppressive 
IL-l effect on chondrocyte proteoglycan synthesis is strongly NO dependent 
[67], this might explain why we observe a much stronger counteraction by 
TGFp on IL-l induced proteoglycan synthesis inhibition as compared with 
proteoglycan breakdown, in vivo. 

4.5.4.1 
Growth Factors In Vivo 

We have analysed the process of IL-l/growth factor counteraction in vivo, 
using direct injection into the murine knee joint. Intriguingly, it was found that 
TGFp profoundly counteracted IL-l mediated proteoglycan synthesis suppres
sion in the articular cartilage, whereas BMP-2 was unable to do so (Fig. 4): its 
stimulatory potential was fully overruled by IL-l, even at high BMP-2 concen
trations [68,69]. This is the more remarkable since the absolute level of BMP-
2 stimulation of chondrocyte proteoglycan synthesis was much higher as com
pared to that of TGFp, in the absence of IL-1. It is as yet unclear why BMP-2 can 
not counteract IL-l, but the BMP-2 nonresponsiveness might be related to 
down regulation of BMP-2 receptors or a blockade of intracellular pathways, 
potentially linked to iNOS. Apart from effects on synthesis, TGFp also had a 
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marked impact on the IL-l induced cartilage proteoglycan depletion. It is con
ceivable that, dependent on relative concentration of IL-l and TGF~, the net 
effect on cartilage would be either a reduced or an enhanced proteoglycan 
content. 

Remarkably, IL-l/TGF~ counteraction was evident in the articular cartilage, 
but such a balance was not noted in the nearby chondrophyte formation at the 
joint margins. The latter process is a prominent action of TGF~ on chondro
genic cells in the periosteum, resulting in development of chondroblasts and 
deposition of proteoglycans [24,38]. Apparently, these chondroblasts are not 
sensitive to IL-I, at least not in the sense of normal chondrocytes with the 
typical pattern of suppressed synthesis. 

4.5.4.2 
Repair in Inflammation 

Subsequent to the studies in a plain IL-l driven process, we analysed the potential 
counteraction of TGF~ and BMP-2 in a full-blown arthritic process, induced by 
intraarticular injection of Zymosan (yeast particles). In line with the above data, 
TGF~ markedly counteracted the inflammation mediated cartilage proteoglycan 
depletion, which is a largely IL-l dependent event, whereas BMP-2 was fully un
able to show significant counteraction (Fig. 5). Repeated local administration of 
TGF~ in the knee joint clearly stimulated chondrocyte proteoglycan synthesis, 
restored PG content of the depleted cartilage, but had no suppressive effect on the 
inflammatory process [70]. 

Of note, TGF~ promoted outgrowth of chondrophytes as an unwanted side 
effect. BMP-2 also promoted chondrophytes, but at different sites of the joint 
margins, mainly reflecting outgrowth from epiphyseal growth plate cartilage 
[38]. 

4.5.5 
Involvement of Growth Factors in OA Cartilage 

To obtain some insight in key factors in OA cartilage pathology, it is imperative 
to identify the critical changes in the articular cartilage and to try to fit these 
patterns with actions of particular mediators or combinations of mediators. 
Under normal conditions, cartilage maintains its homeostasis by a regulated 
balance of synthesis and degradative events. In theory, cartilage pathology may 
arise from local overproduction of destructive mediators or a shortage of con
troling mediators, including inhibitors and anabolic growth factors. Moreover, 
a shift in responsiveness of the chondrocyte to these mediators may contribute 
to loss of homeostasis. There is no doubt that the OA chondrocyte displays an 
altered phenotype, which remains present after at least a number of passages in 
culture. It is yet unclear whether this state reflects cause or outcome of the OA 
process. 

An intriguing observation in human OA cartilage is the enhanced sensitivity 
of the chondrocytes to undergo stimulation of proteoglycan synthesis by TGF~. 
Normal cartilage does not show enhanced proteoglycan synthesis upon first 
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exposure to TGFp. Only after a number of days in culture, in particular in the 
presence of TGFp, the chondrocytes start to show this profile, probably under 
the influence of a TGFp induced shift in phenotype [22,71,721. The fact that OA 
chondrocytes already show this pattern suggests previous exposure to TGFp 
and critical involvement of this factor in the disease process. Further indication 
of a role of TGFp in OA is provided by the marked and prolonged upregula
tion of chondrocyte proteoglycan synthesis and induction of osteophytes in 
the murine knee joint, upon repeated local injection of TGFp [241. Osteophytes 
are characteristic OA features and it was shown that repeated local injec
tion with another growth factor, IGF-l, does not induce these hallmarks, nor 
the enhanced PG synthesis, whereas BMP-2 induces only a transient rise in 
PG synthesis and different types of chondrophytes and osteophytes (Fig. 6, 
[38]). 
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Fig.6. Pattern of outgrowth of chondrogenic tissue after injection of saline (A) or BMP-2 (B) 

4.5.5.1 
Models of OA 

When the pattern of chondrocyte proteoglycan synthesis is evaluated in 
experimental models of OA, it is a consistent finding that proteoglycan content 
and synthesis is enhanced [1- 31 in early OA, in sharp contrast to the suppressed 
proteoglycan synthesis seen in inflammatory models (Fig. 7). The latter profile 
is proven to be IL-l dependent [54,671. 

Given the discussion above on growth factor/cytokine counteraction, the 
pattern in the OA models is compatible with enhanced activity of anabolic 
growth factors, or a combination of high levels of growth factors, overruling 
suppressive cytokines such as IL-1. BMP-2 is not a likely mediator of this 
process and TGF~ seems more obvious. Although IGF-l can stimulate cartilage 
proteoglycan synthesis in vitro, we could not find further enhancement of 
cartilage proteoglycan synthesis in vivo, upon local IGF-l administrations, 
probably indicating that endogenous levels are already optimal. At later stages, 
when signs of focal OA cartilage destruction become evident, suppression of 
synthesis is noted, which might be compatible with more dominant IL-l action 
or an ultimate failure of anabolic growth factors, lacking to keep up the 
counteraction. 

Analysis of growth factor expression in spontaneous OA in STR/ORT mice 
demonstrates both enhanced levels of TGFp mRNA as well as IL-l in lesional 
cartilage [301, potentially in line with enhanced TGFp levels. It should be noted 
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Fig. 7 a-b. Cartilage proteoglycan synthesis in various stages of experimental OA (a) and joint 
inflammation (b) 

that TGFp activation from latent stores is also a major element in tissue repair 
processes and production levels need not necessarily be upregulated to a large 
extent. A complicating factor in understanding of the role of TGFp is provided 
by the recent studies on the type II TGFp receptor expression in an ACL OA 
model in the rabbit [73]. Shortly after OA induction a reduced level was found, 
indicative of insufficient TGFp signaling. Intriguingly, TGFp type II receptor 
knock-out mice display signs of spontaneous OA, also suggesting that impaired 
TGFp signaling causes failure in cartilage repair and ultimate OA cartilage 
pathology [74]. 

Given the strong impact of TGFp on chondrocyte proteoglycan synthesis, it 
is acceptable that both overproduction of TGFp as well as impaired signaling of 
TGFp may cause cartilage pathology. Deficient anabolic stimulation would 
reflect a continued threat to the cartilage, provided that microtrauma are 
formed in the cartilage on a regular base, even under normal loading con
ditions, needing continued and adequate repair. On the other hand, the profile 
of hypertrophy and enhanced proteoglycan synthesis in early OA is not com
patible with lack of anabolic growth factor signaling and makes overstimula
tion a more likely event to occur. 

4.5.5.2 
Is TGFp Pathogenic? 

Remarkably, prolonged exposure to enhanced levels of TGFp does result in OA
like cartilage pathology in CS7Bl mice. Apart from the characteristic osteo
phytes, the femoral cartilage of the murine knee joint shows typical loss of 
proteoglycans close to the tidemark, as well as irregular spacing, at sites where 
lesions develop in spontaneous murine OA in this mouse strain with aging 
(Fig. 8). These observations were obtained after repeated intraarticular in
jection of recombinant TGFp. 

Recently, we backed up this data by showing similar OA-like cartilage patho
logy in this area after a single injection of an adenoviral gene construct, yielding 
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sustained levels of active TGF~ instead of the repeated peak levels after consecu
tive injections of recombinant TGF~. The sustained TGF~ production with the 
gene construct comes more close to the in vivo situation and it is comforting to 
note that the earlier findings of characteristic OA pathology could be confirmed. 

In trying to understand how excessive TGF~ might cause cartilage pathology, 
it should be noted that TGF~ exposure induces a characteristic chondrocyte 
phenotype, with a shift in subclasses of proteoglycans made, and the risk of 
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Fig. 9A, B. Development of cartilaginous tissue in and along the collateral ligament, after 
repeated TGFp injection. A: normal; B: TGFp 

impaired matrix assembly. We recently showed that both IGF-l and TGFp 
enhanced the proteoglycan synthesis in chondrocytes cultured in Alginate, but 
that TGFp induced a shift in the compartmentalization of PGs, deposited 
closely around the chondrocyte or further away from the cell [75]. Moreover, it 
was reported that TGFp enhanced the level of the novel collagenase MMP-13 
(collagenase-3) in activated chondrocytes, in sharp contrast to the general 
expectation that TGFp reduces destructive protease release, in general [76]. It 
remains to be seen whether TGFp induced MMP-13 plays a role in the OA carti
lage pathology. Finally, TGFp not only induces an initial increase in levels of car
tilage proteoglycans, but also promotes deposition of proteoglycans in ligament 
and tendon structures, herein inducing enhanced stiffnes in these structures, 
with loss of joint flexibility and impairment of proper joint movement (Fig. 9). 

Intriguingly, similar lesions are noted in spontaneous OA in aging mice. 
Moreover, expression of TGFp and BMP has been noted in ectopic proteoglycan 
deposition in ligament structures [n, 78]. 

4.5.5.3 
Pathways in OA 

It remains to be seen whether some or all of these aspects contribute to growth 
factor induced OA pathology and studies with specific TGF blockers have to be 
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awaited before final conclusions can be drawn [79]. Meanwhile, it is tempting to 
draw up a scheme of putative events in the OA process (Fig. 10), with elements 
of excessive growth factor involvement, reflecting the dark side of tissue repair. 
The latter is a well accepted phenomenon in pathologic tissue fibrosis in kidney 
and liver disease as well as excessive scarring in wound healing [So]. Accepted 
causes of OA such as ligament rupture or shift in load bearing give rise to 
excessive TGFp activation. Ongoing attempted repair of damaged ligaments is 
the prototype of tissue repair and subsequent release of TGFp, whereas bio
mechanical overload also results in TGFp generation. In vitro loading of 
chondrocytes enhances TGFp production, whereas impairment of chondrocyte 
proteoglycan synthesis after immobilization can be overruled by TGFp supple
mentation [SI]. This TGFp induces osteophytes at the joint margins, as an 
adaptive process to cope with the changed loading conditions. In addition to 
TGFp induction of an altered chondrocyte phenotype, IL-l produced during the 
tissue damage and modest inflammatory repair reaction might contribute to 
the deranged phenotype. 

It has been shown that after prolonged exposure to IL-l, the production of 
cartilage specific collagen types such as type II and type IX is reduced, whereas 
an increase is noted in type I and III collagen [S2]. This shift may contribute to 
inadequate matrix repair. In addition, recent studies with IL-Ira in the canine 
OA model demonstrated some protection ( see chapter Pelletier in this book) 
and we also noted some suppression of OA pathology in a mouse model, when 
induced in an IL-IP knockout or an iNOS knockout, both compatible with a 
contribution of IL-l to the cartilage destruction. 

4.5.5.4 
OA Chondrocytes 

Apart from excessive TGFp, in the context of minor IL-l levels, OA pathology 
may be promoted by inadequate functioning of other anabolic growth factors. 
There is no evidence that IGF levels are limiting in synovial fluid of OA patients. 
However, in experimental joint inflammation, IGF nonresponsiveness is noted 
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in chondrocytes, compatible with the low level of proteoglycan synthesis and 
production of aberrant, small proteoglycans. The latter could be mimicked in 
normal cartilage, upon culture in the absence of IGF [83, 84J. A distinct variant 
of improper IGF signaling seems to be present in OA cartilage. The chon
drocytes make enhanced levels of IGF binding proteins, potentially limiting the 
homeostatic action of IGF-l [lsJ. The seemingly contradictory enhancement of 
overall proteoglycan synthesis should then be viewed in the light of con
comitant overstimulation with other growth factors, such as TGFp. If IGF 
nonresponsiveness is the primary causative element in the OA chondrocytes, 
the lack of response might be overcome with excessive levels of IGF-l, then 
warranting therapeutic approaches with IGF. Of interest, steroids display 
actions similar to IGF, and low doses may be applied instead of IGF, to bypass 
problems related to disturbed IGF signaling [8sJ. 

4.5.6 
Final Remarks 

Since the OA condition seems to reflect a failure in attempted repair, it was long 
considered that plain application of growth factors might be of benefit. How
ever, if the underlying process still activates destructive cytokines, degradative 
enzymes or even excessive amounts of pathogenic growth factors, it seems a 
waste of time to add excessive amounts of the dominant growth factor in nor
mal homeostasis, IGF-l, without controling the pathogenic events. Whether 
anti-IL-l, combined with anti-protease should provide a fruitful complemen
tary therapy remains to be seen. A serious complication in therapy is the 
deranged phenotype of the OA chondrocyte, including disturbed receptor 
expression and/or signaling. If it is intrinsic, even the complementary treat
ments might be unsuccessful. If the deranged phenotype is a reflection of pro
longed exposure to excessive levels of destructive mediators, combination 
therapies seem a logic extension. Apart from the usage of IGF, it should be con
sidered to use novel factors. Further characterization of the members of the 
rapidly growing list of morphogenetic proteins in bone and cartilage might 
provide novel options. A largely neglected area is the interplay between factors 
from underlying bone and the adjacent cartilage. There is no doubt that 
homeostasis is markedly disturbed in the bone of an OA joint and further 
understanding of cross regulation between these compartments is warranted 
[86, 87]. Finally, osteophytes are a hallmark of the OA process, but it is still not 
understood whether they are good or bad for the further progression of OA 
cartilage lesions. In experimental OA models osteophytes are always seen, 
generally preceding the occurrence of cartilage erosions [88]. They develop out 
of chondrophytes [38], reflecting an enormous potential of the joint to generate 
new cartilage. Understanding of the final differentiation of the cells in this 
ectopic area and the successive mediators and receptor expression involved in 
maturation might provide new clues to improve cartilage repair at other sites in 
the OA joint. 
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4.6 
Role of Crystal Deposition in the Osteoarthritic Joint 

G.M. MCCARTHY 

The presence of intra-articular calcium-containing crystals such as basic cal
cium phosphate (BCP) (hydroxyapatite, octacalcium phosphate, tricalcium 
phosphate) and calcium pyrophosphate dihydrate (CPPD) is strongly linked to 
osteoarthritis. The basis of cartilage damage by crystals has been the subject of 
numerous investigations. The crystals are thought to either initiate the degen
erative process or to amplify ongoing degeneration. However, controversies per
sist concerning the relationship between calcium-containing crystals and carti
lage degeneration despite ample data in support of their role [1]. 

4.6.1 
Clinical Associations of Calcium-Containing Crystals 

Prototypic of other arthritides associated with calcium-containing crystal de
position is a distinctive type of destructive arthropathy described by McCarty 
et al. in 1981 ("Milwaukee Shoulder Syndrome", MSS) [2], by Neer et al. in 1983 
("cuff tear arthropathy") [3] and by Dieppe et al. in 1984 ("apatite associated de
structive arthritis") [4]. The gross anatomical features of MSS are often bilat
eral and include disappearance of the superior part of the fibrous rotator cuff 
and intra-articular portion of the tendon of the long-head of biceps; gleno
humeral degenerative changes with loss of articular cartilage, marginal osteo
phytes, bony remodeling of both the humeral head and the glenoid fascia; up
ward subluxation of the humeral head with eburnation of the superior aspect as 
it forms a pseudoarthrosis with the coracoacromial vault and medial clavicle; 
synovial hypertrophy with frequent formation of pedunculated loose bodies 
and separation of the acromion into two parts along the plane of the original 
epiphysis. Frequently, large, non-inflammatory joint effusions are associated. 

The etiologic role of basic calcium phosphate (BCP) crystals in MSS was first 
observed by McCarty et al. Synovial fluid studies of patients with MSS showed 
microaggregates of BCP crystals and particulate collagens with few leukocytes 
[5]. Synovial biopsies from patients with MSS showed increased numbers of 
villi, focal synovial lining hyperplasia and chondromatosis associated with 
intra- and extracellular BCP crystal deposits [6]. Since BCP crystals are identi
fied from all affected joints, it was postulated that BCP crystals play an active 
role in the pathogenesis of MSS. 

Several other patterns of arthritis have been associated with BCP crystals in
cluding primary osteoarthritis, an erosive polyarthritis and an acute inflamma
tory arthritis. Articular BCP crystal deposition also occurs as a consequence of 
several other conditions and may be termed secondary BCP arthropathies or 
periarthropathies (Table 1) [7]. 

BCP crystals are common in osteoarthritic (OA) knee effusions, often asso
ciated with synovial proliferation and severe degenerative arthritis. Several stu
dies have suggested that the incidence of BCP crystals in synovial fluid from pa-
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Table 1. Basic calcium crystal-associated joint disease 

Calcific periarthritis 
Unifocal 
"Hydroxyapatite pseudopodagra" 
Multifocal 
Familial 

Calcific tendonitis and bursitis 

Intra -articular BCP arthropathies 
Acute (gout-like) attacks 
Milwaukee shoulder/knee syndrome 
(Idiopathic destructive arthritis; cuff tear arthropathy) 
Erosive polyarticular disease 
Mixed crystal deposition disease (BCP and CPPD) 

Secondary BCP crystal arthropathies/periarthropathies 
Chronic renal failure 
Hypercalcemia states 
Calcinosis 
Neurological injury/paralysis 
Following local corticosteroid injection 
Miscellaneous 

Tumoral calcinosis 
Hyperphosphatemic 
Nonhyperphosphatemic 
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tients with knee OA is between 30 - 60 % [8, 9]. Indeed, it has been suggested 
that many OA joint fluids contain CPPD or BCP crystals that are too small or 
too few in number to be identified by conventional techniques [10]. The pre
sence of BCP crystals correlates strongly with radiographic evidence of cartila
ginous degeneration [11] and is associated with larger joint effusions when 
compared with joint fluid from OA knees without crystals [12]. Leukocyte levels 
in synovial fluid from osteoarthritic joints are no different whether or not 
crystals are present [9]. 

A polyarticular erosive form of arthritis associated with BCP crystals has 
also been described. Pain and swelling were most prominent in the wrists, 
metacarpophalangeal joints and proximal interphalangeal joints. Massive artic
ular calcification was observed radiographically and joint damage was progres
sive [13]. Peri -articular BCP arthropathies include calcific periarthritis, tendo
nitis and bursitis [7]. For the most part, these appear to be related to isolated 
local dystrophic calcifications the etiology of which remain obscure and in gen
eral, these calcifications appear to be asymptomatic. In some individuals, how
ever, dramatic inflammatory episodes may occur with severe pain, swelling and 
erythema resembling gout. 

CPPD crystal deposition has been associated with the acute inflammatory 
arthritis of "pseudogout". It is also associated with chronic "pyrophosphate ar
thropathy" which is clinically distinguished from primary OA by its pattern of 
affected joints, greater severity and prominent inflammatory component. In
flammatory features may be sufficiently severe to cause confusion with rheu-
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matoid disease [14]. A study of factors affecting radiographic progression of 
knee osteoarthritis showed that CPPD crystal deposition predicted poor clini
cal and radiographic outcome [15]. In a community-based study of an elderly 
population, OA was associated with chondrocalcinosis, particularly in the 
lateral tibiofemoral compartment of the knee and in the first three meta
carpophalangeal joints [16]. 

BCP crystals are frequently observed together with CPPD and under these 
circumstances have been referred to as "mixed crystal deposition disease". In 
pathological joint effusions, the mixture is as common as the presence of either 
crystal alone [17]. 

4.6.2 
Calcium-Containing Crystal Location and Identification 

Basic calcium phosphate (BCP) crystals consist of partially carbonate substitut
ed hydroxyapatite, octacalcium phosphate and rarely tricalcium phosphate [18]. 
Pathological calcifications in a wide variety of human tissues are composed of 
BCP crystals. They have long been known to deposit in periarticular locations 
in conditions such as calcific periarthritis and tendonitis. More recently, BCP 
crystals have also been found in intra-articular locations including synovial 
fluid, synovium and hyaline cartilage [19]. They are ultramicroscopic in size and 
therefore can be seen as individual particles only by transmission electron 
microscopy (TEM). These crystals have a remarkable tendency to clump as 
spheroidal micro aggregates, which vary from about 1 to 50 p.m in diameter. 
These clumps may be seen by light microscopy or by scanning electron micro
scope (SEM) where they look like snowballs. They are invariably associated with 
particulate collagens in synovial fluid [20]. 

Deposition of BCP cuboid crystals has been reported in OA and elderly nor
mal femoral head articular cartilage and also in normal femoral head articular 
cartilage from a range of joint sites across a broad patient age spectrum [21]. 
Their crystalline composition is magnesium-substituted tricalcium phosphate 
(magnesium whitlockite) as suggested morphologically and as determined by 
scanning electron microscopy and X-ray diffraction [22]. An active role of these 
crystals in the propagation of cartilage degeneration has been suggested but re
mains to be confirmed [23]. 

Calcium pyrophosphate dihydrate (CPPD; Ca2P20 r 2H20) crystals are relati
vely specific for articular tissue although periarticular deposits of CPPD have 
been reported in tendons, dura mater, ligamenta flava and the olecranon bursa, 
as well as in isolated "tophi"[14]. 

BCP crystals obtained from joint fluid have been carefully identified by scan
ning and transmission electron microscopy, X-ray energy dispersive analysis, 
direct chemical analysis for calcium and phosphate, X-ray diffraction by the 
powder method and Fourier transform infrared spectroscopy [20]. Alizarin red 
S staining of synovial fluid pellets has been suggested as a screening technique 
for BCP crystals [24]. This method is sensitive to 0.005 p.g of hydroxyapatite 
(HA) standard per millilitre, but it is not specific for calcium phosphates and 
may provide many false positive results. A semiquantitative technique using the 
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binding of ('4C) ethane-l-hydroxyl-l, I-diphosphonate (EHDP) to BCP crystals 
has proved useful as a screening test and is sensitive to about 211g of HA stan
dard [251. Diphosphonates are analogues of inorganic pyrophosphate (PPJ that 
adsorb to the surface of calcium phosphate crystals but not to MSU, CPPD, car
tilage fragments, particulate collagens, or to any other known particulate in 
joint fluid. Such adsorption is not inhibited to any significant extent by PPi at 
the levels found in synovial fluid. Synovial fluid pellets that bound EHDP were 
examined routinely by scanning electron microscopy (SEM). Microspheroidal 
aggregates approximately 1 to 19 !lm in diameter were generally found and were 
further characterized by x-ray energy dispersive analysis. The molar calcium/ 
phosphorus was virtually identical to that of a HA standard [51. 

Using TEM, magnesium whitlockite crystals have been frequently observed 
scattered amongst intramatricallipidic debris, particularly pericellularly, in areas 
of cell necrosis and amongst close-packed tangential fibers between the articular 
surface and initial superficial zone chondrocytes of articular cartilage [231. 

CPPD crystals can be identified by polarized light microscopy when they ap
pear as anisotropic (nonrefractile) or weakly positively birefringent rhomboi
dal crystals. Most patients whose joint fluid contains CPPD crystals will have 
radiographic evidence of calcified fibrocartilage and/or of hyaline articular car
tilage although some will appear radiographically normal [141. 

4.6.3 
Current Concepts of the Role of Calcium-Containing Crystals 
in the Pathophysiology of Osteoarthritis 

Concurrence of articular calcium-containing crystal deposition and degenera
tive joint disease is well established and ample data support their role in carti
lage degeneration. 

Clinically, the joint degeneration of calcium-containing crystal deposition 
differs from the joint degeneration of primary osteoarthritis (OA) [141. If 
crystals were simply an epiphenomenon of cartilage degeneration, we would 
expect to see CPPD or BCP crystals in the joints most commonly affected by 
primary OA. Instead, crystal deposition disease frequently involves shoulders, 
wrists and elbows, sites rarely affected by primary OA. Not only is the distribu
tion of joint involvement distinct, but the severity of joint degeneration is ma
gnified in the presence of calcium-containing crystals. Some investigators spe
culate that articular crystals cause cartilage degeneration directly whereas 
others hypothesize that clinically undetectable cartilage metabolic or structural 
aberrations are primary and these aberrations cause defects in matrix or chon
drocyte metabolism that favor both crystal formation and degeneration. Thus, 
degeneration and crystal formation would be viewed as parallel events of com
mon derivation [261. An intermediate view is that a primary metabolic abnor
mality leads to degeneration but that secondary crystal deposits accelerate de
terioration, the "amplification loop" hypothesis [27]. 

The exact basis of cartilage damage by calcium-containing crystals remains 
somewhat speculative. In theory, crystals in cartilage could directly injure chon
drocytes. However, in pathological specimens crystals are rarely seen in imme-
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Fig. 1. 
Proposed pathogenic 
mechanism of calcium
containing crystal-induced 
cartilage degeneration. 
BCP, basic calcium phos
phate; CPPD, calcium 
pyrophosphate dihydrate; 
MMP, matrix metallo
protease 
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diate contact with chondrocytes and even less frequently found engulfed by 
chondrocytes [28]. It is more likely that cartilage damage results when synovial 
lining cells ingest crystals and then release matrix -degrading enzymes or 
secrete cytokines that stimulate chondrocytes to release matrix-degrading en
zymes (Fig. 1). This concept is further supported by data from a study of the role 
of CPPD crystal-induced synovitis in the development of accelerated OA in 
CPPD deposition disease [29]. A lapine model of OA, induced by partial lateral 
meniscectomy and section of the fibular collateral and sesamoid ligaments, was 
used in the study. In meniscectomized right knees, following repeated (weekly) 
injections of CPPD crystals (either 1 or 10 mg), there was more severe OA at 
8 weeks compared with noninjected contralateral meniscectomized left knees. 
The intensity of associated synovial inflammation correlated with intra-articu
lar CPPD administration and dosage. Although the doses administered were 
considerably higher than concentrations found in vivo, the data support a wor
sening effect of chronic CPPD crystal-induced synovitis on experimental OA 
and suggest a role for CPPD crystal-induced inflammation in the progression of 
OA lesions in clinical CPPD crystal deposition disease. 

4.6.4 
In Vitro Studies 

Potential mechanisms by which calcium-containing crystals may promote ar
ticular damage have been explored and will be presented below. These include 
their mitogenic properties, their ability to induce metalloproteases and their 
ability to stimulate prostaglandin synthesis. 

4.6.4.1 
Mitogenic Effect of Calcium-Containing Crystals 

Synovial lining proliferation of varying degrees is common in crystal-associat
ed arthritis and the crystals themselves are at least partly responsible for prolif-
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eration [6]. Increased cell numbers in the synovial lining enhance the capacity 
for secretion of cytokines, which may promote chondrolysis and cause secre
tion of proteolytic enzymes. BCP crystals in concentrations found in pathologic 
human joint fluids stimulated mitogenesis in quiescent cultured human skin 
fibroblasts, canine synovial fibroblasts and mouse 3T3 cells in a concentration
dependent manner [30,31]. Growth stimulation also occurred with CPPD, cal
cium urate, calcium sulfate, calcium carbonate and calcium diphosphonate 
crystals [30,32]. Both onset and peak (3H)-thymidine incorporation induced by 
these crystals was delayed 2 - 3 hours compared to cells stimulated with serum. 
This lag time may in part represent time required for phagocytosis and intra
cellular dissolution of crystals. Addition of control particles of similar size such 
as diamond dust or latex beads did not stimulate mitogenesis. Monosodium 
urate monohydrate (MSU) crystals were weakly mitogenic and much less so 
than calcium urate, suggesting that the calcium content of crystals is important 
for mitogenesis. Synthetic BCP was as mitogenic as BCP obtained from a patient 
with calcinosis, indicating that the crystal and not a contaminant was respon
sible [30]. The mitogenic effect of the calcium -containing crystals was not the 
result of increased ambient medium calcium concentration from crystal disso
lution, since conditioned medium from cells which had been exposed to and 
which had dissolved BCP crystals did not stimulate (3H)-thymidine incorpora
tion by fibroblasts [32]. 

The mechanism of BCP crystal-induced mitogenesis has been explored. 
Firstly, it was hypothesized that the abnormal proliferation of synovial cells 
may be at least in part, due to endocytosis and intracellular dissolution of 
crystals producing an increased cytoplasmic calcium concentration which ac
tivates a calcium-dependent pathway leading to mitogenesis. This concept was 
supported by the following evidence. Direct cell-crystal contact is required for 
crystal-induced mitogenesis since cultures exposed to crystals were growth
stimulated but in cultures inverted to prevent cell-crystal contact, no growth 
stimulation occured [33]. To study the requirement for crystal phagocytosis 
following cell-crystal interaction, cells were exposed to 45Ca-labeled BCP and 
(3H)-thymidine. Cells containing 45Ca-labeled BCP were separated by gradient 
centrifugation and found to have incorporated significantly more (3H)-thymi
dine than those without BCP [34]. In cultured macrophages, inhibition of 
crystal endocytosis with cytochalasin B inhibited crystal dissolution, further 
supporting the requirement of phagocytosis [35]. Calcium-containing crystals 
are acid soluble. Following phagocytosis, intracellular crystal dissolution likely 
occurs in the acid medium of the phagolysosomes. Chloroquine, ammonium 
chloride and bafilomycin AI' alllysosomotrophic agents which raise lysosomal 
pH, significantly inhibit intracellular crystal dissolution and (3H)-thymidine 
uptake in a dose-dependent manner in fibroblasts exposed to BCP crystals [36]. 

The intracellular calcium response to basic calcium phosphate crystals in fi
broblasts has subsequently been determined using the photo active dye, fura-2 
[37]. Addition of media containing BCP crystals to fibroblasts in monolayer cul
ture caused an immediate lO-fold increase in intracellular calcium which 
returned to baseline within 8 minutes. This increase was derived mostly from 
extracellular calcium as it was not seen when BCP were added in calcium-free 
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media. A second rise of intracellular calcium started at 60 minutes, continued 
to increase up to at least 3 hours and was derived from intracellular dissolution 
of phagocytosed crystals. 

Current evidence suggests, therefore, that phagocytosis followed by intracel
lular crystal dissolution occurs when BCP crystals and fibroblasts come into 
contact with each other and that this process contributes to BCP crystal-in
duced mitogenesis. 

Secondly, it was noted that BCP crystals also stimulate mitogenesis by a pro
cess similar to platelet-derived growth factor (PDGF). PDGF is a peptide growth 
factor which renders quiescent fibroblasts and many other anchorage-depen
dent cell lines "competent" to respond to 'progression' growth factors such as in
sulin-like growth factor-l (IGF-l), which are required for progression through 
the cell cycle. BCP crystals could substitute for PDGF as a competence growth 
factor and, like PDGF, acted synergistically with IGF-l or plasma. Furthermore, 
blocking antibodies against IGF-l diminished the mitogenic response of 3T3 
cells to BCP [38]. Some differences have been observed between the biochemi
cal and cellular mechanisms of action of PDGF and BCP crystals. Mitchell et al. 
demonstrated that BCP crystal induced mitogenesis in Balb/c-3T3 fibroblasts 
involves a rapid membrane associated event which requires the presence of the 
serine/threonine protein kinase C (PKC), one of the major mediators of signals 
generated upon external stimulation of cells by hormones, neurotransmitters 
and growth factors. Down regulation of PKC activity in Balb/c-3T3 cells inhib
ited BCP crystal-mediated induction of the proto-oncogenes c-fos and c-myc 
but had no effect on that stimulated by PDGF [39]. 

It was therefore recognized that the increased intracellular calcium concen
tration that occurs as phagocytosed crystals dissolve is only one signal for mito
genesis. When growth factors such as PDGF bind to their membrane receptors, 
phospholipase C (a phosphodiesterase) is stimulated to hydrolyze phosphati
dylinositol 4,S-bisphosphate (PIP 2) to the intracellular messengers, inosital 
triphosphate (IP3) and diacylglycerol (DAG) [40]. IP3 releases calcium from 
the endoplasmic reticulum, modulating the activities of calcium-dependent 
and calcium/calmodulin-dependent enzymes such as protein kinases and 
proteases [41]. 

DAG, the other hydrolysis product of PIP2 , is a potent activator of PKC [42]. 
Rothenberg and Cheung reported elevated phospholipase C degradation of 
inosital phospholipid in rabbit synovial cells in response to BCP crystal stimu
lation [43]. BCP crystals significantly increased inosital-l-phosphate in (3H)-in
osital-Iabeled cells within 1 minute, and levels were maximum at 1 hour. Increas
ed amounts of inositol mono-, bis-, and trisphosphates were all measured after 
crystal ingestion supporting the concept that BCP crystals enhance phospholi
pase C activity in synovial fibroblasts. 

Since BCP crystals increased phospholipase C activity, resultant increased 
DAG accumulation and finally increased PKC activity was expected. Ac
cordingly, the role of PKC in BCP-induced mitogenesis was examined. The 
effects of BCP crystals and PDGF on DNA synthesis were compared in 
Balb/c-3T3 fibroblasts. In some cultures, PKC was depleted by incubation of 
the cells with a high concentration of tumor-promoting phorbol diester (TPA), 
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an analogue of DAG. Chronic TPA stimulation down-regulates PKC, in con
trast to acute treatment which activates PKC. Stimulation of DNA synthesis 
by BCP was inhibited after downregulation of PKC implying an important 
role for PKC in BCP-induced mitogenesis. As noted above, no effect on PDGF
stimulated DNA synthesis was observed under the same conditions [39]. 
Subsequently, it has been confirmed that the mitogenic response to BCP 
crystals is associated with PKC activation in human fibroblasts [44]. In 
contrast, BCP crystals do not activate phosphatidylinositol 3-kinase or tyro
sine kinases confirming that cell activation by BCP crystals is selective in 
mechanism [44]. 

A class of genes known as proto-oncogenes play an important role in 
controlling cell proliferation. Fos and myc proteins, both products of the 
proto-oncogenes c-fos and c-myc, are localized to the cell nucleus and bind to 
specific DNA sequences [45,46]. Stimulation of 3T3 fibroblasts with either BCP 
crystals or PDGF results in the expression of c-fos within minutes, reaching 
maximal expression approximately 30 minutes after stimulation. Induction of 
c-myc transcription by BCP or PDGF occurs within 1 hour and is maximal at 
about 3 hours after stimulation. Such stimulated cells maintain elevated 
transcription of c-myc for at least 5 hours [47]. The expression of c-fos and 
c-myc is increased in response to BCP crystal stimulation in a manner similar 
to the increase produced by PDGF. However, in PKC down-regulated cells 
both TPA and BCP crystal stimulation of c-fos and c-myc are markedly inhib
ited, whereas in contrast, the induction of these transcripts by PDGF is un
affected. 

Members of the mitogen activated protein kinases (MAPK) family are key re
gulators of a variety of intracellular signal transduction cascades. One subclass 
of this family, the P42/P44 MAPKs, is believed to regulate cell proliferation by a 
mechanism that includes the activation of proto-oncogenes c-fos and c-jun. 
BCP and CPPD crystals both activate a protein kinase signal transduction path
way involving P42 and P44 MAPKs suggesting that this pathway may contribute 
to calcium-containing crystal-induced mitogenesis [48]. 

Finally, the transcription factor nuclear factor KB (NF-KB) appears to contrib
ute to BCP crystal-induced mitogenesis. NF-KB, first described as a regulator 
of the immunoglobulin kappa (Ig K) light-chain gene, is an inducible transcrip
tion factor critical to many signal transduction pathways because it regulates 
the expression of a wide variety of important genes. Induction of NF-KB ordi
narily involves release from cytoplasmic inhibitory proteins, collectively refer
red to as IKB. NF-KB induction is followed by translocation of the active tran
scription factor complex into the nucleus. BCP crystals induce NF-KB in 
Balb-c/3T3 fibroblasts and human foreskin fibroblasts (HFF) [44]. 

Many stimuli other than BCP crystals activate NF-KB. These include cyto
kines and activators of PKC such as the phorbol ester TPA [49]. Several signal
transduction pathways may be involved but all of these stimuli act by means of 
protein kinases that phosphorylate (and thus degrade) IKB. It was originally 
proposed that IKB might serve as a substrate for kinases such as PKC and pro
tein kinase A, based on in vitro studies [50,51]. Recently, however, a high mole
cular mass IKB kinase (IKK) complex has been identified [52]. These kinases 
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specifically phosphorylate critical serine residues of h:B. Activation of NF-KB 
by TNF- and IL-1 requires the successive action of NF-KB-inducing kinase 
(NIK) and IKB kinase [53]. The molecular mechanisms by which NIK becomes 
activated are not yet understood. Although BCP crystals activate both PKC and 
NF-KB, it is not known to what extent these two events are linked. Since the 
critical modification for IKK activation appears to be phosphorylation, it is 
possible that PKC plays a role in BCP crystal-induction of NF- KB by inducing 
phosphorylation and activation of IKK [54]. In support of this concept, the 
PKC inhibitor staurosporine inhibited both BCP crystal-induced mitogenesis 
and NF-KB [44]. Alternatively, it is possible that staurosporine inhibits IKK 
since, although it is a potent inhibitor of PKC, it also inhibits PKA and other 
protein kinases [55]. 

The mechanism of BCP crystal-induced mitogenesis in fibroblasts, therefore, 
has been shown to involve at least two distinct, but necessary, processes. The 
first is a fast, membrane-associated event resulting in PKC and MAPK activa
tion, NF-KB induction and proto-oncogene induction. The second event is a 
slower intracellular dissolution of the crystals which raises intracellular calcium 
leading to the activation of a number of calcium-dependent processes stimulat
ing mitogenesis. Figure 2 depicts our current concept of the biologic effects of 
calcium-containing crystals. 
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Fig. 2. Some biological effects of calcium-containing crystals. BCP, basic calcium phosphate; 
CO, cyclo-oxygenase; ER, endoplasmic reticulum; PKC, protein kinase C; DAG, diacylglycerol; 
PIP2 , phosphatidylinositol 4,S-bisphosphate; IP), inositoll,4,S-triphosphate; NF-KB, nuclear 
factor KB; MAPK, mitogen-activated protein kinase; IKK, IKB kinase 
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4.6.4.2 
Matrix Metal/oprotease Induction by Calcium-Containing Crystals 

Current data suggests that the mediators of tissue damage from calcium-con
taining crystals include the matrix metalloproteases (MMP) collagenase-l 
(MMP-l), stromelysin (transin, MMP-3), 92 kD gelatinase ( gelatinase B/MMP-9) 
and collagenase-3 (MMP-13). The MMP family share a number of chief charac
teristics. The enzymes cleave one or more components of the extracellular ma
trix. Activity is inhibited by tissue inhibitor of metalloproteinases (TIMP). The 
proteinases are secreted in zymogen form which can be activated by proteina
ses or by organomercurials. The catalytic mechanism depends on zinc at the ac
tive site. The cDNA sequences of the MMP family all show homology to that of 
collagenase [56]. 

Collagenase is a critical regulator of extracellular matrix remodeling because 
of it's unique ability to degrade the native collagen fibril [56]. Stromelysin de
grades type 4 collagen and many other components of extracellular matrix in
cluding proteoglycan and laminin [57].92 kD gelatinase accelerates the break
down of matrix components such as gelatin, collagens type IV, V and XI and 
elastin [58]. Collagenase-3 is expressed in human osteoarthritic cartilage and 
degrades type II collagen more efficiently than collagenase-l [59]. 

The massive lysis of intra-articular collagenous structures which typifies 
MSS strongly suggests collagen matrix-degrading metalloprotease activity. 
Furthermore, collagenase and neutral protease activity was demonstrated in 
the synovial fluid from the shoulder joints of some, but not all, patients with 
MSS [5]. The neutral protease activity was likely due to stromelysin but the pre
sence of gelatinase was not evaluated. Similarly, Lohmander et al. measured 
concentrations of stromelysin and collagenase-l in a variety of joint disorders 
including OA and calcium pyrophosphate arthropathy. ELISA's were performed 
using monoclonal and polyclonal antibodies. Both proteins were detected in di
sease groups 15 - 45 times that of the control groups. The highest concentrations 
of both enzymes were found in pyrophosphate arthropathy [60]. 

On account of the association between synovial fluid BCP crystals and joint 
destruction, a hypothesis was formulated in which BCP crystals and possibly 
particulate collagens are endocytosed by synovial-lining cells. These cells are 
then stimulated to proliferate and secrete proteases. This hypothesis was tested 
in vitro by adding natural or synthetic BCP, CPPD and other crystals to cultured 
human or canine synovium cells. Neutral protease and collagenase activity was 
augmented in a dose-related fashion approximately 5 to 8 times over control 
cultures incubated without crystals [61]. 

We recently expanded studies of metalloprotease induction and secretion 
using HFF proliferating in response to BCP crystals. We demonstrated the co
ordinate induction of collagenase-I, stromelysin and 92 kD gelatinase messen
ger RNA (mRNA) accumulation in BCP crystal-stimulated cultures. This was 
followed by secretion of collagenase-I, stromelysin and 92 kD gelatinase protein 
into conditioned media, identified by Western blot using specific antibodies. 
Activity of each enzyme was also confirmed [62,63]. BCP crystals also caused 
collagenase-l and collagenase-3 mRNA accumulation in adult porcine articular 



220 G.M. McCarthy 

chondrocytes [64, 651. This was followed by secretion of collagenase-l (un
published observation) and collagenase-3 protein into conditioned media. 

Since intracellular crystal dissolution is important in BCP crystal-induced 
mitogenesis, we evaluated the role of crystal dissolution in BCP crystal-induced 
MMP production. Raising lysosomal pH with bafilomycin A, to inhibit intracel
lular BCP crystal dissolution attenuated the proliferative response of human 
fibroblasts to BCP crystals but did not inhibit MMP synthesis and secretion 
[361. 

It has been shown that the collagenase promoter contains a cis element term
ed the TPA response element (TRE) which is involved in increased transcrip
tion in response to tumor necrosis factor alpha (TNFa) [661 and phorbol esters 
[671. Increased transcription modulated through the TRE depends on the tran
scription factor, activator protein-l (AP-l) a heterodimer composed of the pro
tein products of c-fos and c-jun, both primary response genes, which interact to 
stimulate transcription of AP-l responsive genes [671. Synthesis offos is essen
tial for phorbol (TPA) induction of collagenase and also for the cells response 
to IL-l, TNFa and serum factors [561. Thus, inhibitors of protein synthesis such 
as cycloheximide would be expected to interfere with this mechanism of tran
scriptional activation. Cycloheximide blocks the response to IL-IP and TNFa 
which suggests that the response is dependent on the synthesis of fos and jun. 
Both c-fos and c-jun messenger RNA (mRNA) levels are increased by TNFa 
[661. Similarly, cycloheximide blocks BCP crystal induction of collagenase-I, 
stromelysin and 92-kD gelatinase mRNA in human fibroblasts and also colla
genase-3 mRNA in adult porcine articular chondrocytes [62, 63, 651. BCP 
crystals induce c-fos and c-jun mRNA and activate the transcription factor AP
I in human fibroblasts [441. 

The clinical features of OA suggest a prominent contribution of matrix me
talloproteases. In the presence of calcium-containing crystals, joint degenera
tion is exaggerated. Current data suggests that the clinical manifestations of cal
cium-containing crystal deposition disease result, in part, from the direct 
stimulation of MMP production by fibroblasts and chondrocytes upon contact 
with the crystals. 

4.6.4.3 
Stimulation of Prostaglandin Synthesis by Calcium-Containing Crystals 

In addition to the stimulation of growth stimulation and enzyme secretion, cal
cium-containing crystals caused the release of prostaglandins from cultured 
mammalian cells, especially PGE2 [61, 68, 691. All PGE2 release occurred in the 
first hours after cells were exposed to crystals. Rothenberg confirmed and ex
tended this work. He demonstrated that phosphatidyl choline and phosphatidyl 
ethanolamine are the major sources of arachidonic acid for PGE2 synthesis con
firming that the phospholipase Aicyclooxygenase pathway is the predominant 
route for PGE2 production. BCP crystals appeared to stimulate synthesis of both 
phospholipase A2 and cyclooxygenase [701. 

Although PGE compounds are local mediators of inflammation, evidence 
from both in vitro and in vivo experiments indicates that they can suppress di-
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verse effector systems of inflammation. Both PGE, and PGE2 also increase con
centrations of cyclic AMP in human synovial cells in culture and suppress sy
novial cell proliferation [71,72]. Since radioimmunoassays do not usually di
stinguish between PGE, and PGE2 [73]. PGE, may also have been released in 
response to BCP crystals. Whether the augmented PGE production induced by 
these crystals significantly down-regulates their other biologic effects is an im
portant question and may be one mechanism accounting for the clinical ob
servation of accelerated articular damage in the presence of the cyclooxygenase 
inhibitor indomethacin [74]. 

We studied the effects of PGE2 , PGE, and its analogue, the drug misoprostol 
on the mitogenic response of human fibroblasts to BCP crystals. All three agents 
inhibited the mitogenic response to BCP crystals in a concentration-dependent 
manner. PGE, and misoprostol were more potent. PGE, and misoprostol, but not 
PGE2 , inhibited collagenase mRNA accumulation in response to BCP crystals 
[75,76]. 

Various classes of PG increase intracellular cAMP levels and increased cAMP 
levels inhibit mitogenesis in certain cell types. We explored the mechanism of 
inhibition of BCP crystal-mediated cell activation by PGE. We showed that PGE, 
is a more potent inducer of intracellular cAMP than PGE2 and that PGE, inhibits 
BCP crystal induced mitogenesis and MMP production through the cyclic AMP 
signal transduction pathway [76]. It is possible that the augmented PGE pro
duction induced by BCP crystals downregulates their other biological effects 
(mitogenesis and MMP production) by a feedback mechanism. 

4.6.5 
Calcium-Containing Crystal Induced Inflammation 

The chronic destructive arthropathies or osteoarthritis associated with CPPD 
or BCP crystals are probably much more important medically than are the dra
matic acute inflammatory syndromes associated with neutrophilic phagocyto
sis [7,14]. Firstly, they are more common. Secondly, chronic joint destruction is 
irreversible whereas acute inflammatory events can be readily treated. Further
more, repeated, isolated inflammatory events are usually required over long 
periods of time before permanent joint damage ensues. The presence of cal
cium-containing crystals in osteoarthritic synovial fluids (SF) is common; how
ever, associated episodes of acute inflammation with leukocytosis appear rela
tively uncommon clinically in OA and MMS. The phlogistic potential of crystals 
may be somewhat modified by intra-synovial inhibitory factors. Terkeltaub et 
al. have demonstrated the ability of serum and plasma to markedly suppress 
neutrophil responsiveness to BCP crystals [77]. Factors causing such inhibition 
appeared to be crystal-bound proteins. Of the crystal-bound plasma proteins 
studied, <x2-HS glycoprotein (AHSG) appeared to be the most potent and speci
fic inhibitor of neutrophil responsiveness to BCP crystals. AHSG is a liver-deriv
ed serum protein known to be greatly concentrated relative to other serum 
proteins in bone and mineralizing tissues [78]. AHSG was present in non-in
flammatory synovial fluids and could be detected on native synovial fluid BCP 
crystals [77]. The authors concluded that AHSG could modulate the inflamma-
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tory potential of BCP crystals in vivo. When the inflammatory potential of BCP 
crystals was evaluated using the rat air pouch model, variations in fluid volumes 
and white cell counts occured according to specific surface area of the various 
crystal types tested and their calcium:phosphorus ratios [79]. The authors 
postulate that BCP heterogeneity may be one explanation for their variable 
tolerance in human joints. 

4.6.6 
Role of Cytokines 

Recently, there has been progress in understanding the mechanism of cartilage 
breakdown in osteoarthritis [80]. The initial cleavage of cartilage matrix mole
cules is extracellular and is mediated primarily by proteases [56]. The major 
proteases involved appear to be collagenase and stromelysin. Chondrocytes are 
capable of exhaustive degradation of their extracellular matrix [81]. Inter
leukin-l (IL-l), produced by synovial cells, polymorphs and chondrocytes, has 
been suggested as the most potent stimulator of cartilage degradation [81]. 
IL-l stimulates increases in proteinase transcription, synthesis and secretion 
by chondrocytes and synoviocytes while inhibiting matrix synthesis [80]. 
Although it is possible that matrix degradation in calcium-containing crystal 
arthropathies is cytokine mediated, neither BCP nor CPPD crystals induced 
IL-l production in vitro, unlike monosodium urate crystals [82]. Current data 
strongly supports direct stimulation of MMP production by fibroblasts and 
chondrocytes upon contact with calcium-containing crystals. 

4.6.7 
Implications for Treatment 

There are no available drugs to inhibit deposition nor effect reabsorption of the 
crystals [75]. This contrasts with gout where accumulation of urate crystals can 
be eliminated with hypouricemic therapy [83]. Both normal and abnormal joint 
tissues generate extracellular inorganic pyrophosphate (PPi). CPPD crystal de
position is driven by a local abnormality of excess articular PPi production 
[84]. Hyaline articular and fibrocartilage, tendon and ligament in organ culture 
release PPi into the ambient medium [85]. Basal PPi release is stimulated two
fold or more by transforming growth factor ~ (TGF~) and this increase is inhib
ited by probenecid, insulin-like growth factor or inhibitors of protein synthesis 
[86]. Pharmacological control of excess local PPi levels might prevent CPPD 
crystal deposition much as control of excess urate prevents monosodium urate 
deposition in gout. 

Recently phospho citrate, a potent inhibitor of hydroxyapatite crystal forma
tion and a relatively non-toxic compound, was shown to inhibit the mitogenic 
effect of BCP crystals in a concentration dependent manner. This inhibition ap
peared to be specific since the same concentrations of phospho citrate had no 
impact on basal, PDGF-induced or serum-induced (3H)-thymidine incorpora
tion [87]. Phospho citrate also blocked BCP crystal-induced proto-oncogene 
and collagenase transcription [88]. Its mechanism of action is being explored at 
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present and recently it was shown to inhibit calcium-containing crystal induc
tion of MAPK. This compound may ultimately prove useful in protecting artic
ular tissues from the harmful biologic effects of calcium-containing crystals 
such as CPPD or BCP [48]. 

Others have shown that PGE1 can have anti-inflammatory and tissue protec
tive action [73]. Misoprostol, a PGE1 analogue, is already approved for use in 
humans to prevent gastrointestinal damage induced by non-steroidal inflam
matory drugs [89]. We have demonstrated the ability of these E-series prostag
landins to interfere with the biological effects of BCP crystals [75,76]. These 
characteristics may also be of therapeutic importance in the future. 

Calcium-containing crystal deposition diseases and their role in the cartilage 
damage which characterizes osteoarthritis remains incompletely understood. 
Their importance in terms of morbidity will likely amplify as the aged popula
tion increases. Further studies of the mechanisms important for crystal deposi
tion and for their biological effects are essential to rational prevention or re
versal of the consequences of calcium-containing crystal deposition. 
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CHAPTERS 

Diagnosis and Monitoring of Osteoarthritis 

5.1 
Direct Visualization of the Cartilage 

x. AYRAL and M. DOUGADOS 

To date, therapy for osteoarthritis (OA) has been directed at improving symp
toms, primarily pain. Research is now exploring agents that may alter the 
course of ~A. These potential disease modifying drugs for OA (DMOADs) are 
being designed to prevent, delay or even reverse OA changes in the joint. 
Research into DMOADS requires standardized and reproducible outcome 
measurements that evaluate changes in the joint. Since many of the potential 
DMOADS are directed at altering the breakdown of articular cartilage, a mea
surement of the quantity, integrity and/or quality of articular cartilage would 
prove of value [1]. 

Arthroscopy provides a direct, inclusive magnified view of the six articular 
surfaces of the knee. Direct visualization through the arthroscope is more 
sensitive than the plain radiograph or magnetic resonance imaging (MRI) in 
detecting cartilage lesions [2]. Indeed, arthroscopy is so sensitive and specific in 
the evaluation of cartilage, it has prompted some to view arthroscopy as the 
"Gold Standard" for assessment of articular cartilage, whereby other methods 
will be judged l3]. Direct visualization permits evaluation of the synovium [4]. 
This is particularly significant in the anterior compartment of the knee where 
OA abnormalities are often patchy in distribution [5]. Direct visualization of the 
tissues by arthroscopy allows for macroscopic quantification of synovitis [6] 
and for guided biopsy of such focal synovial abnormalities. 

Over the last few decades, arthroscopy has been established to be of value for 
diagnosis and surgical intervention in numerous disorders of the knee. There is 
an evolving methodology that utilizes knee arthroscopy in clinical research 
utilizing baseline and follow-up arthroscopy to monitor the course of knee ~A. 
For this purpose, arthroscopy is used for diagnostic purposes, and since it is 
mostly directed at evaluation of cartilage, it is often named "chondroscopy:' [7] 
Sequential arthroscopies permit an evaluation of the natural history of ~A. In 
clinical research, the natural history in one cohort of patients could easily be 
compared to an intervention in another cohort of patients [7]. 
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Issues that have interfered with the development of arthroscopy for clinical 
research include the following: 

- The invasive nature of arthroscopy 
- The lack of a validated, standardized scoring system of chondropathy 
- The lack of standardized guidelines for videorecording the articular carti-

lage surfaces during arthroscopy 

5.1.1 
Can Arthroscopy Be Simplified? 

5.1.1.1 
Local Anesthesia 

Therapeutic arthroscopy is often performed under general or spinal anesthesia. 
The procedure requires a preoperative and operative anesthetist consultation 
with as much as 2 days of hospitalization. Postoperative thigh rehabilitation is 
often necessary due to the potential deleterious effect of the tourniquet on 
nerve and muscle recovery [8]. Explorative arthroscopy conducted for research 
purposes can be simplified by the use of local anesthesia administered sub
cutaneously and intraarticularly. Lidocaine or marcaine can provide skin and 
synovial anesthesia. With the use of local anesthesia, the procedure is almost 
always performed on an outpatient basis in an ambulatory surgery center. 

Arthroscopy under local anesthesia is safe, reliable and relatively inexpensive 
and is an alternative to arthroscopy under general or spinal anesthesia [9]. Eriks
son et al. compared arthroscopy under local, spinal and general anesthesia [9]. 
Patient satisfaction under local or spinal anesthesia was similar (77 % of satisfied 
patients) but not as good as general anesthesia (97% of satisfied patients). Black
burn et al. compared arthroscopy under local anesthesia to magnetic resonance 
imaging (MRI) of the knee [2]. Both were well tolerated by their 16 patients. When 
asked about which procedure they preferred, 8 patients preferred arthroscopy, 
2 preferred MRI, and 6 felt the two procedures were equally tolerable. 

In a prospective study including 84 patients undergoing chondroscopy under 
local anesthesia [7], tolerance was evaluated as "good" (62 percent) or "very 
good" (28 percent) by 90 percent of the patients. There was no pain in 25 per
cent with some pain during or immediately following the procedure in 75 per
cent. In relation to the ambulatory surgery, post arthroscopy daily activities 
were hampered in 79 percent of the patients (for up to one day in 44 percent, up 
to two days in 55 percent, and up to one week in 79 percent). One month after 
chondroscopy, 82 percent of the patients felt improved. 

As a guide to tolerability of anesthesia, in a clinical trial 36/39 (95 percent) pa
tients accepted a second chondroscopy after one year offollow-up [10]. The lack 
of follow-up in the remaining 3 patients was not related to the technique [10]. 

McGinty and Matza compared the diagnostic accuracy of arthroscopy per
formed under local or general anesthesia with postarthroscopy visualization by 
arthrotomy [11]. Under this system, arthroscopy was slightly more accurate 
under local anesthesia (95 percent) than general anesthesia (91 percent). It ap-
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pears that the benefits of local anesthesia are not outweighed by a loss in 
accuracy. Nevertheless, performance of arthroscopy under local anesthesia 
requires specific training, even for experienced arthroscopists. 

5.1.1.2 
Small Glass Lens Arthroscope 

Knee arthroscopy is often performed with a 4.0 mm glass lens arthroscope 
requiring a 5.5 mm trochar. Chondroscopy is intended to obtain information on 
the status of the articular surfaces. In some patients with contracted ligaments 
or residual muscle tension (because of local anesthesia), the posterior part of 
femorotibial compartments may not be accessible with a standard 4.0 mm 
scope. The 2.7 mm arthroscope has a similar field of view as the 4.0 mm 
arthroscope and most often permits the inspection of all compartments. Con
tinuous knee irrigation provided by the 2.7 mm arthroscope is adequate to clear 
the joint of blood and debris allowing a clear field for visualization [7]. Techni
cally, the 25 or 30 degree angle provides a wide field and a better view. Smaller 
diameter (1.8 mm, - 16-gauge) fiberoptic arthroscopes (sometimes called 
"needlescopes") can be inserted into the joint by needle puncture rather 
than stab incision but, among other disadvantages, they provide a smaller field 
of view, a dimmer and grainier picture due to fiberoptic transmission and 
lower irrigation, tend to bend and fracture fiberoptics and are often only 
straight viewing [12]. The images obtained by the needlescope appear to be 
insufficient for clinical research on cartilage and synovial lesions as they 
tend to underestimate cartilage and synovial abnormalities. Compared to 
standard arthroscopy, the sensitivity for detecting abnormalities of needlescope 
arthroscopy is 89 percent for cartilage and 71 percent for synovial abnormali
ties [12]. 

5.1.1.3 
Tourniquet 

An inflated thigh tourniquet is routinely used under general or spinal anesthe
sia for therapeutic arthroscopy to minimize bleeding but it cannot be tolerated 
under local anesthesia. Bleeding during chondroscopy is a potential problem 
for visualization rather than patient safety. Chondroscopy includes enough joint 
irrigation so that bleeding is most often not of concern. However, some 
arthroscopists include epinephrine in the local anesthesia to reduce bleeding. 
Rapid absorption of the epinephrine could cause a transient adverse clinical 
event, but is avoided by verifying the absence of vascular puncture when per
forming local anesthesia. 

5.1.1.4 
Joint Lavage 

In a prospective, open, uncontrolled study, 82 percent of the patients felt im
proved one month after chondroscopy [7]. It is believed the lavage performed 
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during the procedure (usually 1 liter of normal saline) prompted clinical im
provement of joint symptoms. This beneficial effect of joint lavage has been 
reported in controlled studies [13 - 15] and might partially counterbalance the 
invasivity of the technic. This beneficial effect of arthroscopy needs to be con
sidered when evaluating the benefits of any potential DMOAD. 

5.1.2 
How to Score Chondropathy? 

Some degree of quantification of the severity of chondropathy is needed to 
monitor the lesions over time. This can provide the basis for comparing treat
ment in groups of patients. Articular cartilage lesions can be defined by three 
baseline parameters: depth, size and location. Over the years, several arthro
scopic classification systems have been devised in an attempt to describe and 
categorize the articular cartilage damage [16 - 21]. 

5.1.2.1 
Previous Classifications (Table 1) 

Some systems take only into account the depth of the lesions (Beguin [16], Insall 
[17]) and give qualitative information on the surface appearance of articular 
cartilage. They do not provide a quantitative approach to cartilage lesions. 

Some systems (Outerbridge [18], Hungerford and Ficat [19], Bentley [20], 
Casscels [21]) combine the depth and the size of the most severe chondropathy 
of the articular surface under a single descriptive category but present obvious 
discrepancies. 

The Outerbridge classification system [18] subdivides cartilage lesions: Grade 
I: softening and swelling of the cartilage without fissuring (true chondromalacia); 
Grade II: fragmentation and fissuring with a diameter of 1/2 inch or less; Grade 
III: fragmentation and fissuring with a diameter of greater than 1/2 inch; Grade 
IV: erosion of cartilage with exposure of subchondral bone. Grade II and Grade 
III have identical depth and their size is estimated while the size of grade I and IV 
is not described. This system has been used for classifying patients in a cross-sec
tional study [3] but appears inadequate for accurate outcome measurements of 
chondropathy in longitudinal studies as the size of grades I and IV is not evaluat
ed and the size of grades II and III is not a continuous variable. 

Hungerford and Ficat subdivide cartilage lesions in closed and open chon
dromalacia [19]. Closed chondromalacia (grade I) represents true chondro
malacia (softening-swelling) and open chondromalacia (grade II) represents 
open (fissurated) chondropathy. The size of a grade I lesions, according to 
Ficat and Hungerford, begins as 1 cm2 in an area which extends progressively 
in all directions. This description leads to confusion as to the total extent 
of involvement of the surface area of any grade I lesion. Grade II includes 
three different depths of chondropathy: superficial and deep fissures and 
exposure of subchondral bone with no reference to the size. This system 
cannot lead to an accurate quantitative approach of articular cartilage break
down. 
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In the classification proposed by Bentley and Dowd [20], grade I, II and III 
have identical appearance (fibrillation or fissuring), and the distinction 
between the grades is based on the diameter of the involvement (Table 1). No 
mention is made of true chondromalacia. Grade IV describes two different 
depths of chondropathy: fibrillation with or without exposure of subchondral 
bone, with a fixed size of more than 2.0 cm. Which grade would be assigned to 
an exposure of subchondral bone less than 2.0 cm in size? 

Casscels et al. assigned a specific size-range diameter in centimeters to a par
ticular depth of lesion, with the prerequisite that the less the depth, the smaller 
the size [21] (Table 1). Which grade would be assigned to superficial lesions 
covering the entire articular surface? 

The above systems lack consistency in providing information on depth, size 
and location of cartilaginous lesions. Guidelines for a system suggest the fol
lowing are needed: 

- All the different articular cartilage lesions of a given articular surface must 
be evaluated, and not only the most severe chondropathy in order to score 
the overall articular cartilage breakdown. 

- Depth and size of each cartilage lesion must be rated separately. 
- The evaluation of depth must distinguish chondromalacia, superficial fis-

sures, deep fissures, and exposure of subchondral bone. 
- The evaluation of size must be as accurate as possible to allow detection of 

change with time. 

Location of chondropathy is a qualitative variable involving two types of in
formation: (1) the articular surface of the knee that is affected by the chondral 
lesion, (2) the part of this articular surface that is affected by the chondral 
lesion. A system for scoring chondropathy can be applied globally to the joint or 
specifically to each of the three compartments of the knee, that is, patello
femoral, medial tibiofemoral, lateral tibiofemoral. Nevertheless, without 
quantitative joint mapping, the description of the location of chondropathy on 
a given articular surface remains qualitative. 

5.1.2.2 
Newer Classifications 

5.1.2.2.1 
Noyes and Stabler 

In 1989, Noyes and Stabler proposed a system for grading articular cartilage 
lesions at arthroscopy (22). They separate the description of the surface ap
pearance, the depth of involvement, and the diameter and location of the lesions 
(Table 2). They distinguish three surface grades: articular surface intact (grade 
1), articular surface damaged, open lesion (grade 2), and bone exposed (grade 
3). Each grade is divided into subtypes A or B, depending upon the depth of 
involvement. Grade 1 implies chondromalacia. Type lA corresponds to a mod
erate degree of softening of the articular cartilage; type 1 B corresponds to an 
extensive softening resulting in swelling of the articular surface. A grade 2 

lesion is characterized by any disruption of the articular surface without visua-
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Table 2. Classification of articular cartilage lesions (Noyes and Stabler) 

Surface 
description 

1. Cartilage 
surface intact 

2. Cartilage 
surface damaged: 
cracks, fissures, 
fibrillation, or 
fragmentation 

3. Bone exposed 

Extent of 
involvement 

A. Definite 
softening with 
some resilience 
remaining 

B. Extensive 
softening with 
loss of resilience 
( deformation) 

A. < 1/2 thickness 
B. ~ 1/2 thickness 

A. Bone surface 
intact 

B. Bone surface 
cavitation 

Diameter Location 
(mm) 

<10 
~ 15 
~ 20 
~ 25 
> 25 

Patella 
A. Proximal 1/3 

Middle 1/3 
Distal 1/3 

B. Odd facet 
Middle facet 
Lateral facet 

Trochlea 

Medial femoral 
condyle 
a. Anterior 1/3 
b. Middle 1/3 
c. Posterior 1/3 

Lateral femoral 
condyle 
a. Anterior 1/3 
b. Middle 1/3 
c. Posterior 1/3 

Degree of knee 
flexion 

Degree of knee 
flexion where the 
lesion is in weight
bearing contact 
(e.g., 20°-45°) 

Medial tibial condyle 
a. Anterior 1/3 
b. Middle 1/3 
c. Posterior 1/3 

Lateral tibial condyle 
a. Anterior 1/3 
b. Middle 1/3 
c. Posterior 1/3 

Reproduced from [22] with the kind permission of the publishers: The American Journal of 
Sports Medicine. 

lized exposure of bone. A type 2A lesion is less than one-half thickness (super
ficial fissures) ; type 2 B is more than one-half thickness (deep fissures, down to 
bone). Grade 3 indicates any surface with exposed bone. Type 3A indicates that 
the normal bony contour remains; type 3 B indicates cavitation or erosion of 
bone surface. Lesions are reported on a knee diagram and the diameter of each 
lesion is estimated by the examiner in millimeters using a graduated probing 
hook. Depending on the diameter and depth of the lesion, a point scaling 
system is used to calculate the score of chondropathy for each compartment 
and finally to calculate an overall joint score. 

This system is the first attempt to score chondropathy. We offer this cri
tique: 
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- In this system, all the chondral lesions are represented on the knee diagram 
as a full circle with a unique diameter defined by the graduated hook. This is 
a semi-objective estimate of size because most cartilage lesions are not circ
ular, but rather oval or irregularly shaped. Moreover, degenerative cartilage 
lesions often have the appearance of escarrotic skin lesions with the deepest 
breakdown located at the middle central point and surrounded by more 
superficial cartilage lesions. A diameter cannot be attributed to this "sur
rounding lesion" which is crown-shaped. 

- In this system, any lesion less than 10 mm in diameter is not considered 
clinically significant and therefore no points are subtracted. This induces a 
lack of sensitivity. In monitoring the outcome of DMOAD, all lesions, even 
the smallest, must be described. 

- The point scaling system proposed to score simultaneously depth and 
diameter of chondral lesions is arbitrary. It is not based on statistical metho
dology, nor on clinical assessment and ponderation of the severity of the 
lesions. 

- This system has not been validated. 

5.1.2.2.2 
Global Assessment and SFA Systems 

Two methods for scoring chondropathy have been more recently proposed 
[7,23,241· 

The first method is a subjective approach based on the investigator's overall 
assessment of chondropathy reported on a set of 100 mm Visual Analogue 
Scales (VAS) in which "0" indicates the absence of chondropathy and "100" the 
most severe chondropathy [71. One VAS is used for each articular surface of the 
knee: patella, trochlea, medial femoral condyle, lateral femoral condyle, medial 
tibial plateau and lateral tibial plateau. A VAS score is calculated for each of the 
3 compartments of the knee and is obtained by averaging the VAS scores from 
the two corresponding articular surfaces of the compartment. 

The second method is a more objective and analytic approach which in
cludes an articular diagram of the knee with grading for location, depth and 
size of all the different cartilaginous lesions (Table 3) [23,241. 

Location 

Areas defined included the patella, trochlea, medial femoral condyle, medial 
tibial plateau, lateral femoral condyle and the lateral tibial plateau. 

Depth 

The system is based on the classification of chondropathy proposed by French 
arthroscopists Beguin and Locker [161 (Fig. 1): 
Grade 0 Normal cartilage. 
Grade I Chondromalacia including softening with or without swelling; it can 

be assimilated to grade 1, type A and B, of Noyes and Stabler. 
Grade II Cartilage demonstrates superficial fissures, either single or multiple, 

giving a "velvet-like" appearance to the surface; grade II also includes 
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Fig. 1 a, b. Depth of articular 
cartilage lesions according 
to the classification propos
ed by Beguin and Locker 
(16). a Diagram of grades. 
Grade 0, normal articular 
cartilage; Grade I, softening 
with or without swelling; 
Grade II, superficial fissu
res; Grade III, deep fissures, 
down to bone; Grade IV, 
exposure of subchondral 
bone. b Examples of grades 
(chondroscopy - 2.7 mm 
arthroscope - local anesthe
sia). Reading from left to 
right: Grade 0, normal me
dial femorotibial compart
ment; Grade I, swelling of 
the lateral femoral condyle; 
Grade II, "velvet -like" aspect 
of the patella; Grade III, 
"crab-meat-like" aspect of 
the patella; Grade III, deep 
ulceration of the medial fe
moral condyle; Grade IV, 
exposure of subchondral 
bone of the medial femoral 
condyle 

Grade 0 

Grade I 

Grade II 

Grade III 

'><:"'-<""''><-'><~ 
~><-><~ 

~---.......--------

-~ 
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Bone 

cartilage 

hook 

superficial erosion. Fissures and erosions do not reach subchondral 
bone and can be assimilated to the grade 2 A of Noyes and Stabler in 
which lesions are less than one-half thickness. 

Grade III There are deep fissures of the cartilage surface, down to subchondral 
bone, which is not directly visualized but may be touched with an 

a 

b 
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arthroscopy probe; grade III lesions may take different aspects: a 
"shark's mouth-like" aspect or a detached chondral flap due to a 
single deep fissure, a "crab-meat-like" aspect due to multiple deep 
tears; grade III also includes deep ulceration of the cartilage creating 
a crater which remains covered by a thin layer of cartilage. Grade III 
can be assimilated to the grade 2B of Noyes and Stabler in which 
lesions are more than one-half thickness. 

Grade IV There is exposure of subchondral bone with intact bone surface or 
with cavitation. It can be assimilated to grade 3, type A and B, of 
Noyes and Stabler. 

The different grades are summarized in Figure 1. In knee OA, cartilage break
down often shows a combination of different grades, the most severe grade 
being surrounded by milder lesions (Table 3). 

Size 

The size and shape of each grade of chondropathy is recorded on a knee 
diagram (Table 3) by the arthroscopist. This step is crucial for evaluation. Then, 
the size is evaluated as a percentage of the articular surface. The percentage can 
be calculated by computer using numerization of the drawing on the knee 
diagram or calculated directly from the diagram by a trained investigator. 
Unless fully trained, the investigator has a tendency to overestimate the size of 
the lesions. A practical way to calculate the size of each chondropathy covering 
a given articular surface is to determine the number of times this area could be 
traced within the whole (100%) articular surface on the diagram. Dividing 
100 % by the resulting number indicates the size of chondropathy in percent. As 
an example, if tracing a given chondropathy four times on the diagram of the 
femoral condyle fills the diagram, the size of this given chondropathy is 25 % of 
the femoral condyle (obtained by dividing 100 %, the whole articular surface of 
the femoral condyle, by 4). Examples of different sizes of chondropathy are ex
posed in Figure 2. 

Location, depth and size of the different chondropathies are reported on a 
special form (Table 3). This form lists 8 different quantitative variables, that is, 
sizes of chondropathy from grade I to grade IV for each compartment. The 
comparison of chondropathy severity between patients and/or between 
arthroscopies performed at different times in the same patient require the 
integration of these different quantitative variables in a single score of 
chondropathy. For this purpose, the French Society of Arthroscopy (Societe 
Franc;:aise d' Arthroscopie: SFA) carried out a prospective and multicenter 
study with 14 arthroscopists, selected on the basis of their experience in arth
roscopy and considered in this study as "standard of reference". Seven hundred 
and fifty-five subjects who had undergone arthroscopy of the knee were en
rolled in this study. Criteria for assessment of severity of chondropathy were 
as follows: 1) investigator's overall assessment, using a 100-mm-long Visual 
Analogue Scale (VAS); and 2) depth, size and location of cartilage lesions 
recorded on a diagram. For the establishment of chondropathy scoring, multi
variate analyses were carried out using logistic multiple regression in which 
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Table 3. Calculation of SFA score and SFA grade from one example of articular cartilage 
lesions visualized by arthroscopy and recorded on knee diagram and case record form 

Knee diagram (right knee) trochlea 

@ 
pateJla 

Lateral Medial Lateral Medial 
tibial plateaus femoral condyles 

Case record form (Location: 

Grade Medial compartment Lateral compartment Femoropatellar compartment 

Femur Tibia Mean Femur Tibia Mean Patella Trochlea Mean 
value value value 

0 60 65 62.5 80 75 77.5 80 100 90 
I 0 0 0 0 0 0 20 0 10 
II 30 0 15 0 25 l2.5 0 0 0 
III 0 35 17.5 20 0 10 0 0 0 
IV 10 0 5 0 0 0 0 0 0 

Each value given represents the size of the corresponding grade expressed in percentage of 
the corresponding whole articular surface. Each column totals 100 %. 
0, normal; I, softening-swelling; II, superficial fissures; III, deep fissures; IV, exposure of sub
chondral bone. 

SFA score = size (%) of grade I lesions x 0.14 + size (%) of grade II lesions x 0.34 + size (%) of 
grade III lesions xO.65 + size (%) of grade IV lesions x 1.00 

• Medial score: 15 x 0.34+17.5 x 0.65 + 5 x 1.00 = 21.475 
• Lateral score: l2.5 x 0.34 + 10 x 0.65 = 10.75 
• Femoropatellar score: 10 x 0.14 = 1.4 

SFA grade (for definition, see Table 4) 

• Medial grade = IV 
• Lateral grade = III 
• Femoropatellar grade = I 

the investigator's overall assessment of chondropathy using the VAS comprised 
the dependent variables and the depth and size of the lesion were the in
dependent variables. Multivariate parametric and nonparametric analyses 
were performed on two-thirds of the patients and resulted in two systems of 
assessing chondropathy: the SFA scoring system [23,24] and the SFA grading 
system [23]. After the SFA systems were established, their validity was evalua
ted and confirmed on the remaining one-third of the patients by correlating 
the SFA score and SFA grade with the investigator's overall assessment using 
the VAS. 
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Size 10 % 25 % 30 % 40% 50 % 

Knee 

diagram 

(right 
knee) 

G) 
Fig.2. Size of articular cartilage lesions. Each solid black area represents the percentage of 
cartilar damage of each articular surface 

The SPA score is a continuous variable graded between "0" and "100". The 
score is obtained for each compartment as follows: 

SFA score = A + B + C + D 

where 

- A = size (percent) of grade I lesions x 0.14 
- B = size (percent) of grade II lesions x 0.34 
- C = size (percent) of grade III lesions x 0.65 
- D = size (percent) of grade IV lesions x 1.00 
- Size (percent) = average percent of surface for the medial femoral condyle 

and medial tibial plateau (medial tibiofemoral compartment), lateral femoral 
condyle and lateral tibial plateau (lateral tibiofemoral compartment) or 
trochlea and patella (patellofemoral compartment). 

