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It is a privilege for me to write the foreword for this book entitled “Articular 
Cartilage of the Knee: Health, Injury and Therapy”, edited by Dr. Allan 
Gross and his colleagues from Toronto, along with world-renowned con-
tributors in the field of articular cartilage. The scope of this excellent book 
is extensive, and is a timely and much needed state-of-the-art survey that 
covers every aspect of knee articular cartilage, from its genesis through the 
various stages of growth, aging, trauma and therapy. The basic science and 
diagnostic imaging techniques are discussed along with treatment interven-
tions, beginning with conservative options, followed by well-established 
treatments as well as cutting-edge, innovative surgical approaches, includ-
ing cellular repair, allografts and implant matrices. This multi-disciplinary 
text is aimed at a wide audience and will be an exceptional reference vol-
ume for an in-depth knowledge of articular cartilage of knee. Also, with its 
extensive bibliography, it will serve as an ideal cross-reference for health-
care professionals, scientists, bioengineers as well as clinical and basic 
research trainees. Further, the book’s comprehensive focus on multiple 
aspects of the life cycle of articular cartilage sets it apart from other publica-
tions on this topic.

Appropriate management of patients with injuries and diseases affecting 
the knee articular cartilage relies heavily on an armamentarium of  sophisticated 
imaging and surgical techniques, and clinical trials. Repair of articular carti-
lage of the knee remains challenging despite recent advances in knowledge 
and technology. Whilst investigations of the biochemical factors that modu-
late chondrocyte behaviour was of prime focus in the past, the paradigm has 
now shifted towards a more holistic approach directed at maintaining  articular 
cartilage health and treating knee articular cartilage injury/disease through 
better characterization of the effects of biomechanical forces on  chondrocytes, 
adjacent tissues and the knee joint as well as the altered  articular cartilage 
physiology due to aging and disease. This book addresses various challenges 
in articular cartilage therapy, describing in detail the  current trends and tech-
niques, the pros and cons of each technique followed by future directions in 
the field. It is my hope and expectation that the articular cartilage community 
will eventually succeed in developing innovative techniques to diagnose, 
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 prevent and treat disorders of the articular cartilage of the knee, and so con-
trol the modern scourge of osteoarthritis. This book will augment that prog-
ress, and I recommend it most strongly to all those interested in articular 
cartilage of the knee.

Professor Emeritus and Director,  George C. Bentley,  
DSC, FRCSE, MB, ChM, F Med SCiInstitute of Orthopaedics  

and Musculo-Skeletal Science,  
University College, London, UK

Consultant Orthopaedic Surgeon,  
Royal National Orthopaedic Hospital,  
Stanmore, UK
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With the rapid growth of knowledge of the pathophysiology underlying knee 
diseases and the recognized pivotal role of articular cartilage as the target tis-
sue for bearing of forces, the need and opportunity to compile this compre-
hensive book on knee articular cartilage from the health and disease 
perspective is timely.

This book strives to provide an understanding of the various stages and the 
life cycle of knee articular cartilage from its genesis through its growth and 
development, aging (in health and disease), injury, degeneration from dis-
ease, and responses to therapy (nonsurgical and surgical repair, including the 
use of cell- or non-cell-based biocompatible matrix implants). Overall, we 
aimed to create a compendium of current knowledge of articular cartilage of 
the knee in health, disease, and therapy. The comprehensive focus of this 
book on diverse aspects of articular cartilage of the knee sets it apart from 
other books available on articular cartilage.

This book is the first to encompass a broad spectrum of knee articular 
cartilage-associated disciplines, such as orthopedic surgery, sports medi-
cine, rheumatology, musculoskeletal imaging, pathology, knee rehabilita-
tion, basic science, and cartilage engineering. Under the broad umbrella 
of “Articular Cartilage of the Knee”, this multidisciplinary book is recom-
mended for those engaged or interested in the field of knee articular cartilage 
biology, diagnostic imaging, engineering, and clinical strategies for treat-
ment of injured or diseased articular cartilage. Clinicians, clinical research-
ers, basic scientists, cartilage engineers, postdoctoral fellows, and graduate 
students will benefit from its insights as it is a one-book reference for all 
articular cartilage specialities.

This book is organized into 8 parts with a total of 19 chapters, which col-
lectively encompass a broad number of disciplines and several review topics 
related to knee articular cartilage. Each chapter is self-contained, can be read 
independently, and is supplied with a comprehensive reference list.

Part I (Normal Articular Cartilage) includes the overview of normal knee 
articular cartilage three-dimensional structure and intrinsic properties as well 
as growth and development. The first chapter by Gahunia and Pritzker 
describes in-depth the macromolecular composition and structure of knee 
articular cartilage and its unique biomechanical properties. The authors 
emphasize the unique structural and biomechanical symbiotic relationship 
between the chondrocytes and their pericellular environment along with the 
extracellular matrix of the various zones. A current understanding of the key 
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molecular and genetic participants during the various stages of growth and 
development of articular and epiphyseal cartilage is elucidated in Chap. 2 by 
Las Heras and Gahunia.

Part II (Aging and Degeneration of Articular Cartilage) includes chapters 
that elucidate the knee articular cartilage normal homeostasis and its altera-
tions during aging, degeneration, and disease. In Chap. 3, Pritzker and 
Gahunia discuss chondrocytes as the key cellular mediators for cartilage 
homeostasis and aging of mature chondrocytes and their surrounding extra-
cellular matrix that is reflective of metabolic changes related solely with the 
passage of time. Clinically, these changes can manifest as decreased capacity 
to withstand mechanical forces leading to degenerative arthritis. In Chap. 4, 
Gahunia and Pritzker provide a thorough understanding of the specific roles 
of the various articular cartilage matrix component biomarkers. The role of 
mechanical stress on articular cartilage resulting in a cascade of mechanosen-
sitive events within the extracellular matrix which then stimulates the mecha-
noreceptors at the chondrocyte surface is highlighted.

Part III (Knee Articular Cartilage Injury: Evaluation and Assessment) 
includes chapters that discuss traumatic articular cartilage injuries and their 
diagnosis, evaluation, and assessment using magnetic resonance imaging 
and arthroscopy. In Chap. 5, Ellis presents the natural history and incidence 
of traumatic and sports-related articular cartilage injuries with associated 
risk factors. From an orthopedic surgeon’s perspective, the importance of 
identifying the size, depth, and anatomic location of the lesion, patient’s 
age, activity level, clinical presentation, the use of appropriate classi-
fication system, and association with other knee tissue injuries prior to 
assigning the treatment strategies for knee cartilage repair is discussed. In 
Chap. 6, Thawait, Andreisek, and Chhabra highlight the technical consid-
erations when using magnetic resonance imaging and appearances of the 
wide spectrum of injury- related pathologies. The assessment and classifi-
cation systems of chondral lesions using arthroscopy that guide treatment 
algorithms are reviewed by Dwyer and Theodoropoulos in Chap. 7. The 
authors discuss articular cartilage injury patterns seen with common knee 
pathology and trauma.

Part IV (Repair of Knee Articular Cartilage Injury: Nonsurgical 
Approaches) is devoted to the current knowledge of conservative treatment of 
knee articular cartilage lesions. Pharmacologic management for articular car-
tilage injury and osteoarthritis should always be considered as supplemental 
to conservative approaches related to physical and/or rehabilitative exercises. 
In Chap. 8, Houpt, Gahunia, and Pritzker discuss the efficacy of lifestyle 
modifications, weight loss, and active physical therapy in reducing symptoms 
following knee injury and facilitating knee articular cartilage repair. In Chap. 
9, Houpt, Pritzker, and Gahunia review the current oral, topical, and intra- 
articular pharmacologic agents, and their use for the management of knee 
articular cartilage injury and for the treatment of osteoarthritic symptoms.

In Part V (Repair of Knee Articular Cartilage: Surgical Approaches), the 
most up-to-date strategies for the treatment, repair, and reconstruction of 
knee articular cartilage defects are discussed in a series of highly informative 
chapters. Building on already established techniques, Gross and his 
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 colleagues explore state-of-the-art surgical techniques that have come to the 
forefront within the last decade including cell and cartilage transplantation. 
Also, early and midterm results from clinical trials are reviewed. In Chap. 
10, Popkin describes the natural history and discusses the current surgical 
treatment options for osteochondritis dissecans. In Chap. 11, Chahal, 
Benedict, and Gross provide a comprehensive approach to evaluating patients 
with articular cartilage defects and describe the treatment options and algo-
rithms. Patient- and defect-specific factors pertinent to surgical decision 
making are discussed along with an evidence-based and technical overview 
of common surgical approaches. In Chap. 12, Rogers, Chahal, and Gross 
emphasize on the patient-focused diagnosis and treatment options and pro-
vide a comprehensive synopsis of the biopsychosocial approach toward pri-
mary and secondary clinical outcome measurement following articular 
cartilage repair surgery.

The focus of Part VI (Qualitative and Quantitative Assessment of Articular 
Cartilage Repair) is to highlight the magnetic resonance imaging and histo-
pathological imaging techniques, and assessment tools to visualize and assess 
knee articular cartilage repair and disease at post- and during treatment stage. 
In Chap. 13, Chhabra, Thawait, and Andreisek review the role of MRI for the 
preoperative diagnosis of knee cartilage injury and postoperative follow-up 
as it relates to the visualization, characterization, and assessment of cartilage 
repair tissue. Also, the authors provide an understanding of the currently used 
cartilage repair scoring system. In Chap. 14, Trattnig, Welsch, Röhrich, 
Schreiner, and Zalaudek highlight how both morphological and biochemical 
MRI can provide quantitative data and to what degree this data is associated 
with clinical outcome in articular cartilage repair and disease. Also, the 
authors provided an understanding of how to employ the latest MR tech-
niques, such as permeability imaging and susceptibility imaging. In Chap. 15, 
Pritzker and Gahunia discuss the standardized histopathological methods for 
the assessment, evaluation, and classification of knee articular cartilage 
lesions and repair.

The chapters included in Part VII (Research in Articular Cartilage Repair 
and Cartilage Bioengineering) showcase the recent cartilage engineering 
strategies in transplantation for cell-based and non-cell-seeded scaffolds for 
cartilage repair. The current and future approaches pertaining to the rationale 
and clinical studies underlying the use of human-derived cells for chondral 
and osteochondral repair are eloquently reviewed by Mollon, Kandel, and 
Theodoropoulos in Chap. 16. This chapter provides an in-depth understand-
ing of the biology of cell-seeded tissue-engineered matrices that will help 
with the development of new products and clinical applications. The rele-
vance of non-cell-seeded tissue-engineered scaffolds with and without the 
use of exogenous agents is discussed in-depth by Starecki, Gott, Schwartz, 
Sgaglione, and Grande in Chap. 17. The authors highlight the characteristic 
features of a successful cartilage scaffold. Further assessment and investiga-
tion of the commercially available bioengineered cartilage grafts including 
cell-based therapies, the use of particulate articular cartilage, as well as 
examples of scaffold and synthetic materials that can be used in isolation is 
overviewed by Rogers, Chahal, and Gross in Chap. 18.
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Finally, in Part VIII (Future Prospects for Knee Articular Cartilage 
Therapy) and concluding Chap. 19 of this book, Gahunia, Gross, and Pritzker 
succinctly summarize the book contents and suggest future directions for 
knee articular cartilage research and practice.

In addition to the wealth of information covered in the various chapters, 
four appendixes (A to D) are included to provide readers with an easy access 
to the commonly used scoring systems for knee cartilage assessment. 
Appendix A includes the arthroscopic classification systems for chondral 
injuries (Outerbridge, Modified Outerbridge, Noyes, and International 
Cartilage Repair Society) and chondral repair (International Cartilage Repair 
Society and Oswestry). Appendix B provides access to six of the current most 
commonly used outcome assessment tools developed for patients to assess 
their view about their knee health either post-injury, to evaluate the efficacy 
of pharmacological intervention, preoperative and post-surgery follow-up 
assessments (cartilage repair or knee arthroplasty), or during the course of 
disease such as osteoarthritis. A total of nine commonly used measures of 
knee function are included. These scoring tools are used to assess one or 
more of the following criteria: pain, symptoms, activities of daily living, 
sports, quality of life, and physical health value. Magnetic resonance imaging 
evaluation systems for chondral injuries and repair are outlined in Appendix 
C. There are three main MRI evaluation systems currently used, namely, 
International Cartilage Repair Society as well as two- and three-dimensional 
magnetic resonance observation of cartilage repair tissue scores. Finally, 
Appendix D includes the histopathological classification systems to assess 
cartilage lesions and repair. This unique approach of grouping all the cur-
rently used scoring systems will enable the readers to develop a better under-
standing of the various aspects of cartilage biology and injury from the 
perspective of different disciplines.

My co-editors and I envisage that this book will help stimulate scientific 
research among physicians, scientists, and researchers with an active interest 
in the field of knee articular cartilage biology as well as diagnosis and treat-
ment of joint diseases. This continuing translation of clinical and basic sci-
ences to healthcare and clinical practice, in turn, will serve to lead to the 
development of more effective treatment strategies for those afflicted by knee 
joint injuries and disorders.

Toronto, ON, Canada Allan E. Gross, MD, FRCSC, O ONT
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Attempting to highlight the complexities of knee articular cartilage in health 
and disease is a daunting task. We are much indebted to our world-renowned 
experts and contributors of each chapter for their thoughtful and scholarly 
input. It is wonderful to have contributions from worldwide leaders in the 
fields of orthopedic surgery, radiology, rheumatology, pathology, epidemiol-
ogy, rehabilitation science, basic science, and cartilage engineering who 
came together to offer their expertise and invaluable insights toward this large 
and complex topic of knee articular cartilage in health, disease, diagnosis, 
therapy, and healing. Through their dedication and highly collaborative 
efforts, they have made this comprehensive and authoritative book possible.

We extend our appreciation to Kristopher Spring (Senior Editor, 
Springer Nature) for his great enthusiasm, patience, and support for this 
book from concept until completion. Also, we extend our deepest grati-
tude to Atma Biswal (Project Manager, Content Solutions, Spi Global), 
Mario Gabriele (Sr. Project Manager, Content Solutions, Spi Global), and 
Krishnan Sathyamurthy (Production Editor, Springer Nature), and their edi-
torial and production staff for all their hard work, dedication, and patience 
in ensuring the success and timely publication of this book. We thank 
Maureen Alexander (Springer Developmental Editor) who worked with 
much passion and has been instrumental in ensuring that the book structure 
and content is at its best. The state-of-the-art illustrations would not have 
been possible without the contributions of Danny Aguilar (Medical Graphic 
Artist-illustrator, JD  Graphics Solutions, Toronto, Canada) who worked 
with deep dedication to ensure the accuracy and high-quality production of 
the schematics.
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Structure and Function of Articular 
Cartilage

Harpal K. Gahunia and Kenneth P. H. Pritzker

1.1  Introduction

In synovial joints, articular cartilage is a smooth, 
wear-resistant lubricated surface that caps the 
bones, allowing them to glide over one another 
with minimal friction and to absorb impact 
forces. The articular cartilage faces the joint cav-
ity on one side and is linked to the subchondral 
bone plate via a narrow layer of calcified carti-
lage tissue on the other side. Articular cartilage, 
also referred to as hyaline cartilage because of 
its amorphous glassy macroscopic appearance, is 
a uniquely ordered, highly specialized connective 
tissue with biophysical properties consistent with 
its ability to withstand high compressive forces. 
The synovial fluid (SF) plays an important role in 
cartilage nourishment, joint lubrication and wear 
resistance [1]. Articular cartilage is maintained 
through long-range diffusion of nutrients from 
the adjacent connective tissue blood vessels and 

SF [2]. In addition, diffusion of substances from 
blood vessels in the subchondral bone can also 
contribute to cartilage nourishment in immature 
tissues prior to complete calcification of the 
growth plate. In neonates and early childhood, 
cartilage canals connect the cartilage and sub-
chondral bone, and contribute to cartilage nour-
ishment. During growth and development, the 
cartilage canals extend as branches of blood ves-
sels to the immature articular cartilage [3–5]. 
Although these canals are abundant in young  
cartilage, with increasing age, their number 
decreases and they are absent in mature cartilage 
[3]. Adult cartilage is typically avascular, alym-
phatic and aneural, and it is nourished primarily 
by the diffusion of nutrients from SF through the 
articular surface [6].

This chapter is organized into two main sec-
tions. The first section comprehensively presents 
the structure, composition and architecture of 
articular cartilage. The three-dimensional (3D) 
complexity of articular cartilage due to its hori-
zontal zone heterogeneity from the articular sur-
face to the subchondral bone and its extracellular 
matrix (ECM) compartmentalization from the 
vicinity of chondrocytes outwards are presented 
in depth. The second section of this chapter is 
focused on the varied function of articular carti-
lage, with emphasis on the critical role played by 
the articular surface as well as the chondrocytes 
and their microenvironment. During mobility and 
cartilage compression, the important role played 
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by the SF and surface lubricating molecules is 
thoroughly discussed. Also presented are the var-
ious lubrication mechanisms as these relate to the 
human knee.

1.2  Articular Cartilage Structure 
and Composition

Articular cartilage is a dynamic, highly hydrated 
tissue comprised of cells, the chondrocytes 
(2–5% cartilage wet weight), which are embed-
ded in the ECM (95–98% cartilage wet weight) 
secreted and maintained by the chondrocytes. 
The ECM of cartilage is a resilient gel comprised 
of tissue fluid with small molecular weight (MW) 
ions and macromolecular composition, mainly of 
collagen type II and proteoglycans (PGs). The 
unique biological and biomechanical properties 
of articular cartilage depend on the architecture 
of collagen fibres, the composition of PGs as 
large MW solutes, and interactions between the 
ECM and the chondrocytes that maintain the car-
tilage function and homeostasis [7, 8].

1.2.1  Chondrocytes and Chondrons

Chondrocytes are the only cell type found in 
articular cartilage. The chondrocyte morphology 
varies from flat, discoid-shaped cells at the artic-
ular surface to round or polygonal with increas-
ing cartilage depth. Using confocal microscopy, 
the morphometric analysis of cadaver (age 
23–49  years) medial femoral condyle articular 
cartilage (mean depth 2.4  mm) determined the 
chondrocyte volume density as 1.7% and the 
mean chondrocyte diameter was 13 μm [9]. The 
chondrocyte has intracellular morphologic fea-
tures characteristic of a metabolically active cell, 
consistent with its role in the synthesis and 
turnover of ECM components (Fig.  1.1). 
Chondrocytes are responsible for generating and 
maintaining the cartilaginous extracellular envi-
ronment. Deviation from the normal articular 
cartilage homeostasis, due to injury, aging or dis-
ease, is reflected in the chondrocyte ultrastructure 
[10–12].

Chondrons are the microanatomical, 
micromechanical and metabolically active 

Fig. 1.1 Electron microscopy of a metabolically  
active chondrocyte showing the intracellular structures  
(abundant rough endoplasmic reticulum, free ribosomes, 

mitochondria and glycogen) and its pericellular environ-
ment (matrix and capsule). Magnification ×5000
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 functional units of articular cartilage. Due to 
the nature of mature cartilage, the immediate 
pericellular microenvironment of the chon-
drocytes plays a critical role in maintaining 
the homeostasis of the articular cartilage [13–
15]. Anatomically, the chondron comprises a 
chondrocyte and its pericellular microenvi-
ronment (Fig. 1.2) [15]. Morphologically, the 
chondrocyte surface membrane is surrounded 
by a transparent glycocalyx at the outer 
periphery of which is a thin pericellular matrix 
(PCM) that becomes more distinct as cartilage 

matures. The PCM is composed of a mixture 
of  collagen types VI and IX along with small 
PGs and glycoproteins [16–18]. The PCM in 
turn is surrounded and enclosed by a fibrillar 
pericellular capsule [19, 20]. Usually, chon-
drocytes of mature cartilage fill the chondron 
with little PCM seen between the chondrocyte 
and the chondron capsule. During histological 
processing the chondrocytes slightly shrink, 
hence an empty space referred to as “lacuna” 
is seen between the chondrocyte membrane 
and chondron capsule.

Fig. 1.2 Schematic diagram depicting a chondron 
 composed of articular cartilage chondrocyte and its micro-
environment. The chondrocyte membrane is  surrounded 
by a thin pericellular matrix comprised of  collagen type VI 
and other small proteoglycans and  glycoproteins. The 

 pericellular matrix is surrounded and enclosed by a fibril-
lar pericellular capsule of collagens and non-collagenous 
proteins. (Schematic created by Dr. Harpal K. Gahunia, 
and graphic illustration by Danny Aguilar, JD Graphics 
Solutions, East York, Ontario, Canada)

1 Structure and Function of Articular Cartilage
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1.2.2  Extracellular Matrix

The physicochemical properties of articular carti-
lage depend on the structure, organization and 
concentration of the ECM macromolecules (20% 
to 25% of the cartilage wet weight) and their 
interactions with the tissue fluid (70% to 80% of 
the cartilage wet weight) that contains small MW 
ions (Fig. 1.3). The tissue fluid plays an impor-
tant role in joint lubrication, wear resistance, and 
enables nutrients and oxygen to diffuse through 
the cartilage matrix from the cartilage surface to 
its cells located at varying depth [1].

The mature ECM is composed of predomi-
nantly collagen type II bundles together with 
non-collagenous proteins, ions (primarily Na+ 
and Cl− ions) and soluble, negatively charged PG 
molecules. Depending on the age and anatomic 
location of articular cartilage, the PGs could 
approximately constitute 50% of the dry weight, 
whereas the total collagen may constitute 24% of 
the dry weight (Fig.  1.4). In humans, collagen 
type II is the principal fibrillar macromolecule, 
representing 90–95% of the total collagen in 
articular cartilage, whereas other cartilage- 
specific and cartilage-non-specific collagens con-
stitute 5–10% of the total collagen (about 1% of 
the dry weight) [21–23]. The turnover of normal 

adult cartilage collagen type II is extremely low 
with a half-life of > 100 years, whereas PGs and 
aggrecans continue to be synthesized and secreted 
into the ECM with the normal turnover for a large 
monomer corresponding to a half-life of 3.4 years 
[24–26]. Depending on age, the non-collagenous 
proteins including glycoproteins could form 
about 25% of the ECM dry weight. These non-
collagenous proteins include fibronectin, lam-
inin, tenascin, chondronectin, cartilage 
oligomeric matrix protein (COMP) and cartilage 
matrix glycoprotein (CMGP) [7, 27–33].

1.2.2.1  Proteoglycans
Proteoglycans, a diverse family of molecules, 
are strongly hydrophilic, and this property facil-
itates the lubrication of the joint bearing 
 surfaces. Articular cartilage PGs vary in size, 
glycosaminoglycan (GAG) content and func-
tional properties [34, 35]. These PG molecules 
are present as soluble PG monomers or as PG 
aggregates, which together with tissue fluid 
molecules are associated with the collagen 
fibres (Fig. 1.5, Table 1.1). The large aggregat-
ing PGs (such as aggrecan and versican) form 
50% to 58% of the total PGs, whereas non-
aggregating PGs form 40% of the total PGs [37, 
60]. The non-aggregating cartilage PGs include 

Fig. 1.3 Articular 
cartilage wet weight 
composition in the 
human adult knee. The 
chondrocytes consist of 
only 2–5% of wet 
weight, whereas the 
extracellular matrix 
consists of 95–98%, of 
which tissue fluid and 
small molecular weight 
ions occupy the majority 
of extracellular matrix. 
Note that wet weight of 
knee articular cartilage 
macromolecules varies 
with age and anatomic 
location

H. K. Gahunia and K. P. H. Pritzker
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Fig. 1.4 Schematic representation of the articular cartilage extracellular matrix macromolecules dry weight composition 
in the human adult knee. Note that dry weight of articular cartilage molecules varies with age and anatomic location

Fig. 1.5 Schematic diagram showing the articular carti-
lage collagen and aggrecan interaction and organization. 
The proteoglycan monomer consists of a protein core with 
covalently bonded glycosaminoglycan side chains, namely, 
chondroitin sulfate and keratan sulfate. These monomers 

are non-covalently attached to the hyaluronic acid back-
bone via HA-binding region which is further stabilized by 
the link protein. (Schematic created by Dr. Harpal K. 
Gahunia, and graphic illustration by Danny Aguilar, JD 
Graphics Solutions, East York, Ontario, Canada)

1 Structure and Function of Articular Cartilage



(continued)

Table 1.1 Knee articular cartilage glycosaminoglycans and proteoglycans: basic structure, location and functions

Glycan Type

Alternating 
Copolymer 

Disaccharide 
Repeating Units 
(Basic Structure)

Molecular 
Weight 

(Kilodaltons)

Extracellular 
Matrix 

Localization
Function

Hyaluronan – Binding Proteoglycans
Chondroitin Sulfate 
(CS)

1. Chondroitin-4-
sulfate (C4S)

2. Chondroitin-6-
sulfate (C6S)

β -1,4-linked 
d-glucuronic acid and  
β -1,3-linked N-acetyl-β  
-galactosamine- 
4-O-sulfate

β -1,4-linked 
d-glucuronic acid and  
β -1,3-linked N-acetyl-β  
-galactosamine-6- 
O-sulfate

5–50

5–50

ITM Structural constituents; 
Highly sulfated GAGs 
providing negative charge for 
enhanced hydration and 
biomechanical properties; 
Provides viscoelastic 
properties

Keratan Sulfate 
(KS)

β-N-acetyl-D-
glucosamine and  
β -1,3-linked 
poly-N-
acetyllactosamine

5–15 ITM Highly sulfated GAGs 
providing negative charge for 
enhanced hydration and 
biomechanical properties; 
Binds to many ECM 
constituents, particularly 
fibrillar collagens to stabilise 
collagen network

Dermatan Sulfate 
(DS)

β -1,3- or β -1,4-linked 
N-acetyl galactosamine-
4-O-sulfate and either 
L-iduronic acid or 
D-glucuronic acid

87 × 103 to
285 × 103

with ~ 45 × 103 
Protein core

ITM Interacts with fibrillar 
collagens; Important in matrix 
organisation

Hyaluronic Acid  
(HA, also known as 
hyaluronan)

β-D-(1-4)-N-Acetyl-D-
glucosamine β-D-(1-3)-
Glucuronic acid

4–8000 PCM; ITM Structural constituents; 
Stabilises large aggrecan 
formation; Facilitates 
cell-ECM interactions; 
Provides viscoelastic 
properties; Retains water and 
maintains osmotic pressure

Proteoglycan 
Monomer (PG)

Protein core with CS 
and KS GAG chains

1 × 103 to 3 × 
103

with ~ 200 to 
250
Protein core

AC ECM; 
Predominant 
PG in SZ

Structural constituents; 
Facilitates joint lubrication; 
Load-bearing properties

Proteoglycan Link 
Protein

Consists of three 
domains: A, B1 and B2 
with structural analogy 
to G1 region of 
aggrecan; Has one or 
two N-linked 
oligosaccharide chains 
that may have variable 
sialic acid contents

54 ECM Stabilizes the binding of PG 
monomer to HA; 
Concentration of link protein 
significantly influence 
aggrecan aggregation, 
aggregate stability, and 
uniformity of aggrecan 
spacing; Domain A interacts 
with the G1 region of 
aggrecan and both B domains 
interact with HA; Complex 
formed by aggrecan, link 
protein and HA stabilizes 
soluble aggrecans in collagen 
network; Helps protect PG 
aggregates from degradation
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(continued)

Glycan Type

Alternating 
Copolymer 

Disaccharide 
Repeating Units 
(Basic Structure)

Molecular 
Weight 

(Kilodaltons)

Extracellular 
Matrix 

Localization
Function

Proteoglycan 
Aggregates

HA with attached PGs > 2 × 105 PCM, small 
size; TM, 
medium size; 
ITM, large size

Principal load-bearing PGs; 
Facilitates joint lubrication; 
Important in mediating 
chondrocyte-chondrocyte and 
chondrocyte-matrix 
interactions

1. Aggrecan Supramolecule with as 
much as 50 PG 
monomers bound to HA

3 × 103 to 3 × 
106

ITM Provides viscoelastic 
properties; Provides osmotic 
resistance to compressive 
loads

2. Versican (also 
known as PG-M)

Large ECM molecule 
with CS PGs

> 1 × 103 with  
> 200 protein 
cores

ITM Participates in matrix 
organization during 
chondrogenesis; Mediates cell 
adhesion and migration; 
Promotes cell growth

Pericellular Proteoglycans
Perlecan Protein core with  

CS / HS side chains
~ 500
Protein core

PCM Promotes chondrocyte 
attachment; Modulates 
activity of several growth 
factors; Promotes 
chondrogenesis; Maintains 
chondrogenic differentiation

Heparan Sulfate 
(HS)

D-Glucuronic acid or 
L-iduronic acid 
D-Glucosamine or
N-acetyl-D-glucosamine

75 × 103 Cell surface; 
PCM

Major modifiers of growth 
factors; Interacts with other 
HS PGs and with PCM 
laminins and collagen type 
IV; Important role in 
chondrogenesis

Small Leucine-Rich Repeat Proteoglycans
Biglycan (also known 
as DS-PGI has > 65% 
homology to decorin)

Carries two CS or DS 
side chain

100 with
38 protein core

PCM Interacts with collagen type 
VI; Binds to and modulates 
TGF-β bioactivity; Affects the 
Wnt signalling pathway

Decorin (also known 
as PG40 and 
DS-PGII)

Carries one CS or DS 
side chain

72 with
36 protein core

ITM of SZ Associates with collagen 
fibrils and regulates collagen 
fibrillogenesis and structure; 
Controls cell growth; Interacts 
with other proteins; Mediates 
interaction between collagen 
and PG; Binds to and 
modulates TGF-β  
bioactivity

Fibromodulin 
(homologous to 
biglycan and decorin)

Carries up to four 
N-linked KS side 
chains. Some molecules 
contain KS chains 
exclusively capped with 
α(2-3)-linked sialic acid

59 ITM of AC: 
Most abundant 
in SZ

Forms strong association with 
collagen fibrils; Regulates 
collagen fibril diameter and 
fibrillogenesis; Involved in 
collagen cross-linking; Binds 
and sequesters growth factors 
during cartilage remodelling

Table 1.1 (continued)

1 Structure and Function of Articular Cartilage
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Table 1.1 (continued)

Glycan Type

Alternating 
Copolymer 

Disaccharide 
Repeating Units 
(Basic Structure)

Molecular 
Weight 

(Kilodaltons)

Extracellular 
Matrix 

Localization
Function

Lumican Contains ten tandem 
leucine-rich repeats; 
Carries four N-linked 
sites within the 
leucine-rich domain of 
the horse-shoe-shaped 
protein core that can be 
substituted with KS

40 ECM Helps stabilise collagen fibrils 
and orient fibrillogenesis; 
Binds to ECM collagen 
molecules within a collagen 
fibril, thus helping keep 
adjacent fibrils apart

Chondroadherin Contains eleven 
leucine-rich repeats 
flanked by cysteine-rich 
regions

38 PCM; ECM Provides a link between 
chondrocytes and ECM via 
specific interactions with 
α2β1 integrins and heparin 
sulfate chains; Promotes 
attachment of chondrocytes to 
ECM; Regulates chondrocyte 
growth and proliferation; 
Binds to collagen types II  
and VI, influencing 
fibrillogenesis

Other Proteoglycans
Lubricin Attachment site for a 

CS chain
227 Surface of SZ Forms protective layer  

on SZ to maintain surface 
integrity; Allows extensive 
hydration; Responsible for 
lubrication; Reduces friction 
and wear

References: [31, 34, 36–59]
AC, Articular cartilage; ECM, Extracellular matrix; GAGs, Glycosaminoglycans; PCM, Pericellular matrix; TM, 
Territorial matrix; ITM, Interterritorial matrix; TGF-β, Transforming growth factor; SZ, Superficial zone

biglycan, decorin, fibromodulin, lumican and 
perlecan [44, 49, 61].

In articular cartilage, the heterogeneity of PG 
structure and function is a reflection not only of 
the variation in protein core but also variation in 
the type and size of the GAG chains. The varia-
tion in the position of sulfation can also increase 
diversity in the chemical and physical properties 
of the GAG chains. PG monomers are composed 
of a protein core onto which one or more highly 
sulfated GAG side chains are covalently bonded. 
The GAG molecules are unbranched chains of 
repeating disaccharides, which confer negative 
charge to the cartilage matrix. The  concentration 

of the negative charge is known as fixed charge 
density (FCD). The cartilage FCD with tissue 
fluid is primarily responsible for maintaining 
the compressive properties of articular carti-
lage. The GAG groups present in the articular 
cartilage PGs are mainly chondroitin sulfate 
(CS, 87%), which exists both as chondroitin-
4-sulfate (C4S) and chondroitin-6-sulfate (C6S). 
Other GAGs present in AC are keratan sulfate 
(KS, 6%) and hyaluronic acid (HA), also called 
hyaluronan. Each PG molecule can consist of 
over 100 CS chains, 20-40 KS and 40 O- and 
N-linked oligosaccharides [62]. The CS chains 
are covalently attached to the protein core via 

H. K. Gahunia and K. P. H. Pritzker
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a xylose residue linkage to specific serine resi-
dues, whereas KS chains are attached to  protein 
via N- and O-linked  glycosidic linkages to 
 asparagine or  serine/ threonine, respectively. As 
one moves away from the chondrocytes towards 
the interterritorial matrix (ITM), CS PGs and 
dermatan sulfate (DS) PGs predominate [37]. 
HA is a large polyanionic molecule that can 
have a MW up to 6 million Daltons. HA is the 
only GAG that is not bound to a core protein and 
is non-sulfated. The HA receptor on the surface 
of chondrocyte serves as the critical link for the 
retention of the HA-PG aggregates to the chon-
drocyte cell surface and plays an important role 
in PCM assembly and retention [63–65].

The majority of PG molecules in articular 
cartilage are aggrecans with varying composition 
and size, hence the propensity to aggregate into 
large supramolecular complexes [66]. These 

macromolecular composites are heavily sulfated 
with the negatively charged GAG side chains that 
attract water molecules with associated cations. 
Aggrecans generate a densely packed hydrated 
gel, intertwined in the collagen fibril network 
along with other PGs and glycoproteins [62]. An 
aggrecan molecule is a composite macromol-
ecule  comprising of a central HA to which sev-
eral PG monomers are  non-covalently attached 
(Fig.  1.6). The core protein of aggrecan has a 
MW of approximately 230 kDa and consists of 
three globular domains, G1, G2 and G3, with 
three interglobular regions [44, 67]. Each PG 
molecule of an aggrecan binds with HA back-
bone via the HA-binding region (G1 domain) 
of their core protein at the N-terminal domain 
(Table  1.2). This interaction between aggrecan 
and HA is further stabilized by the link protein 
which consists of about 100 amino acids in length 

Fig. 1.6 Schematic diagram of articular cartilage aggre-
can molecule showing the backbone hyaluronic acid 
(HA). Each aggrecan molecule consists of three domains, 
namely HA-binding, N-terminal and C-terminal domains, 
also referred to as G1, G2 and G3 domains, respectively. 

Each aggrecan molecule attaches to the HA backbone via 
G1 domain and is stabilized by link protein. (Courtesy of 
Dr. Harpal K. Gahunia and graphic illustration by Danny 
Aguilar, JD Graphics Solutions, East York, Ontario, 
Canada)

1 Structure and Function of Articular Cartilage
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Table 1.2 Aggrecan globular structure domains play an important role in anchoring the proteoglycans to other extra-
cellular molecules

G1 domain G2 domain G3 domain
Domain Location

• Amino terminus of core protein • Amino terminus of core protein • Carboxyl terminus of core protein

Domain Functions
• Binds HA;
•  Forms ternary complex with HA 

and link protein to stabilise 
aggrecan molecule;

•  Mediates interactions between 
chondrocyte and ECM

• Unique to aggrecan;
•  Involved in regulating aggrecan 

production;
• Inhibits product secretion

•  Links aggrecan complexes to ECM 
components;

•  Enhances GAG modification such as 
GAG chain attachment and product 
secretion;

•  Binding domain for galactose 
present on collagen type II, cell 
surface or other ECM constituents;

•  Interacts with tenascin and sulfated 
glycolipids;

•  Enhances product secretion (alone or 
in combination with KS or CS 
domain);

• Promotes GAG chain attachment

References: [37, 62, 67–72]
CS, Chondroitin sulfate; ECM, Extracellular matrix; GAG, Glycosaminoglycan; HA, Hyaluronic acid; KS, Keratan 
sulfate

with a characteristic sequence comprising four 
disulfide- bonded Cys residues [42]. Link protein 
is a 45 kDa molecule that binds to both cartilage 
aggrecan and HA in ECM, thereby stabilizing 
their aggregation [50]. Link proteins have struc-
ture analogous to that of the aggrecan G1 domain 
and possess three domains, namely A, B1 and 
B2 [73]. The link protein’s A domain interacts 
with the G1 region of aggrecan, whereas the B 
domains interact with HA [42, 51]. The highly 
stable tripartite HA-binding region of aggrecan, 
link protein and HA complex is essentially non-
dissociating and non-displaceable under physi-
ological conditions, hence providing further 
stability to the aggrecan molecules within the 
collagen network [44]. Several protease- sensitive 
sites are located between the G1 and G2 domain, 
which are involved in PG depletion observed in 
arthritis. Following the G2 domain of the protein 
core is a small region rich in KS chains and a 
largest region with >  100 covalently linked CS 
chains [37]. Following the CS-rich region, the 
G3 domain is located towards the C-terminal 
of the protein core. The G3 domain serves as 
the  binding domain for the galactose present on 
chondrocytes or cartilage ECM molecules, which 

has the ability to interact with tenascins, fibulins 
and sulfated glycolipids [74].

Versican, a large CS PG with a MW of more 
than 1000 kDa, is predominately found in tissues 
with a high cell-to-matrix ratio and in the early 
stage of cartilage formation [75–77]. The pres-
ence of the versican isoforms has been detected 
at all ages in normal cartilage from the third tri-
mester foetus to the mature adult [43]. Versican 
is comprised of CS GAG side chains and a core 
protein (of multiple sizes greater than 200 kDa) 
with globular domains at both N-terminal and 
C-terminal regions and central CS-attachment 
regions consisting of CS-α and CS-β domains 
[75, 77, 78]. The N-terminal G1 globular domain 
of versican specifically binds HA, an interaction 
that is stabilised by link protein [79]. During 
synovial joint morphogenesis and precartilage 
mesenchymal condensations, high expression of 
versican and HA have been shown to facilitate a 
highly hydrated environment that promotes cell 
proliferation and migration as well as the forma-
tion/organisation of the articular surface [76]. 
The versican-HA complexes surrounding cells 
serve an important role in controlling cell shape 
and cell division [80, 81].

H. K. Gahunia and K. P. H. Pritzker
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Perlecan is a modular heparan sulfate (HS) and/
or CS-substituted PG with a protein core size 
between 400 kDa and 500 kDa [49, 82]. Perlecan 
is a predominant component of articular cartilage 
and epiphyseal plate during long bone growth 
and development. Perlecan shows a PCM distri-
bution through all age groups. It was also found 
in the ITM of newborn to 19-month-old stifle 
articular cartilage of merino sheep. A significant 
 age-dependent decline in perlecan levels in the 
articular cartilage and epiphyseal plate cartilage 
has been documented [61]. In human knee articu-
lar cartilage, perlecan is densely distributed in the 
fetal (12–14 weeks) PCM with diffuse localization 
in the ITM, whereas postnatal (2–7 months) and 
mature (55–64  years) femoral cartilage showed 
strong pericellular localizations [83]. HS PGs are 
attached to different core proteins and are associ-
ated with the chondrocyte surface and its pericel-
lular environment molecules [84]. The vast 
structural diversity of HS GAG chains enables it to 
bind and interact with a wide variety of chondro-
cyte surface and ECM proteins such as growth fac-
tors, chemokines and morphogens [84].

Biglycan, decorin, fibromodulin and lumican 
are members of a family of structurally related 
small leucine-rich PGs called the small CS/DS 
PGs, which differ in GAG composition and func-
tion [34, 37]. These molecules play significant 
roles in matrix assembly and stabilization, and 
metabolic regulation of articular cartilage, such 
as collagen fibrillogenesis and binding of matrix 
molecules, e.g. fibronectin and growth factors 
[85, 86]. Biglycan (also known as DS-PGI), a 
100 kDa molecule with a core protein of 38 kDa, 
is the predominant small PG of cartilage and 
 contains two chains of CS/DS. Biglycan is local-
ized to the PCM, where it may interact with 
collagen type VI [34, 53]. Decorin, also known 
as PG40 and DS-PGII, is a 74  kDa PG with a 
core protein of 36 kDa, which possesses one DS 
chain. Decorin is present throughout the ITM, 
with increased amounts in the superficial zone 
(SZ) of articular cartilage, and is thought to 
mediate interactions between aggregating PGs 
[46, 54, 86]. Fibromodulin, a 59 kDa PG bear-
ing several KS chains, represents 0.1–0.3% of the 
cartilage wet weight. It has a characteristic amino 
acid  composition, with 14% of its residues being 

made up of leucine [87]. Fibromodulin is pres-
ent in ECM and interacts with the collagen type 
II fibrils to assist in fibrillogenesis and interfibril 
interactions [34]. The presence of non-collage-
nous proteins on the cartilage surface in normal 
bovine and human samples revealed abundant 
fibromodulin and a small amount of fibronectin, 
decorin and biglycan [88]. Lumican, a 40 kDa PG 
with four major intramolecular domains, is pres-
ent in the ECM of articular cartilage [39, 89, 90]. 
Lumican is expressed at low levels in the juve-
nile, immature cartilage and in the form of a PG 
molecule. However, in adult articular cartilage, 
lumican is expressed at high levels and exists pre-
dominantly in a glycoprotein form lacking KS [90, 
91]. Lumican binds within collagen fibrils to help 
stabilize and  organize the collagen fibrils, orient 
 fibrillogenesis and maintain the collagen fibril 
circumferential growth [47]. Chondroadherin is 
a 38 kDa, cell- binding, leucine-rich repeat pro-
tein found in the territorial matrix (TM) of articu-
lar cartilage [92–94]. Chondroadherin regulates 
the chondrocyte growth and proliferation, and 
promotes the attachment of chondrocytes to 
ECM.  This chondroadherin- chondrocyte inter-
action is thought to maintain the adult chondro-
cyte phenotype and cartilage homeostasis [95]. 
It mediates adhesion of chondrocytes by provid-
ing a link between chondrocytes and ECM via 
specific α2β1 integrins (on chondrocyte surface) 
and HS chains (within ECM) [96]. In the ECM, 
chondroadherin interacts with collagen types 
II and VI, influencing collagen fibrillogenesis 
[93]. Other PGs, such as lubricin, proteoglycan 4 
(PGR4) and superficial zone protein (SZP), will 
be discussed in depth in the section pertaining to 
lubrication molecule.

1.2.2.2  Collagens
Collagens are the major proteinaceous constitu-
ents of articular cartilage. Collagens are secreted 
by the chondrocytes as a procollagen molecule, 
which are then processed in the ECM by enzy-
matic cleavage of the C- and N-propeptides [97]. 
Although propeptide removal is required for 
fibrils to grow normally, partially processed 
N-procollagen can also assemble into thin 
 collagen fibrils [98, 99]. In the ECM, the colla-
gen molecules copolymerize to form a fibrillar 

1 Structure and Function of Articular Cartilage
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framework and are stabilized by covalent cross-
links formed between adjacent collagen chains 
(intramolecular cross-link) and adjacent collagen 
molecules (intermolecular cross-link) [100, 101].

Several collagen types are known to exist in 
articular cartilage, which can be classified as 
fibrillar, microfibrillar or non-fibrillar based on 
distinct sets of polypeptide chains that can form 
homo- or heterotrimeric assemblies (Table 1.3). 
Cartilage collagens capable of forming fibrillar 
networks include collagen types II, XI and 
XXVII, whereas collagen type VI is the only 
microfibrillar cartilage collagen [104, 131, 142]. 
The non-fibrillar collagens include two subcate-
gories: collagens that are capable of forming 
 hexagonal networks (such as types IV and X) and 
collagens that associate with the surface of vari-
ous fibrils also referred to as fibril-associated 
 collagen with interrupted triple helix (FACIT, 
such as types IX, XII, XIV, XVI and XXII).

Of all cartilage collagens, types II, IX and XI 
are articular cartilage-specific and form a cross- 
linked copolymer core network in developing 
cartilage [22, 103, 152]. Collagen type II is the 
principal molecule that provides high tensile 
strength to the cartilaginous matrix and maintains 
cartilage integrity by providing resiliency [102, 
153, 154]. Collagen type II is important for the 
establishment of temporal and spatial organiza-
tion with other matrix components such as the 
aggrecan. Although both collagen types II and XI 
are structurally closely related, they differ pri-
marily in their N-propeptides [131]. Collagen 
type XI contributes to about 1–2% of the total 
collagen and is incorporated in the collagen type 
II fibre in a ratio of about 1:30 in mature tissues 
[21]. Collagen type XI is thought to mediate 
physical interactions between collagen fibrils and 
PGs in cartilage as well as to regulate the size of 
the collagen type II fibres [104, 106, 107]. 
Collagen type XXVII is located at the site of tran-
sition from cartilage to bone and growth plate 
matrix surrounding the proliferative chondrocytes 
[104, 109–112]. During endochondral ossifica-
tion, collagen type XXVII plays an important 
structural role in the PCM of the growth plate, is 
required for the organization of the proliferative 
zone and facilitates cartilage to bone transition 
[109, 110]. Collagen type VI, a large disulfide-

bonded microfibrillar molecule concentrated in 
the PCM, represents 1–2% of the total collagen 
[104, 113, 114, 119, 155]. Collagen type VI medi-
ates the attachment of chondrocytes to the macro-
molecular framework of the cartilage PCM, 
maintains chondrocyte morphology, regulates 
chondrocyte swelling, protects chondrocyte from 
apoptosis and facilitates chondrocyte-ECM and 
intermolecular interactions [115, 116, 118].

The two articular cartilage non-fibrillar and 
hexagonal network-forming collagens are type IV 
and type X.  Collagen type IV is predominantly 
found in the PCM where it co-localizes with lam-
inin and binds with  perlecan, and is also located as 
a discrete layer on the surface of articular cartilage 
[30, 82, 120, 121]. Being abundant in the pericel-
lular area, collagen type IV maintains the chon-
drocyte phenotype and viability, as well as the 
matrix integrity where it also binds to fibronectin 
[30]. Collagen type X is a short homotrimeric col-
lagen constituting 1% of all cartilage collagens. 
Collagen Type X is present in the zone of calcified 
cartilage (ZCC) of the articular-epiphyseal carti-
lage complex (AECC) and the growth plate sur-
rounding the hypertrophic chondrocytes, as well 
as the transitional zone (also called the calcified 
zone that exists between the articular cartilage and 
the subchondral bone) at the site of collagen fibril 
arcades [22, 133–135]. Collagen type X is synthe-
sized and deposited largely by chondrocytes of 
hypertrophic cartilage, and the onset of collagen 
type X expression occurs before calcification 
becomes apparent [136]. Collagen type X interacts 
with anchorin CII [137]. Collagen type X plays an 
important role in the development of the growth 
plate, endochondral ossification and mature carti-
lage remodelling and calcification [132, 138].

Collagen type IX represents 1% of the 
 collagens in adult articular cartilage and at least 
10% in fetal cartilage [22]. Collagen type IX is 
located on the outside of the collagen type II fibril 
to which it is covalently cross-linked and is shown 
to co-localize with fibronectin [105, 122, 127, 
128]. It is also distributed in ECM without asso-
ciation with collagen type II and is covalently 
cross-linked to other molecules of collagen type 
IX [125, 129–131]. Because of the presence of 
CS or DS GAG chains on its α2(IX) chain, colla-
gen type IX is also considered as a PG.  These 

H. K. Gahunia and K. P. H. Pritzker



15

Ta
b

le
 1

.3
 

A
rt

ic
ul

ar
 c

ar
til

ag
e 

co
lla

ge
n 

ty
pe

s,
 c

ha
ra

ct
er

is
tic

 f
ea

tu
re

s 
an

d 
fu

nc
tio

ns

C
ol

la
ge

n 
T

yp
e

M
ol

ec
ul

ar
 

St
ru

ct
ur

e

M
ol

ec
ul

ar
 

W
ei

gh
t 

(K
ilo

da
lt

on
s)

A
rt

ic
ul

ar
 C

ar
ti

la
ge

 
L

oc
at

io
n

C
ha

ra
ct

er
is

ti
cs

 a
nd

 F
un

ct
io

ns
R

ef
er

en
ce

s

F
ib

ri
lla

r 
C

ol
la

ge
ns

C
ol

la
ge

n 
T

yp
e 

II
α1

(I
I)

3
29

0
Pr

ed
om

in
an

t E
C

M
 c

ol
la

ge
n

A
rt

ic
ul

ar
 c

ar
til

ag
e-

sp
ec

ifi
c 

co
lla

ge
n;

 P
ro

vi
de

s 
m

ai
n 

fr
am

ew
or

k 
of

 a
rt

ic
ul

ar
 c

ar
til

ag
e 

w
ith

 s
ol

ub
le

 
PG

s;
 P

ro
vi

de
s 

ca
rt

ila
ge

 w
ith

 te
ns

ile
 s

tr
en

gt
h

[2
1,

 2
2,

 1
02

, 1
03

]

C
ol

la
ge

n 
T

yp
e 

X
I

α1
(X

I)
α2

(X
I)

α3
(X

I)

30
0

Pr
ed

om
in

an
tly

 p
er

ic
el

lu
la

r 
ca

ps
ul

e;
 E

C
M

A
rt

ic
ul

ar
 c

ar
til

ag
e-

sp
ec

ifi
c 

co
lla

ge
n;

 R
eg

ul
at

es
 

ca
rt

ila
ge

 f
or

m
at

io
n;

 M
ed

ia
te

s 
ph

ys
ic

al
 in

te
ra

ct
io

n 
be

tw
ee

n 
co

lla
ge

n 
ty

pe
 I

I 
fib

ri
ls

 a
nd

 P
G

s;
 B

in
ds

 to
 

he
pa

ri
n,

 H
S 

an
d 

D
S

[2
1,

 2
2,

 1
03

–1
08

]

C
ol

la
ge

n 
T

yp
e 

X
X

V
II

α1
(X
X
V
II
) 3

18
5

Si
te

 o
f 

tr
an

si
tio

n 
fr

om
 

ca
rt

ila
ge

 to
 b

on
e;

 P
re

se
nt

 in
 

gr
ow

th
 p

la
te

 m
at

ri
x 

su
rr

ou
nd

in
g 

pr
ol

if
er

at
iv

e 
ch

on
dr

oc
yt

es

Fa
ci

lit
at

es
 tr

an
si

tio
n 

of
 c

ar
til

ag
e 

to
 b

on
e 

du
ri

ng
 

en
do

ch
on

dr
al

 o
ss

ifi
ca

tio
n;

 K
ey

 s
tr

uc
tu

ra
l r

ol
e 

in
 

PC
M

 o
f 

gr
ow

th
 p

la
te

; E
ss

en
tia

l f
or

 g
ro

w
th

 p
la

te
 

pr
ol

if
er

at
iv

e 
zo

ne
 o

rg
an

is
at

io
n

[1
04

, 1
09

–1
12

]

M
ic

ro
fib

ri
lla

r 
C

ol
la

ge
ns

C
ol

la
ge

n 
T

yp
e 

V
I

α1
(V

I)
α2

(V
I)

α3
(V

I)

50
0–

55
0

Pr
ed

om
in

an
tly

 P
C

M
Fo

rm
s 

a 
ne

tw
or

k 
br

id
ge

 a
nc

ho
ri

ng
 c

ho
nd

ro
cy

te
s 

to
 

PC
M

; M
ai

nt
ai

ns
 c

ho
nd

ro
cy

te
 m

or
ph

ol
og

y 
an

d 
pr

ot
ec

ts
 c

ho
nd

ro
cy

te
s 

fr
om

 a
po

pt
os

is
; F

ac
ili

ta
te

s 
ce

ll-
E

C
M

 a
nd

 in
te

rm
ol

ec
ul

ar
 in

te
ra

ct
io

ns
; B

in
ds

 
to

 c
ol

la
ge

n 
ty

pe
s 

II
, I

V
 a

nd
 X

IV
, b

ig
ly

ca
n,

 
de

co
ri

n,
 p

er
le

ca
n,

 fi
br

on
ec

tin
, t

en
as

ci
n

[1
04

, 1
13

–1
19

]

N
on

-F
ib

ri
lla

r 
C

ol
la

ge
ns

C
ol

la
ge

n 
T

yp
e 

IV
α1

(I
V

) 2
α2

(I
V

)
16

1
Pr

ed
om

in
an

tly
 P

C
M

; 
D

is
cr

et
e 

la
ye

r 
on

 th
e 

ar
tic

ul
ar

 
ca

rt
ila

ge
 s

ur
fa

ce
 (

he
xa

go
na

l 
ne

tw
or

k 
fo

rm
in

g 
co

lla
ge

n)

M
ai

nt
ai

ns
 c

ho
nd

ro
cy

te
 p

he
no

ty
pe

 a
nd

 v
ia

bi
lit

y;
 

B
in

ds
 to

 p
er

le
ca

n,
 fi

br
on

ec
tin

 a
nd

 T
G

F-
β

[3
0,

 8
2,

 1
04

, 1
20

, 1
21

]

C
ol

la
ge

n 
T

yp
e 

IX
α1

(I
X

)
α2

(I
X

)
α3

(I
X

)

25
0

Pr
ed

om
in

an
tly

 p
er

ic
el

lu
la

r 
ca

ps
ul

e 
(F

A
C

IT
 c

ol
la

ge
n)

A
rt

ic
ul

ar
 c

ar
til

ag
e-

sp
ec

ifi
c 

co
lla

ge
n;

 F
or

m
at

io
n 

of
 

st
ab

le
 c

ol
la

ge
n 

ne
tw

or
k;

 M
ai

nt
ai

ns
 c

ar
til

ag
e 

m
at

ri
x 

or
ga

ni
sa

tio
n 

an
d 

in
te

gr
ity

; I
nt

er
ac

ts
 w

ith
 

m
at

ri
lin

-3
; B

in
ds

 to
 c

ol
la

ge
n 

ty
pe

s 
II

 a
nd

 X
II

, 
fib

ro
ne

ct
in

 a
nd

 fi
br

om
od

ul
in

[2
1,

 2
2,

 1
03

, 1
05

, 1
08

, 1
22

–1
31

]

(c
on

tin
ue

d)

1 Structure and Function of Articular Cartilage



16

C
ol

la
ge

n 
T

yp
e

M
ol

ec
ul

ar
 

St
ru

ct
ur

e

M
ol

ec
ul

ar
 

W
ei

gh
t 

(K
ilo

da
lt

on
s)

A
rt

ic
ul

ar
 C

ar
ti

la
ge

 
L

oc
at

io
n

C
ha

ra
ct

er
is

ti
cs

 a
nd

 F
un

ct
io

ns
R

ef
er

en
ce

s

C
ol

la
ge

n 
T

yp
e 

X
α1

(X
) 3

17
0

Pr
ed

om
in

an
tly

 Z
C

C
; 

H
yp

er
tr

op
hi

c 
ch

on
dr

oc
yt

es
 

of
 g

ro
w

th
 p

la
te

; T
ra

ns
iti

on
al

 
zo

ne
 a

t t
he

 s
ite

 o
f 

co
lla

ge
n 

fib
ri

l a
rc

ad
es

 (
he

xa
go

na
l 

ne
tw

or
k-

fo
rm

in
g 

co
lla

ge
n)

R
eg

ul
at

es
 c

ho
nd

ro
cy

te
 m

et
ab

ol
is

m
 a

nd
 in

te
ra

ct
s 

w
ith

 h
yp

er
tr

op
hi

c 
ch

on
dr

oc
yt

es
; M

od
ifi

es
 E

C
M

 
fo

r 
ca

lc
ifi

ca
tio

n;
 F

ac
ili

ta
te

s 
an

d 
re

gu
la

te
s 

en
do

ch
on

dr
al

 o
ss

ifi
ca

tio
n;

 M
ai

nt
ai

ns
 c

ar
til

ag
e 

st
if

fn
es

s 
an

d 
pa

rt
ic

ip
at

e 
in

 r
em

od
el

in
g 

of
 a

rt
ic

ul
ar

 
ca

rt
ila

ge
; F

ac
ili

ta
te

s 
co

lla
ge

n 
ty

pe
 I

I 
fib

ri
ls

 a
nd

 
ch

on
dr

oc
yt

e 
re

m
ov

al
 f

ro
m

 th
e 

m
at

ri
x 

du
ri

ng
 

va
sc

ul
ar

 in
va

si
on

; B
in

ds
 to

 a
nc

ho
ri

n 
C

II

[2
2,

 1
03

, 1
32

–1
38

]

C
ol

la
ge

n 
T

yp
e 

X
II

α1
(X

II
) 3

34
0–

35
0

Pr
ed

om
in

an
tly

 a
rt

ic
ul

ar
 

su
rf

ac
e 

an
d 

ar
ou

nd
 c

ar
til

ag
e 

ca
na

ls
; P

hy
si

ca
lly

 b
ou

nd
 to

 
co

lla
ge

n 
fib

ri
l s

ur
fa

ce
s 

(F
A

C
IT

 c
ol

la
ge

n)

M
ed

ia
te

s 
in

te
ra

ct
io

ns
 b

et
w

ee
n 

fib
ri

ls
 a

nd
 o

th
er

 
m

at
ri

x 
m

ac
ro

m
ol

ec
ul

es
/c

el
ls

; P
ro

m
ot

es
 c

ol
la

ge
n 

al
ig

nm
en

t o
r 

st
ab

ili
se

 o
rg

an
is

ed
 fi

br
il 

or
ie

nt
at

io
n;

 
B

in
ds

 w
ith

 d
ec

or
in

, fi
br

om
od

ul
in

, t
en

as
ci

n 
an

d 
C

O
M

P

[1
03

, 1
39

–1
43

]

C
ol

la
ge

n 
T

yp
e 

X
IV

α1
(X

IV
) 3

22
0

U
ni

fo
rm

 th
ro

ug
ho

ut
 E

C
M

; 
A

ss
oc

ia
te

d 
w

ith
 a

nd
 

ph
ys

ic
al

ly
 b

ou
nd

 to
 c

ol
la

ge
n 

fib
ri

l s
ur

fa
ce

s 
(F

A
C

IT
 

co
lla

ge
n)

Fa
ci

lit
at

e 
co

lla
ge

n 
fib

ri
llo

ge
ne

si
s;

 M
ai

nt
ai

ns
 

ca
rt

ila
ge

 in
te

gr
ity

 a
nd

 m
ec

ha
ni

ca
l p

ro
pe

rt
ie

s;
 

In
te

ra
ct

s 
w

ith
 c

ol
la

ge
n 

ty
pe

s 
II

 a
nd

 V
I,

 a
nd

 
C

O
M

P;
 B

in
ds

 to
 D

S 
ch

ai
n 

of
 d

ec
or

in
 a

nd
 to

 H
S 

ch
ai

n 
of

 p
er

le
ca

n

[1
03

, 1
04

, 1
41

, 1
44

, 1
45

]

C
ol

la
ge

n 
T

yp
e 

X
V

I
α1

(X
V

I)
3

16
0

Pr
ed

om
in

an
tly

 T
M

 (
FA

C
IT

 
co

lla
ge

n 
co

lla
ge

n)
O

rg
an

is
es

 th
e 

E
C

M
 b

y 
st

ab
ili

si
ng

 c
ol

la
ge

n 
ty

pe
 I

I 
fib

ri
ls

, a
nc

ho
ri

ng
 m

ic
ro

fib
ri

ls
; M

ed
ia

te
s 

in
tr

ac
el

lu
la

r 
si

gn
al

lin
g 

af
fe

ct
in

g 
ce

ll 
ad

he
si

on
 a

nd
 

pr
ol

if
er

at
io

n;
 B

in
ds

 to
 c

ol
la

ge
n 

ty
pe

 I
I,

 c
ol

la
ge

n 
ty

pe
 X

I 
an

d 
fib

ro
ne

ct
in

[1
04

, 1
46

–1
50

]

C
ol

la
ge

n 
T

yp
e 

X
X

II
α1

(X
X

II
) 3

20
0

SZ
 s

ur
fa

ce
 a

t t
he

 a
rt

ic
ul

ar
 

ca
rt

ila
ge

- 
sy

no
vi

al
 fl

ui
d 

ju
nc

tio
n 

(F
A

C
IT

 c
ol

la
ge

n)

A
ss

oc
ia

te
d 

w
ith

 e
xt

ra
fib

ri
lla

r 
m

at
ri

x 
of

 c
ar

til
ag

e;
 

In
te

ra
ct

s 
w

ith
 m

ic
ro

fib
ri

ls
, c

ol
la

ge
n 

ty
pe

 V
I;

 B
in

ds
 

to
 in

te
gr

in
s

[1
51

]

C
O

M
P,

 C
ar

ti
la

ge
 o

li
go

m
er

ic
 m

at
ri

x 
pr

ot
ei

n;
 D

S,
 D

er
m

at
an

 s
ul

fa
te

; E
C

M
, E

xt
ra

ce
ll

ul
ar

 m
at

ri
x;

 F
A

C
IT

, F
ib

ri
l-

as
so

ci
at

ed
 c

ol
la

ge
ns

 w
it

h 
in

te
rr

up
te

d 
tr

ip
le

 h
el

ic
es

; H
S,

 H
ep

ar
an

 
su

lf
at

e;
 P

C
M

, 
Pe

ri
ce

ll
ul

ar
 m

at
ri

x;
 P

G
s,

 P
ro

te
og

ly
ca

ns
; 

SZ
, 

Su
pe

rfi
ci

al
 z

on
e;

 T
G

F-
β,

 T
ra

ns
fo

rm
in

g 
gr

ow
th

 f
ac

to
r-

be
ta

; 
T

M
, 

Te
rr

it
or

ia
l 

m
at

ri
x;

 Z
C

C
, 

Z
on

e 
of

 c
al

ci
fie

d 
ca

rt
il

ag
e

Ta
b

le
 1

.3
 

(c
on

tin
ue

d)

H. K. Gahunia and K. P. H. Pritzker



17

GAG chains in collagen type IX are thought to 
stabilize collagen type II fibril structure [22, 103, 
124]. Collagen type IX interacts with matrilin-3, 
fibromodulin and collagen type XII [123]. 
Collagen type XII is a homotrimer with two col-
lagenous domains flanked by three non- 
collagenous regions [143]. It is localized 
(non-covalently) on the surface of collagen type II 
and is distributed in areas of articular cartilage 
ECM with more organized fibril orientation [103, 
140]. During cartilage growth and development, 
collagen type XII is relatively more abundantly 
distributed in the SZ and upper middle zone (MZ) 
compared to the deeper zones [140]. Its presence 
has also been detected around the cartilage canals 
[141]. Collagen type XII binds with decorin, 
fibromodulin, tenascin and COMP [139]. 
Collagen type XII is thought to connect collagen 
fibrils to other ECM molecules and regulate ECM 
organization and mechanical properties of colla-
gen fibril bundles in articular cartilage [139, 142].

Collagen type XIV is a homotrimeric mole-
cule with a triple helical disulfide-bonded 
domain, which shares structural homologies with 
some domains of collagen types IX and XII [104, 
141, 144, 156]. Collagen type XIV is distributed 
uniformly in articular cartilage ECM, especially 
in regions of high mechanical stress, where it 
interacts with collagen types II and VI, and 
COMP [103, 104, 141]. Also, collagen type XIV 
is known to bind to the DS chain of decorin and 
to the HS chain of perlecan [144]. Collagen type 
XVI structurally belongs to the FACIT family 
and shares a limited sequence homology to the 
non-cartilage collagen type XIX [104, 146]. 
Collagen type XVI is mainly distributed in the 
TM of chondrocytes, where it acts as an adaptor 
protein and can be incorporated into distinct 
suprastructural aggregates [147–149]. It interacts 
with cartilage ECM large fibrillar components, 
organizes macromolecular networking, and 
hence plays a role in modulating and maintaining 
the cartilage ECM integrity and stability [148]. 
Collagen type XXII structurally belongs to the 
FACIT protein family and is located at the articu-
lar cartilage-SF junction [151]. Although rare, 
collagen type XXII is associated with the carti-
lage extrafibrillar matrix [104].

1.2.2.3  Non-Collagenous Proteins 
and Glycoproteins

Small non-collagenous proteins and glycopro-
teins are present in the cartilage ECM, which are 
thought to be crucial for modulating several fibril 
properties (Table 1.4). Non-collagenous proteins 
in cartilage ECM, such as cartilage matrix glyco-
protein, matrix Gla protein, anchorin CII and 
chondronectin, are known to mediate the attach-
ment of chondrocytes to collagen type II or 
aggrecan, thus stabilizing the cartilage matrix 
[29, 32, 33, 161, 168, 174, 175, 191, 196–198].

Matrix Gla protein (MGP) is a vitamin 
K-dependent 10–14 kDa protein, which was ini-
tially isolated from bone but now is known to be 
present in cartilage [31, 161, 162, 199]. MGP 
contains the unusual amino acid gamma-carboxy-
glutamic acid [162]. In newborn and immature 
articular cartilage, MGP is located diffusely 
throughout the cartilage ECM and in late hyper-
trophic and calcifying-zone chondrocytes of the 
growth plate, whereas in adult cartilage MGP is 
primarily located in the chondrocytes and the 
PCM [160]. MGP binds to chondrocyte surface 
through integrin [200]. MGP has affinity for 
hydroxyapatite and plays an important role as a 
regulator (inhibitor) of cartilage calcification.

Cartilage matrix protein (CMP, also termed 
matrilin-1) is a 148 kDa cartilage-specific protein 
composed of three identical disulfide-bonded 
subunits [166, 201]. CMP is distributed in the 
articular cartilage ECM where it binds to and 
bridges collagen type II fibrils and interacts with 
aggrecan [164, 197, 202, 203]. The amount of 
CMP covalently attached to aggrecan increases 
with age [203]. CMP acts as an adhesion mole-
cule for chondrocytes, serving a structural role 
[164]. Although suppressed under physiologic 
conditions, chondrocytes can synthesize CMP 
and its expression is upregulated in response to 
arthritic stimuli [204]. Matrilin-2 is a 106  kDa 
protein localized on the articular cartilage surface 
and hypertrophic chondrocytes of the growth 
plate [167]. Matrilin-2 is involved in the develop-
ment and homeostasis of ECM network and acts 
as an adapter molecule connecting  proteins and 
PGs in ECM.  Furthermore, it shows age- 
dependent expression [167]. Matrilin-2 is also 

1 Structure and Function of Articular Cartilage
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overexpressed on the articular surface as well as 
the proliferating and hypertrophic zones of 
 diseased articular cartilage. Its expression is 
increased in the early stage of OA [167]. 
Matrilin-3, a 240 kDa protein, contains von 
Willebrand factor A-like domains and is able to 
form hetero-oligomers with matrilin-1 [170]. 
Matrilin-3 is found in the PCM and ITM of the 
growth plate as well as in low concentration in 
mature articular cartilage chondrocytes and ECM 
of SZ and upper MZ [170, 205, 206]. It mediates 
the interactions between cartilage fibrils and 
ECM. The integration of matrilin-3 into cartilage 
fibrils occurs directly via interaction with 
 collagen IX and indirectly with COMP serving as 
an adapter [123]. Matrilin-3 expression is 
increased in OA articular cartilage [170, 207]. 

Anchorin CII, also referred to as cartilage 
annexin V, is a 31 kDa non-collagenous protein 
found on the chondrocyte surface and ECM of 
the proliferating and resting zones of fetal growth 
plate [174]. Anchorin II mediates association of 
chondrocytes with collagen type II of the PCM 
and binds at the N-telopeptide region of collagen 
type II [137, 172, 174]. It also co- localizes and 
binds to collagen type X and chondrocalcin in the 
ECM of calcifying cartilage [137]. The enhanced 
expression and tissue distribution of anchorin II 
is an indicator of chondrocyte metabolic activity 
alterations and phenotypic changes associated 
with articular cartilage destruction, pathological 
mineralization and joint diseases [175, 208–210]. 
Chondrocalcin, a 70  kDa calcium-binding pro-
tein with two subunits, is located in developing 
fetal cartilage ECM, the longitudinal septa of 
lower hypertrophic zone ECM of both the growth 
plate and articular-epiphyseal cartilage complex 
(AECC), and calcified articular cartilage, where 
high demand for calcification is required [211–
213]. Its strong affinity for hydroxyapatite sug-
gests that chondrocalcin plays a fundamental role 
in the calcification of cartilage matrix in endo-
chondral ossification. It is also present in small 
amounts in non-calcifying articular cartilage and 
is associated with areas where high concentra-
tions of PG and link proteins are detected [176, 
213]. Release of chondrocalcin as the carboxy- 
propeptide of collagen type II occurs after its 

 parent molecule, procollagen type II, is secreted 
by chondrocytes, indicating its association with 
new collagen  synthesis and fibre formation [31]. 
However, ex vivo human cartilage explants dem-
onstrated internalization of chondrocalcin by 
chondrocytes, which in turn triggered cartilage 
destruction via an interleukin-1β (Il-1β) depen-
dent pathway in vitro; hence, its association with 
 cartilage destruction [45, 214, 215]. Cartilage 
intermediate layer protein (CILP), a 92 kDa pro-
tein specifically synthesized and secreted by 
articular cartilage chondrocytes, contains a single 
polypeptide chain substituted with N-linked 
 oligosaccharides [179]. CILP is located in the 
articular cartilage ITM of the lower 2/3rd MZ but 
is absent from the SZ and DZ [179]. Its concen-
tration varies with age, being lower in articular 
cartilage of young individuals [178]. Increased 
CILP expression in hypertrophic chondrocytes 
and in chondrocytes derived from aged cartilage 
compared to young cartilage suggests that CILP 
promotes the formation of calcium pyrophos-
phate dehydrate (CPPD) crystals in aged 
 cartilage and is responsible for the immune 
response involved in joint disease pathogenesis 
[178, 216–219].

Although glycoproteins form a small fraction 
(2–5%) of the cartilage ECM, they play an impor-
tant role in matrix assembly and/or regulation of 
matrix metabolism. The matrix glycoproteins 
contain distinct and functionally active peptide 
domains that allow interactions with chondrocyte 
surface receptors as well as other ECM molecules. 
Cartilage oligomeric matrix protein, a disulfide-
bonded homopentameric 524  kDa multidomain 
ECM glycoprotein, is markedly anionic due to its 
high content of aspartic and glutamic amino acid 
residues, and due to its substitution with nega-
tively charged sugars [33, 220]. COMP helps 
anchor chondrocytes to the matrix and facilitates 
ECM formation during chondrogenesis, and it 
persists in mature cartilage. It strongly adheres to 
the cartilage surface lubricating protein, lubricin, 
providing molecular synergy in knee lubrication 
[180, 221, 222]. In fetal articular cartilage, COMP 
is localized to chondrocyte PCM [223]. During 
articular cartilage growth, COMP is abundantly 
expressed in the  proliferating and hypertrophic 
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chondrocytes of the growth plate and AECC 
[224]. In mature cartilage, COMP synthesis is dif-
ferentially  regulated by TGF-β1  in the various 
cartilage zones, is preferentially localized in the 
TM and ITM surrounding the chondrocytes, and 
it prevents the vascularization of the articular car-
tilage [31, 33, 181, 223, 225]. Further, COMP is a 
cartilage matrix biomarker that is detected in the 
SF, blood and serum samples and has been shown 
to be  useful in assessing mechanical loading- 
induced cartilage changes in sports, cartilage 
injury and disease [221, 226–234]. Human carti-
lage glycoprotein (HC-gp39), also termed YKL- 
40, is a 38–40  kDa glycoprotein [183, 184, 
235–239]. It is a major secretory glycoprotein of 
human chondrocytes and synovial fibroblasts, 
which was originally identified in the whey secre-
tions of nonlactating cows [236, 239, 240]. In nor-
mal human cartilage, HC-gp39 levels are low, but 
its secretion is enhanced in both inflammatory and 
degenerative disease [236, 241]. HC-gp39 induces 
the synthesis of both SOX9 and collagen type II, 
and has been suggested to promote the mainte-
nance or expression of a chondrocytic phenotype 
as well as play a role in articular cartilage remod-
elling [237, 242]. Fibronectin (FN) is an ECM 
glycoprotein which is composed of two similar 
disulfide-linked  polypeptide chains of approxi-
mately 220 kDa each. FN is thought to effect cell 
adhesion,  morphology, migration and differentia-
tion as well as matrix assembly [243–245]. FN 
plays a significant role in the adhesion of chon-
drocytes to ECM and is implicated in tissue repair 
[187]. FN mediates enhanced wear protection of 
lubricin during shear [246]. Tenascins are oligo-
meric glycoproteins that  function in processes 
such as wound repair and formation of bone and 
cartilage [190, 247]. Tenascins are expressed in 
220 and 320 kDa forms in articular cartilage and 
are located  predominantly in the TM and ITM of 
DZ [185, 186, 190]. Tenascins are involved in the 
assembly of the cartilage matrix, and they are 
thought to influence interactions between the 
chondrocytes and the matrix [7, 188]. Tenascins 
facilitate the HA cross- linking to create a higher 
order level of structured HA that may regulate 
cartilage inflammation and also function as 
 cartilage calcification inhibitors [31, 188]. 

Chondronectin is a 180 kDa cartilage  glycoprotein 
that requires interaction with cartilage PG for it to 
specifically mediate the attachment of chondro-
cytes to collagen type II [31, 191, 192, 248]. This 
specific interaction is essential for the mainte-
nance of the chondrocyte phenotype [193]. 
Chondronectin is predominantly associated with 
the chondrocyte and PCM [28]. Vitronectin is a 
160 kDa  glycoprotein found in the articular carti-
lage ECM. Vitronectin binds to GAGs, and 
through its tripeptide sequence consisting of argi-
nine, glycine and aspartate (RGD) it binds to the 
integrin receptor αVβ3 on the chondrocyte sur-
face [159, 194, 195]. It mediates the inflammatory 
and repair reactions at the site of cartilage injury. 
Vitronectin plays a role in cartilage healing and 
remodelling.

1.2.3  Articular Cartilage 
Fluorescent Molecules

Intrinsic fluorescent molecules are found within 
the articular cartilage matrix. Interaction of the 
lysines and modified lysines can generate  complex 
heterocyclic compounds, some of which have 
fluorescent properties. Cartilage collagens pro-
vide tensile strength and resiliency to the cartilage 
matrix [153, 154]. Collagen fibrils are stabilized 
by covalent cross-links formed between adja-
cent collagen chains (intramolecular cross-link) 
and adjacent collagen molecules (intermolecular 
cross-link). Cross-linking of collagen fibrils is ini-
tiated extracellularly via lysyl oxidase, a 30 kDa 
copper- requiring enzyme [249]. This enzyme 
catalyses the oxidative deamination of certain 
-NH2 groups in collagen and acts on specific 
lysine or hydroxylysine residues in the telopep-
tide region at each end of the collagen molecule, 
eventually resulting in the formation of mature 
cross-links [250, 251]. Intramolecular cross-links 
in collagen are derived from lysine side chains at 
the nonhelical region near the N-terminal.

Two types of pyridinium collagen cross-
links have been identified in mature articular  
cartilage, namely, the pyridinoline (Pyd) and 
deoxypyridinoline (Dpyd). These are naturally 
fluorescent compounds formed by condensation 
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of two hydroxylysine residues and one lysine resi-
due, i.e. between residues near the N-terminal of 
one collagen molecule and the C-terminal of 
another. Four residues in each collagen molecule 
can participate in these cross-links: a lysine near 
the N-terminal, a lysine near the C-terminal and 
hydroxylysines in helical regions near the ends of 
the molecule (residues 87 and 930). Pyd was first 
isolated from rat tail tendon and characterized in 
the mid-1970s [252, 253]. Pyd is present in 
collagen- containing tissues such as the cartilage, 
synovial membrane, meniscus, bone and ligament 
[254, 255]. Animal studies showed that the Pyd 
content per collagen in fetus and newborns is low 
but increased markedly with the growth of the 
animal [256]. In humans, the amount of Pyd is 
five to ten times more abundant in cartilage than 
in bone, and its concentration remains relatively 
constant in adult cartilage with age [257–259]. On 
the other hand, Dpyd content is more abundant in 
bone compared to articular cartilage.

Yet another cross-linking molecule, pentosi-
dine, was isolated from senescent human  articular 
cartilage. Fluorophores are formed by the non-
enzymatic glycosylation and fructosylation of 
certain proteins such as native collagen [260, 
261]. Glycation (non-enzymatic glycosylation), 
cross-linking and fluorophore formation of col-
lagen occur both in vivo and in vitro [260, 262]. 
Pentosidine, a condensation product of arginine, 
lysine and ribose, is an end product of advanced 
glycation [263]. Characterization of pentosidine 
isolated from human dura mater revealed its for-
mation by sequential glycosylation and oxidation 
reactions [264]. As shown in various collagen- 
rich tissues such as dura mater, skin, ocular lens 
and cartilage, the amount of pentosidine per col-
lagen molecule in human articular cartilage also 
increases linearly with age [258, 262, 265–267]. 
Lipofuscin is a heterogeneous group of glyco-
peptides, likely oxidation products, which accu-
mulate in articular cartilage with age. These 
fluorescent molecules are responsible for the 
 yellow coloration of aging cartilage [268].

1.3  Articular Cartilage 
Heterogeneity 
and Compartmentalization

During the process of endochondral ossifica-
tion, articular cartilage maturation stages can be 
identified by macroscopic and microscopic 
changes. As a function of the articular cartilage 
depth from the articulating surface, the horizon-
tal and parallel histologic lamination, referred to 
as zones, differs in immature children and ado-
lescent cartilage versus mature adult cartilage 
(Fig. 1.7 and Table 1.5). Biochemical and bio-
mechanical stimulation of the chondrocytes 
from the various zones leads to the synthesis of 
a distinct set of matrix components, and these 
cells are also responsible for the organization 
and maintenance of ECM. The differences 
between the various histologic zones of skele-
tally immature and mature articular cartilage are 
based on chondrocyte morphology, orientation 
and distribution as well as collagen and PG con-
centration, and collagen architecture and fibre 
diameter. Although not visualized histologi-
cally, there is also variation in the tissue fluid 
content.

In addition to zonal heterogeneity, the com-
plexity of articular cartilage ECM is conferred by 
the compartmentalisation and circumferential 
differentiation of matrix components into peri-
cellular, territorial and interterritorial matrices 
around each chondrocyte.

In normal adult articular cartilage, chondro-
cytes account for less than 5% of the tissue wet 
weight, and cellularity decreases progressively 
with aging. The relative concentration of GAGs 
varies markedly with age with a preponderance of 
C4S and little KS in immature cartilage and an 
appreciable increase in KS content and a 
 corresponding fall in C4S with advancing age 
[269]. These variations in the depth-dependent 
structure and biochemical composition of  cartilage 
could explain the varied cartilage function in such 
processes as aging, repair and degeneration.
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Table 1.5 Characteristic features of immature and mature articular cartilage

Articular 
Cartilage

Structure/
Macromolecules

Articular Cartilage Matrix Characteristics
Immature

Children and Skeletally Immature 
Adolescents

Mature
Young and Old Adults

Extracellular Matrix 
Homeostasis

Synthesis outweighs degradation Synthesis is finely balanced by 
controlled matrix degradation

Thickness
Relative to knee size, thick articular 
epiphyseal cartilage complex which 
decreases with skeletal maturation

Relative to knee size, thin articular 
cartilage which further decreases 
with age

Morphology

Two distinct zones
forming complex
Articular cartilage zone
Epihyseal cartilage zone

Four distinct zones
Superficial zone (uncalcified)
Middle zone (uncalcified)
Deep zone (uncalcified)
Zone of calcified cartilage

Tidemark
Absent initially but develops with 
cartilage maturation

Well demarcated tidemark

Calcified zone
Hypertrophic / apoptopic chondrocytes 
in calcified matrix characteristic of 
endochondral ossification

Rounded chondrocytes nesting in 
uncalcified lacunae are embedded 
in calcified matrix

Vascularity
Present but decreases with cartilage 
maturation

Absent (avascular)

Growth  
Plate

Zones

Five distinct zones
Resting zone
Proliferation zone
Maturation zone
Calcification zone
Ossification zone

Absent
Remnant is primary tensile bone 
trabecula called “transverse 
trabecula”

Fig. 1.7 Coronal illustrations of the human knee showing 
the articular cartilage, other tissues and synovial bursa in 
the skeletally immature (left) and mature (right) joint. 
Note the thick immature articular-epiphyseal cartilage 
complex and epiphyseal growth plate in young children 
and adolescents in comparison to the thin articular 

 cartilage and absence of epiphyseal growth plate in adults.  
At skeletal maturity, the transverse trabecula (right) 
replaces the previous epiphyseal growth plate (left) of the 
immature joint. (Courtesy of Dr. Harpal K. Gahunia, and 
graphic illustration by Danny Aguilar, JD Graphics 
Solutions, East York, Ontario, Canada)
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1.3.1  Immature Articular- 
Epiphyseal Cartilage  
Complex

At birth, the immature articular cartilage is very 
thick, homogenous, hypercellular and highly 
vascularized, occupying the majority of the 
epiphysis. With growth and development, the 
immature cartilage cellularity is considerably 
reduced, especially in the DZ, and AECC even-
tually forms a cap over the articulating ends of 
the epiphyses of femoral condyle and tibial pla-
teau. Diffusion of nutrients into the AECC pro-
ceeds from the articular surface and also from 
blood vessels penetrating the epiphyseal carti-
lage component from the subchondral one. 
AECC shares some morphological and bio-
chemical features of the epiphyseal plate, also 
known as the growth plate, which is described in 
depth in Chap. 2.

In children and skeletally immature individu-
als, the AECC is comprised of articular cartilage 
component adjacent to the joint space and 
 epiphyseal cartilage component subjacent to the 

subchondral bone (Fig. 1.8). The articular carti-
lage component is thick, homogenous and 
unstratified, with chondrocytes distributed in the 
ECM in a random, isotropic pattern, whereas the 
epiphyseal component is stratified into distinc-
tive zones with characteristic features typical of 
the epiphyseal growth plate. As AECC matures, a 
much higher degree of anisotropy is achieved 
where the cells and ECM macromolecules are 
architecturally, biochemically and biomechani-
cally  characterized in clearly defined zones. The 
articular cartilage component of AECC persists 
into adult life, whereas its epiphyseal component 
is resorbed by bone remodelling.

1.3.1.1  Articular Cartilage Component
The articular cartilage component of the AECC 
extends from the articular surface to the epiphy-
seal  component. This zone is homogenous with a 
random distribution of numerous small, rounded 
chondrocytes. Depending on the stage of matu-
rity, the parallel collagen fibres at the surface may 
extend up to 40% of the depth of articular 
component.

Fig. 1.8 Articular-epiphyseal cartilage complex (AECC) 
from a skeletally immature knee stained with 
Haematoxylin and Eosin (left) and picrosirius red with 
polarized light (right). The histological photomicrograph 
(left) shows the presence of thick articular cartilage 
 component extending from the articular surface up to 
two-thirds of the total AECC thickness. The epiphyseal 

component at the lower one-third of AECC exhibits 
 features typical of an epiphyseal growth plate with newly 
formed trabecular bone towards the epiphysis. The cor-
responding articular cartilage section when visualized 
using polarized light microscopy (right) reveals the 
 parallel alignment of thin collagen fibres at the cartilage 
surface
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1.3.1.2  Epiphyseal Cartilage 
Component

The epiphyseal cartilage component of the AECC 
extends from the articular cartilage component to 
the junction of subchondral bone with characteris-
tic features typical of the epiphyseal growth plate. 
The epiphyseal component consists of five mor-
phologically distinct zones. The zone of resting 
chondrocytes consists of cells that are capable of 
replicating at a slow rate. These cells are small and 
flat or round, atypical of the chondrocyte morphol-
ogy. The zone of proliferation consists of cells that 
are actively undergoing mitosis, hence providing a 
continuing supply of new chondrocytes. The zone 
of maturation consists of enlarged chondrocytes. 
The zone of hypertrophy consists of chondrocytes 
that accumulate glycogen and lipid, and secrete 
alkaline phosphatase to the surrounding ECM. The 
zone of calcification lies adjacent to the newly 
formed trabecula of the subchondral bone and is 
characterized by apoptotic chondrocytes and an 
ECM rich in insoluble salts with traces of bone tra-
beculae and vascular infiltration. Unlike mature 
articular cartilage, the epiphyseal cartilage compo-
nent lacks the interface to the tidemark and calci-
fied cartilage.

1.3.2  Skeletally Mature Articular 
Cartilage Zones

The heterogeneous uncalcified adult cartilage can 
be distinguished microscopically into three zones, 
which are parallel to, and extend from the  articular 
surface to the tidemark (Fig.  1.9). Uncalcified 
articular cartilage exhibits heterogeneity in the 
ECM macromolecular composition, collagen 
organization, and chondrocyte size, shape, aggre-
gation and metabolic activity [270–274]. This 
uncalcified articular cartilage is attached to the 
subchondral bone plate via tidemark and a narrow 
zone of calcified cartilage, which is considered as 
zone 4 of the articular cartilage (Fig. 1.10).

1.3.2.1  Zone 1: Superficial Zone
The superficial zone, also referred to as lamina 
splendens or Zone 1, is adjacent to the joint 
space. Depending on age, SZ is about 200 μm 

thick, and constitute 10–20% of the total uncalci-
fied adult articular cartilage. SZ is characterized 
by small, flat or ellipsoid chondrocytes with their 
long axis parallel to the cartilage surface 
(Fig. 1.11). Thin collagen type II fibrils with fibril 
diameter 30–35 nm are densely packed and ori-
ented parallel to the articular surface. The PG 
content of articular cartilage is lowest in SZ.

Normally, the SZ consists of two sub-lami-
nae. The upper chondrocyte-devoid lamina 
forming the articular cartilage surface is com-
prised of a thin collagen fibre sheet with mini-
mal amount of small GAGs and lubricating 
molecules. The lower lamina is characterized by 
flat chondrocytes and fibrillar collagen network 
mostly formed by aggregation of small fibres of 
collagen types II (80%), IX (10%) and XI 
(10%), which are densely packed and aligned 
parallel to the cartilage surface (Fig. 1.12) [131, 
275, 276].

1.3.2.2  Zone 2: Middle Zone
The middle or transitional zone constitutes 
40–60% of the total uncalcified cartilage thick-
ness. The MZ consists of randomly distributed 
chondrocytes that are round or oblong with the 
long axis perpendicular to the cartilage surface 
(Fig. 1.13). The bundles of collagen type II fibrils 
form an oblique transitional network in the  MZ 
and appear as arcades when visualized using 
polarized light microscopy. At the upper one-third 
of zone 2, the thin collagen fibrils are oriented 
oblique to tangential to the articular surface, 
whereas at the lower two-thirds, the thick collagen 
fibrils are mostly perpendicular to the cartilage 
surface (Fig. 1.12).

1.3.2.3  Zone 3: Deep Zone
The deep or radial zone constitutes about 
20–30% of the total uncalcified cartilage thick-
ness. The chondrocytes are round, largest and 
oriented in characteristic  longitudinal columns 
perpendicular to the  tidemark. The DZ chon-
drocytes  synthesize alkaline phosphatase that 
is likely involved in the calcification of the sub-
jacent ZCC [277]. The collagen type II bundles 
are also thickest in the uncalcified cartilage with 
fibril diameter of 40–80  nm. These collagen 

1 Structure and Function of Articular Cartilage



26

bundles form the base of the gothic arch and are 
oriented perpendicular to the articular surface as 
well as the tidemark.

1.3.2.4  Tidemark
The interface between the uncalcified cartilage 
and the calcified cartilage is demarcated by a 
2–5 μm thick, densely basophilic calcified line 
referred to as the “tidemark” (Fig.  1.9) [278–
280]. The tidemark is typically absent in imma-
ture cartilage and develops with skeletal 
maturation. In adults, tidemark originates, by 
chondrocyte activity, in areas exposed to either 
loading or pulling [279]. Tidemark is a dynamic 
structure formed within the collagen type II posi-
tive, uncalcified cartilage matrix [280].

1.3.2.5  Zone 4: Zone of Calcified Cartilage
The zone of calcified cartilage, also referred to 
as zone 4, is about 100–250 μm thick. The ZCC 
is located between the tidemark and subchondral 
bone, thus forming a tight bonding and integrat-
ing structure of the uncalcified cartilage to bone 
[280] (Figs. 1.11 and 1.12). The thickness of 
ZCC varies with the local distribution of loading 
in the knee [281]. The ZCC is characterized by 
chondrocytes that are round, smallest in size and 
embedded in a heavily calcified matrix. These 
chondrocytes are positive for alkaline phospha-
tase and are surrounded by a nest of collagen 
fibres [279]. Within ZCC, collagen type II fibres 
become structurally cemented to collagen type 
I osteoid tissue deposited by osteoblasts [280]. 

Fig. 1.9 Schematic representation of adult knee articular 
cartilage depicts a complex architecture of its constituent 
macromolecules with morphologically distinct layered 
heterogeneity from the cartilage surface to the subchon-
dral bone. The uncalcified cartilage is comprised of three 
zones (zone 1 to zone 3) which is attached to the subchon-

dral bone via a narrow layer of calcified cartilage (zone 4). 
The interface between uncalcified and calcified cartilage 
is demarcated by a thin calcified line termed tidemark. 
(Schematic created by Dr. Harpal K. Gahunia, and graphic 
illustration by Danny Aguilar, JD Graphics Solutions, 
East York, Ontario, Canada)
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Fig. 1.10 Histological 
section of adult human 
tibial plateau articular 
cartilage showing the 
basophilic thin line of 
calcified tidemark, which 
demarcates the interface 
between uncalcified and 
calcified cartilage. Note the 
large round chondrocytes of 
uncalcified cartilage in zone 
3 in comparison to the 
smaller, round chondrocytes 
embedded in the calcified 
cartilage. Some of the 
chondrocytes in the 
calcified cartilage are 
necrotic (H&E, 5 μm, 
original magnification: x20)

Three-dimensional  reconstructions of normal 
knee cartilage above and below the tidemark 
demonstrated prolongations of DZ  uncalcified 
cartilage that may extend through the ZCC up to 
the subchondral bone, observed in cross-section 
as islands of uncalcified cartilage [282]. Although 
demarcating the uncalcified from calcified carti-
lage, the tidemark in this region usually appears 
as an irregularly undulating line.

1.3.3  Macromolecular Variation 
of Uncalcified Articular 
Cartilage Zones

Polarized light, transmission electron and scan-
ning electron microscopic studies of adult human 
articular cartilage revealed the spatial orientation 
and fibril diameter of collagen in the various 
zones [13, 276, 283, 284]. The arcade architec-
tural concept of cartilage collagen is based on the 
3D orientation and organization of collagen 

fibrils within the various  observable zones 
(Fig. 1.14). The collagen fibril diameter is thin in 
the SZ where the small fibrils are densely packed 
and lie approximately parallel to the plane of the 
cartilage surface [285]. The fibril diameter 
increases from the SZ towards the DZ. Collagen 
fibres in the MZ form arcade- like architecture, 
whereas the DZ collagen is more loosely packed 
and is oriented perpendicular to the tidemark 
[286]. The collagen cross- links between collagen 
fibres increase with depth through the cartilage 
thickness [287].

Biochemical variations in tissue fluid, PG and 
collagen content between the cartilage zones 
have been reported [288–291]. In adult human 
cartilage, the fluid content decreases from 80% to 
74% in the SZ to 65–67% in the DZ [7, 292]. The 
PG content is lowest in the SZ and most abundant 
in the MZ [293, 294] (Fig.  1.15). HA is more 
abundant in the superficial and middle zones than 
the DZ [291]. The concentrations of HA and DS 
are high in the MZ, whereas those of CS and KS 
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are high in the DZ [291]. The collagen type II 
content is highest in the SZ and lowest in the MZ 
[283]. Both decorin and biglycan decrease with 
articular cartilage depth from the SZ to DZ [295].

1.3.4  Articular Cartilage 
Extracellular Matrix 
and Chondrocyte 
Microenvironment

Articular cartilage ECM and chondrocyte 
 microenvironment studies have revealed a  
clear subdivision of the middle and deep zones 
into pericellular, territorial and interterritorial 

 matrices [16, 19, 20, 296, 297] (Fig.  1.16a, b, 
Table 1.6).

1.3.4.1  Pericellular Matrix
The chondrocyte and its pericellular microenvi-
ronment (i.e. pericellular matrix and pericellular 
capsule) are collectively referred to as a “chon-
dron” [13, 20, 296]. Each chondrocyte cell mem-
brane is immediately surrounded by a  narrow 
PCM, which is characterized by the abundance of 
PGs and absence of fibrillar collagens. The PCM 
is predominantly composed of microfibrillar col-
lagen type VI, and other molecules include per-
lecan, hyaluronan,  aggrecan monomers and small 
aggregates, chondronectin, WARP and biglycan 

Fig. 1.11 Schematic representation of articular cartilage 
chondrocyte morphology and orientation within the 
zones. Zone 1 is characterized by small, flat, discoid or 
ellipsoid chondrocytes with their long axis parallel to the 
cartilage surface. Zone 2 consists of an obliquely ori-
ented, random distribution of round or oblong chondro-
cytes with the long axis perpendicular to the cartilage 
surface. Zone 3 chondrocytes are round and largest in size 

with columnar distribution, whereas those within the zone 
of calcified cartilage (zone 4) are smallest in size, round 
and randomly distributed. Some of the chondrocytes show 
empty lacunae indicative of cell death. (Schematic created 
by Dr. Harpal K. Gahunia, and graphic illustration by 
Danny Aguilar, JD Graphics Solutions, East York, 
Ontario, Canada)

H. K. Gahunia and K. P. H. Pritzker



29

Fig. 1.12 Schematic representation depicting the archi-
tectural concept of uncalcified articular cartilage collagen 
based on the three-dimensional orientation of collagen 
type II within the various observable zones. The thin 
 collagen fibres at zone 1 are densely packed and aligned 
parallel to the cartilage surface. Collagen fibres in zone 2 
form an oblique transitional network with gothic-like 

architecture intermediate between the tangential SZ and 
radial DZ. The thick collagen fibres of zone 3 orient per-
pendicular to the tidemark. (Schematic created by  
Dr. Harpal K. Gahunia, and graphic illustration by Danny 
Aguilar, JD Graphics Solutions, East York, Ontario, 
Canada)

Fig. 1.13 Histological photomicrograph of articular car-
tilage zone 1 characterized by small ellipsoid chondro-
cytes with their long axis parallel to the cartilage surface. 

At a deeper level (zone 2), the chondrocytes are larger, 
round and more randomly distributed than those in zone 1 
(H&E, original magnification: ×5)
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[16, 17, 19, 28, 41, 61, 64, 83, 114, 295, 296, 
298–303, 304]. This PCM is surrounded by an 
outer fibrillar pericellular capsule composed of 
fibrillar collagen types II, IX and IX, microfibril-
lar collagen type VI, non-fibrillar collagen type 
IV, decorin, fibronectin, tenascin and laminin 
[16–20, 27, 30, 120, 185, 188, 297, 305, 306]. 
The pericellular capsule surrounds and encloses 
the PCM and chondrocytes of the middle and 
deep zones but not of the SZ [19]. Cartilage depth 
variations in the shape, size and orientation of the 
chondrons have been reported with flattened dis-
coidal chondrons in the SZ, rounded or oblong 
chondrons in the MZ and elongated, multicellu-
lar chondrons in the DZ [307]. The chondrocytes 
of the double and multiple chondron columns 
consisting of three or more chondron units orga-
nized in a linear array are typically surrounded by 
individual pericellular matrix and capsule which 
suggests that individual chondrocytes are respon-
sible for the formation of their surrounding 
microenvironment [17]. In addition, the presence 

of a common capsular sheath around multiple 
chondron columns suggests cooperative interac-
tion between the chondrocytes of the group.

1.3.4.2  Territorial Matrix
The TM is characterized by abundant PGs, 
fibronectin and a fine network of fibrillar colla-
gen [19, 308]. The PGs and collagen fibrils are 
oriented circularly, and the chondrocytes estab-
lish contact with the territorial collagen fibrils 
by extending fine cytoplasmic processes. An 
in vitro study has shown that IGF is stored in the 
TM through the complex formed by binding of 
IGF binding proteins and fibronectin [185, 309]. 
Polarized microscopy showed that the collagen 
in the cartilage TM has a more densely packed 
pattern than in the ITM [310].