The coefficients of severity of chondropathy (0.14, 0.34, 0.65, 1.00) were ob
tained by parametric multivariate analysis [24]. 

The SPA grade is a semi-quantitative variable. The above numbers [size (per
cent) of grade I to IV lesions] are placed in a formula to provide a summary 
grade (or category of chondropathy severity of the compartment) for each of 
the knee compartments (Table 4).The formula for each compartment was ob
tained by nonparametric multivariate analysis using a tree structured regres
sion [23]. There are 6 categories for the patellofemoral compartment (0 to V) 
and 5 categories for the medial and lateral tibiofemoral compartments (0 to IV). 
One example of the SFA score and the SFA grade is calculated in Table 3. 

5.1.2.2.3 
ACR System 

In 1995, a committee of the American College of Rheumatology (ACR) proposed 
a scoring system for cartilage [25]. This system takes into account depth, size 
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Table 4. French Society of Arthroscopy (SFA) system for grading chondropathy at knee 
arthroscopy. Adapted from [23] 

Category 

Medial tibiofemoral compartment 
o 100 
I <':80 <100 
II <80 
III <80 

or <':65 
IV <65 

Lateral tibiofemoral compartment 
o 100 
I <':85 <100 
II <85 
III 
IV 

Patellofemoral compartment 
o 100 
I <':85 <100 
II <85 
III 
IV 
V 

Grade III (0/0) 

< 15 
<': 15 

< 10 
< 10 
<': 10 

< 10 
<10 
<':10 

Grade IV (0/0) 

o 
o 
o 
<':1 
<':1 

<10 
<10 
<10 
<':10 

<2.5 
<2.5 
<2.5 
<':2.5 <25 
<':25 

a Grade derived from cartilage surface changes (Beguin and Locker classification), see text 
and Table 3. 

b Percentage derived from extent of surface involved with the grade changes; see text and 
Table 3. 

and location of chondral lesions. The lesions are recorded on a knee diagram. 
Depth of each lesion is assessed by the grades proposed by Noyes and Stabler. 
The size of each lesion is evaluated in percentage. An arbitrary point scaling 
system is applied to obtain an overall score, called damage score. The reliability 
of the damage score has been evaluated [25]. Videotapes of 10 arthroscopies 
were each viewed on two separate occasions by three rheumatologist-arthro
scopists in blinded fashion. Damage score demonstrated significant intra
observer reliability (r = 0.90, 0.90, 0.80; p < 0.01 for each) and interobserver 
reliability (r = 0.82,0.80,0.70; p < 0.05 for each). 

S.1.3 
The Validation of Arthroscopic Quantification of Chondropathy By Using VAS Score 
and SFA Scoring and Grading Systems 

The main characteristics of an outcome measure, that is, simplicity, reliability, 
validity, clinical relevance, sensitivity to change and discriminant capacity have 
been evaluated for these 2 scoring systems. 
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5.1.3.1 
Simplicity 
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Arthroscopy will always be an invasive procedure because of the incision 
required, but can be rendered less complex by the use of local anesthesia, 
performance on an outpatient basis, elimination of the tourniquet and use of a 
small glass lens arthroscope (cf chapter 5.1.1). 

5.1.3.2 
Reliability 

Intraobserver reliability of chondropathy measurement using either VAS score 
of chondropathy, or SFA score and SFA grade is good [7,26] and better than in
terobserver reliability [7] (reliability coefficient, 0.928 and 0.989 for intraobser
ver reliability of the arthroscopic quantification of chondropathy by using SFA 
score and VAS score, respectively; reliability coefficient, 0.529 and 0.936 for in
terobserver reliability by using SFA score and VAS score, respectively [26]). 
Thus, it appears that arthroscopy videotapes from a clinical study should be 
reviewed by a single trained investigator. For multicenter studies, training 
sessions will be needed to improve interobserver evaluations of depth and size 
of the cartilage lesions [27]. 

5.1.3.3 
Validity 

Intrinsic validity was evaluated by calculating the correlations between the dif
ferent arthroscopy scales (VAS score and SFA systems). A strong correlation was 
found between these different systems, as the evaluation of cartilage status by 
the SFA scoring system accounts for 84, 81 and 83 percent of the variability of 
the overall assessment (VAS score) of the medial, lateral and femoro-patellar 
compartment (r = 0.92, 0.90, 0.91, respectively), and the evaluation by the SFA 
grading system accounts for 75,77 and 78 percent of the variability of the over
all assessment for these compartments (r = 0.87,0.88,0.88, respectively) [26]. 
Nevertheless, the three methods of quantifying chondropathy (VAS score, SFA 
score and SFA grade) appear to be of complementary interest and are used 
together at this time in clinical trials in osteoarthritis. The VAS score and the 
SFA score are more appropriate to detect minimal changes in severity of chon
dropathy over time as they represent a continuous variable. SFA grade permits 
to classify a population of osteoarthritis patients into homogenous categories 
of chondropathy severity and to investigate specifically subgroups of osteo
arthritic patients. Although a highly significant correlation exists between the 
VAS and the SFA score, there are some discrepancies between these two 
technics; the SFA score usually shows a lower value then the VAS score [26]. This 
is likely due to the fact that evaluating objectively the extent of chondropathy in 
percent lowers the final SFA score; a single deep fissure represents impressive 
chondropathy (high subjective VAS score) but a very small surface (lowobjec
tive SFA score). Moreover, the investigator might be influenced by the location 
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of chondropathy on the articular surface (weight-bearing areas or not) when 
recording his subjective overall assessment of the severity of chondropathy on 
the 100 mm visual analogue scale. 

Extrinsic validity was evaluated by calculating the correlations between the 
arthroscopic quantification of chondropathy and radiological joint space nar
rowing on weight-bearing X-rays [7, 26]. Arthroscopic and roentgenographic 
evaluations of chondropathy are closely correlated. There was a strong correla
tion between: 1) the overall assessment of chondropathy (VAS) and radiological 
medial joint space narrowing evaluated in percentage (r = 0.646, P < 0.0001) [7]; 
2) the SFA score and joint space narrowing of the medial and lateral 
femorotibial compartments evaluated in millimeters (r = - 0.59, P < 0.01 and 
r = - 0.39, P < 0.01, respectively) [26]; 3) the SFA grade and joint space narrow
ing of the medial and lateral femorotibial compartments evaluated in milli
meters (r = - 0.48, P < 0.01 and r = - 0.31, P < 0.01, respectively) [26]. Never
theless, arthroscopy appears to be more sensitive than plain radiographs. Mild 
cartilage lesions but also severe and deep cartilage erosions may remain un
detected, even on weight bearing radiographs [3,7,26]. In 33 patients fulfilling 
ACR criteria for OA with joint space narrowing of the medial compartment of 
less than 25 percent on weight-bearing X-rays, chondropathy was found at 
arthroscopy in 30 patients, with a mean VAS score of 21 mm, ranging from 2 mm 
to 82 mm and above 10 mm in 24 patients [7]. 

5.1.3.4 
Clinical Relevance 

The clinical relevance was evaluated in a cross sectional study of the severity of 
chondropathy at arthroscopy [26]. This was correlated with the clinical charac
teristics of the patients, including demographic data, baseline characteristics 
and clinical activity of ~A. They found a statistically significant correlation 
(p < 0.05) between articular cartilage damage: 1) of the three compartments 
(medial, lateral, femoro-patellar) of the knee and patient age; and 2) of the 
medial compartment and the body mass index. At variance, no statistically 
significant correlation was found between articular cartilage damage of the 
knee and clinical activity (pain, Lequesne's index, AIMS2). Conversely, a longi
tudinal study performed with a one year arthroscopy follow-up in 41 patients 
showed that changes in the severity of cartilage lesions correlated with changes 
in functional disability (Lequesne's index: r = 0.34, P = 0.03) and quality of life 
(AIMS2 : r = 0.35, P = 0.04) [26]. 

5.1.3.5 
Sensitivity to Change 

Chondroscopy demonstrated statistically significant worsening in knee OA car
tilage lesions between two arthroscopic evaluations performed one year apart 
in 41 patients [26]. The mean VAS score of the medial compartment moved from 
45 ± 28 at entry to 55 ± 31 after one year (p = 0.0002) and the SFA score from 
31 ± 21 to 37 ± 24 (p = 0.0003). Significant worsening was also reported in a one 
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year trial of 26 patients with post-traumatic patella chondromalacia [28]. 
Sensitivity to change might be explained by the precision of the technique and 
enrollment of patients with active OA of the knee. These patients had prior 
failure of analgesics, NSAIDs, physical exercises and intra-articular glucocorti
coid injection leading to joint lavage. It should be noted that severallongitudi
nal arthroscopic studies that demonstrated cartilage abnormalities noted 
reversible changes in occasional patients [26, 28, 29]. 

5.1.3.6 
Discriminant Capacity 

A preliminary study of repeated hyaluronic acid injections suggested that chon
droscopy may be capable of identifying chondromodulating agents [10]. 

5.1.4 
Guidelines for Videorecording Articular Cartilage Surfaces at Knee Arthroscopy 

Arthroscopies conducted for clinical or research purposes are most often re
corded on videotape. The arthroscopist needs to prepare on the videorecord
ing by making sure the appropriate equipment is available and functional. 
For clinical trials, centralized reading and grading of arthroscopies may be 
needed. 

5.1.4.1 
Clarity of the Image 

Clarity of the videorecording can be improved by: 

- Using a local intra-articular anesthesia with epinephrine to reduce bleeding 
- Performing abundant articular lavage before starting to record in order to 

remove debris and cellular material 
- Continuously focusing the camera 
- Maximizing light intensity by providing enough light for visualization but 

avoiding overexposure ("flash") of the articular cartilage 
- Removing any condensation on the camera or scope 

5.1.4.2 
Complete Exploration 

The aim of arthroscopy is to explore the entire six articular surfaces of the knee 
joint. Areas of normal cartilage should receive as much attention as areas of 
damage, in order that the reader can assess what percentage of the total 
cartilage is damaged. The arthroscopist can briefly assess any cartilage lesion, 
but should not focus on specific lesions before making a general examination 
by sweeping along the whole articular surface from medial to lateral edge and 
inversely, and from back to front in order to allow the reader to assess the size 
of any lesion. The exploration of each articular surface should be performed 
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twice and slowly to ensure that no area is missed. The femoral condyles should 
be explored from 20° to 90° of knee flexion, whilst maintaining valgus or varus 
pressure, to allow the inspection of their posterior surfaces. 

5.1.5 
Conclusion 

Arthroscopy, performed under local anesthesia, is a relevant outcome measure 
of OA in clinical research. Arthroscopy could potentially lead to reducing the 
duration and number of patients in clinical trials on DMOADs in ~A. 
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S.2 
Radiographic Imaging of Osteoarthritis 

C. BUCKLAND-WRIGHT 

S.2.1 
Introduction 

Radiography is the easiest way to identify the anatomical changes in joint 
structure that confirm the existence of osteoarthritis (OA), with joint space 
narrowing, corresponding to cartilage loss [1, 2]; subchondral sclerosis and 
osteophyte formation, the joint's bony response to the increased mechanical 
load consequent upon cartilage degeneration and loss [3]. The ease of radio
graphy in detecting these characteristic features, together with the ready 
availability and ease of interpretation of radiographs, has led to its use as the 
principal method for imaging OA joints. 

The emphasis, by many authors, on loss of articular cartilage thickness, as
sessed indirectly on the radiograph as a narrowing of the interbone distance, 
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underscores its significance as a principal component within the disease pro
cess. Nevertheless, it is essential to remember that OA is a condition affecting an 
organ, the synovial joint, and not just a particular tissue. Articular cartilage is 
intimately related to the underlying bone [4], together they act as a functional 
unit. Thus changes in one of the tissue layers will inevitably involve alterations 
in the other. Diagnostic radiology should assess the changes not only in 
articular cartilage but in particular those in the juxta and peri-articular bone 
which precede those in cartilage detectable as joint space narrowing. 

Today, it is recognised that effective treatment of the condition is dependent 
upon early diagnosis, so joint anatomy is not irreparably altered and that there 
is sufficient cartilage tissue to respond to therapy [5]. For diagnosis of early 
osteoarthritis to be effective we need to know which of the radio-anatomic 
features, in each of the major joints, is a reliable indicator of the onset and pro
gression of the disease. This chapter reviews which of these features of OA in 
the hand, knee and hip. 

Additionally, diagnostic radiography is influenced by the sensitivity of the 
imaging system, which determines its ability to detect small anatomical changes 
characteristic of the disease process. The sensitivity is a function of the image 
quality which comprises both tissue contrast and spatial resolution, charac
teristic of the x-ray system (see Table 1 in [6]). These parameters are, in turn, 
affected by the perspective or plane in which the anatomical features are 
imaged. This is defined by the radiographic view of the joint, which must be 
constant both within as well as between patient examinations. This chapter 
addresses these aspects of radiography in OA by answering the following 
questions: 

1) What procedures in standard radiography limit reliable diagnostic assess
ment of OA joints? 

2) What procedures are necessary to ensure good quality control in radio
graphy, so as to enhance radiographic diagnosis in OA? 

3) Which radio anatomical features are the most reliable criteria for diagnosis 
and for assessing progression in OA of the hand, knee and hip? 

4) How many patients are required to detect a therapeutic effect in knee OA? 

5.2.2 
What Procedures in Standard Radiography Limit Reliable Diagnostic Assessment 
of OA Joints? 

The lack of any proper standardisation in radiographic methods is well il
lustrated by the variety of procedures that have been used to examine the knee. 
Ahlback [7] recommended that standard radiography of this joint in patients 
should be taken standing since he found that when the patient was x-rayed 
lying down, the knee cartilage was not loaded and the joint space width appear
ed artificially wide, giving a false impression of the state of the patients knee. 
When the patient is standing on a fully extended straight knee, this was still not 
ideal as a number of investigators [8 - 11] showed that a flexed knee revealed 
greater joint space loss than in the straight knee view. 
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Apart from the position of the joint, there are several steps in the production 
of a standard radiograph that make it difficult to ensure quality control [12]: 

- The clinician making the request may not indicate precisely what is required 
(many OA knees are still obtained with the subject lying down). 

- The radiology technician performing the examination may have his or her 
own idiosyncratic methods of positioning patients, especially when faced 
with someone who has difficulty standing or walking. 

- The person assessing the radiographic features may be unaware of what has 
gone on beforehand. 

This variability in the number of personnel, the radiographic procedure and 
the process of evaluation lead to errors in assessment of the dimensions of 
features recorded in the radiographs [12]. This is demonstrated by the findings 
in the following studies. 

Longitudinal studies [13,14] of the radiographic changes seen following the 
administration of non-steroidal anti-inflammatory drugs (NSAIDs) to patients 
with OA of the knee showed no radiographic progression after 2 years and only 
minimal changes between treatment groups. The absence of significant changes 
in these investigations was observed in other longitudinal studies of the 
knee [15,16]. The inability to detect significant radiographic changes in joint 
anatomy lead to the following statements: 

- "Two years was too short a time to detect significant changes in knee 
structure using conventional radiographic methods" [13]. 

- "Anatomical changes in many OA joints remain relatively stable over many 
years" [16]. 

It also led to the proposal that more sensitive techniques, such as microfocal 
radiography, should be evaluated [13,17]. 

5.2.3 
What Procedures are Necessary to Ensure Good Quality Control in Radiography, 
so as to Enhance Radiographic Diagnosis in OA? 

Protocols for precise radio-anatomical positioning of joints are essential if 
disease related changes in joint anatomy are to be reliably assessed from 
sequential radiographic examinations. It can not be emphasised strongly 
enough that their use is essential to maintain quality control in a procedure 
which involves several isolated steps with respect both to the number of per
sonnel involved and the technical procedure. Indeed, worthwhile radiographic 
assessment for both diagnosis and for therapeutic trials require protocols 
defining the precise position of the joint, standard criteria for x-ray beam 
alignment, allowance for inherent radiographic magnification and precise 
definition of anatomical boundaries for measurements of radiographic features 
[12]. The following principles form the basis for such protocols: 

1. The radio-anatomical position of a joint must occupy a plane in which the 
central ray of the x-ray beam will pass between the margins of the joint space 
so that both margins and the space are optimally defined in a position con
sistent with the functional loading of that joint (Figs. 1, 2, 4, and 6). 
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2. Standardisation of the radio-anatomical position should ensure: 
- that the radiographic features to be evaluated can be assessed accurately 

and reproducibly in the same plane and on successive occasions 
- that the dimensions obtained for the radiographic feature are accurately 

recorded in the image and are neither an underestimate nor overestimate 
of its actual size. 

The rationale for the radio-anatomical position for the hand, knee and hip is 
outlined in the following sections. The protocols for standard radiography of 
these joints are described elsewhere [18]. 

5.2.3.1 
Dorsi-palmar Radiography of the Wrist and Hand 

In hand OA, joint space width is evaluated in joints from which cartilage loss 
may be uneven. Spreading the fingers will alter joint alignment or radiography 
of both hands in ulnar deviation, can lead to an incorrect assessment of joint 
space narrowing. Fingers held together and in line with the axis of the wrist and 
fore-arm (Fig. 1) when laid flat on the x-ray film holder will be under the com
bined action of both the flexor and extensor groups of the finger muscles. Thus, 
each joint will be under muscular load along its own axis, providing a re
producible method for evaluating the joint space. 

Fig.l. Standard dorsi-palmar 
radiograph of a wrist and 
hand with the fingers held 
in line with the axis of the 
wrist and forearm 
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Fig.2. a Diagram of the leg 
in the standing semi-flexed 
position and its position 

relative to the x-ray tube on ] ~ 
the right and the film cas-
sette placed in front of the _ 

C. Buckland-Wright 

-[ image intensifier tube to the 
left. In this position the 
tibial plateau is horizontal, 
parallel to the central x-ray 
beam (broken line) and per
pendicular to the x-ray film. 
b Standard anteroposterior 
radiograph of an OA knee 
in the standing semi-flexed 
position with the x-ray 
beam centred on the joint 
space. The tibial spines 

________ ~ ______ ~L-_____________________ a 

are centrally located relative 
to the femoral notch and 
the anterior and posterior 
margins of the medial 
compartment (right) are 
superimposed 

5.2.3.2 
Knee Radiography 

The knee is one of the most difficult joints to examine well radiographically 
because of its structural complexity and wide range of movement. In addition, 
there is now an awareness that OA may affect different compartments of the 
joint and may be focally distributed even within compartments [19 - 21] . Recent 
epidemiological and clinical studies have highlighted the importance of exam
ining the patellofemoral joint in evaluating OA of the knee [20,22,23]. Indeed, 
as these authors have shown, patellofemoral or combined patellofemoral and 
medial tibiofemoral compartment disease is found in approximately 50 % of all 
OA knee patients. Therefore, separate protocols describing the radio-ana
tomical positioning for the tibiofemoral and patellofemoral compartments have 
been described [18,241. 

b 
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5.2.3.3 
Anteroposterior Radiography of the Tibiofemora/ Compartment 

The Osteoarthritis Research Society Clinical Trials guidelines [25] described two 
different protocols for radiography of the OA knee, the Standing Fully Extended 
View [26-28] and the Standing Semi-Flexed View [n, 18, 19, 24, 29, 30]. 

5.2.3.3.1 
The Similarities 

The two protocols for knee radiography described in the guidelines, are both 
based on similar principles, initially proposed by Buckland-Wright [12] and 
Buckland-Wright et al [19]: 

- each knee is to be radiographed separately 
- the central ray of the x-ray beam must be centred upon the middle of the 

joint, defined by the joint space 
- the x-ray beam must be aligned with the medial compartment so that it is 

parallel with the tibial plateau [26 - 28], and so as to ensure that the anterior 
and posterior lips of the medial tibial plateau are superimposed (Fig. 2) [12,19] 

- the tibial spines must appear centrally placed relative to the femoral notch 
- the radio-anatomic position of the joint is visualised with the aid of fluoro-

scopy; and 
- following the first exposure, the outline of the foot is drawn on a sheet of 

paper placed there beforehand, to facilitate joint positioning at subsequent 
examinations. 

Such procedures are undertaken so as to ensure that the dimensions of the 
joint space are reliably recorded on the radiographic film and are not distorted 
by variations either in the angle of projection of the x-ray beam or the position
ing of the joint within and between patients. 

5.2.3.3.2 
The Differences 

The techniques differ with respect to two important features. These are the 
manner in which the joint is positioned and the way in which the image 
magnification is controlled. 

Standing Fully Extended View 

This view is based upon an existing methodology, originally described by Ahlback 
[7] and subsequently adopted by the WHO/AAOS workshop [31]. In this position 
the knee is 'locked' into a straight leg stance. The femoral condyles role forward 
onto the anterior edge of the tibial plateau so that the weight of the body is trans
mitted across the joint, anterior to the attachment of the collateral and cruciate 
ligaments (Fig. 3). With the knee in extension, the body's weight passes down 
at the anterior region of the joint and is counter-balanced by the tension in the 
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collateral and cruciate ligaments. A source of error can arise from the observation 
that articular cartilage is often spared at the anterior margin of the tibia, even 
when it has been almost completely lost from the central articular region of the 
tibial plateau (Fig. 3). Thus joint space width measurements in the medial com
partment of knees in the straight leg stance provides a false image of the extent of 
cartilage preservation in the central articular region of the joint. 

Standing Semi-Flexed View 

In this view, using fluoroscopy, each knee is flexed until the medial compart
ment tibial plateau is horizontal relative to the floor of the room and parallel to 
the central ray of the x-ray beam. Each knee is radiographed separately as the 
required degree of flexion usually varies between the left and right knees of the 
same patient and among individuals. This variation is due to differences in the 
angle of inclination of the tibial plateau. In the semi-flexed position, the femoral 
condyle occupies a postero-central position on the articular surface of the tibia 
(Fig. 3). This position co-insides with the site of principal load across the joint 
during its normal function [32]. It is also the site at which arthroscopy has 

a c 

d 

Fig.3a-d. Weight bearing standard radiographs of a knee with advanced ~A. The lateral view 
of the knee in the extended position a shows the femoral condyle forward on the anterior re
gion of the tibia, a space is visible between the tibia and femur, seen also in the antero
posterior view of the knee in extension h. The lateral view of the same joint radiographed in 
the semi-flexed position c shows the tibia occupying a postero-central region of the tibial pla
teau. No joint space is visible in this or the antero-posterior view d. The space visible in the 
extended view of the knee does not correspond to articular cartilage thickness at the central 
region of the tibio-femoral joint, but to a "gap" produced by the femoral condyle rolling for
ward onto the tibial eminence seen in a 
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revealed highest prevalence of articular cartilage destruction [10]. Thus joint 
space width measurements in the medial compartment of the knees in the 
semi-flexed position provides a reliable assessment of the extent of cartilage 
preservation in the central articular region of the joint. 

Radiographic Magnification 

Correction for the effect of radiographic magnification is required where 
measurements are undertaken of joint space width and other radiographic 
features. The standing extended view requires the knees to be placed as close as 
possible to the x-ray film-cassette so as to minimise the degree of radiographic 
magnification. Nevertheless, the distance between the centre of the joint and the 
film varies between patients, for example, due either to obesity or the restriction 
of joint movement as a result of pain or osteophytosis [11,12]. In this view, the 
radiographic magnification was found to range from x 1.09 to x 1.35, resulting in 
a significant effect upon the accuracy and precision of joint space width measure
ments [11]. Whereas, in the standing semi-flexed view, since the distance of the 
knee from the film-cassette will vary with each joint radiographed, a metal ball of 
known size (5 mm) is placed over the head of the fibula (Fig. 2). The image of this 
ball is used to correct for radiographic magnification [2,11]. In therapeutic trials, 
failure to correct for the effect of radiographic magnification has a significant 
adverse effect upon the power calculations leading to an increase in the number 
of patients required for a therapeutic study [5,33]. 

Recommendations 

The standing semi-flexed view plus correction for the effect of radiographic 
magnification is recommended where measurements are to be undertaken of 
the radiographic features. Computerised automated methods for measuring 
joint space width have been developed and validated for use in standard and 
high definition macro radiographs [11, 30]. 

5.2.3.4 
Axial Radiography of the Patellofemoral Compartment 

Currently two different radiographic views are used in the assessment of 
patello-femoral OA, the medio-Iateral and axial or skyline view of the joint. In a 
detailed evaluation of the two views Jones et al. [34] and Cicuttini et al. l35] 
found that the axial or skyline view was more readily and reproducibly achieved 
than the lateral view, permitting more precise localisation of the changes in the 
lateral and medial facets of the joint (Fig. 4). 

Examination of the patellofemoral joint in the axial or skyline view can be 
obtained using Ahlback's method [7], with the patient standing and the knee 
flexed to 30° from the vertical (Fig. 5). In this position the joint is under 
functional load, ensuring that the articular surfaces are in close apposition, 
providing a more reliable assessment of cartilage thickness than when the 
patient is radiographed in the supine position [24]. In the latter position, the 
muscles around the knee are relaxed and the patella is no longer held in a posi
tion under functional load and as a result the patella may be subluxed. 
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Fig. 4. Axial, or skyline 
radiograph of a right patel
lofemoral compartment 
with the knee in the stand
ing semi-flexed view. The 
patellar articular margins 
used in joint space width 
measurements are identi
fied by the arrows 

Fig. s. General view show
ing the position of the 
patient and associated 
equipment for a skyline 
view of the patello-femoral 
compartment. The broken 
line indicates the alignment 
of the central ray of the 
x-ray beam 

5.2.3.5 
Anteroposterior Radiography of the Hip 

c. Buckland-Wright 

Three factors affect the precision of joint space width assessment in the hip, 
patient position, limb rotation and the direction of the centre of the x-ray beam. 

Recent radiographic studies [36,37], comparing OA hips of the same indi
viduals after examination in both the supine and erect position have shown that 
when the joint space is narrower than 2.5 mm, the measured interbone distance 
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was significantly smaller when the patient was standing than it was when the 
subject was lying down [38]. 

Evaluation of the effect of limb rotation at the hip joint in cadavers showed 
that with medial rotation the minimum joint space was smaller than in the 
neutral position, i. e. when the foot is straight [24]. The effect of medial rotation 
results in tightening of the powerful lateral rotator muscles of the hip joint, 
driving the femoral head medially into the acetabulum. 

We have found [30] that displacement of the x-ray tube away from the centre 
of the joint can significantly alter the measurement of joint space width. This 
has recently been confirmed by Conrozier and his colleagues [38] who found a 
benefit in centering the beam over the hip joint rather than at the supra-pubic 
position, for detecting subtle changes in hip joint space. 

5.2.3.5.1 
Recommendations 

In those joints in which the status of the articular cartilage is to be assessed, the 
hip should be radiographed with the patient standing and the feet internally 
rotated to ensure the femoral head is closely applied to the articular surface of 
the acetabulum. The central ray of the x-ray beam must be aligned with the 
centre of the femoral head for accurate and precise measurements (Fig. 6). 
These recommendations are the basis of the published protocol [18]. 

Fig.6. Standard antero
posterior weight bearing 
radiograph of an OA hip 
taken with a 10° internal 
rotation of the foot 
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5.2.4 
Which Radioanatomical Features are the Most Reliable for Diagnosis 
and for Assessing Progression in OA of the Hand, Knee and Hip? 

Should all features be assessed in all joints and be given equal importance? The 
evidence to date suggests that this is not a useful approach because radio
graphic features of OA are variable, not only between joints, such as hip, hand 
and knee [39] but also within areas of a single joint, such as the tibiofemoral 
and patellofemoral compartments of the knee [20]. For each joint or compart
ment, a set of criteria need to be developed for diagnosis and for evaluating out
come [20,39]. Quantitative methods are required to determine the extend and 
progression of the disease [24]. 

5.2.4.1 
Methods for Quantifying the Extent and Progression in OA 

Semi-quantitative grading systems based on global score of the radiographic 
features [40], although widely used to assess disease progression, suffer from 
two limitations which are based on the following assumptions: 

- The change in anyone radiographic feature is linear and constant during the 
course of disease progression. 

- The relationship between the different radiographic features is constant. 

Consequently, recent workers [41- 44] have turned to scoring individual 
radiographic features of OA. Although this approach requires confirmation by 
future studies, these methods remain susceptible to fairly high levels of inter
observer variation. 

Alternatively, direct measurement of the radiographic features is under
taken, usually of the interbone distance. Measurement of radiographic features 
is dependent not only upon image quality but also upon the measurement 
procedure [12,45]. The latter varies among investigators; some do not describe 
their methods [13, 46], others use a ruler [47] or callipers [1, 48] and/or a 
magnifying lens with a fitted graticule [49]. Measurement reproducibility is 
greatest with computerised techniques using digitally stored radiographic 
images [30,50], where inter- and intra -observer variability is virtually eliminat
ed [30]. A more detailed review of the methods of measurement and the sites at 
which to take measurements of the different radiographic features is described 
elsewhere [24]. 

5.2.4.2 
Dorsi-po/mar View of the Hand 

5.2.4.2.1 
Semi-quantitative Assessment 

Kallman et al. [51] and Altman et al. [52] in their methods for scoring individual 
radiographic features in OA, include osteophytes, joint space narrowing and 
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Fig.7. Diagram of the radiographic changes used to score radiographic progression in the 
fingers of patients with hand osteoarthritis (with permission from Verbruggen and Veys 
1995) 

periarticular subchondral erosions as the most important features to assess in 
the distal and proximal interphalangeal joints as well as the first carpometa
carpal joint. Additional features of interest include periarticular subchondral 
sclerosis and joint malalignment without subluxation. 

The four point grading scale allocated to these features by Altman et al. [52] 
underestimates the complexity of the anatomical changes observed and 
described by Verbruggen and Veys [53]. They identified five distinct phases of 
disease progression (Fig. 7). The non affected joint (N), the stationary osteo
arthritic joint (S) based on the presence of osteophytes and/or joint space 
narrowing and/or subchondral sclerosis. Most of the joints at this stage remain
ed in the S-phase for 2 to 3 years. This was followed by obliteration of the joint 
space (J-phase) which also lasted between 2 to 3 years. The J-phase preceded or 
coincided with the appearance of subchondral cysts eroding the entire sub
chondral plate (erosive or E-phase). The erosive episodes subsiding spontane
ously to be followed a repair and remodelling (R-phase). This last phase led to 
the regeneration of a subchondral plate covered by cartilaginous tissue, with the 
formation of large osteophytes producing a nodular appearance to the affected 
finger joints. Verbruggen and Veys [53] found that this method permit rapid 
assessment of OA progression. 

5.2.4.2.2 
Quantitative assessment 

Measurement of the extent and progression of OA features recorded in 
high definition macro radiographs [54- 56] in a group of patients found quite 
different and distinct patterns of progression affecting the bony features of 
osteophytosis and subchondral sclerosis compared with those of joint space 
width. 

Radiographic detection of the existence of OA in hand joints at an initial or 
baseline examination, was confirmed by the presence of bony features, with 
osteophytosis being the most sensitive of these since it was more readily detect
ed in radiographs. In evaluating disease progression osteophytosis alone, as 
measured by an increase in their number and size was the most the sensitive 
parameter confirming the criteria first established by Kellgren and Lawrence 
[40] and later by others [39, 51]. 



Fig.8. Distribution of the 
percentage incidence of 
osteophyte formation at the 
juxta-articular margins and 
capsular attachments at the 
joints of the wrist and hand 
in patients with hand osteo
arthritis 

. 17% or more 
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Osteophytes were present not only in the digits but also in the wrist. In the 
latter, they were much larger at the first carpometacarpal joint [55]. Osteophyte 
number and size were found to be greatest at the joint margins, in the dominant 
hand, at the joints of the second and third compared to the fourth and fifth 
phalanges, in the joints of the third phalangeal ray and at the second distal 
interphalangeal joint respectively (Fig. 8) [55]. Subchondral cortical sclerosis 
showed a similar bony response [56]. These sites of increased bone formation 
correspond to those at which the largest forces occur in the hand, viz. in the 
dominant side, the finger tripod used in precision grip, power grip and pulp 
pinch grip respectively [55,56]. 

Radiographic detection of cartilage destruction and loss from measurements 
of joint space narrowing is a sensitive method of assessing disease progression 
in hand OA, confirming the findings of previous reports l39, 51]. However, the 
sensitivity of joint space width measurements in detecting the presence of OA 
at an initial examination is poor and unreliable, since over half the patients at 
entry into this study had normal joint space width measurements compared to 
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the non-arthritic reference group. Our studies in OA [54, 56] indicate that 
although the earliest changes may occur in cartilage, radiographic detection of 
the destruction and loss of this tissue is a late phenomenon of the disease. Joint 
space loss was symmetrical in both hands. Its change showed that, over a period 
of time, narrowing progressed proximally from the distal interphalangeal 
to proximal interphalangeal, metacarpophalangeal and wrist joints [56]. The 
findings, when taken in context of the role of mechanical factors in bony 
changes described above, suggest that genetic or other constitutional factors 
determine the onset of cartilage changes in OA [56]. 

5.2.4.3 
Knee: Anteroposterior View of the Tibiofemora/ Joint 

5.2.4.3.1 
Semi-quantitative Assessment 

The most important radiographic features in the knee are joint space narrowing, 
marginal osteophytes and subchondral sclerosis [52]. Spiking of the tibial spines 
although unreliable as a single independent feature [57], has been found to be of 
value in assessing progression [39]. As discussed above, joint space width assess
ment in the straight leg stance of the knee is not reliable since it does not pro
vide an assessment of the extent of cartilage preservation in the central articular 
region of the joint. Thus, in straight leg radiographs greater emphasis must be 
placed on the bony features for assessing disease status. 

5.2.4.3.2 
Quantitative Assessment 

Determination of the degree of narrowing and loss of the articular cartilage is 
reliably undertaken with the knee in either the semi-flexed position [6] or in 
the 'tunnel' or 'schuss' position [19,58] where the knee is flexed to an angle of 
1300 between the shafts of the tibia and femur. Joint space width measurements 
in the medial compartment of the knees in these flexed positions provides a 
reliable assessment of the extent of cartilage preservation in the central articu
lar region of the joint. In an assessment of the standing semi-flexed and tunnel 
views it was found that the combination of these two views detected narrowing 
of the interbone distance more frequently than either view alone, but that the 
standing semi-flexed view alone failed to detect narrowing in 22 % of OA knees 
[19]. The mechanism responsible for this difference in articular cartilage 
thickness between views is not clear. Nevertheless, these findings indicate that 
in medial diseased compartment cartilage loss occurs in the central articular 
region of the tibial plateau, seen in the semi-flexed view, and additionally, over 
the popliteal surface of the femoral condyle as detected in the tunnel view. 
Lateral compared with medial compartment disease is less common [59] with 
joint space width measurements on the lateral side being less precise [11]. 

In knees with medial compartment disease osteophytes are not confined to 
the diseased compartment. Indeed, marginal osteophytes appear either in the 
medial or lateral compartment and at the respective tibial spines. We have 
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measured the size of osteophytes in both compartments and found that on 
average osteophytes are larger in the medial diseased compartment than in the 
lateral and that their size correlates with the degree of joint space loss in the 
medial compartment. Interestingly, the size of osteophytes in the lateral com
partment of the same knees also correlates with the degree of joint space loss 
in the medial compartment [19]. Osteophyte formation is thus an expression of 
the disease in the tibio-femoral joint rather than of either the medial or lateral 
compartment. In this study, as in OA of the hand [54], osteophytes and sub
chondral sclerosis were found to be well developed in as many as 40 % of the OA 
knees with minimal or no joint space narrowing. Indicating that in OA bony 
changes develop ahead of articular cartilage destruction measured as a reduc
tion in the interbone distance [19]. 

5.2.4.4 
Knee: Axial View of the Patel/ofemoral Joint 

5.2.4.4.1 
Semi-quantitative Assessment 

The most important features in this joint are the same as those for the tibio
femoral compartment, with the addition that subluxation can playa more im
portant role. Longitudinal studies are required to evaluate the sensitivity of the 
different features using either semi-quantitative scoring or methods of direct 
measurement. 

5.2.4.5 
Anteroposterior View of the Hip 

5.2.4.5.1 
Semi-quantitative Assessment 

Although, the radiographic features considered the most important for global 
assessment were joint space narrowing and subchondral sclerosis [39], the 
current emphasis is on scoring separately the following individual features for 
assessing change: joint space narrowing, subchondral bony lucencies, marginal 
osteophytes and subchondral bony sclerosis [52]. Subclassification of the 
disease has been according to the pattern of migration of the femoral head 
within the acetabulum [3,60,61]. 

In a radiographic analysis of OA hip patients attending hospital, Ledingham 
and her colleagues [62] found that the differences in radiographic progres
sion, according to the pattern of femoral head migration, was in keeping 
with previous studies [63-65]. There was a higher occurrence of overall radio
graphic change and change in individual features occurred in hips with superior 
migration and a lower occurrence in those with medial or axial migration. The 
superolateral pattern, in particular, showed an increased frequency of change in 
all radiographic features which may, in part, relate to the greater mechanical 
stresses associated with this pattern of migration [62]. Women were also found 
to have increased frequency of radiographic change in both overall and indi-
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vidual radiographic features and confirmed that they develop a more severe 
form of hip osteoarthritis than men [62].A worse prognosis was also detected in 
those patients with atrophic or limited bone response [61,62], characterised by 
poor osteophyte and subchondral sclerosis formation. 

5.2.4.6 
Recommendations for Early Detection in OA Joints 

The earliest radiographic features to appear in OA joints are the changes to 
bone, with osteophytes being more important in the hand and knee, and sub
chondral sclerosis in the hip. These features are detected in the radiographs 
ahead of articular cartilage destruction measured as joint space narrowing. 
However, the latter is of greater value in the assessment of progression than 
osteophytes. 

5.2.5 
How Many Patients are Required to Detect a Therapeutic Effect in Knee OA? 

Guidelines for the design and conduct of clinical trials in patients with OA have 
been prepared by the Task Force of the Osteoarthritis Research Society [5]. 
They incorporated the recommendations of earlier committees WHO/ILAR [1], 
WHO and AAOS [66], GREES [67] and OMERACT III [68] where the outcome, 
for a disease modifying drug (DMOAD), should assess the effect of a drug on 
joint structure. The primary outcome measure for knee should be minimum 
joint space width since this is more sensitive than global scoring [5,69]. The 
overriding conclusion of the guidelines was that for the reliable assessment of 
progression in OA, it was absolutely essential for reproducible radiographs to be 
obtained. 

5.2.5.1 
Effect of Protocols Upon Measurement Accuracy and Precision 

The effect of protocols for standardisation of radiographic and mensural 
procedures upon the accuracy and precision of computerised measurement of 
minimum joint space width in the tibiofemoral compartment of the knee was 
assessed in the standing semi-flexed view for both standard and macroradio
graphy of the knee. These findings were compared with the manual measure
ment of minimum joint space width in the standing extended view of the knee, 
without correction for radiographic magnification [11]. Twenty five patients 
with knee OA had standard and microfocal radiographs taken of the knee in 
both views twice on the same day and again two weeks later. For each of the 
procedural comparisons identified in Fig. 9, reproducibility was calculated as 
the standard deviation in the four similar measurements for each knee, and 
accuracy as the mean absolute error with respect to the mean macroradio
graphic measurement. 

Although a more detailed explanation for the findings is presented elsewhere 
[11], the results show that for measurement of medial compartment joint space 
width, computerised was more accurate than manual; correction for radio-
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Fig. 9. Relative precision (top) and accuracy (bottom) of knee joint space width measure
ments under varying radiographic and mensural procedures described in the text. The bars 
give the median values with 95% confidence intervals for precision and accuracy of joint 
space width measurements under each of the procedural conditions listed to the left. Original 
values published in [11]. No value is given for the accuracy of joint space width measurements 
using microfocal radiography, since we had previously shown that this measurement reliably 
and accurately measured articular cartilage thickness in the medial tibio-femoral compart
ment [2] 

graphic magnification improved precision and accuracy; measurements in the 
semi-flexed view were more precise and accurate than those in the standing 
extended knee position; and macroradiography increased measurement preci
sion over that which could be achieved by standard radiography. 

S.2.S.2 
Quantifying Outcome 

The advantages of the use of high definition macroradiography upon the preci
sion of joint space width measurement in OA knees is shown in Fig. 9, where it 
is significantly more precise than that obtained from standard radiographs of 
knees in the same radiographic view. The difference between standard and 
microfocal radiography can be assessed by reference to two important 
questions for studies aimed at determining disease progression or monitoring 
the effect of therapy: 

- What is the minimum interval change required in joint space width measure
ment? 

- What is the minimum time interval required to detect a significant change in 
joint space width? 

I 
1.0 

I 
2.0 
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5.2.5.2.1 
Minimum Interval Change in Joint Space Width Measurement 

The minimum interval change as defined by Cummings and Black [70] is the 
change in any parameter that can be measured with 95 % confidence with a 
particular technique. Based on the results of the assessment of accuracy and 
reproducibility of joint space width measurements [11] the minimum interval 
change in the medial compartment joint space width was between 9 % and 
15 % in standard radiography and between 4 % and 9 % for microfocal radio
graphy. The minimum interval change required was smaller in those knees with 
early OA [11]. 

5.2.5.2.2 
Minimum Time Interval to Detect a Significant Change in Joint Space Width 
Measurement 

Using the published figures for the annual rate of joint space narrowing in 
knees with definite OA of 0.20 mm/year [24,33] and those for accuracy and 
precision of joint space width measurements [11], we determined that the time 
it would take to measure a significant change in joint space width, with a 95 % 
confidence interval, would be 23 months for standard plain film compared with 
13 months using microfocal radiography of OA knees [6]. 

5.2.5.3 
Power Calculations 

Using the mean and standard deviation of the annual rate of joint space nar
rowing it is possible to determine the number of knees that would be required 
to detect a significant change in joint space width in patients receiving drug 
treatment versus a placebo. For studies using standard or microfocal radio
graphic examination of patients with early knee OA, i.e. those most likely to 
respond to treatment [5, 71, 72], the criteria for selecting the study knee is based 
upon the following: 

1) The knee must have a medial tibio-femoral compartment joint space width 
> 2 mm (where both knees in a patient have a joint space width> 2 mm, the 
knee with the smaller joint space is selected). 

2) Osteophytosis and subchondral sclerosis should be visible. 
3) The joint must have had pain for at least 15 days in one month. 

For a double-blind study of 2 years duration, comparing an active agent against 
placebo, in which patient groups are of equal size with medial or bi-compart
mental involvement, the total number of knees required to detect a significant dif
ference in minimum joint space width, using standard or microfocal radiography 
of the joint in the standing semi-flexed position, is shown in Table 1. 

For an agent with a therapeutic effect which, in comparison to the placebo, 
resulted in a 30 % protection against joint space loss over 2 years, a study using 
microfocal radiography would require 111 knees in each group to detect such an 
effect with 90% power and a statistical significance of p = 0.05, using com-
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Table 1. Required number of knees for therapeutic studies, of 2 years duration, for patients 
with early OA (joint space width> 2 mm), using computer measurement of minimum joint 
space width OSW) from standard a and macro-radiographs b of joints in the standing semi
flexed position. The agent's therapeutic effect (the difference in joint space narrowing 
compared to that in the placebo group) is expressed as a percentage of the placebo group 
joint space narrowing. For each percentage effect the total number of knees has been deter
mined, using the formula for calculating sample size [73], for the different power levels and a 
significance P = 0.05 

Power level Therapeutic effect 

30% 50% 80% 

Standard radiography 
95% 460 164 66 
90% 372 134 52 
80% 278 100 40 

Macroradiography 
95% 274 100 40 
90% 222 80 32 
80% 166 60 24 

Mean annual rate of joint space narrowing = 0.183 mm/year. 
a with associated standard deviation for joint space width measurement using standard 

radiography = 0.249 mm. 
b with associated standard deviation for joint space width measurement using macro radio

graphy = 0.196 mm. 

puterised measurement of joint space width. Whereas, 186 knees are required 
in each group using the same techniques and standard radiography [241. 
Currently these figures represent our "best guess", and provide more an indica
tion of the reduction in sample size afforded by the protocols for microfocal 
compared to standard radiography. 

5.2.5.4 
Recommendations 

High definition macroradiography will detect disease progression and the 
response to treatment, as measured by change in joint space width in knee OA, 
within a shorter period and with a fewer patients than when using standard 
radiography. 
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5.3 
Magnetic Resonance Imaging in Osteoarthritis 

Y. JIANG, C. G. PETERFY, J. J. ZHAO, D.1. WHITE, J. A. LYNCH and H. K. GENANT 

S.3.1 
Introduction 

Magnetic Resonance Imaging (MRI) is a complex technology which has 
advanced rapidly since its introduction to medical science in the early 1970s, 
and which has revolutionized medical imaging in general. A non-invasive 
technique with no ionizing radiation, MRI depicts anatomy with true multi
planar versatility and provides three dimensional (3-D) images in arbitrary 
orientations, though it is relatively expensive and time consuming. Because 
earlier MRI technique had limited spatial resolution and poor contrast between 
cartilage and adjacent structures, the use of MRI in osteoarthritis has been 
comparatively slow to develop. Many of these earlier difficulties have been over
come by progressive improvements in MRI hardware, e.g., gradient strength 
and performance and coil design, and to the development of more efficient 
pulse sequences and cartilage-selective techniques [1- 31. Generally, patients 
tolerate this technique well, allowing repeated serial examinations, and offering 
the opportunity to register serially acquired images, and to monitor changes 
over time. Clinical MRI systems at most major hospitals in the world can 
perform sophisticated examinations making multi-institutional and even 
multinational investigations feasible [4, 51. MRI will undoubtedly play an 
increasingly important role in the development of our understanding of osteo
arthritis as well as in our efforts to combat the disease. 

Morphological changes in osteoarthritis can be measured by direct inspection 
of the joint with arthroscopy, or through noninvasive imaging techniques. The 
inability to evaluate articular cartilage and other important articular tissues non
invasively has been a major problem in the study and treatment of osteoarthritis. 
Unlike x-ray based imaging modalities such as radiography or CT that provide 
information mainly on osseous changes [6-91, MRI is capable of visualizing 
simultaneously all components of the joint (Fig. 1), in addition to potentially 
quantifying compositional and functional parameters of articular tissues relevant 
to osteoarthritis. This capability for whole-organ evaluation of the joint is 
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Fig. 1. Three-dimensional 
display of the knee MRI 
shows the articular carti
lage in yellow and joint 
fluid in blue, as viewed 
from a posteromedial 
vantage point 

particularly cogent to the current view of osteoarthritis as a disease of organ 
failure, analogous to heart failure. Unlike other imaging techniques for which the 
image greyscale is generally linked to only one or two tissue characteristics (e. g., 
physical density and atomic number for radiography and CT, acoustic impedance 
mismatch for ultrasonography, and differential uptake of radiotracer for scinti
graphy), MRI owes its great range of different tissue contrast to as many as six 
tissue characteristics (proton density, T 1 relaxation, T 2 and T 2 * relaxation, 
proton diffusion and bulk flow, magnetization transfer, magnetic susceptibility). 
The degree to which each of these factors influences the MRI depends on the 
pulse sequence and the imaging parameters used. This adds to the complexity 
of MRI. Considerable technical expertise is necessary to properly utilize this 
sophisticated modality and to interpret its images. 

5.3.2 
Technical Considerations 

5.3.2.1 
Basic Principles of MRI 

MRI is based on the natural magnetization produced by hydrogen nuclei 
(protons) or "spins" as they spin or precess about their axes, and on the ap-
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plication of high magnetic fields, transmission of radiofrequency (rf) waves 
and detection of rf signals from protons. The most abundant sources of 
hydrogen protons in the body are water (H2 0) and fat (-CH 2 -), and it is 
from these two substances that MRI derives virtually all of its signal. When 
the protons are placed within the very high magnetic field (Bo) in the bore 
of an MR imager magnet, they show a net tendency to align their nuclear 
magnetic moments along this magnetic field (longitudinal magnetization), 
much like a compass needle aligns with the magnetic field of the earth. 
The precession frequency (resonant frequency or Larmor frequency) of 
the protons is directly proportional to the field strength of the magnet, 
which may vary from 0.1 tesla to 2.0 tesla for clinical MR imaging scanners. 
Exposure of these protons to a second field rf pulse that is rotating and 
perpendicular to the original static field of the magnet and tuned to the 
resonant frequency of the protons (90 0 rf pulse) resonates and realigns the 
protons transversely (transverse magnetization) with this new field. This 
rotation of one magnetic field (the proton fields) against another (the 
main magnetic field) induces an alternating electrical current in receiver 
wires in an imaging coil near the patient. This current is fed to a computer 
for analysis to generate the MR image by Fourier transformation. The 
magnitude of this current and, therefore, the signal intensity on an 
MRI depend on regional variations in the amount of hydrogen protons 
in a sample, micro magnetic influences exerted on these protons by other 
substances in the sample, and the type and timing of the radio-frequency 
pulses used during imaging. The multiplicity of factors gives an unparalleled 
range of tissue contrast on MRI. 

5.3.2.1.1 
T1 Relaxation 

Once the rf pulse is turned off, the protons relax, gradually tipping back to 
their original longitudinal alignment with the static field of the MRI magnet. 
This process of recovering longitudinal magnetization is called spin-lattice or 
Tl relaxation. Some substances, such as fat, show very rapid Tl relaxation, 
while others, such as water, show slow recovery of Tl relaxation. Under condi
tions of rapid rf pulsing (typically, a sequence of 192 to 512 rf pulses is used to 
generate MRI), slow-Tl substances, such as water, are not given sufficient time 
to recover between the pulses, and therefore exhibit low signal intensity, while 
fast-Tl substances, such as fat, show high signal intensity. Short-TR (repetition 
time, e.g., 500 msec) sequences therefore generate contrast (relative signal 
intensity difference) among tissues on the basis of differences in Tl and are 
accordingly referred to as Tl weighted. "Paramagnetic" substances, such as 
methemoglobin found in subacute hematomas, and gadolinium (Gd)-contain
ing MRI contrast media (e.g., Gd-DTPA), increase Tl recovery in adjacent 
water protons and thereby increase their signal intensity on short-TR 
(Tl-weighted) images. If, alternatively, a long TR (e.g., 2000 msec) is used, 
permitting both fat and water to almost completely recover, both substances 
generate high signal intensity. 
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5.3.2.1.2 
T2 Relaxation 

T 2 relaxation refers to the loss of transverse magnetization, and therefore 
signal, as individual protons fall out of phase with each other. Since the resonant 
frequency of individual protons is dependent on the field strength of their 
immediate magnetic environment, micro heterogeneities in the field resulting 
from effects of neighboring proton fields on each other will cause internuclear 
differences in precession frequency leading to loss of phase coherence among 
adjacent protons. Loss of phase coherence of the individual magnetic moments 
decreases the magnitude of the mean net magnetization vector, and therefore 
the MRI signal observed. 

MRI signal can be sampled at different times by generating "echoes" with 
either a 1800 "rephasing" rf pulse (spin echo technique) or a sudden reversal of 
the polarity of the magnetic gradient used for spatial encoding (gradient echo). 
The later this echo is acquired, i. e., the longer the echo time (TE), the greater the 
degree of dephasing that will have occurred, and thus the smaller the amplitude 
of the echo. Accordingly, free water, which shows slow T 2 relaxation, retains re
latively high signal intensity on spin-echo MRI acquired with long (> 80 msec) 
TE, while fat and bound water appear dark on the same long-TE images. 

5.3.2.1.3 
Magnetic Susceptibility Effects and T2* Relaxation 

Warping of the magnetic field at interfaces between substances that have very 
different magnetic susceptibilities (the degree to which a substance magnetizes 
when exposed to a magnetic field) also dephases local protons. Magnetic
susceptibility effects occur between trabecular bone and marrow tissue, at the 
boundary between articular cartilage and subchondral bone, and in tissues 
containing hemosiderin deposits from chronic hemorrhage, heavy calcification 
or metal, e. g., following surgery. Signal loss resulting from the combination of 
fixed magnetic heterogeneities (magnetic susceptibility effects) and internuclear 
interactions (T 2 relaxation) is referred to as T 2 * relaxation, which is usually 
considerably shorter than T 2. Signal lost to flxed magnetic heterogeneities, but 
not that lost to T 2 relaxation, can be recovered by rephasing the protons with a 
1800 rf pulse (spin echo). Long echo time (TE) sequences thus generate contrast 
among tissues on the basis of T2, and when combined with a long TR to mini
mize the effects of Tl on contrast, are referred to as T 2-weighted. The spin-echo 
technique corrects for fixed magnetic heterogeneities and therefore can generate 
true T 2-weighted images, while the gradient -echo technique, which is faster than 
spin echo but does not correct for magnetic susceptibility effects, produces so
called T2*-weighted images which are highly vulnerable to magnetic suscepti
bility effects, such as those caused by metallic prostheses. The signal intensity of 
fat in the marrow space, which has a heterogeneous magnetic field, is lower than 
that of fat in adipose tissue when imaged with gradient-echo technique, while 
fat in both compartments appears the same with spin echo imaging. Magnetic 
susceptibility effects are more severe on high field strength magnets. 
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Since Tl, T 2 and T 2* relaxation occur simultaneously in any tissue during 
MR imaging, tissues are discriminated on MRI by manipulating imaging para
meters, such as TR, TE and flip angle, and by the use of contrast agents. 

Both Tl-weighting (short TR) and T 2-weighting (long TE) involve discarding 
MR signal. If these effects are eliminated, signal intensity reflects only the 
proton density. Accordingly, long-TRlshort -TE images are often referred to as 
proton-density-weighted. However, even the shortest finite TE attainable is too 
long to completely escape T 2 relaxation, and extremely long TRs (> 2500 msec) 
are not practical for imaging in vivo. Therefore, even so called proton-density
weighted images contain some Tl and T2 contrast. 

The MRI spatial resolution is determined by the dimensions of voxels, or the 
individual volume elements. All signals within a single voxel are averaged. 
Therefore, if an interface with high signal intensity on one side and low signal 
intensity on the other side passes through the middle of a voxel, the interface is 
depicted as an intermediate signal intensity band the width of the voxel. This 
effect is known as partial-volume averaging. Voxel size is determined by multi
plying slice thickness by the pixels (picture elements), the size of the in-plane 
subdivisions of the image. Pixel size, in turn, is determined by dividing the field 
of view (FOV) by the image matrix. The smaller the voxel, the greater the spatial 
resolution. However, as voxel size decreases, so does signal-to-noise ratio (SIN). 
Accordingly, high-resolution imaging requires sufficient SIN to support the 
spatial resolution. SIN can be increased by shortening TE (less T 2 decay), 
increasing TR (more Tl recovery), imaging at higher field strength (greater 
longitudinal magnetization) or utilizing specialized coils which reduce noise 
(small surface coil, quadrature coil, phased array of small coils). Specialized 
sequences, such as three-dimensional (3-D) gradient echo also provide greater 
SIN. 

5.3.2.2 
Imaging Sequences 

5.3.2.2.1 
Spin Echo 

Spin echo, a commonly used sequence for most clinical MRI applications 
(Figs. 2 - 4), uses a 1800 rf pulse to rephase the protons following the original 900 

excitation pulse. It has the advantage of correcting for fixed magnetic hetero
geneities and minimizing susceptibility effects. 

Tl-weighted spin echo images attempt to separate different tissues on the 
basis of inherent differences in Tl relaxation by employing short TR. T2 decay 
is minimized on these images by using short TE. Substances that show high 
signal intensity on Tl-weighted images include fat, methemoglobin in subacute 
hematomas, and substances exposed to Gd-containing contrast agents. Most 
other substances appear dark on Tl-weighted images. The T 2-weighted spin
echo technique attempts to discriminate tissues on the basis of inherent dif
ferences in T2 relaxation by using long TE. Tissues that show high signal 
intensity on T 2-weighted images contain significant amounts of free water. 
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Fig.2. Osteoarthritis in the 
knee. Coronal gradient 
spine-echo Tl weighted 
image shows large marginal 
osteophytes of the femoral 
condyles and the tibial 
plateaus 

Fig. 3 A, B. Coronal spin
echo Tl weighted (A) and 
gradient-echo T 2* weigh
ted (B) images show advan
ced changes of osteoarthri
tis of the glenohumeral 
joint, with joint space nar
rowing, osteophyte forma
tion, loss of articular carti-
1age, and subchondral cystic 
changes 
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Fig.4A-C. Osteoarthritis in 
the ankle. Coronal (A) and 
sagittal (B) spin-echo Tl 
weighted, and sagittal 
gradient-echo T2* weight
ed (C) images of the ankle 
show joint space narrowing, 
osteophyte formation, loss 
of articular cartilage, and 
cystic changes in the sub
chondral bone 

Y. Jiang et al. 
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T 2-weighted imaging, however, requires relatively long imaging times because 
of the long TR, and offers poor SIN because of signal decay due to T2 rela
xation. Proton-density-weighted images collect an earlier echo (short TE) 
while waiting for the late-echo (long-TE) in the sequence, as the short-TE 
images have greater SIN and provide better anatomical detail, but depict both 
free water and fat with high signal intensity and provide poor image contrast 
between fat and water. Abnormalities such as trauma, infection or neoplasia 
arising in adipose or the fatty marrow may not be apparent on proton-density
weighted images. 

5.3.2.2.2 
Gradient Echo 

Gradient-echo technique employs partial flip-angles « 90°) and collects echoes 
by gradient reversal rather than 180° rf pulses. It is faster than spin echo. The 
rapid speed permits 3-D acquisition which allows thinner slice thicknesses and 
improves SIN. 

5.3.2.2.3 
Fast Spin Echo 

This recently introduced technique is capable of generating heavily T 2-
weighted spin echo images with high spatial resolution in only a fraction of the 
time required for conventional spin echo imaging. It is particularly useful for 
imaging the articular cartilage. However, fat tends to remain high in signal 
intensity even on relatively long-TE fast spin-echo images and may obscure 
abnormalities in fatty tissue. This often necessitates the use of fat suppression 
(Fig. 5). 

Fig. 5 A, B. Patterns of signal alteration in articular cartilage. A Axial T 2-weighted fast spin 
echo image of the patella (TR 2500, TE 102, 8 echo train) shows a focus of increased signal 
intensity just beneath the bulging but otherwise intact articular surface (arrow). B Axial T2 
weighted fast spin echo image of the patella (same parameters as A) obtained with fat 
suppression shows transmural signal increase and surface fraying in the cartilage over the 
lateral facet (arrow) as well as deep linear signal paralleling the subchondral surface of the 
medial facet (arrowhead). The deep signal pattern may reflect early basal delamination of the 
cartilage from mechanical failure, an abnormality that may not be apparent on arthroscopy 
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5.3.2.2.4 
Fat Suppression 

The most widely used technique for suppressing signal from fat on MRI is called 
frequency-selective saturation. Protons in fat precess at different frequency than 
those in water because of their different microenvironment, a phenomenon known 
as chemical shift. By applying a narrow bandwidth rf saturating pulse tuned to the 
frequency of fat at the beginning of the sequence, the magnetization of fat protons 
can be selectively suppressed or saturated with no significant effect on protons in 
water. This technique, also called chemical-shift selective (CHESS) fat suppression, 
applied to aT 2-weighted fast spin echo sequence generates images in which fat has 
a low signal intensity while free water in fatty tissue has a high signal intensity 
(Figs. 5, 6). Subtle TI contrast, e.g., between articular cartilage and synovial fluid, 
is usually overshadowed on TI-weighted images by the far greater difference in 
signal intensity between fat and most other tissues. By selectively suppressing the 
signal intensity of fat, it is possible to expand the scale of image intensities across 
smaller differences in TI, augmenting residual TI contrast. Fat saturation can also 
be used to increase contrast between fat and other substances on TI-weighted 
images, such as high signal intensity methemoglobin and gadolinium (Gd)-con
taining contrast material, which also show rapid Tl relaxation. 

5.3.2.2.5 
Magnetization Transfer 

A similar technique can be used to suppress the signal of water indirectly 
through a mechanism called magnetization transfer. Magnetization transfer 

Fig. 6. Fat-suppressed T1-
weighted 3-D gradient-echo 
image of the knee from a 
normal volunteer offers 
superb morphological 
delineation of articular 
cartilage 
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reflects the thermodynamic equilibrium between freely mobile protons in tissue 
water, and protons constrained by macromolecules within the same tissue. Since 
the macromolecular protons are relatively immobile, they exhibit an extremely 
short T 2 relaxation time « 1 msec) and do not contribute directly to the MR 
signal on conventional MRI. Selective loss of longitudinal magnetization from 
this pool, invoked by a number of different techniques [10), causes a transfer 
of magnetization from the MR-visible pool of mobile water protons to the 
MR-invisible macromolecular pool in order to maintain equilibrium. This mani
fests as a loss of signal intensity from the tissue depending on the tissue-specific 
rate constant for this equilibrium reaction and the relative proportions of water 
and macromolecular protons in the tissue. Collagen is a particularly good macro
molecular substrate for this reaction [11). Cartilage [l2), hyperplastic synovium 
[13) and muscle also exhibit pronounced magnetization-transfer effect [3,11,14). 
Fat and joint fluid, on the other hand, do not show any substantial magnetization 
transfer and thus do not loose signal intensity under conditions in which macro
molecular protons are selectively saturated. These tissue-dependent differences in 
susceptibility to magnetization transfer can be exploited to generate additional 
image contrast among articular structures [l2, 14). In addition, it may be possible 
to quantify specific macromolecular constituents of different tissues by measur
ing the magnetization-transfer effect. In cartilage, for example, collagen is the 
dominant macromolecule involved, with only minor contributions, if any, made 
by proteoglycans and other constituents [11). Magnetization-transfer techniques 
are therefore useful for imaging the articular cartilage (Figs. 7, 8). 

5.3.3 
MRI of Articular Cartilage 

5.3.3.1 
Histological, Biochemical, and MRI Features of Normal Articular Cartilage 

The MRI appearance of articular cartilage reflects its complex histological and 
biochemical composition (Figs. 6, 8, 9) [15-17). It is a relatively fibrous tissue 
with marked three-dimensional anisotropy. It can be conceptualized as two 
phases: a fluid phase composed of water and ions, and a solid one consisting 
of aggregated proteoglycans and other glycoproteins, fibrous collagen, and 
chondrocytes [17). The deepest layer of cartilage (constituting approximately 
5 % of the total thickness) is calcified and serves to anchor an extensive network 
of collagen fibrils radiating from the subjacent calcified layer towards the sur
face in large dense bundles connected by numerous smaller cross ties or 
bridging fibrils. This deep non calcified layer is known as the radial zone. More 
superficially, in the upper radial zone, the individual collagen fibrils become 
thinner and band together in a more regular and tight parallel array with fewer 
cross ties [18]. Superficial to this layer, the transitional zone contains more 
randomly organized collagen fibrils with numerous obliquely oriented fibrils to 
resist the shearing forces that arise in this region [17]. The most superficial zone 
at the articular surface is a thin layer of densely packed, tangentially arranged 
collagen fibrils known as the superficial tangential zone, which resist tensile 



Fig. 7 A, B. Magnetization
transfer subtraction tech
nique for depicting artic
ular cartilage. Sagittal 
images of an amputated 
knee after intraarticular 
injection of 55 ml saline to 
simulate a joint effusion. 
A Conventional T2*
weighted, thin-partitioned 
sagittal 3-D gradient echo 
(TR 60, TE 7, flip angle 20°) 
shows poor contrast be
tween cartilage (c) and 
joint fluid (e). B Addition 
of pulsed magnetization 
transfer to the same imag
ing sequence markedly 
decreased signal intensity 
in cartilage (c) but has sig
nificantly less effect on ef
fusion (e), bone (b), or adi
pose tissue (fl. This com
bined high cartilage fluid 
contrast with sufficient 
spatial resolution to allow 
delineation of small sur
face defects in the cartilage 
(long arrow) in addition to 
more generalized area of 
cartilage thinning (arrow
heads). Contrast at the car
tilage-bone interface, ho
wever, was decreased 
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forces during compressive loading and form a water-impermeable barrier to 
interstitial fluid loss during compression [17]. The fine network of collagen 
fibrils in cartilage is further organized into parallel leaves or lamina that radiate 
vertically from the calcified zone [16]. Superficially, these lamina become 
thinner and arch over to form tightly packed horizontal leaves at the articular 
surface, though the fibrils of the superficial tangential zone are not necessarily 
continuous with those of the deeper layers [19]. 

Trapped within this complex fibrous meshwork are numerous aggregated 
(compressed) proteoglycan molecules [17]. Hydrophilic proteoglycan molecules 
maintain a high water content and therefore a high proton density in cartilage, 
since negatively charged SO; and COO- moieties in the glycosaminoglycans 
(GAG) of the proteoglycans repel each other, and attract counter ions (usually 
Na+) that in turn draw water osmotically into the cartilage. The combination of 
electrostatic repulsion between adjacent GAGs and Donnan osmotic pressure 
produces a swelling pressure that keeps the articular cartilage inflated and the 
collagen fibrils under tension. The balance between this swelling pressure and 
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Fig. 8 A, B. Osteoarthritis in 
the patellofemoral joint. 
Axial gradient-echo T2* 
weighted images 
(A) on which articular car
tilage can not be apprecia
ted, while magnetization 
transfer subtraction image 
(B) clearly demonstrates ar
ticular cartilage. Both ima
ges reveal osteophyte for
mation at the joint margins, 
and increased amount of a 
joint effusion 

A 

B 
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the uniform resistance provided by the collagen network determines the degree 
of compression of the proteoglycan molecules, the number of negative charges 
exposed, and therefore the level of hydration of the articular cartilage. Water 
content is greatest at the articular surface and decreases slightly towards the 
subchondral bone [17,20,21]. Proteoglycan concentration, on the other hand, 
increases in the deep layers of cartilage [21, 22]; though these deep proteo
glycans appear to be more highly aggregated [23]. 

Cartilage water resides primarily in the interfibrilar space due to the high 
osmotic pressure. Since the superficial tangential zone of cartilage is im
permeable to water, compression of the cartilage causes interstitial water to 
flow horizontally through the porous solid matrix, proteoglycans and collagen. 
Resistance to this flow of water is extremely high due to the presence of chon
droitin sulfate, and water is thus forced to bear the majority of the compres
sive load [I7]. This fluid pressurization mechanism is the basis for the compres
sive stiffness of cartilage and its load bearing capacity. 

This high proton density constitutes the potential for generating MR signal 
in cartilage. However, equally important as the amount of water protons is their 
state. Constraint or "binding" of otherwise mobile protons primarily by col-
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Fig.9A-B. A Fat-suppressed 3-D gradient-echo images were obtained from knees of adult 
rabbits, using a Helmholtz coil and a 2-Tesla system (GE/Bruker), imaged in sagittal plane 
(TR 110/TE 3.5 ms; NEX 2; fat-sat; voxel dimensions 137 J.lm X 137 J.lm in-plane X 312 J.lm 
thick). The acquisition time was 1 h. Sagittal slice through the medial chondyle show normal 
structure of cartilage, menisci, subchondral bone and trabecular bone network in normal 
control (left); decreased cartilage thickness, osteosclerosis and osteophytes at 3-month post 
bilateral partial medial menisectomy. B Coronal slices near the anterior edge of the tibial 
plateau through the medial chondyle show normal structure of cartilage and subchondral 
bone and trabecular bone network in normal control (left), subchondral osteosclerosis and 
a large conspicuous osteophyte on the medial margin of the tibial plateau of a menisecto
mized knee (right). 
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Fig. 9C. Radiographs show normal structure of subchondral bone and trabecular bone net
work in a normal knee of a control rabbit (left), increased thickness and density of the sub
chondral bone and osteosclerosis of a menisectomized rabbit (right) 

lagen promotes T 2 relaxation and speeds up the rate of signal loss. The content 
and distribution of hydrophilic proteoglycan molecules and the anisotropic 
organization of collagen fibrils influence not only the amount of water, i. e., pro
ton density, in cartilage but also the state or the relaxation properties, i. e., T 2, 

of this water, giving cartilage a characteristic "zonal" or laminate appearance on 
MRI [21,24-26]. On very short TE images «5 msec) higher resolution images 
of cartilage typically show a bi-Iaminar appearance with a low signal superficial 
lamina corresponding to the superficial tangential cone and the remainder of 
the cartilage (Gold et al). 

Also, some of the zones may not be visible under certain conditions. The 
thin, low signal-intensity bands in the superficial tangential zone (the first 
zone), and upper radial zone (the third zone) can be obscured by partial
volume averaging in curved and obliquely sectioned portions of the cartilage 
[IS]. Because of the linear parallel arrangement of collagen in the radial 
zone, when the fibrils are oriented at 55° relative to the static magnetic field, 
angular anisotropy of T 2 relaxation or magic-angle phenomenon can result 
in increased signal intensity in the normally low signal-intensity lamina 
[IS, 27]. The superficial tangential zone also shows angular anisotropy of T 2, 
though the orientation of these fibrils varies from site to site on the articular 
surface [4]. Also, this zone will not be visible when viewed against a dark 
background, e.g., joint fluid on fat-suppressed, Tl-weighted gradient echo 
images. 

( 



282 Y. Jiang et al. 

On intermediate TE images (5-40 msec) cartilage shows a trilaminar ap
pearance: a low-signal superficial lamina; an intermediate-signal transitional 
and upper radial lamina; and a low-signal deep lamina composed of the 
remainder of the upper radial, deep radial and deep calcified zones [4, 28]. With 
very heavy T 2-weighting, signal also drops out of the transitional lamina, and 
cartilage becomes homogeneously low in signal intensity. When low spatial 
resolution is employed additional lamina may sometimes appear on short TE 
images. These are due to truncation artifacts from the high contrast at the 
cartilage/fluid interface [18], and can be avoided by increasing the matrix size. 

5.3.3.2 
Compositional Changes in Cartilage in Osteoarthritis 

In early osteoarthritis, there is a net degradation of collagen in the superficial 
layers of cartilage, resulting in surface fibrillation and increased permeability to 
water [29]. As proteoglycans are lost, the remaining compressed proteoglycans 
are allowed to swell and thus expose more negatively-charged GAGs to attract 
cations and water [17,30 - 35]. However, proteoglycan loss decreases the frictional 
drag on interstitial water flow and thus undermines the fluid pressurization 
mechanism and compressive stiffness of cartilage. This has the effect of trans
ferring more of the load to the already weakened solid matrix [17]. This renders 
the swollen, edematous cartilage more susceptible to mechanical injury. 
Ultimately the cartilage either repairs itself or breaks down and sloughs off. 

Acute mechanical trauma and compressive loading can develop transverse 
shear forces and cause horizontal cracks in the deep calcified layer of cartilage 
[36] and separation of the cartilage from subchondral bone [33]. Basal splitting 
or delamination of the cartilage in this manner may be a mechanism of 
cartilage degeneration [36 - 38] not only in normal cartilage exposed to exces
sive mechanical loading, but also in osteoarthritis, in which joint laxity and 
shifting contact points during normal activity may overload areas of abnor
mally weakened cartilage. 

Increases in cartilage water content increase the proton density of cartilage, 
and removal of the intrinsic T2-shortening effects of the proteoglycan-collagen 
matrix on water unmasks more of the water signal [39], which increase the 
signal intensity (Fig. 5) in areas of matrix damage on conventional MRI 
sequences. This is early chondromalacia, the earliest sign of cartilage injury, and 
may be seen before any loss of thickness has occurred. There may be mild swell
ing of the cartilage during this stage. As the compositional and biomechanical 
properties of articular cartilage continue to deteriorate, substance loss begins to 
occur. This may be focal or diffuse, restricted to superficial fraying and fibrilla
tion, or involve partial to full thickness of cartilage. In some cases, focal swelling 
or "blistering" of the cartilage may be seen without disruption of the articular 
surface [19]. Consistent with this, foci of high signal intensity are often seen in 
the cartilage of osteoarthritis patients on T 2-weighted images, and have been 
shown to correspond to arthroscopically demonstrable abnormalities [40,41]. 
Patterns of abnormal cartilage signal include superficial, transmural and deep 
linear changes. The latter may reflect deep degenerative changes initiated by 
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basal delamination of the cartilage at the calcified layer or tide mark [33,36,37], 
Early changes confined to the deep layers of cartilage, may not be detectable by 
inspection of the articular surface alone during arthroscopy; although, focal 
separation in the deep layers of cartilage may ultimately lead to attrition of 
the overlying cartilage, occasionally with in growth of the subchondral bone to 
form a central osteophyte. 

In addition to subjective examinations using specialized techniques, it is pos
sible to obtain quantitative information about the composition of articular car
tilage. For example, the fractional water content and the diffusion coefficient of 
water in cartilage can be accurately measured with noninvasive MRI techniques 
[42,431. Both of these parameters increase with damage to the proteoglycan 
and collagen matrix in cartilage disease. The concentration of mobile protons 
(water content) in cartilage decreases from the articular surface to the sub
chondral bone, which is consistent with direct measurements using other tech
niques [201. Proteoglycan content can also be probed by cationic MR contrast 
agents, such as manganese (Mn++), in much the same way that the cationic dye, 
toludine blue, is used to stain cartilage proteoglycans on histological prepara
tions [44], or by imaging sodium instead of hydrogen [451. Manganese 
shortens Tl relaxation and therefore increases the signal intensity of cartilage 
on Tl-weighted images in proportion to the negative charge density, i.e., GAG 
content of the tissue. Fujioka, et. al [461 have shown decreased Mn++ enhance
ment in osteoarthritic cartilage. 

It is also possible to quantify T2 changes using widely available techniques 
[28,471. By combining the data from images of the same cartilage acquired with 
several different TE's, it is possible to estimate the T 2 of the cartilage by fitting 
an exponential curve to the observed signal intensity values for each pixel. The 
T 2 can be estimated in this way for a specific region of interest in the cartilage, 
or depicted in image mode as a map of the entire cartilage in which the signal 
intensity of each pixel corresponds to the T2 at that site [281. However, 
this approach, while widely available and relatively easy to use tends to under
estimate T 2, partly because of increased diffusion-related effects with increas
ing TE [481. Underestimation of T 2 is greatest in chondromalacic cartilage, 
where water diffusion is increased. Unless special techniques are employed, the 
potential increase in T 2 measurable with this technique in chondromalacic 
cartilage will be slightly suppressed by diffusion-related effects. Nevertheless, 
large changes of T 2 might still be demonstrable. 

MRI thus shows considerable promise for detecting and monitoring very 
early compositional changes in degenerating articular cartilage. 

5.3.3.3 
Morphological Changes in Cartilage 

Evaluation of morphological changes in cartilage is dependent on high spatial 
resolution and high contrast at the articular surface and the cartilage bone 
interface. This is best achieved with a fat -suppressed, Tl weighted 3-D gradient
echo technique [41 which has been shown to accurately detect focal defects as 
verified by arthroscopy and direct inspection of cadaveric specimens. A virtually 



Y. Jiang et al. 

identical contrast pattern can be achieved with magnetization-transfer sub
traction images that depict the articular cartilage as an isolated band of high 
signal intensity sharply contrasted against the adjacent low signal intensity 
joint fluid, intraarticular adipose tissue and subchondral bone marrow, but this 
method is twice as slow since subtraction is required, less widely available than 
fat-suppressed Tl-weighted imaging [3, 13]. Subtraction of images acquired 
with and without the magnetization-transfer pulse produce a map of the tissue 
distribution of magnetization transfer in the joint. 

In addition to subjective evaluation of focal defects, surface irregularities, and 
generalized thinning of articular cartilage on a slice-by-slice basis (Figs. 2 - 5, 
9 -11), a variety of morphological parameters, such as the thickness, volume, 
geometry and surface topography of cartilage can be quantified using 3-D MRI 
data. By summing the voxels contained with in the 3-D reconstructed image of 
the cartilage, the exact volume of these complexly shaped structures can be 
determined [84]. Moreover, unlike cartilage thickness measurements made 
from individual sections, values for total cartilage volume are relatively un
affected by minor variations in the plane of section and are less demanding in 
terms of spatial resolution. Total volume is therefore a more robust parameter 
for serial measurements in patients with arthritis. In a study of whole amputat
ed knees and patellar specimens obtained from total knee arthroplasty, the 
volume of articular cartilage over the femur, tibia and patella determined by 
MRI correlated well with the corresponding volumes determined by scraping 
the cartilage off the bones and measuring their displacement of water in 
graduated cylinders [3]. This technique may therefore be useful for monitoring 
changes in cartilage volume over time in patients with arthritis. Currently, 
measuring cartilage volume in this way demands considerable human input. 
Accurate segmentation of the articular cartilage, especially in patients with 

Fig.l0. Coronal sections near the posterior part of the tibial plateau through the medial 
chondyle show normal structure of cartilage and subchondral bone and trabecular bone net
work in the control knee (left); decreased cartilage thickness and subchondral osteosclerosis 
in the other knee (right) with anterior cruciate ligament tear of a same rabbit 
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Fig.11. Fat -suppressed TI
weighted 3-D gradient-echo 
image of the knee from a 
patient with osteoarthritis 
shows osteophytes in the 
patellar, the distal femur, 
and the proximal tibia, and 
decreased cartilage thick
ness 

osteoarthritis, requires special expertise and perceptual skills on the part of the 
reader. Although many techniques available today are at least semi-automated, 
an experienced eye is still necessary to confirm and, often, to edit manually the 
primary segmentation to assure accuracy. Improvements in the degree of auto
mation of this process would be extremely useful. 

Total volume measurements offer little spatial information about the dis
tribution of changes and are relatively insensitive to focal loss. Theoretically, a 
loss of cartilage in one region could be balanced by an equivalent increase in 
volume elsewhere in the joint, and thereby elude detection by this method. 
By subdividing 3-D reconstructions of the articular cartilage into several 
smaller regions [49] it is possible to evaluate the volume at specific sites, such as 
the weight-bearing surfaces of the femorotibial joints. However, the precision of 
such measurements decreases as the subdivisions are made smaller. Ultimately, 
extremely high spatial resolution is necessary to maintain precision. If suffi
cient resolution can be achieved within a reasonable imaging time, the prospect 
of mapping the cartilage thickness in vivo becomes feasible (Fig. 12) [50,51]. 
Cartilage thickness maps may render insight into the importance of the loca
tion of cartilage lesions to the progression of osteoarthritis. Unlike total carti
lage volume measurements, which are relatively unaffected by minor variations 
in limb orientation between serial examinations [3], monitoring cartilage 
thickness over time requires some method of precisely registering (i. e., realign
ing) and reslicing serially acquired images. 

Image registration techniques that rely on matching anatomical structures or 
surfaces, or externally placed markers [52,53] are limited by the image resolution 
because the criteria used to specify the landmarks are defined only to the nearest 
voxel. Pixel-intensity correlation techniques [54, 55], however, are capable of 
matching images to within a fraction of a voxel [56]. Therefore, with adequate 
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Fig.12. Cartilage thickness map of the tibial cartilages in a human knee in vivo. B-spline 
geometric models of the tibial cartilages were generated using the same method as for in situ 
contact area mapping by MR imaging. Regional cartilage thickness (perpendicular to the 
cartilage-bone interface) is depicted in intervals of 1 mm 

attention to spatial resolution and precise image registration [851, it should be 
feasible to monitor regional changes in cartilage thickness in individual patients 
over time using MRI; although, this has yet to be demonstrated directly. 

5.3.4 
MRI of Bone and Bone Marrow in Osteoarthritis and Related Conditions 

Calcification and cortical and trabecular bone does not generate any detectable 
signal because of its relative lack of constituent hydrogen protons, and are 
depicted as curvilinear signal voids on MRI. They are silhouetted by the inter
mediate and high signal intensity tissues lining them, such as marrow and 
adipose. Bone abnormalities (Figs. 2 - 4, 9 -n) associated with osteoarthritis 
include osteophytosis, subchondral bone sclerosis, subchondral cyst formation, 
and marrow edema. Because of its multi planar tomographic capabilities, MRI is 
more sensitive than either projectional radiography (Fig. 9) or computed 
tomography (CT) for demonstrating most of these kind of changes [571. Osteo
phytes also, are better delineated with MRI than by conventional radiography -
particularly central osteophytes, which are especially difficult to identify radio
graphically [581. Central osteophytes may develop for different reasons than 
marginal osteophytes and thus have different implications to the disease. Bone 
sclerosis is also visible on MRI and presents a low signal intensity on all pulse 
sequences due to the presence of dense calcification and fibrosis. MRI is also 
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capable of delineating sites of enthesitis and periostitis. High resolution MRI is 
an additional MR-based technique for studying trabecular micro architecture 
[59, 601. It may be possible to monitor trabecular changes in the subchondral 
bone, in order to determine their importance in the development and progres
sion of osteoarthritis (Figs. 9, 10). 

MRI is uniquely capable of imaging the bone marrow, and is currently the 
most sensitive, though not the most specific, technique for detecting 
osteonecrosis, osteomyelitis, infiltrating primary or secondary neoplasia, and 
trauma, especially bone contusion and un displaced fracture [611. Conditions 
arising in this compartment generally remain occult on radiographs until the 
cortical and trabecular bones themselves are affected. In each of these cases, in
creased free water, which appears low in signal intensity on Tl-weighted images 
and high in signal intensity on T 2-weighted images, shows high contrast with 
the normal marrow fat, which has high signal intensity on Tl-weighted images 
and low signal intensity on T 2-weighted images. An exception is T 2-weighted 
fast spin echo, which depicts both fat and water with relatively high signal 
intensity and requires fat suppression to generate contrast between these 
marrow constituents. Gradient echo techniques, at least at high field strengths, 
are generally insensitive to marrow pathology because of magnetic suscepti
bility effects in cancellous bone. Areas of subchondral marrow edema are often 
seen in joints with progressive osteoarthritis [371. Usually, these areas of focal 
bone marrow edema in osteoarthritis develop at sites of articular cartilage loss 
or chondromalacia [621. Histologically, these areas typically show fibrovascular 
infiltration. They may be due to mechanical injury to the subchondral bone 
caused by shifting articular contact points at sites of biomechanically failing 
cartilage and/or loss of joint stability, or presumably from pulsion of synovial 
fluid through the defect into uncovered subchondral bone. Occasionally, 
epiphyseal marrow edema is seen some distance from the articular surface or 
at enthyses. To what extent these marrow changes contribute to local pain and 
disability or are predictive of disease progression remains unclear. 

S.3.S 
MRI of Synovium and Joint Fluid 

Normal synovium is generally too thin to visualize on conventional MRI, and 
can be difficult to discriminate from the adjacent joint fluid or articular 
cartilage. Some degree of synovial thickening can be found in a majority of 
osteoarthritic joints [631. Whether this synovitis contributes directly to articu
lar cartilage loss in osteoarthritis, or simply arises in reaction to the breakdown 
of cartilage by other causes remains uncertain [641. However, synovitis may 
be important to the symptoms and disability of osteoarthritis, and may pose 
different treatment requirements than those directed only towards cartilage 
protection. 

In many cases, the only sign of synovitis is the presence of a joint effusion. 
However, the amount of synovial fluid that normally resides in diarthroidial 
joints varies considerably throughout the body. The ankle in particular may 
contain a relatively large amount of synovial fluid under normal conditions [651. 
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The appropriate threshold for defining a quantity of joint fluid as abnormal is 
still unknown. Using 3-D reconstruction methods, it is possible to quantify the 
amount of free fluid in a joint by MRI [66). This may be useful for monitoring 
treatment response in patients with arthritis or for studying the normal role of 
synovial fluid in joint physiology in vivo. 

The signal behavior of nonhemorrhagic joint fluid is dominated by free 
water and with slow Tl recovery and slow T 2 decay, and so shows intensely high 
signal on T2-weighted images. Hemorrhagic effusions may contain methemo
globin, which has a very short Tl and shows high signal intensity on TI
weighted images, and/or deoxyhemoglobin, which shows rapid T2 relaxation 
and thus appears low in signal intensity on T 2-weighted images. In chronic re
current hemarthrosis, hemosiderin accumulation in the synovium may lower 
signal intensity on both Tl- and T2-weighted images. Hemorrhage often 
develops in popliteal cysts as they dissect between the gastrocnemius and 
soleus muscles of the calf. Leakage of synovial fluid from ruptured Baker's cysts 
may produce a feathery pattern of free water signal or Gd-DTPA enhancement 
along the fascial planes between the muscles behind the knee [67). 

Inflamed, edematous synovium usually exhibits slow T 2 relaxation reflecting 
its high interstitial water content. It may be difficult to discriminate thickened 
synovial tissue from adjacent joint fluid or cartilage. Hemosiderin deposition or 
chronic fibrosis can lower the signal intensity of hyperplastic synovial tissue on 
long-TE images (T 2-weighted) and occasionally even short-TE images (TI
weighted, proton-density-weighted, all gradient-echo sequences). Most syno
vial tissue exhibits a slightly shorter Tl than does joint fluid, but under normal 
circumstances the contrast on TI-weighted images is relatively poor. 

Gadolinium, a heavy metal, exerts a paramagnetic effect on nearby water 
protons causing them to relax more rapidly by Tl. Water-containing tissues 
exposed to chelates of Gd (e.g., Gd-DTPA) show increased signal intensity on 
TI-weighted images in proportion to the tissue concentration of this contrast 
material. Intravenously administered Gd-DTPA is rapidly distributed to vas
cular tissues such as inflamed synovium. Gd-DTPA, a relatively small molecule, 
diffuses rapidly out of even normal capillaries and leaks into the adjacent joint 
fluid over time [13,68,69). Immediately after a bolus intravenous injection of 
Gd-DTPA, the synovial lining of a joint may appear discrete and intensely 
enhanced. Contrast between the high-signal intensity synovium and any 
adjacent high signal intensity adipose tissue can be augmented by fat suppres
sion. Soon after, the zone of enhancement begins to thicken as the Gd-DTPA 
diffuses centripetally through the adjacent joint fluid, which may result in over 
estimation of the amount of synovial hyperplasia. The rate at which these two 
compartments equilibrate their signal intensities depends on a number of 
factors, including the rate of blood flow to the synovium, the volume of the 
synovial tissue, the total volume of the joint effusion, and the degree of 
mechanical mixing of the joint fluid. In an immobilized large joint, such as the 
knee, a sizable effusion may take as long as an hour to equilibrate with the 
synovial tissue, while in intensely inflamed or very small joints, such as the 
metacarpophalangeal joints, this equilibration can be extremely rapid ( < 5 min) 
[70). Additionally, 10 -15 min of active mobilization after injection can diffusely 
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enhance the joint cavity and produce an arthrographic effect, or indirect MR 
arthrography, in even large joints [71]. Once in the joint fluid, electrostatic 
forces inhibit diffusion of this anionic agent into the negatively charged articu
lar cartilage, and the articular cartilage is therefore delineated on Tl-weighted 
images, though it may diffuse into diseased cartilage that is deficient in nega
tively charged proteoglycans [72]. 

In addition to quantifying the amount and distribution of inflamed syno
vium and joint fluid in arthritic joints, it is possible to objectively grade the 
severity of the synovitis by monitoring the rate of synovial enhancement with 
Gd-containing contrast over time using rapid, sequential Tl-weighted MRI in 
one or several joints [69,73-75]. A rapid synovial enhancement rate and high 
maximal enhancement following bolus injection of Gd-DTPA correlate with 
severe inflammation and hyperplasia, while sluggish enhancement corresponds 
to chronic fibrotic synovium. Though it is difficult to control for subtle differ
ences in the pharmacokinetics of the Gd-DTPA between examinations, the 
slope and maxima of synovial enhancement - time curves correlate with the 
histological severity of the synovitis [75, 76], and can be shown to decrease 
markedly following therapy. In contrast, synovial enhancement rates did not 
correlate with the degree of synovial fibrosis or the degree of multiplication of 
the synovial lining. 

5.3.6 
MRI of Other Articular Components 

The supporting articular structures, e.g., ligaments, menisci, local tendons, and 
glenoid labrum are important in maintaining the static and dynamic stability, ef
ficient mechanical loading distribution, and functional integrity of the joints. 
Loss of these functions promotes biomechanical wear and ultimately joint 
failure. This is evident from the high incidence of osteoarthritis following menis
cectomy [77-79]' cruciate ligament tears, and rotator cuff tears [80]. These 
structure are composed primarily of collagen, which provides tensile strength 
but also constrains and dephases water protons. T 2 relaxation is typically so 
rapid « 1 msec) [27] that most of the signal decays before it can be sampled by 
even the shortest TEs attainable with conventional MR systems (- 5 msec), and 
generally appear low in signal intensity on all pulse sequences, silhouetted by 
high signal intensity substances, such as adipose fat or synovial fluid. 

Intact ligaments appear as dark bands that can be traced to their insertions 
(Fig. 6). Discontinuity is intuitively a direct sign of ligamentous disruption. 
However, this may be mimicked by obliquity of the plane of section through an 
intact ligament. Special planes may be necessary to delineate certain ligaments. 
The anterior cruciate ligament in the knee is best seen on oblique sagittal 
images with the knee in neutral position, or on direct sagittal images with the 
leg in slight abduction, while the inferior glenohumeral ligament, a principal 
static stabilizer of the shoulder in abduction, is difficult to visualize unless the 
shoulder is positioned in abduction and external rotation [81]. With multi
planar reformatting, very thorough analysis of ligamentous integrity is possible 
regardless of the original plane of image acquisition. 



290 Y. Jiang et al. 

The menisci consist of fibrocartilage and contain abundant collagen fibers 
spatially arranged to withstand the tensile stresses during weight bearing. Fiber 
orientation is predominantly circumferential, particularly in the peripheral half 
of the meniscus, which accounts for the propensity of tears to run longi
tudinally, as they follow the split lines between the collagen fibers rather than 
traversing fibers. When there is focal loss of collagen, as with myxoid or 
eosinophilic degeneration which is usually also accompanied by increased local 
water content, this T 2-shortening effect is diminished and water signal is 
unmasked and manifests as globular or linear areas of intermediate signal in
tensity within the meniscus on short-TE images (i.e. Tl-weighted or proton
density-weighted spin-echo or any gradient-echo sequence) that tend to fade 
away at longer TEs. These signal abnormalities are not tears and do not, in 
distinction, violate the articular surfaces of the meniscus. Meniscal tears can be 
associated with gross deformity of the meniscal surface, but most often are only 
apparent as linear intermediate signal intensity extending to an otherwise 
smooth articular surface on the short -TE images. Occasionally, a sufficient 
amount of joint fluid tracks into a meniscal tear to be visualized on T 2-weight
ed images, but in most instances, un displaced tears of the menisci cannot be 
seen on long-TE images. Short -TE images are thus highly sensitive (> 90 %) but 
somewhat nonspecific for meniscal tears, whereas long-TE images are in
sensitive, though highly specific when present. 

MRI is sensitive to the full spectrum of tendon pathology, and has been 
shown to identify tendonitis and rupture with greater accuracy than clinical 
examination [82]. Normal tendons show smooth margins and homogeneously 
low signal intensity on long-TE (T2-weighted) MRI. Tendon rupture can be 
partial or complete, and is depicted by varying degrees of tendon discontinuity on 
MRI or high intratendinous signal intensity on T2-weighted MRI. In tenosyno
vitis, fluid can be seen within the tendon sheath, but the tendon itself appears 
normal. Tendonitis usually results in enlargement and irregularity of the tendon, 
but the most reliable sign is increased signal intensity within the tendon on 
T 2-weighted images. Tendon rupture may result from mechanical fraying of 
tendons passing over jagged osteophytes and sharp-edged erosions, or from 
direct tenosynovial invasion of the tendon [83]. Tendon avulsion at sites of 
enthesitis may also occur. The most common tendons to rupture are the extensors 
in the wrist and hand, the rotator cuff tendons of the shoulder and the tibilais 
posterior tendon in the ankle. Tendonitis and rupture of the rotator cuff and long 
head of the biceps are among the most common causes of pain and disability in 
the shoulder. Complete rotator cuff tear results in superior subluxation of the 
humeral head and often leads to osteoarthritis. Tendon repair or tendon transfer 
is therefore indicated in cases of rupture, not only to restore function, but to 
prevent the rupture of additional tendons. Even with the appropriate surgery, 
patients are often left with some residual functional deficit. Prophylactic teno
synovectomy is often performed in patients with persistent tenosynovitis in an 
effort to reduce the risk of tendon rupture. A majority of these patients already 
show tenosynovial invasion of the tendon at the time of elective surgery [83]. 

Muscles contain somewhat less collagen and therefore exhibit intermediate 
signal intensity on both Tl- and T 2-weighted images. Muscular inflammation is 
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occasionally seen in association with inflammatory arthritis, appearing as in
creased signal intensity on T 2-weighted MRI, both because of elevated water 
content with interstitial edema and T 2 prolongation associated with the loss of 
collagen. Conversely, post inflammatory fibrosis tends to lower signal intensity 
on T 2-weighted images, while fatty atrophy marbles muscles with high signal 
intensity fat on Tl-weighted images. Typically, muscle involvement shows a 
focal distribution. 

5.3.7 
Summary 

MRI can noninvasively delineate all the articular constituents simultaneously 
and is also capable of probing compositional and functional parameters of 
disease in these tissues. Potentially, MRI can identify very early changes as
sociated with cartilage degeneration when clinical symptoms may be minimal or 
absent. Early detection of pati~nts who are at risk for developing progressive di
sease may allow appropriate treatment to be initiated earlier, when there may be 
a greater chance of favorable outcome. Furthermore, MRI can provide objective 
and quantitative measures of subtle morphological and compositional varia
tions in different articular tissues over time, and therefore may offer more reli
able and reproducible measures of disease progression and treatment response 
in patients with osteoarthritis than are currently available by other methods. 
This will facilitate the assessment of new therapies for osteoarthritis, and may 
allow faster clinical studies, with fewer patients, and potentially less cost. Further 
work is necessary to thoroughly validate and optimize some of these extremely 
promising measures so that they can be employed as powerful means for ex
ploring the pathophysiology of osteoarthritis and potential new therapies. 
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5.4 
The Role of Molecular Markers to Monitor Breakdown and Repair 

L. S. LOHMANDER 

S.4.1 
Introduction 

The functional deterioration and failure of joint cartilage in osteoarthritis 
results from changes in its cells and matrix. Significant changes occur in both 
synthesis, degradation and structure of matrix molecules of cartilage and other 
joint tissues during the different phases of development of OA. 

Biochemical markers reflect these dynamic changes in the joint tissues and 
may serve as a window on the pathological processes in the joint. The markers 
are most likely to be useful to elucidate degradation mechanisms, to predict 
prognosis and to monitor response to treatment. Markers are currently being 
used in research for these purposes. 

Osteoarthritis is thus a disease characterized by dynamic, measurable chan
ges in the turnover of joint cartilage constituents. Further investigations in this 
area will likely lead to a better understanding of the mechanisms and regulation 
of these processes and will help make osteoarthritis a treatable disease. 

Osteoarthritis (OA) is associated with a loss of the balance between synthe
sis and degradation of the macromolecules needed to provide articular carti
lage with its biomechanical and functional properties. At the same time, 
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Fig.1. Osteoarthritis might be seen as slowly progressing from an asymptomatic, pre-clinical 
phase into a symptomatic, morbid, clinical phase. During disease development, phases of 
destruction and repair alternate. In the pre-clinical phase, metabolic joint changes might be 
detected by molecular markers, structural changes by arthroscopy, MRI and later plain 
radiographs. In the symptomatic clinical phase, metabolic, structural and functional changes 
gradually increase. For many individuals, osteoarthritis development may never reach the 
symptomatic, morbid phase 
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changes occur in the structure and metabolism of the synovium, subchondral 
bone and other tissues of the joint. These processes result in the destruction of 
joint cartilage with concomitant structural and functional changes in other 
joint tissues. This causes changes in the function of the affected joints. In some 
patients these changes, often after an extended asymptomatic period, lead to 
pain, disability and handicap. It is this final end-stage of a long process that cor
responds to the overt disease we call osteoarthritis (Fig. 1). 

Current therapy of OA is largely symptomatic, and aims to decrease pain and 
improve function with analgesics, non-steroidal anti-inflammatory drugs or 
joint replacement. However, novel pharmaceutical interventions are now being 
investigated, based on an improved understanding of the critical processes in
volved in joint destruction [1], which may have the ability to decrease the rate 
of joint destruction in ~A. The ability to reproducibly and sensitively monitor 
disease progression and outcome for both joint and patient in OA intervention 
trials is critical to development of such new disease-modifying treatment 
strategies. The growing realization of the major socioeconomic impact caused 
by OA provides further stimulus to this development (Consensus Document: 
The Bone and Joint Decade 2000-2010, [2]). 

For clinical trials or for longitudinal follow-up studies, OA can be assessed by: 

a) Patient-centered measures of joint pain and disability 
b) Measurements of structural changes in the affected joints 
c) Measurements of the disease process 

Well documented examples of (a) are scoring systems such the "Index for 
Severity of Knee or Hip Disease" and the "WOMAC Osteoarthritis Index" [3 - 5]. 
Structural (anatomical) changes associated with OA (b) can be measured by 
plain radiographs, magnetic resonance imaging, arthroscopy or ultrasound 
[6-10]. The osteoarthritic disease process (c) can be monitored by bone scinti
graphy, by metabolic markers, and possibly in the future by magnetic resonance 
imaging [8,11-13]. 

Algofunctional scores, plain radiographs, magnetic resonance imaging and 
arthroscopy are now in use to assess OA in clinical trials. For a discussion of 
current issues in the design of symptom- and disease-modifying clinical trials 
in OA, the reader is referred to recent reviews [14-16]. 

Imaging of joints by plain x-ray examination is the current "gold-standard" 
to detect changes in joint structure in clinical trials of disease-modifying drugs 
in ~A. Even with improved and standardized techniques for patient positioning 
and image measurements, plain x-ray examination remains an indirect 
measure of cartilage destruction, a "surrogate marker". Magnetic resonance 
imaging is finding an increased use as a measure to assess joint changes in OA, 
and the technology is in rapid development. Among other advantages over plain 
x-ray examination, it can monitor changes in volume of cartilage and other soft 
joint tissues, as well as bone structure. However, until methods to monitor joint 
cartilage quality or composition by magnetic resonance imaging appear, the 
technique suffers from the same weakness as x-ray examination: it provides 
only an indirect measure of the disease process, and documents the con
sequences of the process rather than the process itself. 
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Fig. 2. Molecular fragments generated by degradation of cartilage matrix, or released from 
synovial tissue or bone into the joint fluid compartment are cleared by bulk flow through the 
synovial tissue matrix into the lymphatic vessels (Levick et al. 1992). Some fragments are 
eliminated or further degraded in the regional lymph nodes. Many and possibly most 
products of cartilage matrix metabolism are taken up and degraded in the liver. Some specific 
types of fragments, such as collagen cross-links, are not metabolized, but found in urine. 
Modified from [171 

Critical pathological processes associated with OA occur in the joint carti
lage, but also in the subchondral bone, synovium and other soft joint tissues. 
Because our ability to sample and monitor these tissues is limited, body fluid 
compartments such as joint fluid, blood and urine may serve as windows on 
these pathological processes in the joint (Fig. 2). 

The metabolic alterations in joint tissues associated with OA (and other joint 
diseases) involves changes in both the degradation and synthesis of matrix 
molecules, which are then often released as fragments to joint fluid, blood and 
urine where they may be detected. Such molecular "markers" of e. g. cartilage 
matrix turnover could be used to prognosticate and monitor joint diseases such 
as rheumatoid arthritis and OA, and to identify disease mechanisms on the 
molecular level. Other potential markers of the OA disease process are as
sociated with the increased production and release to body fluids of enzymes 
or cytokines. For overviews and further references on molecular markers of OA 
and other joint diseases, several reviews are available [12, 13, 17-20]. This 
chapter to a large extent is based on these recent reviews, and attempts to 
briefly summarize the current status of research on markers which are directly 
associated with turnover of joint tissue matrix molecules, such as matrix 
molecule fragments and proteases potentially associated with their generation. 

5.4.2 
The Relationship Between Markers and Joint Tissue Synthesis and Degradation 

A basic rationale for the concept of OA markers is that such markers reflect 
some aspects of the metabolic processes of joint tissues. However, the relation-
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ship between marker concentration in a body fluid compartment such as joint 
fluid, blood or urine with turnover processes in the joint tissues is complex. 

For example, the concentration of a marker of cartilage matrix degradation in 
joint fluid may depend not only on the rate of degradation of cartilage matrix, 
but also on other factors such as the rate of elimination, or clearance, of the 
molecular fragment in question from the joint fluid compartment [21-23] and 
the amount of cartilage matrix remaining in the joint [24] {Figs. 2 and 3). Since 
clearance from the joint fluid compartment is increased by inflammation [21,25], 
differences in the rates of release of markers from joint cartilage into joint fluid 
between control joints and diseased inflamed joints may be underestimated. 
An estimate of the degradation rate of a cartilage matrix molecule in arthritis, 
based solely on the joint fluid concentration of its fragments, may thus actually 
lead to an underestimation of its metabolic rate. 

In spite of these confounding factors, marker concentrations in joint fluid in 
general seem to correlate with the expected metabolic rate of joint cartilage 
matrix molecules [l2]. As an example, the changes with time after joint injury 
and in development of osteoarthritis in synovial fluid concentrations of frag
ments of aggrecan, 846 epitope, cartilage oligomeric matrix protein (COMP) 
and collagen II C-propeptide [26-29] are consistent with the changes in meta-
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Fig.3. The relationship between marker concentration in a body fluid compartment such as 
joint fluid, blood or urine with metabolic processes in the joint tissues is complex. The con
centration of a marker of cartilage matrix degradation in joint fluid depends not only on the 
rate of degradation of cartilage matrix, but also on other factors such as the clearance of the 
molecular fragment in question from the joint fluid compartment (increased by inflam
mation) and the amount of cartilage matrix remaining in the joint. Marker concentrations in 
serum are, in addition, influenced by e.g. liver function. Modified from [23] 
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bolic rate observed for aggrecan, COMP and type II collagen in animal models 
in vivo and in human osteoarthritic cartilage in vitro [30-33]. 

The identification of the specific source of the molecular fragment can be a 
problem with regard to both the metabolic process and the tissue. An increased 
rate of release of molecular fragments may be present both as a result of a net 
increase in degradation (resulting in net loss from tissue), or as a result of an 
increased rate of degradation in the presence of an increased rate of new syn
thesis and replenishment (resulting in a steady state with regard to tissue con
centration of the molecule). We therefore need markers with specificity for 
degradative and synthetic events, respectively. An example of the former is ag
grecan fragments, and of the latter, collagen II C-propeptide. 

Even with a molecular marker being associated with degradative events, the 
specific process source may need to be considered. For example, the fragments 
identified could result from the degradation of a newly synthesized matrix 
molecule which has not yet been incorporated into a functional matrix, a 
molecule recently incorporated into cell-associated matrix, or a resident matrix 
molecule which has a critical functional part of the mature matrix. The con
sequences on cartilage matrix integrity and function may well be different. In 
general, markers are not specific to these processes. This problem is also related 
to the largely unresolved question of the specific cartilage matrix compartment 
source (pericellular, territorial matrix or interterritorial matrix) of a molecular 
marker present in joint fluid, blood or urine. In vitro experimentation suggests 
that the metabolic rates of these cartilage matrix compartments may 
differ significantly [34]. Assay of some low-abundance epitopes associated with 
chondroitin sulfate sulfation patterns may help identify populations of newly 
synthesized aggrecan molecules [29, 35 - 38]. 

It may be suggested that fragments appearing in joint fluid of matrix mole
cules normally resident in cartilage are generated by metabolism of cartilage 
matrix. This assumption is not necessarily true. It relies, in turn, on the 
assumption that the molecule in question is significantly more abundant in 
cartilage than in any other joint tissue, or that its metabolic rate in cartilage is 
higher than in other joint tissues. While it is true that joint cartilage contains a 
far greater total mass of aggrecan compared to, e. g. the meniscus (Dahlberg et 
al. 1992), the total mass of COMP in the menisci of the knee may approach that 
in the joint cartilage of the knee [39]. Both chondrocytes and synovial cells 
produce stromelysin-l [40], but the cell number in synovial tissue may be 
higher than in cartilage, suggesting that a significant proportion of the 
stromelysin-l detected in joint fluid originates in the synovium. The specific 
source of the molecule or molecular fragment identified in joint fluid may thus 
not always be entirely evident, and is likely often more complex than originally 
proposed. 

The question of the tissue source of markers of cartilage metabolism is 
highly relevant for markers assayed in serum or urine samples. Joint cartilage 
represents less than 10 % of body hyaline cartilage. Sources of the marker other 
than cartilage will also have to be considered. Moreover, in mono articular 
disease, any markers released from the single affected joint are mixed with 
markers released from normal joints. It seems reasonable to suggest that 
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determinations of cartilage markers in serum or urine may be of use in poly
articular or systemic disease, but are less likely to be useful in monoarticular 
disease. 

Extra-articular factors which affect the clearance of the marker from the serum 
or urine compartment have to be considered. Physical activity may change the 
concentrations of some markers in both synovial fluid and serum [41]. The lymph 
nodes and the liver are responsible for the elimination of a great part of the 
molecular fragments released from cartilage and other connective tissues. Any 
change in the function of these organ systems will thus affect the clearance of 
cartilage markers from serum (Figs. 2 and 3). For example, the serum concentra
tion of hyaluronan is greatly affected by changes in liver function [42]. 

A brief list of putative biochemical markers of cartilage, bone or synovial 
metabolism in joint fluid, serum and urine in OA is given in Table 1. 

Table 1. Molecular markers of joint tissue metabolism in synovial fluid or serum in human 
osteoarthritis 

Marker" Process b 

Cartilage 

Aggrecan 
Core protein Degradation of 
fragments aggrecan 

Core protein Degradation of 
epitopes (cleavage aggrecan 
site specific 
neoepitopes) 

Keratan sulfate 
epitopes 

Degradation of 
aggrecan 

OA markers in 
synovial fluid c, d 

(references) 

11' (Lohmander [67], 
Lohmander [26]) 

11' (Sandy [59], 
Lohmander [60], 
Lark [61 e]) 

11' (Campion [68], 
Belcher [49]) 

Chondroitin Synthesis/degradation 11' (Poole [35], 
sulfate epitopes of aggrecan Hazell [70], 
(846, 3B3, 7D4, etc.) Slater [71], 

Lohmander [29], 
Plaas [37 e], 

Plaas [38 e]) 

Chondroitin Synthesis/degradation .u. (Shinmei [72]) 
sulfate ratio 6 S/4 S of aggrecan 

Small proteoglycans Degradation of small 11' e (Witsch-Prehm [73]) 
proteoglycans 

OA markers in 
serumc,d 
(references) 

11' <=>.u. (Thonar [43], 
Campion [68], 
Mehraban [69], 
Spector [44], 
Poole [35], 
Lohmander and 
Thonar [46]) 

11' (Poole [35]) 
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Table 1 (continued) 

Marker" Process b 

Cartilage matrix proteins 
Cartilage Degradation of 
oligomeric matrix COMP 
protein (COMP) 

Cartilage collagens 
Type II collagen 
C-propeptide 

Synthesis of type II 
collagen 

Type II collagen (X Degradation of 
chain fragments type II collagen 

Matrix 
metalloprotein- Synthesis and 
ases and inhibitors secretion 

Meniscus 

Cartilage 
oligomeric 
matrix protein 

Small 
proteoglycans 

Synovium 

Hyaluronan 

Degradation of 
COMP 

Degradation of small 
proteoglycans 

Synthesis of 
hyaluronan 

Matrix metalloproteinases and inhibitors 
Stromelysin Synthesis and 
(MMP-3) secretion of 

MMP-3 

Interstitial 
collagenase 
(MMP-1) 

Tissue inhibitors 
of metallo
proteinases 
(TIMP) 

Synthesis and 
secretion of 
MMP-1 

Synthesis and 
secretion of TIMPs 

OA markers in 
synovial fluid" d 
(references) 

L. S. Lohmander 

OA markers in 
serum"d 
(references) 

II (Saxne and Heinegard II (Sharif [52]) 
[74], Lohmander [27], 
Peterson [47]) 

II (Shinmei [75], 
Lohmander [28], 
Yoshihara [58]) 

II e (Hollander [76], 
Billinghurst [77], 
Atley [78]) 

II From synovium or 
joint cartilage? 

II From joint cartilage, 
synovium or meniscus? 

II (Lohmander [26]) 

II (Lohmander [26], 
Clark [55]) 

II (Lohmander [26], 
Manicourt [56]) 

II <=> tissue source? 
(see below) 

II (Goldberg [79], 
Hedin [80], 
Sharif [51]) 

II <=> (Zucker [57], 
Manicourt [56], 
Yoshihara [58] ) 

<=> (Manicourt [56]) 

<=> (Yoshihara [58]) 

Type III collagen 
N-propeptide 

Synthesis/degradation II (Sharif [81]) 
of type III collagen 

II (Sharif [81]) 

Bone 

Bone sialoprotein 
(BSP) 

Synthesis/degradation II <=> (Lohmander [82]) II f (Lohmander [82]) 
ofBSP 
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Table 1 (continued) 

Marker" 

Osteocalcin 

3-hydro
xypyridinium 
cross-links g 

Process b 

Synthesis of 
osteocalcin 

Degradation of bone 
collagens 

OA markers in 
synovial fluid c, d 
(references) 

11 ~ (Sharif [83]) 

OA markers in 
serumc,d 
(references) 

30 3 

~ (Campion [68]) 

11 ~.(j,: Increased, unchanged or decreased concentrations, respectively, compared with 
healthy controls. 

" Markers have been assigned a predominant tissue source with regard to marker occurrence 
in joint fluid and serum. 

b As discussed in this chapter (see Figs, 2 and 3) some individual marker levels may change 
both as a result of changes in synthesis and in degradation. 

c A predominant increase or decrease, respectively, is assigned on the basis of representative 
publications on "active", not end-stage ~A. 

d Some recent and representative literature references are given, this is not a comprehensive 
review of the literature. 

e In human OA cartilage. 
f After acute knee injury. 
g Results published only for urine, showing increased excretion [84,85]. 

5.4.3 
Uses of Molecular Markers 

The demands on a marker will differ, depending on if it is to be used as a 
diagnostic test, a prognostic test or an evaluative test. For example, the 
diagnostic test focuses on the ability to detect differences between affected and 
non-affected individuals, expressed in terms of sensitivity and specificity of the 
test, or positive and negative predictive values. The prognostic test attempts to 
identify the individuals within a cohort which are the most likely to show a 
rapid disease progression. The evaluative test, finally, focuses on the ability of 
the marker to monitor change over time in the individual patient, often ex
pressed as sensitivity to change or effect size. Additional uses of markers may 
also be contemplated, such as the ability of a marker to predict response to a 
treatment, such as a specific inhibitor of the collagenase responsible for car
tilage collagen breakdown, or the protease responsible for cartilage aggrecan 
breakdown. Here, the presence or absence of degradation products of these 
matrix molecules in certain conditions would provide a rationale for targeting 
a specific protease for inhibition. 

It has been suggested that markers may serve as diagnostic tests, helping to 
distinguish joints with OA from unaffected joints or other joint diseases. The 
concentration of keratan sulfate in serum was originally suggested to serve as a 
diagnostic test for generalized OA [43]. Subsequent experience has, however, 
failed to fulfill this promise [35,44], although this serum marker may yet serve 
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to reflect cartilage proteoglycan degradation in specific situations [45]. A con
siderable overlap exists between affected and non-affected individuals, and 
serum concentrations are influenced by age and gender [46]. Other studies have 
shown differences in knee joint fluid concentrations of aggrecan fragments, 
COMP fragments, and matrix metalloproteinases and their inhibitors between 
knee-healthy reference groups, rheumatoid arthritis, reactive arthritis and OA 
[26,27,47,48]. While these investigations show significant differences in mean 
concentration values (or ratios between different markers) between the study 
groups with only moderate overlap, interpretation is confounded by the fact 
that comparisons between groups are cross-sectional and retrospective. Of 
further concern in these cross-sectional studies is the requirement for careful 
patient characterization, since sub-grouping may influence the results signifi
cantly [49]. The predictive power of the test to discriminate between groups is 
rarely discussed. Results from reports such as these will require confirmation in 
prospective studies. 

Molecular markers might also be used for evaluating disease severity or 
staging, rather than the presence or absence of disease. In OA, disease severity 
is currently measured by, e. g. Kellgren and Lawrence grade of radiological 
changes, by the amount of cartilage loss on arthroscopy or by the patient's 
degree of pain and functional impairment. Several reports have suggested that 
assay of molecular markers of cartilage metabolism may provide complemen
tary information on joint disease stage [24,50]. While further experience in 
this area is needed, molecular markers have the potential to provide unique 
information on joint cartilage quality not currently available by other modalities 
of staging. 

Biochemical assays of molecular markers developed to evaluate OA have also 
been promoted as prognostic markers, to predict the later worsening of ~A. For 
example, it was shown that levels of serum hyaluronan (but not serum keratan 
sulfate) in patients with knee OA at study entry predicted subsequent progres
sion of knee OA at the 5-year follow-up [51]. In the same study population, an 
increase in serum COMP during the first year after study entry, was associated 
with radiographic progression of the knee OA at 5-year follow-up [52]. Studies 
on groups of patients with rheumatoid arthritis have indicated that serum 
levels of COMP and the chondroitin sulfate epitope 846 are associated with 
rapid disease progression in that condition [53]. These reports describe results 
obtained on patient groups of limited size, and often do not specify the strength 
of the relationship between marker levels and disease progression. However, 
they suggest that further progress in the area of prognostic markers is likely 
with prospective, longitudinal studies on larger patient cohorts. 

Of note here is a report of low-level increases in serum C-reactive protein in 
early osteoarthritis of the knee, and that levels of this protein predict progres
sion of knee OA [54]. Likely, this increase reflects tissue-damaging processes 
within the joints, and may further be related to the increased levels of serum 
hyaluronan shown to predict knee OA progression [51]. Possibly, the synovium 
is responsible for a significant proportion of the increased serum hyaluronan, 
indicating a low-level synovitis. The presence of such a low-level synovitis may 
also be consistent with the increased concentrations of the matrix metallo-
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proteinase stromelysin in synovial fluid and serum observed in OA and after 
joint injury [26,55 - 58]. 

Markers that reflect the ongoing repair and degradative processes occurring 
within a joint, might be regarded as prognostic markers. As discussed, con
centrations in joint fluid of molecular markers for both degradation and 
synthesis are consistent with the changes in metabolic rate observed for these 
molecules in animal models in vivo and in human osteoarthritic cartilage in 
vitro. 

Markers may also be used to identify degradation mechanisms and to 
predict response to therapy. Structure analysis of the matrix molecule 
fragments released from or remaining in the cartilage matrix may yield im
portant information on the character of the metabolic process or protease 
responsible for tissue destruction. Results with aggrecan fragments may serve 
as an example. The structures of the fragments released into joint fluid, and of 
those remaining in. the matrix, are consistent with two separate proteolytic 
activities in cartilage matrix in OA [59-61]. One of these proteases generates 
fragments consistent with the action of a "classic" matrix metalloprotease such 
as stromelysin, while the other as yet unidentified protease generates fragments 
consistent with the action of a putative protease, "aggrecanase". Similar and 
ongoing structure analysis of fragments of cartilage collagens and matrix 
proteins may yield information the role of different proteases in different 
phases of disease development, critical for our understanding of cartilage 
metabolism in health and disease [18]. This information may in turn be used to 
predict responsiveness to treatment specific for a proteolytic activity such as a 
collagenase or "aggrecanase". The usefulness of this concept relies on the 
demonstration of disease mechanisms with at least a relative specificity for a 
condition or disease stage, and on the availability of agents specific for these 
processes. 

Molecular markers have also been suggested as being useful to monitor 
response to therapy in OA, to be used as sensitive surrogate outcome measures 
in clinical trials of new disease-modifying treatments. Within this area, the pos
sible ability of markers to provide "proof-of-principle" in early-stage clinical 
testing of new agents to inhibit cartilage breakdown, is of particular interest. 
Advances in our understanding of disease mechanisms, assisted by structure 
analysis of molecular fragments released from human joint cartilage, as out
lined in the preceding paragraph, will be critical for progress. However, with the 
current absence of disease-modifying treatments in OA, the role of molecular 
markers in this area remains somewhat speculative. Experience from the 
treatment of rheumatoid patients is so far limited, but suggests that cartilage 
molecular markers are indeed responsive to treatment [48, 62-65]. 
Randomized, controlled clinical trials of new disease-modifying treatments of 
OA will represent important opportunities to validate OA markers as outcome 
measures. 

Given that markers reflect the dynamic state of cartilage metabolism, it ap
pears most likely that markers will be used to evaluate changes in disease: as 
prognostic tools to identify those at high risk of rapid progression, to identify 
the responders, and to assess the degree of response. 
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For all suggested uses of markers, but perhaps in particular for markers 
used to monitor treatment response, we shall require knowledge of the vari
ability both over time in the individual and between individuals in representa
tive and stable cohorts of appropriate size. Such data can be used to calculate 
the needed number of patients and the required response to treatment in a 
clinical trial setting. Similarly, we will need marker data for age- and gender
matched groups of joint-healthy and arthritic individuals at different stages of 
disease development. On the basis of such data, sensitivity, specificity and pre
dictive power for diagnostic tests may be calculated. Only few such data have 
yet been published. 

A recent report, however, presented assay results on samples of synovial 
fluid, serum, and urine obtained on 8 different occasions during one year from 
52 patients with incipient knee osteoarthritis [66]. Both between-patient and 
within-patient coefficients of variation varied for markers in different body 
fluid compartments, with the lowest variability for serum keratan sulfate and 
the highest for synovial fluid markers (Fig. 4). For synovial fluid, aggrecan 
fragments showed the least variability, and matrix metalloproteinases the 
highest. One patient with septic arthritis showed a S-fold peak increase in joint 
fluid aggrecan fragment concentrations, while the concentration of matrix 
metalloproteinase-3 increased lOo-fold, and that for matrix metalloproteinase-l 
more than soo-fold. 

It was notable that the sensitivity to change differed between markers in the 
same body fluid compartment, reflecting a differing degree of responsiveness to 
pathologic processes between the cells and tissues primarily responsible for the 
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Fig.4. Within-patient variability of markers. Variability expressed as Coefficient of Variation 
(CV) (SD/mean x 100). Box plots contain 25th to 75th percentiles within box, line in box is 
median. Whiskers represent 10th and 90th percentiles, symbols 5th and 95th percentiles. 
Synovial fluid markers: Aggrecan fragments (SF-agn), matrix metalloproteinase-3 (SF
mmp3), matrix metalloproteinase-l (SF-mmpl). Serum marker: keratan sulfate (SF-KS). Urine 
marker: type I collagen N-telopeptide crosslink (U-NTx) . (Data from [66]) 



Diagnosis and Monitoring of Osteoarthritis 307 

production and release of these markers. An example is provided by the great 
differences in variability between aggrecan fragments, MMP-l and MMP-3 in 
joint fluid. While aggrecan fragment concentrations reflect degradation and 
synthesis of joint cartilage aggrecan, MMP concentrations probably mirror syn
thesis, secretion and release of MMP's from both synovium and cartilage, which 
apparently may be more responsive to pathogenic stimuli. Even though the 
baseline variability for MMP-3 concentration was greater than for aggrecan 
fragments, the responsiveness to change was some 4-fold greater for MMP-3 
than for aggrecan fragments. However, we still have little or no information 
with regard to diagnostic specificity for these or any other markers in OA. 

The lower degree of variability of marker concentrations within patients, as 
compared to between patients, emphasizes the importance of knowledge of, 
and comparison with, baseline concentrations in clinical trials which propose to 
use joint markers as outcome measures. MMP-3 concentrations in synovial fluid 
may serve as an illustration of the use of data such as those presented here. If a 
decrease from a baseline concentration of 22 nM of MMP-3 to a concentration 
of 17 nM is taken as a relevant change (approximately 0.5 standard deviations), 
then some 30 patients per treatment arm would be sufficient to show this 
change with a power of 80 %. This example does not imply, however, that such 
a change would necessarily relate to a change in the osteoarthritic disease 
process, or be clinically relevant. 

This review has presented data which support the notion that biochemical 
markers reflect the dynamic changes in the joint tissues that take place in OA, 
and may serve as a window on pathological processes in the joint. Osteoarthri
tis is a disease characterized by dynamic, measurable changes in the turnover 
of joint cartilage constituents. Further investigations in this area will help make 
osteoarthritis a treatable disease. 
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CHAPTER 6 

Evolution and Prognosis of Osteoarthritis 

E. VEYS and G. VERBRUGGEN 

6.1 
Introduction 

The prediction of the outcome of the osteoarthritic disease of involved joints in 
individual patients actually is nearly impossible since in general little is known 
about the natural course of the disease. The technical investigations, nowadays 
available, do not allow an individualised approach of prognostic factors. The 
most recent technics, as magnetic resonance imaging [1,2], bone scintigraphy 
[2 - 5] and serum markers of cartilage loss [6] are still in investigation and 
before they can be accepted as prognostic markers their correlation with the 
conventional radiographs [7 - 9], the golden standard, has to be proven. Further 
on the actually available data on conventional radiographs are scarse and 
limited to hand [9-15],knee [5,14,16-23] and hip joints [24-29]. 

The heterogeneity of the osteoarthritic conditions is the major reason why 
it remains so hazardous to make prognostic speculations in individual pa
tients. The recognition of prognostic factors will depend on the better know
ledge of the natural course of the disease. The sequential analysis of large 
populations of patients, the comparison of populations which only differ by 
minimal number of variables (age or sex or occupation or symptom) and the 
better understanding of the etiologic moments of the disease are key investiga
tions by which the physician will be capable to predict the outcome of the 
disease. 

6.2 
Heterogeneity of Osteoarthritis 

Osteoarthritis is the common name given to a heterogeneous group of con
ditions resulting in similar pathological and radiographic changes. The clinical 
features are characterized by similar subjective complains and by decrease of 
the joint mobility and subsequent functional loss. Although some authors 
reported an increased prevalence of pain in more progressive cases of osteo
arthritis [10,30], there is no strict parallelism between the anatomical changes 
and the clinical findings: this is one of the key problems to predict the outcome 
of the disease in one particular patient when the physician only depends on the 
radiographs. 
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The heterogeneity of osteoarthritis is well recognised, but a largely accepted 
list of subsets is not yet available and frequently different concepts are as
sociated to identical items. 

Starting from the premise that all osteoarthritic conditions in fact are caused 
by biomechanical stress, we can subdivide them in primary osteoarthritis when 
the anatomical status of the joint tissues was intact at the moment of the 
initiation of the disease and in secondary osteoarthritis when the joint tissues 
were already altered at the moment of the initiation of the osteoarthritic 
disease. 

Primary osteoarthritis will occur in all subjects in those joints which are 
compromised by their localization so that, with normal use and with increasing 
age, they will present anatomical changes compatible with the features which 
are considered as characteristic for osteoarthritis: e. g. the intervertebral disks 
between the 5th and the 6th cervical vertebral bodies, the 4th and the 5th 
lumbar vertebrae, the 5th lumbar and the 1st sacral vertebral bodies, the 
carpometacarpal joint of the thumbs and the first metatarsophalangeal joint. 
Primary osteoarthritis due to postural abnormalities is more relevant for the 
clinician: osteoarthritis of the knee or hip joints due to varus or valgus 
deformities of these joints, lipping of the "forside" of the dorsal vertebrae in 
patients with a hyperkyfosis, and osteoarthritis of the dorsolateral zygapophy
seal joints of the lumbar spine in patients with a lumbar hyperlodosis. 

Secondary osteoarthritis will occur in patients with preexisting ab
normalities in the joint tissues. This type of osteoarthritis can occur in joints 
with previously affected articular cartilage after transient but recurrent inflam
mation of the synovial membrane as seen in haemochromatosis, in chon
drocalcinosis, in burned-out rheumatoid arthritis, in spondyloarthropathies 
especially at the hip joints. Cartilage dysfunction may result from inherited 
disorders of collagen molecules [32, 32] and will occur in various metabolic 
diseases such as acromegaly, haemochromatosis, chondrocalcinosis, ochrono
sis. Secondary osteoarthritis also will occur in subjects with previously affected 
subchondral bone, e. g. in the congenital epiphyseal dysplasia's, in Paget disease 
or after intraarticular fractures. 

These examples are given to document the heterogeneity in the osteo
arthritis population due to the cause of the disease. One of the problems in clas
sifying osteoarthritic patients according to that issue is due to the fact that a 
patient frequently consult the physician in a late stage of the disease at the 
moment the symptoms become obvious. At that stage the disease became 
already multifactorial, all joint tissues being involved in the disease process: 
articular cartilage, subchondral bone, synovial membrane and adjacent 
muscles. It becomes then hazardous to speculate on the origin of the disease. 

The classification of osteoarthritic patients in different subsets is possible on 
the basis of the presumed initiating factors of the disease, subsets also can be 
proposed according to the number and the pattern of joints involved or the dis
tribution within joints. Further on, weight bearing joints will undergo another 
evolution than non weight bearing joints. 

The radiographic aspect of the affected joint is another cause of hetero
geneity: when the repair phenomena are pronounced (hypertrophic osteo-
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Fig.1. Atrophic and hypertrophic OA of respectively the left and right hip of the same patient. 
The joint space of the right hip joint is narrowed, subchondral sclerosis is present at the upper 
part of the acetabulum and discrete osteophytosis has installed as a part of the remodeling 
process. At the left side, the joint space has disappeared and huge cysts have been formed in 
the acetabulum and in the femoral head. No signs of remodeling are apparent 

arthritis) one can speculate that the outcome of the disease will be different 
from a joint which presents practically no signs of repair (atrophic osteo
arthritis) (Fig. 1). 

In each case, we must consider that several factors will influence the out
come; as an example, the evolution of the osteoarthritis of the knee in a patient 
who underwent a medial meniscectomy, will depend from the inherited quality 
of its joint tissues [331, from his body weight [18,34- 351 and occupation, from 
the vascularization of the subchondral bone and from the previous bio
mechanical status of the joint. The influence of these factors is assumed but 
their association with the evolution is less clear, there are still a number of 
unknowns as well. 

The influence of biomechanical abnormalities in adjacent joints is another 
factor which can influence the evolution of osteoarthritis in a considered joint, 
so the genu varum is deleterious for the knee joint but obviously presents some 
biomechanical beneficial effect on the hip joint. This point can be the reason 
why authors looking for subsets of patients with osteoarthritis according to the 
localisation of involved joints report a separate subset of patients presenting 
hip joint as unique manifestation of the disease in contrast to patients with 
osteoarthritis of the knee joints who simultaneously present osteoarthritis of 
the hands and spine. 
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6.3 
Population Studies 

Two different ways can be followed to collect data from population studies 
to improve the knowledge of the final outcome of osteoarthritis, the final issue 
being to give the possibility to the physician to predict the prognosis of osteo
arthritis at single joint level or for several joints in cases of generalized 
osteoarthritis. Ideally, the prognosis should be predicted at the first contact 
with the patients, based on imaging techniques and on serum levels of specific 
markers. Unfortunately, we are far from this optimal situation since data on the 
natural course of the disease in population studies are scarse and limited to 
some joints as the hands, the knees and the hips. The first possibility to im
prove this knowledge, is to follow a cohort of patients over the time and to 
collect as much data as possible at each visit. Since osteoarthritis is a slow 
progressing disease the cohort should be followed for a rather long time, even 
the time interval between two analyses must be long enough: changes must be 
detectable with conventional techniques. The second possibility is to perform 
a cross sectional analyse of two populations which only differ by one variable 
in order to approach the influence of this variable on the evolution of the 
disease. The populations can be different either in age, in sex, in occupation, 
or in the presence or absence of symptoms, ... but they should be as homo
geneous as possible for variables other than the variable selected for the 
study. 

6.3.1 
Sequential Population Studies 

The number of studies dealing with the natural course of the disease are scarse 
and they are all focussed on hands, knees and hips. The evolution and outcome 
of knee and hand osteoarthritis will be dicussed in this chapter. 

6.3.1.1 
Radiographic Progression of Knee Osteoarthritis 

Most authors agree that separate scoring of different osteoarthritis-associat
ed variables give more accurate data than when a general joint score as pro
posed in the Kellgren and Lawrence method [36] is allocated to the joint. The 
involvement of the different compartments is another variable considered in 
a few investigations [8, 37]. In most studies the following variables were 
evaluated: joint space narrowing, osteophytes, cyst formation, subchondral 
bone sclerosis. In some studies the loss of cortical integrity was also noticed as 
attrition and chondrocalcinosis and desaxation were also evaluated. Most 
often, semiquantitative assessment was used to grade the severity of the 
anatomical changes. Microfocal radiography was proposed to measure the 
changes in some of these osteoarthritis-associated features more accurately 
[14,23]· 
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6.3.1.1.1 
Joint Space Narrowing 

The narrowest point of the tibiofemoral joint space can be measured in mil
limeters with a ruler or a caliper [5,21], but the narrowing can also be graded 
0-3 in the separate compartments of the knee joint [5,16,17,19]. In a gen
eral population study, Schouten et al. [18] used a nine point score for the eva
luation of the joint space, from -4 over 0 to +4. For others [38] the joint space 
was one variable included in a summative quantitative score, presence of joint 
space narrowing being scored as + 1.0 at inclusion in the study and further 
narrowing or widening during follow up being scored as a supplementary + or 
-1.0. 

6.3.1.1.2 
Osteophytes 

Some authors did not evaluate the osteophytes in their scoring system [18]. 
Others scored them as present or absent [16] or on a 3- (absent, present, severe) 
[5,21], or 4-point (absent, dubious, moderate, severe) scale [20]. Finally osteo
phytes at different sites of the joint were be quantitated separately, the presence 
of each ostephyte at the inclusion in the study being scored as + 0.2. During 
follow up the appearance or disappearance of an osteophyte was then scored as 
+ or - 1.0, the enlargement or decrease in size of an existing osteophyte as + or 
- 0.5. These numbers were then included in a general quantitative joint score 
[38]. 

6.3.1.1.3 
Subchondral Bone Sclerosis 

In the majority of the studies bone sclerosis was noticed as present or absent 
[5, 21] and during follow up as 'not changed', 'minor change' or 'major change'. 
In other studies a score between 0 and 3 was allocated for bone sclerosis 
[17,19]. Other authors did not consider this variable [18]. As a matter of fact 
everybody agrees that subchondral bone sclerosis is difficult to quantitate. In 
a recently proposed quantitative score system [38] a value of + 1.0 was attrib
uted to the presence of subchondral bone sclerosis at the inclusion of the 
subjects in the study and during follow up on the roentgenograms a score of 
+ 1.0 or -1.0 was given in cases of appearance or disappearance of this fea
ture. 

6.3.1.1.4 
Cysts, Attrition and Desaxation 

In most studies the absence or presence was recorded for these three variables 
[5,16,17,19 - 21]. In a recent survey, the presence of each of these features added 
+ 1.0 point to the patient's overall quantitative score at its inclusion. Appearance 
or disappearance during follow up was scored + or -1.0 [38]. 
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6.3.1.1.5 
Summative, Global or Overall Scores 

In most prospective studies the presence and severity of the separately 
evaluated variables are recorded as such [5,16 - 21]. A somewhat modified sum
mative quantitative score for the knee joint was proposed more recently [38] in 
which the presence of each of these variables was recorded at multiple sites of 
the joint and quantified as reported above. Overall knee joint scores were 
obtained at inclusion and after each consecutive evaluation (Fig. 2). 

6.3.1.1.6 
Analysis of the Reported Populations 

A number of populations have been recently reported with sufficient duration 
of follow up to allow some conclusions about the prognosis of OA of the knee 
joint. All of them were prospective studies and most of them focussed on 
radiographic data (Table 1). 

Massardo et al. [16] reported a follow up study of 32 patients, in which 
roentgenograms were taken at start and after 8 years. The authors separately 
evaluated the different radiographic signs: osteophytosis, loss of cortical 
integrity, joint space narrowing, subchondral bone reaction and the presence of 
chondrocalcinosis. Their major conclusion was that the presence of OA of the 
hands was a predictive sign for deterioration of the status of the knee joint. 
Spector et al. [17] analysed 63 patients in a 11 years long follow up study. Radio
graphs were taken at start and after 11 years. They used the Kellgren and 
Lawrence score, but scored also separately joint space narrowing in a 0 - 5 scale. 
The osteophytes and the subchondral bone sclerosis was evaluated per com
partiment in an overall 0 - 3 score. They considered joints which showed an in
crease of 1 grade or more, or a additional reduction of joint space of 10 % or 
more, to be progressive. Their major conclusions were that in general the 
disease had a slow progression, that the body weight at entry was not a major 
sign of disease progression and that patients with rapid progression were found 
between those who had knee pain at the entry of their prospective study. The 
overall good prognosis in this population is in contradiction with the data 
reported by Hernborg and Nilsson [22]. In this study 60% of the patients 
showed deterioration after 13 years, but a major bias might have been the ex
clusion of patients presenting osteophytes as unique radiological manifestation 
of OA. So, the authors possibly selected more progressive cases at the inclusion. 
Starting from a population study, Schouten et al. [18] did a follow up analysis of 
the evolution of OA of the knee in 142 patients with a duration of follow up of 
12 years. Roentgenograms were taken at start and at the end of this study. The 
authors used the Kellgren and Lawrence score but also graded the joint space 
narrowing on a 9-point scale (from - 4 to + 4). They also looked to the presence 
of chondrocalcinosis. The variables which appeared to be significantly related 
to cartilage loss were: body mass index, repetitive impulse loading, valgus or 
varus deformity, chondrocalcinosis and the presence of Heberden's nodes. 
Surprising was the finding that injury of the knee and especially meniscectomy 
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Fig. 2A, B. Osteoarthritis of the knee; scoring system developed at the Ghent University 
Hospital. A The system is based on the recognition of five OA-associated features sought for 
at different sites of the joint on the anteroposterior and laterolateral roentgenograms. B Scores 
attributed to 'presence' of the abnormalities (Table 3) are added to obtain an 'overall severity 
score'. In this case the 'overall severity score' amounts to 7.2 or 8.2 depending on the reader's 
personal bias about the femoropatellar joint space. After a given interval of time the changes 
in the appearance of the OA-associated features are added to obtain the 'overall progression 
score'. Overall severity score at the start of a study and overall progression score after com
pletion of a study can be cumulated to a severity score at the end of the follow up period 
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Table 1. Cohort studies of the natural evolution of knee osteoarthritis 

Authors 

Dieppe et al. 
Massardo et al. 
Spector et al. 
Schouten et al. 
Ledingham et al. 
Doherty et al. 
Dieppe et al. 
Hernborg and Nilsson 
Buckland-Wright 
Verbruggen et al. 

Ref. 

[5] 
[16] 
[17] 
[18] 
[19] 
[20] 
[21] 
[22] 
[23] 
[38] 

Number of patients 

75 
32 
63 

142 
188 
135 
415 
84 
33 
36 

319 

Follow-up (years) 

5 
8 

11 
13 
2 
2.5 
3 

15 
1.5 
3 and 5 

were unrelated to cartilage loss. Dieppe et al. [5] followed 75 patients with OA of 
the knee during 5 years. Actually, the authors started with 94 patients but 19 of 
them were lost of follow up or died. They looked to the following outcomes: 
need of surgery, joint space narrowing of 2 mm, osteophytes (on a 3-point scale) 
and the presence of sclerosis. Age, sex, obesity and duration of symptoms were 
only weakly related to outcome. Presence of crepitus, joint swelling and in
stability at intrance achieved highly significant correlations with outcome. The 
strongest positive correlation was the association of severe pain at entry and a 
subsequent operation of the knee (15 patients). 

The authors also performed bone scintigraphy on these cohort, all patients 
who progressed had a positive scan, but nearly half of the patients who did not 
progress also had a positive scan. Ledingham et al. [19] evaluated the prognostic 
significance of radiographic features for outcome of knee osteoarthritis; The 
data were obtained from 188 patients, from which 350 joints were analysed with 
a medium duration of follow up of 2 years. The Kellgren and Lawrence score 
was evaluated altough the separate features also were recorded. An increase of 
the osteophyte size did not correlate with clinical status. Narrowing of joint 
space and bone attrition, which are variables reflecting bone and cartilage loss 
were correlated with deterioration of the clinical condition of the patients. Also 
knee effusion and the presence of chondrocalcinosis reflected a deterioration of 
the radiologic pictures. In fact 72 % of the patients presented changes of at least 
one radiographic feature: increase in joint space narrowing occured in 52 % of 
the patients, osteophyte evolution in 32 %, cysts in 19 %, sclerosis in 14 % and 
attrition in 30%. Nearly the same numbers were reported by Doherty et al. [20], 
in a follow up study of 2.4 years of 135 patients. The authors evaluated the 
radiographs in the same way as in the previous study and described also a close 
correlation between the evolution of both knees in individual cases. Dieppe et 
al. [21] following the same procedure as in their previous study [5], confirmed 
the strong association between the 'right-left knee' evolution in the same 
patient. They also described a strong association between joint space narrowing 
and increase in osteophyte size or in appearance of subchondral sclerosis. 
There was little evidence of correlation between any clinical outcomes and any 
changes on radiographs. 
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6.3.1.1.7 
The Natural Evolution of Knee Osteoarthritis: Conclusions 

There is significant progression of osteoarthritis of the knee during follow up. 
Although this evolution was reported to be slow in some studies [5,17,21), others 
reports showed a less optimistic picture [19,20). Evolution on both sides was 
found to be strongly associated [20, 21). Age, sex, body weight, duration of 
symptoms and the presence of generalized osteoarthritis are associated to the 
outcome of the knee joint disease [5,17,21,34). 

The presence of symptoms at entry is correlated with increase of joint space 
narrowing on follow up [17,19), with increasing bone attrition [19), but not with 
increase of the osteophytosis [19). Another study showed a strong association 
between narrowing of the joint space and increase in osteophyte size and ap
pearance of subchondral sclerosis [21).The patients who presented finger joint 
osteoarthritis were more at risk to show a rapid progression of their osteo
arthritis of the knees [16,33). 

6.3.1.2 
Radiographic Progression of Finger Joint Osteoarthritis 

6.3.1.2.1 
Non Erosive Versus Erosive Osteaoarthritis of the Finger Joints 

The incidence, pattern of joint involvement and severity of degenerative joint 
disease are comparable in men and women to their early fifties. After this age, 
the disease becomes more generalized and progressive in women [39, 40). The 
interphalangeal (IP) joints, and the first carpometacarpal (CMC) joints become 
more frequently involved [39, 40). Distal interphalangeal joints (DIP) were 
reported to be more frequently involved than the proximal interphalangeal 
joints (PIP) or the metacarpophalangeal joints (MCP) [41-43). Several studies 
have shown 70 - 80 % of the DIP joints, and about 50 % of the PIP joints to be 
affected in individuals with a history of symptom producing osteoarthritis of 
their finger joints for several years. These patients who effectively sought 
medical advise for their osteoarthritis, had rapidly developed symmetric in
volvement of the finger joints and the above-mentioned incidence rates were 
seen in patients with a clinical history of over 5 years. Furthermore, the 
progression of the disease is completely different in IP and in MCP joints. The 
destructive evolution characteristic for what is classically coined as 'erosive' [42) 
or 'inflammatory' [43, 44) osteoarthritis of the finger joints is exclusively seen 
in the distal and proximal interphalangeal joints. These observations suggest 
that in women of menopausal age, factors other than exclusively mechanical 
ones are operational when the disease comes to expression. Changes in the 
hormonal balance might increase the risk of inflammatory processes in 
synovial joints, and osteoarthritic (OA) DIP and PIP joints can become severely 
inflamed in the perimenopausal period [41- 47). Hence, the functional outcome 
of the disease depends largely on the occurence eventually of the 'erosive' or 
'inflammatory' form of the disease. 
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Mep joints were less frequently affected and the pattern of involvement 
allowed to suggest that mechanical factors probably were the main initiators 
of osteoarthritis of the Mep joints. The second Mep joint was significantly 
more affected than the third Mep. There was only minor involvement of Mep 4 
and 5 [15]. 

6.3.1.2.2 
Progression of Non Erosive Osteoarthritis of the Finger Joints 

Roentgenograms are still commonly accepted to judge the morbidity and the 
progression of osteoarthritis of the finger joints. Non erosive and erosive osteo
arthritis differ in their clinical outcome and radiographic characteristics. The 
measurement of progression of both types of osteoarthritis has to be done by 
different scoring systems. As in most other joints, non erosive osteoarthritis of 
the finger joints is characterized by the classical features of osteoarthritis e. g. 
narrowing of the joint space together with the changes in the bony com
partments of the joint such as osteophytes, subchondral sclerosis and cysts. 

A 'Global Estimate' of Progression 

A global estimate of osteoarthritis of the finger joints was developed by 
Kellgren and Lawrence in 1957 and for many years was accepted to be the 
golden standard for measuring the progression of finger joint osteoarthritis 
[36]. This grading system was based on the assumption that progression of 
osteoarthritis in these joints follows a sequence of events in which osteophyte 
formation was the pathognomonic event and all other signs of osteoarthritis 
were considered as less specific. However, joint space narrowing and the 
changes in the subchondral bone architecture can occur before osteophytes 
develop. Furthermore, changes in the anatomy of the affected joint tissues 
progress at different rates during different intervals of time. The system was 
thus unsensitive to change. Assessment of the progression of osteoarthritis of 
the DIP joints showed that it took 11 years on average to progress 1 Kellgrenl 
Lawrence scale grade for these particular joints [48]. 

Semiquantitative Assessment of Progression of Osteoarthritis-Associated 
Features 

More recently, attempts have been made to define the clinical criteria for the 
diagnosis of symptomatic primary osteoarthritis of the hands [49] and to score 
the progression of the different osteoarthritis associated items within certain 
time limits [9]. In a series of hand roentgenograms taken with an interval of 12 
to 60 months progression was scored in 12 sites of both hands: the 4 DIP and 
4 PIP joints, the first IP joint, the first trapeziometacarpal joint, the scapho
trapezoid joint and the widening of the distance between the bases of the first 
and second metacarpals. Radiographic variables assessed were joint space 
width, osteophytes, sclerosis, cysts or erosions and alignment (Table 2). The 
degree of abnormality was scored in a 4-point scale, and for each parameter the 
extent of difference between the 2 films was marked on a 10-cm analog scale, for 
which the center mark indicated no difference. Osteophytes were rated as the 
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Table 2. Osteoarthritis of the finger joints: measurement of progression 

Assay system Severity scale Progression Time Ref. 
interval 

Non erosive osteoarthritis 
Kellgren Reference picture Semiquantitative? Comparative Not sensitive [11] 

Altman et al. OA-associated items Semiquantitative Comparative 12-60 months [14] 
(2 films) 

Joint space width 4-point scale '0 - 3' 10 cm VAS 
Osteophytes 4-point scale '0-3' 10 cm VAS 
Sclerosis 4-point scale '0-3' 10 cm VAS 
Cystsl erosions 4-point scale '0-3' 10 cm VAS 
Alignment 4-point scale '0-3' 10 cm VAS 
MCwidening 4-point scale '0-3' 10 cm VAS 

Kallman et al. OA-associated items Semiquantitative Comparative 7.6 years a [15] 
Joint space width 4-point scale '0-3' 'PINb 
Osteophytes 4-point scale '0 - 3' 'PINb 
Sclerosis 2-point scale'PINb 'PINb 
Cysts 2-point scale'PINb 'PINb 
Lateral deformity 2-point scale'PINb 'PINb 
Collapse cortical bone 2-point scale'PINb 'PINb 

Verbruggen OA-associated items Not done Comparative 3-5 years C [16] 
and Veys Joint space width Not done see Table 3 

Osteophytes Not done see Table 3 
Subchondral cysts Not done see Table 3 

Buckland- OA-associated items Quantitative d Quantitative 18 months [17, 
Wright et al. Joint space width Quantitative d Quantitative 18] 

Osteophytes Quantitative d Quantitative 
Juxtaarticular Quantitative d Quantitative 
radiolucencies 
Subchondral sclerosis Quantitative d Quantitative 

Erosive osteoarthritis 
Verbruggen Reference picture Anatomical phases Comparative 3-5 years e [16] 
and Veys 

a On average. 
b PIA: present/absent. 
C Radiographs taken with one-year intervals, sensitive to change within 2 years. 
d Smallest object recorded: 25-50 JIm; 4% changes injoint space width or in osteophyte length 

were considered to be significant. 
e Radiographs taken with one-year intervals, sensitive to change within 1 year. 

most important feature in identifying osteoarthritis progression in the hand. 
Erosions were the second most important variable for determining progression 
and joint space narrowing was rated third in importance. Although osteophyte 
scores most often identified the correct time sequence between two roentgeno
grams, no single variable highly sensitively identified osteoarthritis progres
sion. Added combinations of radiographic findings (osteophytes plus nar
rowing plus erosions) increased the sensitivity scores and scores that combined 
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both hands were superior to those of one hand alone. In summary, this score 
system enabled clinicians to grade the severity of osteoarthritis of the hands 
at one particular time, and to assess the progression of the disease during a 
variable time interval. However, the 4-point scale system (normal, mild, 
moderate and severe) to assess morbidity and the visual analogue scale used to 
measure progression leaves some room for interpretation and subjectivity. 

A similar grading system [10] used almost identical variables to score the 
severity of osteoarthritis in a somewhat different scale alignement (Table 3). 
Kallman et al. graded subchondral sclerosis, cysts, lateral deformity and collapse 
of central joint cortical bone as 'absent or present'. Osteophytes and joint space 
narrowing on a 4-point scale are again leaving some room for interpretation. On 
average, the roentgenograms were taken 7.6 years apart. Progression was signifi
cant within this long period of follow-up. Close agreement between readers was 
obtained when changes in osteophytes, joint space width, alignment and collapse 
of central joint cortical bone were considered. There was no agreement on the 
changes in the subchondral bone, e. g., sclerosis and cysts. 

More recently, 46 patients with osteoarthritis of their finger joints were 
followed up for 3 years; 36 of them were followed up for 5 years [15]. 
Posteroanterior radiographs of the hands were obtained at the start of this 
prospective study and at yearly intervals. Progression over time was assessed in 
the DIP, PIP and MCP joints and the scoring system used were based on the 
increase in incidence of osteoarthritis during consecutive years in previously 
normal joints and the radiological progression of the anatomical lesions in the 
pathological finger joints (Table 3). As mentioned earlier [10], readers of 
roentgenograms are confronted with their own inherent bias about what they 
consider a positive radiological finding. To avoid problems in interpretation 
when defining 'presence or absence' of an abnormality at the start and at the 
finish of the follow up period, only changes during fixed time intervals were 
recorded. To facilitate the readings, documents were compared during the same 
reading session. The assay system was based on the changes in osteophytes or 
small ossification centers (ossicles) occurring at the joint margins, joint space 
and subchondral bone (cyst formation). Subchondral sclerosis was not con
sidered since it was difficult to quantify. When roentgenograms were compared 
at one-year intervals, it appeared that the minute changes in the size of osteo
phytes, in joint space width or in the structure of the subchondral plate were to 
often disputable. It was decided to increase the interval between two readings to 
obtain more definite changes. On completion of the study only the posteroan
terior roentgenograms obtained at the start and after 3 and 5 years were used to 
evaluate the incidence and progression of the disease. 

24 joints (8 MCP, 8 PIP and 8 DIP joints) per roentgenogram were studied. 
The condition at the time of patient inclusion was compared with the ap
pearance 3 or 5 years later. Points were attributed to changes in the aforemen
tioned items as illustrated in Table 3. The scores for the 8 DIP, 8 PIP and 8 MCP 
joints were combined for each patient. Significant increases both in the 
numbers of affected DIP, PIP and MCP joints per subject, and in the anatomical 
progression of the OA in the different finger joints of each individual patient 
were recorded during 3 and 5 years of follow-up. 
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Table 3. Scores attributed to changes in osteoarthritic joints 

Osteophytes' Joint space Subchondral cysts 

Appearance + 1.0 Narrowing + 1.0 Appearance + 1.0 
Disappearance - 1.0 Widening - 1.0 Disappearance - 1.0 
Increase in size + 0.5 Increase in size + 0.5 
Decrease in size - 0.5 Decrease in size - 0.5 

• Small ossification centers at the joint margins were regarded as OA-related changes and 
they were evaluated as osteophytes. 

Quantitative Microfocal Radiography: Progression of Osteo-Arthritis 

The best results with the above-mentioned assay procedures are obtained when 
the changes in the different features in a set of finger joints are grouped in a 
global summative score. Even then, it takes years to obtain interpretable 
changes in the anatomy of these finger joints. Measurement of the changes over 
18 months of each different radiologic feature of so-called 'non erosive' osteo
arthritis in finger joints was made possible by quantitative microfocal radio
graphy [11,12] (Table 2). Significant progression in the anatomical changes were 
detected within this short period of time. 

The fact that this technique enabled the detection of changes associated with 
the earliest phases of osteoarthritis is of particular interest. An increase of the 
joint space width in a significant proportion of these patients was logically 
interpreted as a possible consequence of the increase of cartilage water content 
associated with early disease [so, 51]. In the more progressed stages of the 
disease narrowing of the joint space became obvious [11]. In most of the 
osteoarthritic finger joints, changes in the bony compartments: e. g. osteophyte 
formation and subchondral sclerosis became appearant before narrowing or 
widening of the joint space had occurred. 

This accurate method of measurement showed that narrowing of the joint 
space of patients with finger joint osteoarthrosis was generalized and sym
metrical. The changes were first observed in the DIP joints and extended 
through the PIP joints to the MCP and wrist joints. This observation agrees with 
the earliest and more recent descriptions of the disease. 