1.3.4.3  Interterritorial Matrix
Adjacent to the TM, the interterritorial ECM 
occupies the space between various territo-
rial matrices. The ITM is the outermost matrix 

Fig. 1.14 Picrosirius red stained histological sections of 
knee femoral condyle articular cartilage obtained from a 
young (a) and older (b) adult. Polarized light micrograph 
shows the gothic arcade arrangement of collagen fibre 
architecture. Note the green layer at the articular surface 
represents thin collagen fibrils with a preferred orientation 
parallel with the surface. In young adult, the green colour 
is mostly maintained throughout the cartilage thickness, 

whereas in the old adult, a narrow transition zone sepa-
rates this from the deeper zones (yellow) of thicker colla-
gen fibres that are preferentially oriented perpendicular to 
the surface and to the subchondral bone. The gothic 
arcade is relatively better exemplified in old adult, which 
also shows reduction in the thickness of the various zones 
(H&E, 5 μm, original magnification ×2.5)

H. K. Gahunia and K. P. H. Pritzker



31

Fig. 1.15 Schematic representation depicting the distri-
bution of proteoglycans and aggrecans within the uncalci-
fied articular cartilage and the associated water molecules. 
The insert shows link protein which stabilizes the attach-
ment of proteoglycan molecules to the hyaluronic acid. 
Each proteoglycan monomer consists of a core protein 

with covalently attached glycosaminoglycan side chains 
comprising of chondroitin sulfate and keratan sulfate. 
(Schematic created by Dr. Harpal K. Gahunia, and graphic 
illustration by Danny Aguilar, JD Graphics Solutions, 
East York, Ontario, Canada)

compartment surrounding the chondrocytes and 
constitutes the largest domain of the articular 
cartilage ECM.  The ITM is characterized by 
collagen fibres that are parallel, longitudinal 
and interspersed with  varying concentrations of 
aggrecans,  versican, PGs, hyaluronan, link pro-
teins and other molecules listed in Table  1.6, 
depending upon the zone in which the chon-
drocytes lie [38, 52, 175, 310–313]. The shape 
and orientation of the chondrocytes and their 
microenvironment appear to reflect the local 
collagen architecture of the ITM, which varies 
 significantly with the cartilage depth [307].

1.4  Function of Knee Articular 
Cartilage

Knee articular cartilage is a dynamic tissue with 
unique molecular components and 3D architec-
ture that enables it to perform its physiological 
functions over a lifetime, and under a wide range 
of loading conditions. Mechanical stress is an 
important environmental factor in maintaining 
the differential function of articular cartilage 
[314]. During daily activities (walking, running, 
etc.) or specialized activities (e.g. sports), the 
knees are loaded dynamically, and all its 
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 components (articular cartilage, bone, muscles, 
ligaments, tendons and nerves) participate in 
transmitting the mechanical loads. Importantly, 
during knee mobility (walking, jumping, pivot-
ing, kneeling, squatting) the osteochondral com-
ponent (extending from articular cartilage 
surface to the base of subchondral bone facing 

the bone marrow) transmits the compressing, 
 tensile and shear forces from the viscoelastic 
uncalcified articular cartilage through the tide-
mark and calcified cartilage to the stiffer mineral-
ized long bone [280, 315].

Articular cartilage provides smooth articula-
tion under variable loads and impaction for very 

Fig. 1.16 Schematic representation (a) depicting the 
articular cartilage matrix heterogeneity and chondrocyte 
microenvironment of the zones 2 and 3. The chondrocyte 
along with its pericellular matrix and capsule constitutes 
the chondron. Encapsulating the chondron is the territorial 
matrix. The interterritorial matrix occupies the space 

between the territorial matrices. (b) Haematoxylin- and 
eosin-stained five-micron histological section showing 
chondrocyte microenvironment. (Schematic created by 
Dr. Harpal K. Gahunia, and graphic illustration by Danny 
Aguilar, JD Graphics Solutions, East York, Ontario, 
Canada)
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long periods of time. Depending on the anatomic 
site (load-bearing or non-load-bearing site), the 
cartilage thickness varies significantly across 
articular surfaces of the same joint. Interestingly, 
although knee articular cartilage is thin (about 2 
to 4 mm in mature  cartilage), it is highly resilient 
with an exceptional ability to distribute variable 
loads. The normal loading of knees during daily 
activities causes the articular cartilage to be 
exposed to high levels of intermittent hydrostatic 
pressure. The intermittent hydrostatic pressure 
on articul ar chondrocyte regulates the distribu-
tion of cartilage thickness within the joint and 
maintains a stable articular cartilage by provid-
ing an important stimulus for increasing carti-
lage matrix anabolism [316–318]. Knees that 

 experience high forces and high joint contact 
pressures often exhibit relatively thicker articular 
cartilage. However, prolonged period and dura-
tion of repetitive high forces may also lead to 
knee articular cartilage injury and degradation.

1.4.1  Function Related to Structure 
of Articular Cartilage 
Components

Articular cartilage consists of several morpho-
logically distinct components that are involved 
in its attachment to the subchondral bone as well 
as the formation of an articulating surface and 
compression-resistant core of the tissue. 

Fig. 1.16 (continued)
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Cartilage fluid plays an important role in decreas-
ing  friction and distributing the impact of load-
ing. Cartilage fluid mobility during confined 
compression is governed by the hydraulic per-
meability of the macromolecules, primarily PGs, 
and its interaction with collagen. Due to its 
superhydrated state and incompressibility of tis-
sue fluid, coupled with the structural organisa-
tion of PG and  collagen molecules, articular 
cartilage is able to withstand high compressive 

forces and the stress of loading. Permeability of 
lubricating fluid in knee cartilage is dependent 
on the extent to which it is deformed and 
decreases as the  compressive strain is increased 
[319, 320]. During loading, the  permeability of 
articular cartilage is low, and this generates 
large interstitial fluid pressures within the 
cartilage.

The intrinsic physical properties of collagen 
fibres and PGs, coupled with the interactions 

Table 1.6 Articular cartilage matrix microenvironment: spatial relationship to chondrocytes

Uncalcified 
Cartilage 

Microenvironment

Anatomic 
Location

Extracellular 
Molecules

References

Chondron Matrix

Pericellular Matrix 
(PCM)

 
 
Pericellular Capsule

Surrounds the 
chondrocytes of the 
middle and deep 
zones

 
 
Encapsulates the 
pericellular matrix 
with filamentous 
and fine fibrillar 
molecules

Collagen type VI
Perlecan
Link proteins
Integrins
Proteoglycan monomer
Hyaluronan
Chondroitin sulfate
Biglycan  
Chondronectin
Glycoproteins  
WARP

Collagen type II  
Collagen type VI
Collagen type IV
Collagen type IX
Collagen type XI
Decorin
Fibronectin 
Tenascin-C
Laminin

[14, 16, 19, 41, 61, 64, 83, 114, 188, 
295-304]

 
 
 
[17–20, 27, 30, 120, 185, 296, 297, 
305, 306]

Territorial Matrix 
(TM)

Outside of the 
pericellular zone up 
to the interterritorial 
matrix

Collagen type 1I
Collagen type VI
Matrillins-1 
Matrilin-3
Biglycan
Decorin

[17, 19, 20, 185, 296, 297, 305, 309, 
310]

Interterritorial Matrix 
(ITM)

Extracellular matrix 
between the 
territorial zones

Collagen type 1I
Collagen type 1X
Collagen type X1
Link proteins
Aggrecans  
Versican
Heparan sulfate
Decorin
Fibromodulin
Matrillin-3  
Anchorin CII
Asporin
COMP

[17, 19, 20, 128, 198, 293, 294, 303, 
310, 311]
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between PG aggregates and collagen fibres, are 
critical in determining the biomechanical 
 properties of knee cartilage [15, 273, 290, 321–
324]. The compressive stiffness of articular car-
tilage is conferred by the balance between the 
osmotic swelling generated by fluid molecules 
bound to the PG/GAG sulfate and carboxylate 
groups and the tension developed in the collagen 
network surrounding the PGs, thus providing 
articular cartilage its resilience (resistance to 
compression) [153, 154, 292, 323, 325–327]. 
During tensile loading, PGs intertwined with the 
collagen network provide a physical restraint on 
the collagen fibres to effectively prevent sudden 
extension, fibrillar reorganization and realign-
ment of the collagen network [328]. The PG 
molecules interact with tissue fluid to provide 
compressive resistance to cartilage through neg-
ative electrostatic repulsion forces and high 
osmotic pressure [35, 290, 321, 329]. Aggrecans 
function as molecular organizers of the ECM as 
these molecules act to immobilize and store 
growth factors. Importantly, aggrecans have 
high concentration of negative FCD, and the 
heavily sulfated GAGs attract fluid molecules 
that play a critical role in maintaining the com-
pressive properties of articular cartilage. In vitro 
experiments confirmed that the cartilage hydra-
tion property is dependent on the structure and 
the GAG content of its PGs [330]. The GAGs 
(namely, CS, KS and DS) provide viscoelastic 
properties to the cartilage matrix, retain fluid, 
maintain ECM osmotic pressure and facilitate 
collagen organization. Also, the CS sulfation 
motifs are involved in the modulation of signal-
ling gradients responsible for chondrocyte 
behaviours (such as proliferation, differentiation 
and matrix turnover) that determine the ECM 
architecture within the various zones [331]. 

Collagen fibre content, orientation and amount 
of intramolecular cross-linking are key determi-
nants of the tensile strength of articular cartilage 
[152, 259, 332]. Collagen type II provides ten-
sile strength to the articular cartilage ECM and 
is important in the establishment of temporal and 
spatial organization with aggrecan, whereas the 
minor collagens play essential structural roles 
in the ECM integrity and mechanical proper-
ties [104]. Collagen content and orientation have 

been shown to affect chondrocyte volume and 
shape changes when exposed to loading [333]. 
The mechanical characteristics and integrity of 
the collagen network are important determinants 
in cell stimulation, and in the control of the matrix 
maintenance that can modify fluid flow within the 
articular cartilage and stresses in chondrocytes 
[334]. Experimental fatigue and tensile testing of 
articular cartilage to induce microtrauma results 
in weakening of the interfibril connections which 
link collagen fibrils in the matrix, subsequently 
leading to a reduction in tensile strength of the 
collagen fibres [335]. Often, this weakening of 
the collagen fibre integrity occurs prior to the 
visualization of cartilage surface fibrillations.

1.4.2  Function of Articular Cartilage 
Zones

The articular cartilage zonal composition and 3D 
architecture heterogeneity are critical for its load-
bearing capabilities and are responsible for the 
superior mechanical response to tension of skel-
etally immature cartilage when compared to 
mature cartilage [153, 290, 336]. Due to the vari-
ation in cartilage zonal ECM composition, each 
zone has a different level of osmotic pressure and 
chondrocytes have zone-specific turnover of 
ECM in response to changes in osmotic pressure. 
A recent ex vivo experiment has shown that high 
osmotic pressure upregulates the transient 
expression of aggrecan and collagen type II 
[337]. Also, in response to high osmotic pressure, 
the SZ chondrocytes significantly upregulate the 
expression of collagen type-I, whereas the 
 middle- and deep-zone chondrocytes signifi-
cantly upregulate matrix metalloproteinase-13 
(MMP-13). Three-dimensional modelling exper-
iments have demonstrated that the depth-depen-
dent articular cartilage inhomogeneity increased 
the fluid support to loading in the SZ by simulta-
neously increasing the fluid pressure and decreas-
ing the compressive effective stress [338]. The 
FCD of GAG molecules and the collagen fibril 
orientation of the MZ and DZ are functionally 
important components during compressive load-
ing (Table 1.7). It has been shown that the tensile 
strength properties and stiffness of the MZ and 
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Table 1.7 Biomechanics of adult articular cartilage related to the histologic depth. Collagen fibre concentration, thick-
ness, orientation relative to cartilage surface and their three-dimensional network interactions with entrapped highly 
sulfated proteoglycans play a critical role in the determination of the mechanical integrity of articular cartilage. The 
structural and biomechanical properties of knee articular cartilage varies with age

Articular 
Cartilage

Zones
Extracellular 

Molecules
Biomechanical Properties References

Uncalcified 
Cartilage

Zone 1  
(10 to 20%)

Surface Layer
Lubricin, Superficial 
zone protein, HA, 
COMP

Surface Layer
Boundary lubrication and 
chondroprotection; Provides high 
viscocity to minimise friction; Wear 
resistant; Anchoring of lubricin 
with COMP facilitates lubrication

[180, 338–340]

Below Surface 
Layer
Thin collagen type 
II, other collagens

Below Surface Layer
Receive significant frictions from 
opposing AC; Collagen fibre 
orientation resist shear stress and 
carried 20% of the load for all 
strain rates; Exhibit high collagen 
fibre deformation under high force 
and long duration; Maintains tensile 
strength of cartilage

[323, 325, 338, 
341–346]

PGs, aggreacans, HA Low permeability barrier to fluid 
flow during loading; Provides high 
viscosity; For a given stress, 
subjected to maximum strain 
Contributes to elasticity and 
resiliency to compression during 
interaction with collagen

Zone 2  
(40 to 60%)

Upper 1/3rd

Collagen type II, 
Other Collagens

Upper 1/3rd

Transition between shear and 
compression stresses; For a given 
stress, subjected to moderate strain; 
Exhibit high collagen fibre 
deformation during under high 
force and long duration

[343–347]

Aggrecans, HA Compression resistance parallels 
PG concentration; Contributes to 
elasticity and resiliency to 
compression during interaction 
with collagen

Lower 2/3rd

Thick collagen type 
II, Other collagens

Lower 2/3rd

Relative to upper 1/3rd of zone 2: 
Decreased tensile strength and 
stiffness; For a given stress, 
subjected to lesser strain 

[292, 343–345, 348]

Aggrecan, HA, High 
fix charge density of 
GAGs

Interaction of fixed charge density 
with perpendicular collagen fibres 
provides higher resistance to 
compression during loading than 
upper 1/3rd

Zone 3  
(30 to 40%)

Thickest collagen 
type II; Other 
collagens

Relative to zone 2:  
Further decreased tensile strength 
and stiffness; For a given stress, 
subjected to least strain

[292, 344, 345, 348]

Aggrecan, HA, high 
fix charge density of 
GAGs

Interaction of fixed charge density 
with perpendicular collagen fibres 
provide highest resistance to 
compression during loading within 
uncalcified AC

(continued)
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Articular 
Cartilage

Zones
Extracellular 

Molecules
Biomechanical Properties References

Tidemark

Mineralization front 
of collagen types I & 
II at the base of 
uncalcified cartilage

Transmit forces from uncalcified to 
calcified articular cartilage

[278–280, 349]

Calcified 
Cartilage

Zone 4 Mineralised matrix 
of collagen types I, 
II, X

Transmits tensile, compressive and 
shear forces from the viscoelastic 
uncalcified articular cartilage to 
subjacent subchondral bone

[280, 349, 350]

Subchondral Bone

Trabecular bone Transmission of load from AC to 
knee epiphysis; Responsible for 
knee axial compressive properties; 
Large energy absorptive capacity

[351, 352]

AC, Articular cartilage; GAG, Glycosaminoglycans; COMP, Cartilage oligomeric matrix protein

Table 1.7 (continued)

DZ increase in immature cartilage but decline 
with maturity, whereas the tensile strength prop-
erties are comparable in the SZ of both age 
groups [348].

The SZ plays a critical role in determining the 
dynamic load-bearing properties of articular car-
tilage by acting as a low permeability barrier to 
fluid flow during loading. A recent study showed 
that due to its viscoelastic nature, during carti-
lage loading the SZ collagen carries a substantial 
part of the load under transient conditions [341]. 
This study suggested that under equilibrium con-
ditions, the swelling pressure generated by the 
combination of PGs and collagen reinforcement 
accounts for the cartilage  stiffness for more than 
90% of the loads carried by articular cartilage 
[341]. Further, the tangentially oriented collagen 
fibrils of the SZ function to transfer compressive 
loads from the directly loaded area of the articu-
lar surface to the deeper cartilage zones. It has 
been shown that cartilage with an intact SZ has 
superior load-bearing properties compared to 
cartilage with compromised SZ [353]. The PG 
concentration increases with depth from the 
articular surface and the associated compressive 
resistance parallels this change with increasing 
depth from the articular surface [344]. As such, 
the compressive resistance of the DZ is greater 
than the MZ. Further, for a given stress, the 

decrease in strain is directly proportional to the 
cartilage depth from the articular surface [354] 
(Fig. 1.17).

The collagen fibre thickness, content and 
orientation in articular cartilage vary from 
the articular surface of the SZ to the DZ. The 
articular surface of SZ (composed of parallel, 
tightly packed, thin bundles of collagen fibres 
and PGs, such as lubricin) is exposed to sig-
nificant friction from the opposing articular 
surface. The horizontal or parallel alignment of 
the collagen network in the SZ (20%) functions 
in shearing stress and in maintaining the tensile 
strength of articular cartilage. High force and 
long duration loading leads to high deformation 
of the collagen fibres in the middle and upper 
deep cartilage zones, along with an increased 
thickness of the SZ collagen fibres [346]. The 
MZ with oblique collagen fibres (40–60%) has 
biomechanical properties designed for shearing 
and compression stress, whereas the DZ (30%) 
composed of collagen fibres oriented perpen-
dicular to the articular surface and tidemark 
can withstand high compression stress. In a 3D 
collagen fibril-reinforced finite element model 
of  articular cartilage, the depth-related fibre 
 orientation has been shown to depend on the 
degree of fibre displacement, fluid pressure and 
velocity for the cases of moderate strain rates 
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[345]. Further, the influence of fibre orientation 
was reported to diminish at static and instan-
taneous compressions. Disruption of the colla-
gen network of the SZ has been shown to play a 
critical role in the early signs of knee cartilage 
OA associated with aging.

The structural integrity between the more 
compliant uncalcified articular cartilage and the 
underlying rigid calcified cartilage is achieved by 
a continuity of collagen fibres across the interface 
between these two layers [349]. The tidemark 
and the ZCC serve as an osteochondral interface, 
which functions as a physical barrier for vascular-
ization and facilitates the pressurization and phys-
iological loading of articular cartilage [278]. The 
ZCC also functions in distributing the cartilage 
stress during locomotion and other activities, e.g. 
sports and exercise [350]. At the cartilage-bone 

interface, the tensile stress and strain are reduced 
due to the depth-dependent inhomogeneity [338].

In summary, the biomechanical properties of 
knee articular cartilage vary from the SZ to the 
ZCC [11, 342, 355]. The inhomogeneous struc-
tural and biochemical distribution of the PGs and 
collagen fibrils throughout the depth of articular 
cartilage, and the interstitial fluid zonal varia-
tion provide unique depth- dependent mechanical 
properties during loading, which in turn influence 
fluid pressurization, local cartilage deformations 
and compressive stresses [338, 343]. During 
loading, the zonal PG inhomogeneity also 
 contributes to enhancing the fluid support in the 
SZ by simultaneously raising the fluid pressure, 
lowering the compressive effective stress and 
wear properties of articular cartilage [338, 356]. 
The SZ chondrocytes and ECM  composition, 

Fig. 1.17 Schematic diagram depicts the effect of com-
pressive loading of the knee on the fixed charge density of 
proteoglycan’s glycosaminoglycan (GAG) side chain. 
Increase in GAG side chain concentration is associated 

with increased compressive resistance of deep zone rela-
tive to superficial zone. (Schematic courtesy of Dr. Harpal 
K. Gahunia, and graphic illustration by Danny Aguilar, JD 
Graphics Solutions, East York, Ontario, Canada)
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 molecular  interactions as well as collagen fibre 
orientation play a critical role in joint lubrication, 
energy dissipation and adaptation to changing 
knee biomechanics [11, 357, 358].

1.4.3  Function of Chondrocytes 
and Chondrons

Chondrons are the micromechanical and meta-
bolically active functional units of articular car-
tilage, which mediate the chondrocytic response 
to physicochemical changes associated with 
joint loading [13, 116, 359]. Within each zone, 
the chondrocytes play an important role in 
maintaining the cartilage homeostasis, and their 
complex circumferential microenvironment 
plays a significant role in the chondron mechan-
ics [300, 360–362]. Chondrocytes regulate their 
metabolic activity (synthetic and degradative) 
based on the mechanical, electrical and physico-
chemical signals transmitted during cartilage 
loading and other environmental  factors [7]. In 
response to loading deformation of the cartilage 

ECM, in particular the PCM, chondrocytes 
undergo shape and volume changes, and these 
properties are attributed both to the structure of 
the  chondrocyte cytoskeleton and the viscoelas-
tic properties of the chondrocyte nucleus [324] 
(Fig. 1.18).

A unique relationship exists among the 
 biomechanical properties of the chondrocyte, 
PCM and ECM in different zones of articular 
cartilage, and the stress–strain environment of 
the chondrocyte is significantly influenced by its 
microenvironment [114]. The key structural com-
ponents of the complex biomechanical microen-
vironment of chondrons includes the chondrocyte 
plasma membrane and the molecular components 
of the PCM and pericellular capsule. The PCM 
and its capsule have unique physical properties 
and spatial position to support the chondrocytes 
and to facilitate the communication between the 
chondrocytes and molecules of the TM and ITM. 
The PCM serves as a transducer of biochemical 
and biomechanical signals to the chondrocyte, 
and has a significant effect on the flow of car-
tilage fluid and ions as well as the transport of 

Fig. 1.18 Schematic diagram showing forces on knee 
articular cartilage. Mechanical and osmotic signals affect 
the metabolic activity of chondrocytes during cartilage 
loading. In response to loading, extracellular and pericel-
lular matrix deformation generates chondrocyte signals as 

well as shape and volume changes (due to osmotic loading 
and creation of hyposmotic gradient). The consequential 
changes in gene, protein and proteoglycan expression 
result in altered molecular composition, which further 
dictates the functional adaptation of articular cartilage
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small molecules to and from the chondrocyte. 
The PCM has a lower permeability relative to the 
ECM, which enables the PCM to inhibit fluid flux 
near the chondrocyte by a factor of 30 [361]. The 
components of the PCM, specifically collagen 
type VI, contribute to chondrocyte survival and 
protection from apoptosis [115]. During com-
pression, the collagen fibrils in the PCM function 
as a protective capsule to retain the width and 
volume of the chondrocyte [363]. Using a micro-
structural model of articular cartilage, the steady- 
state volume of the flat chondrocytes of the SZ 
decreased with the increasing pericellular colla-
gen fibril stiffness. In the middle and deep zones, 
a small increase in the chondrocyte volume was 
noted with increasing pericellular fibril stiffness. 
In all the zones, an increase in FCD of the peri-
cellular GAGs was associated with a substantial 
reduction in the chondrocyte cell volume [359].

Chondrocytes and chondrons have an impor-
tant influence on the biomechanical microenvi-
ronment of the knee joint cartilage degeneration 
that occurs with aging and disease. A theoretical 
model to measure the viscoelastic properties of 
the chondrons as a function of age revealed that 
the adult and old chondrons generally possessed 
a thicker PCM with more enclosed cells com-
pared to a young chondron [360]. The young and 
adult chondrons exhibited the same viscoelastic 
creep behaviour under a greater applied pressure 
(1.0–1.1 kPa), but without the deformation 
observed in the old chondrons. Further, the adult 
chondrons were stiffer than the young chondrons 
[360]. Loss of the spatial organization and 
destruction of the PCM have been reported in the 
early stage of OA, both in vivo and in vitro [18, 
364]. These structural changes to the PCM sig-
nificantly impact the mechanical microenviron-
ment of the chondrocytes, resulting in almost 
66% higher compressive strains, and higher fluid 
flux near the chondrocytes [361, 364]. In a rabbit 
model of early post-traumatic OA, after 4 weeks 
of anterior cruciate ligament transection, altered 
chondrocyte morphology (significant increase in 
cell height and decrease in width), decreased cel-
lularity, and a significant decrease in the FCD of 
the PCM in the SZ of the lateral femoral condyle 
were noted compared to the cartilage samples 
obtained from the same site and zones of the 

 control group [365]. These observations could be 
attributed to the altered biomechanics due to the 
compromised rotational stability and increased 
loading, hence high contact forces on the carti-
lage surface of the affected knee.

1.4.4  Concept of Knee Loading 
During Walking

The primary function of the knee articular cartilage 
is to provide a smooth, lubricated surface for artic-
ulation, and to facilitate the distribution and dissi-
pation of loads on the opposing joint surfaces with 
a low frictional coefficient. The functional lifetime 
of articular cartilage is dependent on minimising 
friction and wear [366]. In the knee, friction is 
generated (as opposing forces) when the two con-
tacting articular surfaces (femoro-tibial and petello-
femoral) move relative to each other. The frictional 
coefficient is the measure of the amount of resis-
tance that one cartilage surface exerts on the other. 
Wear of articular cartilage occurs when asperities, 
defined as microscopic roughness of cartilage sur-
face, from opposing cartilage surfaces come into 
contact and deform, resulting in removal of carti-
lage surface macromolecules, which may eventu-
ally lead to the development of frank lesions 
(fibrillations) as seen in OA cartilage.

Knee loading refers to the force exerted on the 
weight-bearing compartment of the knee during 
activity. Walking is the most frequent activity of 
daily living, and during mobility, the specialized 
structure and composition of articular cartilage 
allows the relative movement of opposing carti-
lage surfaces with minimal friction and wear. The 
cartilage structural components (primarily colla-
gen fibrils and PGs) interact to constitute the 
porous fibre-reinforced matrix that supports 
mechanical stresses applied to cartilage. The inter-
molecular crosslinks on the surface of the collagen 
fibres contribute to its tensile strength. However, 
by themselves, collagen fibres exhibit little resis-
tance (weak) to compression. Formation of aggre-
cans promotes immobilization of PGs within the 
collagen meshwork, which in turn adds structural 
rigidity to the  cartilage ECM. When subjected to 
external loads, the interaction of these macromol-
ecules with the interstitial fluid (80% concentrated 
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in SZ and upper MZ) protects the cartilage against 
high levels of stress and strain. The movement of 
cartilage fluid (up to 70% under load) plays an 
important role in joint lubrication [367].

Although knee articular cartilage is exposed 
to repetitive mechanical stress, the joint experi-
ences low frictional forces due to the formation 
of a superhydrated layer of lubricating fluid and 
molecules on the cartilage surface [367, 368]. 
Normal physiologic loading is well tolerated, and 
during severe loading the  lubricating monolayer 
on the cartilage surface and underlying ECM pro-
tects the joint by absorbing and dissipating the 
impact load (high force applied over a short time 
period). The forces at the joint surface vary from 
zero to several times body weight (BW). The 
opposing contact area varies in a complex manner 
(typically only several square centimetres) and is 
potentially subjected to high pressure (force/unit 
area). During level walking and downhill run-
ning, the medial tibiofemoral compartment has a 
greater cartilage contact area when compared to 
the lateral compartment, which has significantly 
less cartilage contact area during running versus 
walking (medial compartment gait cycle affected: 
8%-10%; lateral compartment gait cycle affected: 
5%-10%) [369]. Further, the compressive strain 
of normal healthy articular cartilage increases 
with increased walking speed with maximal 
strains of 5.0% observed after 60 minutes of walk-
ing [370]. Depending on the activity performed, 
the mechanical measures (such as moments and 
forces) determined by gait analysis vary. For 
instance, during level walking, the estimated 
compressive forces transmitted across the knee 
range from 2 to 4 times BW; whereas, descend-
ing the stairs and walking downhill increases the 
force to 6 and 8 times BW, respectively. Jumping 
elevates the load on the knee to 20 times BW 
[371–374]. A linear relationship between change 
in BW and change in compressive knee force has 
been documented [375]. For every pound increase 
in BW, a fourfold increase in knee compressive 
forces is transmitted. This ratio of weight gain 
to joint compressive force is particularly signifi-
cant as one considers that this additional force 
is applied with every step. Hence, for every one-
pound of weight loss, there is a 4-pound reduc-
tion in knee load per step, and assuming there are 

1,200 strides/mile, the accumulated reduction in 
knee load would be more than 4,800 per 1 mile 
walked [375].

The threshold at which knee articular cartilage 
mechanical failure occurs is regulated by the 
prevalent stresses arising in the joint, which in 
turn is determined by an individual’s lifestyle and 
activities (low versus high level of activity, inten-
sity, duration, etc.) [370, 376]. During the physi-
ological cyclic compressive knee loading, the 
opposing cartilage surfaces may eventually wear 
as a consequence of increased fatigue wear mode 
but not due to adhesive wear mode. This increased 
fatigue wear mode eventually results in cartilage 
surface damage in the form of fissures and fibril-
lation. Application of too high stress and fatigue 
on the knee has been attributed to the mechanical 
mechanism of articular cartilage damage.

1.4.5  Role of Articular Cartilage 
Macromolecules in Joint 
Biomechanics

Proteoglycans are polyanionic molecule with 
several long chains of sulfated GAGs (CS and 
KS) that extend out from the protein core. The 
carboxyl groups of CS and sulfate groups of KS 
provide negative FCD to the PGs aggregates, 
which in turn influence the mechanical and elec-
trical behaviours of articular cartilage [35, 290]. 
Due to the repulsive forces of these negative 
charges, the GAG molecules of the aggrecans 
tend to spread out and occupy a large volume. 
However, the swelling capability of aggrecans is 
limited by the collagen molecules [283, 323]. 
The hydroxyl groups of CS interacts with C=O 
group of collagen type II of the cartilage ECM, 
whereas the epitopes representing the aggrecan 
KS-rich region are associated preferentially near 
or at collagen fibrils within the PCM and TM of 
the MZ and DZ [377, 378]. At a compressed 
stage, such as during locomotion, the mechanical 
response of cartilage macromolecules is tightly 
coupled to the fluid flow between the cartilage 
and joint space as well as the adjacent non- 
contact area of cartilage (Fig. 1.17). Proportional 
to the applied load, the fluid flows out of the car-
tilage through the articular surface into the joint 
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space and through the cartilage at the periphery 
of the site of compression [319, 379–381]. This 
results in the close proximity of the negative FCD 
on the GAG molecules of the aggrecans. As a 
consequence, the repulsive forces of these nega-
tive FCD on the GAG molecules increases the 
 compressive stiffness of articular cartilage. Upon 
the removal of the compressive load, the fluid 
from the joint space and adjacent cartilage flows 
back into the cartilage. As such, during loading of 
the knee, cartilage fluid mobility involves two 
processes: firstly, by fluid exudation into the 
synovial cavity both at the leading edge of the 
moving contact area and between the opposing 
cartilage areas, and secondly, the elastic recovery 
of cartilage that causes the imbibition of the 
expelled fluid back into the cartilage towards the 
trailing edge of the contact.

1.4.6  Osmotic Stress and Articular 
Cartilage Matrix Composition

Cartilage ECM macromolecules and chondrocytes 
are present in an aqueous, ion rich environment 
that contributes to the high osmotic pressure pres-
ent within articular cartilage. Cartilage osmotic 
pressure is a very important component for absorb-
ing and dissipating mechanical forces, particularly 
in the equilibrium state [341]. The osmotic pres-
sure fluctuates with load, producing osmotic gra-
dients that result in osmotic stress and consequent 
feedback loops that affect both chondrocyte func-
tion and matrix macromolecular composition 
(Fig.  1.18). In particular, hypotonic osmolality 
stimulates chondrocytes to rearrange their intra-
cellular actin, change their shape as well as cell 
volume and increases the responsiveness of chon-
drocytes to Ca++ ions, resulting in increased syn-
thesis of proteins, PG and GAG macromolecules. 
In the vicinity of chondrocytes, the amount of 
osmotic stress within the PCM is regulated by the 
integrity of collagen type VI within the chondron 
capsule [113]. Also, osmotic stress during physio-
logic mechanical loading directly affects the pack-
ing of collagen fibrils as well as their relationship 
to GAGs, thereby affecting capacity of cartilage to 
absorb mechanical loads. Osmotic PG depletion 
with age and OA decreases osmotic pressure and 

tends to decrease osmotic stress. This, in turn, con-
tributes to the decreased capacity of the affected 
cartilage to regenerate new macromolecules and to 
respond well to mechanical loads. Further, osmotic 
stress will vary from matrix domain to domain 
within cartilage due to the heterogeneity of matrix 
composition, thereby contributing to the heteroge-
neity of chondrocyte function.

1.5  Knee Lubrication

The interstitial fluid and lubricating molecules 
present on the articular surface play an important 
role in joint lubrication through the formation of 
a superhydrated layer. The remarkable load-bear-
ing capability of the knee lubrication is reviewed 
in this section. The characteristics of endogenous 
lubricants are discussed in depth, followed by the 
specialized mode of articular cartilage lubrica-
tion mechanisms.

1.5.1  Endogenous Lubricants 
On Articular Cartilage Surface

Healthy knee articular cartilage has a set of unique 
structural, biochemical and biomechanical prop-
erties that provide an efficient load- bearing sur-
face and lubrication mechanisms. Lubrication of 
articular cartilage within synovial joints entails 
a complex interaction of several mechanical and 
molecular factors that are optimized to decreased 
friction between opposing surfaces of articular 
cartilage (effecting nearly frictionless motion 
of joints), and to provide wear protection dur-
ing loading (static and dynamic) and sliding 
velocities [272, 321, 382–385]. The molecular 
factors involved in lubrication include both the 
lubricating molecules (of the SF and on the car-
tilage surface) and the constituent molecules of 
the articular cartilage in the SZ. These molecules 
collectively play a critical role in maintaining the 
cartilage surface integrity.

To date, several molecules have been iden-
tified that are responsible for the boundary 
lubrication of articular cartilage surface. These 
molecules include the homologous protein prod-
ucts of megakaryocyte stimulating factor gene 
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 expression (such as lubricin, SZP and PRG4), HA 
and phospholipids (such as  phosphatidylcholine, 
 phosphatidylethanolamine and sphingomyelin) 
[386–393]. The homologous lubricant molecules 
have the same primary, secondary and tertiary 
structure. However, they differ in post-transla-
tional O-linked glycosylation [388]. At the physi-
ologic and pathophysiologic concentrations, the 
lubricating molecules contribute to boundary 
lubrication and form a protective layer by inter-
acting with and adsorbing to the surface of articu-
lar cartilage as a monolayer, both individually or 
in a complex [368, 385, 394–397].

During physiologic loading on knee articu-
lar cartilage, the chondrocytes and ECM (mac-
romolecules and interstitial fluid) of the SZ 
experience shear forces and friction coefficient 
that is dependent on the applied load [384]. The 
molecular structure of biolubricants permits 
extensive boundary hydration, and this property 
is  conducive to its lubrication performance. An 
in vitro study demonstrated that the hydrophilic 
properties of lubricants on the articular surface, 
along with the fluid content at this layer, play an 
important role in lubrication [367]. This result 
was corroborated in an in vitro friction test that 
found one part of the synovial lubricating glyco-
protein was adsorbed to the cartilage surface and 
that the formation of hydration shells around the 
polar area of the adsorbed molecule created a thin 
layer of viscous hydrated surface which aided 
in reducing the articular cartilage surface shear 
[398]. To date, several lubricants have been iden-
tified, which have been classified under proteins, 
carbohydrates and fatty acids.

1.5.1.1  Proteins
The human knee protein lubricants, namely, lubri-
cin, PRG4 and SZP, are homologous protein  
products of megakaryocyte stimulating factor 
gene expression, encoded by the PRG4 gene 
[386]. They share a similar protein (primary,  
secondary and tertiary) structure but differ in post- 
translational glycosylation with O-linked oligosac-
charides being predominant in lubricin and with 
limited amounts of CS and KS found in SZP [388]. 
Although of slightly different structure and MWs, 
these lubricants have been referred to as the same 
lubricant molecule that is regulated by TGF-β and 

play a role in lowering the friction properties on the 
articular cartilage surface [399, 400].

Lubricin a 227  kDa glycoprotein, is synthe-
sized and secreted by the synovial fibroblasts 
[387]. Lubricin is found in the SF and on the artic-
ular cartilage surface of the SZ, which also con-
tains HA and fibronectin [401–403]. Lubricin is 
relatively more concentrated on the cartilage sur-
face of the anterior aspect of the femoral condyle 
than the posterior aspect. Lubricin contributes to 
the lubrication, wear resistance and anti-adhesive 
properties of cartilage [388, 404–407]. The pres-
ence of lubricin on the cartilage surface enables 
the cartilage to carry loads of normal forces, in 
particular during mobility, by reducing the friction 
as it prevents direct  surface-to-surface contact and 
it also maintains the articular cartilage integrity 
[401, 402]. In vitro experiments corroborated the 
findings that lubricin reduces friction in cartilage 
bearings [401]. Under high loads at low relative 
velocities, lubricin prevents direct contact between 
surfaces. Lubricin has strong steric-repulsive 
interactions on collagen surfaces, where it medi-
ates the  adhesion and friction forces between the 
collagen surfaces, hence supporting the hypothesis 
that lubricin plays an important role in maintaining 
the structural integrity of the cartilage surface 
[340]. Several in vitro findings suggest the impor-
tant role of lubricin in maintaining the structural 
integrity of the knee articular cartilage by provid-
ing a protective layer on the cartilage surface, and 
most-likely maintaining the contacting surfaces in 
a sterically repulsive state [340, 397, 408, 409].

In bovine explants, a direct correlation was 
observed between the coefficient of friction and 
chondrocyte apoptosis in the SZ of articular car-
tilage, indicating a direct connection between 
lubricin, boundary lubrication and chondrocyte 
survival [410]. Further, less ECM growth and 
lower compressive properties were exhibited in 
cartilaginous constructs formed from the SZ 
chondrocytes compared to the constructs obtained 
from the MZ chondrocytes [411]. Lubricin pro-
vides chondroprotection by  dissipating strain 
energy induced during locomotion and prevents 
damage to the parallel tangentially aligned colla-
gen type II fibres of the SZ cartilage surface [357, 
402, 410, 412, 413]. It is suggested that compres-
sion may decrease the vulnerability of articular 
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cartilage to shear- induced damage by lowering 
the  effective strain on individual collagen fibrils 
[414]. The low frictional stress between two slid-
ing surfaces bearing surfactant monolayers is 
attributed to the fluid hydration layers, and such 
hydration forces are thought to be involved in the 
steric repulsion forces between adherent lubricin 
layers on apposed cartilage surfaces [402, 415]. 
In addition to serving as a boundary lubricant, 
lubricin has been found to prevent hyper-prolifer-
ation of synovial cells [404].

Proteoglycan 4, also referred to as PRG4, at the 
articular cartilage surface and in the SF plays an 
important role in boundary lubrication. PRG4 is 
identified as megakaryocyte stimulating factor that 
is secreted by the chondrocytes of the SZ and 
 synoviocytes of the synovium [392, 406]. The 
intermolecular disulfide-bonded multimeric struc-
ture of PRG4 is responsible for its ability to adsorb 
to the articular cartilage surface [416]. In vitro 
expression of PRG4 by subpopulations of chon-
drocytes from various uncalcified cartilage zones 
showed that superficial chondrocytes secreted 
much more PRG4 than the middle- and deep-zone 
chondrocytes, which expressed little to no PGR4 
[406, 417, 418]. Under certain conditions, as sug-
gested in an ex vivo experiment, PRG4 which is 
normally tightly bound on the cartilage surface can 
exchange with the PRG4 in SF [419]. Investigation 
of the mechanical regulation showed that PGR4 
expression may be modulated by unconfined, 
compressive, mechanical forces [420]. Dynamic 
shear stimulation on PRG4 biosynthesis in 
 cartilage explants demonstrated an increased 
PRG4 secretion of three to four times and more 
PRG4 of 345 kDa relative to smaller MW of 315 
kDa, as compared with unloaded controls and stat-
ically compressed samples [421]. Further, shear 
stimulation also increased the total number of 
chondrocytes expressing PRG4 up to the upper 
MZ. Thus, besides other cartilage matrix constitu-
ents, mechanical stimuli upregulate the biosynthe-
sis of PRG4 [420, 421]. Beside its function in 
reducing shear, controlling adhesion-dependent 
synovial growth and regulating protein deposition 
onto the articular cartilage surface, recent findings 
implicated PGR4 as an inflammatory signalling 
molecule [422].

Superficial zone protein, also known as SZP, is 
a heavily glycosylated 345  kDa protein with 
 minimal GAG substitution [406, 423]. SZP 
 accumulates at the articular cartilage-SF interface 
[386]. SZP exhibits topographical variation across 
the knee articular surface, and its expression is 
 primarily localized with high concentration at the 
load-bearing anterior aspect of the femoral con-
dyle [424]. In contrast, significantly less SZP con-
centration was found on the non- load- bearing 
cartilage surface at the posterior aspect of the 
femoral condyle. Further, a decreased coefficient 
of friction was associated with the enhanced SZP 
concentration on the load-bearing aspect. SZP is 
thought to form a nanofilm that functions to 
reduce friction during mobility and to smoothen 
asperities on knee articular cartilage [424]. These 
findings are suggestive of the mechanosensitive 
nature of SZP expression. Mechanotransduction 
of SZP occurs via TGF-β signalling [424]. The 
SZP also serves as a metabolic marker for chon-
drocytes of the SZ. Direct relationships have been 
demonstrated between high level of SZP expres-
sion, maximum contact pressure and low friction 
coefficients [399]. Application of shear stress was 
shown to increase the level of SZP expression and 
accumulation [424]. Further, platelet-rich plasma 
has been shown to stimulate both  chondrocytes 
and synoviocytes to significantly increase SZP 
synthesis and secretion [425].

1.5.1.2  Phospholipids
Phospholipids molecules are organized as 
spherical bilayer. Each molecule is composed 
of a hydrophilic head and a hydrophobic tail. 
Phospholipids such as phosphatidylcholine, 
phosphatidylethanolamine and sphingomyelin 
have been identified as constituents of SF and 
they are also bound to the articular surface [426, 
427]. Upon binding with mobile Ca2+, phospho-
lipid becomes active phosphatidylcholine which 
is adsorbed with the negatively charged PGs 
on the surface of articular cartilage [427–429]. 
While most phospholipids are surface active, 
dipalmitoyl-phosphatidylcholine is particularly 
active, and is the most abundant form present in 
SF at 45% [426, 428, 430]. Phosphatidylcholine 
has better lubricating  property to withstand 
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severe loading than phospholipids, thus produc-
ing lower frictional resistance [430–432]. In vitro 
experiments showed that enzymatic degradation 
of phosphatidylcholine compromises its lubricat-
ing quality.

As a boundary lubricant for articular cartilage, 
surface-active phospholipids (SAPLs) can form a 
strongly adsorbed layer to provide hydrophobic-
ity to the articular surface and shield asperities 
from solid-solid contacts [366, 427]. Enzymatic 
digestion of SAPLs with phospholipase was 
shown to eliminate the lubricating ability of SF 
and increases the coefficient of friction [433]. 
However, other studies that examined the effects 
of SAPL degradation on the cartilage surface 
found no effect on the frictional coefficient [434].

1.5.1.3  Glycosaminoglycans
Hyaluronic acid is a non-sulfated GAG without a 
protein core, which is distributed in human  
SF with high MW ranging from 27  kDa to 
10  MDa [391, 435–437]. HA constitutes long 
chains of repeating disaccharides, comprised of 
D-glucuronic acid and N-acetyl D-glucosamine 
[63]. Experiments using the surface force appara-
tus suggest that HA serves a chondroprotective 
role by preventing wear of the articular surface, 
rather than reducing the coefficient of friction 
[438, 439].

HA, the major component of the articular car-
tilage ECM, associates with aggrecan  molecules 
and link protein to form an aggregating complex 
that provides the compressive and viscoelastic 
properties of articular cartilage [63, 440]. Within 
the SF, HA plays a major role in fluid-film lubri-
cation by providing high viscosity to SF through 
its high MW and concentration (0.1–5 mg/mL)
[272, 441, 442]. Separation of HA from SF resulted 
in a reduction of the fluid viscosity, whereas the 
boundary lubrication of the treated fluid  remained 
unaffected [443]. Unlike other boundary lubri-
cants, HA does not adsorb to the cartilage surface, 
but decreased friction in the cartilage- cartilage 
interface has been reported [409]. HA adjusts 
SF viscosity and articulating surface lubrication, 
improves articular cartilage nutrition and mediates 
cell growth regulation including proliferation, dif-
ferentiation and migration [444].

1.5.2  Synergy of Molecular 
Lubricants

The biological lubricants (lubricin, PRG4, SZP, 
HA, SAPL) play an important role in the bound-
ary lubrication by providing low-friction and 
low-wear properties to articular cartilage surfaces 
and are regulated by TGF-β [400, 445]. These 
lubricants contribute to the boundary lubrication 
of opposing articular cartilage surfaces, individu-
ally and in combination [385]. Under severe joint 
loading, the combination and concentration of 
adherent lubricating molecules produces a syner-
gistic effect in reducing the coefficient of friction 
(i.e. low boundary friction), which results in a 
low wear rate of the cartilage surface. PRG4 and 
HA both function as dose-dependent boundary 
lubricants of cartilage. They also act synergisti-
cally through an unknown mechanism. Cartilage 
boundary lubrication tests using various combi-
nations of HA and PRG4 at physiologic concen-
trations showed that the reduction of the 
coefficient of friction was additive [385]. 
Attachment of COMP with lubricin facilitates 
lubrication and results in low friction forces 
[180]. HA forms a complex with the lubricin to 
form a cross-linked network to effectively elimi-
nate the wear damage to the opposing/shearing 
surfaces [438]. Under compression, free HA dif-
fuses out of the cartilage into the joint space, but 
when forming a complex with lubricin, the com-
plex is physically trapped at the cartilage-joint 
space interface by the increasingly constricted 
collagen pore network. The mechanically trapped 
and chemically bound HA-lubricin complex acts 
as an effective “boundary lubricant”, which func-
tions to reduce the friction [438]. Under com-
pressive loading, protein- lipid adsorption occurs 
on hydrated cartilage surface. Lubricin and HA 
could have “carrier” functions for the highly 
insoluble SAPL, while HA has good wetting 
properties needed to promote hydrodynamic 
lubrication of articular surface [428]. Although 
fibronectin strongly interacts with both HA and 
lubricin, its interaction with lubricin synergisti-
cally enhances wear protection of the articular 
cartilage surface during shear [246]. Recently, an 
ex-vivo experiment demonstrated the synergy of 
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HA-lipids in significantly reducing the boundary 
friction of extrasynovial tendon sliding in its 
sheath [446].

1.5.3  Deficiency of Molecular 
Lubricants

Lubrication of knee articular cartilage entails a 
complex interaction of several mechanical and 
molecular factors. A layer of lubricating molecules 
covers the cartilage surface and acts as a boundary 
lubricant, resulting in decreased friction between 
opposing surfaces of articular cartilage and effect-
ing nearly frictionless motion of knee [385]. 
Damage to the articular cartilage surface integrity 
due to injury and disease causes alterations in the 
composition, concentration and MW of the 
 lubricant molecules. Consequently, the boundary-
lubricating ability of SF may be compromised due 
to associated changes in the SF pH and character-
istics of the lubricant molecules [447–451] 
(Table 1.8). Damage to the SZ or absence of lubri-
cating molecules often initiates a cascade of 
mechanical and biological events that can lead to 
insufficient boundary lubrication and subsequent 
biomechanical impairment (compromised load-
bearing ability and irreversible wear properties), 
cartilage degradation and progression to disease 
such as OA and RA [444, 452, 453]. The concen-
tration, composition and MW of the lubricant mol-
ecules vary with joint injury, disease (RA versus 
OA) and stage of OA [444]. Ineffective joint lubri-
cation has been demonstrated to play an important 
role in the development and progression of knee 
OA [412]. Early degenerative changes of the artic-
ular cartilage SZ have been associated with reduc-
tion in the PG content and deviation of the collagen 
fibril orientation angle compared to the healthy 

cartilage [453]. These changes affect the lubricat-
ing properties of the cartilage surface lubricants, 
and this impacts the load-bearing properties of 
articular cartilage by increasing the risk for further 
ECM degeneration and chondrocyte apoptosis.

In several animal models of OA, the down-
regulation of the expression and localization of 
the lubricants indicated the association between 
the reduction or loss of these SF and cartilage 
surface molecules, and OA pathogenesis [405, 
454]. In a sheep meniscectomy model, early loss 
of PRG4 from the cartilage surface has been 
associated with cartilage degeneration and early 
onset of OA [455]. In an equine model of acute 
injury, comparison of SF from injured and con-
trol joints for cartilage boundary lubrication 
function demonstrated that SF from injured joints 
exhibited poor boundary lubrication properties 
[456]. SF obtained from joints with acute injury 
had a lower HA concentration of lower MW 
forms compared to the control SF, and addition of 
HA to the deficient equine SF restored its bound-
ary lubrication function [456].

Investigation of the lubricants in disease states 
showed that, compared with SF from age-matched 
control individuals, the concentrations of HA and 
lubricin were lower, whereas those of SAPLs 
were higher in the SF of OA and RA patients 
[444]. The HA MW range was lower in the SF of 
these patients, and the relative distribution of 
SAPLs as well as the degree of fatty acid satura-
tion and their chain lengths were also altered in 
OA and RA patients [444]. This result confirmed 
the presence of different levels,  composition and 
molecular distribution of SF lubricants with joint 
disease and stage of OA. Decreased concentration 
of HA in human SF is associated with joint injury 
and arthritis [447–450]. Investigation on the 
adsorption of SAPL on the  cartilage surface of 

Table 1.8 Synovial fluid analysis in different clinical conditions. (Data obtained from Kosinska (2015) [444])

Synovial Fluid 
Analysis

Normal
Osteoarthritis Rheumatoid

ArthritisEarly Late
pH 7.3 7.8 8.1 6.8

Lubricin (μg/ml) 364 244 152 139

Phospholipids 
(nmol/ml)

314.2 643.8 758.8 877.7

Hyaluronic Acid 
(mg/ml)

2.2 1.7 1.9 1.0
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OA knees (obtained post-knee replacement) 
showed that the cartilage surface lubricating layer 
of SAPL was deficient in these joints [457]. 
Human SF SAPLs concentration has been 
reported to decrease following traumatic injury 
and increase in OA [447, 451].

Decreased PRG4 levels in the SF of OA 
patients correlated with significantly diminished 
cartilage boundary-lubricating capacity as com-
pared to normal SF, and improved lubrication 
function was noted in OA SF with PRG4 supple-
mentation [458]. Using a rabbit knee injury 
model, the concentration of PRG4  in SF 
decreased from 280 g/ml to a range of 20 to 100 
g/ml at 3-weeks post injury [405]. Post-injury, 
the loss of boundary-lubricating ability of SF is 
associated with damage to the articular cartilage 
ECM, which is attributed to the early-phase 
inflammatory process [405]. Following anterior 
cruciate ligament injury, the decreased SF lubri-
cin concentration is associated with an increased 
level of inflammatory cytokines [459]. These 
findings suggest that following knee injury, lack 
of boundary lubrication as a consequence of 
decreased SF and cartilage surface lubricant 
 concentration may place the articular cartilage at 
risk of wear-induced damage.

Insufficiency of lubricin due to knee trauma, 
inflammatory arthritis or genetically mediated 
lubricin deficiencies have been linked to articular 
cartilage damage [460–462]. In particular, the SZ 
and chondrocyte morphology (preservation) have 
been linked to the critical role played by lubricin. 
Joints lacking lubricin from SF have shown early 

wear and higher friction associated with dam-
age to collagen type II of the SZ. Chondrocyte 
apoptosis are most pronounced among the cells 
located at the intersection of the tangential and 
radial collagen fibrils [410]. Chondrocyte cell 
death may lead to deficient lubricin and SZP pro-
duction, and focally increase friction on the car-
tilage surface. Consequently, the friction gradient 
may lead to decreased capacity to resist impact 
forces, resulting in the knee articular cartilage SZ 
fibrillation.

1.5.4  Lubrication Mechanisms 
(Applicable to Human Knee)

Although knee articular cartilage is exposed to 
repetitive mechanical stress during various daily 
(sitting, walking, etc.) and sports-related activi-
ties (e.g. running), the SF constituents (mainly 
glycoproteins and phospholipids) and endoge-
nous lubricants coating the cartilage surface 
provide very low frictional resistance and high 
wear resistance to the opposing articular carti-
lage. Endogenous knee lubricants are viscous, 
providing protection to the cartilage surface 
from abrasion and adhesive slide wear. The 
mechanisms of cartilage-on-cartilage lubrica-
tion have been attributed to the boundary lubri-
cation effects and the presence of fluid-film 
lubrication. The two basic lubrication mecha-
nisms for the lubrication of articular surfaces 
are the boundary and fluid-film lubrications 
[366, 463, 464] (Fig. 1.19).

Fig. 1.19 Schematic diagram showing the lubricating mechanisms applicable to human knee articular cartilage
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1.5.4.1  Boundary and Contact 
Lubrication Mechanism

During normal physiologic activity, boundary 
lubrication functions to protect (via wear reduc-
tion) the articular cartilage surface of the knee. 
However, it is not an effective mechanism under 
excessive loads [398, 465]. Boundary lubrica-
tion occurs when a lubricant film is present 
between the opposing cartilage surfaces, keep-
ing them at a distance, and allowing mobility 
with a low coefficient of friction. The lubricant 
component (lipids, carbohydrates or proteins) of 
the SF that adheres to the articular cartilage sur-
face forms a monolayer, surface film, which is 
the basis of the contact lubrication mechanism 
[396, 427, 466, 467]. Depending on the MW and 
concentration of the cartilage surface adhering 
lubricant, the thickness of the surface film var-
ies, measuring up to 10 nm [468]. The lubricant 
film between the opposing cartilage surfaces and 
the biomechanical properties of the macromo-
lecular components of articular cartilage, in par-
ticular the SZ and upper MZ, are critical 
components in the determination of the coeffi-
cient of friction [366]. Removal of the adherent 
molecule from the lubricant film increases the 
coefficient of friction [469–471].

1.5.4.2  Fluid-Film Lubrication
Fluid-film lubrication involves the presence of a 
thin film of fluid on the articular surface that pro-
vides separation of joint surfaces. The load on the 
bearing articular cartilage surfaces of the knee in 
fluid-film lubrication is supported by the pressure 
in the film. Compared to boundary lubricated sur-
faces, typically a lower coefficient of friction 
exists on surfaces lubricated by a fluid film. The 
low coefficient of friction of the knee suggests 
that some degree of fluid film lubrication 
exists. There are two subtypes of the fluid-film 
 lubrication mechanism, the squeeze-film and 
hydrodynamic lubrication, each of which 
 complements the other and depends on the tis-
sues involved and the load applied to the joint.

Squeeze-Film Lubrication
The squeeze-film lubrication, sufficient to carry 
high loads for short durations, occurs when the 
weight-bearing area of the opposing articular car-

tilage surfaces move perpendicular towards each 
other, resulting in increased fluid pressure that 
forces the lower MW components of the lubricant 
film out. Consequently, an increase in the fluid vis-
cosity due to the increased concentration of HA in 
the remaining fluid (and possibly ECM of the SZ) 
facilitates the gliding motion of the opposing 
 articular surface that comes into contact, while 
assisting to support the load. Thereafter, with load 
reduction, the hydrodynamic action plays a role 
decreasing the fluid-film viscosity through the 
mobility of low MW components into the fluid 
film between the two opposing surfaces. The value 
of the load applied on the knee is directly propor-
tional to the value of fluid pressure.

Hydrodynamic Lubrication
The hydrodynamic lubrication, often character-
ized by conformal surfaces, occurs when two non-
parallel opposing surfaces (femoral condyle and 
tibial plateau) are lubricated by a fluid film that 
moves tangentially with respect to each other [468, 
472]. The viscosity of the lubricant, conformity of 
the articular surfaces and relative direction of 
motion of the opposing articular surface generate 
pressure to maintain a lubricating film between the 
opposing surfaces [396, 465]. However, when load 
is applied, the fluid pressure generated by this 
mechanism is not capable of producing elastic 
deformation of the cartilage ECM.

1.5.4.3  Elastohydrodynamic 
Lubrication

The elastohydrodynamic lubrication occurs when 
the fluid-film pressure between the opposing 
articular cartilage surfaces causes elastic defor-
mation of the bearing articular cartilage surface, 
which further influences the pressure developed 
within the fluid film. During elastohydrodynamic 
lubrication, the fluid-film formation is strongly 
affected by lubricant behaviour and the elastic 
deformation of the opposing articular cartilage 
surface [431, 473, 474]. The elastic modulus of 
the load-bearing articular surfaces and the 
pressure- viscosity coefficient are important fea-
tures of elastohydrodynamic lubrication. For a 
given load at the area of contact of load 
 transmission, the elastic distortion of the solid 
macromolecular component of articular cartilage 
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(in particular, the SZ and upper MZ) provides a 
flattening geometrical conformity, which in turn 
increases the size of the contact area that facili-
tates a thicker lubricating fluid film than can be 
achieved normally [468]. Coupled with this, due 
to the high pressure developed within the fluid 
film, an increase in the viscosity of the lubricant 
consequently increases the lubricating film thick-
ness. Under physiological loading, articular carti-
lage has a very small modulus of elasticity and the 
capability to deform readily. For this  lubrication 
mechanism, the effective elastic modulus of the 
cartilage macromolecules is added to the param-
eters during hydrodynamic lubrication [468].

1.5.4.4  Application of Lubrication 
Mechanisms During “Walk 
Cycle” Phases

The biomechanical behaviour of the knee (and 
other synovial joints) is primarily governed by the 
molecular and fluid characteristics of the articular 
cartilage and SF. These constituents also play 
critical roles in joint lubrication when friction 
force is generated during mobility. Lubrication of 
the knee depends on several factors as follows: 
creation of a fluid film (monolayer) over the carti-
lage surface by lubricating molecules (lubricin); 
maintenance of a fluid layer between the opposing 
cartilage surfaces during the elastic deformation 
of articular cartilage; presence of slight irregulari-
ties (asperities) on the articular cartilage surface 
that trap HA; creation of fluid flow during alter-
nate application and removal of compressive 
forces; and the movement (squeezing out) of  
cartilage interstitial fluid into the joint space as 
loading increases [464]. The tibiofemoral com-
partment of the knee has a high degree of geo-
metrical conformity. Physiological loading does 
not damage the joint due to the hydrodynamic 
action of the lubricating molecules forming a 
monolayer on the articular cartilage surface.

During the “walk cycle”, large normal loads 
are transmitted from moment to moment across 
the knee from one bone to another while allowing 
an efficient relative motion in a direction tangen-
tial to the surfaces [463, 464]. Under dynamic gait 
conditions, the friction coefficient of articular car-
tilage during swing phase is higher than during 

stance phase [475]. The load on the knee in a 
walking cycle of 1 Hz may go up to three times of 
the BW at heel strike and toe off, while in a verti-
cal drop of 1 meter, the knee may experience up to 
25 times BW [476]. After the heel strikes the 
ground, the joint cartilage plays an important role 
in dissipating the impact of loading. The elastic 
deformation of the articular surface occurs upon 
the activation of the elastohydrodynamic lubrica-
tion stage. Depending on the loading conditions 
and sliding velocity, which is variable during one 
gate for a typical walk cycle, the profile of the 
fluid-film lubrication thickness and the pressure 
developed also varies. The sliding velocity in the 
knee also varies considerably with time in normal 
walking. The applied load and sliding velocity are 
inversely proportional throughout the gait. The 
“walk cycle” consists of four phases: swing 
through; heal strike; body weigh transfer and toe-
off (Fig. 1.20).

While elastohydrodynamic lubrication is the 
major mechanism in human knees, they operate 
with adaptive multimode lubrication. The almost 
unloaded or minimal loaded state (when the foot 
is off the ground and the leg swings freely from 
its posterior to its anterior position) and high slid-
ing velocity phase generate a relatively thicker, 
full fluid-film lubrication between the opposing 
cartilage surfaces, referred to as hydrodynamic 
lubrication. Upon loading (when the heel is on 
the ground and the load on the knee suddenly 
increases), the velocity is reduced and the lubri-
cant film squeezes out reducing its thickness, 
referred to as the squeeze film mechanism, during 
which stage a viable lubricant film is maintained. 
The following phase in the walking cycle (before 
heel strike and shortly after toe off), when the 
load on the knee reduces rapidly toward zero and 
the velocity increases and the lubricating fluid 
film maintains the separation of the opposing 
articular surface, is the elastohydrodynamic 
lubrication. Finally, at the toe-off position (when 
the heel strikes the ground and the toe is leaving 
the ground), the maximum load state and very 
low velocity maintain a lubricant film and pre-
vent surface-to-surface contact through a combi-
nation of squeeze film and boundary lubrication 
mechanisms.
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Fig. 1.20 Schematic diagram showing human right knee 
lubrication during the “Walk Cycle” phases. During 
“Swing Through” phase minimal load is applied on the 
knee; whereas, during “Toe-off” phase maximum load is 

applied. (Courtesy of Dr. Harpal K. Gahunia, and graphic 
illustration by Danny Aguilar, JD Graphics Solutions, 
East York, Ontario, Canada)
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The lubricant film thickness for both static 
squeeze and the elastohydrodynamic feeding 
affects the joint conformity, the cartilage surface 
compliance and the viscosity of the lubricating 
fluid (Fig.  1.21). Under normal loading condi-
tions, the fluid film is a squeeze film, whereas dur-
ing sliding or rolling, the elastohydrodynamic 
film occurs which supplies the squeeze film. The 
cartilage weeping phenomenon and the boundary 
lubrication characteristics of joint lubricants on 
cartilage play secondary roles in healthy knee. 
During normal compressive loading, due to cyclic 
loading and unloading on the contact area of car-
tilage surface, the asperity deformation is elastic 
and the fatigue strength of asperities is low.

1.5.4.5  Failure of Lubrication Mechanism 
(Injury, Aging, Disease and Post-
Cartilage Repair)

Of all joints, the knee is subjected to significantly 
high load during walking, running, hiking and 
sport activities. Normally, the high coefficient 
of friction between bones is lowered through 
the presence of articular cartilage and SF, which 
interact to facilitate a lubrication system. Knee 
injury (acute or chronic), aging, hereditary dis-
ease (lubrication molecule deficiency) and joint 
disease contribute to the perturbation and impair-
ment to the normal lubrication mechanism. Knee 
injury that causes depolymerisation of HA com-
plexes contributes to the decreased SF viscosity, 
which further negatively affects the lubricant-
film thickness [458, 471, 477–479]. Often noted 

in aging and OA articular cartilage are changes 
that can be explained in terms of failure in lubri-
cation mechanisms. This includes decreased 
articular cartilage resiliency and loss of struc-
tural integrity, in particular at the surface of SZ, 
which contribute to thinning of the lubricant fluid 
film and direct cartilage-to-cartilage contact of 
the two opposing surfaces [383, 480]. Joint fric-
tion is elevated and accompanied by accelerated 
cartilage damage in humans and mice that have 
genetic deficiency of lubricin. Using ex vivo and 
in vitro measurements of friction and apoptosis 
in lubricin-knockout mice, an increase in whole-
joint friction and cellular apoptosis was observed 
when compared with wild-type mice [410]. 
Further, using the bovine explant system, a direct 
correlation between coefficient of friction and 
chondrocyte apoptosis in the SZ of cartilage was 
observed. This study sheds the light on the rela-
tionship between joint mechanics and cartilage 
deterioration in patients with genetic or acquired 
deficiency of lubricin. The elastic property of 
normal, undamaged articular cartilage enables 
it to deform laterally under excessive load, how-
ever this property is reduced in cartilage with  
compromised ECM due to injury, aging or 
 disease. Further, alterations in the characteris-
tics of lubricant molecules and cartilage integ-
rity may result in abnormally high fluid pressure 
within the joint and ECM. 

Failure of the lubrication mechanism of  articular 
cartilage is also attributed to asperity fatigue. 
Asperities (in material science) refer to  unevenness, 

Fig. 1.21 Schematic diagram showing variations in 
 lubricant film thickness in the human knee related  
to  lubrication mechanisms. (Schematic created by  

Dr. Harpal K Gahunia, and graphic illustration by 
Danny Aguilar, JD Graphics Solutions, East York Ontario, 
Canada)
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Fig. 1.22 Schematic diagram represents the human fem-
oro-tibial knee during unloaded (left) and loaded (right) 
state. (a) Normal knee with thick articular cartilage and 
lubricating film during the unloaded state, and com-
pressed cartilage with thinner lubricating film when load 
is applied. (b) Depicts asperities on the opposing articular 
cartilage at very small contact points or surface areas 
where friction and contact stiffness occurs within the 
load-bearing region of the superficial zone. When sub-
jected to repetitive compressive loads, as a result of asper-
ity fatigue at the contact area, the asperities deform 
through the cartilage surface, and the extracellular matrix 

of the superficial zone enhances the adhesion between 
asperities at the cartilage–cartilage contact interface. The 
thin lubrication film on the cartilage surface asperities 
area, when damaged, compromises the articular cartilage 
surface integrity. Subsequent damage to the lubrication 
film on the cartilage surface asperities area weakens the 
collagen fibres at the cartilage surface, which can proceed 
to surface discontinuity lesions (fibrillations) seen in 
aging or osteoarthritic cartilage. (Schematic created by 
Dr. Harpal K Gahunia and graphic illustration by Danny 
Aguilar, JD Graphics Solutions, East York Ontario, 
Canada)

roughness or rugged projection of surfaces. When 
the two macroscopically smooth articular cartilage 
surface come into contact, asperities at the micro-
scopic level exist on the articular cartilage on very 
small contact points or surface area, where contact 
mechanics is exhibited in terms of friction and 
contact stiffness (Fig.  1.22). Cartilage surface 

 friction and wear originate at these asperity  
points / areas. The size of an asperity has a very 
strong effect on the way the two opposing cartilage 
surfaces behave upon contact, and can contribute 
to resistance. When subjected to compressive 
loads, asperities deform through the elastic carti-
lage surface and the ECM of SZ; hence, further 
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increasing the contact area between the two oppos-
ing surfaces until the contact area sufficiently sup-
ports the load. Due to normal fatigue wear, the 
articular cartilage surface integrity is compro-
mised, and subsequently, the thin lubrication film 
on the cartilage surface asperity area is damaged. 
As a consequence of cartilage surface deteriora-
tion, the cartilage surface integrity comprising pri-
marily of tightly packed, parallel, tangential 
collagen fibres become weak, and exhibit decreased 
modulus of elasticity, decreased tensile strength 
and decreased wear resistance. Increased stress on 
the native articular cartilage adjacent to the affected 
area is also noted. Asperities may precede to frank 
lesions seen in aging or OA cartilage.

In vitro experiments investigating repeated 
compressive loads applied to the cartilage  surface 
and repeated tensile loading (fatigue) have shown 
to decrease the tensile strength of cartilage colla-
gen type II fibrils [335, 481–483]. The decreased 
tensile strength with repetitive loading at 65 N for 
97,200 cycle preceded the surface damage [335]. 
However, under impulsive loads, the cartilage 
experiences a large lateral displacement, and this 
expansion is restrained by the subchondral bone 
that causes a high shear stress at the cartilage-
bone interface.

1.6  Conclusions

Knee articular cartilage plays an essential role in 
the maintenance of normal synovial joint function 
by reducing friction, resisting compressive forces 
associated with mobility and distributing loads. 
However, the ability of cartilage to perform this 
function can be compromised by changes in tissue 
properties that occur with age and as a conse-
quence of cartilage injuries (acute and chronic) 
and joint diseases such as osteoarthritis and 
 rheumatoid arthritis. Disruption of the collagen 
network of the superficial zone has been shown to 
play a critical role in the early signs of knee carti-
lage osteoarthritis associated with aging. An 
understanding of articular cartilage structure-
function relations is critical to better elucidate 
both disease processes and treatment strategies to 
repair or regenerate articular cartilage.
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Growth and Development 
of Articular Cartilage

Facundo Las Heras and Harpal K. Gahunia

2.1  Introduction

During embryonic development, external to the 
early mesodermal limb bud is a specialized 
region called the apical ectodermal ridge which 
plays a role in limb bud growth [1]. Within the 
limb bud, the embryonic mesenchymal stem 
cells (also called mesenchymal stromal cells, 
MSCs) migrate to form a vascular-rich myo-
genic region and an avascular central chondro-
genic core surrounded by a perichondrium [2, 
3]. MSCs are multipotent stromal cells that can 
differentiate into a variety of cell types, includ-
ing osteoblasts, chondroblast, myocytes, and 
adipocytes [4–6]. The mesenchymal cells in the 
central core aggregate in the shape of the future 
bone, which then differentiate into chondro-
blasts. These chondroblasts secrete extracellu-
lar matrix (ECM), and the cartilage model 
enlarges in length and width through the pro-
cess of interstitial and appositional growth. 
Once embedded within its ECM, the chondro-

blasts are referred to as chondrocytes. With 
continued growth of this cartilage model, the 
chondrocytes in its midsection hypertrophy, 
mature, and deposit insoluble calcium salts. 
This prenatal event results in chondronecrosis 
and disintegration of calcified cartilage, fol-
lowed by vascular invasion and the formation 
of primary center of ossification (Fig.  2.1). 
Postnatally, the secondary center of ossification 
develops within the epiphyses, and cartilage 
canals extend as branches of the blood vessels 
to the articular-epiphyseal cartilage complex 
(AECC) that forms the articulating surface of 
the growing bone, and the epiphyseal growth 
plates (GP) [7, 8]. Through the process of endo-
chondral ossification (EO), cartilage is then 
progressively replaced by bone. In children  
and adolescents, the epiphysis of the growing 
bone is capped with AECC, and GP is also 
formed between the epiphysis and metaphysis. 
However, with skeletal maturity, the GP eventu-
ally gets obliterated, and in adults only the 
articular  cartilage cap of the AECC remains. At 
skeletal maturity, although the articular cartilage 
thickness is relatively stabilized, several studies 
have shown that EO at the cartilage and sub-
chondral interface remains active throughout 
life and is responsible for the gradual changes 
in joint shape that occur with aging [9, 10].

During skeletal development and postnatal 
growth, the biochemical composition of articular 
cartilages particularly the proteoglycans (PGs), 
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Fig. 2.1 Sequence of cellular and tissue changes during chondrogenesis and endochondral ossification. (Courtesy of 
Dr. Harpal Gahunia)
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collagens, and pyridinoline cross-links per 
 cartilage volume increases [11–14]. From an 
early stage, mechanical forces strongly influence 
skeletal morphogenesis, growth, and develop-
ment [15]. The cartilage superficial zone (SZ) acts 
as a membrane barrier against substances which 
invade from the bursa through this cartilage zone 
[16]. The development period of the SZ coincides 
with the initiation of weight bearing, which is also 
thought to further promote cartilage maturation 
[16]. At different stages of postnatal articular 
 cartilage development and maturation, ex vivo 
compression of porcine osteochondral core dem-
onstrated that the SZ of articular cartilage under-
goes dramatic structural adaptation with growth, 
which in turn plays a key role in determining the 
dynamic compressive properties of the articular 
cartilage [17]. Removal of the SZ negatively 
impacts the dynamic modulus of the cartilage 
with the attainment of skeletal maturity.

Investigation of the effects of in vitro mechan-
ical loading on structural proteins composition 
and mechanical properties of the GP showed that 
static compression triggers a decrease in PG con-
tent and collagen type X in specific zones of the 
GP [18]. Compared to the control group, a reduc-
tion by 40% of PG content was reported in the 
zone of proliferation. The expression of aggre-
can, one of the main PG in the ECM of GP, was 
reduced by 21% and 17% in the zones of prolif-
eration and hypertrophy (mostly located at the 
first 30% of hypertrophic zone), respectively. 
These biochemical changes were associated with 
decreased GP permeability in the static group. 
Dynamic mechanical compression did not impact 
the ECM composition, molecular expression, 
and biomechanics of the GP.

The objective of this chapter is to review the 
mechanisms of cartilage morphogenesis, growth, 
and maturation. We highlight some important 
growth factors, hormones, signaling molecules, 
and local regulators that play an important role in 
chondrogenesis as well as AECC and GP regula-
tion and maturation throughout the process of EO.

2.2  Chondrogenesis

Cartilage, a highly specialized connective tissue 
of mesenchymal lineage, is often considered an 
“embryonic” tissue due to its extensive 
 distribution within the fetus, providing templates 
for skeletal tissue [19]. Cartilage development, a 
process referred to as chondrogenesis, is one of 
the earliest morphogenetic steps in skeletogene-
sis. Chondrogenesis consists of a highly orches-
trated series of events involving the commitment, 
condensation, and differentiation of MSCs to 
chondrocytes, the synthesis and secretions of 
cartilaginous matrix by these cells, the formation 
of cartilage template or anlagen, and, finally, 
their maturation and replacement by bone [2, 4, 
5, 20–29]. Cartilage chondrocytes are solely 
responsible for generating and maintaining the 
cartilage ECM and the GPs for the longitudinal 
bone growth [29].

For simplicity, the process of chondrogenesis 
can be divided into four phases corresponding 
to the developmental progression of cartilage 
genesis that occurs prenatally (Fig. 2.2).  
These four phases are MSC differentiation to 
 chondroprogenitor cells, cellular migration and 
condensation, further differentiation of chon-
droprogenitor cells to chondroblasts/chondro-
cytes with excretion of ECM, and chondrocyte 
hypertrophy [31]. 

2.2.1  Precursor Mesenchymal Stem 
Cells

The first phase of chondrogenesis is initiated 
by the differentiation of the prechondrocytic 
MSCs into chondroprogenitor cells [32]. The 
prechondrocytic MSCs produce ECM rich in 
hyaluronan and collagen type I, as well as col-
lagen type IIA containing the exon 2 encoded 
aminopropeptide found in non- cartilage colla-
gens [33].

2 Growth and Development of Articular Cartilage



74

2.2.2  Mesenchymal Condensation

The second phase of chondrogenesis was first 
described by Fell [24]. This phase involves cel-
lular interaction, cell shape change, and other 
events which are necessary to trigger the chon-
drogenic differentiation of the cells [34]. The 
transient cellular condensation or aggregation 
process results in an active movement of the 
chondroprogenitor MSC, which come into 
close apposition with one another to form pre-
cartilage condensations (Fig. 2.3) [27, 35, 36]. 
This event favors an increase in cell-cell con-
tacts and interaction through cell-cell adhesion 
molecules and gap junctions that results in an 
increase in mesenchymal cell packing within 
the core of the limb bud (i.e., an increase in 
cells per unit volume), without an increase in 
cell proliferation [37, 38].

A change in the cellular morphology from a 
flattened mesenchymal cell to a rounded chon-
drocytic cell also plays an important role in this 
process [39]. In vitro studies have shown 
increased cytoplasmic collagen type II messen-
ger ribonucleic acid (mRNA) during the con-
densation stage prior to depositing ECM [40]. 
Thereafter, a continuous and progressive 
increase in the cytoplasmic collagen type II 

mRNA and ECM collagen type II occurs. In 
parallel, cells peripheral to the condensation 
differentiate into a fibroblastic cell layer, the 
perichondrium, surrounding the cartilage core. 
These peripheral cells in turn differentiate into 
bone-producing osteoblasts, forming the perios-
teum [41].

2.2.3  Chondroblast 
and Chondrocyte 
Differentiation

Each stage of chondrocyte differentiation is char-
acterized by modifications in cell proliferation 
and morphology, as well as the nature and amount 
of ECM macromolecule production. The chon-
droprogenitor MSCs undergoing chondrogenesis 
acquire a spherical cell morphology differentiat-
ing into the chondroblasts. Subsequently, the 
chondroblasts proliferate, secrete a cartilage-spe-
cific matrix, and further differentiate in chondro-
cytes to form the cartilage anlagen. The 
chondrocytes become encased in their ECM, fur-
ther acquiring a characteristic rounded morphol-
ogy. The ECM produced and secreted by 
differentiated chondrocytes maintain and regulate 
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Migration Condensation Proliferation,
Differentiation

Maturation,
ECM synthesis

Terminal
differentiation,
Hypertrophy

Endochondral
ossification

Chondroblasts Prechondrocytic

Chondrocytes

Prehypertrophic
Terminal
apoptotic

Proteoglycans

Collagens

Fig. 2.2 Schematic diagram reflecting the series of cel-
lular changes during chondrogenesis that occurs prena-
tally. This process is initiated with the precursor 
mesenchymal stem cell stimulation, followed by cellular 
condensation and various stages of differentiation of mes-

enchymal cells to chondrocytes and secretion of extracel-
lular macromolecules. (Schematic created by Dr. Harpal 
K. Gahunia, and graphic illustration by Danny Aguilar, JD 
Graphics Solutions, East York, Ontario, Canada)
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the chondrocyte phenotype, and it is also essential 
as a template for the formation of the future bone.

2.2.4  Chondrocyte Hypertrophy

The last phase, chondrocyte hypertrophy, is a 
central process in chondrogenesis. It includes the 
progressive differentiation of proliferating matrix 
assembling chondrocytes to growth-arrested 
hypertrophic cells [42]. This process is initiated 
when the most central proliferating chondrocytes 
within the cartilage anlagen exit the cell cycle 
and differentiate to hypertrophy. Hypertrophic 
chondrocytes have increase in cell size and cel-
lular fluid volume by 20 times.

Hypertrophic chondrocytes mineralize their 
surrounding matrix and eventually undergo apop-
tosis, while the area of hypertrophic cartilage is 
invaded by blood vessels, along with osteoclast 
and osteoblast precursor cells. Collectively, these 
cells degrade and remodel the cartilage ECM, 
and osteoblasts adhere to the remnants of the car-
tilage ECM to form bone tissue in this primary 
ossification center. The cartilage segments that 
remain on either side of the primary ossified 
region are termed the growth plates and are 
responsible for the longitudinal growth of long 

bones [19]. In addition to their contribution to 
bone growth, hypertrophic chondrocytes coordi-
nate multiple aspects of EO through their secreted 
products [43].

2.2.5  Molecular and Genetic Factors 
Involved in Chondrogenesis

Several genes and their protein expression pat-
tern the distribution and proliferation of mesen-
chymal condensations. Figure 2.4 is a schematic 
diagram showing the key participants involved 
in chondrogenesis and EO. The key signaling 
molecules, transcription factors, and gene 
expressions that are involved through the four 
stages of chondrogenesis as well as the hypertro-
phic differentiation are listed in Table 2.1. The 
differentiation of the prechondrocytic MSCs into 
chondroprogenitor cells takes place through the 
action of the transcription factor SOX9, which is 
involved in the progression of these cells through 
the various phases of chondrocyte differentiation 
[31, 32]. Fibroblast growth factor (FGF), hedge-
hog (HH), bone morphogenetic protein (BMP), 
and the Wnt (Drosophila Wg) pathway coordi-
nate signaling along the three axes of the limb to 
ensure correct patterning along the dorsoventral 

Fig. 2.3 Human fetal cartilage model of the hip femoral 
head (a) showing mesenchymal cell condensation and 
 differentiation to prechondrocytic cells (b). Note cell 

 condensation at future articular plate. (H&E, Original 
magnification, A = x2 and B = x 40)

2 Growth and Development of Articular Cartilage
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and anteroposterior axes [44]. This is the case 
for Sonic hedgehog (SHH), a hedgehog member, 
which plays a pivotal role in development of the 
digits. The apical ectodermal ridge, on the other 
hand, expresses genes encoding several different 
proteins of the FGF family, in addition to BMPs 
and Wnt signaling molecules [22, 45, 46]. The 
expression of genes encoding these signaling 
molecules is mutually regulated, and the proper 
limb development consists of the cooperative 
integration of these three axes, including exten-
sive cross talk between numerous signal trans-
duction pathways [37].

The initiation of condensation is associated 
with increased hyaluronidase activity resulting in 

progressive decrease in the accumulation of extra-
cellular hyaluronate (HA) [47–49]. The conden-
sation process is also triggered with the 
involvement of two cell adhesion molecules, 
N-cadherin and  neural cell adhesion molecule 
(N-CAM), which are Ca2+-dependent and Ca2+-
independent cell-cell adhesion molecules, respec-
tively [36, 50, 51]. Transforming growth factor-β 
(TGF-β), which is among the earliest signals in 
chondrogenic condensation, stimulates the syn-
thesis of fibronectin, which in turn regulates 
N-CAM. Syndecan binds to fibronectin and 
downregulates N-CAM, thereby setting the con-
densation boundaries [26]. Fibronectin and colla-
gen type I have been implicated in the cell-cell 

Mesenchymal
Cells

Condensing
Mesenchyme

Chondrocyte
Differentiation

Endochondral
Ossification

N-cadherin
N-CAM
SOX-9
SOX-5
SOX-6

IHH,FGFs
BMPs
WNTs
Aggrecan
Collagen type ll,
IX and XI

VEGF
Collagen type X
MMP13,MMP9
RANK
IHH

GH, IGFs
T3,Estrogen
RUNX2, SOX-9
IHH/PTHrP
TGF-β
WNT,FGF

Fig. 2.4 Schematic diagram showing the key signaling 
molecular factors involved at each stage of chondrogene-
sis and endochondral ossification (EO). The process of 
chondrogenesis is initiated with the stimulation of mesen-
chymal stem cells to differentiate into prechondrocytic 
cells which migrate and condense to form cartilage tem-
plate for the formation of long bones. Then the cells dif-
ferentiate into chondrocytes and start to proliferate. 
Finally, the process of EO initiates with vascular penetra-
tion into the cartilage model forming the primary center of 

ossification at the diaphyses followed by secondary center 
of ossifications at the epiphysis of the developing bone. 
(BMP, bone morphogenetic protein; FGF, fibroblast 
growth factor; GH, growth hormone; IGF, insulin-like 
growth factor; IHH, Indian hedgehog homologue; MMP, 
matrix metalloproteinase; N-CAM, neural cell adhesion 
molecule; PTHrP, parathyroid hormone–related peptide; 
RANK, receptor activator of nuclear factor kB; TGF, 
transforming growth factor; VEGF, vascular endothelial 
growth factor)
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interaction, whereas prostaglandin-mediated ele-
vations in cyclic adenosine monophosphate 
(cAMP) levels regulate chondrogenesis [36, 52–
55]. The ECM molecules, which also include 
tenascins and thrombospondins, including carti-
lage oligomeric matrix protein (COMP), interact 
with the cell adhesion molecules to activate intra-
cellular signaling pathways involving focal adhe-
sion kinase and paxillin, to initiate the transition 
from chondroprogenitor cells to a fully commit-
ted chondrocyte [37].

Following cellular condensation, the process 
of chondroprogenitor cell differentiation to chon-
drocytes is associated with expression of 
cartilage- specific genes and initiated with the 
synthesis of collagen type II. These genes include 
components of cartilage ECM genes, such as 
those encoding collagen type II α1 (Col2α1), col-
lagen type IX, collagen type XI, aggrecan, link 
protein, and COMP [26]. Expression of these 
genes is regulated at the  transcriptional level, spa-
tially and temporally, so that they have different 
and dynamic expression patterns during chondro-
genic differentiation [56]. SOX9 is a transcrip-
tional activator required for chondrogenesis, 
whereas SOX5 and SOX6 are closely related 
DNA-binding proteins that critically enhance its 
function [57]. Cells undergoing chondrogenesis 
become encased in their ECM, acquire a distinct 
spherical morphology and initiate expression of 
the transcription factors SOX9, SOX5, and SOX6. 
Co-expressed and regulated by SOX9, both SOX5 
and SOX6 play a significant role in activating and 
regulating the genes encoding the ECM mole-
cules collagen type II and aggrecan [28, 57]. 
Subsequently, the chondrocytes proliferate and 
secrete a cartilage-specific matrix to form the car-
tilage anlagen. This cartilage-specific matrix con-
tains collagen type II, collagen types IX and XI, 
GLA protein, the large chondroitin sulfate- rich 
PG, aggrecan, and link protein, while the expres-
sion of collagen type I is turned off [56, 58–71].

Collagen type II provides tensile strength to 
the cartilaginous matrix and is important in the 
establishment of temporal and spatial organiza-
tion with other matrix components such as the 
main PG, aggrecan. Aggrecan is heavily modi-
fied by sulfated glycosaminoglycans (GAGs), 
attracts numerous water molecules, and forms 

large aggregates in cartilage. Aggrecan and other 
PGs provide the cushioning capacity of the 
matrix but also act to immobilize and store 
growth factors and thereby function as molecular 
organizers of the ECM and cartilage in general.

Progression through chondrocyte maturation 
to hypertrophic chondrocytes is repressed by 
SOX9 modulation of the Wnt/beta-catenin signal-
ing pathway with beta-catenin degradation or 
inhibition of beta-catenin transcriptional activity 
without affecting its stability [24, 72]. In addition, 
SOX5 and SOX6 delay chondrocyte hypertrophy 
by downregulating Indian hedgehog homologue 
(IHH) signaling, FGFr3, and RUNx2 and upregu-
lating BMP-6 [57, 73]. Further maturation of 
chondrocytes is essential for the final remodeling 
of the cartilage into bone. Chondrocytes achieve 
this maturation through upregulation of the tran-
scription factor RUNx2, inducing chondrocyte 
hypertrophy and positive control by BMPs and 
matrix metalloproteinases (MMPs, also known as 
matrixins, such as MMP-13) [74]. BMPs play a 
substantial role in promoting chondrocyte differ-
entiation and maturation [75]. IHH induces the 
expression of various BMPs, and proliferating 
chondrocytes react to BMP signals with the 
upregulation of IHH expression. Another impor-
tant pathway in  chondrocyte development is the 
Wnt signaling pathway, which is involved in all 
stages of  chondrocyte development.

Chondrocyte hypertrophy is tightly controlled 
during normal skeletal development by cell-cell 
signaling and transcription factors [76, 77]. IHH, 
which is required for endochondral bone forma-
tion and synchronizes skeletal angiogenesis with 
perichondrial maturation, is expressed in prehy-
pertrophic chondrocytes as they enter the hyper-
trophic phase and begin to downregulate the 
expression of collagen type II and initiate expres-
sion of the hypertrophic chondrocyte markers col-
lagen type X and alkaline phosphatase [26, 78].

The transcription factor RUNx2 plays an 
important role in the regulation of chondrocyte 
hypertrophy and associated changes in the ECM 
[26, 57, 73, 79–81]. In vitro studies demonstrated 
that the expression and activation of RUNx2 is 
regulated by parathyroid hormone-related protein 
(PTHrP) and IHH [82, 83]. Further, through its 
interaction with TGF signaling via SMADs, 
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RUNx2 controls chondrocyte maturation [84]. 
SMADs comprise of a family of structurally simi-
lar proteins that are the main intracellular signal 
transducers for receptors of TGF-β superfamily, 
which are critically important for regulating cell 
development and growth. While SMAD3 trans-
duces TGF-β signals, SMAD7 inhibits both 
TGF-β and BMP signaling [85]. TGF-β is stimu-
latory in early stages of cartilage formation, but in 
later stages it inhibits chondrocyte terminal dif-
ferentiation, and it has been hypothesized that it 
stabilizes the phenotype of the prehypertrophic 
chondrocyte [86].

ECM deposited by hypertrophic chondrocytes 
serves as a template for subsequent bone forma-
tion, and these cells also secrete soluble proteins, 
including vascular endothelial growth factor 
(VEGF), IHH, and receptor activator of nuclear 
factor kappa-Β (RANK) ligand that control the 
activities of other cell lineages (endothelial cells, 
osteoblasts, and osteoclasts, respectively) involved 
in EO [87]. The proper regulation of chondrocyte 
hypertrophy is also necessary for maintaining the 
cartilage lining synovial joint surfaces, as abnor-
mal  chondrocyte hypertrophy in articular carti-
lage is associated with osteoarthritis [88].

2.3  Articular Cartilage Growth: 
Appositional and Interstitial

The growth of cartilage occurs by two indepen-
dent mechanisms, both of which can occur 
simultaneously, namely, appositional growth 
and interstitial growth. Appositional growth 
occurs at the chondrogenic level of the peri-
chondrium where new layers of the ECM are 
formed on the surface of the existing cartilage. 
This process involves increase of mitotic activ-
ity of the surface chondrocytes, thus increasing 
the thickness of cartilage at the level of the peri-
chondrium. Appositional growth is also respon-
sible for the shape of the cartilage model and for 
the increase in bone diameter. When vascular 
infiltration occurs, it triggers the process, 
whereby the perichondrium of the cartilage 
model becomes periosteum that in turn initiates 
the formation of compact bone. Studies with 
primates revealed significant increase of prolif-

erating cells restricted to the upper half of the 
articular cartilage, indicating that the majority 
of growth activity of the developing articular 
cartilage is occurring in the articular surface 
regions [89, 90].

Interstitial growth, on the other hand, involves 
some mitotic division of the existing core chon-
drocytes and secretion of cartilage ECM compo-
nents by the daughter chondrocytes, including 
extracellular GAGs, hyaluronate, collagen, and 
water. This results in the growth of the matrix 
surrounding the cells.

2.4  Endochondral Ossification

Endochondral ossification is the complex process 
that is initiated when the embryonic cartilage 
model is invaded by blood vessels and infiltrated 
by bone cell precursors [79, 80]. During prenatal 
growth, this process occurs first at the center of 
the cartilaginous model by the formation of the 
primary  center of ossification and  diaphyses. 
Thereafter, during postnatal growth and develop-
ment, the secondary centers of ossification occur 
at both ends resulting in the formation of epiphy-
sis [79]. Cartilage canals extend as branches of 
the blood vessels to the AECC complex that 
forms the articulating surface of the bone, the 
epiphyseal center of ossification, and the GP 
[51]. Figure 2.5 shows the various stages of EO 
from the formation of cartilage model leading up 
to the formation of GP.

At birth, the immature AECC is thick and vas-
cular, occupying majority of the epiphysis. With 
growth and development, the immature cartilage 
forms a cap over the articulating ends of the 
epiphyses with the structural features consistent 
with that of articular cartilage (toward articular 
surface) and epiphyseal cartilage adjacent to the 
subchondral bone of the epiphyses (Figs. 2.6a 
and b). The immature AECC shows five morpho-
logically distinct zones extending from the free 
articular surface to the subchondral bone as fol-
lows: (a) the zone of articulating cartilage with 
characteristic features of a mature cartilage, and 
the subsequent zones typical of the epiphyseal 
cartilage consisting of: (b) the zone of prolifera-
tion with active chondrocytes undergoing mito-
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Articular
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Fig. 2.5 Endochondral ossification from the formation of 
cartilage model through the development of primary and 
secondary ossification centers to the formation of 

epiphyseal (growth) plate as well as articular cartilage at 
joint surface. (Courtesy of Dr. Harpal K Gahunia)
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sis, (c) the zone of maturation with enlarged 
chondrocytes, (d) the zone of hypertrophy with 
hypertrophic chondrocytes that accumulate 
 glycogen and lipid and secretes alkaline phospha-
tase to the surrounding ECM, and (e) the zone of 
calcification with necrotic chondrocytes and an 
ECM rich in insoluble salts with traces of bone 
trabeculae and vascular infiltration. Although 
longitudinal bone growth primarily occurs at the 
GP, the AECC that caps the long bone also con-
tributes to its growth [91, 92]. In children, adoles-
cents, and skeletally immature individuals, the 
GP is a thin layer of growing cartilage between 
the epiphyseal and metaphyseal bone, one at each 
distal end of the long bones (Fig. 2.7).

The GP consists of various zones with chon-
drogenic stem cells and chondrocytes at various 
stages of differentiation and  maturation 
(Figs. 2.6c and d). The quiescent zone of resting 
chondrocytes is adjacent to the epiphysis and fur-
thest from the ossification front of the metaphy-
sis. These cells replicate at a slow rate and act as 
stem-like cells that replenish the pool of prolif-
erative chondrocytes [25, 93]. Adjacent is the 
zone of proliferation, where the chondrocytes 
replicate at a high rate and the resulting daughter 
cells form a columnar stack along the long axis of 
the bone (Fig. 2.8). Following proliferation, 
chondrocytes pass through a transition stage in 
which they are known as “prehypertrophic” 

Fig. 2.6 Photographs showing articular-epiphyseal carti-
lage (a and b) and the growth plate (c and d) of a 12-week-
old wild-type mouse. Histological sections were stained 
with hematoxylin and eosin (a and c) and with Alcian Blue 

(b and d). The Alcian Blue stain shows the following struc-
tures which are observed during endochondral ossifica-
tion: cartilage (magenta), calcified cartilage (purple), and 
bone (blue) (Original magnification, x10)

2 Growth and Development of Articular Cartilage



84

Fig. 2.7 Histological photograph of the distal femur 
growth plate (maturing) of a 12-week-old wild-type mouse 
showing the various morphological zones of differentiated 

chondrocytes. The arrow shows terminally differentiated 
hypertrophic chondrocytes. Note formation of subepiphy-
seal bone trabeculae. (H&E, original magnification x10)

Fig. 2.8 Human, newborn epiphyseal cartilage showing 
the zone of proliferation, zone of maturation, zone of cal-
cification, and, new bone formation. Note columns of 
hypertrophic chondrocytes with terminal differentiation. 

The subjacent columns of chondroid matrix provide the 
template for new appositional bone formation. (H&E, 
original magnification x10)
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chondrocytes. These cells further increase their 
height about six- to tenfold in the zone of hyper-
trophy and secrete ECM [79]. Hypertrophic 
chondrocytes undergo apoptosis shortly before 
the blood vessels invade the chondrocyte lacunae 
[94]. Subsequent to vascular invasion and infil-
tration by bone cell precursors, the cartilagenous 
matrix begins to calcify at the zone of calfication 
(Figs. 2.9a, b and c). The calcified cartilage 
invaded by blood vessels, osteoclasts, bone mar-
row cells, and osteoblasts becomes mineralized 
and remodels into bone. This area constitutes the 
zone of ossification [79]. The osteoblasts deposit 
bone on remnants of cartilage matrix [87]. The 
net effect is that new bone tissue is progressively 
created at the diaphyses of the growth plate, 
resulting in bone elongation. A similar phenom-
enon, albeit at a slower pace, occurs at the AECC 
capping the long bones.

The GP undergoes structural and functional 
changes over time. The rate of chondrocyte pro-
liferation reflecting the rate of longitudinal bone 
growth falls progressively as the GP matures 
from childhood to skeletally mature adolescence. 
During this phase, the overall growth plate height 
and its various zones progressively decrease and 
eventually fuse when replaced by bone sometime 
during late puberty [95]. This process involving a 
decline in both the function and cellularity of the 
growth plate has been thought to be due to a 
mechanism intrinsic to the GP rather than hor-
monal or other systemic mechanisms. Recent 
evidence suggests that this decline occurs 
because stem-like cells in the resting zone have a 
finite proliferative capacity that is gradually 
exhausted [96, 97].

2.4.1  Molecular and Genetic Factors 
Involved in Endochondral 
Ossification

The formation of cartilage and bone is initiated 
with the migration of undifferentiated MSCs that 
differentiate and mature into chondrocytes dur-
ing the embryonic stage of bone development. 
Postnatally, bone development continues with 
the maturation of the AECC complex and GP, 

which is influenced by multiple growth factors 
and hormones until late puberty when the skele-
tal maturity is achieved and the GP fuses. Another 
important contributor to GP regulation is the 
adjacent perichondrium, which contributes to 
vascular invasion along with osteogenic cells. 
Perichondrial cells send signals to chondrocytes 
via BMPs, FGFs, and Wnt signaling. Also, these 
perichondrial cells receive signals back from 
epiphyseal chondrocytes. FGF signaling inhibits 
chondrocyte proliferation and coordinates the 
onset of differentiation with chondrocyte growth 
arrest in the developing GP [98].

Chondrocytes in the zones of proliferation, 
hypertrophy, and calcification are essential 
 regulators of skeletal development [99, 100]. 
Changes in chondrocyte morphology and meta-
bolic activity are coordinated with the action of 
blood vessels, osteoclasts, and osteoblasts. EO 
is also subjected to the influence of a plethora of 
 ECM molecules and growth/signaling factors, 
which function to regulate many aspects of EO, 
including cellular growth and differentiation 
[101–103]. The major subfamilies of growth 
factors include TGF-βs and BMPs.