6.3.1.2.3 
Non Erosive Osteoarthritis of the Finger Joints: Discussion 

Different observers have agreed that progression of finger joint osteoarthritis 
could be measured within a reasonably short period of time when progression 
was assayed by studying different osteoarthritis-associated features (Table 3). 
Conventional roentgenograms showed osteophytes and erosions or collapse of 
the subchondral bone plate as the most reliable variables to be followed up. 
Joint space narrowing has not been considered as sensitive to change. Most 
readers have difficulties to grade subchondral sclerosis. However, the intro
duction of quantitative microfocal radiography has allowed to use joint space 
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width as a very sensible variable to measure disease progression in much 
shorter intervals of time. The reliability of most of the grading systems proposed 
to grade the morbidity of osteoarthritis of the finger joints is increased when 
the changes in different OA-associated items are combined and when selected 
combinations of finger joints are taken into consideration. 

According to our own experience, classification of the pathological changes in 
multiple categories; e.g. 'normal', 'doubtful', 'moderate', 'severe', ... leaves much 
room for personal biases. Therefore, it was proposed to consider the occurence 
of changes in the above-mentioned OA-associated features as a method of choice 
to compare the progressive nature of the disease in cohorts of patients under 
different therapeutic regimes. 

6.3.1.2.4 
Progression of 'Inflammatory' or 'Erosive' Osteoarthritis of the Finger Joints 

Follow-up of the patients disclosed that the disease pattern followed in IP and 
MCP joints was completely different. The IP joints frequently showed clinically 
appearant signs of inflammation. This was never the case in MCP joints. 
Roentgenograms taken during or after these inflammatory episodes showed an 
'erosive' type of osteoarthritis classically described in the literature [42 - 47l. A 
prospective study was done to assess and to score the progressive nature of 
osteoarthritis in the DIP and PIP and MCP joints of forty-six patients who were 
followed for three to five years. Posteroanterior radiographs of the hands were 
obtained at the start of this prospective study and at yearly intervals. In approx. 
40 % of these patients the classical picture of OA was complicated by manifest 
erosive changes, which preceded a period in which repair phenomena in the 
'eroded' finger joints led to the generation of a new subchondral plate covered 
by cartilaginous tissue. Huge osteophytes were then responsible for the nodular 
aspect of the affected finger joints (Fig. 3). 

Five distinct phases in disease progression in the IP joints were defined: the 
nonaffected joint (N), the stationary osteoarthritic joint (S), the disappearance 
of the joint space (J), the erosive joint (E) and finally the remodeled (R) or fused 
(F) joint. J and E phases were only observed in hands with radiological signs of 
OA; these inflammatory events mainly occurred in joints that already were in 
the S phase. J or E joints regressing to the S phase were never encountered. Most 
of the joints in the J or E phases at the start of this prospective study remodeled 
during the 5 years' observation period. Contrary to what is seen in most chroni
cally progressive rheumatic disorders, the inflammatory episodes sponta
neously subsided and were followed by distinct repair. R joints never returned 
to J or E phases, and no longer showed any evolution. The R joint is the final 
stage of the disease and clinically appears as a Heberden (DIP) or Bouchard 
(PIP) node. It can safely be stated that the sequence 'N ~ S ~ J ~ E ~ R' reflects 
the natural history of OA of the finger joints in perimenopausal women. 
Proportions of patients that went through a particular phase are given in Fig. 4. 

Roentgenologically, the erosive lesions are identical to those described 
earlier in so-called 'erosive osteoarthritis' of the finger joints [46, 47l. This 
disease has been considered a variant form or an entity distinct from other 
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Fig.3. Erosive osteoarthritis of the interphalangeal finger joints. The progression through the 
successive anatomical phases is illustrated. Four pictures on the left: roentgenograms of the 
same DIP2 of the left hand (LI-L4) taken with one-year intervals; Ll: not affected (N) - L2: 
the joint became osteoarthritic (stationary phase) showing joint space narrowing, subchon
dral sclerosis and cysts (without obvious osteophytosis). The joint space has not disappeared 
(5). - L3: Subchondral erosions braking through the subchondral plate; the joint has entered 
the erosive phase and apparently did not go through the 'lost joint space' phase: (J) E - L4: a 
huge cyst has broken through the subchondral plate of the distal end of the mid phalanx; the 
base of the terminal phalanx is being remodeled and huge 'nodal' osteophytes appear; the 
joint is still considered to be in the erosive phase although signs of remodeling are obvious: 
E (R). Four pictures on the right: roentgenograms of the DIP2 joint of the right hand of the 
same patient (RI-R4) taken with one-year intervals; Rl: joint in the erosive phase (E) - R2: 
the DIP joint is still in the E-phase although the base of the terminal phalanx is being 
remodeled and osteophytes which were already present the year before are increasing in size: 
E (R) - R3: one year later, the joint is being remodeled further on but remodeling is not 
completed: (E) R - R4: completely remodeled DIP joint 

degenerative diseases affecting the finger joints in women, e. g. menopausal OA 
[45], inflammatory OA [42], primary generalized OA [52], nodal OA [53]. The 
earlier recognition of 'erosive' OA in some patients was based on the inter
pretation of one or at the most two roentgenograms obtained at varying 
intervals. Our 5 years' follow-up - with roentgenograms made every year -
discloses that 'erosive Olf represents merely an episode in the evolution of OA, 
rather than a separate form of OA. In our population 'erosive osteoarthritis' 
affected about half of the patients. We would conclude that all clinically 
manifest Heberden's and Bouchard's nodes with clinical and roentgenological 
evidence of hard tissue enlargement went through that erosive phase. 

6.3.1.2.5 
Radiographic Progression and Functional Outcome 

A considerable number of patients with osteoarthritis of their finger joints, 
fortunately do not enter into the 'erosive' phase of the disease. The IP finger 
joints of these patients remain in the 'stationary' phase and the progresion of 
this type of osteoarthritis is not different from that seen in the MCP or in any 
other joint. However, OA of the finger joints is progressive in nature and a 
proportion of these patients will develop 'inflammatory' or 'erosive' osteo
arthritis. Their finger joints will pass through predictable anatomical phases. 
The recognition of and the attribution of a score to these respective phases, 
made it possible to assess the progression of 'inflammatory' OA of the IP finger 
joints. 



Evolution and Prognosis of Osteoarthritis 

% of patients 

50 
46 
40 
35 
30 
25 
20 

15 
10 

5 
O~r-~--~--~--~~r-~---r--~--~-

n>s .» ~ j>e -'.)>e pr »r e>r pn 

cbanges in pbases 

327 

Fig.4. A cohort of 85 patients with OA of the finger joints has been followed over 3 years. 
Proportions of patients showing a change in one of the different anatomical phases of OA in 
their interphalangeal joints are represented. Approx. 45 % of the patients developed OA in 
one or more previously normal finger joints. In 20 - 30 % of the patients, osteoarthritic 
interphalangeal joints went through the destructive 'J' or 'E' phases characteristic of , erosive' 
or 'inflammatory ~A. These patients will develop the Heberden's and Bouchard's nodes 

The destructive evolution characteristic for what is classically coined as 
'erosive' [44l or 'inflammatory' [42, 43l osteoarthritis of the finger joints is ex
clusively seen in the distal and proximal interphalangeal joints. 

The development of franc 'erosive' osteoarthritis in previously 'stationary' 
osteoarthritic joints is of clinical interest. Osteoarthritis of the finger joints is 
asymptomatic when the disease is 'non erosive' and becomes symptomatic 
during the inflammatory episodes associated with the onset of 'erosive' osteo
arthritis. Sequential roentgenograms showed that remodeling always occurred 
in interphalangeal joints after they went through destructive phases [1sl. 
Remodeled distal and proximal interphalangeal finger joints present the typical 
nodal appearance of Heberden's and Bouchard's noduli and limit the daily 
activities of the hands. 
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CHAPTER 7 

Impact of Osteoarthritis on Quality of Life 

J. POUCHOT, J. COSTE and F. GUILLEMIN 

7.1 
Introduction 

Osteoarthritis (OA) is characterized by alteration in the structure and function 
of a joint, and results from changes in articular cartilage, underlying bone and 
soft tissues [1]. Osteoarthritis is the most common rheumatic disorder, and the 
aging of the population will result in a significant increase in its prevalence [2]. 
In Western population, as much as one third of the adults aged 25 -75 years have 
evidence of radiographic OA [2]. Although it does not reduce life expectancy 
significantly,OA results in pain, disability and quality of life (QoL) impairment. 
To a certain extent only these outcomes are accounted for by radiographic 
evidence of articular degeneration. Indeed, pain and disability are not always 
correlated with radiographic disease severity [3, 4]. Yet, only about 60% of 
patients with radiographic evidence of OA are symptomatic. The sensitivity of 
radiographic assessment to detect pathological changes of OA is low [5], and 
this may partly explain the discrepancy between radiographic changes and 
symptoms found in epidemiological studies. However, our understanding of the 
determinants of the disability in OA remains poor. The pathways that depict OA 
from biomechanical factors and pathology to pain and disability, and include 
the various factors and interventions that may intervene at every step of the 
illness have been recently reviewed [2,6]. 

Candidate variables for assessing outcome of OA have been recently reviewed 
[7]. Up to recently, traditional evaluation of OA was based upon assessments of 
joint range of motion, pain intensity and radiographic disease severity. However, 
accumulating evidence that functional disability and QoL measures are valid, 
reliable, and sensitive to significant clinical changes has generated a growing 
interest in these new methods of assessment. The purpose of these measures is to 
assess the patient's experiences of illness. They have a wide range of applications 
in OA, and supplement traditional clinical and biological measures of health 
status. Quality of life and functional impairment assessments are increasingly 
used as outcomes in clinical trials and evaluation studies, and have been included 
in recent recommendations at OMERACT III [8]. They provide epidemiologic 
data concerning the natural history of OA, and may aid to the individual patient 
care and clinical decision making. Although OA may involve any joint, this 
chapter will be dedicated to the weight-bearing joints of the lower extremities. 
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7.2 
Definition and Conceptual Issues 

The need to consider outcomes other than morbidity and mortality was 
heralded by the 1947 World Health Organisation who defined health as 
being the presence of physical, mental and social well-being and not only the 
absence of disease or infirmity. Patients do not really care about their 
erythrocyte sedimentation rate, or the accurate measurement of radiographic 
joint space narrowing, or limitation of range of motion of their diseased joint. 
As health status assessment naturally evolves to allow insight into patient's 
experience, QoL has emerged as an attractive but somewhat misleading 
term to describe this new domain of measure [9]. Indeed, although related 
to health, the concept of QoL is quite distinct from it. Most approaches used 
in medical field do no attempt to include widely valued aspects of life that are 
not generally considered to fall under the purview of the health care systems 
such as income, freedom, personal relationships, self-image, work status, 
environment or other living standards. As a consequence, the concept of QoL 
has generated much controversy in the field of health care. Some of the terms 
used for QoL, including health status, functional status, subjective health 
status or health related quality of life (HRQL) convey more accurately the 
content and purpose of these types of measure, and are commonly used inter
changeably. 

Although this can be challenged [9], QoL is usually considered to be a multi
dimensional concept, and several models and operational definitions have 
been proposed [10-13]. Quality of life conceptually refers to the physical, 
psychological, and social components of health that are influenced by own 
experience, beliefs, expectations and perceptions, or duration of illness. Since 
own expectations, perceptions, preferences and values regarding health and 
satisfaction with life may vary greatly, two individuals with the same health 
status may express very different quality of life. Indeed, for some individuals, 
suffering a chronic illness may paradoxically have enriching effect on their 
lives. It is commonly assumed that the process of measurement will result in a 
continuum between death (albeit some health states could be rated worse than 
death) and a fully healthy life. Variation among the numerous available QoL 
questionnaires is related to the extent to which various health domains are 
covered and the format of items. There is usually an overwhelming emphasis 
on the physical function component. Discrepancies between the patient and 
his/her physician in the assessment of QoL may be substantial. Although 
it could be argued that in certain health policy decision making, the point 
of view taken into account should be that of the society, in most cases the 
primacy of the patient's perspective is warranted [9, n]. 

7.3 
Available Instruments 

Despite the ambiguity of the QoL term, it will be used all along this review to 
refer to the instruments assessing at least one health dimension. Many QoL in-
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struments have been used in patients with OA. With respect to the taxonomy, 
two basic types of instruments, generic and disease-specific, could be char
acterized. More recently, patient-specific questionnaires have been elaborated 
and used in OA. Although some instruments are administered by clinicians or 
interviewers, most often they are self-completed. Most of the instruments 
provide a separate score for each of the different components of QoL that they 
explore. Such health profiles usually do not allow to aggregate these scores, 
because contradictory trends for differents aspects of health would be missed, 
and could result in the same global score. However, a few instruments combine 
various health-related QoL domains to yield a single number. These index or 
utility/preference measures are used in medico-economic studies. Only those 
QoL instruments that have been used widely in the field of OA will be detailed 
below. 

7.3.1 
Generic Instruments 

Generic QoL instruments are intended to be applicable across a wide spectrum 
of diseases, and to assess different interventions. This imply a more com
prehensive assessment of QoL domains. However, one limitation of these 
generic instruments is that inevitably they cover each health area superficially. 
This may limit their responsiveness, and it has been demonstrated that generic 
instruments were less powerful in detecting treatment effects than specific 
ones. On the other hand, the advantage of generic measures is to allow com
parison of the impact of treatment on QoL across diseases or conditions. The 
widespread use of generic instruments provides considerable information 
about norms and benchmarks useful to compare different diseases and 
estimate their respective burden. There are a number of well-established 
generic health measures, including the Sickness Impact Profile (SIP), the 
Nottingham Health Profile (NHP) and the short forms of the instruments used 
in the Medical Outcomes Study that have advantages of simplicity and self
administration. They have all been used in OA. 

7.3.1.1 
The Sickness Impact Profile 

The sickness impact profile (SIP) consists of 136 items describing health-related 
behavior to which the respondent gives a yes/no response [141. These items 
correspond to 12 dimensions (walking, body care and movement, mobility, 
work, sleeping and rest, eating, housework, recreation, emotions, social inter
action, alertness and communication). Scores may be expressed by dimension 
or may be summed up to give a unique total global score. Scores for items use 
predetermined weights based on rater panel estimates of relative severity of 
dysfunction. The global score is computed by summing dimensions and then 
standardized to a percentage of the maximum possible score. This instrument 
therefore provides both an index and a profile. Three dimensions (walking, 
body care, and mobility) may be aggregated into a physical component; and 



334 J. Pouchot et al. 

four dimensions (emotions, social interaction, alertness and communication) 
may be aggregated into a psychosocial component. It requires approximately 
30 minutes to complete. The SIP is available in a self-administered form or can 
be administered with an interviewer. 

7.3.1.2 
The Short Form-36 items 

The short form-36 items (SF-36) is one of the most popular generic health status 
instruments to date [15 -17]. This instrument is derived form a larger battery of 
questions administered in the Medical Outcomes Study. It has been widely 
adopted because of its brevity and its comprehensiveness. Across 36 multiple 
choice questions, this questionnaire provides a profile of 8 dimensions (physical 
functioning, role physical, bodily pain, general health, vitality/energy, social 
functioning, role emotional, mental health) and summary physical and mental 
health measures. The SF-36 also yield a self-assessment of health transition 
over the past year. The questionnaire is suitable for self-administration or 
administration by a trained interviewer in person or by telephone. The SF-36 can 
be administered in 5 -10 minutes and the scores for each dimension range from 
o (the worse) to 100 (the best). 

7.3.1.3 
The Nottingham Health Profile 

The Nottingham health profile (NHP) is another widely used generic QoL in
strument that measures perceived health [18]. It has 38 items that are answered 
by a simple yes or no. Positive responses are rated with weights obtained from 
panel's judgments of the severity of the items. There are 6 dimensions: physical, 
mobility, pain, emotional reactions, energy level, sleep and social isolation. The 
authors who developed the NHP considered that it would be meaningless to 
combine the score in an index, and each of the 6 sections of the instrument 
had to be scored separately. The questionnaire is self-administered and takes 
approximately 5 minutes to complete. As for SF-36 reference values are available. 
The possible range for the 6 dimensions is 0 (the best score) to 100 (the worst 
score). 

7.3.1.4 
The Quality of Well Being 

The quality of well being (QWB) defines function by 3 scales with ordinal 
categories, physical activity, mobility, and social activity [19]. A trained inter
viewer determines what the patient did and did not do because of his/her illness 
during the past week. There is an associated list of symptoms or problems used 
to generate a unique weighted score. The administration of the questionnaire 
takes approximately 20 minutes. Major limitations of the QWB include the 
complexity of the instrument and the requirement of a trained interviewer. This 
instrument is used in medico-economic studies. 



Impact of Osteoarthritis on Quality of Life 335 

7.3.1.5 
The European Quality of Life Scale 

The European quality of life scale (EuroQoL) is a self-administered multi
dimensional measure of health -related QoL [20]. Dimensions of this instrument 
have been mainly selected from existing instruments including the QWB, the SIP 
and the NHP. The instrument has 5 dimensions: mobility, self-care, usual activi
ties, pain/discomfort, anxiety/depression, and assesses health transition over the 
past 12 months. The EuroQoL gives both a profile and a single index value. In 
addition, this instrument asks respondents to indicate on a 20-cm thermometer 
their rating of their current health status. The EuroQoL has been developped in 
many European and Nordic countries. 

7.3.2 
Disease-specific Instruments 

Disease-specific instruments have been developed for one disease or a narrow 
range of diseases. They focus on aspects of health status that are specific to the 
area or primary interest. These instruments may be specific to a disease (i. e. 
OA, rheumatoid arthritis), a patient population (i. e. children, frail elderly), a 
function (i. e. sleep) or a problem (i. e. pain). Clinicians usually prefer the use of 
the disease-specific instruments as they are closely related to the domains they 
routinely explore in patient care. Moreover, these specific measures may be 
more responsive in the explored dimensions to significant clinical changes than 
the generic instruments, although they may miss unexpected health outcomes. 
Some scales were specifically designed to assess functional activities of patients 
rather than the broader aspects of the health status which are encompassed 
within the much broader QoL concept. 

7.3.2.1 
The Health Assessment Questionnaire 

The health assessment questionnaire (HAQ) [21] is an arthritis-specific scale 
that has been mainly developed and centered on rheumatoid arthritis, but 
this disability index has also been used successfully in ~A. This instruments 
consists of 20 items which measures performance in 8 activities of daily living 
over the past week (dressing and grooming, rising from a chair or bed, eating, 
walking, hygiene, reach, grip and outside activities), emphasizing difficulty 
and the need for aids and devices to complete the tasks. Scores from these 
8 subscales are averaged to provide a disability index with a range from 0 (the 
best score) to 3 (the worst score). It also includes a visual analogue scale to 
measure pain intensity. It takes approximately 5 to 10 minutes to complete 
and it has been shown that responses are closely similar when the instrument 
is selfcompleted or administered by an interviewer. The HAQ is primarily 
centered on physical function and pain, while other QoL dimensions are not 
adressed. 
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7.3.2.2 
The Western Ontario and McMaster Universities Osteoarthritis index 

The Western Ontario and McMaster Universities osteoarthritis index (WOMAC) 
is a disease-specific questionnaire developed to evaluate patients with OA of the 
hip or knee [22,23] that has been shown to be valid and reliable. The WOMAC 
may be self-administered, but may also be administered by interview or tele
phone. Recently a computerized version has been validated [24]. It has 24 items 
across 3 dimensions: pain, stiffness, and physical function. The items of social 
and emotional dimensions that were included in the initial version of the 
WOMAC were excluded in the final version because they were not enough 
responsive. Using 5-point category rating scales, patients rate 5 pain items, 
2 stiffness items, and 17 physical function items. Aggregate scores for each 
dimension are determined by summing the component item scores for each 
dimension. A signal measurement strategy has also been applied to the 
WOMAC in an approach comparable to that used in the patient-specific instru
ments (vide infra) [25]. 

7.3.2.3 
The Lequesne's Knee and Hip Index 

The indices of severity for OA of the hip or the knee have been validated 
[26-28]. They are administered by interview and contain 11 items assessing 
pain, stiffness, maximum distance walked and activities of daily living. The 
possible scores ranges from 0 to 24 for each index. The index of severity for hip 
OA contains an additional item concerning sexual activity in sexually active 
women when hip prosthesis is considered. It takes approximately 3-4 minutes 
to complete with an interviewer. 

7.3.2.4 
The Arthritis Impact Measurement Scales 

The arthritis impact measurement scales (AIMS) consists of 45 items grouped 
into 9 component scales: mobility, physical activity, activities of daily living, dex
terity, household activities, pain, depression, anxiety, and social activity [29, 30]. 
These 9 scales measure physical, social, and mental health status. The scales 
contain 4 to 9 items, and each item contains 2 to 6 possible responses. The possible 
range of scores on each sub scale is 0 (the best score) to 10 (the worst score). This 
is a self-completed questionnaire that takes 15 - 20 minutes to complete. The AIMS 
has been extensively validated and used in patients with rheumatoid arthritis, and 
it has been demonstrated that this health status model is applicable to patients 
suffering from OA [31]. 

The AIMS2, a revised and expanded version of the AIMS has been published 
in 1992 and added 3 new dimensions, arm function, work, and social support 
[32]. Although this instrument has been claimed to be valid for patient with OA, 
it is possible that dimensions such as arm function, or hand and finger function 
may not be relevant for patients suffering from OA of the weight bearing joints 



Impact of Osteoarthritis on Quality of Life 337 

of the lower extremities. This may require further investigations. Of conceptual 
importance are the added new assessments which allow the patient to rate 
for each of the 12 dimensions, how satisfied they have been and the impact of 
arthritis, and to prioritize up to 3 dimensions in which they particularly seek 
improvement. In this respect AIMS2 resembles new patient-specific QoL 
instruments. As the initial version, AIMS2 is a self-completed questionnaire that 
takes approximately 20 - 30 minutes to complete, and the possible range of score 
on each sub scale is 0 -10. 

7.3.3 
Patient-specific Instruments 

Few existing instruments provide a mean of assessing the patient's priorities of 
a good and healthy life. This is a new approach to the investigations of health 
status by asking the patient to prioritize those domains that are directly affected 
by the illness and in which the patient particularly seeks improvement. 

7.3.3.1 
The McMaster Toronto Arthritis Patient Preference Disability Questionnaire 

The McMaster Toronto arthritis patient preference disability questionnaire 
(MACTAR) was initially developed for use with patients who have rheumatoid 
arthritis [33] but has also been employed in hip OA [34]. Using a semi-struc
tured interview, patients are asked to designate key functional activities based 
on their own preferences, and the five activities that rank highest are evaluated. 
At the end of the study period, patients are asked on a visual analogue scale if 
their ability to perform the selected activities has improved, deteriorated, or 
remained stable. This technique may be more sensitive to small changes when 
compared with conventional standardized questionnaire. This questionnaire is 
very appealing but major methodologic problems remained to be solved. 
Indeed, the possibility to assess each patient in different selected health status 
domains is challenging, and the main concern relates to between patients 
comparison. Also, this questionnaire should be administered by a trained inter
viewer. 

7.3.3.2 
The Schedule for the Evaluation of Individual Quality of Life 

The schedule for the evaluation of individual quality of life (SEIQoL) [35] also 
avoids the imposition of an external value system on the patients by the use of 
standardized questionnaires. During a structured interview, patients are asked 
to select the five areas of life that they judge to be most important to their over
all QoL. Then patients rate their current status on each of this five areas on 
a visual analogue scale. Patients are then asked to rate their overall QoL on 
a visual analogue scale. This questionnaire allows to quantify the relative weight 
of each elicited cue in the patient's overall judgment of QoL according to 
judgment theory. Scores in each elicited dimension can range from 0 to 100. 
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This technique brings up the same methodological problems than the MACTAR 
questionnaire, regarding the inter- and intra-patient comparisons. Both methods 
require trained interviewers and are therefore resource intensive. 

7.4 
Applications of Instruments 

Different applications of QoL instruments need to be individualized as instru
ments that works well for one purpose may not in other situations. 

7.4.1 
Cross Sectional and Short Term Longitudinal Studies in Osteoarthritis 

Although OA of the knee or the hip is associated with progressive and signifi
cant disability and QoL impairment, studies that have specifically addressed 
QoL measure in OA are scanty. Most available data are extracted from non
randomized longitudinal or cross-sectional studies that were clinical trials or 
validation studies of QoL instruments. Quality of life questionnaires that have 
been used in patients with OA, severe enough to justify a treatment with non
steroidal antiinflammatory drugs (NSAID), demonstrate the severity of func
tional disability. In the validation study of the WOMAC [22] patients with 
symptomatic OA of the hip or knee "requiring" NSAID therapy were studied. 
Patients were of both gender and had a mean age of 66.5 years. They all had 
definite radiographic evidence of primary OA, and the mean disease duration 
was 9 years. Scores for the pain, stiffness and physical function were roughly 
median, but unfortunately hip and knee OA results were not contrasted 
(Table 1). The results obtained with the Lequesne's questionnaire in the same 
study were similar. Most of the items of the WOMAC significantly improved by 
6 weeks of treatment with NSAID. These results were confirmed in a subsequent 
study by the same authors [23]. In a cross-sectional study using the SIP, subjects 
with more chronic and severe pain from OA of the hip or knee had relatively 
high levels of physical and psychosocial impairment compared to a control 
group [36]. These results have been confirmed in patients with OA in a family 
practice setting with the same QoL instrument [37]. 

However, data regarding long-term modification of QoL in patients with OA 
of the weight bearing joint are not available. Patients with internal femorotibial 
OA followed-up over one year by rheumatologists improved of approximately 

Table 1. Scores obtained in patients with OA of the knee or hip "requiring" NSAID therapy 

Health status instrument 

WOMAC 
Lequesne's questionnaire 

Pain" 

10.3 (4.4) 
4.4 (1.1) 

Stiffnessb 

4.4 (1.8) 
1.5 (0.5) 

Physical function c 

32.2 (13.8) 
5.7 (2.3) 

Presented scores are means and (standard deviation). Scores could range from '0-20 and 
0-6, bO-8 and 0-2, C 0-68 and 0-16 for the WOMAC and Lequesne's questionnaires, respec
tively [22]. 



Impact of Osteoarthritis on Quality of Life 339 

one point (9.7 to 8.8 for a range of 0-24) on the Lequesne's questionnaire [27]. 
However, this improvement could be partly explained by the inclusion of 
patients during a disease flare. In another longitudinal study conducted in OA 
patients (location of OA was not specified) with a mean age of 69 years, 
the HAQ scores, relatively low compared to those obtained in patients with 
rheumatoid arthritis (0.6 for a range of 0 - 3) remained stable over 20 months. 
The disability index was positively correlated to the age of patients [21]. 

There are no available data allowing to contrast Qol between OA of the 
hip and knee. However, in OA of the knee, involvement of the femorotibial 
compartment seems to be associated with a poorer QoL outcome assessed 
by the Lequesne's questionnaire than that observed in OA located to the 
femoropatellar compartment (9.6 versus 7.8) [38]. The SIP has been used in 
patients with moderate OA of the femorotibial compartment of the knee [39]. 
Sixty patients of both gender with a mean age of 63 years were included in 
this study. In this patient population, the SIP revealed both physical and 
psychosocial changes with scores that were reduced of 10.8 % and 3.6 % respec
tively. Patients considered that their knee OA had great influence physically 
on ambulation, during recreation and pastimes, during sleep and rest, and 
psychosocially on emotional behaviour. No correlation was found between 
SIP and age, weight or disease duration. The AIMS and its revised and expanded 
version AIMS2 have also been used in ~A. Although the data are few, they 
illustrate the severity of OA in physical and pain domains of these QoL instru
ments (Table 2) [30,32,40]. As it could be expected, the dimensions of AIMS 
and AIMS2 exploring the upper limb may not be relevant for studying the out
come ofOA. 

Table 2. Mean scores of AIMS and AIMS2 in patients with osteoarthritis [30,32,40] 

AIMS component Mean score AIMS2 dimension Mean score 
or dimension (355 patients) (109 patients) 

Physical domain 1.78 Mobility level 1.35 
Mobility 0.82 Walking and bending 4.24 
Physical activity 5.42 Hand and finger function 1.75 
Dexterity 1.86 Arm function 0.68 
Activities of daily living 0.20 Self care 0.39 
Household activities 0.55 Household tasks 0.91 

Psychological domain 2.96 
Anxiety 3.67 Level of tension 4.19 
Depression 2.26 Mood 2.48 

Pain 6.04 Arthritis pain 4.69 

Social activity 3.37 Social activities 4.88 
Support from family 1.83 
Work 3.48 

Arthritis Impact 4.81 

The scores for AIMS and AIMS2 could range from 0 (the best score) to 10 (the worst score). 
Arthritis impact is assessed by a lO-cm visual analogue scale. 
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Osteoarthritis may be severe enough to warrant joint replacement. The NHP 
has been used in patients who were waiting total hip replacement [18,41]. As 
expected impairment was marked in the dimensions referring to physical 
mobility and pain, but this study also highlights the impairment in sleep and 
energy dimensions. The remaining two dimensions of the NHP, emotional 
reactions and social isolation were less affected by the disease (Table 3). Better 
scores were obtained by younger patients for energy and physical mobility 
dimensions. Other studies using the NHP before and after total hip replacement 
confirm these data [42]. 

7.4.2 
Osteoarthritis Contrasted to Other Diseases 

Quality of life as an outcome has been rarely compared between patients with 
OA or other conditions. In one study [43] contrasted patients with rheumatoid 
arthritis, low back pain, fibromyalgia, degenerative cervical spine disease, 
and OA of the knee or the small joints of the hands (Table 4). The authors used 
the HAQ, and the anxiety and depression scales of the AIMS questionnaire. 
In addition, pain was evaluated by a visual analogue scale. Patients with 

Table 3. Mean scores of NHP in patients awaiting total hip replacement 

Nottingham Health Profile 

Energy 
Pain 
Emotional reactions 
Sleep 
Social isolation 
Physical mobility 

Mean score (58 patients) 
(Hunt et al. [18]) 

63.2 
70.8 
21.3 
48.7 
12.5 
54.8 

Mean score (71 patients) 
(Thorsen et al. [41]) 

69.0 
80.5 
32.6 
44.5 
16.9 
59.5 

The scores of the 6 dimensions of the Nottingham Health Profile could range from 0 (the best 
score) to 100 (the worst score). 

Table 4. Mean scores of HAQ, and anxiety and depression dimensions of AIMS in various 
rheumatologic disorders (Hawley and Wolfe [43]) 

Disorder HAQ AIMS Anxiety AIMS depression 

Rheumatoid arthritis 1.2 3.5 2.6 
Low back pain 0.8 4.2 2.9 
Hand osteoarthritis 0.8 3.5 2.5 
Knee osteoarthritis 0.9 3.6 2.5 
Fibromyalgia 1.1 4.7 3.2 
Degenerative cervical spine disease 0.7 4.5 2.9 

The scores could range from 0 to 3 (worst score) for the HAQ and from 0 to 10 (worst score) 
for AIMS scales. 
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rheumatoid arthritis rated the worst scores on the HAQ disability index. How
ever, they scored better than the other conditions in the anxiety and depression 
dimensions of AIMS, and they had lower pain scores. Conversely, pain and 
psychological outcomes were less favourable in patients suffering low back 
pain, degenerative cervical spine disease, and fibromyalgia. 

In the validation study of the HAQ, disability index was better in OA than in 
rheumatoid arthritis (0.6 versus 0.8 for a range of 0 to 3) and the follow-up 
study showed a deterioration of health status in rheumatoid arthritis patient 
(disability index of 1.2) while it remained stable in OA at 20 months [21]. 
Severity of disability index score correlated with age in OA, and with disease 
duration in rheumatoid arthritis. Another study assessed the impact on health 
status of rheumatoid arthritis and OA [44]. Compared to controls matched for 
age and sex, patients with rheumatoid arthritis had the severest scores in the 
8 domains of activities of the HAQ. Conversely, only 3 of the explored activities 
(household chores, shopping and errands, and leisure activities) were affected 
in OA compared to control patients. A study using the modified HAQ showed 
that the health status outcome of OA was intermediate between that of rheuma
toid arthritis and systemic lupus erythematosus [45]. Disability index in OA 
patients was more or less similar to that of those suffering scleroderma. 

In the study of validation of the AIMS2 [32] it may be possible to contrast the 
results of patients with OA and rheumatoid arthritis (Table 5). In all but one 
dimension, health status was better in OA, and as expected this was significant in 
the hand and finger function, arm function, activity of daily living, and household 
tasks dimensions. The score differences were even worse when compared with 
patients suffering rheumatoid arthritis severe enough to justify the initiation of 
methotrexate therapy [46]. These studies as others confirmed that rheumatoid 
arthritis is associated with a more severe health status outcome than OA [21, 40]. 

Table 5. AIMS2 dimension scores in patients with rheumatoid arthritis and osteoarthritis 

AIMS2 dimension Rheumatoid Rheumatoid Osteoarthritis 
arthritis arthritis 
(Meenan et al. [32]) (Pouchot et al. [46]) 

Mobility level 1.69 2.9 1.35 
Walking and bending 4.58 5.6 4.24 
Hand and finger function 3.16 3.5 1.75 
Arm function 2.01 3.5 0.68 
Self-care 0.73 2.2 0.39 
Household tasks 1.67 4.0 0.91 
Level of tension 4.05 4.9 4.19 
Mood 2.63 3.5 2.48 
Arthritis pain 4.69 7.3 4.69 
Social activities 4.91 5.7 4.88 
Support from family 1.84 3.2 1.83 

and friends 
Work 3.80 4.4 3.48 

The scores could range from 0 to 10 (worst score) for AIMS2 scales. 
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Table 6. Mean scores of the NHP in patient with hip osteoarthritis compared to chronic con
ditions (Wiklund et al. [47]) 

NHP dimension Hip osteo- Stroke Chronically Peripheral vas-
arthritis (23 patients) ill patients cular disease 
(71 patients) > 65 years (25 patients) 

(24 patients) 

Energy 65 35 38 30 
Pain 73 11 29 23 
Emotional reaction 31 21 15 14 
Sleep 52 22 32 25 
Social isolation 15 20 13 9 
Physical mobility 49 21 29 22 

The scores could range from 0 to 100 (worst score) for NHP scales. 

Generic QoL instruments allow to compare the health outcome of OA with 
various disorders having a chronic course. Indeed, the NHP was used to con
trast QoL of patients with hip OA on a waiting list for a total hip replacement 
with that of patients suffering other chronic conditions (Table 6) [47]. The 
EuroQoL which is a validated QoL scale was recently used to survey patients 
with rheumatic diseases [48]. Quality of life was similar in patients with 
rheumatoid arthritis and OA, but was lower in patients with fibromyalgia. 

7.4.3 
Medical Treatment of OA 

7.4.3.1 
Nonsteroidal Antiinflammatory Drugs and Analgesics 

Management of OA should alleviate symptoms and maintain or improve func
tional status and ultimately QoL. In OA of the weight-bearing joints, weight loss 
can reduce symptoms, but NSAIDs, analgesics, and intraarticular injections of 
corticosteroids are often required during the course of the disease and appear 
to be beneficial. Evaluation of these treatments is usually based upon traditional 
endpoints including pain assessment, global patient and physician judgment. 
Nevertheless, several studies have used QoL questionnaires to compare NSAIDs 
or NSAIDs and analgesics. In patients with primary OA of the femorotibial 
compartment, a 6 week therapy with NSAIDs results in a significant improve
ment of disability with a decrease of approximately 50 % in the three dimen
sions of the WOMAC, and of about 4.5 points of the score of the Lequesne's 
questionnaire [23]. In this study, the WOMAC was also used to compare two 
NSAIDs, and between drug differences favored mec10fenamate over dic10fenate 
sodium. Another study showed evidence of QoL improvement in patients 
suffering from OA (location was not defined) and treated with NSAIDs [40]. 
The AIMS results showed substantial improvements in physical function, 
psychological status and pain components of the instrument, as well as in 
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overall arthritis impact. These improvements closely paralleled the changes 
demonstrated by standard clinical measures, were noted by the time of the 
first outcome assessment at 8 weeks, and were maintained over the course 
of this 24-week trial. The health status changes were similar for patients with 
OA and rheumatoid arthritis. Another study with a similar design resulted in 
the same conclusions [49]. Health Assessment Questionnaire has been used to 
compare the efficacy of a NSAID given at either an antiinflammatory dose or 
an analgesic dose, with that of a pure analgesic in patient with OA of the knee 
[50]. All three groups had improvement in the HAQ score of a magnitude of 
0.3 - 0.5 points from a baseline value of 1.46 -1.61 at entry into the study. 

7.4.3.2 
Rehabilitation and Education 

With progression of OA, chronic pain and disability may lead to an increasing 
need for medical services. One study addressed the efficacy and safety of 
supervised fitness walking in the clinical management of patients with OA of 
the knee [51]. Patients randomly assigned to the fitness program had a signifi
cant increase in their walking distance, and also obtained improvement in 
QoL as measured by the physical activity and the arthritis pain subscales of the 
AIMS. Aside exercice programs, it has been suggested that social support inter
ventions could also be beneficial for patients with ~A. Indeed, informations 
provided by telephone contact improved by 6 months, physical, pain, and 
psychological components of the AIMS [52]. The telephone intervention con
sisted of brief interviews with patient, mainly to discuss medications and their 
side-effects, joint pain, and problem to attend the scheduled outpatients visits. 
A self-care education for inner-city patients with OA of the knee, as com
plement of primary care was found to result in relative preservation of function 
as assessed by the HAQ, while the overall effect on general health status evaluat
ed by QWB was not significant [53]. Lequesne's questionnaire and AIMS2 have 
been used to assess the prolonged effects of spa therapy of 3 weeks duration in 
patients with OA of the hip or knee and supported the existence of a beneficial 
symptomatic effect [54]. 

7.4.3.3 
Symptomatic Slow Acting Drugs (SSADs) and Disease-modifying Drugs (DMDs) 

Current treatment of OA is based chiefly on the use of analgesics, NSAIDs and 
intraarticular injections of corticosteroids. Because of the limitations of the 
medical treatment of OA, SSADs with disease-modifying properties that are 
not yet demonstrated, are currently under development [55,56]. DMDs should 
prevent, delay or reverse pathologic changes that are observed in the cartilage. 
No one exists currently. The pathologic changes of OA usually progress rather 
slowly. Nevertheless, the mean cartilage loss may be in fact quite easily demon
strated by the reduction of the joint space width in radiographs, and this is the 
cornestone of the evaluation of new slow acting drugs in OA [55, 57]. However, 
this endpoint may be limited since symptoms and radiographs often did not 
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correlate. Indeed, from the patient's point of view, functional ability and QoL 
outcomes are certainly the main variables of interest. A few studies have includ
ed a QoL assessment in the evaluation of a SSAD. The Lequesne's questionnaire 
and the AIMS2 have been used in evaluation studies of intra-articular sodium 
hyaluronate in OA of the knee and demonstrated improvement [58, 59]. 

7.4.4 
Surgical Treatment of OA 

Unfortunately, medical treatment of OA is only moderately effective, and many 
patients report chronic pain and severe disability. Total joint replacement has 
been a major advance in the treatment of patients with ~A. Hip and knee 
arthroplasties are common surgical procedures in Western countries, and are 
associated with low rates of morbidity and mortality. However, it still remains a 
difficult task to determine the right moment to recommend a surgical proce
dure to a patient suffering from severe ~A. 

7.4.4.1 
QoL Measures as an Aid to Surgical Decision 

In severe OA of the knee or hip, decision of a joint replacement is usually based 
upon the importance of the limitation of the joint range of motion appreciated 
by clinical examination, and the severity of the joint space narrowing on radio
graphs. However, physician and patient global judgments are of utmost im
portance in the decision process. Therefore, assessment of joint pain severity, 
disability, and QoL are cornerstones to the surgical decision. In order to 
diminish the subjectivity of this process it has been proposed to incorporate 
QoL results in the discussion. Lequesne' questionnaire may be used for this 
purpose, and total joint replacement could be reasonably considered for scores 
between 8 and 12 in patients who received an adequate conservative therapy 
[38]. This proposed range allows to take into account individual characteristics 
of patients, including age, psychological status, comorbidity and physical needs. 

Knowledge of the scores obtained with other QoL instruments in patients 
suffering severe OA, immediately before joint replacement may be helpful to 
clinicians to decide a surgical procedure. Scores of the WOMAC in patients 
waiting total hip replacement have been published [34]. Other specific or 
generic QoL instruments, including the NHP [42], the SIP [14,34], the AIMS 
and the AIMS2 [60] have been used in patients waiting surgery for total joint 
replacement. 

7.4.4.2 
Evaluation of the Results of Joint Replacement 

Several specific or generic QoL instruments have been used to evaluate the 
results of total joint replacement. The preoperative assessments indicate that 
advanced OA not only causes severe pain, but also markedly affects the other 
health components, including psychologic and social components. The im-
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provement in QoL is rapid and very substantial after surgery, and affects all 
components of health, most patients returning to nearly normal health. Generic 
instruments, such as the NHP have been used to compare QoL before and after 
total joint replacement (Table 7) [42]. The NHP scores clearly demonstrated that 
the QoL of the patient waiting a total hip replacement was severly impaired 
compared with that of a healthy population of similar age and sex distribution. 
Neither age nor duration of symptoms were related to the one year postopera
tive outcome. One year after total hip replacement, the patients rated their QoL 
very close to that of the control group. In another study with similar design [34], 
significant improvement in QoL measures was also noted. Most of the improve
ment had occurred by three months postoperatively and was maintained at 

Table 7. Mean scores of various QoL instruments before and after total hip replacement 
(Wiklund et al. [42]) 

NHP dimension Preoperative Postoperative Healthy control 
scores scores patients 

Nottingham Health Profile 
Energy 63 20 15 
Pain 75 15 8 
Emotional reaction 30 10 9 
Sleep 55 19 16 
Social isolation 14 7 5 
Physical mobility 48 18 6 

Harris Hip score 44 98 NA 

Merle d' Aubigne Hip score 10 18 NA 

Sickness Impact Profile 
Sleep and rest 31.0 3.3 NA 
Emotional behavior 22.2 2.1 NA 
Body care and movement 22.3 3.2 NA 
Home management 28.4 3.2 NA 
Mobility 9.4 0.7 NA 
Social interaction 14.6 0.8 NA 
Ambulation 36.4 5.4 NA 
Recreation and pastimes 41.5 3.8 NA 
Work 21.8 9.3 NA 
Global physical score 23.1 3.2 NA 

WOMAC 
Pain 4.9 0.7 NA 
Stiffness 5.9 1.0 NA 
Physical function 5.7 0.7 NA 

MACTAR 7.7 0.8 NA 

The scores range from 0 to 100 (worst score) for the NHP scales. Harris Hip score: the best 
possible score is 100. Merle d' Aubigne score: the best possible score is 18. SIP: for each do
main the score could range from 0 to 100 (worst score). WOMAC: for each domain the score 
ranges from 0 to 10 (worst score). MACTAR: the score ranges from 0 to 10 (worst score). Pa
tients were evaluated one year after total hip replacement for the NHP and after two years for 
the other instruments. 
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Table 8. Mean preoperative and postoperative scores of 5 QoL instruments in patients under-
going total joint arthroplasty (Liang et al. [61]) 

Health component AIMS FSI HAQ QWB SIP 

Mobility preop 55.1 19.1 45.7 33.3 22.3 
postop 19.4 13.6 19.3 13.4 11.9 

Pain preop 57.6 24.4 46.4 NA NA 
postop 25.0 14.6 21.3 NA NA 

Social preop 24.1 22.5 47.0 45.4 21.4 
postop 2.6 10.7 12.3 15.3 6.4 

For the 5 instruments the scores have been normalized to a common range of possible values 
from 0 to 100 (worst score). 

2 years. These authors used the SIP as a generic instrument, several disease
specific instruments (the Harris Hip score, the Merle d' Aubigne Hip score, and 
the WOMAC), and a patient-specific instrument, the MACTAR. In a compara
tive study of the measurement properties of five QoL instruments (Functional 
Status Instrument [FSI1, HAQ, AIMS, QWB, and SIP), no single instrument 
consistently outperformed the others [611. These five instruments were admini
stered to patients before and after total joint arthroplasty of the hip or knee 
and the results also highlight the major QoL improvement that was obtained 
after surgery (Table 8). Because the proliferation of instruments to evaluate the 
results of total hip joint replacement makes it difficult to compare the results of 
different investigators, the American Academy of the Orthopaedic Surgeons 
decided to develop the Total Hip Arthroplasty Outcome Evaluation Question
naire. This instrument assesses the results of hip replacement from the per
spective of the patient and provides data on pain, function and satisfaction. 
Its psychometric properties have been studied carefully [621. A review that 
assesses the health related QoL after total hip replacement concluded that all 
20 analyzed studies provided consistent results showing beneficial and often 
rapid and dramatic improvement after elective total hip replacement [631. 
The SF-36 appears to be preferable to the SIP as a generic QoL instrument in 
patients undergoing total hip replacement [641. The SF-36 is shorter, more 
relevant, and more responsive. Recently, a specific instrument to assess dis
ability in patients with total knee replacement has been developed [651. This 
12-item self-administered questionnaire has been shown to be reliable, valid 
and sensitive to clinically important changes over a 6-month period of follow
up after surgery. 

7.4.4.3 
Medicoeconomic Studies 

The most controversial use of QoL measures is in health economics. In this 
field, QoL measures are used to assess the results of health care interventions, 
and could be also a very controversial mean of prioritising funding. A common 
design is the study of cost -effectiveness, which estimates the increase of cost of 
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a treatment compared with the beneficial effect on health, which is commonly 
assessed by adjusting the survival by the QoL (QALY s: Quality Adjusted Life 
Years). Total joint replacement has certainly been a major advance in the treat
ment of patients with end-stage OA.1t improves pain, function and overall QoL. 
However, its cost-effectiveness may be questioned by health policy makers. A 
prospective cost -effectiveness analysis of total joint replacement using the QWB 
as a QoL measure has been reported [60]. Six months after total joint replace
ment of the hip or knee in patients with OA, there was significant improvement 
in global health and in functional status. The overall health improvement was 
similar for hip and knee total joint replacement. As the mean age of the patients 
was 66 years, the surgery did not change work status. The authors concluded 
that total joint replacement was more cost-effective for those patients with the 
poorest initial health. A utility measure derived from a time trade-off technique 
has been applied to patients with OA of the hip [34]. This technique is based 
upon the number of years of life that the patients would be willing to give up in 
order to achieve a full health, according to various clinical scenarios. In this 
study, utility scores [range from 0 (no difference between life and death) to 1.0 

(full health)], markedly improved from a mean time trade-off score of 0.32 

preoperatively to 0.87 two years postoperatively. This could be translated in a 
significant increase in QALYs. Other cost-utility studies in patients after hip 
arthroplasty, came to the same conclusions [66, 67]. Conversely, it has been 
suggested that the gain of QALY s in knee arthroplasty was very low, about the 
tenth of that obtained after total hip joint replacement [68]. Using the McKnee 
system, a new developed utility measure, there was no significant changes in 
health-utility index before and three months after knee joint replacement [69]. 
However these pessimistic studies have been recently disputed in another one 
using the QWB [70]. Cost of health care is increasing steadily and the methods 
to assess the economic benefits of health interventions using QoL measures will 
certainly be used more widely in a near future. A recent study outline a method 
to evaluate cost-effectiveness assessment in the field of rheumatology, including 
OA [71]. 

7.4.4.4 
Health Core Access 

Recent studies have shown disparities in utilization of health care between men 
and women. The age-adjusted frequency of total joint replacement of hip or 
knee is higher in women than in men. The observed differences in functional 
status demonstrated that women are operated on at a more advanced stage in 
the course of their OA [62]. 
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7.S 
Methodological Problems 

7.5.1 
Selection of QoL Instruments in OA 

A particular issue in studies measuring QoL is the selection of a suitable in
strument. This may vary according to the study design. However, it remains a 
difficult task, influenced by the severity and nature of the disease, and the 
expected benefits and deleterious effects of the health intervention. Quality of 
life questionnaires administration vary from a self-completion, interview, 
telephone query or mail-back survey. The strengths and weaknesses of these 
various modes of administration have been detailed [72]. One of the most 
important problem with questionnaires administered by interview is their cost, 
and a common approach is to use self-completed questionnaires with super
vision. 

The few disease-specific instruments to be used in OA, have not been com
pared face to face, and the available studies which have addressed the selection 
of QoL instruments in OA have contrasted disease-specific and generic 
instruments. The results summarized below do not provide a clear-cut answer 
to this issue. In longitudinal study, a generic measure, the SIP and a specific one, 
the AIMS were compared in patients with symptomatic OA of the hip or knee 
[73]. The SIP and the AIMS were significantly correlated for physical domain 
(2 out of the 12 dimensions of the SIP, and 5 out of the 9 dimensions of the 
AIMS) and global health (12 dimensions of the SIP, and 7 dimensions of the 
AIMS). Correlations for psychological health were weaker. The authors conclud
ed that the health related data obtained with both instruments were similar. 
Nevertheless it should be noted that pain assessment is missing in the SIP which 
is a major caveat to use it alone in OA. Another study has compared the generic 
SF-36 instrument with a specific version of this questionnaire adapted for 
patients having OA of the knee [74]. As it was expected, adapted SF-36 was more 
specific than SF-36 among patients with other morbid conditions, and less so in 
patients having only OA of the knee. Other generic and disease specific QoL 
instruments have been contrasted in OA (FSI, HAQ, AIMS, QWB, SIP), and 
none outperformed the other in terms of responsiveness and relative efficiency 
(Table 8) [61]. The SF-36 and WOMAC have been compared in patients after 
knee replacement surgery [75,76], and results supported the inclusion of both 
a generic and a disease specific QoL instrument in cross sectional studies, as it 
has been previously recommended [77]. 

7.5.2 
Psychometric Properties of the QOL Instruments 

Parallel to the QoL instrument selection, the most important issue is to 
verify how well the instrument will perform in the considered situation. This 
can be appreciated from the psychometric properties of the instruments [72, 
78-80]. 
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7.5.2.1 
Validity 

349 

A QoL instrument is valid if it actually measures what it is intended to measure. 
This is very difficult to assess because QoL instruments are measuring an in
herently subjective phenomenon for which there is no reference. In a first 
empirical approach, the content validity examines to what extent the domains of 
interest are covered by the questionnaire, and reflect the patients' perspectives. 
The construct validity involves comparisons between QoL scores and the results 
of other more established clinical or laboratory measures, according to logical 
relationships that should exist between these measures. Exact agreement is not 
compulsory since it would signify that QoL measures are redundant. Also, a dis
criminative QoL instrument should distinguish between patient grpups consider
ed to have different health status (principle of known extreme patient groups). 

7.5.2.2 
Reliability 

An instrument is reliable if it produces the same results on repeated use under 
similar conditions. This is essentially examined by a test-retest procedure and 
computation of the intraclass correlation (for quantitative data) or Kappa (for 
qualitative data) coefficients. Reliability is also often assessed by the evaluation 
of the internal consistency of multi-items scales by computation of Cronbach's 
alpha coefficients, which assess the degree of agreement of item addressing the 
same concepts. 

7.5.2.3 
Responsiveness and Interpretability 

Responsiveness or sensitivity refers to the ability of the QoL measure to detect a 
meaningful change in QoL. If an instrument lacks sensitivity, an intervention 
that actually improves or deteriorates health status may show no apparent differ
ence between treated and untreated patients. Inadequate range of scaling or the 
presence of a ceiling or a floor phenomenon may mask meaningful changes in 
QoL. Indeed, for patients who have minimum QoL scores before an health 
intervention, it would be impossible to detect any further deterioration with the 
considered instrument, and vice versa [72]. Disease-specific scales have generally 
been reported to be more responsive than generic health status measures. 
Indeed, generic QoL measures include items that are not expected to change with 
the planned intervention. It is possible that patient -specific scales would be the 
most responsive type of scale. A recent study compared the responsiveness of 
a patient-specific scale (MACTAR), a disease-specific scale (WOMAC), and 
a generic QoL measure (SF-36) in patients with OA of the hip [81]. All the scales 
were administered before and 6 months after total hip replacement. This study 
showed that disease- and patient-specific instruments were the most responsive. 
However, different indices of responsiveness provided different rank ordering 
among the tested instruments. 
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In studies with traditional outcomes there is usually a consensus on what 
constitutes a meaningful clinical effect. However, because of limited experience, 
this is not the case when QoL outcomes are used, and one must make the 
distinction between clinically and statistically significant variation in health 
status. Indeed, of the utmost importance is to determine whether the observed 
variation in health status makes sense from a clinical standpoint of view, and 
constitutes a trivial, a small, a medium or a large difference. This property that 
is called interpretability remains elusive for most QoL instruments [72]. Be
cause they have a wide range of application, generic QoL instruments have 
often a better interpretability than disease-specific instruments. 

7.5.2.4 
Acceptability 

Acceptability of the QoL questionnaires directly depends on the number of 
items. All the QoL questionnaires that have been cited in this chapter are 
acceptable to patients. However, to maximise the response rate and reduce the 
missing answers, one should give preference to short questionnaires [82]. This 
explain the tendency to develop shorter QoL questionnaires, and for example 
several shortened versions of the AIMS and AIMS2 have been reported [83 - 85]. 
However, an excess of shortness could be detrimental to the psychometric 
properties of the instrument. Currently, QoL instruments are used preferen
tially in clinical trials and evaluation studies, usually in association with 
other more traditional outcome measures. These instruments are not yet used 
in routine clinical care as they have many caveats including difficulty to 
administer and process. Moreover, individual patient' score would be difficult to 
interpret. Future instruments that will be used routinely will need to be simple 
and short. 

7.5.3 
Cross-cultural Issues 

As it has been shown for painful sensations, cross-cultural differences in 
subjective reports of well-being and other dimensions of health are likely to be 
significant. Most of the QoL instruments have been developed in English 
language. Development of a new QoL instrument is an enormous task, and 
usually requires several years of investment. A more simple approach has been 
to translate existing QoL questionnaire in foreign language. This technique 
which has many advantages including simplicity, allows international com
parisons and is less resources consuming. However, a simple translation is 
unlikely to be adequate, and in order to take into account the cross-cultural 
differences, standardized guidelines have been proposed [86]. These guidelines 
include recommendations for obtaining semantic, idiomatic, experiential and 
conceptual equivalence during the translation process by using back-transla
tion techniques and committee review, and pre-testing techniques. Moreover 
a complete repetition of the validation process is required for the instruments 
that have been cross-culturally adapted [46,87]. 
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7.6 
Conclusions 
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During the past decades, advances in health care resulted, at least in Western 
countries, in a shift in the focus of modern medicine to the management of 
chronic conditions, and QoL became an increasingly important outcome 
measure. Certainly OA of weight bearing joint not only causes pain and disability, 
but is also associated with QoL impairment that may be severe. From this review, 
it is clear enough that QoL instruments have a wide range of applications in this 
disease, including epidemiologic studies, evaluation of medical therapy and 
surgery, and aids to the choice of optimal treatment for individual patients. How
ever, despite the widespead interest in QoL, conceptual and methodological 
barriers limit their use in routine clinical care. Many researchers place too much 
confidence in the so called objective "hard" radiographic and laboratory data, 
claiming that there are more reliable than the "soft" clinical and social sciences 
data. Such confidence is certainly unwarranted. Conversely, because of the 
tremendous number of so called QoL instruments, and infatuation for this 
research field, caution should be given against uncontrolled use of instruments 
with unverified psychometric properties in inappropriate study designs. 

Beyond the traditional outcome evaluation, the development of QoL assess
ment constitutes a major advance and corresponds to a real progress towards a 
more humanist practice of medical care. However, QoL questionnaires should 
not replace the traditional patient-physician relationships, and the usual 
inquiry needed to ascertain the patient's expectations and values remains 
essential in routine clinical care. 
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CHAPTER 8 

Medical Management of Osteoarthritis 

8.1 
Medical Aspects 

8.1.1 
Basic Principles in Osteoarthritis Treatment 

D. CHOQUETTE, J. P. RAYNAULD and E. RICH 

8.1.1.1 
Introduction 

As the most common form of joint disease, osteoarthritis (OA) represents a ma
jor cause of morbidity and disability, as well as a significant burden on health
care resources. Medical interventions can be directed to different stages of the 
disease process: primary prevention, screening at an asymptomatic stage to 
avoid progression to overt disease, and treatment of an established condition. 
Although important advances in understanding the pathophysiological process 
of osteoarthritis have been made through epidemiology, biomechanics and 
molecular level studies, we are still mainly involved in treating the established 
disease [1] and this will be the principal focus of this chapter. 

Management of OA requires careful diagnostic evaluation, appreciation of 
the severity of the articular process, establishment of the level of necessary or 
desired therapy and a judgment on general health status before initiating any 
type of intervention. Many therapeutic modalities can be offered to patients 
suffering from OA, although none has yet been proven to be disease-modifying. 
A comprehensive treatment program tailored to the disease severity should be 
developed for each individual. 

8.1.1.2 
Goals and Categories of Treatment 

The main objectives in the management of OA are to reduce symptoms, mini
mize functional disability and limit progression. These goals can be reached 
through a pyramidal treatment approach (Fig. 1) [2] which, in the years to come, 
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Fig. 1. Pyramid approach to 
the management of osteo
arthritis. (Modified from [2]) 
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may evolve with the advent of potentially disease-modifying drugs. Three main 
categories of treatment which can overlap are nonpharmacological, pharmaco
logical and surgical management. The latter topic is thoroughly reviewed in 
Chap. 9. 

8.1.1.2.1 
Nonpharmacological Management 

Patient Education and Social Support 

This is an essential part of any treatment plan for patients with OA. There is 
mounting evidence for the effectiveness of patient education programs such as 
the ''Arthritis Self-Management Course" in reducing pain, decreasing the fre
quency of visits to a physician, improving the quality of life and maintaining 
function [3 - 5]. A recent meta-analysis comparing controlled patient education 
trials with placebo-controlled trials of nonsteroidal anti-inflammatory drugs 
(NSAID) showed that the former had beneficial effects on pain, although of 
slightly inferior magnitude than NSAID [6]. 

The efficacy of educational programs in OA may be enhanced by involving 
the spouse [7]. Even a mail-delivered self-management program has made sig
nificantly positive changes in self-care behavior, reducing helplessness, pain 
and depression [8]. Health professional social support via telephone is another 
approach found to relieve pain and improve functional status in patients with 
OA [9,10]. There are data indicating that all of the above measures are cost
effective [4, 11]. 

Weight 

Overweight persons are more prone to knee OA, regardless of whether OA is de
fined by symptoms or by radiograph [12]. Furthermore, obese patients with knee 
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OA are at a higher risk of developing a progressive disease than are non-over
weight patients [13,14]. Inversely, a weight loss of 5 kilograms in women is asso
ciated with a 50 % reduction in the risk of developing symptomatic knee OA [15]. 

There is a surprising scarcity of data on weight loss as a treatment for OA. In 
a small clinical trial of an appetite suppressant in patients with knee or hip OA, 
weight loss (3 - 6 kg on average) correlated strongly with a reduction in symp
toms, more so for knee than hip OA [16]. Preliminary data indicate that obese 
women suffering from knee OA [17] experience a reduction in pain and func
tional impairment in association with weight loss. 

Physical Therapy 

Physical therapy plays an important role in the treatment of OA. This involves 
aerobic exercise, range of motion and strengthening exercises of the concerned 
muscle groups, thermal modalities, transcutaneous electrical nerve stimulation 
(TENS), ultrasound, diathermy, devices to assist ambulation, and other analge
sic modalities (i. e. acupuncture). It is essential to inform the patient with knee 
and/or hip OA of the definite data on pain reduction and function improvement 
achieved with quadriceps-strengthening and aerobic exercises [18,19] (further 
detailed in Chapter 10). This effect is likely the result of an increase in the joint
stabilizing and shock-absorbing properties of the periarticular muscles, and 
improved muscle sensorimotor function, thereby improving joint propriocep
tion [20]. Controlled clinical trials suggest that TENS may be beneficial to pa
tients with knee OA, but sample sizes are small and study designs do have limi
tations [18]. 

In patients with knee OA who have patellofemoral involvement, a small study 
found that medial taping of the patella provided significant short term pain re
lief [21]. To diminish joint loading, shock-absorbing shoes and the proper use of 
a cane can be of benefit; the latter may reduce loading forces on the OA hip by 
as much as 50% [22]. Heel wedges with a 5° to 10° angle inducing a calcaneo
valgus have been shown to be helpful in medial compartment knee OA, partic
ularly in patients with mild disease severity [23]. Knee braces may also be help
ful in knee OA when there is joint instability or unicompartmental disease. A 
knee sleeve or bandage improves proprioception in knee OA, giving a sense of 
less instability in some patients [24]. 

Occupational Therapy 

The occupational therapist evaluates the patient's limitations in the activities of 
daily life and proposes adaptive devices. For patients with OA of the lower 
limbs, information on how to overcome difficulties with sexual activities can 
also be provided. 

Epidemiological studies have identified particular repetitive joint activities 
as a risk factor for developing OA at specific sites: OA of the hand is more pre
valent in employees of a textile mill that use a repeated pincer grip; jobs that 
require kneeling and squatting favor the appearance of knee OA; and farmers 
have a definite increase in the incidence of hip OA [1]. It therefore seems rea
sonable to avoid as much as possible those particular activities that may aggra
vate OA in the related joint, or at least alter the way these tasks are performed. 
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8.1.1.2.2 
Pharmacological Management of Osteoarthritis (Excluding NSAID) 

Systemic Treatment 

The first pharmacological line of treatment is analgesics. In OA, purely anal
gesic agents (acetaminophen being the prototype) should be considered first, 
and before the use of NSAID, in view of the higher incidence of toxicity asso
ciated with the latter. The mechanism of action of acetaminophen is not yet 
fully known, and evidence implicates direct effects on the central nervous 
system [25]. 

In recent publications, up to 30 % of patients suffering from knee OA have 
demonstrated a substantial benefit from acetaminophen, even those previously 
treated with NSAID [26, 27]. Bradley et al., in a study on OA patients with 
chronic knee pain and moderate radiographic changes treated for four weeks 
with either ibuprofen 2400 mg/d, ibuprofen 1200 mg/d or acetaminophen 
4000 mg/d, demonstrated no superiority of ibuprofen at either dosage over 
acetaminophen [28]. Stamp et al. compared flurbiprofen to nefopam with simi
lar results [29]. 

NSAID are generally overprescribed in elderly patients. Withdrawal studies 
have demonstrated that a substantial percentage of elderly patients were able to 
stop NSAID therapy, and were still off these drugs up to 6 months later [30]. 

As previously mentioned, the major advantage of acetaminophen use is its 
lack of upper and lower gastrointestinal toxicity. However, drug overdose (over 
10 g/d) is associated with hepatotoxicity. Such dosages represent twice the ma
ximum recommended therapeutic dose for adults [31]. With the usual acetami
nophen dosage, there is also an increased incidence of hepatotoxicity in pa
tients with preexistent liver disease and alcoholism; fatal hepatic damage in as
sociation with a moderate intake of alcohol has been reported [32]. Current 
literature suggests careful monitoring of daily dosage aiming at the lowest 
effective dosage. It is advisable to discourage regular analgesic use in patients 
with chronic alcohol consumption. 

The risk of nephrotoxicity with chronic acetaminophen usage is not clearly 
established and likely remains very low. The absence of peripheral inhibition of 
prostaglandin synthesis is the presumable reason for this low incidence of renal 
toxicity. Acute acetaminophen nephrotoxicity has been documented in over
dose cases, the majority in association with hepatic failure [33,34]. Murray et al. 
looked at the incidence of end-stage renal disease and analgesic use [35], and 
found no evidence of association. Perneger et al. reported the results of a case
control study on the risk of developing end-stage renal disease with over-the
counter analgesic usage [36]. An intake of more than one daily tablet, and a 
cumulative acetaminophen consumption of more than a thousand pills, double 
the odds of end-stage renal disease. Surprisingly, acetylsalicylic acid tablet 
usage revealed no association with chronic renal disease. Caution should be 
used when analyzing this type of publication as case-control studies are subject 
to recall bias. There are also concerns about the sequence in which drug expo
sure and renal insufficiency supervened. Clinical events associated with the re
nal problem, rather than the cause of the nephropathy, may have been the 
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determining factor in taking analgesia. Recently, in a case-control study, Hylek 
et al. reported an increase of INR in patients on anticoagulotherapy in associa
tion with acetaminophen usage [37]. It was suggested that acetaminophen could 
be an unrecognized cause of overanticoagulation. 

Narcotic use in the chronic management of OA is not recommended. The tar
get age-group being the elderly, the incidence of side effects including nausea, 
vomiting, constipation, urinary retention, mental confusion and drowsiness is 
far from negligible. The possible psychological and physical dependencies 
associated with these agents are also a concern for health professionals. Con
versely, rigid opposition to the use of opioids in specific and limited clinical 
situations is also not advised. These agents may have their place in the arma
mentarium against OA for short periods of administration. 

Tramadol hydrochloride, a new analgesic agent, has two modes of action. 
This synthetic amino-cyclohexanol binds to }l-opioid receptors and inhibits the 
reuptake of norepinephrine and serotonin. One hundred mg of tramadol is 
more effective than 60 mg of codeine, and as effective as combinations of co
deine with aspirin or acetaminophen [38,39]. A two-week trial comparing tra
madol (300 mg/d) and dextropropoxyphene (300 mg/d) showed them to be 
equipotent [40]. Respiratory depression has not been noted with recommended 
doses, and titration from 50 mg/d up to a full dose over four to five days may 
minimize the incidence of nausea and vomiting. The potential for abuse and 
addiction associated with this compound appears notably low. However, due to 
its mode of action, it should not be administered in combination with a tricy
clic antidepressant or monoamine oxidase inhibitor. In OA patients with insuf
ficient clinical response to the maximal dose of acetaminophen and definitive 
contraindications to NSAID usage, such as prior upper gastrointestinal bleed
ing episodes, a trial with tramadol may certainly be a therapeutic option. 

Newer highly selective cyclooxygenase-2 inhibitors may eventually offer a 
safer alternative to the classic NSAID, which are well-known offenders of the 
gastrointestinal mucosa, and would make the opioid alternative to NSAID (or 
non-narcotic analgesic) usage less attractive. 

The use of NSAID, which will be discussed in Chapter 8.1.2, is certainly asso
ciated with a non-negligible burden of toxic side effects that are more fre
quently found in the predominant OA patient group, the aging population. In 
our society, the percentage of these patients is steadily increasing. Moreover, 
this group of patients requires additional medication for associated diseases 
such as hypertension, diabetes mellitus and heart disease. Therefore, there is an 
important risk of drug interaction to consider, and an associated compliance 
problem. 

For these reasons, topical agents in the management of OA pain is an attrac
tive therapeutical option. Numerous topical NSAID preparations are available 
in Europe, but none of these have yet been released on the North American 
market. Some over the counter salicylate-containing preparations are available; 
however, clear evidence of their efficacy is still lacking. The resulting benefit 
may be mediated through a pharmacological action, a placebo effect or their ac
tion as a rubbing compound. A 1998 report reviewed 86 studies to evaluate the 
efficacy and toxicity of topical agents for acute and chronic painful conditions 
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[41] (including OA), and concluded that they are effective and safe in the man
agement of these conditions. Some studies on hand and knee OA are currently 
in progress with results forthcoming shortly. Hewitt et al. recently reported an 
enhancing effect of DMSO for transcutaneous absorption of NSAID [42]. Addi
tional data are needed to establish a clinical efficacy and safety profile of DMSO. 

Capsaicin (Trans-8-Methyl-N-vanillyl-6-nonenamide) is an alkaloid derived 
from the seeds and membranes of the nightshade family of plants, including the 
common pepper plant. Substance P is responsible for the transmission of noci
ceptive stimuli from the periphery to the central nervous system. On topical 
application, capsaicin provokes the release of substance P by peripheral nerves. 
It also prevents the substance P reaccumulation in the neurons and terminal 
endings. Indications for its use include postmastectomy pain, phantom limb 
syndrome, diabetic neuropathy, cluster headaches and post-herpetic neuralgia. 

Articular cartilage does not have nerve endings. Joint capsule, tendons, liga
ments, and periosteum are, on the other hand, extensively innervated [43,44]. 
Nerve endings of the synovium contain substance P [45], and the content of 
substance P may even be increased in certain clinical situations such as OA. 
Finally, trials using capsaicin have demonstrated beneficial effects on pain 
caused by OA [46]. 

A thin layer of capsaicin should be applied on all aspects of the target joint. 
This should be repeated three to four times daily. Patients should be instructed 
to wash their hands after each application, and to avoid contact with inflamed 
skin, eyes and mucous membranes. 

Intra-articular Injections as Treatment in Osteoarthritis 

Corticosteroids 
Intra-articular corticosteroid injections have been used by rheumatologists, 
orthopedic surgeons and other practitioners for more than four decades. De
spite extensive clinical experience, certain aspects of local corticosteroid treat
ment remain controversial (e. g. relative efficacy, possible deleterious effects, 
potential chondroprotective properties). 

Different steroid formulations have been used since 1966: triamcinolone hex
acetonide [47 - 51], methylprednisolone [47,52], prednisolone acetate [47,53,54]. 

Single corticosteroid injection [50,51,53] or repetitive injections [47-49,52] 
were administrated intra-articularly, and when present, synovial fluid was aspi
rated. Sambrook et al. [52] investigated an injection technique of the cortico
steroid around the patella. 

Local corticosteroid injections are a relatively safe and effective adjunct in 
managing knee OA; however, there is no definitive answer regarding long-term 
beneficial or deleterious effects. Triamcinolone hexacetonide (THA) provided 
short-term pain relief in knee OA, and an increased benefit was associated with 
both clinical evidence of joint effusion and successful aspiration of synovial 
fluid at the time of injection [50]. Dieppe et al. reported that steroid injections 
caused a significantly greater reduction in pain and tenderness than placebo, 
and were preferred by patients [48]. A randomized clinical trial conducted in 
Finland showed that THA had a pronounced effect of long duration. The results 
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confirmed that intra-articular treatment of OA with THA was highly effective 
and provided a significantly prolonged duration of benefit compared to beta
methasone [51]. However, Friedman noted differences between groups at one 
week and no significant differences thereafter [49]. Intra-articular predniso
lone injection was assessed by conducting a placebo-controlled trial [53]. 
Steroid injection provided greater pain relief at one week, but results at four, six, 
and eight weeks were similar. A retrospective observational study evaluated in
tra-articular steroid injections repeated over a period extending from four to 15 
years [47]. This study was based on radiological assessment, and the authors are 
of the opinion that intra -articular corticosteroid therapy, if used judiciously, has 
an important part to play in the management of chronic arthritis. They found 
no real evidence supporting the suggestion that repeated intra-articular injec
tions inevitably lead to rapid joint destruction. 

Hyaluronic Acid 

Hyaluronic acid (hyaluronan), a polysaccharide consisting of a long chain of di
saccharides (~-D-glucuronyl-~-D-N-acetylglucosamine), is a natural compo
nent of cartilage and plays an essential role in the articular milieu. It is consi
dered not only a joint lubricant, but also a physiological factor in the trophic 
status of cartilage. Balazs proposed hyaluronic acid (HA) as an effective agent 
in the treatment of patients with arthritic diseases. Its clinical use was consid
ered after determining that HA was reduced in concentration and in chain 
length in the synovial fluid of arthritis patients. Preliminary human clinical 
studies of sodium hyaluronate in human arthritic joints were performed by 
Peyron and Balazs in the early 1970'S. Several studies with various preparations 
of hyaluronan from different sources and molecular weights have since been 
conducted. 

The efficacy of viscosupplementation - the replacement of pathological sy
novial fluid with a hyaluronan-based elastoviscous solution - depends on the 
physical properties of the solution used and its residence time in the joint. Pre
parations of hyaluronic acid or sodium hyaluronate with a molecular weight be
tween 500 -700 KD, 600 -1200 KD and 4000 - 5000 KD have been used in clini
cal studies. 

Intra-articular injections of hyaluronan or sodium hyaluronate with a mole
cular weight between 500,000 and 750,000 Daltons have been studied using 
corticosteroid injections [55-58] or NSAIDs [59] as control treatment, and by 
conducting placebo-controlled clinical trials [60-65]. A prospective study in
cluding 43 patients with knee OA showed good tolerance to treatment, without 
adverse side effects. This therapy was effective if OA was less than moderate in 
grade; it was not effective in cases with considerable effusion or in those with 
gross architectural changes [65]. A single-blind parallel trial used two dosage 
regimens of HA (40 mg and 20 mg) to assess its efficacy [50]. The active treat
ments were shown to be equally highly effective in reducing pain; both were sig
nificantly superior to placebo, and beneficial effects lasted for more than a 
month demonstrating the long-term action of the drug. Several double-blind 
placebo-controlled trials suggest that intra-articular injection of sodium hyal
uronate (Hyalectin) may improve the clinical condition and have a long-term 
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beneficial effect in patients with knee OA [61- 63]. However, a double-blind pla
cebo-controlled study involving 91 patients with radiologically confirmed knee 
OA concluded that intra-articular administration Of750 KD hyaluronan offered 
no significant benefit over placebo during a five-week treatment period, but in
curred a significantly higher morbidity [64]. The principal side effects were a 
transient increase in pain and swelling in the affected knee that was observed 
in 47 % of the treatment group compared with 22 % of the placebo group. Graf 
et al. conducted a single-blind, randomized clinical trial to compare both the 
efficacy and safety of HA with that of mucopolysaccharide polysulfuric acid 
ester (MPA) in patients with OA [66]. Both HA and MPA demonstrated efficacy, 
with hyaluronic acid superior in the parameters investigated. 

Furthermore, in a study that evaluated the effect of joint lavage with lactated 
Ringer's solution in 23 patients, the secondary goal was to determine if any ad
ditional benefit could be obtained by injecting the knee with HA following 
washout treatment [67]. Improvement was noted at one- and two-year follow
ups, however there were no statistically significant differences in outcome for 
the hyaluronan and placebo groups. 

Others have used methylprednisolone acetate as the drug of comparison. The 
results showed that on a short-term basis, both HA and 6-methylprednisolone 
acetate were efficacious in controlling OA symptoms. In the long-term assess
ment, the results obtained at the end of treatment in the HA group persisted, 
and in some cases even improved [56,58]. It was concluded that sodium hyal
uronate would appear to offer an alternative to steroids in intra-articular treat
ment of OA [57]. Grecomoro et al. evaluated the therapeutic synergism between 
HA and dexamethasone in intra-articular treatment by conducting a open ran
domized study [55]. Dexamethasone notably potentiated the clinical effective
ness of hyaluronic acid, even if used only during the first weekly infiltration of 
a five-week treatment regimen. 

A one-year double-blind control study involving 52 patients compared the ef
fect of intra-articular injections of hyaluronan (600-1200 KD) and placebo, 
both administrated weekly for five weeks [68]. Though both groups improved 
from baseline, there was no statistically significant difference in any of the rele
vant variables at any time point. Recently, a large randomized double-blind 
placebo-control trial also found no significant difference at 20 weeks between 
the two groups when compared to their baseline evaluation; however, once stra
tified according to age and disease severity, HA proved more efficacious than 
placebo in patients over 60 years of age who had the most severe knee OA [69]. 

The long-term structure-modifying properties of HA (Hyalgan) were in
vestigated through a double-blind randomized placebo-controlled trial using 
a standardized arthroscopic score after one year of follow up. HA proved 
superior to placebo in two out of three parameters used to quantify the severity 
of lesions [70]. 

The efficacy of a weekly therapeutic regimen of either two or three injections 
of hylan GF-20 (a higher molecular weight compound) was further demon
strated by Scale et al. in a randomized double-blind placebo-controlled clinical 
trial that included a six-month follow-up [71]. Compared to the control group, 
the two-injection and three-injection hylan treatment groups both showed sta-



D. Choquette et al. 

tistically significantly greater improvement in pain outcome measures, as well 
as overall evaluation of treatment at the 12-week point. At six-month follow-up, 
results in both hylan treatment groups were superior to those in the control 
group. Adams et al. evaluated the safety and effectiveness of three weekly intra
articular injections of hylan G-F20 (Synvisc) in patients with knee OA, and 
compared this treatment to continuous oral NSAID therapy in both the pre
sence and absence of hylan G-F 20 viscosupplementation [59]. The results sup
port the hypothesis that treatment of knee OA pain with hylan is at least as ef
fective as treatment with NSAID. Hylan G-F 20 is a safe and effective treatment 
for knee OA, and can be used either as a replacement for or an adjunct to 
NSAID therapy. 

Intra-articular injection with hyaluronan is a relatively safe approach; how
ever, some adverse events have been reported. One patient developed an haem
arthrosis after sodium hyaluronate injection [61]. Other observed events were 
local reactions such as effusion, feeling of warmth, sensation of heat, tingling 
and pain following HA injections [66]. A transient adverse event of muscle pain 
was also mentioned [71]. 

In conclusion, in the majority of studies, a clinical benefit of treatment was 
reported compared to the control injected group. Compared to treatment with 
local corticosteroids, the benefit of hyaluronan was somewhat less dramatic but 
longer lasting. 

Other Intra-articular Therapies in Knee Osteoarthritis 

Corticosteroid and hyaluronan intra-articular injections have been widely used 
in the last few decades for treatment of knee OA. However, other substances 
such as orgotein, yttrium-90, silicone, somatostatin and tenoxicam have been 
investigated as potentially therapeutic in the treatment of arthritic joints. 

Orgotein is the pharmaceutical form of the bovine enzyme Cu-Zn super
oxide dismutase. The anti-inflammatory properties of orgotein were discovered 
in 1965. Intra-articular injection of orgotein presents a potentially therapeutic 
advance, especially in the treatment of OA [72]. This study showed that four 
weekly injections of 4 mg orgotein were superior to four weekly injections of 
saline, and orgotein was safe and well tolerated. Furthermore, three orgotein 
dose/regimens were compared with a placebo in terms of efficacy, safety and 
duration of effect in 139 patients with knee OA. Orgotein was effective in reduc
ing symptoms for up to three months after treatment; 16 mg given twice was the 
most effective and best-tolerated regimen [73]. 

A randomized double-blind study was conducted to compare orgotein in
jections with intra-articular methylprednisolone acetate injections. It was 
found that orgotein could be used safely and effectively without serious adverse 
reactions [74]. The efficacy of orgotein was compared to that of beta met has one 
over a one-year period in 419 patients with knee OA [75]. Though betametha
sone acted more quickly, orgotein at low doses (4 or 8 mg) was comparable 
with the corticosteroid from week four, and up to a year after the beginning of 
the study. 

The main adverse reactions to orgotein were pain, swelling and stiffness [74]. 
Pain, prickling or burning sensations, or a feeling of heaviness at the injection 
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site, were the adverse effects most frequently reported [75]. Skin eruption 
and/or pruritus were also mentioned [73]. 

An observational prospective study evaluating the effects of both radiation 
synovectomy and triamcinolone acetonide was conducted in 40 patients with 
knee OA over a one-year period [76].A marked improvement in pain and eval
uation scores occurred at three months, but had disappeared by six months post 
treatment. The safety and efficacy of Disprosium-165 Hydroxide Macroaggre
gate (165 Dy) was compared with Yttrium-90 Silicate for radiation synovectomy 
of the knee in a multicentre double-blind clinical trial conducted in Australia 
[77]. There was no significant difference in clinical response in the two treat
ment groups, and there were no clinically significant side effects. 

Wright et al. conducted a pilot study in five patients, with a control of 25 out
patients, to evaluate silicone as an artificial lubricant for OA joints [78]. Se
quential analyses showed a significant benefit from saline compared to silicone 
at one week follow-up, and no significant difference at one month. 

A randomized placebo-controlled study to assess saline lavage of knee OA in 
20 patients was carried out [79]. Though both groups showed improvement, 
knee washout conferred no further benefit than intra-articular saline injection. 
However, in a recent randomized single-blind study, tidal knee irrigation with 
saline on 77 patients with knee OA showed a greater improvement in pain re
duction than did conservative medical management [80]. 

Glucosamine was evaluated in 54 patients with gonarthrosis in a double
blind controlled study [81]. The results showed that glucosamine was safe and 
provided a greater improvement than placebo injections. 

An open six-month pilot study of intra-articular tenoxicam was conducted 
by Papathanassiou [82] in 28 patients with knee ~A. Results of this preliminary 
study indicated that a single administration of tenoxicam injected intra-articul
ady could provide long-lasting beneficial effects without the problems of 
local tolerance. 

Intra-articular injection of somatostatin in knee OA was evaluated by Silveri 
et al. in an observational prospective study involving 20 patients [83]. The re
sults revealed an improvement in pain and joint function after intra-articular 
injection. This was confirmed with statistical analysis, and no side effects were 
reported. 

Summary and Guidelines Regarding Intra-Articular Therapies for Osteoarthritis 

In summary, the literature regarding intra-articular injections as treatment for 
knee OA is scant. There are no long-term studies on efficacy (six months of fol
low-up or more), and no functional evaluation using validated instruments (i. e. 
WOMAC or the like) has been carried out. No anatomical evaluation data on the 
progression of disease, nor the disease cost assessment are available. Therefore, 
one cannot really derive evidence-based medicine from the information cur
rently available on intra-articular injection as treatment for knee ~A. The fol
lowing recommendations for the use of intra-articular modalities reflect the 
authors' experience more than solid evidence based on medical literature. 

A clinician should consider intra-articular therapies for knee OA when 
simple therapeutic (pharmacological and non-pharmacological) modalities are 
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not successful or may be potentially harmful. The authors feel that, if moderate 
or severe OA of the knee does not respond to a trial of acetaminophen (Tylenol) 
and/or NSAID, intra-articular injections should be considered. 

If the knee presents signs of inflammation (warmth or effusion), a joint tap 
to remove as much fluid as possible should be performed. If the fluid does not 
indicate infection, corticosteroids should be injected into the articulation. A 
good decrease in pain and effusion is usually achieved, and will last for some 
period of time. 

If a relapse occurs 3 months after the injection, a second injection of corti
costeroids may be given. However, there is no clear consensus on any harmful 
effect of repeated injections of steroids on the structure of the knee. Therefore, 
we feel that until proven otherwise, if more than three or four injections per 
year are needed regularly, other therapies should be considered. 

Should a relapse occur before 3 months, or the knee does not present signs of 
inflammation (warmth or effusion),viscosupplementation could offer a longer 
period of relief if effective. Three injections on a weekly basis are needed, and 
the cost of this product should also be considered. 

8.1.1.3 
Conclusion 

In conclusion, before using non-steroidal antiinflammatory drugs (NSAID) in 
osteoarthritis (OA), several modalities should seriously be considered as dis
cussed previously. These approaches offer the clinician valuable alternatives for 
OA management. 
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8.1.2 
Non-steroidal, Anti-inflammatory Drug Administration 
in the Treatment of Osteoarthritis 

J.T. DINGLE 

8.1.2.1 
Introduction 

8.1.2.1.1 
Cartilage Structure and Function 

It sometimes takes a very long time for radical changes in medical/scientific 
ideas to be generally recognised and applied to clinical problems. Thus the re
cognition over 30 years ago [1] that chondrocytes were capable both of degra
dation and synthesis of the extracellular matrix of articular cartilage was not 
thought to have significant clinical relevance. It took 20 years before a clinical 
study showed that osteoarthritic cartilage was capable of repair [2]. For gener
ations, the anatomical textbooks had maintained that cartilage was essentially 
a non-viable tissue incapable of renewal and repair. Clinicians, however, had for 
a number of years noted that some cartilages apparently heal spontaneously [3]. 
Perry et al. [4] reported on 14 patients whom joint recovery was shown radio
graphically, and Daniellson [5] found that, in 91 patients followed for 10 years, 
there was an apparent regression of arthritic changes in some of these patients. 
While there was anecdotal evidence at least that human cartilage was capable of 
repair even during disease activity, it was not until extensive work on the mech-
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anisms of animal cartilage metabolism had been carried out that attention 
was paid to human articular tissues. The discovery of intrinsic and exogenous 
proteolytic enzymes capable of cartilage destruction [6,7] and the demonstra
tion that the indigenous cells of cartilage were capable of synthesising the prin
cipal components of the extracellular matrix led to the concept of a dynamic 
equilibrium that could be modulated by endogenous and exogenous factors [8]. 

Articular cartilage is a highly specialised tissue [9, 10] consisting of a two
phase matrix in which the chondrocytes are embedded and which has devel
oped to withstand the compressive and tensile stresses characteristic of weight
bearing joints [11]. The fibrillar collagen provides the tensile strength prin
cipally in type II, while minor types VI, IX, X and XI are responsible for various 
matrix-matrix and cell-matrix interactions. The glycosaminoglycan chains 
(GAG) form a very high molecular weight complex with hyaluronic acid, which 
in turn is held within the basket weave of collagen fibres. The ability of the car
tilage to withstand the stress imposed upon it is a property of the basket weave 
architecture of the collagen matrix, which imposes physical limitation on the 
water uptake by the highly charged GAG. This in turn allows a high swelling 
pressure to develop, which is very resistant to compressive forces. If the GAG is 
even partially lost, then the resistance of the cartilage matrix to physical forces 
is diminished and the articular surface becomes susceptive to mechanical 
damage. However, this partial loss of GAG can be replaced by the synthetic ac
tivity of the indigenous chondrocytes. On the other hand, if significant collagen 
breakdown occurs, it is unlikely that repair can then be achieved. This is usually 
the terminal stage of disease activity. 

8.1.2.1.2 
Cartilage Degeneration and Repair 

Cartilage, like all other tissues, is remodelled during growth and development, 
and this involves both synthesis and degradation. The matrix components 
themselves have measurable half-lives, the GAG turning over several times 
more rapidly that the collagens. For the integrity of the cartilage to be main
tained throughout life, it is necessary that the continued synthesis of GAG, 
collagen and hyaluronic acid must equal the amount lost through natural turn
over [12]. Thus the synthetic activity of aged cartilage is maintained, and it has 
been demonstrated that cartilages in patients over 90 years of age still maintain 
the ability to synthesis GAG at up to half the rate of juvenile cartilage. In patho
logical situations, increased catabolic activity may not be compensated for by 
sufficient increased synthetic activity if the chondrocyte metabolism is modu
lated by the presence of indigenous co-factors or exogenous drugs. In the initial 
phases of human osteoarthritis (OA), damage to cartilage involves loss of ma
trix GAG in the areas where the lesions develop; this is followed - often over a 
long period - by more extensive changes, and extensive fissuring and ulceration 
develop [13]. Individual chondrocytes in the area of the lesion may also be seen 
to be synthesising GAG in their pericellular environment. Proliferation of chon
drocytes is often seen and may be another attempt at repair. Later, more severe 
changes occur, including capillary invasion from subchondrial bone, calcifica-
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tion and abnormal new bone formation. Once these changes start to take place, 
it is unlikely that any attempt at increased repair by the individual chondrocytes 
will lead to restoration of functional activity. For a number of years, it was con
sidered that the increased catabolic activity was the major event leading to 
articular damage in OA [141. Extensive work on the mechanisms of animal car
tilage degradation both in vitro and in vivo supported this view and implicated 
a variety of proteolytic enzymes, including cathepsins and metalloproteinases. 
It is now thought that catabolic reactions are only a part of the osteoarthritic 
process and that failure of the synthetic repair activity of the indigenous chon
drocytes are of at least equal or perhaps greater importance in the slow deve
lopment of the osteoarthritic lesion [81. 

8.1.2.1.3 
Cytokines and Growth Factors 

Whilst the cytokine interleukin IL-l is very catabolic in terms of the break
down of animal cartilages, on most human cartilage it has been shown that this 
cytokine has little catabolic activity [151. However, all human cartilages are ex
tremely sensitive (at sub-nanogram concentrations) to inhibition of matrix 
synthesis by IL-l [161, and it seems likely that any agent that controls IL-l ac
tivity might in turn have a significant effect on the development of the disease 
process. This has led to much research on the factors that may inhibit cytokine 
synthesis, release or action [17-191. It has been suggested that in OA the local 
release of cytokines, and particularly IL-l, may be an episodic [201 process 
perhaps due to microintlammation or local mechanical trauma (see Fig. 1). The 
inhibitory action of IL-l on chondrocyte synthesis may then be important for 
reducing the natural repair mechanism that can take place. The other important 
factor in the maintenance of cartilage integrity is the presence of growth hor
mones, in particular insulin-like growth factor IGF-l [211. The activity of this 
and similar agents is probably of fundamental importance in the maintenance 
of cartilage matrix equilibrium. The continuous synthesis of both GAG and 
collagen is dependent on the presence of such agents, but in the presence of very 
low concentrations of IL-l, this growth factor activity is seen to be suppressed. 
It is thought that in vivo this balance between cytokine and growth factor 
activity is fundamental in controlling the extracellular matrix equilibrium of 
human cartilage. If this is the case, it is important to consider the mechanism by 
which cytokine-growth factor interactions could be controlled by drug inter
vention. It has been pointed out that it is even more important to ensure that the 
therapy itself does not add to the problem. 

8.1.2.1.4 
Non-steroidal Anti-inflammatory Drugs and Chondroprotection 

The effect of non-steroidal anti-intlammatory drugs (NSAIDs) on animal carti
lage matrix metabolism has been studied by Brandt [22,231 and others over a 
number of years, and evidence has accumulated that these agents may interfere 
with cartilage metabolism [241. It is only recently that similar studies have been 
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Fig. 1. Spiral of cartilage loss in the development of ~A. Suggested episodic changes that may 
result in the cartilage damage characteristic of the disease. The diagram emphasises the ma
trix equilibrium between chondrocyte synthesis and chondrocyte degradation of the macro
molecules of the extracellular matrix and the role of episodes of cytokine activity and the 
compensatory effect of growth factors 

carried out on human cartilage. This is largely because there is at present no 
quantitative non-invasive method to determine the anabolic and catabolic re
actions of human cartilage in vivo. Thus most information on the role of the 
cytokines, growth factors and NSAIDs has come from short-term organ culture 
experiments. The present chapter will deal with the use of this technique to 
study the in vivo and in vitro treatment of patients' cartilages with drugs, cyto
kines and growth factors in human non-arthritic and osteoarthritic cartilages. 
The improved understanding of the factors that control cartilage matrix syn
thesis and degradation in health and in disease have led us to reconsider the 
concept of chondroprotection. The earlier work on the enzymes that could 
degrade cartilage encouraged people to believe that enzyme inhibitors could 
prevent the disease process. However, claims for compounds that were inhi
bitors of cartilage damage were never substantiated by clinical trials, and the 
concept of chondroprotection fell into disrepute [25J. I would suggest now that 
any compound that promotes the long-term structural integrity of human arti
cular cartilage could be considered to be chondroprotective. Such agents could 
achieve this not only by inhibiting degradation, but also by modulating syn
thetic processes that maintain cartilage structure. Thus certain drugs may 
modify the balance between the activity of cytokines and growth factors to give 
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a chondroprotective function. Investigations of the effect on cartilage meta
bolism of a variety of NSAIDs have led some weight to this suggestion and will 
be discussed below. 

8.1.2.2 
Measurement of Human Cartilage Metabolism 

As stated above, at present there is no clinically useful quantitative method for 
measuring the ability of human cartilage to repair and regenerate itself in vivo. 
Most of the information on the synthesis and turnover of human articular car
tilage has come from the development of short-term in vitro organ culture me
thods. Much of the information on the action of growth factors, cytokines and 
other agents which control chondrocyte metabolism has come from the use of 
these techniques. They were developed from the original Strangeways Labor
atory organ culture methods for embryonic chick cartilages [26]. These were 
subsequently modified for adult cartilages [7] and standardised some 12 years 
ago for use on hum.an cartilage [27]. Most experiments have been done on 
arthritic and non-arthritic cartilages obtained from human femoral heads at 
operation. More recently, human femoral condyles have been the subject of 
investigation because an in vivo clinical trial using this material is under way to 
investigate the in vivo action of aceclofenac on patients' cartilage metabolism. 
The difference in metabolism between these two types of tissues will be com
mented on below. 

The use of human cartilages is not simple because of both the variation in 
anatomical sites and the local nature of many of the pathological lesions. This 
necessitates the use of extensive numbers of replicates for each patient's carti
lage (some 60 - 70 being used from each femoral head, for example) and also for 
the investigation of relatively large numbers of human patients' cartilages in or
der to obtain population means. In some studies of individual NSAIDs, for ex
ample, a total of 60 patients' cartilages have been investigated. Examples of 
individual variation have been published for 60 OA patients [28]. Non-arthritic 
cartilages were usually obtained from patients with fractures of the femoral 
head and were confirmed as being free from OA by histological examination; 
the variation in the non-arthritic cartilage population was unusually less than 
in the OA population. The measurement of GAG synthesis has been described 
elsewhere [27]; briefly, it involved the uptake of 35S0 4 under standard conditions 
(20 h pulse after a 5-day washout period) followed by CPC precipitation of the 
incorporated material. Collagen was measured in a similar fashion using 
3H-proline. Since the turnover (synthesis) of this collagen is much slower, 
incorporation times were as long as 16 days, as opposed to 20 h for GAG. The 
standardised methods for measuring GAG and collagen synthesis have been 
used on 200 non-arthritic cartilages and over 500 arthritic cartilages over a 12-
year period [12]. It must be stressed that these measurements are relative mea
surements; synthesis of cartilage matrix in these patients can be compared to 
one another, but changes in the assay conditions would result in quantitative 
differences. Therefore, standardised incubation conditions using 5 % serum in 
200 pI DMEM medium with 5% CO2 in the air at 37°C were used throughout 
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these studies. Cartilage replicates were full thickness and measured approxi
mately 4 x 4 mm with a average dry weight of 3 - 5 mg. 

8.1.2.3 
Relative Metabolism of Non-arthritic and Osteoarthritic Cartilages 

Table 1 demonstrates the relative GAG synthetic activity of femoral head and 
condylar cartilage from 200 non-arthritic cartilages and 546 osteoarthritic car
tilages. It is immediately apparent that the femoral head cartilage had a lower 
GAG synthetic activity than that from the femoral condyles, although only a re
latively small number of femoral condyle metabolism studies have been carried 
out to date. Nevertheless, this finding is substantiated by the osteoarthritic car
tilages, in which GAG synthesis was higher in the femoral condyle than in the 
femoral head material. The other significant observation shown in Table 1 is the 
variation in chondrocyte activity with diseased state. While there is a significant 
drop between the non-arthritic and the overall osteoarthritic cartilages, those 
that were most severely affected by the disease process showed the lowest GAG 
synthetic activity both in the femoral heads and the femoral condyles. This was 
not due to changes in cellularity. The tissues were graded histologically for this 
study. Slight OA was characterised as having local areas of erosion and some 
loss of metachromasia; moderate OA was characterised as having significant 
fibrillation, loss of metachromasia and evidence of structural damage; and se
vere OA showed substantial fibrillation and production of clefts and substantial 

Table 1. Relative human cartilage matrix synthesis - a comparison of femoral head and con-
dylar metabolism 

Tissue Femoral heads Femoral condyles 

Patients (n)' Relative GAG Patients (n)' Relative GAG 
synthesis synthesis 
(cpm/mg x 10-3) (cpm/mg x 10-3) 

(mean ± SEM) (mean ± SEM) 

Non -arthritic 185 3.63 ± 0.30 15 6.02 ± 0041 
Osteoarthritic 

Slight OA 101 2.45 ± 0.15 12 3.76 ± 0.16 
Moderate OA 74 2.01 ± 0.14 15 2.39 ± 0.14 
Severe OA 66 1.31 ± 0.14 5 1.95 ± 0.1 

TotalOA 486 1.88 ± 0.38 60 3.73 ± 0.36 

GAG synthesis was measured as described in the text. The femoral condyles were shown to be 
histologically normal, but were obtained at knee replacement operations from patients clini
cally diagnosed as osteoarthritic. Disease severity in the cartilages from the arthritic patients 
was graded after histological observations as described in the text. Non-arthritic cartilages 
were obtained from patients after fracture of the femoral head and confirmed as being free 
from OA by histological examination. GAG synthesis was measured during a 20-h incubation 
period on day 6 in culture. Nine to ten replicate organs were set up for each estimation of a 
patient's cartilage. Results were expressed per milligram dry weight of cartilage. 
• Number of patients from whom cartilage was obtained. 
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to complete loss of metachromasia with evidence of cellular cloning. Table 1 

demonstrates the problems of both the individual variation and variation with 
disease state and emphasises the importance of assaying sufficient replicates 
and sufficient numbers of patients' cartilages when experiments are carried out 
with in vitro drug treatment. 

The problem with inter-patient variation is also shown in Table 2, where pa-
tients who were not treated with NSAIDs before the operation were assayed for 

Table 2. Ex vivo femoral head GAG synthesis of individual untreated OA patients 

CRL no. Age Sex Diagnosis Disease GAG synthesis (cpmlmg x 10-3120 h) 
(years) severity (mean ± SEM) 

Ex vivo Post-incubation 
(3 days) 

Np211 71 F OA 3 0.92 ± 0.14 0.77 ± O.13 a 
2x!2 72 F OA 2 2.06 ± 0.32 2.03 ± 0.23 a 
9/4 64 F OA 3 1.74 ± 0.2 1.82 ± 0.3 a 
8/3 87 F N?OA 3 0.65 ± 0.07 0.30 ± 0.04 a 
2x!7 78? M RA 3 1.48 ± 0.29 1.63 ± 0.71 a 
2x!8 81 F OA 2 2.32 ± 0.45 2.18 ± 0.46a 
2x/9 72 F OA 2 3.02 ± 0.56 3.46 ± 0.40a 
6x!7 67 F OA 3 0.43 ± 0.08 1.50 ± 0.03 b 

6x!1O 72 M OA 3 0.87 ± 0.15 1.28 ± 0.24a 
6x!12 75 F OA 2 1.67 ± 0.12 2.84 ± 0.21 d 

9015 74 M OA 3 0.84 ± 0.22 0.54 ± 0.2a 
7B/2 68 F OA 3 1.94 ± 0.12 2.27 ± 0.22a 
5/16 82 F N?OA 3 0.67 ± 0.13 0.34 ± O.lO a 
GP1 71 M N?OA 3 1.35 ± 0.15 1.24 ± 0.11 a 
GP3 75 F OA 3 1.53 ± 0.14 1.10 ± 0.17a 
GP4 77 F OA 2.17 ± 0.14 2.84 ± 0.23 b 

HH1 70 F OA 2 2.21 ± 0.11 2.01 ± 0.17a 
HH6 71 F OA 2 2.48 ± 0.17 2.59 ± 0.22a 
HH9 64 M OA 3 1.62 ± 0.08 2.00 ± 0.14a 
AD4 68 M OA 2 1.97 ± 0.09 2.21 ± 0.09 a 
Cll 72 F OA 2 2.11 ± 0.17 2.00 ± 0.11 a 
CIS 69 F OA 3 2.08 ± 0.11 1.78 ± 0.13 a 
L4 62 F OA 3 1.69 ± 0.09 1.99 ± 0.14a 
LIS 68 F OA 2 2.48 ± 0.18 2.92 ± 0.22a 
LI9 71 F OA 2.56 ± 0.22 2.81 ± 0.24a 

The femoral heads were obtained at operation from 25 patients who were known not to have 
been treated with NSAIDs prior to operation. GAG synthesis was modified in these ex vivo 
experiments. The cartilage was assayed at two periods. Ten replicates from each cartilage 
were assayed immediately on transfer of the femoral head to the laboratory; they were incu
bated for 20 h with 5 JlCj35S04, and GAG synthesis incorporation was measured in the usual 
way. A further ten replicates from the same femoral head were incubated in DMEM+50/0 se
rum for 3 days as a washout procedure to remove any contaminating NSAID or other drugs. 
The cartilages were then pulsed in the same manner for 20 h and the data shown as post-in
cubation data. Disease severity was characterised as described in the text. The significance of 
difference between the ex vivo and the post-incubation assay was tested by Student's t test. 
a not significant; b p < 0.02; c P < 0.01; d P < 0.001. 
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GAG synthetic activity. The ex vivo activity measured immediately on the tissue 
being taken to the laboratory varied between 0.43 and 3.02 cpm/mg per day 
x 10-3. Table 2 also shows the effect of incubating the paired tissue samples from 
each individual patient for 3 days as a washout procedure to remove any drug that 
was present. In these untreated OA patients, it will be seen that there was little dif
ference between the post-incubated and the ex vivo assayed material, with only 
two out of 25 showing a significant difference. The population mean showed no 
significant difference. This technique was also used as an internal control on OA 
patients that had been treated in vivo with a variety of NSAIDs (see below). 

8.1.2.4 
Effect of In Vitro NSAID Treatment on GAG Synthetic Activity 

The in vitro assessment of NSAID action on some 300 patients' femoral head 
cartilage GAG synthesis is shown in Fig. 2, where a variety of NSAIDs have been 
used at concentrations expected to occur in the plasma during treatment. In 
these experiments, the cartilage from each patient was incubated for 5 days in 
control or NSAID-containing medium and then pulsed with 35S0 4 for 20 h. The 
effect of NSAIDs on GAG synthesis is expressed as a percentage of the untreat
ed control cartilage from each patients. It will be seen that the NSAIDs can be 
divided into three groups: 

GAG synthesis 
% control 

Control Group I Group II Group III ....----'----" ,.-----'-----., .-, -----'----" ,.-----, 
140 (6) 

120 
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Fig. 2. Effect of NSAID on OA cartilage GAG synthesis. The data shown were collected over a 
12-year period and represent relative GAG synthetic activity of human cartilage from some 
250 individual patients. The data is expressed as the percentage of the untreated control in 
each individual patient. GAG synthesis was measured by incorporation of 35S0 4 into CPC pre
cipital material as expressed on a dry-weight basis under standardised conditions. The num
ber of patients' cartilages are shown in brackets. The statistical significance was derived from 
Students' t test. The results are the mean of the population for each NSAID treatment. These 
treatments were carried out in vitro over a 6-day period as described in the text 
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1. Those which are highly inhibitory, which include nimezulide, ibuprofen, in
domethacin and naproxen, all of which depress GAG synthesis in a statisti
cally highly significant manner. 

2. Those such as diclofenac, piroxicam, aspirin and nabumetone, which at the 
concentrations shown were without major effect on the population mean. 
Diclofenac at the peak plasma level of 10 llglml, although not shown in Fig. 2, 

is significantly inhibitory. 
3. A third group which were stimulatory include aceclofenac, tenidap and 

tolmetin. 

Paracetamol was without effect on the population tested. An indication of the 
response of individual patients' cartilages to the NSAIDs is shown in Fig. 3, 
where, over the concentration range tested, the percentage of the patients' car
tilages showing a significant increase and decrease from the control is indi
cated. It will be seen that, with aceclofenac, a large majority of the patients te
sted showed a significant increase and only a very small number showed any in
hibitory effect. Tenidap, on the other hand, which was stimulatory at low levels 
and has been demonstrated to be inhibitory at high levels, showed at this range 
of concentrations approximately as many being inhibited as being stimulated. 
The same effect was seen with nabumetone. Aspirin and diclofenac, in this 
population, showed more cartilages to be inhibited than stimulated. Indo
methacin, ibuprofen and naproxen were not stimulatory to any patients' carti
lages. With naproxen, as much as 70% of the total population showed statisti
cally significant inhibition of GAG synthetic activity. 

% 01 total showing 
Increased GAG synthesis 

60 (120) (40) (60) (34) (eo) (20) (60) (32) (34) (64) (60) 

50 

40 

30 

20 

10 

0 

10 

20 

30 

40 

50 

60 

70 
% 0' lotal showing -- 1< ... ,. - ~1" 0id0IIN< TP, ~~ltn,1M'otlli'l .... -PM_ 

2-1 0 l·'1 '~!G 30 2-10 S ,o-!G 30 30 !G'OO 10.10:1 
Oocroased GAG synthesis NSAIO and concentralJOn range lested (~glml) 

Fig. 3. Comparison of NSAID action on human GAG synthesis showing individual numbers 
of patients responding. GAG synthesis was measured under the same conditions as Fig. 1. The 
data is expressed as a percentage of those patients showing a significant (p < 0.01) increase or 
decrease in GAG synthesis in the population undergoing the specific NSAID treatment. The 
concentration range of NSAIDs tested are shown. Figures in brackets indicate the number of 
patients' cartilages tested. TPA, tiaprofenic acid 
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It was shown in Table 1 that synthetic activity of the cartilage from the 
femoral head and from the femoral condyles depended on the disease state. 
Figure 4 again shows this change of synthetic activity in 60 patients' femoral 
head cartilages. It also shows the effect of treatment with various doses of ace
clofenac. The moderate to slightly osteoarthritic cartilages showed significant 
stimulation between 0.5 and 2 ]lg/ml. There was less stimulation with the se
verely arthritic cartilages, though this was significant. However, the non-arthri
tic cartilages showed no evidence of stimulation with aceclofenac. The effect of 
aceclofenac dosage on 14 individual OA patients' femoral condyle GAG syn
thetic activity is shown is Fig. 5. It will be seen that ten out of the 14 individuals 
showed a significant increase in GAG synthetic activity with increasing dosage 
of aceclofenac, one showed a slight decrease and three others did not show any 
significant change; however, these latter all had a low GAG synthetic activity, 
suggesting a severely arthritic disease state. Femoral condyle cartilage was also 
used in the studies shown in Fig. 6 from the same 14 individual patients. It may 
be noted that naproxen at 50 ]lg/ml was highly significantly inhibitory on all the 
patients' cartilages tested. This demonstration of three apparent groups of 
NSAlDs having different effects on matrix synthesis has been confirmed by 
studies of collagen synthesis using aceclofenac, diclofenac and naproxen as ex-
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Fig. 4. Effect of aceclofenac on femoral head cartilages of varying disease states from 60 pa
tients. GAG synthesis was measured in the conventional way, but the patients' cartilages were 
assessed histologically for the disease state. The grading is described in the text: 1, non
arthritic cartilages showing no obvious signs of osteoarthritic changes; 2, slight OA; 3, car
tilages showing moderate osteoarthritic changes; 4, severely arthritic cartilages. Aceclofenac 
was added in concentrations between 0.5 and 10 llg/ml, 7.0 llgiml being the peak value seen 
in plasma during treatment 
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Fig. 5. Effect of aceclofenac on cartilage GAG synthesis in femoral condyle cartilage from 14 
OA patients. The effect of between 0.2 and 5 ].lg aceclofenac/ml on the individual GAG syn
thesis in 14 patients is demonstrated. GAG synthesis is measured in the way set out in Fig. 1. 

The cartilage was moderately to severely arthritic 

amples of these three groups. Aceclofenac again was stimulatory and naproxen 
highly inhibitory on collagen synthesis. 

8.1.2.5 
Effect of In Vivo Treatment with NSAIDs on Human Cartilage 

Individual values of cartilage synthesis after in vivo treatment are shown in 
Table 3, and population means are shown in Table 4. It can be seen that the ex 
vivo assay for all NSAIDs of 1.12 cpm/mg x 10-3 was significantly lower than the 
ex vivo assay for the untreated OA patients (1.71 cpm/mg X 10-3). Ibuprofen, 
indomethacin, diclofenac and naproxen were the agents used to treat the pa
tients in vivo before the operation. Treatment for 7 -10 days prior to operation was 
usual, and conventional levels of drug were employed. This was not a clinical 
study as such; the patients were selected from those who came to operation who 
had a known treatment regime. It can be seen that all those treated with 
NSAIDs showed a relatively low ex vivo synthesis, which doubled after washout 
incubation. The untreated patients' cartilages showed no significant increase. 
Also included in Table 4 are a small number of femoral condyle cartilages from 
11 patients who had no NSAID treatment, and again it will be seen there was no 
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Fig. 6. Effect of naproxen on GAG synthesis on condyle cartilage from 14 patients. GAG syn
thesis was measured in the conventional manner, and the tissues were treated with between 
50 and 200 jlg naproxen/ml. The synthetic activity of the individual patients was seen 

change in the level of GAG synthesis after the post-incubation washout period, 
suggesting that these cartilages were not inhibited by NSAID action. This work 
provides preliminary evidence that there is an effect of some NSAIDs on GAG 
synthetic activity when the patients have been treated in vivo prior to opera
tion. 

A comparison of in vivo and in vitro studies is shown in Table 5, in which 
aceclofenac is compared with indomethacin. In vivo, a total of nine patients 
were treated with aceclofenac prior to operation, and the GAG synthesis activity 
was 115 % of the control value. In contrast, those treated with indomethacin 
showed 55 % of the control value. In vitro, extensive studies have been carried 
out on both these agents. A total of 120 patients' cartilages were treated with 
aceclofenac at 2 ]lg/ml. A significant stimulation of GAG synthesis activity of 
22 % over the control was seen. Indomethacin again showed significant inhibi
tion in 32 patients' cartilages tested. It is interesting to compare this with radio
logical studies that have been carried out in the LINK study with indomethacin, 
where 47% of patients showed deterioration of joint space on indomethacin 
treatment as compared with 22% on placebo, suggesting that our in vitro and in 
vivo results with indomethacin are comparable. 
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Table 3. Ex vivo femoral head cartilage GAG synthesis 

CRLno. Age Sex Diagnosis Disease NSAIDs GAG synthesis 
(years) severity in vivo (cpm/mg x 1O~3/20 h) 

(mean ± SEM) 

Ex vivo Post~ 

incubation 
(3 days) 

21 80 M OA 3 Indomethacin 1.12 ± 0.04 3.53 ± 0.25 c 
25 66 M OA 1 Ketoprofen 2.70 ± 0.26 4.89 ± 0.37 c 
9/1 76 M OA 2 Ibuprofen 1.89 ± 0.56 2.08 ± 0.25" 
7/5 58 F OA 3 Ibuprofen 0.81 ± 0.16 1.79 ± 0.16 c 
7/6 68 F OA 3 Ibuprofen 0.86 ± 0.2 2.19 ± O.3c 
6x11 60 M OA 3 Aspirin 0.48 ± 0.1 1.95 ± 0.31 d 
6x/2 77 F OA 2 Diclofenac 0.28 ± 1.06 2.60 ± 0.28 d 
6x14 75 M OA 3 Aspirin 0.71 ± 0.11 1.63 ± O.13 d 
6x/5 67 F OA 3 Ibuprofen 1.260 ± 0.6 1.20 ± 0.14" 
6x/9 81 F OA 2 Ibuprofen 1.03 ± 0.21 3.18 ± 0.29d 
7B/3 75 F OA 3 Diclofenac 0.53 ± 0.18 1.30 ± 0.15 d 
5/19 70 F OA 3 Naproxen 0.51 ± 0.16 1.06 ± 0.13 b 
GP2 77 F OA 3 Diclofenac 0.28 ± 0.06 0.90 ± 0.13 d 
7BI10 57 F OA 3 Ibuprofen 0.66 ± 0.08 1.48 ± 0.04b 
3R 66 F OA 1 Indomethacin 1.70 ± 0.2 3.93 ± 0.09 c 
90/5 70 F OA 2 Indomethacin 1.17 ± 0.4 1.79 ± 0.08 b 
91/1 70 M OA 2 Indomethacin 1.60 ± 0.03 2.28 ± 0.31 c 
VV7 67 M OA 3 Naproxen 0.87 ± 0.09 1.63 ± 0.12 c 
VV19 71 F OA 3 Naproxen 1.46 ± 0.09 1.91 ± 0.11" 
VV25 59 F OA 3 Naproxen 0.46 ± 0.02 0.99 ± 0.05 b 
B21 70 F OA 2 Naproxen 0.84 ± 0.04 1.82 ± 0.08 c 
PI 62 M OA 3 Ibuprofen 1.22 ± 0.21 1.84 ± 0.20b 
P3 68 M OA 3 Ibuprofen 1.18 ± 0.31 2.46 ± 0.23 d 
P6 72 F OA 3 Indomethacin 1.56 ± 0.20 2.51 ± 0.28 c 
A12 69 F OA 2 Naproxen 1.63 ± 0.21 3.01 ± 0.27 d 
A13 71 F OA 3 Naproxen 0.84 ± 0.09 1.41 ± 0.33" 
A16 75 M OA 2 Indomethacin 1.27 ± 0.2l 2.87 ± 0.29 d 
A2l 82 F OA 2 Indomethacin 1.66 ± 0.19 3.16 ± 0.22d 
A24 68 F OA 2 Indomethacin 1.20 ± 0.14 1.83 ± 0.10c 
P19 71 M OA 2 Indomethacin 1.74 ± 0.21 1.96 ± 0.22" 
H41 61 M OA 3 Naproxen 0.76 ± 0.09 1.84 ± 0.20c 
H44 67 F OA 2 Naproxen 1.64 ± 0.15 2.09 ± 0.22" 

Patients who had been treated with NSAIDs for 1-2 weeks prior to operation were selected. 
A total of 32 such patients were assayed, of whom eight had been treated with ibuprofen, nine 
with indomethacin, two with aspirin, four with diclofenac and nine with naproxen. The indo~ 
methacin dose was between 50 and 100 mg/day, the ibuprofen dose was between 1000 and 
1500 mglday, the diclofenac dose was between 100 and 150 mg/day and the naproxen dosage 
was between 500 and 750 mg/d. The ex vivo and the post~incubation GAG synthesis was mea~ 
sured as described in Table 2. The disease severity is indicated and was measured as described 
in the text. 
" not significant; b p < 0.02; c P < 0.01; d P < 0.001. 
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Table 4. Ex vivo femoral cartilage GAG synthesis 

Drug treatment Patients (n) GAG synthesis (cpm/mg x 10-3) 

Ex vivo Post-incubation 
(mean ± SEM) (3 days) (mean ± SEM) 

Ibuprofen 8 1.11 ± 0.13 2.62 ± 0.22a 
Indomethacin 9 lAS ± 0.08 2.65 ± 0.26 a 
Aspirin 2 1.14 ± 0.16 2.17 ± 0.31 
Diclofenac 4 0.55 ± 0.19 1.51 ± 0.37 
Naproxen 9 1.00 ± 0.15 1.75 ± 0.20b 
All NSAIDs 32 1.12 ± 0.10 2.15 ± 0.10 b 
No NSAID 25 1.71 ± 0.14 1.86 ± 0.17c 
No NSAID (FC) 11 2.20 ± 0.28 2.31 ± 0.30 C 

Population mean 245 1.76 ± 004 

Population summary of in vivo NSAID treatment of OA patients, summarising the individual 
data shown in Tables 2 and 3. The significant difference between the ex vivo and the post-in
cubation GAG synthetic activity was tested by Student's t test. Also included are 11 femoral 
condyle cartilages for comparison (FC). 
a p < 0.01; b p < 0.001; C not significant. 

Table 5. Comparison of in vitro and in vivo studies on aceclofenac and indomethacin in OA 
patients 

Study type Aceclofenac 

GAG synthesis 
(% of untreated 
control) 

In vivo treatment 115 b 
(ex vivo assay) 

In vitro assay 122b 

Clinical 22 % deterioration 
assessment on placebo a 

Patients (n) 

9 

120 

Indomethacin 

GAG synthesis 
(% of untreated 
control) 

63 C 

Patients (n) 

9 

32 

47 % deterioration on 
on indomethacin a, c 

In the first study type, (in vivo treatment, ex vivo assay), aceclofenac was administered to pa
tients at 100 mg/day before the operation and indomethacin at 50-100 mg/day. The ex vivo 
assays and the post-incubation assays were carried out as described in Table 2. The in vitro 
figures summarise the data shown previously; aceclofenac was administered at 2 I1g/ml and 
indomethacin at 30 l1g1ml. 
a Radiological progression data obtained from the LINK study. 
b P < 0.01; c p < 0.001 (difference from control). 
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8.1.2.6 
Interaction of Cytokines and Growth Factors on Human Corti/age Metabolism 

It was shown several years ago that human cartilage GAG and collagen syn
thesis is very sensitive to very low levels of the cytokine IL-1 [16,29]. Cytokine 
inhibition of GAG synthesis occurred at levels below 0.1 ng/ml (concentrations 
exceeded in arthritic synovial fluid). Such low concentrations have no effect on 
the GAG turnover rate in human cartilage. It has also been known for some 
time that human cartilage is sensitive to growth factor stimulation of GAG 
synthetic activity, and it is thought that the balance of these two agents is fun
damental in the maintenance of the equilibrium between synthesis and dege
neration and thus of matrix structure and function. The continued synthesis 
of both GAG and collagen is probably dependent on the presence of several 
growth factors, of which IGF-1 is the best studied. Though no experiments have 
been carried out on human material, it seems likely that hyaluronic acid might 
also respond to such factors. In considering the action of NSAIDs in this sy
stem, the inhibitory effects of agents such as naproxen are readily explicable in 
terms of cytotoxic effects on chondrocyte metabolism. What is much more dif
ficult to explain, however, is the apparent stimulatory action of agents such as 
aceclofenac, tenidap and tolmetin. The key to understanding these events was 
the observation that there was no stimulatory action of aceclofenac on arthri
tic cartilages in the absence of serum and that the serum could be replaced 
by the growth factor IGF-l [29]. A further important fact was that aceclofenac 
did not stimulate non-arthritic human cartilage, GAG or collagen synthesis. 
Consideration of these facts has led to a hypothesis for the mode of action of 
aceclofenac: 

1. Human cartilage matrix is continually synthesised and degraded throughout 
life by indigenous chondrocytes. This equilibrium is controlled by the pres
ence of cytokines and growth factors and may be disturbed in disease, re
sulting in loss of articular cartilage. 

2. Aceclofenac has been shown by Gonzales et al. [30] to reduce IL-l and tu
mour necrosis factor (TNF) levels in arthritic patients where cytokine levels 
were high. 

3. In human arthritic cartilage, the cytokine IL-l prevents the expression of 
growth factor activity. The resulting inhibition of matrix synthesis is a major 
component of the slow development of articular damage in OA. In the pres
ence of growth factors, aceclofenac increases GAG and collagen synthesis by 
partially reversing the action of IL-1. 

4. In non-arthritic human cartilage, cytokine activity was thought to be mini
mal, and the presence of growth factors results in high matrix synthesis 
activity and hence the continual renewal and repair of articular cartilage. In 
these cartilages, aceclofenac has been shown not to stimulate matrix syn
thesis. 

5. Unlike a number of NSAIDs, aceclofenac at peak plasma concentrations did 
not inhibit matrix synthesis in non-arthritic or arthritic cartilages and thus 
allowed the expression of growth factor activity. The low chondrocyte toxi-
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city of acedofenac would appear to distinguish it from some other NSAIDs, 
many of which inhibit cartilage matrix synthesis and hence diminish repair. 

6. In summary, acedofenac is not itself a growth factor but allows the natural 
repair process to continue in the presence of arthritic disease. It does not af
fect non-arthritic cartilage and would appear to be advantageous for the 
long-term treatment of damage to articular tissues. 

8.1.2.7 
Conclusion 

It has been suggested that OA development is due, at least in part, to episodes of 
IL-1 activity. While the experiments reported above are very short-term, it is 
possible that similar events occur in vivo; thus the extent of the recovery after 
an episode of cytokine activity may be diminished by some NSAIDs. Naproxen 
and didofenac, for example, inhibit recovery after an episode of exogenous IL
l. The toxicity of didofenac may be due to the presence of a 5-0H metabolite 
which is not produced from acedofenac [29]. One must of course exercise con
siderable caution in extrapolating from in vitro experiments to the in vivo si
tuations, although the limited number of in vivo treatments of patients' cartila
ges followed by ex vivo assays tend to confirm in vitro work. 

There is also evidence from studies on patients treated with indomethacin by 
Raschad et al. [31] and Huskinson et al. [32] that suggest that this NSAID has a 
deleterious effect on cartilage. The finding is compatible with the present in 
vitro and in vivo studies. It is possible to suggest that modification of the cyto
kine-growth factor interactions in arthritic cartilage (but not in non-arthritic 
cartilage), which has been demonstrated in the short-term organ culture expe
riments, may also occur in vivo during treatment with agents such as ace
dofenac and in vivo could lead to stimulation of matrix synthesis and possible 
repair. This hypothesis needs to be tested in vivo, and further studies are under 
way to investigate the action of acedofenac and a comparable NSAID on human 
cartilage treated in vivo followed by ex vivo assay of the cartilage metabolism 
similar to those preliminary experiments shown in work above. Thus, if in vitro 
work is confirmed by in vivo studies, this suggests that, when specific therapy 
for reducing pain and inflammation in osteoarthritic cartilage is considered, 
the effect of these same treatment schedules on the underlying integrity of the 
joint cartilage should also be considered. The concept of chondroprotection in 
these terms would be the use of agents which at the very least did not increase 
the joint damage in the arthritic patient and at best reinstated the natural repair 
mechanisms that these tissues appear to have and which appear to be suppres
sed during the more acute phases of the arthritic condition. 
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8.1.3 
New and Future Therapies for Osteoarthritis 

J.P. PELLETIER, B. HARAOUI and J.e. FERNANDES 

8.1.3.1 
Introduction 

Over the last decade, there have been several interesting advances in the treat
ment of osteoarthritis (OA), resulting in renewed interest in this field of medi
cine. Recent progress in the understanding of the pathophysiology of OA has fa
cilitated the development of new drugs and treatments specifically aimed at ef
fectively retarding the disease process. This chapter presents several new agents 
that have been introduced for the symptomatic treatment of ~A. These medi
cations have different mechanisms of action, some of which are not yet fully 
understood. Clinical studies are currently underway for some of those drugs to 
determine if they can exert structure-modifying effects to counteract the 
disease process. This chapter also reviews major fields of investigation that we 
believe hold promise for the near future. 

8.1.3.2 
Pharmacological Approach 

During the past few years, several investigators and task forces under the lea
dership of the OARS have classified the drugs used in the treatment of OA into 
two categories - "symptomatic" and "structure-modifying". The first category of 
drugs is efficacious in alleviating pain, swelling and stiffness, as well as impro
ving the function of the OA joints, while the latter aims at slowing, stopping or 
even reversing the structural changes of the disease. These structure-modifying 
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drugs may also have some symptom-relieving properties. Several new compo
unds are currently being tested for either or both properties, while some "older" 
drugs are under evaluation for their potential to alter the degenerative process. 

A better understanding of the mechanisms of joint damage and repair has 
led to the development of a new class of molecules that inhibits one or several 
of the soluble mediators of inflammation, or proteolytic enzymes. 

8.1.3.2.1 
Systemic Treatment 

Diacerhein 

Diacerhein, or diacethylrhein, is an anthraquinone derivative that displays se
veral in vitro and in vivo properties. It inhibits in vitro the production of IL-1, 
and reduces that of metalloproteases (MMP) in human OA cartilage [1]. On the 
other hand, it stimulates the synthesis of proteoglycan, glycosaminoglycan and 
hyaluronic acid [2]. In an animal model of OA, in vivo diacerhein effectively 
reduced synovial inflammation and cartilage lesions [3]. Interestingly it does 
not suppress prostaglandin synthesis. 

In human hip OA, diacerhein (50 mg oral BID) was tested alone or in combi
nation with tenoxicam (20 mg QD) over eight weeks [4]. In this double-blind 
randomized trial, diacerhein was as effective as tenoxicam alone and the com
bination proved superior. Diacerhein had a slower onset of action, starting two 
weeks after the initiation of therapy. In another study, diacerhein was compared 
to naproxen (375 mg BID) in patients with knee and hip OA over a two month 
period [5]. Diacerhein was as effective as naproxen,however it had a statistically 
significant carryover effect 30 days after discontinuing treatment. Ongoing 
studies are being conducted to test the structure-modifying properties of 
diacerhein. 

Avocado/Soybean Unsaponifiables 

Avocado/soybean unsaponifiables (ASU) are made of the unsaponifiable ex
tracts of avocado and soybean, in a proportion of one third and two thirds, re
spectively. ASU was shown to have in vitro inhibitory properties against IL-1, 
and can stimulate collagen synthesis by articular chondrocytes in culture [6]. It 
has been effective at inhibiting IL-1-induced production of stromelysin, IL-6, 
IL-8, PGE2 and collagenase [7]. 

The clinical efficacy of ASU has been demonstrated in two double-blind pla
cebo-controlled studies for the treatment of knee and hip OA [8,9]. In a six 
month treatment period, followed by two months of observation for the carry
over effect, ASU was statistically superior to the placebo for the VAS for pain, the 
Lequesne functional index score, the patient satisfaction scale and the con
sumption of nonsteroidal anti-inflammatory drugs (NSAID) [8]. 

Glucosamine Sulphate 

As a component of the articular cartilage, glucosamine sulphate (GS) was stu
died as a possible repair molecule more than 20 years ago. In vitro experiments 
have shown that GS added to chondrocyte cultures stimulates proteoglycan 
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synthesis [10]. Earlier clinical observations were either short term, did not in
volve large numbers of patients, or were open-label trials. Most revealed a trend 
towards better symptomatic relief. Lately, in a double-blind randomized trial in 
knee OA, GS at 500 mg TID was as effective as 400 mg TID of ibuprofen over a 
period of four weeks [11]. In a similarly designed study, GS was marginally 
superior to the placebo [12]. GS was also given intramuscularly in a six week 
double-blind placebo-controlled randomized trial to patients with knee 
OA [13], where it was shown to be superior to the placebo. To date, studies have 
addressed only the short term relief obtained with GS, and long term studies 
dealing with sustained symptomatic relief and structure-modifying properties 
are needed. Due to its short half-life, some investigators suggest the use of a 
polymeric form of glucosamine to reduce the frequency of administration [14]. 

Chondroitin Sulphate 

Aside from some in vitro stimulatory activity on proteoglycan and collagen 
synthesis by chondrocytes, chondroitin sulphate (CS) is effective in alleviating 
the symptoms of knee and hip OA, and in improving joint function [15-17]. In 
a recent three month double-blind randomized trial versus diclofenac (first 
four weeks, followed by placebo for two months), CS at a dose of 400 mg TID 
was shown to be slightly less effective than diclofenac due to its slower onset of 
action, but superior to the placebo and had a carry-over effect that lasted the 
duration of the six month study [18]. 

Hydroxychloroquine, Methotrexate 

Due to its efficacy in rheumatoid arthritis (RA), hydroxychloroquine has been 
used anecdotally in inflammatory erosive OA of the hands. In a retrospective 
clinical observation, 6 out of 8 treated patients improved [19]. Despite being a 
retrospective chart review study with a small number of patients, this should 
stimulate further investigation into the role of hydroxychloroquine as a symp
tom-modifying, as well as structure-modifying therapy for OA regardless of its 
site. Methotrexate (MTX) has not been clinically tested in OA, however it dis
played little efficacy in a lapin partial meniscectomy model [20]. 

New Nonsteroidal Antiinflammatory Drugs 

The discovery that prostaglandin synthetase (cyclooxygenase (COX)) exists in 
two separate isoforms, COX-l and COX-2, and the identification of a new gener
ation of new nonsteroidal antiinflammatory drugs (NSAID) preferentially or 
selectively blocking COX -2 rather than COX-I, has brought new impetus to find
ing a safer antiinflammatory drug (Fig. 1). Indeed, in the last few years, discus
sions have raged about the risk/benefit ratio of NSAID in OA, given the cost, 
financial as well as in human life and morbidity of their gastrointestinal side 
effects. There is no question that a certain portion of patients cannot function 
without NSAID therapy, and that certain NSAID bring more than symptomatic 
relief. Several in vitro and animal studies have demonstrated that, for instance 
tiaprofenic acid or diclofenac, may reduce cartilage degradation or stimulate 
proteoglycan production; on the other hand, some NSAID may have deleterious 
effects [21]. Rather than avoiding NSAID or resorting to combination prophy-
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Fig. 1. Prostaglandin synthesis and sites of inhibitory actions by the glucocorticoids, "classi
cal NSAID", and the selective COX-2 inhibitors 

lactic therapies with prostaglandin analog or H2-blockers or proton pomp inhi
bitors, a COX-2 selective NSAID may solve the problem that has plagued the 
easy handling of this therapy, especially in older, high risk patients. All the new, 
more selective NSAID have so far faired as well as the old ones in terms of effi
cacy in OA, but with much less gastrointestinal toxicity [22-24]. 

8.1.3.2.2 
Local Treatment 

Corticosteroids 

Intraarticular corticosteroid injections have been used for more than four de
cades in the treatment of OA, mainly of the knee, and to a lesser extent other 
joints such as the hip or the fingers. Despite extensive clinical experience, cer
tain aspects of this therapy remain controversial: its relative efficacy, the poten
tial deleterious effects and the potential structure-modifying effects. Different 
chemical formulations have been used with somewhat similar short-term re
sults, all superior to the placebo [25-27]. A retrospective observational study 
was carried out that evaluated radiographic changes over four to 15 years 
following repeated intraarticular injections [28]. Despite many flaws in metho
dology, the authors concluded that such therapy was beneficial, without any evi
dence to support the suggestion that intraarticular steroids may lead to a more 
rapid destruction of the joint [28]. This hypothesis is also challenged by animal 
studies where, on the contrary, corticosteroids were shown to have some bene
ficial effects retarding cartilage degeneration and osteophyte formation [29]. 
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The long-term role of local corticosteroid injections in the management of OA 
is still unclear pending well conducted double-blind studies. 

Hyaluronic Acid 

Hyaluronic acid (HA), a polysaccharide consisting of a long chain of disaccha
rides (§-D-glucuronyl-§-D-N-acetylglucosamine), is a natural component of 
cartilage, and plays an essential role in the articular milieu. It is considered not 
only a lubricant, but also performs a physiological function in the trophic sta
tus of cartilage. The clinical use of HA was proposed following studies of OA 
synovial fluid showing a marked reduction in HA concentration, as well as a 
shortening in length of the chains. Several studies, sometimes with conflicting 
results, have been conducted using HA of different molecular weight and 
obtained from different sources. The term of visco-supplementation was coi
ned by Balazs, who pioneered this form of therapy. 

Low molecular weight (500,000 to 750,000 Daltons) HA preparations were 
compared in well controlled studies to placebos [30 - 33], or intraarticular cor
ticosteroids [34 - 36]. Conflicting results were obtained, but in general, pain was 
reduced for up to six months, and the treatment was well tolerated with the 
exception of minor transient local discomfort. Recently, a large randomized 
double-blind placebo controlled trial found no significant differences at 
20 weeks between the two groups when compared to their baseline evaluation; 
however, once stratified according to age and disease severity, HA proved more 
efficacious than placebo in patients over 60 years of age who had the most 
severe knee OA [37]. One study demonstrated a certain synergism of action 
when HA was injected with dexamethasone at one of the five weekly injections 
[38]. Dougados looked at the structure-modifying potential of HA (Hyalgan) 
and showed a statistically significant difference in 2 of the 3 evaluated para
meters [39]. Further studies are needed to confirm these findings. 

High molecular weight HA (Hylan; Synvisc) was evaluated in at least two cli
nical trials [40,41]. Scale et al. [40] compared two therapeutic regimens to a 
placebo; the two and three weekly injections proved superior to the placebo, 
with a trend towards a more favorable outcome in the group who received three 
injections. Adams et al. [41] compared the three weekly injections to an NSAID 
treatment and to the combination of NSAID and Hylan. The results support the 
hypothesis that treating the pain of knee OA with Hylan is at least as effective 
as continuous NSAID therapy, and could be used as a replacement or adjunct to 
NSAID. A retrospective study of 336 patients with 458 treated knees yielded an 
overall good response in 76% [42]. In patients who received a second course of 
treatment, the relief obtained by the first series lasted an average of 8 months. 
Local side effects were observed in 8 % of patients, and ranged from a transient 
mild discomfort to an acute synovitis with effusion, requiring drainage and cor
ticosteroid injection or a short course of NSAID treatment. 

Treatment of knee OA with HA of low or high molecular weight requires 
further investigation to better define potential responders, and particularly to 
evaluate the long-term benefits in retarding or reversing cartilage degradation. 
For the time being, it is best suited as a symptomatic treatment for patients who 
do not respond to conventional therapies or who cannot tolerate NSAID. 
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Glycosaminoglycan Polysulphuric Acid 

Glycosaminoglycan polysulphuric acid (GAGPS) has been suggested as a pos
sible intraarticular treatment for OA more than 10 years ago, based on its in 
vitro stimulatory effect on cartilage metabolism [43]. In the past several years, 
clinical studies have yielded inconclusive results. 

Recently, GAGPS was evaluated in one randomized double-blind placebo 
controlled trial [44]. Pain relief was marginally superior in the GAGPS group at 
two weeks, with no change documented thereafter. Improvement in the Le
quesne's functional index, however, was not statistically significant, and showed 
a trend favoring GAGPS. Despite the demands of this therapy (two series of five 
injections at two week intervals), further studies are warranted to demonstrate 
potential structure modifying properties; only then would it be deemed useful. 

Other glycosaminoglycan derivatives have been tried in small uncontrolled stu
dies; therefore, the results were questionable and difficult to interpret. Any new 
substance should be tested according to the OARS guidelines mentioned earlier. 

8.1.3.3 
Articular Cartilage Repair 

In several tissues such as skin and bone, injury elicits an inflammatory response 
followed by repair. Lacerations and fractures become filled with a fibrin clot 
and inflammatory cells. Mesenchymal cells migrate into the clot, proliferate and 
differentiate, and the lesion becomes plugged with dense scar or native tissue 
[45]. In early OA, partial thickness defects are common, and no fibrin clot 
develops within the clefts and fissures or fibrillated cartilage, and neither chon
drocytes nor mesenchymal cells migrate into these regions. Consequently, these 
defects do not become filled with repair tissue. Several approaches have been 
tested that can possibly induce or help cartilage repair. 

8.1.3.3.1 
Cellular Grafts 

The grafting of cell populations derived from cartilage (chondroblasts, chon
drocytes, dedifferentiated chondrocytes) or from bone marrow (mesenchymal 
cells) into the defect sites is a concept that is being widely tested. This technique 
is based on the hypothesis that local micro environmental conditions should 
then lead to expansion of the cell population and tissue transformation. Cells 
used for such purposes include chondrocytes [46] and mesenchymal cells [47], 
but success rates have been extremely varied. Use of cartilage-like matrices as a 
scaffolding for cell expansion may help enhance cell survival. 

8.1.3.3.2 
Tissue Grafts 

The approach most frequently adopted to induce or improve healing of artic
ular cartilage defects involves the transplantation of biologic material, which 
includes osteochondral tissue and tissues with chondrogenic potential. 
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Perichondrial/periosteal grafts can be used as autotransplantation materials 
for the induction of healing in cartilage defects [48, 49]. There are a variety of 
protocols designed to improve repair, and although many of the documented 
findings are encouraging, complete restoration of hyaline articular cartilage tis
sue or long-term stability has not been achieved. The procedures also involve 
technical difficulties relating to the mechanical fixation (by suturing or gluing) 
of transplanted material to the defect surfaces. 

Use of cartilage tissue itself as a graft material, or as part of an osteochondral 
transplant on an autograft or allograft basis in the case oflarge full-thickness 
defects, is still the subject of active experimentation [50,51]. The main problems 
associated with this approach relate to the attainment of long-term stability and 
integration of graft-material with the host tissue (at least in the cartilaginous 
compartment). An additional difficulty is that of tissue storage: subzero 
temperatures are preferable, but the freezing/thawing steps involve tissue and 
cell viability problems [51]. Such procedures yield promising intermediate re
sults for severe disabling conditions. 

8.1.3.3.3 
Combined Grafts 

Combined systems can be used, as exemplified by osteochondral grafts for the 
treatment of full-thickness defects. Transplantation of a single cell type em
bedded within a biodegradable matrix also represents a combined type of 
transplantation in that two different materials are placed in the defect space. 
Such combined systems can be further extended by the introduction of stimu
lating substances such as growth factors. One example of combined type trans
plantation is that of dedifferentiated chondrocytes together with a periosteal 
flap [46] or a single cell type embedded within a biodegradable matrix [52]. 
There is likely a potential role for this approach in the future treatment of OA 
cartilage lesions. 

8.1.3.3.4 
Synthetic Matrices 

Synthetic matrices - and preferably biodegradable ones - serve as a scaffolding 
for transplanted cell expansion into the defect space. Chondrocytes and precur
sor cells cultured or implanted in a three-dimensional system are less likely to 
dedifferentiate (chondrocytes) and undergo transformation (precursor cells). 
For this reason, as well as maximization of cell density and immobilization of 
transplanted cells in situ, the application of matrices is to be recommended. 

Natural matrices have been employed: fibrin [53] and denatured collagen
gelatin gels [54]; and a number of biodegradable synthetic materials have been 
tested: carbohydrate-based polymers such as polylactates [55] and polyglycolic 
acid [55]. Nonbiodegradable matrices, such as carbon- (2), dacron- [56] and 
teflon-micromeshes [57] have also been examined. Although reasonable results 
have been achieved with some of these, foreign body reaction might change the 
expected life of these implants. 
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Although the purpose of these techniques is to reestablish normal anatomy 
to the joint, whether they would effectively reestablish normal joint physiology 
remains to be determined. Without such re-establishment, the same pathophy
siologic process would inevitably degrade these implants and lead again to OA. 

The research approach for the next few years will most likely combine carti
lage tissue engineering to provide biomechanical stability to the graft and cell 
recruitment or cell transplantation associated possibly with gene therapy tech
niques to protect these implants from further degradation [58]. 

8.1.3.4 
Experimental Therapies 

8.1.3.4.1 
Biologic Agents 

Growth Factors 

Polypeptide growth factors are areas of potential intervention. They play a 
major role in the regulation of cell behaviour, including that of articular carti
lage. Among the most influential of these factors are insulin-like growth factor 
1 (IGF-l), basic fibroblast growth factor (bFGF), and transforming growth fac
tor beta (TGF-P). These and other factors interact to modulate their respective 
actions, creating effector cascades and feedback loops of intercellular and in
tracellular events. 

Recent data concerning the TGF-p action on OA cartilage has shown that 
phenotypically altered chondrocytes are more sensitive to TGF-p than normal 
in the upper layers of cartilage [59]. Contradictory results from experimental 
models of OA may, however, continue to prevent clinical application of TGF-p 
[60]. 

There has been some interest in the experimental treatment of canine OA 
using intraarticular injections of insulin-like growth factor-l (IGF-l) [61], both 
alone and in combination with intramuscular pentosan polysulphate. Com
bined therapy was successful in blocking proteinase activity and maintaining 
cartilage structure and biochemistry. 

Anticytokines 

An interesting approach to reduce pro inflammatory cytokine production 
and/or activity is through the employment of certain cytokines having anti
inflammatory properties (Fig. 2). Three such cytokines - IL-4, IL-lO, and IL-13 -
have been identified as able to modulate various inflammatory processes [62, 
63]. Their antiinflammatory potential, however, appears to depend greatly on 
the target cell [64]. 

Recombinant human interleukin-4 (rhIL-4) has been tested in vitro in OA 
tissue and has been shown to suppress the synthesis of both TNF-a and IL-IP 
in the same manner as low-dose dexamethasone [65]. 

Naturally occurring antiinflammatory cytokines such as IL-lO inhibit the 
synthesis of IL-l and TNF-a [66], and can be potential targets for therapy in OA. 
Augmenting inhibitor production in situ by gene therapy or supplementing it 
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Fig. 2. The balance between cytokines and anticytokines favors cartilage catabolism in osteo
arthritis, as well as tissue destruction during the osteoarthritis process 

by injecting the recombinant protein is an attractive therapeutic target, al
though an in vivo assay in OA is not available, and its applicability has yet to be 
proven. 

Similarly, IL-13 significantly inhibits lipopolysaccharide (LPS)-induced TNF
a production by mononuclear cells from peripheral blood, but not in cells from 
inflamed synovial fluid [671. Although recently discovered, IL-13 has important 
biological activities: inhibition of the production of a wide range of proinflam
matory cytokines in monocytes/macrophages, B cells, natural killer cells and 
endothelial cells, while increasing IL-IRa production [68, 691. In OA synovial 
membranes treated with LPS, IL-13 inhibited the synthesis of IL-l~, TNF-a and 
stromeiysin, while increasing IL-IRa production [641. These results suggest that 
IL-13 could potentially be useful for the treatment of ~A. 

8.1.3.4.2 
Gene Therapy 

Major research efforts over the last few decades have brought forth comprehen
sive knowledge concerning OA and its etiopathogenesis. Despite this extensive 
research, the disease remains incurable. A number of biological agents such as 
proinflammatory cytokine inhibitors, cytokine soluble receptors and antiin
flammatory cytokines have demonstrated potentially beneficial therapeutic 
properties, both in vitro and in some in vivo models of arthritis [62,701. The 
methods used to deliver these biological agents have often been somewhat dif
ficult to apply to the clinical scenario. Degradation of the protein after oral 
administration poses a problem, or if injected systematically, the large amount 
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required and the need for frequent injections are often deterrents. This last 
route of administration can induce adverse effects including an immunological 
reaction with the appearance of a neutralizing antibody. The necessity of main
taining a sustained level of the agents over time is the major concern with this 
kind of therapy. In the last few years, much attention has been focused on the 
use of gene transfer techniques as a method of delivery [71,72]. Many techni
ques have been developed using various genes, and a great deal of work is cur
rently devoted to these techniques to facilitate the transfer of genes into joint 
cells and tissues both in vitro and in vivo [71,72]. The attractions of this ap
proach in the treatment of arthritis are multiple, and include the identification 
of a very specific target, a consistently high local concentration in the joint of 
the therapeutic protein, and the maintenance of a sustained delivery over time. 
There is also hope that this type of therapy will reduce the incidence of side 
effects. 

There is at this time no definitive information to indicate the best gene to use 
for the treatment of arthritis. However, and more specifically with regard to OA, 
the predominant role of IL-I in the structural changes of this disease, as well as 
the relative deficit in the amount of the IL-IRa, has elicited much attention con
cerning the use of this gene in OA therapy [73]. This is due in great part to the 
ability of IL-iRa in vitro to reduce cartilage degradation, and in vivo the pro
gression of experimental inflammatory arthritis [62] and OA [74]. Currently, 
two main systems - viral and non viral - are used for gene transfer to cells [71, 
72], with the viral system favoured for the IL-iRa gene [71]. The reason for this 
is that they generally allow for a very effective transfer into a large percentage 
of cells, while maintaining a high sustained level of protein expression which 
can be extended over a significant period of time. Using the MFG retrovirus, the 
IL-iRa gene has been successfully transferred to rabbit and human synovial 
cells using ex vivo techniques [71]. Experiments have demonstrated that these 
cells can be subsequently transferred successfully in vivo into joints, and are 
able to produce IL-iRa over an extended period of time [75]. A study done using 
the experimental dog model of OA has demonstrated that when the IL-iRa gene 
is transferred ex vivo into synovial cells using the MFG retrovirus, it induces a 
sustained production in vivo of IL-IRa, which can reduce the progression of the 
structural changes of OA [76] (Fig. 3). Baragi et al [77] have demonstrated that 
the in vitro human IL-IRa gene can be successfully transferred into chon
drocytes using the Ad.RSV adenovirus, and that the increased production of IL
IRa can protect the OA cartilage explants from degradation induced by IL-I. 
Moreover, a recent study has demonstrated that a gene (SVT) can successfully 
be transferred in vivo in rat articular cartilage by a combination of a virus 
(HUG, Sendai virus) and liposomes [78]. As with any other that allows for a di
rect in vivo transfer of a gene into joint cells, this technology offers interesting 
advantages. 

The treatment of OA using gene therapy is very promising, although still in 
the very early stage of development. Much work remains to be done, particu
larly with regard to the development of this technology for in vivo use in man. 
The selection of gene(s) that would offer the best protection against OA also re
main to be determined. 



Medical Management of Osteoarthritis 397 

Fig. 3. Schematic representation of the effect of gene therapy using IL-IRa in osteoarthritic 
diarthrodial joints. Synoviocytes transfected ex vivo with the gene's coding sequence for IL
IRa using a retroviral vector are injected into the joint, where they graft themselves onto the 
synovium. They produce enough IL-IRa protein to displace IL-l from its membrane receptor 
and then inhibit the synthesis of catabolic factors. This would lead to a slower rate of carti
lage breakdown and reduce OA progression 

8.1.3.4.3 
Cytokine Inhibitors 

Understanding of the role played by cytokines in the pathology of OA is another 
promising approach. IL-1 seems to be a predominent cytokine implicated in the 
major events that lead to cartilage destruction [79]. There is some evidence from 
in vitro and in vivo experimentation that modulation of IL-1 synthesis may lead 
to the identification of new targets in therapeutics [80,81]. A potential role of 
TNF-a in the disease process cannot, however, be ruled out at this time. 

IL-l Inhibition 

Yet another expanding area of OA research is the understanding of cytokine ac
tivity in this pathology. There is some evidence that modulation of IL-1 activity 
could reveal new therapeutic targets [80]. A recent study using the Pond-Nuki 
dog model has demonstrated that tenidap, a cytokine-modulating drug, can 
significantly reduce cartilage damage and osteophyte formation while simul
taneously inhibiting IL-1 synthesis [81]. New members of this oxyndole family 
are under experimental assay, and could present a potential area of interest in 
the future treatment of OA. 
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The inhibition of cytokine synthesis by a pharmacological approach using 
P38 kinase inhibitors can reduce availability of IL-l and TNF-a [82], and MMP 
[83]. Antisense oligonucleotide therapy using complementary sequence to a 
non-transduced 5' region of IL-l~ RNA has been shown to be effective in reduc
ing IL-l~ synthesis [84,85]. 

The inhibition ofIL-l activity by modulating the enzymatic conversion of the 
pro-cytokine (31 kDa) in the active mature cytokine (17 kDa) is an attractive 
therapeutic target. Intracellular transformation of IL-l is carried out via a con
verting enzyme called ICE (IL-l~ converting enzyme) [62,86], and can be well 
be controlled by antisense therapy [87]. A recent in vivo study has demonstrat
ed that a new ICE inhibitor effectively reduces the progression of murine type 
II-collagen induced arthritis (CIA) [88]. 

Extracellular inhibition of IL-l can be achieved using either type I (IL-IRsI) 
or type II (IL-IRsII) soluble receptors. In vitro data has recently established 
some advantages of the latter [89], and some clinical assays are currently un
derway with rheumatoid arthritis patients. Another option would be the use of 
anti-IL-l antibodies to neutralize its activity. Although this technique has been 
successfully tested in a CIA murine model of inflammatory arthritis [90], no 
data is yet available for OA. 

TNF-a Inhibitors 

Soluble TNF-a receptors 

The extracellular portion of the two types of TNF-R can be released from the 
cellular membrane to form soluble receptors (TNF-R55 and TNF-R75) [91,92]. 
Both are shed from the OA synovial fibroblasts with a greater amount of release 
for TNF-R55. Although the exact role of TNF-sR in the control of TNF-a action 
remains ambivalent, some studies indicate that TNF-sR75 is involved in facilita
ting the binding of TNF-a to its receptor and/or stabilizing its ligand [92]. In
deed, it was shown that decreasing the shedding of the TNF-R75 may contribute 
to reducing the response of these cells to stimulation by TNF-a. Moreover, TNF
sR could function as an inhibitor of cytokine activity by rendering the cells less 
sensitive to the activity of the ligands or by scavenging ligands, not bound to 
cell surface receptors. 

Anti-TNF-a 

Anti-TNF-a treatment in murine CIA has been shown to significantly improve 
the disease [93]. Clinical trials using an anti TNF-a chimeric monoclonal anti
body (cA2) in rheumatoid arthritis compared to a placebo group [94] have 
shown that this approach is very encouraging, for this disease, although TNF-a 
is not a prominent cytokine in terms of OA. 

8.1.3.4.4 
Nitric Oxide Synthase Inhibitors 

Osteoarthritic lesions are believed to result from an imbalance in the anabolic 
and catabolic processes that occur during the development of the disease. A 
decreased synthesis of aggrecan, possibly induced by an excess production of 
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nitric oxide (NO), has been associated with the catabolic events of OA [95]. 
Nitric oxide is produced in large amounts by chondrocytes, macrophages and 
inflamed synovium [95,96] and its synthesis is greatly increased upon stimula
tion with proinflammatory cytokines [97]. The nitric oxide synthase (NOS) is 
responsible for the production of NO. The inducible form of NOS (iNOS), which 
can be upregulated by cytokines, is the main enzyme involved in producing NO 
in arthritic disorders [95] (Fig. 4). 