2.4.1.1  Transforming Growth 
Families-β

During skeletal development, TGF-β has unique 
functions and acts sequentially to modulate 
 chondrocyte and osteoblast differentiation [104]. 
Specifically, TGF-β promotes chondrogenesis in 
cultures of undifferentiated multipotent MSCs 
but inhibits hypertrophic differentiation of chon-
drocyte cultures and in cultured mouse long 
bone rudiments [105]. TGF-βs maintain carti-
lage homeostasis by preventing inappropriate 
chondrocyte differentiation [104–106]. TGF-β1, 
TGF-β2, and TGF-β3 cause arrest in the G1 
phase of the cell cycle in many nontransformed 
cell types in vitro, and they also stimulate matrix 
production by mesenchymal cells [104]. TGF-βs 
signal through heteromeric type I and type II 
receptor serine/threonine. Transgenic mice with 
a defective TGF-β type II receptor develop 
 progressive skeletal degeneration with the 
replacement of the articular surfaces by bone 
and hypertrophic cartilage [105]. Noggin is a 
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Fig. 2.9 Human newborn epiphyseal cartilage (a) show-
ing the zone of maturation with hypertrophic chondro-
cytes (top) and the subjacent zone of calcification with 
apoptotic chondrocytes, degraded cartilage matrix, and 
new bone formation (osteoid tissue). (b) Terminal hyper-
trophic chondrocytes, columns of chondroid matrix, and 
the replacement of the cartilaginous extracellular matrix 

by newly formed bone. (c) Appositional osteoid tissue 
formed on chondroid matrix with osteoblasts on the sur-
face and osteocytes embedded within the newly formed 
bone matrix. Of note is the remnant of the cartilage 
matrix (light pink stain at the center) of the developing 
bone trabeculae. (H&E, original magnification: a x2, b 
and c x20)
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 protein which in humans is encoded by the NOG 
gene. Noggin inhibits TGF-β transduction by 
binding to TGF-β family ligands and preventing 
them from binding to their corresponding recep-
tors [106].

2.4.1.2  Bone Morphogenetic Proteins
Bone morphogenetic proteins are multifunctional 
growth factors that belong to the TGF-β super-
family. BMPs are important regulators of growth, 
differentiation, and morphogenesis during 
embryology [107–111]. Members of the BMP 
superfamily regulate multiple aspects of chon-
drogenesis and act sequentially in regulating spe-
cific aspects of EO [112, 113]. BMP signaling 
leads to compaction of mesenchymal cells, regu-
lating the cell cohesion in condensations and also 
supports proliferation of chondrocytes in GP 
[114]. The cartilage interzone expresses both 
BMPs and their antagonists, such as Noggin, that 
are thought to interact with and modulated BMP 
activities. In mice lacking Noggin, cartilage con-
densations are initiated normally but develop 
hyperplasia, with unaffected cartilage matura-
tion. Excess BMP activity in the absence of 
Noggin antagonism increases the recruitment of 
cells into cartilage, expanding the cartilage at the 
expense of other tissues, resulting in oversized 
growth plates and failure to initiate joint forma-
tion [106]. 

BMP-6 has been reported in prehypertrophic 
and hypertrophic chondrocytes; whereas, BMP-7 
was detected in chick sternal prehypertrophic and 
mouse metatarsal proliferating chondrocytes 
[113]. However, investigation into the effects of 
BMP signaling on chondrocyte hypertrophy is 
poorly understood [115, 116]. Using cultured 
embryonic upper sternal chondrocytes, it has been 
suggested that more than one subgroup of BMPs 
regulate to signal the stimulation of chondrocyte 
maturation, to increase IHH expression indepen-
dent of maturational effects, and to partially over-
come the inhibitory effects of PTHrP on 
maturation [117, 118]. Also, results of another 
study on mice have indicated that Il-10 acts as a 
stimulator of chondrocyte proliferation and chon-
drogenic or hypertrophic differentiation via acti-
vation of the BMP signaling pathway [119].

2.4.1.3  Wnt Family
Wnt morphogens are secreted signaling proteins 
that are intrinsically involved in early embryonic 
development, organogenesis, and tissue 
 homeostasis throughout life [120–123]. The Wnt 
signaling pathways contribute to diverse cellular 
activities during cell differentiation, spatial- 
temporal patterning, and cell motility [124, 125]. 
In the skeletal system, Wnt signaling is involved 
in all stages of chondrocyte development, and 
it stimulates hypertrophic chondrocyte differen-
tiation in the GP [78], whereas deregulation of 
Wnt signaling is involved in cartilage degenera-
tion [126].

Signaling by the Wnt family of secreted gly-
colipoproteins via the transcriptional coactivator 
β-catenin has been recognized as a key regulator 
of embryonic development and adult homeosta-
sis in bone, cartilage, and joint [127–129]. 
Developmental regulation of Wnt/β-catenin sig-
nals is required for GP assembly, cartilage integ-
rity, and EO [130, 131]. In the presence of Wnt 
ligands, cytoplasmic β-catenin binds to its recep-
tor and activates Dishevelled type proteins 
(DVL). DVL isoforms are critical regulatory 
molecules for chondrocyte proliferation and dif-
ferentiation [132].

Results from animal studies demonstrate that 
β-catenin-dependent canonical and β-catenin- 
independent noncanonical Wnt signaling 
 pathways have multiple roles in the regulation of 
cartilage development, growth, and maintenance 
[128]. Activation of the canonical Wnt pathway 
with β-catenin play important roles in the 
 condensation and differentiation of MSCs, chon-
drocyte maturation and maintenance of pheno-
type, hypertrophic chondrocyte maturation during 
EO, as well as tissue degeneration and  regeneration 
[95, 127, 133]. Wnt/β-catenin signaling inhibits 
chondrogenesis by preventing differentiation of 
progenitor cells into chondrocytes. In contrast, 
noncanonical Wnt signaling is  important in 
columnar organization of GP chondrocytes. 

Several studies show that Wnt/β-catenin sig-
naling is active during EO and suggest that 
β-catenin stimulates chondrocyte maturation 
[130, 131, 134]. In the GP, once cartilage is 
formed and the skeletal elements have devel-
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oped, β-catenin signaling is reestablished where 
numerous Wnts are expressed and it induces for-
mation of osteoblasts [135].

β-Catenin-dependent signaling is required for 
progression of EO and growth of axial and appen-
dicular skeletons, while excessive activation of 
this signaling can cause severe inhibition of ini-
tial cartilage formation and GP organization and 
function in mice. Investigation of the role of 
canonical Wnt signaling in a mouse model in 
which the Wnt antagonist secreted frizzled-
related protein 1 (sFRP1) was nonfunctional, 
showed shortened height of the GP, and increased 
calcification of the hypertrophic zone in the 
sfrp1-/− mouse, indicating accelerated EO [136]. 
Wnt/β-catenin signaling is a contributing mecha-
nism for increased chondrocyte hypertrophy and 
cartilage differentiation. Another study on mice 
have shown that Wnt signaling may increase 
bone mass by keeping the osteoblasts in prolif-
eration phase [137].

Overexpression of Wnts 4, 8, and 9, β-catenin, 
and lymphoid enhancer-binding factor-1 (LEF-1) 
induce collagen type X, alkaline phosphatase, and 
other genes associated with chondrocyte hypertro-
phy. Also, overexpression of β-catenin in chondro-
cytes strongly stimulates the expression of matrix 
degradation enzymes [138, 139]. Furthermore, 
activation of β-catenin in mature chondrocytes 
stimulates hypertrophy, matrix mineralization, 
and expression of  MMP-13 and VEGF, all factors 
that are present in osteoarthritis [138]. Increased 
levels of β-catenin have been reported in chondro-
cytes within areas of degenerative cartilage in 
osteoarthritic joints [20, 138, 140].

2.4.2  Endocrine Signals

A complex network of endocrine signals governs 
and regulates the longitudinal growth of the GP 
through their actions locally on chondrocytes 
and also indirectly by modulating other endo-
crine signals in the network. Local effects of hor-
mones are mediated by changes in paracrine 
factors that control chondrocyte proliferation 
and differentiation. Growth factors regulate 

many aspects of EO, including GP cellular 
growth and differentiation [101, 102]. Growth 
hormone (GH) and insulin-like growth factors 
(IGFs) are potent stimulators of longitudinal 
bone growth. Specifically, GH stimulates local 
IGF-1 expression and plays a role in the prolif-
eration of the resting zone  chondrocytes; 
whereas, IGF-1 enhances the proliferation of 
chondrocytes in the resting and proliferative 
zones and also increases the size of hypertrophic 
chondrocytes. Thyroid hormone, permissive to 
chondrocyte proliferation and differentiation, 
promotes longitudinal growth and maturation 
with the largest effect seen in the hypertrophic 
zone. In vitro studies have demonstrated that 
leptin hormone synergizes with thyroid hormone 
signaling to promote chondrocyte proliferation 
and terminal differentiation [141]. 
Glucocorticoids inhibit chondrocyte prolifera-
tion, delay growth plate senescence, and induce 
chondrocyte apoptosis, hence contributing to the 
overall inhibition of the longitudinal bone 
growth. At the zone of proliferation, estrogen 
inhibits chondrocyte proliferation. As such, 
estrogen accelerates GP senescence; thus, result-
ing in its early fusion due to exhaustion of the 
proliferative capacity of the GP chondrocytes 
[142]. Androgens have stimulatory effects on 
chondrocyte proliferation, ECM synthesis, and 
secretion by the mature chondrocytes, and it 
also enhances IGF-1 expression. Vitamin D is 
 permissive for normal differentiation and apop-
tosis of hypertrophic chondrocytes.

Paracrine regulators, PTHrP, and IHH are con-
sidered key factors that coordinate EO by regulat-
ing chondrocyte proliferation and differentiation 
as well as osteoblast differentiation [113, 143, 
144]. Both factors have been identified in the 
postnatal human GP and play a role in GP fusion 
during late puberty [25, 95].

2.4.3  Notch Signals and Smad7

Notch signaling is an evolutionarily conserved 
pathway  downstream of many developmental 
processes, which is important in cartilage devel-
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opment. Notch signaling suppresses chondro-
cyte hypertrophy by inhibiting SOX9 [145]. 
Notch signaling regulates the onset of chondro-
cyte maturation in a SOX9-dependent manner, 
while Notch-mediated regulation of terminal 
chondrocyte maturation likely functions inde-
pendently of SOX9 [145].

SMADS are the intracellular mediators of 
TGF-β signaling. SMAD7 is required for both 
axial and appendicular skeletal development, 
and its loss leads to impairment of the cell 
cycle in chondrocytes and to defects in termi-
nal maturation [146]. SMAD7 is an intracellu-
lar inhibitor of BMP and TGF-β signaling, 
which when overexpressed in chondrocytes 
can impact chondrogenesis [85]. SMAD7 over-
expression in conditional transgenic mice 
exerts specific functions at multiple stages of 
chondrocyte differentiation, decreasing prolif-
eration and inhibiting maturation toward 
hypertrophy. Prechondrocytic cells are capable 
of differentiating as articular or transient carti-
lage, depending on exposure to Wnt or BMP 
signaling, respectively. The spatial organiza-
tion of the articular cartilage results from a 
band of Nog-expressing cells, which insulates 
these proliferating chondrocytes from BMP 
signaling and allows them to differentiate as 
articular cartilage under the influence of Wnt 
signaling emanating from the interzone [110].

2.5  Role of Bone Morphogenetic 
Proteins and Matrix 
Metalloproteinases 
in Articular Cartilage Repair 
and Degradation

Even though gene expression and protein 
 synthesis can be activated upon injury, articular 
cartilage has a limited ability of self-repair, and 
efforts to regenerate articular cartilage are still a 
work- in- progress. Cartilage genesis, differentia-
tion, and maintenance of homeostasis are finely 
tuned by a complex network of signaling mole-
cules. A clear understanding of the role and cel-
lular pathways of these signaling molecules and 

the factors that promote chondrogenesis is impor-
tant to the development of cell-seeded and non-
cell-seeded approaches for cartilage regeneration 
(Tables 2.1). Refer to Chaps. 16 and 17 for fur-
ther description of these approaches.

Several BMPs have been implicated in chon-
drogenic differentiation and/or chondrocyte func-
tion. Compared to BMP-2 and BMP-6, the effect 
of BMP-9 is more significant in inducing chon-
drogenic differentiation [108]. The use of BMP-9 
for chondrogenesis may improve current thera-
pies for regenerative cartilage repair. During carti-
lage development, various Wnts and their 
signaling pathway are involved in chondrocyte 
differentiation and maintenance of articular carti-
lage [26, 37, 120, 122, 123, 126, 128, 131, 135, 
147]. As such, strategies to carefully manipulating 
this pathway might contribute to improved carti-
lage regeneration.

Several MMPs, a family of proteases, are 
expressed during EO, including collagenases 
(MMP-1 and MMP-13), gelatinases (MMP-2 and 
MMP-9), stromelysins (MMP-3 and MMP-10), 
and Membrane type 1 metalloproteinase (MT1-
MMP). These proteases are able to cleave a vari-
ety of substrates including ECM proteins, 
extracellular non-ECM proteins, and cell surface 
proteins. Within the GP, MMP-13, which 
degrades both fibrillar collagen and aggrecan, is 
the major collagenase and is selectively expressed 
by hypertrophic chondrocytes [148]. MMP-13 
transcription is controlled by RUNx2, both 
important participants in the axis “chondrocyte 
hypertrophy-matrix mineralization” [149]. 
MMP-9, in contrast to MMP-13, does not cleave 
native fibrillar collagens, but does cleave 
 denatured collagens and aggrecan. MMP-9 is 
highly expressed in monocytes, preosteoclasts, 
and osteoclasts, and is concentrated at sites of 
cartilage resorption, where vascular invasion 
occurs [150]. MT1-MMP plays a major role in 
the ECM remodeling, directly by degrading sev-
eral of its components and indirectly by activat-
ing pro-MMP2. MT1-MMP expression promotes 
angiogenesis during EO through an up-regulation 
of VEGF expression.
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2.6  Conclusions

Articular cartilage is a dynamic tissue, whose 
complexity is enhanced by the existence of 
numerous developmental phases and overlap in 
phenotypic gene expression with related cell 
types. In most growing individuals, the complex 
pattern of cartilage growth regulated by cascades 
of signaling molecules works seamlessly without 
fail. However, disruption to the normal balance 
of synthesis and degradation can lead to variation 
in the intrinsic characteristics of cartilage matrix. 
Depending on the extent of the disorder, this can 
lead to a gradual degeneration of the ECM that is 
responsible for the genesis of clinically recogniz-
able developmental cartilage diseases. The cur-
rent knowledge in articular cartilage physiology 
as well as the growth factors, local regulators, 
and hormones involved in articular cartilage 
growth, development, and maturation are 
described. The objective is to provide a better 
understanding of the key molecular and genetic 
participants during the growth and development 
of articular and epiphyseal cartilage.

Advances in understanding of the age-related 
morphologic, biochemical, and biomechanical 
changes in articular cartilage (including growth 
plate) and their effects on joint homeostasis, the 
natural healing process after cartilage acute or 
chronic injury, and improved diagnostic stan-
dards for cartilage lesion evaluation make the 
goal repairing or regenerating a structural, fully 
functional articular cartilage of the knee a possi-
bility. Ultimately, this may help to develop new 
strategies for the treatment of knee articular car-
tilage diseases and growth disorders.
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3.1  Introduction

Articular cartilage, formerly considered as an 
inert material, is a very dynamic and resilient tis-
sue that can maintain functional homeostasis 
throughout a lifetime. This is remarkable since 
the joint tissues act synergistically to effectively 
and efficiently deal with the mechanical loads 
encountered over a lifetime [1]. The human knee 
is capable of bearing loads of up to 2.5 times 
body weight (BW) while walking and more than 
12 times BW while running and jumping [2].

Chondrocytes, the key cellular mediators for 
cartilage homeostasis, normally maintain a func-
tional matrix by modulating extracellular matrix 
(ECM) synthesis and degradation. The associated 
balance between proteoglycans (PGs) and integ-
rity of the collagen network is regulated differen-
tially by certain growth factors and varies with 
age [3]. During prenatal and postnatal growth 

and maturation, articular cartilage structure, 
composition and function undergoes continuous 
change even though the articular chondrocyte 
phenotype remains conserved and the matrix 
macromolecular components remain similar. 
Mature adult articular cartilage ECM is com-
prised of PGs, collagens and noncollagen pro-
teins and is devoid of blood vessels. In adult, 
chondrocytes comprise less than 5% of cartilage 
volume. Chondrocytes embedded within the car-
tilage matrix survive efficiently in the avascular 
cartilage matrix and respond to environmental 
changes. These chondrocytes exist at low oxygen 
tension, ranging from 10% at the surface to less 
than 1% in the deep zones [4–6]. In vitro studies 
have shown that chondrocytes adapt to low oxy-
gen tensions by upregulating hypoxia-inducible 
factor-1-alpha (HIF-1α) [7, 8].

Chondrocytes are capable of cell division, in 
particular when cartilage is injured or diseased; 
however, throughout adult life, without division, 
these cells can survive and maintain the articular 
cartilage homeostasis. Chondrocytes have the 
intrinsic capability to maintain articular cartilage 
ECM by a balance (homeostatic equilibrium) 
between the degradation and the synthesis of 
matrix components with a low-turnover replace-
ment of certain matrix proteins.

Aging, traumatic joint injury (acute or 
chronic) and joint disease (such as osteoarthritis 
– OA, rheumatoid arthritis – RA, gout and pseu-
dogout) can initiate and accelerate progressive 
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articular cartilage deterioration in structure and 
function. With aging and joint disease, the 
homeostatic equilibrium shifts towards ECM 
degradation with the matrix having decreased 
capacity to retain PGs leading to decreased 
hydration [9].

This chapter reviews the various factors that 
regulate cartilage homeostasis and highlights the 
key structural, biochemical and biomechanical 
changes that occur with aging and cartilage- 
related joint diseases. Also described are the 
overlapping and distinguishing features of aging 
and OA.

3.2  Articular Cartilage 
Homeostasis

Cartilage homeostasis is maintained in a dynamic 
mechanical environment, even though metabolic 
changes in cartilage range on time scales from a 
fraction of a second (water and ion flow), through 
hours and days (PG turnover), to years (collagen 
turnover, chondrocytes). Key features in main-
taining cartilage homeostasis include:

 1. Elastic resistance to deformation of the 
 cartilage tissue, chondrocytes and chondrons 
[10, 11]

 2. Limited permeability of cartilage matrix to 
exogenous compounds [12, 13]

 3. Presence within cartilage matrix of abundant 
proteolytic enzyme inhibitors [14, 15]

 4. Capacity of chondrocytes to thrive with anaer-
obic metabolism [8]

The hyaline articular cartilage architecture, 
described in depth in Chap. 1, is maintained 
intact throughout life by chondrocytes. Healthy 
chondrocytes remain in a postmitotic quiescent 
state throughout life, with their decreasing pro-
liferative potential being attributed to replica-
tive senescence associated with shortened 
telomere length [9, 16]. Under normal circum-
stances, chondrocyte turnover is thought to be 
very low with individual chondrocytes living for 
decades. Further, chondrocytes beneath the 
superficial zone (SZ) are present within func-
tional structures called chondrons [17, 18]. 
Normally, each  chondron contains one to two 
chondrocytes (Fig. 3.1) that are nested within 
the pericellular matrix (PCM), mostly PG, and 
are bounded by collagenous matrix that contains 
collagen types VI and IX and, in deeper zones, 
collagen type X [18–22]. This architecture has 
the consequence that the cartilage territorial 
matrix (TM) composition adjacent to the chon-
dron (typically within 2 chondron diameters) is 

Fig. 3.1 Toluidine blue (left) and hematoxylin and eosin 
(right) stained photomicrographs obtained from human 
femoral condyle showing articular cartilage chondrocytes 
and its specialized microenvironment collectively referred 

to as chondrons. The articular cartilage is organized into 
pericellular, territorial and interterritorial matrices, each 
of which is present at a specific distance from the chon-
drocyte. (Magnification, 100×)
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tightly controlled and more reactive relative to 
the more distant interterritorial matrix (ITM) 
that is more stable [23]. An in vitro study 
showed that the cartilage matrix regenerated by 
chondrons isolated from the non- damaged site 
contained more PGs and collagen compared to 
chondrons isolated from the same site of the 
contralateral damaged joint [24]. Further, 
Chondrocytes within chondrons always outper-
formed bare chondrocytes with increased carti-
lage matrix production and less collagenase 
activity, even when isolated from the damaged 
joints [24]. This study indicated that chondron 
chondrocytes and their native PCM provides a 
superior cell source for articular cartilage repair 
and cell-induced cartilage matrix regeneration. 
Another study demonstrated that chondrocyte 
morphology affects the solid but not the fluid 
microenvironment of the chondrocyte and that 
maintaining the cell shape is critical for 
 regulating the microenvironment and metabolic 
activity of the chondrocyte in native articular 
cartilage [25].

Although embedded within their ECM that 
also isolates them from each other, chondrocytes 
are capable of maintaining their ECM under 
homeostatic conditions (Table 3.1). Due to its 
avascular nature, chondrocytes rely on facilitated 
glucose transport via constitutive glucose trans-
porter proteins. The major PG component, aggre-
can, is present dissolved within hydrated matrix. 
The aggrecan core protein has a half-life that 
ranges from 3 to 24 years, while the aggrecan 
glycosaminoglycan (GAG) components are syn-
thesized more readily under low-turnover condi-
tions, with most rapid matrix turnover in the 
pericellular regions [9]. The predominant struc-
tural molecule, collagen type II, is arranged in a 
fibrillar network. If kept in its native state and not 
subjected to inappropriate degradation, collagen 
type II has a half-life of more than 100 years [26, 
27]. A large number of other noncollagen mole-
cules, including biglycan, decorin, fibromodulin, 
the matrillins and cartilage oligomeric matrix 
protein (COMP), are also present in the cartilage 
ECM.

Over a lifetime, articular cartilage functions 
as a low-friction, wear-resistant and load-bearing 

tissue. Because of its compliance, which is 
 attributed to the macromolecular structure and 
composition, articular cartilage is able to act as 
a shock absorber and distribute the loads 
between opposing bones in a synovial joint. 
Throughout the phase of cartilage growth from 
prenatal,  postnatal, puberty and adolescence to 
adult, articular cartilage is subjected to and able 
to adapt to its structure and composition, usu-
ally seamlessly to increasing mechanical 
demands [28–33].

The mechanical response of cartilage is 
tightly coupled to the flow of fluid through its 
tissue depth [34]. Further, several studies dem-
onstrated the quantitative correlations between 
the mechanical properties of articular cartilage 
and the concentration of tissue water, ions, col-
lagen and negatively charged GAGs [35–38]. 
The compressive stiffness of cartilage increases 
as a function of its total GAG content [36, 37, 
39]. The compressive moduli of immature carti-
lage are known to be lower than those of adult 
cartilage [31]. On the other hand, in addition to 
the total collagen content, the amount of cross-
linking present in the collagen network during 
growth and maturation has been shown to play 
an important role in tissue tensile properties [28, 
40–42].

3.3  Age-Related Changes 
in Articular Cartilage

Aging implies changes in mature chondrocytes 
and cartilage ECM associated with time alone. 
With aging, cartilage matrix undergoes pro-
found changes in architecture, composition, 
 per meability and biomechanical function [43–
45]. In the matrix, this has been attributed to 
overall accumulation of advanced glycation end 
products (AGEs) that enhance collagen cross-
linking [46]. The accumulation of cartilage 
matrix proteins in the endoplasmic reticulum 
and Golgi apparatus of chondrocytes, which 
have been modified by oxidative stress during 
aging, may lead to decreased synthesis of carti-
lage matrix proteins and diminished cell sur-
vival [47]. Cartilage injury due to aging or 
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disease can  stimulate chondrocyte replication. 
Chondrocytes capable of replication can be 
extracted from cartilage at any age, although 
extraction of aged chondrocytes from the carti-
lage matrix is more difficult. This relates to the 
increased density of chondral proteins and 
increased chemical bonds amongst the chon-
dral matrix molecules with age.

3.3.1  Homeostatic Imbalance

With aging, the capacity of chondrocytes to 
maintain cartilage matrix is compromised by 
focal chondrocyte death and by decreased chon-
drocyte reactivity (chondrocyte senescence) [48– 
50]. This focal chondrocyte death is primarily 
mediated by apoptosis and may be preceded by 
decreased capacity for autophagy [51–55]. 
Chondrocyte death by apoptosis is seen primarily 
in SZ cartilage, suggesting that the cells are 
affected by exogenous systemic stimuli present 
in the synovial fluid. Because the effects are 
focal, cartilage matrix is also affected focally, 
giving rise to its structural heterogeneity, which 
in turn accelerates cartilage matrix degeneration 
related to the heterogeneity of force dissipation at 
a microstructural level.

Chondrocyte senescence is marked by 
expression of the senescence-associated enzyme 
beta- galactosidase and mitochondrial degenera-
tion due to oxidative damage [56, 57]. As well, 
senescent chondrocytes demonstrate shortened 
telomeres and have a metabolic profile balanced 
towards catabolism and proteolysis [58–63]. 
These changes result in the age-related loss of 
chondrocyte function [56, 59]. These changes 
are most likely attributed to decrease in the 
 ability of chondrocytes to maintain and repair 
the articular cartilage manifested by decreased 
mitotic and synthetic activity, decreased respon-
siveness to anabolic growth factors and synthe-
sis of smaller, less uniform aggrecans and less 
functional link proteins [59]. Aged chondro-
cytes tend to have increased reactive oxygen 
species which can be secreted into the matrix 
causing oxidative injury to matrix components 
[64–67].

3.3.2  Morphological Changes

Articular cartilage structural failure can result 
from abnormal mechanical strains on healthy 
normal cartilage and from the influence of physi-
ological mechanical strains on pathologically 
impaired cartilage. The articular cartilage archi-
tecture is maintained by a mesh of anisotropic 
collagen type II fibres arranged primarily in a SZ 
parallel to the joint surface, arching towards 
deeper zones with fibres oriented perpendicular 
to the SZ [68, 69]. This architecture originally 
described using polarized light microscopy by 
Benninghof is actually a composite of similarly 
aligned fine collagen fibrils as seen by scanning 
electron microscopy [70–72]. While not 
 inevitable, when chondrocytes exhibit senes-
cence and apoptosis, the result on chondrocytes 
is manifested as decreased chondrocyte density. 
Structural failure of cartilage matrix can be seen 
as ECM thinning, accompanied by fibrillation as 
well as focal cleft formation and erosion where 
applied forces are highest [73].

3.3.3  Biochemical Changes

Proteoglycans are the major noncollagenous 
matrix component of cartilage. The negatively 
charged PGs exert their mechanical effects by 
means of their fixed charge density and high 
osmotic pressure [39]. Relative to collagen, PG 
content is maximal in cartilage middle zone (MZ) 
[74, 75]. These molecules can have rapid turn-
over. Within 2 days after PG depletion by papain, 
cartilage PGs can be completely restored [76]. 
PG depletion diminishes charge density and 
water content [77]. This indicates that immedi-
ately following injury, cartilage is less resistant to 
compression forces.

With age, decreased size and aggregation of 
PG aggrecans are noted. Further, the relative con-
centration of GAGs varies markedly with age. In 
immature cartilage, there is a preponderance of 
chondroitin-4-sulfate (C4S) and little keratan  
sulfate (KS). However, with advancing age there 
is an appreciable increase in KS content and a 
corresponding fall in C4S [78]. The C4S chains 
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become shorter, leaving the PGs composed of 
higher concentration of more acidic KS chains 
[79–81]. As such, the fixed charge density 
decreases, which results in decline of the water 
content and decreased compressive resistance of 
cartilage. This leads to increased heterogeneity at 
micro-level boundaries between and within carti-
lage zones and decreased fibrillar interconnectiv-
ity at submicroscopic levels [82]. Decreased 
fibrillar collagen network interconnectivity leads 
to decreased capacity to retain PGs. These 
changes make the cartilage SZ less capable of 
resisting strain and more vulnerable to damage 
from impact forces, resulting in visible cartilage 
surface fibrillation.

With age, the lubrication capacity of the artic-
ular cartilage surface decreases. With the reduc-
tion in water concentration throughout the 
cartilage thickness, the ECM is more susceptible 
to mineralization. This may relate in varying ratio 
to the decreased hyaluronic acid (HA, also termed 
hyaluronan) chain length, decreased PGs, 
decreased availability of lubricin (a glycoprotein) 
and altered lipids [83–86]. Lipids are present in 
cartilage ECM, where they participate in lubrica-
tion and as nutrients for chondrocytes; whereas, 
phospholipids present on the surface of articular 
cartilage have major involvement in the low fric-
tion of cartilage [87–91]. Both lipid and lipid per-
oxides are present in greatest concentration in the 
SZ of cartilage [92, 93]. Lipid oxidation can lead 
to oxidative damage in adjacent collagen. Lipid 
oxidation products, principally lipofuscin, 
increase in aged cartilage and can be seen macro-
scopically as the yellow colour in older cartilage 
[94–96].

With age, in the absence of an active disease 
such as OA, collagen type II turnover is very low, 
and the architectural framework of cartilage can 
remain intact [97]. Age is associated with 
decreased cartilage collagen birefringence indi-
cating changes in the chemical properties of col-
lagen, which reduce the orderly anisotropy of 
collagen fibrils [98, 99]. One of the prominent 
age-related changes in articular cartilage compo-
sition involves increased non-enzymatic cross- 
links by accumulation of Maillard reaction 
products, which are collectively termed advanced 

glycation end products, AGEs [100–102]. These 
reactions result in a variety of fluorescent prod-
ucts including pentosidine cross-links [103]. 
While the amount of pyridinoline (Pyd) cross- 
link (an intramolecular covalent cross-link 
formed between adjacent collagen chains) per 
collagen remains constant and does not correlate 
with age, human articular cartilage of various 
ages revealed that the amount of pentosidine per 
collagen increases linearly with age and the 
amount of pentosidine per Pyd increases expo-
nentially during life [104, 105]. This age-associ-
ated accumulation of senescent pentosidine 
cross- links results in stiffer cartilage collagen 
network which in turn contributes to a more brit-
tle  cartilage that is susceptible to fatigue and bio-
mechanical failure [106–108]. Further, increased 
cross-links, investigated through in vitro glyca-
tion of cartilage explants, have shown to variably 
alter the biomechanical response of chondrocytes 
in superficial, middle and deeper cartilage zones, 
thus offering possible insights into how aging 
could alter cell deformation behaviour in  cartilage 
[109]. Another effect of AGE includes decreased 
PG synthesis for specific  non-cross- linked glyca-
tion products such as GA-pyridine to stimulate 
cell responses through a specific receptor for 
advanced glycation end products (RAGE), a cell 
adhesion molecule [108, 110–112]. All these 
changes have an adverse effect on the cartilage 
biomechanical properties.

Further, age-related cartilage changes can 
involve increased noncollagenous protein, interpo-
sition of other collagen types such as collagen type 
I or type III, or cleavage of collagen type II by 
cathepsin K and other proteolytic enzymes elabo-
rated by senescent chondrocytes [46, 106, 113]. 
Elaboration of fibrillar collagen types beyond col-
lagen type II is a result of repair following micro-
injury [114, 115]. This follows two patterns. First, 
there is increased collagen in a perichondral distri-
bution reflecting injury and repair involving indi-
vidual chondrocytes. Second, there is vertical 
interposition typically of collagen type I fibres 
between cartilage domains reflecting repair from 
subchondral articular plate microfractures. As type 
I and other collagens are less hydrated than colla-
gen type II, this results in matrix compositional 
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heterogeneity with resultant compromise of carti-
lage mechanical function [116].

Noncollagenous proteins comprise about 50% 
of cartilage protein [117, 118]. These proteins, 
elaborated by chondrocytes, are heterogenous 
and consist in part of enzymes, particularly matrix 
metalloproteinases (MMPs), lysozyme and alka-
line phosphatase, enzyme inhibitors and struc-
tural molecules such as fibronectin, link proteins, 
COMP, cartilage matrix protein (matrillin-1), 
leucine-rich proteins and collagen precursor 
products such as C-propeptide of collagen type II 
[119–121]. With aging, these proteins accumu-
late in cartilage and contribute to its resistance to 
repair.

Amyloid, an intercellular substance composed 
of fibrils and PG, is frequently deposited in aging 
articular cartilage [122–124]. Amyloid when 
present is found in both loaded and less loaded 
cartilage and is unassociated with OA [125, 126]. 
Cartilage amyloid is associated with matrix 
domains rich in KS [124]. Amyloid deposited in 
cartilage is the beta-2 microglobulin type and is 
thought to be of local origin [127].

3.3.4  Biomechanical Changes

The knee articular cartilage macromolecular 
architecture as well as biochemical and biome-
chanical properties are adapted to withstand 
stresses exposed on it during physiological activi-
ties. Compressive resistance is bestowed by the 
large PG, aggrecan, which is attached to HA poly-
mers via link protein. The collagen network pro-
vides the restraining tensile stress that 
counterbalances the osmotic pressure of the PGs  
during cartilage mechanical loading [128]. 
Decreased cartilage matrix permeability, a feature 
of cartilage aging associated in part with increased 
matrix noncollagenous protein and oxidized lipid, 
leads to decreased chondrocyte nutrition and sig-
nalling and results in chondrocyte senescence 
[129, 130]. Further, aging adult articular cartilage 
matrix exhibits decreased tensile strength and 
stiffness, decreased viscoelastic properties related 
to decreased cytoskeletal  network, decreased 
resistance to compressive loads, and increased 

cartilage sheer modulus [28, 131–135]. Regarding 
zonal variation, tensile strength and stiffness of 
the SZ increase with age to reach a maximum 
value in the third decade; and, thereafter both the 
tensile strength and stiffness decline markedly 
with increasing age [28]. On the other hand, ten-
sile strength of cartilage from the deep zone (DZ) 
decreases continuously with age [28]. These 
results are likely reflected by changes in the orga-
nization of the collagen fibres and collagen cross-
links with age. As a consequence, decreased 
absorption and spread of mechanical forces within 
cartilage results in increased forces absorbed 
focally within the underlying subchondral bone. 
In turn, this can lead to microfracture of subchon-
dral bone in susceptible individuals (Table 3.2).

3.3.5  Alteration in Signalling 
Molecules

Articular cartilage is responsive to extrinsic fac-
tors that regulate gene expression and protein syn-
thesis in chondrocytes. In the past two decades, 
numerous in vitro and in vivo studies have con-
firmed that articular chondrocytes are able to 
respond to mechanical injury, joint instability due 
to genetic factors and biological stimuli such as 
cytokines as well as growth and differentiation 
factors that contribute to structural changes in the 
surrounding cartilage matrix [136].

Like other cells, chondrocytes have numerous 
cell surface receptors for cytokines and chemo-
kines, as well as Toll-like receptors, and can 
themselves express chemical mediator (such as 
cytokines, chemokines and adipokines) as a reac-
tion to injury [137]. Unlike other cells, cartilage 
matrix limits mediator diffusion to paracrine 
effects on adjacent chondrocytes. Senescent 
chondrocytes have decreased sensitivity to ana-
bolic growth factors such as insulin-like growth 
factor 1 (IGF-1) and osteogenic protein-1 (OP- 
1), an effect similar to that induced by oxidative 
stress mediators [138]. Expression of transform-
ing growth factor beta (TGF-β) family compo-
nents, a family which is crucial for the 
maintenance of healthy articular cartilage, is 
altered during aging in cartilage. Aging nega-
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tively affects both the TGF-β - activin receptor-
like kinase 5 (ALK5) and bone morphogenetic 
protein (BMP) with its associated BMP receptor 
(BMPR) signalling routes, and aged chondro-
cytes display a lowered pSMAD3-dependent 
response to TGF-β1 and loss of collagen type 
2α1 expression by approximately 256-fold [139].

Experimentally, aged chondrocytes overex-
press DNA damage-inducible protein 45β 
(GADD45β) [140]. FoxO transcription factors 
play a key role in postnatal cartilage develop-
ment, maturation and homeostasis and protect 
against OA-associated cartilage damage [141]. 
FoxO1 is a gene which encodes a forkhead fam-
ily transcription factor that regulates cell 
responses to oxidative stress; whereas, FoxO3 
gene functions as a trigger for apoptosis through 
expression of genes necessary for cell death [141, 
142]. Aged chondrocytes express decreased 
FoxO1 and FoxO3 transcription factors in SZ in 
matrix regions exposed to maximal weight bear-
ing [141, 143]. Estrogen can delay, attenuate, but 
not prevent chondrocyte senescence [144]. 
Similarly, statin can reduce catabolic effects 
mediated by interleukin (Il)-1β-induced expres-
sion of MMP-1 and MMP-13 [145].

3.4  Articular Cartilage 
Degradation and Related 
Diseases

Failure in any of the joint components can com-
promise the normal joint function, which, in turn, 
may lead to accumulation of damage in other 
arthrodial structures. Although chondrocyte turn-
over is thought to be normally very low with indi-
vidual chondrocytes living for decades, cartilage 
injury due to aging, trauma or disease can stimu-
late chondrocyte replication. Cartilage degenera-
tion results in decreased structural, biochemical 
and biomechanical properties. Accordingly, age- 
associated decrease in cartilage function can be 
considered as cartilage degeneration, but diseases 
such as inflammatory arthritis (IA) and excessive 
cyclic compressive loading can accelerate 
 cartilage degeneration associated with aging 
[146–149]. Figures 3.2 and 3.3 illustrate the 

changes in articular cartilage ECM, chondrons, 
tidemark and subchondral bone with acute injury, 
OA, chronic IA and aging.

Degenerative processes involving aberration of 
cartilage structure are reflected in the breakdown 
of the normal mechanical function of cartilage. 
Several factors may lead to the cartilage mechani-
cal breakdown such as direct trauma to the carti-
lage, obesity, immobilization and excessive 
repetitive loading of the cartilage. Cartilage shear 
stresses, particularly within the DZ, increase in 
response to the thinning of the  articular cartilage, 
and this is associated with tidemark advancement, 
tidemark reduplication, and thickening of calci-
fied cartilage / subchondral plate [150]. Further, 
tensile stress may initiate or propagate the splits 
and cracks observed in diseased cartilage [151, 
152]. Also, proteolytic-mediated degradation of 
cartilage can occur via the action of proteinases or 
free radicals [153, 154].

Alkaptonuria is a rare inherited genetic disease 
that is an excellent model for cartilage degenera-
tion related to metabolic products accumulating 
in collagen and affecting collagen properties [155, 
156]. In alkaptonuria, homogentisic acid which is 
produced from phenylalanine and tyrosine is bro-
ken down and accumulates on collagen fibres of 
connective tissues including articular cartilage 
rendering the fibres less capable of associating 
with PGs. This results in brittle cartilage that can 
break and produce micro shards into the synovial 
fluid. Over time, a buildup of this substance in the 
joint leads to arthritis. People with alkaptonuria 
typically develop arthritis, particularly in the 
spine and large joints, beginning in the third 
decade [157]. The associated cartilage matrix 
dehydration can also lead to calcium pyrophos-
phate dihydrate (CPPD) crystal deposition.

3.4.1  Gout and Calcium 
Pyrophosphate 
Dihydrate Crystal Deposition

A variety of acute and chronic joint disorders are 
associated with crystal deposits [158, 159]. 
Endogenous crystals such as monosodium urate, 
CPPD and basic calcium phosphate (hydroxyap-

3 Articular Cartilage: Homeostasis, Aging and Degeneration
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Fig. 3.2 Articular cartilage structure showing changes in extracellular matrix, chondrons, tidemark and subchondral 
bone with acute injury, osteoarthritis, chronic inflammatory arthritis and aging

atite) have been shown to be pathogenic. These 
endogenous crystals produce disease by trigger-
ing the cascade that results in cytokine-mediated 
cartilage destruction. The two common crystal 
arthropathies are gout, caused by urates, and 
pseudogout, associated with CPPD crystals. 

CPPD crystals were first identified in synovial 
fluid exudates of patients with the pseudogout 
syndrome. Since their discovery in 1962, it has 
been recognized that CPPD crystals form within 
articular tissues and are subsequently shed into 
the synovial fluid. The most common etiologic 
association is with aging; by the age of 80 years, 

CPPD crystal deposits can be found in articular 
cartilage in 25% of the population [159].

Gout involves urate crystal deposition on the 
cartilage surface and in the synovial fluid leading 
to synovial hyperplasia, fibrosis and pannus 
 formation which in turn destroys the underlying 
articular cartilage. CPPD crystal deposition can 
occur in tendons, ligaments, synovium and artic-
ular cartilage [160–162].

Pathologic calcification of articular cartilage 
is classified by the type of mineral deposited, 
most commonly CPPD and less often basic 
 calcium phosphate. Basic calcium phosphate 
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deposits are associated with joint injury [163, 
164]. While CPPD crystal deposits can be associ-
ated with familial factors, specific endocrine and 
 metabolic disorders (such as hyperparathyroid-
ism, hypothyroidism, hypomagnesemia, hemo-
chromatosis, alkaptonuria and hypophosphatasia) 
and previous articular cartilage injury and repair, 
the most common presentation is that associated 
with aging [165]. Factors in CPPD pathogenesis 
include inhibition or deficiency of alkaline phos-
phatase, which at pH = 7.4 is the dominant pyro-
phosphatase, and relative cartilage dehydration 
[158, 166–168]. CPPD deposits in cartilage 

increase the heterogeneity of tissue mechanics 
thereby contributing to cartilage degeneration.

3.4.2  Rheumatoid Arthritis

Rheumatoid arthritis is a systemic, chronic 
inflammatory disorder that mainly affects the 
joint tissues. The disease onset in RA is usually 
insidious, with the predominant symptoms being 
pain, stiffness (especially morning stiffness) and 
swelling of many joints. Epidemiological studies 
show that age is the strongest risk factor for the 

Fig. 3.3 Chondrons and chondrocytes showing changes with acute injury, osteoarthritis, chronic inflammatory arthritis 
and aging
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development of RA, and paralleling the global 
trends in population aging, there is both an 
increase in the incidence and prevalence of RA 
[169]. RA is characterized by persistent, exten-
sive synovitis and pannus formation, which ulti-
mately leads to erosions of articular cartilage 
and marginal subchondral bone [170]. Although 
RA is of unknown aetiology, autoimmunity 
plays a pivotal role in its chronicity and progres-
sion [171]. The initial pathologic event in RA 
appears to be injury of synovial microvascular 
endothelial cells and proliferation / activation of 
synovial lining macrophages, which in turn send 
signals to stimulate the superficial chondrocytes 
to elaborate catabolic enzymes (such as collage-
nase and stromelysin) into the ECM thereby 
damaging superficial cartilage. 

Although the exact aetiology of RA has not 
been fully elucidated, a large body of evidence 
supports a mechanism involving the synergistic 
interaction between cytokines and other compo-
nents of synovial fluid that degrades articular car-
tilage and subchondral bone. Specifically, the 
 presence of two cytokines, namely Il-1 and 
tumour necrosis factor (TNF), is the main stimuli 
of cartilage degradation in RA [172–174]. In 
vitro studies corroborated that cartilage degrada-
tion occurs from the stimulatory effect of Il-1 and 
TNF on chondrocytes to secrete cartilage-degrad-
ing MMPs [175, 176]. Inflammatory infiltrates in 
the subchondral bone, observed in magnetic reso-
nance imaging (MRI) as bone marrow edema 
(BME), play an important role in the pathogene-
sis of RA [177]. BME is considered a precursor 
of rapid disease progression and is observed in 
68–75% of patients in early stages of RA [177]. 
Further, adipose tissue present within the joint is 
thought to contribute to the pathogenesis of RA 
through its secretion of adipocytokines and infil-
tration by inflammatory cells [178–180].

3.4.3  Osteoarthritis

Osteoarthritis is a common, slowly progressive and 
often debilitating form of degenerative arthritis that 
results in structural and functional failure of diar-
throdial joints that occurs when the dynamic homeo-
static equilibrium between the breakdown and 

repair of joint tissues is overwhelmed [181, 182]. 
The clinical manifestations of OA include joint 
pain, stiffness and limitations in activity. The preva-
lence of clinical OA increases with age [183–185]. 
While OA is recognized to be heterogenous clini-
cally, OA phenotypes in general [186] and OA phe-
notypes in particular [187] remain controversial and 
unresolved. Further, after decades of research, no 
surrogate markers are available yet in blood or other 
fluids for reliably detecting or monitoring OA pro-
gression [188]. The pathogenesis of OA is thought 
to be multifactorial, involving environmental fac-
tors, such as the influence of occupation, body 
weight, gait and joint kinematics, trauma, recre-
ational / competitive sports and surgical manipula-
tions as well as genetic factors such as collagen 
gene mutations [189–193]. Although the lifelong 
moderate use of normal joints does not increase the 
risk of OA; nevertheless, high- impact and torsional 
loads may increase the risk of degeneration of pre-
viously normal joints [194].

OA is characterized by an intertwined web of 
degeneration, regeneration, repair and remodel-
ling of articular cartilage, not just cartilage 
degeneration [24, 195, 196]. Loss of the normal 
cartilage homeostasis occurs resulting in imbal-
ance between matrix macromolecule synthesis 
and degradation [197]. OA is associated with 
defective integrity of articular cartilage and intra- 
articular inflammation, in addition to related 
reactive changes in the underlying trabecular and 
cortical bone and at the joint margin, in particular 
the synovium [198–200]. With the progression of 
OA, the normally whitish-blue translucent carti-
lage takes on an opaque yellowish appearance on 
gross observation. An extensively ulcerated area 
leading to partial or full cartilage thickness 
 erosion follows surface irregularities, due to 
 fissuring and cleft formation. These erosions, 
which are initially focal, become confluent and 
progress to large denuded areas, particularly in 
the load- bearing area [201]. Refer to Chap. 15 for 
detailed microscopic features of OA.

The mechanism for the onset and progression 
of OA, though unclear, involves a combination of 
structural, biochemical and biomechanical fac-
tors. Structural failure of articular cartilage could 
result from abnormal mechanical strains on 
healthy normal cartilage and from the influence 
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Fig. 3.4 Toluidine blue stained photomicrograph of 
human articular cartilage showing just underneath the 
articular surface pale staining matrix lacunar resorption 

indicating resorption of both proteoglycan and collagen in 
these regions. (Magnification, 100×)

of physiological mechanical strains on pathologi-
cally impaired cartilage. Elevated metabolic 
activity in human OA cartilage is an early event. 
Early OA is characterized by episodes of acute 
cartilage injury as seen by cartilage edema [202–
204]. Histologically, although focal lacunar 
resorptive lesions have been noted in various 
stages of OA cartilage, there is no evidence of a 
direct relationship between focal cartilage resorp-
tion and OA (Fig. 3.4) [205]. Chondrocyte mor-
phology is altered in OA, and chondrocyte 
clusters are recognized as a hallmark of OA 
(Fig. 3.5) [206–208]. Chondrocyte clusters 
express both catabolic factors (e.g. Il-1β and 
MMP-13) and anabolic factors (e.g. SOX9 activa-
tion and collagen type II synthesis) indicating the 
association of several cell signalling pathways 
and growth factors with chondrocyte clusters 
[209–212]. Higher incidence of chondron 
 hypertrophy (enlarged) and clustering in OA car-
tilage compared to normal, aging and injured 
articular cartilage may initially be due to hydro-
dynamic swelling, but further increases in size 
could be due to enhanced anabolic activity result-
ing in increased matrix deposition (Fig. 3.6). The 
loss of chondrocyte phenotype stability, and 
chondrocyte hypertrophy seen in OA articular 
cartilage are believed to initiate and perpetuate a 

cascade of events that eventually result in carti-
lage degeneration; as such, these chondrocytic 
aberrations are considered as central contributing 
factors to OA pathogenesis [213, 214].

The microstructural changes of the collagen-
 PG network at the cartilage surface (rather than 
its composition change) are responsible for the 
early increase of hydration [193, 215]. This struc-
tural change promotes the deterioration of bio-
mechanical properties of articular cartilage. 
Though, PG synthesis is markedly increased in 
OA cartilage compared to normal cartilage, the 
rate of PG turnover is also increased resulting in 
an overall reduction in total PG and/or GAG con-
tent, which is directly proportional to the OA 
severity [216]. Also, compared to normal 
 cartilage, the PGs synthesized by OA cartilage 
chondrocytes are structurally different with 
shorter GAGs, increased number of PG frag-
ments, decreased size of its subunits with dimin-
ished and / or defective aggregation, increased 
C4S compared to C6S and increased CS/KS 
ratio. Increased levels of aggrecan, decorin, 
 biglycan, fibromodulin and link protein and 
increased anchorin CII (annexin V epitopes) and 
tenascin level have been reported in human OA 
cartilage (compared to age-matched controls) 
[217–222]. Further, increased level of pentosi-
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dine has been documented in the cartilage and 
body fluids of OA patients [223–225].

Although the total collagen content of OA car-
tilage varies little, collagen type I, III, VI and X 
often increase [226–230]. Collagen fibre diame-
ter and orientation may also show considerable 
variation from normal [231]. A switch to colla-
gen type I synthesis with a decrease in the 
 synthesis of collagen type II is observed in OA 
cartilage. Under physiological conditions, colla-
gen type II fibrils contain more water than Type I 
fibrils [116, 232]. Therefore, increased colla-
gen type I and decreased collagen type II could 
account for decreased water content in severe OA 
tissue. Studies have shown enhanced deposition 

of collagen types I and VI and fibronectin in 
human OA cartilage [233–236]. Also docu-
mented is the increased synthesis of collagen type 
X by OA chondrocytes [21, 237].

Biomechanically, OA cartilage has decreased 
modulus or stiffness when placed in tension, com-
pression and shear loading, which in turn increases 
its propensity to swell when compared to healthy 
cartilage. It is unclear if the initial disruption of the 
cartilage surface is a direct result of mechanical 
forces or a product of altered chondrocyte activ-
ity. In vitro, early-OA model study of OA-associated 
structural changes on chondrocyte strains at the 
macro- (tissue level) and micro- (cellular level) 
scale showed that micro-scale spatial softening of 

Fig. 3.5 Hematoxylin and eosin stained photomicro-
graph of a severely osteoarthritic articular cartilage 
obtained from the femoral condyle illustrating cartilage 
loss, surface fibrillation and fissures extending from the 

superficial into middle zone. The cartilage matrix com-
partments are markedly altered with chondrocytes primar-
ily present in clusters. (Magnification ×10)

Fig. 3.6 Photomicrograph of a chondrocyte cluster 
depicting active repair response. Note chondrocyte hyper-
plasia demonstrating intrinsic proliferative cellular 

response (chondrocyte regeneration) to cartilage injury. 
(Magnification ×50)
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PCM and ECM resulted in a 30% increase of chon-
drocyte shear strain, even without visible structural 
changes at the macro-scale [238]. This indicates 
that early OA micromechanical changes at the cel-
lular level may affect chondrocyte activities before 
macro- scale degradations at the tissue level become 
apparent. Nevertheless, deterioration of the colla-
gen- PG network appears to be focused at the articu-
lar surface. Early signs of OA appear on the cartilage 
surface as PG depletion, followed by surface irregu-
larity and then fibrillation of the superficial collagen 
network. Continuous compression of the cartilage 
diminishes PG synthesis and causes damage of the 
tissue through necrosis. This further creates an 
altered stress pattern on joint surfaces eventually 
leading to frank cartilage structural damage and 
mechanical failure of articular cartilage. Surface 
fibrillation and internal collagen damage may both 
develop after long-term repetitive loading or over-
loading. An in vitro study demonstrated that bovine 
osteochondral plugs (2 mm diameter) when com-
pressed at varying loads and duration, the loading 
magnitude affects the degree of collagen damage 
[239]. Also, the loading rate on cartilage dominated 
the location of collagen network damage: low load-
ing rates predominantly damaged  superficial colla-
gen, while at high rates, collagen damage occurred 
at the deeper zones. Early subchondral changes 
include redistribution of blood supply with marrow 
hypertension, edema and probably micro-necrosis 
[240]. Differences in the viscoelastic properties of 
cartilage, reflected by alterations in the structure 
and composition of the chondrocyte cytoskeleton, 
have also been associated with OA [241, 242].

Increased serum concentrations of COMP frag-
ments have been reported for patients with knee 
OA [243–248]. Reports have suggested [4] that 
patients with greater serum COMP concentration 
experience a faster progression of their disease due 
to increased degradation of their articular cartilage 
[248, 249]. Refer to Chap. 4 for an in-depth knowl-
edge of the biomarkers in body fluids reflective 
of knee OA articular cartilage metabolism.

3.5  Aging Versus Osteoarthritis

The relationship of OA to cartilage degeneration 
and aging is controversial, mostly because different 
investigators have different perspectives. Whether 

the changes in aging inevitably progress through an 
intermediary phase of “degenerated cartilage” to the 
fibrillated state of OA is unclear. Once believed to 
be “a disease of the elderly”, OA is not primarily a 
disease of aging as OA can begin shortly after 
epiphyses are closed and the joint structures includ-
ing articular cartilage are fully mature [165, 250]. 
However, OA is often associated with aging due to 
its chronic nature which often progresses with age 
and manifestation of the clinical signs and symp-
toms at the late stage [251, 252]. Although OA is 
not an inevitable consequence of aging, yet, aging 
increases the risk of OA [59].

Recent reports of important age-related 
changes in the function of chondrocytes suggest 
that age-related changes in articular cartilage can 
contribute to the development and progression of 
OA. With aging, chondrocyte senescence 
decreases capacity to maintain cartilage matrix 
homeostasis, thereby facilitating cartilage degen-
eration [61, 73, 253, 254]. Under these circum-
stances if the residual chondrocytes can stimulate 
cartilage regenerative or reparative changes, OA 
often will occur, in particular with advanced 
chondrocyte senescence.

OA is now regarded as a group of diseases dis-
tinct from and superimposed on aging processes. 
Aging itself may not be a consequence of OA but 
age-related changes in the function of chondro-
cytes may contribute for the initiation and 
 progression of the disease. As such, aging is the 
main risk factor for OA. Aging could alter the 
matrix composition and accelerate the degrada-
tion of the cartilage. Both subchondral bone den-
sity and the incidence of OA in joints are known 
to vary with age in humans [255]. Also docu-
mented is the age-related decrease in cell density 
in all zones of the human femoral condyle articu-
lar cartilage, though more markedly in SZ [256]. 
Vascularity of the zone of calcified cartilage 
(ZCC, a sign of remodelling) is well developed 
after 55–65 years of age. Age-related decline in 
calcified cartilage thickness in human femoral 
condyles is associated with attenuated number of 
tidemarks after the sixth decade [257]. These 
findings suggest that remodelling of the bone 
appears to cease with increasing age. Reduction 
in the water content from 70–80% (normal wet 
weight) to 50–65% (wet weight) accompanies 
aging process especially in the deeper zone [258]. 
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3.6  Conclusions

Chondrocytes, the sole articular cartilage cellular 
component, are responsible for maintaining the 
cartilage homeostasis by regulating a low- 
turnover state of the cartilage ECM. However, 
damage to articular cartilage due to aging, acute 
or chronic injury or cartilage-related diseases 
shifts the homeostatic equilibrium towards a 
degenerative or destructive stage. In joint dis-
eases, cartilage homeostasis is disrupted by 
mechanisms that are driven by combinations of 
structural, biochemical and biomechanical stim-
uli that vary according to the disease process.

Chondrocyte senescence associated with aging 
may limit cartilage adult repair by pharmacologic 
and tissue engineering methods. Furthermore, 
these defects may result in progressive articular 
degeneration and predispose to the development 
of joint arthropathies. Biological repair tech-
niques (discussed in depth in Chaps. 11, 12, 16, 
17 and 18) such as autologous chondrocyte trans-
plantation, osteochondral transplantation (OATS, 
mosaicplasty) and microfracture are primarily 
used for surgical treatment. However, although 
these techniques have shown promising results in 
younger patients, cartilage repair appears to be 
less effective with increasing age.
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4.1  Introduction

Articular cartilage structure is designed to resist 
compression and redistribute load to the joints 
over the course of a lifetime. Injury and disease 
processes involving damage to the knee articular 
cartilage are reflected directly in acute and 
chronic changes of cartilage biomechanical func-
tion and indirectly in body fluids as biochemical 
markers. Nonetheless, prognostic biochemical 
markers are sought to better address prospective 
pharmacologic and surgical therapies. Many sur-
rogate biomarkers of cartilage metabolism have 
been evaluated and some markers show promise, 
but the underlying difficulty has been to relate the 
short-term changes in markers to longer-term 
changes in cartilage structure and function. 
Further, the measured synovial fluid (sf) or 
plasma  (p) concentrations of a cartilage-related 
marker could arise from either a small volume of 
cartilage of actively degenerating knee or from a 

larger cartilage volume which is undergoing 
structural change more slowly.

Chondrocytes are metabolically active cells 
that play key roles in extracellular matrix (ECM) 
remodeling in physiological and pathological 
conditions. Interactions between chondrocytes 
and the ECM regulate numerous biological pro-
cesses important to articular cartilage homeosta-
sis and repair. Changes in chondrocyte 
metabolism can be triggered by injury, aging, 
genetic predisposition and metabolic disorders. 
These are often accompanied by altered gene 
expression, change in ECM macromolecular 
components, concentration and/or architecture, 
decreased articular cartilage thickness, proteoly-
sis, presence of advanced glycation products, and 
ECM calcification [1–6]. Proteolytic-mediated 
degradation of cartilage may occur through the 
action of proteinases or free radicals [7, 8]. 
However, these processes usually occur on a time 
scale much longer than the biochemical markers 
observed in blood.

4.2  Regulation of Articular 
Cartilage Synthesis

Throughout life, articular cartilage undergoes 
continual internal remodeling while maintaining 
its architecture and metabolic homeostasis [9]. 
During growth and development, matrix synthesis 
outweighs degradation, whereas in adults, matrix 
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synthesis is decreased and is finely balanced by 
controlled matrix degradation [10]. However, 
imbalance in the cartilage homeostasis may 
induce secretion of the major ECM macromo-
lecular components and release degradative 
enzymes, such as matrix metalloproteinases 
(MMPs) including collagenase (MMP-1) and 
stromelysin (MMP-3). Disruption to the normal 
balance of synthesis and degradation can alter the 
intrinsic characteristics and biomechanics of var-
ious cartilage zones [1]. This can lead to a grad-
ual degeneration of the ECM that results in the 
development of clinically recognizable disease(s) 
[11, 12] (Figs. 4.1a and b).

When articular cartilage is subjected to either 
an excess of forces  (often repetitive) or to bio-
chemical agents, its morphological and func-
tional impairment is associated with a local 
homeostatic reaction comprising first of chondro-
cyte proliferation followed by stimulation of pro-
teoglycan (PG) biosynthesis and then collagen 
formation, either type I or type II, depending on 
the local ECM environment. This homeostatic 
reaction was investigated in  vitro by using cul-
tures of human chondrocytes [13]. Chondrocyte 
clusters or clones were formed after 4  days of 
culture with further proliferation for the first 
15  days of culture. This was followed by the 
release of PGs and collagen type II into the cul-
ture medium, which then constituted the ECM of 
the chondrocyte clusters. In vivo, knee chondral 

lesions and osteochondral (OC) defects on the 
articulating surfaces can occur due to homeo-
static imbalance as a consequent of traumatic 
injuries and chronic mechanical overloading or 
non-loading.

4.3  Biochemical Markers 
of Articular Cartilage 
Metabolism in Body Fluids

Biological markers (also referred as biomarkers) 
are cellular, biochemical or molecular alterations 
that are measurable in tissues, cells, or body flu-
ids [14]. This definition includes biological char-
acteristics that can be objectively measured and 
evaluated as an indicator of normal biological 
processes, pathogenic processes, or pharmaco-
logical responses to a therapeutic intervention 
[15]. In practice, biomarkers include tools and 
technologies that can aid in understanding the 
prediction, cause, diagnosis, progression, regres-
sion, or outcome of treatment of disease. During 
normal metabolic processes, cartilage-specific 
molecules, such as PGs, collagens, and non-col-
lagenous proteins, are continually degraded, 
releasing fragments of these molecules in the 
ECM, which then diffuse out of the articular car-
tilage into the sf. These metabolic products are 
then carried through the loose connective tissue 
to the bloodstream. In the circulation, these prod-

Fig. 4.1 Photomacrographs of the right knee femoral 
condyles of rhesus macaques. (a) Normal articular carti-
lage of the lateral and medial compartments showing 
white smooth and glossy articular cartilage surface. (b) 

Osteoarthritic knee shows intact but affected lateral com-
partment with yellow cartilage; whereas, the medial com-
partment shows extensive erosion, eburnation and 
osteophytes

H. K. Gahunia and K. P. H. Pritzker



125

ucts are filtered by the kidney either directly or 
after modification by the liver [16]. These frag-
ments, referred to as biochemical markers, pro-
duced during cartilage anabolic and catabolic 
processes, are released into the sf at varying con-
centrations during both the destructive and repair 
phases of a pathological process. Since changes 
can occur in the rate of turnover of the ECM mac-
romolecules during various stages of joint dis-
eases, elevated levels of biochemical markers in 
the serum can reflect increased synthesis, an 
increased release due to accelerated tissue catab-
olism or decreased clearance from serum.

These biological markers are tools for clinical 
diagnosis and assessing cartilage integrity during 
injury, aging, and disease [17–27]. Biochemical 
markers can be used to study growth and devel-
opment; investigate sports, exercise, or activity- 
related changes to articular cartilage; detect latent 
disease; identify disease phenotypes; or monitor 
pre-existing disease activity and its treatment 
[28–35]. The most direct measure of knee tissue 
metabolism is a biochemical assessment of the 
catabolic or anabolic products of cartilage ECM, 
synovium, and/or bone found in the body fluids, 
namely, sf, serum (s), plasma, and/or urine (u) 
[36–42].

4.3.1  Aggrecan Metabolism 
Products

Aggrecan has been considered as an excellent 
marker for articular cartilage damage [39, 43–50]. 
Biochemical markers in body fluids resulting 
from articular cartilage aggrecan metabolism are 
summarized in Table  4.1. The concentration of 
PG and/or its components in the sf is affected by 
both disease activity and the stage of disease pro-
gression [50, 63, 83]. Using immunochemical and 
biochemical assays, high concentrations of immu-
noreactive sulfated glycosaminoglycans (GAGs), 
keratan sulfate (KS), KS epitope and hyaluronate 
(also known as hyaluronic acid, HA) as well as 
aggrecanase and hyaluronidase activities have 
been reported in the body fluids of patients with 
post-traumatic knee injury and diseases such as 
chondromalacia (CM), rheumatoid arthritis (RA), 

osteoarthritis (OA), pseudogout, gout, and reac-
tive arthritis [19, 51–57, 59–62, 64, 72–77, 84]. 
Several studies have shown an increase in the car-
tilage metabolic markers, namely, chondroitin 
sulfate (C4S and C6S), CS delta disaccharides 
(∆di-6S and ∆di-4S), ∆di-6S/∆di-4S ratio, der-
matan sulfate (DS) delta disaccharide (∆di-DS), 
and ∆di- HA in the sf of traumatic arthritis, osteo-
necrosis, RA, and OA patients [63–68]. Aggrecan 
fragments consisting of alanine-arginine-glycine- 
serine (ARGS neoepitope) and from the HA bind-
ing region (HABR), such as HABR- FVDIPEN 
(Phe-Val-Asp-Ile-Pro-Glu-Asn) and HABR-
FMDIPEN, are released into both articular carti-
lage and sf by MMP-induced degradation of 
aggrecan [29, 78–81, 85]. Investigation of the sf 
concentrations of aggrecan fragments from 
patients (N = 385) with knee injury, OA, or acute 
calcium pyrophosphate arthritis (also referred as 
pseudogout) and their relative reactivity with CS 
846 epitope (a putative marker of cartilage aggre-
can synthesis) showed an increased reactivity of 
the CS 846 epitope in all the study groups com-
pared with the reference group, with highest reac-
tivity reported in OA patients [45]. Further, upon 
comparison with other markers of matrix turn-
over, CS 846 epitope reactivity correlated posi-
tively with cartilage oligomeric matrix protein 
(COMP) and Procollagen II C-Terminal 
ProPeptide (PIICP). Other studies have also 
shown an increased reactivity of CS 846 epitope 
and altered reactivity of CS neoepitopes (3B3-, 
3B3+, and 7D4) in patients with knee injury and 
disease [50, 52–54, 63, 70, 86–88].

4.3.2  Collagen, Crosslinks, and Non- 
Collagenous Proteins

Several biomarkers identified for assessing articu-
lar cartilage turnover are based on the unique 
metabolism of fibrillar collagens. Biochemical 
markers derived from collagen fragments of syn-
thesis or breakdown, crosslinks, and non- 
collagenous protein metabolism are summarized 
in Table 4.2. Several studies have focused on col-
lagen type II synthesis and degradation to identify 
biochemical markers to assess the articular carti-
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Table 4.2 Knee articular cartilage biochemical markers: collagen and non-collagenous proteins detected in body 
fluid(s) in injury, aging and disease. Body fluids: synovial fluid (sf-), serum (s-), plasma (p-) and urine (u-)

Cartilage Marker
Marker 
Reflects

Body 
Fluid(s)

Marker Level Reference(s)

Collagen-Derived Proteins

Procollagen Type II 
Carboxy-terminus 
Propeptide (PIICP)

Collagen 
synthesis

Synovial 
fluid; Serum; 
Urine

↑ Injury; ↑ Traumatic arthritis;  
↑ Inflammatory arthritis; ↓ Early 
(mild) RA; ↑ Late (severe) RA; 
↑ Early OA; ↓ Late OA

[45, 50, 63, 64, 
89–96]

Procollagen Type II 
Amino-terminus 
Propeptide (PIINP)

Collagen 
synthesis

Synovial 
fluid; Serum

↓ RA; ↑ Early OA; ↓ Late OA [97–102]

C-terminal Telopeptide 
Collagen Type II 
Fragment (CTX-II)

Collagen 
degradation

Synovial 
fluid; Urine

↑ Initial stage of cartilage 
injury; ↑ OA

[22, 28, 41, 55, 
103–107]

Helical Peptide of 
Collagen Type II  
(HELIX II)

Collagen 
degradation

Urine ↑ RA; ↑ OA [25, 98, 103]

Collagen Type II 
C-terminal Cleavage 
Product (C2C epitope)

Collagen 
degradation

Synovial 
fluid; Serum; 
Urine

↑ Initial stage of cartilage 
injury; ↓ Over time of cartilage 
injury; ↓ With age in women;  
↓ RA; ↑ Early OA

[22, 28, 62, 63, 89, 
109–115]

Metalloproteinase-
derived Collagen Type II 
Neoepitope (CIIM or 
C2M)

Collagen 
degradation

Serum ↑ RA; ↑ OA [109, 115–118]

C-terminus Collagen 
Type X (C-Col10)

Collagen 
synthesis

Serum ↑ OA [109, 115]

Collagen Crosslinks
Pyridinoline (Pyd, 
Collagen Type II)
Deoxypyridinoline  
(Dpyd, Collagen Type I)

Collagen 
degradation

Synovial 
fluid; Serum; 
Urine

↑ Growth and maturation;  
↑ Knee effusion; ↑ Skeletal 
injury; ↑ Repetitive knee 
usage; ↑ Osteoporosis; ↑ Early 
RA; ↓ Late RA; ↑ OA

[119–126]

Pentosidine

Cartilage aging Synovial 
fluid; Serum; 
Urine; 
Plasma

↑ Injury; ↑ Age; ↑ RA; ↑ OA [73, 125, 127–132]

Non-collagenous Proteins

Cartilage Oligomeric 
Matrix Protein (COMP)

Cartilage 
turnover; 
Cartilage 
degradation

Synovial 
fluid; Serum

↑ Acute traumatic knee injury; ↑ 
During mechanical loading 
exercise and return to baseline 
30-min after mechanical loading 
exercise; ↑ CM patella; ↑ 
Reactive arthritis; ↑ RA;  
↑ Early OA

[41, 133–142]

Uncarboxylated Matrix 
Gla-Protein (ucMGP, 
Inactive Form)

Joint 
inflammation; 
Mineralization 
inhibitor

Synovial 
fluid; Serum

↑ Joint inflammation; ↓ OA 
progression

[143–145]

Cartilage Matrix 
Glycoprotein (CMGP)

Cartilage 
degradation

Synovial 
fluid; Serum; 
Plasma

↑ Trauma-related knee 
arthropathies; ↑ OA

[146, 147]

(continued)
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lage integrity during health, aging, injury, and dis-
ease. Collagen type II is synthesized as procollagen 
molecules with C- and N-terminal propeptides 
(referred as PIICP and PIINP, respectively), which 
are cleaved off during maturation and released 
into biological fluids as biomarkers of collagen 
synthesis during injury and disease [45, 50, 63, 
64, 89, 95, 97–100]. As the consequence of alter-
native RNA splicing, N-terminal propeptides  of 
collagen type II procollagen is produced in two 
forms, one form (IIA – PIIANP) includes and the 
other form (IIB – PIIBNP) excludes a 69-amino 
acid cysteine-rich globular domain encoded by 
exon 2 in PIINP [101]. Patients with knee OA and 
RA have shown a decrease in s-PIIANP and 
-PIIBNP [99, 174]. Another marker of synthesis 

associated with hypertrophic chondrocytes differ-
entiation, C-terminus of collagen type X 
(C-Col10), showed elevated s-levels in patients 
with mild/moderate knee OA [109]. In these 
patients the concentration of C-Col10 strongly 
correlated with levels of MMP-derived collagen 
type II neoepitope (CIIM or C2M), a marker of 
cartilage destruction.

During articular cartilage breakdown, several 
cleavage fragments of collagen type II degrada-
tion have been identified in body fluids [23, 90, 
98, 100, 102, 103, 108, 110–112, 175–177]. 
Cleavage of articular cartilage collagen type II 
by proteases often occurs pericellularly around 
chondrocytes at and near the cartilage surface, 
which subsequently enhances and extends pro-

Table 4.2 (continued)

Cartilage Marker
Marker 
Reflects

Body 
Fluid(s)

Marker Level Reference(s)

Human Cartilage 
Glycoprotein-39 Also 
Referred as YLK-40

Cartilage 
turnover; 
Cartilage 
degradation; 
Pro-inflammatory 
mediator; 
Angiogenesis

Synovial 
fluid; Serum

↑ Cartilage injury; ↑ 
Age > 70 years; ↑ Acute / severe 
synovial inflammation;  
↑ RA; ↑ OA and correlate  
OA severity

[148–155]

Osteonectin
Also Referred as Secreted 
Protein Acidic and Rich 
in Cysteine (SPARC) or 
Basement-membrane 
Protein-40

Wound healing; 
Cartilage 
turnover; 
Pro-inflammatory 
mediator

Synovial 
fluid

↑ Acute injury; ↑ RA; ↑ OA [58, 156, 157]

Chondronectin
Cartilage 
degradation

Synovial 
fluid; Plasma

↑ RA; ↑ OA [158]

Fibrinogen
Regulate local 
inflammatory 
process

Synovial 
fluid; Plasma

↑ Acute injury; ↑ Inflammatory 
arthritis; ↑ RA

[159–162]

Tenascin-C (TN-C)

Cartilage 
degradation; 
Pro-inflammatory 
mediator

Synovial 
fluid; Serum

↓ Cartilage maturation; ↑ 
Acute cartilage injury; ↑ Acute 
inflammatory arthritis; ↑ RA;  
↑ Moderate and late OA

[123, 126, 163–166]

Lubricin

Lubrication of 
superficial zone

Synovial 
fluid; Plasma

↓ Post acute injury (from 
baseline to follow-up 50 days 
later); ↓ With increase in 
inflammatory markers

[55, 167]

Follistatin-like Protein 1 
(FSTL1)

Cartilage 
degradation; 
Pro-inflammatory 
mediator

Synovial 
fluid; Serum

↑ Age; ↑ RA; ↑ Juvenile RA;  
↑ OA

[168–170]

Fibulin-3 Peptide 1, 2 
(Fib 3-1, Fib 3-2)

Wound repair; 
Joint 
inflammation

Serum ↑ OA [171–173]
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gressively to include the deeper cartilage zones 
with aging and OA [178]. Among the various 
collagen type II degradation markers, the 
C-terminal telopeptide collagen type II fragment 
(CTX-II) has been extensively investigated [29, 
41, 97, 103–107, 111, 179–189]. Among volley-
ball athletes, an elevated CTX-II level in adoles-
cents compared to adults is thought to reflect 
increased cartilage turnover in response to higher 
joint loading [22]. Also, an increased sf and 
s-CTX-II level have been reported post acute 
knee injury [55, 107]. Patients with a focal artic-
ular cartilage lesion of the knee demonstrated 
higher levels of u-CTX-II than healthy individu-
als, which decreased during cartilage healing 
and rehabilitation [105]. This finding suggests 
that the CTX-II has the potential for monitoring 
treatment effects. Elevated u-CTX-II level in OA 
patients has been reported with a strong correla-
tion with the OA grade and progression [41, 104, 
106]. Also, the urinary helical peptide of colla-
gen type II (HELIX II) is associated with the 
progression of OA and RA [28, 103, 108, 186]. 
Further, MMP-1 degradation of collagen type II 
releases a C-terminal cleavage neopeptide 
(C2C), which can be detected in the sf, serum, 
and urine. Patients with injured knees and after 
intense athletic training involving higher knee 
loading have shown elevated C2C levels [22, 
62]. The C2C level is elevated during the acute 
stage (initial phase) of knee injury which then 
decreases over time relative to the C2C level of 
healthy non- injured controls [62, 110, 113, 114]. 
Higher u-C2C level of patients with mild knee 
OA compared to the controls has been reported, 
suggesting a role of C2C as a prognostic marker 
for patients with early-stage knee OA [28, 89, 
115]. In a population- based study involving a 
patient cohort with symptomatic knee pain, the 
risk of pre- radiographically defined OA 
increased with elevated levels of u-C2C, when 
compared with no OA controls [111]. However, 
a decrease in C2C level has been associated with 
aging in women [112]. Another biomarker of 
collagen type II breakdown, the MMP-derived 
neoepitope (CIIM or C2M), has shown elevated 
s-level in patients with knee OA and RA when 
compared with non- arthritic controls [116, 117].

Pyridinium crosslinks, namely, pyridinoline 
(Pyd) and deoxypyridinoline (Dpyd), present in 
the mature insoluble collagen fibrils have been 
used as biomarkers of bone and cartilage colla-
gen degradation [119–124, 190]. These cross-
links are released in the body fluid as a 
consequence of collagen breakdown. While 
Dpyd is a specific marker of collagen type I 
resorption in bone, Pyd is released from collagen 
types I and II [120]. Although clinical studies 
have shown Pyd level in body fluids (sf, serum, 
and urine) as a marker of bone and cartilage 
breakdown in joint effusions, RA, OA, and osteo-
porotic joints; Pyd is not specific to knee disease 
due to its association with other conditions such 
as diabetes, breast cancer, osteosarcoma, multi-
ple myeloma, and renal failure [106, 119–124, 
190–200].

Glycation is one of the key processes leading 
to aging of articular cartilage. In vitro glycation 
through ribose treatment of OC explants has been 
shown to decrease chondrocyte volume deforma-
tion responses in the upper zones compared to 
control samples. Also, via the transmission of 
mechanical signals or forces deeper into the carti-
lage, the chondrocyte volume deformation 
increased in the deeper zones [201]. This finding 
along with results of other studies provides insight 
on how glycation, such as formation of pentosi-
dine crosslinks, can alter the  biomechanical 
responses of chondrocytes in articular cartilage 
during aging [202–206]. Pentosidine, a fluores-
cent advanced Maillard/glycosylation crosslink 
product, is formed by nonenzymatic glycation of 
PGs and collagens [207–209]. It is detected in 
articular cartilage and body fluids of patients with 
knee injury and joint disorders [73, 125, 127–132, 
210]. However, extremely high levels of pentosi-
dine have also been detected in the skin and ocu-
lar lens as well as in the plasma and urine of 
patients with diabetes and uremia [210–214]. As 
such, results pertaining to pentosidine as a bio-
marker should be interpreted with caution.

Among all non-collagenous and non-aggrecan 
protein biomarkers, COMP, a constituent of artic-
ular cartilage, has been extensively investigated 
as a biomarker in body fluids reflecting articular 
cartilage turnover in health as well as cartilage 
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turnover (or degradation) in injury, aging, and 
disease [179, 215–219]. COMP levels are 
increased in sf and serum of patients during the 
acute phase of traumatic knee injury and  with 
elevated symptoms of knee pain without radio-
logical abnormalities as well as during disease 
activity (CM patella, reactive arthritis, RA, and 
OA) [41, 133–138, 182, 189, 216–218, 220–224]. 
An inverse relationship of s-COMP has been 
reported with bilateral knee cartilage thickness in 
RA patients and the healthy controls [139]. The 
knee s-COMP levels have shown to be useful to 
predict cartilage volume loss, progression of OA, 
and/or total knee replacement [86, 225]. Further, 
a reduction in the sf-COMP level has been 
reported after 30 min of exercise in OA patients, 
suggesting the utility of COMP biomarker post 
exercise, repetitive activities, as well as sports 
(recreational and competitive) [140].

Matrix Gla-protein (MGP), a vitamin 
K-dependent calcification inhibitor produced by 
cartilage, has been detected as uncarboxylated 
MGP (ucMGP, inactive form) in the sf and serum, 
serving as a joint inflammatory marker [143]. 
The ucMGP levels in arthritis patients with knee 
effusions and inflammation have shown lowest 
s-levels and highest sf-levels compared to the 
control group and patients with knee effusion but 
without inflammation [143]. High plasma 
dephosphorylated-ucMGP, reflective of lower 
vitamin K status of patients, has been associated 
with the presence of knee OA features but not 
progression [144]. Among patients with knee 
OA, the serum ucMGP levels were significantly 
lower than that of healthy controls, and the sf 
ucMGP levels negatively correlated with radio-
graphic OA severity [145].

The cartilage matrix glycoprotein (CMGP), 
also called chondronectin, specifically mediates 
the attachment of chondrocytes to collagen type 
II. CMG have been detected in the knee sf and 
plasma of RA and OA patients [146, 147, 158, 
226]. However, the s-CMG levels were inconsis-
tent in patients with trauma-related, arthroscopi-
cally proven focal OA, and the CMG level did not 
correlate with the severity of arthroscopic or 
radiologic articular cartilage lesions [146]. CMG 
in the plasma of OA patients were detected at lev-

els that correlated with but at lower levels than 
that of sf [147].

Human cartilage glycoprotein-39, also 
referred as YKL-40, is implicated in tissue injury, 
remodeling, inflammation, and angiogenesis 
[148, 149]. Among healthy children and adults (< 
70  years), a slight increase in s-YKL-40 was 
noted with age; but, thereafter (age > 70 years), 
s-YKL-40 increased significantly [150]. Serum 
and knee sf-YKL-40 levels have been reported to 
increase in moderate/severe RA and OA patients 
compared to the normal adults but not in early- 
stage of injury or OA [150–152]. Also, the sf- 
levels of YKL showed significantly higher values 
than the s-levels [152]. Knee sf-YKL-40 levels 
have shown a strong association with the serum 
pro-inflammatory molecules, tumor necrosis 
factor-α (TNF-α) and interleukin 1-beta (Il-1β), 
in RA patients as well as sf-levels of MMP-1, 
MMP-3, Il-6, and Il-17 in OA patients [148, 149, 
153]. These studies suggest that YKL-40 and the 
pro-inflammatory molecules collectively play a 
dominant role in the RA and OA pathogenesis 
and activity.

Osteonectin (OSN), also referred as secreted 
protein acidic and rich in cysteine (SPARC) or 
basement-membrane protein-40, is an abundant 
ECM protein. Classified as a marker protein in 
chondrodifferentiation, SPARC is located in the 
ECM of hypertrophic chondrocyte zone [227]. 
Compared to the healthy reference subjects, 
increased knee sf-SPARC levels are seen in RA 
and OA patients, with the levels ten-fold higher 
in the RA than in the OA populations [156]. 
Significantly high levels of SPARC have also 
been detected in the sf of injured knees compared 
to healthy, non-injured knees [58, 157].

The attachment of collagen type II to chondro-
cytes is mediated by chondronectin, a marker of 
articular cartilage degradation [228]. 
Chondronectin levels have shown increased lev-
els in plasma and knee sf of RA and OA patients 
and positively correlated with sf-fibrinogen lev-
els [158]. Fibrinogen, a prothrombotic protein, 
was significantly elevated in the plasma (3-weeks 
post-trauma) and knee sf of patients with history 
of knee injury/trauma and exudates compared to 
the plasma and sf-levels obtained from the con-
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trol group [159, 229]. Also, p-fibrinogen level 
was elevated in RA patients compared to con-
trols, which showed inverse correlation with clin-
ical measures of RA activity even in RA patients 
without inflammation or joint effusion [160]. 
Elevated levels of fibrinogen- and fibronectin- 
derived endogenous citrullinated peptides have 
been identified in sf of RA patients [161, 162, 
230]. A significantly high level of the fibronectin- 
aggrecan complex has been identified in sf (aspi-
rated at the time arthroscopic partial 
meniscectomy) of the affected knee of patients 
with pain and meniscal tear compared with 
asymptomatic, pain-free group who underwent 
knee magnetic resonance imaging (MRI) [231].

The expression of tenascin-C (TN-C), a glyco-
protein component of articular cartilage ECM, is 
seen during growth and development of articular 
cartilage but markedly reduced during maturation 
of chondrocytes [163, 232]. In adult articular car-
tilage, TN-C has the capacity to induce inflamma-
tory mediators and degrade the ECM.  In a 
cross-sectional study, sf obtained from patient 
knee with articular cartilage lesions showed high 
correlation coefficient of tenascin and MMP-13 
with the Outerbridge and Noyes chondral injury 
classification (refer to Appendix A) [126]. 
Relative to the normal knee sf, significantly ele-
vated levels of TN-C in the sf of patients with 
knee injury, acute inflammatory arthritis, and OA 
correlated with articular cartilage degradation and 
inflammation [164]. Compared to the knee sf of 
non-disease individuals, elevated TN-C levels in 
the knee sf of RA patients and moderate to severe 
OA patients as well as elevated s-TN-C in RA 
patients have been reported [163, 165, 166].

Reduction in the sf lubricating molecule con-
centration and quality is one of the potential 
mechanisms for the early lesion to the superficial 
zone (SZ ie Zone 1) of articular cartilage. 
Lubricin, a heavily O-glycosylated protein, plays 
a key role in the boundary lubrication of articular 
cartilage to provide smooth movement of the 
opposing articular cartilage surfaces. During 
locomotion, lubricin provides cartilage with an 
ability to dissipate strain energy; as such, given 
the excessive forces that the knee must withstand, 
a strong adherence of lubricin to the articular car-

tilage surface of Zone 1 is imperative for bound-
ary lubrication. Reduction in cartilage surface 
lubricin expression and function, and thus its 
boundary-lubricating and chondroprotective abil-
ity, has been implicated as a contributing factor in 
the development of OA [233–235]. Lubricin 
binds with fibronectin and collagen type II on the 
cartilage surface and is also known to play an 
anti-inflammatory role in sf [236, 237]. Disulfide 
bound complexes of lubricin and COMP has 
been identified in sf of RA and OA patients [238]. 
A decreased sf-lubricin level is associated with 
increased levels of inflammatory cytokines (Il-
1β, TNF-α, and Il-6) [239].

Follistatin-like glycoprotein 1 (FSTL1, 
mesenchyme- derived) and fibulin 3 peptide-1 
and peptide-2 (Fib 3-1 and -2) are pro- 
inflammatory mediators which reflect cartilage 
degradation. SF and s-FSTL1 are significantly 
elevated in children with systemic onset juvenile 
RA, adult RA, and OA patients compared to con-
trol patients, and the elevated FSTL1 levels are 
significantly correlated with age and the disease 
activity/duration [168–170]. Elevated s-FSTL1 
levels reported in patients with ulcerative colitis, 
systemic lupus erythematosus, and systemic scle-
rosis suggests that FSTL1 does not specifically 
reflect the integrity of knee articular cartilage 
[168]. Increased s-level of Fib 3-1 and Fib 3-2 in 
OA patients compared with normal population 
correlated with the incidence of radiographic 
knee OA [171, 172]. The s-Fib 3 level was also 
associated with the incidence of clinical knee OA 
among overweight and obese middle-aged female 
patients [173].

4.3.3  Matrix Metalloproteinases, 
Cytokines, Adipocytokines, 
and Growth Factors

The aggrecanases, MMPs, and their inhibitors, 
cytokines and chemokines, adipocytokines, and 
growth factors that are present in human body 
fluids are summarized in Table 4.3. Aggrecanases 
are ECM proteolytic enzymes that are members 
of the “disintegrin and metalloproteinases  
with thrombospondin motifs (ADAMTS) group.” 
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Table 4.3 Knee articular cartilage biochemical markers: matrix metalloproteinases, enzymes, and inhibitors,  cytokines 
and chemokines, adipocytokines and growth factors detected in body fluid(s) during injury, aging and disease. Body 
fluids: synovial fluid (sf-), serum (s-), plasma (p-) and urine (u-)

Cartilage Marker Marker Reflects
Body 

Fluid(s)
Marker Level Reference(s)

Matrix Metalloproteinases, Enzymes, and Inhibitors

Aggrecanase

Aggrecan catabolism Synovial 
fluid; Serum; 
Urine

↑ Acute injury;  
↑ Inflammatory 
arthritis; ↑ 
Pseudogout; ↑ RA;  
↑ OA

[39, 44, 46, 48, 
80–82, 87, 240]

Collagenase (MMP-1)

Collagen degradation Synovial 
fluid; Serum

↑ Acute injury; ↑ 
Pseudogout; ↑ CM 
patella; ↑ RA; ↑ 
Early (mild) OA; ↓ 
Moderate and late 
(severe) OA

[60, 87, 110, 241, 
242]

Hyaluronidase
Hyaluronic acid 
catabolism

Synovial 
fluid, Serum

↑ RA; ↑ OA [32, 84, 243, 244]

Phospholipase A2
Membrane 
phospholipid 
degradation

Synovial 
fluid, Serum

↑ CM patella; ↑ RA; 
↑ OA

[60, 245]

Stromelysin (MMP-3)

Cartilage degradation Synovial 
fluid; Serum

↑ Acute injury;  
↑ Late CM patella;  
↑ Inflammatory 
arthritis; ↑ RA;  
↑ OA

[60, 63, 64, 241, 
246–248]

Disintegrin and 
Metalloproteinase with 
Thrombospondin Type Motif 4 
(ADAMTS-4)

Cartilage degradation Synovial 
fluid; Serum

↑ Early OA; Reflect 
intra-articular 
environment

[29, 247, 249–251]

Tissue Inhibitor of 
Metalloproteinases Type I, 2 
(TIMP-1, 2)

Cartilage synthesis; 
Cartilage repair

Synovial 
fluid; Serum

↑ Injury; ↑ Late CM 
patella; ↑ RA; ↑ OA 
progression

[50, 60, 64, 73, 123, 
126, 241]

Cytokines and Chemokines
Interleukins
Interleukin 1 (Il-1β) Interleukin 
2 (Il-2) Interleukin 4 (Il-4) 
Interleukin 6 (Il-6) Interleukin 
8 (Il-8) Interleukin 13 (Il-13) 
Interleukin 15 (Il-15) 
Interleukin 17 (Il-17) 
Interleukin 18 (Il-18)

Cartilage degradation; 
Pro-inflammatory

Synovial 
fluid; Serum; 
Plasma

↑ Acute injury;  
↑ RA; ↑ OA; 
Positively and 
significantly 
associate AC defect

[58, 123, 126, 157, 
247, 249, 252–262]

Tumor Necrosis Factor Alpha 
(TNF-α)

Cartilage degradation; 
Pro-inflammatory

Synovial 
fluid; Serum

↑ Age; ↑ Acute 
injury; ↑ Early RA; ↑ 
OA

[58, 157, 252, 253, 
263–265]

Tumor Necrosis Factor-
Receptors (TNF-Rs)

Cartilage degradation; 
Pro-inflammatory

Synovial 
fluid; Serum

↑ RA; ↑ OA [266, 267]

Chemokine (C-C Motif) 
Ligand 3 (CCL3)

Inflammation 
mediators

Plasma ↑ Late OA [29, 259]

Adipocytokines

Adiponectin
Obesity-related knee 
inflammation

Serum; 
Plasma

↑ RA; ↑ Late OA [29, 262, 268–271]

Apolipoprotein A-I (ApoA-1)
Obesity-related knee 
inflammation

Synovial 
fluid; Serum

↑ Inflammatory 
arthritis; ↑ RA;  
↑ OA

[272–274]

(continued)
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To date, two forms of aggrecanase exist in 
humans, aggrecase-1 or ADAMTS-4 and aggre-
canase-2 or ADAMTS-5 [78, 291]. While 
ADAMTS-4 is elevated in the serum of patients 
with early stage of knee OA, ADAMTS-5 is 
detected in the moderate and late-stage knee 
OA. MMPs, also known as matrixins, are a fam-
ily of calcium-dependent zinc-containing endo-
peptidases, which in articular cartilage are 
responsible for the ECM remodeling and func-
tions as key mediators of ECM molecular degra-
dation, including collagens, proteoglycans, and 
glycoproteins [292–294]. Although aggrecanases 
and MMPs are the major proteases involved in 
aggrecan fragmentation, the aggrecanases are 
more involved than MMPs with the enhanced 
aggrecan loss associated with OA [47, 240, 295, 
296]. The knee sf levels of aggrecanase, MMP-1, 
MMP-3, MMP-13, and hyaluronidase as well as 
tissue inhibitor of metalloproteinases type I 
(TIMP-1) and ECM molecular fragments 
released into sf, are reported to increase in 

patients with acute knee injury, inflammatory 
arthritis, pseudogout, and RA when compared 
with volunteers with healthy knees [38, 80, 81, 
241, 246]. In patients undergoing knee arthros-
copy, the intraoperative sf showed a consistent 
increase in the MMP-3 level compared to asymp-
tomatic knee samples, which directly correlated 
to increased preoperative baseline data obtained 
from clinical questionnaires using a visual ana-
log scale (VAS) score [247].

Synovial fluid TIMP-1 levels  have been 
reported to increase in patients with knee injury, 
OA, and pseudogout compared with controls; 
and in the injury group, the increase in MMP-1 
activity coincided with a decrease in TIMP-1 lev-
els [241]. In a study involving OA patients, knee 
sf-TIMP-1 levels directly correlated with the lev-
els of MMP-1 and MMP-3, suggesting a link 
between OA cartilage proteolysis and TIMP con-
centrations [50]. Also, in the knee sf of late-stage 
OA patients, the TIMP-1 levels correlated with 
the aggrecan CS epitope 846 (marker of aggrecan 

Table 4.3 (continued)

Cartilage Marker Marker Reflects
Body 

Fluid(s)
Marker Level Reference(s)

Adipsin
Obesity-related knee 
inflammation

Serum ↑ Cartilage volume 
loss; ↑ OA

[29, 275]

Leptin

Cartilage degradation; 
Pro-inflammatory; 
induce catabolic 
enzymes

Serum ↑ Age; ↑ Cartilage 
thinning / volume 
loss; ↑ OA

[29, 31, 275–279]

Resistin

Cartilage degradation; 
Pro-inflammatory; 
Induce catabolic 
enzymes

Synovial 
fluid; Serum; 
Plasma

↑ Acute injury;  
↑ OA; Positively and 
significantly 
associate AC defect

[31, 260, 278, 280, 
281]

Visfatin

Cartilage degradation; 
Pro-inflammatory; 
Induce catabolic 
enzymes

Synovial 
fluid; Serum; 
Plasma

↑ RA; ↑ OA [31, 270, 280, 
282–284]

Prostaglandin E2 (PGE2)
Cartilage degradation; 
Pro-inflammatory

Plasma ↑ OA [258]

15-hydroxyeicosatetraenoic 
acid (HETE-15)

Pro-inflammatory Plasma ↑ OA [258]

Growth Factors
Transforming Growth 
Factor-β (TGF-β)

Cartilage repair; 
Anti-inflammatory

Synovial 
fluid; Serum

↑ Gout; ↑ RA; ↑ OA [262, 285–288]

Vascular Endothelial Growth 
Factor (VEGF)

Angiogenesis; 
Cartilage repair

Synovial fluid; 
Serum; Plasma

↑ Early RA; ↑ OA [264, 277, 289, 290]

Insulin-like Growth Factor-1 
(IGF-β1)

Cartilage repair Synovial 
fluid

↑ Early OA [21]
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synthesis), whereas, TIMP-2 levels correlated 
with those of PIICP (marker of collagen synthe-
sis), indicating the link between the production 
of TIMPs to the synthesis of specific cartilage 
ECM molecules [50]. In a cohort of OA patients, 
high s-levels of TIMP, MMP-9, COMP, and pen-
tosidine were detected compared with healthy 
controls [73].

Hyaluronidase-mediated degradation of HA 
increases the permeability of articular cartilage 
and decreases the viscosity of body fluids [243]. 
In RA patients, s-HA level is higher than the 
healthy controls, which has been shown to occur 
as low molecular weight (MW) in all RA patients 
along with high MW in a few cases [244]. 
Hyaluronidase activity has shown to be signifi-
cantly higher in the RA patients compared to OA 
patients and normal controls, and the activity was 
lower in RA patients with both low and high HA 
MW compared to those with only low HA MW 
[84, 244].

Phospholipase A2 (PLA2) is a calcium- 
dependent enzyme, which plays a pivotal role in 
membrane phospholipid degradation by initiating 
a cascade of events leading to the production of 
pro-inflammatory prostaglandins [245, 297]. 
PLA2 is produced in large amounts by both carti-
lage and synovial membrane, and a high activity 
of PLA2 has been shown in the sf of OA patients 
[245]. The lavage sf-level of PLA2 has shown to 
increase with the severity of CM patella [60]. The 
synthesis of C-reactive protein (CRP), a key com-
ponent of the innate immune inflammatory 
response, is mediated by factors released by mac-
rophages and adipocytes [298, 299]. CRP pro-
motes the secretion of pro-inflammatory 
cytokines, which in turn increases the inflamma-
tory response in disease of knee [298, 300]. A 
meta-analysis of 32 studies revealed statistically 
significant differences in serum CRP levels in 
patients with OA compared with healthy controls, 
which is also significantly associated with pain 
and decreased physical function [301]. Among 
patients with symptomatic knee OA, the serum 
ferritin levels significantly correlated with the 
arthroscopic evaluation of cartilage damage 
severity, indicating that ferritin may be involved 
in the progression of cartilage damage [302].

Cytokines are a category of small proteins that 
are released by cells that function in cell signal-
ing. Although included as a cytokine, in  vitro 
experiments have demonstrated Il-4 is an ana-
bolic, anti-inflammatory, and anti-catabolic cyto-
kine, which is expressed at a significantly low 
level in OA cartilage [303]. Pro-inflammatory 
cytokines (Il-1, Il-6, Il-12, Il-15, Il-17, Il-18, and 
TNF-α) are produced in the synovium and/or car-
tilage and are released into the circulation 
(Table  4.3). Levels of these cytokines in the 
serum and knee sf reflect disease activity and 
may be associated with increased risk for disease 
progression [239, 249, 263, 285, 304, 305]. Some 
of these cytokines (Il-6, Il-8, Il-10, and TNF-α) 
are elevated in the body fluids of patients post 
knee injury [58, 157, 306]. With the use of a com-
bination of inflammatory biomarkers, diseases 
affecting the knee may be differentiated [252, 
264] (Fig. 4.2).

A study with inclusion criteria of patients 
undergoing knee arthroscopy showed a strong 
positive correlation between the Il-6 and mono-
cyte chemotactic protein 1 (MCP-1) sf-levels, 
intraoperative International Cartilage Repair 
Society (ICRS) score, and continued pain at the 
time of follow-up, and both these sf biomarkers 
were identified as the strongest predictors of 
severe cartilage lesions [247]. Patients with knee 

Fig. 4.2 Photomacrograph of human left knee obtained 
post total knee replacement in a 67-year-old female 
patient. Note extensive erosion and eburnation on the 
medial compartment, whereas the articular cartilage of 
lateral compartment ranges from intact to surface 
fibrillation
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OA who participated in an exercise and nutrition 
intervention study showed high s-levels of Il-6 
which is associated with slower walking speed 
[266]. Further, this study showed that the signifi-
cantly high levels of soluble receptors of TNF-α 
were associated with lower physical function, 
increased OA symptoms, and worse knee radio-
graphic scores in older obese adults with knee OA 
[266]. A study with a 3-year follow-up showed 
elevated s-levels of Il-6 and TNF-α, which is asso-
ciated with knee articular cartilage loss in the 
older adults (range 52–78 years) [253].

In a 15-year follow-up study, the s-levels of 
Il-6 measured at baseline, 5, 8, and 15 years con-
sistently, showed significantly higher levels in 
individuals radiographically diagnosed with knee 
OA [254]. A study with a 3-year follow-up 
showed elevated s-levels of Il-6 and TNF-α, 
which is associated with knee articular cartilage 
loss in the older adults (range 52–78 years) [253]. 
Another study showed that elevated s-Il-6 level is 
associated with pain in early-stage OA, whereas 
the varus alignment of the knee is associated with 
late OA [255]. Serum levels of Il-15 showed an 
association with the severity of pain in patients 
with knee OA [256]. Plasma levels of Il-2, Il-4, 
and Il-6 levels were found to be significantly high 
in primary knee OA patients compared to con-
trols [257]. Also, both plasma Il-4 and Il-6 levels 
were positively correlated with the radiographic 
severity of knee OA. Elevated baseline p-levels 
of Il-1β and TNF-α in patients with symptomatic 
knee OA predicted higher risk of radiographic 
progression of the disease [258]. Another study 
showed that the p-levels of Il-6, Il-8, resistin, che-
mokine ligand 3 (CCL3), and CCL4 are signifi-
cantly associated with the radiographic severity 
of knee OA [259].

A subfamily of cytokines include chemotactic 
chemokines, which have the ability to induce 
direct chemotaxis in nearby responsive cells 
[307]. Another cytokine class, called adipokines 
or adipocytokine, are pleiotropic molecules 
secreted by adipose tissue that exert their actions 
through endocrine, paracrine, or autocrine mech-
anisms in a wide spectrum of physiological or 
pathophysiological processes [280, 308]. Serum 
adipokines are thought to provide a non- 

mechanical link between obesity and joint tissue 
integrity (which may be mediated by bone and 
cartilage turnover) that subsequently result in 
changes to the cartilage defects score and carti-
lage volume loss [309]. However, emerging data 
suggests that adipokines are involved in the onset 
and progression of weight-associated cartilage 
degradative process [308]. Adipokines, such as 
adiponectin, leptin, and vistafin, act as pro- 
inflammatory mediators which are involved in 
the pathophysiology of RA and OA [268, 269]. 
Using quantitative MRI, the serum levels of adip-
sin and leptin were associated with knee OA pro-
gression, and higher levels of both these 
adipokines were associated with higher incidence 
of total knee replacement [275]. Leptin plays a 
catabolic role in cartilage metabolism via the 
upregulation of proteolytic enzymes and acts 
synergistically with other pro-inflammatory 
 stimuli [31, 276, 310, 311]. During acute inflam-
matory responses, leptin expression is regulated 
by a wide range of inflammatory mediators such 
as lipopolysaccharides and cytokines, such as 
Il-1β, Il-6, and TNF-α, and the leptin production 
has been positively correlated with body mass 
index (BMI) and fat mass [312–315]. Leptin, 
either alone or in synergy with Il-1, significantly 
induced collagen release from bovine cartilage 
by upregulating collagenolytic and gelatinolytic 
activity [316]. In a prospective cohort of ran-
domly selected adults (range: 52–78 years), the 
s-leptin levels independently and consistently 
associated with reduced articular cartilage thick-
ness from each of the four compartments of the 
knee (namely, the lateral and medial femoral con-
dyle and tibial plateau) and patella, indicating the 
potential role of leptin in articular cartilage thin-
ning [277]. Resistin, a pro-inflammatory media-
tor and insulin-resistant molecule, has been 
detected in the sf following knee injury and in 
patients with knee OA [281]. The sf-resistin level 
is associated with inflammatory and catabolic 
factors, indicating its role in articular cartilage 
injury and the pathogenesis of OA [281]. The 
s-resistin level is positively associated with knee 
articular cartilage defects at various compart-
ments (lateral femoral condyle and tibial plateau 
as well as medial tibial plateau) [260]. Similar to 
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leptin, visfatin also stimulates the expression of 
pro-inflammatory cytokines and chemokines (Il-
1β, Il-6, and TNF-α), vascular endothelial growth 
factor (VEGF), MMP-2, and MMP-9. The sf-
visfatin levels positively correlated with the deg-
radation biomarkers of collagen type II (CTX-II) 
and aggrecans [282]. The sf-visfatin levels have 
been shown to be significantly higher in RA 
patients than in the control group [270, 317]. 
Also, in severely OA patients requiring total knee 
arthroplasty (TKA), the sf- and s- visfatin levels 
were elevated compared to healthy controls 
[283]. Further among female patients with knee 
OA and with inflammation, sf- visfatin levels 
were found to inversely correlate with the clinical 
severity of OA [278]. Other inflammatory bio-
markers, plasma lipid, prostaglandin E2 (PGE2) 
and 15- hydroxyeicosatetraenoic acid (HETE-
15), were reported to be significantly elevated in 
patients with symptomatic knee OA versus non-
 OA controls, and these biomarkers identified a 
subset of these OA patients who are at increased 
risk of radiographic OA progression [258].

The TGF-β superfamily, such as TGF-β1, 
plays a crucial role in maintaining homeostasis 
and repair of both articular cartilage and sub-
chondral bone [318]. Analysis of sf during the 
various stages of acute gout showed that TGF-β1 
level significantly increases from the onset at day 
1 to day 7, suggesting the role of TGF-β1 in the 
resolution of gout [285]. Altered expression and 
deregulation of TGF-β has been shown to be 
involved in OA [319–321]. A significant eleva-
tion in the s-TGF-β1 levels in the knee of OA 
patients compared to non-OA controls and a pos-
itive correlation of TGF-β1 with the severity of 
radiographically confirmed OA have been 
reported [286]. Another signal protein produced 
by cells, VEGF stimulates the formation of blood 
vessels [322]. Elevated sf-VEGF level was 
reported in OA patients with Kellgren-Lawrence 
(KL) grade 4 compared to those with KL grade 2 
and the VEGF level positively correlated with KL 
grades [279]. Other studies showed that both 
plasma and sf-VEGF levels positively correlated 
with the severity of knee OA [289, 323]. VEGF-A, 
a subtype of VEGF, has been associated with 
increased MMP activity, which in RA is released 

at the acute stage in response to TNF-α. The 
p-VEGF in patients with early-stage RA showed 
elevated levels compared to healthy controls 
[290]. Insulin-like growth factor-1 (IGF-1) plays 
a key role in articular cartilage homeostasis, bal-
ancing PG synthesis and breakdown, which has 
been shown to influence chondrocyte metabo-
lism, by reversing the Il-1-mediated catabolic 
pathway [324, 325]. The sf-level of IGF in the 
knee of OA patients has been found to be twice as 
in normal knee [21].

4.4  Clinical Utility 
of Biochemical Markers

Biochemical markers of articular cartilage 
metabolism are increasingly used in both basic 
and clinical research, for diagnostic, prognostic, 
and treatment efficacy purposes. In addition, 
such markers may provide additional information 
about the various stages of the life cycle of articu-
lar cartilage in health, aging, injury, and disease 
(Table 4.4).

4.4.1  Injury

Knee injury or trauma including sports injuries or 
repetitive use of the joint is conducive to post- 
traumatic osteoarthritis (PTOA), in particular if 
the injury sustained is severe. At the time of 
injury, PTOA is thought to be initiated by early 
expression of proteolytic enzymes. To date, sev-
eral  macromolecules and metabolites which act 
as biomarkers for PTOA have been identified [48, 
159]. These injury prognostic body fluid bio-
markers are  valuable in monitoring and assessing 
the knee articular cartilage metabolism and health 
prior to and post knee injury. In an adolescent 
minipig acute injury model, anterior cruciate lig-
ament (ACL) transaction upregulated MMP-1 
gene expression in articular cartilage, synovium, 
and ligament, whereas MMP-13 expression was 
suppressed in the articular cartilage but upregu-
lated 100-fold in the synovium and ligament. 
ADAMTS-4 was upregulated in the synovium 
and ligament only [110]. Further, in the first 5 
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Table 4.4 Knee articular cartilage biomarker changes associated with repetitive impact injury, single acute injury, 
aging, rheumatoid arthritis, and osteoarthritis. Body fluids: synovial fluid (sf-), serum (s-), plasma (p-) and urine (u-). 
Pericellular matrix (PCM); Extracellular matrix (ECM)

Articular Cartilage
Chondrocyte and 

Extracellular 
Matrix Changes

Body 
Fluid(s)

Key Biomarkers Reference(s)

Repetitive Impact Injury 
(Competitive Sports or 
Long-term Recreational 
Sports: Mechanical Stress; 
Strenuous Exercise in Healthy 
Athletes)

Chondrocyte 
apoptosis and 
necrosis; ↑ 
Cartilage ECM 
turnover; ↑ Load- 
induced changes

Synovial 
fluid; 
Serum

Adolescent athletes:  
↓ s-C2C; ↓ s-CTX-II;  
↓ s-PIICP (correlated 
with clinical scores)
Adult athletes:
↑ Aggrecan; ↑ s-KS;  
↓ s-HA; ↑ s-COMP;  
↑ s-CILP-2; ↑ s-C2C;  
↑ MMP-3; ↑ MMP-9;  
↑ sf-Il-1β; ↑ s-Il-6  
and -TNF-α (after activity 
and return to baseline)

[22, 36, 219, 
326–332]

Single Acute Injury (Blunt 
Trauma Episode Often 
Resulting from Accidents or 
Sports Injuries)

Anabolic phenotype 
to regenerate ECM; ↑ 
Homeostasis, cartilage 
matrix turnover, and 
metabolism

Synovial 
fluid; 
Serum; 
Plasma; 
Urine

↑ sf-GAG and -ARGS 
when sf aspirated after 
1 day post acute injury;  
↓ sf-GAG, -ARGS,  
and -lubricin from 
baseline to follow-up at 
50 days post injury;  
↓ sf-3B3(−) and -GAG 
with ↑ damage score;  
↑ s-KS; 
↑ sf-CTX-II; ↓ sf-CTX-II 
with effective treatment; ↑ 
sf-C2C epitope; ↑ s-C2C 
epitope; ↑ sf-COMP; ↑ 
u-CTX; ↓ u-CTX during 
effective treatment and 
rehabilitation;
↑ sf-Il-1β, -Il-6,  
and -Il-8; ↑ sf-TNF-α;  
↑ s-leptin; ↑ p-resistin

[31, 54, 55, 58, 59, 
105, 107, 113, 114, 
157, 183, 333–336]

Aging

Chondrocyte 
senescence; ↓ 
Metabolic activity and 
anabolic responses; ↓ 
ECM thickness; 
Enhanced proteolysis; 
Advanced glycation

Synovial 
fluid; 
Serum

↓ s-C2C; ↑ 
s-pentosidine; ↑ 
sf-pentosidine;
↑ s-Il-6; ↑ s-TNF-α; ↓ 
sf-MMP

[5, 112, 202, 203, 
253, 254, 337]

Rheumatoid Arthritis

Synovial 
inflammation; ↓ 
Chondrocyte 
metabolism; ↑ MMPs 
and aggrecanases; ↑ 
ECM catabolic 
responses

Synovial 
fluid; 
Serum; 
Urine

↑ u-HELIX-II; ↑ 
sf-COMP early RA; ↓ 
sf-COMP late RA; ↑ 
s-COMP;
↑ s-visfatin early RA; ↑ 
s-adiponectin early RA 
(correlate with early 
radiographic changes); ↑ 
s-Il-6 (correlate with RA 
progression); ↑ s-Il-35; 
↑ s-TNF-β

[34, 108, 124, 139, 
185, 217, 220, 222, 
268, 270, 290, 317, 
338–340]

(continued)
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days post injury, sf- C2C levels were doubled 
[110]. This study demonstrated that within the 
first few days of ACL injury, cells of various knee 
tissues have the potential to upregulate the genes 
coding for proteins that degrade articular carti-
lage ECM.

In a prospective study of patients (age range 
18–60 years) with an acute tibial plateau fracture, 
sf aspirates were obtained from both injured and 
uninjured knees [48]. Within 24  h post injury, 
elevated sf-levels of MMP-1, MMP-3, MMP-9, 
MMP-10, and MMP-12 were reported in injured 
versus contralateral uninjured knee. The follow-
 up knee sf aspirate obtained between 3 and 
21  days post injury showed elevated MMP-1, 
MMP-2, MMP-3, MMP-12, MMP-13, and 

aggrecan fragments compared with the initial 
aspirate within 24  h post injury [48]. Patients 
with knee injury have also shown a persistent 
increase in sf-proMMP-1 and -proMMP-3 as 
well as an increase in MMP-1 activity, which 
coincided with a decrease in TIMP levels [241].

Unilateral knee injury is reported to affect the sf 
concentrations of aggrecan fragments, COMP 
fragments, MMP-3, and TIMP-1 in the contralat-
eral uninjured knee [216]. Immediate post knee 
injury evaluation showed increased  sf-levels of 
aggrecan and COMP fragments, MMP-3, and 
TIMP-1, which were also noted to increase in the 
contralateral uninjured knee but at a level less than 
in the injured knee. Subsequently,  several days 
post injury, the level of these markers decreased in 

Table 4.4 (continued)

Articular Cartilage
Chondrocyte and 

Extracellular 
Matrix Changes

Body 
Fluid(s)

Key Biomarkers Reference(s)

Early / Mild Osteoarthritis

Edema; ↑ Metabolic 
activity; ↑ Cartilage 
thickness
Zone 1: Chondrocyte 
proliferation and 
hypertrophy; ↑ 
Aggrecan and 
collagen type II 
degradation
Zone 2 / Zone 3: ↑ 
Decorin and aggrecan; 
↑ Collagen fibrils 
formation

Synovial 
fluid; 
Serum

↑ s-KS; ↑ sf-IHH; ↑ 
s-HA;
↑ sf-PIICP with risk 
factors (obesity, varus 
alignment); ↑ s-COMP 
(knee pain without 
radiological 
abnormalities)
↑ s-Il-6 and -Il-15 
(correlate knee pain); ↑ 
s-leptin and -resistin

[31, 59, 73, 91, 134, 
135, 254, 256, 338]

Moderate / Severe 
Osteoarthritis

Chondrocyte 
hypertrophy and 
clustering; ↓ 
Metabolic activity; 
ECM degradation; ↑ 
Matrillin-1 in PCM 
and ↑ matrillin-2 in 
ECM proportional to 
OA severity

Synovial 
fluid; 
Serum; 
Plasma; 
Urine

↑ sf-ARGS; ↑ s-ARGS; 
↓ s-KS
↑ sf-CTX-II; ↑ 
sf-COMP; ↑ 
s-pentosidine; ↑ s-C2C; 
↑ s-Fib 3-1; ↑ u-CTX-II 
(correlate score and 
progression); ↑ u-C2C; 
↑ u-HELIX- II;
↑ sf-CCL2; ↑ sf-VEGF 
(correlate with 
radiographic score); ↑ 
sf-leptin, -resistin, 
and -visfatin (correlate 
OA with clinical 
severity); ↓ sf-ghrelin; ↑ 
s-visfatin; ↑ s-MMP-9; 
↑ s-TIMP; ↑ s-Il-6; ↑ 
s-TNF-α

[23, 41, 59, 78, 80, 
106, 108, 109, 111, 
115, 129, 134, 135, 
171, 184, 187, 188, 
249, 253, 278, 279, 
282–284, 289, 341, 
342]
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the injured knee, although they remained 
unchanged in the uninjured knee. In the chronic 
phase, the aggrecan fragment levels in the injured 
knee decreased to less than that in the uninjured 
knee. These findings indicate that following uni-
lateral knee injury, changes in articular cartilage 
metabolism occur both in the injured and contra-
lateral, uninjured knees [216]. Another investiga-
tion on males who sustained youth (3 to 10 years 
prior) sport-related intra-articular knee injury 
showed increased s-COMP levels compared to 
uninjured matched controls [343]. Also, the 
COMP fragmentation patterns were distinct 
between injured and uninjured participants. Post 
acute ACL injury, an increase in sf COMP level in 
the injured knee is noted up to 5 years after injury 
[335]. These results suggests the utility of COMP 
and its fragmentation pattern as a marker of carti-
lage injury.

Although serum concentrations of PG are of 
limited value due to its rapid clearance from the 
circulatory and lymphatic systems, the s-KS lev-
els significantly increase at an early stage after 
traumatic knee injury as well as early-stage knee 
OA [59]. In a study, the sf-levels of cartilage PG 
fragments were measured from patients with var-
ious post-traumatic knee joint lesions (trauma, 
cruciate ligament tear with or without meniscus 
tear, meniscus tear only, and CM patellae) at dif-
ferent durations [43]. Compared to the normal 
(control) population, patients with post-traumatic 
cruciate ligament injuries showed elevated sf-PG 
levels. Of particular note, a slightly to moderately 
elevated level of sf-PGs persisted for as long as 
5–7 years after the initial trauma [43]. Elevated 
levels of sf-PG or its components in the patients 
with no apparent degenerative cartilage changes 
could  also represent increased metabolism 
reflecting ongoing repair after trauma. It appears 
that high sf-levels of cartilage PG components 
particularly indicate the active phases of cartilage 
metabolism or of active matrix depletion.

The increased levels of sf-C2C along with 
other injury-related biomarkers during the acute 
phase after knee injury indicate an immediate 
and sustained local degradation of collagen type 
II [113]. Acutely injured knees with an OC frac-
ture, particularly fractures with disrupted cortical 

bone, have higher concentrations of bone mark-
ers and cytokines than do knees without an OC 
fracture [157]. In this study, sf was aspirated in 
98 individuals (26% women; mean age, 23 years) 
1 day after acute knee injury. Analysis of sulfated 
GAGs, ARGS-aggrecan, COMP, osteocalcin, 
SPARC, osteopontin, and pro-inflammatory 
cytokines, including interleukin Il-1β, Il-6, Il-8, 
and TNF-α, were adjusted for days between 
injury and sf aspiration, age at injury, and gender. 
In the acutely injured knees with an OC fracture 
and disrupted cortical bone, highly significant 
levels of SPARC, along with Il-8 and TNF-α, 
have been identified compared with knees with-
out an OC fracture [157]. In another cross- 
sectional study, the articular cartilage and bone 
markers as well as pro-inflammatory cytokine 
levels in sf (aspirated the same day as the injury 
and, thereafter, at all subsequent time points) 
from acutely injured knees with hemarthrosis 
were investigated [58]. The sf-levels of ARGS, 
SPARC, and pro-inflammatory cytokines (Il-1β, 
Il-6, Il-8, and TNF-α) were significantly higher 
in injured knees compared to the knees of age- 
and gender-matched healthy reference volun-
teers. The levels of GAGs and ARGS were 
significantly higher in knees aspirated later than 
1 day post injury, whereas the levels of SPARC 
and cytokines were higher in knees aspirated the 
same day as the injury and at all time points 
thereafter [58]. This result suggests that acute 
knee injury is associated with an instant local 
biochemical response to the trauma, which stim-
ulates inflammatory activity and potentially 
affects both articular cartilage and bone.

At thirty-two days (early-stage) post ACL 
injury, the sf-lubricin level of injured knee was 
significantly lower when compared to the 
 contralateral, uninjured knee [239]. At this stage 
of acute injury, the decreased sf-lubricin level 
showed a significant inverse relationship with 
TNF-α, Il-1β, and Il-6. The levels of these pro- 
inflammatory molecules were significantly 
higher in sf from recently injured knees com-
pared with those that were chronically injured or 
uninjured. At 12  months post ACL injury, the 
lubricin levels were comparable in both the 
injured and uninjured knee. The release of sig-

4 Articular Cartilage Metabolism: Biochemical Markers and Dynamic Loading



140

nificant amounts of bone sialoprotein into sf in 
connection with acute joint trauma may be asso-
ciated with injury to, and active remodeling of, 
the calcified cartilage-bone interface and sub-
chondral bone suggesting the utility of bone sia-
loprotein as a marker of calcified cartilage/ 
subchondral injury and remodeling following 
joint injury [96].

4.4.2  Aging

The knee tissues (articular cartilage, synovium, 
ligaments, tendons, menisci) undergo substantial 
age-related morphological, biochemical, physi-
ological, and biomechanical changes that impact 
their ability to overcome the effects of mechani-
cal stress, injury, and disease. Age-related imbal-
ances in reactive oxygen species (such as, 
superoxide, hydrogen peroxide, the reactive 
nitrogen species nitric oxide, and the nitric oxide 
derived product peroxynitrite) production rela-
tive to the anti-oxidant capacity of chondrocytes 
have been shown to play a role in cartilage deg-
radation as well as chondrocyte cell death 
[344].  Aging in articular cartilage adversely 
affects cartilage biomechanical properties by 
altering chondrocyte deformation behavior in 
cartilage and increasing stiffness of both the 
chondrocytes and ECM [205, 206, 209, 284, 
345–348]. Aging also tends to produce some 
condensation of collagen network without focal 
increased fibrillar collagen formation. Age- 
related changes in articular cartilage ECM 
includes atrophy (reduced cartilage thickness), 
proteolysis, advanced glycation, and calcifica-
tion, whereas cellular changes include reduced 
cell density  and focal loss of chondrocytes, 
senescence, impaired defense mechanism, and 
decreased anabolic responses [5]. An age- 
associated decrease in HA concentration and 
quality (varying  HA molecular weight) is 
reported in the knee sf of non-OA volunteers 
(23–91  years) and age-matched cadaver knees 
[75]. In a population-based study, u-CTX-II 
level strongly correlated with the knee OA sever-
ity in older women (> 60 years) [104]. Aging of 
articular cartilage is associated with altered 

TGF-β signaling, which has been identified as a 
causal factor of cartilage degeneration in knee 
OA [349]. Over a period of 3  years in older 
adults, the increased s-levels of Il-6 and TNF-α 
were associated with knee articular cartilage loss 
and worsening knee pain [253, 350]. During a 
15-year follow-up of a cohort of healthy, middle-
aged British women, the BMI and s-levels of 
CRP and Il-6 were consistently and significantly 
higher in individuals diagnosed as having radio-
graphic knee OA [254]. These results suggest 
that Il-6 could be a potential therapeutic target to 
slow down the initiation or progression of dis-
eases such as OA that are related to cartilage 
metabolic upregulation. In women, s-C2C level 
has been shown to decrease with age [112].

Pentosidine levels in sf, serum, and urine are 
used as  an established surrogate marker of 
advanced glycation end products (AGEs) that 
accumulate in cartilage matrix with increasing 
age and also detected in patients with knee OA 
[337]. The accumulation of AGEs reduces 
chondrocyte- mediated ECM turnover in human 
articular cartilage [202]. AGEs are known to 
induce crosslinking of collagens, resulting in car-
tilage ECM stiffening. In vitro glycation through 
ribose treatment of OC explants has shown to 
decrease chondrocyte volume deformation 
responses in the upper zones, transmit mechani-
cal forces deeper into the tissue, and increase cell 
deformation responses in the deeper zones [201]. 
This finding provides insight on how glycation, 
such as formation of pentosidine crosslinks dur-
ing aging, can alter chondrocyte deformation 
behavior and biomechanical responses in articu-
lar cartilage.

4.4.3  Disease

In routine clinical practices, early diagnosis, rec-
ognition, and therapeutic intervention in knee 
diseases are the key to halt or slow down the pro-
gression of disease. In conjunction with biomark-
ers, the use of cartilage and knee-specific imaging 
procedures (ultrasound and MRI) has the poten-
tial to identify at-risk patients and those with 
early disease.
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Investigation of the  knee lavage concentra-
tions of MMP-1, MMP-3, and TIMP-1 as well as 
PLA2 of patients with CM patella showed ele-
vated levels in advanced (grade IV) CM com-
pared with controls, and the MMP-1 levels 
correlated with the severity of CM [60]. While 
lavage fluid KS concentration was elevated in 
CM stage I, the s-KS was higher in CM stage IV 
than in controls [60]. The changes in the release 
and activity of these marker molecules from 
serum and sf reflect changes in the metabolism of 
articular cartilage and synovium in CM. Increased 
s-levels of COMP have also been reported in CM 
patients [137].

Increased serum and sf-levels of COMP and 
YLK-40 have been reported in patients with both 
inflammatory and degenerative joint disease [134, 
139, 153, 154]. These findings suggest that YLK-
40 may reflect aspects of joint destruction in addi-
tion to inflammation [148]. YLK-40 concentrations 
were about 2.5-fold greater in the serum of 
patients with inflammatory or degenerative joint 
disease compared to healthy adults. The sf-
YLK-40 concentrations were 10- to 15-fold 
higher than in serum suggesting that in the patients 
with joint disease, most of the YLK-40 found in 
the serum may be produced in the joint [150–152]. 
Since collagen type II is essentially unique to car-
tilage, sf-PIICP levels reflect the synthetic activity 
of collagen type II of chondrocytes in the diseased 
joint. MMPs and ADAMTSs have been impli-
cated in the pathology of knee articular cartilage 
in RA and OA through the action of these enzymes 
to degrade ECM macromolecules and modulate 
factors governing cell behavior [294].

4.4.3.1  Rheumatoid Arthritis
Rheumatoid arthritis is a chronic autoimmune 
disease affecting the knee joint in which chronic 
inflammation in the synovium is the primary tis-
sue target. The autoimmune process in RA 
depends on the activation of immune cells, which 
use intracellular kinases to respond to external 
stimuli such as cytokines, immune complexes, 
and antigens [351]. A complex network of cyto-
kines is involved with the inflammatory process 
and in perpetuation of RA through a positive 
feedback system to promote a systemic disorder 

of connective tissues. This inflammatory process 
is characterized by infiltration of inflammatory 
cytokines (such as Il-1β and TNF-α) into the 
joints which in turn stimulates the production of 
MMPs and aggrecanases (ADAMTSs), both 
involved in the articular cartilage degradation in 
RA.  The biochemical markers of cytokine- 
mediated inflammatory processes in RA include 
the products of the metabolic changes in cartilage 
and bone. The sf-hyaluronidase activity is ele-
vated in RA patients and has been reported to be 
significantly higher than the OA group [84]. 
MMP-3 and TIMP-1 levels in sf are elevated in 
RA [64]. Increased s-PLA2 levels have been 
reported in RA patients [352]. MMP-13 collage-
nase activity cleaves collagen type II; whereas, 
ADAMTS-1, ADAMTS-4, and ADAMTS-5 have 
aggrecanase activity which cleaves the aggrecan 
[87]. Patients with early RA and psoriatic arthri-
tis (PsA) have shown higher sf-TNF-α levels than 
patients with OA. Further, higher sf-Il-17 levels 
were seen in PsA than RA patients [252]. Serum 
adiponectin level is associated with early radio-
graphic RA progression in early RA, independent 
of RA-confounding factors and metabolic status 
[268]. Dependent on RA duration, a significantly 
higher s-visfatin level was found in RA patients 
with radiographic articular cartilage and synovium 
lesions compared to patients without lesion [317].

Patients with knee RA have shown decreased 
s-PIIANP by 35% compared to controls, suggest-
ing decreased collagen type IIA synthesis [353]. 
Synovial fluid obtained from the knees of 63 RA 
patients showed reduction in C2C level compared 
with OA patients and controls [63]. Various stud-
ies evaluating COMP levels in patients with early 
and established RA have shown significant cor-
relation with RA activity [139, 217]. The 
s-COMP levels have been shown to significantly 
increase in RA patients compared to the controls, 
which also correlated significantly with RA 
activity and duration [139]. An elevated sf- 
COMP level is reported in the early stage of RA, 
whereas in advanced stages of RA, the level of 
COMP decreased. Serum COMP level in RA 
patients correlated with the age of patients and 
disease activity score but was found to be inde-
pendent of the stage of disease, number of  painful 
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and swollen joints, duration of morning stiffness, 
and disease duration [354]. In patients with active 
RA, a significant association of serum and sf-
levels of YKL-40, s-Il-1β and s-TNF-α has been 
reported [149]. A decreased YLK-40 value from 
baseline levels in patients treated with disease- 
modifying antirheumatic drug therapy was found 
to reflect the clinical improvement observed in 
responders, whereas the value was maintained or 
increased in nonresponders [355]. Significantly 
elevated levels of Pyd were reported in the urine 
of OA and RA patients, and the Pyd level corre-
lated with disease activity in RA patients [356, 
357]. Urinary excretion of collagen crosslinks, 
expressed as the Pyr/Dpyr ratio, correlates with 
those in synovial tissue which functions as a 
marker of collagen degradation [121].

4.4.3.2  Osteoarthritis
Osteoarthritis affects the knee with varying degree 
of active, progressive degradative and reparative / 
regenerative changes in the articular cartilage and 
subchondral bone. The degenerative component 
include deep cleft formation and branched clefts, 
whereas the reparative component constitute focal 
increases in fibrillar collagen (microscars) within 
the cartilage ECM. These changes are not noted in 
aging by itself. Metabolic changes may occur 
early in OA development, long before the appear-
ance of clinical symptoms and morphological 
changes. The degradation of the perifibrillar 
adapter proteins (mainly, collagen type IX, deco-

rin, COMP, and matrilin-3), which are important 
for the stabilization of the collagen network in the 
cartilage superficial zone, have been thought to be 
a critical event in early OA [358]. As objectively 
measureable indicators of the pathophysiology of 
knee OA, molecular biomarkers have the poten-
tial to improve knee OA diagnosis, staging, and 
prognosis through its ability to evaluate 
prearthritic articular cartilage metabolic changes 
and integrity, monitor OA onset and progression, 
and assess articular cartilage matrix metabolism 
in drug development [29, 359, 360].

The progression of OA can be described by 
three stages [28]. The first stage involves disrup-
tion of chondrocyte metabolism leading to 
increased secretion of degradation enzymes, such 
as collagenases and aggrecanases that initiate the 
proteolytic breakdown of articular cartilage 
ECM.  This is followed by a release of PG and 
collagen fragments as breakdown products into 
the sf, which contributes to articular cartilage 
surface fibrillations and erosions. The last stage 
involves the phagocytosis of the breakdown 
products by synovial cells resulting in synovial 
inflammation as well as production and secretion 
of inflammatory cytokines and proteases into the 
joint space. These pro-inflammatory molecules 
further enhance the catabolic effect on chondro-
cyte metabolism by decreasing PG and collagen 
synthesis and upregulating the degradative 
 proteases. Structural changes in the OA articular 
cartilage are seen in Figs. 4.3, 4.4, and 4.5.

Fig. 4.3 Histological 
photomicrograph 
showing mild 
osteoarthritis of the 
femoral condyle. Note 
the disorganization of 
the articular cartilage 
extracellular matrix 
(arrow head), replication 
of tidemark (R), and 
subchondral sclerosis 
seen as thickening of 
subchondral bone 
(Toluidine Blue, 
magnification 5x)
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The biomarkers used to monitor knee OA 
include five clusters of related markers: cartilage 
anabolism markers (PIICP, PIIANP, HA, epitope 
846), cartilage catabolism markers (KS, COMP), 
inflammation markers (C-reactive protein, TNF 
receptor type I and type II, Il-6, eosinophilic cat-
ionic protein), bone markers (bone sialoprotein, 
Pyd, Dpyd), and transforming growth factor-beta 
[278, 361, 362].

In 43 patients with knee OA, s-PIIANP was 
decreased by 53% compared to 88 healthy con-

trols, indicating a marked reduction in collagen 
type II synthesis [99, 353]. The levels of PIICP 
were higher in OA and traumatic arthritis than in 
RA patients [95]. Also, PIICP levels were higher 
in moderately afflicted OA patients reflecting the 
chondrocyte synthetic activity of collagen type II 
in the diseased joint [95]. An increased level of 
this molecule in the knee correlated well with 
BMI in primary OA and the degree of cartilage 
erosion caused by joint instability in traumatic 
arthritis [64]. C6S and KS were also elevated in 

Fig. 4.4 Histological 
photomicrograph 
showing moderate 
osteoarthritis of the 
femoral condyle. Note 
the chondrocyte necrosis 
(N), disorganization of 
the cartilage 
extracellular matrix, 
duplication of tidemark 
(arrow heads), new bone 
formation in the 
subchondral plate, and 
subjacent reparative soft 
tissue (arrows) 
(Hematoxylin and Eosin, 
magnification 5×)

Fig. 4.5 Histological 
photomicrograph 
showing severe 
osteoarthritis of the 
femoral condyle. Note 
the thinning of articular 
cartilage, reparative 
fibrocartilage 
(arrowheads), tidemark 
(TM) reduplication, and 
osteophytes (arrows) 
(Hematoxylin and Eosin, 
magnification 5x)
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OA and traumatic arthritis joint fluids. The levels 
of Indian hedgehog homologue (IHH) in articular 
cartilage and sf-samples were significantly 
increased in early-stage OA patients compared to 
normal control [338]. Urinary CTX-II, serum 
N-terminal telopeptide of collagen type I (s-NTX-
I), and s-HA were shown to associate with 
patients who had both progressive pain and radio-
graphic progression of knee OA [104, 180].

Baseline soluble leptin receptor is associated 
with reduced levels of PIIANP, an increased car-
tilage defects score, and increased cartilage vol-
ume loss over 2 years in patients with knee OA 
[225, 309]. Knee OA patients with sarcopenic 
obesity (obesity with decreased muscle mass) 
demonstrated significantly higher s-leptin levels 
than those with non-sarcopenic obesity [363]. In 
addition, knee OA patients with sarcopenic obe-
sity displayed poor physical performance. Serum 
samples of obese OA patients have shown much 
higher acid concentration and oxidative stress 
agents compared to non-obese OA patients, sug-
gesting that obesity causes oxidative stress and 
acidosis in obese OA patients [364]. A recent 
study evaluated the s-levels of adipokines (adi-
ponectin with high and low molecular weight, 
leptin, and resistin), C2C, and ghrelin together 
with body composition in patients with knee OA 
and sex-matched healthy subjects [271]. This 
study showed significant elevation in total adipo-
nectin level in women with severe OA who were 
also characterized by a significant excess of fat, 
compared with the control group. In a study 
using Lysholm scores and International Knee 
Documentation Committee (IKDC) subjective 
scores to evaluate the clinical severity in post- 
traumatic OA patients, the sf-ghrelin levels of 
patients with grade-3 OA were significantly 
decreased compared with grade-2 OA patients 
[341]. Also, the ghrelin levels were inversely 
associated with the levels of inflammatory (Il-6 
and TNF-α) and degradation (COMP and 
CTX-II) biomarkers [341]. For patients with 
symptomatic knee OA, s-levels of resistin were 
positively and independently associated with 
cartilage defects and bone marrow lesions, 
whereas s-Il-17 was significantly associated with 
both conditions [260]. Further, concentration sf- 

visfatin has been shown to be significantly 
greater in patients with knee OA compared to 
control subjects. Patients with severe knee OA 
have shown a significant increase in visfatin lev-
els, which also positively correlated with articu-
lar cartilage degradation markers of collagen 
type II (CTX-II) and of aggrecan (AGG1 and 
AGG2) [282].

Strong evidence in the literature indicates that 
u-CTX-II and s-COMP are the most consistently 
associated biomarkers with the presence, inci-
dence, and progression of knee OA [180, 181]. 
However, one study reported that although 
u-CTX-II and s-COMP were positively 
 associated with the presence and progression of 
knee OA, both biomarkers were negatively asso-
ciated with the incidence of OA [180]. The 
authors speculated that low levels of cartilage 
and subchondral bone turnover in the earliest 
phases of knee OA may explain this latter find-
ing. However, another study reported u-CTX-II 
as a prognostic marker for knee OA progression 
with s-COMP level as prognostic marker for 
incidence of knee OA [181]. The s-COMP levels 
of patients with confirmed clinical isolated knee 
OA have been shown to positively correlate with 
the patient age, BMI, pain score, and Il-1β [135]. 
Elevated serum and u-levels of COMP and 
CTX-II are shown to be associated with increased 
OA severity and body size [184]. Also, this study 
showed that COMP levels were associated with 
pain and stiffness but not functioning, while 
CTX-II elevations were associated with stiffness 
scores [184]. HA and COMP concentrations 
were found to be significantly higher in the knee 
OA patients with early signs of cartilage damage 
suggesting its utility to predict early cartilage 
lesions in the knee [365]. However, in another 
study, the s-HA and -COMP levels were signifi-
cantly higher in patients with larger amount of 
effusion and/or synovial proliferation (indicative 
of inflammatory changes and severe OA) than 
patients with early-stage OA [366]. It has been 
shown that TNF receptor type II, COMP, and 
epitope 846 discriminate OA patients from con-
trols [361]. Further, patients with knee OA 
showed s-YKL- 40 levels that were positively 
related to symptomatic severity determined 
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using Western Ontario and McMaster 
Universities Osteoarthritis Index (WOMAC) 
scores for pain and physical disability as well as 
OA severity [153, 154]. The risk of pre-radio-
graphic OA (ROA) versus no OA controls 
increased with elevated u-C2C levels, whereas 
the risk of ROA versus no OA increased with 
elevated levels of u-CTX-II and u-C2C, and the 
risk reduced with elevated s-PIICP levels. 
Further, this study reported that the ratios of col-
lagen type II degradation markers to collagen 
synthesis markers were better able to differenti-
ate the stage of OA compared with levels of an 
individual marker [111]. This finding was cor-
roborated by another study that showed a greater 
s-level of C2C and PIICP ratio associated with 
an increased progression of OA [367]. The ele-
vated levels of u-CTX-II in patients with severe 
knee OA was supported in another study [188].

Aggrecanase cleaved fragments of aggrecan 
have been detected in the serum and urine of OA 
patients [82]. Several MMPs, namely, MMP-1, 
MMP-3, MMP-9, and MMP-13, have been 
shown to play important roles in the degradation 
of articular cartilage in OA joints [294]. The 
decreased sf-MMP-1 levels in OA patients 
reflected the severity of OA (negative correlation) 
and perhaps the integrity of the SZ of articular 
cartilage [242]. Synovial fluid obtained from OA 
patients undergoing TKA showed significant 
high levels of Il-1β, MMP-1, and MMP-3 com-
pared to healthy controls [248]. Elevated serum 
and sf-levels of MMP-1, MMP-3, and MMP-13 
have been reported to distinguish knee OA with 
varying degrees of articular cartilage degradation 
from healthy knee [248, 265, 368]. Further, at the 
late- stage knee OA (grade 3 and 4), elevated lev-
els of serum and sf-MMP-13 and -TNF-α as well 
as sf- PLA2 have also been reported [245, 265]. 
In this study the elevated MMP-13 levels signifi-
cantly correlated with the WOMAC scores. 
However, one study reported a negative correla-
tion between sf-MMP-1 and severity of OA, 
which may have been caused due to degradation 
of the various cartilage zones starting from the 
SZ during the progression of OA [242]. High-
activity PLA2 (pro-inflammatory) levels have 
been reported in the sf of patients with knee OA 

[245]. At early stages of OA, s-ADAMTS-4 lev-
els are significantly higher compared to interme-
diate or severe- stage OA and healthy controls, 
whereas in the intermediate and severe OA 
patients, the s-levels of ADAMTS-5, MMP-1, 
and MMP-3 were significantly higher than those 
in early-stage OA patients and healthy controls 
[250]. This result suggests s-ADAMTS-4 is a 
potential indicator for the diagnosis of OA at an 
early stage. Overall, the combination of bio-
chemical assessment of PG fragments, COMP, 
and MMPs (MMP-1, MMP-3, and MMP-13) and 
the balance between MMP-3 and its inhibitor 
(TIMP) in sf appear to be good indicators of joint 
tissue damage in the early and later stages of OA. 
OARSI published a set of recommendations for 
the use of soluble biomarkers that included knee 
sf-levels of ADAMTS-4 and aggrecan ARGS 
neoepitope fragments as well as plasma chemo-
kine (CeC motif) ligand 3 (CCL3) as novel bio-
markers of OA [29, 369].

Cytokines (Il-1α, Il-4, Il-6, Il-15, Il-18, and 
TNF-α) in the plasma and knee sf have been 
associated with the level of OA severity, whereas 
baseline Il-18 is linked with the prediction of OA 
progression [28, 257, 261, 304, 305]. Serum lev-
els of Il-6 and TNF-α have also been associated 
with the increased prevalence of tibial plateau 
space narrowing and prediction of knee cartilage 
volume loss [253]. Among early-stage knee OA 
patients, elevated levels of s-Il-15 have been 
reported compared to late-stage OA, which is 
also associated with the Il-6 levels [305]. Il-18 
levels are significantly increased in the plasma, 
sf, and articular cartilage of patients with primary 
knee OA patients compared to volunteers, and 
these elevated levels were positively correlated 
with radiographic severity [261]. In OA patients, 
the sf-level of CCL2 was shown to independently 
and positively associate with self-reported greater 
pain and physical disability suggesting the utility 
of this biomarker for assessing symptomatic 
severity of OA [342]. The elevated serum and sf- 
CCL 13 levels in patients with knee OA also sig-
nificantly correlated with the radiographic OA 
severity evaluated by KL grading system [370]. 
Chemokine interferon gamma inducible protein 
10 (CXCL-10) in plasma and sf have shown to be 
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inversely associated with radiographic knee OA, 
whereas high levels of sf-CXCL-12 were associ-
ated with radiographic severity of OA evaluated 
using KL grading system [249, 371]. Fractalkine 
(CX3CL-1) in knee sf and serum has been 
reported to significantly increase in patients with 
knee OA, and both levels are significantly associ-
ated with the OA severity evaluated by KL grad-
ing system and also positively associated with 
self-evaluated greater pain and physical disability 
assessed using WOMAC index [372, 373].

Significant increases in serum and sf- 
pentosidine levels have been reported in patients 
with OA, which also correlated with increased sf- 
COMP level  [129]. Although aging-associated 
changes in articular cartilage ECM and chondro-
cytes are known as important causative factors in 
OA, a report in human knees has shown an 
inverse relation between pentosidine and carti-
lage degradation in late-stage OA [132]. Further, 
findings in the Hartley guinea pig model of spon-
taneous knee OA showed that AGEs accumula-
tion due to intra-articular ribose-containing 
injections did not enhance disease progression 
[374]. These results suggest that pentosidine is a 
marker of joint aging but not specifically of knee 
OA.

4.5  Postsurgery Changes 
in Knee Synovial Fluid 
Biochemical Markers 

Arthroscopic surgery (AS) of the knee is a mini-
mally invasive surgical procedure which involves 
examination of the knee structures and some-
times treatment of knee damage. It is performed 
using an arthroscope, which is inserted into the 
knee through a small incision to allow lavage to 
remove abnormalities such as cartilage fragments 
and calcium crystals, and debridement to surgi-
cally remove degenerated cartilage, leaving a 
stable edge and a smooth articular surface, and to 
excise osteophytes. Synovial fluid biomarkers 
have the capacity to reflect the intra-articular 
environment before surgery and potentially pre-
dict postoperative clinical outcomes [247]. KS is 
found mostly exclusively in articular cartilage, 

whereas CS and specifically C4S predominate in 
other knee tissues such as synovium, meniscus, 
and ligaments [375, 376]. Therefore, increases in 
s-KS levels in OA patients are primarily attrib-
uted to enhanced cartilage degradation in affected 
knees [377].

In a study, the temporal changes in sf-levels of 
C4S, C6S, and KS associated with cartilage 
metabolism were investigated post AS [378]. 
Fluid from 25 knees (n  =  24 patients) was 
obtained immediately before surgery and after 
AS at 2, 4, 8, and 12  weeks. The KS level 
decreased significantly at 2  weeks after AS, 
whereas C6S, C4S, and total CS levels did not 
change. Further, a strong, positive correlation 
was detected between C6S and KS levels at 
12 weeks. These results suggest suppressed carti-
lage metabolism post AS.  Two years following 
AS, seven patients required either total or uni-
compartmental knee arthroplasties.

Surgical interventions to repair a cartilage 
lesion can cause increased levels of anabolic and 
catabolic factors. A study investigated MMP-3 
and IGF-I concentrations before autologous 
chondrocyte transplantation of the knee and after 
cartilage repair [379]. Synovial fluid samples 
were collected from 10 patients before and 1 year 
post the repair procedure. The control group 
comprised of 15 patients undergoing knee 
arthroscopy for various symptoms but without 
apparent cartilage lesions. Before repair proce-
dure, both MMP-3 and IGF-I were higher in 
patients having cartilage lesions than in control 
subjects with no cartilage lesions. The elevated 
levels for both MMP-3 and IGF-1 persisted 1 
year post cartilage repair, and arthroscopic evalu-
ation showed the lesions were filled with repair 
tissue. However, the levels of MMP-3 and IGF-I 
remained elevated, indicating either graft remod-
eling or early degeneration [379]. In another 
study, 49 OA patients with end-stage knee or hip 
OA who underwent joint replacement surgery 
showed elevated sf-Il-6 levels (N = 8 patients), 
indicative of a pro-inflammatory response to 
postsurgical procedure [380].

Inflammatory cytokines and cartilage degra-
dation biomarkers are elevated at the time of 
acute knee injury and postoperatively. These 
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biomarkers can be elevated in the sf several 
years after reconstruction of the anterior cruci-
ate ligament (ACL), indicating an ongoing 
homeostatic imbalance between ECM destruc-
tion and repair. This suggests that patients who 
sustain ACL rupture are at increased risk to 
develop post-traumatic arthritis (PTA) in the 
injured knee whether the ACL is reconstructed 
or treated nonoperatively. One mechanism for 
PTA may be an inflammatory degradative pro-
cess initiated on the acute injury that is sus-
tained for some period of time independent of 
whether adequate joint stability is restored. In a 
cohort of 11 patients who had undergone ACL 
reconstruction 8 years earlier, knee sf was aspi-
rated from the operated knee and the contralat-
eral nonoperated knee to evaluate levels of 
inflammatory cytokines and cartilage degrada-
tive markers [381]. At follow-up, the patients 
underwent bilateral weight-bearing radiographs 
and bilateral MRIs of their knees. The sf con-
centrations of Il-1β, Il-6, TNF-α, GAGs, ARGS- 
aggrecan, or COMP did not show significant 
differences between the operated and the con-
tralateral knee. However, significant radio-
graphically visible OA lesions were observed in 
the operated knees compared with the contra-
lateral knees. MRIs revealed that all grafts and 
all contralateral ACLs were intact and con-
firmed that there was significantly more menis-
cal and cartilage damage in the operated knees 
than the contralateral knees. The limitation of 
this study is the lack of baseline levels of the 
biomarkers used post the repair procedure for 
comparison. Further, unilateral knee injury is 
reported to affect the sf concentrations of sev-
eral biomarkers in the contralateral uninjured 
knee of the same patient [216]. This might 
explain the reason why even though there were 
significant OA changes, meniscal and cartilage 
damage in the operated knee, as seen on weight-
bearing radiographs and MRI, there were no 
significant differences in biomarker levels 
between the nonoperated and the ACL-
reconstructed knee.

These studies highlight the clinical utility of 
biomarkers in assessing the structural integrity 
and cartilage metabolism of injured and repara-

tive tissue before and after cartilage repair proce-
dure as well as at follow-up.

4.6  Limitations of Cartilage 
Biochemical Markers

Identification of appropriate biological markers 
for disease activity in OA or other types of arthri-
tis is a challenging and complex endeavor. While 
some limitations may be related to the assay 
itself, type of assay, and reproducibility of the 
technique used, others may be related to environ-
mental conditions such as food intake, physical 
activity, and circadian rhythms [172]. All these 
conditions must be verified before the use of an 
assay in clinical study. Further, analysis of the 
level of articular cartilage-specific biochemical 
markers should be taken into consideration and 
be adjusted for several confounding factors such 
as age, gender, BMI, and bone status for markers 
of bone turnover. The presence of other knee tis-
sue lesions or disease as well as presence of 
severe kidney or liver disease could distort the 
interpretation of a biomarker value.

To date, several markers have been used in 
clinical and animal studies either by themselves 
or in combination. However, only a few studies 
specify the stage (severity level) of the disease. 
Lack of the specification of the stage of disease 
can result in the misinterpretation of data because 
the level of joint markers could vary depending 
on the stage of the disease. Although markers of 
knee articular cartilage degradation have been 
evaluated, the clinical utility of these markers can 
be limited due to the anatomic location of the 
degradation which could either arise from a focal 
area of cartilage with severe degradation or from 
a larger area with very mild degradation.

Several factors including variations in the 
immunochemical reactivity, the possible pres-
ence of degradation fragments of non cartilage 
tissues in serum, and the dependence of vitamin 
K status for adequate enzymatic carboxylation 
may complicate the result interpretation of bio-
chemical markers of articular cartilage. During 
the early-stage of cartilage lesions in disease, 
sensitive serum or urinary indices for cartilage 

4 Articular Cartilage Metabolism: Biochemical Markers and Dynamic Loading



148

metabolism and, importantly, development of 
more specific markers are required to identify 
and differentiate articular cartilage reparative 
response and cartilage remodeling.

Several PG cleavage products and enzyme 
activities reflect formation as well as degradation 
of cartilage. Clinical studies have demonstrated 
that the concentration of s-KS epitope and -HA 
are on average higher in OA patients than in nor-
mal group [377, 382, 383]. The increased level of 
KS was associated with cartilage destruction or 
response to acute injury. However, the overlap 
between healthy and diseased individuals was 
almost complete [18]. The large range of normal 
values and small, if any, changes with disease 
combine to make a single observation of little 
diagnostic use. For example, the values in the 
upper range of normal may reflect high metabolic 
turnover or could actually reflect degenerative 
joint disease. Substantial interindividual variabil-
ity was observed in the increase of KS level, 
which was consistently higher in the OA patients. 
KS is also present in the aorta and cornea; there-
fore, it is not a cartilage-specific molecule. 
Further, increased s-KS levels did not reflect the 
cartilage histological changes. Some animal 
studies also indicate that s-KS is not a reliable 
marker for the activity of OA [384]. Although 
HA has been documented among the best candi-
dates as markers for cartilage metabolism, HA is 
more a marker of synovial membrane hyperplasia 
and hyperactivity rather than that of cartilage per 
se. Thus, determining the concentrations of s-KS 
epitope and -HA as reliable markers for the diag-
nostic test for OA cartilage damage seems to be 
presently of limited value.

In OA patients, COMP is modified only in the 
presence of substantial and sustained local over-
production. Also, neither plasma nor serum lev-
els of CMG have been found to reflect the extent 
of cartilage degradation. YLK-40 has been iden-
tified in human synovial fibroblasts, and YLK-40 
mRNA is expressed strongly in chondrocytes 
and liver. YLK-40 is weakly expressed in the 
brain, kidney, and placenta and in small amounts 
in the heart, lungs, skeletal muscle, pancreas, 
mononuclear cells, and skin fibroblasts. Although 
an increased serum and sf-YLK-40 level in 
patients with OA has been reported, suggesting 

that YLK- 40 may be a useful marker for assess-
ing articular cartilage degradation, it is not carti-
lage specific.

Assessment of the urinary and sf concentra-
tions of Pyd crosslinks in RA and OA patients 
showed that u-Pyd and Dpyd levels were signifi-
cantly greater in RA than in OA patients [124]. 
The sf from both groups showed only relatively 
small amounts of Pyd. This is indicative of either 
a flaw in the experimental design or in the tissue 
processing, or alternatively it could support the 
hypothesis of an extraskeletal origin of Pyd in 
chronic joint diseases. Although Pyd crosslinks 
have been extensively used as markers of bone 
resorption, inconsistency in the published results 
question their utility as bone-specific resorption 
markers. Crosslink levels in knee articular 
 cartilage of partially meniscectomized rabbits 
were compared with those occurring during 
aging. The total Pyd content did not change with 
age or OA, a result which does not corroborate 
the previous findings. The total pentosidine con-
centration, as expected, increased significantly 
with age but remained constant with OA [207]. 
Although the Pyd/Dpyd ratio is used as a marker 
to distinguish between destruction of cartilage 
and bone collagen, the usefulness of Pyd/Dpyd 
ratio is questionable based on a study that 
reported a discrepancy in this ratio in urine and 
serum samples of 38 RA patients [120]. A corre-
lation between serum and u-level was demonstra-
ble for Pyd, but not for Dpyd. Since bone 
metabolizes at a higher rate than articular carti-
lage, crosslink levels from urine or serum sam-
ples generally reflect bone metabolism. Further, a 
great variability between the urinary crosslinks 
and the clinical activity has been reported [198]. 
Pyd and Dpyd are products of collagen turnover 
from the bone, cartilage, tendon, and ligament. It 
is difficult to distinguish between Pyd and Dpyd 
of collagen type I (mostly bone derived) and col-
lagen type II (cartilage specific). Pyd levels but 
not the Dpyd were significantly elevated in the 
patients with active inflammatory disease and 
strongly correlated with the inflammatory activ-
ity. An accurate quantitative marker of bone and 
cartilage breakdown should be used as a tool for 
monitoring disease activity in OA, RA, and pos-
sibly in other joint diseases.
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In view of the above concerns, what values do 
current biochemical markers have for clinical 
utility? For individuals, selected markers can be 
used as indices of response to either cartilage or 
bone disease-modifying strategies. These mark-
ers tend to change more rapidly than imaging and 
so can be useful for monitoring therapy.

A biochemical marker, which primarily 
reflects cartilage metabolism, would be useful for 
assessing the stage of disease and in evaluating 
new therapeutic regimens. An ideal cartilage bio-
chemical marker should be sensitive to change in 
cartilage structure and/or biochemistry and 
would reflect disease progression over time. To 
obtain accurate and reliable results, levels of the 
marker should be correlated with the severity of 
the joint disease. Tissue sample or tissue fluid 
sample, and the sensitivity and accuracy of tech-
nique used for processing plays a crucial role in 
the result outcome. For example, extensive ana-
lytical preparation of urine samples could lead to 
substantial loss of the marker hence inconsis-
tency in the results.

An ideal set of biological markers would dis-
tinguish and measure arthritis activity and pro-
gression. Most importantly, an ideal biomarker 
would be sensitive and specific to identify the 
early-stage of joint disease. To date, an ideal 
marker for cartilage metabolism and destruction 
is still not available. Currently available bio-
chemical markers for the detection of degrada-
tion processes of cartilage are largely non-specific. 
Further studies should be directed toward defin-
ing the biological and pathological profiles that 
are capable of distinguishing cartilage lesions 
from those of bone and synovium. Also these 
studies should be able to separate cartilage cata-
bolic from anabolic activity as well as determine 
and/or monitor the extent and stage of the carti-
laginous lesions.

4.7  Biochemical Markers 
During Dynamic Loading

The unique biological and mechanical properties 
of articular cartilage depend on its complex 3D 
architecture and the interactions of its biochemi-
cal constituents, mainly water, electrolytes, col-

lagen, and PGs as well as the interactions between 
the ECM molecules and the chondrocytes [9, 
385, 386]. Biomarker response to knee loading 
assesses function as a measure of holistic joint 
health. Post knee injury, gradual return to physi-
cal activity enables the joint tissue to adapt to 
load, and biomarker responses to physical activ-
ity may be monitored to determine appropriate 
level of loading for return to activity. In response 
to several activities, changes in sf bone and carti-
lage biomarkers occur, and are influenced by 
variables such as body weight, load, and duration 
of activity [326]. Within the normal physiologic 
range of pressure, the cartilage matrix is intrinsi-
cally incompressible when loaded [387]. Studies 
using OA induced animal models reported that 
the physiological level of mechanical loading 
regulates and effectively manages increases in 
cartilage chondrocyte endoplasmic reticulum 
stress and autophagy, which in turn has the poten-
tial to delay the onset of OA and to mitigate OA 
symptoms [388, 389]. While mild/moderate 
mechanical loading is necessary for maintaining 
healthy knee articular cartilage and subchondral 
bone, abnormal physiological knee loading, 
including disuse and overuse, increases the risk 
of cartilage injury, degeneration and OA [390–
392]. Mechanical impact force can induce simple 
fibrillations (no branching) in aging or OA carti-
lage, which often extends deep to superficial car-
tilage as clefts. The mechanical changes of 
degenerated human cartilage include decreased 
stiffness in compression, tension, and shear, as 
well as increased permeability to fluid flow [393, 
394]. In vitro experiments have shown that both 
static and dynamic compressive stress decreases 
PG biosynthesis (range 25–85%), and this inhibi-
tion is proportional to the applied stress but inde-
pendent of loading time [395].

Mechanical forces have great influence on the 
synthesis and rate of turnover of articular carti-
lage molecules [396, 397]. The chondrocyte 
interactions with ECM are one of the key events 
in the mechanotransduction of chondrocytes [9, 
398]. Several in  vitro studies using cartilage or 
OC explants investigated the effects of load mag-
nitude, frequency, and duration on the macromo-
lecular biosynthesis, loss, and structural 
deformation as well as chondrocyte viability 
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[399–401]. Regular cyclic loading of the joint 
enhances PG synthesis and augments cartilage 
stiffness. The results from these studies confirm 
that an increased duration and intensity of load-
ing stimulated the inhibition of PG biosynthesis, 
while PG loss is only modulated by increasing 
the magnitude and duration of loading.

In response to physical activities and knee 
loading, investigation of the changes in the levels 
of key biomarkers in the body fluids could pro-
vide an important information regarding patients 
with knees that are failing to adapt to a given 
loading stimulus. In an in vitro experiment, the 
enhanced expression of COMP was found to be 
sensitive to long-term cyclic compression of calf 
articular cartilage explants [402]. In young 
healthy adults, load-induced increases in sCOMP 
was reported with increasing ambulatory load 
magnitude, indicating a dose-response relation-
ship between ambulatory load magnitude and 
load-induced changes in sCOMP [403]. During 
physical exercise as well as recreational and 
competitive sports, an increased s-COMP level is 
associated with acute effects on the deforma-
tional behavior of knee articular cartilage, which 
may be attributed to the impact of loading [327, 
328, 404]. Also, among patients with medial 
compartment knee OA, an increase in s-COMP 
levels by the mechanical stimulus of daily 30-min 
walking activity revealed thinning of articular 
cartilage at a 5-year follow-up (visualized with 
MRI), suggesting the utility of COMP as a 
mechano- sensitive biomarker [219]. However, 
one must appreciate that the compromised integ-
rity of OA articular cartilage relative to a healthy 
articular cartilage may have contributed to the 
observed cartilage thinning.

Depending on the local mechanical demands 
on the healthy knee articular cartilage, MMPs 
play an important role in regulating the cartilage 
homeostasis. In response to mechanical pres-
sure, loading of healthy articular cartilage 
reduced MMP-1 and MMP-3 synthesis [405]. 
However, this homeostatic regulation is com-
promised in injured and diseased cartilage, 
which results in increased sf-MMP-1, MMP-2, 
and Il-β [60, 241, 248].

Thinning of articular cartilage increases the 
cartilage shear stresses, particularly within the 
deep zone (DZ), and this is associated with tide-
mark advancement and reduplication, thickening 
of the zone of calcified cartilage (ZCC), and sub-
chondral bone sclerosis. These events are associ-
ated with the attempt of articular cartilage and 
bone to repair in response to the injury. 
Furthermore, tensile stress occurs at the articular 
surface and in regions close to the cartilage-bone 
interface [406]. This stress on cartilage surface 
may initiate the fibrillation and fissures noted in 
diseased articular cartilage [407]. The sf-PIICP 
levels from 65 patients radiologically diagnosed 
with primary early OA of the knee correlated 
with mechanical risk factors, namely, obesity 
(BMI) and varus alignment (lateral femorotibial 
angle) [91]. This finding was confirmed by 
another study that reported PIICP evaluation is 
sensitive in the evaluation of risk factors of OA, 
which includes obesity and joint instability [64]. 
This finding suggests that altered mechanical 
stress due to obesity and varus alignment 
enhanced the chondrocytic synthesis of collagen 
type II. A study demonstrated that in vivo loading 
during walking, which is consistent with carti-
lage water exudation and an increase in sf-PG 
concentration, correlated with decreased MRI 
T1rho relaxation times, which corroborated in-
vitro experiments as well [408, 409]. These find-
ings suggest that combining cartilage MR 
imaging and sf biomarkers can provide a nonin-
vasive tool for characterizing changes in the bio-
chemical and biomechanical environment of the 
joint.

4.7.1  Superficial Zone Molecules

The process of chondrolysis releases COMP, 
which was detected in the cartilage SZ. In an ex- 
vivo experiment, mature bovine cartilage explants 
were cyclically loaded at 0.5  Hz with 1 and 
5 MPa for 1, 6, and 24 h to evaluate cell viability 
and ECM integrity [410]. Mechanical cyclic 
loading caused chondrocyte death and PG loss 
within 6 h starting from the articular surface and 
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increasing in cartilage depth with loading time. A 
decrease in the 7D4 epitope (native CS) in the SZ 
of cartilage loaded for longer than 1 h was noted; 
but, in the DZ, an increase in the 7D4 epitope was 
noted at the pericellular matrix (PCM) surround-
ing the chondrocytes [410]. The degraded/abnor-
mal C4S neoepitope appeared only in cartilage 
loaded under the most severe condition (5 MPa, 
24 h). The elevation of MMP-3 was co-localized 
with fragmented collagen (COL2 -3/4 m) at the 
SZ in explants loaded with 1 and 5 MPa for 24 h 
[410]. Following chondronecrosis due to exces-
sive loading, the increase in MMP-3 levels can 
induce PG depletion and ECM degradation in 
mechanically injured articular cartilage.

4.7.2  Running

Regular exercise protects against degenerative 
joint disorders. In a study involving 33 healthy 
athletes, the level of biomarkers was measured 
from the sf (aggrecan, MMP-3, TIMP-1, and 
PIICP) and serum (aggrecan, hyaluronan, and 
KS) at 24 h before and 30–60 min after running 
(9 athletes ran on a treadmill for 60 mins and 16 
ran on road for 80  min) or playing soccer (8 
played the game for 90 mins) [329]. For compari-
son, sf and serum samples were obtained from a 
reference group of 28 patients with knee pain but 
without evidence of joint pathology or injury. All 
biomarkers measured from the joint fluid samples 
showed an increasing trend with exercise. 
Further, all markers except MMP-3 showed lower 
concentrations in athletes at rest compared to the 
reference group. The concentration of s-KS from 
runners before exercise was significantly higher 
than in both the soccer and reference groups and 
further increased after exercise [329]. The 
increased levels of biomarkers after exercise 
appear to reflect an effect of mechanical loading 
in combination with a possible high turnover rate 
of body cartilage matrix in these individuals.

Articular cartilage turnover and load-induced 
biochemical changes were assessed by evaluating 
cartilage biomarker levels in serum in a cohort of 
volunteers (n  =  36) participating in multistage 

ultramarathon running [36]. Blood samples were 
collected before and at four time points (approxi-
mately equal distance) during the 4486-km mul-
tistage marathon. Significant elevation in 
s-COMP, -MMP-9, and -MMP-3 levels were 
noted throughout the multistage ultramarathon 
and changes in MMP-3 level positively corre-
lated with those of COMP level [36]. Elevated 
s-COMP levels among multistage ultramarathon 
runners indicate COMP turnover in response to 
extreme running [36]. Further, the association 
between elevated s-COMP and load-induced 
increase in MMP-3 suggested the possibility of 
MMP-3 involvement in the degradation of 
COMP.

The effect of running on knee intra-articular 
and circulating markers of inflammation and car-
tilage turnover was investigated in six healthy 
recreational runners [404]. Each participant com-
pleted a running (30 min) and control (unloaded 
for 30 min) session in a counterbalanced order. 
Serum and sf samples were taken before and after 
each session. The control condition did not 
change cytokine concentrations. A trend for 
decreasing Il-15 concentration was noted from 
pre- to post-run. A decreased s-COMP and an 
increased sf-COMP was seen in the control con-
dition, while the run state induced an increase in 
s-COMP and a decrease in sf-COMP. Also, the 
pre- to post-intervention changes in serum and sf- 
COMP were inversely related. These results sug-
gest that running decreases knee intra-articular 
pro-inflammatory cytokine concentration and 
facilitates the movement of COMP from the joint 
space to the serum.

4.7.3  Exercise

As a marker of cartilage degradation, COMP is 
the most frequently investigated biomarker in 
studies pertaining to response to load and physi-
cal activity. In response to physical exercise, 
acute effects on the deformational behavior of 
articular cartilage and temporary dose-dependent 
increase in the concentration of COMP that grad-
ually returns to baseline level are known [326, 

4 Articular Cartilage Metabolism: Biochemical Markers and Dynamic Loading



152

327]. The adequate amount and impact of physi-
cal exercise to stimulate the functional behavior 
of articular cartilage was investigated in 44 
healthy males (age range 21–32  years) [327]. 
Their physical-fitness levels were recorded, and 
serum samples were collected before, immedi-
ately after, and half an hour after a 30-min walk-
ing exercise at a self-selected pace. Each 
participant was then assigned for a 12-week dura-
tion to one of the following activity groups: run-
ning, cycling, swimming, or control. Pre-test 
measurements showed a significant elevation of 
s-COMP levels by 5–10% in all groups after 
30 min of walking activity, which was also ele-
vated in all post-test groups except running, sug-
gesting that running decreases the deformational 
effect of walking activity [327]. This finding was 
confirmed by another study, which aimed to iden-
tify walking and running mechanics that are asso-
ciated with acute changes in s-COMP due to 
ambulation in 18 healthy volunteers (age range 
21–25  years) [411]. The study design included 
instrumented treadmill on three separate days 
with each day corresponding to a different ambu-
lation speed: slow (preferred walking speed), 
medium (+50% of slow), and fast (+100% of 
slow). Serum samples were collected at pre-, 
post-, 30-min post-, and 60-min post-ambulation. 
Serum COMP increased 29%, 18%, and 5% 
immediately post-ambulation for the fast, 
medium, and slow sessions showing that elevated 
s-COMP concentration correlated with increased 
ambulation speed. Elevated s-COMP levels cor-
responded to increased load [330, 412]. Self- 
selected walking on a treadmill with unadjusted 
body weight caused a 10% increase in COMP, 
whereas the same walking task with a weighted 
vest increased COMP concentrations by 22% 
[412]. Increased intensities, such as walking on 
an incline, significantly elevated COMP concen-
tration levels in comparison with a walking on a 
level surface. To investigate the effect of inclined, 
uphill walk (loading activity) on the serum bio-
markers level, healthy participants (N = 82) were 
divided into the experimental (N = 58) and con-
trol (N = 24) groups [330]. While participants of 
control group walked for 14 km on a horizontal 
pathway, the participants of experimental group 
walked for the same distance on an inclined 

(5.970) pathway. Serum was collected prior to, 
immediately after, and 24-h post walking. 
Immediately after the walk, the s-COMP level of 
the experimental group was significantly higher 
than that of the control group demonstrating the 
association of additional loading on articular car-
tilage with elevated COMP levels [330].

4.7.4  Sports: Recreational 
and Competitive

Healthy articular cartilage and joints are essential 
to maintain athletic performance and general 
activities. In the maturing athlete, numerous fac-
tors affect the knee mechanical function ranging 
from chondrocyte survival and metabolism, 
structural composition, age-related changes for 
joint homeostasis, repetitive knee injury to 
genetic/epigenetic factors governing articular 
cartilage, synovium, and other joint tissues. 
These mature athletes face challenges in main-
taining healthy cartilage and joint function due to 
inevitable age-related changes to articular carti-
lage biology, morphology, and physiology [413]. 
The age-related change that impacts the athlete’s 
performance includes chondrocyte necrosis and a 
decline in its metabolic response, alterations to 
matrix and synovial tissue composition, and dys-
regulation of intrinsic reparative responses [413].

Longitudinal changes in biomarkers of knee 
articular cartilage turnover and their association 
with patient-rated outcomes over 2  years were 
investigated in 37 volleyball athletes [22]. 
Eighteen adolescents (age range: 15–16  years) 
were in a 2-year intensive volleyball training pro-
gram and 19 adults (age range 41–50 years) were 
recreational volleyball players. Among the ado-
lescents, 13 were skeletally immature with open 
growth plates at baseline, and all but one adoles-
cent had closed growth plates at follow-up as 
revealed by MRI. Blood and serum samples were 
taken at baseline and 2-year follow-up. Subjects 
completed the IKDC Subjective Knee Form and 
the 36-Item Short-Form Health Survey (SF-36) at 
baseline. At baseline all adolescents had greater 
levels of the cartilage degradation-based biomark-
ers, 45 mer collagenase peptide of collagen type II 
(C2C-HUSA ELISA kit), and CTX-II than adults. 
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Baseline open adolescents showed decreased 
C2C-HUSA, PIICP (collagen synthesis marker), 
and CTX-II, while adults showed increased carti-
lage intermediate layer protein 2 (CILP-2) and 
C2C-HUSA. In adolescents, IKDC scores corre-
lated with PIICP changes, and in adults SF-36 
Physical Component Scores correlated with 
COMP changes. Elevated levels of C2C-HUSA 
and CTX-II in adolescents compared to adults 
may reflect increased cartilage turnover in 
response to higher knee loading. Further, PIICP 
and COMP positively correlated with the subjec-
tive patient outcomes, suggesting the benefit of 
using these markers in assessing mechanical load-
ing-induced cartilage changes, their associated 
symptoms, and risk of OA in athletes [22].

A study investigated the longitudinal effect of 
intense, continuous physical activity on s-COMP 
levels and patient-reported outcomes (PRO) val-
ues in 29 National Collegiate Athletic Association 
soccer athletes (18 men, 11 women; age range 
18–21  years) without a history of severe knee 
injury at the study phase over the duration of the 
spring soccer season [328]. The athletes partici-
pated in pre-, mid-, and post-season data collec-
tion sessions and completed PROs (Lysholm, and 
IKDC scores) before serum collection at each 
session. A significant elevation in COMP level 
was seen at mid- and post-season compared to 
pre-season as athletes reported (PROs) an 
increased level of function over time. In a compa-
rable outcome study, s-COMP levels were mea-
sured weekly in a group of six female collegiate 
soccer athletes over the duration of a spring soc-
cer season and 2 weeks following the conclusion 
of the season [414]. Eleven serum samples were 
collected on separate occasions: 1 week prior to 
the start of the season (baseline), once a week 
during the 8-week season, and once a week for 
2 weeks following the conclusion of the season. 
Minutes of participation were documented fol-
lowing all spring soccer activities for each week. 
Higher s-COMP levels were reported when the 
athletes’ participation in soccer-related activities 
was higher. This suggests an association between 
increased cartilage turnover and increased in 
physical activity.

Running a marathon causes strenuous joint 
loading. In a 10-week marathon training pro-

gram, blood samples were collected from 45 run-
ners of varying BMI and running experience 
before and after a 10-week marathon training 
program as well as before, immediately, and 24 h 
after each marathon race [331]. Serum biomarker 
concentrations (COMP, TNF-α, Il-6, and high- 
sensitivity CRP), BMI, and marathon finishing 
time were measured. BMI did not affect changes 
in biomarker concentrations, and differences in 
marathon finishing time explained the variability 
in changes in s-COMP and -hsCRP during the 
24 h recovery after the marathon race. As such, 
slower marathon finishing time but not a higher 
BMI modulated increases in pro-inflammatory 
markers or cartilage markers following a mara-
thon race.

The effect of running a marathon (mean time 
3  h) on the levels of adipokines and biomarker 
indices of cartilage metabolism was investigated 
in 46 male marathoners [415]. Blood samples 
were obtained before and after a marathon run to 
measure levels of MMP-3, COMP, and YKL-40 
and plasma concentrations of pro-inflammatory 
adipokines, namely, adiponectin, leptin, and 
resistin. Running a marathon more than doubled 
the MMP-3 levels and increased YKL-40 levels 
by 56% but had variable effect on COMP and 
negatively correlated with marathon time. The 
faster the marathon was run, the greater was the 
increase in MMP-3 levels. Further, an elevated 
level of resistin and adiponectin was noted, while 
leptin levels remained unchanged. The marathon- 
induced changes in resistin levels positively asso-
ciated with the changes in MMP-3 and YKL-40, 
and the pre-marathon resistin levels correlated 
positively with the marathon-induced change in 
YKL-40 [415]. These results show the utility of 
the biomarkers used to study the impact of run-
ning a marathon on cartilage metabolism and 
degradation.

In another study, sixty college student athletes 
undergoing high-intensity training for diverse 
types of aerobic sports (crew, cross-country 
 running, and swimming) and 16 non-athlete 
undergraduate controls participated in a cross-
sectional study to investigate the effect of skeletal 
stresses on cartilage and bone metabolism of ath-
letes involved with aerobic sports training [416]. 
Urine samples were collected for crosslinked 
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N-telopeptide (NTx) (bone resorption marker) 
and CTX-II (cartilage degradation marker). 
Athletes in training in the three sports revealed 
significant differences in the markers. NTx and 
CTX-II showed significant differences between 
groups before and after adjusting for BMI. NTx 
was highest in the rowers and was higher in row-
ers and runners than in swimmers or controls. 
CTX-II was significantly higher in runners than 
in crew, swimmers, or controls, when BMI was 
not adjusted. This study suggests the utility of 
NTx and CTX-II to reflect differences in skeletal 
stresses associated with individual strenuous 
training during various sports and the effect of 
these stresses on articular cartilage and bone 
metabolism.

Several factors are involved in the articular 
cartilage mechanical breakdown including direct 
lesion to the cartilage structure due to sports or 
accidental trauma, obesity, excessive repetitive 
loading of the cartilage, and/or joint immobiliza-
tion. Although sports activity, without traumatic 
injury, does not appear to be a risk factor for the 
cartilage degradation in the normal joint, such 
activity may have adverse consequences for an 
abnormal joint in the long-term because it may 
eventually lead to and even accelerate degrada-
tion of articular cartilage. Often resulting from 
accidents or sports knee injuries, blunt trauma of 
articular cartilage is associated with local inflam-
matory reactions and represents a major risk fac-
tor for development of post-traumatic OA [333, 
385, 417]. Several inflammatory and cartilage 
biomarkers have been identified in sf soon after 
trauma [43, 59, 157, 216].

4.8  Conclusions

Biomarkers can be helpful in assessing the status 
of knee articular cartilage such as homeostasis, 
injury, and degradation due to disease; however, 
their use and interpretation require caution and 
are often far from straightforward. While blood, 
urine, and synovial fluid analytes as surrogate 
biomarkers for articular cartilage function cur-
rently enjoy limited clinical utility, the need for 
these markers continues to propel considerable 

investigative activity. Among the many variables 
affecting cartilage biomarker levels is the biody-
namic load history in the individual. The several 
avenues toward improving cartilage biomarker 
clinical utility include more precise definition of 
cartilage disorders, e.g., osteoarthritis phenotyp-
ing, better understanding of analyte metabolism, 
biomarker assessment under conditions of active 
load, and algorithms incorporating biodynamic 
load considerations.
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Acute and Chronic Traumatic 
Cartilage Injuries of the Knee

Henry B. Ellis Jr

5.1  Introduction

Of injuries treated by an orthopedic surgeon, 
trauma to the articular cartilage of any joint 
requires special attention. Articular cartilage is a 
sacred structure, which is highly respected by 
sports medicine health professionals. From the 
early works of Dr. Salter [1] to chondrocyte 
implantation, the drive to repair, restore, or regen-
erate articular cartilage remains ongoing.

Traumatic chondral injuries have four distinct 
and different patterns. An osteochondral (OC) 
fracture or an acute OC separation is due to a 
single traumatic event of both cartilage and sub-
chondral bone from a shear force associated with 
an early effusion or hemarthrosis. Secondly, a 
defect in the articular cartilage, or a chondral 
defect, is a broad term used to define any lesion 
on the articular surface and the underlying hya-
line cartilage. A chondral defect may or may not 
be symptomatic. Another chondral lesion is a 
bone contusion, sometimes referred to as a bone 
bruise. This is an impaction injury to the articular 

cartilage that is demonstrated by subchondral 
edema on advanced imaging. A bone contusion 
can also have an associated chondral defect. 
Lastly, repetitive supraphysiologic loading of the 
knee creates a chronic type of traumatic injury to 
the articular cartilage that is associated and fre-
quently confused with primary idiopathic osteo-
arthritis (OA).

No matter what the cause of injury or the 
description of the lesion, a common goal exists to 
prevent progressive degeneration of the articular 
cartilage. Many injuries are common threads to 
articular damage, and frequently the treatment of 
articular cartilage is overshadowed by a more 
obvious and easily treated injury.

This chapter will focus on the natural history, 
classification, and incidence of knee injuries 
associated with acute and chronic traumatic artic-
ular cartilage injuries. We will also review pat-
terns of cartilage damage seen in various sports. 
Treatment of these injuries is beyond the scope 
this chapter and will be discussed in Chaps. 11 
and 12.

5.2  Natural History

The natural history of an isolated full-thickness 
chondral defect is not completely understood. 
Predictors of degenerative progression remain a 
mystery, as some chondral lesions continue to 
progress, while others have a natural ability to 
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heal and fill the defect [2–4]. A majority of full- 
thickness articular cartilage defects in adults do 
not spontaneously repair due to poor vascularity 
and subsequent lack of recruitment of progenitor 
repair cells [4, 5]. The size of the lesion (> 1 cm2) 
may be a risk factor for progression of the lesion 
and thus, leading to OA [4, 6, 7]. Lesions to the 
cartilage deep zone tend to have more functional 
loss and have a higher prevalence of progression 
to degenerative arthritis [8]. Also, lateral condyle 
chondral injuries tend to subjectively do worse at 
long term than medial defects [9].

Biomechanical data have suggested that areas 
surrounding focal defects, whether considered 
articulating or non-articulating, see an increase in 
contact pressure [10]. Knee articular cartilage 
focal defects (due to injury, aging or disease) 
along with location-dependent cartilage mechan-
ics alter the joint kinematics and deformation in 
the affected and opposing cartilages. Compared 
to healthy cartilage, the maximum compressive 
strains of small and average-sized focal defects 
are reported to increase by approximately 50% 
and 100%, respectively. Femoral defects affect 
the spatial distributions of deformation across the 
articular surfaces and also affect the opposing 
healthy tibial cartilage deformation [11]. There is 
also a tenfold increase in the shear strain on the 
opposing tissue around a focal defect [12]. 
Animal studies have demonstrated that focal 
chondral defects cause histologic cartilage 
changes not only in the affected compartment but 
also globally throughout the joint [13].

Despite these findings, clinical data have 
failed to show an inclusive progression to OA 
after focal chondral defects. Untreated lesions 
followed for 15 years demonstrated radiographic 
evidence of OA in only 39% of patients [14]. 
Patients with patellofemoral chondral defects 
were more likely to progress to OA. Regardless 
of the treatment, 5–8- year outcomes show 
improved knee function with no signs of degen-
erative arthritis [15].

Long-term data suggest that any significant 
knee injury increases one’s risk of future devel-
opment of OA [16]. The association of anterior 
cruciate ligament (ACL) injury and OA is well 
accepted; however, reports are conflicting on 
their relationship at long-term [17–19]. In a 

natural history study, Shelbourne reported on 
the untreated chondral defects identified during 
arthroscopy for an ACL reconstruction [9]. In 
this study, subjective scores at 6 years were 
worse in those with chondral defects than those 
without. At a 15-year follow-up of 36 patients 
after ACL reconstruction, Widuchowski 
reported no difference in the International Knee 
Documentation Committee (IKDC) subjective 
score, Tegner activity scale (TAS), or Lysholm 
score between patients with and without full-
thickness chondral defects [20]. In both studies, 
there was no difference in  radiographic appear-
ance of OA between groups [9, 20]. Using a 
regression analysis, others have found medial 
compartment chondral defects to be a strong 
predictor of OA following an ACL injury [21].

The natural history of bone contusion is con-
troversial and remains a topic of interest in the 
literature. Histologic samples obtained from 
articular cartilage overlying the subchondral 
edema represent degeneration or necrosis of the 
chondrocytes and loss of proteoglycan [22]. Most 
bone contusions resolve within 6 months; how-
ever, in some cases contusions can still be seen 
years after initial incident [23, 24]. The delay in 
resolution of a bone contusion is attributed either 
from continued subchondral stress, from lack of 
regression of the underlying edema, or from the 
trauma incurred during an ACL reconstruction 
[24]. Some early evidence suggests that there 
may be a future chondral thinning or cartilage 
degeneration occurring in areas with previous 
bone contusions, especially if there is damage on 
the chondral surface [22 , 25, 26].

A repetitive load on the articular surface of the 
knee may prevent adequate repair of surrounding 
chondrocytes when stressed. Prolonged activity 
beyond a certain threshold may lead to articular 
cartilage thinning and a reduction in the gly-
cosaminoglycan concentration [27]. Repetitive 
supraphysiologic loading on the articular surface 
eventually causes a release of degradative 
enzymes and apoptosis of chondrocytes [28]. If 
the articular cartilage is unable to recover, a 
chondropenic response is initiated, and further 
deterioration to OA develops [5].

Overall, the natural history of untreated chondral 
lesions remains clinically unclear. Biomechanical 
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and basic science data suggests the need to address 
these lesions to prevent further deterioration of the 
surrounding articular cartilage. In the coming years, 
long-term data with new management techniques 
and algorithms will further expand our understand-
ing of the natural history of the chondral lesions and 
the need for treatment.

5.3  Classification Systems

In order to accurately assess, document, and com-
municate articular cartilage lesions, a surgeon 
needs to consider the size, depth, and anatomic 
location of the lesion as well as the patient age and 
activity level. As with any classification, the 
description must provide prognostic information or 
assist with treatment decisions. Even with many 
proposed classification systems, experienced 
arthroscopists agree that a classification for articu-
lar cartilage needs improvement [29]. Refer to 
Appendix A for arthroscopic classification systems 
for chondral injuries.

Historically, the name Outerbridge is syn-
onymous with the classification of chondral 
defects. In 1961, Outerbridge described macro-
scopic changes seen on the undersurface of the 
patella while performing open meniscus sur-
gery [30]. This original description of chondro-
malacia of the patella has later been adapted 
and popularized to chondromalacia and chon-
dral injury at any location within the knee joint. 
The Outerbridge classification has also been 
adapted for assessing articular cartilage lesions 
in other large joints including the hip, ankle, 
shoulder, and elbow. A Grade 0 indicates intact 
and normal cartilage. Grade 1 describes soften-
ing, swelling, or blistering of the cartilage. In 
Grade 2, there is fragmentation and fissuring in 
an area half an inch or less in diameter. Grade 3 
also has fragmentation and fissuring; however, 
the area is greater than half an inch in diameter. 
In Grade 4, there is erosion down to the bone 
with visible subchondral bone. In a survey 
reported in 2009, greater than 80% of experi-
enced arthroscopic surgeons continue to use the 
Outerbridge classification [29]. A subsequent 
modification of this classification uses depth of 
fissuring as a distinction between Grades 2 and 

3 rather than the size of the chondral defect 
(Table 5.1) [31].

The Outerbridge classification has moderate 
accuracy among surgeons in both intra- and interob-
server testing [32, 33]. Interobserver reliability is 
substantial, with Cohen’s kappa index ranging from 
0.663 to 0.800 [33]. Patellar lesions are the most 
accurate between surgeons at an accuracy of 94%. 
As expected, surgeons with more experience tended 
to be more accurate [33]. Lower-grade lesions were 
less accurate than higher-grade lesions. However, 
there was still 81% and 94% agreement between 
Grades 2 and 3 lesions, respectively [32]. As 
reported by Marx, the tibial plateau lesions had 
decreased inter-observer reliability [32].

Critics of the original Outerbridge classification 
are concerned with the overlap in articular cartilage 
depth between Grades 2 and 3, as there may be 
treatment implications with differing depths of 
chondral lesions. Proposed additional classification 
systems [34-39] have failed to popularize partly 
due to their similarity or the complexity compared 
to the original Outerbridge classification and also 
due to the lack of available reliability. Further, 
these classifications have not proven to provide 
outcome or treatment data to date.

Both Insall [38] and Casscells [40] used clas-
sifications that are very similar to the modified 
version of the Outerbridge classification, making 
them difficult to differentiate. Ficat and 
Hungerford [39] presented a classification based 
on axial plain radiographs; however, classifying 
cartilage defects on plain radiographs is difficult 
and inaccurate. Bentley [37] felt that the size of 
the fissuring cartilage should guide treatment for 

Table 5.1 Modified Outerbridge classification for articu-
lar cartilage defects

Grade 0: Normal intact articular cartilage
Grade 1: Chondral softening or blistering with an 
intact articular cartilage
Grade 2: Shallow superficial ulceration, fibrillation, or 
fissuring involving less than 50% of the depth of the 
articular cartilage
Grade 3: Deep ulceration, fibrillation, fissuring, or a 
chondral flap involving 50% or more of the depth of the 
articular cartilage without exposure of the subchondral 
bone
Grade 4: Full-thickness chondral wear with exposure 
of the underlying subchondral bone

Modified from Potter et al. [31]
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symptomatic chondromalacia of the patella and 
further classified the fissuring cartilage by size. 
However, there is no grade for normal or intact 
lesions, as well as no grade for full-thickness 
lesions. The French Society of Arthroscopy 
(Société Francaise d’ Arthroscopie, SFA) pro-
posed a classification system to address the size, 
depth, and location of articular cartilage defect 
[36]. This system uses a visual analog scale 
(VAS) to quantify the depth of the defect to the 
subchondral bone. There is a substantial improve-
ment in the inter-observer reliability in this clas-
sification after appropriate training [41].

The Noyes classification focuses on four per-
tinent variables [35]. These include the appear-
ance of the articular surface, the depth of 
involvement, the size of the lesion diameter, and 
the location of the lesion. After scoring the chon-
dral defects, this system assigns a percentage as a 
compartment score that can further be averaged 
to obtain a global knee joint score (100% indicat-
ing a normal joint or compartment). A limitation 
of this classification system is the weighted 
emphasis on the size of the lesion, as a 15-mm-
sized lesion is twice the value of a 10 mm lesion. 
This ratio is also applicable to a 10 mm lesion, 
compared to a 24 mm lesion.

The International Cartilage Repair Society 
(ICRS) has further expanded the classification 
for articular cartilage defects and is included in 
the ICRS Cartilage Injury Evaluation Package, 
along with portions of the IKDC evaluation 
(Fig. 5.1) [42]. Grades 0–4 are similar to the 
modified Outerbridge classification previously 
mentioned. The ICRS classification includes 
additional subset that sets within Grades 1, 3, 
and 4. Grade 1a indicates only soft indentation, 
while Grade 1b has superficial fissures and 
cracks. ICRS Grade 3 has four additional sub-
groups. In Grade 3a, the depth of fissuring only 
includes greater than 50% of the cartilage 
depth, while Grade 3b fissuring goes down to 
the calcified cartilage layer. Fissuring to, but 
not through, the subchondral bone is a Grade 
3c. Deep fissuring with surrounding blistering 
is a Grade 3d. Grades 4a and 4b are determined 
by the size and depth of defect through the sub-
chondral bone (referred to an OC defect). The 
ICRS Cartilage Injury Evaluation Package also 

includes a detailed description of the size and 
location of the chondral defect and is extremely 
useful as a research tool. There is 80.9% agree-
ment when comparing open versus arthroscopic 
grading using the ICRS classification [43]. 
However, interobserver reliability during an 
arthroscopy was poor with a Cohen’s kappa 
index ranging from 0.052 to 0.308, depending 
on the compartment [44]. In one study, there 
was only 20% agreement between experienced 
surgeons using the ICRS classification intraop-
eratively [44].

In a comparison of arthroscopic classification 
with open assessment of chondral lesions, the 
mean size of the defects was overestimated 
arthroscopically, compared to the open measure-
ments (5.69 cm2 versus 4.54 cm2, respectively) 
[43]. However, in general arthroscopy the smaller 
lesions tend to be overestimated while larger 
lesions tend to be underestimated.

Arthroscopy has become the gold standard for 
classifying articular cartilage defects. Potter dem-
onstrated that magnetic resonance imaging (MRI) 
can also accurately assess and appropriately clas-
sify chondral lesions according to the modified 
Outerbridge classification, when compared to 
arthroscopy [31]. MRI had a sensitivity of 87%, a 
specificity of 94%, an accuracy of 92%, a positive 
predictive value of 85%, and a negative predictive 
value of 95% for detection of chondral lesions 
[31]. The use of MRI can also help a surgeon dis-
tinguish between an acute chondral lesion and a 
degenerative lesion arthroscopically [45].

There has been limited development of bone 
contusions classification system utilizing 
MRI. Costa-Paz and his associates developed a 
descriptive classification based on the MRI 
appearance of the bone contusion [46]. A type 1 
bone contusion is a diffuse MR signal with a 
change of the medullary component. Often, this 
is reticular and distant from the subjacent artic-
ular surface. Type 2 is defined as a localized 
MR signal with contiguity to the subjacent 
articular surface. A disruption or depression of 
the normal cartilage surface is a type 3. More 
research is needed in this area to help quantify 
bone contusions and begin to predict the need 
for treatment if necessary, when a bone contu-
sion is present.
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5.4  Incidence

The overall incidence of traumatic chondral 
injuries to the knee is probably unknown, since 
many of them may be clinically silent and never 
detected. There is also an overall difference 
between isolated chondral fractures and chon-
dral lesions found during arthroscopy. 
Repetitive or chronic injuries are frequently 
confused with primary idiopathic OA, which 
also makes them difficult to quantify. A brief 
summary of the prevalence of these injuries is 
listed on Table 5.2.

Isolated chondral fractures occur in approxi-
mately one to four percent of all knee injuries 
requiring arthroscopic treatment [47, 48]. Forty- 
four to 85% of these isolated chondral fractures 
are from the medial femoral condyle [48, 49]. 
Interestingly, the tibial plateau is spared with less 
than 5% of the defects in the tibial plateau in 
either compartment [49]. These injuries are not 
clinically silent and require urgent attention from 
an orthopedic surgeon.

Five large studies report on the prevalence of 
chondral lesions among consecutive knee arthros-
copies for an overall prevalence between 60% 

A B

A B

A B C D

ICRS Grade 0 – Normal

ICRS Grade 1 – Nearly Normal
Superficial lesions. Soft indentation (A)

and/or superficial fissures and cracks (B)

ICRS Grade 2 – Abnormal
Lesions extending down to
< 50% of cartilage depth

ICRS Grade 3 – Severely Abnormal
Cartilage defects extending down to >50% of cartilage depth (A) as well as down to calcified layer (B)

but not through the subchondral bone (C). Blisters are included in this Grade (D)

ICRS Grade 4 – Severely Abnormal

Fig. 5.1 The International Cartilage Repair Society classification with permission from the International Cartilage 
Repair Society
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and 66% (Fig. 5.2) [48, 50–53]. Although the 
overall location of lesions is variable among dif-
ferent studies, the medial femoral condyle tends 
to have the most chondral defects by a factor of 
three. Patellar lesions are the second most com-
mon location for chondral defects. These valu-
able studies provide a cross-sectional analysis, or 
a snapshot, of articular cartilage lesions in the 
knee. A firm understanding of the prevalence of 
chondral lesions prior to undergoing a knee 
arthroscopy can help the surgeon’s expectation. 
Eleven percent of lesions found during arthros-
copy may be amenable to fixation [50]. Since 
many postoperative protocols for articular carti-
lage repair techniques are vastly different than 
that for a typical knee arthroscopy, the possibility 
of repairing a chondral defect may vary in time 
frame, depending on the surgeon’s preoperative 
counseling with the patient.

Aroen et al. reported on 993 consecutive knee 
arthroscopies performed during a 6-month period 
at three collaborating hospitals, with a mean 
patient age of 35 years old [50]. Overall, 66% of 
all knee arthroscopies demonstrated some sort of 
chondral lesions. Of these, 44% were localized 
partial-thickness lesions, and 47% were localized 
full-thickness lesions. Twenty percent of the 
defects did not have evidence of surrounding 
degenerative changes. Not only were the most 
lesions in the medial femoral condyle, but they 

also tended to be the most serious lesions. 
 Fifty- nine percent of the chondral lesions were 
thought to be from traumatic etiology, with sports 
participation (especially soccer) being the most 
common mechanism. A majority of the localized 
lesions were in the age group of less than 
30 years, with only 27% localized lesions seen in 
patients over 45 years old.

In another comprehensive study with older 
population (mean age = 45 years), Curl noted 
63% chondral lesions from 31,156 consecutive 
knee arthroscopies [48]. Patients with chondral 
lesions had an average of 2.7 lesions per knee. In 
this study, the male-to-female ratio was approxi-
mately 2:1. Using a modified Outerbridge classi-
fication, 10% of the lesions were Grade 1 lesions. 
Grades 2 and 3 lesions were seen in 28% and 
41%, respectively. Subchondral bone (Grade 4) 
was seen in less than 20% of knees. The most 
common location for Grade 3 lesions was in the 
patella or medial femoral condyle. Seventy-two 
percent of Grade 4 lesions were noted in patients 
who were over 40 years old, whereas only 5% of 
all arthroscopies were accounted for by patients 
under 40 years old with Grade 4 chondral lesions. 
One-third of Grade 4 chondral lesions were seen 
with no associated meniscus or ligamentous 
pathology. Further, more than 80% of patients 
had no full-thickness lesions.

In a study of 1000 consecutive arthroscopies, 
Hjelle et al. reported chondral or osteochondral 
defects in 61% of patients, of which 19% were 
focal defects [52]. Sixty-one percent of these 
injuries, with a mean size of 2.1 cm2, were related 
to a traumatic injury. As reported in the study by 
Curl et al. [48], Hjelle also found Grade 4 lesions 
to be rare in patients less than 40 years old.

Widuchowski et al. retrospectively reviewed 
25,124 knee arthroscopies performed over a span 
of 15 years [51]. Sixty percent of the knees had 
evidence of a chondral lesion, with a male-to- 
female ratio of 2:1. Focal OC or chondral lesions 
were seen 67% of the time, with only 30% iso-
lated lesions. Most of the lesions were from trau-
matic origin and were associated with a sporting 
activity. Football and skiing were the most com-
mon sport activities reported with these acute 
injuries. This study also quantified the size of the 
lesions, as 39% were less than 0.5 cm2. Lesions 

Table 5.2 Prevalence summary of acute and chronic 
traumatic articular cartilage injuries (anterior cruciate 
ligament, ACL)

• 1–4% of knee injuries are osteochondral fractures
•  60–66% of all knee arthroscopies have chondral lesions
•  Most chondral lesions and osteochondral fractures 

occur in the medial compartment
•  11% of chondral lesions identified during 

arthroscopy may be amendable to fixation
• Up to 60% of ACL tears have acute chondral damage
•  Chronic ACL deficiency, male sex, and older patients 

have higher incidence of chondral damage with an 
ACL tear

•  80–100% of ACL injuries have bone contusions seen 
on MRI

•  57–71% of patella dislocations may have a chondral 
injury

•  Half of chondral injuries may be missed on initial 
exam and plain radiographs
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between 0.5–1 cm2 and 1–2 cm2 were found in 
25% and 29%, respectively. Only 7% of lesions 
were greater than 2 cm2. According to the 
Outerbridge classification, one-fourth of the 
chondral injuries were Grade 3, while 12% were 
Grade 4 lesions.

A prospective review of 200 consecutive knee 
arthroscopies from 192 patients was performed 
by Zamber et al. [53]. The overall prevalence of a 
chondral defect was similar to previous studies at 
61%. Medial compartment defects were more 
common. Unstable meniscus tears were associ-
ated with cartilage defects within the same com-
partment. Further, 75% of the knees with chronic 
ACL deficiency had chondral damage.

5.5  Clinical Presentation

Depending on the location of the chondral injury, 
articular cartilage defects, osteochondral frac-
tures, or bone contusions can present with a vari-
ety of mechanisms of injuries. Sanders described 
five mechanisms of injuries and their associated 
bone marrow contusions [54]. These five patterns 
are useful in identifying specific injuries when 

static imaging only shows bone edema (i.e., a 
bone contusion on the medial patellar facet is 
suspicious for a patellar dislocation). In fact, 
these injuries are not just associated with bone 
marrow contusion but also with full-thickness 
chondral lesions.

The first mechanism is the pivot shift injury 
that occurs with a flexed knee and a valgus load 
with internal rotation of the femur on an exter-
nally rotated tibia causing an impaction of the 
posterior aspects of the lateral tibial plateau 
and the lateral femoral condyle. The pivot shift 
injury is associated with an ACL tear. The bone 
contusion pattern for a pivot shift injury is 
pathognomonic for an ACL tear (Fig. 5.3). The 
dashboard injury occurs during a front impact 
while driving on a flexed knee causing a tear of 
the posterior cruciate ligament (PCL) and a 
bone contusion on the anterior tibia. The hyper-
extension injury occurs when kicking a ball or 
landing on a hyperextended knee causing 
impaction of the anterior aspect of the femur 
on the tibia. This mechanism is associated with 
a posterolateral corner injury (Fig. 5.4). The 
clip injury is a lateral impact causing a valgus 
load on a knee that is associated with a medial 

Fig. 5.2 Combined 
prevalence and location 
of chondral defects seen 
during (A) consecutive 
knee arthroscopic 
procedures [48, 50, 
51–53]. MFC medial 
femoral condyle, LFC 
lateral femoral condyle, 
TG trochlear groove, 
MTP medial tibial 
plateau, LTP lateral 
tibial plateau, Pat patella 
(Image courtesy of Texas 
Scottish Rite Hospital)
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collateral ligament tear and sometimes an ACL 
tear. Impaction of the femur on the tibia occurs 
in the lateral compartment. The lateral patellar 
dislocation occurs during a variety of mecha-
nisms, however, almost always a noncontact 
force on a flexed knee. Impaction occurs on the 
lateral aspect of the lateral femoral condyle 
and on the medial patellar facet (Fig. 5.5). All 
of the described patterns, except for the dash-
board injury, have an effect on the articular 
cartilage. During the history and physical 
exam, one must perform a complete exam of 
the knee, as many traumatic chondral injuries 
are associated with additional injuries to the 
knee.