Recent findings bring attention to the role of NO among identified agents 
contributing to the imbalance found in the IL-1 system of OA tissue. In vitro stu
dies have shown that the cytokine-induced endogenous production of NO by 
chondrocytes is a potent inhibitor of IL-1Ra synthesis [98]. Moreover, NO can 
reduce cartilage matrix macromolecular synthesis, and enhance MMP activity, 
both of which are likely factors contributing to cartilage damage in OA [99, 
100]. Recent findings have focused on the potential role of NO in the pathophy
siology of OA. A high level of nitrite/nitrate has been found in the synovial fluid 
and serum of patients [101], and an elevated level of iNOS synthesis/expression 
detected in OA synovium [102] and cartilage [103]. The increased production of 
NO may be an additional factor contributing to the excess production of PGE2 

by OA tissues. 
These findings with regard to the action of NO on the biological functions of 

joint tissues leads one to conclude that NO may very well be involved in the 
pathophysiology of OA and inflammatory arthritis (Fig. 5). Therefore, it is likely 
that controlling the production of NO in arthritic disease would have a poten
tial therapeutic value. In the experimental models of inflammatory arthritis, 
treatment with compounds that inhibit iNOS activity either nonselectively, or in 
a few cases selectively, was shown to reduce the severity of arthritis [95, 
104-108]. To date, however, there has been little investigation into the potential 
of the NOS inhibitor on the progression of OA. One recent study has been con-
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oxide (NO). The activity of iNOS can be blocked by selective inhibitors 



400 

Fig. 5. The induction of an 
increased level of nitric 
oxide (NO) upregulated the 
production of prostaglan
dins, as well as the peroxy
nitrite, which is responsible 
for inducing an inflamma
tory reaction, as well as tis
sue destruction during the 
osteoarthritis process 

J. P. Pelletier et al. 

///;fG~::S-'-----\ 
e-8~e_AI'C~X-21 
crn~t~~~~i ~I \@G'S 
destruction / j TX's 

Edema Hyperemia \ 

Pain Inflammation 

ducted examining the in vivo effect of N-iminoethyl-L-Iysine (L-NIL), a potent 
and selective inhibitor of iNOS, on the progression of experimental OA using 
the anterior cruciate ligament dog model [1091. This study demonstrated that a 
selective inhibition of iNOS could reduce the progression of early lesions in an 
experimental OA dog model under prophylactic conditions, and that the inhi
bition of NO production correlates with a reduction in MMP activity in the car
tilage. Treatment with the selective iNOS inhibitor was also associated with a 
reduction in the level of pro inflammatory mediators, IL-IP and PGE2 and ni
trite/nitrate in the synovial fluid, as well as in a marked reduction of the volume 
of joint effusion. This study provides evidence that in vivo cartilage MMP ac
tivity can be reduced by inhibiting that of iNOS. Reduction of MMP activity in 
cartilage is associated with a decreased expression and synthesis of these pro
teases by chondrocytes, concomitantly with a downregulation of iNOS level and 
production of nitrite/nitrate. Therefore, the suppression of NO production may 
aid in the preservation of cartilage by reducing the level of MMP synthesis 
therein, and inhibiting the formation of peroxinitrite, a toxic, highly reactive 
oxidant. The reduced degree of synovial inflammation in OA dogs treated with 
the iNOS inhibitor was associated with a decreased level of IL-IP in OA tissues, 
and synovial fluid, and may have contributed to the protective effect of L-NIL. 

To date, no drugs having disease modifying activity are available for the 
treatment of OA. This study provides strong evidence that NO produced by 
iNOS is injurious to the OA joint, and that selective inhibition of this enzyme 
would provide a novel therapeutic approach treatment. One must keep in mind 
however that results from the experimental study mayor may not translate to 
the clinical disease in man. 

8.1.3.4.5 
Metalloprotease Inhibitors 

The proteolytic degradation of the extracellular matrix of cartilage in OA has 
been well documented, and is widely believed to playa major role in the struc
tural changes observed in this disease [731. Of the different classes of proteases 
likely involved in this degradative process, the matrix metalloproteases (MMP) 
are believed to be among the most relevant to OA [73,1101. These are members 
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of a multigene family that are active at physiological pH, and require heavy me
tals such as zinc and calcium for activity. MMP are synthesized and secreted as 
pro enzymes, and must be activated by proteolytic cleavage. Some of these pro
teases are extremely relevant to OA cartilage degradation. The collagenases, 
particularly MMP-1 (interstitial), MMP-8 (neutrophil), and MMP-13, are belie
ved to be the predominant enzymes involved in native collagen type II degra
dation [111). The gelatinases (A and B) and stromelysin-1 are considered the 
main enzymes involved in the degradation of matrix aggrecans [73, 110). The 
increased expression and synthesis of these MMP in OA tissues is likely related 
to the higher levels of proinflammatory cytokines such as IL-1 and TNF-a 
found therein [n 79). 

Inhibiting MMP synthesis/activity as a treatment for arthritis has been the 
focus of very intensive research over the last decade (112). Although there are 
natural biological inhibitors of MMP such as the tissue inhibitor of metallopro
teases (TIMP), they have very limited possible application as therapeutic agents 
mainly because of their limitations regarding administration of proteins, as well 
as mixed results from in vivo experiments. Similar limitations are also true with 
synthetic peptides, therefore, at this time, the most promising inhibitors are 
chemical agents that can block the activity of MMP. 

Antibiotics such as tetracycline and its semisynthetic forms (doxycycline 
and minocycline) have very significant inhibitory properties that impact MMP 
activity [112). Their action is mediated by chelating the zinc which is present in 
the active site of MMP. Several in vitro studies have demonstrated that tetracy
cline can inhibit collagenases (MMP-1, MMP-13) as well as gelatinases (MMP-2). 
The ICso towards MMP of semisynthetic drugs is lower, which makes these 
drugs more attractive. Various tetracyclines have reduced the severity of OA in 
vivo in animal models [112). Doxycycline was shown to reduce the progression 
of canine OA, while concurrently reducing MMP (collagenase, gelatinase) ac
tivity [113). A clinical trial is presently underway to explore the therapeutic effi
cacy of doxycycline in knee OA in men. 

The hydroxamate-based compounds are potent inhibitors of MMP [112). 
These are believed to work by interacting with the active site of the MMP mole
cule, binding with the zinc molecule, which inactivates the enzyme. Thiols and 
carboxylalkyls, also inhibitors of MMP, have a similar mode of action. The hy
droxamate compounds are very common as a certain number of them are orally 
active, and hold interesting potential use in the therapy of arthritic diseases. 
Several of these compounds are currently under investigation. Among them, 
CGS27023-A, an orally active stromelysin inhibitor, was shown to block in vivo 
cartilage matrix degradation in rabbits [114). Another inhibitor, RO-3555 [115), a 
competitive inhibitor of human collagenases (-1, -2 and -3), inhibits in vitro IL
l-induced cartilage degradation. It is also capable in vivo of inhibiting articular 
cartilage degradation in a rat mono arthritic model. Clinical trials are currently 
being conducted in RA and OA patients. Two hydroxamate inhibitors, BB-1101 
and BB-1433, when administered orally, were capable of inhibiting the progres
sion of arthritic lesions in rat adjuvant-induced arthritis [116). Similarly, 
another hydroxamic acid derivative named ISC was shown, after oral admin
istration, to reduce swelling and inflammatory parameters [117). 
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Another means of decreasing MMP levels is to reduce the level of MMP syn
thesis. There has been very significant progress made in understanding of the 
complexity of the transcription factors involved in the expression of MMP. 
Many sequences in the promoter region are responsible for the maximum ex
pression of MMP. Interaction of multiple elements within the promoter appears 
to govern the regulation of MMP gene expression [112,118]. Among different 
factors that can decrease the transcription of MMP are the growth factor TGF
~, the glucocorticoids and the retinoids [112]. The last two factors act on MMP 
genes via the AP-l site, however both factors act in a rather nonspecific way as 
they also interfere with the expression of many other genes making it an non
specific therapy with several side effects. Nevertheless, novel strategies to spe
cifically inhibit the transcription of posttranscriptional mechanisms of MMP 
remain an attractive option. 

In summary, we believe that, based on our knowledge of the pathophysiology 
of OA, MMP are intimately involved in the degradation of OA cartilage matrix 
as well as in the structural changes occurring during the course of the disease. 
This provides a strong incentive for testing the efficacy of MMP inhibitors as 
possible structure modifying agents. 
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8.2 
Regulatory Requirements 

8.2.1 
Preclinical Studies in Osteoarthritis 

M. SISAY and R.D. ALTMAN 

8.2.1.1 
Introduction 

We are entering into a new era as a myriad of new approaches to the treatment 
of osteoarthritis (OA) is under development. While the traditional therapies 
have been directed at symptoms, many of the new approaches are directed at 
structure (disease) modification. Indeed, any new agent could conceivably be 
tested in patients with OA from the time of discovery - as medicines were tested 
in the past (e.g., foxglove for congestive heart failure). However, because the 
potential benefits and adverse effects of new medicines are unknown, most new 
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medications are tested in the laboratory first. If there is promise, the medica
tions are then tested for safety, most often in normal volunteers. It is not possi
ble to provide a comprehensive review of all potential preclinical types of trials 
in a single chapter. We will outline the types of trials that could be performed 
and emphasize those preclinical trials directed at structure modification. 

8.2.1.2 
What is to be Studied? 

Some potential arenas for basic and laboratory research will be highlighted in a 
brief summary of the pathogenesis of ~A. 

OA is a condition of the joint characterized by structural change in the arti
cular cartilage, subchondral bone and surrounding tissue [1], often (but not al
ways) associated with symptoms. Pain is the most common symptom; however, 
reduced function, deformity, instability and disability are also commonly 
described.OA is most often slowly progressive, and appears to present as a final 
common pathway to a variety of different etiologies [2], some of which are 
known. Either collagen abnormality or physical forces damaging the articular 
cartilage may be a major pathway to the onset of OA [3]. 

The diagnosis is mainly based on symptoms and radiological findings. Un
fortunately, OA in man is most often diagnosed when the disease is in a late or 
moderately late stage with advanced destruction of joint cartilage and severe 
derangement of joint function. Most therapies, to be effective, would probably 
need to be started in early stage ~A. 

OA is characterized by a loss of sulfated proteoglycans, abnormal replication 
of chondrocytes, thinning and erosion of articular cartilage, fibrillation, and 
osteophyte formation [4,5]. It mainly affects weight bearing joints (e.g., hip and 
knee) and some non-weight bearing joints (e.g., hand), but can occur in vir
tually any diarthroidal joint. The role of OA in the spine is not clear except in 
relation to the intervertebral disc. 

Irrespective of the pathogenesis, ultimately the softening, ulceration, focal 
disintegration of the articular cartilage and the formation of bone and cartilage 
excrescences at the joint margins (osteophytes) characterize the disease and are 
most associated with symptoms [6]. Tissues in and around the joints experience 
hypertrophy and/or atrophy and limited motion. The cartilage surfaces lose their 
normal congruity resulting in mechanical instability. Synovial effusions and in
flammation may follow. In late stage OA, joint replacement may be necessary. 

Significant advances have been made during the past several decades [7,8] 
in our understanding of the basic pathologic, biomechanical, biochemical and 
pathophysiologic process associated with ~A. OA is not an inevitable conco
mitant of aging, but develops as a result of definable alterations in biomecha
nical and biochemical mechanisms. The advancing knowledge in the etiology, 
pathogenesis, and complications of OA within the last three decades has 
helped in the understanding of what abnormalities in OA need to be address
ed. In this regard, the study of cells and tissues from cartilage, bone and syno
vium (from both human and animal), and the use of animals in transitional 
research provide the basis of new interventions for man. Once developed, these 
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new products need safety studies to determine if they can be used in patients 
with OA. 

8.2.1.3 
In Vitro Studies 

For symptom modifying agents, in vitro studies are mostly directed at safety. Ex
ceptions include those medications that may effect pain and inflammation pa
thways. Pain pathways that are of particular interest include substance P, calcito
nin gene related peptide (CGRP), prostaglandins, opioid receptors, NMDA and 
other non-narcotic receptors. Inflammatory pathways that have been of particular 
interest are the cytokines, particularly those that induce the expression of cyclo
oxygenase 2. 

There will be no discussion of safety, since an agent that demonstrates toxi
city at the cellular or tissue level is unlikely to be investigated further. 

Structure modifying drugs may be partially or entirely directed at a target in 
the joint, i. e., cartilage, bone, synovium, etc. In order to limit discussion, we 
will see the kinds of preclinical in vitro studies that might be considered in the 
development of a structure modifying agent with emphasis on cartilage. 

8.2.1.3.1 
Chondrocyte Cell Culture 

The chondrocytes are metabolically active and respond to mechanical, endo
crine, biochemical and micro environmental stimuli with increased rate of syn
thesis ofproteoglycans, type II collagen and degradative enzymes [9-121. They 
do not commonly divide but with appropriate stimuli such as a change in the 
microenvironment the cells divide forming clones [131. 

Chondrocytes removed from their matrix (released chondrocytes) are ide
ally suited to the study of the de novo synthesis and deposition of extracellular 
matrix. Investigation of the chondrocyte helps identify and perhaps alter path
ways of normal development, as well as pathologic metabolism of cartilage. In 
vitro chondrocyte culture reduces the environmental complexity of the in vivo 
tissue. Studies that require separation of cells (clonal analysis) can be performed 
to investigate matrix deposition as well as factors that influence existing matrix, 
an ideal setting for examination of the influence of a new agent. An advantage of 
studying released chondrocytes is that the cells can be cultured at different cell 
densities to test the influence of cell-cell contacts and cell derived factors. This 
type of research is important as chondrocytes of different ages and species often 
have different responses to the same agent or growth factor under the same con
ditions. OA results from a failure of chondrocytes within the joint to maintain 
the balance between synthesis and degradation of the extracellular matrix. Study 
of the chondrocyte may help dissect some of the heterogeneous mechanisms of 
pathogenesis, i. e., genetic, environmental, and mechanical influences. Extensive 
studies on the regulation of chondrocyte metabolism by growth factors and 
cytokines in chondrocyte cultures supports the idea that the relative concentra
tion of such mediators, or an altered response of the cells during degeneration, 
may determine the rate of progress and final outcome [141 in OA. 
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Targets of change in chondrocyte metabolism have included collagen type II, 
production of other cartilage collagens, proteoglycan production (e. g., aggre
can, hyaluronate link and degradation, production of the small proteoglycans 
and other saccharides), matrix enzyme production (e.g., metalloproteinases), 
inhibitors of enzyme activity or production, chondrocyte growth and duplica
tion, influence on growth factors and cytokines, etc. These studies may address 
anatomic, biochemical, and/or physiologic intracellular regulatory mechanisms 
(e. g., surface receptors, soluble receptors, second messengers, promoters, gene 
expression). 

Characteristically, human articular cartilage has a low ratio of cells to matrix. 
Differentiated mature chondrocytes, when isolated by enzyme dispersal from 
the tissue, therefore, have to be taken through several cycles of replication to 
provide sufficient numbers of cells from transplantation [15]. Traditionally, the 
most rapid cell growth is achieved by growing chondrocytes as adherent mono
layers in the presence of serum. However, during this process the isolated chon
drocytes lose their phenotype, become flattened and modulated into a non
specific fibroblastic like cell capable of producing very little cartilage specific 
matrix [16]. Therefore, such cells transplanted alone do not produce hyaline car
tilage tissue. Modulated chondrocytes, when replanted in suspension as non ad
herent round cells, or seeded within a gel matrix, slowly regain the chondrocyte 
phenotype with the ability to express and lay down type II collagen and aggre
can [17], although the efficiency of this reversibility decreases with the number 
of cell passages. Mixing cells with a gel matrix, such as alginate beads, prior to 
transplantation is likely to be more successful. Similar benefit may be achieved 
with specially coated dishes that prevent the chondrocyte from contacting the 
dish. 

Mature chondrocytes modulated to a fibroblastic form in culture are very 
different from the fibroblastic mesenchymal cells derived from the bone mar
row, synovium, or periosteum. Such phenotypic chondrocytes are not multi
potential and have a very limited capacity to remodel mesenchymal scar tissue, 
or to form into calcified cartilage or bone in both in vitro and in vivo when 
transplanted into animals. 

Some of the studies on chondrocytes have been exciting. Experimental stu
dies placing articular chondrocytes, resuspended in a type I collagen gel, into a 
cartilage-bone defect, showed a rapid formation of cartilage matrix from the 
surface to the base of the hole, well below the level of the subchondral bone [18]. 
However, there was no remodeling of the lower part of the defect to form bone 
in either the patellar groove or medial femoral condyle of the rabbit knee at 
6 months. The repair tissue, therefore, disintegrated and failed, partly because 
the mechanical loading on the new cartilage plug was different to the surround
ing cartilage on a bony base, but also because there was no evidence of integra
tion around the edge of the defect. Other reports [19], describing the use of 
chondrocytes to fill large osteochondral cavities in the knee of horses, involved 
also a considerable influx of cells from the subchondral bone, which did give 
rise to a bony layer within the defect. However, only two third of the newly re
stored matrix remained at the end of the one year study with a high proportion 
of fibrocartilage present. Stem cell grafts have demonstrated bony and cartilage 
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repair; however, the repaired tissue inconsistently heals to the surrounding car
tilage [20]. The combination of chondrocytes with a growth factor and collagen 
matrix has shown promise [21]. 

8.2.1.3.2 
Tissue Studies 

Since the action of the cartilage as a tissue involves complex interactions, the 
use of cartilage slices in organ culture allow investigators to study cell-cell, cell
matrix, and matrix-matrix interactions under less synthetic conditions. 

The conditions whereby cartilage may repair remains controversial and the 
subject of continued study [22,23]. To date, the ability of cartilage to repair is 
variable and unpredictable [5,14]. Multiple factors account for this variability as 
types and magnitude of injuries and the state of the joint as a whole. In addi
tion, these studies have indicated that the structure and integrity of the matrix 
that was being replaced does not always mimic the macromolecular organiza
tion or have the material properties of normal articular cartilage. 

The properties of cartilage that dictate the character of selection and collec
tion techniques and sequences in the preparation of cartilage [24] include 1) ap
propriate clinical documentation of human or animal subjects from whom car
tilage has been collected; 2) collection of cartilage under aseptic conditions; 
3) avoidance of dehydration by quick collection and temperature and humidity 
control; 4) after dissection, the prepared blocks or slices are immediately placed 
in a sterile culture medium or quenched in a low temperature. These concepts 
also apply to the collection of cells for cell culture. 

Animal models have given new insight into the early changes in cartilage as
sociated with OA. However, there is a continuing need to analyze normal and 
OA human cartilage, especially to correlate these data with the changes seen in 
the intact animal. Tissue studies allows the investigator to obtain end stage tis
sue that is frequently not available in animal models. Investigators need to be 
aware that the ability to interpret the results obtained from such tissues is often 
limited by inadequate knowledge of the premedication and histology of 
samples. There is also a need to classify the tissues and their origin adequately 
so that the results can be compared among laboratories or within the same 
laboratory over time. Unified cartilage classification would allow comparison of 
tissues. 

Many of the same studies performed on chondrocytes in isolation can be 
measured in the whole tissue. However, biomechanical testing is more reliable 
with whole tissues, particularly when testing an intact specimen (i. e., cartilage 
and bone). 

8.2.1.4 
Animal Models 

Further understanding of OA are aided by the availability of experimental mo
dels that simulate human disease [25-27]. Animal models provide advantages 
in the study of the etiopathogenesis of OA and the evaluation of investigative 
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interventions, both for safety and efficacy. Selection of an animal model is 
dependent upon the object of the study, as different models may better reflect 
different subsets of OA. Translation of results must take into account that va
rious forms of human OA likely represent subsets. Consideration must be given 
to the roles played by age, sex, biomechanical alteration, hormones, inflamma
tory mediators, and immune processes. 

One reason for a wide variety of experimental animal models of OA is that 
no single model is ideal or fully reproduces all aspects of the human disease. 
However, the models offer distinct advantages over the use of human materials. 
The onset of the disease is known; the disease can be studied (Table 1) in detail; 
the progression of the disease can be deduced and many environmental factors 
that affect the disease can be controlled or modified [28]. Animal models also 
yield study specimens (e. g., synovial fluid, cartilage, etc) of superior quality and 
consistency compared with those obtained from humans. With animal models, 
early OA can be studied. 

On the other hand, a number of practical factors must be taken into account 
when such models are considered for study. Important in such considerations 
are disease reproducibility, ease of animal handling, time to the development of 
OA and cost of purchase and maintenance. In some models, pathologic changes 
occur too infrequently to be of value for statistical purposes. 

Experimental models utilizing dogs or pigs involve limitations related to the 
high cost of animal purchase, the space needed for maintenance, the cost of 
boarding and the personnel needed to assist in the studies. In contrast, the uti
lity of experimental models developed in small animals such as mice or guinea 
pigs is limited by the relatively small amount of articular cartilage available to 
study the parallel evaluations of cartilage pathology and biochemical responses. 

Experimental models that induce changes simulating limited components of 
the OA process are available. Those techniques that only incompletely repro
duce selected components of the pathologic and a pathophysiologic process 
(e. g., degeneration of matrix and cells, regenerative repair characterized by 

Table 1. Advantages of animal models in the study of OA 

Initiation of disease is known (defined onset) 

Progression of disease can be studied in detail and with control of disease progress 

Structure modification can be studied 

Therapy can be limited to one agent and pharmacokinetics as well as drug interactions can 
be studied 

Disease severity can be monitored by anatomic and radiographic techniques 

Tissues from both diseased and normal animals are available in sufficient quantity to study a 
variety of mechanisms 

Environmental and dietary factors can be controlled 

Daily physical activity can be controlled 

Tissues can be radio-labeled 

Modified from Altman [28]. 
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Table 2. Examples of pathological and histopathological changes in cartilage and synovium 
in models of OA 

Model 

Chemical 
Iodoacetamide 

Vitamin A 
Papain 

Surgical 
Anterior cruciate 
ligament transection 
Posterior cruciate 
ligament transection 
Partial medial 
meniscectomy 
Total medial 
meniscectomy 
Partial lateral 
meniscectomy 
Patellectomy 

Immobilization 
Casting 

Compression 

PG = proteoglycan. 

Species 

Dog 

Rabbit 
Rabbit 

Dog 

Rabbit 

Rabbit 

Rabbit 

Rabbit 

Rabbit 

Cartilage 

White; opaque; loss safranin 0; 
chondrocyte loss; fibrillation; 
osteophytes 

Erosions; osteophytes 
Loss PG; fissures; fibrillation; 
cloning 

Fibrillation; clefts; cell loss; 
exposed collagen; osteophytes 
Pitting femur only 

ulceration; fissures; loss PG; 
osteophytes; cloning 
Fissuring; eburnation 

Ulceration; fissures; loss PG; 
cloning; osteophytes 
Chondrocyte degeneration; 
fibrillation; fissures; cysts; 
ulceration; limited osteophytes 

Dog Atrophy with intact cartilage 
surface; loss safranin 0 

Rabbit Loss PG; osteophytes; "loss of 
tissue integrity" 

Rabbit Matrix disruption; cloning; 
loss chondrocytes 

Synovium 

Transient focal 
hypercellularity; 
no inflammation or 
fibrosis 

Pannus 
Hyperplasia 

Transient 
inflammation 
No description 

Mild inflammation; 
mild IgG deposition 
No description 

Mild synovitis 

Inflammation; 
invasive pannus; 
granulation/fibrous 
tissue 

No description 

No description 

No description 

chondrocyte proliferation and replacement of cartilage matrix components, or 
secondary synovial proliferative and inflammatory responses) are of value in 
studying basic cartilage responses to various pathologic stimuli as shown in 
Table 2 [29]. Other models that simulate the human disease more completely are 
of greater advantage in studying the total disease process. Both the incomplete 
and complete models provide opportunity for assessment of therapeutic inter
ventions to possibly prevent, retard, or reverse the disease process. Tissues 
sampled from animals can be studied for anatomic, biochemical, enzymatic, 
cellular and subcellular activities with and without an intervention. Few of the 
studies mentioned above cannot be performed on an animal tissue after in vivo 
or even in ex vivo manipulation. Moskowitz [30] has outlined the types of mo-
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Table 3. Types of animal models of osteoarthritis a 

Metabolic and endocrine manipulation 
Introduction of various materials intraarticularly into joints 
Induction of focal cartilage defects 
Primary alterations of joint forces 
Limb denervation model 
Experimental release of joint contact 
Immobilization and compression 
Patellectomy and patellar dislocation 
Section of crudate ligaments 
Meniscectomy, partial or complete 
Extensive surgical manipulation of the joint 

a Modified from Moskowitz [30]. 

415 

dels that may help to gain insight into the underlying mechanisms in OA 
(Table 3). Selected models will be discussed. 

8.2.1.4.1 
Observational Models 

Perhaps the most extensively studied animals are canines. However, many mo
dels exist. Involvement may involve the forelegs or hind limbs depending on the 
animal's feeding habits, e. g., forelegs are most commonly involved in carnivores 
and hind limbs in herbivores. Vertebral OA including ankylosis of osteophytes 
is common in quadrupeds; although uncommon in humans, it simulates diffuse 
idiopathic skeletal hyperostosis. Large canines, such as sheepdogs (the German 
shepherd in particular), have OA of the hips related to flattened acetabulum and 
dorsal subluxation. In these animals all pathologic changes seen in human OA 
are present except pseudocysts. OA is common in race horses involving the car
pal bones, which may appear quite early and severe. The hip joint is rarely in
volved and the stifle (knee) only in work horses pulling carts or plows. The ob
servation of naturally occurring OA in free living colonies of Rhesus monkeys 
may provide another useful model for comparison with the human disease [23, 
241. OA changes have also been noted in small laboratory animals, different 
strains of mice or guinea pigs. 

8.2.1.4.2 
Spontaneously Occurring Animal Models 

Spontaneous OA has been described in various strains of small laboratory ani
mals such as mice, hamsters, and guinea pigs. Several strains of mice, particu
larly the C57BL [221 and STR/IN [25-271 strains have been utilized in studies 
of the pathogenesis of ~A. Lesions occur with variable frequency depending on 
the mouse strain used, reaching a 50 % to 93 % incidence in some strains by 15 
to 17 months of age allowing for the study of prophylactic intervention. Mor
phologic differences in histopathologic findings between the cartilage of the 
medial tibial condyle and cartilage at the patellofemoral articulation in male 
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STR/IN mice suggest that several pathophysiologic pathways might be involved 
in induction oflesions in this model [27] allowing the study of interventions for 
patellofemoral disease (in contrast to tibiofemoral OA). In another study of 
blotchy mice (BLO stain), which carry a gene causing inadequate crosslinking 
of collagen, 88 % of the animals studied were shown to develop osteoarthritic 
lesions [28], an ideal setting for the study of gene therapy. In contrast to mice, 
rats display an unexplained marked resistance to development of OA [22]. The 
increased general activity of mice and the greater opportunity to drop from 
heights within the confined space of the cage may playa role. 

OA has also been shown to occur spontaneously in domestic animals, includ
ing horses, swine, cattle, and dogs [30]. 

Joint laxity and OA changes of the hip joint in dogs have been particularly 
studied as a model for intervention [31- 34]. Although these are associated with 
hip dysplasia in many breeds, German shepherds and Labrador retrievers are 
most commonly affected. Pro collagen accumulation in involved cartilage has 
been described in the presence of normal total collagen content and a normal 
rate of collagen synthesis [32]. A partial defect in conversion of pro collagen to 
collagen has been suggested as a target for intervention. Fibronectin, a potential 
target of intervention, has been shown to be elevated in OA cartilage in the hip 
dysplasia model, similar to findings in human OA [34]. It is unresolved whether 
joint laxity appears first in dogs with hip dysplasia or whether cartilage or 
ligament abnormalities are primary [33]. Joint laxity may be a significant 
problem in human OA, particularly in those with a hypermobility syndrome. 
Spontaneous OA has been described in Macaca mulatta monkeys [23, 24]. 
Osteoarthritic changes were limited and characterized mainly by cartilage 
fibrillation, chondrocyte clustering and superficial erosions [24]. 

The use of animals undergoing spontaneous OA for experimental purposes 
is limited by considerations of disease reproducibility, ease of handling, and 
cost. In some animals, such as the dog, the disease occurs too infrequently to be 
of value for statistical purpose. In other species, such as the mouse, large num
bers of animals may be required for study to demonstrate statistically signifi
cant differences between affected and control groups under analysis; a signifi
cant mortality rate compounds the problem. The long time lapse, measured in 
months and, at times years, between birth and the development of OA, repre
sents an additional disadvantage to the use of any of these spontaneous animal 
models. 

8.2.1.4.3 
Interventional Models of OA 

There are many models of experimentally induced ~A. Lesions of the canine or 
lapine stifle has been studied as models of posttraumatic ~A. Blunt trauma, 
cruciate deficiency, and abnormal meniscus have received particular attention. 

Some of the specific models will be discussed, based on the large numbers of 
laboratories using these models at this time. However, recent studies with an 
ovine meniscectomy model have proved it to be a reliable model that closely 
simulates human ~A. 
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8.2.1.4.4 
Anterior (Cranial) Cruciate Ligament Transection Model 

Joint instability is induced by anterior cruciate ligament transection of the stifle 
resulting in a lesions. Both the canine and lapine models have been investigated 
as models for traumatic OA [28,30,42,43]. In these models the induced joint in
stability replicates OA seen in humans. The lesion has demonstrated early 
increases in cartilage hydration, increased proteoglycan synthesis and degrada
tion as well as changes in proteoglycan structure [44]. Canines with ACL defi
ciency have been extensively studied as a model for OA [45,46]. As a result of 
ligament deficiency, an increase in proteoglycan synthesis and hypertrophy of 
cartilage have been shown at least at the earlier part following the transection 
[47]. The phenomenon of hypertrophic repair of articular cartilage was also 
noted in human OA cartilage, from rabbits with partial meniscectomy [48] and 
rhesus monkey that developed spontaneous OA [31,32]. 

8.2.1.4.5 
Medial Meniscectomy Model 

As described by Moskowitz [49], the medial meniscus of the rabbit is released 
from the midmedial collateral ligament along with partial excision of the ante
rior medial aspect of the meniscus. Pathologic changes induced by this proce
dure in animals resemble certain components of human joint disease, OA 
secondary to meniscal tear in man [28]. This is because the freed medial menis
cus alters the biomechanical force between joint surfaces and may act as a loose 
body or joint mouse (similar to a foreign body). 

8.2.1.4.6 
Cartilage Atrophy Induced by Limb Immobilization 

Reports have detailed the morphologic features of the degeneration that occurs 
in articular cartilage with immobilization of a limb [50,51]. Degenerative chan
ges are marked and appear earlier in areas of mechanical compression, but also 
occur without contact. The cartilage degeneration due to immobilization may 
be due to the lack of pumping action, as the nutrition of the cartilage is derived 
from the synovial fluid. The pumping action during joint is necessary for diffu
sion of the fluid into the cartilage. Furthermore, synovial fluid production may 
be reduced by immobilization, which causes degenerative changes in synovial 
cells and atrophy of the synovial membrane [52]. 

Of the two models of immobilization reported, immobilization of the leg in 
extension would result in increased muscle contraction. This method has been 
reported to cause morphologic changes similar to osteoarthritic cartilage [51]. 
These include osteophyte formation, fibrillation, pitting and erosion of articu
lar cartilage. In contrast immobilization of the leg in flexion does not lead to 
morphologic changes of OA [53-55], but may do so upon remobilization with 
excessive exercise. 

The cartilage changes seen with immobilization in flexion are completely re
versible if the cast is removed and the dogs are allowed to ambulate freely. Thus 
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limb immobilization in flexion and remobilization can be used as a model of 
cartilage repair to generate new information concerning the physiologic res
ponse of cartilage to loading. 

Other frequently used animal models are 'blunt trauma' to the knee of the 
rabbit or dog [56] or lesion of the meniscus of the rabbit knee which result in 
the later development of cartilage changes characterized as ~A. Prolonged im
mobilization of the animal knee joint also leads to OA cartilage changes [53,54]. 

8.2.1.5 
Phase One Clinical Trials 

Whereas preclinical cell, tissue culture and animal trials may be directed at both 
efficacy and safety, the Phase I clinical trial is directed only at safety. Studies are 
most often conducted on normal male volunteers. Attempts are made to estab
lish the tolerated dose range for single and multiple doses. Even though cell, 
tissue and animal studies may suggest an effective and safe dose, differences in 
metabolism, and the clinical setting necessitate dose finding in man. In contrast 
to some other diseases, Phase I clinical trials in OA are not conducted on sever
ely ill patients (unlike cancer). 

Pharmacokinetic trials are usually considered Phase I trials regardless of 
when they are conducted during the development of a new agent. The types of 
pharmocokinetic trials that might be considered are listed on Table 4 [58]. 

Table 4. Types of pharmacokinetic trials 

Bioavailability 
Peak blood levels 
Time to steady-state concentration 
Duration of blood concentration 
Duration of biological effects 
Medication half-life 
Accumulation 
Time for plasma levels to return to baseline 
Microsomal enzyme induction 
Distribution characteristics 
Plasma protein binding 
Metabolism and excretion 
Tolerance 
Plasma or serum level half-life Vs biological half-life 
Drug interaction trials 
Comparability trials 

Modified from Spilker [58]. 
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8.2.2 
Clinical Evaluation of Drug Therapy 

J.-Y. REGINSTER, B. AVOUAC and C. GOSSET 

8.2.2.1 
Introduction 

Over the last decades, researchers from all parts of the world have significantly 
contributed to the better understanding of the pathophysiology of osteoarthri
tis. Epidemiological surveys and studies provided priceless information regard
ing the natural history of the disease, its natural course and clinical consequen
ces when untreated [1,2]. Both the scientific community and the public health 
authority are now aware of the human, social and economic burden represen
ted by osteoarthritis. Since osteoarthritis mainly but not exclusively, occurs in 
elderly subjects, the aging process of the population, common to all developed 
and developing countries, will make this disease an even more dramatic issue in 
the coming years. Finally, there is now a strong pressure from the patients to
wards the scientific community to pay attention to medications, devices or 
practices contributing to the improvement of the quality of life through reduc
tion of impairments or disabilities, rather than dedicated only to the prolonga
tion of life expectancy, neglecting debilitating conditions [3]. 

Therefore, a large amount of human resources was brought, over the last 
years, to identify, validate and develop medicines that will be effective in pre
venting or treating osteoarthritis. This prompted regulatory authorities, scien
tific organisations and individual experts to re-evaluate the methodology in
volved in the performance of clinical trials in osteoarthritis [4 -11]. 
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The purpose of the present chapter is not to substitute to regulatory agencies 
in preparing a new set of guidelines neither to chose between the different pu
blished documents which one would reflect more accurately the current scien
tific evidence. It only aims at helping drug developers and clinical investigators 
to identify the points to consider that have emerged from these previous re
commendations [4-11] and that are likely to be taken into account when eva
luating the overall risk/benefit ratio of a new medication for osteoarthritis. 

8.2.2.2 
Classification of Anti-Osteoarthritis Therapy 

Medications for osteoarthritis may affect symptoms and/or modify joint struc
tures. Symptomatic treatments decrease pain and reduce functional impair
ments without necessarily acting on the progression of osteoarthritis. The 
nomenclature initially proposed recognised fast-acting and slow-acting drugs 
that induce symptomatic relief [8]. The former are generally prescribed for 
short periods, except when osteoarthritis is permanently painful and disabling. 
The drugs most widely used in this class are analgesics or non-steroidal anti-in
flammatory drugs (NSAIDs). 

Symptomatic treatment with a delayed effect brings a gradual improvement 
in the symptoms of osteoarthritis with a possible persistent action at the with
drawal of the treatment. These compounds were formerly called Symptomatic 
Slow-Acting Drugs for Treatment of Osteoarthritis (SYSADOA) [8]. 

Factors that are considered in trial designs for drugs regulating the symp
toms include, not exhaustively, the pharmacokinetics and pharmacodynamics 
of the compound, time to the onset and peak of clinical response, duration of 
benefit after dicontinuation, frequency and severity of adverse reactions, effect 
on pain and other symptoms and signs of the disease [4, 5]. However, the most 
recent consensual view, shared by a taskforce of the Osteoarthritis Research So
ciety (OARS) [4], the Group for the Respect of Ethics and Excellence in Science 
(GREES) [5] and the Committee for Proprietary Medicinal Products (CPMP) of 
the European Agency for the Evaluation of Medicinal Products (EMEA) [10], is 
that arguments for classifying drugs that induce symptomatic relief into fast 
and slow subgroups are not compelling. Thus, there is no advantage in creating 
a separate class for the agents that produce a rapid symptom response from 
those with a slower benefit [4,10]. Although drugs that act slowly may have dif
ferent mechanisms of action from those that act rapidly, there is a range of du
ration of action of drugs which acts on symptoms. The design of trials should 
adequately take into account the timing and duration of the action of the drugs 
on symptoms and these factors may influence the use of any concomitant treat
ment which is permitted in a trial. 

Structure-modifying drugs are aimed at modifying the pathologic process of 
osteoarthritis. They may either prevent the development of osteoarthritis 
and/or delay or reverse the worsening of existing osteoarthritic lesions. There 
were formally called "chondroprotective agents", a concept derived from pre
clinical studies suggesting that some drugs may reduce the rate of cartilage de
gradation or increase the rate of cartilage repair. This group of compounds was 
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also labelled as "disease-modifying anti-osteoarthritis drugs" (DMOAD) by 
analogy to the classification of anti-rheumatoid arthritis drugs [8]. Today, how
ever, no agents have been proved to have structure-modifying properties in 
human [4]. 

Based on this consideration, consensual opinion is now emerging that drugs 
for the treatment of osteoarthritis should be rather classified into two catego
ries, namely symptom-modifying drugs and structure-modifying drugs. 

Symptom-modifying drugs are expected to act on symptoms with no detect
able effect on the structural changes of the disease. Registration of such drugs 
would, however, require demonstration of a favourable effect on symptoms with 
no detectable adverse effect on the structural changes of the disease. 

Structure-modifying drugs interfere with the progression of the pathologi
cal changes in osteoarthritis. Those drugs may alter the structure with or with
out independent effect on symptoms. Registration of drugs with structure
modifying, symptom-relieving properties would require demonstration of a 
beneficial effect on both symptoms and structural indices of the disease. 

For structure-modifying drugs with no direct effect on symptoms, some dis
crepancies are still present between the views expressed in the different sets of 
guidelines. Experts from the osteoarthritis field appear to be heavily convinced 
that prevention of further structural joint damage will eventually translate into 
a significant clinical benefit for the patients and the community, for example, by 
reducing or postponing the need for prosthetic surgery [5]. Regulatory authori
ties, however, are more cautious, even if admitting that there is a good indirect 
evidence that by favourably modifying the natural history of osteoarthritis in 
terms of structural changes, long-term clinical benefits will occur in a large 
proportion of patients [10]. 

8.2.2.3 
Study Population 

Osteoarthritis is a heterogeneous disorder. Therefore, on a clinical basis, 
observing an effect of a treatment for osteoarthritis in a major joint does not 
necessarily mean that it will be effective in every joint. In order to avoid getting 
registration of a drug for a very specific and/or very limited indication, it is 
recommended by regulatory authorities that the applicant demonstrates 
that a proven therapeutic effect in a major joint can be extrapolated to other 
joints [10]. 

All sets of guidelines recognise the clinical importance of hip and knee 
osteoarthritis. Osteoarthritis of the hip is a common and disabling disease. 
Osteoarthritis of the knee is also both very common and a major cause of func
tional impairment. For the knee, outcome measures, for both symptoms and 
structure, are better validated for medial tibio-femoral disease than for lateral 
or patello-femoral disease. Although osteoarthritis of the hand is a potential 
target for assessing progression of the disease in trials, it is less important cli
nically than the hip or knee diseases. If hand osteoarthritis is chosen for eva
luating the effect on anti-osteoarthritis drug, trials should better focuse on 
assessing progression of the disease in proximal and distal interphalangeal 
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joints than in the trapezo-metacarpal joint. In the absence of validated end
points for osteoarthritis of the spine, this structure should not be considered as 
the primary target for trials evaluating anti-osteoarthritic drugs [5]. 

Although data may be collected for both right and left joints (e.g. hip and 
knee) for symptom studies, inclusion criteria for structure studies should limit 
the target joint to a single site. This will most often be the most symptomatic 
site. Changes in the contro-Iateral joint should be considered as a secondary 
outcome variable. In the case of hand osteoarthritis, it is recommended to use 
either both hands or the most symptomatic one [4]. Simultaneous assessment 
of other joints is always possible and should result in generating supportive evi
dence of general efficacy. 

The OARS taskforce reports that there is a considerable level of controversy, 
in the scientific community, regarding the use of broad or narrow patients eli
gibility criterion [4]. As this group mentions, broad patients eligibility allows 
for generalisation of positive results. However, because of the large amount of 
variations, broad patients eligibility increases the sample size of the study po
pulation required to demonstrate significant differences and may mask the pre
sence of subsets perceiving benefits [4]. Similarly, the CPMP document [10] 
points out, in accordance with the GREES recommendations [5], that the pre
sentation and natural history of the conditions may be different in younger and 
older age groups. Therefore, these bodies recommend to preselect and specify 
the age range of the patients to be entered. However, while a narrow age range 
will increase group homogeneity, this may be obtained at the expense of the ge
neral validity of the data [5,10]. 

High-risk groups are special subpopulations of subjects who are more prone to 
rapidly develop progressive osteoarthritis. They include obese women, with uni
lateral radio graphical osteoarthritis, and men or women who have undergone 
meniscectomy [12,13]. This population may be considered in phase II study of 
structure-modifying drugs but inclusion of a specific high-risk group in phase III 
studies might decrease the potential for generalisation of the results. 

Factors that might affect the rate of evolution of osteoarthritis, include age, 
gender, obesity, major joints injury, types of use, development abnormalities, 
familiar osteoarthritis and must be recorded. These variables should be con
sidered for stratification at entry or adjust at data analysis. 

All guidelines sets recommend that in studies of patients with idiopathic 
osteoarthritis, patients should be excluded on the basis of secondary osteo
arthritis if they have an history or present evidence of any of the following di
seases, in the potential target joints: septic arthritis, inflammatory joint disease, 
gout, Paget's disease of bone, articular fracture, ochronosis, regular episods of 
pseudo-gout, acromegaly, haemochromatosis, Wilson's disease, primary osteo
chondromatosis, major dysplasia or congenital abnormality and heritable dis
orders (e. g., hypermobility) [4,5,10]. 

To be enrolled in a study, patients should have both symptomatic and struc
tural changes of osteoarthritis in the target joints. Currently, this will mean pain 
related to use with radiological evidence of joint space narrowing for osteo
arthritis of the hip and knee and the diagnosis criteria of the American College 
of Rheumatism for hand osteoarthritis. Pain and disability at entry need to be 
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recorded and the minimum severity of symptoms at entry will depend on the 
primary outcome measures being assessed, the potential mode of action of the 
drugs and the joint site involved [10]. 

For studies of symptomatic response, the level of symptoms at baseline 
should be of sufficient severity to permit the detection of changes. For studies 
of structure-modifying drugs, the patient should present definite radiographic 
changes of osteoarthritis based on an established score and atlas, e.g., Kellgren 
and Lawrence radiographic entry criteria: grade 2 or 3 (i. e. sufficient remaining 
interbone distance to permit detection of worsening/progression) [4,5,10]. 

8.2.2.4 
Endpoint 

Instruments used to measure outcome in clinical trials of osteoarthritis should 
be valid, reliable and responsive to changes when such measures exist. 

8.2.2.4.1 
Symptom-Modifying Drugs 

The primary outcome measure should be the pain attributable to the target 
joint and reported by the patient. Functional disability is considered an impor
tant additional endpoint for symptom-modifying drugs. Pain should be measu
red by self-assessment and use-related and rest pain should be assessed separa
tely. The activity causing pain should be specified. A validated method should 
be used to grade the degree of joint pain. A 100 mm visual analog scale (VAS) 
or a five-point Likert scale are accepted tools. The period of assessment should 
be defined (for example, now, today, this week). Measurements should be ser
ially recorded at appropriate intervals to provide an assessment of the time 
needed for the onset of pain relief as well as an assessment of the duration of 
the analgesic effect. 

For functional disability, a disease-specific and joint-specific instrument 
such as the Western Ontario Mac Master University Osteoarthritis index (WO
MAC) [14], the algofunctional index for osteoarthritis (AFI) [15] or the Leques
ne's index [16] is recommended to assess disability arising from osteoarthritis 
of the knee, hip or hand. 

Secondary endpoints include the patient's perception of the clinical severity 
of their osteoarthritis (patient global assessment or global rating), the occur
rence and number of flares (even if the concept of flares in osteoarthritis lacks 
a precise definition hence making it difficult to reliably identify), the physical 
signs including range of motion, health-related quality of life or utility measu
res and concomitant medications consumption. 

8.2.2.4.2 
Structure-Modifying Drugs 

The evaluation of efficacy of drugs aimed at modifying the structure of the 
osteoarthritis joint is the most controversial point between the different sets of 
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published guidelines. Panels of scientists dealing with osteoarthritis consider 
that measure of joint morphology or direct visualization of the joint should be 
considered as the primary outcome variable for structure-modifying drugs [4, 
5]. This position is not fully agreed on by the recent CPMP guidance set [10]. 
This regulatory authority questions the robustness of the currently available 
data showing that a change in the joint structure, without concomitant clinical 
benefit, can eventually translate into a long-term clinical outcome. They consi
der that some epidemiological data support the relation between structural 
changes and a long-term clinical outcome. However, the nature and the magni
tude of the structural changes that are likely to be clinically relevant on a long
term basis remain debatable. Therefore, a hard clinical endpoint, as necessity of 
joint replacement, time to surgery and long-term clinical evolution (pain and 
disability) would be preferable to assess the efficacy of such drugs. On the other 
hand, the radiographic measurement of joint space width or osteophytes seems 
to be a promising tool to assess the progression of osteoarthritis, although it has 
not yet been fully demonstrated. Consistantly, and provided that the applicant 
gives some data supporting this surrogate, these changes could be considered, 
by the CPMP, as alternative primary endpoints. In any case, hard clinically end
points, as mentioned above, should be assessed during the study [10]. 

The reproducibility of the radiographic technique is dependent on the con
trol of a number of technical issues. Such standardization is essential in order 
to reliably assess sequential changes in joint anatomy. The most consistant re
sults will be obtained by carefully adhering to standardized radiographic pro
cedures, based on published, validated data [4,17,18]. 

Films should be read centrally. Material collected during trials (radiographs) 
should be kept available for re-reading because the techniques for assessing 
structural changes may be improved or changed during the course of the trial. 
Other technologies for the evaluation of the severity of osteoarthritis: chon
droscopy, magnetic resonance imaging, scintigraphy, ultrasonography or bio
chemical measurements (serum, urine, joint fluids) may be considered as 
secondary endpoints. Obtaining reproducible X-rays on successive visits is a 
prerequisite for reliable assessment of progression of osteoarthritis. The 
sources of variability in joint space width measurement are numerous (patient 
positioning, radiographic procedure, measurement process, ... ). It is essential 
to standardise radiographic techniques based on published, validated data. 
The method should define the radio-anatomic position of the joint, beam 
alignment, and should define the anatomic landmarks for measurements. 
Positioning of the patient should also be based on validated published methods, 
but in all cases, weigth bearing (standing) anteroposterior views should be used 
in studies involving the hip or the knee. Repositioning of the joint can be 
facilitated by use of foot maps drawn at the time of the initial examination. 
Correction for radiographic magnification has been shown to improve accuracy 
and precision of measurements. 

Even though a structure-modifying drug may not have an independent effect 
on symptoms, the CPMP recommends clinical signs and symptoms should be 
assessed. If both symptom -modifying effect and structure-modifying effect are 
claimed, the requirements under both categories should be fulfilled [4, 5, 10]. 
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8.2.2.5 
Concomitant Interventions 

All symptom-oriented studies require discontinuation of prior analgesic and 
anti-inflammatory medications, including topical agents and steroid injections, 
prior to initiating treatment with the test drug in order to permit an evaluation 
of unmodified pain severity. The time of withdrawal should be the time requir
ed for the clinical effect to disappear (e.g. five half-lives of drugs). 

It is impractical to expect patients to participate in a long-term trial without 
some potential use of rescue medications for pain. 

Many patients with osteoarthritis who are recruited for trials are likely to 
have exacerbations of symptoms which require treatment during the study, ir
respective of the type of study design used. Such concomitant treatment may 
interfere with outcome measures and should ideally be excluded. However, in 
long-term studies, it is neither ethical nor practical to exclude all concomitant 
treatments. 

For long-term trials, use of concomitant medications should be permitted on 
a limited basis. An example may be the use of acetaminophen or paracetamol 
for escape analgesia. Any escape medication must be discontinued in sufficient 
time for the clinical effects of the agent to disappear prior to the assessment. For 
all trials, concomitant treatments (drugs or interventions) that are likely to af
fect joint structures should be excluded. 

Concomitant treatments with physical and/or occupational therapy should be 
either standardized or adjusted for in the analysis to ensure that the effect of exer
cise programmes on disease progression do not bias the outcome of the study. 

8.2.2.6 
Study Design 

8.2.2.6.1 
Phase II Trials 

The goals of phase II trial are to define an ideal effective dose-range and 
regimen and to provide sufficient patient exposure to demonstrate safety. 

Phase II study should provide data over a range of doses. The doses selected 
for these studies should enable the minimum effective dose and the dose
response profile to be determined. Evaluation of at least three doses is recom
mended. 

Some agents may have both symptom and structure modifying effects, but 
the optimal dose for modification of symptoms may be different from that 
which alters structure. 

Modification of Symptoms 

The duration of phase II studies for symptom-modifying effects will depend on 
the expected outcome and the mode of action of the drug. Normally, even in the 
case of a slow acting symptom-modifying drug, its effects would be expected to 
be apparent in several months. 
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Modification of Structures 

The duration of phase II studies for a drug with structure-modifying effects 
will also depend on its mode of action, but it is likely to be longer than that re
quired to assess modification of symptoms. Studies over a range of doses and of 
sufficient duration to show meaningful changes in structure are required. The 
magnitude of these changes should be predetermined. 

8.2.2.6.2 
Phase III Trials 

phase III trials are intended to convincingly demonstrate efficacy and safety of 
the optimal regimen and dose(s) of the test agent. Replication of pivotal studies 
(studies of primary importance for registration of drugs) for demonstration of 
efficacy is recommended, even though not specifically requested in the Euro
pean recommendations [5, 10]. 

Because of the heterogeneity of osteoarthritis, limiting the number of differ
ent joints investigated also can limit the potential for generalisation of the 
results. In each trial, one joint, preferably the hip or the knee, should be selec
ted as a target joint, although simultaneous assessment of further joints is pos
sible. The primary analysis population should be defined according to the 
intention to treat principle. The design and duration of this study may differ 
according to the properties of the drug. 

Modification of Symptoms 

Studies should have a randomised, double blind, parallel group design. To esta
blish that a symptom-modifying drug does not have deleterious effects on the 
joint, structural changes should be monitored for at least 1 year. 

Modification of Structures 

Studies should have a randomised, double blind, parallel group design. Clinical 
variables, or alternatively structural changes when their surrogacy value is 
proven, are required as primary endpoints. When structural changes are chosen 
as primary endpoint, the magnitude of a clinically relevant effect of a drug on 
such variable should be predetermined based on data solidly established. Due 
to the expected mechanism of action of these drugs, long-term studies, no 
shorter than at least 2 years, will be requested both for efficacy and safety as
sessment. 

8.2.2.7 
Use of Placebo and Choice of Comparator 

8.2.2.7.1 
Phase II Trials 

Pivotal studies should have a placebo-controlled, randomised, double blind and 
parallel group design. 
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8.2.2.7.2 
Phase III Trials 
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For symptom-modifying drugs, active controlled studies are necessary with the 
most favourable comparator. Three-arm, including placebo and active control 
studies are recommended. It is possible to show that the beneficial effet is 
sustained long-term by means of a withdrawal study in which actively treated 
patients, at the end of the study period, are randomised to continue or discon
tinue (double-blind) treatment. 

For structure-modification, studies should have a randomised, double blind, 
placebo controlled, parallel group design. 
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CHAPTER 9 

Surgical Treatment of the Cartilage Injuries 

M. BRITTBERG 

9.1 
Introduction 

The primary aim of all treatments including the surgical treatment of osteo
arthritis is to give pain-relief and retain and improve joint-function for a pro
longed time. The loss of cartilage function may lead to a painful joint with a 
decreased mobility. Many factors, i. e. epidemiological, biochemical and mor
phological, are associated with cartilage destruction; however, only trauma is 
known directly to cause osteoarthritis [l]. To what extent a single lesion of 
cartilage will progress into osteoarthritis is not known and it is also not known 
if repairing such a defect with a good quality repair will prevent such a de
velopment. This is important to know when discussing the different treatments 
for cartilage injuries. The classification when a diseased joint should be called 
an osteoarthritic joint is also not clear and especially regarding the so-called 
pre-osteoarthritic joint which could give us difficulties when to evaluate opera
tive techniques and their efficacies. There could be differences in the out
come of treatment of pure local cartilaginous lesions and early osteoarthritic 
lesions. 

This chapter will address the treatments of the local cartilage defects as well 
as the surgical salvage procedures of the osteoarthritic joint. 

There is a direct correlation between the ability of a tissue to repair itself 
after trauma and the tissue turnover state. Adult articular cartilage has an ex
tremely slow metabolic rate and thereby a very low ability to repair itself after 
injury. At the edge of a cartilage injury, some mitotic activity can be seen at an 
early stage after trauma, but it is not powerful enough to repair the defect. Prin
cipally, the initial number of cells that can take part in the repair is of major im
portance. In a mesenchymal tissue, there are primitive prechondrocytes/stem
cells which can differentiate into the cells of the injured tissue in beneficial 
conditions. The repair of the mesenchymal tissue is thus dependent on the local 
availability of these chondrogenic cells and the ultimate goal for all types of 
treatment for a cartilage defect must be to deliver and activate high densities of 
these stem cells to the injured site. 

Some techniques described here are purely meant to be for pain-relief and 
return of some function while the others could have a place in the prevention 
and eventually hinder the progress of an early osteoarthritis. The latter ulti-
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mately produce and/or deliver different types of repair cells that are thought to 
appear as mature chondrocytes producing a more or less differentiated hyaline 
cartilage at the end of differentiation lineage. 

9.2 
Joint Lavage and Debridement of Fibrillated Cartilage 

Burman and associates [2] reported a reduced disability in degenerative arthri
tic patients following arthroscopic lavage which was attributed to the removal 
of mechanical irritants in the joint. 

The concept of shaving or debriding of fibrillated cartilage, mostly super
ficially situated, is to remove the irregularities of the lesion to get a smooth 
stable articular surface. This procedure was first described by Haggart [3] and 
Magnuson [4]. They removed all intra -articular abnormalities: abnormal sy
novial membrane, osteophytes, torn menisci and degenerative fibrillated carti
lage and performed a so-called "house cleaning" of the joint. The technique has 
been used in open debridements as well as in transarthroscopic procedures, 
mainly as a "shaving" technique. 

A post -operative temporary relief of pain is often seen but no signs of 
cartilage repair. The combination of debridement and joint irrigation; lavage 
could give an effect by eliminating cartilage debris that could cause inflamma
tion; synovitis. However, the value of this treatment is uncertain [5] and as in 
most studies regarding the treatment of injured cartilage the diagnosis has 
been osteoarthritis and the studied group consisted of elderly patients in non
randomized studies [6]. It has also been shown that the success of the arthro
scopic debridement correlates inversely with the severity of the disease and thus, 
patients with a mild disease improved the most, particularly when a coexisting 
meniscal tear was treated [7]. There are a few randomized studies regarding 
lavage and debridement. Livesley conducted a clinical trial with 37 osteoar
thritic patients treated with lavage and physiotherapy and a control group of 
24 knees treated with physiotherapy alone. There was better relief of pain in the 
lavage group and the effect was still present at one year [8]. In another study the 
effect of arthroscopic lavage and debridement was compared measuring objec
tively the thigh muscle function before and after the operation. There was some 
improvement in quadriceps isokinetic torque at six and 12 weeks after joint 
lavage but not after debridement. Neither method significantly relieved the 
patient's symptoms [9]. Chang and co-workers [10] compared arthroscopic 
surgery to closed-needle joint lavage for 32 patients with non-end-stage osteo
arthritis. After 1 year, 44 % of subjects who underwent arthroscopy reported 
improvement and 58 % of the lavage-group improved. The reasons why in 
several papers patients benefit from the lavage and debridement of osteo
arthritic joints are unclear. To determine if a placebo effect might influence the 
results of those types of surgery, Moseley and co-workers [11] performed a 
pilot -study where 5 patients were randomized to a placebo-arthroscopy, three 
patients randomized to arthroscopic lavage while finally two patients to 
arthroscopic debridement. The placebo-group reported decreased frequency, 
intensity and duration of pain and there thus seemed to exist a significant 
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placebo-effect regarding the effect of arthroscopic osteoarthritis treatment. A 
larger study of this kind is planned by the same authors and will be of great 
interest. 

Arthroscopic lavage success seems to be quite unpredictable and if good re
sults are obtained they often seem to decline rapidly over time. Regarding the 
extended debridement one can suspect that good results depend to an impor
tant part on the lavage effect as part of the procedure as in the randomized 
studies there were no differences. 

9.3 
Drilling, Resection or Abrasion of the Subchondral Bone Plate 

Pridie [12] introduced drilling of the bare exposed subchondral bone to stimu
late fibrocartilaginous ingrowth from the vascular bone marrow. Large areas of 
bare bone can be repaired by the technique of making several drill holes into 
the subchondral vascular area (Fig. IB). Different ways to achieve resurfacing 
via an opening of the subchondral bone marrow cavity have been tried. Ficat 
[13] described the spongialization, a resection of the entire subchondral bone 
plate in chondromalacic patellas, and reported 79 % of good to excellent results 
in their patients. Steadman suggested that an awl should be used instead of a 
high-speed drill bit and named the technique microfracturing. The awl creates 
a rough surface around the fractured bone plate which according to Steadman 
will give a better blood-clot formation [14]. Lanny Johnson [15] introduced 
the transarthroscopic abrasion arthroplasty where the sclerotic exposed sub
chondral bone was excised 1-3 mm with a motorized burr to reach intracortical 
vascularity (Fig. lA). The resulting fibrin clot formation is protected with non
weight bearing for 2 months. 

Evidence exist that the above described techniques will produce a repair 
mainly consisting of fibrocartilaginous tissue. Despite this, there are reports on 
an improvement in the patients symptoms [15,16]. It is to note that the follow
up times in most studies have been short and it has been difficult to compare 
the treated groups due to lack of common descriptions of the cartilage lesions; 
single cartilage lesion or generalized OA. Furthermore there is a marked lack of 
randomized controlled studies. 

Buckwalter and Mow [17] claimed that arthroscopic abrasion arthroplasties 
and debridements may provide temporary relief of symptoms in selected pa
tients when performed by surgeons with considerable experience in cartilage 
handling. Salisbury and McMahon [18] discussed the role of abrasion arthro
plasty in cartilage resurfacing. In a knee with a degenerative meniscal lesion 
the forces that dislocate the meniscal flap may often create a damage on the 
adjacent condylar weight bearing cartilage area and the lesion can be debrided 
after resection of the meniscal flap. This would be a localized area that can be 
treated by the surgeon in two ways: either accepting the debrided defect now 
with stable edges or abrade the base of the lesion to get a bleeding bony surface. 
Salisbury and McMahon [18] state that debridement alone will give reduction in 
symptoms like locking, catching and effusions for a while but by time the 
decrease in meniscalload sharing will lead to a gradual cartilage degeneration 
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Fig. 1. Cartilage defect repair alternatives. A Abrasion arthroplasty. B Multiple subchondral 
drilling. C Carbon fiber implantation. D "Stone technique" with microfracturing of the sub
chondral bone + implantation of an osteochondral "paste" 

also of the surrounding cartilage. To what extent an abrasion arthroplasty could 
hinder such a progress is not known. The filling up of the defect might stabilize 
the edges of the defect but there is doubt that the fibrocartilage tissue repair af
ter abrasion will stand against wear for a prolonged time. The abrasion arthro
plasty however is suggested to be used for small chondral defects. The results of 
an extended abrasion arthroplasty as a treatment for widespread unicompart
mental or multi compartmental OA have been more unpredictable and dis
cutable [19]. 
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In older athletes studies have shown that in osteoarthritis debridement alone 
gave better long-term results than arthroscopic abrasion with debridement and 
also that arthroscopic abrasion made some patients even worse [20]. Contrary, 
Friedman et al. [16] in a retrospective study found better results with medial 
meniscectomies in combination with arthroscopic abrasion arthroplasty in 
osteoarthritic knees, especially in patients younger than 40 years of age. Even 
here, we can note the age-dependency of the procedures on the injured articular 
cartilage. 

Interestingly, in a rabbit study a comparison of abrasion burr arthroplasty 
and subchondral drilling in the treatment of full thickness cartilage lesions was 
made [21]. The authors reported that both techniques were suboptimal for car
tilage defect repair but that at 6 months there was evidence that subchondral 
drilling may result in a longer-lived repair than abrasion arthroplasty in the 
treatment of full thickness lesions. 

A combined technique for cartilage repair has been described by Stone and 
Walgenbach [22]. The surgical technique include shaving away loose or frag
mented articular cartilage, followed by microfracturing the base of the defect 
until bleeding occurs. An articular cartilage osteochondral graft is harvested 
from the inner rim of the intercondylar notch with a trephine. This graft is then 
morselized in a bone graft crusher, mixing the cartilage with the cancellous 
bone. The resulting "paste" is finally pushed into the defect and described to be 
secured by the adhesive proporties of the bleeding bone (Fig. 1 D). In 29 patients 
followed for more than one year, 27 were satisfied with good pain-relief. Sixteen 
patients had undergone second-look arthroscopies with 7 patients described to 
have biopsies with an appearance of immature hyaline cartilage, 7 patients with 
a mixture between hyaline and fibrocartilage repair tissue and 2 with predo
minantly fibrocartilaginous tissue. 

9.4 
Osteochondral Allo- and Autografting Techniques 

In osteochondral grafting techniques the cartilage defect area and underlying 
bone is replaced with a matching articular graft that has been harvested either 
as an allograft from an organ donor (Fig. 2B) or as an autograft. The limited 
source of autologous grafts has led to an interest in allografts. The chondrocyte 
has transplantation antigens [23] but the matrix is protective against immuno
logical reactions. Allografts have therefore been tried clinically both in fresh 
and frozen preparations. A lot of experience has the transplantation unit in 
Toronto [24]. They have shown that the chondrocytes were found to be viable 
up to 92 months after transplantation. The use of an osteochondral graft with 
bone thickness less than 1 cm was of importance prior to or simultaneously 
with the implantation of the graft as well as it is essential to correct joint 
malalignment prior to or simultaneously with graft transplantation [25]. In the 
beginning the indications for allografting was not clearly defined and the early 
results of the technique consists of a wide variety of patients. By time it has 
been found that best results are achieved in patients of young age with post
traumatic defects and before the onset of degenerative changes. Long-term 
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Fig. 2. Cartilage defect repair alternatives. A Osteochondral allograft B Multiple autologous 
osteochondral plug implantation; "mosaic-plasty". C Periosteal resurfacing with mesenchymal 
stem cell-cambium-Iayer facing the joint. D Periosteal resurfacing + autologous chondrocyte 
implantation. Periosteal cambium-layer facing the defect area 

results after allografting of posttraumatic defects has been reported by the 
Toronto group with success rates of 75 % at 5 years, 64 % at 10 years and 63 % 
at 14 years. Best results were obtained with patients 60 years of age and with 
traumatically induced defects of the articular surface in the knee joint [26]. 
New results were presented in 1997 with fresh small-fragment osteochondral 
allografts that were used to reconstruct post-traumatic osteochondral defects 
in 126 knees in patients with the mean age of 35 years and followed for mean 
7,5 years. Eighty-five % were rated as succesful and the rest as failures. Factors 
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related to failure included here age over 50 years, bipolar defects, malaligned 
knees and worker's compensation cases [27]. 

Important to ensure long-term survival of the allografts is that the sub
chondral bone support must be maintained. However studies have shown that 
the subchondral bone sometimes is resorbed and that 75 % of the failures of 
cryopreserved grafts were due to subchondral necrosis [28]. Advantages is that 
a large selection of donors are available and that fresh as well as frozen allo
grafts can be used. The frozen grafts could be more cartilage structural deter
iorated and have a lower concentrations of proteoglycans [29]. The frozen 
grafts make it possible to use it for elective reconstructive surgery while one 
may have the time to examine the grafts for diseases. The grafts also have the 
advantage that they have the structure of the normal cartilage and they can be 
prepared to fit exact the size of the defect to be treated. Disadvantages is a risk 
for immunologic reactions and disease transmission. The bone component 
give rise to an immunological response. The surrounding cartilage matrix is 
protective against immunological reaction while the chondrocytes have trans
plantation antigenes. Instead autologous osteochondral grafting has advant
ages; reliability of bony union, a high survival rate of grafted cartilage and no 
risk for disease transmission. Wagner [30] in Germany used a part of the 
posterior femoral condyle as an autogeneic graft. Yamashita et al. [31] used an 
autogeneic graft from the anterior aspect of the medial femoral condyle and 
Outerbridge et al. [32] used part of the patella to treat osteochondral defect of 
the knee in ten patients who were followed for 6 and a half years. Function was 
improved and symptoms were alleviated in all the patients. Matsusue and 
associates [33] described an interesting alternative technique in which multi
ple autologous osteochondral grafts were harvested as cylinders from the 
lateral wall of the patellar groove, non-weight-bearing area. Recently, tech
niques with small-diameter autologous cylindrical osteochondral grafts have 
been presented [34,35]. They are one-stage autogenous osteochondral grafting 
techniques for the treatment of cartilage defects in different joints. One to se
veral cylindrical osteochondral grafts are harvested from an unloaded area 
in the knee-joint via arthrotomy or arthroscopy and implanted in a mosaic
fashion in the defect area complemented with an abrasion of the areas between 
the osteochondral plugs (Fig. 2A). Bobic [34] presented 12 patients operated on 
with osteochondral plugs for chondral lesions 10 - 22 mm in diameter in com
bination with an anterior cruciate ligament reconstruction. One year MRI con
trol confirmed excellent graft integration and 9/12 patients were examined 
with arthroscopy and a thin shallow "halo" were noted at the borderzone 
between graft and normal cartilage. The simplicity of the procedure makes it 
interesting for the surgeon and we are exspecting future randomized studies 
with these methods to know their position in the treatment of cartilaginous 
defects. 
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9.5 
Periosteal and Perichondral Resurfacing (Soft-Tissue Arthroplasty) 

Another way to deliver a new cell population to the cartilage defect site is to use 
periosteal and perichondral implantations. Both these tissues consist of a cer
tain amount of multipotential mesenchymal stem cells with the ability of carti
laginous metaplasia. They have subsequently been used to resurface cartilage 
defects but with varying success. The results in different studies are difficult to 
compare since the methods used vary considerably as well as the properties of 
the experimental grafting materials. In most of the repair studies the periosteal 
grafting was combined with an opening of the subchondral space permitting 
cells from the marrow to invade the defects. The number of these pluripotential 
stem cells seem to decline drastically in the mature periosteum compared to in 
an immature periosteal graft and O'Driscoll et al. [36] showed that adult pe
riosteum regenerated a repair tissue in adult rabbits that had only 15 % type II 
collagen compared for 93 % in the adolescent group. This is important to con
sider since in most studies of periosteal grafting the animals have been adoles
cent and the grafting procedures have been combined with an opening into the 
bone marrow cavity containing pluripotent mesenchymal cells the number of 
which also decreases steadily with age. 

Poussa et al. [37] found that periosteum transplanted as a free graft in the 
rabbit knee joint formed a cartilaginous body without any bone formation. 
Rubak et al. [38] used periosteum to treat cartilage defects in the rabbit knee 
with success and the repair was described as hyaline-like. Similar animal stu
dies regarding the chondrogenic potential of the periosteum have been made 
by Salter and O'Driscoll and co-workers [36,39, 40]. They have studied the 
periosteum as a free graft in the joint and as graft for the repair of rabbit troch
lear groove defects as well as for rabbit full thickness patellar chondral defects. 
They developed the concept of continuous passive motion for resurfacing with 
periosteal grafts and were able to show that there was a significant higher de
gree of chondrogenesis in the grafts in continuous passive motion-knees com
pared to immobilized knees [40]. They also showed that the results were de
pendent on the orientation of the graft and the age of the animal. Grafting with 
the cambium layer, rich in mesenchymal multipotential stem cells with osteo
chondrogenic potential, facing into the joint resulted in the best repair com
pared to those with the cambium layer facing towards the subchondral bone. 
The repair quality was also better in adolescent animals compared to in adult 
animals. The repair could withstand wear up to 1 year post-surgery without any 
detoriation of the grafted tissue [36]. 

Vachon et al. [41] used periosteal auto grafts for repair of large osteochondral 
defects in 10 horses aged 2 to 3 years old. In each horse, osteochondral defects 
measuring 1.0 x 1.0 cm2 were created bilaterally on the distal articular surface 
of each radial carpal bone. Control and experimental defects were drilled. Pe
riosteum was harvested from the proximal portion of the tibia and was glued 
into the defects, using a fibrin adhesive. Control defects were glued, but were not 
grafted. Sixteen weeks after the grafting procedure, the quality of the repair tis
sue of control and grafted defects was assessed biochemically. All biochemical 
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variables were compared with those of normal equine articular cartilage taken 
from the same site in another group of clinically normal horses. The biochem
ical composition of repair tissue of grafted and non grafted defects was similar, 
but clearly differed from that of normal articular cartilage. 

In clinical studies Niedermann et al. [42] presented 5 patients with osteo
chondral defects that were treated with periosteal resurfacing with an excellent 
result. The defects were drilled subchondrally prior to grafting and the grafts 
were fixed with fibrin-glue. Hoikka et al. [43] treated 13 patients (mean age 36 
years) with patellar chondral defects with free periosteal grafts and followed 
them for a mean 4 years. The cambium layer faced the subchondral bone and 
the periosteum was sutured or glued into the defect. 11 patients reached what 
was called an "acceptable" niveau post -surgery. Korkkala and Hukkanen [44] 
used free, autogenous periosteal grafts to treat six patients, three with acute 
traumatic patellar cartilage lesions and three with local sclerotic osteochondri
tis of the medial femoral condyle. The treatment resulted in satisfactory results 
with symptomatic amelioration, 14 to 59 months after the procedures. Fourteen 
patients with osteochondritis dissecans of the femoral condyle (mean size 
4 cm2) treated with periosteal transplantation were reviewed by Angermann 
and Riegels-Nielsen in 1994. The patients were followed for 1 year and then 43 % 
were free of symptoms. In 29 % of the patients defect was reduced in size 
radiographically while 64% were unchanged. Lorentzen [45] reported from 
25 patients with a mean age of 31.4 years that after mean 42 months with peri
osteal resurfacing and multiple drilling of patellar full cartilage thickness de
fects 16 patients were graded as excellent and that the remaining 9 patients were 
graded as good. Five randomly selected cases were biopsied and all were de
scribed as showing normal hyaline cartilage. It was pressed that meticulous sur
gical technique as well as rigorous post-operative continuous passive motion 
regimen is of outmost importance for a successful outcome of the surgery. The 
importance of experience to harvest the periosteum has been pointed about 
often by O'Driscoll who also is currently directing a multi-surgeon randomized, 
controlled, prospective, partially-blinded clinical trial at the Mayo Clinic of 
periosteal arthroplasty to treat chondral and osteochondral defects more than 
1 cm in size in the knee joint (Fig. 2C). 

Skoog et al. [46] described the potential for the cells in the perichondrium to 
produce neocartilage with the potential to repair cartilage defects. This evoked 
an interest for the perichondrium and several animal studies have been done to 
confirm the chondrogenic potential of the perichondrium [47,48]. Homminga 
and al. [49] treated pure chondral lesions in young rabbits with the epiphyses 
still open with perichondrium and noted hyaline-like repair on the grafted 
areas. They also found that it might be important to leave the subchondral bone 
intact while it could play an important role in preventing cartilage degeneration 
and referred to the studies of Radin and Rose [50]. 

Amiel et al. [48] reconstructed full thickness cartilage defects in the rabbit 
knee with rib perichondrium and noted that the differentiation of this basic tis
sue into a hyaline repair was dependent on extrinsic influences emanating from 
the environment. They suggested that the presence of motion, low oxygen ten
sion and absence of vascularity could favor hyalinization of the repair. However, 
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despite the initially promising results from periosteal and perichondral graf
tings, the long-term durability of these grafts still remains uncertain as have 
shown by Engkvist et al. [51] when they resurfaced patellar cartilage defects in 
the dogs with perichondrium. Two to eight months post-surgery the repair was 
of hyaline-character but between 12-17 months post-surgery the graft-tissue 
degenerated leaving areas of exposed bone bare. However it is important to 
notice that the results in long-term follow-ups are dependent of the site that has 
been treated. 

Regarding the beneficial results with periosteum and continuous passive 
motions, few results regarding continuous passive motions and perichondrium 
have been reported. Kwan et al. [52] reported that continuous passive motions 
did not improve the quality of the repair tissue when evaluated one year post
surgery compared to free cage activity. 

The clinical use of perichondrium to resurface cartilage defects was first 
described for the wrist and finger joints in human patients [53]. Homminga et 
al. [54] used autologous costal perichondrium to treat 30 chondral knee defects 
in patients with mean age of 31. Twenty-five patients were evaluated by arthros
copy 1 year post-surgery, 14 patients were reevaluated at 2 years postoperatively 
when it was found that 27 of 30 defects had healed with a tissue resembling 
cartilage. Three biopses showed a hyaline like morphology. In a later follow-up 
in a larger study group, 20 % of the patients in the Homminga series suffered 
graft failure and only 40% of the patients had good results after 8 years [55]. 
Beckers et al. [56] analyzed their result after perichondrial resurfacing for 
cartilage defects in the knee joint. After a mean follow-up of 32 months, of 
80 studied patients, 42 patients were classified as failures and lost grafts. Failure 
occured at an average of 18 months after the operation, especially in patients 
with diagnosis of osteoarthritis. In the patella, the results were worse if the 
defect had previously been drilled. The results were better in young persons; 
mean age 27 years in the success group compared to 34 years in the failure 
group. They concluded that the perichondrial grafts should be used for 
osteochondritis dissecans and early post-traumatic cartilage defects in young 
persons. Also other authors have found that perichondrial resurfacing seems to 
be more successful in fairly young patients with posttraumatic defects of the 
articular cartilage [57]. Graft fixation and graft calcification are major problems 
in perichondrial grafting and could be responsible for a poor clinical outcome. 

Vachon et al. [58] compared the repair effect of perichondral and periosteal 
grafts on cartilage defects in 6 young horses (2 - 4 years old). Periosteal auto
grafts were obtained from the medial aspect of the proximal portion of the 
tibia, and perichondrial auto grafts were obtained from the sternum. Using 
arthroscopic visualization, each autograft was placed as a loose body into 
1 tarsocrural joint in the horse. The animals were hand-walked daily, starting 
the day after surgery, for a total of 6 h/wk for 8 weeks. Eight weeks after auto
graft implantation, radiographs were taken of each tarsocrural joint and were 
interpreted with regard to mineralization in the transplanted autografts. Grafts 
were then surgically removed, and examined macroscopically and microscop
ically for viability, size, and production of chondroid tissue. All autografts 
appeared viable and most showed evidence of growth. Neochondrogenesis was 
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observed in 5 of 6 periosteal grafts and in 1 of 6 perichondrial grafts. Further
more, the amount of chondroid tissue produced in periosteal auto grafts was 
significantly greater than that produced in the 1 perichondrial graft. The chon
droid tissue produced by periosteal auto grafts had morphologic and matrical 
staining properties similar to those of hyaline cartilage 

A common finding both in animals or in humans is that the grafts produce 
the best results in young individuals and in traumatic defects. The fact that the 
number of potential repair cells in any graft declines steadily with age could be 
one explanation of these effects. 