Patients may not recall a specific event that 
caused their traumatic chondral injury, and thus, 
presenting symptoms may be variable [49, 55]. 
Up to 60% of patients will complain of reduced 
function in the injured knee as compared to the 
contralateral knee [50]. The size of the lesion 
may have an effect on the symptoms, as smaller 
lesions tend to be more asymptomatic [56]. Many 
patients with isolated OC fractures recall a twist-
ing injury to their knee, followed by an immedi-
ate effusion. These injuries are traditionally 
shearing injuries of the OC complex. A majority 
(70–95%) of athletes with a chondral injury will 
primarily complain of pain or recurrent swelling 
or effusion [49, 55]. Patients will have complaints 
similar to meniscus symptoms, except that only 
18% will complain of locking of the knee [55]. 
Joint line tenderness is typically seen in about a 
third of patients [49].

The location of the chondral defect will also 
dictate the symptoms. Most patellar or trochlear 
lesions will present with anterior knee pain [57]. 
Patients may also complain of pain during jump-
ing, deceleration, or the extension phase of kick-
ing. Cartilage lesions on the anterior aspects of 
the condyle may present with pain during termi-
nal extension or the extension phase of kicking, 
while lesions on the central portion of the con-
dyle may produce pain with lateral movements of 
pivoting motion. Posterior condyle lesions will 

Fig. 5.3 Classic bone contusions seen with a tear of the 
ACL. During the pivoting mechanism, an impaction 
injury occurs with the lateral femoral condyle and the pos-
terior aspect of the lateral tibial plateau. Even though a 
majority of the bone contusions occur in the lateral com-
partment, most chondral defects identified during an ACL 
reconstruction are in the medial compartment (Image 
courtesy of Philip Wilson, MD)

Fig. 5.4 Anterior bone contusions seen during a hyperex-
tension injury associated with a concomitant injury to the 
posterolateral corner (Image courtesy of Philip Wilson, MD)
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present with symptoms during deep knee bends 
or at positions of hyperflexion [49].

Outerbridge, when originally describing his 
articular cartilage classification, believed that 
chondromalacia of the patella was asymptomatic 
[30]. However in the later years, anterior knee 
pain has historically become a common com-
plaint with a high rate of patellar articular carti-
lage lesion [38, 57–59]. Joensen further confirmed 
that athletes with anterior knee pain had patello-
femoral chondral damages (17 out of 24 cases), 
compared to controls without anterior knee pain 
[57].

Osteochondral fractures have a higher preva-
lence in those under the age of 30 years [55]. A 
similar mechanism in a 40-year-old knee likely 
produces a chondral flap or a chondral separa-
tion, as opposed to a disruption in the subchon-
dral bone. The reason for this is unclear; however, 
a weakness in the subchondral bone of adoles-
cents and young adults has been proposed. A 
younger patient may, more likely, produce a 
higher shear force and thus, an OC fracture dur-
ing twisting of the knee [60–62]. This may be 
due to their underlying ligament laxity. 
Flachsmann has proposed an explanation for this 

in a bovine model in which the structural changes 
occur in the anchoring region of the osteochon-
dral junction during maturation [63]. Another 
theory is subclinical osteochondritis dissecans 
that weakens the underlying subchondral bone 
until a shearing force dislodges the fragment into 
an OC fracture.

A traumatic hemarthrosis is highly suspi-
cious for an OC injury, especially in a child 
[64]. Up to three-fourths of acute traumatic 
hemarthrosis may have evidence of a chondral 
injury in a child [65–67]. In an adult, up to 40% 
of chondral injuries will present as a hemarthro-
sis [51]. A clinician should have a low threshold 
for pursuing an MRI in the face of an acute trau-
matic hemarthrosis. Timely diagnosis and treat-
ment of these chondral fractures may have 
implications for healing. Many isolated chon-
dral fractures should be addressed within 
7–10 days of the injury.

Chronic traumatic lesions may not be symp-
tomatic. There is no correlation between these 
chronic lesions or bone marrow edema on plain 
radiographs, MRI, and clinical symptoms [68]. 
Symptoms associated with chronic traumatic 
articular damage may not be present until later in 
life and will mimic primary OA with pain, stiff-
ness, and swelling.

5.6  Associated Knee Tissue 
Injuries

5.6.1  Anterior Cruciate Ligament

Although several mechanisms have been pro-
posed for an injury to the ACL, the common 
pivot shift mechanism is frequently associated 
with a lateral femoral condyle and posterolateral 
tibial plateau bone contusions [54]. The injury 
occurs when the knee is under a valgus moment 
with an internally rotated femur. When a pop and 
tear occur in the ACL, the posterior aspect of the 
tibial plateau impacts the lateral femoral condyle 
(Fig. 5.3). The location of the injury on the lat-
eral femoral condyle is dependent on the knee 
flexion. The more flexion, the more posterior the 
chondral injury will be located. A depression of 

Fig. 5.5 Magnetic resonance imaging (MRI) following a 
patella dislocation The bone contusion (arrow) seen on 
the medial facet of the patella is a common location, along 
with the lateral femoral condyle. Note the full-thickness 
chondral flap caused by this mechanism
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the lateral femoral condyle, referred to as a 
 lateral femoral notch sign, is frequently seen on 
plain radiographs (Fig. 5.6) [69]. The femoral 
notch sign can also represent an OC fracture and 
should not be confused with the sulcus termina-
lis [70]. The posterolateral tibial plateau can be 
associated with an OC fracture during the same 
pivoting mechanism seen with an ACL injury 
[71, 72].

The presence of bone contusions, acute- or 
chronic-chondral lesions, is well-established 
associations with an ACL injury. The timing of 
ACL injury to treatment is an important distinc-
tion. Some have suggested that the greater the 
time between injury and treatment of the ACL 
increases the overall incidence of a chondral 
injury [73–75]. Other factors that affect the inci-
dence and location of a chondral lesion associ-
ated with an ACL injury are gender, age, activity 
level, and mechanism of injury or sport. The 

overall incidence of significant articular cartilage 
damage in association with ACL injuries is 
between 16% and 60% [73, 74, 76–80]. Twenty- 
six to thirty six percent of chondral injuries seen 
on consecutive arthroscopies are associated with 
ACL tear [51, 52].

In 1985, Indelicato and Bittar stated that artic-
ular cartilage disease increases from 23% to 54% 
in chronically lax ACL knees [81]. Not only is 
the overall prevalence higher the greater time 
between injury and treatment of chondral inju-
ries, but more full-thickness defects are seen in 
those who wait longer until undergoing treatment 
for their deficient ACL [73]. The odds of a full- 
thickness cartilage lesion are 2.5 times greater 
than they would be at 1 year post-injury and 4.7 
times greater when patients are more than 5 years 
after injury until seeking treatment [74]. Joseph 
reported that both athletes and nonathletes have a 
greater than 50% incidence of a chondral injury if 
more than 3 years from injury, as opposed to less 
than 20% if treatment is sooner than 3 months 
[79].

Recent data in the pediatric and adolescent 
age group also suggests an increased incidence 
of chondral injuries if ACL reconstruction is 
delayed [82–85]. Using logistic regression anal-
ysis, Lawrence found that a 12-week delay of 
ACL reconstruction in patient 14 years of age or 
younger was associated with medial and lateral 
compartment chondral injuries [82]. These 
chondral lesions were also found to be higher-
grade cartilage injuries. When looking at the 
rate of chondral lesions alone, there is a strong 
evidence to consider an early ACL reconstruc-
tion without consideration of symptoms of 
instability. In a retrospective study including 
130 pediatric patients (< 17 years; median age 
14 years) who had 135 ACL reconstructions 
between the years of 2000 and 2012, Anderson 
corroborated the above findings that delayed 
ACL reconstruction increased the risks of sec-
ondary chondral injuries in pediatric patients 
[84]. Using ICRS criteria to document the loca-
tion and grade of chondral injuries, arthroscopic 
assessment showed that 17 patients had 23 
chondral injuries. The risk factors for chondral 
injury included increased time to  surgery and 

Fig. 5.6 A “femoral notch sign” on a lateral radiograph. 
This is seen with an impaction injury to the lateral femoral 
condyle after a pivoting injury. The lateral femoral notch 
sign (arrow) is seen with an acute tear to the ACL

H. B. Ellis Jr



185

any instability episode. Further, with increased 
grade of chondral injury, the risk factors were 
time to surgery (P </= 0.001) and any instability 
episode (P = 0.003). In another study, patients 
(n = 121; knees = 122; 93 males and 28 females; 
age range from 15 to 62 years; median age at 
surgery = 31 years) with posterior cruciate liga-
ment (PCL) based multiligament knee injury or 
a minimum of three disrupted ligaments have 
also been reported with frequent occurrence of 
meniscal tears (67 knees; 55%) and chondral 
lesions (52 knees; 48%) [85]. Higher rates of 
articular cartilage lesions, especially in multiple 
compartments, were associated with longer 
interval from injury to surgical reconstruction.

In general, females are four times more likely 
to sustain a noncontact ACL injury compared to 
males [86]. Associated chondral injuries with an 
ACL injury occur twice as frequently in males 
than females [20]. Male basketball players with 
noncontact ACL injuries are three times more 
likely to have a chondral defect on the medial 
femoral condyle compared to females [87]. 
Males are also more likely to have lateral com-
partment articular cartilage injuries than females 
in the face of a concomitant ACL injury. Further, 
older patients tend to have more full-thickness 
injuries than younger patients [74].

As well, more chondral lesions are seen in 
competitive high school soccer players with an 
ACL injury than a recreational amateur soccer 
player [87]. When comparing incidence of chon-
dral injury in athletes versus nonathletes, the 
overall incidence is not different; however, non-
athletes tended to have more chondral defects if 
addressed less than 1 year from injury. The rea-
son for this is unclear [79].

As expected because of the load on the lateral 
compartment, skiers have a greater tendency for 
lateral femoral condyle lesions compared to the 
medial compartment. The overall incidence of a 
chondral injury in an amateur skier is less than 
that for basketball and soccer.

The clinical significance of bone contusion in 
the face of an ACL injury is yet to be established. 
The incidence of bone bruises in association with 
an ACL tear is 80–98%, with a majority of lesions 
in the lateral compartment [78, 88]. The 

Multicenter Orthopaedic Outcomes Network 
(MOON) ACL reconstruction (ACLR) cohort 
study found that bone contusions typically occur 
in the younger patients and typically are seen in 
mechanisms that do not involve jumping and 
landing [89]. Seventy-five percent of chondroma-
lacia seen during arthroscopy in the lateral com-
partment were associated with a bone bruise. The 
majority of bone edema associated with bone 
contusions resolved in the first 6 months; how-
ever, some may still be present after 1 year, espe-
cially if they have undergone an ACLR [90].

In the context of ACL tear, injuries to the 
meniscus and medial collateral ligament tended 
to increase the progression of the bone contusion 
[91]. The presence and location of a bone bruise 
do not correlate with a meniscal tear in a study by 
Frobell [88]. However, Nishimori found that 91% 
of bone bruises in the lateral compartment corre-
lated with a tear of the lateral meniscus [92]. In 
contrast, only 25% of lateral meniscus tears were 
seen in patients without a bone contusion.

At this point, it is unclear whether there is a 
long-term effect with concomitant ACL injuries 
and chondral lesions. Data to date are based on 
gross appearance during arthroscopy and are 
conflicting [9, 20, 21, 93, 94]. In the earlier stud-
ies, missed subchondral injuries or bone contu-
sions not seen during arthroscopy are likely the 
rationale for conflicting reports. Bone contusions 
in ACL injuries that are not visualized during 
arthroscopy may be at risk of future chondral 
thinning, particularly on the lateral femoral con-
dyle [25]. With our expanding knowledge of 
bone contusions and improved MRI techniques 
[23, 95], future studies should evaluate the effect 
of chondral injuries with ACL tears on MRI and 
their long-term relationship in the progression of 
OA.

5.6.2  Patella Dislocation

Over one-fourth of patellar dislocations will have 
OC fractures fractures that are amenable to repair 
[96]. Articular cartilage injuries, of any kind, can 
be seen in 57–71% of patellar dislocations in 
those who underwent an arthroscopy [50, 97]. As 
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discussed previously, the importance of deter-
mining the chondral injury in this population is 
often difficult and necessary prior to initiating 
conservative treatment for the patellar instability. 
Stanitski and Paletta assessed articular cartilage 
injury in 48 patients (24 boys and 24 girls; mean 
age 14 years), with acute, initial noncontact 
patellar dislocations. They found that only 23% 
of patients had a suspicion of a chondral injury 
on initial radiographic diagnosis; however, 71% 
had evidence of an articular injury on arthros-
copy [98]. Approximately half of all chondral 
injuries, OC fractures, or loose bodies will be 
missed on conventional radiographs [98, 99].

A clinician should have a low threshold for an 
MRI following a first-time dislocation, and some 
clinicians may opt to perform an MRI on all first- 
time patellar dislocations. Sixty to hundred per-
cent of patients will have a bone contusion on the 
patella or lateral femoral condyle after a patellar 
dislocation [97, 99]. Any evidence of mechanical 
symptoms (such as locked knee), patellofemoral 
crepitation or a hemarthrosis immediately after 
the injury, should warrant a MRI investigation 
[100]. MRI is reliable in assessing knee joint 
damage associated with patellar dislocation and 
in identifying risk factors for chronic patellar 
instability, which can thus provide valuable infor-
mation for individually tailored treatment [99].

A majority of the articular cartilage defects 
occur on the patella, and up to 26% can present 
with OC fracture [96]. The incidence of injury 
to the patella and lateral femoral condyle is vari-
able [96, 98]. However, in general, most injuries 
occur on the medial facet of the patella and the 
lateral femoral condyle (Fig. 5.5). OC fractures 
can occur on both surfaces [101] with a similar 
mechanism without a true patellar dislocation 
[102].

Isolated lesions to the patella or loose bodies 
should be surgically addressed within 7–10 days; 
however, these lesions may still be amendable 
to repair up to 3 months after the injury [99, 
103, 104]. These injuries, in particular, com-
pared to others, are typically in younger patients 
(mean age 13–23 years old) and respond very 
well to fixation [97, 103]. Focal defects of the 
patella will continue to progress, if not addressed 
[105].

5.6.3  Meniscus Tears

Approximately 36–40% of all acute chondral 
defects are associated with meniscus injuries [51, 
52]. With a concomitant ACL injury, three- 
fourths of all chondral injuries are also seen with 
meniscus tears [73]. A bucket-handle meniscus 
tear is highly associated with advanced chondral 
changes in the medial compartment.

A chronic meniscus tear or a meniscectomy 
(partial or complete) is highly associated with 
future chondral damage [106–108]. This form 
of articular damage is more consistent with a 
chronic repetitive stress on the articular surface 
causing a gradual wear and tear on the joint. 
Since Fairbank’s [109] original article, the 
changes to the joint surface and articular carti-
lage damage following a meniscectomy are 
well established. Radiographic changes seen 
after meniscectomy, or Fairbank’s changes, 
include ridge formation, narrowing of the joint 
space, and flattening of the femoral condyle 
[109]. Minimizing meniscus debridement and 
resection is now common practice [110]. 
Following a meniscectomy, there is evidence of 
further arthritic degeneration, even compared to 
those with chondral damage without meniscus 
pathology [111].

5.6.4  Other Associated Injuries

Bone contusions are also seen with injuries to the 
PCL and posterolateral corner of the knee. 
Geeslin reviewed the MRI of consecutive patients 
with posterolateral corner injuries and found that 
81% had bone contusions [112]. A majority 
(67%) of these injuries were located in the antero-
medial femoral condyle (see Fig. 5.5). When a 
posterolateral corner injury was combined with 
an ACL injury, anteromedial bone contusions 
were seen more frequently than contusions seen 
on the lateral femoral condyle.

Miller et al. found that 45% of patients with 
medial collateral ligament injuries have evidence 
of trabecular microfracture or a bone contusion 
[113]. Almost all of these lesions occurred in the 
lateral compartment and had complete resolution 
at 4 months.
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5.7  Repetitive Trauma

In 1996, Dye introduced the theory of the  envelope 
of function for the knee [114]. The theory is based 
on the principle that the knee, as a source of bio-
logic transmission of force, is limited by the 
applied load and frequency of this load. When a 
supraphysiologic load is applied to the knee and 
at a specific frequency, there can be subsequent 
failure of the biology or structure of the knee, in 
particular the extracellular matrix of the articular 
cartilage and subchondral bone. As an example, a 
basketball player landing from a lay-up is likely 
within the structural capacity of the knee; how-
ever, landing from a lay-up 100 times within an 
hour may be outside of the knee’s capability to 
transmit the load without some form of structural 
damage. Although presented as a theory, recent 
data are now supporting this theory.

Preventable risk factors for chronic traumatic 
injuries to the knee articular cartilage include 
complete or partial meniscectomy, abnormal 
infrapatellar plica, and malalignment. As previ-
ously discussed, minimizing meniscus resection 
during arthroscopy is now common practice 
[110]. Osteonecrosis following a knee arthros-
copy in an older patient may be due to a subtle 
subchondral fracture [115]. This may be due to a 
supraphysiologic load on weakened subchondral 
bone. In this situation, weight-bearing restric-
tions following a knee arthroscopy may be war-
ranted. An abnormal and thickened infrapatellar 
plica increases the risk of chondral damage to the 
patellofemoral joint [116]. Resection of this may 
relieve underlying anterior knee pain and further 
chondral damage [117].

Running produces physiologic loads through 
a healthy knee joint without causing structural 
damage. However, when the same load is applied 
repetitively at a high frequency, as in running a 
marathon, this may cause chronic structural 
injury to the underlying cartilage. MRI before 
and after running marathons demonstrate signs of 
stress, and an effusion may be seen [118–120]. 
Long-distance running has demonstrated bone 
edema and early biochemical changes, specifi-
cally in the medial and patellofemoral 
 compartments [118, 121, 122]. However, the 

long-term effects of this repetitive trauma remain 
controversial. The prevalence of OA in long- 
distance runners has been reported to be 14% 
higher than the average population [123]. 
However, Krampla demonstrated that seven long- 
distance runners followed for 10 years did not 
have an increased risk of OA due to repetitive 
loads on articular cartilage [119].

Recent 3-Tesla (3T) MRI technology has 
allowed us to visualize biochemical composition of 
articular cartilage. These techniques have been 
developed in order to quantify changes to the artic-
ular cartilage that are not visible with conventional 
MRI techniques. T1ρ is one such technique that 
detects damage to the cartilage collagen- 
proteoglycan matrix, which typically precedes loss 
of cartilage. T1ρ has been shown to be elevated 
even 3 months after running a marathon, indicating 
damage to the extracellular matrix of articular car-
tilage and thus, a supra physiologic load to the 
articular cartilage of the knee [121]. Having a bet-
ter understanding of the biological changes seen 
with repetitive trauma will provide useful informa-
tion in hope of treating, and perhaps preventing, the 
sequelae of repetitive trauma to the knee.

5.8  The Athlete and Articular 
Cartilage

An athlete, whether recreational or professional, 
exposes himself or herself to a sport-related 
injury each time he or she competes or even prac-
tices. An overall increase in competitive sports 
activity has led to an increase in knee injuries, 
including articular cartilage injuries [86, 124–
129]. Not only is there current focus on identify-
ing and treating these knee injuries, there has also 
been a recent push for injury prevention in athlet-
ics [130]. Although the incidence of acute chon-
dral injuries is more frequently seen, the overall 
chronic repetitive load which athletes put through 
their knee joint has also caused an unacceptably 
high rate of OA in the athlete [123, 131, 132]. 
Athletes with isolated chondral defects have a 
good knee function at long term [132]. However, 
most competitive athletes, due to the nature of 
their profession, are at high risk of developing 
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early OA of the knee [16, 123, 133–135]. The 
prevalence of OA in athletes is higher as they age 
[16]; as well, a high body mass index (BMI) may 
also be a risk factor [123]. Athletes involved in 
high-demand pivoting sports have a four- to five-
fold increase in the development of OA [5].

Half of all soccer players retire due to injury, 
most of which are knee injuries [133]. The over-
all incidence of chondral injuries in soccer is 
unknown. This is likely because most injuries 
reported in soccer are either ligament injuries or 
meniscus tears, while the chondral injuries are 
typically secondary findings. Levy reported on 
23 isolated chondral lesions in 15 soccer players, 
of which only a third were identified on MRI 
[19]. All lesions were reportedly full thickness 
and were treated with arthroscopic debridement. 
After return to play at an average of 10.8 weeks, 
one-fourth of players had recurrent chondral 
injuries that required repeated surgical interven-
tion. In the long-term, soccer players have a 
higher than average rate of OA compared to the 
average population [123, 133, 134].

Acute or symptomatic chondral defect(s) in 
basketball players is relatively uncommon. 
However, 44–48% of asymptomatic professional 
and collegiate basketball players had articular 
cartilage lesions or bone marrow edema on MRI 
[136, 137]. A predilection of Outerbridge Grade 
3 changes was seen on the patella and trochlea on 
both the jumping and non-jumping knees [136].

Knee injuries are extremely common in foot-
ball [138]. Among many knee injuries seen in 
football, one-fifth of all players at the National 
Football League screening combine have asymp-
tomatic full-thickness chondral injuries [139]. 
Linebackers and players with a higher BMI are 
more likely to have a knee chondral injury [139].

Marathon runners may be particularly suscep-
tible to repetitive or chronic injury to the articular 
cartilage of the knee, at least in the short term. In 
2006, MRI evaluation of long-distance runners 
before and after running a marathon did not 
reveal significant acute articular damage or bone 
marrow edema [140, 142]. However, recent 3T 
MRI techniques have been able to  demonstrate 
cartilage biochemical composition changes that 

have not been previously available. The long-
term effects are still being studied.

Additional activities associated with chondral 
lesions include racquet sports [142, 143], triath-
letes [144], dancing, and even video gaming [62]. 
Among athletes playing tennis, squash, badmin-
ton, or racquetball, a majority sought medical 
treatment for a twisting injury. More than 20% of 
these patients had symptomatic chondromalacia 
of the patella or another chondral lesion [143].

Regardless of articular cartilage repair tech-
nique, most high-level athletes are able to return 
to a pre-injury level of performance [145, 146]. 
Risk factors affecting return to sports include 
older age, longer duration of symptoms, large 
lesion size, higher number of previous surgeries, 
lower skill level, and those undergoing concomi-
tant procedures [145].

With continued advances in the identification 
and treatment of articular cartilage defects, the over-
all long-term sequelae of such an injury will hope-
fully decrease the rate of OA, especially in the 
athlete. As with many medical situations, the most 
effective treatment is prevention. Not only is pre-
vention important for the competitive athlete, but 
encouraging young adolescents to be active will, 
among other advantages, increase the thickness 
of their cartilage as they develop [147, 148].

5.9  Conclusions

Traumatic articular cartilage injuries occur in 
every compartment of the knee and most com-
monly in the medial compartment. Specific inju-
ries and mechanisms are associated with common 
cartilage injury patterns. Repetitive impact activi-
ties, competitive sports for example, are associ-
ated with cartilage injuries.
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6.1  Introduction

Articular cartilage abnormalities in the knee are 
a common source of pain and are difficult to 
diagnose on clinical examination or using plain 
radiographs. Articular cartilage lesions may be 
related to acute or chronic trauma, inflamma-
tory (inflammatory arthritis, IA), or degenera-
tive (osteoarthritis, OA) arthropathies. Because 
the adult articular cartilage is avascular and has 
no intrinsic regenerative capability, its injury can 
lead to progressive knee OA, which is a major 
cause of morbidity [1, 2]. This poses a serious 
clinical problem for the referring physicians and 
prompts a need for reliable means of cartilage 
injury evaluation before onset of any irrevers-

ible morphologic damage ensues. In recent years, 
magnetic  resonance imaging (MRI) has become 
the mainstay of cartilage imaging and evaluation 
as it allows direct visualization of the cartilage 
morphology. With the increasing use of high-
field MR scanners (1.5 T, 3 T, and 7 T), higher 
spatial and contrast resolution images are fre-
quently acquired [3–7]. These allow a thorough 
morphologic assessment of articular cartilage 
and to develop a standardized MRI evaluation 
system for native, injured, and repaired cartilage.

Functionally, the knee comprises of two artic-
ulations: tibiofemoral and patellofemoral. The 
femoral condyles articulate with the correspond-
ing tibial plateaus and the patella articulates with 
the trochlear groove of femur by the medial and 
lateral facets on the posterior surface of patella. 
The stability of the knee joint is dependent upon 
static (knee capsule, ligaments, and bone), and 
dynamic (muscles – muscular forces and joint 
stress) factors. The soft connective tissue struc-
tures include synovium, cartilage, menisci, and 
ligaments (cruciate, medial, and collateral) 
(Fig. 6.1). The knee has two types of cartilage: 
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hyaline articular cartilage that covers the bone 
ends and menisci consisting of fibrocartilage 
between the bone ends. The patellar articular car-
tilage is the thickest in the body measuring 
around 4–6 mm in young healthy adults and is 
known to decrease with age [8, 9].

Understanding the MR imaging appearance 
of the normal and injured articular cartilage 
requires an understanding of its histologic and 
 biochemical makeup. The hyaline cartilage is 
very hypocellular and is composed of about 4% 
chondrocytes by wet weight. Other major com-
ponents include 70% water, 20% collagen, and 
5–10% proteoglycans. The adult cartilage 
receives half of the oxygen and glucose by mul-
tiple small vascular branches near the tidemark 
zone and the other half through direct diffusion 
from the synovial fluid.

Histologically, hyaline cartilage reveals lami-
nar (zonal) variation in cellular morphology, 
proteoglycan concentration, and collagen fiber 
size and orientation. The architecture and bio-
chemical composition of the articular cartilage 
varies from superficial zone (SZ, toward the 
synovial fluid) to deeper zone (toward the sub-

chondral bone). Also, regional differences in the 
cartilage exist, such as the weight-bearing por-
tions of femorotibial articulation show a thicker 
radial deep zone (DZ) and a thinner transitional 
middle zone (MZ) due to more prevalent com-
pression stresses. On the other hand, in the 
peripheral portions of the joint, the transitional 
zone occupies more space due to more prevalent 
shear stresses in that area. The tidemark anchors 
the cartilage to the underlying bone (Fig. 6.2). 
Refer to Chap. 1 for the in-depth knowledge of 
the knee articular cartilage structure and 
function.

With the technological advancements of 
hardware and software on high-field scanners, 
both morphologic and biochemical assessment 
of the articular cartilage can be reliably accom-
plished. A wide array of MR techniques have 
been employed for the assessment of the articu-
lar cartilage. This chapter reviews the advan-
tages and disadvantages of various cartilage 
morphologic and biochemical MR imaging 
techniques. A thorough MR characterization of 
the various articular cartilage lesions is 
presented.

Fig. 6.1 Sagittal proton density-weighted (PDW) (a) and 
coronal fat suppressed (fs) PDW (b) MR images in a 
16-year-old boy showing normal knee structures. (a) 

Shows the medial and lateral menisci (arrowheads), 
medial collateral ligament (small arrow), and iliotibial 
band (large arrow in b)

G. K. Thawait et al.
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6.2  Articular Cartilage Specific 
MR Imaging

Ideally, an MR pulse sequence should display 
various cartilage zones referred to as “laminae” 
with optimal contrast and spatial resolution as 
well as changes to the subchondral bone plate, 
bone marrow edema, cysts, and granulation tis-
sue. Using the appropriate high-resolution MR 
imaging technique, an analogous laminar 
 anatomy of articular cartilage is often visible. On 
proton MR imaging, the characteristic gothic 
arch-like architecture of collagen fibers is 
responsible for the laminar MR appearance due 
to change in T2 signal intensity across the thick-
ness of the cartilage [10]. The minimum T2 
relaxation time in articular cartilage is approxi-
mately 10 ms, which implies that the tissue con-
trast depends on the T2 value even on 
T1-weighted and proton density-weighted 
images. In vitro and in vivo pulse sequences 
shows three distinct laminae: a hypointense 
superficial lamina, a hyperintense intermediate 
lamina, and a heterogeneous deep lamina that 
consists of alternating hyperintense and hypoin-
tense bands perpendicular to the subchondral 
bone [11, 12]. However, the various laminae may 
not be consistently identified due to the different 
angles and orientations of cartilage macromole-
cules that affect the internal water mobility and 
the dipole-dipole interactions of the collagen 

fibrils resulting in poorly demarcated layers. MR 
imaging pitfalls when imaging the knee articular 
cartilage and other joint tissues include regional 
anatomic variation, truncation artifact, partial 
volume effect, chemical shift, magic angle 
effects, and magnetic susceptibility effects. 
Although detection of early cartilage injury or 
disease remains elusive, MR imaging can dem-
onstrate intermediate and advanced lesions.

6.2.1  Morphological Articular 
Cartilage MR Imaging 
(Qualitative)

Accurate evaluation of the articular cartilage in 
patients with acute or chronic injuries or joint 
disease is clinically significant. Identifying carti-
lage lesions or loss (focal or diffuse) can explain 
the cause of joint pain in symptomatic patients. 
Early diagnosis and appropriate treatment of car-
tilage lesions can reduce the associated pain and 
disability. The sensitivity and specificity of carti-
lage lesions detected on MR imaging, as corre-
lated with reference standard of direct inspection 
on arthroscopy, vary from 60% to 95% depend-
ing upon the imaging technique used, patient 
population, and the reader’s experience. 
Generally, best results are obtained from fast spin 
echo (FSE) and dual excitation steady-state 
(DESS) techniques, and the diagnostic perfor-

Fig. 6.2 Axial 3D dual excitation steady-state (DESS) 
sequence of patellofemoral cartilage showing five ana-
tomic layers as shown with arrows 1–5 corresponding to 

the lamina splendens, superficial lamina, intermediate 
lamina, deep lamina, and tidemark, respectively

6 Diagnostic Imaging of Knee Cartilage Injury: Evaluation and Assessment
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mance is highest on the thicker articular surfaces 
and larger/more deeper lesions, which is expected 
due to thin adult and aging knee cartilage and its 
complex geometry.

Evaluation of the cartilage macromolecular 
structure helps in providing an overview of the 
gross functional integrity of the tissue [13]. The 
various available morphologic MR techniques 
described below are easily applied and inter-
preted on regular picture archiving and commu-
nication system (PACS). On a routine protocol 
for joint imaging using fat-suppressed (fs) pro-
ton density-weighted (PDW) image, articular 
cartilage appears slightly hypointense to joint 
fluid, whereas on non-fs PDW images and three-
dimensional (3D) DESS images, cartilage is 
seen as intermediate signal intensity (Fig. 6.3). 
An ideal combination for morphologic cum ana-
tomic imaging is a combination of same plane fs 
and non-fs sequences (Fig. 6.3). Fat suppression 
techniques are used to increase dynamic range 
of contrast, especially at the subchondral bone-
cartilage interface, and reduce chemical shift 
artifacts, usually at the expense of minimal loss 
of signal to noise ratio (SNR). Currently, MR 
arthrography is a commonly used method that 
can highlight early stage breach in articular car-

tilage surface integrity and continuity. MR 
arthrography provides a good contrast between 
the different joint structures with the excellent 
capability to show early signs of cartilage sur-
face fibrillations as well as the integration site of 
repaired tissue with native cartilage [14, 15].

The most commonly used techniques for fat 
suppression include:

 1. Chemically selective fat suppression pulses
 2. Spatial-spectral pulses (water excitation)
 3. Short inversion time (TI) inversion recovery 

(STIR) imaging
 4. Iterative decomposition of water and fat with 

echo asymmetry and least-squares estimation 
(IDEAL) [16]

STIR imaging provides the most uniform fat 
suppression, however, at the expense of poorer 
SNR. Therefore, unless there is a large subject or 
presence of metal in the regional area, other 
methods do better than STIR imaging.

6.2.1.1  Two-Dimensional MR Imaging
Two-dimensional (2D) FSE, PDW and 
T2-weighted sequences are used for articular car-
tilage imaging. PDW sequence provides higher 

Fig. 6.3 Sagittal fs PDW (a) and sagittal PDW (b) MR 
images of the knee. The cartilage appears hyperintense 
(small arrow, a) but slightly less intense than joint fluid on 

fs PDW image, and shows intermediate signal intensity on 
PDW image (large arrow, b)

G. K. Thawait et al.
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SNR but is more prone to magic angle artifacts as 
compared to T2-weighted images with longer 
echo times [17]. PDW images also frequently pro-
duce inadequate contrast with the surrounding 
synovial fluid. Although fs PDW images produce 
adequate  contrast, this sequence may be prone to 
more blurring and lower SNR. As such, keeping 
echo times between 35 and 50 ms provides accept-
able SNR and good quality images (Fig. 6.4). 
Also, the 2D imaging may lead to misdiagnosis of 
small cartilage lesions due to partial volume arti-
facts and imaging performed in only fixed planes.

6.2.1.2  Three-Dimensional MR Imaging
The common 3D FSE sequences include fast 
spin- echo CUBE (FSE- CUBE, General Electric 
Healthcare), sampling perfection with application 
optimized contrasts using different flip angle evo-
lutions (SPACE, Siemens Medical Systems) 
(Fig. 6.5), and volumetric isotropic T2-weighted 
acquisition (VISTA, Philips Healthcare).These 
sequences use variable flip angle modulations to 
constrain T2 decay for an extended echo train pro-
ducing intermediate-weighted images with bright 
synovial fluid [18]. The major advantage is that 
these images are acquired isotropically and can be 

reconstructed in any desired plane, reducing par-
tial voluming artifacts. These images may also be 
simultaneously employed for the assessment of 
internal derangement findings. Additionally, due 
to avoidance of magnetization transfer effect- 
related cross-talk among adjacent slices, thinner 
slices with high resolution are possible than other-
wise for 2D imaging on a 3 T scanner. However, 
there are some limitations to this technology. The 
cartilage to synovial fluid contrast is lower than 
using 2D FSE imaging; poor fat suppression may 
occur near the patellar surfaces and extremity cur-
vatures; bone marrow edema is less conspicuous 
than using 2D fs FSE; and, imaging time is almost 
2–3 times than using the 2D FSE sequence. In 
addition, if patient moves or imaging fails for 
some reason, the whole sequence needs to be 
repeated again. Finally, the reader’s experience is 
required in order to appreciate the subtle findings 
of early cartilage abnormalities on these images.

The 3D gradient echo (3D GE) image datasets 
consist of volumetric acquisition of knee with iso-
tropic voxels. The 3D GE imaging was the first to 
be used as 3D imaging of the cartilage. These 
sequences produce high spatial resolution images 
with multiplanar depiction, which shows bright 
synovial fluid and good cartilage-fluid differentia-
tion. The 3D GE sequences include T2*-weighted 
gradient-recalled echo acquired in steady state 
(GRASS, General Electric Healthcare), gradient- 
recalled echo (GRE, Siemens Medical Systems), 
and T2-fast field echo (T2-FFE, Philips 
Healthcare). These images can be acquired faster 
than the 3D FSE images; however, they can be 
easily degraded by susceptibility artifacts from 
regional metal/air and provide suboptimal evalua-
tion of adjacent subchondral bone, which is criti-
cal in cases of traumatic and degenerative 
cartilaginous lesions [17, 19, 20].

The 3D DESS sequence comprises of two or 
more gradients separated by a refocusing pulse. 
The data from these echoes result in higher T2* 
(gradient echo) weighting resulting in high sig-
nal intensity in cartilage and synovial fluid. An 
increase in flip angle has shown to increase the 
conspicuity between cartilage and synovial fluid 
[21]. The 3D DESS sequence is routinely used in 
clinical imaging as well as in OA initiative trial 
as it demonstrates the cartilage morphology with 

Fig. 6.4 Sagittal fs PDW image in a 40-year-old man 
shows normal trilaminar appearance of the articular carti-
lage of the patellofemoral joint. The trilaminar morphol-
ogy corresponds to higher signal intensity of superficial 
and deep laminae with lower signal intensity of middle 
lamina
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higher SNR (cartilage appears thicker than FSE 
sequence), better tissue contrast, shorter acquisi-
tion time, and reduced motion artifacts. However, 
internal changes in cartilage signal intensity may 
be difficult to appreciate, bone marrow edema is 
less apparent, and it provides inferior SNR than 
the FSE sequence for internal derangement find-
ings (Fig. 6.6) [22].

The 3D steady-state free precession (SSFP) 
sequences use symmetrical (balanced) gradient 

probing from different directions to produce 
images with high signal intensity (bright) fat, 
fluid, and hemorrhage); thus, good fat satura-
tion is required for an ideal contrast of cartilage 
and synovial fluid. These sequences include 
fast imaging using steady-state acquisition 
(FIESTA, General Electric Healthcare), true 
fast imaging with steady- state precession (true 
FISP, Siemens Medical Systems) (Fig. 6.7), 
balanced FFE imaging (balanced FFE, Philips 

Fig. 6.5 Sagittal (a) and axial (b) isotropic reconstructions from a 3D SPACE imaging show high-grade cartilage 
defects of the lateral facet of patella with subchondral edema and cystic changes (arrows)

Fig. 6.6 Coronal 3D DESS (a) and corresponding  
fs PDW (b) MR images of the lateral femoral condyle of 
the knee in a 16-year-old boy shows subchondral cyst and 

marrow edema (arrows) related to overlying cartilage 
abnormality. The marrow edema and sharp meniscal defi-
nition is more apparent on the fs PDW image

G. K. Thawait et al.
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Healthcare), and their variants, such as fluctuat-
ing equilibrium MR (FEMR) and vastly under-
sampled isotropic projection steady-state free 
precession (VIPR- SSFP) [23, 24]. These 
sequences are promising; however, banding 
artifacts may frequently occur, and cartilage to 
synovial fluid contrast as well as fat suppres-
sion around the extremity curvatures is often 
limited. Additionally, similar to GRE tech-
niques, the internal derangement findings are 
not optimally assessed.

6.2.2  Biochemical Articular 
Cartilage MR Imaging 
(Quantitative)

The biochemical properties of articular cartilage 
are influenced by the collagen and proteogly-
can content and structure within the extracellular 
matrix. Quantitative MRI techniques have been 
developed to characterize the structure and com-
position of cartilage macromolecules. In normal 
articular cartilage, the fixed charge density of 
glycosaminoglycans chains of the proteoglycan 
increases with depth from the cartilage surface 
[25]. Further, proteoglycan depletion has been 
documented as the earliest findings in injured and 
diseased cartilage [26, 27]. The MR techniques 
sensitive to cartilage proteoglycan content/ deple-
tion include:

 1. Non contrast-enhanced techniques (such as 
sodium MR imaging or T1 rho mapping) 
[28–31]

 2. Contrast-enhanced techniques (such as 
delayed gadolinium-enhanced MR imaging, 
dGEMRIC, and Gd-DTPA(2)-enhanced T1 
imaging) [32–35]

 3. MR techniques to determine glycosaminogly-
can concentration (such as chemical exchange-
dependent saturation transfer, gagCEST, 
imaging) [31, 36]

MR techniques indicative of the collagen con-
tent, integrity, and orientation along with water 
content and mobility can also be gauged by:

 1. T2 relaxation time mapping [4, 37, 38]
 2. Ultrashort echo time (UTE) imaging [39, 40]
 3. Diffusion-weighted imaging (DWI) such as 

diffusion tensor imaging (DTI) [41, 42]
 4. Magnetization transfer contrast (MTC) [12]

6.3  Magnetic Resonance 
Imaging of Articular 
Cartilage Injury

Injury to the articular cartilage in knee is a fre-
quently encountered clinical problem, which may 
be confounded with meniscal or ligament injuries. 
Cartilage injury may include intraarticular or 
osteochondral lesions. Osteochondral lesions refer 
to combined injury to the cartilage and the under-
lying subchondral bone. It can be caused by 
trauma, osteochondritis dissecans (OCD), or insuf-
ficiency fractures (Fig. 6.8). While osteochondral 
lesions may be identified on plain radiographs, 
intraarticular lesions are best assessed on MRI.

Hyaline cartilage functions to resist the com-
pression and shears forces as well as dissipate 
and/or distribute loading forces to a larger area in 
weight-bearing regions [43]. When a loading 
force is applied slowly, proteoglycan-bound 
water is squeezed into the uncompressed regions 
of the matrix distributing the forces. After 
removal of the load, osmotic pressure and dis-
solved electrolytes pull the water molecules back 
in the cartilage and restore equilibrium. In the 

Fig. 6.7 Axial reconstruction from a fs TruFISP sequence 
demonstrating normal articular cartilage of the patello-
femoral joint. The synovial fluid is uniformly bright pro-
viding a good cartilage to fluid contrast. Note the 
trilaminar morphology of articular cartilage
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event of significant trauma, the loading forces are 
too high or applied too rapidly, which results in 
unequal redistribution of the water molecules 
leading to disruption of the framework of articu-
lar cartilage. Similarly, in repetitive minor 
trauma, there is damage to the deeper layers of 
cartilage and subchondral bone which may occur 
without any apparent change in surface of the 
cartilage. Other predisposing factors of articular 
cartilage injury and/or loss include knee 
malalignment/maltracking, meniscal injury/
extrusion, cruciate or collateral ligament injuries 
(Fig. 6.9), instability, inflammatory arthropathy, 
and finally osteochondral bodies, which may 
parasitize blood flow and growth – causing fric-
tional cartilage loss.

6.3.1  Classification of Articular 
Cartilage Lesions

Over the years, several methods of classifying 
articular cartilage lesions have been proposed [44]. 

The arthroscopic staging criteria, Outerbridge, 
and its modified versions are outlined in Chap. 7, 
whereas the histopathological scoring system of 
cartilage lesion and OA is discussed in Chap. 15. 
The MR classification criteria for cartilage 
lesions and cartilage repair are presented in depth 
in Chaps. 13 and 14. Some of the commonly used 
MR scoring system for cartilage lesions includes 
whole-organ Magnetic Resonance Imaging Score 
(WORMS) [45], Boston-Leeds Osteoarthritis 
Knee Scoring System (BLOKS) [46], and Knee 
Osteoarthritis Scoring System (KOSS) [47]. For 
a reproducible assessment of the cartilage lesions, 
WORMS has been widely used [45]. The knee 
articular cartilage is subdivided by anatomic 
landmarks into 15 regions: medial and lateral 
facet of patella, medial and lateral femoral con-
dyle (anterior/central/posterior), medial and lat-
eral tibial plateau (anterior/central/posterior), and 
subspinous tibia.

It is a daunting task for the radiologists and 
referring physicians to remember and incorporate 
these ever-changing scoring systems in their prac-
tice. Additionally, with widespread MR imaging, 
it has become clear that not one scoring system 
fits all cartilage lesions. A variety of cartilage 
lesion morphologies are commonly observed. 
Further, the same compartment of the joint may 
have different lesions. Therefore, it is best to 
describe the lesion morphology, size, and extent 
in a structured radiology report rather than trying 
to fit the lesions in a particular scoring system. 
The following discussion will address and sim-
plify the articular cartilage injury terms in com-
mon use and their respective meanings with 
relevant imaging examples.

6.3.2  Intraarticular Cartilage 
Lesions

Cartilage lesions of the knee can be grouped into 
three broad categories: acute chondral or osteo-
chondral lesions, chronic lesions due to repeti-
tive impaction, and lesions due to joint disorder 
such as OCD, OA, and IA. There are some dis-

Fig. 6.8 Coronal fs PDW image in a 44-year-old man 
with acute medial knee pain. There is osteochondral frac-
ture (arrow) of the medial femoral condyle with extensive 
bone marrow edema

G. K. Thawait et al.
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tinguishing characteristics of each category. An 
acute lesion frequently occurs on weight-bear-
ing area of the knee. It is characterized by sharp 
margins oriented perpendicular to the bone sur-
face and exhibits subchondral bone marrow 
edema. At times lesions include fractured carti-
lage or cartilage and bone (osteochondral) that 
may break off as a “loose” fragment. In general, 
cartilage lesions have limited capacity to heal, 
and they often get worse with time. Visualizing 
and characterizing these lesions on MRI, par-
ticularly at an early stage prior to irreversible 
damage, are imperative because of the implica-
tions for surgery.

6.3.2.1  Chondromalacia
Chondromalacia is the earliest stage of cartilage 
injury that occurs without cartilage surface 
defect. It usually involves softening or blistering 
of the deeper cartilage lamina due to fluid imbibi-
tion, which is relatively soft “malacic” on 
arthroscopic probing. However, chondromalacia 
is a nonspecific finding and may be seen in 
asymptomatic subjects. MR imaging shows carti-
lage blister or softening as focal areas of increased 
T2 signal intensity in the deep cartilage lamina or 
loss of laminar differentiation with diffuse 

intraarticular increased signal intensity. This may 
be associated with focal or diffuse swelling of the 
articular cartilage (Fig. 6.10). T2 maps are useful 
for early identification of the above findings as it 
may not be apparent on anatomic imaging 
(Fig. 6.11).

6.3.2.2  Cartilage Repair Response
Degeneration, fibrocartilage, and chondrocalci-
nosis are the spectrum of a repair response to 
injury or microabrasion to the articular cartilage. 
Although spontaneous cartilage repair occurs, it 
often leads to the formation of biologically inef-
ficient cartilage-like fibrotic tissue. MR imaging 
shows focal or diffuse areas of low signal inten-
sity (signal heterogeneity) within the articular 
cartilage, especially the superficial and interme-
diate cartilage lamina. It is often difficult to 
 differentiate the three entities; however, chondro-
calcinosis may be well characterized on the GE 
imaging (Fig. 6.12).

6.3.2.3  Cartilage Fibrillation  
or Erosions

Fibrillations are vertical clefts between groups 
of chondrocyte resulting in “fingerlike” projec-
tions into the joint space. Fibrillation is an early 

Fig. 6.9 Sagittal fs PDW images (a, b) of the knee in a 
25-year-old woman with recent clipping injury. Note the 
osteochondral impaction fracture of the sulcus terminalis 

(a, arrow) from recent translational event and complete 
disruption of the anterior cruciate ligament (b, arrow)
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stage of loss of cartilage surface integrity that 
may  follow chondromalacia or may be a solitary 
finding, appropriately referred to as mild chon-
drosis. On MR imaging, the articular cartilage 
appears to be of near-normal thickness but 
shows uneven/irregular articular surface (lamina 
splendens) continuity (Fig. 6.13). It is com-

monly seen in frictional areas, such as the 
 superior aspect of the lateral facets of the 
 patellofemoral compartment and load-bearing 
area of femorotibial compartment.

Fig. 6.10 Chondromalacia. Axial (a) and coronal (b)  
fs PDW MR images shows intraarticular focal areas of 
increased T2 signal intensity with loss of layered 

 differentiation (a, small arrow). At times blister/focal 
softening with thickening of involved cartilage (b, large 
arrow) is seen

Fig. 6.11 Sagittal T2 map of the knee articular cartilage. Notice areas of chondromalacia (a, arrows) as compared to 
normal cartilage in b

G. K. Thawait et al.
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6.3.2.4  Cartilage Fissure or Flap
Fissure or flaps are frequently caused by repeti-
tive and prolonged overloading or traumatic 
injury to the articular cartilage. They can be low  
(< 50% of cartilage thickness) or high grade  
(> 50% of cartilage thickness) and can be solitary 

or multifocal. On MR imaging, a fissure is seen 
as linear T2 hyperintense signal, less than 2 mm 
transverse, which assumes vertical to minimally 
oblique orientation to the articular surface of the 
bone. A flap is formed by an obliquely oriented 
fissure, which causes elevation of the superficial 

Fig. 6.12 Cartilage degeneration/fibrocartilage/chondrocalcinosis. Coronal (a) and sagittal (b) fs PDW MR images 
show focal areas of low signal intensity areas within the articular cartilage (arrows)

Fig. 6.13 Cartilage surface fibrillation/erosions. Axial (a) and sagittal (b) fs PDW MR images show the cartilage of 
normal thickness but with uneven articular surface (arrows)
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(< 50%) or deep (> 50%) semi-separated compo-
nent of the articular cartilage (Fig. 6.14).

6.3.3  Articular Cartilage Thickness

Cartilage thinning or hypotrophy is frequently 
associated with chronic or recurrent cartilage 
injury (Figs. 6.15 and 6.16). This should also 
be classified as low or high grade using above-
mentioned criteria. On MR imaging, the articular 
cartilage shows diffuse thinning with or without 
focal defects (Fig. 6.17). Comparison to the car-
tilage from normal appearing compartment of the 
knee is frequently used to make this diagnosis.

Increased relative thickness or hypertrophy of 
the cartilage at the lesion site may be apparent in 
few circumstances such as chondromalacia due 
to fluid imbibition, OCD due to osteochondrosis 
and abnormality of secondary physis and, hyper-
trophy observed as a complication of autologous 
chondrocyte implantation. The increased thick-
ness of articular cartilage may lead to locking of 
knee with decreased joint motion with further 
cartilage damage. MR imaging shows increased 
thickness of the articular cartilage with respective 
findings of the underlying lesions as described 
above or surgical change from the cartilage 
replacement procedure.

Fig. 6.14 Cartilage fissure/flap. Axial fs PDW MR 
images. (a) Shows a fissure which is a linear (< 2 mm) T2 
hyperintense signal intensity and assumes a vertical/
slightly oblique orientation and disrupts the articular sur-

face (small arrow). (b) Shows a flap which is formed by an 
obliquely oriented fissure with elevation of the superficial 
semi-separated component (large arrow)

Fig. 6.15 Cartilage thinning. Axial fs PDW MR image 
shows diffuse thinning of the articular cartilage (arrow) of 
the medial facet of the patella

G. K. Thawait et al.
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6.3.4  Articular Cartilage Defects

Cartilage defects are frank defects within the car-
tilage with transverse size more than 2 mm. These 
defects can vary in size and shape involving par-
tial or complete loss of articular cartilage. They 
can be classified as low and high grade similar to 
fissures and flaps, based on the involved thick-
ness. The defects may be single or multifocal. MR 
imaging shows a fluid-filled hyperintense lesion 
of more than 2 mm. In lesions related to arthritis, 
these defects appear as irregular lesions with 
obtuse margins while, in cases of trauma, a well-
shouldered defect may be seen, which is high 
grade or associated with bone marrow changes. 
The latter may be best treated by surgery to pre-
vent future progression.

Full-thickness cartilage defects results from the 
complete loss of articular cartilage leading to expo-
sure of the subchondral bone. On MR imaging, 
full-thickness defect is often associated with a vari-
able combination of bone marrow edema, cysts, 

Fig. 6.16 Cartilage hypertrophy. Sagittal fs PDW (a) and PDW (b) MR images show increased thickness of articular 
cartilage (arrows) at the site of prior autologous cartilage implantation

Fig. 6.17 Cartilage defect. Axial fs PDW MR image 
shows a fluid-filled hyperintense lesion (> 2 mm) of more 
than 50% of cartilage thickness, in keeping with a high- 
grade defect (arrow)
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and sclerosis; and, with further progression, under-
lying articular surface irregularity, depression, or 
osteophyte formation may be seen (Figs. 6.18 and 
6.19).

6.3.4.1  Cartilage Delamination
Cartilage delamination refers to the separation 
(debonding) of the articular cartilage from the 
subchondral bone at the tidemark zone and is one 

of the worst cartilage lesions. MR imaging shows 
a high (fluid) signal intensity dissecting between 
the cartilage and bone with or without buckling 
of the delaminated cartilage (Fig. 6.20).

Fig. 6.18 Cartilage defects. Axial (a) and sagittal (b)  
fs PDW MR images show multifocal cartilage defects in 
the setting of arthritis as irregular obtuse  margins (a, 

small arrows) and from trauma as a well-shouldered 
defect (b, large arrow)

Fig. 6.19 Full-thickness cartilage defect. Sagittal fs 
PDW MR image shows exposed subchondral bone 
(arrow) in the posterolateral tibial plateau, which may be 
associated with reactive bone marrow change

Fig. 6.20 Cartilage delamination. Axial fs PDW MR 
image shows high signal intensity fluid between the carti-
lage and subchondral bone (arrows) with buckling of the 
overlying debonded cartilage
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6.3.4.2  Cartilage Denudation
Cartilage denudation results from chronic pro-
gressive complete loss of cartilage from large 
areas of the bone. This lesion, if present in both 
opposing articular surfaces, as seen with severe 
arthritis, presents as painful bone on bone apposi-
tion due to reactive bone marrow changes. MRI 
shows complete absence of cartilage in the artic-
ular surface. Puddle sign on axial images can be 
seen when bone is exposed to synovial fluid. 
Reactive bone marrow edema, sclerosis, cysts, 
deformity, and/or osteophyte formation is nearly 
always present (Fig. 6.21).

6.3.5  Osteochondral Lesions

This is a traumatic lesion which causes the ero-
sion/contusion of the articular cartilage at the 
impaction site with or without subchondral bone 
fracture. On MR imaging, overlying cartilage 
lesions (thinning, fissure, fibrillation, defect), 

underlying reactive bone marrow edema, or sub-
chondral fracture (dark line in a cloud of edema) 
can be seen in acute stages (Fig. 6.22). In  subacute 
and chronic stages, the edema evolves into sub-
chondral cysts and sclerosis, with or without 
articular surface depression/loose body 
formation.

6.4  Articular Cartilage Lesions 
in Joint Disorder

The common joint disorders that affect the knee 
cartilage are OCD and arthritis (IA and OA). 
Using the appropriate pulse sequences, MR has 
shown much promise in identifying early signs of 
cartilage and bone lesions associated with these 
disorders.

Fig. 6.21 Cartilage denudation. Coronal PDW (a) and 
T2-weighted (b) MR images shows complete absence of 
articular cartilage surface (a, arrows) in the medial com-

partment with complete denudation and reactive bone 
marrow change (b, arrows)
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Fig. 6.22 (a, b) Osteochondral fracture. Axial (a) and sagittal (b) fs PDW MR images shows the eroded articular car-
tilage at the impaction injury with subchondral bone fracture (arrows)

6.4.1  Osteochondritis Dissecans

Osteochondritis dissecans is a joint disorder in 
which cracks form in the articular cartilage and 
the underlying subchondral bone. Eventually, 
fragmentation of both cartilage and bone occurs, 
called osteochondral fragment, releasing it within 
the joint space. Although rare (15–30 people out 
of 100, 000 in the general population affected 
each year), it is an important cause of joint pain in 
physically active adolescents [48, 49]. OCD 
reflects a disorder of secondary physis (beneath 
the articular cartilage) and in almost 50% of all 
cases, there is an underlying history of trauma. 
On MR imaging, it can be seen as half- moon- 
shaped lesion, usually in non-weight- bearing sur-
face of the bone and may produce secondary 
bony changes as described above for the trauma-
related osteochondral lesions (Fig. 6.22). Some 
locations are characteristic for this lesion, such as 
medial aspect of the lateral femoral condyle of 
the knee, talar dome, and capitellum. The overly-
ing articular cartilage may be flush with the 
remaining cartilage, proud or, many times, defi-
cient, depending upon the extent of the lesion. 

MRI plays an important role in determining the 
stability of the OCD defect. Stable lesions noted 
in MRI usually have good clinical outcome, 
whereas unstable lesions as detected by MRI are 
predicted to have poor clinical outcome. Signs of 
instability include full- thickness cartilage tearing, 
cystic change penetrating to deep lamina, osteo-
chondral defect with fluid-filled cavity, and/or 
osteochondral fragment with high (fluid) signal 
intensity (Fig. 6.23). For in-depth discussion of 
OCD, refer to Chap. 10.

6.4.2  Inflammatory Arthritis

Inflammatory arthritis is a group of diseases 
characterized by inflammation of the joints and 
often other tissues, many of which are a result of 
autoimmunity. MRI is efficacious in initial 
 disease detection and prognostication in patients 
with inflammatory arthritis as well as in monitor-
ing of both disease progression and response to 
therapy. Subchondral bone marrow edema is the 
key imaging findings of inflammatory arthritis 
detectable by MRI and may be a forerunner of 
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cartilage erosion, which is more diffuse and uni-
form. Other MR findings which include synovial 
thickening, synovitis, joint effusion, and chon-
drocalcinosis may also be seen, but focal lesions 
are not common.

6.4.3  Osteoarthritis

Osteoarthritis is a degenerative joint disease 
that results from aberrations of articular carti-
lage and the underlying subchondral bone. OA 
is believed to be caused by mechanical stress on 
the joint, and other causes include previous joint 
injury, abnormal join or limb development, and 
inherited factors; also, overweight individuals 
have a greater risk of developing knee 
OA. Changes in cartilage and subchondral bone 
composition are important to note in the pro-
gression of OA. In particular, bone marrow 
edema- like lesions, subchondral cyst, and sub-
chondral bone aberrations are notable features 
indicating disease progression. Using the appro-
priate MR technique, the early stage of OA 
(proteoglycan loss and increased tissue fluid) 
corresponding to cartilage hypertrophy shows 

as increased MR signal intensity. MRI can also 
detect early signs of cartilage surface lesions 
(fissures), intraarticular lesions and focal or dif-
fuse cartilage loss as well as joint space narrow-
ing and changes in the subchondral bone 
surface, subchondral cysts, and early osteo-
phytes as well as provide a baseline that can 
help predict the OA patient’s individual risk for 
an incident total knee replacement 4–7 years 
later, and also the patient’s risk of developing 
OA due to progressive knee articular cartilage 
degeneration secondary to other diseases such 
as diabetes [50, 51].

6.5  Conclusions

To conclude, articular cartilage architecture is 
complex and high resolution and high contrast 
MR imaging is essential to resolve the anatomy 
and its lesions. Reader skill and in-depth knowl-
edge of cartilage anatomy and pathology is 
important for accurate diagnosis and follow-up 
of untreated and treated lesions.

Fig. 6.23 Osteochondritis dissecans. Sagittal (a) and 
coronal (b) fs PDW MR images show half-moon- shaped 
lesion (arrows) in the lateral aspect of the medial femoral 

condyle, mildly proud as compared to the native cartilage. 
Notice bone marrow edema within the lesion and subja-
cent femoral condyle with early cyst formation
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7

7.1  Introduction

In 1975, DeHaven and Collins described arthros-
copy as the gold standard investigation of intra- 
articular pathology of the knee [1]. This statement 
remains true today, with evidence that many 
lesions remain undetected using today’s  mag-
netic resonance (MR) technology; nevertheless, 
as MR technology and magnetic field strength 
increases, the sensitivity of detecting and assess-
ing cartilage lesions will undoubtedly improve 
[2, 3]. Although arthroscopy is invasive, it is still 
the most helpful diagnostic tool. Arthroscopy has 
the added advantage of allowing simultaneous 
diagnosis and treatment of chondral and associ-
ated lesions (i.e. meniscal tears, ligament tears) 

within the knee, as well as the ability to perform 
an examination under anaesthesia (EUA). The 
EUA is a critical component of arthroscopy, as 
coexisting knee disorders (anterior cruciate liga-
ment –  ACL injury, ligamentous laxity, biome-
chanical malalignment) can negatively impact 
any cartilage regeneration or repair surgery [4].

Up to 63% of patients undergoing knee 
arthroscopy have evidence of chondral pathology 
[5–9]. Many of these injuries are diffuse and not 
amenable to current repair techniques. The inci-
dence of treatable focal and isolated lesions var-
ies. In a prospective study of 1000 consecutive 
knee arthroscopies, Hjelle et  al. identified focal 
chondral or osteochondral (OC) lesions in 19% of 
patients, whereas other investigators reported that 
between 4% and 10% of knee arthroscopy per-
formed in patients under 40 years old have one or 
more well-defined International Cartilage 
Repair  Society (ICRS, since 2018 renamed as 
International Cartilage Regeneration and Joint 
Preservation Society)  scoring or Outerbridge 
grade 3 or 4 lesion [5–7] (see Appendix A  – 
Arthroscopic Classification for Cartilage Injuries).

Accurate measurement of articular cartilage 
lesions using arthroscopy has been shown to be 
directly related to the arthroscopic experience of 
the surgeon [10]. The determination of a chondral 
defect’s location, size, depth, morphology and 
degree of containment is extremely important, as it 
forms the basis of grading the lesion which guides 
treatment algorithms  [11, 12]. In addition, the 
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measurement tool used by the surgeon may influ-
ence arthroscopic estimation of cartilage lesion 
size [13]. Also, chondral lesion factors, such as 
localisation and size (kissing vs.  nonkissing 
lesions and multiple vs. single lesions), have been 
shown to influence symptoms and knee function 
[8]. It is recognised, however, that arthroscopy 
may not be the gold standard for the grading of 
articular cartilage defects, with some evidence that 
knee arthrotomy and direct measurement of a 
lesion’s size and depth are more accurate [10]. 
Today, most surgeons use arthroscopy rather than 
arthrotomy for grading cartilage pathology.

The incidence, size and severity of chondral 
injury have been shown to increase with time from 
injury and increasing patient age [3, 14–16]. 
Amongst pediatric patients with ACL tears, those 
who underwent primary arthroscopic ACL recon-
struction > 150 days after injury showed a higher 
rate of meniscal tears than those treated  
≤ 150 days after injury [16]. The chondral injury 
significantly associated with the presence of menis-
cal tear in the same compartment of the knee.

Increased age and weight are independently 
associated with a higher rate of medial menis-
cal tear (MMT). Patients with ACL tears and 
MMT or lateral meniscal tear (LMT) are more 
likely to have a chondral injury in that particu-
lar compartment than those without meniscal 
tears. The effect of this is twofold. Firstly, 
these patients are more likely to require surgi-
cal intervention to address chondral lesions, 
which may have increased in both size and 
depth from the index event. Secondly, the 
number of patients who have disease affecting 
the opposing articular surface will increase, 
potentially precluding biological treatment 
options [17].

Careful and systematic examination of the 
knee joint is critically important in order to avoid 
missing significant joint tissue lesions. It is essen-
tial to evaluate the entire joint surface, as even 
minor areas of degeneration opposite a major car-
tilage defect can make achieving a satisfactory 
outcome challenging [17]. Commonly missed 
areas include the posterior femoral condyles and 

the trochlea. Furthermore, recognition that par-
ticular injuries may have chondral injury patterns 
(i.e. ACL rupture and patella dislocation) enables 
the surgeon to pay particular attention to those 
regions.

This chapter will focus on the classification of 
chondral lesions arthroscopically; detail the 
assessment of these lesions in regard to their 
location, size and depth; and discuss the articular 
cartilage injury patterns seen with common knee 
pathology and trauma.

7.2  Classification Systems  
for Chondral Lesions

Classification and scoring systems have been 
devised to quantify the severity of cartilage 
damage, allowing the creation of treatment 
algorithms and the assessment of clinical out-
comes. Without accurate reporting of chondral 
lesions, research into proper treatment modali-
ties is limited. Only two of the many classifica-
tion systems will be discussed in this chapter, 
whereas other arthroscopic classification systems 
(Noyes Classification and Oswestry Arthroscopy 
Score) are outlined in Appendix A.  The 
Outerbridge classification is mentioned for his-
torical reasons, whereas the ICRS classification 
is mentioned because it has become adapted  
for use by most of the modern literature  
and researchers in the field of cartilage 
regeneration.

7.2.1  Outerbridge Classification

The Outerbridge classification was first described 
in 1961 and was based on the assessment of 
patella chondromalacia visualised whilst per-
forming open medial meniscectomy [18]. 
Divided into four grades, its major limitation is 
that the differentiation between grade 2 and grade 
3 lesions depends on the diameter rather than 
depth [19] (Table 7.1. Also refer to Appendix A 
for the modified version).
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Brismar et al. examined the reliability of the 
Outerbridge classification by using 19 video-
taped knee arthroscopies in patients with mild to 
moderate knee osteoarthritis  (OA) [20]. The 
data was analysed by four orthopedic surgeons. 
Reliability, as judged by intra-observer kappa 
value, was only fair to good, with an intra- 
observer reliability best for normal cartilage 
(grade 0) and advanced changes (grade 4). 
However, the inter-observer reliability/overall 
percentage agreement was only 61%, which was 
felt to be likely due to the fact that OA is a 
 continuum of changes. Other studies reported 
moderate intra-observer and inter-observer 
reproducibility and accuracy using the arthros-
copy Outerbridge classifications for chondral 
lesions [21–23]. Trisolino et al. assessed the 
reliability of the videotape scoring system in 
fifty-seven patients who underwent arthroscopic 
treatment of meniscal tears. Using the 
Outerbridge classification system, assessment 
of articular cartialge lesions at six sites showed 
substantial interobserver and intra-observer reli-
ability, and moderate consistency with the intra-
operative score provided by the surgeon [21].

7.2.2  The International Cartilage 
Repair Society Classification

The International Cartilage Repair Society clas-
sification was originally described in 1998 and 
modified in 2003 [19, 24]. This commonly used 
grading system is similar to Outerbridge but dis-
tinguishes between grade 2 and 3 lesions based 
on the depth of the cartilage defect. The ICRS 
grade 2 chondral lesions (abnormal) involve less 
than 50% of the cartilage depth, and the ICRS 

grade 3 lesions (severely abnormal) involve more 
than 50% of the cartilage depth (Fig.  7.1, 
Table 7.2 and Appendix A). Validation of ICRS 
for the arthroscopic assessment of cartilage repair 
has been found to be statistically reliable and 
repeatable with good intraobserver and inte-
robserver reliability [25, 26].  Further, the 
arthroscopic ICRS grading of chondral lesions in 
cadavers correlated well with the histological 
grades of lesion depth [26].

7.3  Assessment of Articular 
Cartilage Defects

The main goal in the arthroscopic evaluation of a 
chondral injury is to appropriately classify the 
lesion(s), allowing the application of treatment 
algorithms. Each cartilage defect must be identi-
fied and carefully evaluated in regard to the lesion 
location, size, depth and containment.

7.3.1  Articular Cartilage 
Appearance

It is important to be able to distinguish between 
hyaline cartilage and fibrocartilage (Fig. 7.2). 
Normal hyaline cartilage has a glossy, bluish 
white and homogeneous appearance. 

Table 7.1 Outerbridge classification

Grade Description of the Lesion
I Softening and swelling of the cartilage
II Fragmentation and fissuring in an area half an 

inch or less in diameter
III Same as grade 2 but an area more than half an 

inch in diameter is involved
IV Erosion of cartilage down to the subchondral 

bone

Table 7.2 Arthroscopic grading of chondral injuries 
using the International Cartilage Repair Society (ICRS) 
classification

Grade Description of the Lesion
0 Normal
1A Superficial fibrillation or softening
1B Superficial fissures and lacerations
2 Defect less than 50% of depth
3A Defect more than 50% but not down to the 

calcified layer
3B Defect more than 50% down to the calcified 

layer
3C Defect down to but not through the 

subchondral bone plate
3D Defect more than 50% with blisters
4A Defect includes superficial subchondral bone 

plate
4B Defect down to deep subchondral bone

7 Assessment of Knee Cartilage Injury: Arthroscopic Evaluation and Classification
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Fig. 7.1 (continued)
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Fibrocartilage consists of cartilaginous and 
fibrous components in varying proportions, 
which is most likely be encountered after a 
repair procedure (i.e. a successful microfrac-
ture, MFX) or an ICRS - 4 chondral lesion that 
has had an element of fibrocartilage healing 

response (Fig. 7.2a). Fibrocartilage is not bio-
mechanically adapted to serve as articular car-
tilage, with its higher proportion of type I 
rather than type II collagen; it is designed to 
resist loading in tension rather than compres-
sion [27].

Fig. 7.1 Arthroscopic photographs of knee chondral 
lesions graded according to the International Cartilage 
Repair Society (ICRS) classification system. (a) Normal 
with grade 0; (b) Grade 1A with cartilage softening; (c) 
Grade 1B with superficial lacerations; (d) Grade 2 with 
lesions less than 50% of cartilage depth; (e) Grade 3A 
with lesions extending to more than 50% of uncalcified 

cartilage depth; (f) Grade 3B with lesions extending up to 
the calcified cartilage; (g) Grade 3C with lesions extend-
ing up to but not through the subchondral bone; (h) Grade 
3D showing defect more than 50% with blisters; (i) Grade 
4A with defect extending to the superficial subchondral 
bone plate; and (j) Grade 4B with defect extending deep 
into the subchondral bone

Fig. 7.2 Arthroscopic photographs showing: (a) Normal hyaline cartilage. (b) Fibrocartilaginous repair tissue

7 Assessment of Knee Cartilage Injury: Arthroscopic Evaluation and Classification
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7.3.2  Chondral Lesion Location

Specifying the location of chondral lesions is 
important as chondral lesions of different regions 
of the knee have varying treatment options and 
may have different prognosis. Further, an accu-
rate description of the lesion is important for the 
interpretation of clinical outcomes. Certainly 
some areas of the knee, such as the medial femo-
ral condyle  (MFC) or knee with medial tibio-
femoral offset, are more prone to chondral injury 
[14, 28].

Various systems for the reporting of chondral 
defect locations have been published. The most 
commonly used and simple method divides the 
knee into six regions: the patella (medial and lat-
eral), trochlea, MFC, lateral femoral condyle 
(LFC), medial tibial plateau (MTP) and lateral 
tibial plateau (LTP). In 2001, Hunt et  al. pro-
posed a system for evaluating knee chondral 
lesions  (N = 1,553  in 853 patients) at arthros-
copy [29]. This complex chondral mapping tool 
was designed to increase accuracy  and to pro-
vide a meaningful analysis of patterns of articu-
lar cartilage damage. This mapping tool divides 
the patella into six zones, the tibia into ten zones 
and the femur into ten zones. This system takes 
into account the location of tibial lesions in rela-
tion to the menisci, as well as whether femoral 
lesions are weight bearing in extension or flex-
ion. A similar  chondral lesion mapping system 
has been adapted as part of the ICRS Cartilage 
Injury Evaluation Package, using a grid system 
of the tibial and femur as shown in Fig. 7.3.

Studies reporting the location of chondral 
lesions at knee arthroscopy demonstrate that the 
MFC is consistently the most common site of 
focal chondral lesions, followed by the patella 
and the LFC, whilst the MTP is least commonly 
affected [3, 5, 7] (Table 7.3). In regard to the iso-
lated grade 4 lesions identified in 1277 patients, 
Curl et  al. corroborated the above findings by 
documenting that lesions on the MFC were the 
most common, followed by the LFC and the 
patella [6].

7.3.3  Chondral Lesion Size 
and Diameter

Measurement of the size of a focal lesion, an 
important factor in treatment algorithms, usually 
involves the use of a scaled, hooked, 
arthroscopic instrument or probe with marked 
5 mm increments. Lesions are measured in length 
and width, which assumes that a defect is 
 basically rectangular, hence generating a defect 
area in cm2 [19] (Fig. 7.4).

An accurate measurement of the chondral 
defect size is difficult and is related to the 
arthroscopic experience of the surgeon. In a study 
of over 400 patients with chondral injuries, 
lesions were measured arthroscopically at the 
time of chondral biopsy and also 3–4 weeks later 
at arthrotomy for the subsequent autologous 
chondrocyte implantation (ACI) procedure [9]. 
The result showed a significant overestimation of 
the defect size at arthroscopy, with surgeons of 
all experience levels. The average arthroscopic 
estimation exceeded the real defect size by more 
than 1 cm2; the greatest overestimation was with 
small defects < 4 cm2. Accuracy was improved by 
surgeon’s experience, both with surgeons who 
had performed > 100 knee arthroscopies and sur-
geons who had performed > 1000 knee arthros-
copies. Interestingly, there was no statistically 
significant difference based on location of chon-
dral lesions within the knee.

7.3.4  Chondral Lesion Depth

The depth of the chondral lesion is a critical com-
ponent of the ICRS classification, with grade 3 
and 4 lesions generally accepted as requiring 
treatment. The prognosis for ICRS - 2 lesions in 
patients treated with simple debridement has 
been shown to be good [30, 31]. There is some 
evidence that partial-thickness chondral injuries 
(grade 1 and 2), at least in rabbits, may undergo 
spontaneous repair due to stem cell migration 
from adjacent synovium [30].

T. Dwyer and J. S. Theodoropoulos
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Fig. 7.3 The International Cartilage Repair Society (ICRS) knee cartilage lesion mapping system (Reprinted from the 
ICRS Cartilage Injury Evaluation Package [www.cartilage.org], with permission from the ICRS)

Table 7.3 Location of chondral lesions at knee arthroscopy

Reference Patient # (N) MFC LFC MTP LTP Patella Trochlea
Widuchowski et al. (2006) 10,574 34% 9% 6% 7% 36% 8%
Figueroa et al. (2007) 82 32.2% 14.8% 2.6% 7.8% 33% 9.6%
Hjelle et al. (2002) 193 58% 9% 5% 11% 11% 6%

7 Assessment of Knee Cartilage Injury: Arthroscopic Evaluation and Classification
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Broadly speaking, the goal of the surgeon is to 
distinguish superficial partial-thickness injuries 
(< 50%), from deeper lesions (> 50%), using the 
graduated probe to estimate the depth of chondral 
lesions as per the ICRS classification (Fig. 7.5f). 
Important techniques involve probing the indi-
vidual fissures, thus ensuring that crevices do not 
extend to bone, as well as the debridement of 
flaps of cartilage that may be hiding grade 3 or 4 
articular cartilage injuries [19] (Figs.  7.5a, b). 
Surrounding cartilage must also be carefully 
evaluated, as it may have disengaged from the 
underlying bone (Figs. 7.5c, d). In addition, the 
absolute depth of OC lesions is important to 
ascertain, as lesions less than 8 mm in depth may 
heal with autologous chondrocyte implantation, 
whilst defects of more than 8 to 10 mm require 
bone grafting in association with ACI or osteo-
chondral autograft transfer system (OATS) 
 procedures [32] (Fig. 7.5e).

To investigate the accuracy of grading chon-
dral lesions (450 focal lesions in 407 patients) 
using ICRS classification, Niemeyer et al. com-
pared the ICRS grades obtained arthroscopically 
versus open techniques [9]. Using open surgery 
as the gold standard, they found that 80.9% of 
lesions were correctly graded using arthroscopy. 
Interestingly, there was no difference in grading 
accuracy between surgeons with different levels 
of experience.

7.3.5  Chondral Defect Contained/
Uncontained

The containment of the lesion is one of the 
 prognostic factors for clinical outcomes of 
arthroscopic bone marrow stimulation. A con-
tained chondral lesion is surrounded with a 
 stable, functional, native articular cartilage, 
whereas uncontained chondral lesions do not 
have a cartilage margin surrounding the entire 
defect (Fig.  7.6b). Uncontained chondral 
lesions are more likely to occur along the lat-
eral margins of the femoral condyles, the poste-
rior aspects of the femoral condyles, the 
posterior surfaces of the tibial plateau and any 
chondral lesion extending into intercondylar 
notch [4].

The issues stemming from the treatment of the 
uncontained defect relate to both MFX and to 
chondrocyte implantation techniques. In the MFX 
technique, a fibrin clot forms in the defect from 
the initial haematoma or blood clot, with mesen-
chymal stem cell migration occurring from the 
marrow cavity to populate this fibrin clot [33]. In 
the absence of a healthy cartilaginous rim, con-
tainment of the blood clot proves difficult; further, 
a steep wall also allows for the attachment of 
fibrous tissue [34]. In both ACI and matrix-
induced autologous chondrocyte implantation 
(MACI) techniques, a cartilage margin is required 

Fig. 7.4 Arthroscopic photographs showing measurement of the size of chondral lesions. (a) 7 mm wide lesion. (b) 
15 mm wide lesion
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Fig. 7.5 Arthroscopic photographs showing: (a) 
Chondral flap. (b) ICRS - Grade 4 lesion revealed after 
debridement of flap seen in a. (c) Trochlea chondral flap. 

(d) Cartilage in the trochlea seen in Fig. 7.5c has disen-
gaged from subchondral bone. (e) Osteochondral lesion. 
(f) Measurement of depth of ICRS - Grade 3 lesion
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to suture either periosteal grafts (ACI) or contain/
suture the membrane (MACI) [4]. In the absence 
of a full cartilage margin, these techniques are 
either contraindicated or margins have to be cre-
ated using techniques such as OATS or allograft.

7.4  Associated Knee Injuries

The recognition and treatment of associated 
knee injuries, such as loose bodies, meniscal 
tears and ACL ruptures, is an important aspect of 
knee arthroscopy. Rarely is articular cartilage 
damage sustained in isolation, and cartilage res-
toration algorithms require that lower limb 
malalignment, meniscal deficiency and cruciate 
ligament injuries be addressed in order to 
improve patient outcomes [4, 17, 24]. This sec-
tion will address the most commonly associated 
pathologies, patterns of chondral injury and 
aspects of management.

7.4.1  Loose Bodies

Full-thickness chondral and OC defects may be 
associated with loose bodies, which are some-
times repairable in the acute setting. Otherwise, 
loose bodies must be removed to prevent 
 mechanical symptoms such as locking and avoid 

potentially catastrophic chondral damage. 
Careful evaluation of preoperative imaging 
(X-ray, CT, MRI) aids the diagnosis and location 
of loose bodies prior to arthroscopy, along with 
complete and systematic arthroscopic examina-
tion of the entire knee. The surgeons’ ability to 
examine the posterior compartments of the knee 
is an  important skill in  locating loose bodies. 
Accessory posteromedial and posterolateral por-
tals may be required in order to remove chondral 
and OC fragments (Fig. 7.7).

7.4.2  Meniscal Tears

The presence of medial meniscal tears (MMT), 
especially bucket handle meniscal lesions, 
increases the incidence of chondral injuries on the 
MFC, especially in the weight-bearing aspect 
[35]. The meniscal loss was associated with a 
threefold increase in chondral injury or loss [36]. 
Also, the lateral meniscal tears (LMT) correlated 
with LFC and LTP damage. Posterior meniscal 
and lateral anterior meniscal tears have been com-
monly noted with advanced chondral lesions [37]. 
Posterior MMT with associated chondral lesions 
have been shown to predominate in females [38]. 
An investigation of 252 patients diagnosed with 
discoid LMT during arthroscopy 26.6% (N = 67) 
also had articular cartilage lesions, which was 

Fig. 7.6 Arthroscopic photographs showing: (a) 
Contained chondral defect where cartilage rim surrounds 
entire defect. (b) Uncontained chondral defect of the right 
MFC extending into the intercondylar notch with the 

black arrow showing normal cartilage and red arrow 
showing cartilage defect that has extended into the inter-
condylar notch.
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most commonly located on the LTP [38]. In 
another study of 378 patients (age range 16 to 
50  years), with ACL tears undergoing knee 
arthroscopy, patients with a meniscal tear had a 
greater degree of articular cartilage damage than 
knees without a meniscal tear, whilst patients with 
a bucket handle tear of the medial meniscus had 
greater degeneration of the MFC than those 
patients with other types of meniscal tears [14] 
(Fig. 7.8a).

Patients who have undergone total or subtotal 
meniscectomy may warrant meniscal transplant, 
as it is established that cartilage degeneration and 
OA often follows meniscal resection [19, 39–42] 
(Fig.  7.8b). Following partial medial meniscec-
tomy in 14 patients (9 male and 5 female; mean 

age 48 ± 12 years), Eichinger documented a sig-
nificant increase in the severity of cartilage 
lesions in the medial tibial plateau [43]. Further, 
the size of the cartilage lesions  significantly 
increased in both the femoral condyles and 
patella [43]. Traditional indications for meniscal 
allograft transplantation (MAT) have been sug-
gested for symptomatic post-meniscectomy 
knees in patients with Outerbridge grade 2 articu-
lar cartilage damage or less. However, statisti-
cally significant improvements have been 
demonstrated in patients undergoing combined 
MAT and ACI/osteochondral allograft (OCA) in 
the medial and lateral compartments of the knee. 
These improvements were seen in all stan-
dardised outcomes scores at a minimum of 2-year 

Fig. 7.7 Photographs showing: (a) Chondral loose 
body  at arthroscopy. (b) Coronal MRI demonstrating a 
loose body in the posterolateral compartment (grey 

arrow). (c) Loose body (marked LB) in the posterolateral 
compartment of the knee at arthroscopy

Fig. 7.8 Arthroscopic photographs showing: (a) Bucket handle meniscal tear causing a grade 4 medial femoral condyle 
(MFC) chondral lesion. (b) Subtotal medial meniscectomy
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follow-up [44, 45]. Such procedures often need 
to be combined with other surgery, including 
anterior cruciate reconstruction, high tibial oste-
otomy and tibial tubercle osteotomy [46].

7.4.3  Anterior Cruciate Ligament 
Rupture

A systematic review of acute ACL tears (< 3 
months from injury) found that the incidence of 
articular cartilage injury was between 16% and 
46% [47, 48]. In a retrospective study with a 
 subset of 487 patients (350 non-athlete and 137 
athlete) requiring acute ACL reconstruction 
(ACLR), the incidence of chondral lesions at time 
of presentation < 3 months of injury showed that 
16% had a grade 3 or 4 lesion [49]. Another study 
consisted of a group of 15 patients, during arthros-
copy with ACL tear and concominant grade – 3 or 
– 4 (Outerbridge classification) articular cartilage 
injuries (up to 2 cm in diameter) without meniscal 
and any other ligamentous injuries [50]. These 
patients underwent ACLR with chondroplasty via 
the drilling or MFX technique. The Lysholm knee 
score for each patient at 6 and 12 months showed 
good results with patient satisfaction and improve-
ment in their quality of life (QoL).

The pattern of chondral injury with ACL tears 
may vary depending on whether knee arthros-
copy is performed in the acute or chronic setting 
[14, 51, 52] (Table 7.4). In a prospective study of 
patients undergoing ACLR within 3  months of 
injury, lesions were most commonly seen on the 
LFC [51]. Some lesions were LFC impaction 
fractures, corresponding to the area of bone 
bruise which was commonly seen in the acute 
ACL injured knee on MRI (Fig. 7.9c).

In a study series looking at both acute and 
chronic ACL tears, the most common location 
for chondral injury was noted on the MFC, 
especially in the weight-bearing area [14].  
In 2001, Hunt et  al. investigated 145 patients 
with ACL ruptures and chondral injuries and 
reported that the lesions were commonly found 
in the lateral compartment of the knee. However, 
the authors did not discriminate between acute 
and chronic injuries and did not provide specif-
ics on lesion location [29]. Further study is 
required to determine if chondral injury patterns 
differ in the acute and chronic setting of ACL 
rupture.

As the length of time between the ACL injury 
and knee arthroscopy increases, so does the inci-
dence of severe chondral lesions [14, 15]. In a 
study of 764 patients with ACL tears seen at 
arthroscopy, there was a 6.1% incidence of 
ICRS  - 3 and ICRS  - 4 at 1  year post injury, 
14.8% incidence at 2  -  5  years post injury and 
44.8% incidence at greater than 5  years post 
injury [15].

Shelbourne and Gray reported that articular 
cartilage damage was the most important pre-
dictor of poor outcome after ACL reconstruc-
tion [53]. Combined treatment of chondral 
pathology and ACL tears was first described in 
1993 [54]. It is now generally accepted that 
chondral  restoration procedures such as ACI or 
autologous osteochondral transplantation 
should be combined with ACL reconstruction 
[54–56]. Good patient outcomes have been 
reported with this procedure. However, to date, 
there is lack of studies focussing specifically on 
the outcome of combined MFX and ACL recon-
struction [47].

Table 7.4 Location of chondral lesions in ACL-deficient knees at arthroscopy

Reference Study Type N MFC LFC MTP LTP
Spindler et al. 
(1993)

Acute ACLR  
< 3 m

25 11 15 3 7

Drongowski 
et al. (1994)

Acute tear 32 4 19 2 7

Maffulli et al. 
(2003)

Acute + 
chronic

163 77 16 8 21
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7.4.4  Posterior Cruciate Ligament 
Rupture

Geissler et al. reviewed the arthroscopic findings 
of 88 patients with proven, isolated, posterior 
cruciate ligament (PCL) tears in symptomatic 
patients [57]. Of patients with acute injuries (< 3 
weeks post injury), chondral defects were seen 
in 12% of patients, affecting both the LFC and 
the patella. In patients with chronic injuries (> 1 
month post injury), chondral defects were seen in 
49% of patients, most commonly in the MFC and 
the patellofemoral joint (PFJ). Overall, 49% of 
patients with PCL injury had articular defects; 
nearly half of the defects arose from the PFJ 
articulation.

In a study involving patients with chronic PCL 
instability, 48% had moderate to severe MFC 
 cartilage injury with only 31% showing radio-
graphic evidence of the cartilage damage [58]. 
Similar to ACL rupture, the incidence of cartilage 
damage increases with time between injury and 
PCL reconstruction.

7.4.5  Lateral Patella Dislocation

Chondral injuries are extremely common fol-
lowing acute patella dislocation, requiring a 
high degree of clinical suspicion, especially in 
the patient with hemarthrosis [59]. In an 
arthroscopic study of 39 consecutive knees less 
than 3  weeks after lateral patella dislocation, 
95% had articular cartilage injury. Of these 
lesions, 72% were OC fractures. The majority 
of damage was sustained to the medial facet of 

the patella, with a quarter of patients sustain-
ing articular cartilage damage to the LFC [60] 
(Fig. 7.10a).

Stanitski and Paletta reviewed patella disloca-
tions in 48 adolescents in 24 boys and 24 girls 
(mean age, 14 years) [61]. They documented that 
34/48 (71%) patients had arthroscopic evidence 
of cartilage damage, mostly (94%) were OC 
lesions with relatively equal rates of injury to the 
patella and the LFC. Of concern was the fact that 
only one-third of these patients had evidence of 
OC fracture on x-ray. This finding has prompted 
some authors to suggest that arthroscopy may be 
warranted in children with patella dislocation 
and knee hemarthrosis [59]. Certainly, further 
 imaging such as CT or MRI is mandatory in such 
cases. Recent advances in MR technology has 
provided an overall high arthroscopy-validated 
diagnostic accuracy of 91% and good-to-very 
good interreader reliability for the diagnosis of 
internal knee derangements in children with 
painful knee conditions [62, 63]

7.4.6  Medial Plica

The medial patella plica is an embryological rem-
nant of the synovial cavity that arises from the 
medial aspect of the knee joint and inserts onto the 
infrapatellar fat pad. Medial patella plica is present 
in between 19% and 70% of knees [64]. Whilst 
usually an incidental finding in asymptomatic 
patients, medial plica can become pathological, 
causing catching symptoms, pain and chondral 
damage [65]. Pathological plica are characterised 
by thickened, fibrotic synovial tissue that may be 

Fig. 7.9 Arthroscopic photographs showing: (a) medial femoral condyle (MFC) lesion in association with anterior 
cruciate ligament (ACL) rupture. (b) ACL rupture. (c) lateral femoral condyle (LFC) post ACL rupture
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inflamed; typically they are associated with chon-
dral lesions on the anterior half of the weight-bear-
ing surface of the MFC [29, 66] (Fig. 7.10b).

7.5  Treatment Review

It is important to have a management algorithm at 
the forefront of the surgeon’s mind when per-
forming knee arthroscopy, which is briefly dis-
cussed in this section but more in-depth in 
Chap. 11. Not all treatment modalities are avail-
able at all centres or within each surgeon’s skill 
set;  however, such knowledge enables appropriate 
initial treatment and referral if necessary.

There are two main types of lesions: chondral 
defects of various uncalcified articular cartilage 
thickness and OC defects, where the injury has 
extended into the subchondral bone. As previ-
ously mentioned, ICRS - 2 lesions, when treated 
with the debridement of any potentially unstable 
cartilage fragments to a stable base, have a good 
prognosis [31]. Grade 3 and 4 lesions are gener-
ally accepted as requiring further treatment, espe-
cially when symptomatic [19].

Broadly speaking, treatments for full- 
thickness chondral defects fall into two main 
categories. The first category encompasses artic-

ular cartilage regeneration techniques, with mar-
row stimulation secondary to abrasion, drilling 
or MFX; arthroscopy is ideally suited to these 
bone marrow stimulation techniques. The sec-
ond category involves articular cartilage recon-
struction, utilising ACI, mosaicplasty or OC 
allografts [67].

Niemeyer et al. proposed a basic guideline to 
the management of full-thickness chondral defects 
(ICRS - 3 and ICRS - 4) [10]. Lesions < 4 cm2 are 
treated with MFX, whilst lesions > 4 cm2, or any 
failed MFX lesions > 2 cm2, are treated with ACI. 
In their algorithm, OC defects are treated with 
autologous OC graft or by  supplementing ACI 
with a bone grafting procedure.

In a review article published in 2009, Cole 
et al. uses a treatment algorithm for focal  chondral 
lesions that varies depending on patient activity 
level and on the location of the lesion (PFJ versus 
femoral condyle) [17]. Lesions of the femoral 
condyle < 2 – 3 cm2 in size are treated with MFX 
or OATS, whilst lesions > 2 – 3 cm2 are treated 
with OCA or ACI. In regard to lesions within the 
PFJ, these are treated with MFX in low-demand 
patients, or ACI/OATS/OCA in high-demand 
patients, and are usually combined with an 
anteromedialisation (AMZ) procedure [17, 68] 
(Fig. 7.11).

Fig. 7.10 Arthroscopic photographs showing: (a) Medial patella chondral lesion after patella dislocation. (b) Medial 
femoral condyle (MFC) chondral lesion associated with pathological medial plica
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7.6  Conclusions

Arthroscopy is a crucial tool in the diagnosis, 
evaluation and management of chondral  injuries. 
Knowledge, skill and experience are required  
in order to recognise and correctly classify arti-
cular cartilage lesions, the first step to optimal 
management.
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8.1  Introduction

The knee is composed of specialized connective 
tissues which act synergistically to deal with the 
mechanical loads encountered over a lifetime [1, 
2, 3]. The integrity of articular cartilage and its 
shock absorbing property are essential for normal 
joint nutrition. The knee articular cartilage vol-
ume, joint space, and pathogenesis of knee osteo-
arthritis (OA) are associated with the genetic 
makeup of the individual [4–12]. Also, playing a 
role in the differences in cartilage structure 
between individuals is the functional adaptation 
of cartilage to biomechanical stresses [13].

Articular cartilage adapts to mechanical stim-
uli by altering its morphology, architecture (spe-
cifically its thickness), and composition 
(proteoglycan – PG, collagen, and interstitial 

water content). Each of the components of the 
cartilage matrix contributes to the strength, lon-
gevity and resilience of this tissue. When per-
forming various tasks such as standing, walking, 
and running, the knee frequently encounters 
forces of several magnitudes relative to body 
weight (BW) [14–16]. In adults, increased load-
ing due to sports does not appear to be associated 
with increased cartilage thickness, whereas in 
children and adolescents, such loading has been 
shown to increase cartilage thickness [17]. Once 
skeletal maturity is attained at adolescence, i.e., 
closure of articular epiphyseal plate and matura-
tion of the articular-epiphyseal cartilage complex 
(AECC), the mature articular cartilage has limited 
capacity to increase its mass as a result of mechan-
ical stimulation. Knee cartilage appears to display 
atrophic (thinning) changes during reduced load-
ing conditions or unloading which may be accom-
panied with extracellular matrix (ECM) 
compositional changes [18–22]. With aging, knee 
articular cartilage thinning and degradation are 
related to the pressure of loading over the years 
which contributes to less hydration and less 
capacity by chondrocytes to synthesize PGs [23].

During childhood, running, jumping, and 
other high impact activities benefit bone health 
by increasing the size and strength of the growing 
skeleton. The benefits in bone size and strength 
induced by exercise during growth persist life-
long. However in both elite and amateur athletes, 
due to the significant acute and chronic joint 
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stress associated with excessive impact forces, 
articular cartilage injury of the knee is frequently 
observed [24–36]. Among elite football players, 
significant increase in the magnetic resonance 
imaging (MRI) T2* relaxation times, predomi-
nantly in the superficial zone (SZ) of articular 
cartilage, was noted compared to amateur ath-
letes [37]. This increase in T2* relaxation times is 
indicative of increased fluid content and degrada-
tive changes in the cartilage collagen structure 
and architecture.

Articular cartilage is subjected to deformation 
under physiologic loading conditions and the 
magnitude to which these mechanical signals are 
transmitted to the cartilage matrix and chondro-
cytes vary during activities of daily living. The 
extent of cartilage deformation varies at the dif-
ferent compartments of the knee, and the way the 
load is distributed through the knee determines 
which tissues are subjected to mechanical stress. 
Patellar articular cartilage deformation is greater 
at regions of more intense loading, whereas, in 
the tibiofemoral cartilage, relatively little defor-
mation occurs except during high impact activi-
ties [38]. Knee pain may arise when runners 
increase the duration and frequency of the load-
ing through the lower limb. In the adolescent ath-
lete, anterior knee pain is a common presenting 
symptom in sports medicine clinics due to patel-
lofemoral instability. This may result from sports-
related subluxation events leading to 
patellofemoral cartilage injuries. Later in life, 
superimposed on previous injury, this cartilage is 
subject to continuing degeneration due to wear. 
The articular cartilage injury may eventually lead 
to chronic joint changes and functional disability. 
Due to the high mechanical demands of athletic 
activity, the treatment of articular cartilage 
lesions in the athletes presents a therapeutic chal-
lenge, and skeletal maturity often dictates what 
procedures can be safely attempted [39–43].

Static and dynamic lower limb mechanics, 
footwear, and floor surface may influence the 
knee symptomatology of the joint and periarticu-
lar soft tissues. During normal activities, adult 
human cartilage deforms very little and recovers 
from deformation within 90 min after loading 
[44]. Although physical training exercise does 
not seem to affect cartilage deformational behav-

ior, with increasing age cartilage deformation 
seems to decrease. Likely this is because of accu-
mulation of the collagen and non-collagen pro-
teins as well as decreased PGs and cartilage 
hydration during aging. Differences in cartilage 
deformability perhaps explain the high frequency 
of patellofemoral OA and that OA is more likely 
to start in the patellofemoral joint in individuals 
with symptoms of early knee OA [45, 46].

Although the therapeutic value of exercise to 
cartilage is now known, injuries to the knee and 
adjacent soft tissues may occur acutely as a result 
of sports or trauma injury (direct blow) or pro-
gressively over time from lesser but persistent 
impacts, e.g., jogging on concrete [47]. This is 
characterized by progressive loss of cartilage 
structure and function. The process begins 
with cartilage softening due to edema, acute 
injury, or repeated acute injury, which then pro-
gresses to fragmentation. As the articular carti-
lage is lost, the underlying subchondral 
bone (having less protection against the normal 
forces) initially shows signs of stress and micro-
fractures which then leads to OA. The biome-
chanical factors that can contribute to this process 
include twisting injuries, meniscal fragmenta-
tion, and collateral ligamentous changes contrib-
uting to joint instability. The symptoms of 
OA-related cartilage injuries may include knee 
joint pain and swelling, locking, catching, or 
instability.

Non-surgical, non-pharmacological manage-
ment of cartilage lesions due to injury or disease 
includes weight loss, targeted physical activities, 
and rehabilitation treatment modalities to over-
come trauma-associated pain. To review the 
structural and functional changes of articular car-
tilage with aging, refer to Chap. 3. The pharma-
cological approach to reduce knee pain and repair 
damaged cartilage is described in Chap. 9.

8.2  Lifestyle Modifications

The average human life expectancy is currently 
83 years compared to 69 years in 1979 [48]. 
Lifestyle modifications to manage joint pain and 
inflammation may enable patients to manage 
injured or aging knees while maintaining a 
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 relatively active lifestyle. These modifications 
such as dietary weight loss, physical activity, and 
routine exercise can be overall health-enhancing 
activities which may play a role in maintaining 
the health of the knee articular cartilage. Further, 
when knee cartilage is damaged due to injury, 
disease, or old age, the lifestyle changes along 
with therapeutic exercise, physiotherapy, and 
rehabilitation serve as early treatment strategies 
that may prevent further cartilage damage.

8.2.1  Weight Loss

Being overweight places increased load and 
stress on lower extremity joints which further 
accelerates knee cartilage degradation. Losing 
weight and maintaining weight loss can reduce 
knee problems [49, 50]. Weight loss has been 
shown to decrease knee pain and inflammation, 
increase mobility, and improve the quality of 
life (QoL) [49–54]. Weight loss should be 
attempted through diet with reduced caloric 
intake and by increasing the level of regular activ-
ities such as walking, cycling (including station-
ary bicycle), swimming, and regular exercise.

Weight loss may also help slow the progression 
of knee OA. It has been noted that the adverse 
effects of increasing weight are stronger in the off-
spring of people who have had knee replacement 
for knee OA. A genetics- environment interaction 
with regard to overweight with a body mass index 
(BMI) of 25 to < 30 and obesity with a BMI 
higher than 30 has been observed in the pathogen-
esis of knee OA [55]. An 18-month study reviewed 
a weight loss program in 142 sedentary, over-
weight, and obese adults [52]. By the end of the 
study, participants had lost an average of 2% of 
their BW and lowered their BMI by 3%. It was 
determined that for every pound of weight lost, 
there was a 4-pound reduction in the load placed 
on the knee for each step. The accumulated reduc-
tion in knee load for a 1-pound loss in weight 
would be more than 4800 pounds per mile walked 
[52]. For people losing 10 pounds, each knee 
would be subjected to 48,000 pounds less in com-
pressive load per mile walked. The limitation of 
this study was the lack of correlation of their find-

ings (decreased BW/BMI and load placed on the 
knee) with the patient’s knee symptoms. Although 
there are no longitudinal studies indicating that 
weight loss in humans slows the progression of 
knee OA, weight reduction is often clinically rele-
vant [54, 56]. Further research is required to inves-
tigate the potential of weight loss to slow or even 
prevent the progression of knee OA.

In another 18-month single-blind, randomized 
controlled trial, the effects of dietary weight loss 
and exercise on the health-related QoL were 
investigated in a total of 316 overweight and 
obese older adults (age > 60 years) with symp-
tomatic knee OA [56, 57]. The adult cohort (BMI 
≥ 28 kg/m2) was randomly assigned to one of 
four groups: dietary weight loss, exercise, dietary 
weight loss and exercise, or healthy lifestyle con-
trol. Participants completed measures of stair 
climb time and 6-min walk distance, self-efficacy 
for completing each mobility task, and self- 
reported pain at baseline, 6 months and 18 months 
during the trial period. The results demonstrated 
that compared with the healthy lifestyle control 
group, the dietary weight loss intervention along 
with exercise produced greater improvements in 
mobility-related self-efficacy, stair climb and 
6-min walk performance, and pain reduction 
[57]. Also, results showed that the combined diet 
and exercise intervention had a consistently posi-
tive effect on the health-related QoL as measured 
using 36-Item Short-Form (SF-36) Health Survey 
(refer to Appendix B for details) and satisfaction 
with body function and appearance [56]. The 
results of these and other studies confirm the sig-
nificant treatment effects of dietary weight loss 
combined with regular exercise [49, 58]. In 
another 4-year study, adult participants with or at 
risk of knee OA were categorized based on obe-
sity (normal or high BMI) and waist circumfer-
ence (small/medium and large) [59]. Participants 
with obesity and a large waist circumference had 
2.4 times the risk of developing the inability to 
walk 400 m compared with those with a healthy 
BMI and small/medium waist circumference. 
This study suggests that waist circumference 
may be an indicator for developing knee symp-
tomatology with fast walking or running in adults 
with or at risk of knee OA.
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8.2.2  Physical Activity and Exercise

The term “physical activity” encompasses all 
forms of activity that involves expenditure of 
calories with an increased heart rate. Physical 
activities include everyday activity (daily walk-
ing within and out of the house, housework, gar-
dening, cycling, pleasure- or work-related 
activity), active recreation (recreational walking, 
cycling, dancing), sport (informal or structured 
competitive), and exercise. Physical activity in 
childhood has been shown to be positively asso-
ciated with cartilage growth and development in 
randomly selected healthy children without knee 
pain or injury [60]. Among young adults (31–
41 years old), physical activity has been shown to 
be associated with an increased tibial cartilage 
volume and reduced cartilage defects [61]. 
Among adults (51–81 years old) participating in 
more frequent occupational physical activities, 
individuals with high baseline cartilage volume 
modified their risk for knee OA; however, indi-
viduals with low baseline cartilage volume had 
greater medial cartilage volume loss compared to 
those who were relatively more inactive [62].

Aging of joint and periarticular tissues may be 
accelerated by joint injury. With joint pain, main-
taining an active life and participating in sports 
can be challenging. Joint inactivity or micrograv-
ity has been associated with tissue atrophy, 
whereas physical exercise has been shown to 
increase blood circulation to the joint tissues 
which helps to reduce inflammation [63–65]. The 
latter was corroborated in a study that showed 
running decreased knee intra-articular pro- 
inflammatory cytokine concentration [66].

High impact exercises (such as running and 
jumping) and weight-bearing exercises (such as 
strength training, jogging, tennis, running, and 
weightlifting) which involves work force against 
gravity can put “stress” on the bones [67]. For 
instance, the jolting motions involved in running 
can cause an impact of 2.5 times the runner’s body 
weight with each step. In response to this “stress,” 
the osteoblasts build new dense bone and maintain 
bone mass [68]. On the other hand, low impact 
exercises like yoga, biking or swimming place less 
stress on the bones. Moderate physical activity, 

including regular walking, was associated with a 
lower incidence of bone marrow lesions. Research 
on the effect of exercise on cartilage show its ten-
dency to weaken without regular loading, similar 
to muscle, bone, ligament, and tendon [69–71]. 
There are differences in cartilage thickness 
between individuals, but what remains unclear is 
whether physical activity or certain exercises are 
significant contributors to this finding.

In healthy individuals, regular activity facili-
tates cycles of ECM turnover within cartilage 
and chondrocytes maintain the cartilage homeo-
stasis. Daily regular activities and mobility are 
sufficient to maintain adequate knee cartilage 
lubrication and diffusion of nutrients through the 
cartilage. Besides strengthening joint tissues 
(muscle, bone, articular cartilage, ligaments, and 
tendons), moderate activities also enhance articu-
lar cartilage lubrication. The production of syno-
vial fluid that maintains joint lubrication increases 
with exercise. Excessive synovial fluid produced 
by the synovial membrane is a short-term or 
acute response to aggressive exercise [72]. 
However, too little exercise or immobilization 
eventually compromises the lubricant properties 
of cartilage. With long periods of immobility, the 
joints may become stiff and lose some of their 
movement range. Knee mobility exercises such 
as knee bending may encourage a steady supply 
of normal synovial fluid. This suggests that joints 
require a basal amount of exercise to stay lubri-
cated, nourished, and healthy.

Some studies implicate physical activity in 
provoking knee OA, while others suggest that 
physical activity may actually protect the knee 
from the disease [62]. Conflicting reports of the 
effect of physical activity on knee cartilage may 
be due to the heterogeneity of populations exam-
ined and, in particular, the underlying health of 
the knee in the study populations. The influence 
of recreational and occupational physical activity 
on cartilage volume loss was investigated [62]. In 
this study, individuals with less baseline cartilage 
volume were more at risk of structural knee dam-
age with either heavy occupational or recre-
ational workloads or both, whereas individuals 
with high baseline cartilage volume who partici-
pated in more frequent occupational physical 
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activities advantageously modified their risk for 
knee OA [62]. In another study, the effect of 
physical activity performed in various degrees of 
intensity, frequency, and duration on the knee 
was investigated [73]. The study cohort com-
prised of a total of 257 healthy adults (age range, 
50–79 years), with no history of knee injury or 
OA. MRI was used to assess tibiofemoral carti-
lage defects and bone marrow lesions, as well as 
measure cartilage volume, an indicator of carti-
lage health and strength. Participants answered 
specific questions regarding their exercise and 
walking habits, as well as routine activity at home 
and at work, to determine their level of physical 
activity in both the 6 months and 7 days prior to 
the study. To create a baseline for each subject, 
past information on weight, height, BMI, and 
physical activity from questionnaires completed 
for a previous 4-year period was obtained. Results 
showed that weight-bearing vigorous activity 
increased the tibial cartilage volume and was 
inversely associated with cartilage defects. Also, 
regular walking was associated with reduced risk 
of bone marrow lesions.

Though both the intensity and duration of 
physical activity have a significant positive 
impact on cartilage, the ideal amount of physical 
activity for joint health remains unclear. A recent 
study shows that middle-aged men and women 
who engage in high levels of physical activity at 
home, work, or gym may cause damage to the 
knee increasing their risk for OA [74]. This study 
involved 136 women and 100 men, ages 
45–55 years, within a healthy weight range (BMI 
of 19 to 27), and without knee pain or other 
symptoms. The participants were separated into 
low-, middle-, and high-activity groups based on 
their level of physical activities. A person whose 
activity level was classified as high typically 
might engage in several hours of walking, sports, 
or other types of exercise per week. MRI scans 
showed that knee damage, including cartilage 
and ligament lesions and bone marrow edema, 
was more common and more severe among those 
individuals who engaged in the highest levels of 
physical activity involving high impact, weight- 
bearing activities such as running and jumping 
which may carry a greater risk of injury over 

time. Conversely, low impact activities, such as 
swimming and cycling, may protect diseased car-
tilage and prevent healthy cartilage from devel-
oping disease. For example, 93% of people in the 
high-activity groups suffered cartilage damage 
compared to 60% in the low-activity group. 
Cartilage damage was three times more severe in 
the high-activity group. The participants’ age or 
sex did not affect the risk of knee injury [74].

Individuals of all ages benefit from mild to 
moderate exercise which contributes to cartilage 
healing and reduces the risk for injury. However, 
excessive exercise may be associated with carti-
lage injury eventually leading to degenerative 
changes. Among elite athletes, the strenuous phys-
ical activity may place continuous stress on the 
knee that can result in articular cartilage micro-
trauma and degeneration. The risk for OA increases 
in athletes excessively participating in high impact 
sports resulting in their knees being exposed to 
long duration, high-intensity and high-frequency 
physical training, acute repetitive impact, and tor-
sional loading [29, 3, 75]. These results corrobo-
rated the study of the rabbit knee model whereby 
exercise of physiologic magnitude but excessive 
intensity (chronic loading) led to cartilage degen-
eration and chondrocyte necrosis [76].

MRI exams revealed that light exercisers had 
the healthiest knee cartilage among all exercise 
levels and patients with minimal strength training 
had healthier cartilage than patients with either no 
strength training or frequent strength training 
[77]. The results of moderate to strenuous exer-
cise in women who did any amount of strength 
training were associated with higher fluid content 
and more degenerated collagen architecture in the 
knee. This result indicates that moderate to stren-
uous exercise may accelerate cartilage degenera-
tion, hence subjecting these women to greater risk 
of developing OA. Further, frequent knee-bend-
ing activities, such as climbing up at least ten 
flights of stairs a day, lifting objects weighing 
more than 25 pounds, squatting, kneeling, or deep 
knee bending for at least 30 min per day, were 
associated with higher fluid content and cartilage 
abnormalities [77]. This study indicates that light 
exercise, particularly frequent walking, is a safe 
choice in maintaining healthy cartilage [77].
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8.3  Post-injury Knee 
Rehabilition

Rest, physical therapy, and exercise are often the 
first-line treatments for patients with knee pain and 
joint tissue injury. Physiotherapy can help restore 
joint function and heal injured cartilage. An indi-
vidualized exercise program should be designed 
for each patient’s specific condition, with the 
inclusion of strength and flexibility training. 
Rebuilding the quadriceps, hamstrings, and calf 
muscles that support and stabilize the knee is 
essential after knee injury. An early start to the 
guided exercises is extremely beneficial for the 
joint healing process and return to normal daily 
function. These exercises are performed with slow 
and steady movements using both legs to maintain 
the balance and proprioception. However, with 
supervised physiotherapy, the use of special equip-
ment may be required for some patients.

Various experimental and clinical investiga-
tions have shown that continuous passive motion 
(CPM) enhances the metabolic activity of the joint 
tissues, healing, and regeneration of articular carti-
lage by stimulating pluripotential cells to differen-
tiate into chondroblasts and chondrocytes and has 
significant stimulatory effects on articular carti-
lage and periarticular tissues [78–86]. CPM 
machines have been used to alleviate joint stiff-
ness, swelling, and pain as well as to enhance 
functional ability by continuously bending and 
straightening the joint [87, 88]. Several studies 
have also shown the benefit of CPM to increase 
range of motion and scar tissue formation during 
the first few days and weeks of post-injury and sur-
gery. However, recent clinical data indicated the 
lack of the long-term benefit of CPM (6 to 8 weeks 
post knee or anterior cruciate ligament surgery) 
and its limited effectiveness in returning knee 
range of motion [89–92]. Obesity may have a neg-
ative impact on the beneficial effect of CPM [93].

8.3.1  Elevation, Ice Application, 
and Heat Therapy

Post knee injury, elevation of the leg, and early 
icing may help relieve pain by controlling the 
bleeding, swelling, and discomfort. Icing is effec-

tive when applied consecutively for a few days 
for about 45 min, several times a day. Subsequent 
heat applications to the injured knee may improve 
circulation, promote muscle relaxation, relieve 
joint pain and stiffness, and allow early range of 
joint movement exercises. Various forms of heat 
therapy may be used with attention to skin pro-
tection. These include dry or moist heat, dia-
thermy, and ultrasound. For dry heat, a therapeutic 
infrared heat lamp, hot water bottles, or electric 
heating pads also may be used. Wet heat can be 
applied by hot tub baths or by means of a warm 
towel applied to the injured knee. Whirlpool 
baths are also effective.

8.3.2  Crutches and Canes

In some cases of moderate knee cartilage injury, 
the use of crutches at the early stage could 
enhance the healing phase by keeping the body 
weight (totally or partially) off the knee. At times 
patients are allowed to weight bear by using 
crutches to walk as tolerated, on tiptoe or on the 
heel. The use of crutches provides a tool to apply 
the concept of CPM to improve the circulation 
and expedite the cartilage healing process [80, 
85]. Even if still on crutches and not fully weight- 
bearing, the patient is encouraged to walk cau-
tiously as soon as possible.

A cane held in the contralateral hand while 
walking may be useful [94]. In practice, as the 
symptomatic leg is put forward, so is the cane 
held in the opposite hand. This results in one half 
of the total body weight supported by the cane 
and only the other half of body weight supported 
by the symptomatic knee. Contralateral cane use 
has been shown to significantly reduce medial 
knee load [95].

8.3.3  Splinting or Bracing

Splinting (or bracing) is another tool to improve 
knee function and assist in healing cartilage 
injury. Joint malalignment is a marker of disease 
severity and/or its progression [96]. Bracing 
should improve knee alignment, thereby reducing 
pain. Bracing will also provide some additional 
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stability to the knee and prevent the knee from 
giving out during activity. Several types of knee 
braces are available that may provide support 
while standing or exercising. For mildly unstable 
symptomatic knee, a simple “tensor” sleeve with 
lateral and medial stays may provide stability. The 
use of both the knee “tensor” and cane held in the 
opposite hand may be very useful.

8.3.4  Walking

Post knee injury, walking assists in regaining the 
range of movement in the knee. Walking, using 
a slow-speed treadmill, or working out on static 
exercise bike can help build strength in all areas 
of the knees. While walking downhill is usually 
tolerated well by healthy people, however, exces-
sive overuse or other deformity may cause carti-
lage damage under the patella. The heel slide 
exercises enhance the range of motion and reduce 
knee pain. Walking in a swimming pool can pro-
vide relief to the injured knee cartilage. The pool 
water provides resistance to the knee and helps to 
regain the range of motion. Walking on ground or 
water must be comfortable and not induce sig-
nificant pain. The shoes should provide a good 
arch support and with a semisoft thick sole.

8.3.5  Therapeutic Exercises

An individual approach is important to determine 
which treatment plan is most appropriate for the 
patient for the management of knee pain and 
articular cartilage healing post-injury and in the 
symptomatic OA knee. The use of non- 
pharmacological, nonsurgical, treatment with 
physiotherapy is most effective when utilized in 
combination with other post knee injury manage-
ment strategies.

Therapeutic knee exercises are performed for 
a variety of reasons: building strength and stabil-
ity, treating an injury, and alleviating arthritis 
symptoms. Physical therapists carefully tailor 
and implement the exercises to help improve 
knee motion and muscle function inhibited by 
pain and to assist patients ensuring that a safe 
amount of weight is placed on the injured leg. 

Initial emphasis is placed on light exercises of the 
knee to enhance circulation, reduce inflamma-
tion, and strengthen periarticular soft tissue. As 
the program progresses, more emphasis is on 
knee strength and function through more chal-
lenging exercises.

During the course of knee rehabilitation after 
knee injury, the intensity of the exercises will 
usually depend on the area the rehabilitation is 
focused on. It is important to start controlled 
strengthening exercises to build up strength as 
soon as possible. Exercises focused on building 
strength should be performed with a resistance 
that is light enough for several repetitions, 
whereas stretching exercise done as part of knee 
rehabilitation typically focuses on the quadriceps 
and hamstring muscles. Stretches of the ham-
strings and quadriceps are important to ensure 
more flexibility to the muscles around the knee. 
Stretching the legs and knees before and after 
exercise is beneficial to prevent patellar sublux-
ation. When strengthening and stretching the 
muscles around the knee, it is important to work 
on range-of-motion exercises to promote knee 
strength. Beneficial knee exercises are those that 
work both the front and back of the joint equally, 
enabling a person to balance their knee strength.

In addition to therapeutic exercise, physical 
therapists also use cardio training, ice massage, 
deep heat, and nerve stimulation to assist patients 
with their pain, range of motion, and strength. 
Pain may signal inflammation or overactivity. 
Rest and leg elevation along with pain  medication 
can help relieve the discomfort. The post- injury 
recovery time varies markedly from patient to 
patient and depends on the extent of joint injury, 
patient’s ability to heal, and type of 
rehabilitation.

The overall health of the knee dictates the 
health of cartilage structure and func-
tion. Moderate exercise may be beneficial to 
improve the joint symptom and function and also 
to enhance the articular cartilage glycosamino-
glycan (GAG) content in patients at high risk of 
developing knee OA [47]. In a study comprised 
of patients who had undergone meniscus repair 
within the past 3–5 years, subjects (29 men and 
16 women; age range, 35–50 year) were ran-
domly assigned to a control or an exercise group 
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[47]. The exercise group was enrolled in a super-
vised program of aerobic and weight-bearing 
moves for 1 h, three times weekly for 4 months. 
At the study’s onset and follow-up, subjects from 
both groups underwent MRI scans to evaluate 
knee cartilage GAG content. Further, they also 
responded to a series of questions pertaining to 
their knee pain and stiffness, as well as their gen-
eral activity level. Of the original 45 subjects, 
only 30 (n = 16 in the exercise group and n = 14 in 
the control group) completed the trial and all 
post-trial assessments. In the exercise group, 
many subjects reported gains in physical activity 
and functional performance tests compared with 
subjects in the control group. MRI measures of 
the GAG content showed a strong correlation 
with the increased physical training of the sub-
jects who had regularly participated in moderate, 
supervised exercise. However, the long-term 
effect of exercise on adult articular cartilage in 
subjects at risk for OA remains unclear.

8.3.6  Swimming or Water Aerobics

Swimming and water aerobics are non-weight- 
bearing exercises that are performed without the 
impact of working out on land. There is strong 
evidence that suggest aquatic exercise can allevi-
ate joint pain and improve self-addressed and 
measured joint function [97–105]. Exercise in 
water can involve aerobics, walking, jogging, or 
swimming. With swimming, the knees are sup-
ported by the water resulting in decreased load on 
the knee cartilage. Investigation of the efficacy of 
aquatic resistance training on the macromolecu-
lar composition of tibiofemoral cartilage in post-
menopausal women with mild OA showed an 
improvement in the integrity of the cartilage 
collagen- interstitial water ambiance as reflected 
by low T2 values [106]. This response may be 
attributed to the low shear and compressive forces 
the knee cartilage is subjected to during aquatic 
resistance training. Results from an animal study 
on the effect of swimming on cartilage formation 
suggested that this activity could induce systemic 
hormonal and/or metabolic changes that promote 
cartilage formation [107].

8.3.7  Cycling

Cycling is a low impact exercise modality that 
may be considered for knee rehabilitation after 
joint injury as well as management of knee OA 
[108]. Cycling is an excellent knee rehabilitation 
tool that involves a non-weight-bearing, con-
trolled cyclic movement with variable resistance 
that helps to increase or restore the knee range of 
movement, improve knee mobility and stability, 
decrease or eliminate pain, and prevent reoccur-
rence of the knee injury [109]. Importantly, 
cycling stimulates the cartilage repair within the 
knee by nourishing the joint cartilage.

8.3.8  Laser Treatment

Laser-assisted treatments which are currently 
experimental have been tested in several cartilage 
injury and OA animal models [110–114]. These 
studies reported the genesis of hyaline-like repair 
tissue at the site of chondral lesions. Further, low-
power helium-neon laser for experimental OA 
treatment has shown zonal variation in the capa-
bility of chondrocytes from different cartilage 
zones to produce GAGs [115]. Low- energy laser 
therapy has also been shown to be effective in 
reducing joint inflammation, inhibit activation of 
proteases such as gelatinase, and stimulate colla-
gen production in the experimental model of 
acute arthritis [111, 112, 114]. Also, an in vitro 
study demonstrated that low-pulse laser is capa-
ble of stimulating articular chondrocyte prolifer-
ation and matrix secretion [114]. Only a small 
number of studies have been conducted to inves-
tigate the pro-repair and anti- inflammatory 
effects of laser treatment on human knee carti-
lage [116–118]. Short-term studies showed 
improved range of motion or functionality dem-
onstrating the anti-inflammatory and swelling 
reduction effects of light laser treatment. Long-
term studies showing significant pain relief and 
improved functionality could be attributed to car-
tilage regeneration. However, the utility and 
effectiveness of laser therapy for repair of knee 
cartilage requires further investigation in ran-
domized controlled trials in humans with knee 
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injury and OA patients. The use of low-pulse 
laser treatment may be promising in the treat-
ment of mild or early moderate cartilage lesions 
in young patients [116].

Beside its use to assist in articular cartilage 
repair, laser abrasion technique is utilized to 
excise loose cartilage post knee injury. It uses 
heat to induce alterations in the ECM, which 
results in cartilage morphological change. 
Improving this therapy to make it more spatially 
selective may avoid excessive tissue damage 
such as air bubble formation, tissue necrosis, 
reactive synovitis, chondrolysis, and subsequent 
acceleration of articular cartilage degeneration.

8.3.9  Pulsed Electromagnetic Field 
Therapy

Over the last four decades, pulsed electromag-
netic field (PEMF) therapy protocol for joint pain 
has come into use, without any known side 
effects. This therapy involves the use of PEMF 
delivered through a mat placed on the joint sur-
face. Recent animal studies on the application of 
PEMF post joint injury have suggested the capac-
ity to heal cartilage and delay OA [119]. In a 
Hartley guinea pig study, PEMF preserved the 
morphology of articular cartilage and slowed the 
development of OA lesions in the experimental 
group compared with a control group [120]. The 
study concluded that PEMF was disease modify-
ing in this animal model. Recent in vitro study of 
human chondrocytes showed an increased cell 
proliferation with exposure to PEMF [121]. The 
study noted that electric and electromagnetic 
fields increased gene expression and synthesis of 
growth factors, which may amplify field effects 
through autocrine and paracrine signaling. A 
study involving biophysical stimulation of osteo-
necrosis of the human femoral head with PEMF 
treatment indicated the benefit of this treatment 
in the early stage through reduction or relief of 
pain [122]. In bovine articular cartilage explants, 
PEMF exposure on articular cartilage in vitro 
demonstrated a chondroprotective effect by pro-
moting anabolic activities and PG synthesis 
[123–125]. Although not clearly understood, it is 

thought that the short-term effect of PEMF stim-
ulation could protect the articular cartilage from 
the catabolic effect of inflammation and sub-
chondral bone marrow edema, whereas the long- 
term effect of PEMF stimulation could promote 
osteogenic activity at the osteonecrotic area and 
prevent trabecular fracture and subchondral bone 
collapse.

8.4  Conservative Treatment 
of Cartilage Injuries in Knee 
Joint Diseases

The appropriate treatment for the asymptomatic 
knee with the incidental finding of chondral 
injury is problematic. However, if left untreated, 
asymptomatic lesions may deteriorate to perma-
nent knee damage. The conservative treatment of 
chondral lesions on symptomatic knee depends 
on factors such as patient age, daily and sport 
activities, etiology, quality of the lesion, and dis-
ease stage. Conservative treatments are usually 
the first choice for the management of knee 
degeneration with the goal of reducing symp-
toms, especially in the early phase of disease.

8.4.1  Treatment of Osteochondritis 
Dissecans

Osteochondritis dissecans (OCD) is a joint disor-
der most often noted in children, adolescents, and 
young adults. The most common joint affected by 
OCD is the knee, ankle, and elbow although it 
can also occur in other joints. Typically, this con-
dition affects one joint; however, some children 
can develop OCD in several joints. The etiology 
of OCD is most likely due to injury to an area of 
the joint with fairly tenuous blood supply where 
the OC fragment separates from a normal vascu-
lar bony bed. As a consequence of blood depriva-
tion and loss of blood flow in the subchondral 
bone, a small segment of bone begins to separate 
from its surrounding region forming fissures and 
fragmentation in the articular cartilage that may 
extend to the underlying subchondral bone. The 
most common initial symptoms of OCD are pain 
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and inflammation of the affected joint that devel-
ops gradually and is often more pronounced dur-
ing sports, physical activity, or exercise. 
Advanced cases of OCD may cause joint catch-
ing, locking, popping noises, and/or buckling 
during movement that could restrict the range of 
movement. Refer to Chap. 10 for an in-depth 
description, pathophysiology and current treat-
ment strategies for OCD.

In many cases of OCD, children with skele-
tally immature bone and articular cartilage, with 
a relatively small, intact lesion and the absence of 
loose bodies, the cartilage and bone heal on their 
own. Non-surgical and non-pharmacological 
management often include activity modification, 
restricted weight-bearing (partial or non-weight- 
bearing) for 6–8 weeks, and joint immobilization 
to promote cartilage healing and to prevent 
potential subchondral bone fracture and collapse. 
Resting, activity modification, and avoiding vig-
orous sports until symptoms resolve often relieve 
pain and swelling. Due to the capability of imma-
ture cartilage to repair to some degree, more than 
90% of the OCD lesions of the knee often heal 
within 3–6 months [126]. If symptoms do not 
subside after a reasonable amount of time, then 
the use of crutches, splinting, or casting of the 
affected joint for a short period of time often 
helps in the cartilage and bone healing process. 
In general, most children start to feel better over 
a 2- to 4-month course of rest and non-surgical 
treatment. They usually return to all activities as 
symptoms improve. Most OCD patients do well 
without long-term sequelae.

In a recent systematic review comprising 27 
studies for a total of 908 knees, among different 
nonsurgical, conservative treatment options for 
knee OCD lesions, restriction of sport and strenu-
ous activities appeared as a favorable approach, 
possibly in combination with physiokinesither-
apy [127]. Patients with large OCD lesion size, 
severe stage, older age and skeletal maturity, and 
clinical presentation with swelling or locking 
showed negative prognostic factors.

However, once skeletal maturity is attained in 
grown children and young adults, OCD can have 
more severe effects with higher incidence of the 
OCD lesions separating from the surrounding 

bone and cartilage to detach and float inside the 
joint space. Surgical intervention is recommended 
in failed conservative treatment and in patients 
close to skeletal maturity or older. Candidates for 
surgery include those with severe OCD lesion(s) 
separated or detached from the surrounding bone 
and cartilage and those with very large 
lesions greater than 1 centimeter in diameter.

8.4.2  Treatment of Osteoarthritis

Osteoarthritis is the leading cause of disability 
among adults. OA pain has been shown to be 
associated with synovial hypertrophy, synovial 
effusions, signs of joint instability, and pain on 
various ranges of movement. In patients with 
knee OA and meniscal tear, the presence of 
extensive effusion-synovitis is associated with 
subsequent progression of articular cartilage 
damage over 18 months [128]. Subchondral bone 
marrow edema and microfracture of the articular 
plate may be seen with cartilage-specific imag-
ing studies [129]. Arthritis education and struc-
tured land-based exercise programs (with or 
without dietary weight management) constitutes 
the non-surgical, core treatments for knee OA. 
Based on objective review of high-quality meta-
analytic data, Bannuru et al. expanded upon prior 
OARSI guidelines by developing a comprehen-
sive and patient-centered treatment algorithm to 
facilitate individualized non-surgical treatment 
decisions for the management of knee OA [130]. 
Applications of heat or cold may be used in the 
management of OA for symptom relief [131]. 
Therapeutic exercise aimed to diminish pain is of 
major importance in the physical therapy pro-
gram for the OA patient [132]. The use of a patel-
lar brace in patients with patellofemoral OA for 
symptom relief has been shown to alter the patel-
lar weight-bearing region and to increase the 
contact area between the patella and femoral 
trochlea [133].

The effect of strength training and other train-
ing modalities has been investigated in OA 
patients. It is possible to increase stability by 
strengthening the muscles around the hip and 
knee. Strength training as well as low impact 
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exercises such as cycling, tai chi, and swimming 
also can reduce pain in the knee caused by OA 
[134–137]. A Cochrane report concluded that 
there is at least a short-term benefit from exercise 
in terms of reduced knee pain and improved 
physical function for individuals with knee 
OA. The magnitude of the treatment effect was 
small, and the study duration was short-term, but 
the claimed effect was comparable to the effect of 
nonsteroidal anti-inflammatory drugs [138]. 
There is good evidence that joint cartilage will 
undergo atrophy under reduced loading, such as 
postoperative immobilization and paraplegia 
[139, 140]. On the other hand, adult cartilage will 
not become thicker after increased load such as 
intensive running and similar exercises [44]. To 
what degree, if any, the morphology of injured 
cartilage can be influenced by training and exer-
cise is unknown [85].

People at risk for OA may be able to delay the 
onset of the disease or even prevent it with simple 
changes to their physical activity [77]. Frequent 
movement of the knee, including mild to moder-
ate weight-bearing exercise such as walking or 
running, can relieve the symptoms of OA. 
Moderate exercise has been shown to reduce pain 
and improve function in patients with OA of the 
knee and hip [47]. The impact of moderate exer-
cise was investigated on the knee cartilage of 45 
subjects (mean age, 46 years; BMI, 26.6) who 
underwent partial medial meniscus resection 3–5 
years prior and were at high risk for developing 
OA [47]. This study suggested that compositional 
changes occur in adult knee cartilage as a result 
of increased exercise. The changes imply that 
human cartilage responds to physiologic loading 
in a way similar to that exhibited by muscle and 
bone and that positive symptomatic effect of 
exercise in patients with OA may occur by 
improving the quality of knee cartilage.

Moderate exercise as an effective way to 
reduce pain and improve function in patients with 
knee OA was studied by the National Institutes of 
Health (NIH) OA Initiative. Enrolled were 128 
asymptomatic participants at risk for knee OA as 
well as 33 age and BMI-matched controls [77]. 
The study participants with BMI of 18 to 27 kg/m2 
(99 women and 66 men; age range, 45–55 years) 

were grouped into three exercise and strength-
training levels, based on their responses to the 
Physical Activity Scale for the Elderly (PASE) 
questionnaire. The exercise levels included seden-
tary individuals, light exercisers, and those who 
were moderate to strenuous exercisers. The 
strength-training groups included none, minimal, 
and frequent knee strengthening. Self-reported 
knee-bending activities were also analyzed. Using 
Whole-organ Magnetic Resonance Imaging Score 
(WORMS), the articular cartilage of the right 
knee was graded, and compartment-specific T2 
values were determined for each of the cartilage 
segments. Among subjects with risk factors for 
knee OA, the light exercisers showed lower T2 
values when compared with sedentary and moder-
ate/strenuous exercisers. Females who were mod-
erate/strenuous exercisers had higher T2 values 
(more tissue fluid) compared with sedentary indi-
viduals and light exercisers. The T2 values did not 
show significant differences based on exercise 
level in subjects without risk factors for knee 
OA. However, frequent knee-bending activities 
were associated with higher T2 values in both par-
ticipants with and those without OA risk factors 
with more severe cartilage lesions in the group 
with risk factors. As such, engaging in light exer-
cise and refraining from frequent knee- bending 
activities may protect against the onset of the dis-
ease. However, high impact activity, such as run-
ning, more than 1 h per day at least three times a 
week appears to be associated with more degener-
ated cartilage and potentially a higher risk for 
development of OA.

In early postmenopausal women with mild 
knee OA, progressive implementation of high 
impact and intensive exercise for a period of 1 
year has been shown to exert a favorable effect on 
patellar cartilage [141]. Asymptomatic middle-
aged individuals from an OA initiative incidence 
cohort study have been shown to have a high 
prevalence of cartilage lesions with high level of 
physical activity [74]. Over a short period, high 
impact exercises may have a beneficial effect on 
cartilage; however, further investigation is 
required to determine if long-term (several years) 
effect of high impact exercises can harm knee 
articular cartilage.
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8.5  Conclusions

The ultimate goal of a rehabilitation program is 
to restore function of the patient’s knee for the 
long term. As described in this chapter, there are 
many modalities to assist rehabilitation following 
injury or disease to the knee. However, the prin-
cipal indicators of clinical progress remain crude: 
pain, capacity for extension, and endurance of 
movement. None of these parameters are specific 
for which rehabilitation modalities might be 
applied to best expedite healing and restoration 
of function.
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Pharmacologic Agents for Knee 
Articular Cartilage Injury 
and Disease

Joseph B. Houpt, Kenneth P. H. Pritzker, 
and Harpal K. Gahunia

9.1  Introduction

There is an increased awareness of the impact that 
knee injuries have on patients’ quality of life (QoL) 
and the heavy burden of joint diseases on the 
health-care system [1–3]. Articular cartilage can 
be injured by trauma related to accident, sports or 
diseases such as osteoarthritis (OA) and inflam-
matory arthritis (IA). Primary cartilage injury 
directly affects the articular cartilage, whereas 
secondary cartilage injury is a consequence of 
damage to other joint tissues such as ligaments, 
tendons, meniscus, or subchondral bone, which 
then result in cartilage structural damage. Joint 
malalignment, congenital disease, and obesity are 
factors that play a role in the damage to the knee 
cartilage. The social impact of knee joint disease 

results in high costs in terms of treatments and loss 
of income [1, 2, 4]. The trend of current cartilage 
research is directed toward the prevention, diagno-
sis, and treatment of chondral and osteochon-
dral (OC) injuries. Several available options are 
directed toward the early stages of cartilage struc-
tural damage in an attempt to enhance cartilage 
regeneration, restore normal function, and reduce 
degenerative mechanisms by halting or delaying 
the progression of cartilage degeneration.

In children, adolescents and young adults, 
normal knee use, such as running, squatting, or 
jumping, is beneficial to the growth of articular 
cartilage [5]. However, in middle-aged and older 
adults the safety threshold for these activities is 
determined most likely on an individual basis 
and the nature of activities (frequency, intensity 
and duration) and by their genetic constitution 
[6–10]. Focal chondral and OC defects in adults 
have poor intrinsic healing capacity that may 
lead to symptomatic degeneration of the joint. 
The goal of non-surgical treatment of symptom-
atic cartilage injuries affecting the knee is to 
reduce pain, restore joint function, and prevent or 
delay the onset of degenerative arthritis. The 
choice of an appropriate treatment should be 
made on an individual basis, with consideration 
for the patient’s age, activity level, and specific 
goals such as pain reduction and functional 
improvement. The extent of the lesion (size: 
length, width, and depth) and defect location in 
the joint (weight-bearing or non-weight-bearing 
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area) may also determine the treatment 
recommendation.

A conservative approach should be the first 
choice for the management of knee cartilage inju-
ries, in particular following trauma and in the 
early stage of OA. A wide spectrum of treatments 
is available including non-pharmacological strat-
egies (refer to Chap. 8), dietary supplements, 
analgesic herbal medicines, pharmacologic thera-
pies, as well as minimally invasive procedures 
involving intra-articular injections of various 
chondroprotective agents aiming to restore carti-
lage homeostasis and provide symptomatic relief 
[3, 11]. Numerous pharmacologic agents have 
been proposed, but the long-term effectiveness, 
optimal dose, and administration modalities still 
need to be clarified.

The term nutraceuticals (commonly used in 
marketing but without regulatory definition) was 
introduced to include food or extract of food 
components in the form of dietary supplements 
that have potential medical or health benefit [12]. 
Common food items such as olive oil, fish oil, 
ginger, avocado/soybean unsaponifiables, and 
saturated or omega-6 polyunsaturated fatty acids 
have been documented to have regulatory func-
tion on the homeostasis of cartilage metabolism 
[13–17]. However, due to the lack or limited sci-
entific evidence as well as uncertainties pertain-
ing to the quality, safety, efficacy, possible side 
effects, and interaction with other pharmacologic 
drugs, the use of nutraceuticals is not without 
risks. Clinical studies have documented the chon-
droprotective function and reduction of pain 
including joint stiffness with the use of dietary 
supplement of glucosamine, chondroitin sul-
fate (CS), collagen hydrolysate, and vitamins C 
and D as well as viscosupplementation with hyal-
uronic acid (HA) and platelet-rich plasma (PRP) 
[18–21].

A surgical approach to knee cartilage repair 
and knee replacement is only recommended after 
all conservative treatment options have failed to 
provide symptomatic relief. A biological 
approach to articular cartilage healing and repair 
has led to the development of medications and 
injections aimed to reduce pain and perhaps heal 
cartilage injury. The focus of this chapter is to 

review the non-surgical, pharmacologic 
approaches to the treatment of cartilage injuries 
and healing. The surgical approach to repair car-
tilage is described in depth in Chaps. 11 and 12, 
whereas the details of cell-seeded and non-cell- 
seeded matrix implants are found in Chaps. 16, 
17, and 18.

9.2  Conservative Approach 
to Cartilage Injury 
in Children

The immature cartilage of children and adoles-
cents has more metabolically active chondrocytes 
with better intrinsic potential to self-repair than 
the adult cartilage. This important aspect is asso-
ciated with the phase of cartilage growth, varying 
degree of vascularization, and abundance of plu-
ripotent stem cells in children. As described in 
Chap. 2, during endochondral ossification, 
besides the growth and elongation of long bones, 
the growth plate also provides the cell source for 
cartilage growth. Further, vascularization pro-
vides the nutrients to the growing, immature car-
tilage enhancing the regenerative capability 
within the defective articular cartilage. Therefore, 
chondral and OC lesions in children have greater 
potential for healing compared to the similar size 
lesions in adults.

The term acute knee injury is applied to knee 
injuries due to sudden trauma. Acute knee injuries 
occur frequently in children and skeletally imma-
ture adolescents [22, 23]. Among children, the 
most common cause of knee injury occurs during 
competitive or recreational sports and  during 
accidental falls. The largest number of sports- 
related knee injury among children occurs during 
soccer, football, basketball, and hockey. 
Accidental falls from a bicycle ride, trampoline, 
and skating also pose risks for knee injury. Post- 
injury knee pain is considered acute or subacute if 
the pain resolves within 6 weeks. Pain resulting 
from acute knee injury often prevents the person 
from completing their activity. Sequelae such as 
intra-articular bleeding, soft tissue swelling, and/
or joint effusion often accompany acute knee 
injuries. Acute pain may also be associated with 
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overuse of the joint experienced after strenuous 
activity.

Chronic knee injury can arise from an acute 
injury that does not heal properly (e.g., anterior 
cruciate ligament tear that is not fully rehabili-
tated), due to insidious onset of pain without spe-
cific injury related to excessive activity or 
repetitive microtrauma of the subchondral bone 
(e.g., iliotibial band syndrome in a soccer player 
or runner), or pain associated with certain pre-
existing conditions (such as IA, hemophilia, 
osteomyelitis, or septic arthritis) [24–31]. 
Chronic knee pain persists longer than 6 weeks. 
While the 6-week threshold is arbitrary, it can be 
useful since many self-limited acute injuries 
(contusions) heal by the end of 6 weeks with 
appropriate rest.

The involvement of articular cartilage in knee 
injuries could be primary or secondary to other 
injury such as ligament tears, sprains or strains, 
meniscal injuries, fractures, and patellar disloca-
tions [32–41]. Osteochondral fractures may 
result in OC fragments being released into the 
synovial space, resulting in mechanical symp-
toms such as catching, locking, or buckling. If 
untreated, these fractures may progress to OC 
defects and eventually cause OA. Typically, 
patients with OC injury complain of knee pain 
and swelling that may result in mechanical dis-
comfort, tightness, and reduced activity. At rest, 
patients may report no pain, but when active, they 
experience pain with resulting restricted activity.

A conservative treatment approach is the first 
choice in children when the chondral or OC 
defect is very small (≤1cm2) and the OC unit is 
still intact such as in early-stage lesions in condi-
tions like osteochondritis dissecans. At this stage, 
the child usually does not exhibit the symptoms 
at rest but may complain of pain or discomfort 
during and/or after activity. When cartilage injury 
is due to sports, it is essential that the child elimi-
nate or reduce sporting activity for a period of 
6–15 weeks and non-weight-bearing may be rec-
ommended for 2–3 months with gradual return to 
normal activity with physiotherapy and strength-
ening exercises, if needed.

With increased intensities of sports activities 
and repetitive impact on the knee with certain 
sports, especially those involved in competitive 
sports or dance, overuse knee injuries are com-
monly encountered in children [42, 43]. Knee 
pain during such activities is not normal and is an 
indicator of knee overuse. These warning signs of 
joint overuse may require modification, reduc-
tion, or, with severe continued pain, discontinua-
tion of the activity. Among children and skeletally 
immature adolescents, conservative treatment 
can be very effective. Favorable results are usu-
ally obtained treating children conservatively; 
nevertheless, cases with more serious injury 
involving severe cartilage lesion(s) may warrant 
surgical intervention [41].

9.3  Pharmacologic Approach 
to Cartilage Injury in Adults

The natural history of a focal chondral lesion in 
the adult is poorly understood. In the symptom-
atic knee, management of malalignment, liga-
ment insufficiency, and inflammation are 
helpful. A meniscal tear may present with acute 
pain and swelling mimicking an acute process 
due to OA and should be treated conservatively. 
Acute synovitis due to sepsis, gout (urate 
 crystals), or pseudogout (calcium pyrophos-
phate crystals) may mimic an osteoarthritic pro-
cess and may require appropriate joint 
aspiration, synovial fluid culture, and crystal 
identification.

When adult hyaline cartilage is injured as a 
result of accident or sports-related trauma, or due 
to gradual wear and tear which may be related to 
excessive activity, occupation, or aging, patients 
may experience symptoms of severe joint pain, 
and normal joint mobility may become limited. 
Treatment options include nonsteroidal anti- 
inflammatory drugs (NSAIDs), various non- 
opioid analgesics including acetaminophen, 
judicious use of corticosteroid injections, topical 
cream with NSAIDS, and/or use of oral or inject-
able chondroprotective agents.
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9.3.1  Pain Management 
and Systemic Medications

Articular cartilage injury in adults can occur pri-
marily as an isolated incident, secondary to 
other joint tissue injury (ligament, meniscus, 
tendon), or in conjunction with other knee inju-
ries. Sports- related injuries to the articular carti-
lage may result from torsional stresses or from 
direct impact on the knee joint. Acute injury to 
articular cartilage often results in joint inflam-
mation and pain. Conservative management of 
mild articular cartilage injury may involve rest 
for several weeks and partial or non-weight-
bearing followed by rehabilitation with gentle 
strengthening exercises. To address the pain and 
swelling, oral NSAID medications may be pre-
scribed. In conjunction, non-pharmacologic 
conservative approaches (described in Chap. 8) 
may also be implemented such as ice and eleva-
tion to help minimize the swelling. If the carti-
lage injury is not severe, then non-surgical, 
conservative treatment may result in healing of 
the cartilage injury.

Painful chronic cartilage conditions may be 
treated with long-term oral NSAIDs, potent 
analgesics, prudent corticosteroid injections, 
and, if indicated, with surgery. NSAIDS have 
been a remarkable addition to the treatment of 
articular diseases, but they have significant side 
effects. Acute gastrointestinal (GI) bleeding, 
chronic upper and lower GI symptomatology, 
hypertension and fluid retention, increased fre-
quency of myocardial ischemia, and infarction 
are some of the more serious side effects that 
may be seen with these potent agents [44–46]. 
Strong opiate analgesics are discouraged due to 
the potential for addiction. Also, frequent intra-
articular steroid injections are discouraged as 
they have been associated with avascular necro-
sis [47, 48]. In addition, repeated intra-articular 
corticosteroid injections are discouraged as they 
have been associated with generalized osteopo-
rosis, compression vertebral fractures, or infec-
tion; and, in experimental animals with articular 
cartilage calcification [49–51]. Further, the long-
term use of repeated corticosteroid  injections in 

chronic painful tendinopathy has been shown to 
be ineffective [52]. Intra-articular steroid, once 
absorbed, has a similar effect on lowering the 
adrenal endogenous production of steroid as 
oral steroids and should be noted if the patient is 
in a “stressful” situation such as requiring an 
anaesthetic and supplemental oral steroids 
[53–55].

9.3.2  Topical Medications

Opinions differ on the effectiveness of over-the- 
counter topical pain medications. While there are 
claims that these products help relieve joint pain, 
scientific studies reveal only modest benefits. 
Some suggest that topical NSAID creams and 
gels work as well as oral NSAIDS. For those who 
cannot tolerate oral NSAIDs, topical NSAIDs 
may be useful.

9.4  Chondroprotective Agents

Chondroprotective agents are compounds that 
inhibit cartilage degradation and prevent fibrin 
formation in the subchondral and synovial vascu-
lature. These agents function to regulate the 
extracellular matrix (ECM) metabolism and to 
stimulate chondrocyte synthesis of collagen and 
proteoglycans. Examples of compounds that 
exhibit some of these characteristics are endoge-
nous molecules of articular cartilage such as HA, 
glucosamine and CS, as well as PRP.

9.4.1  Glucosamine

Glucosamine is a compound that is naturally syn-
thesized in human articular cartilage. Studies have 
demonstrated that glucosamine, when given to 
athletes (bicycle racers and soccer players), stim-
ulates the chondrocytes to synthesize collagen 
type II and also prevent collagen type II degrada-
tion [56–58]. Commercially available glucos-
amine products are obtained from the exoskeleton 
of crustaceans. The sulfate and hydrochloride 
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salts vary substantially in molecular form, phar-
maceutical and dose regime [59]. Although both 
forms have been shown to have mild anti-inflam-
matory activity and analgesic properties when 
used for prolonged periods of time, a recent study 
reported that the crystalline glucosamine sulfate 
form demonstrated improved treatment selection, 
increased treatment adherence, and optimized 
clinical benefit in OA, relative to other forms [59–
61]. In short-term clinical trials, glucosamine has 
provided effective symptomatic relief of knee 
pain in some patients [62–64]. Although a number 
of clinical trials have been considered to have a 
negative outcome, a subgroup of patients with the 
most advanced clinical and radiologic OA seemed 
to have had a significant benefit [63, 65]. A pla-
cebo-controlled double-blind trial was unable to 
show any significant beneficial effect on radio-
logic joint space widening, although the authors 
suggested that the subset of those patients with 
Kellgren-Lawrence (K/L) grade 2 may have had 
some benefit compared to placebo. A selection of 
other reports of randomized double-blind, pla-
cebo-controlled  trials of glucosamine for pain 
identified various influences that explain the het-
erogeneity and discordant results in various trials 
of glucosamine [64].

9.4.2  Chondroitin Sulfate

Chondroitin sulfate is the most abundant glycos-
aminoglycan (GAG) in articular cartilage. It 
plays an important structural role in articular car-
tilage, notable for its role in binding with colla-
gen fibrils. As a chondroprotective agent, it has a 
metabolic effect as well: its action is to competi-
tively inhibit many of the degradative enzymes 
that break down the cartilage matrix and synovial 
fluid in OA. However, a meta-analysis based on 
20 trials (3846 patients) revealed a high degree of 
heterogeneity among the trials, and the symptom-
atic benefit of chondroitin by itself was minimal 
or nonexistent. The authors concluded that the 
routine use of chondroitin alone has no therapeu-
tic effect [66].

9.4.3  Glucosamine and Chondroitin 
Combined

Glucosamine and CS are agents that occur natu-
rally in the body, but can be supplemented in 
over-the-counter capsule form. Glucosamine 
stimulates the formation and repair of articular 
cartilage, while CS prevents other body 
enzymes from breaking down the building 
blocks of joint cartilage. Many believe that glu-
cosamine and chondroitin have anti-inflamma-
tory effects that help relieve the pain of OA, 
with fewer side effects than NSAIDs. Whether 
they actually slow the degenerative process or 
restore cartilage in arthritic joints has not been 
determined.

When used together, it seems that glucos-
amine and chondroitin sulfate combine effects to 
stimulate the metabolism of chondrocytes and 
synoviocytes, inhibit degradative enzymes, and 
reduce fibrin thrombi in peri-articular microvas-
culature. Numerous animal studies performed on 
horses at US veterinary schools have supported 
this combination and synergistic effect [67, 68]. 
However, illustrative of the dilemma regarding 
the efficacy of these compounds in humans are 
the results of a large double-blind National 
Institutes of Health (NIH) trial comparing glu-
cosamine sulfate, with and without chondroitin 
sulfate, to the potent NSAID celecoxib. This trial 
was considered to have a negative effect. However 
there was a significant positive effect in the sub-
group of their patients considered to have severe 
knee OA [64, 65].

9.5  Viscosupplementation 
Therapy

Viscosupplementation is a therapy that aims to be 
chondroprotective by restoring the fluid properties 
of the tissue matrix by means of intra- articular 
injections of highly purified “viscoelastic”  solutions 
of sodium hyaluronate. Viscosupplementation can 
be considered when the patient has not found pain 
relief from other therapies.

9 Pharmacologic Agents for Knee Articular Cartilage Injury and Disease



258

HA is a physiologic component of the synovial 
fluid with viscoelastic properties that acts as a 
shock absorber and lubricant in the knee. Intra- 
articular injections of HA prepared commercially 
from chicken combs are widely used in the Asian 
and European orthopedic communities for control-
ling the pain and loss of joint function resulting 
from OA [69]. It is claimed that intra-articular 
injection of HA has a protective effect on articular 
cartilage and functions to restore the normal articu-
lar homoeostasis. Further, HA therapy is reported 
to provide anti-inflammatory relief through a num-
ber of different pathways, including the suppres-
sion of pro-inflammatory cytokines and 
chemokines [70]. Viscosupplementation can be 
considered when the patient has not found pain 
relief from other therapies. HA is well tolerated 
with no demonstrable toxicity and minimal side 
effects. Possible mechanisms by which HA may 
act therapeutically include providing additional 
lubrication of the synovial membrane, controlling 
permeability of the synovial membrane, thereby 
controlling effusions and directly blocking inflam-
mation. However, the exact mechanisms of action, 
articular cartilage changes, and short- and long-
term results remain unknown. Although some stud-
ies indicated the importance of molecular weight 
of the HA preparation in the clinical outcome, 
other studies suggested that there is no correlation 
between molecular weight and the HA treatment 
efficacy [71–72]. Because these viscosupplements 
are claimed to work by physical action (increasing 
elastoviscosity) and not by chemical action, they 
are classified by the Food and Drug Administration 
(FDA) as devices rather than as drugs.

9.6  Platelet-Rich Plasma Therapy

Growth factors play an important role in chon-
drogenesis and in prevention of joint degenera-
tion. The biological potential of platelets in the 
cartilage healing process is attributed to its bioac-
tive proteins and numerous growth factors, 
including platelet-derived growth factor, insulin-
like growth factor (IGF), transforming growth 
factor (TGF), epidermal growth factor (EGF), 
fibroblast growth factor (FGF), and vascular 
endothelial growth factor (VEGF) [73, 74].

PRP was first introduced in 1987 by Ferrari  
et al. in open heart surgery [75]. PRP has been 
shown to have anti-inflammatory agents including 
hepatocyte growth factor (HGF) [76, 77]. These 
properties suggested the potential of PRP to 
enhance cartilage regeneration and reduce cata-
bolic factors that lead to cartilage degradation [73, 
78]. Subsequently, studies have been reported in an 
attempt to understand the biological effects of PRP 
and its potential in regenerative therapy for carti-
lage repair [18, 74, 76, 79–81]. Due to its versatil-
ity, biocompatibility, and low costs, the therapeutic 
use of PRP has gained popularity in clinical prac-
tice and has shown promising results for the treat-
ment and management of some musculoskeletal 
problems including knee cartilage disorders [73, 
82]. In vitro studies have shown that PRP stimu-
lates mesenchymal cells adhesion, migration, and 
proliferation as well as enhances chondrocyte pro-
liferation and chondrogenic differentiation [83, 
84]. Also, PRP have shown to stimulate the super-
ficial zone protein and enhance the cartilage 
 lubrication [85]. Further, PRP maintains chondro-
cyte phenotype and increases GAG synthesis and 
col- II level [79, 84, 86]. The efficacy of autologous 
PRP has been linked to stimulating chondrocyte 
proliferation and collagen synthesis [87].

The PRP administration is through intra-articu-
lar injections as an outpatient procedure. As an 
autologous blood product, PRP is safe. In the 
knee, platelet concentrates have been used to 
reduce pain as well as improve knee function and 
QoL in younger patients with a lesser degree of 
articular cartilage degeneration [88]. 
Improvements in function and symptoms were 
achieved in younger (less than 50 years) and more 
active patients with a low degree of cartilage 
degeneration, whereas a worse outcome was noted 
in more degenerated joints and in older patients 
[88]. PRP has shown to provide symptomatic 
relief and improve knee function and QoL with 
short-term efficacy [80, 89–91]. However, after 
multiple PRP injections, an increased risk of local 
adverse reactions and inconsistent clinical out-
come pertaining to its use has been noted [89, 92].

Studies have suggested that PRP injections are 
either as effective or more efficacious than HA, 
highlighting the potential of PRP injections as an 
option for knee cartilage treatment [74, 93–95]. 
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Conflicting results have been published when HA 
injection results have been compared to PRP 
injections [93, 96–98]. In one study comprising 
end career professional soccer athletes, each 
patient received three intra-articular injections of 
either high molecular weight HA (24 patients) or 
PRP (23 patients). At 3- and 6-month follow-ups, 
patients who received HA injections showed a 
significant clinical improvement compared to the 
PRP group, but there was loss of this significant 
difference between the two groups at a 12-month 
follow-up [96].

9.7  Conservative Management 
of the Osteoarthritic Knee

Osteoarthritis is a multifactorial, degenerative 
disease that is considered as one of the most 
 significant causes of disability. The genetic and 
anatomic factors contributing to the development 
of adult knee OA are poorly understood. Further, 
OA progresses at different rates in different indi-
viduals, and even within the same individual, it 
may progress at a different rate between different 
joint compartments. Often, pain relief, preserva-
tion of function, and delay in knee arthroplasty 
can be achieved by assiduous exercise such as 
that on a stationary bicycle [99]. This activity 
promotes muscle strengthening around the knee, 
flow of metabolites in that region, and perhaps 
partial repair of cartilage and bone within the 
articular plate.

Studies of cartilage biochemistry and patho-
genesis of OA have focused research on slowing 
the progression of degeneration and promoting 
cartilage regeneration. It is unclear as to whether 
any pharmacologic intervention alters the natural 
history of progressive cartilage degeneration. 
The early preclinical lesions of non-traumatic 
OA may be asymptomatic. OA processes of the 
knee over time may gradually degrade the articu-
lar cartilage resulting in the development of sub-
chondral bone sclerosis, osteophytes, cysts, and 
joint effusions. These further damage the articu-
lar cartilage, leading to varying degree of joint 
stiffness, swelling, pain, and loss of mobility.

Evaluation of treatment modalities in patients 
with OA has proven to be difficult due to the nat-

ural history of the processes, the variable effects 
of self-administered analgesics, the effects of 
weight loss, symptom effects of changes in baro-
metric pressure, walking aids such as canes, and 
the crucial assessment of the role of testimonials 
in the “health food” industry [64]. Various assess-
ment tools have been helpful in determining the 
effectiveness of treatment modalities of musculo-
skeletal disorders (see Appendix B).

The management of OA consists of conserva-
tive (non-pharmacologic and/or pharmacologic) 
and surgical approaches. The management is 
individualized based on the patient’s OA sever-
ity, level of activity, function and expectation, 
sports, needs or other interests, occupation, and 
the presence of any other underlying or coexist-
ing medical conditions. The goal of conven-
tional pharmacologic therapy for OA is focused 
on symptomatic relief from pain and inflamma-
tion, to minimize disability and to improve the 
quality of life and return to normal function. For 
details on conservative, non-pharmacologic 
interventions, refer to Chap. 8. The pharmaco-
logical treatment of patients with symptomatic 
knee OA includes oral or intra-articular admin-
istration of pharmacologic agents, analgesics 
such as acetaminophen and NSAIDs, intra-artic-
ular injections of viscosupplements, or chondro-
modulators. Patients with severe OA should not 
routinely be prescribed narcotics for pain man-
agement. Topical NSAID preparations play a 
minor role in the management of pain due to OA 
of the knee.

In many OA knees, the synovial fluid is less 
viscous and less elastic than that found in healthy 
knees [100]. Several studies have shown the effi-
cacy of HA for the treatment of mild to moderate 
knee OA, with positive effects on pain and articu-
lar function as assessed by the Western Ontario 
and McMaster Universities Arthritis Index 
(WOMAC), Lequesne Index (LI), Range of 
Motion (ROM), subjective global assessment, 
and reduction in NSAID consumption [69, 96, 
101–104]. HA injections are indicated for the 
pain in the knee of OA patients who have failed to 
respond to other conservative measures. A prepa-
ration of HA is injected into the arthritic knee 
joint several times over several weeks. Usually, 
the benefit is evident within several weeks and 
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may persist for 6–12 months. The therapy is well 
tolerated with only limited local transient discom-
fort. In one meta-analysis, the authors concluded 
that such viscosupplementation had a moderate to 
significant effect compared to placebo. Some 
investigators have claimed that the effect is com-
parable to NSAIDS and intra-articular corticoste-
roid [105, 106]. Some patients obtain pain relief 
through viscosupplementation that may last sev-
eral months. Patients with mild to moderate OA 
also reported improvement. Whether viscosup-
plementation has any beneficial effect on focal 
cartilage defects in patients is unknown.

Clinical trials, involving intra-articular PRP 
injection into OA knees, have shown promise for 
achieving symptomatic relief of pain and improv-
ing function. Injection of autologous PRP was 
first reported by Mei-Dan et al. in a prospective 
randomized study in 30 patients (18–60 years) 
affected by talar OA lesions [107]. This study 
investigated the short-term efficacy and safety of 
PRP and HA [107]. Each patient received three 
intra-articular injections consecutively, one per 
week with up to 28 weeks of follow-up with eval-
uation of pain, stiffness, and function. Decreased 
pain and disability and increased function with 
minimal adverse effects were reported. Further, 
results suggested that PRP treatment was more 
efficacious than HA injection in reducing symp-
toms, as corroborated by other studies [93, 94]. 
In another study, 150 patients with symptomatic 
knee OA were treated weekly with three PRP 
intra-articular injections and at follow-up 2- and 
6-month [94]. The PRP-treated patients showed 
more and longer efficacy compared with those 
who received either low or high molecular weight 
HA injections. A recent systematic review and 
meta-analysis of 14 randomized controlled trials 
(RCTs) comprising 1423 patients was aimed to 
investigate the efficacy of PRP for treating knee 
OA [108]. The pooled control cohort included 
those injected with saline placebo, HA, ozone, 
and corticosteroids. Using WOMAC pain sub-
scores at 3-, 6-, and 12-month follow-up, PRP 
injections showed significant reduction in pain 
subscores and improved physical function sub-
scores compared with controls. This study also 
suggested the superiority of intra-articular PRP 
injections compared with HA injections. 

However, other discordant studies have shown 
that HA injection in OA knee provided a superior 
clinical improvement in knee pain and function 
for up to 26 weeks compared to PRP injection 
[97, 98, 101]. Recently, a study reported slight 
reduction in the clinical signs of the knee OA 
(stage II/III) without adverse effects after intra-
articular injection of a single dose of bone mar-
row-derived mononuclear cell [109]. Although 
the use of placental tissues (amnion, chorion, 
amniotic fluid, and the umbilical cord) for intra-
articular therapies has shown promising results in 
modulating knee pain and inflammation in OA, 
future basic science and clinical research should 
be conducted to better understand the anti-
inflammatory and chondroregenerative proper-
ties of amniotic tissue [110]. Intra-articular 
injection of a single dose of bone marrow-derived 
mesenchymal stromal cells for treatment of 
patients with severe knee OA resulted in mitiga-
tion of synovial inflammation and overall 
improvement in joint pain [111].

The use of nutraceuticals or dietary com-
pounds has been promoted by the Health Food 
Industry for the management of OA [13, 18, 112, 
113]. It has been suggested, without convincing 
success, that these dietary compounds play a reg-
ulatory function on homeostasis of cartilage 
metabolism [13].

9.8  Conclusions

Assessment of the various modalities of non- 
surgical management of knee articular cartilage 
injury and OA has proven to be challenging. The 
various studies reported in this chapter have 
shown inconsistent results pertaining to the effi-
cacy of the treatment modalities. This may be a 
reflection of the heterogeneity of study design, 
varying preparations of pharmaceutical agents, 
degree of knee injury or arthritis, and varying dif-
ferences in response to treatment. Patient and 
investigator bias including industry sponsorship 
may also play a role in the inconsistency in the 
evaluation of treatment effects. With regard to 
OA, the multifactorial natural history including 
asymptomatic initial stage, degree of disability, 
and duration of treatment are contributing factors 
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to the discrepancies of the therapeutic claims for 
the various treatment modalities. In the face of 
discrepant evidence for efficacy, for individual 
patients with chronic articular pain, pharmaco-
logic agents including nutraceuticals should be 
offered with due attention to observing objective 
improvement.
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Osteochondritis Dissecans 
of the Knee: Pathophysiology 
and Treatment

Charles A. Popkin

10.1  Introduction

Osteochondritis dissecans (OCD) is a poorly 
understood localized process involving injury 
to the subchondral bone, which can progress to 
destabilization of the overlying articular carti-
lage [1, 2]. This condition is currently seen with 
increased frequency, possibly because of the rapid 
rise in younger athletes participating in competi-
tive sports and the increased use of magnetic reso-
nance imaging (MRI) [3]. The incidence of OCD 
has been estimated to be between 0.02% and 0.03% 
by radiography and as high as 1.2% by arthros-
copy [4, 5]. Prevalence of this condition ranges 
between 0.01% and 0.06% in European and North 
American populations [6]. The literature reveals 
that this condition affects males more commonly 
than females with ratios as high as 2:1 [7, 8]. A 
population-based study of 302 individuals diag-
nosed with knee OCD lesions showed the high-
est incidence for both males and females occurs 

between the ages 11 and 15 years [9]. Among 122 
adult patients with a total of 124 lesions, knee 
OCD was 3.6 times higher for men than women 
[10]. Females with patellar lesions and unstable 
lesions are at risk for persistent knee pain [11]. 
OCD involves both knees in 15–30% of cases, 
making assessment of the contralateral knee an 
important part of the evaluation [7]. In Aichroth’s 
classic paper, the most common location of an 
OCD lesion was in the posterolateral aspect of the 
medial femoral condyle (MFC) (69%) [12]. The 
 lateral femoral condyle (LFC) was involved in 
15% of the lesions and the patella in 5%. A subse-
quent large European study reported on location in 
509 knees (318 juvenile, 191 adults) and found a 
slightly different breakdown of OCD lesion loca-
tion [7]. The classic location on the lateral aspect 
of the MFC remained the most common; however, 
it was involved only 51% of the time, whereas the 
LFC was 16.5%, and the patella was 6.5%.

Osteochondritis dissecans resulting from 
osteonecrosis of subchondral bone was first 
described by Ambroise Pare in 1558 after finding 
loose bodies in a patient’s knee. Paget named the 
process “quiet necrosis” when describing two 
patients with knee pain in 1870 [13, 14]. 
Osteochondritis means an inflammation of the 
osteochondral joint surface. The Latin word “dis-
secans” means to separate. From 1887 to 1888, 
Konig was given credit for his theory that the 
loose bodies resulted from a combination of 
trauma acting on the necrotic lesion underneath. 
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The term “osteochondritis dissecans” was first 
coined in the late 1880s by König [15]. 
Subsequent study of OCD since König’s paper 
has not confirmed inflammation to be a cause of 
this condition [16]. Nevertheless, the misnomer 
“osteochondritis dissecans” has persisted in the 
literature.

There is evidence of OCD involving both 
knees in a 4000-year-old female mummy found 
in Northern Chile [17] (Fig. 10.1). Despite 
afflicting knees for thousands of years and 
being a recognized disease entity in the medi-
cal literature for over 120 years, there remain 
considerable debate and no clear consensus as 
to the etiology of OCD. There are many theo-
ries, which can be broadly grouped into heredi-
tary, vascular, and traumatic causes [18, 19]. 
None of these theories are universally accepted 
and none to date has completely explained all 
OCD lesions [20].

Numerous predispositions to OCD have been 
identified in the literature. A recent systematic 
review of the knee OCD literature performed on 
the PubMed and Cochrane databases (86 stud-
ies) suggested that the etiology of OCD could be 
of biological or mechanical origin [21]. The bio-
logical hypothesis (40 articles) included genetic 
causes, ossification center deficit, and endocrine 
disorders, whereas the mechanical hypothesis 
(52 articles) included injury/overuse, tibial spine 
impingement, discoid meniscus, and biome-

chanical alterations as the cause of the onset of 
OCD. These biological and mechanical factors 
were found to result in subchondral bone remod-
eling alterations, acting independently or more 
likely synergically in the onset and progression 
of knee OCD.

Associations with a subgroup of multiple 
epiphyseal dysplasia was first reported in 1955 
[22]. Two additional studies have confirmed a 
familial pattern of OCD associated with short 
stature and early osteoarthritis (OA) [23, 24]. A 
retrospective study on a heterogeneous cohort of 
pediatric patients treated for OCD (N = 103) 
showed that the proportion of patients with a pos-
itive family history of OCD was 14% [25]. 
However, a study by Petrie of 34 patients with 
radiographic evidence of OCD of the knee 
showed only 1 case of an OCD identified by 
 clinical and radiographic examinations of 86 
first- degree relatives [26]. Despite the work by 
Petrie, subsequent studies have found an associa-
tion of OCD with an assortment of conditions 
including short stature [27], Stickler syndrome 
[28, 29], Osgood-Schlatter disease [7], juvenile 
idiopathic arthritis [30], and tibia vara [2].

There is also some evidence that accessory 
femoral ossification centers may play a role in the 
etiology of OCD. Caffey et al. found that 66% of 
boys and 41% of girls had abnormalities in ossi-
fication of the distal femur [31]. They postulated 
that the cause of the abnormal ossification 
occurred during periods of rapid growth at the 
distal femur when the process of cartilage prolif-
eration and provisional calcification is uncou-
pled. These lesions are usually not pathologic 
and resolve without any sequelae. However, other 
authors have advocated that these areas of abnor-
malities may be precursor lesions and break away 
from the epiphysis [22, 26].

A vascular etiology has also been postulated 
as a cause for OCD. Several prominent histori-
cal figures in orthopedics have advocated an 
 ischemic cause for OCD lesions including 
Ficat and Paget [2, 21]. Enneking and Dunham 
attributed OCD formation to insufficiency of 
the end arterial blood supply to the subchon-
dral bone, with weak contributing anastamoses 
from the surrounding vessels [32]. Proponents 

Fig. 10.1 Right femoral osteochondritis dissecans lesion 
in a 4000-year-old mummy (middle-aged female) from 
Northern Chile (Reprinted with permission from Kothari 
et al. [17])
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of the vascular theory reference a cadaveric 
study from Atlanta that identified a potential 
watershed area with diminished intraosseous 
and extraosseous blood supply to the medial 
femoral condyle [33]. In addition, several 
authors have tried to prove a vascular cause 
using histologic studies. Unfortunately, many 
of the studies using histology were hampered 
by some significant limitations. Small sample 
size [34], no reporting on the location of the 
specimen from within the OCD lesions [35], 
reporting on histology of only the loose frag-
ment and not the underlying (basal) side [36], 
and the substantial variety in physeal status of 
the samples may help explain the wide array of 
histologic results. For example, one report 
demonstrated no histopathologic evidence for 
necrosis in completely detached lesions [37]. 
In contrast, Linden and Telhag performed a 
histologic study on 14 adult patients with 
OCD, and evidence of scattered ischemic 
necrosis was found in all specimens with more 
involvement on the detached side of the OCD 
than the base [38]. Uozomi et al., in their histo-
logic study taken from 11 classically located 
OCD lesions harvested with an osteochondral 
autograft transplantation (OATS, Arthrex™, 
Naples, FL), found evidence of ischemic sub-
chondral necrosis in only 2 of the specimens 
[34]. It is unclear from the current body of lit-
erature if ischemia is the cause of OCD or the 
result of the healing and remodeling process.

Recently, Kessler et al. investigated the asso-
ciation of childhood obesity with OCD of the 
knee in a population-based cohort of 269 chil-
dren and adolescents [39]. Based on the body 
mass index (BMI) for age, each patient in the 
cohort was grouped under one of the five weight 
classes (underweight, normal weight, over-
weight, moderately obese, and extremely obese). 
Results showed that extreme obesity strongly 
associated with an increased risk of OCD overall 
(knee, elbow, and ankle) and moderately obese 
patients had a 1.8 times increased risk of knee 
OCD as compared to children with normal 
weight. Patients with OCD were found to have a 
significantly greater average BMI when com-
pared with patients without OCD.

Traumatic injury has been reported in up to 
40% of patients with a diagnosis of OCD [2]. It 
has been suggested by many authors that repeti-
tive microtrauma may be responsible for shear 
forces and a stress reaction of the underlying 
bone seen with many OCD lesions [19]. Fairbank 
championed a model of repetitive microtrauma 
resulting from the tibial spine impinging on the 
lateral aspect of MFC with internal rotation [40]. 
This idea has been supported by a biomechanical 
study that showed the lateral aspect of the MFC 
receives a significant amount of shear forces 
when the knee is flexed, internally rotated and 
loaded [41]. While this may account for OCD 
lesions seen in the most common location (lateral 
aspect of the MFC), it does not account for OCD 
lesions seen elsewhere in the knee. However, 
another study highlighted a relationship between 
the mechanical axis and the location of OCD in 
the knee [6]. Medial lesions were seen with varus 
alignment and lateral lesions with valgus align-
ment. This suggests abnormal alignment may be 
a possible factor in the development of OCD 
lesions and may help explain those lesions in the 
atypical lateral location (valgus alignment).

Additional work since Fairbank’s article has 
highlighted the relationship between athletic 
participation and the development of OCD 
lesions in the knee. Aichroth’s study showed 
that more than 60% of OCD lesions developed 
in patients who participated in a high level of 
sports [12]. A multicenter study from Europe 
demonstrated that close to 55% of patients with 
an OCD lesion were active in sports or partici-
pated in strenuous athletic activity [7]. While 
there is no definite answer, there is a growing 
consensus that repetitive microtrauma plays a 
fundamental role in the pathophysiology of this 
condition.

10.2  Clinical Presentation

Initial presentation of the OCD lesion tradition-
ally consists of nonspecific knee pain, often made 
worse with activity. If the OCD is unstable, 
mechanical symptoms, giving-way episodes, and 
recurrent effusions are commonly noted. The 
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patients may ambulate with an externally rotated 
gait. On physical exam, there may be an effusion 
and point tenderness over the involved condyle. 
The classic physical examination maneuver is 
Wilson’s test, which aims to impinge the tibial 
spine on the OCD lesion located in the classic 
position on the lateral aspect of the MFC [42]. 
This is performed with internal rotation of the 
involved knee while extending the knee from 90 
degrees of flexion. The pain is relieved when the 
same motion is performed with the knee exter-
nally rotated. Though helpful when present, this 
physical sign lacks sufficient sensitivity and 
specificity to be of significant value in the diag-
nosis of OCD. However, some authors recom-
mend using Wilson’s test to monitor clinical 
response to treatment [43].

10.3  Classification and Diagnostic 
Imaging

Classification systems in orthopedics serve three 
essential purposes [44]. The first is to describe 
lesions or injuries so they can be divided into 
various groups. Once the various groups are 
established, a good classification system will use 
these different groups to guide clinical treatment 
choices. Finally, and most importantly, a good 
classification system will help the clinician pre-
dict clinical outcome. This can allow the ortho-
pedist at the time the lesion is recognized to 
counsel patients regarding the expected out-
come. Significant time and effort over the years 
have been spent attempting to classify OCD 
lesions. Outcomes in the orthopedic literature 
for OCD have identified two significant prognos-
tic factors: patient’s skeletal maturity and lesion 
stability. Also, lesion size has been identified as 
an important factor [45, 46]. Smillie described 
the first classification system; and, distinguished 
two main types, juvenile and adult [47]. Since 
this designation, other authors have added ado-
lescent as a subtype [48, 49]. This has been 
added because the outcomes for adolescents 
with closing physes are not as promising as 
younger children but better than adults with 
closed physes. A more accurate assessment of 

the patient’s physeal status can significantly alter 
the expected outcome.

Conventional radiographs allow for determi-
nation of location and the size of the lesion, as 
well as assessment of the skeletal maturity of the 
patient. Radiographic evaluation of patients with 
suspected OCD should include anteroposterior 
(AP), lateral, tunnel, and Merchant views. The 
tunnel view allows improved visualization of the 
posterior femoral condyle, as it is brought into 
view with increased knee flexion. The Merchant 
view provides visualization of the femoral troch-
lea, an uncommon but potentially problematic 
location for OCD lesions.

Smillie’s classification for OCD was based 
upon plain radiographs and expanded by Cahill 
and Berg in 1983 [50]. In this classification sys-
tem, OCD lesions are localized using 15 distinct 
zones based on an alphanumeric assignment 
(Fig. 10.2). On the AP radiograph, the zones are 
numbered 1 through 5 medial to lateral across the 
knee (Fig. 10.2a). On the lateral radiograph, 
Blumensaat’s line and the posterior cortical line 
are used to divide the knee into three zones 
assigned letters A to C: A is anterior, B is central, 
and C is assigned to posteriorly located lesions 
(Fig. 10.2b). The classic lesion in the knee is a 
2B. This classification is primarily used for 
research and has not found regular use in the clin-
ical setting.

Perilesional sclerosis has been identified as a 
prognostic indicator in evaluating OCD lesions on 
radiographs [51]. In this study, OCD lesions  were 
staged as follows: Stage 0, if there was no evidence 
of perilesional sclerosis on either AP or lateral 
radiograph; Stage 1, if there was a rim of sclerosis 
on either AP or lateral radiograph; and Stage II, 
if there was a perifocal ring of sclerosis visible 
on both radiographic views around the OCD. The 
authors grouped the patients by age (years): 12 
years or younger (juvenile), 12 to 15 years (ado-
lescent), and 15 years or older. They found that 
OCD lesions without perilesional sclerosis healed 
in all cases. Stage I and II lesions that received 
drilling healed more reliably than Stage I and II 
lesions treated conservatively. Finally, children 
younger than 12 years did better than those aged 
15 years or older. Radiographs provide important 
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information about OCD lesion location, size, and 
the presence or absence of  sclerosis. However, for 
treatment recommendations, additional advanced 
imaging is necessary to make more informed 
decisions about lesion prognosis [4]. Although 
recent advances in ultrasound technology quali-
fies it as an appropriate tool for the screening and 
monitoring of OCD’s stages II to IV, ultrasonic 
examination has limitations in assessing the OCD 
stage 1; hence, is not suitable for evaluating the 
early stage of OCD [52].

Bone scintigraphy was initially utilized quite 
extensively in the diagnosis and determination of 
appropriate treatment of OCD lesions by many 
authors [50, 53]. However, bone scan provides 
no information about the overlying articular 
 cartilage. In addition, the significant overlap of 
findings with stable and unstable lesions made 
routine bone scan unreliable in guiding clinical 
decisions. 

Magnetic resonance imaging is now the 
advanced imaging modality of choice used to 
confirm the presence of an OCD lesion and to 
assess its stability. Patient demographics, clini-
cal presentation, and the role of trauma are criti-
cal for differential diagnosis of osteochondral 
(OC) defect, which can develop from acute trau-
matic injury or as an end result of several chronic 
conditions. The MRI features of OC defect 
include the location and extent of bone marrow 
edema, the presence of a fracture line, deformity 
of the subchondral bone plate, and a hypoin-
tense area subjacent to the subchondral bone 
plate [18, 54]. The characteristic MRI features 
of OCD lesions with a subchondral region 
demarcated from the surrounding bone reveal a 
laminar or “double-line sign” at the demarca-
tion, which is typical of avascular necrosis or 
findings of instability and often seen with cyst-
like foci in the subchondral bone and bone mar-

A

A
5 4 3 2 1

B

B

C

Fig. 10.2 Schematic diagram of Cahill and Berg’s classification for anatomic location of the osteochondritis dissecans 
knee lesions seen on the (a) Anteroposterior and (b) Lateral view [50]
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row edema pattern on proton density- or 
T2-weighted images [54, 55]. As mentioned 
above, stability is an important prognostic factor 
for determining the likelihood of an OCD lesion 
to heal with  nonoperative therapy [3, 46, 56]. 
There are four criteria on T2 - weighted images 
that have been described by De Smet and col-
leagues as correlating with instability found at 
arthroscopy [57, 58]. These MRI criteria include 
a high- signal- intensity rim surrounding an OCD 
lesion, a high-signal-intensity fracture line 
extending through the articular cartilage, and a 
defect in the articular cartilage and subchondral 
cysts.

Despite the continued use of De Smet’s crite-
ria in determining OCD lesion stability, there is 
no apparent consensus in the literature regarding 
the most appropriate MRI criteria for defining 
OCD instability. Further, the MRI criteria for 
OCD instability in the pediatric knee do not 
always correlate with the necessity for surgery 
[59–61]. The widespread differences of opinion 
in the literature regarding the most appropriate 
MRI criteria for OCD instability may relate to a 
lack of distinction in the De Smet study between 
adult, adolescent, and juvenile forms of OCD. In 
their initial study, the majority of the patients 
were adults.

Several authors have reported that the initial 
De Smet criteria may not be applicable to juve-
nile patients. O’Connor et al. reported that a  
high-signal T2 line (one of the four De Smet cri-
teria) was a predictor of instability in the juvenile 
lesions only when it was accompanied by a break 
in the cartilage that could be detected on 
T1-weighted images [62]. Using this modifica-
tion, the ability of the MRI to predict instability 
verified at arthroscopy jumped from 45 to 85%. 
Samora et al. also found that MRI frequently 
overcalled instability not confirmed arthroscopi-
cally in juvenile patients [63]. Similarly, Yoshida 
et al. found a very high rate of healing of OCD 
lesions treated conservatively despite the pres-
ence of a high-signal T2 line [64].

In an attempt to improve accuracy in predict-
ing instability in juvenile OCD patients, revised 
criteria have been established. Kijowski et al., in 
a study of 32 skeletally immature patients (25 

boys and 7 girls; mean age, 14 years) utilizing 
arthroscopy as the reference standard, found that 
the presence of T2 signal intensity rim or cysts 
surrounding an OCD lesion may be signs of 
instability only in adults [65]. In their study, a 
high T2 signal intensity rim surrounding an OCD 
lesion indicated instability only if it had the same 
signal intensity as adjacent joint fluid, was sur-
rounded by a second outer rim of low T2 signal 
intensity, or was accompanied by multiple breaks 
in the subchondral bone plate. Cysts surrounding 
a juvenile OCD lesion were indicative of 
 instability only if they were multiple or large  
(> 5 mm) in size. Using these revised secondary 
criteria in juvenile OCD, the sensitivity and 
specificity for detecting instability increased 
substantially.

Despite the popularity of the De Smet criteria 
and Kijowski’s modifications, there is no appar-
ent consensus in the literature regarding the 
most appropriate MR imaging criteria for defin-
ing OCD instability. The widespread  difference 
of opinion may relate to a lack of  distinction 
between the juvenile and adult forms of OCD 
and due to the potentially different imaging fea-
tures of stability/instability seen between juve-
nile and adult forms of the disease. The use of 
a 3 Tesla (T) magnet can enhance resolution 
and potentially increase diagnostic accuracy. 
In addition, T2 mapping and the use of delayed 
gadolinium-enhanced magnetic resonance 
imaging of cartilage (dGEMRIC) hold promise 
in being able to assess OCD lesion instability 
as well as document healing of these lesions. At 
this time, the utility of either a 3T magnet or 
dGEMRIC imaging in evaluating OCD lesions 
is uncertain.

Arthroscopy remains the gold standard for 
confirming OCD lesion instability with direct 
visualization. The Guhl classification is useful for 
communicating not only lesion stability but also 
integrity of the overlying articular cartilage [66]. 
A similar arthroscopic classification  system is 
also used in the literature, the Ewing and Voto 
[67]. Both classification systems are in four stages 
(Table 10.1). It should be noted that arthroscopic 
assessment should not be limited to either of these 
classification systems alone. The OCD lesion size 
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and location, number of loose bodies, bone pres-
ence on the back side of the loose fragment, lesion 
repairability, donor site condition, and overall 
condition of the  surrounding non-OCD cartilage 
should be documented.

10.4  Natural History 
of Osteochondritis Dissecans

At this time, very little is known about the natural 
history of OCD. In addition, there are no random-
ized control trials looking at nonsurgical versus 
surgical management of OCD involving the knee. 
The only randomized control trial to date involv-
ing any aspect of the treatment for OCD in the 
knee was done in Lithuania and reported in 2009 
[68]. This study compared microfracture (MFX) 
with mosaic-type OAT for OCD lesions in the 
femoral condyles of patients under 18 years of 
age. Using International Cartilage Repair Society 
(ICRS) score, return to play (RTP), and MRI, the 
authors concluded that OATS had superior 
results. These authors had conducted a previous 
randomized control trial in 2005, but this included 
OC defects and OCD lesions together in patients 
younger than 40 years of age [69]. Unfortunately, 
surgical intervention to date for OCD lesions is 
heavily based on recommendations from many 
Level IV retrospective studies, case series, and 
reports. Complicating the interpretation is the 
fact that many studies do not differentiate juve-

nile from adult and present a wide range of indi-
cations for surgery. At this time in reviewing the 
best available literature, a few keys facts remain 
clear: young patients with wide open physes have 
the best prognosis. Those patients with closed 
 physes, unstable lesions, or large lesions 
(> ≅ 2–3 cm2) are all poor prognostic factors and 
likely to require surgical intervention [7, 45].

A large, multicentered review from the 
European Paediatric Orthopaedic Society (EPOS) 
reported findings on 509 knees and reached some 
noteworthy findings. Outcome is better if there is 
no evidence of instability at initial diagnosis. 
Pain and swelling are not good predictors of 
instability; results depend on the location of the 
lesion; and those lesions in the classic position on 
the lateral aspect of the MFC have the best out-
come. Nonathletic patients have a better outcome 
than their athletic counterparts; and lesions larger 
than 2 cm have a worse prognosis [7].

The American Academy of Orthopedic 
Surgeons (AAOS) published guidelines on the 
treatment of OCD lesions in Journal of the 
American Academy of Orthopedic Surgeons 
(JAAOS) in 2011 [70]. Not surprisingly, this sys-
tematic review of the literature on diagnosis and 
treatment of OCD lesions was not able to generate 
one recommendation that received a strong grade. 
In fact, based on the available literature, the group 
was only able to reach consensus on 4 of 16 recom-
mendations reviewed. They agreed on the follow-
ing: symptomatic skeletally mature and immature 
patients with salvageable unstable and/or displaced 
lesions should be offered surgery; physical therapy 
should be recommended after surgery to treat OCD 
lesions; finally, they reached agreement that in the 
absence of reliable evidence, patients remaining 
symptomatic after treatment for OCD lesions 
undergo history, physical examination, radio-
graphs, and/or MRI to assess healing.

10.5  Treatment of Osteochondritis  
Dissecans

Care must be taken to review the imaging for the 
OCD lesion’s size, location, and stability [1]. In 
addition, the status of the growth plate is critical 

Table 10.1 Arthroscopic classification systems for 
osteochondritis dissecans lesions of the knee. (A) Guhl 
and (B) Ewing and Voto classification

Stage
Arthroscopic Finding of OCD 

Lesions
Guhl Arthroscopic Classification System [66]

Type I Softening without breach of the cartilage 
surface

Type II Breached cartilage that is stable
Type III A flap lesion
Type IV Loose body
Ewing and Voto Arthroscopic Classification System [67]
Stage I Intact lesion
Stage II Early cartilage separation
Stage III Partially attached lesion
Stage IV Crater lesion-loose body
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for making initial management decision for the 
patient with an OCD. Nonoperative treatment, 
with an emphasis on activity modification, is an 
appropriate initial treatment in a stable lesion in a 
juvenile or adolescent with an open physis [71]. 
Whether or not to include immobilization, and 
for how long, is open to considerable debate. 
There are two schools of thought concerning 
nonoperative management. Those that favor pro-
tecting the subchondral bone argue that the lesion 
should be treated like a fracture and immobilized. 
This can be in a long leg or cylinder cast [45]. 
However, after careful review of the literature, 
the duration and weight-bearing status for immo-
bilization are not certain. The other school of 
thought embraces Salter’s concepts of continuous 
motion to preserve articular cartilage and, thus, 
favors a treatment protocol geared toward main-
taining motion and cartilage health. At this time, 
there is no consensus in the literature, and nonop-
erative protocols and recommendations vary 
from casting to a standard knee immobilizer to 
custom unloader knee braces or as little as 
restricting only sports participation [3]. This sub-
stantial variation in treatments makes the inter-
pretation of the results in the literature difficult.

Although OCD has been a recognized condi-
tion for more than 100 years, there are no natural 
history studies at this time to verify a correct time 
period for conservative treatment in the juvenile 
patients [72]. There is a general consensus that up 
to 6 months is a reasonable trial period for juvenile 
patients with OCD lesions. Complete resolution of 
symptoms and radiographic evidence of healing 
can take several months in OCD lesions. As the 
patients near skeletal maturity, the clinician should 
be wary of prolonged immobilization. It should be 
noted that in adult patients with OCD lesions, non-
operative treatment has a limited role [73, 74]. 
Adults do not possess the same healing potential 
after the closure of the physes compared to chil-
dren and adolescents with open physes. As such, 
adults will most likely require operative interven-
tion to preserve joint integrity.

The success of nonoperative treatment for sta-
ble juvenile OCD lesions ranges from 50 to 66% 
[45, 75, 76]. Arthritis after nonoperative treat-
ment of OCD lesions is a challenging problem. 

In a study of 86 patients (mean age, 21 years) 
with OCD lesions of the knee treated nonopera-
tively, an estimated 30% cumulative incidence of 
arthritis was reported at 35 years post OCD diag-
nosis [77]. In addition to failure of nonoperative 
management, other operative indications include 
lesions with physeal closure impending within 
6 months, unstable/hinged lesions, detached 
lesions (loose bodies), and full- thickness loss 
of overlying articular cartilage identified by 
MRI. When planning operative intervention, 
the treating physician should focus on the three 
essential factors for the OCD. First, the physeal 
status of the patient; second, the lesion stability; 
and finally, the lesion size. Size of the lesion will 
help dictate treatment options available if the 
lesion is not salvageable. From these factors, the 
following treatment algorithm for approaching 
surgical OCD lesions was derived (Fig. 10.3).

While the search for the cause of OCD is 
ongoing, there has been a substantial evolution 
in the surgical treatment of OCD lesions since 
Paré first described the removal of loose bodies 
over 170 years ago [78]. Articular cartilage 
resurfacing with OATS and allograft OATS, 
MFX, and autologous chondrocyte implantation 
(ACI) are now available options [3, 19, 79, 80]. 
Results on biomimetic nanostructured OC scaf-
fold and “one-step” bone marrow-derived cell 
transplantation techniques have also been pub-
lished [81–84]. Despite these advancements, 
current treatments are not uniformly successful 
in addressing challenging OCD lesions, and 
new treatment options are in development. The 
goals of surgery are twofold. First and foremost, 
the emphasis is on preserving native articular 
cartilage whenever possible. When this is not 
possible and the articular cartilage is not sal-
vageable, cartilage restoration procedures are 
utilized.

Arthroscopic drilling of a stable lesion that 
has failed nonoperative management is well 
supported in the literature [85]. There are two 
options when performing drilling of these 
lesions: transarticular and retroarticular. There 
are advantages and disadvantages of both tech-
niques. The  transarticular method is straight-
forward, well visualized, and accurate but 
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Fig. 10.3 Treatment algorithm for osteochondritis dissecans lesions of the knee
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requires breaching of the articular surface. The 
 retroarticular technique requires fluoroscopy, is 
technically more demanding, possesses a higher 
risk for inadequate drilling, but spares the overly-
ing joint cartilage. The purpose of the drilling is 
to create vascular channels to stimulate revascu-
larization and promote healing of the lesion [86]. 
Donaldson and Wotjys reported that 11 out of 12 
patients had excellent results after retroarticu-
lar drilling [87]. Similar results were found in a 
study from Japan examining 20 skeletally imma-
ture knees with OCD (10 boys and 2 girls; mean 
age, 12 years; range, 9–15 years) after failure of 
6 months of nonoperative treatment. Significant 
improvement in the Lysholm score (72.3–95.8) 
was found postoperatively, and only 1 of the 20 
surgically treated lesions did not heal after the 
retrograde drilling [88].

Kocher et al. studied transarticular drilling 
in 30 knees in 23 skeletally immature patients 
(mean age, 12 years; range, 8–16 years) and 
found evidence of radiographic healing in all 
knees at a mean of 4.4 months [89]. Kawasaki 
et al. described a technique of drilling involv-
ing the intercondylar bare area, thus removing 
one of the major disadvantages of the transar-
ticular technique, damage to the articular carti-
lage. They achieved healing in all 16 cases and 
saw an increase in the Lysholm knee score 
(70.4–97.8) [86]. Currently, the transarticular 
and retroarticular techniques are employed, and 
the decision should be based on surgeon prefer-
ence [90]. A comparison between these tech-
niques is an active area of interest in the 
Research in Osteochondritis Dissecans of the 
Knee (ROCK) Group.

For OCD lesions that are unstable, fibrous tis-
sue located between the subchondral bone and 
cartilage should be debrided. If the lesions have 
bone loss, the lesions should be packed with 
autogenous bone graft before internal fixation. 
For Guhl Type II–IV lesions, the initial treatment 
involves internal fixation, curettage of any fibrous 
tissue, and bone grafting as necessary for those 
lesions with subchondral bone loss. This can be 
done arthroscopically or, if necessary, with use of 
an arthrotomy to gain necessary access to the 
lesion. Fixation of the lesion can be achieved 

with metallic or bioabsorbable implants. Internal 
fixation of both “classic” and cartilage-only OCD 
lesions has shown to have strong outcomes in 
managing challenging cases [91].

10.5.1  Fixation of Lesion 
with Metallic Screws

Metallic implants have a long track record in 
 orthopedics for achieving compression and sta-
bility. There are two significant disadvantages to 
using metallic screws. First, they can abrade the 
opposing joint surface cartilage, and second, they 
may require a second surgical procedure for 
screw removal. Despite these disadvantages, 
there are good results from retrospective studies 
in the literature for OCD lesions treated with 
metallic screws. Johnson et al. reported their 
results using headed compression screws in 35 
cases of OCD lesions [92]. At second-look 
arthroscopy to remove the screw, 94% of the 
lesions had evidence of healing confirmed by 
subsequent radiographs. Loosening of four frag-
ments was observed, requiring additional sur-
gery. This group reported 88% good to excellent 
results at a minimum of 2 years follow-up. 
Magnussen et al. reported their results using 
headed compression screws in 12 patients with 
Guhl Type IV lesions [93]. At second-look 
arthroscopic removal of the screw, 11 of the 12 
had evidence for healing. Two of the 12 patients 
had evidence of scuffing of the adjacent tibial 
plateau cartilage. At 9-year follow-up, these 
patients did not have  lower Knee Injury and 
Osteoarthritis Outcome Score (KOOS) for pain, 
lower activities of daily living (ADL), or less 
sports function than their age-matched controls. 
Gomoll et al. in a study using a variety of com-
pression screws (8 headless, 4 AO 3.5 mm com-
pression screws) obtained healing in all OCD 
lesions (N = 12) in adolescent and young adult 
patients (mean age 16 years; range, 12–19 years) 
[94].

The use of headless compression screws is 
also advocated as this can minimize damage to 
the opposing joint surface and, in some cases, 
may not necessitate planned second surgical 
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removal (Fig. 10.4). Makino et al. studied OCD 
lesions fixed with titanium Herbert screws in 15 
knees (age range 12–35 years) [95]. They 
 verified healing at second-look arthroscopy to 
remove the screw and with follow-up MRI 
which showed healing in 14 of the 15 knees.  
At final follow-up, Lysholm scores increased 
from 79 to 97 in 13 of the 15 patients. Other 
studies using headless screws for fixation have 
documented similar results with successful 
 outcomes and healing in a range from 82 to 
90% [96, 97].

10.5.2  Fixation of Lesion 
with Bioabsorbable Screws

Bioabsorbable screws offer some attractive 
advantages compared to metallic fixation. The 
bioabsorbable screws are intended to absorb over 
time, do not interfere with subsequent knee imag-
ing, and do not require planned surgical removal. 
Disadvantages of bioabsorbable implants are the 
risk of cyst formation, inciting synovitis in the 
joint, breakage, sterile abscesses, and loss of fixa-
tion [93].

In a study of 12 adolescent patients with 
 stable OCD (mean age 15 years) who failed 

 conservative treatment, the OCD lesions were 
treated with bioabsorbable smart nails for 
arthroscopic Guhl Type I and II lesions [94]. The 
authors used a mean of four nails per case. 
Postoperatively, patients were evaluated with 
several functional tests and scoring systems, 
including Lysholm, International Knee 
Documentation Committee (IKDC), and KOOS. 
At MRI follow-up with a mean of 32 months, all 
lesions healed. One patient developed synovitis 
that resolved with nonsteroidal anti-inflamma-
tory drug (NSAID) treatment. However, it should 
be noted that these patients failed only 6 weeks of 
nonoperative treatment before arthroscopy, 
which is a considerably shorter period compared 
to other similar studies in the literature.

Tabaddor et al. reported their findings on 24 
knees treated with similar bioabsorbable fixa-
tion 96 L/4D lactide copolymer nails [98]. The 
mean age in this study was 14 years with  average 
almost 40 months of follow-up. Tabbador et al. 
were able to obtain MRIs in 17 patients at a 
mean of 22 months of which 16 patients showed 
evidence of healing. They reported good and 
excellent results in 22 of 24 knees. Kubota  
et al. reported good mid- and long-term out-
comes (12 years) after OCD fixation using bio-
absorbable pins [99]. Of note, one of the failures 

Fig. 10.4 Large partly non-ossified osteochondral frag-
ment of the right knee. (a) Lateral radiograph and (b) 
sagittal fast spin-echo T2-weighted MR image demon-
strate the significant discrepancy in the mostly non-ossi-
fied displaced osteochondral fragment situated anterior 

to the femoral trochlea (arrow). Large osteochondral 
defect at the lateral femoral condyle is also noted. (c) 
Postoperative lateral radiograph following rigid fixation 
of displaced osteochondral fragment with multiple fixa-
tion pins
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was in an Ewing and Voto Type IV lesion (com-
pletely detached loose body). In their conclud-
ing remarks, the authors have cautioned against 
bioabsorbable fixation in Type IV lesions.

In a larger retrospective study on the treatment 
of OCD, Kocher et al. studied unstable OCD 
lesions in 26 patients fixed with a wide array of 
metallic and bioabsorbable implants. Using 
Ewing and Voto classification system, 9 patients 
scored Stage II, 11 patients scored Stage III, and 
6 patients scored Stage IV. They found an overall 
healing rate of 84% with no statistical difference 
between the groups by stage [100]. While there 
have been encouraging results in retrospective 
studies using internal fixation when the lesion is 
salvageable, this procedure is not without diffi-
culty. Loosening, failure of hardware to maintain 
compression, broken hardware, abrasion to 
opposing cartilage surface, loose bodies, and 
hemarthroses are all reported complications of 
internal fixation, regardless if metallic or bioab-
sorbable screws were used.

10.5.3  Unsalvageable Lesions

It is not uncommon for the surgeon to encounter 
a detached or loose fragment that is not salvage-
able. This can occur with significant lesion frag-
mentation, prolonged period of detachment, and 
inadequate bony backing (< 2 mm) [3]. Under 
these conditions, excision may be required. This 
should be avoided if possible, as multiple studies 
have confirmed that excision of a large OCD can 
be associated with a poor outcome and the devel-
opment of OA [101–104]. Options available to 
the surgeon in this situation include MFX, OATS 
(autograft/allograft), and ACI. Newer techniques 
with very little or long-term follow-up data have 
also been discussed recently and include biomi-
metic nanostructured OC scaffold and “one- step” 
bone marrow-derived cell transplantation tech-
nique as well as matrix-assisted autologous chon-
drocyte transplantation technique with autologous 
bone grafting [84 , 105, 106]. In combination to 
these surgical techniques, the administration of 
platelet-rich plasma or the use of orthobiologic 
scaffolds have shown promising long-term results 
[107–109].