9.6 
Cell-Transplantation 

It is possible to differentiate between two types of repair with cells: intrinsic re
pair means a replication of chondrocytes from the area adjacent to the defect 
site while extrinsic repair consist of a metaplasia of chondrocytes from other 
cell types such as connective-tissue stem-cells i. e subchondral marrow cells, 
synovial cells [59]. 

Cell transplantation has for a long time been explored as an alternative to 
other types of repair methods. The cells could be harvested autologously or as 
allografts from a healthy part of the donor tissue, isolated, expanded in vitro 
and finally implanted into the defect site in high densities. Pure chondrocytes, 
epiphyseal or mature, allogeneic or autologous as well as other types of mesen
chymal cells have been used. 

In 1965 Smith [60] perfected the isolation of chondrocytes and chondrocytes 
were thereafter able to be grown using standard culture methods. Chestermann 
and Smith [61] isolated chondrocytes from rabbit cartilage and those cells were 
then transplanted into cartilage defects in the humerus of adult sister rabbits. 
The defects healed but no hyaline cartilage was found. Bentley and Green [62] 
transplanted isolated articular cartilage chondrocytes and epiphyseal chondro
cytes from young rabbits to cartilage defects on adult rabbits of the same 
inbreed. A nice repair with hyaline like neocartilage was described in more than 
50 % of the defects. 

Green [63] reported a significant better repair after heterologous chondro
cyte transplantation of chondral lesions of the rabbit knee. Autoradiography 
confirmed that the implanted isolated chondrocytes were responsible for the 
repair and three generations of transplanted chondrocytes could be identified 
by the decrease in intensity in nuclear labelling. Bentley et al. [64] transplanted 
isolated epiphyseal chondrocytes as allografts into rabbit knee tibial drill holes. 
Cells were pipetted into the defects with a success rate of 47 % of the defects re
paired. Ashton and Bentley [65] compared allografts of intact cartilage, isolated 
chondrocytes and cultured chondrocytes from the epiphyseal growth-plate and 
articular surface from immature rabbits inserted into full thickness defects 
in mature rabbits. Both intact articular cartilage as well as intact epiphyseal 
growth-plates induced significantly better repair vs controls. Cultured chon
drocytes also produced a significantly better repair than when the defects were 
left un grafted in arthritic joints. 
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Yoshihashi [66] studied isolated articular chondrocytes in comparison with 
normal articular cartilage and used chondrocytes that were released by enzy
matic digestion from slices of articular cartilage taken from 8 week old white 
rabbits. The isolated cells were inoculated in a large number into a 
0.28 cm2 stainless cylinder on a Millipore filter. After 12 hours these chondro
cytes were layered by gravity onto the Millipore filter and were cultured in the 
same medium during 7 days. Subsequently the cell aggregate was transferred to 
an organ culture system and was fed every other day. Aggregates of cells were 
sampled at 1, 2, 4, 8, 12 weeks in culture for morphological and biochemical stu
dies. The results obtained were as follows: after one week in culture, deposition 
of metachromatic matrix was observed under a light microscope only at the 
periphery of the aggregate of cells. Matrix formation in the whole aggregate oc
curred after 2 weeks in culture. The tissue reformed in this culture consisted of 
metachromatic hyaline cartilage like matrix and chondrocytes within lacunae 
but for cells at the surface arranged in a tangential flattened layer. The collagen 
in this tissue was of type II mixed with a very small amount of type 1. The tis
sue reconstituted in vitro by freshly isolated chondrocytes had characteristics 
of hyaline cartilage except over the surface. Compared with normal articular 
cartilage, the cells in this tissue were distributed more randomly and the inter
cellular hyaline matrix was poor under a light microscope, and collagen fibrils 
in the matrix observed under an electron microscope were much thinner than 
those of normal articular cartilage. This method provides a tissue culture 
model of cartilage organization. 

Wakitani and associates [67] implanted osteochondral progenitor cells from 
the periosteum and bone marrow cells-mesenchymal stem cells into the femoral 
condyle cartilage defects of rabbit knees. Those cells were preferred opposed to 
chondrocytes because they were said to be capable of a broader range of chon
drogenic expression and that they may recapitulate the embryonic lineage tran
sitions originally involved in the formation of joint tissue. No difference between 
the bone-marrow cells and the periosteum-derived cells was seen and the best 
scores were seen at 4 weeks. At twelve weeks the subchondral bone plate was re
stituted. There was a gap between the host cartilage and the neocartilage but the 
underlying bone was almost completely united with that of the host. 

Goldberg and Caplan [68] compared implantation of mature chondrocytes, 
so called committed, with mesenchymal stem cells for the repair of full thick
ness defects in the femoral condyles of adult rabbits. Both cell types repaired the 
defect with a hyaline-like neocartilage. However the mesenchymal stemcell re
pair had a more hyaline-like morphology and cartilage zonal characteristics 
than the repair from the committed chondrocytes. They hypothesized that the 
open subchondral bone releases host-derived bioactive factors like different 
growth-factors and cytokines that could influence the biologic properties of the 
mesenchymal stem cells but not of the already differentiated chondrocytes. 

Robinson et al. [69] implanted chondrocytes derived from chick embryos 
into defects of articular surfaces of young and old adult chickens. The embryo
nal chondrocytes underwent an accelerated aging process in the old chickens 
implying that the maturation stages within the implant were shorter in the old 
animals leading to a shorter healing time. 
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The above reported cell transplantations have been allografts. The chon
drocyte have transplanation antigenes and these cells can theoretically parti
cipate in immunological reactions. The cartilage matrix acts as a protective 
barrier [23]. Kawabe and Yoshinao [70] studied the immune responses to repa
rative tissue formed by allogeneic growth plate chondrocyte implants. The neo
cartilage yielded by implantation of these cells into cartilage defects of adult 
rabbits looked very good in the beginning but began to degenerate two to three 
weeks after implantation partially because of humoral immune response but 
also because of cell-mediated cytotoxicity. Host lymphocytes were seen around 
the allograft at 2 -12 weeks. 

Lars Peterson and co-workers [71] in 1982 developed a rabbit model to treat 
cartilage defects in the rabbit patella with autologous in vitro expanded chon
drocytes and with that model using the knee joints of adult rabbits Grande and 
co-workers [72] examined the effect of autologous chondrocytes grown in 
vitro on the healing rate of chondral defects not penetrating the subchondral 
bone plate. To determine whether any of the reconstituted cartilage resulted 
from the chondrocyte graft an experiment was conducted involving grafts with 
chondrocytes that had been labeled prior to grafting with a nuclear tracer. Re
sults were evaluated using both qualitative and quantitative light microscopy. 
Macroscopic results from grafted specimens displayed a marked decrease in sy
novitis and other degenerative changes. In defects that had received trans
plants, a significant amount of cartilage was reconstituted (82 %) compared to 
ungrafted controls (18 %). Autoradiography on reconstituted cartilage showed 
that there were labeled cells incorporated into the repair matrix. 

The same rabbit model has since then been used and further developed by a 
group at the G6teborg University. The cultured cells are injected into a premade 
cartilage defect of the patella of the rabbit and covered with a flap of perios
teum, functioning as a biological membrane. This method resulted in a high de
gree of healed rabbit patellar defects and the repair tissue had a similarity to the 
original cartilaginous tissue [73]. In october 1987 the technique was first used to 
treat patients with chronic disabling symptoms of the knee joint with cultured 
cartilage cells from their own cartilage (Fig. 2D). The first 23 patients (mean age 
27) were presented in the New England Journal of Medicine in 1994 [74].Those 
patients had local deep cartilage injuries that had been treated with conventio
nal methods without any healing and 16 defects were located on the so called 
femoral surface and 7 on the patella. In all, 16 patients had "good" or "excellent" 
knee function at mean three years postoperatively. The best results were found 
in the femoral group compared with the patella patients that were less success
ful. The technique appeared to be most successful in patients that had injuries 
on the femoral surfaces producing a single, localized deep cartilage lesion. This 
is important to note as opposed to the gradual wear and tear of advancing age. 
The disappointing outcome of the patella group might have resulted from me
chanical misalignements of the patella that were not corrected at the time of 
transplant surgery. 

A new reexamination was done in 1996 on 92 patients with a follow-up be
tween 2 - 9 years. There was a high percentage of good to excellent results in pa
tients with single femoral condyle lesions (24 patients, 92 %) and in patients 
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with osteochondritis dissecans (19 patients, 89%) whereas 75% good to excel
lent results were obtained in patients with femoral condyle lesions and a con
comitant anterior cruciate injury and ligament reconstruction (16 patients). 
Twenty-one patellar patients with 62 % improved and multiple lesions (12 pa
tients) with 75 % improved. Twenty-six patients were biopsied and 80 % of the 
biopsies showed a hyaline-like appearance. 

In 1995 a randomized controlled multi-center study has started to compare 
multiple subchondral drilling of the cartilage injury with treatments with a 
periosteum with or without implantation of the patients own cultured cartilage 
cells. In August 1997 in the USA the Food and Drug Administration approved 
the cell technology that uses a patient's own chondrocytes to repair cartilage in
juries in the knee. This was the first type of cell technology that have been re
gulated for the industry of manipulated autologous structure guidance. 

9.7 
Scaffolds in Cartilage Repair 

A scaffold is a material from which the repair cells can receive directions for tis
sue engineering and the produced tissue will thus have the shape of the origi
nal scaffold. Ideally the scaffold should provide a temporary framework until 
the repair cells have produced its own matrix. Both biologic and synthetic ma
trices (collagen and fibrin gels, decalcified bone, polyglycolic acids, ceramics 
and carbon fibers) have been used for the induced repair of cartilage injuries. 

The different types of scaffolds can be populated by cells before the intro
duction into the cartilage defect or the cells may migrate into the scaffold after 
the implantation. The scaffolds may also function to maintain the cells in the 
defect after implantation and they could be used together with chondrogenetic 
factors like TGF-~. Allograft cells or autologous cells can be used. Experimental 
studies suggest that use of scaffolds may enhance the quality of the repair tis
sue [75]. 

A three-dimensional culture system for cultured chondrocytes acts as a tem
plate for growth and could hence contribute to phenotypic stability of chon
drocytes 

The cells that have been used in the scaffolds have varied: allogenic or auto
logous cells of mesenchymal origin. Muckle and Minns [75] used a meshwork 
of woven carbon fibers to treat osteochondral defects in rats and rabbits as well 
as in human osteoarthritic knees (Fig. 1 C). Articular cartilage defects were re
surfaced with cells from the bone marrow producing a fibrocartilaginous tis
sue. Seventy-seven percent out of 47 patients had a satisfactory result 3 years 
after surgery. Similar results with carbon fibre resurfacing was presented by 
Brittberg et al. [76] with 37 patients classified as having early osteoarthritis of 
the knee joint. Eighty-three percent of 36 patients followed for 4 years post-sur
gery had an significant improvement. Recently, Haddad et al. [77] reported on 
101 patients (mean age 31 years) with a mean follow-up of 5 years that had been 
treated with carbon fibre pads in the knee joint. Fifty-three percent of the 
patellar resurfaced patients were improved while 83% of the femoral condyle 
lesions had satisfactory results. The long-term outcome with these carbon scaf-
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folds has to be evaluated with randomized studies that are planned as a multi
center international study. 

The first to report the use of a matrix for chondrocyte grafting was Itay and 
collegues [7S] that used embryonic chondrocytes in a gel to treat cartilage de
fects in roosters. They used a resorbable gel with fibrin glue that maintained the 
transferred chondrocytes within the defects. 

Vacanti et al. [79] used biodegradable polyglycolic acid polymers seeded 
with chondrocytes to resurface joint cartilage defects in the rabbit knee and the 
treatment resulted in hyaline repair in a high percentage after 7 weeks. 

Wakitani and associates [67] used osteochondral progenitor cells to repair 
large, full-thickness defects of the articular cartilage that had been created in 
the knees of rabbits. Adherent cells from bone marrow, or cells from the 
periosteum that had been liberated from connective tissue by collagenase di
gestion, were grown in culture, dispersed in a type- I collagen gel, and trans
planted into three-by-six-millimeter full-thickness defect in the medial femo
ral condyle. The contralateral knee served as a control. As early as two weeks 
after transplantation, the autologous osteochondral progenitor cells had uni
formly differentiated into chondrocytes throughout the defects and there was 
no apparent difference between the results obtained with the cells from the 
bone marrow and those from the periosteum. Twenty-four weeks after trans
plantation, the reparative tissue of both the bone-marrow and the periosteal 
cells was stiffer and less compliant than the tissue derived from the empty 
defects but less stiff and more compliant than normal cartilage. Freed and co
workers [So] used matrices of polyglycolic acids with or without seeded 
allograft chondrocytes to resurface cartilage defects in the rabbit trochlear 
groove. The histological score were similar in the experimental groups at 
6 months and higher than what has been reported for self-repair in which 
identical defects were left empty for six months. However, the total contents of 
glycosaminoglycans and collagen was only one third of that of parent rabbit 
cartilage. 

9.8 
Decrease of the Loads of Repair and/or Degenerated Cartilage 

One of the theories behind the development of osteoarthritis is that mechani
cal overload of an articular compartment produces microfractures in the sub
chondral bone which may lead to an increasing bone stiffness and a subsequent 
risk for progress of osteoarthritic disease [50]. To achieve an unloading it is 
rossible to do a division of the bone adjacent to the diseased compartment: a so 
called angular or rotational osteotomy. Most commonly seen for the knee joint. 
Theories behind the use of osteotomy are: 
- there could be a venous congestion subchondrally causing the pain and ex

perimental studies have shown that an osteotomy could changes the intra
osseous pressure and eventually give pain relief [Sl] 

- the realignement may take the unfavourable pressure of the diseased area 
and distribute the pressure more evenly. This may even allow a stimulation 
to some type of repair of the diseased cartilage [S2]. 
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Clinically, Tippett [83] presented the results from a combined operative pro
cedure for treating unicompartmental osteoarthritis with subchondral drilling 
and a rotational dome osteotomy. Satisfactory results occured in 90 % of the 
patients. However, Akizuki et al. [84] presented a study where patients with 
osteoarthritic knees were divided into a group of 51 knees treated with abrasion 
arthroplasty and osteotomy and another group of 37 knees that were treated 
with osteotomy alone. The first group showed a significantly better local repair 
of affected area but there was no difference between the groups in the clinical 
outcome at 2 to 9 years postoperatively. 

Nagel et al. [85] found that it seems that the results regarding activity level 
after tibial osteotomies is generally lower than the preoperative level and than 
gradually decreases with time. They suggested that tibial osteotomies could be re
commanded for patients less than 60 years of age, relatively preoperatively active 
and with a wish to in future participate in activities with stresses of impact load
ing across the affected joint, not suitable for a prostheses. Only one randomized 
study with tibial osteotomies compared with arthroplasties has been found [86]. 
They found no difference between a group of high tibial osteotomy and unicom
partmental knee arthroplasty 1 year post-surgery but both group were improved. 
Two retrospective, comparative studies between osteotomy and unicompart
mental arthroplasty showed results for the unicompartmental replacement as 
significantly better after 5 -17 years [87,88]. The technical skill of the performing 
surgeon is a critical factor as well as the surgeon ability to select the most suitable 
patient for osteotomy. 

9.9 
Resection and Interpositional-Arthroplasties 

A way to eliminate large destroyed articular cartilage areas is to excise the dis
eased part and let the bare bone ends be kept apart to let the blood clot forma
tion organize into a fibrocartilaginous tissue. These methods can give quite 
substantial pain relief however to the sacrifice of joint stability. Examples of res
ection or excision arthroplasties are resection of the acromio-clavicular joint 
and first metatarsophalangeal joint resection, resection arthroplasty for a failed 
hip fracture. 

To get a better stability the resection arthroplasties may be combined with an 
interposition of soft tissues like fascia, tendons, muscle and adiposal tissues. An 
example is the interposition with tendon flexor carpi radialis after basal joint 
resection of the thumb metacarpal joint for degenerative osteoarthritis [89]. 
Pain relief is noted but loss of strength in pinch-grip. Fascia lata has been used 
as an alternative to arthrodesis in young patients with post-infectious destroyed 
articular cartilage in the knee joint and with good functional results reported 
25-35 years post-interpositional surgery [90]. As in most biological articular 
resurfacing the results seem to be most successful in younger patients. 
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9.10 
Artificial Joint Arthroplasties 

The modern ideas of joint-replacement have their origin in the Smith-Peterson 
cup arthroplasty followed by the Charnley concept [91] of using polymethyl
acrylate as a fIxator between the subchondral bone plate and the artifIcial 
material. An arthroplasty could be an excisional, partial or total one and the 
material could be of biological as well as of artifIcial origin. The total joint 
arthroplasty must be considered as a defInitive treatment, and as the failure of 
an arthroplasty risk to result in a less than optimal function other types of less 
defInite procedures must carefully be considered fIrst. However, total arthro
plasties are nowadays highly reliable and have reported good to excellent results 
in more than 90% of the cases and survival rates of 90 - 95 % at ten years. The 
relief of pain and improved joint function seem to be almost very predictable 
and for elderly people a very safe and secure method when suffering from a mo
derate to severe osteoarthritis. In younger, active patients wear and loosening of 
the prosthetic components is a problem and the focus is the interface between 
the cement and underlying bone. This means that here the alternative techni
ques described for more local cartilage defects may have a place in the future 
and that explains the explosion of research for reliable biological articular re
surfacing methods. 

9.11 
Arthrodesis 

A fInal solution to severe cartilage injuries and osteoarthritis is to eliminate the 
destroyed joint surfaces and induce bony fusion, arthrodesis. Any joint can be 
fused and the pain relief and stability will be paid by loss of movements. Some 
joints as the fIrst metatarsophalangeal joint can be fused without great disad
vantages while others like the knee and hip-joint will cause signifIcant dis
advantages for the patient. The word arthrodesis is for many patients an ugly 
word and a lot of patients refuse to be operated with such an operation even 
though they suffer from considerable joint pain. 

However, arthrodesis is still a method to consider especially in young active 
patients with severe cartilaginous surface injuries and especially when there is 
a concomitant subchondral bone loss. 

9.12 
Discussion and Future Perspectives 

Animal experiments as well as clinical studies have shown that with a variety of 
operative techniques it is possible to stimulate a repair of chondral and osteo
chondral defects with a cartilaginous tissue. However, there still are no pro
spective, randomized studies evaluating the effectiveness of the different treat
ments and a lot of research is needed to learn the best way of perfecting a 
cartilage regeneration. It is also diffIcult to transfer a technique that is primar
ily developed to treat a local cartilage defect to an organ failure like ostearthri-
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tis. It has been said that it is unlikely that any of the different cartilage repair 
methods will be generally successful; structural and functional abnormalities 
of the diseased joint as well as the patients expectations and demands of the 
activity level will decide the surgeons treatment plan [92]. The surgeon is 
responsible for maintaining his/hers professional skills as well as acquiring new 
knowledge in clinical work. At the same time, the surgeon is obliged to look 
upon the new developments in each clinical field critically. To prevent a disease 
seems more attractive than to cure an already developed disease and therefore 
it is of great importance to find out if an early surgical treatment of a cartilage 
injury could prevent a progression into a more widespread disease, osteo
arthritis. 

The future of treatment could be found in a bioengineering approach, pro
gramming cells or tissues to respond and regenerate cartilage and subchondral 
bone. The increasing knowledge about the use of growth factors and the pos
sibility to use genetic transduction procedures to induce the different musculo
sketetal cells to secrete factors stimulating repair or inhibiting destructive cytoki
nes will let us combine pure instrumental orthopaedic surgery with the highest 
technology of biochemistry; for future treatment of cartilaginous and other types 
of musculoskeletal injuries biomedical surgery will be the new concept. 
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CHAPTER 10 

Scientific Basis of Physical Therapy 
and Rehabilitation in the Management of Patients 
with Osteoarthritis 
J.-M. CRIELAARD and Y. HENROTIN 

10.1 
Introduction 

The goals of physical therapy and rehabilitation in the treatment of osteo
arthritis (OA) are prevention, relief of pain, restoration or maintenance of 
movement, offsetting function loss and physical impairment reduction. 

Prevention aims to avoid joint dysfunction or to stabilize or delay osteo
arthritis progression. Prevention can be achieved by educational programs, 
weight loss, joint malalignment correction, joint stability improvement, bio
mechanical stress decrease, joint protection, environmental accommodation 
and psychosocial problem management. 

The second therapeutic aim is to relieve pain. Pain is frequently the first re
ported symptom and is often associated with reduced joint function. In re
sponse to this pain, muscles go into spasm, often creating a deforming force. 
Muscle spasm can increase joint pressure and alter normal kinematics. Pain 
relieving is capital to improve the quality of life and to avoid adverse effects 
such as decreasing muscle activity, muscle atrophy, physical aversion, osteo
penia, interruption of sleep and psychosocial stress. 

The third goal is to maintain muscle strength and elasticity, and preserve a 
functional range of motion. Reduction of the range of joint motion disrupts 
normal occupational, leisure or daily activities and causes overuse of surround
ing joints and provokes psychosocial problems. Muscles perform an important 
protective function for joints by maintaining normal alignment and serve as 
excellent shock absorbers. 

Rehabilitation must also provide supportive measures to compensate for a 
functional deficit of the patient and protect the damaged joint. Orthoses, adap
tive and assistance devices and environmental design contribute toward reach
ing these objectives. 

Finally, rehabilitation aims to reduce impairment. Aerobic exercise programs 
realised may improve physical capacity and function of patient with lower-limb 
and spine ~A. 

There are many modalities that may be therapeutically employed to accom
plish both general and more specific goals. In this chapter, we describe the 
scientific basis of physical therapy and the rehabilitation methods used in the 
management of patients with ~A. 
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10.2 
Physiotherapy Techniques 

Physiotherapy techniques are valuable therapeutic adjuvants for the treatment 
of osteoarthritic (OA) symptoms. These agents are efficient to treat specific 
joint problems but are inappropriate to treat generalized OA. Analgesia and 
muscle relaxation methods may also be used to prepare future rehabilitation 
and improve muscle performance. 

10.2.1 
Muscle Relaxing Action 

Muscle spasm is a source of pain and limitation of joint motion. Moreover, mus
cle spasm increases intra-articular pressure and stress to which the cartilage is 
subjected. Moreover, muscle spasm reduces muscular blood flow and provokes 
local ischaemia. Tendons are also sources of inflammatory process secondary to 
tensile stress generated by muscle spasm. Intra-articular pressure enhancement 
and tendon inflammation generate pain resulting in induced or amplified 
muscle spasm. Muscle spasm inhibition is an important therapeutic target in 
OA management. 

Muscle relaxation may be obtained by massage, deep and superficial heating 
or low frequency electrical current and hydrotherapy. Heat therapy may be ob
tained by conduction (heating pad, hubbard tank, parafango, paraffin, etc), ra
diation (infrared), convection (sauna, steam room) or diathermy (short waves, 
microwaves). Local application of heat increases blood flow to the area, de
creases pain and muscle spasm and causes general relaxation. Increased mus
cular blood flow promotes cellular metabolite elimination (lactate, CO2 , etc) 
and energizing source dispatching (02 , glucose, ... ). In addition, superficial heat 
produces sedation and analgesia by acting on free nerve endings [I]. Heat 
application also induces muscle relaxation by decreasing spindle neuromuscu
lar excitability [2]. 

10.2.2 
Analgesic Action 

The cardinal symptom of the osteoarthritis (OA) is pain. The pathogenesis of 
pain in osteoarthritis is multifactorial. Cartilage itself is aneural and therefore 
is not the source of pain. Consequently, the pain in osteoarthrosis originates 
from non-cartilaginous intra-articular and peri-articular structures. Possible 
intra-articular sources and causes of pain include intra-articular hyperpressure 
induced by joint swelling, overloading on exposed subchondral bone, trabe
cular microfracture, laceration of intra-articular ligament, pinching of synovial 
villi, shearing and distension of joint capsule and secondary inflammatory sy
novitis. Reduction of venous drainage with subsequent vascular congestion of 
bone, muscle spasm and peri-articular tendon inflammation constitute the 
extra-articular sources of pain in OA. Before starting the analgesic treatment, 
physician must choose the right target and identify the origin of pain. 
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Analgesia may be obtained by heat or cold therapy, ultrasound, pulsed elec
tromagnetic field, ionization, electrotherapy, acupuncture or electro-acupunc
ture or vibrotherapy. 

Cold is used to decrease pain and inflammation and may be generated by 
ice pack, cryogel, local spray, or cold stream gazeous systems [3]. Superficial 
cooling decreases muscle spasm has been demonstrated to decrease muscle 
spindle activity and raise the threshold of pain [4,5]. The use of vapocoolant 
sprays upon areas of painful muscle trigger points has been highly success
ful [6]. 

Deep heat is delivered by short-waves, micro-waves and ultrasound. The me
thods are also useful in treating painful musculoskeletal disorders. One study 
has shown that pain in OA of the hip and knee is significantly reduced by short
wave diathermy [7]. Superficial heat delivery by infrared light also improve pain 
and disability in patients with knee and hand OA. 

In a pilot, prospective double-blind randomized study, pulsed electro
magnetic fields (PEMF) decreased pain and improved functional performance 
of patients suffering of OA of the knee, hand or ankle [8]. Treatment consisted 
of 18 half-hour periods of exposure during approximately 1 month in a specially 
designed non contact air-coil device which produced a low frequency (less 
than 30 Hz), varying, pulsed electromagnetic field averaging 10 - 20 Gauss of 
magnetic energy [8]. The pulse phase duration was 67 ms, including 15 micro
pulses with a pause duration of 0.1 s. Moreover, the benefit appeared to remain 
for at least one month after completion of treatment. However, the mechanism 
involved is not yet clearly understood. Morever, short-wave diathermy and 
PEMF stimulate glycosaminoglycans synthesis by chondrocytes suggesting that 
electromagnetic fields may favorize cartilage repair [9, 10]. 

Ultrasound is generally employed in the treatment of a wide range of 
acute and chronic musculoskeletal disorders but meager evidence from well
designed controlled study has cast doubt upon its effectiveness [11]. Ultra
sound waves are sound waves with a frequency greater than audible sound 
(> 20,000 Hz). The most common therapeutic ultrasound frequencies used in 
physical therapy are 1 and 3 MHz. Ultrasound generates thermal and non
thermal effects. Two modes of application - continuous or pulsed - may be 
delivered by an ultrasound generator. Some of the local thermal effects pro
duced are increased blood flow, increased pain threshold, increased metabolic 
rate and increased extensibility of soft tissues [12 -15]. Energy exposures of 
0.5 - 2 watts/cm2 for 10 to 15 min is recommended. Non-thermal effects include 
increase of cell membrane permeability, calcium transport across the cell 
membrane, nutrient exchange, and phagocytic activity of macrophage. Non
thermal effects may be obtained by pulsed ultrasound emission. When the 
pulsed mode is applied, the thermal effects are reduced but the non-thermal 
effects remain unchanged. This mode of ultrasound application can result in 
non-thermal effects as pain relief without induction of deep-heating. This 
modality of application is recommended in the presence of tissue inflammation 
such as synovitis. Currently, pulsed ultrasound is used at a power range of 2 to 
3 Watts/cm2 • Little information is available on the effectiveness of ultrasound in 
the treatment of OA. One study reported that pain in OA of the hip and knee is 
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significantly reduced by ultrasound. It was also showed that there was signi
ficant additional improvement when ultrasound was combined with a non
steroidal anti-inflammatory agent [7]. On the other hand, Falconer et al. [161 
failed to demonstrate in a randomized, double-blind, sham controlled clinical 
trial that ultrasound therapy with exercise is more effective in reducing pain 
and increasing joint mobility of OA than exercise without ultrasound. 

Electrotherapy is widely used for the treatment of acute and chronic pain. 
The most generally applied electrotherapeutic modality is Transcutaneous 
Electrical Nerve Stimulation (TENS). TENS currents are generally character
ized by the pulse amplitude, the pulse duration and pulse frequency. The cur
rent characteristics normally employed are low frequency mono or biphasic 
pulses of short duration. TENS is usually delivered in one of three modes: con
ventional TENS (50 -100 Hz), accupuncture-like TENS or strong low rate TENS 
(SRL) (2-8 Hz), and burst mode TENS or "brief intense" TENS. These modes 
have different electrical parameters and are thought to use different biological 
mechanisms to achieve their analgesic effects [17]. A rational basis for the 
relief of pain by the use of TENS is provided by the gate control theory. Large 
diameter, cutaneous fibers (Aa~ fibers) are preferentially stimulated by TENS. 
This stimulation mechanism inhibits the transmisssion of painful stimuli to the 
spinal cord. Pain relief by acupuncture-like TENS was found to be reversible by 
naloxone, which suggest that relief is due to the activation of descending endo
phinergic system. Two recent overview in the literature [18,19] have analyzed 
the results of studies using TENS for the treatment of osteoarthritic knee pain. 
They concluded at the presence of many deficiencies in the design of the re
ported studies and the description of electrode placement and TENS param
eters used was found lacking. The common limitations of the surveyed studies 
in these reports were small sample sizes, lack of information on the ability and 
validity of the outcome measures as well as lack of standardization of the TENS 
protocol. Moreover, a powerful placebo response was often related in the sur
veys examined. However, the majority of these studies claim that TENS therapy 
has a superior effect on pain relief than that of the placebo group, irrespective 
to the TENS parameter used [20-25]. The reviewed studies also suggested that 
no single mode of TENS delivery is superior in relieving osteoarthritic knee 
pain. No consensus exists on the duration of treatment with TENS for osteo
arthritic pain. In the reviewed trials, TENS application duration varied from 
20 to 30 min sessions. Often pain relief was short in duration and only a small 
percentage of patients appeared to achieve a lasting reduction in pain following 
TENS therapy. A recent double-blind, randomized, placebo controlled study 
of 86 patients with OA of the knee reported that monophasic low frequency 
(100 Hz) pulsed electrical stimulation, delivered at night for 4 weeks, pro
vided significant improvement in knee pain and duration of morning stiffness 
[25]. Based upon these and other reported findings, the authors concluded that 
TENS produced clinically relevant reduction of pain and improvement of 
function and would be an appropriate treatment for patients that cannot 
tolerate non-steroidal anti-inflammatory drugs, with cardiac, liver or renal 
disease, that required repeated intra-articular injections or when surgery was 
not possible. 
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Galvanic current exerts sedative action (anode effect) and facilitates trans
cutaneous penetration of water soluble drugs (i. e. NSAIDS) and saline solution 
(i. e. CaCl2 1 %) [7]. Nevertheless, there are no controlled trials in the literature 
demonstrating the efficacy of this treatment on OA symptoms. 

Acupuncture and electro-acupuncture have been applied to manage pain in 
patient with osteoarthritis. Two studies failed to demonstrate a significant dif
ference between the treatment [26,27] and placebo group while one showed a 
long-term effect on painful relief [28]. In the oldest study, forty patients with 
OA in various joints were randomly treated either by conventional acupunc
ture or sham acupuncture as control. Pain level in both groups improved signi
ficantly, but there was no significant difference between the treatment and 
placebo groups [26]. A recent randomized placebo-controlled study, involving 
40 patients with OA of the knee showed that real and sham acupuncture signi
ficantly reduced pain, stiffness and physical disability, but no difference was 
found between the two groups [27]. The long-term effect of acupuncture treat
ment was studied in 29 patients with severe OA of the knee. The evaluation 
during and after the 50-week trial showed a significant reduction in pain 
and analgesic consumption in the treated group compared with the control 
group [28]. 

Finally, literature reports that transcutaneous mechanical vibration (lOO Hz) 
can relieve both acute and chronic pain [29]. As described for TENS, mechani
cal vibration acts by Aap fibers activation. 

10.2.3 
Antiinflammatory Action 

In some patients at some phases of the disease, an inflammatory component 
may be present in osteoarthritis (OA). Such inflammation is focal, being most 
pronounced where the synovium is adjacent to cartilage lesion [30 - 321. In
flammation of synovial membrane may contribute to cartilage loss by produc
tion of inflammatory cytokines such as IL-l or TNFa, which in turn results 
in release of matrix metalloproteases, such as collagenases and stromelysin, 
as well as prostaglandins, plasminogen activators and free radicals. Anti
inflammatory action may be conducted by cold application, ionization of non
steroidal anti-inflammatory drugs or ultrasound therapy conducted with a 
anti-inflammatory gel. 

10.2.4 
Hot or Cold Application on Osteoarthritic Joint 

In active osteoarthritis, destructive enzymes are produced in the inflamed 
joints. The activity of these cartilage-degrading enzymes, particularly aggre
canase, stromelysin and collagenase, is influenced by joint temperature. Enzy
matic activity increases with increasing temperature, resulting in increased 
breakdown of cartilage and other tissues [33]. In active osteoarthritis, the mean 
joint temperature is slightly elevated [34]. Therefore, one goal of physical 
therapy should be to decrease intra-articular temperature. In patients with in-
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flammation of the knee joint, the application of ice chips for 30 min or nitrogen 
cold air for 6.5 min decreases the intra-articular temperature by 6.1°C and by 
3.3 °C, respectively. Treatment with ligno-paraffin increases the temperature in 
the joint cavity by 107°C [35]. Others found that 30 min applications of hot pack 
at 42°C increased mean intra-articular temperature by 1.2 °C [36]. After 15 min 
of micro-wave treatment, joint temperature increases by 4.0°C in one study 
and 2.9°C in another. Finally short-wave diathermy increased intra-articu
lar temperature by only 104°C [37]. The depth of penetration of ultrasound 
is greater than that of short-wave or micro-wave diathermy. Only ultrasound 
can raise the intra-articular temperature of the hip joint [38]. Therefore, treat
ments that elevate intraarticular temperature, such as micro-wave diathermy, 
short-wave diathermy, superficial heat and ultrasound treatment are unsuitable 
for treating OA with secondary synovitis. At temperatures of 30°C or below, 
the activity of destructive enzymes is negligible. This can be achieved with 
local applications of cold (i.e., ice chips) for 20 to 30 min [37]. Cooled in
flamed joints spare the cartilage. If the patient nevertheless prefers heat, as is 
sometimes the case, superficial heat application should be no more than 5 to 
10 min [35]. 

10.3 
Rehabilitation Techniques 

Physical disability is one of the major symptoms of OA of a loading joint (spine, 
knee, hip, ankle). Multiple factors as alteration of the physical capacity, en
vironmental, social, psychological influences interact to cause physical disabil
ity. Physicians may improve physical capacity by increasing aerobic power, 
strength, joint function and gait. 

10.3.1 
Traction 

Traction may be used to relieve pressure on a compressed nerve root, a degener
ative intervertebral disc or articular cartilage. Traction force must be applied 
progressively and can be associated with pumping movement. Superficial heat 
applied before or during traction may help to reduce muscle spasm and then 
improve traction effectiveness. Traction force equal to 5 -7 kg is recommended 
for cervical application. Lumbosacral traction has been used to decrease pain in 
patients with disco genic disease or facet syndrome. Traction is used at a force 
equal to or greater than one half the body weight. The distance between the 
vertebral bodies is increased by a few millimetres [39]. Most studies report a low 
success rate in reducing back pain or radicular pain. However some patients 
do respond and it is sometimes applied when other modalities or stretching 
techniques have not resulted in relieving pain. 
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10.3.2 
Massage 

459 

The beneficial effects of massage include relaxation of soft tissues, decreased 
muscle spasm and trigger points, break-up tissue adherence, increased muscle 
flexibility, improved venous and lymphatic flow with reduction of oedema and 
increased local blood flow to an area. Different types of massage have been de
scribed: gentle gliding over the skin without moving the underlying tissues 
(effleurage), muscles kneading and rolling manipulation, vigorous cross-fibre 
friction over tendons or ligaments, neuromuscular massage, myofascial release. 
Massage with topical NSAIDs on osteoarthritic joint has been widely used for 
centuries in several countries in the Europe and in the United States. A novel 
approach to topical treatment of joint pain and inflammation consists of using 
capsaicin, a substance that results in the depletion of substance p from the 
nerve. Substance P is active not only as a neurotransmitter important for 
mediating pain sensation but also as a potent pro-inflammatory cytokine and 
active mediator of cartilage damage [40,41]. 

10.3.3 
Hydrotherapy and Spa Treatment 

The use of water as a therapeutic mode is termed hydrotherapy. As an exercise 
medium, water provides many benefits such as the property of buoyancy that 
helps to suspend the body and allow partial weight bearing during rehabilita
tion. The deeper the submersion, the less weight is borne. This property is im
portant during exercise program with patient suffering of OA of the loading 
joints. The temperature of the water also may be beneficial. A warm bath pro
motes relaxation, increases blood flow to the muscles and decreases pain. As sug
gested by some previous studies, swimming and water exercises are excellent 
means of exercising elderly people with generalized OA. Forty-nine patients with 
OA of the peripheral joint were treated with hydrotherapy in a recent trial. 
Results showed a decreased pain level and improved mobility [42]. In a random
ized, tap-water controlled, double-blind trial, thermal water was tested in 62 pa
tients with OA of the knee, treated in a non-spa environment. By the end of the 
3-week treatment, pain decreased significantly more in the thermal water group 
compared with the control group [43]. 

Modern spa therapy is a combination of different therapeutic factors includ
ing natural specific remedies of the spa (mineral waters, mud, climate, etc), drug 
treatment, physical therapy, dietary measures, psychological guidance and 
social measures [44,45]. The use of spring water in therapy date back in the 
history of medicine. Traditionally and empirically, the therapeutic value and 
indication of thermal spring waters are linked to its composition, mineral con
centration and temperature of the water. Thermal water containing high con
centration of sulphate, bicarbonate, sodium chloride, bicarbonate chloride and 
other trace elements (zinc, copper, etc) is usually recommended for treating 
patients with osteoarthritis. Six months after the completion of a two week spa 
therapy with 12 patients with symptomatic OA of the knee, a measurable 
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decrease of pain and tenderness in the joint resulted which underlines the long 
lasting effects of this combined therapy [46]. The same prolonged beneficial ef
fects of spa therapy on joint pain, functional impairment and quality of life 
were observed in a recent randomized, controlled trial of 188 patients with OA 
of the hip, knee and lumbar spine [47]. 

10.3.4 
Excercise Therapy 

The treatment goals of excercise in OA are to (1) reduce impairment and im
prove function (i. e., decrease pain, increase range of motion (ROM) and 
strength, normalize gait, and facilitate activities of daily living); (2) protect 
joints from further damage (i. e., reduce joint stress and improve biomecha
nics); and (3) prevent disability and improve health status [48]. 

10.3.4.1 
Range of Motion Exercises 

Joint stiffness in osteoarthritic patients may result from (1) capsular distension 
secondary to increased amount of synovial fluid; (2) retraction of the capsule, 
periarticular ligaments or tendons; (3) loss of articular cartilage with varying 
amounts of fibrosis osseous ankylosis; (4) joint surface incongruity, mechanical 
block (osteophytes, loose bodies); (5) muscles spasm and (6) pain (muscular 
sideration). 

Moreover, physician must keep in mind that loss of the range of motion in 
one joint affects the biomechanics of the adjacent proximal and distal joints. For 
example, when older persons with knee OA are compared to non-arthritic con
trols, range of motion (ROM) in both limbs and at all joints (hip, knee, ankle), 
are reduced [49,50]. Altered joint biomechanics modifies normal limb motion, 
increases joint stress, enhances energy consumption during movement, exacer
bates pain and instability. Furthermore, limitations in the motion of lower
extremity joints profoundly modify the normal gait kinematics. For example, 
patient with knee OA have lower knee angular velocity and knee range of 
motion but a compensatory increase in hip angular velocity than age-, mass
and gender matched control subjects. Moreover, they have an increasing load
ing rate in unaffected leg after heel strike and exert less peak vertical force 
during push-off [49,51]. In addition, it is now accepted that continuous passive 
motion has a trophic action on cartilage and can promote cartilage repair [52]. 
For these reasons, recovering functional ranges of motion are an important goal 
of the rehabilitation of OA patients. 

Many types of ROM exercises are usually applied in the treatment of OA pa
tients. 

- In passive ROM exercises, joint mobilization is performed by a therapist or 
splints. 

- In assisted ROM exercises, the patient moves the joint through its maximal 
ROM and the therapist assists with the terminal stretch. 
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- In active ROM, the patient moves the joint through its full range of motion. 
Joint mobilization can be facilitated by physiotherapy or massage applica
tion. Infrared, short-wave, micro-wave, and ultrasound reduce joint stiffness 
and improve ROM [53,541. 

10.3.4.2 
Strengthening Excercises 

Many papers have reported the relationship between knee osteoarthritis and 
weakness of the quadriceps [55 - 591. Some of these studies claim that pain is a 
secondary consequence of the loss of strength and activity associated with 
arthritis. Muscle weakness or asymmetric muscular activity may generate an 
unstable joint. Stress on an unstable joint may then lead to strain on innerved 
tissues and provoke pain and disability. Other studies postulate that the pain, 
secondary to decreased strength, may lead to or accentuate the overall func
tional losses seen in OA. Pain induces reflex muscle activity inhibition, a 
decrease of the limb function or even immobilization. This creates a vicious 
cycle of disuse, muscle weakness, pain and disability (Fig. 1) [60,611. 

In persons with symptomatic osteoarthritis of the knee, quadriceps muscle 
weakness is common and is widely believed to result from disuse atrophy se
condary to joint pain and swelling [621. This phenomenon is commonly called 
"Arthrogenous Muscle Inhibition" (AMI). Inhibition of muscle function has 
been reported in both normal and arthritic knee joints when increasing the in
tra-articular fluid volume and hydrostatic pressure [631. Another study shows 
that maximal isometric strength is markedly lower in the presence of an effu
sion and that an aspiration of joint produced a significant increase in strength 
[641. Meanwhile, AMI is also observed in patients without pain and joint effu-

Fig. 1. Vicious cycle of dis
use implicating muscle 
weakness and pain. Muscle 
weakness induces joint in
stability and consequently 
pain. Pain induces reflex 
muscle activity inhibition 
that may lead at muscle 
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sion suggesting that AMI involves other mechanisms. A histochemical study 
has shown a decrease of the relative number of type II fibers in the gluteus 
medius and tensor fasciae lata of patients with severe hip osteoarthritis (OAH) 
requiring joint replacement in comparison with age-matched control groups. 
The diameter of both types of fibers (I and II) is also significantly smaller in 
OAH than in the non-OA patients [65]. The relative increase in type I fibers 
may increase the stiffness of the muscle and may render the joint more 
susceptible to osteoarthritis by altering its shock absorbing potential. Inter
estingly, quadriceps weakness may be present in patients who have osteo
arthritis but do not have muscle atrophy [66]. These observations suggest 
that muscle weakness is not necessarily bound to muscle atrophy or pain 
and joint swelling and that weakness may be due to muscle dysfunction [59]. 
Muscle dysfunction may be secondary to limb deformity, muscle fatigue or 
impaired proprioception. Electromyographic analysis of quadriceps during 
isometric contraction at a knee flexion of 30° and 60° shows significantly 
higher activity for people with genu varum in comparison with people with 
normal tibial alignment with a preferential activation of rectus femoris [67, 
68]. This relative high percentage utilization of the quadriceps femoris may 
serve to explain the high energy requirement of ambulation and the suscepti
bility of those with knee OA to fatigue during prolonged activities. In turn, 
because fatigue is associated with abnormal co-ordination of muscle and 
impaired muscle shock absorption, this may explain why patients with limb 
deformity might be especially susceptible to joint damage during walking and 
standing. 

Furthermore, some studies suggest that quadriceps weakness is a primary 
risk factor for knee disability and progression of joint damage in persons with 
osteoarthritis of the knee [59, 69]. Madsen et al. demonstrated that a slight 
increase in strength (+ 19 % of the mean for men and + 27 % of the mean for 
women) could result in a decrease of from 20 % to 30 % in the odds of 
having osteoarthritis. 

Some studies have quantified the loss of quadriceps and knee flexor in gon
arthrosis. Both isometric and isotonic torque of knee extensor has been found 
to be lower in OA than in healthy reference groups [70] but no change of the 
shape of torque-angle curve was observed. Some studies have also stayed that 
the knee flexor torque is lower than normal, but that the loss in strength is 
not as great as in the extensors [71]. Isokinetic study also showed that unlike 
hamstrings weakness, quadriceps weakness is common [59, 72]. Isokinetic 
testing of knee musculature in patient with unilateral gonarthrosis revealed 
that peak torque and work reduction of quadriceps is more marked at low 
(600 /sec; -23%) than at high (240o/sec; -15%) angular velocity (Figs. 2 and 3). 
Moreover, flexor knee weakness is more commonly observed at high angular 
velocity [73]. 

Strengthening exercises in the treatment of OA have been promoted because 
muscles serve as shock absorbers around the joint and if stronger would be 
protective. Moreover, some studies have reported that exercises to strengthen 
the quadriceps relieve joint pain and improved physical function in persons 
with osteoarthritis of knee suggesting the role of muscle weakness in the 
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Fig. 2. A characteristic isokinetic torque-angle of motion curve of quadriceps and ham
strings. PT = peak torque corresponding at the highest torque output of the joint produced 
by muscular contraction as the limb moves through the range of motion; W = peak work de
fined as the area under the torque versus angular displacement curve [81,82] 
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Fig. 3. Quadriceps peak torque and work of eleven patients (5 women and 6 men) suffering 
unilateral gonarthrosis. The average age of the tested patients was 52 years old (range 41- 62). 
Muscle strength expressed as peak torque (Nm) and maximal work (J) was assessed by iso
kinetic dynamometers as a concentric contraction mode and at angular velocity of 6oo/sec 
and 2400/sec. To obtain comparable data on peak torque and maximal work, range of motion 
was assessed using a window of 100°. Statistical difference between groups was performed 
using the paired Student's t-test 
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pathogenesis of joint pain and disability [55, 74, 75]. Nevertheless, before 
starting a strengthening program, it is necessary to treat pain, swelling and 
capsule stiffness to reduce AMI factor that may undermine effective rehabili
tation by preventing strength increase of affected muscle groups. Moreover, 
pressure generated by extensor muscle activation in knee joints with effu
sion affects the synovial microcirculation by compressing the capillaries [76]. 
Intermittent ischaemia may be of etiopathogenic significance in the devel
opment of joint injury [71, 78]. This element must be considered when elab
orating the strengthening program. These findings suggest that exercises 
that strengthen muscle can prevent the development or progression of patho
logic changes of osteoarthritis or decrease the risk for joint pain or dis
ability. 

Exercises designed to increase muscle strength can be divided into three 
types: isometric, isotonic, and isokinetic. 

- In isometric exercises, muscles are contracted without changing their length 
or causing joint movement. The contraction is held for a specified time (6 s), 
relaxed and repeated five or ten times. Antagonist co-activation is recom
mended. Indeed, Himeno et al. [79], showed that nearly equal pressure dis
tribution over the complete femoro-tibial articular surface results if forces 
generated by the agonist is counterbalanced by antagonist activation. Such 
arrangements reduce the overall articular surface pressure and prevent focal 
surface damage [80]. 

- In isokinetic exercises, the joint moves through a range of motion with a 
constant speed of movement. Resistance is variable so that increased mus
cular force results in increased resistance rather than increased accelera
tion. Interfacing of microprocessors with isokinetic dynamometers allows 
a rapid quantification of a variety of parameters of muscle function in
cluding peak torque, angle-specific torque, work, power, endurance in
dexes and speed of contraction can be measured to evaluate changes in 
clinical studies. Many of these offered parameters have been overlooked 
by poor scientific evidence concerning their validity, reproducibility and/or 
clinical importance decreasing their applicability for routine use [81]. In 
patient rehabilitation, the major benefit of isokinetic training is that the 
dynamometer could accommodate to the decrease force applied at a painful 
arc of motion and reduce the resistance. Nevertheless, it is reported that 
isokinetic exercise, particularly at low speed, produces heavy loads on the 
involved joint and may therefore, place risks upon healing tissues, espe
cially in healing cartilage defects where pain control is not always very 
effective. 

Recently, Miltner et al. [83] described the influence of isokinetic exercise on 
the intra-articular oxygen partial pressure of an osteoarthritic joint. They con
cluded that a velocity of 60o/sec (slow dynamic tension) leads to a reduction of 
the intra-articular p02 below the resting value whereas a velocity of 180o/sec 
leads to improvement of the intra-articular metabolic condition [83]. It is 
known that pathological reduction of the intra-articular oxygen partial pres-
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sure has deleterious consequences for the metabolism of chondrocytes. Never
theless, the most dangerous mechanism for cartilage integrity occurs when hy
poxia is followed by a tissue reoxygenation. A panel of studies has shown that 
exercise of the inflamed human knee (including inflammatory osteoarthritis) 
induced hypoxic-reperfusion injury mediated by reactive oxygen species [77]. 
The mechanism of synovial ischaemia-reperfusion is now well understood. In 
the osteoarthritic knee, the mean resting value of the partial oxygen pressure is 
significantly decreased. Exercise of the knee with inflammatory synovitis is as
sociated with a large increase in intra-articular pressure, exceeding the capil
lary perfusion pressure, and in certain cases the systolic blood pressure, and 
consequently leads to tissue hypoxia [84]. During this period of raised intra
articular pressure, the synovial fluid p02 falls. When rest allows, intra-articular 
pressure decreases, a reperfusion of blood occurs creating a ischaemia-reper
fusion phenomenon [77] (Fig. 4). Oxygen tension suddenly increases and active 
oxygen species are formed, more particularly at the level of altered mitochon
dria chain. Evidence is presented that the microvascular endothelial cells and 
chondrocytes are the predominant source of active oxygen species (AOS) in 
osteoarthritic joint exposed to hypoxia-reoxygenation [78, 85]. Active oxygen 
species may induce damage in all matrix components and decrease synovial 
fluid viscosity [86 - 88]. Moreover, hypoxia induces endothelial cell synthesis 
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Fig. 4. Ischaemia-reperfusion phenomenon occuring in synovial membrane during repeti
tive exercises of an inflamed joint 
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and release of IL-1 [89]. IL-1 is one of the most soluble cytokines responsible for 
cartilage degradation in ~A. 

Closed chain exercise could be privileged since qualitative geometrical ana
lysis indicates that the antagonists provide regulated stabilizing functions to 
distraction forces generated by the agonist muscles, as well as support this evi
dence of equalizing articular surface pressure distribution meant to preserve 
and prolong the cartilage integrity [80]. 

- In isotonic exercises, the joint is moved through an arc of motion, with or 
without additional resistance with muscle shortening and lengthening. Iso
tonic exercises can be also included in strengthening programs. Never
theless, isotonic program must be conducted in undamaging range of mo
tion and with sub maximal resistance. 

Finally, some studies have described the beneficial effects of a quantitative 
progressive exercise program (QPE) conducted for muscle strength, endurance 
and contraction speed over a three month period. The QPE program is com
posed of isometric, isotonic, isotonic with resistance, endurance and speed 
contractions prescribed in a progressive sequence [90]. Nevertheless, this pro
gram fails to correct the abnormal gait pattern observed for OA patient. An 
additional gait retraining seems to be necessary to "re-program" the locomotor 
pattern [91]. 

10.3.4.3 
Stretching Exercises 

Stretching exercises aim to increase length of shortened muscle surrounding 
the OA joint. Muscle shortening may be a consequence of long-term muscle 
spasm, skeletal deformity or limited joint motion. Thus, muscle shortening in
duces abnormal joint strain and limitation of joint motion. After 4 weeks of 
stretching exercises with or without additional ultrasound, active ROM and 
isometric strengthening exercises, increased ROM and gait velocity was de
monstrated [16]. Leivseth et al. [92] studied passive stretch therapy in six pa
tients with OA of the hip. Stretching force was applied perpendicular to the 
adductor muscles with the hip flexed to 45 0 and maximally abducted without 
moving the hip joint. A 30 sec stretch was followed by a 10 sec pause and re
peated for 25 min, 5 days a week for 4 weeks. Hip abduction increased a mean 
of 8.30 and patients reported reduced pain. After therapy, muscle biopsies 
showed hypertrophy of type I and II fibers with an increase in muscle glyco
gen content. Stretching is not used for an inflamed joint and care must be 
taken in the presence of a joint effusion, as forceful stretching can rupture 
capsule. However, it is most useful in the presence of tight muscles, tendons 
and joint capsule. 
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There are several lines of evidence that support the use of aerobic training as a 
therapeutic modality for patients with osteoarthritis. Firstly, oxygen consump
tion and the energy cost of walking are increased in patients with osteoarthri
tis of the knee [93]. This would appear to be related to the loss of normal joint 
and muscle function with resultant inefficient locomotion. Secondly, patients 
with gonarthrosis are typically overweight and have decreased muscle strength 
and aerobic capacity as compared with non-arthritic patients. Recently, it was 
demonstrated that severity of gonarthrosis was associated with lower maxi
mum oxygen consumption (V02 max), suggesting that inactivity secondary to 
more severe arthritic symptoms can result in cardiovascular de conditioning 
[94]. The low fitness level of patients with lower limb osteoarthritis is likely 
linked to the physical inactivity to avoid knee pain. Thirdly, exercise programs 
have positive benefits on physical function and mental health. Fourthly, recent 
studies have described improvement of the physical capacities (aerobic capa
cities, walking time, etc.) of patients participating in therapeutic exercise pro
grams [61,95,96]. The association between severity of gonarthrosis and cardio
vascular deconditioning supports the concept that a regular exercise program 
should be recommended for patients with osteoarthritis. 

An aerobic exercise program must be individualized for a particular joint 
impairment. For example, low-impact aerobic conditioning exercises are ad
vocated for weight bearing OA joints. Exercise such as walking may be appro
priate for patients without significant weight-bearing pain. Bicycle ergometry 
can be potentially used for patients that retain adequate knee flexion and who 
do not have severe patellofemoral disease. Swimming or pool exercises effec
tively relieve weight-bearing stresses from lower extremity joints and may 
be the most appropriate form of exercise for patients with more advanced ar
throsis. 

On the other hand, the therapist must keep in mind that excessive and ab
normal stresses contribute to the development and the progression of osteo
arthritis [97-101]. However, the long-term effectiveness and safety of exercise 
in persons with osteoarthritis remain debated. In respect to the measure of fit
ness, it has been shown that higher-intensity training programs lead to greater 
improvements. However, higher intensity exercise programs can result in in
creased rates of injury and lower compliance [102]. In prescribing aerobic exer
cise for persons with knee OA, the guiding principle should be to prescribe fre
quent bouts (3 times per week) of moderate duration (e.g. 35 min). 

In designing the exercise program, the physician must attempt to achieved a 
balance between the intensity of the program and the goals of making exercise 
regimens safe, simple and appropriate for older people. This golden rule is im
portant to insure maximum long-term compliance with exercise regimens. 
Some studies have designed and validated aerobic exercise programs for OA pa
tients [103,104]. Recently, a randomized trial comparing aerobic exercise with a 
health education program in older adults with symptomatic knee osteoarthri
tis showed a significantly more pronounced improvement of mobility, physical 
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performance and reduced pain in the aerobic exercises group than in the health 
education groups [105]. Another study showed that subjects who participated in 
aerobic walking or aquatics programs for 12 weeks, presented significant im
provement over control subjects who participated in only non-aerobic ROM 
exercise, in terms of aerobic capacity, gait velocity, anxiety and depression [95]. 
On the other hand, no significant differences between groups were observed for 
duration of morning stiffness or grip strength. To avoid excessive loading stress 
during aerobic training, Mangione et al. [106] proposed treadmill exercise pro
gram at 20 % or 40 % of body weight support. This method permited recom
mended training intensities to be obtained in elderly people with OA, but may 
not provide pain relief in this group. 

10.3.5 
Proprioceptive Reeducation 

Neuromuscular systems control the mechanical environment of the joint and 
protect joint structure against excessive shearing, tensile or loading strain. 
Several studies comparing the ability of healthy volunteers and those with OA 
of the knee to reproduce knee angles in weight bearing and non-weight bear
ing circumstances demonstrated that proprioception is altered in OA volun
teers [107-110]. Gait velocity, cadence, stride length and gait cycle each nega
tively correlates with either active angle reproduction test result suggesting 
that patients used slower locomotion to compensate for poor proprioception 
[107]. The origin of the proprioceptive deficit is not yet clearly identified yet it 
does not appear to exclusively be a local result of disease in knee OA [110]. In 
animal studies, deafferation (ipsilateral L4-S1 root ganglionectomy or neurec
tomy) of structurally intact, stable joints does not induce joint degeneration. 
Neurectomy involved the three primary articular nerves, leaving intact the 
sensory nerves from muscles, tendons, skin and small accessory joint nerves. 
This finding suggests a minor role for articular receptors in healthy joints. 
However, in unstable joints, deafferation greatly accelerates joint degeneration 
suggesting that sensory input is important in protecting the unstable joint 
from rapid breakdown [111, 112]. Moreover, these animal experiments reveal 
that sensory inputs are temporarily important in protecting the unstable joint 
suggesting that central nervous system acquires the ability to protect the un
stable joint even in the absence of ipsilateral afference. The authors conclude 
that there exist two sets of protective muscular reflexes (PMR). One set pro
tects normal joints and is independent of ipsilateral sensory input. It could 
be driven by sensation from the contralateral limb, the forelimbs, the visual 
system and vestibular system, all of which influence a variety of CNS pro
grams. The other set of PMR apparently protects unstable or injured joints 
from rapid breakdown and heavily depends on ipsilateral sensation that in
fluences CNS programs. These observations speak for neuromuscular mecha
nism involvement in the etiopathogenesis of OA and argument for proprio
ceptive training of OA joint. Some studies have shown that proprioception can 
be enhanced by wearing orthoses or an elastic bandage [113]. Muscular train
ing, unloading or loading proprioceptive exercises, gait training, biofeedback 
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and electrical stimulation have been proposed as other approaches to en
hancing proprioception [114 - 116]. 

10.3.6 
Orthoses and Assistive Devices 

Some orthoses have been developed for the treatment of gonarthrosis. Revel 
[117] preconised a rest unloading compartmental orthosis inducing valgus or 
varus depending of the damaged compartment in the treatment of femoro
tibial arthrosis. He reported that the use of this orthosis during the night or at 
least 4 h a day during rest periods for 29 months induced a decrease of pain, 
hydarthrosis and analgesic drugs consumption in most of the cases studied. 
Valgus knee bracing (Generation II bracing) produces statistically significant 
pain relief in older patients with medial compartment severe gonarthrosis in 
comparison of age-matched control groups. In addition, GIl knee braces worn 
on a daily basis for 12 months increase isokinetic quadriceps muscle strength, 
increase femoro-tibial angle and decrease lateral movement of the center of 
gravity during gait in OA patients [118, 119]. The decrease in the center of 
gravity range caused by a reduction in lateral swing might improve joint 
stability thereby decreasing the load on the medial compartment. A second 
pain-relieving factor could be the increase in quadriceps muscle strength. 

An orthosis (Joint Active Systems, Effingham, IlL) that utilizes principles of 
stress relaxation (constant displacement) and static progressive stretching was 
used to re-establish range of motion. The orthosis is designed to facilitate per
manent (plastic) deformation of soft tissue through incremental increases in 
displacement. A progressive stretching protocol creating an incremental series 
of stress-relaxation states is also allowed. The orthosis is also designed to dis
place the fulcrum of the applied force away from the center of rotation of the 
joint. Shifting the fulcrum away from the joint line reduces compressive bend
ing stresses [120]. 

Recently, it was demonstrated that tape applied with a force pulling the pa
tella medially provides significant reduction of pain in patients with osteo
arthritis affecting the patellofemoral joint. Patella taping is a simple, safe and 
inexpensive treatment procedure that can be combined with other therapeutic 
intervention and which patients can learn to use themselves [121,122]. 

Keating et al. [123] demonstrated that the use of lateral heel wedges relieved 
pain in patients with mild or severe medial osteoarthritis of the knee. The 
wedge prescribed provided lateral heel elevations of 6.35 mm and lateral 
sole elevation of 4.76 mm. Shock absorbing viscoelastic shoe soles and in
soles provide much relief for many people with lower limb and back osteo
arthritis [124]. 

In elderly people with lower limb osteoarthritis, walking sticks and walkers 
must be prescribed to maintain functional status without exacerbating pain. In 
hip OA, proper use of a cane on the contralateral side can reduce joint reaction 
forces at the hip by as much as 50 per cent [l2S]. 

Spinal orthosis may also provide significant pain relief for patients with OA 
in the lumbar, thoracolumbar and cervical areas. Spinal brace can limit motion 
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and reduce loading strain by maintaining the spine in a semi-erect position and 
supporting weak muscles. 

Orthosis technology for the hand has greatly evolved since the development 
of low temperature, thermoplastic orthotic materials. Low temperature material 
can be softened in hot water and then molded directly to the contours of the pa
tient. Most therapists consider the use of orthotics for immobilizing or restrict
ing the joints to reduce inflammation. However, orthoses can be designed to 
stabilize individual joints to improve functional dexterity or strength of the 
hand or digits. Orthoses can now be selectively designed to correct joint, soft 
tissue or muscle contracture [126]. Orthotic treatment of the OA hand can be 
small cylinder orthoses fitted to slip over inflamed DIP joints. They limit mo
tion and prevent trauma, allowing patients to use their hands in activities that 
otherwise would be painful. The thumb is one of the most frequently observed 
localization of OA. Orthotic treatment aims to stabilize the carpometacarpal 
joint in abduction with a web space C-bar that block thumb adduction and 
allows full interphalangial joint flexion [127]. Nevertheless, if active wrist 
flexion and extension elicit pain in the base of the hand or thumb, there is a 
good chance that more than one trapezial surface is affected by OA. Indeed, in 
one study of 200 candidates for surgery for OA of the CMC joint 86 % had 
involvement of trapezial joints [128]. Pantrapezial arthritis requires a rigid, cir
cumferential wrist orthosis that prevents wrist and thumb CMC joint motion. 

10.4 
Educational Action 

Severals studies have shown that pain or disability in osteoarthritis does not 
correlate with cartilage loss. In such pain, educational factors seem important. 
It was reported that severe knee pain in osteoarthritis is associated with low 
educational attainment, especially with people having fewer than 8 years of edu
cation [129]. For this reason, various different educational interventions have 
been developed and they appear to give equivalent results. Two important 
works [130,131] showed that regular contact via monthly telephone calls from 
health care workers improved pain and function of patients with knee OA. 
However, the most investigated educational program is unquestionably the 
back school program. In a review of 16 randomized clinical trials on the efficacy 
of back school programs, seven studies reported positive results and seven 
others reported negative results of back school in comparison with control 
groups [132]. It is interesting to note that the four trials with the best methodo
logy reported beneficial effects of back school [133 -136]. These studies indicate 
that back school may be effective in occupational settings in acute, recurrent 
or chronic condition. Nevertheless, the reported benefit of back schools are 
usually of a short duration. The most promising type of interventions seem 
to be the "Swedish back school" or derived programs and are quite intensive 
(a 3 to 5-week stay in a specialized center). The original "Swedish back school" 
consists of four lessons lasting about 45 min [137]. During the lessons, informa
tion is given on the anatomy and function of the back. Patients also receive in
structions on isometric abdominal muscle exercises and are encouraged to in-
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crease their activity level during leisure time. This original Swedish program 
underwent some modifications. Exercises, relaxation, ergonomics counseling, 
postural education and psychotherapy were progressively introduced in back 
school program. 

10.5 
Concluding Remarks 

Osteoarthritis is principally a disease of elderly people characterized by pain, 
joint stiffness and swelling, muscle weakness and spasm, disability and physical 
fitness alteration. Improvement of the algo-functional status of OA patients is 
the principal goal of the physical therapy and rehabilitation. Physicians have 
some physiotherapy and rehabilitation techniques at their disposal to effica
ciously treat OA symptoms (Fig. 5). However, treatment success will depend on 
the feeling and the discrimination of the physician in the use of these methods. 
Physician action must be adapted to the stage and the extent of arthritis, the 
joint involved, the presence or absence of inflammatory process, the alteration 
of joint biomechanics, the patient's life style, the handicap, the compliance 
with treatment, the patient's medical problems and how they may affect the 
rehabilitation process. Osteoarthritis is often interspersed with congestive epi
sodes due to inflammation of synovial membrane and often accompanied by 
chondrolysis. In osteoarthritis, clinical signs of inflammation are moderate and 
often difficult to diagnose. Physicians must be attentive to the increase of pain 
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Fig. 5. Therapeutic schema for the management of patients with osteoarthritis 
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intensity and morning stiffness, the appearance of nocturnal pain and joint 
swelling and the reduction of walking time for loading limb. In the presence of 
inflammatory process, the physical therapist must immediately reconsider its 
therapeutic attitude. Rest, joint unloading (i. e., orthosis, cane, etc), analgesic 
(i. e., TENS, acupuncture, ultrasound, pulsed electromagnetic field, etc) and 
anti-inflammatory actions (i.e., cold therapy, ionization), massage, passive 
joint mobilization in a limited range of motion should be privileged during 
congestive episodes. When inflammation is relieved, progressive stretching, 
strenghtening, proprioceptive and aerobic exercises may be prescribed to re
duce impairment and improve function. Exercise programs must be accommo
dated to the functional capacity and need of the patient and reconsidered in the 
presence of joint pain and swelling. 

Prevention is another challenge of rehabilitation in the management of ~A. 
Primary prevention aims to avoid or delay OA appearance. It may be obtained 
by educational programs, weight control, joint instability and biochemical dis
orders correction, professional and sports joint stress reduction. Secondary pre
vention aims to stop or slow OA progression. This aim may be achieved by or
thosis, devices, educational programs and environmental adaptation. 

We can conclude that physical therapy and rehabilitation playa crucial role 
in the management of ~A. Physical therapy and rehabilitation may not only act 
on symptoms but also prevent or reduce disability and improve overall health 
status. 
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CHAPTER 11 

Conclusions and Perspectives 

MICHEL G. LEQuEsNE and LEONARDO PUNZI 

After reading such a well thought and documented book on the experimental 
and clinical aspects of osteoarthritis (OA, it is both a pleasure and a difficult 
task to review this work. We summarized the chapter by highlighting the main 
points, adding where relevant, new data (with references) or personal remarks. 

Future perspectives are more difficult to determine than conclusions. Data, 
concepts and consequent extrapolations considered valid in the 1960'S and 
1970'S are now discussed, disputed and frankly, even discarded. We beg the in
dulgence of those reading this work during the coming decades, who may smile 
when considering some of our perspectives at the end of this millenium. 

Chapter 1 
Structure and Function of Normal Human Adult Articular Cartilage 
(E.J-M.A. THONAR, K. MASUDA, D.H. MANICOURT and K.E. KUETTNER) 

In their extensive review the authors describe the functional properties of nor
mal human adult articular cartilage and the complex interrelationships be
tween chondrocytes and matrix, and between the various molecules of the 
matrix. 

Chondrocytes are responsible for the development and maintenance of the 
pericellular matrix, which is characterised by a high content of large proteogly
can (PG) aggregates, bound to the cell by the interaction of hyaluronate with 
CD44-like receptors. The authors underline that although the importance of the 
PGs in cartilage is undeniable, their exact role is still not understood. The core 
protein of the predominant PG in articular cartilage aggrecan contains three 
globular (G1, G2 and G3) and two extended interglobular (E1, E2) domains. 
Using anti-EGF (epidermal growth factor) polyclonal antibodies, the authors 
recently revealed a sub-domain, EGF-like, within the G3 domain. Although the 
exact function of this sub-domain is only partially known, it has also been 
found in adhesion molecules controlling lymphocyte migration, suggesting a 
role in the regulation of chondrocyte activation. 

Articular cartilage contains several PGs smaller than aggrecan, such as bigly
can and decorin, that interact with different macromolecules, including colla
gen, fibronectin and growth factors. Anchorin, fibronectin and COMP (cartilage 
oligomeric matrix protein) are the most well known among the interesting non
collagen non-PG proteins, which interact with other matrix molecules to form 
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a network. However, the functions of other recently discovered matrix proteins 
including a 36 kDa protein, a 39 kDa protein (termed GP-39), and a 21 kDa pro
tein still need to be clarified. 

Concerning the biochemical basis characterising the functional properties of 
articular cartilage, recent studies have explained the complex interactions be
tween water content, PGs and collagen fibers under physiological conditions 
and when cartilage is submitted to loading. These observations will contribute 
to a better interpretation of the role of obesity, one of the most important risk 
factors for osteoarthritis (OA). 

Chapter 2 
Epidemiology and Economic Consequences of Osteoarthritis 

2.1 
The American Viewpoint 
0. c. SCOTT, M. LETHBRIDGE-CEJKU and M. C. HOCHBERG) 

Arthritis and musculoskeletal diseases are the most common chronic diseases 
and causes of physical disability in the United States (US). The costs to the US 
economy are striking. $ 54.6 billion in 1988, $ 64.8 billion in 1992. Although there 
is very little doubt that OA is responsible for the vast majority of these costs, 
data concerning its exact prevalence are few and frequently controversial. The 
authors underline that some important basic aspects necessary to perform re
liable epidemiological studies on OA, such as a standard definition of OA, 
clinical classification and radiological criteria, have been only recently estab
lished. Thus, results from old studies should be interpreted with care. 

Much of the information in the US is derived from the First National Health 
and Nutrition Examination Survey (NHANES-I), conducted from 1971 to 1975. 
A clinical diagnosis of OA, based on symptoms and physical findings by exam
ining physician, was found in 12 percent of 6913 examinees aged 25 to 74. Using 
estimates for the 1990 US Population, the National Arthritis Data Work Group 
estimated that over 20 million adults have physician-diagnosed OA. The preva
lence of OA increases with age. No data on time trends of the prevalence of OA 
in US are available. 

Concerning the risk factors, overweight may be considered the most im
portant modifiable factor for the development of knee OA in both sexes. The 
NHANES-I study indicates a significant direct association between body mass 
index (BMI) and OA of the knee, both its occurrence and its worsening. Similar 
results were obtained by Hochberg and colleagues, who examined participants 
in the Baltimore Longitudinal Study of Aging. Furthermore, these authors 
found no correlation between body fat distribution and the presence of knee 
OA. Concerning the association of obesity with hip OA, the relationship is to 
lesser strength than to OA of the knee. 

Data from NHANES-I were also utilised to study the relationship between 
occupation and knee OA. Subjects who worked in jobs with either increased 
strength demands or higher knee-bending demands had greater odds of radio
graphic knee OA. These data were confirmed in the Framingham study. Con-
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cerning hip OA, in the only US study, Roach and colleagues observed that men 
with hip OA had 2.5 fold greater odds of having performed heavy workloads 
than controls. Furthermore, duration of heavy workloads seem an additional 
important risk factor. 

The authors concluded with some important suggestions concerning the 
prevention of OA: avoiding overweight should be included as the primary 
prevention. Secondary prevention strategies include weight loss, and regular, 
low intensity, aerobic physical exercise in knee OA. Since recent data from 
the Framingham Osteoarthritis Study observed that elderly people with a low 
dietary intake of antioxidants, especially vitamin C and E, as well as those with 
low serum levels of vitamin D, have high rates of progression of radiographic 
changes of knee OA, dietary supplementation with these vitamins may be con
sidered as useful in elderly people with knee OA. 

2.2 
The European Viewpoint 
(x. BADIA LLACH) 

In recent years, studies on OA epidemiology have notably increased in Euro
pean countries. Some recent studies have introduced new methodologies, such 
as self-reports of joint pain. Using this technique, the prevalence in Spanish 
communities was estimated to be 12.7 % for rheumatic diseases, of whom 43 % 
have OA. A Swedish study using self-reports found that 30 -43 % of female and 
15 - 25 % of male subjects aged 70 -79 reported joint complaints, and that knee 
joints were the most common sites in both sexes. 

Concerning risk factors, among the few studies which have investigated the 
impact of genetic factors on OA in Europe, Spector et al. recently found signifi
cant differences, in term of prevalence, between identical and non-identical 
twins, with a clear genetic effect concerning hand or knee OA in women, and 
genetic influences ranging from 39 % to 65 %. Let us add the results of a recent 
English survey on genetic predisposition of hip OA (1): the relative risk for hip 
OA in siblings (n: 611, from 398 families) of ascertained hip OA patients were 
found as high as 5.1 in men and 2.6 in women for moderate OA, and close to 
twice the rate with severe OA. 

The importance of overweight has also been confirmed in Europe not only 
for the knee but also for hip OA. Interestingly, it was found that although over
weight was a risk factor in the development of hip OA, it appeared to be less im
portant than physical work load and sport, with the etiological fraction related 
to the three factors being 55% for sports, 40% for physical work and 15% for 
obesity. We recently reviewed the literature on sport practice and OA (2); the re
lative risk in certain sports such as football, tennis and long distance running 
are from 2 to 5 (mainly 2 - 3) according to extensive Scandinavian studies, pro
viding the practice is of high level. 

The author underlines the economic implications of OA, with consequent re
levant socio-economic costs, most of which being related to arthroplasties and 
pharmacological treatment. Among drugs, the cost implications of non-stero-
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idal anti-inflammatory drugs (NSAIDs) are greater. As demonstrated by a 
recent unpublished study performed in Spain, a significant part of these costs 
are related to the adverse drug reactions frequently associated with NSAIDs. 
Thus, the "true" cost of a NSAID is not normally reflected in its prescription 
price. 

Xavier Badia Llach offers some useful examples in reducing OA costs. Con
cerning the above mentioned NSAIDs, a study demonstrated that reducing the 
prescription of NSAIDs, reducing dosage, switching to less toxic NSAIDs and 
using targeted prophylactics could lead to a reduction of up to 50 % in the cost 
of these drugs. 

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) 

In vitro models have provided important information on normal and patho
logical chondrocyte functions and activities. In their extensive review, the au
thors underline the numerous difficulties in obtaining reliable culture models 
and the possible bias in the interpretation of the results. A major challenge is 
the reproduction of the complex extracellular environment without modifying 
the specific phenotype of chondrocyte. Several culture models have been pro
posed, however, each culture system is particularly suitable for exploration of 
one particular aspect of chondrocyte metabolism while unable to reproduce the 
complexity of in vivo chondrocyte functions. 

Among the several aspects to be considered is the variability of metabolic ac
tivity and the responsiveness to exogenous stimuli of chondrocyte through the 
depth and localisation of the tissue. Other important causes of variability are 
the age of the donor and the pathological status of the joint from which the car
tilage is harvested. Differences in technical models used for chondrocyte iso
lation, such as enzymatic digestion, may modify some characteristics of chon
drocyte response. Thus receptors can be down-regulated or damaged, cell
matrix interactions mediated by integrins can be disrupted, and residual matrix 
components contaminating isolated cells may deregulate chondrocyte synthe
sis. These observations are particularly useful in the interpretation of studies 
concerning cytokine and growth factor effects. Furthermore, when chondro
cytes are seeded in a support plastic, they lose their cartilage-specific pheno
type and show a fibroblastic-like morphology. 