Microfracture is thought to be a useful treat-
ment option because it promotes filling of the 
defect with pluripotential cells that result in 
fibrocartilage formation [111]. This technique 
can be utilized for smaller, well-contained 
lesions. However, OCD lesions have some 
important differences from traumatic cartilage 
lesions. These bear mentioning with regard to 
the efficacy of the MFX treatment. First, trau-
matic cartilage lesions tend to have intact sub-
chondral bone, whereas in OCD lesions, the 
subchondral bone is thought to be part of the pri-
mary pathophysiology and is more heavily 
involved. Second, after debridement, OCD 
lesions can lack a substantial amount of bone, 
leading to the question whether MFX can ade-
quately restore support to the affected area [112].

In a randomized control trial, Gudas et al. 
compared the outcomes of the arthroscopic 
mosaic-type OAT and MFX procedures for the 
treatment of OCD lesions in 50 children mean 
age of 14 years; age range of 12 to 18 years) 
[68]. Their inclusion criteria included the fol-
lowing: ICRS score of 3 or 4, defect size between  
2 and 4 cm2, and the patient age of 18 years or 
younger. Despite randomization, the OATS 
group had 4 more (5 to 1) large lesions between 
3 and 4 cm2 compared to the MFX group. For 
the OATS technique, 5 and 6 mm diameter plugs 
were used and an average of 4 to 5 plugs per 
case. While both groups showed substantial ini-
tial improvement at 1-year follow-up; at 
4.2 years follow-up, the OATS group had 83% 
of patients with good or excellent results com-
pared with only 63% for the MFX group. None 
of the OATS patients had a clinical failure at 
final follow-up. The study indicates that for 
lesions smaller than 4 cm2, OATS offers a more 
reliable clinical result than MFX. Other authors 
have shown OATS to be a viable and intriguing 
option for treatment of unsalvageable OCD 
lesions. OATS involves transferring cartilage 
from a non-weightbearing part of the joint to the 
symptomatic area. Classically, plugs are taken 
from the medial or lateral trochlea and the inter-
condylar notch. Several authors have reported 
good results in retrospective studies and case 
series [112, 113]. There is a range of recom-
mended plug size. Concern has been expressed 
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for plugs smaller than 3.5 mm diameter because 
of inadequate biomechanical strength. Similarly, 
plugs greater than 6.5 mm diameter may have 
problems filling in and can accelerate patella- 
femoral joint wear.

Several studies investigated the treatment out-
comes of unstable OCD lesions using plug diam-
eter ranging from 2.7 mm to 10 mm [113–115]. 
In a study of 20 patients (mean age 14 years) with 
unstable OCD lesions of the knee, Miniaci et al. 
arthroscopically assessed the OCD lesions and 
then fixed in situ by placing multiple 4.5 mm OC 
plugs (average 4 plugs per case) [114]. Using 
IKDC, the knee scores all normalized after sur-
gery, and the authors reported no donor site com-
plications related to the harvest. Fonseca et al. 
used smaller plugs with diameters between 
2.7 mm and 3.5 mm in their study of 20 knees 
(mean age 27 years) with unstable ICRS III and 
IV OCD lesions [113]. Miura et al., in a study of 
mosaicplasty from Japan, used a range of plug 
diameters from 5 to 10 mm (mean 7 mm) in 12 
patients (mean age 16 years) with knee OCD (1 
patient scored ICRS II, 8 scored ICRS III and 3 
scored ICRS IV) [115]. The authors obtained 
MRI evidence of healing in 3 months in all 
patients with Hughston scale scores of 8 (excel-
lent), 3 (good), and 1 (fair). They also reported no 
donor site complications.

Secondary reconstruction of the cartilage 
with fresh allograft has been successfully per-
formed and is on the algorithm for large, unsal-
vageable OCD lesions greater than 3 cm2. There 
is no donor site morbidity with this procedure; 
however there are concerns about chondrocyte 
viability, graft availability, and disease transmis-
sion.  The largest study in the literature looking 
specifically at fresh allograft in OCD patients to 
date consisted of 66 patients (mean age 28 years) 
with OCD lesions of the distal femur [116]. All 
patients had undergone a mean of 1.7 procedures 
prior to the allograft procedure. The mean size of 
allograft used in this study was 7.5 cm2. The 
authors reported 70% good to excellent results 
after fresh allograft reconstruction. Fresh 
allograft can be a valuable salvage operation for 
larger lesions.

Autologous chondrocyte implantation tech-
nique was first started in Sweden in the late 

1980s. Brittberg et al. published their initial trial 
in the New England Journal of Medicine in 1994 
[117]. A two-stage procedure, this technique 
attempts to replace the damaged articular surface 
with viable chondrocytes. During the first stage 
at initial knee arthroscopy, chondrocytes are har-
vested from the intercondylar notch or the non- 
weightbearing surface of the medial trochlea. 
The sample is then sent for processing and expan-
sion. The second stage involves implanting the 
expanded autologous chondrocytes from the 
original sample into the defect and covering it 
with a periosteal patch.

Currently, there is a role for ACI in the treat-
ment of OCD lesions 2–10 cm2 in size with suc-
cess rates ranging between 80 and 91% depending 
on the study. Peterson’s study of 58 patients with 
OCD and a mean lesion size of 5.7 cm2 treated 
with ACI demonstrated greater than 90% good or 
excellent results [118]. They had two early fail-
ures causing graft delamination, which the 
authors attributed to the patients’ early return to 
high- impact sports. In a study from Boston, 
Mithöfer et al. examined ACI in the treatment of 
full- thickness cartilage lesions (mean size 
6.4 cm2) in 23 adolescent athletes [119]. Fourteen 
of these were OCD lesions. Before ACI implan-
tation, patients had a mean of 2.5 procedures per-
formed. Of note, the authors reported results 
similar to Peterson’s; 96% of these patients 
returned to high-impact sports. Krishnan et al. 
reported on their 2–7 year results on ACI for 
OCD of the knee in 37 patients (28 juvenile, 9 
adult) with mean lesion size of 5.9 cm2 [120]. 
They reported clinical results slightly lower than 
the two previous sets of authors at 82% with 
excellent and good results. However, at second-
look arthroscopy 1 year later, visualization of the 
ACI demonstrated ICRS scores of 1 or 2 in 87.5% 
of patients. Furthermore, in 23 biopsies taken, 
47.5% showed hyaline cartilage or a mix of hya-
line and fibrocartilage. The above studies suggest 
there may be a role for ACI in cases of OCD that 
are refractory to other previously mentioned 
treatment options.

There are some newer techniques to treat 
unsalvageable OCD lesions, and there is initial 
research to support their use [121]. Biomimetic 
nanostructured OC scaffold and bone marrow- 
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derived cell transplantation have compared favor-
ably in small studies to ACI results for OCD but 
with the advantage of requiring only one opera-
tion [84, 105]. More study is required before 
definitive recommendations on these new tech-
niques can be made.

10.6  Return to Play 
and Osteochondritis 
Dissecans

For many patients with OCD lesions, return to 
previous activity and sports is an important pri-
ority after surgery. Depending on the type of sur-
gical intervention, there is a broad range of RTP 
in the literature after OCD surgery. Edmonds 
et al. reported on 59 patients who failed conser-
vative treatment and were treated with 
 retroarticular drilling [122]. The mean age in 
their study was 13 years, and the mean lesion 
size was 3.2 mm2. On average, patients returned 
to full activities at 2.1 months (range 1.3–
13 months). Using retroarticular drilling, 
Donaldson and Wotjys reported an average RTP 
at 8.5 months (range 5–14 months) for their 
patients (mean age 12 years) [87]. No additional 
information on lesion size was included. For 
transarticular drilling, Yonetani et al. reported 
all 19 patients treated returned to sports by 
6 months [123].

Kramer et al. evaluated the functional 
 outcomes of surgical management of OCD 
lesions of the patella and trochlea in a total of 26 
pediatric patients (9 females and 17 males; mean 
age 14 years; range 9–18 years) and their ability 
to return to sports [124]. A total of 29 OC lesions 
were identified (3 with bilateral lesions) of which 
21 knees with lesions (72%) had open physes 
and median follow-up of 3.8 years (range, 
1–9 years). Twenty-two lesions (76%) under-
went transarticular drilling (N = 14) or drilling 
with fixation (N = 8), while seven underwent 
excision and marrow stimulation. At the final 
follow-up, 48% (14 knees) were pain-free, and 
48% had mild residual pain, and 85% (22 
patients) returned to sports. Transarticular drill-
ing and surgical excision with marrow stimula-

tion treatment of patellofemoral OCD in children 
and adolescents produced a high rate of satisfac-
tion and return to sports.

Din et al. reported that all 12 of their patients 
with stable OCD lesions treated with bioabsorb-
able implants had returned to sports by 8 months 
after surgery [101]. In a study from Boston, uti-
lizing metallic and bioabsorbable fixation for 
unstable OCD lesions, Kocher et al. found their 
patients returned to sports at a mean of 8.3 months 
after the procedure [100].

For unsalvageable lesions, the return to play 
tends to be more delayed. In the only randomized 
controlled trial to date on OCD lesions, Gudas 
et al. reported the average RTP for their MFX 
and ACI patients [68]. The patients treated with 
MFX had only 7 out of 22 patients returned to 
sports. Their return averaged 14.1 months (range 
10–16 months). At 4-year follow-up, only 3 of 
the 22 initial MFX patients were playing sports. 
For the OATS patients, 21 of the 25 patients 
returned to sports at an average of 11.7 months 
(range 9–14 months). Seventeen of the 21 OATS 
patients were continuing athletics at the 4-year 
follow-up. A higher return to sport and activity 
with OATS compared with MFX has been con-
firmed in a large review [125].

For RTP after ACI, in the Mithöfer study (a 
mix of traumatic cartilage lesions and OCD), 
96% of athletes returned to high-impact sports 
and 60% to a level equal or higher than before 
the injury [119]. They allowed RTP at 12 months 
after surgery. Of note the authors found that 
patients with symptoms before surgery of less 
than 12 months all returned to play compared to 
only 33% in those patients with more than a 
year of symptoms. For ACI in higher level ath-
letes, the RTP has not been as encouraging. In a 
study from Greece, only 6 of 19 athletes were 
able to resume their previous level of activity. 
While not all of these lesions were OCD (trau-
matic cartilage lesions were included as well), 
this suggests returning younger high-impact 
patients to their previous activity may not be as 
likely as other studies have suggested. Higher 
level athletes should be cautioned that their RTP 
may not be as high as previous studies have 
indicated.
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Mithöfer et al. published a review of RTP 
after articular cartilage procedures in 2009 
[125]. This review encompassed all types of car-
tilage lesions, not exclusively OCD lesions. The 
main results of this study are worth repeating. 
Younger age was a positive prognostic factor for 
return to sport, regardless of surgical technique. 
If symptoms were present for less than 12 months 
before surgery, results on RTP with MFX was 
66% and for ACI 67%. Rates dropped to 14% 
and 15%, respectively, if symptoms were pres-
ent for more than 1 year. RTP was statistically 
much quicker in competitive athletes than recre-
ational (14 vs 22 months) who underwent ACI 
procedures. Overall RTP rates after articular car-
tilage surgery were 73%, with the highest RTP 
with OATS (91% OATS, 67% ACI, and 66% 
MFX).

10.7  Conclusions

Osteochondritis dissecans has remained a chal-
lenging and evasive clinical problem since 
König first described it back in 1888. It is not a 
benign condition of the knee, even in the skele-
tally immature. The potential for an OCD to 
evolve into arthritis and degeneration is a sig-
nificant concern. After this review, it should 
become apparent there remains a substantial 
amount of work to be done to elucidate OCD’s 
cause as well as to optimize its treatment. Most 
of the current research to date consists of case 
series, expert opinion, and retrospective review. 
Despite these limitations, several points should 
be remembered when treating patients with 
OCD lesions. Factors associated with a good 
outcome include open growth plates, stable 
lesions, and smaller lesions. Closed physes, 
unstable lesions, and larger lesions are all more 
likely to necessitate surgery. While treatment of 
OCD lesions has evolved from simple excision, 
the current available treatments available con-
tinue to lack uniform success. Future research 
aims should look to identify clearly the natural 
history of these lesions, standardize nonopera-
tive treatment protocols and compare outcomes 
in different surgical treatment approaches to 

maintain joint congruity for unsalvageable OCD 
lesions.

Critical Points
Osteochondritis dissecans is a disease of the sub-
chondral bone that can develop into secondary 
problems with the involvement of the overlying 
articular cartilage. It should not be confused with 
an OC defect.

The etiology of OCD is unknown at this time 
and likely multifactorial in nature. The growing 
consensus is that microtrauma plays a fundamen-
tal role in pathophysiology of OCD.

The natural history of OCD lesions is not 
clearly defined at this time.

On MRI, a high-signal T2 rim alone is not 
indicative of instability in juvenile patients unless 
it is accompanied by a break in the articular car-
tilage as seen on T1-weighted images, multiple 
fractures are seen in the subchondral plate, and/ 
or a low- signal T2 rim is seen in the host bone.

Although the treatment of OCD is dictated by 
many factors, the physeal status, lesion stability, 
and size are the most important.

Conservative treatment with an emphasis on 
activity modification is an appropriate treatment 
in stable OCD lesion in young patients with an 
open physis; however, conservative treatment 
plays a minimal role for adults with OCD lesions.

OATS provides a more durable result than 
MFX  for OCD lesions between 2 and 4 cm2 in 
diameter. For larger defects > 4 cm2, ACI and 
allograft OATS should be considered.
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11.1  Introduction

Articular cartilage defects of the knee are a com-
mon source of pain and/or loss of function in 
patients, frequently associated with meniscal 
and/or anterior cruciate ligament injuries [1]. In a 
consecutive series of over 31,000 arthroscopy 
procedures, one or more chondral lesions were 
found in 63% of patients with a symptomatic 
knee [2]. In detail, this study reported 41% 
Outerbridge grade III chondral injuries and 

19.2% Outerbridge grade IV chondral injuries, 
with an estimated 3–4% of patients who had iso-
lated chondral lesions greater than 2 cm2.

Despite being common, it is important to 
emphasize that cartilage lesions can be incidental 
in nature and the decision to treat should be based 
on their confirmed contribution to patient symp-
tomology. Furthermore, patients with knee pain 
often have multiple coexisting pathoanatomical 
findings. As such, it is important to consider 
global lower extremity function and take into 
consideration a patient’s mechanical alignment, 
knee ligamentous instability, as well as the status 
of chondral and meniscal structures. In the end, 
cartilage repair should be offered to patients who 
have symptoms that are concordant with radio-
graphic and magnetic resonance imaging (MRI) 
findings and whose activity or quality of life is 
limited by their physical impairment.

In regard to classification, cartilage injuries 
can be acute or chronic and can result from 
trauma, osteochondritis dissecans (OCD), and/or 
osteonecrosis  (ON). With respect to pathogene-
sis, cartilage injuries that lie entirely within the 
hyaline cartilage and do not penetrate into the 
subchondral bone are referred to as chondral 
defects. In the adult, defects of this nature do not 
regenerate because of the lack of cells that could 
participate in the repair process. In contrast, 
osteochondral (OC) defects penetrate through the 
vascularized subchondral bone, and some spon-
taneous repair occurs as mesenchymal chondro-
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progenitor cells invade the lesion and form 
cartilage. In the latter situation, full-thickness 
defect repair is only transient, and the novel tis-
sue formed does not have the functional proper-
ties of native hyaline cartilage [3]. Finally, it is 
possible to have clinical scenarios where chon-
dral lesions can have associated subchondral 
bone marrow edema without frank violation of 
the subchondral bone plate. These lesions should 
be treated as  combined bone and cartilage lesions 
as opposed to partial-thickness chondral lesions, 
and treatment selection should reflect this dis-
tinction [4–6].

At the present time, there are a number of clin-
ical algorithms that exist in order to guide sur-
geons to select the optimal cartilage restoration 
procedures for different patient subpopulations 
[4, 7–9]. In general, surgical options are guided 
by both defect-specific and patient-specific fac-
tors [4]. In keeping with these principles, the 
treatment algorithm should ideally consist of a 
graduated surgical plan. The least invasive treat-
ment option necessary to alleviate the symptoms 
and restore joint function is performed first. In 
the event of treatment failure and the associated 
persistence of symptoms, future treatment should 
not be compromised by previous management 
[4, 6, 7].

11.2  Patient-Specific and Defect- 
Specific Considerations

Treatment selection should be guided by patient- 
specific and defect-specific factors, as well as 
global knee and lower extremity structure and 
function [4]. In regard to pertinent patient- 
specific factors, the type of treatment offered is 
influenced by patient expectations, the number 
and type of previous surgeries, body mass index 
(BMI), and activity level. Defect-specific factors 
which must be considered include defect aetiol-
ogy (e.g. traumatic, OCD, ON), size, location, 
number of defects, and the presence of subchon-
dral bone change. Of these factors, defect size is 
most often utilized by orthopedic surgeons to 
guide treatment recommendations. The caveat to 
remember is that MRI should not be used exclu-
sively for predicting lesion size [4]. In a retro-

spective review, Gomoll et al. demonstrated that 
depending on defect location, the intraoperative 
defect measurements were larger than predicted 
by MRI in the range of 47– 377%, indicating that 
MRI is a poor predictor of defect size [10]. This 
suggests that while MRI may be effective in mea-
suring the zone of full-thickness cartilage loss, 
most defects are surrounded by an area of degen-
erated or fissured cartilage that is less easily 
quantified. Given that most cartilage restoration 
treatments have upper size limit beyond which 
they are less successful, the importance of accu-
rately quantifying defect size cannot be over-
stated. The use of computed tomography (CT) 
arthrogram and quantitative MRI techniques 
such as delayed gadolinium-enhanced MRI of 
cartilage (dGEMRIC) may prove to be better pre-
dictors of defect size in future studies. A prelimi-
nary staging arthroscopy is an alternative method 
to obtain accurate measurement of defect size 
[4]. Another defect-specific factor that must be 
taken into consideration is the presence of sub-
chondral bone changes and edema as represented 
on preoperative MRI. The presence of subchon-
dral change implies a bone and cartilage patho-
logical process, whereas its absence signifies 
mainly a chondral origin. In the former situation, 
therapeutic options that address the cartilage and 
subchondral components (e.g. OC allograft) are 
preferred. In the latter, surface treatments such as 
microfracture, DeNovo Natural Tissue (NT) 
(Zimmer-Biomet, Warsaw, IN), and Autologous 
Chondrocyte Implantation (ACI) are more likely 
to be efficacious [4].

In a knee with multiple pathologies, each 
entity must be considered individually with 
respect to its influence on the overall status of the 
knee. Global knee and lower extremity factors 
that require careful consideration include the 
presence of varus or valgus malalignment (> 5°) 
ligamentous instability, and the degree of prior 
meniscal resection. In clinical scenarios where 
multiple comorbidities are present, there is an 
increasing support for addressing all pathoana-
tomical aberrations in a single surgery. A system-
atic review performed by Harris et  al. analysed 
clinical outcomes in patients undergoing com-
bined meniscal allograft transplantation with car-
tilage repair or restoration [11]. Out of the 6 
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studies included, 110 patients were identified as 
having undergone meniscal allograft transplanta-
tion and either ACI (n  =  73), osteochondral 
allograft transplantation (n = 20), osteochondral 
autograft transplantation (OAT: n = 17), or micro-
fracture (MXF: n = 3). Of note, 33% of patients 
(36/110) underwent other concomitant proce-
dures including high tibial or  distal femoral oste-
otomy, ligament reconstruction, and/or hardware 
removal. The authors noted improved outcomes 
in combined procedures compared to isolated 
surgery in four of the six studies. Overall, 12% of 
patients experienced failure of their combined 
procedure requiring revision surgery, and 85% of 
these failures were noted to be related to the 
meniscus procedure as opposed to the cartilage 
procedure [11]. These results emphasize the 
importance of a global knee and lower extremity 
assessment. Avoiding linear thinking and attrib-
uting the entirety of a patient’s impairment and 
activity limitations to a focal defect without a 
comprehensive evaluation of all pertinent clinical 
factors are likely to compromise treatment out-
comes and compromise patient recovery [4, 6].

11.3  Patient Evaluation

11.3.1  History

Patients often present with ipsilateral joint line 
tenderness, an effusion, and pain at the extremes 
of motion with an initial differential diagnosis of 
a meniscal tear. A specific traumatic event may be 
reported, but more commonly, there is an insidi-
ous onset that is aggravated by marching, running, 
or other repetitive impacts. Patients often have 
had numerous prior procedures, with Peterson 
et al. demonstrating patients had an average of 2.1 
previous treatments before presenting for carti-
lage restoration [12]. Patients with chondral 
defects also commonly present with functional 
limitations. A full discussion should be under-
taken with all patients to ensure they understand 
and are willing to undergo a prolonged rehabilita-
tion regimen and that they have realistic expecta-
tions of outcome. Other pertinent points on history 
include the location of pain (medial, lateral, retro-
patellar), presence of side- to- side instability (cru-

ciate ligament injury), linear instability 
(quadriceps weakness), mechanical symptoms, as 
well as the duration of symptoms. Finally, patients 
with such complex, combined knee pathologies 
(e.g. triad of meniscal deficiency, chondral pathol-
ogy, malalignment) will typically complain of 
unilateral, single compartment knee pain. Often, 
their symptoms are chronic in nature, as it takes 
time for any one of these isolated injuries to have 
an additive effect on another [6].

11.3.2  Physical Examination

A complete standardized physical examination of 
both knees and lower extremities includes:

• Inspection
 – Sagittal, coronal, and transverse plane 

alignment
 – Muscle bulk
 – Prior incisions

• Palpation
 – Crepitus
 – Effusion
 – Joint line tenderness

• Active and passive range of motion (ROM)
 – Hip, knee, and ankle

• Strength
 – Core
 – Hamstrings
 – Quadriceps

• Hamstring flexibility and iliotibial (IT) band 
assessment (Ober’s test)

• Patellar exam
 – Tilt
 – Apprehension
 – Tracking
 – J sign
 – Q angle

• Stability testing
• Ligamentous stability

 – Pivot shift, Lachman, and anterior drawer test
 – Posterior drawer test
 – Varus/valgus stress (0° and 30°)
 – Dial test

• Meniscal testing
 – McMurray and Appley’s grind test

• Neurovascular exam

11 Surgical Approach to Articular Cartilage Repair
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11.3.3  Diagnostic Imaging

Diagnostic imaging classification and assess-
ment of chondral defect(s), other associated 
knee tissues, as well as post-cartilage repair 
remain an essential component of routine care 
and follow- up. Appropriate diagnostic imaging 
for patients includes plain radiographs, an 
MRI, and in certain situations a CT scan of the 
knee. Our preferred imaging protocol is as 
follows:

 (a) Plain radiographs
• Non weight-bearing X-rays

 – Anteroposterior (AP)
 – 30° flexion lateral
 – Skyline view

• Weight-bearing X-rays
 – 45° flexion posteroanterior (PA)
 – 3 foot standing bilateral AP

• Sizing X-rays for meniscus transplanta-
tion and osteochondral allograft trans-
plantation candidates (Fig. 11.1) [6]
 – Standing bilateral 45 flexion P/A knee 

with the X-ray tube directed at 10° 

caudal. The 10  cm marker should be 
placed on the lateral aspect of the 
affected knee at the level of the joint 
space.

 – Lateral non-weight-bearing knee. 
The 10 cm marker should be placed 
next to the knee cap at the level of the 
joint space.

 (b) Magnetic resonance imaging

In general, MRI is useful for assessing 
chondral injuries of the knee, the involvement 
of the subchondral bone, and the structural 
integrity of knee ligaments and menisci.  
A minimum of 1.5 tesla MRI is required for 
adequate resolution to visualize cartilage 
abnormalities.

MR characteristics pertinent to chondral defects 
that requires repair include:
• Depth

 – Full or partial cartilage thickness
 – Involvement of tidemark

Fig. 11.1 Sizing radiographs. (a) Standing bilateral 45 flexion posteroanterior. (b) Lateral non-weight-bearing X-ray 
(Frank et al. [6])
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• Size
• Location within the knee

 – Femur: condyle, trochlear
 – Tibia
 – Patella
 – Single or multiple lesions
 – Weight-bearing or non-weight-bearing 

region
 – Defined edge

• Contained
• Non-contained

 (c) Computed tomography

Computed tomography provides a detailed 
morphology and measurement of the chondral 
defect(s) in certain situations as shown below:

• If a patellar or trochlear chondral defect is sus-
pected, CT scan with patellofemoral views in 
0°, 15°, and 30° of flexion to evaluate patello-
femoral alignment may also be obtained. We 
calculate tilt and subluxation as described by 
Fulkerson [13].

• Assess tibial tuberosity-trochlear groove 
(TTTG) distance. Values greater than 20 mm 
are considered to be abnormal and can be cor-
rected with an anteromedialization as 
described by Fulkerson.

• Assess bone tunnels in prior anterior cruciate 
ligament (ACL) reconstruction.

11.3.4  Arthroscopic Assessment 
and Classification

Various arthroscopic classification systems are 
available. The most commonly used clinical 
grading system is the Outerbridge classification, 
while the preferred classification for research 
purposes is the one put for by the International 
Cartilage Repair Society (ICRS). For details  
of arthroscopic assessment and classification  
of chondral lesions, refer to Chap. 7 and 
Appendix A.

11.4  Perioperative 
Decision-Making

As discussed above, treatment planning in 
patients with OC defects should be guided by 
defect- and patient-specific factors. In a system-
atic review of various articular cartilage repair 
procedures, lesion size, activity level, and age 
were the influencing parameters following sur-
gery [14–19]. Lesions greater than 2.5 cm2 had 
better outcomes with ACI or OAT, while micro-
fracture was recommended to be the first-line 
treatment for smaller lesions [19]. Furthermore, 
patients who were active had better results with 
ACI or OAT compared with microfracture. 
Bekkers et  al. also demonstrated that younger 
patients (< 30 years) seemed to benefit more from 
any cartilage repair surgery than older patients 
[19]. Harris et al. conducted a  systematic review 
which is comprised of level I and II clinical stud-
ies to compare the efficacy of ACI with alterna-
tive treatments [20]. Defect size more than 4 cm2 
was the only factor predictive of better outcomes 
when ACI was compared to OATS or microfrac-
ture. None of the aforementioned studies included 
OC allografts as a study group. A recent system-
atic review of 19 clinical studies by Chahal 
et al. has demonstrated that at a mean follow-up 
of approximately 5  years (644 knees, average 
defect size 6.3 cm2), the overall satisfaction rate 
was 86% [21]. The reported short-term complica-
tion rate was 2.4%, and the overall long- term fail-
ure rate was 18%.

Patient activity levels are another important 
consideration in the perioperative decision- 
making process. Mithoefer et al. conducted a sys-
tematic review to evaluate sports participation 
following articular cartilage surgery [22]. The 
authors demonstrated that the overall return to 
sport was 73% with highest return after 
OAT. Return to sports at the pre-injury level was 
65%. The best durability with respect to sports 
participation was in patients with ACI. In the lat-
ter review, no studies assessing outcomes after 
fresh OC allografts were included. As such, Krych 
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et  al.  evaluated return to activity following OC 
allografts in athletes [23]. They discovered that 
the return to sport was 88% with a return to previ-
ous level of sport at 79% (as defined by achieving 
the pre-injury level of the Cincinnati sports activ-
ity scale). In these individuals, the time to return 
to sport was 9.6 months (range, 7 to 13 months). 
In the athletes who returned to their previous level 
of competition, the postoperative International 
Knee Documentation Committee  (IKDC), the 
activities of daily living (ADL), and the Marx 
activity rating scale scores were all significantly 
greater than in those athletes who did not return to 
sport. For the details of IKDC and Marx rating 
scale, please refer to Appendix B.

Patient compliance, motivation, expectations 
and goals, and overall patient health should also 
be taken into consideration. Furthermore, smok-
ing has been shown to have an overall deleterious 
influence on basic science and clinical outcomes 
following articular cartilage surgery [24].

The treatment algorithms presented in 
Figs. 11.2 and 11.3 are based on the best avail-
able evidence, as well as on the experience of the 
senior author. For patients presenting with a 

failed index cartilage restoration procedure, an 
approach developed by Chahal and Cole is pre-
sented in Fig. 11.4 [4]. At Mount Sinai Hospital 
(Toronto, Ontario, Canada), the use of fresh OC 
allografts is the preferred treatment for large OC 
defects (>  3  cm2) and for patients with failed 
prior cartilage surgery. For smaller defects 
(< 3 cm2) undergoing initial cartilage repair sur-
gery, microfracture is considered an acceptable 
first-line procedure.

Finally, it is critical to rule out the presence of 
malalignment, prior meniscal resection, and liga-
mentous instability. In the setting of varus and 
valgus malalignment, we prefer to treat this with 
a medial opening wedge high tibial osteot-
omy  (MOW HTO) and a distal femoral varus 
(medial closing wedge) osteotomy  (DFVO), 
respectively. Patients who have had a previous 
subtotal meniscectomy in the ipsilateral compart-
ment are candidates for concomitant meniscal 
allograft transplantation, while patients with 
instability can be considered for a cruciate recon-
struction (or medial patellofemoral ligament 
reconstruction +/− anteromedialization proce-
dure in the setting of patellofemoral instability).

Focal Femoral Chondral/
Osteochondral Defect 

Large Defects
(≥ 3 cm2)

Small Defects
(< 3 cm2) 

Compliant patient
Non-smoker
Absence of:

• Malalignment
• Meniscal Deficiency
• Knee Instability

• ORIF OC fragment
• OC allograft
• ACI
• OC autograft
• DeNovo NT 

• Microfracture
• OC autograft
• DeNovo NT 

Treatment Strategy

Fig. 11.2 Decision and 
treatment algorithm for 
focal chondral and 
osteochondral (OC) 
defects involving the 
femoral condyles. For 
larger defects, if there is 
an associated deformity 
then realignment 
osteotomy should be 
considered. Open 
reduction internal 
fixation (ORIF), OC 
allograft, OC autograft, 
autologous chondrocyte 
implantation (ACI), and 
DeNovo Natural Tissue 
(NT)
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Focal Patellofemoral Chondral/
Osteochondral Defect 

Large Defects
(≥ 3 cm2)

Small Defects
(< 3 cm2) 

Compliant patient
Non-smoker 
Correct patellofemoral alignment
Full Physiotherapy treatment

• (ORIF OC fragment)
• ACI
• OC allograft
• OC autograft
• DeNovo NT 

• Microfracture
• ACI
• DeNovo NT 

Treatment Strategy

Fig. 11.3 Decision and 
treatment algorithm for 
focal chondral and 
osteochondral (OC) 
defects involving the 
patellofemoral joint. 
Open reduction internal 
fixation (ORIF), 
autologous chondrocyte 
implantation (ACI), OC 
allograft, OC autograft 
and DeNovo Natural 
Tissue (NT)

11.5  Osteochondral Defects 
Treatment Options

Prior to proceeding with one of the cartilage  
restoration algorithms highlighted in Figs. 11.2, 
11.3, and 11.4, it is important to recognize when 
OC fragments can be fixed in situ or when dis-
placed fragments can undergo fixation as opposed 
to removal. Table 11.1 highlights the indications 
for OC fragment fixation.

11.6  Fixation of Osteochondral 
Defects

The internal fixation of a traumatic OC defect is 
challenging for both the reduction and fixation of 
the fragment. The fragment(s) may be translated 
or rotated in either the axial, sagittal, or coronal 
planes and may be tethered to the chondral sur-
face or entrapped anywhere within the joint. 
Osteochondral fractures are commonly reported 
in the distal femur of young adults, and the most 
common mechanism is acute patellar dislocation 
leading to either patellar or lateral femoral con-
dyle defects [25–28]. If a substantial section of 

subchondral bone remains attached to the loose 
fragment, subsequent reduction and fixation of 
the OC fragment have been advocated [29]. 
However, there is a substantial body of historical 
evidence supporting the excision of such OC 
fragments [28–33]. The successful reduction and 
fixation of displaced lateral femoral condyle OC 
fragments have been described with a variety of 
techniques and devices. In young patients, every 
effort to obtain primary fixation of an OC frag-
ment is made.

11.6.1  Screw Fixation

11.6.1.1  Countersunk Intra-Articular 
Screws

Osteochondral fractures of the lateral femoral 
condyle are not common and are often misdiag-
nosed. Taitsman et al. reported the use of coun-
tersunk cortical screws (2  mm or 2.4  mm, 
Synthes) for the fixation of large OC fragments in 
two cases [34]. These two patients presented fol-
lowing rotation injuries to the knee and patellar 
dislocation, with the OC fragments originating 
from the lateral femoral condyle. A direct lateral 
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open approach was made to the knee joint, utiliz-
ing the interval between biceps femoris tendon 
and the peroneal nerve. After reduction and tem-
porary K-wire fixation, the OC fragments were 
fixed with two screws. The authors advocate the 

preoperative use of Computed Tomography (CT) 
scanning to confirm the diagnosis and to clarify 
the location of the displaced fragment.

 (a) Mini-cancellous screws

Binnet et al. reported a series of 13 adults with 
intercondylar eminence fractures that were 
treated with arthroscopic reduction and fixation 
using 40-mm-long mini cancellous screws 
designed following the techniques and principles 
of internal fixation developed by the Association 
for Osteosynthesis/Association for the Study of 
Internal Fixation (AO/ASIF) group [35]. 
Radiographic union was confirmed in all patients 
at a mean of 8.3  weeks. All the screws were 

Failed Index Cartilage Repair

Failed Microfracture Failed ACI

CT Scan

Failed Osteochondral Allograft/Autograft

•   History, Physical Exam, prior operative reports, arthroscopy pictures, new radiographs and MRI

•   Staging Arthroscopy if index arthroscopy performed more than 1 year prior

•   Assess for unaddressed concomitant malalignment, ligamentous instability, and presence of a post-meniscectomized state

Patellofemoral Patellofemoral Patellofemoral
Revision or PF Arthroplasty

Femoral Condyle

Femoral Condyle

DeNovo NT or ACI DeNovo NT if no subchondral bone change; otherwise,

DeNovo NT if no subchondral change; otherwise,
Autograft (< 2 cm2) or Allograft (> 2 cm2) transplantation

Lesion < 2 cm2: Osteochondral

Autograft Transfer
Lesion > 2 cm2: Fresh Osteochondral

Allograft Transplantation

Fresh Osteochondral Allograft Transplantation

Femoral Condyle
Revision Autograft (< 2 cm2) or

Allograft (> 2 cm2) or Arthroplasty

Co-Existing Pathology?

MOW HTO (varus > 5°, medial lesion), DFVO (valgus > 5°, lateral lesion), ligament reconstruction, meniscus transplantation as required

Fig. 11.4 Treatment algorithm for patients presenting 
with a failed index cartilage repair procedure [4]. Medial 
opening wedge high tibial osteotomy (MOW HTO), patel-
lofemoral (PF), Distal femoral varus (closing wedge) 
osteotomy (DFVO), autologous chondrocyte implantation 

(ACI), DeNovo Natural Tissue (DeNovo NT). (Permission 
to use “Treatment algorithm Perioperative decision- 
making” for publication granted by Sports Medicine and 
Arthroscopy. “Managing the patient with failed cartilage 
restoration” [4]

Table 11.1 Indication for salvage of osteochondral (OC) 
fragments

Salvageable OC 
Fragments

Unsalvageable OC 
Fragments

Single OC fragment Multifragmentary
Subchondral bone intact 
with OC fragment

None/little subchondral bone 
with OC fragment

Acute (< 2–3 weeks)a Chronic (> 3–4 weeks)a

Non-smokera Smokera

Compliant patienta Noncomplianta

aRelative indicator or contraindicator
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removed by a second arthroscopic procedure 
after complete union was achieved. However, in a 
follow-up study by the same group evaluating the 
histological healing achieved with screw fixation, 
both cancellous screws and Herbert screws (see 
below), there was no correlation between the 
clinical results and the histologic findings [36]. 
Namely, after the treatment, there was no observ-
able regeneration of normal articular cartilage in 
the junctional areas (i.e. between the adjacent 
native cartilage and that of the fixed OC frag-
ment). The authors advocated an early motion for 
the recovery in OC fractures. The extracellular 
matrix (ECM) of articular cartilage, in particular 
chondroitin sulfate secretion, is stimulated by 
early passive motion [37–39].

 (b) Herbert screws

The variable pitch design of a Herbert screw 
has been shown to afford a compressive force and 
resist shear that is similar to AO cortical screws 
[40]. It was designed for internal fixation of 
scaphoid fractures, for which there is substantial 
supporting evidence [41, 42]. Lewis and 
Foster reported eight cases that utilized the com-
pression achieved with the variable pitch of a 
Herbert for the fixation of OC fractures of the 
patella or femoral condyle secondary to patella 
dislocation [43]. The study reported that normal 
knee function was regained 6 months after sur-
gery and there were no further patella disloca-
tions. Following a non-contact martial arts injury 
to a 16-year-old adolescent, Mbubaegbu and 
Percy reported substantial OC fracture of the lat-
eral femoral condyle [44]. Dental screws and 
Herbert screws were used for fixation with the 
former requiring later arthroscopic removal due 
to protrusion from the chondral surface. Although 
not as common as OC injuries to the medial facet 
of the patella and the anterior lateral portion of 
the lateral femoral condyle, OC injury to the 
weight-bearing portion of the mid-lateral femoral 
condyle does occur with patella dislocation [45]. 
The recognition of this uncommon lesion by the 
surgeon who treats known patellofemoral dislo-
cation should heighten suspicion of patellofemo-

ral dislocation to ensure its detection and 
appropriate treatment. 

 (c) Bioabsorbable screws

Bioabsorbable screws are made from 
poly-∝  −  hydroxy acids, for example, 
poly(glycolic acid) or poly(d- or l-lactic acid) 
[46, 47]. The biomechanical properties and deg-
radation rates differ, thus leading to the develop-
ment of copolymer bioabsorbable screws in an 
attempt to maximize mechanical strength while 
reducing the inflammatory reaction caused by 
these bioabsorbable screws [48–50]. An example 
of one such product is the SmartNail screw 
(ConMed Linvatec, Largo, FL), made from poly- 
96  L/4D–lactide copolymer. Tabaddor 
et al. reported a case series of 24 unstable OCD 
lesions treated with poly-96 L/4D–lactide copo-
lymer implants [51]. Good functional outcome 
scores (Lysholm score and Tegner Activity Score, 
TAS) were reported, with 22 of the 24 having 
good-excellent outcomes. Larsen et al. reported a 
case series and biomechanical data from syn-
thetic bone to characterize the mechanical 
strength and in  vitro absorption properties of 
copolymer screw fixation [47]. Six of seven cases 
of OCD healed clinically and radiographically, 
with no evidence of adverse inflammatory reac-
tion. In vitro testing demonstrated average pull-
out and shear loads were 20.1 Kg and 22.3 Kg, 
respectively.

11.6.2  Bioabsorbable Pins

Bioabsorbable pins were designed to be embed-
ded in the OC fragment to achieve fixation to the 
underlying subchondral bed [52–54]. Meniscus 
arrows (Bionx Implants, Tampere, Finland) have 
been used for the treatment of tears in the vascu-
larized region of the meniscus. They are manu-
factured from polylactic acid polymer and have a 
smaller diameter (1.1 mm) than the smallest bio-
absorbable screws (2.0 mm) or nails (1.5 mm), 
thus facilitating arthroscopic insertion. In an 
in vitro biomechanical testing study using menis-

11 Surgical Approach to Articular Cartilage Repair



298

cus arrows, Wouter et al. demonstrated that these 
bioabsorbable pins have sufficient strength to be 
used as fixation devices, and they further pro-
vided clinical evidence to support their use in the 
fixation of OC fragments [54, 55]. The quoted 
advantages of using bioabsorbable pins include 
ease of insertion, they do not need to be removed, 
lack of local allergic reactions, and no scatter 
with subsequent MRI or CT scanning or interfer-
ence with radiation therapy [55].

11.6.3  Cyanoacrylate Glue

Cyanoacrylate glue was invented by Ardis in 
1949 and was first used in surgery in 1959 by 
Coover [56]. A non-histotoxic form, N-butyl-2- 
cyanoacrylate, is frequently used for fixation in 
craniofacial surgery due to its strong tissue- 
binding properties [57]. Animal studies have sup-
ported the use of cyanoacrylate as an osseous 
adhesive [58]. Orthopedic use of N-butyl-2- 
cyanoacrylate initially included the fixation of 
OC fractures in the talus and in the knee [59, 60]. 
A fibrin glue (Tissucol©) has been used as an 
adjunct to the use of other forms of fixation of 
OC fragments [55].

11.6.4  Suture Bridge

Bowers and Huffman reported a “suture bridge” 
technique that was originally described for the 
fixation of shear fractures of the capitulum [61]. 
An anatomical reduction was reported, with suf-
ficient rotational stability and compression to the 
underlying subchondral bone achieved to allow 
for immediate passive motion and stimulate heal-
ing. This technique was implemented in two 
cases of femoral condylar OC lesions (2 × 3 cm 
and 2 × 2 cm) [61]. Four retrograde osseous tun-
nels were drilled using a 1.5 mm drill bit to allow 
for two number 1 dyed, braided absorbable 
sutures (Ethicon Vicryl suture, Johnson & 
Johnson, Piscataway, NJ) to be passed over the 
OC fragment in a cruciform configuration. After 
the reduction of the fragment, the sutures were 

tensioned to assess the fragment conformity and 
stability through a full range of knee movement. 
In addition, fibrin glue was applied to the rim of 
the defect. A significant advantage of this tech-
nique is the use of biodegradable sutures that 
afforded the subsequent use of MRI evaluation. 
Both reported cases had a good clinical and MRI 
results with the authors concluding that this is a 
viable alternative technique to other accepted 
means of fixation for treatment of traumatic OC 
fragments in the knee [61].

11.7  Articular Cartilage 
Debridement, Repair, 
and Restoration

11.7.1  Debridement

The benefits of debridement of chondral lesions 
remain controversial, with the majority of results 
reported as part of the treatment of meniscal tears 
[62]. Chondral damage is associated with 
increased matrix metalloproteinase (MMP) activ-
ity in the cartilage surrounding the defect, which 
is thought to be the result of the increased 
mechanical load [63, 64]. The increased MMP 
activity is deleterious to both the opposing chon-
dral surface and the surrounding cartilage (refer 
to Chap. 4 for articular cartilage degradation by 
proteinases).

Magnusson et  al. first reported the debride-
ment of unstable cartilage flaps, in addition to a 
washout and thorough debridement of any 
inflammatory tissue [65]. Removal of damaged 
cartilage by surgical excision has been reported 
to provide symptomatic improvement for up to 
5 years [66]. Hubbard et al. selected 76 patients 
with symptomatic tenderness and an associated 
underlined chondral lesion for surgical debride-
ment aiming to remove any unstable cartilage 
and to cause sufficient abrasion to the underlying 
subchondral bone to stimulate new tissue to form 
at the base of the defect [66]. In this study, only 
isolated medial femoral condylar lesions were 
considered, with simple arthroscopic lavage 
used as a control. When compared to the lavage 
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group, those patients who had undergone 
debridement had a significant improvement 
using Lysholm and Gillquist score [67]. Thus, 
the evidence of beneficial outcomes of debride-
ment per se is varied. Although the cleaning pro-
cess may help to reduce symptoms, however, the 
effects are temporary. If the cartilage surface is 
unstable and not amenable to fixation or repair, 
the results of debridement and lavage are satis-
factory [68].

In contrast, the results of debridement for non- 
focal cartilage pathology, in particular osteoar-
thritis (OA), are not conclusive [69, 70]. Good or 
excellent short-term results have been reported in 
52% of patients following arthroscopic joint 
washout. This outcome enhanced the longevity 
of symptom improvement when combined with 
debridement [66, 71, 72]. In a level I randomized 
trial, Kirkley et  al., however, demonstrated no 
benefit of arthroscopy and debridement com-
pared to physical therapy and medical manage-
ment in patients with OA [73].

11.7.2  Abrasion Arthroplasty

Abrasion arthroplasty is a surgical procedure 
where areas of chondral degeneration are rough-
ened with a burr or shaver to stimulate repair of 
the articular surface. This technique has been 
advocated as a suitable treatment for OA of the 
knee associated with full-thickness chondral loss, 
eburnation, and osteophytes. In essence it is an 
extensive tissue debridement for patients that do 
not want to proceed with total knee arthroplasty 
(TKA).

Amongst the earliest reported studies in 1959, 
Pridie et  al. used an open procedure for focal 
chondral lesions in patients with severe knee 
arthritis [74]. However, the recurrence of symp-
toms in patients treated with this surgical modal-
ity has been observed in 2 to 3  years, with the 
success rate for functional outcomes being only 
around 50% [75, 76].

An abrasion is produced deep enough to cause 
subchondral bleeding, hence forming a continu-

ous clot over the treated region [77–80]. Since 
this surgery is commonly performed with multi-
ple tissue debridements, including meniscal 
debridement and a varying amount of synovec-
tomy, the exact amount of benefit attributable to 
the abrasion arthroplasty has not been quantified. 
No definitive prospective randomized clinical 
studies have been performed; in addition, there is 
considerable variation in indications, technique, 
and postoperative rehabilitation among surgeons. 
Finally, studies have shown that fibrocartilage, 
rather than hyaline cartilage, is formed at the 
abrasion site which is associated with inferior 
biomechanical properties [81].

Johnson stated that abrasion arthroplasty was 
beneficial for patients with rest or night pain and 
no significant change in coronal knee alignment 
(i.e. femoral tibial angle) [82]. Objective 
improvements in radiographic and histological 
findings were reported. However, Rand et al. pro-
vided clinical evidence to question the efficacy 
for this treatment modality, by comparing 
arthroscopic partial meniscectomy plus limited 
debridement with abrasion arthroplasty [83].

Bert and Maschka reviewed the outcome of 
126 patients who had an arthroscopic diagnosis 
of unicompartmental Outerbridge stage IV OA 
and were treated with either abrasion arthroplasty 
with arthroscopic debridement or arthroscopic 
debridement alone. Using the Hospital for 
Special Surgery (HSS) Knee Scoring System, 
they reported that in the group treated with abra-
sion arthroplasty, there were 51% with good to 
excellent results, compared to 66% in the group 
treated with arthroscopic debridement. Further, 
the degree of articular repair was not related to 
the clinical outcome [84, 85].

11.7.3  Subchondral Bone 
Microfracture

The microfracture procedure is a form of bone 
marrow stimulation that enhances cartilage repair 
by taking advantage of the body’s own healing 
potential (Fig. 11.5.) [86]. A sharp awl (i.e. pick) 
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is used arthroscopically through one of the 
arthroscopic skin portals, and a mallet is used to 
impact the awl into the subchondral bone to gen-
erate bleeding from the bone. Holes are created at 
regular intervals until the entire defect has been 
addressed. The penetration of the subchondral 
bone provides a passage for the mesenchymal 
stem cells and growth factors from the bone mar-
row to the OC defect; and this process eventually 
leads to the formation of fibrocartilaginous tissue 
that covers the defect [87]. The fibrocartilage 
produced by bone marrow stimulation techniques 
is comprised of varying amounts of type I, type 
II, and type III collagen, which been shown to 
have an inferior biomechanical properties com-
pared to the adjacent native hyaline cartilage [88, 
89]. In patients with isolated OC lesions, 
Steadman et al. reported good to excellent results 
based on patient-reported outcomes over an aver-
age follow-up period of approximately 11 years 
[90]. The success of this surgical intervention is 
inherently associated with the surgical technique 
and, according to Hurst et al., to a strict rehabili-
tation protocol employed postoperatively [86]. 
Early joint mobility with continuous passive 
motion and reduced weight-bearing is recom-
mended to provide a suitable environment to 
stimulate clot maturation.

In an evidence-based systematic analysis on 
the efficacy of microfracture, several factors 
affecting functional outcomes were identified 
[91]. Positive prognostic factors included 

younger age (< 30 to 45 years), duration of symp-
toms < 12 months, lower body mass index, higher 
preoperative activity levels (TAS > 4), lesions 
less than 2 to 4 cm2, and the use of microfracture 
as a first-line procedure. Mithoefer et  al.  con-
cluded that while microfracture provides effec-
tive short-term improvement of knee function, 
there is insufficient data on its long-term results 
[91]. Additional shortcomings of the technique 
include limited hyaline repair tissue, variable 
repair cartilage volume, and possible functional 
deterioration over time [91].

Theoretical advantages of microfracture over 
drilling include reduced thermal damage to 
 subchondral bone and the creation of a cartilage 
surface with a greater frictional coefficient, there-
fore allowing repair tissue to adhere more easily. 
In addition, it is technically easier to penetrate a 
defect perpendicularly with a curved awl during 
an arthroscopic procedure as compared with a 
drill. To our knowledge, there are currently no 
published studies which compare microfracture 
with drilling. In the case of both drilling and 
microfracture using awls, there is evidence that 
the use of smaller diameter drills and awls results 
in improved articular cartilage repair quality in 
animal models, respectively [92, 93]. One argu-
ment to be made in favour of subchondral bone 
drilling as opposed to using an awl is that deeper 
penetration of the subchondral bone results in 
improved quality and volume of cartilage repair 
tissue [94, 95].

Fig. 11.5 Microfracture technique as described by 
Steadman [90]. (a) Debridement of unstable flaps of carti-
lage and removal of the calcified layer. (b) A microfrac-
ture awl is used to make holes 2 to 3 mm apart and at a 

depth of 1 to 2 mm. The awl penetrates the subchondral 
bone plate at an angle of 90°. (c) Microfractured defect 
created and there should be three to four holes per cm2
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11.7.4  Osteochondral Autograft 
Transplantation

The use of OC autografts to reconstruct knee 
articular cartilage defects was first described by 
Yamashita et al. [96] and further refined and pop-
ularized independently by Bobic and Hangody 
et al. [97, 98]. Osteochondral autograft transplan-
tation involves using a cylindrical cutting device 
to harvest OC plugs, consisting of full-thickness 
articular cartilage and the underlying subchon-
dral bone, from the donor site [99, 100]. These 
OC plugs are then used to fill an articular carti-
lage defect in the same patient (Fig. 11.6.).

Osteochondral plugs are usually taken from 
the peripheries of both femoral condyles at the 
level of the patellofemoral joint and introduced 
as a mosaic to fill the defect. Different sizes and 

numbers of plugs can be used in order to maxi-
mize filling of the defect. Biomechanical and 
topographic studies have shown that the medial 
and lateral trochleas are good donor sites for the 
femoral condyles and the intercondylar notch for 
the central trochlea [101, 102]. The gaps left 
behind fill-in with fibrocartilaginous tissue. 
Morelli et  al. reported that when the grafts are 
less than 5 mm in diameter, degenerative changes 
do not present [103].

Although it is possible to perform OAT 
arthroscopically, it is usually undertaken as a 
single-stage open procedure [104]. Advantages 
of OAT include defects that can be filled imme-
diately with native hyaline articular cartilage and 
also both chondral and OC defects that can be 
treated in the same way. However, donor site 
morbidity is a concern. Hangody et  al. recom-

Fig. 11.6 An example of osteochondral autograft trans-
plantation (OAT) used to treat a focal condylar defect of 
the knee. (a) Using a cylindrical cutting device, harvest of 
a donor OC plug from the non-weight-bearing portion of 
the lateral femoral condyle. (b) Harvested OC plug. (c) 

Implantation of autologous OC plugs into a focal defect in 
the knee. (d) Single image demonstrating donor and 
recipient sites following an OAT procedure (These figures 
were obtained with courtesy of Dr. Brian Cole MD MBA)
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mend that the area to be treated is limited to 
between 1 and 4 cm2 [105]. There are also tech-
nical difficulties in restoring the surfaces of both 
cartilage and bone to produce a smooth, convex 
joint surface. The thickness of the donor carti-
lage may differ from that of the area to be treated, 
and reconstitution of the important subchondral 
layer may not occur [104]. Perpendicular access 
to the cartilage surface by cylinder cutters is 
required for this technique, which makes it dif-
ficult to treat defects of the tibial plateau. 
Hangody and Fules documented the largest, sin-
gle series of mosaicplasty to date [106]. They 
reported the results of surgery on 597 femoral 
condyle, 76 tibial plateau, and 118 patellofemo-
ral surfaces followed up to 10 years postopera-
tively [106]. Good or excellent results were 
reported in 92%, 87%, and 79% of patients who 
underwent mosaicplasty of the femoral condyle, 
tibial plateau, and patellofemoral joint, respec-
tively. Gudas et al. conducted a randomized con-
trolled trial in 60 patients comparing OAT with 
microfracture [107]. At a mean follow-up of 
10 years, patients in the OAT group had signifi-
cantly better ICRS scores and a lower clinical 
failure rate (14% vs 38%). Furthermore, patients 
treated with OAT were more likely to have main-
tained pre-injury activity levels compared with 
microfracture controls at 10 years. Solheim et al. 
also conducted a long term follow-up of patients 
randomized to treatment with mosaicplasty or 
microfracture. At a minimum follow-up of 15 
years in forty patients, patients treated with the 
osteochondral procedure had improved Lysholm 
scores compared to patients treated with micro-
fracture [108–111].

11.7.5  Autologous Chondrocyte 
Implantation

Adult articular cartilage is avascular and lacks a 
source of mesenchymal stem cells; hence, it has a 
limited capacity for repair and regeneration. 
Therefore, transplantation of cells or tissue hav-
ing chondrogenic potential into the chondral 
defect has been considered a valid approach 
[112–121]. One such technique is the 
ACI. Carticel is the brand name for the first Food 
and Drug Admistration (FDA)-approved cell 

therapy product involving autologous cultured 
chondrocytes. Recently, a third generation ACI 
referred to as matrix-induced autologous chon-
drocyte implantation (MACI, Verticel 
Corporation, Cambridge, MA) has also been 
FDA-approved. MACI is comprised of patient’s 
autologous chondrocytes, which are cultured 
(expanded), placed on porcine collagen mem-
brane and then implanted into the site of cartilage 
lesion. Patients eligible for ACI include those 
with clinically significant, symptomatic cartilage 
defects in the femoral condyle, trochlea, or 
patella caused by acute or repetitive trauma as 
well as those who have had inadequate response 
to a prior arthroscopic or other surgical cartilage 
repair procedures. ACI is appropriate for small 
and large defects and bipolar lesions, as well as in 
revision settings (albeit with inferior results fol-
lowing prior microfracture). Patients who are not 
eligible include those with OA and with exten-
sive bone loss. These patients usually have joint 
pain, swelling, catching, or grinding.

 (a) Surgical Technique

Autologous chondrocyte implantation is a 
two-stage procedure with an arthroscopic and 
open component (Figs. 11.7. and 11.8.). Stage I 
involves the confirmation, based on the criteria 
outlined above, that the chondral lesion is indeed 
suitable for an ACI procedure. This is followed 
by biopsy of the chondral margins of the 
 intercondylar notch (non-weight-bearing area). 
Using an arthroscopic gouge or ring curet, two to 
three full-thickness chondral samples measuring 
5 mm × 10 mm each (size of a tictac) is obtained 
[122]. During this initial stage, the defect is also 
sized and graded using the surgeon’s preferred 
arthroscopic classification.

During stage II of ACI procedure, a standard 
medial or lateral parapatellar incision and 
arthrotomy are used for knee exposure. For 
patellofemoral defects, a midline incision can be 
utilized followed by a medial arthrotomy that 
allows for patellar eversion and exposure. During 
debridement of the defect, all damaged and cal-
cified cartilage is removed using a No. 15 scalpel 
for sharp excision. Fissured edges also need to 
be debrided so that healthy, firm, vertical  margins 
are achieved [122]. Any bleeding that is present 
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at the base of the defect must be controlled using 
epinephrine- soaked pads and/or fibrin glue. The 
defect is then sized using metal foil paper or 
glove wrapping [122].

The original ACI technique involved debride-
ment of the chondral defect, followed by suturing 
a membrane around the defect and then injecting 
a suspension of cultured chondrocytes into the 
defect under the membrane. The initial mem-
brane used was a piece of periosteum, since it 
contains pluripotent mesenchymal stem cells 
with the potential for chondrogenic differentia-
tion and it also produces bioactive factors that aid 
in chondrogenesis [122–125]. Both in vivo and 
in vitro data have demonstrated that periosteum-
derived mesenchymal stem cells  differentiate 
into neo- chondrocytes, and this has been the 
basis for using periosteal grafting (periosteal 
arthroplasty) for chondral defects [126–134]. 
When periosteum is used, the metal foil template 
is oversized by 1 to 1.5 mm around the circum-
ference because the harvested periosteum tends 
to contract [122]. At the present time, it is more 

common to use a porcine-derived type I/III col-
lagen bilayer membrane (ACI-C) [135, 136].

Following chondral defect preparation and 
sizing, the collagen bilayer membrane is aligned 
over the defect in the orientation matching the 
template. The membrane is sutured to the 
 cartilage rim with multiple 6–0 dyed Vicryl 
 interrupted sutures spaced every 2 to 3 mm [122]. 
If the defect is uncontained, suture anchors are 
used to attached the membrane on the uncon-
tained side [122]. Knots are tied over the mem-
brane, not over the articular cartilage. Next, the 
watertight integrity of the construct is tested 
using an 18-gauge catheter, and a saline-filled 
tuberculin syringe is placed deep to the mem-
brane via a small residual opening [122]. After 
confirmation of a watertight seal, fibrin glue is 
placed over the margins of the repair. Sterile, 
viable cells are finally aspirated from the ship-
ping vials and introduced through the tuberculin 
syringe with an 18-gauge angiocatheter. The 
injection site is closed with a simple Vicryl stich 
and sealed with fibrin glue [122].

Lesion

Biopsy of healthy
cartilage

Enzymatic digestion

Trypsin treatment

Periosteal flap
taken from
medial tibia

Periosteal flap
sutured over lesion

Injection of
cultured chondrocytes
under flap into lesion

Suspension of
2.6×106 – 5×106 cells

Cultivation for 11–21 days
(10-fold increase in number of cells)

Fig. 11.7 Schematic illustration of autologous chondrocyte implantation technique for cartilage repair outlining pro-
cedures stages I and II (Permission granted by New England Journal of Medicine -Brittberg et al. [116])
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An analysis of prospectively collected data 
from 199 patients that afford a favourable out-
come following ACI was performed by the group 
at the Royal National Orthopaedic Hospital, 
London [137]. Patients were followed for up to 
4 years following ACI surgery for symptomatic 
OC defects in the knee. Factors associated with a 
statistically superior outcome included younger 
patients with high preoperative function as 
assessed with modified Cincinnati score, symp-
toms for less than 2  years, mono-focal defects, 
defect(s) located on the lateral femoral condyle 
or trochlea, and fewer than two previous proce-
dures on the index knee. The above findings cor-
roborated the favourable outcome with respect to 
pain relief and significant improvement of func-
tion in adolescents post ACI treatment for symp-

tomatic chondral and OC lesions [138]. 
Thirty-one  symptomatic patients (age range, 14 
to 18 years) were followed up for a period of 12 
to 126  months. Excellent or good results were 
reported in 84% of patients with improvement in 
the modified Cincinnati rating system from 48 
preoperatively to 92 postoperatively.

Harris et  al.  conducted a systematic review 
that is comprised of level I and II clinical studies 
to compare the efficacy of ACI with alternative 
cartilage repair treatments [20]. Based on this 
review, complications were reported to be higher 
with open, periosteal-covered, first-generation 
techniques. Furthermore, younger patients with a 
shorter duration of preoperative symptoms and 
fewer surgical procedures had the best outcomes 
following both microfracture and ACI.  Defect 

Fig. 11.8 Stage II of a Carticel procedure for the man-
agement of an isolated focal defect involving the patella. 
(a) Chondral defect assessment. (b) Defect sizing and cre-
ation of vertical walls at the margins. (c) Collagen type I/
III bilayer membrane sutured onto the defect with 6–0 

dyed Vicryl suture. Cultured chondrocytes were injected 
in a suspension through an opening in the construct which 
was subsequently closed (Arrow) (Images have been pro-
vided through the courtesy of Dr. Brian J Cole, MD, 
MBA)
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size more than 4 cm2 was the only factor predic-
tive of better outcomes when ACI was compared 
to OATS or microfracture.

A level of evidence III retrospective cohort 
study was conducted by Jungmann et  al. to 
investigate the patient’s individual and environ-
mental risk factors, which were predictive of re- 
intervention after an index ACI procedure [139]. 
Of the 413 patients who underwent an ACI pro-
cedure, 88 (21.3%) required re-intervention at a 
mean time of 1.8 years. The four prognostic fac-
tors associated with a significantly higher risk 
for repeat surgery were female gender, previous 
surgeries of the affected joint, previous bone 
marrow stimulation, and previous periosteal 
patch-covered ACI. Additional findings included 
lower re-intervention rates for the intermediate 
(overweight) BMI group (16.8%), suggesting 
that a BMI higher than 30 (obesity, 25.0%) and 
an increased physical activity of patients with 
low BMI (23.7%) are associated with an inferior 
outcome. Furthermore, the authors demonstrated 
that unlike that for microfracture, the defect size 
was not a predictor of re-intervention following 
ACI. The authors highlighted that these facts are 
easily obtainable in the preoperative period 
when considering an ACI procedure. Finally, a 
recent case-control study by Pestka et al. demon-
strated that age- and defect-matched patients 
treated with ACI after a failed initial microfrac-
ture procedure were significantly more likely to 
have higher failure rates and lower Knee Injury 
and Osteoarthritis Outcome Score (KOOS) for 
pain and ADL scores compared with patients 
whose first-line treatment was with ACI [140]. 
Finally, Saris et al. conducted a level 1 random-
ized trial where patients were treated with either 
MACI or MFX. In this study of 144 patients, 
patients with defects larger or equal to 3  cm 
squared had improved KOOS scores and a simi-
lar safety profile in the group of patients treated 
with MACI. Mistry et al. have also demonstrated 
that in a survival analysis of studies comparing 
ACI to marrow stimularion, survival analysis 
suggests that long-term results are better with 
ACI.  Further, economic modelling suggested 
that ACI was cost-effective compared with 

microfracture across a range of scenarios [141, 
142].

11.7.6  Fresh Osteochondral 
Allografts

Gross et  al. popularized the concept of OC 
allograft transplantation in the mid-1970s [143]. 
Since then an increased attention to this cartilage 
restoration technique for managing patients with 
both focal and diffuse OC defects in the knee has 
been seen [144]. Fresh OC allografts are indi-
cated in patients who have large, deep, and exten-
sive chondral or OC lesions, post-traumatic 
defects, ON, bone loss, or associated subchondral 
bone marrow edema and in patients with a failed 
index cartilage restoration procedure. The main 
advantage of using allograft is inherent to its 
bilayered structure comprising of full-thickness 
hyaline cartilage with viable chondrocytes and an 
underlying subchondral bone; while the articular 
cartilage component is fully developed at the 
time of implantation, the subchondral bone 
requires a substantial period of time to allow for 
creeping substitution [23].

The principle determinate for OC allograft 
selection is the chondrocyte viability. 
Historically, grafts were implanted within 24 h 
of procurement, but concerns for disease trans-
mission have led to a minimum of 14  days 
required for aerobic, anaerobic, spore-forming 
bacterial and viral  testing prior to release [23]. 
In addition, aseptically processed prolonged 
fresh grafts are most commonly used and main-
tained at 4°C as opposed to frozen or cryopre-
served grafts [145]. Unfortunately, it is known 
that chondrocyte viability decreases in 
allografts stored for over 14 days and generally 
should be implanted by 24  days [146, 147]. 
Frozen grafts have demonstrated decreased cell 
viability with deterioration in graft quality 
in  vivo exhibited in the form of fissures or 
fibrosis progressing to its eventual breakdown 
[148]. Frozen allografts have inferior biological 
and biomechanical properties compared with 
fresh allografts [149].

11 Surgical Approach to Articular Cartilage Repair



306

Articular cartilage is avascular and immuno- 
privileged; therefore, any failure of OC allograft 
tissue is not a result of immune reaction to the 
donor cartilage. Failure of cartilage and/or bone 
integration of the implanted graft with the corre-
sponding host tissue is the most common mode 
of failure [150–153]. In a systematic review of 19 
retrospective clinical studies, Chahal et al. docu-
mented that at a mean follow-up of 5 years, good 
clinical outcomes have been reported with a high 
satisfaction rate (86%) and a low short-term com-
plication rate (2.4%). Furthermore, two studies 
included in this review also estimated that the 
survivorship of OC allografts was 75% at 15-year 
follow-up [21, 154, 155].

In the context of large uncontained OC defects, 
Gross et al. showed that patients undergoing con-
comitant osteotomy with OC allograft transplanta-
tion did better than patients with prior or delayed 
osteotomy [155–157]. Furthermore, concomitant 
meniscus transplantation was associated with 
improved long-term survivorship of bulk tibial OC 
allografts; whereas, patients with severe OA 
degeneration had poorer outcomes. Using data 
from the same group of patients, Ghazavi et  al. 
stated that factors related to failure included age 
over 50  years, bipolar defects (femur and tibia), 
varus or valgus malalignment of the knee, and 
workers’ compensation patients [158]. In regard to 
radiographic findings, graft collapse of more than 
3 mm or joint space narrowing of 50% or more 
was likely to be associated with graft failure.

With respect to focal defects in an athletic 
population, Krych et  al. investigated athletes’ 
return to sport status post OC allograft transplan-
tation [23]. Using a multiple logistic regression 
model for risk factors of failure, they reported 
that patients over 25 years old and with more than 
12  months of preoperative symptoms were less 
likely to return to full athletic activity. 

 (a) Surgical Technique

Osteochondral allograft transplantation is an 
open surgical procedure which requires the use of 
an arthrotomy size to be consistent with the loca-
tion and extent of the lesion [159]. For larger 
defects, an anterior midline incision is made from 

the proximal pole of the patella to the tibial tuber-
cle. For smaller focal defects, a medial or lateral 
parapatellar skin incision and arthrotomy are 
made. Another alternative is to use the subvastus 
approach to allow for accelerated postoperative 
quadriceps rehabilitation. Subsequently, the 
patella is retracted with a Z-retractor placed into 
the notch [159].

For focal defects, a press-fit technique is uti-
lized as shown in Fig.  11.9 [159]. After knee 
exposure, the chondral defect is identified. For 
more posterior chondral lesion, hyperflexion of 
the knee may be required. A cylindrical sizing 
guide is placed over the defect to determine the 
optimal diameter of the allograft plug. Following 
this, a guide pin is placed in the centre of the 
defect perpendicular to the surface at a depth of 
2 to 3 cm [159]. A counterbore reamer is then 
used to make a recipient socket with a depth of 
6 to 8 mm, and the depth of the recipient socket 
is then measured in four quadrants starting at 
the 12 o’clock position. Concomitantly, the 
donor graft is prepared at the back table. This 
requires careful matching of the size and surface 
contour of the donor and recipient sites using a 
proprietary allograft preparation system. Using 
light impaction forces to prevent chondrocyte 
injury and death, the graft is then press-fitted 
into the recipient site. An oversized tamp is used 
to make the graft flush with the surrounding 
native cartilage realizing that it is preferable to 
recess the graft rather than to leave it proud. 
When necessary, additional fixation can be 
achieved with absorbable polydioxanone pins 
[159].

For large uncontained OC defects, the trans-
plantation of fresh OC allografts involves two sur-
gical teams – one for the graft preparation and the 
other for the recipient surgery (Fig. 11.10). The 
recipient knee is approached through a midline 
incision, if possible. This is followed by exposure 
of the knee via a medial or lateral parapatellar 
arthrotomy, depending on the condyle to be 
replaced. Excision of the damaged area of the 
femoral condyle is accomplished by removing the 
least amount of bone required to reach a healthy, 
bleeding bed. Measurements of the defect and the 
excised fragment are taken [160].
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Fig. 11.9 Case presentation of a 47-year-old male with 
medial knee pain and swelling following a past history of 
osteochondral autograft transplantation. (a) Workup dem-
onstrated varus alignment on X-ray. (b) Sagittal and coro-
nal MR images revealed subchondral edema in the medial 
femoral condyle. (c) Corroborating arthroscopic view 

showed chondral pathology. (d) Definitive treatment con-
sisted of a medial opening wedge high tibial osteotomy. 
(e) A fresh osteochondral allograft of the medial femoral 
condyle (a–e were obtained with permission from Dr. 
Brian Cole, MD, MBA)
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On a separate table, the harvested knee now 
has all soft tissue removed. Care is taken to pre-
serve the meniscus if it is needed for transplanta-
tion [160]. Using an oscillating saw, an OC 
fragment equal in size to the excised fragment is 
removed. It is trimmed to fit well into the recipi-
ent’s condylar defect. Two partially threaded 
small fragment cancellous screws with washers 
are used to hold the fragment in place [160]. 
According to the preoperative plan, a corrective 

valgus-producing high tibial osteotomy or varus- 
producing distal femoral osteotomy is 
performed.

Gross et al. conducted a long-term follow-up 
on 69 patients who have undergone revision sur-
gery following a prior fresh OC allograft for focal 
post-traumatic defect [161]. The graft survival 
time ranged from 1 to 25 years. Histological fea-
tures associated with long-term allograft survival 
included viable chondrocytes, functional preser-

Fig. 11.10 Long-term follow-up after fresh osteochon-
dral OC allograft transplantation for a large post-traumatic 
defect involving the lateral tibial plateau. (a) 
Anteroposterior and sagittal radiograph of the central 
defect in the lateral tibial plateau following a prior 

 malunited tibial plateau fracture. (b) Treatment with a 
fresh OC allograft of the lateral tibial plateau in associa-
tion with a distal femoral varus closing wedge osteotomy 
(Images obtained from Dr. Allan Gross MD, FRCSC,  
O ONT)
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vation of the articular cartilage ECM, and com-
plete replacement of the graft bone with the host 
bone. The authors concluded that given the chon-
drocyte viability, long-term survival of hyaline 
cartilage up to 25 years or more depends on graft 
stability by rigid fixation of host to graft bone 
(i.e. mechanical stability). Less stable host-graft 
interfaces tend to produce the replacement of the 
full-thickness hyaline cartilage with fibrocarti-
lage. Thus, the fundamental cause of late fresh 
OC allograft failure appeared to be graft instabil-
ity leading to nonunion and continued remodel-
ing at the host-graft interface, both bony and 
cartilaginous. From a technical point of view, a 
precisely matched and fitted allograft into the 
prepared host bed is of paramount importance in 
ensuring the stability [161].

11.8  Conclusions

The surgical approach to treating patients with 
chondral and osteochondral defects is influenced 
by multiple patient- and defect-specific factors in 
the context of global lower extremity structure 
and function [162–164]. Not all cartilage lesions 
are symptomatic, and when they are, not all 
defects can be treated with a uniform treatment 
plan. The triad of meniscal deficiency, ligamen-
tous instability, and malalignment must be taken 
into consideration, and when present, all existing 
pathoanatomical states should be addressed with 
staged or combined procedures. Patient selection 
is paramount, and decision-making should be 
guided by evidence-based recommendations. As 
new therapies using novel cell sources (e.g. 
minced cartilage, stem cells) and scaffolds are 
introduced into the market, an ongoing critical 
evaluation of the best available evidence should 
guide their incorporation into routine surgical 
practice.
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Clinical Outcome Assessment 
of Repaired Articular Cartilage

Benedict A. Rogers, Jaskarndip Chahal, 
and Allan E. Gross

12.1  Introduction

The ultimate goal of any articular cartilage repair 
technique is to generate or replace the cartilage 
defect with hyaline or hyaline-like tissue, to recre-
ate normal articular congruity and to improve 
overall function, disability and health [1]. 
However, determining improvements in function, 
disability and health after an intervention in 
patients with articular cartilage injury of the knee 
can only be as effective as the measurement tools 

available to do so. The need for transparency of 
surgical outcome data and the drive for quality dic-
tate the use of reliable, valid and responsive out-
come measures following any surgical intervention, 
both clinician-reported and patient-reported.

Over the last two decades, there has been a 
paradigm shift in the outcome measures that have 
been developed and incorporated into clinical 
research. There has been an increasing emphasis 
on the patient’s perspective attempting to mea-
sure outcomes from a biopsychosocial perspec-
tive. Whilst some instruments attempt to capture 
the overall function of the knee with a single 
score, other questionnaires have been developed 
to measure outcomes across different domains or 
“constructs” (i.e. physical symptoms, emotions, 
quality of life). The World Health Organization’s 
International Classification of Functioning, 
Disability and Health (ICF) comprises a biopsy-
chosocial model in which functioning and dis-
ability are conceived as a dynamic interaction 
between health conditions and environmental 
and personal factors (Fig. 12.1) [2]. According to 
the ICF, derangements in anatomic structures 
should lead to associated impairments as well as 
activity limitations and participation restrictions 
[3]. According to this model, the term “impair-
ment” refers to problems in body function or 
structure such as a significant deviation or loss. 
“Activity limitation” refers to difficulty in the 
execution of a task or action by an individual, 
whilst “participation restrictions” refer to problems 
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an individual may experience in involvement in 
life situations [3]. In the context of articular car-
tilage pathology, a focal osteochondral defect can 
result in pain and swelling (physical impairment), 
a lack of confidence in the knee (emotional 
impairment), an inability to run and pivot (activity 
limitation) and finally failure to work in a particular 
occupation (participation restriction). By select-
ing outcome instruments with items that empha-
size the concerns and items across the three 
aforementioned constructs, investigators can 
truly get a sense of how an articular cartilage 
defect influences the overall well- being of a par-
ticular population.

12.2  Patient-Reported Outcome 
Measures

Patient-reported outcome measures (PROMs) are 
standardized, validated questionnaires that are 
completed by patients to measure their own func-
tional status and general health. They were origi-
nally designed for use in clinical trials [4]. 
However, controversies exist regarding the wide-
spread implementation, data collection and inter-
pretation of PROMs [5].

12.2.1  Types of PROM Data

In general, there are two principal types of 
PROMs, firstly a measure of a patient’s percep-
tion of their general health (“generic” health 
status) and secondly their perceptions of their 

health in relation to pathology (“specific” 
health status). Patients complete PROM ques-
tionnaires by rating their current health status 
in response to individual questions. Generic 
measures include a breadth of domains, often 
reflecting health- related quality of life  (QoL), 
that are relevant across different diseases and 
populations. Examples of commonly used 
generic questionnaires include the 36-Item 
Short-Form Health Survey (SF-36), European 
Quality of Life-5 Dimensions (EQ-5D) and 
Perceived Impact of Problem Profile (PIPP). In 
contrast, specific measures include areas of 
importance in relation to a specific disease or 
organ [6]. Examples of commonly used spe-
cific questionnaires include the International 
Knee Documentation Committee (IKDC) 
Subjective Form, Knee Injury and Osteoarthritis 
Outcome Score (KOOS) and Western Ontario 
and McMaster Universities Osteoarthritis 
Index (WOMAC). In clinical research, both 
generic- and disease-specific instruments are 
usually chosen, with the latter as a secondary 
outcome.

The analysis of PROMs tends to focus on the 
amount of change that has occurred in the 
patients’ condition or their general health-related 
QoL, as represented by a change in PROM score 
following an intervention. The collection of 
PROM data outside the remit of clinical research 
risks a lack of clarity and focus, which may in 
turn result in suboptimal data interpretation. 
Therefore, clinicians and managers should be 
aware that the quality of both processes and out-
comes can be audited (see Box 12.1).

Health condition
(disorder or disease)

Activity

Contextual factors

Body functions
& structure

Environmental
factors

Personal
factors

Participation

Fig. 12.1 The World 
Health Organization’s 
International 
Classification of 
Functioning, Disability 
and Health
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In order to minimize bias and systematic error, 
mechanisms need to be in place to ensure that 
only the patients are responding. Further, the 
means of patient recruitment need to be consid-
ered, for example, including only patients attend-
ing the outpatients’ department risk selection 
bias, as there is likely to be a greater proportion 
of patients with problems attending. A mechanism 
should exist to reduce nonresponders’ incomplete 
or duplicated data. Finally, as with all confidential 
patient information, data storage must be secure 
whilst remaining easily retrievable for analysis.

12.2.2  Collection of PROM Data

It is essential that there is a cogent reason for data 
collection and a defined duration of follow-up when 

no clear hypothesis or research question exists. 
As such, clearly stated inclusion and exclusion 
criteria will aid the standardization of data col-
lection and interpretation. In addition, the data 
points need to be clearly specified, for example, 
the data patient-specific or pathology- specific 
(i.e. one patient may have two arthritic knees).

The logistics of data collection should be clar-
ified prior to the widespread implementation of 
PROMs, preferably with the use of a pilot study. 
In essence, who, how, when and where is the data 
to be collected? In particular, has informed con-
sent been obtained, is a written protocol available 
and is all the relevant documentation available in 
a variety of languages?

12.2.3  Potential Benefits  
of PROM Data

The appropriate implementation and interpreta-
tion of PROM data collection have several poten-
tial benefits. It can have a diverse role in altering 
how health problems are perceived and managed 
by patients and their health-care providers. 
Patients are stimulated to present problems that 
concern them in addition to symptoms elicited in 
traditional consultations. Health professionals 
are encouraged to think beyond the conventional 
limitations in identifying problems and selecting 
solutions jointly with patients. In addition, there 
is improved identification of goals and priorities 
over time between health professional and 
patients faced with complex, evolving and multi-
faceted problems. However, to date few academic 
studies have validated the use of the question-
naires currently used for PROM data against 
these potential benefits.

12.2.4  Potential Problems 
with PROM Data

The interpretation of PROM data has an inconsis-
tent impact on health status depending on the 
actual questionnaire used. For any single condi-
tion, the choice of PROM questionnaire used will 
influence the study results. To increase provider 
understanding of patient needs, priorities and/or 

Box 12.1 Specific Examples of the Processes 
and Outcomes that May Be Quantified with 
PROM Data

Processes

 1. Communication: improved communica-
tion between patient and health-care 
provider

 2. Concordance: agreement between 
patient and health-care provider about 
problems and solutions

 3. Provider behaviours: changes in health- 
care providers’ diagnosis and treatment 
of patient conditions

 4. Patient behaviours: patient self-efficacy, 
adherence and behavioural change

Outcomes

 1. Patient satisfaction: patient-reported 
satisfaction with the consultation, treat-
ment or care overall

 2. Health status: patients’ health and well-
being as indicated by clinical measures 
or patient reports

 3. Resource use: patients’ subsequent use 
of health and other services
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preferences, the most appropriate PROMs should 
be applied to accurately reflect these issues. 
However, the most commonly used PROMs  
currently only capture a single facet of patient 
health or were created without the involvement  
of patients. Therefore, they may not actually 
accurately reflect patients’ needs, priorities and 
preferences [7]. For example, questions relating 
to sports activity are not relevant to most elderly 
patients. Whilst numerous measures are available 
(see MAPI Research Trust. Patient reported out-
come and quality of life instruments database. 
2009. http://www.proqolid.org), care is needed to 
ensure that the most appropriate choice of data 
capture is used.

The constraints on the number and focus of 
questions imposed by standardization may pre-
vent PROM data from addressing the issues that 
are most important to patients. Furthermore, 
PROM data should be evaluated against potential 
impacts beyond provider actions and patient 
health status, for example, is there an impact on 
patient-clinician communication?

12.2.5  Psychometric Properties 
of PROMs

The quality and appropriateness of an outcome 
instrument are intrinsically related to its measure-
ment properties and these include sensibility, reli-
ability, validity and responsiveness. First, 
sensibility refers to an aggregate of properties that 
make up the “common sense” part of the instru-
ment, including comprehensibility and face and 
content validity [8]. Content validity can be fur-
ther assessed by determining floor effects and 
ceiling effects when administered to a larger 
group of patients. The concept of reliability refers 
to the repeatability or precision of an instrument. 
It is demonstrated when repeated administrations 
of an instrument to stable patients produce consis-
tent results. Reliability can be measured by calcu-
lating test-retest reliability, which uses an 
intra-class correlation coefficient (ICC), repre-
senting the ratio of the between-subject variation 

to the total variation [9]. Acceptable reliability for 
a health-related QoL instrument for use in con-
trolled clinical trials is generally agreed to be 
present when the ICC is greater than 0.80 [10, 
11]. Acceptable reliability for tests used to make a 
decision about an individual is an ICC of 0.90 or 
greater [11]. Furthermore, internal consistency, an 
indication of how individual items correlate with 
one another and with the overall score, can also be 
used to assess the reliability of an instrument or its 
domains. Finally, “a measurement tool is valid if 
it is measuring what it is supposed to measure” 
[12]. Validation is clear when there is a gold stan-
dard to which the results can be compared (i.e. 
criterion validity) [8]. Since there is no gold stan-
dard for measuring “quality of life”, this requires 
one to demonstrate that a measurement tool 
“behaves” in relation to other measures as one 
would predict if it were measuring QoL (i.e. con-
struct validity) [8]. To evaluate the validity of an 
instrument as a discriminative tool, one examines 
the relationship between scores on the new instru-
ment and other indices at a single point in time; 
hypotheses related to different categories of dis-
ease severity can also be tested.

12.3  Currently Available  
Knee- Specific Outcome 
Instruments

Tanner et al. described 11 commonly used mea-
surement tools for patients with knee symptoms 
and divided them as 5 non-disease-specific and 6 
disease-specific scales [13] as shown below:

The five general knee instruments include:

 1. The American Academy of Orthopaedic 
Surgeons (AAOS) Sports Knee Rating  
Scale [14]

 2. The Knee Injury and Osteoarthritis Outcome 
Score (KOOS) [15]

 3. The 2000 International Knee Documentation 
Committee (IKDC) Standard Evaluation 
Form [16]
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 4. The Activities of Daily Living (ADL) of the 
Knee Outcome Survey [17]

 5. The Knee Disorders Subjective Form of 
Visual Analog Scale (VAS, Hughston Sports 
Medicine Foundation) [18]

The ligament-specific knee instruments 
include:

 1. The Cincinnati Knee Ligament Rating Scale 
[19, 20]

 2. The Revised Hospital for Special Surgery 
(HSS) Knee Ligament Rating Form [21]

 3. The Modified Lysholm Knee Scoring Scale 
[22]

 4. The Mohtadi Quality of Life (QoL) 
Assessment in Anterior Cruciate Ligament 
Deficiency [23]

One of the instruments specific for osteoar-
thritis (OA) of the knee is the WOMAC Index 
[24].

The instrument specifically designed for 
meniscal tears is the Western Ontario Meniscal 
Evaluation Tool (WOMET) [8].

Given the large number of available choices 
for measuring outcomes in patients with articular 
cartilage injury, it is important to select instru-
ments that contain the content most pertinent to 
the population of interest, as well as those that 
have demonstrated adequate psychometric 
properties.

12.4  Patient-Reported 
Versus Surgeon-Reported 
Outcome Measures 
in Articular Cartilage Repair 
Surgery

Historically, outcome measures were developed 
and completed by surgeons for assessment of 
knee function and symptoms. Examples of such 
instruments include the Knee Society 
Score  (KSS), HSS Score and Lysholm Score. 

The content of the questionnaires reflects the sur-
geon’s perspective and does not take into consid-
eration the concerns, symptoms and limitations 
that are pertinent to patients [6]. As previously 
stated, the patients’ perspective is the main driv-
ing force in determining outcomes. Refer to 
Appendix B for further details of the clinical out-
come assessment tools used to assess patients 
with knee injuries to one or both knees.

According to the recommendation by the 
International Cartilage Repair Society (ICRS) in 
2011, the IKDC Subjective Knee Form and 
KOOS represent two knee joint-specific outcome 
measures that both fulfil the basic requirements 
for reliability, validity and responsiveness in car-
tilage repair patients [6]. Whilst the former 
instrument provides a single global score, the lat-
ter outcome measure provides five separate sub-
scale scores which allow for evaluation of 
separate constructs at all levels according to the 
World Health Organization’s ICF [6]. This is per-
tinent because different constructs may change in 
a different manner over time as a result of an 
intervention. For example, in a 4-year follow-up 
of polymer-based ACI grafts, the KOOS Pain, 
ADL and knee-related QoL subscales showed 
significant improvements as early as 3  months, 
whereas the sports and recreation subscale did 
not show statistically significant improvement 
until 4 years [6, 25]. Finally, Hambly et al. [26] 
demonstrated that for the KOOS and IKDC, the 
majority of items contained within these instru-
ments were important to and frequently experi-
enced by patients who underwent articular 
cartilage repair. Whilst the IKDC performed bet-
ter in this regard, this study demonstrates good 
content validity of both of these knee joint- 
specific outcome instruments in the cartilage 
repair population.

In addition to using the KOOS or IKDC, the 
ICRS also recommends the use of a generic 
health-related QoL questionnaire (e.g. SF-36 or 
EQ-5D) and an activity score (Tegner Activity 
Scale or Marx Activity Scale) among patients 
undergoing articular cartilage repair (see Box 12.2).
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12.5  Commonly Used Knee 
Outcome Instruments 
in the Current Articular 
Cartilage Literature

Knee-specific patient outcome self-reporting 
tools are used to follow patients after traumatic 
knee injuries, knee cartilage repair surgical proce-
dure, disease progression or pharmacological 
clinical trials to gain insight into the patient’s 
changing symptoms and function over time. 
These scoring tools were developed for patients to 
assess their view about their knee health, which 
are used to assess one or more of the following 
criteria: pain, symptoms, sports, ADL, QOL and 
physical health value. Refer to Appendix B for 
details of the clinical outcome scoring systems.

12.5.1  Tegner and Lysholm Knee 
Scores

The Lysholm Scoring Scale was first described 
in 1982 and then modified in 1985 [22, 27] . The 

score was designed to be physician administered 
and measure outcomes after knee ligament sur-
gery. The Lysholm Score consists of 8 items 
assessing pain (25 points), instability (25 points), 
locking (15 points), swelling (10 points), limp (5 
points), stair climbing (10 points), squatting (5 
points) and need for support (5 points). The total 
score is from 0 to 100, worst to best. The score 
emphasized the evaluation of instability and was 
intended to correspond with the patient’s own 
opinion of function and signs of instability [27]. 
Although some studies have demonstrated ade-
quate reliability, validity and responsiveness in 
cartilage repair patients [28], Smith et al. demon-
strated that the arbitrary weighing system of the 
Lysholm was not supported using Rasch analysis.

The Tegner Activity Scale (TAS) was devel-
oped to complement the Lysholm Score [22]. 
This new scale graded activity based on work and 
sports activities [22]. The TAS activity levels (0 
to 10) are described in detail in Appendix B. It 
was important to the authors to measure both 
function and activity level; however, due to dif-
ferences in the recovery process, they thought it 
was important that this was done in two different 
scores. The TAS scores a person’s activity level 
between 0 and 10, where 0 is “on sick leave/dis-
ability” and 10 is “participation in competitive 
sport such as soccer at a national or international 
elite level”. Scores of 6 to 10 can only be achieved 
if a person takes part in recreational or competi-
tive sports. This instrument separates recreational 
and competitive sporting activities because the 
risk and injury incidence are higher in competi-
tive sports. Work activities are also classified on 
the TAS. The maximum level for a work activity 
is 5 (e.g. firefighter or military). Moreover, the 
ability to perform in running and walking and the 
participation in recreational sports were different 
levels on the International Classification of 
Impairments, Disabilities and Handicaps (ICIDH).

The TAS is a commonly used scale for post- 
operative knee patients, due to its ease of use. It 
has been cited as being the most widely used 
activity scoring instrument for knee disorders. 
Although frequently used as a patient-reported 
scale, it was initially developed as a clinician- 
administered tool. The psychometric parameters 

Box 12.2 Scoring Systems Recommended by 
the ICRS for the Assessment of PROMs 
Following Articular Cartilage Surgery of the 
Knee

Generic (select one)
 1. Medical Outcome Study 36-Item 

Short-Form Health Survey (SF-36)
 2. EuroQoL 5-Dimension Health 

Questionnaire (EQ-5D)
Knee-specific (select one)

Patient reported
 1. Knee Injury and Osteoarthritis 

Outcome Score (KOOS)
 2. International Knee Documentation 

Committee (IKDC) Subjective Knee 
Form

Activity scale (select one)
 1. Marx Activity Rating Scale
 2. Tegner Activity Scale (TAS)

B. A. Rogers et al.



321

of the TAS for a range of knee disorders demon-
strate good test-retest reliability and ceiling and 
floor effects [29–33]. There is moderate correla-
tion with the IKDC score ranging from 0.22 to 
0.54 [30, 32]. The normative knee function TAS 
score, from a sample population of 488 people 
who considered their knee function to be normal, 
was 5.7 (range 1–10). Further, the TAS is inversely 
correlated to age, and the average TAS for men 
(6.0) was higher than for women (5.4) [34].

TAS was one of the first scores used to quan-
tify the outcome following articular cartilage 
repair procedures, as return to sports is one of the 
principal reasons given by individuals to elect to 
undergo cartilage repair surgery. Mithoefer et al. 
reported that the mean post-operative TAS score 
following articular cartilage repair in the knee for 
studies with mixed ages and gender was 6.1 [35]. 
McNickle et al. have also demonstrated an effect 
size of 0.67 four years following autologous 
chondrocyte implantation [36].

12.5.2  Western Ontario 
and McMaster Universities 
Osteoarthritis Index

The WOMAC was extensively evaluated with 
regard to psychometric parameters prior to its 
introduction and needs licensees’ agreement 
from the copyright holders before it is used [37]. 
It is commonly used and easy to implement con-
sisting of three main domains (refer to Appendix 
B):

 1. Pain (5 questions)
 2. Stiffness (2 questions)
 3. Physical function (17 questions)

The index was designed for degenerative joint 
disease of the knee and has been shown to be sen-
sitive to change and has a greater efficiency than 
most other instruments in the assessment of knee 
OA [38, 39]. Although commonly used, caution 
should prevail if it is used in the assessment of 
chondral lesions as this was not its intended use. 
Both the WOMAC and Oxford Knee Score 
(OKS) appear to be the most reliable and valid 

assessments of outcome after total knee arthro-
plasty; however their use in segmental or biologi-
cal knee arthroplasty remains to be fully 
evaluated.

12.5.3  Knee Injury and Osteoarthritis 
Outcome Score

The KOOS was developed as an extension of the 
WOMAC OA index to evaluate short-term and 
long-term symptoms and function in patients 
with knee injuries and OA.  The reasoning to 
develop a single instrument for different types of 
knee pathology was that traumatic knee injury 
frequently leads to damage in multiple structures 
within the knee joint, in particular ligaments, 
meniscus and cartilage. Furthermore, OA is a 
common later consequence of these injuries.

The Lysholm knee scoring system considered 
short-term functioning, whereas the WOMAC 
OA index viewed only longer-term consequences, 
and the KOOS was developed to account for both 
acute injuries in younger patients and more 
chronic symptoms in older patients.

The KOOS is knee specific with 42 individual 
items, each of which is divided into 5 separate 
score subscales (refer to Appendix B):

 1. Pain
 2. Other symptoms
 3. Activities of daily living (ADL)
 4. Function in sports and recreational activities
 5. Knee-related quality of life (QoL)

Each subscale is scored from 0 to 100, worst 
to best. As other scoring systems for acute knee 
injury aggregate items measuring different 
aspects into one score, they tend to “flatten” the 
results, making interpretation more difficult. The 
self-administered KOOS takes approximately 
10 min to complete, and evidence shows that less 
than 4% of subjects failed to complete the entire 
questionnaire when administered by mail [40, 
41]. The KOOS has been validated in several 
patient populations that have undergone surgical 
procedures, including varying diseases, dura-
tions, ages and activity levels. Published evidence 
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has validated the KOOS following ACL surgery 
[15, 42], knee arthroscopy [40, 43], post menis-
cectomy [44, 45], total knee arthroplasty [41, 46] 
and articular cartilage repair [47].

The KOOS has demonstrated adequate test- 
retest reliability (ICC 0.87–0.95 for the five sub-
scales), construct validity and responsiveness in 
patients undergoing articular cartilage repair 
[47]. The effect size 3 years following autologous 
chondrocyte implantation or microfracture was 
similar and considered moderate to large (effect 
sizes range from 0.70 to 1.32 across domains) [6, 
47]. An advantage of using the KOOS for studies 
of the long-term consequences of joint injury is 
that it assesses sports and recreational function 
and knee-related QoL and demonstrates a supe-
rior responsiveness compared to more generic 
instruments such as the WOMAC and SF-36.

12.5.4  International Knee 
Documentation Committee 
Subjective Knee Form

The IKDC is a patient-focused instrument that 
has been developed to assess knee disability 
and function before and after treatment [16, 48]. 
With the aim of standardizing the assessment of 
outcomes following knee surgery or treatment, 
the American Orthopaedic Society for Sports 
Medicine (AOSSM) and the European Society 
of Sports Traumatology, Knee Surgery and 
Arthroscopy (ESSKA) developed the IKDC for 
patients with a wide variety of knee problems. 
They were concerned that the available scoring 
systems had assigned numerical values to factors 
that were not actually quantifiable, and therefore 
arbitrary scores were summated for noncompa-
rable parameters [49].

The IKDC Subjective Knee Form can be 
obtained from Irrgang et al. [16]. The IKDC is a 
knee-specific (rather than disease-specific) 
18-item score designed to measure symptoms, 
function and sports activity as follows (refer to 
Appendix B):

 1. Symptoms: pain, stiffness, swelling, joint 
locking and instability.

 2. Function and sports activity: ability to run, 
jump and land, stop and start quickly, ascend 
and descend stairs, stand and kneel on the 
front of a chair.

Responses are quantified using 5-point Likert 
scales, 11-point Likert scales and dichotomous 
yes/no. The responses to the 18 items are summed 
and expressed as a percentage of the maximum 
total possible scores. Scores range from 0 to 100, 
with 100 indicating the absence of symptoms and 
higher levels of functioning. The score has been 
validated in several languages and shows no gen-
der or age differentiation or differences across 
diagnoses [16, 50, 51]. The IKDC score has 
shown significant concurrent validity with the 
SF-36 physical function subscales (r  =  0.44–
0.66), but not to the emotional SF-36 subscale 
(r  =  0.16–0.26) [52]. Additional information 
including knee compartment findings, donor site 
pathology, radiographic findings and functional 
abilities are recorded but do not contribute to the 
final evaluation.

Although originally designed for the assess-
ment of ligament disruption, the IKDC has been 
evaluated in individuals with articular cartilage 
lesions and OA [53]. The test-retest reliability at 
6 and 12  months following articular cartilage 
repair is greater than 0.90. The effect size at 
12 months following a variety of articular carti-
lage procedures was 0.76 and considered to be 
moderate. The minimal clinical important differ-
ence for the IKDC 12 months following cartilage 
repair was demonstrated to be 16.7 [53].

12.5.5  Marx Activity Rating Scale

The Marx Activity Scale assesses the activity lev-
els of patients with knee disorders to determine 
the outcome for a variety of knee injuries and 
operations. It is derived from patient and expert 
input that contains functional activity of specific 
motions rather than sports-specific questions, 
both of which are in contrast to the TAS [54, 55]. 
The Marx Activity Scale consists of four ques-
tions assessing running, cutting, decelerating and 
pivoting (refer to Appendix B). Items are scored 
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from 0 to 4, depending on frequency and inten-
sity of activity. The frequency of participation for 
each activity is classified from “none” to “4 or 
more times a week”. The overall score ranges 
from 0 to 16 (worst to best). The Marx Activity 
Scale correlates well with the TAS and has dem-
onstrated responsiveness following cartilage 
repair (effect size 0.76) [47].

12.5.6  Medical Outcome Study 
36-Item Short-Form Health 
Survey

The SF-36 is a set of generic, coherent and easily 
implemented QoL measure  (refer to Appendix 
B). SF-36 consists of eight subscales (physical 
functioning, role limitations due to physical 
health problems, bodily pain, general health per-
ceptions, vitality as measure of energy/fatigue, 
social functioning, role limitations due to per-
sonal or emotional problems and mental health) 
and two summary scores (physical component 
summary, emotional component summary). 
Standardized scores range from 0 to 100, with 
higher scores indicating better health status [6, 
56, 57]. The SF-36 has been widely used as a 
general health status measure in clinical trials of 
cartilage repair and has demonstrated sensitivity 
to change (effect sizes range from 0.06 to 0.67 
across domains) [53]. The SF-36 scores can be 
mapped to utility scores which in turn can be con-
verted to quality-adjusted life years (QALYs) for 
cost-effectiveness analyses. From a government 
and societal perspective, cost-effectiveness stud-
ies will become increasingly important in the 
future as new cell-based cartilage repair therapies 
are introduced into the marketplace for articular 
cartilage regeneration.