Concerning the type of culture, monolayer is useful to study cell differentia
tion. Chondrocytes re-express the differentiated phenotype when they are 
transferred from a monolayer to suspension. Thus, three-dimensional culture 
models have been developed allowing optimal studies on matrix formation, 
since chondrocytes conserve their phenotype for several weeks. Moreover, cul
tures of chondrocytes in a three-dimensional matrix allow tissue engineering 
for transplantation in cartilage defects. 



3.2 
Animal Models of Osteoarthritis 
(K. D. BRANDT) 

M.G. Lequesne and L. Punzi 

Due to the difficulty in obtaining joint tissues from humans with OA with the 
pathological changes are advanced, animal models are very useful in studying 
the evolution of OA and the effects of drug administration. Unfortunately, at 
present, no animal model is flawless; Thus researchers are frequently obliged to 
verify their observations using different models. 

Among the numerous models reviewed in this chapter, Brandt emphasizes 
the validity of the "canine cruciate-deficiency model", which has frequently 
been criticised as a model of cartilage injury and repairs, rather than of OA. 
Brandt clearly validates this as a model of OA, mainly for biochemical and RMI 
aspects of progressive cartilage changes, as observed in OA. In this model, car
tilage degeneration, with fibrillation and thinning, gradually develops failure 
of the joint, with loss of cartilage down to bone which may take 3 - 5 years. 
Furthermore, this model is useful to evaluate the role of additive factors in 
accelerating OA, such as neurogenic deficiency and subchondral bone changes. 

If dorsal root ganglionectomy or articular nerve neurectomy precedes liga
ment transection, fullthickness ulceration of the cartilage occurs within only 
weeks, resembling Charcot neuropathic arthropathy in humans. The canine 
cruciate-deficiency model has also furnished information on the role of sub
chondral bone in OA. Radiographic studies of dogs that had undergone cruciate 
ligament transection revealed that typical articular cartilage changes of OA can 
occur in the presence of osteopenia and that the stiffening of subchondral bone 
is not a requisite for the initiation of early cartilage changes in this OA model. 
This finding conflicts with the hypothesis of E. Radin who theorised that the 
major role of the subchondral bone stiffening is in the initiation and progression 
of OA (4). On the other hand, this point of view is now supported by the data 
mentioned by J. Martel-Pelletier et al: there is an enhanced bone remodeling at 
the subchondral plate "at the onset of or during the OA process" (see chapt. 4.4). 
Indeed, the two opposite conditions fo the subchondral bone, osteosclerosis/ 
osteopenia, may be detrimental to cartilage: a hard stiffened bone basis en
hances loading pressure and impact effects on the overlying cartilage; on the 
contrary, the loss of subchondral bone density could theorically disturb me
chanical strain in the overlying articular cartilage, leading to degenera
tion. In keeping with these observations, Brandt recently demonstrated that the 
administration of a biphosphonate inhibits re-absorption and subchondral 
bone formation, although it had no effect on osteophyte formation. 

As for other animal models, the canine cruciate-deficiency model has raised 
some criticism concerning its value in closely predicting the therapeutic activity 
of drugs in humans. Despite these limits, the numerous data on the mechanisms 
of OA obtained from animal models have led to better identification of the 
targets of therapeutic interventions, which of course should be subsequently 
verified in humans (see new and future therapies, chapt. 8.1.3). 
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Chapter 4 
Pathophysiology of Osteoarthritis 

4.1 
Role of Mechanical Factors in the Aetiology, Pathogenesis 
and Progression of Osteoarthritis 
(G. NUKI) 

As largely demonstrated by epidemiological studies, mechanical factors play an 
important role in the development and progression of OA. However, this pro
cess may be accelerated by many other concomitant factors, including ageing, 
hypermobility, trauma, occupational and sports activities, and overweight. In 
this context, the authors point out the role of the meniscectomy. About 70 % of 
patients develop radiological evidence of knee OA 20 years after meniscectomy. 
Further, the high prevalence of knee OA in former soccer players and American 
football players has largely been attributed to the high incidence of meniscec
tomy and cruciate ligament injuries in these athletes. However, overuse of hip 
and knee joints in sport practiced at high level involves by itself, without trauma, 
an increased risk of OA of the lower limb [2]. 

Concerning the pathogenesis of OA, the biochemical properties of the corti
cal and subchondral bone are essential for the protection of articular cartilage 
from damage following impact loading. In turn, the mechanical functions of 
cartilage and its ability to withstand loading are dependent on the structural in
tegrity of its extracellular matrix proteins. Static loading is associated with de
pression of matrix synthesis while dynamic, high frequency, cyclical loading is 
associated with increase of up to 50 % in proteoglycan synthesis. Overloading 
and unloading of articular cartilage are both associated with proteoglycan de
pletion (as Sokoloff stated many years ago [3]), while proteoglycan synthesis 
and cartilage thickness are increased by the mechanical stresses associated with 
physiological exercise. Since chondrocytes are responsible for the synthesis of 
matrix proteoglycans and collagen, changes in their characteristics may in
fluence the production of these substances. The author and his colleagues have 
developed an experimental technique to measure membrane potentials and 
proteoglycan metabolism in human articular chondrocyte culture following 
cyclical pressure-induced microstrain. The results of these studies showed that 
cyclical pressure induced strain leads to membrane hyperpolarisation and 
increases proteoglycan synthesis. These responses could be blocked with gado
linium, a blocker of stretch-activated ion channels. More recently, the same 
authors have demonstrated that neutralising antibodies to IL-4 and IL-4 re
cetors, will block mechanically induced membrane hyperpolarisation, sug
gesting a new regulatory function for this cytokine in articular cartilage. 

4.2 
Role of Biomechanical Factors 
(P. GHOSH) 

As demonstrated by numerous epidemiological studies, certain work and sport 
activities which involve long-term repetitive joint usage, can increase the risk of 
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developing OA, in keeping with the pathogenetic role attributed to mechanical 
factors. However, it is difficult to distinguish cartilage degeneration directly re
lated to these occupational activities from secondary cartilage changes arising 
from injury to other joint tissues, such as menisci and ligaments despite experi
mental and clinical observations of "pure" overuse of joints (in 2). To study 
these aspects, the author investigated the relative effects of moderate or 
strenuous exercise on the synthesis and degradation of the large aggregating PGs 
(aggrecan), on two small dermatan sulphate-containing PGs, DS-PGII (bigly
can) and DS-PGI (decorin), in standard bred horses. The results showed that in 
horse carpal joint regions normally subjected to high contact stress such as the 
dorsal radial facet, strenuous running activities altered the chondrocyte meta
bolism of PGs. The synthesis of aggrecan was decreased while the synthesis of 
decorin was elevated. Due to the important function of decorin in the repair 
and remodelling of the connective tissues, its enhanced synthesis could be 
interpreted as a response of traumatised chondrocytes to mechanical overload. 

Gosh and collaborators have also studied the role of meniscectomy in in
creasing stress on the cartilage and inducing ~A. In cartilage from meniscecto
mised ovine joints, the synthesis of DSPGs is elevated in those regions sub
mitted to abnormally high mechanical stresses. The major DSPG found in these 
regions is decorin, which was up-regulated in the cartilage subjected to high 
focal stresses. Other concomitant factors contributing to these biochemical 
changes of cartilage subjected to mechanical stresses include: prostanoids and 
PGE2 in particular, cytokines interleukin IL-l{3 and tumor necrosis factor TNF-a, 
and nitric oxide free-radicals. It has been observed that traumatic injury to 
cartilage can stimulate the production of arachidonic acid and that PGE2 may 
interact with chondrocyte receptors and alter gene expression. Mechanical in
jury to chondrocytes could also generate small amounts of IL-l{3, which may in 
turn lead to the release of mediators of matrix destruction. 

In conclusion, chondrocytes can readily adapt to changing mechanical in
juries by synthesising an extra-cellular matrix useful in dissipating stress and 
protecting it from lesions. However, by increasing the level and duration of 
the loading or changing the normal mechanics of the joint complex though in
jury or surgery, the ability of the chondrocyte to respond to these additional 
stresses is diminished. Ageing or chemical injury are additional factors in the 
acceleration of this process. 

4.3 
Genetic and Metabolic Aspects 
(C.J. WILLIAMS and S.A. JIMENEZ) 

In this chapter the authors review the studies which support the importance of 
genetic factors in the development of ~A. This hypothesis was first suggested 
many years ago following the observation of familial cases of Heberden's and 
Bouchard's nodes. Since then, a number of rare hereditary forms of OA have 
been identified, including primary generalised OA, several osteochondrodys
plasias (OeD) and multiple epiphyseal dysplasias (MED) and the familial 
crystal-associated arthropathies. 
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Progress in molecular biology techniques has focused attention on collagen 
abnormalities. Many mutations have been described for type II pro collagen, 
encoding the main collagenous component of articular cartilage. In families 
with early-onset OA, generalised OA and OCD, COL2-Al mutations with hetero
zygous base substitutions of either arginine 519 to cysteine or arginine 75 to 
cysteine were found. Although mutations in the COL2-Al gene have been also 
identified in most families with arthro-ophtalmopathy (Stickler syndrome), in 
some cases linkage with this locus was excluded and the studies were oriented 
towards other minor collagen types, including IX, X and XI. Abnormalities 
linked to COLll-A2 locus were observed in members of families with variants 
of Stickler syndrome. In a family with Marshall syndrome, characterised by 
early-onset symptomatic OA affecting the knees and lumbosacral spine, the 
clinical phenotype was associated with a splicing defect in the COLll-Al gene, 
causing the deletion of 18 amino acids from the triple helical domain of the 
al (XI) collagen chain. Mutations in the type X collagen gene, which encodes a 
major collagen of the growth plate cartilage, have been indentified in the most 
common of MED, Shmid type. In this syndrome, associated with an autosomal 
dominant mode of inheritance, at least 17 mutations in the gene for type X 
collagen have been characterised. 

Familial occurrence of primary generalised OA, the only subset with a fre
quent genetic component, has been supported by many studies. Clinical pre
sentation and HLA typing of these forms suggests a polyenic inheritance, 
rather than a single gene defect. Concerning the familial crystal-associated ar
thropathies, large family aggregations, mainly associated with autosomal domi
nant inheritance, have been demonstrated in patients with articular chondro
calcinosis or calcium pyrophosphate-deposition disease (CPPD). In these 
subjects, the disease shows an early onset, usually between the second and fifth 
decades of life, and a rapid progression into a severe form of OA. In a family 
from Chiloe Islands, affected with a severe, precocious OA, ankylosis, late-onset 
spondyloepyphyseal dysplasia and CPPD, a heterozygous mutation in the COL2-
Al gene resulting in an arginine 75 to cysteine substitution was identified. 

In conclusion, the numerous molecular defects identified in familiar cases 
of primary generalised OA and CPPD demonstrated that accurate molecular 
studies may lead to the exact causative gene defects in many individuals with 
severe and precocious OA. The knowledge of these defects will in turn permit 
accurate diagnosis, thus improving the possibilities of preventive therapeutic 
approaches. The availability of easier and cheaper molecular tests is most likely 
a basic condition for rapid progress in thid field. However, such precise genetic 
and familial forms of OA represent a minority in the spectrum of OA in a whole. 

4.4 
Biochemical Factors in Joint Articular Tissue Degradation in Osteoarthritis 
0. MARTEL-PELLETIER, J. DI BATTISTA and D. LAJEUNESSE) 

In recent years, many authors have focused their attention on the role that bio
chemical factors play in OA, since they are considered essential for the rela
tionships between the different joint areas contributing to cartilage degenera-
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tion, in particular synovial membrane and subchondral bone. An increase in 
protease activity has recently been observed in osteoblasts from the subchon
dral bone. Moreover, osteoblasts secrete a number of growth factors and cyto
kines. Transforming growth factor TGF-p levels are elevated in OA subchondral 
bone explants and insulin growth factors (IGF) are elevated in OA osteoblast
like cell cultures. These findings suggest that subchondral bone sclerosis is 
more related to the onset or the progression of OA rather than as a consequence 
of this disease. The authors' hypothesis is that at the onset of or during the OA 
process, enhanced bone remodelling at the subchondral bone plate, coupled 
with repetitive impulse loading leading to local micro-fractures and/or an im
balance of the IGFIIIGFBP system due to an abnormal response of subchondral 
osteoblasts, promotes subchondral bone sclerosis. This, in turn, may also create 
local micro-fractures of the overlying cartilage and promote cartilage matrix 
damage. 

Among biochemical factors important in OA are the enzymes and their in
hibitors. The metalloproteases (MMP) family is composed of three principal 
groups: collagenases, stromelysins and gelatinases. Three collagenases have been 
identified in human cartilage and found to be elevated in OA: MMP-l, MMP-8 
and MMP-13. There is recent evidence, showing their different topographical 
distributions, of a selective involvement of each collagenase at preferential sites 
during the disease process. Moreover, in OA cartilage, MMP-l seems involved 
mostly during the inflammatory process, whereas MMP-13 is implicated in the 
remodelling phase. For the second and third groups of MMPs, only strom ely
sin-l (MMP-3) and the gelatinase 92 kD (MMP-9) appear to be involved in OA. 
Finally, another group of MMPs localised at the cell membrane surface, namely 
membrane type MMP (MT-MMP), has recently been discovered. 

In joint tissue MMP biological activity is controlled by three physiologically
specific tissue inhibitors of metalloproteses (TIMP): TIMP-l, TIMP-2 and TIMP-3. 
The increased levels of active MMPs found in OA tissues are partially due to a 
relative deficit of TIMPs, but also to the effects of some physiological activators, 
such as PA/plasmin system and cathepsin B. In this context, key roles are played 
by IL-IP and TNF-a. These cytokines are considered to be the major catabolic 
systems involved in the destruction of joint tissue. In chondrocytes they not 
only increase the synthesis of proteases, but also decrease the synthesis of colla
gens type II and IX and PGs. In articular chondrocytes, IL-IP produces an in
crease of MMP synthesis parallel with a decrease in TIMP-l synthesis, thus re
sulting in an imbalance of the system. The high sensitivity of OA chondrocytes 
to the stimulation of IL-l and TNF is probably due to the increase of receptors 
types I IL-IR and TNF-RSS. New highlights for pharmacological interventions in 
OA will probably derive from better knowledge of the mechanisms regulating 
the specific intra-cellular receptors of IL-IP and TNF-a in the joint cells involv
ed in OA. Therapeutic assays in this area are in progress. 

Among cytokines, a new discovered IL-17 is interesting since it may upregu
late the production of pro-inflammatory cytokines as well as MMP in target 
cells and increase the production of NO in chondrocytes. NO is produced in 
larger amounts in OA cartilage, mainly when stimulated by pro-inflammatory 
cytokines, which enhances the expression of the inducible NO synthase (iNOS), 
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the enzyme responsible for NO production. NO promotes cartilage catabolism 
in OA by inhibiting the synthesis of cartilage macromolecules, enhancing MMP 
activity and reducing the synthesis of IL-IR antagonist by chondrocytes. In
terestingly, therapeutic effects in vivo of a selective iNOS inhibitor on the pro
gression of lesions in experimental arthritis and OA models have recently been 
reported. 

4.5 
Role of Growth Factors and Cartilage Repair 
(w. VAN DEN BERG, P.M. VAN DER KRAAN and H.M. VAN BEUNINGEN) 

Focal lesions of the articular cartilage and concomitant hypertrophic reactions 
in the bone compartment are well known processes characterising OA. In ani
mal models, it has been observed that early changes in the articular cartilage 
reflect a hypertrophic reaction which precedes the focal loss of cartilage. It 
seems that excessive production and/or activation of growth factors is a major 
event in this early phase, while pro-inflammatory mediators, mainly cytokines, 
are thought to be involved in the late stages of OA. 

The list of growth factors is rapidly increasing, the most important is belon
ging essentially to two families, IGFs and TGFs. Among IGFs, the most relevant 
is IGF-l, an important homeostatic factor for cartilage. Interestingly IGF-l, 
which is not mitogenic in normal cartilage, stimulates proliferation in a dam
aged matrix. 

The large TGF family includes TGF-fi, bone morphogenetic proteins (BMPs) 
and cartilage-derived morphogenetic proteins (CDMPs). TGF-fi is an important 
feedback regulator of tissue damage. It inhibits enzyme release from various 
cell types and enhances the production of enzyme inhibitors such as TIMP. The 
BMPs, as suggested by the name, are involved mainly in the bone processes. 
However, some BMPs (BMP-2, BMP-7 and BMP-9) may also stimulate chon
drocyte proteoglycan synthesis. Recent studies with chondrocytes of young 
calves suggests that BMP-2 maintains the chondrocyte phenotype in long term 
culture (4 weeks) but without inducing a hypertrophic chondrocyte; identical 
data were obtained with BMP-9. Furthermore, BMP-7 seems a more potent 
stimulator of synthesis of cartilage specific macromolecules, compared to 
TGFfi. The authors have injected BMP-2 and BMP-9 into the knee joints of 
normal mice and found that these morphogenetic growth factors markedly 
stimulate chondrocyte proteoglycan synthesis. 

The recently discovered CDMPs 1 and 2 are essential for the formation of car
tilaginous tissue during early limb development. A null mutation in the CDMP-
1 gene was shown to be related to chondrodysplasia. CDMPs 1 and 2 were de
tected in healthy and in OA cartilage and shown to be able to promote cartilage 
matrix recovery after enzymatic depletion, with maintenance of normal pheno
type. 

Growth factors may be useful in counterbalancing the effects of destructive 
cytokines. A category which includes IL-l and TNF-a, and also LIF (Leukemia 
Inhibitory Factor) and IL-17. In vivo, using direct injection into the murine knee 
joint, the authors found that TGF-fi counteracted IL-l PG synthesis suppression 
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in the articular cartilage. Furthermore, repeated local injections of TGF-p may 
induce marked and prolonged upregulation of chondrocyte PG synthesis and 
stimulate osteophytes in the murine knee joint. It may thus be hypothesized 
that cartilage pathology may be induced by both overproduction as well as 
impaired signaling of TGF-p. Another interesting observation concerning the 
pathogenic effect of this growth factor is the recent observation that TGF-p, 
despite its well known general anti-protease activity, may enhance the level of 
MMP-13 (collagenase-3) in activated chondrocytes. 

In conclusion, the authors suggest that the traditional theory attributing be
neficial effects in OA to growth factors because they activate the repair proces
ses should be revised. Destructive cytokines and degradative enzymes, as well 
as an excess of some growth factors, may be responsible for the changes in 
normal homeostasis associated with the development of ~A. Appropriate ap
proaches to the new therapies of OA should carefully consider these aspects. In 
this context, further progress can be derived from better knowledge of receptor 
expressions and/or signaling associated with the OA chondrocyte phenotype. 

4.6 
Role of Crystal Deposition in the Osteoarthritic Joint 
(G.M. MCCARTHY) 

Despite frequent findings of crystals in OA tissue, most of the questions con
cerning their role in OA remain unanswered. In this chapter, G. McCarthy at
tempts to elucidate the aspects which are thought to be relevant for their clini
calor laboratory evidence. 

The most intriguing and, at same time, the most difficult to be studied are the 
basic calcium phosphate (BCP) crystals. These crystals, which are found in 
30-60% of OA synovial fluids (SF), may sometimes cause destructive or 
erosive arthropathy. At present, it is unclear why in some cases BCP crystals 
are associated with dramatic inflammatory reactions and in most cases are 
apparently innocuous. Some authors claim that crystals in OA joints are 
simply an epiphenomenon of cartilage degeneration. However, as suggested by 
G. McCarthy, in ths case we would expect to see CPPD or BCP crystals in the 
sites most commonly affected by primary ~A. Instead, crystal deposition disease 
frequently involves the shoulder, wrist and elbow, joints rarely affected by pri
mary ~A. Alternative hypotheses are that degeneration and crystal formation 
may be parallel events of common derivation or, in an intermediate view called 
"amplification loop", that a primary metabolic abnormality leads to degenera
tion, but secondary crystal deposits accelerate deterioration. 

The basis of cartilage damage by calcium-containing crystals remains un
answered. It is possible that damage may be caused by matrix-degrading en
zymes released by synovial lining cells after ingestion of crystals rather than by 
direct chondrocyte injury. Other than the ability to induce metalloproteases, 
crystals may have mitogenic properties and may stimulate prostaglandin syn
thesis. Recent studies have extensively explored the mechanism of crystal-in
duced mitogenesis. Interestingly, experiments utilising fibroblasts have demon
strated that phagocytosis followed by intracellular crystal dissolution occurs 
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when BCP crystals and fibroblasts come into contact with each other and that 
this process contributes to BCP crystal-induced mitogenesis. Furthermore, in 
these cells, the mitogenic response to BCP crystals is associated with PKC (Pro
tein Kinase C) activation, but not with phophatidylinositol3-kinase or tyrosine 
- kinase activation, confirming that the cell activation by BCP is selective in me
chanism. Other steps in this process involve transcription factor NF-KB 
(Nuclear Factor-KB) and proto-oncogene induction. 

Concerning the matrix degradation induced by calcium containing crystals, 
the role of inflammatory cytokines is unclear. At present, neither BCP nor CPPD 
crystals seem able to induce IL-1 in vitro. However, currrent data supports di
rect stimulation of MMP production by fibroblasts and chondrocytes upon 
contact with calcium-containing crystals. 

In the chapter conclusion, the author offers some interesting suggestions 
concerning the therapy of these forms. Phospho citrate, a potent inhibitor of hy
droxyapatite crystal formation, seems useful in protecting articular tissues 
from the harmful biologic effects of calcium-containing crystals. The mecha
nism of this action is most likely related to the inhibition of mitogenic effect of 
BCP crystals. G. McCarthy also suggests that misoprostol, a PGl analogue used 
to prevent gastrointestinal damage induced by NSAIDs, may be proposed in the 
future due to its ability to interfere with the biological effects of BCP crystals. 

Chapter 5 
Diagnosis and Monitoring of Osteoarthritis 

5.1 
Direct Visualization of Cartilage 
(x. AYRAL and M. DOUGADOS) 

A simplified arthroscopy (ambulatory "chondroscopy" under local anesthesia) 
aiming at repeated evaluation of the articular cartilage is now available. A 
2.7 mm arthroscope (usually 4 mm) is used. It is as well or better tolerated as 
MRI: 95 % of patients accept a second chondroscopy one year later. The benefi
cial effect of chondroscopy (symptom improvement: 82 %) is attributed to joint 
lavage (about 1 liter). However, we must mention that in a more recent study, 
the authors found only 40 % of patients treated by lavage remained improved 
at six months [5]. With the SFA score and the global VAS score for quantifying 
the articular cartilage lesions in continuous variables, the intra-observer re
liability coefficient is 0.928 and 0.989 respectively; this allows for valid com
parison of lesions one year apart (videotaped arthroscopy). Sensitivity to change 
(worsening) in 41 patients was highly significant (p = 0.0002) in such a time
span. The VAS chondropathy score is correlated to the joint space narrowing 
on radiographs (r between 0.59 and 0.64). Eventually, chondroscopy could 
become a new tool for assessing possible structure-modifying drugs versus 
placebos in the near future. 
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S.2 
Radiographic Imaging of Osteoarthritis 
(c. BUCKLAND-WRIGHT) 

M. G. Lequesne and 1. Punzi 

Taking into account recent advances, radiographic imaging of OA is to be con
sidered from three points of view: the diagnosis of OA, the following up, and the 
specific needs of the latter in therapeutic trials. 

1. Diagnosis of OA should be performed as early as possible. In the three 
main sites - knee, hip and hands - the subchondral bone reaction to the carti
lage lesion seems to be the best indicator of incipient OA, especially osteo
phytes; most often, it appears earlier than joint space narrowing OSN). Accord
ing to certain studies, up to 40 % of osteoarthritic knees exhibit oteophytosis 
and well developed subchondral bone sclerosis, whereas JSN is minimal or ab
sent. However, JSN is more significant and sensitive to change. A slight JSN is 
more convincing than a tiny osteophyte notably in elderly people. Moreover, a 
few types of OA, especially the "atrophic" and rapid forms of hip OA and certain 
cases of knee OA involve JSN without any osteophytosis. 

What views are required from the radiologist? With regard to knee OA, at 
least anteroposterior, mediolateral and skyline views, since OA involves both 
tibiofemoral and patellofemoral compartments in about 50 % of cases (Dieppe 
1994, MacAlindon 1992). In patients without JSN on the standard anteroposter
ior view, the film in semiflexed (BW) or, most often, the schuss position may 
disclose such a JSN, since cartilage loss is usually predominant at the postero
inferior part of the condyle. We would like to point out that, in reality, the se
miflexed position of Buckland-Wright corresponds to a very partial flexion; 
most often, from 2° to 10° yet, the maximum thinning of the cartilage is usually 
located more posteriorly, largely beyond the joint space site encompassed by 
this semi flexed position. It is much closer to the joint space encompassed by 
the schuss position (30° flexion). Likewise, in incipient OA of the hip, if the an
teroposterior radiograph does not show any uniquivocal JSN, do not conclude 
that it is lacking: the faux profil (partial oblique view) of the hip detects an an
terosuperior or a posterior JSN in close to 75 % of such cases [6]. 

2. For the purpose of following up OA with good X-rays reproducibility, the 
following recommendations are essential: each joint should be radiographied 
separately; the central X-ray beam must be centered on the targeted JS; fluoros
copy is recommended; a standing position is preferable to assess the JSN both 
in knee and hip OA patients. In fact, the faux profil view is performed exclusi
vely in a standing position. 

3. In therapeutic trials of possible structure-modifying (ex -"chondroprotec
tive") drugs, the primary criterion is the progression of radiographic features of 
OA, principally the annual rate of JS loss over 2 to 3 years in OA of the hip or 
knee. To enhance the reproducibility of yearly outcome measures, it was shown 
that strict position of the patient and correct orientation of the central X-ray 
beam are the most important parameters, the source of variation larger than the 
variation from measurement of the radiographic JS itself, at least in regard to 
OA of the knee. In the near future, relatively new views such as the schuss view 
of the knee, and the faux profil of the hip ought to be validated in the frame of 
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such trials: JSN is probably more advanced in such views, and perhaps faster, 
and more sensitive to change. Future studies should address this issue. Fine 
"manual"measurement of the JS was performed in the past with a ruler, then 
with callipers and is now made with a magnifying glass with a graduation in 
0.1 mm engraved in the glass [7]. The mean JS loss is 0.20 or 0.35 mm per year 
in hip OA, and 0.15 - 0.25 in common knee OA. SD is at least as large as the 
mean. The coefficient of variation (CV) of the manual measurement at the 
narrowest point of the JS is 4 - 5 % with the keenest eyes (intraobserver repro
ducibili ty). 

Other methods of measurement were proposed and have been validated. The 
radiographs being centred, it is now possible to measure JSN, not only at its 
thinnest site, but within a relevant area of the JS on machines yielding a digitiz
ed image of the radiograph. Indeed, macroradiography can reduce the CV but 
the device is very scarce. In the knee, size of osteophytes correlates well with JS 
loss, however is more difficult to quantify. A few authors have proposed a global 
scoring comprising osteophytes, JSN, sclerosis and even cysts to replace the 
classical Kelgren-Lawrence grading. Nevertheless, JS loss per year seems easier to 
measure and is more responsive. These qualities, along with a reduced Cv, lead 
to a smaller patient sample size. Currently, this sample size should be from 150 
to 250 patients per group, in randomized double blind trials versus placebo, in 
the field of possible structure-modifying drugs. Moreover, we recently showed 
with Dougados et al. that the rapidity of JSN over one year is a good predictive 
factor of the severity of the OA of the hip [8]. This also seems useful in daily 
practice. 

5.3 
Magnetic Resonance Imaging in Osteoarthritis 
(Y. JIANG, e.G. PETERFY, J.J. ZHAO, D.L. WHITE, J.A. LYNCH and H.K. GENANT) 

This chapter summarizes the principal and main techniques of MRI, especially 
for bone and joint and result yields in normal cartilage and OA: high T2 signal 
from the articular cartilage (CA) depends not only on the high rate of water 
within the CA, but also on the state of the H2 molecule (water bound to collagen 
in some parts or free) and on the linear direction of collagene fibres which 
differ from one CA layer to another. On intermediate echo time (TE) images, 
normal CA shows a trilaminar appearance: a low signal (superficial lamina); an 
intermediate signal (upper radial zone); a low signal (deep zones). On T2, CA 
becomes homogenous in signal intensity. 

In OA, the first magnetic sign is T2 signal enhancement in areas of matrix da
mage in deep, intermediate or superficial layers before loss of thickness. When 
these high signal foci are close to the CA surface, arthroscopic views confirm 
abnormalities as "blistering" for example. With more sophisticated techniques, 
it is likely that some chemical compositional changes in OA CA would be de
tectable by MRI in the future. 

The morphologic changes usually occur later. They are best shown (high 
contrast at the articular surface and CA - bone interface) with a fat supressed Tl, 
3D gradient echo technique (Peterfy 1996). Focal defects so disclosed were veri-
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fied by arthroscopy. 3D reconstructed images of the CA may lead to quantifying 
thinning, volume, geometry and surface topography of CA. Volume MRI mea
surement was checked for correlation with the true CA volume scraped from 
the bone in autopsy. This technique could serve for long term trials of possible 
structure-modifying drugs. However, it is time - and human input - consum
ing. The ultimate project is to achieve mapping of the OA CA, to register and to 
compare it over time with the final image, as arthroscopists are able to do 
now (see chapter 5.1). Today, we are relatively far from this target. Eventually, 
MRI will not be limited to CA expertise, but could yield images of all the other 
components of the joint: bone (and its trabecular architecture), and tissues not 
shown by X-ray: synovium and its grade of inflammation over time, synovial 
fluid, ligaments, muscles. However, several different and time-consuming tech
niques of acquisition (including contrast in many cases) are necessary to cover 
all these structures. 

As a comment, we must stress that: 
1) early internal alterations of the CA are often far from the painful stages of 

OA. Its detection could be useful from a prophylactic point of view in high risk 
subjects (sport, occupation, heredity ... ) 

2) quantitation of magnetic images of CA could be used for assessment of 
possible structure-modifying drugs. However, such measurements would re
quire several years to be validated by plain or microfocal radiographs [7]. Cur
rently longitudinal studies with MRI have not been validated. 

5.4 
The Role of Molecular Markers to Monitor Breakdown and Repair 
(L. S. LOHMANDER) 

A major interest in the study of cartilage derived molecules or fragments con
cerns their value as OA disease markers. As suggested by the author, these bio
chemical markers may serve as a window on the pathological processes in the 
joint and may be useful in elucidating degradation mechanisms, in predicting 
prognosis and in monitoring response to treatment. However, most studies pro
posing molecules for this important role have been criticised, mainly due to the 
presence of many confusing factors in the marker determination and in the dif
ficulty in adequately determining the specific source of the different markers 
found in the various tissues. 

While recent studies have failed to confirm the originally suggested useful
ness ofkeratan sulfate or other molecules as diagnostic tests for generalised OA, 
these markers may serve to evaluate disease severity or staging in some condi
tions. Concerning their prognostic value, some interesting reports have pointed 
out that serum determination of some substances, including hyaluronan, COMP 
or chondroitin sulfate epitope 846, may predict the progression of knee OA. 
Another possible role of biochemical markers may be to monitor response to 
therapy, as sensitive surrogate outcome measures in clinical trials of new di
sease-modifying treatments. Given that markers may reflect the dynamic state 
of cartilage metabolism, they may be used as prognostic tools to identify pa
tients at risk of rapid progression, to identify the responders to treatment, and 
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to assess the degree of response. However, to appropriately use these markers, 
their variability over time, both in the individual and among individuals, should 
be known. In a recent study, S. Lohmander reported the assay results on samples 
of synovial fluid, serum, and urine obtained on 8 different occasions during one 
year from 52 patients with incipient knee OA. Both among-patient and within
patient coefficients of variation varied for markers in different body fluid com
partments, with the lowest variability for serum keratan sulfate and the highest 
for synovial fluid markers. Among these, aggrecan fragments showed the least 
variability and the matrix MMP the highest. The degree of variability within pa
tients is lower than among patients, thus confirming the need to ascertain the 
baseline concentrations in clinical trials which propose to use these markers as 
outcome measures. 

In conclusion, the progress in developing sensitive assays has allowed a 
quantification in body fluids of new molecules which have notably improved 
our understanding of the OA processes. Despite originally enthusiastic reports, 
none of these substances may be considered at present capable of satisfying all 
functions required to be considered as a OA disease marker, such as detecting 
sub-clinical OA, assessing disease activity, predicting long-term evolution, and 
evaluating the response to treatment. However, there is increasing evidence that 
this major goal may be attainable using a combination of different markers, 
each reflecting a different aspect of the disease process. 

Chapter 6 
Evolution and Prognosis of Osteoarthritis 
(E. VEYS and G. VERBRUGGEN) 

It is very difficult, if not impossible, to state an individualised prognosis of OA 
for a given patient. OA is too much a heterogeneous condition: it is primary or 
secondary, atrophic or hypertrophic, mono- or polyarticular (generalized OA), 
etc. The predictive value of the main relevant factors are still either incom
pletely demonstrated unknown, or unreliable. However, the course of knee and 
finger OAs - not hip OA - are addressed in this chapter and interesting data are 
provided. They relate mainly to X-ray changes. 

With regard to methodology for assessing the radiological stages of OA, it is 
pointed out that the qualification of "absent, doubtful, moderate, severe" for 
every radiographic feature of OA is not sensitive enough and leaves much room 
for personal bias. Quantitative scoring is preferable. For example, in knee OA, 
the following scoring system for osteophytes is proposed: at inclusion, each 
knee osteophyte is scored + 0.2. During follow-up, occurrence of an osteophyte 
is scored + 1 (and disappearance -1); enlargement or a decrease in size of an 
existing osteophyte is scored + or - 0.5 respectively. Summing these numbers 
results in a general joint score. Narrowing of joint space OSN) is easier to mea
sure more precisely. Subchondral bone sclerosis, cysts and attrition are more 
difficult to be quantified. Nevertheless, eventually, a summative or global score 
including the degree of every radiographic sign of OA is obtained. 

Summarizing ten cohort studies on the natural course of OA knee, Veys 
points out that the main predictive factors of subsequent deterioration are as 
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follows: presence of OA in the hands, knee pain at entry, crepitus, joint swelling, 
instability, chondrocalcinosis. The pejorative predictive value of body mass 
index as well as of positive bone scan (scintigraphy) are debated; nearly half of 
the patients with a favorable outcome over years had had a positive bone scan. 
It is noteworthy that a close correlation exists between the evolution of disease 
in both knees in individual cases. Last but not least, the weak correlation be
tween clinical outcomes and X-ray changes are once more emphasized. We 
would recall that, regarding hip OA, the rapidity of the JSN over one year is a 
valuable predictive factor of severity [8]. 

The finger joints involved in OA are mainly the distal interphalangeal (DIP), 
but also the proximal interphalangeal (PIP) joints. Three quarters of the DIP 
and half of the PIP are affected in patients five years after the onset of 
symptoms. 

The progression of non erosive finger OA is very slow: scoring changes only 
at 2 - 3 year intervals (however, quantitative microfocal radiography is more 
sensitive). Osteophytes and erosion or collapse of the subchondral bone plate 
are the most reliable variables. 

The evolution of erosive OA of the finger joint (mainly the PIP, and also the 
DIP, but neither the MCPH nor the trapezo-metacarpal joint) is different. It 
occurs in more than one third of patients with common finger OA at onset 
followed for 3-5 years. After a phase of stationary OA occurs a phase of joint 
space disappearance and joint erosion, then finally a stage of joint remodelling 
(with large osteophytes and clinical Heberden and Bouchard nodes) or fused 
joints. Such is the natural history of finger OA. Nevertheless, many patients 
remain steady, without erosive or inflammatory OA, and are most often asymp
tomatic. 

Chapter 7 
Impact of Osteoarthritis on Quality of Life 
(J. POUCHOT, J. COSTE and F. GUILLEMIN) 

Quality of life (QoL) instruments, addressed by J. Pouchot, J. Coste, F. Guillemin 
are generic or disease specific or even patient specific. Table summarizes the 
main determining criteria; disease specific are more responsive, though gen
eric-specific could be valuable when scoring only in certain domains. A recent 
use of the patient-specific scale called MAC TAR seemed to be as responsive as 
the disease-specific ones in patients with OA treated by total replacement. 

Only two instruments are specifically devoted to OA - which are algofunc
tional indices (AFI) rather than QoL, strictly speaking. The latter are not so 
responsive to therapeutic changes (i.e. in trials) as the former: QoL strictly 
speaking are responsive to "massive" treatment such as total joint replacement 
(confirming obvious good results) and not clearly as responsive to analgesics or 
NSAIDs, except in some experiences with AIMS, which is rather time-con
suming. It is noteworthy that the psychosocial domain of the WOMAC failed to 
demonstrate enough responsiveness in a 6 week NSAIDs treatment and then 
was dropped by its author, N. Bellamy [9]. 

The AFI and some QoL can be performed by telephone interview. 
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Among the other uses of AFI or QoL, let us mention the following ones: 
1) to follow up the natural course of the disease and the impact of the patient's 
education/rehabilitation; - 2) to aid the surgical decision: scores meaning "time 
for hip or knee replacement" are published with regard to the Lequesne's in
dices [lOj, WOMAC, NHP, AIMS; - 3) OA contrasted to other disease: patients 
with OA rated better scores than those with RA (and even those with fibro
myalgia, lombar pains, and degenerative cervical spine disease concerning pain 
and psychological outcomes ... ). Interestingly, domains of energy and sleep 
measured with NHP are more impairing in OA patients than in several classes 
of chronically ill patients such as stroke victims; - 4) Medico-economic studies: 
several techniques such as QUALY s use, utility measures are able to assess 
the economic benefit of health interventions; they will certainly be more widely 
used in the near future. As for the practice of trials, the time consuming long 
questionnaires tend to be avoided. 

Table 1. Main Quality of Life (QoL) instruments (in bold types, those, easily usable in OA) -
(according to data from chapter 7) 

SCORE 

Number Dimen Separat Global Self- Inter- Time 
items sions (profil) index admin view spent 

GENERICS 
Short Form 36 36 8 + + + 5-10' 
(SF 36) 

Nottingham Health 38 6 + + 5' 
Profile (NHP) 

Sickness Impact 136 12 + + + + 30' 
Profile (SIP) 

Quality of Life 3 + + + 20' 
Being (QWB) 

European QoL 5 + + + 
(Euro QoL) 

DISEASE FOR: 
SPECIFIC 

Lequesne's for OA 11 3 + + 3-4' 
hip/knee (1987) 

WOMAC for hip OA 24 3 + + + + 8-10' 
and knee (1988) 

Health Assessment RA, OA ± 20 8 + + + + 5-10' 
Question. (HAQ) 

Arthritis Impact Ra,OA ± 45 9 + + 20' 
Measur. Scale (AIMS) 



Chapter 8 
Medical Management of Osteoarthritis 

8.1 
Medical Aspects 

8.1.1 
Basic Principles in Osteoarthritis Treatment 
(D. CHOQUETTE, J-P. RAYNAUD and E. RICH) 

M. G. Lequesne and L. Punzi 

Non pharmacological management of OA is important and often underused in 
some countries. Direct data are rather scarce with regard to weight loss in OA 
treatment: only one paper points to a strong correlation between weight loss 
(3 - 6 kg mean) and a reduction in symptoms, more so for knee than hip OA. 
Conversely, the harmful role of obesity in knee OA is well established concern
ing the risk of occurence and the risk of worsening. Unfortunately, with regard 
to physical therapy in OA of the knee, the distinction between the patellofemo
ral and the tibiofemoral types are not often made, although the results of some 
treatments, are probably different according to such types, especially the 
strengthening of the quadriceps muscle, which seems to us more effective in the 
patellofemoral type. The latter may also be improved with regard to pain by 
special medial taping of the patella. Using a cane is likely to be one of the best 
treatment for both knee and hip OA, but rarely accepted by patients before an 
advanced stage of the disease. Shock-absorbing shoes are more easily adopted. 
Kneeling and squatting favor knee OA, and should be avoided. 

Pharmacological management. Analgesics are the first treatment to advise, and 
could improve 30 % of patients with knee OA. Some well known studies support 
that analgesics and NSAIDs are of (almost) the same efficacy in OA. However, 
we would like to underline that more than 30 % of OA patients are improved by 
NSAIDs and every practitioner knows that NSAIDs are, as a whole, more effec
tive in OA. However, they represent a risk factor by their gastrointestinal toxi
city, especially in the elderly. A substantial portion of the latter seems able to 
stop NSAID therapy and are still off these drugs up to 6 months later. Analge
sics themselves are not devoid of possible side effects: liver and kidney func
tions should be monitored during chronic administration. The use of narcotics 
is addressed: it is justifiable in certain patients, for short periods, but difficult to 
overcome side effects are frequent, especially in the elderly. Topical agents such 
as capsaicin are perhaps underprescribed, particularly in OA of the fingers, toes 
or knees. A recent review of 86 studies concluded that topical agents are effec
tive and safe. 

Intraarticular injections. Repetitive intraarticular injections of corticoids do 
not seem detrimental to cartilage. A retrospective study of 4 to 15 years of IA 
steroids injections did not find any severe side effects. However, efficacy itself is 
still discussed despite an ancient paper of Dieppe et al. showing that steroids are 
superior to placebos. Improvement seems better if an iffusion exists and is as-
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pirated before the injection of steroids. Triamcinolone hexacetonide seems 
more effective than Betametazone. 

Hyaluronan in various molecular weights (500 -700 kD to 4000 - 5000 kD) 
seems effective if OA of the knee is of low grade. Duration of the effect, when 
positive, seems longer than with steroids: 2 to 6 months. However, we know that 
there are several negative trials and it is likely that such negative studies will 
never be published. 

Among other substances possible to inject by the intraarticular route, Orgo
tein is mentioned. It seems effective with a coherent effective dose curve from 4 
to 16 mg with 2 to 4 weekly injections, and the improvement lasts several 
months. Other therapies stated are radiation synovectomy, which was not found 
to be different from triamcinolone: good efficacy at month 3, however, at month 
6, improvement disappeared. For knee OA, simple lavage during arthroscopy is 
perhaps an effective symptomatic treatment. A rate of 40 % of patients remain
ed improved at month 6 in a recent study [5]. 

8.1.2 
Non-steroidal Anti-inflammatory Drugs Administration in the Treatment 
of Osteoarthritis 
0. T. DINGLE) 

The author reminds us of the basic notion: which alterations are repairable, 
which are not? The depletion of the glycosaminoglycans (GAG) network is to a 
certain point able to be repaired. The GAG turnover is rapid and, in a 90 year 
old subject is still 50 % that of the juvenile turnover. On the contrary, the turn
over of collagen is close to 20 times slower, and likely not capable of repair. The 
capillary invasion from the subchondral bone to the overlying cartilage results 
in calcification and ossification which cannot be eliminated. 

IL-l is not so much a direct agent of catabolism for articular cartilage (AC) 
as an inhibitor of the activity of the growth factors like IGF-l on matrix syn
thesis. This deleterious action begins at low concentrations of IL-l. How is IL-l 
released into the joint? Probably as an episodic flow after trauma, overuse, or 
other precipitating factor. 

Dingle reminds us that the tools are currently at our disposal for assessing 
the effects of different substances (including NSAIDs) on AC vitality: not only 
on animal, but also on humans organ culture (nevertheless on short term). 
Moreover, administration of NSAIDs in vivo to patients for 10 - 20 days before a 
total replacement for knee or hip OA permits ex vivo studies on the human AC 
metabolism. GAG synthesis is mainly measured by the uptake of 35S0 4 in pre
cise conditions and collagen synthesis by 3H Proline. For the latter, incorpora
tion time is 16 days as opposed to 20 hours for GAG, because of the much 
slower turnover of collagen. Moreover, several dozen specimens of a given AC 
should be analysed because of the large variability of the findings from one site 
to another, and obviously a sufficient number of patients (interindividual va
riability is also very large) is necessary to obtain significant means. The main 
conclusions of Dingle's and others works are as follows: the femoral head AC 
has a lower GAG synthetic activity than that of the femoral condyles, both in 
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normal and in OA conditions. However, the more severe the OA, the lower the 
GAG synthetic activity. In patients briefly (10 - 20 days) given NSAIDs before 
operating, the variability of GAG synthetic activity was very large, in compar
ison with those who were not treated by NSAIDs. In vitro and in vivo studies of 
different NSAIDs showed the inequality of the latter on the AC metabolism. 
3 groups may be distinguished: a) Nimesulide, Ibuprofen, Indomethacin and 
Naproxen frankly depressed GAG synthesis-b) Diclofenac, Piroxicam, Aspirin, 
Nabumetone (and paracetamol) seem to be "neutral"-c) Aceclofenac, Tenidap, 
and Tolmetin are stimulatory. However, this quality decreases in more advanced 
OA, although it remains significant. The stimulatory action of aceclofenac dis
appeared in the absence of serum; this action was found again in the presence 
of growth factor IGF-l instead of serum. Many of these results on GAG were 
confirmed by studies on collagen synthetic activity. 

GAG synthesis studied ex vivo after NSAIDs in vivo is significantly lower 
than from untreated patients. This synthesis doubled after in vitro NSAID 
wash out incubation of the ex vivo specimens. As a perspective for the future, 
we would like to conclude as follows: the underlying integrity or repairability 
power of the joint cartilage should be considered in vitro and in vivo when 
treating patients with a given drug, apart from its effect on inflammation and 
pain. However, let us add that the deleterious effect of NSAIDs on cartilage in 
a long term in vivo study in humans was shown using only indomethacin (the 
LINK's study). The opposite, i. e., favorable effect of a given NSAID retarding 
the OA process in the long term is still to be demonstrated with the help of a 
structure-modifying drug trial design. Moreover, let us not forget that the 
main side effect limiting the use of NSAIDs in general are other than in the AC 
itself. More long-term, controlled, randomized trials addressing both the 
structure-modifying and the gastrointestinal actions of NSAIDs should be 
carried out. 

8.1.3 
New and Future Therapies for Osteoarthritis 
(J.P. PELLETIER, B. HARAOUI and J.e. FERNANDES) 

Three quarters of this extensive and exciting chapter addresses new perspec
tives and the remainder known therapies. 

Pharmacological approaches. Among the relatively new treatments for OA are 
four slow acting drugs for which we propose the term symptomatic slow acting 
drugs in OA (SYSADOAs) [11]: diacerhein, avocado/soybean unsaponifiables 
(ASU), glucosamine sulfate and chondroitine sulfate. They have a moderate effi
cacy on pain and functional indices, with no clear superiority of one over an
other. For example, in the latest clinical trial of diacerhein in knee and hip OA, 
just published [12], responders (patients with a 30 % improvement in both pain 
and in algofunctional indices) were 41 % in the diacerhein group and 25 % in the 
placebo group (p = 0.018). SYSADOAs have a delayed onset of action (about 
6-8 weeks) and a certain carryover effect (about one month). Therefore, it is 
not recommended to prescribe such drugs beyond 2 months if they cannot be 
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either reducted or withdrawn. That must be systematically checked. SYSADOAs 
did not exhibit severe adverse reactions. 

In the field of NSAIDs, new compounds which selectively inhibit the cyclo
oxygenase-2 (COX-2) would be as efficacious as the classical NSAIDs but with 
much less gastrointestinal toxicity. 

Among the local treatments, other then intra-articular corticosteroid injec
tions, hyaluronan (hyaluronic acid) seems to be of interest, despite some con
flicting results (two negative trials out of about ten, and to our knowledge, three 
negative studies not published). The high molecular weight hyaluronan (Hylan, 
Synvisc) was shown to be at least as effective as continuous NSAID therapy in 
knee OA, with no or minor (local) side effects. A current study argues that re
sponders are 70 % with an improvement averaging 8 months. However, let us re
call that the placebo effect in intra-articular therapy is high (25- 50%) and high 
on functional indices [10]. 

Grafts of cells, tissue, or synthetic matrices are justified as a possible cartilage 
repair process, since neither fibrin clot, nor mesenchymal cells appear in the fis
sures of articular cartilage (AC). However, despite the encouraging success of 
combined grafts in localized and limited AC defects in rather young patients, 
this treatment currently remains irrelevant to the widespread OA cartilage lesions 
(see chap. 9). 

Experimental therapies. This is presently an exciting topic in OA. A large spec
trum of potential treatments have been explored or proposed in the last decade. 
Anticytokines or antiinflamatory cytokines IL-4, IL-lO and IL-13 potentialities 
greatly depend on the target cell. 

Gene therapy is a logical approach to introduce biological agent organisms ac
tive in OA but which degrade as a protein after oral administration. The gene 
transfer is achieved with the help of certain retrovirus. Transfer of the IL-1 an
tagonist receptor (IL-1Ra) to cells subsequently introduced into joints induces 
sustained production of IL-1 Ra over a long time span. That reduces the pro
gression of structural changes in experimental OA by blocking the action of 
IL-1 on targeted cells, i.e. chondrocytes or synoviocytes. Its use in man in vivo 
still requires many studies. 

IL-l inhibition. Modulation of IL-1 activity was found to be experimentally suc
cessful using tenidap, p 38 kinase inhibitor and either IL-1 soluble receptors 
(notable IL-lRsII) or anti IL-1 antibodies. Currently, the target is rheumatoid ar
thritis (RA), OA being a possible perspective. 

TNF-a inhibitors. TNF-a soluble receptors (TNF-a sR) seem to facilitate sti
mulation of cells by TNF-a; this stimulation could be reduced by decreasing 
TNF-a-sR shed from the OA synovial fibroblasts. 

Nitric oxide synthase inhibitors. The inducible form of nitric oxyde synthase 
(iNOS) is the main source of NO in arthritic disorders; its excess likely decreases 



502 M. G. Lequesne and L. Punzi 

synthesis of aggregan. NO is produced in large amounts by chondrocytes, macro
phages and inflamed synovium; its synthesis is greatly increased by inflammatory 
cytokines. NO is a potent inhibitor of IL-l Ra synthesis; it can reduce matrix 
synthesis and enhance metalloproteases activity. iNOS is injurious to the OA joint 
in animals. The iNOS inhibitor reduces synovial inflammation and the level of 
IL-la in OA in dogs. Is this a novel therapeutic approach in human OA? 

Metalloprotease inhibitors. In this field, a few chemical or biological agents 
discovered to be active in vitro or in animal OA are already in trial in humans. 
Matrix metalloproteases MMP (collagenases, gelatinases A and B, stromelysin-
1 ... ) are known to be among the most active in the OA process, at physiological 
pH, provided heavy metal such a zinc and calcium are available for their active 
sites. Natural inhibitors of MMP, Tissue Inhibitor of MP (TIMP), are proteins 
and therefore unusable as a drug. Chemical agents able to block MMP activity 
are the most promising. Tetracycline and its semi synthetic forms (doxycycline, 
minocycline) act by chelating the zinc necessary for MMP activity. They can in
hibit collagenases as well as gelatinases. Doxycycline reduces canine OA and is 
now in a phase II-III trial in human knee OA. Additional trials are in progress 
with RA and OA patients using other inhibitors, hydroxamate-based com
pounds which bind with zinc such as R035 55, and are active on human col
lagenases. It also seems possible to alter the molecular transcription of MMP 
gene expression by TGF-fJ, glucocorticoYds and retinoYds. 

Indeed, the road from in vitro data and animal experiments to human OA is 
a long and hard one, often disappointing. However, with so many novel stra
tegies in view, we can reasonably hope that at least one of them will yield a 
true new treatment of human OA in the near future. 

8.2 
Regulatory Requirements 

8.2.1 
Preclinical Studies in Osteoarthritis 
(M. SISAY and R.D. ALTMAN) 

Outlined by M Sisay and RD Altman, the preclinical studies in OA constitute a 
very useful basis to cautiously interpret the results from laboratory work, ac
cording to certain limitations of technique and pitfalls. For example, in certain 
in vitro studies, the reader should be aware of the cell density of the released 
chondrocytes in culture, their age and phenotype, as their responses to the 
same agent (cytokine, enzyme, growth factor) may vary considerably according 
to such parameters. Likewise, monolayer cultures (the most rapid technique) in 
which cells adhere to the dish, cause chondrocytes to lose their phenotype; they 
become non-specific, fibroblastic-like cells unable to produce a significant 
amount of matrix, especially hyaline cartilage tissue. They are not multipoten
tial like fibroblastic mesenchymal cells of the bone marrow, synovium, or 
periostum; they have very little capacity to remodel mesenchymal scar tissue. 
On the contrary, modulated chondrocytes replanted in suspension as non-ad-
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herent round cells, notably within a gel matrix such as alginate beads, retrieve 
their phenotype and are able to express type II collagen and aggregan. Experi
mental grafts yield variable results. Often, after a promising onset phase, the re
pair tissue disintegrated and failed, mainly because integration with the sur
rounding cartilage around the edge of the receiver defect was not achieved. 
However, a combination of chondrocytes with a growth factor and collagen ma
trix seems more promising. In another example, the large cavities of horses' -
knees, cells from the subchondral bone give rise to matrix surrounding new 
formed bone; however, after one year, a large amount of fibrocartilage of poor 
quality is found, reminding us of poor fibrocartilage rising up from the Pridie's 
holes performed through the subchondral bone, an old surgical process at
tempted in the 1960'S in human OA. Even when cartilage tissue slices or blocks 
are used instead of chondrocytes in suspension to fill in the defect, the result is 
not always a macromolecular organisation in the replaced matrix able to mimic 
articular cartilage. 

Some spontaneous OA, occuring frequently enough in certain animal strains, 
are an exciting tool for researchers. For example, the C57BL and the STRIIN 
strains of mice present a 50 to 93 % incidence of OA lesions, appearing progressi
velyat 15 -17 months of age. The blotchy mice, a strain which carries a gene caus
ing an inadequate cross-link of collagen, is close to the ideal model: 88 % of the 
animals develop OA lesions. However, in many cases, animals showing spontaneous 
OA are costly, very irregularly affected and require a long time between birth and 
OA observation. Consequently, interventional models are most often used. The 
anterior cruciate ligament transection in dogs and rabbits, resulting in instability, 
replicates human OA well (see chapt. 3.2). Medial meniscectomy in rabbits gener
ates some aspects of human OA. A hopeful perspective could be an ovine menis
cectomy, a model that closely simulates human OA, as shown recently. 

Let us be reminded by the judicious remark by Sokoloff "Cartilage can sur
vive in a large range of sollicitations, but below and beyond, it will suffer" [3]. 
Indeed, a few models of experimental OA use limb immobilization to induce 
OA: in extension of the limb, immobilisation creates muscle contraction and le
sions like OA; in flexion, it does not lead to OA, unless followed by excessive 
exercise. However, followed by normal exercise, it could serve to study cartilage 
repair and the substances able either to enhance or to inhibit this process. 

In summary, animal models of OA, especially the interventional ones, permit 
the study of the true onset of the disease, its progression and the impact of dif
ferent agents (drugs, mechanical factors, etc ... ) analysed sequentially, the seve
rity of the lesions monitored and precisely measured by anatomic and radio
graphic techniques, including radio-labelling. The main methods and targets in 
the field are very carefully listed in Tables I to IV of this chapter. 

8.2.2 
Clinical Evaluation of Drug Therapy 
0-Y. REGINSTER, B. AVOUAC and C. GOSSET) 

Denominations and definitions of the different classes of drugs are opportun
ely recalled by J -Y. Reginster, B. Avouac and C. Gosset in this chapter: the old de-
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signation of fast-acting and symptomatic slow-acting drugs in OA (SYSADOAs) 
[11] are now gathered under the general heading of Symptom-modifying drugs. 
The old appellation "chondroprotective drugs", replaced in 1994 by the term of 
"disease-modifying anti osteoarthritis drugs" (DMOADs) [11] have been called 
"structure-modifying drugs" for 2 years. By definition, the latter are aimed at 
either preventing or slowing down, or even reversing the structure (anatomical) 
OA lesions. No such drug exists today. The design of trials should be different 
for each class so defined: the primary outcome must be chosen among symp
toms (i.e. pain, functional index) in the first class and chosen to reflect the 
possible structure alteration (i. e. narrowing of joint space, osteophytosis varia
tions) in the second class of drugs mentioned above. 

Which topographic type of OA is to be chosen? Osteoarthritis of the spine is 
excluded as a "bad model" for trials. The best models are hip and knee ~A. 
Methodologies for these target joints are well known. As an example of per
spective for the coming years, let us consider OA of the hand. Studies of hand 
OA as a model for trials are now in progress, with the introduction of functional 
indices such as Dreiser's index (15 in chapt. 8.2.2) or the AUSCAN index, in the 
process of validation [13], and of a pain interval timing index, a self-recording 
of the painful days over time proposed by E. Maheu, taking into account that 
pain is very irregular in hand OA [14]. In that model, a possible structure
modifying drug may now be assessed with the help of the sequence of 
degradation described by Veys and Verbruggen (see chapt. 6) or with the 
macroradiography advocated by Buckland-Wright (chapt. 5.2). 

The target of the trial is usually the most painful joint: for example, the 
tibiofemoral compartment (the patellofemoral one is not a "good model") [15]. 
The contralateral joint could belong to the secondary assessment criteria. 
Moreover, if a given OA joint is proven to be improved in a trial, the applicant 
must also bring evidence of a similar favourable action on other OA joints 
before obtaining right to present his drug as an "antiosteoarthritic" drug 
in general. Similar, when reading the report of a trial, the practitioner should 
consider whether the positive results can be extrapolated to a large popula
tion of OA patients or remain limited to a rather narrow subset of the dis
ease. 

With regard to the diagnostic criteria for hip and knee OA, allowing for ho
mogenous groups of patients, discrepancy remain between the American Col
lege of Rheumatology (ACR) criteria, according to which osteophytosis could 
be the only radiological sign, and the European Agency: Reginster et al. who 
specify joint space narrowing OSN} as a necessary sign in hip and knee OA. This 
requirement, and the list of diseases to be excluded according to these authors, 
is close to the European diagnostic criteria for hip and knee OA [15] while far 
from the ACR criteria. With regard to the X-ray criteria for diagnosis, we per
sonally believe that, in the near future, with the help of the schuss position for 
the knee, the faux profil (partial oblique view) for the hip [6] JSN will be easier 
and more frequently elicited and will give a more consistant basis to the diag
nosis, especially for the possible structure-modifying drug trials. For entry in 
the latter, reference to the atlas of Altman et al. [16] could allow more precision 
in the diagnosis and the stage at which OA patients are recruited. 
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With regard to assessment criteria (or outcome measures, or end points), the 
four following were proposed as sufficiently validated to constitute a "core set" 
in trials for hip and knee OA: pain - functional index - global assessment of the 
patient - imaging if the trial duration is '?1 year [17]. With regard to possible 
structure-modifying drug trials, imaging (currently the X-ray) should be the 
primary criterion: measurement of the JSN over 2 to 3 years by manual or auto
matic process on digitized film is now admitted as reliable (see chapt. 5.2 and 
[7]). As recently shown with a large group of 436 hip OA patients, the rate of]SN 
per year is a good marker of OA severity. It yields a predictive clue for the fu
ture necessity of total hip replacement (THR) - the more rapid the JSN, the 
greater the risk of undergoing a THR [8]. However, two important remarks on 
the JSN as criteria pointed out be Reginster et al. should be highlighted: 1) mul
tiple recommendations must be followed with regard to the strict reproducibi
lity of positioning of the patient (see references "Ravaud" in chapt. 5.2), the di
rection and centering of the X-ray beam, and the measurement itself on films 
which must be centralized (only one selected measurer), 2) However, a drug 
slowing down the structural lesions may be more or less devoid of effect on 
symptoms, at lest in the mid-term. Then, the European Agency recommends 
assessing carefully symptoms in such a trial; it is reasonable to require that an 
improvement of pain and function must accompany the positive structure mo
dification, if any at least, over 1 or 2 years. 

Chapter 9 
Surgical Treatment of the Cartilage Injuries 
(M. BRITTBERG) 

In recent years, the introduction of new techniques to stimulate repair of chon
dral and osteochondral defects has notably modified the surgical approaches to 
the treatment of cartilage injuries. Unfortunately, the exact value of some of 
these techniques is still uncertain and needs to be further established by long
term and accurate studies. 

Among the more exciting innovation proposed in the field of cartilage repair 
are the osteochondral allo- and autografting techniques, used to replace carti
lage defects and underlying bone with a matching articular graft that has been 
harvested either as an allograft from an organ donor or as an autograft. The 
best results of allografts are achieved in young patients with post-traumatic de
fects and before the onset of degenerative changes. Recently, Ghazawi et al. re
ported their experience with fresh small-fragment osteochondral allografts re
constructing post-traumatic knee defects of 126 patients followed for a mean 
of 7.5 years, 85% have had good results. The failure factors included age over 
50 years, bipolar defects, misaligned knees and worker compensation cases. 
However, allografts have some important disadvantages, such a risk for im
munologic reactions and disease transmission, thus increasing attention has 
been focused on autologous osteochondral grafting. Among the different re
cently proposed techniques, of interest are those which utilise small-diameter 
autologous cylindrical osteochondral grafts, harvested from an unloaded area 
in the knee via arthrotomy or arthroscopy and implanted in a mosaic-fashion 
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in the defect area, complemented with an abrasion of the areas between the 
osteochondral plugs. Excellent results of this relatively simple technique were 
observed by MRI after one year. 

The effectiveness of periostal and perichondral implantations in delivering 
new cell populations to the cartilage defect needs to be further evaluated, due to 
the variability of the results in the different studies. Better results are obtained 
in patients with osteochondritis dissecans and early post-traumatic cartilage 
defects in young persons. 

Young age is a prerequisite necessary to obtain the best results in graft tech
niques, probably due to the fact that the number of potential repair cells in 
grafts declines steadily with age. . 

Another interesting area is that of cell-transplantation. Among the different 
techniques used, that introduced by Brittberg in 1987 is interesting. The cultur
ed cells from knees of patients with chronic disabling symptoms are injected 
into a cartilage defect and covered with a flap of periosteum. Of 23 patients 
(mean age 27),16 had defects in the femoral surface and 7 in the patella. After a 
mean of three years, all patients with femoral defects had good or excellent knee 
function. The restored cartilage is hyaline cartilage. The best results were ob
served in patients with injuries of the femoral surfaces producing a single, 
localised deep cartilage lesion. In a recent re-examination with follow-up be
tween 2 - 9 years, the best results were observed in patients with single femoral 
condyle lesion and with osteochondritis dissecans. The importance of this 
technique was confirmed in 1997 by the approval of the USA Food and Drug 
Administration of the cell technology that uses a patient's own chondrocytes to 
repair cartilage injuries in the knee. 

These new approaches have changed the role of the surgeons, who are in
creasingly attracted by prevention of the disease rather than the cure of an al
ready developed one. Therefore, to obtain optimal results, it is necessary that the 
surgeon should be able to combine the more advanced surgical techniques with 
the highest knowledge obtained by researchers in the field of cartilage injuries, 
in a new exciting working area which Brittberg propose to call "biomedical sur
gery". Would it be daring to hope for a technique derived from this one and 
suitable for incipient osteoarthritis cartilage lesions in the future? The issue 
seems very different from the repair of a localised traumatic lesion in young 
patients. 

Chapter 10 
Scientific Basis of Physical Therapy and Rehabilitation 
in the Management of Patients with Osteoarthritis 
(J-M. CRIELAARD and Y. HENROTIN) 

The scientific basis mentioned in the title is largely and carefully stressed by the 
authors. One of the pivotal facts recalled is that a relevant (i. e. sufficient, exact
ly adusted) contraction of adequate muscles during movement - especially in 
charge - is the major protective and shock absorbing agent for the joint. 
Muscular weakness and impaired proprioception are detrimental to OA joints 
in action. In turn, painful and even some painless OAs tend to inhibit full 
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muscle contraction (Arthrogenous Muscle Inhibition: AMI) resulting in mus
cular disuse and weakness, a truly vicious circle. Synovial membrane behaviour 
under dynamic conditions is also well explained, notably the ischaemia-reper
fusion phenomenon: hypoxia followed by tissue reoxygenation is deleterious for 
chondrocyte metabolism and cartilage integrity. Effort and exercise, partic
ularly in certain (excessive) rehabilitation bouts, result in increasing intraartic
ular pressure (especially in OA joint with effusion or flare of inflammation), 
which provokes tissue ischaemia by capillar occlusion. Hypoxia favours synthe
sis and release of IL-1. Subsequent rest decreases intraarticular pressure and 
consequently provokes blood reflow and synovial membrane reperfusion, 
which generates active oxygen species. The latter may induce damage in all 
matrix components. This is one example. Many other interesting physiopatho
logical mechanisms having favorable or detrimental effects on OA joints during 
exercise or efforts in daily life were studied and were often discarded within the 
past decades. 

A number of physical therapy techniques are stated by the authors. However, 
they clearly point out the randomized controlled trials (RCT). The RCT are dif
ficult to carry off and relatively rare on the matter, but they exist, and deserve 
to be emphasized. 

With regard to the analgesic action, an interesting double blind versus pla
cebo RCT showed that pulsed electromagnetic fields (18 sessions of 30 min for 
1 month) are able to decrease pain and to improve functional status in knee, 
hand and ankle OA patients. Another RCT of this therapy addressed to painful 
knee OA recently confirmed this beneficial effect [18]; with 9 daily sessions of 
60 min, improvement of pain and Lequesne's index were significant at month 3, 
testifying a delayed but long carryover effect. 

Transcutaneous electrical nerve stimulation (TENS) was appraised in two re
cent overviews of the literature. Many methodological flaws in the design of 
most of the studies prevent positive conclusions. Acupuncture and electro-acu
puncture comprise three negative and one positive significant result (RCTs). 

A word about local applications of cold or heat: although double blind RCT 
design is not possible, it is concluded that, on the whole, cold application (ice 
chips, cold packs) seem preferable; cooling inflamed joints tends to spare the 
cartilage, as enzymatic activity decreases. 

And lastly, let us mention local massages with capsaicin: this P substance an
tagonist benefits from a renewal of interest. 

Rehabilitation techniques are numerous. 
Spa therapy, despite obvious difficulties, was tested according to a like RCT 

design with a significantly positive result in two studies in knee, hip and lum
bar OA patients. 

Aimed at fighting arthrogenous muscle inhibition and muscle hypotrophy, a 
quantitative progressive exercise program has been shown to yield beneficial 
effects when performed for a three month period. The programm is comprised 
of isometric (no joint movement) and isotonic (an arc of motion with or with
out resistance) exercices, followed by endurance and speed contraction training 
sessions. Likewiese, in a controlled trial, aerobic exercises improved mobility 
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and physical performance and reduced pain significantly in comparison with a 
simple educational program. 

Before prescribing exercise aimed at gaining an incremental range of motion 
and/or strengthening muscles, the practitioner must ensure that there is neither 
effusion, nor inflammatory flare in the targeted joint, nor a threatening of a 
chondrolysis episode. The target should be chosen with proper judgment: for 
example, strengthening of the quadriceps, particularly the vastus mediatis, is 
especially useful in patients with patellofemoral OA. 

Devices, orthesis and educational actions. Pain and discomfort resulting from 
patellofemoral OA were also reduced by a simple device: a tape pulling the 
patella medially (statistically significant result). Other devices were tested suc
cessfully: in patients with medial tibiofemoral knee OA, valgus knee bracing 
produced significant pain relief. Shock absorbing viscoelastic shoe soles and in
soles provide relief in many patients with lower limb OA and are likely to be a 
preventive treatment of OA worsening. Use of a walking stick (probably the best 
"second line" treatment for hip or knee OA) may reduce forces over the joint up 
to 50 % as far as the hip is concerned. Unfortunately, patients often do not obey 
us concerning the walking stick, ulesss they are obliged to adopt it at an advanc
ed stage of their OA, when it is too late. 

Last but not least, educational actions - among which back schools are the 
best known, have beneficial effect; even simple regular contact via monthly 
telephone calls from health care medical auxiliaries have been shown in two 
reliable works to provide improvement in pain and function in knee OA 
patients. This procedure probably acts as a recall of the patient's duties concern
ing exercise, prevention of pain, and other instructions as well as psychothera
peutic support. 

Is it useful to add a conclusion to a chapter entitled "Conclusions"? Let us say 
only that we remember that, fifty years ago, osteoarthritis was treated like a 
poor relation in the family of rheumatic diseases. Now, and increasingly over 
the last few decades, OA is more and more studied on a scientific basis by re
searchers, clinicians (new tools for measuring OA and its development), epide
miologists, radiologists, physiotherapists and - last but not least - orthopaedic 
surgeons, who have given our patients an invaluable present:, the hip and knee 
prosthesis. We have to find "as soon as possible" (next decade? next century?) a 
"second line" treatment slowing down or - who knows? - stopping the disease. 
Thus, we would be able to validate the second part of the beautiful motto adop
ted formerly by the French League against Rheumatism "more years to life and 
more life within those years". 
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degradation in OA 156 -187 

- biomechanical factors (see there) 
115-133 

- crystal deposition in the OA joint 
210-227 

- genetic and metabolic aspects 134-156 
- growth factors and cartilage repair 

188-209 
patient management 49 
PDGF (platelet-derived growth factor) 191, 

196,216 
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- resurfacing 438 - 441 
Perthes disease 102,107 
PGE 220, 221, 399 
- PGE, 399 
- PGE2 220 
PGOA (primary generalized OA) 142,143 
PGs 117,118 
- aggrecan (see there) 7,117, 118, 122, 127, 
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phagocytosis 215 
pharmacological treatment of OA 46, 

342-344 
- costs 46 
- drugs (see there) 342,343 
phenotype 144, 146 
phosphatidylinositol3-kinase 217 
phosphatidylinositol 4,5-biphosphate (PIP 2) 

216 
phospho citrate 222 
phosphodiesterase 216 
phospholipase A,Icyclooxygenase 220 
phospholipase C 216 
phosphoribosyl pyrophosphate synthetase 
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- impairment 453 
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PIP 2 (phosphatidylinositoI4,5-biphosphate) 

216 
piroxicam 378 
PKA (protein kinase A) 170 
PKC (protein kinase C) 170,216 
placebo use 428 
platyspondyly 137,138,140 
polyglycolic acid 393 
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positioning, radio-anatomical 248, 250, 326 
- finger joints 326 
- knee 250 
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PPi (inorganic pyrophosphatase) 146,222 
preclinical studies in OA 408 - 422 
- in vitro studies (see there) 53 - 81,377, 

378,383, 410, 412 
precocious OA 137, 141 
prevalence 20, 21, 26, 27, 38, 39 
prevention 33, 34 
- of pain 453 
primary OA 313 
- PGOA (primary generalized OA) 142, 

143,326 
probenecid 222 
prognosis 43 
proprioceptive reeducation 469 
prostaglandin 127, 214, 220, 221 
- synthesis 214 
protein kinase A (PKA) 170 
protein kinase C (PKC) 170,216 
proteoglycan(s) 7,9,10,277 
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proto-oncogenes 216, 217 
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psychometric properties in the QoL 
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- acceptability 350 
- interpretability 349 
- reliability 349 
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- validity 349 
PTH (parathyroid hormone) 142,158 
- PTH-receptor gene 142 
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public health authority 421 
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- arthropathy, chronic pyrophosphate 211 
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drate deposition disease) 102,134, 
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- PPi (inorganic pyrophosphatase) 146, 
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synthetase) 143 -145 

quality of life (QoL) (see also health) 39, 
331- 355 

- applications of instruments 338 - 347 
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- - medical treatment of OA (see there) 

342-344 
- OA contrasted to other diseases 

340-342 
- definition and conceptual issues 332 
- disease-specific instruments 335 - 337 
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(AIMS) 336 
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- - short form-36 items (SF-36) 334 
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332 
- impact of OA 331-355 
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342-344 
- medico economic studies 346,347 
- - health care access 347 
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347 
- methodological problems 348- 351 

- cross-cultural issues 350 
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- - schedule for the evaluation of 
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- surgical treatment of OA (see there) 
344-347 
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radiographic imaging 228, 246 - 268 
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- diagnostic 228, 246 - 268 
- direct measurement 256 
- features 248, 249, 256 
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256, 261, 320 - 327 
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315-320 
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- magnification 248, 253, 261 
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- therapeutic trials 247,248 
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- X-ray diffraction 212 
recommendations 422 
recource implications 4 
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regional variation, epidemiology 41 
regulatory authorities 421 
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- and education 343 
repair 370 - 372, 392 - 294 
- cellular grafts 392 
- mechanisms 372 
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rheumatology/rheumatism/rheumatoid 

- ACR (American College of Rheumato-
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Ribbing 140 
risk 
- factors 38, 41, 103 
- risk/benefit ratio 422 
rotator cuff tears 148, 289 
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safety 427 
saline 231 
- lavage 365 
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scanning electron microscope (SEM) 212 
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141 
scoring system 239 
- chondropathy 229, 241 
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238,239 
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137,146 
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Stabler system 234, 235 
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steroids 204 
Stickler syndrome 137 -139 
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strain 101 
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strength 458 
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stromelysin (MMP-3) 219,300,302,305, 

401 
- stromelysin-l 300,401 
studies 
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study 
- design 427 
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246,257,260 
- bone cell physiology 158,159 
- cartilage remodeling 162,163 
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- marker, molecular 297 
- MRI 279 
- osteoblasts 160 -162 
- radiography 257, 260, 261, 263 
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286,316 
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431- 452 
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- biomedical surgery 448 
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- cost factors 48 
- debridement 432 
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- QoL 344-347 
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- Stickler 137 -139 
- Wagner 138 
synovectomy 290, 365 
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- canine synovial fibroblasts 215 
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- - enzymes/enzyme inhibitors 163-165 
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- quantify T 2 changes 283 
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TEM (transmission electron microscopy) 
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- MRI 289 
- rupture 290 
- supraspinatus 148 
tenidap 378 
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stimulation) 456 
tetracycline 401 
TGF-p (transforming growth factor) 190, 

191,193,194,196,200 - 203,222,394 
therapy (see treatment) 
thiols 401 
(3H)-thymidine incorporation 215 
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TIMPs (tissue inhibitor of metallo-

proteinases) 128,164,210,302,401 
tissue grafts, repair 392 
TNF (tumor necrosis factor) 
- anti-TNF-a 398 
- TNF-a 127,128,166,167,169,172-174,195, 

218,220 
- - activated signaling pathways 172-174 
- - soluble TNF-a receptors 398 
- TNF-R 167 
- TNF-sR 168 
tolmetin 378 
TPA (tumor promoting phorbol diester) 

216,220 
- TRE (TPA response element) 220 
trabecular micro architecture 287 
track and field activities 115 

traction 458 
tramadol hydrochloride 360 
transin 219 
transmission electron microscopy (TEM) 

212 
trauma 44,105 
TRE (TPA response element) 220 
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356-370 
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- cost factor 46,48 
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- new and future therapies 387 - 402 
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- QoL 342-347 
- - medical treatment of OA (see there) 
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344-347,431-452 
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- radiographic 247 
- systemic treatment 359 
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videotaping guidelines 241 
viscosupplementation 362 
visits, physician 45 
vitreous 
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