12.6  Conclusions

Measuring outcomes following articular cartilage 
repair should be performed using instruments 
that have demonstrated content validity as well 
as adequate psychometric properties including 

reliability, construct validity and responsiveness 
in this population of interest. As per the ICRS 
recommendation, the primary outcome for artic-
ular cartilage surgery should be either the KOOS 
or the IKDC. Secondary outcomes should include 
an activity scale as well as a measure of generic 
health-related QoL which can concomitantly allow 
for an evaluation of the cost-effectiveness of a 
group of interventions. Such a biopsychosocial 
approach towards outcome measurement will 
allow for a comprehensive understanding of how 
patients experience articular cartilage pathology 
and how they respond to treatment over time.
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Pre- and Postoperative Imaging 
of Knee Articular Cartilage

Avneesh B. Chhabra, Gaurav K. Thawait, 
and Gustav Andreisek

13.1  Introduction

Adult articular cartilage is avascular resulting in 
limited transport of inflammatory mediators and 
cells to the injured site; thus, cartilage damaged 
by trauma or degeneration has no intrinsic capac-
ity to heal itself [1, 2]. Chondral injury, a frequent 
cause of pain and knee function limitation, poses 
a serious problem for orthopedic surgeons. The 
associated pain and physical disability can restrict 
an individual’s ability to perform activities of 
daily living, which, in athletes, can even have 
career-ending consequences. Further, in the 
young population, cartilage lesions predispose to 
the development of precocious osteoarthritis.

Cartilage repair surgery is a highly dynamic 
research field. Over the past two decades, there 
have been several exciting, sophisticated surgical 

repair procedures for the treatment of focal trau-
matic or degenerative cartilage lesions, which in 
turn has created the need for an accurate, nonin-
vasive assessment of the repair tissue. With its 
excellent soft tissue contrast and precise morpho-
logical evaluation of articular cartilage and repair 
tissue, magnetic resonance imaging (MRI) is the 
method of choice as a noninvasive and objective 
outcome measure [3–13].

Within the past decade, evolution of MRI 
technology has significantly improved the image 
quality. The cartilage-specific pulse sequences 
have enhanced the ability of qualitative (morpho-
logical) and quantitative (biochemical/func-
tional) assessment of cartilage injury and repair. 
Higher magnetic field strengths have substan-
tially increased the signal-to-noise ratio, spatial 
resolution, and speed of image acquisition; how-
ever, limitations to the increased field strength 
include greater amount of noise, imaging contrast 
issues, and safety concerns.
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MR imaging of the knee is the method of 
choice to identify articular cartilage injuries and 
disease progression [14–17]. In order to evalu-
ate the effectiveness or compare various thera-
peutic intervention and surgical treatments for 
chondral repair, an appropriate, reliable, and 
objective cartilage repair assessment system or 
combination of systems is necessary. MR imag-
ing has been shown to be a reliable tool in the 
preoperative diagnosis of cartilage injury and 
postoperative evaluation of cartilage repair tis-
sue [18–22]. During the postsurgical follow-up, 
MR imaging aids in assessing the surgical suc-
cess or potential complications of cartilage 
repair procedures. In contrast to arthroscopy, 
MR imaging can assess the morphology, width, 
and depth of the repair tissue and evaluate the 
subchondral bone, as well as other internal 
derangements noninvasively. Although various 
biochemical techniques, such as T2 mapping, 
post-contrast T1 mapping, T1rho imaging, and 
sodium MR, enable the assessment of cartilage 
architecture, conventional anatomic and mor-
phologic imaging remain the mainstay for pre- 
and postoperative assessment of the articular 
cartilage (Fig. 13.1).

In this chapter, we describe the role of MRI in 
the preoperative diagnosis of knee cartilage 

injury and postoperative follow-up as it relates to 
the visualization, assessment, and characteriza-
tion of cartilage repair tissue. The cartilage repair 
tissue-specific MR techniques and the morpho-
logical/biochemical outcome of a given cartilage 
repair treatment procedure are reviewed in Chap. 
14, whereas this chapter briefly summarizes the 
routinely used techniques and their advantages; 
provides an overview of the available treatment 
options, including their indications, technique, 
and clinical results; and illustrates the MR mor-
phology of repair sites as well as postoperative 
complications. Further, we also discuss the two-
dimensional (2D) and three-dimensional (3D) 
Magnetic Resonance Observation of Cartilage 
Repair Tissue (MOCART) scoring system, which 
has been well validated in studies of cartilage 
regeneration techniques.

13.2  Preoperative Assessment 
of Articular Cartilage Injury

Articular cartilage contributes to a large compo-
nent of the load-bearing capability of the joint 
that is subjected to repetitive mechanical forces. 
In the event of an abnormal mechanical load or 
high impaction force, there may be focal carti-

Fig. 13.1 Sagittal proton density (a) and coronal fat- 
saturated proton density (b) MR images in a 33-year-old 
woman with knee pain. Note a focal area of articular car-

tilage delamination (large arrow) over the lateral femoral 
condyle and an irregular partial-thickness defect on the 
corresponding tibial surface (small arrows)

A. B. Chhabra et al.



331

lage injury. The acute trauma-related defect is 
usually focal and isolated and shows a shoul-
dered margin (Fig. 13.2). The knowledge of such 
a defect, especially in young patient, is particu-
larly important because articular cartilage has a 
limited capacity for spontaneous repair. Cartilage 
loss can further result in stress changes in the 
underlying bone, causing pain and decreased 
range of motion in the affected joint. Finally, car-
tilage injury can lead to premature joint degen-
eration in young adults leading to significant 
morbidity. A normal adult loses 1–3% of knee 
articular cartilage with aging, which further 
worsens with onset of osteoarthritis. The 
 arthritis- related defects show irregular and obtuse 
margins due to repetitive wear and tear.

13.2.1  Role of Magnetic Resonance 
Imaging

The direct visualization of articular cartilage, 
multiplanar capabilities, and high soft tissue con-
trast provided by MRI enables the accurate and 
reproducible assessment of the morphologic fea-
tures of injured articular cartilage. By using a 
cartilage-sensitive MR sequence, the adjacent 
joint fluid and subchondral bone can be distin-

guished from cartilage MR signal characteristics. 
The most commonly used clinical MR imaging 
techniques to assess the status of articular carti-
lage are fat-suppressed T2-weighted (fs T2W) or 
proton density-weighted (PDW) sequences. 
These MR images delineate the intermediate sig-
nal intensity of articular cartilage from the high 
signal intensity of joint fluid (Figs. 13.1 and 
13.2). These images are also useful for accurate 
grading of the cartilage loss (low- or high-grade) 
and full- thickness defects, as well as for the 
detection of subchondral bone marrow edema 
and cyst formation, which shows increased signal 
intensity [23–25]. Fat-suppressed 3D sequences, 
such as fast spin echo (FSE) or spoiled gradient-
recalled (SPGR) sequences and double- echo 
steady-state (DESS) sequences, provide excel-
lent morphological depiction of the cartilage in 
multiple planes, thus, avoiding partial volume 
effects [26–29]. Higher spatial resolution and 
accuracy for individual cartilage lesions have 
been shown using 3D over 2D sequences in knee 
joint [30] and other smaller joints in accordance 
with the author’s experience (Fig. 13.3). However, 
3D gradient data sets are often more susceptible 
to metal artifacts and may be less sensitive to 
meniscal and ligament pathologies as well as 
subchondral bone marrow edema.

Fig. 13.2 Sagittal (a) and coronal (b) proton density MR images of a 51-year-old man with recent knee injury. An area 
with shouldered cartilage defect over the medial femoral condyle can be seen (arrows)
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13.2.2  Treatment of Injured Articular 
Cartilage

Cartilage repair and regeneration is a treatment 
recommended for patients with knee cartilage 
damage or deterioration caused by:

• Injury or trauma, including sports injuries
• Repetitive use of the joint
• Congenital abnormalities affecting normal 

joint structure
• Hormonal disorders that affect bone and joint 

development, such as osteochondritis disse-
cans (OCD)

To determine the best cartilage repair approach 
for the patient, MRI is used to determine the 
severity, size, and location of cartilage injuries. 
The commonly used surgical techniques for the 
treatment of injured cartilage can be prudently 
classified into repair, reconstruction, and regen-
eration techniques [31]. For details of surgical 
procedure, refer to Chap. 11.

13.2.2.1  Repair Techniques
The simplest treatment for displaced, multi- 
fragmented, avascular, or deformed chondral 
lesions is removal of the lesion and debridement 
of its bony base. The principal indication for such 
an arthroscopic debridement is during the treat-
ment of concurrent meniscal tears in patients 
with minimal malalignment [32]. Microfracture 
is a related older technique for the treatment of 
chondral lesions. Multiple perforations are 
arthroscopically created using an angulated ice 
pick crossing the subchondral bone to induce 
bleeding in the damaged site. Bleeding, which 
gradually creates a clot, brings various bone mar-
row elements including progenitor cells, cyto-
kines, and growth factors that have the ability to 
form repair tissue. The hematopoietic and mesen-
chymal stem cells are stimulated to form the 
fibrocartilage composed of collagen types I and 
II, which is of inferior quality and not as resilient 
in dealing with stress when compared to the 
native articular cartilage. Microfractures are 
effective in small injuries/areas of cartilage 

Fig. 13.3 Coronal fat-saturated proton density (a) and 
coronal DESS (b) MR images of a 25-year-old woman 
with osteochondral lesion of the posteromedial talar 
dome. Note better depiction of bone marrow edema and 
cystic changes on fat-saturated proton density; however, 

the cartilage evaluation is limited on 2D sequence due to 
partial volume artifacts. Corresponding DESS imaging 
shows better cartilage demarcation and separates the tibial 
and talar articular cartilages
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defects (less than 2 cm2) with an intact subchon-
dral plate [33, 34].

13.2.2.2  Reconstruction Techniques
Osteochondral autograft transplantation (OAT) 
provides a structure that integrates well with the 
 surrounding bone. An osteochondral (OC) graft 
is taken from a non-weight-bearing area of the 
knee and is transplanted into the cartilage defect 
site. The OC grafts are press fitted into the defect 
and flushed with the adjacent native cartilage to 
provide good contact with the healthy tissue. 
This can be achieved by placing the plugs per-
pendicular to the articular surface. The area of 
coverage is limited with a single OAT procedure. 
Alternatively, mosaicplasty is a procedure where 
multiple OC autografts cover a larger area.

Allografts are more adaptable and can be 
designed for any defect shape or size. The main 
limitations of this technique include risk of 
immune reaction and transmission of disease. 
Additionally, these allografts have to be used 
within a short period of time because of reduction 
in cell viability with time [35]. Allografts are 
indicated in young active patients with injuries 
greater than 2.5 cm in diameter [36].

Bioabsorbable devices have gained popularity 
because of the technical ease to arthroscopically 
implant them without the risk of blood-borne dis-
ease transmission or the requirement for removal 
of the implanted device. Also, the appropriate 
dimensions (thickness and length) can be chosen 
to fit the entire articular cartilage lesion.

13.2.2.3  Regeneration Techniques
Autologous chondrocyte implantation (ACI) is a 
two-step technique that involves harvesting the 
articular cartilage from a non-weight-bearing 
area of the knee. The harvested chondrocytes are 
cultured to increase the chondrocyte count to two 
to five million cells, which are then reimplanted 
in the host knee cartilage defect site with an over-
lying periosteal patch. The main indication for 
this technique is failure of other techniques in 
patients less than 50 years of age with cartilage 
lesions between 1 and 10 cm2 [15, 37]. The sec-
ond- and third-generation ACI techniques have 
been subsequently developed to include the use 

of seeded membranes and biomaterials such as 
collagen type I or the chondro-inductive/chondro- 
conductive matrices. However, the comparison of 
first and second generation of ACI has not shown 
any significant clinical differences [38, 39].

13.3  Postoperative Assessment 
of Articular Cartilage Repair

MRI is used for the assessment of graft incorpo-
ration, graft congruity, and examination of the 
repair tissue characteristics. Postsurgical MRI is 
used for follow-up of patients after cartilage 
repair surgery in order to determine the success 
of surgical treatment and to assess the morphol-
ogy and composition of the repair tissue. In the 
first 4 weeks after the procedure, the plugs and 
surrounding marrow have altered marrow signal. 
By 12 months, the plugs and the surrounding 
marrow return to normal fatty marrow signal. 
Persistent edema visualized as high signal inten-
sity in the subchondral bone marrow and cyst for-
mation indicates graft failure and poor 
incorporation.

13.3.1  Morphological Assessment 
of Articular Cartilage Repair: 
Qualitative

To successfully assess the graft morphology and 
integration to native tissue, it is essential to obtain 
a high spatial resolution, which in turn can be 
achieved either by using a surface coil (at 1.5 T 
scanner) or a knee coil (at 3 T scanner) [40–42]. 
Cartilage-sensitive MR sequences that allow 
excellent visualization of the articular cartilage 
with good signal-to-noise ratio (SNR) and con-
trast-to-noise ratio (CNR) within reasonable 
imaging times includes: fs PDW, T2 FSE and 3D 
gradient recalled echo (GRE) sequences [24, 30, 
43–45]. Using a combination of these morpho-
logic imaging sequences has provided excellent 
soft tissue contrast.

Several proposals for the morphological anal-
ysis of the repair tissue include evaluations of the 
structure and MR signal intensity of the repair 
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tissue (at its surface, the defect filling and inte-
gration with adjacent native cartilage); degree of 
defect filling; morphology of repair tissue with 
respect to native cartilage (flush, proud, or 
depressed); delamination (in the setting of ACI); 
integration with the adjacent native cartilage; 
nature of the interface with the adjacent surface 
(presence or absence and size of fissures); integ-
rity of cartilage on the opposite articular surface; 
as well as the assessment of the status of the  
subchondral bone and bone marrow [40, 42,  
46, 47].

13.3.1.1  Two-Dimensional Magnetic 
Resonance Observation 
of Cartilage Repair Tissue 
Score

Among various MR scoring systems, the 
MOCART proposed by Marlovits et al. [40] is an 
efficient scoring system that has shown to have 
proven validity, reliability, and clinical useful-
ness with excellent interobserver reproducibility 
[40, 48, 49]. The MR assessment of the MOCART 
score is based on standard 2D MR sequences. 
Depending on the anatomic site of the cartilage 
repair, the MR evaluation of the cartilage repair 
tissue is performed on sagittal, axial, or coronal 
2D planes using high spatial resolution together 
with a slice thickness of 2–4 mm. See Appendix 
C for details of 2D MOCART assessment 
criteria.

The 2D MOCART scoring system involved 
the analysis of the following nine variables:

 1. Degree of defect repair and filling
 2. Integration of cartilage repair tissue to border 

zone
 3. Structure of repair tissue on surface
 4. Structure of whole volume of repair tissue
 5. Signal intensity of repair tissue
 6. Constitution to subchondral lamina
 7. Status of the subchondral bone
 8. Possible adhesions
 9. Possible joint effusion (Fig. 13.4)

13.3.1.2  Three-Dimensional Magnetic 
Resonance Observation 
of Cartilage Repair Tissue 
Score

With improvement of MR technology, pulse 
sequences, and development of 3D sequences, 
Welsch et al. proposed a new 3D MOCART score 
by using the isotropic 3D TrueFISP sequence 
and its multiplanar reconstruction (MPR) [49]. 
The new isovoxel 3D sequences have the poten-
tial for high-resolution isotropic imaging with a 
voxel size down to 0.4 mm3, which can then be 
reformatted in arbitrary planes without any loss 
of spatial resolution. Building on the capabilities 
of MPR, the cartilage repair 3D visualization and 
subsequent development of the 3D MOCART 
scoring system were feasible.

The 3D MOCART score was based on the 
standard 2D MOCART score by including vari-
ables and subcategories. The 3D MOCART 
included 11 variables as follows (see Appendix C 
for details of 3D MOCART assessment criteria):

 1. Defect fill relative to adjacent native articular 
cartilage

 2. Repair tissue interface with native cartilage
 3. Bone interface
 4. Surface of repair tissue
 5. Structure of repair tissue
 6. Signal intensity of repair tissue
 7. Subchondral lamina
 8. Chondral osteophyte
 9. Bone marrow edema
 10. Subchondral bone integrity
 11. Effusion (Figs. 13.5 and 13.6)

A pertinent discussion of the variables in 3D 
MOCART score is as follows:

 1. Defect Fill
Defect fill is evaluated in comparison to 

the adjacent native cartilage. Defect fill is 
described as 100% (flush with the native car-
tilage), when the repair tissue is of compa-
rable thickness to the adjacent cartilage. If 
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Fig. 13.4 Coronal (a) and sagittal (b) fat-saturated pro-
ton density MR images of a 47-year-old woman with his-
tory of right knee pain. She had a prior lateral 
meniscectomy as well as microfracture surgery within the 
medial femoral condyle (arrows). 2D MOCART 
(Magnetic Resonance Observation of Cartilage Repair 
Tissue) staging for medial femoral condyle: (1) degree of 
defect repair and filling: complete (at the level of the adja-
cent cartilage); (2) integration to the border zone, com-
plete (complete integration with adjacent cartilage) 
demarcating border visible, no; (3) surface of the repair 
tissue, surface intact; (4) structure of the repair tissue, 

fairly homogenous; (5) signal intensity of the repair tis-
sue, dual T2-FSE isointense; (6) constitution to subchon-
dral lamina, good; (7) subchondral bone, subchondral 
cysts and bone marrow edema; (8) adhesions, no; (9) joint 
effusion, yes. After a 2-year follow-up, sagittal (c) and 
coronal (d) fat-saturated proton density MR show 
decreased bone marrow edema and cystic changes on 
medial femoral condyle (large arrows). However, coronal 
image also shows worsening lateral compartment carti-
lage loss with developing bone marrow edema (small 
arrow)
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Fig. 13.5 Sagittal 3D DESS (a) and sagittal fat-saturated 
proton density (b) MR images of a 47-year-old woman 
with a prior microfracture surgery within the medial fem-
oral condyle (arrows). Notice better depiction of cartilage 

definition on 3D image (a) and reactive bone marrow 
changes in the medial femoral condyle on 2D image (b), 
respectively

Fig. 13.6 Sagittal fat-saturated proton density (a) and 
coronal (b) 3D TrueFISP MR images of a 15-year-old boy 
with history of prior ACI within the lateral femoral con-
dyle (arrows). 3D MOCART (Magnetic Resonance 
Observation of Cartilage Repair Tissue) staging for 
medial femoral condyle: (1) degree of defect repair and 
filling, complete and hypertrophy (75–100% above the 
level of the adjacent cartilage); (2) cartilage interface 

(integration to the border zone), complete; (3) surface of 
the repair tissue, surface irregular; (4) structure of the 
whole repair tissue, fairly homogeneous; (5) signal inten-
sity, dual T2-FSE isointense; 3D TrueFISP, isointense; (6) 
constitution to subchondral lamina, good; (7) subchondral 
lamina, irregular; (8) chondral osteophyte, no; (9) bone 
marrow edema, yes, medium; (10) subchondral bone, 
cysts; joint effusion, yes, medium
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the value is below 100%, it is referred to as a 
cartilage defect underfilling, and if it is above 
100% (proud relative to the native cartilage), 
it is termed as hypertrophy. Further, it can be 
classified on the basis of localization in the 
weight-bearing areas or elsewhere.

 2. Cartilage Interface
It refers to the integration of the repair tis-

sue to the native cartilage border zone. It is 
stated as complete or incomplete, depending 
upon the presence or absence of gap at the 
interface between the repair tissue and the 
adjacent cartilage.

 3. Bone Interface
This evaluates integration of the repair 

tissue to the subchondral bone or the integra-
tion to a possible periosteal flap depending 
on surgical technique. It is reported as com-
pletely attached, partially detached, or 
 complete detached.

 4. Repair Tissue Surface
The cartilage surface may be damaged 

with the appearance of fibrillations, fissures, 
or ulcerations above or below 50% of repair 
tissue depth, or there may be a total degen-
eration. Further, any signs of adhesions are 
also recorded at the site of damage.

 5. Repair Tissue Structure
The architecture of the repaired cartilage 

is reported as homogeneous when there is 
typical cartilage layering over the entire 
repair tissue or inhomogeneous if it shows 
cleft formation.

 6. MR Signal Intensity
The signal intensity of the repair tissue is 

compared to the adjacent native cartilage. It 
can be evaluated as nearly normal or abnor-
mal, depending on the amount of the signal 
alterations. The abnormal signal intensity 
can be higher (hyperintense) or lower 
(hypointense) relative to native articular 
cartilage.

 7. Subchondral Lamina
The subchondral lamina between the 

repair tissue and the bone is reported as 
either intact or irregular and broken.

 8. Chondral Osteophyte
Osteophytes can emerge in the region of 

the cartilage transplant. Further, they can be 
found in different sizes, which can be classi-
fied based on their thickness of above or 
below 50% of the thickness of the cartilage 
transplant.

 9. Bone Marrow Edema
Subchondral bone marrow edema size 

can be classified as small (diameter, < 1 cm), 
medium (< 2 cm), large (< 4 cm), or diffuse.

 10. Subchondral Bone
Excluding the bone marrow edema, the 

subchondral bone criteria evaluate the 
changes in the subchondral bone adjacent to 
the area of repair tissue such as the presence 
of granulation tissue, sclerosis, or cysts.

 11. Effusion
Based on the extent, joint effusion is clas-

sified as absent, small, medium, or large.

In the clinical routine follow-up after cartilage 
repair, the 2D evaluation with the standard 2D 
MOCART scoring system obtained by using 
three standard MR sequences provided compa-
rable information to the 3D MOCART scoring 
system assessed by using only one high- 
resolution isotropic 3D TrueFISP sequence. 
However, artifacts were more frequently visible 
within the 3D TrueFISP sequence.

Another MRI scoring system, the cartilage 
repair osteoarthritis knee score (CROAKS) was  
developed for follow-up of knee cartilage repair 
procedures integrating assessment of the repair 
site and the whole joint [50]. This semiquantita-
tive assessment system combined the assessment 
of the cartilage repair site using features of 
MOCART scores and for the whole the joint 
based on experiences with the Magnetic 
Resonance Imaging Osteoarthritis Knee Score 
(MOAKS). MRI examinations of 20 patients at 
12 months post matrix-associated autologous 
chondrocyte transplantation (MACT) of the knee 
showed good to excellent reliability with the 
combined, established semiquantitative scoring 
systems (MOCART and MOAKS) [50].
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13.3.2  Magnetic Resonance Imaging 
Assessment of Repair Tissue

Recently, there has been a great interest in devel-
oping MR imaging techniques to evaluate the 
biochemical composition of the cartilage repair 
procedure. The proteoglycan content MR spe-
cific sequences include delayed gadolinium- 
enhanced MR imaging of cartilage (dGEMRIC), 
T1rho mapping, and sodium MR imaging, 
whereas the collagen content-sensitive tech-
niques include T2 mapping and magnetization 
transfer [51–53].

Chondrocytes usually repair by formation of 
fibrocartilage composed of collagen types I and 
II, which is not as resilient in dealing with stress 
as the compressive, native hyaline cartilage pri-
marily composed of collagen type II. On MR 
imaging, initially the tissue may be indistinct; 
however, by 1–2 years, repair tissue is expected 
to fill the defect with a smooth contour. The 
 signal intensity may be similar, although more 
commonly, less than the native cartilage related 
to predominant fibrocartilage formation [14]. 
Following surgical treatment, underlying bone 
marrow edema often regresses but may not 
resolve completely. Surface fissures and flaps 
may be present (Fig. 13.7).

MRI has been proven to be highly accurate 
in assessing the repair tissue with good corre-
lation to the lesion fill and tissue quality and its 
integration with the adjacent native cartilage 
[54]. Further, at post-surgery and during fol-
low-up, MR imaging facilitates accurate 
assessment of complications of repair surgery 
including graft/periosteal hypertrophy and 
delamination, adhesions, surface incongru-
ence, and reactive/inflammatory changes (such 
as effusions and synovitis). Based on the treat-
ment procedure, the nature of the repair tissue 
is outlined below:

13.3.2.1  Abrasion Arthroplasty/
Debridement

Removal of few millimeters of subchondral 
bone causes local bleeding, fibrin clot forma-
tion, and subsequent development of a fibro-
cartilage-like tissue composed of collagen type 
I and type III. Fibrocartilage is stronger against 
tension rather than compression forces and is 
therefore not a durable long-lasting substitute 
for hyaline cartilage. Although early results 
and symptom relief from this procedure were 
promising, long- term results have not been 
 satisfactory [55].

Fig. 13.7 Coronal 3D DESS (a) and sagittal fat-saturated 
proton density (b) MR images of a young woman with a 
prior microfracture surgery within the lateral femoral con-

dyle (arrows). Notice good cartilage fill and better depic-
tion of cartilage definition on the 3D image (a) with 
minimal surface irregularities
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13.3.2.2  Autologous Osteochondral 
Grafts

The repaired tissue is better when OAT is used in 
the femoral condyles rather than in the tibial pla-
teau or in the patella [56]. The problems of lack 
of integration or fibrocartilage formation at the 
border zone with native cartilage may occur. MRI 
after the mosaicplasty procedure involves assess-
ment of graft incorporation, graft congruity, and 
examination of the repair tissue characteristics. 
In the first 4 weeks after the procedure, the plugs 
and surrounding marrow have altered marrow 
signal. By 12 months, the plugs and the surround-
ing marrow return to normal fatty marrow signal. 
Persistent edema like subchondral bone marrow 
signal and cyst formation indicates graft failure 
and poor incorporation.

13.3.2.3  Allogenic Osteochondral 
Transplants

MRI is useful in determining the surface congru-
ity between graft and the native cartilage [14]. 
Usually, the bony plug margin is also visible indi-
cating the type of repair. Bone marrow edema can 
be prominent for up to 12 months post-surgery. 
Graft-host reactions can be seen as persistent sig-
nal abnormalities within the graft marrow or at 
the graft-host interface [57].

13.3.2.4  Synthetic Grafts, Scaffolds, 
and Osteochondral Plugs

The synthetic plugs are radiolucent but can be 
visualized on MR imaging with varying signal 
intensity depending on the biomaterial used. 
Frequently, during the first few months, these 
plugs appear as low signal intensity tracts on 
T1W and T2W MR images. However, by the end 
of the first year, the grafts with repair tissue 
become hyperintense on T2W MR images. Most 
of them are not visible after 2 years [58].

13.3.2.5  Autologous Chondrocyte 
Implants

During the follow-up of post ACI cartilage repair, 
MRI can accurately detect and classify the defect 
fill as flush, underfilling, or hypertrophy as well 
as the graft integration [59]. Surface irregularity 
is commonly seen on MR imaging (Fig. 13.6) 
[15]. The signal intensity of repair cartilage 
decreases after the first 12 months. Persistent 
bone marrow edema, chondral osteophytes, and 
cartilage delamination are adverse outcome 
indicative of ACI failure (Fig. 13.8). The com-
mon complications of ACI technique are symp-
tomatic graft hypertrophy, perturbed fusion or 
integration, delamination, and fibrosis, which 
may require re-intervention [60–62]. Among 

Fig. 13.8 Sagittal proton density (a) and sagittal fat- 
saturated proton density (b) MR images of a young man 
with a prior ACI repair surgery within the lateral femoral 

condyle 1 year ago (arrows). Notice failure of ACI repair 
with visible chondral osteophytes (large arrow) and over-
lying cartilage delamination (small arrow)
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those, the overall complication rate and incidence 
of hypertrophy of the transplant were higher for 
periosteum-covered ACI. Graft hypertrophy may 
occur 3–7 months post ACI and has been reported 
as a complication in 10–63% of cases [16–18]. 
Furthermore, an increased rate of symptomatic 
hypertrophy was found for patellar defects. 
Delamination occurs when the graft separates 
from the parent bone, which is visualized in MR 
as a linear fluid high signal intensity undermining 
the graft. When significant, both delamination 
and graft hypertrophy may require repeat sur-
gery, either debridement in the case of hypertro-
phy or repeat ACI in both cases.

13.4  Conclusions

Cartilage injuries are common and a variety of 
repair procedures have been developed for their 
treatment. MR imaging has proven to be an 
excellent tool for presurgical mapping and post-
surgical assessment of these lesions.
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14.1  Introduction

Articular cartilage injuries are commonly seen in 
orthopedic practice. In a retrospective review of 
31,510 knee arthroscopies, the incidence of 
chondral lesions was 63%. Full-thickness articu-
lar cartilage lesions with exposed subchondral 
bone were found in 20% of patients, with 5% of 
all arthroscopy in patients less than 40 years of 
age with grade IV chondral lesions [1].

The treatment of articular cartilage damage 
after traumatic insult or due to degenerative joint 
disease remains a challenge because of the 

 limited capacity of adult cartilage for spontane-
ous repair [2]. Knee cartilage defects that exceed 
a critical size heal poorly and usually lead to 
osteoarthritis (OA). Several surgical and nonsur-
gical strategies have been developed in an attempt 
to repair articular cartilage lesions. The surgical 
techniques may be arthroscopic or open and 
include marrow stimulation techniques, such as 
drilling and microfracturing, osteochondral (OC)
grafts, and cell-based techniques [3]. Refer to 
Chaps. 7, 11, 12, and 17 for in-depth information 
pertaining to the arthroscopic and surgical tech-
niques for cartilage repair.

The high prevalence of knee cartilage lesions 
and disease created a strong demand for a nonin-
vasive diagnostic tool that is reliable and repro-
ducible. Likewise, with the variety of treatment S. Trattnig, MD (*) 
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options available to address the chondral and 
osteochondral lesions, there is a need for an 
imaging modality that offers the most sensitive 
and safe, noninvasive way to monitor and assess 
repair tissue and its integration to native cartilage 
following regenerative cartilage treatment. 
Magnetic resonance imaging (MRI) has advanced 
tremendously over the last several years and has 
offered the opportunity to fulfill this demand. 
Cartilage-sensitive sequences, high-resolution 
three-dimensional (3D) isotropic sequences, 
semiquantitative MR-based scores, and volumet-
ric assessments provide invaluable information. 
Morphologic sequences allow diagnostic carti-
lage imaging with increased precision; and, in 
combination with volumetry and semiquantita-
tive scores, it also allows the reproducible and 
repetitive MR assessment of repair tissue. 
However, morphological MRI is limited to the 
cartilage structure and does not provide any 
information about cartilage molecular composi-
tion. The recent development of biochemical MR 
imaging has filled this void by providing infor-
mation about the ultrastructural elements of carti-
lage, such as water, collagen, and proteoglycans. 
In the following pages, we outline the basic prin-
ciples of morphological and biochemical MRI 
and the current state-of-the-art clinical practice 
for applying these techniques to the articular car-
tilage of the knee.

14.2  Morphological Magnetic 
Resonance Imaging 
of Articular Cartilage

Postsurgical follow-up protocols vary and 
involve assessment of clinical symptoms, direct 
visualization of grafts with arthroscopy, or indi-
rect visualization of grafts with MRI. For long- 
term follow-up of these procedures, clinical 
scores and the morphological and biochemical 
evaluation of biopsies taken during control 
arthroscopies remain the standard of reference 
[4–6]. However, considering the invasive char-
acter of arthroscopic procedures and the risk for 
associated morbidity, objective noninvasive 
measures of the properties of the grafted regions 

after biological cartilage repair is highly desir-
able and very helpful to facilitate the evaluation 
of longitudinal repair tissue follow-up. The pur-
pose of cartilage imaging is to visualize the 
integrity of cartilage surface and its matrix; 
to evaluate cartilage thickness, volume, and – 
once cartilage repair is performed – the integra-
tion of the repair tissue to surrounding native 
cartilage and underlying bone. Providing these 
informations, morphological MRI is playing an 
important role in pre- and postoperative imag-
ing as well as follow- up assessment of repair 
tissue throughout the postoperative period. 
Hence, MRI is the current standard imaging 
method for the noninvasive assessment of artic-
ular cartilage [5, 7–15].

In a clinical setting, the evolution of MRI 
technology has provided excellent contrast 
between articular cartilage and adjacent struc-
tures within reasonable imaging times. MR eval-
uation of cartilage repair can be performed using 
the same acquisition techniques as those used 
for native cartilage. In 2000, the Articular 
Cartilage Imaging Group (ACIG) of the 
International Cartilage Repair Society (ICRS) 
compiled an MR acquisition protocol for carti-
lage imaging, which has not been updated since. 
The most commonly used MR imaging tech-
niques on 1.5 tesla (T), 3.0 T, and research 7 T 
scanners are fluid-sensitive sequences, such as 
two-dimensional (2D) fat-suppressed (fs),  inter-
mediate and T2-weighted (T2W) fast spin echo 
(FSE), as well as 3D gradient-recalled echo 
(GRE) techniques with fat suppression or water 
excitation, all in combination with dedicated 
extremity coils [9, 11–15, 16–18]. A minimal 
in-plane resolution of 0.3 mm was found to be 
necessary to show early signs of superficial fray-
ing of the articular cartilage surface, which was 
also substantial for the detection of cartilage fis-
sures and insufficient repair-tissue integration to 
native cartilage [19]. Compared to 2D, the 3D 
acquisition is advantageous with regard to 
higher contrast- and signal-to-noise ratios which 
also yields higher and isotropic resolutions for 
multi-planar reconstructions that enables 3D 
visualizations and volume measurements [10, 
11, 16, 20].
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14.2.1  Cartilage-Specific MR 
Sequences

Magnetic resonance imaging is the most impor-
tant modality for the detection and evaluation of 
traumatic or degenerative cartilaginous lesions in 
the knee as well as for monitoring the effects of 
pharmacological and surgical therapy. To date, 
several cartilage-specific MR imaging techniques 
have been developed to assess the morphological 
integrity of knee cartilage such as FSE, 3D spin 
echo, and gradient echo as well as isotropic 
imaging.

14.2.1.1  Fast Spin Echo Technique
Fast spin echo imaging combines strong T2 
weighting, magnetization transfer effects, and 
relative preservation of high signal intensity in 
the marrow fat and free water (Fig. 14.1). With 
FSE technique, articular cartilage is visualized as 
low signal intensity (dark) hence producing high 
contrast between cartilage and the adjacent syno-
vial fluid and bone marrow [21, 22]. Intermediate- 

weighted FSE sequences are useful for both the 
detection of cartilage surface lesions and intra-
chondral extracellular matrix lesions. The FSE 
technique is relatively insensitive to magnetic 
susceptibility artifacts, which is advantageous in 
patients who have undergone previous surgery of 
the joint. FSE sequences are normally included in 
the clinical standard MR imaging protocol for the 
knee, as high-resolution images can be acquired 
in a relatively short scan time [12, 13, 23]. Apart 
from the usual 2D FSE imaging, a 3D FSE 
sequence has also been developed and is avail-
able if subsequent reconstructions or semiquanti-
tative assessments are desired [24].

14.2.1.2  Three-Dimensional Gradient 
Echo Technique

Three-dimensional spoiled GRE imaging with fs 
or water excitation is widely available and easy to 
perform. This technique yield images with higher 
resolution and contrast-to-noise ratio (CNR) than 
2D acquisitions. Contrary to other cartilage 
imaging techniques, 3D-GRE does not require 
data post-processing and avoids misregistration 
artifacts [9, 11, 13, 14, 16]. It exhibits a relatively 
high signal intensity (bright) articular cartilage in 
contrast to low signal intensity (dark) adjacent 
fat-suppressed tissue. The 3D dataset can subse-
quently be reformatted in any other plane for fur-
ther 3D visualization and volume measurements 
[10, 11, 16]. However, GRE sequences are espe-
cially prone to susceptibility artifacts caused by 
metal abrasion which may hamper accurate carti-
lage evaluation in patients who have undergone 
arthroscopy.

14.2.1.3  Isotropic Imaging
Isotropic imaging requires 3D acquisitions of 
voxels with uniform length in any dimension. 
This isotropic dataset allows the sequence to be 
performed in one plane, for example, in the sagit-
tal plane; and subsequently, it can be reformatted 
in all other planes, even oblique planes, without 
any loss of resolution. Many isotropic 3D gradi-
ent echo sequences, such as dual echo steady 
state (DESS), true fast imaging with steady-state 
precession (True-FISP), fast low angle shot 
(FLASH), balanced fast field echo (Balanced 

Fig. 14.1 Conventional axial proton-density-weighted 
(PDW) high-resolution turbo-spin-echo (TSE) MRI of a 
30-year-old female patient at early follow-up of 3 months 
after matrix-associated chondrocyte transplantation. The 
arrows show inhomogeneous MR signal intensity of the 
repair tissue matrix. (Acquisition parame-
ters: TR: 2400 ms; TE: 28 ms; flip angle: 160°; in-plane 
resolution: 0.23 × 0.23 mm; matrix: 512 × 512; slice 
thickness: 2 mm; slices: 34; TA: 6:01 min)
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FFE), volumetric interpolated breath-hold exam-
ination (VIBE), and multiple echo data image 
combination (MEDIC), have been developed. A 
voxel size down to 0.5 cm for 1.5 T with a high 
gradient strength has great potential for cartilage 
imaging.

The 3D DESS sequence has proved to be valu-
able for first-stage cartilage assessment [25–27]. 
This sequence provides an intermediate cartilage 
signal intensity, high cartilage-to-fluid contrast, 
and is suitable for quantitative volumetric mea-
surements [28, 29]. The 3D-True-FISP sequence 
provides substantially higher signal-to- noise ratio 
(SNR) and contrast-to-noise ratio (CNR) than the 
3D-FLASH sequence [30]. This advantage in sig-
nal intensity allows for higher spatial resolution 
and, thus, potential improvement in the accuracy 
of the segmentation process, especially at the 
articular surface [30]. With high-field MRI, this 
advantage might also be used to perform isotropic 
MR measurements in a minimal amount of time 
(Fig. 14.2). With the use of a dedicated, eight-
channel knee coil, an isotropic (0.6 mm3), 
3D-True-FISP dataset can be assessed in approxi-
mately 3 min. The potential of 3D-True-FISP to 
diagnose cartilage defects and other knee soft tis-
sue aberrations (such as anterior cruciate liga-
ment (ACL) abnormalities and meniscal tears) 
can be expected to be higher than with a set of 
standard 2D sequences [31].

Another exciting 3D FSE sequence develop-
ment is the “3D sampling perfection with applica-

tion of optimized contrasts using different flip 
angle evolution” sequence (3D SPACE), which 
features isotropic voxels and consecutive refor-
matting in any plane without loss of resolution, 
and the advantages of the FSE approach (Fig. 14.3). 
Steady-state free precession (SSFP)-based tech-
niques have increased SNR and CNR efficiency at 
3 T MRI [32]. The True-FISP sequence, an SSFP-
based sequence, was studied in detail at 1.5 T and 
is clinically available for morphological evalua-
tion of cartilage [31, 33]. Compared to a 
3D-FLASH and a 3D-DESS sequence, the preop-
erative detection of cartilage defects is possible 
with similar sensitivity, specificity, and accuracy 
for the water-excitation True-FISP sequence; how-
ever, the SSFP-based sequences show the highest 
SNR and CNR efficiency.

14.2.2  Quantitative Morphological 
Magnetic Resonance Imaging

Quantitative morphological cartilage parameters 
(e.g., cartilage thickness) provide more specific 
information and are less observer-dependent 
when compared to a qualitative approach. Given 
sufficient refinement, they may act as markers for 
the prediction of disease onset, progression of 
cartilage degeneration, or monitoring of thera-
peutic interventions. Quantitative morphological 
parameters encompass, for example, the volume 
of cartilage, the total area of subchondral bone, 

Fig. 14.2 MR images of the lateral femoral condyle of a 
48-year-old male patient obtained with a 3D True FISP 
sequence 24 months after matrix-associated chondrocyte 
transplantation. Image acquisition was performed in the 

sagittal plane (a) and reconstructed in the coronal (b) as 
well as in the transversal (c) plane. (Acquisition parameters: 
TR: 8.9 ms; TE: 3.8 ms; in-plane-resolution: 0.4 × 0.4 
mm; slice thickness: 0.4 mm; slices: 320; TA: 6:46 min)
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and the denuded part thereof, ratios between the 
aforementioned measures, and many others [34]. 
Clinical utility of MR pulse sequences for accu-
rate and precise quantitative analysis of cartilage 
morphology in cross-sectional and longitudinal 
studies involving healthy subjects and OA 
patients has been reported [35]. Using quantita-
tive MRI technique, the investigators examined 
the 4-year trajectory of femoro-tibial cartilage 
thickness loss (measured annually, longitudinal 
data) in OA patients prior to knee replacement 
and compared the data with that of matched con-
trols by age, sex, and baseline radiographic stage. 
Accelerated cartilage loss, in particular the 
2 years prior to knee replacement in OA patients 
compared to control subjects, was reported [35]. 
Other authors have investigated the possibility of 
quantifying bone marrow lesion volume, as well 
as denuded bone area, and have shown an asso-
ciation with the Boston Leeds Osteoarthritis 
Knee Score (BLOKS) [36, 37]. In a phase III 
clinical trial, cartilage volume loss and bone mar-
row lesions were used to demonstrate a beneficial 
effect of strontium ranelate on structural altera-
tions in patients with symptomatic OA [38].

However, to achieve a qualified and validated 
imaging biomarker, many preconditions need to 
be fulfilled as follows:

First, the standardization in image acquisition 
must be ascertained. Different vendors of scan-
ners, MR pulse sequences, and patient-specific 
factors contribute to a large variance in data, 
making it difficult to evaluate small changes in 
quantitative parameters. As an example, one 
study found that in a healthy population with a 
mean knee cartilage thickness of 3.8 mm, a 
change of 1 mm already puts an individual two 
standard deviations away from the mean indicat-
ing the necessity of accurate procedures to avoid 
losing a relevant change in the abovementioned 
variance [39]. A prominent project that provides 
a large body of standardized longitudinal data is 
the Osteoarthritis Initiative [40].

Second, the region or volume of interest needs 
to be defined. Semiquantitative scores, such as the 
Whole-organ Magnetic Resonance Imaging Score 
(WORMS) [41], suggest that knee compartments 
and subregions are relevant features to be evalu-
ated. This is important, as different regions in the 
knee joint vary in morphological appearance [39], 
as well as exhibit different functional behavior 
[42] and dynamics in disease [43].

Third, the chosen volume of interest must be 
segmented. An accurate, automated approach 
would be preferable; however, the current con-
sensus is that, although time-consuming, expert 

Fig. 14.3 Sagittal (a) and coronal (b) MR images acquired 
with a 3D-SPACE of the femoral condyle of a patient 
were obtained 36 months after microfracture therapy.

Inhomogeneous cartilage repair tissue can be appreciated 
(arrows). (Acquisition parameters: TR: 1500 ms; TE: 34 ms; 
Resolution: 0.5 × 0.5 × 0.5 mm; slices: 192; TA: 7:53 min)

14 Magnetic Resonance Imaging of the Ultrastructural Composition of Articular Cartilage in Disease…



348

segmentation with the aid of segmentation assis-
tance is superior to the purely computational 
variant [44].

Finally, the further development of quantita-
tive MR imaging biomarkers can be described by 
three distinctive steps [45]. Analytical validation 
leads to the demonstration of the feasible, 
 accurate, and precise measurement of a bio-
marker. Qualification of a biomarker means the 
demonstration of an association with a clinical 
outcome. Utilization involves an evaluation of 
the practicability in clinical routine. This includes 
its efficient (i.e., automatic) extraction, integra-
tion into existent radiology information systems, 
usefulness in decision-making, and 
cost-effectiveness.

14.2.3  High-Resolution Magnetic 
Resonance Imaging

Several studies on articular cartilage have tried 
to optimize MR pulse sequences for the assess-
ment of articular cartilage by selecting imaging 
parameters that accentuate the CNR for 
 cartilage. However, these studies did not focus 
on optimizing the image resolution. Fat- 
suppressed, 3D GRE imaging provides a high 
CNR between cartilage and surrounding tissue, 
and 3D acquisition produces smaller voxels by 
decreasing the slice thickness. Still, in all 
sequences, a trade-off has to be made between 
signal-to-noise ratio, voxel size, and acquisi-
tion time. By accepting longer scan times, an 
in-plane resolution of 0.27– 0.31 mm could be 
achieved at 3 T [42]. However, the image reso-
lution of standard MR sequences reported in 
the literature is inadequate to reveal fraying of 
the articular cartilage surface or to discriminate 
the smooth surface of healthy cartilage from 
early superficial changes in degenerative carti-
lage [9, 11, 13, 14, 46, 47]. Thus, an increase in 
in-plane resolution is necessary to reliably 
depict changes in the integrity of the superficial 
zone of articular cartilage, which is critical in 
the assessment of early stage of cartilage degen-
eration in OA. In particular, the optimal defini-
tion of the morphology of cartilage repair 
following matrix-based autologous cartilage 

implantation (ACI) benefits from high-resolu-
tion MRI (Fig. 14.4). Indeed, the thin zonal lay-
ering of cartilage necessitates high- resolution 
MRI and, therefore, also the implementation of 
specialized technical equipment.

Previously, a 1.0 or 1.5 T MR scanner with a 
high-performance gradient system and a dedi-
cated extremity coil (quadrature/phased array 
coil) were the minimum requirements. Then, the 
availability of 3 T clinical MR systems for rou-
tine examinations enabled high signal-to- noise 
ratios and high-resolution imaging, which was 
subsequently surpassed by 7 T scanners [48]. In 
2003, the US Food and Drug Administration 
(FDA) approved field strengths lower than 8 T in 
adults as a “nonsignificant risk” [49], facilitating 
the use of 7 T scanners for certain routine clinical 
imaging indications, and thus, the next important 
step in achieving even higher resolutions in MRI 
(Fig. 14.5a, b). For the newest generation of 7 T 
scanners, an isotropic spatial resolution of 
0.2 mm is expected. Analogous to the advance-
ment from 1.5 T to 3 T, qualitative and quantita-
tive cartilage imaging will continue to be the 
most important aspect of 7 T MR in musculoskel-
etal imaging. This statement is supported by a 
recent study which compared the diagnostic con-
fidence of readers between 3 T and 7 T MRI of 
patellar cartilage and found a significant improve-
ment in diagnostic confidence for low- grade car-
tilage lesions at 7 T [50].

The MRI SNR can be partially improved by 
the use of dedicated extremity coils with the opti-
mal pulse sequence to increase resolution within 
a given imaging time [51]. In most cases, these 
coils act as receive coils that offer a high SNR, 
which allows the application of a small field of 
view (FOV) and a large matrix size, resulting in 
an increased in-plane resolution that can be 
achieved within a clinically acceptable scan time.

14.2.4  Magnetic Resonance 
Morphologic Imaging 
of Repair Tissue

Since the past two decades, there has been a sig-
nificant progress in the field of cartilage repair 
procedures. Innovative surgical techniques are 
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currently available to treat patients with symp-
tomatic, focal cartilage defect due to injury or 
disease. These surgical techniques include micro-
fracture, OC auto- or allografting, matrix-induced 

autologous chondrocyte implantation (MACI), 
juvenile cartilage cell implantation, and non-cell-
seeded biocompatible matrix implantation. To 
date, the choice of knee  cartilage treatment is 

Fig. 14.4 Conventional high-resolution sagittal 
T2-weighted dual FSE MRI of the patello-femoral joint of 
a 30-year-old female patient (same patient as in Fig. 14.1) 
in an early follow-up three months after matrix-associated 
chondrocyte transplantation. (Acquisition parameters: 
TR: 5120 ms; TE: 9.5 ms (image a) and 124 ms (image b); 

flip angle: 160°; matrix size: 448 × 448; FOV: 18cm; slice 
thickness: 3mm; slices: 32; TA: 6:35 min). The depicted 
hyperintense or inhomogeneous cartilage repair tissue, 
and even the questionable split-like lesions of the repair 
tissue surface (arrows, a) usually disappear after 
6–12 months (b)

Fig. 14.5 Comparison of 3 T (left) and 7 T (middle and 
right) coronal MR images of the knee of a healthy volun-
teer acquired with a fat-saturated (fs) 2D proton-density 
turbo-spin-echo (PD TSE) sequence. The magnified pic-
ture detail of the medial knee compartment allows for bet-

ter visualization of the image quality of the articular 
cartilage. The gain in SNR at 7T can be invested in faster 
acquisition (middle) or higher resolution at similar acqui-
sition time (right). (Image obtained with permission from 
the Ref. [51])
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guided by patient age, goal, and expectations, the 
association of other joint tissue injuries, history 
of prior treatment, and the cartilage defect dimen-
sion (extent, size, and depth) and location. 
Although not routinely performed, arthroscopic 
biopsy is still considered the gold standard to 
assess cartilage repair tissue quality in cartilage 
repair. However, due to the associated morbid-
ity of arthroscopy, MRI became the most widely 
used tool to assess the status of repair tissue. The 
radiologist must be aware of “normal” findings 
associated with these procedures, as well as 
“abnormal” findings, which may require short-
term follow-up or therapeutic intervention.

Repair tissue morphology on MRI strongly 
depends on the surgical technique. Hence, con-
cise clinical information from the referring phy-
sician is critical for a comprehensive and 
accurate radiological assessment. Generally, 
MR imaging of cartilage repair in the knee 
should be performed with dedicated extremity 
coils. While examinations during the clinical 
routine are usually performed on 1.5 T and 3 T 
systems, a considerable number of studies have 
already been carried out on 7 T systems. The 
higher SNR that is offered by high-field and 
ultrahigh-field MR is invested in faster acquisi-
tions or higher spatial resolution which is cru-
cial in cartilage imaging [50, 51]. Generally, an 
in-plane resolution of 0.3 mm or less is favored 
to enable an adequate and reliable display of the 
fraying of cartilage [19].

14.2.4.1  Marrow Stimulation
Post bone marrow stimulation surgical proce-
dure, the repair tissue undergoes a gradual matu-
ration process that is well reflected by MR 
morphology. Soon after microfracture surgery, 
the creation of tiny fractures in the underlying 
subchondral bone results in the development of 
a super-clot, which fills the defect region. This 
initial phase involving genesis of repair tissue 
appears hyperintense on T2W images compared 
to adjacent healthy cartilage. In this early phase, 
even differentiation from fluid can be challenging 
[52], which emphasizes the importance of addi-
tional clinical information for adequate radiolog-
ical assessment. As the pluripotent bone marrow 

cells infiltrate to the defect site and differentiate, 
the repair tissue consolidates. Usually, the clot 
takes about 8–15 weeks to be replaced by fibrous-
like tissue and about 4 months postsurgery to 
form fibrous or fibrocartilage repair tissue. 
Concomitantly, the MR signal intensity decreases 
continuously until it is similar to or even lower 
than that of healthy cartilage [53, 54]. The higher 
the fibrous component of the repair tissue, the 
lower the MR signal compared to the adjacent 
native articular cartilage. This maturation process 
should normally be completed after 1–2 years, 
with the repair tissue filling the former defect and 
developing an even surface. In the early postop-
erative phase, bone marrow edema is frequently 
observed but should gradually resolve over time. 
However, persistent bone marrow edema may be 
a sign of treatment failure [52, 53].

14.2.4.2  Osteochondral Autograft 
and Allograft Transfer

Osteochondral auto- and allograft transfers are 
valuable treatment alternatives to address carti-
lage injury [3]. In osteochondral autograft trans-
plant (OAT), OC plugs are harvested from 
low-weight-bearing areas of the knee and trans-
ferred into the cartilage lesion site. Naturally, the 
size of treatable defects (usually up to 2.5 cm2) is 
limited by the amount of available OC donor tis-
sue [55]. In comparison, allograft procedure 
involve obtaining OC plugs from donor knee 
with the advantage that it does not create addi-
tional OC lesions at the donor site of the patients 
knee. Therefore, allograft procedure can also be 
used to cover larger cartilage defects. Regarding 
the radiological follow-up, the main difference 
between the two techniques relates to an impera-
tive additional MR assessment of donor sites 
after osteochondral autograft.

MR Image analysis should include the evalua-
tion of the number and size of the OC graft, the 
contour of the bone and cartilage interface, as 
well as an assessment of the MR signal of the 
graft, the donor site, and the adjacent bone mar-
row. Furthermore, contrast enhancement patterns 
and soft tissue abnormalities in the joint, such as 
joint effusion and synovitis, should be investi-
gated. The OC grafts usually show solid, osseous 
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incorporation between 6 and 14 weeks. Initially, 
postsurgical subchondral bone marrow edema is 
often present but is expected to resolve as the graft 
incorporates into the subchondral bone. Normal 
fatty marrow MR signal is seen within and around 
the plugs when solid bony incorporation occurs. 
Poor integration of the graft with the adjacent 
native tissue may be suggested by cystic cavities 
shown as fluid-like high MR signal intensity on 
T2W images and persistent edema-like high MR 
signal within the subchondral bone marrow.

Several investigators have extensively 
described the postsurgical MR findings of the OC 
graft and the adjacent native tissue [56–58]. From 
these studies, the following normal findings and 
possible complications post OC graft can be 
derived: normal MR findings associated with OC 
autograft procedure include bone marrow edema 
in and around the grafts, which was noted in 
more than 50% of the subjects within the first 
12 months [56]. The bone marrow edema per-
sisted for up to 3 years in a small number of 
patients. Also of note was joint effusion and 
synovitis, which sometimes persisted for more 
than 2 years. Incongruities at the bone-bone 
interface were frequently found, while incongrui-
ties at the cartilage-cartilage interface were 
uncommon findings. These frequently observed 
substantial incongruities of the bone-bone inter-
face might seem pathological at first; however, 
they should not be considered a complication. It 
is rather an inherent side effect of the technique 
due to the fact that the plugs are harvested in 
areas where the cartilage thickness may differ 
from the implant site. Since the surgeon aims for 
a smooth articular surface, the bone-bone inter-
face may often be incongruent.

Complications of OC grafting may include 
graft loosening or migration, incongruency of the 
cartilage-cartilage interface and gaps between 
OC plugs and adjacent native cartilage. Although 
partial or complete necrosis of the grafts was 
noted, these represented relatively rare findings. 
In the study by Link et al. [56], OATS procedure 
in the knee was performed in 45 patients with one 
or more OATS cylinder implanted in each 
patient. Second-look arthroscopies and MRI 
findings consistent with osteonecroses were 

detected in six OATS cylinders. The osteone-
crotic graft cylinders did not lead to the collapse 
of the bone or pathological changes of the carti-
lage. Interestingly, only two of these cases were 
associated with clinical abnormalities. An expla-
nation might be that cartilage derives its nutrition 
almost exclusively from the synovial membrane, 
thus rendering its viability less interconnected 
with changes of this nature.

14.2.4.3  Cell-Based Repair 
Techniques

Similar to bone marrow stimulation techniques, 
the repair tissue matures over time after ACI, and 
matrix-associated chondrocyte transplantation 
(MACT) procedures. The maturation of repair 
tissue is documented by a decrease in MR signal 
intensity on T2W images. Initially the repair tis-
sue appears hyperintense, but, over time, it devel-
ops a comparable MR signal intensity to that of 
healthy cartilage reference [52, 59, 60]. In the 
early postoperative phase, subchondral bone 
marrow edema is a normal finding, which should, 
however, gradually resolve during follow-up. 
Persistent bone marrow edema after 1 year might 
be indicative of (pending) treatment failure [52]. 
Similarly, incomplete integration on the border 
zones, as seen by thin fissure-like hyperintensi-
ties, is commonly observed at early stages but 
should also eventually resolve. What should be 
considered to be a defective fill in the early post-
operative stage depends on the applied method. 
While slight underfill can be anticipated for 
MACT, complete fill or even overfill is com-
monly observed after ACI. However, both tech-
niques should foster complete fill within 
1–2 years. Subsequent graft hypertrophy is par-
ticularly associated with the use of periosteal 
flaps and might necessitate surgical debridement 
in symptomatic cases. Delamination is also more 
commonly observed with a periosteal cover than 
with synthetic collagen [61]. Graft delamination 
is best appreciated on T2W images and is charac-
terized by a linear hyperintense signal that 
extends between repair tissue and underlying 
subchondral bone [52]. In most cases, the sub-
chondral lamina should remain intact after ACI 
and MACT surgery.
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14.2.5  Semiquantitative Scoring 
Systems of Cartilage Repair 
Based on Morphological 
Magnetic Resonance Imaging

Semiquantitative scoring systems play an impor-
tant role in the postoperative evaluation of carti-
lage repair, as they allow for a standardized, 
reproducible, and objective assessment of defined 
parameters. This provides a mean to compare the 
outcome between different cartilage repair proce-
dures and also compare results obtained from dif-
ferent studies. In particular, the Magnetic 
Resonance Observation of Cartilage Repair 
Tissue (MOCART) scoring system, in its original 
2D design and in the updated 3D version, has 
been widely applied in research since its intro-
duction in 2004 (refer to Chap. 13 and Appendix 
C). To facilitate the best repair tissue outcome for 
comparison between studies, the MOCART 
scores should be obtained at set time intervals. 
However, particularly in the early postoperative 
phase, these intervals may depend on the applied 
cartilage repair surgical technique. Despite their 
extensive use in research, the MOCART scoring 
system has not yet been fully integrated into the 
daily clinical routine. Since it is reasonable to 
hypothesize that this way of standardized report-
ing might also improve patient care in the daily 
routine, the integration of MOCART scoring sys-
tem is highly encouraged.

14.2.5.1  Magnetic Resonance 
Observation of Cartilage 
Repair Tissue

The original MOCART [62] assessed and scored 
[59] nine different variables: filling of the defect, 
integration with adjacent cartilage and bone, sur-
face of the repair tissue, structure of the repair 
tissue, signal characteristics of the repair tissue, 
subchondral lamina at the repair site, subchon-
dral bone at the repair site, the presence of adhe-
sions, and synovitis. These variables were 
evaluated on the basis of several 2D sequences 
acquired with a circular polarized knee coil and a 
high-resolution sagittal dual FSE sequence 
acquired with a surface coil [62]. In the MOCART, 
zero to a hundred points may be reached, with 

zero representing the worst and one hundred the 
best radiological outcome possible [59]. The 
MOCART can be employed for the assessment of 
any type of cartilage repair technique and its ver-
satility is evidenced by its extensive use in 
research in both cross-sectional and longitudinal 
studies [63].

14.2.5.2  Three-Dimensional Magnetic 
Resonance Observation 
of Cartilage Repair Tissue

Subsequently, high-resolution, isotropic 3D 
sequences were developed, which enabled iso-
tropic image acquisitions with a voxel size down 
to 0.4 mm. Using multi-planar reconstruction, 
these data sets can be reconstructed in every 
plane without a loss of resolution. Welsch et al. 
used this new possibility to establish and intro-
duce the 3D-MOCART, a variation of the origi-
nal MOCART which is based on the acquisition 
of a single, isotropic 3D sequence [64]. For that 
purpose, the authors chose the 3D True-FISP, a 
gradient echo-based sequence. Taking advantage 
of the smaller slice thickness and the possibility 
of reformatting any desired image plane, the 
authors extended the score to a total of 11 vari-
ables. The 3D MOCART also assesses the three- 
dimensional position of the repair tissue and its 
borders with healthy cartilage reference in every 
plane. Furthermore, the authors introduced the 
possibility to denote the relative 3D position of 
some features. The nine variables that were 
assessed in the original 2D-MOCART showed 
good correlation with the 3D-MOCART [64]; 
however, there was a larger number of artifacts 
in the 3D-True-FISP compared to the 2D 
sequences. Subsequently, a different 3D 
sequence, the turbo spin echo-based 3D-SPACE, 
was evaluated for its usability in assessing the 
3D-MOCART [65]. In this study, the 3D-SPACE 
sequence was compared to the 3D True-FISP, as 
well as the 2D sequences. The authors concluded 
that, although different 3D sequences may be 
used to determine the 3D-MOCART score, the 
3D-SPACE yielded the best results. However, 
despite the creation of the 3D MOCART, the tra-
ditional MOCART based on 2D sequences is 
still widely used.
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14.2.5.3  Cartilage Repair 
Osteoarthritis Knee Score

The MOCART scoring system allows for objec-
tive and reproducible assessment of repair tissue 
and its surrounding structures. However, it does 
not take into account the condition of other struc-
tures of the knee such as meniscus, ligament, ten-
don, etc. The condition of these structures might 
have a profound impact on the clinical presenta-
tion and outcome. In addition, their assessment is 
a prerequisite for an investigation of whether it is 
possible to delay or prevent OA development after 
cartilage injury. The Cartilage Repair OA Knee 
Score (CROAKS) [66] combines the features 
assessed in the MOCART with features from the 
Magnetic Resonance Imaging Osteoarthritis Knee 
Score (MOAKS) [67], with the goal of assessing 
not only the repair site but also the joint in its 
entirety, to foster a more holistic view. The 
CROAKS can be used for the assessment of all 
different types of repair procedures.

14.2.6  Summary of Magnetic 
Resonance Morphological 
Imaging of Cartilage Repair

Fast spin echo and GRE sequences are the cor-
nerstone of knee MRI. For quantitative imaging, 
isotropic 3D-GRE sequences, such as 3D-FLASH 
or 3D-DESS, are utilized. Whereas morphologi-
cal MRI for cartilage evaluation has focused on 
qualitative features thus far, a quantitative 
approach may yield even more information. For 
this purpose, standardization is important both 
during the acquisition of images (i.e., scanners, 
sequences, and patient-specific factors) and dur-
ing the further processing of images (i.e., volume 
of interest identification, segmentation, and defi-
nition, extraction, and qualification of 
parameters).

For cartilage repair, high-resolution MRI pro-
vides an accurate, noninvasive evaluation of the 
repair site and provides the basis for the use of 
scoring systems, such as the MOCART score, 
which enables an evaluation of the development 
of the cartilage repair site over time and facili-
tates interindividual comparison. Particularly in 

patients after matrix-associated autologous chon-
drocyte transplantation, dynamic processes with 
biological cartilage repair can be observed over 
time. Thus, post cartilage repair surgical proce-
dure, two follow-up MR examinations in the 
patient without clinical symptoms seem to be 
appropriate, the initial MR assessment after the 
first year and subsequently after the second year. 
Whenever clinical symptoms develop or a new 
trauma occurs, follow-up MR examination 
should be performed immediately.

14.3  Biochemical Magnetic 
Resonance Assessment 
of Cartilage Repair Tissue

To visualize the constitution of articular cartilage 
and cartilage repair tissue, a variety of different 
methodologies are available. These methodolo-
gies should depict either one or a combination of 
the different components of healthy hyaline artic-
ular cartilage. Chapter 1 describes in depth the 
structure, morphology, and composition of artic-
ular cartilage at the macro- and microlevel.

Articular cartilage is a complex, dense, spe-
cialized connective tissue that relies on the diffu-
sion of solutes for its nutrition [68]. Responsible 
for the biomechanical properties of articular car-
tilage is the extracellular matrix, mainly com-
posed of water (~75%), collagen (~20%), and 
proteoglycan aggregates (~5%) [68, 69]. Water 
either freely moves throughout the matrix or is 
bound to macromolecules. Collagen is largely 
represented by type II, which creates a stable net-
work throughout the cartilage. Proteoglycans are 
composed of a central core protein with glycos-
aminoglycan (GAG) side chains which carry up 
to two anionic groups on its disaccharide units, 
which contribute to a negative charge of the car-
tilage matrix. As these ionic groups are fixed to 
the extracellular matrix components, they are 
referred to as fixed charge, and their distribution 
within the tissue is described as fixed charge den-
sity (FCD) [70–72]. This negative FCD attracts 
positive ions and water molecules, which strongly 
contribute to the unique mechanical properties of 
articular cartilage. Articular cartilage  architecture 
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is stratified primarily according to the orientation 
of collagen within a three-dimensional network 
[69, 73]. The superficial/tangential zone is char-
acterized by flattened chondrocytes, relatively 
low quantities of proteoglycans, and high quanti-
ties of collagen fibrils arranged parallel to the 
articular surface. The middle/transitional zone 
has round chondrocytes, a high level of proteo-
glycans, and a random arrangement of collagen 
fibers. The deep/radial zone is characterized by 
low cell density, thick collagen fibrils that are 
perpendicular to the bone, and columns of chon-
drocytes. After the “tidemark,” the underlying 
calcified cartilage layer is partly mineralized and 
acts as the transition zone between cartilage and 
the subchondral bone.

The structure and the components of healthy 
hyaline cartilage form the basis for the different 
biochemical MR methodologies and their use in 
the evaluation of articular cartilage in disease and 
repair. Many of these approaches have already 
been successfully applied for the assessment of 
cartilage repair. Depending on the different carti-
lage repair techniques, the cartilage repair tissue 
in histological studies has appeared to be hyaline- 
like cartilage, mixed hyaline-like and fibrocarti-
lage, fibrocartilage or fibrous. Nevertheless, these 
histological studies show different results for 
these different cartilage repair procedures 
[74–81].

Since changes in GAG content generally take 
place before changes in collagen architecture 
occur, depiction of the ultrastructure of the repair 
tissue, using biochemical MRI, may be important 
not only to detect different stages of cartilage 
degeneration (GAG decrease) but also to detect 
different stages of cartilage repair (GAG 
increase). Negatively charged proteoglycans, 
composed of a central core protein with bound 
GAG chains, have been visualized by delayed 
gadolinium-enhanced MRI of cartilage (dGEM-
RIC) [82], sodium MR imaging [83, 84], and 
more recently, chemical exchange- dependent 
saturation transfer (CEST) [85, 86]. To date, only 
dGEMRIC was introduced into clinics for carti-
lage repair imaging; however, recently linear 
gadolinium contrast agents have been withdrawn 
from the market due to the deposition of gado-

linium in the brain [87]. As such, based on the 
decision of the European Medical Agency, the 
clinical use of dGEMRIC is now severely 
restricted.

Although, also reflective of water content, the 
classic biochemical MR method that focuses on 
the collagen content and architecture of articular 
cartilage is transverse relaxation time (T2) map-
ping [86, 88, 89]. In addition to the T2 of articu-
lar cartilage, recently, T2* relaxation was shown 
to reflect collagen architecture and could be a 
promising tool for faster detection of tissue 
degeneration and repair tissue assessment within 
shorter acquisition times and higher resolutions 
[89–95]. Furthermore, magnetization transfer 
contrast (MTC) might also play a more important 
role in future cartilage imaging approaches. 
Another MR technique reported to reflect a com-
bination of cartilage macromolecules, namely the 
proteoglycan [96] plus collagen content of articu-
lar cartilage [97], might be T1ρ relaxometry.

14.3.1  T2 Relaxation Time Mapping

The T2 of articular cartilage is a sensitive param-
eter for the evaluation of changes in water and 
collagen content, as well as tissue anisotropy 
[88]. Cartilage T2 reflects the interaction of water 
and the extracellular matrix on a molecular level, 
with the collagen fiber orientation defining the 
layers of articular cartilage. The 3D organization 
and the “gothic” arch-like curvature of the colla-
gen network, influenced by water mobility, the 
proteoglycan orientation, and the resulting magic 
angle at 55° (with respect to the static magnetic 
field), influence the appearance of T2 [73, 98]. In 
healthy articular cartilage, an increase in T2 val-
ues from deep to superficial cartilage layers can 
be observed, based on the anisotropy of collagen 
fibers running perpendicular to cortical bone in 
the deep layer of cartilage [99]. Latter orientation 
reduces the mobility of water protons with con-
secutive lower T2 relaxation times. Histologically 
validated animal studies have shown this zonal 
increase in T2 values to be a marker of hyaline or 
hyaline-like cartilage structure after cartilage 
repair procedures in the knee [100, 101]. To visu-
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alize this zonal variation in vivo, high spatial 
resolution is essential, which can already be 
achieved at high-field MR, together with dedi-
cated multichannel coils in clinical approaches 
[102] (Fig. 14.6). In addition, as shown in a com-
parison of T2 mapping at 3 T and 7 T, the SNR 
also benefits from the increased field strength 
[103]. As a result, with the appropriate techno-
logical setup, even in joints with thin cartilage 
layers such as the ankle, a zonal evaluation of 
cartilage is possible [102], and also the differ-
ences in cartilage T2 values of distinct anatomi-
cal regions, such as between the ankle and knee, 
can be quantified [104].

Recently, it has been observed that T2 map-
ping may provide valuable information about the 
development and progression of OA  
[105–108]. In a study with data from the OA 
Initiative, the authors found increased T2 values 
in knees, which progressed from a Kellgren-
Lawrence (KL) score of 0 to a KL of 2 within 
4 years compared to controls without progression 
[109]. Another study found a positive correlation 
between the ICRS grade of cartilage and 

increased T2 values next to the defect [110]. 
Further applications of T2 mapping may include 
the monitoring of cartilage alterations in the 
course of ACL injury and reconstruction, as 
higher T2 values prior to ACL reconstruction 
correlate positively with the clinical outcome 
1-year postsurgery, according to the Knee Injury 
and OA Outcome Score [111]. In 2016, an initial 
randomized controlled trial used T2 values to 
evaluate the effects of a physical exercise inter-
vention in early OA [112]; there was a decrease 
of T2 values after 4 months of aquatic training in 
postmenopausal women with early OA. This 
promising research must be further analyzed to 
determine the specific role of T2 as an absolute 
quantification parameter.

In cartilage repair tissue, global (bulk) T2 val-
ues, as well as line profiles, have shown an 
increase in the early postoperative follow-up, 
which might enable visualization of cartilage 
repair maturation [113]. Furthermore, another 
study has shown the ability of zonal T2 evalua-
tion to differentiate cartilage repair tissue after 
microfracture (MFX) and MACT [27]. Whereas 
cartilage repair tissue after MFX, histologically 
seen as fibrocartilage, has shown no zonal T2 
value increase from deep to superficial cartilage 
aspects in the mentioned study, repair tissue after 
MACT, histologically reported as hyaline-like, 
has shown a significant cartilage stratification.

The advance of ultrahigh magnetic field 
strengths enables the application of higher spatial 
resolution and, thus, an improvement in T2 map-
ping through better visualization of zonal varia-
tions in cartilage [103]. However, higher field 
strengths introduce disadvantages, such as a 
higher specific absorption rate (SAR) and B1 
inhomogeneity. This affects common sequences 
for the derivation of T2 maps (e.g., Carr-Purcell- 
Meiboom-Gill or CPMG) and renders their appli-
cation challenging. An alternative is to 
compensate for these issues by using single-echo 
spin echo (SE) sequences but with the disadvan-
tage of an increase in acquisition time [114]. A 
possible solution is provided by the triple-echo 
steady-state (TESS) sequence [115] (Fig. 14.7). 
This new SSFP sequence acquires three echoes in 
one repetition time (TR) and has an inherent sta-

Fig. 14.6 Sagittal multi-echo spin-echo MR image with 
a color-coded T2 map overlay of the lateral femoral con-
dyle of a 32-year-old male, 6 months after matrix- 
associated chondrocyte transplantation. Higher T2 values 
within the repair tissue (arrows) can be appreciated, when 
compared to the surrounding native articular cartilage. 
(Acquisition parameters: TR: 1650 ms; TE: 12.9, 25.8, 
38.7, 51.6, 65.5, 77.4; flip angle 180°; matrix size: 384 × 
384; FOV: 16 cm; slice thickness: 3 mm; slices: 6; TA: 
5:37 min) 
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bility against B1 inhomogeneity. In addition, due 
to low flip angles, TESS makes it easier to adhere 
to the SAR limit, thus further increasing the syn-
ergistic value of TESS and ultrahigh-field 
strengths. In total, the image acquisition can be 
accelerated by a factor of 4 to 5 compared to con-
ventional multi- echo, multi-slice spin echo 
sequences (CPMG) used for T2 mapping [116, 
117].

14.3.2  T2*(Star) Relaxation Time 
Mapping

Compared to T2 values, T2* additionally reflects 
very short transverse de-phasing effects caused 
by local field heterogeneities due to static mag-
netic field inhomogeneities, applied gradients, 
chemical shift, and magnetic susceptibility – at 
the macroscopic level, at the cartilage bone inter-
face, or at the microscopic level within the carti-
lage ultrastructure [90, 118, 119]. Since SE 
sequences eliminate these de-phasing effects by 
applying refocusing pulses, T2* acquisition is 
exclusive to GRE sequences because refocusing 
is performed by magnetic gradients instead [118, 
119]. Moreover, T2* relaxation is less influenced 
by stimulated echoes and magnetization transfer 
[120].

T2* maps are created similar to T2 maps: for 
each slice, several images are acquired with 
multi-echo sequence protocols at set echo times 
and are used to fit the signal levels to the corre-
sponding echo time (TE) by applying a mono- or 
bi-exponential decay equation [121]. No special 
hardware components are needed for T2* map-
ping and further featured benefits are a biochemi-
cal approach with high-resolution 3D acquisition 
within short scan times [122]. Because the deep 
and calcified zone of articular cartilage consists 
of highly organized, dense collagen fibrils, 
sequences that are able to acquire short TEs pro-
vide more information and are more sensitive to 
pathological changes at this specific location [93, 
118, 122]. With ultrashort TE (UTE) T2* map-
ping, acquisition of echo times on the order of 
0.3 ms is possible. This allows the evaluation of 
higher organized tissues more sensitively, espe-
cially by omitting longer TEs that are related to 
cartilage bulk water content, underlining the 
potential ability and robustness of this method to 
improve the assessment of articular degeneration 
[91, 118, 123].

Due to its sensitivity to changes in collagen 
architecture, T2* mapping was investigated as 
another possible modality for cartilage repair tis-
sue evaluation. Studies have demonstrated and 
histologically validated a decrease in T2* relax-

Fig. 14.7 Proton density-weighted 7 T MRI of the medial 
compartment femoro-tibial articular cartilage of a 
26-year-old healthy male volunteer. Three cartilage layers 
can be seen from the bone-cartilage interface to the carti-
lage surface. The hypointense lines perpendicular to the 
bone seem to resemble the effects of the underlying col-
lagenous architecture (a). T2-map calculated from a 3D 
triple-echo steady state (3D–TESS) sequence at 7 T 

(acquisition time = 1:48 min) from the same subject, 
where hyperintense voxels highlight the distribution of T2 
values throughout the cartilage. Again, three layers can be 
differentiated (b). The same T2-map with different color-
ing scheme to better visualize the T2 value distribution 
within articular cartilage revealed brighter voxels having 
a higher T2 value (c)
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ation time measurements with increasing grades 
of cartilage degeneration and its sensitivity to 
mild and severe degradation [91, 94, 124]. In a 
retrospective study, the initial in vivo 
 measurements in patients who previously under-
went MACT were also successful at 2.5 years 
postsurgery in depicting similar global T2 and 
T2* values in the superficial and deep layer of 
healthy, native cartilage as well as repair tissue. 
Furthermore, a zonal stratification of signal 
intensity values, with values increasing from the 
depth to the surface, was shown for healthy carti-
lage, but not within the MACT repair tissue [90]. 
A prospective follow-up with examinations at 3, 
6, 12, 24, 36/42, and 60 months post-MACT 
demonstrated comparable T2 values between 
repair tissue and healthy cartilage but lower T2* 
in repair tissue. The zonal differences in T2* val-
ues were also more pronounced compared to T2 
(Fig. 14.8) [125]. Another study that evaluated 
MFX at 1.9 years after surgery found higher and 
positively correlated T2 and T2* values in healthy 
cartilage compared to repair tissue. Spatial varia-
tion from deep to more superficial layers was 
again demonstrated within healthy cartilage but 
not in MFX repair tissue [93].

Although these results suggest promising 
future applications for a faster isotropic, bio-

chemical imaging modality, more studies need to 
be performed to create normative data and estab-
lish standardized acquisition protocols.

14.3.3  T1rho Magnetic Resonance 
Imaging

Relaxation time in the rotating frame (T1rho also 
called T1ρ) is a time constant with elements of 
both T1 and T2 weighting, and it characterizes 
magnetic relaxation of spins under the influence 
of a radiofrequency field that is parallel to the 
magnetization. The resulting contrast is sensitive 
to the low-frequency interactions between water 
molecules and their local macromolecular envi-
ronment, such as collagen and GAGs. The 
amount of their respective macromolecular con-
tribution, however, is still under discussion. 
Regatte et al. observed changes in T1ρ in carti-
lage plugs that were chemically or enzymatically 
depleted of GAG, but not in collagenase- treated 
tissue [126], suggesting a sensitivity to GAG 
content. However, Menezes et al. found no cor-
relation between the cartilage T1ρ and GAG con-
centration [127]. In addition, it has been reported 
that the dominant T1ρ and T2 relaxation mecha-
nism at B0 (=static magnetic field) < 3 T is a dipo-

Fig. 14.8 MRI of the medial femoral condyle of a patient 
obtained at 60 months after matrix-associated chondro-
cyte transplantation. MR images were obtained using 
morphological proton density Turbo Spin Echo (PD-TSE) 
sequence (a), matched quantitative T2 map (b), and T2* 
(c) maps. Arrows mark the area of cartilage repair. The 
rectangular regions of interest (ROIs), considering a pos-
sible zonal variation, provided information on the mean 
(full-thickness) as well as the deep and superficial aspects 

of control native cartilage (left) and cartilage repair tissue 
(right, arrows). Zonal stratification is visible for both T2 
and T2* images in most parts of the cartilage. A possible 
“magic angle” effect occurs within the posterior aspect of 
the femoral condyle. Lower T2* values and similar T2 
values within the cartilage repair tissue are apparent, com-
pared with the adjacent cartilage (These images are repro-
duced with permission from: Welsch et al. [125])
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lar interaction due to slow anisotropic motion of 
the water molecules in the collagen matrix [97]. 
This fits the observation that, similar to T2 mea-
surements, T1ρ is also influenced by collagen 
orientation, as evidenced by the presence of the 
magic angle effect. These findings were rein-
forced by a study that compared T1ρ and dGEM-
RIC with histology and concluded that T1ρ is not 
suitable to accurately measure GAG content 
in vivo in OA patients [128]. However, even 
though T1ρ does not seem to reflect a specific 
macromolecular component of the extracellular 
matrix exclusively, it has been demonstrated to 
be a predictive marker for the development of 
morphologic lesions in articular cartilage [129]. 
T1ρ has also been used in addition to T2 relax-
ation time measurements to monitor repair tissue 
maturation after MFX and mosaicplasty by 
Holtzman et al. [130]. The authors concluded 
that T1ρ and T2 relaxation time measurements 
are complementary methods. A study investigat-
ing patients after MFX [131] noted a significant 
difference in both T1ρ and T2 between repair tis-
sue and healthy reference cartilage after 
3–6 months. At the 1-year follow-up, only T1ρ 
still demonstrated a significant difference. Based 
on these results, the authors concluded that T1ρ 
is also suited for the noninvasive evaluation of 
cartilage repair tissue.

14.3.4  Magnetization Transfer 
Contrast

The use of MTC imaging for articular cartilage 
was first described by Wolff et al. [132]. MT 
effects are based on the interaction of two differ-
ent water pools, a free (unbound) bulk water 
pool, which is visible by MRI, and a bound water 
pool, with water molecules bound to macromol-
ecules. The mobility of these bound water mole-
cules is decreased to such an extent that, with 
standard MRI, protons of these water molecules 
do not provide a measureable MR signal. In cer-
tain tissues of the human body, such as the liver, 
thyroid, muscle, and cartilage, however, there is 
an interaction between the two pools: either 
chemical exchange or exchange of magnetization 

due to a dipolar interaction (so-called cross-
relaxation). After saturation of bound water pro-
tons by off-resonance pulses, the magnetization 
of the free water pool is also affected, resulting in 
a reduction of the observable magnetization, 
which is reflected on MR image as reduced signal 
intensity. Thus, MT is tissue-specific and may 
provide a quantitative method for tissue charac-
terization of basic macromolecular dynamics and 
chemistry [132–137]. Nevertheless, to date, MT 
has rarely been used for the quantitative in vivo 
evaluation of articular cartilage. However, one 
study demonstrated initial, and promising, results 
for cartilage repair [138]. Using a magnetization 
transfer-sensitized, SSFP MRI sequence intro-
duced by Scheffler and Bieri [139], MTC was 
compared to T2 mapping for the assessment of 
global mean values, as well as for zonal varia-
tions of healthy, native articular cartilage and 
repair tissue after MACT and MFX [140]. 
Significant differences in global mean MT ratio 
(MTR) values were observed between sites of 
healthy cartilage and that of cartilage repair. The 
decrease in MTR was more pronounced in post-
MFX repair tissue compared to post-MACT 
repair tissue. However, in contrast to T2 relax-
ation, MTC showed lower values for both MFX 
and MACT, whereas T2 showed lower values 
only for MFX, when the repair tissue was com-
pared to surrounding healthy, native cartilage. 
Hence, both biochemical methods do not mea-
sure exactly the same properties of native carti-
lage and repair tissue. Considering the results of 
in vitro studies [141, 142], it seems that collagen 
concentration and collagen orientation may pos-
sibly play the most important role for both MTC 
and T2 relaxation. The latter, nevertheless, might 
also be influenced by hydration, to which MTC 
might be less sensitive.

When using these (and other) biochemical 
MR techniques in cartilage repair, one of the 
most important things is to either (i) use an area 
of healthy cartilage as an internal reference or (ii) 
perform longitudinal studies and compare the 
same subject at the same time of day. Furthermore, 
histologically validated studies might help to fur-
ther clarify the impact of biochemical MR tech-
niques in the visualization of cartilage 
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ultrastructure and specific macromolecular com-
ponents of articular cartilage.

14.3.5  Glycosaminoglycan Chemical 
Exchange Saturation Transfer

Glycosaminoglycan chemical exchange satura-
tion transfer (gagCEST) is another promising 
technique for the noninvasive evaluation of gly-
cosaminoglycan (GAG) content in articular carti-
lage in vivo [85]. GagCEST imaging exploits the 
fact that, in articular cartilage, labile protons 
from the OH groups of GAGs are in constant 
exchange with the protons of water molecules. 
Similar to MTC experiment, these labile protons 
on GAGs can be saturated using radiofrequency- 
selective saturation pulses. When these protons 
are then subsequently transferred to the bulk 
water pool by chemical exchange, they reduce 
the bulk water signal, which can, in turn, be mea-
sured. By applying this saturation over a longer 
period, saturated protons accumulate in the water 
pool, thus providing a significant contrast 
enhancement [143]. Due to the intricacy of the 
method, however, the quality of gagCEST maps 
is prone to error by a variety of factors, such as 
B0 and B1 inhomogeneities, motion artifacts, 
varying labeling efficiency, as well as insuffi-

ciently accurate definition of the z-spectra. In 
2011, Schmitt et al. [144] investigated patients 
after MFX and MACT using gagCEST, at a mean 
follow-up time of 21 months, and compared the 
results to those reported with sodium imaging at 
7 Tesla (Fig. 14.9) [144]. These investigators 
found lower asymmetric magnetization transfer 
ratio (MTRasym) values in repair tissue than in 
healthy reference cartilage and observed a strong 
correlation between gagCEST and sodium imag-
ing, indicative of the specificity of gagCEST for 
GAGs. GagCEST was also used to assess the out-
come of autologous OC transplantation in nine 
patients after a mean follow-up of 7.9 years, 
along with sodium imaging at 7 T and T2-mapping 
at 3 T [145]. The clinical patient outcome was 
good, as demonstrated by a median, modified 
Lysholm score of 90. The strongest correlation 
was observed between gagCEST and sodium 
imaging (ρ = 0.952 with a 95% confidence inter-
val of [0.753; 0.992]). However, only T2-mapping 
showed a correlation with the modified Lysholm 
score.

Due to rather long measurement times, patient 
motion is an important issue that should be 
addressed both mechanically, via good fixation 
and via post-processing, with registration tools 
[146]. Currently, the best results are obtained on 
ultrahigh-field systems [147] because of the 

Fig. 14.9 A 30-year-old patient after microfracturing in 
the medial femoral condyle was examined using high- 
resolution (a) morphological, (b) gagCEST, and (c) 23Na 
MR imaging. Color bars on (b) and (c) represent MTR 
asym values summed over offsets from 0 to 1.3 ppm 

(gagCEST) and sodium SNRs, respectively. Both tech-
niques show decreased signal intensity in repair tissue 
compared with surrounding native tissue (With permis-
sion from Ref. [144])
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higher signal-to-noise ratio and spectral resolu-
tion compared to routine 3 T systems [148]. 
Conversely, B0 (static magnetic field) and B1 
(radiofrequency field strength) inhomogeneities, 
as well as SAR limitations, are more pronounced 
at ultrahigh fields. In particular, accurate B0 cor-
rection has been shown to be crucial for accurate 
gagCEST measurements [147]. For that purpose, 
water saturation shift referencing (WASSR) 
[149] was introduced and was shown to further 
improve the quality of gagCEST maps [150]. 
Despite these challenges, gagCEST has valuable 
advantages. Unlike dGEMRIC, the gagCEST 
imaging does not require the administration of a 
contrast agent but rather employs the endogenous 
contrast provided by chemical exchange. In addi-
tion, gagCEST does not rely on special multinu-
clear hardware as does sodium imaging. 
Furthermore, gagCEST combines GAG specific-
ity with favorable spatial resolution. However, 
additional refinement will be necessary to make 
this technique applicable for routine clinical 
assessment.

14.3.6  Delayed Gadolinium- 
Enhanced Magnetic 
Resonance Imaging

Glycosaminoglycans are important for the bio-
chemical and biomechanical behavior of carti-
lage tissue. GAGs are the main source of fixed 
charge density in cartilage and are often decreased 
in the early stages of cartilage degeneration [151] 
or in cartilage repair tissue [152]. Intravenously 
administered gadolinium diethylenetriamine 
pentaacetate anion (Gd-DTPA2−) penetrates the 
cartilage through both the articular surface and 
the subchondral bone. The contrast equilibrates 
in inverse relation to the FCD, which is, in turn, 
directly related to the GAG concentration. 
Therefore, T1, which correlates inversely with 
the Gd-DTPA2− concentration, becomes a spe-
cific measure of tissue GAG concentration, sug-
gesting that Gd-DTPA2-enhanced MRI has the 
potential to monitor the GAG content of cartilage 
in vivo [153]. Thus, T1 mapping, enhanced by 
delayed administration of Gd-DTPA2− (T1 

dGEMRIC), was considered the most widely 
used methodology to detect proteoglycan deple-
tion in articular cartilage (especially in the knee) 
and has shown promising results [154, 155]. 
However, there are several drawbacks that ham-
per the clinical applicability of dGEMRIC due to 
a costly protocol in terms of time. Further, there 
are risks in the form of nephrogenic systemic 
fibrosis, as well as the not-yet-completely-under-
stood retention of gadolinium deposits in tissue 
[156]. Considering the necessary double dose of 
Gd-DTPA2− for dGEMRIC [82], special caution 
is warranted.

As differences in pre-contrast values between 
repair tissue and normal hyaline cartilage are 
larger compared to early cartilage degeneration, 
the pre-contrast T1 values must be calculated in 
cartilage repair tissue as well [152]. The concen-
tration of GAG is represented by delta ΔR1, i.e., 
the difference in relaxation rate (R1 = 1/T1) 
between T1precontrast and T1postcontrast. Thus, the 
sequence must be performed twice, for pre- 
contrast and delayed post-contrast T1 mapping. 
This increases the total scan time and requires a 
break between the two MR scans, in which the 
contrast agent must be administered. A delay of 
at least 90 min after injection is then required for 
penetration of the contrast agent into the carti-
lage. Scan time reduction, compared to the stan-
dard inversion recovery (IR) evaluation, has 
been achieved with a different approach using 
fast T1 mapping [157]. Although the 90-min 
delay is still required, this might increase the 
clinical applicability of the dGEMRIC 
technique.

Using dGEMRIC, one study was able to dif-
ferentiate between different postsurgical tech-
nique repair tissues with higher delta ΔR1 values, 
and thus, lower GAG content, in cartilage repair 
tissue after MFX, compared to MACT [158]. 
Furthermore, dGEMRIC may help to determine 
alterations associated with the development of 
OA, both in hip dysplasia and femoroacetabular 
impingement [159, 160], as well as in the longi-
tudinal evaluation of knee cartilage [161, 162]. 
The applicability of this technique has also been 
shown in regions other than the knee and hip joint 
[163–165].
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14.3.7  Sodium Magnetic Resonance 
Imaging

In articular cartilage, positive sodium ions are the 
naturally distributed counterions to the negative 
fixed charged density, which is mainly caused by 
negatively charged side chains of GAGs. This 
direct proportionality allows indirect estimation 
of the concentrations and distributions of GAGs 
in articular cartilage through the assessment of 
relative sodium concentrations [166–169]. 
Although sodium (23Na) is the second best detect-
able nucleus in living systems, sodium imaging is 
challenging due to short T2 relaxation times and 
the significantly lower concentration of sodium 
as compared to water protons in articular carti-
lage. These properties result in low intrinsic 
SNR, which makes sodium MRI a technically 
challenging, especially in a clinical environment 
with limited scan times [170–174]. These chal-
lenges were addressed with the development and 
introduction of dedicated coils and new sequences 
that made sodium measurements more feasible, 
even in a clinical setting [174]. Moreover, it was 
reported that sodium imaging is comparable to 
T2 mapping with regard to repeatability and, in 
addition, might provide sufficient sensitivity for 
the in vivo evaluation of OA [175]. However, 
compared to proton imaging, sodium imaging is 
still limited by resolutions between 2–4 mm and 
longer scan times (15–30 min), the requirement 
for special hardware with a multinuclear setup, 
the need for dedicated coils – as well as favorable 
3D sequences with very short TEs – and, espe-
cially, by the need for higher field strengths (3 T 
or, better, 7 T) [176, 177].

Since GAG depletion precedes collagen 
deterioration and the resultant gross morpho-
logical damage, one of the great potentials 
sodium imaging carries is its ability to detect 
pathological changes early, before they become 
visible on morphological MR images [178–
180]. Early clinical trials for OA evaluation 
concluded that sodium imaging may be useful 
for diagnosing and monitoring early changes in 
the GAG content of OA cartilage [181, 182]. 
As partial volume effects play an important 
role because of the previously mentioned lim-

ited resolutions, the sodium signal may be con-
taminated by synovial fluid or joint effusion 
[182]. With further technical refinements, such 
as IR preparation-based fluid suppression, it 
was possible to report that sodium was a reli-
able and reproducible biomarker for the pre-
diction of OA [183, 184]. The sensitivity of 
this method was demonstrated in a clinical trial 
on patients suffering from type 1 diabetes mel-
litus (DM1) without any pathological findings 
based on clinical examination or morphologi-
cal MR imaging in the knee. Sodium imaging, 
however, already revealed slight biochemical 
changes in articular cartilage composition in 
these DM1 patients compared to healthy vol-
unteers [185].

The first sodium imaging studies on charac-
teristics of repair tissue demonstrated the ability 
of this technique to successfully discriminate 
repair tissue from native cartilage after MACT or 
MFX surgical techniques for treatment cartilage 
repair. Furthermore, high correlations of these 
particular findings to dGEMRIC, as well as to 
gagCEST values, were also shown (see also 
Fig. 14.9) [144, 186]. Based on these results, the 
assessment of the value of sodium imaging in 
evaluating the quality of repair tissue in bone 
marrow stimulation (BMS) and MACT was per-
formed. Although the morphological appearance 
of the repair tissue evaluated by the MOCART 
score showed no significant difference, higher 
sodium MR signal intensities, indicative of 
higher GAG concentration, and thus a higher 
quality of repair tissue were observed in patients 
who underwent MACT. This suggests that 
sodium MRI could be used not only as a marker 
for postsurgical follow-up but also as a possible 
noninvasive method for performance evaluation 
of new cartilage repair surgical techniques, at 
least in the knee [187].

Overall, sodium imaging is a promising, 
reproducible, and sensitive approach for the non-
invasive assessment of cartilage composition. 
However, in order to confirm the clinical feasibil-
ity, hardware and software optimization must be 
performed to ameliorate current limitations, such 
as limited spatial resolution, relatively long scan 
times, and restriction to higher field strengths.
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14.4  Conclusions

Magnetic resonance imaging has made tremen-
dous advances over the last several years and has 
matured into the most commonly used noninva-
sive tool for the assessment of cartilage injury, 
degeneration, and repair. Both morphological 
imaging (with the use of semiquantitative scores 
or volumetric measurements) and biochemical 
imaging can provide quantitative, reproducible 
data. These data have been shown to have the 
potential for the early diagnosis of degeneration 
and injury, as well as for treatment monitoring. 
Thus, both morphological and biochemical imag-
ing form one of the cornerstones in the current 
attempts aimed at the success of surgical cartilage 
repair techniques and improving OA therapy.

References

 1. Curl WW, Krome J, Gordon ES, Rushing J, Smith 
BP, Poehling GG. Cartilage injuries: a review 
of 31,516 knee arthroscopies. Arthroscopy. 
1997;13(4):456–60.

 2. Buckwalter JA, Mankin HJ. Articular cartilage .2. 
Degeneration and osteoarthrosis, repair, regen-
eration, and transplantation. J Bone Joint Surg Am. 
1997;79A(4):612–32.

 3. Hunziker EB, Lippuner K, Keel MJ, Shintani N. An 
educational review of cartilage repair: precepts & 
practice–myths & misconceptions–progress & pros-
pects. Osteoarthritis Cartilage. 2015;23(3):334–50.

 4. Buckwalter JA. Evaluating methods of restoring car-
tilaginous articular surfaces. Clin Orthop Relat Res. 
1999;367:S224–S38.

 5. Roberts S, McCall IW, Darby AJ, Menage J, Evans 
H, Harrison PE, et al. Autologous chondrocyte 
implantation for cartilage repair: monitoring its suc-
cess by magnetic resonance imaging and histology. 
Arthritis Res Ther. 2003;5(1):R60–73.

 6. Gersoff WK. Considerations prior to surgical repair 
of articular cartilage injuries of the knee. Oper Tech 
Sports Med. 2000;8(2):86–9.

 7. Alparslan L, Minas T, Winalski CS. Magnetic reso-
nance imaging of autologous chondrocyte implanta-
tion. Semin Ultrasound CT MR. 2001;22(4):341–51.

 8. Winalski CS, Minas T. Evaluation of chondral inju-
ries by magnetic resonance imaging: repair assess-
ments. Oper Tech Sports Med. 2000;8(2):108–19.

 9. Peterfy CG, Majumdar S, Lang P, Vandijke CF, Sack 
K, Genant HK. Mr-imaging of the arthritic knee – 
improved discrimination of cartilage, synovium, 
and effusion with pulsed saturation-transfer and 
fat-suppressed T1-weighted sequences. Radiology. 
1994;191(2):413–9.

 10. Peterfy CG, Vandijke CF, Lu Y, Nguyen A, Connick 
TJ, Kneeland JB, et al. Quantification of the vol-
ume of articular-cartilage in the metacarpophalan-
geal joints of the hand – accuracy and precision 
of 3-dimensional Mr-imaging. Am J Roentgenol. 
1995;165(2):371–5.

 11. Disler DG, McCauley TR, Kelman CG, Fuchs MD, 
Ratner LM, Wirth CR, et al. Fat-suppressed three- 
dimensional spoiled gradient-echo MR imaging of 
hyaline cartilage defects in the knee: comparison 
with standard MR imaging and arthroscopy. Am 
J Roentgenol. 1996;167(1):127–32.

 12. Potter HG, Linklater JM, Allen AA, Hannafin JA, 
Haas SB. Magnetic resonance imaging of articu-
lar cartilage in the knee – an evaluation with use 
of fast-spin-echo imaging. J Bone Joint Surg Am. 
1998;80A(9):1276–84.

 13. Kawahara Y, Uetani M, Nakahara N, Doiguchi Y, 
Nishiguchi M, Futagawa S, et al. Fast spin-echo MR 
of the articular cartilage in the osteoarthrotic knee – 
correlation of MR and arthroscopic findings. Acta 
Radiol. 1998;39(2):120–5.

 14. Trattnig S, Huber M, Breitenseher MJ, Trnka HJ, 
Rand T, Kaider A, et al. Imaging articular cartilage 
defects with 3D fat-suppressed echo planar imaging: 
comparison with conventional 3D fat-suppressed 
gradient echo sequence and correlation with histol-
ogy. J Comput Assist Tomogr. 1998;22(1):8–14.

 15. Recht M, Bobic V, Burstein D, Disler D, Gold 
G, Gray M, et al. Magnetic resonance imag-
ing of articular cartilage. Clin Orthop Relat Res. 
2001;391:S379–S96.

 16. Recht MP, Piraino DW, Paletta GA, Schils JP, 
Belhobek GH. Accuracy of fat-suppressed three- 
dimensional spoiled gradient-echo FLASH 
MR imaging in the detection of patellofemo-
ral articular cartilage abnormalities. Radiology. 
1996;198(1):209–12.

 17. Roemer FW, Kwoh CK, Hannon MJ, Crema MD, 
Moore CE, Jakicic JM, et al. Semiquantitative 
assessment of focal cartilage damage at 3T MRI: 
a comparative study of dual echo at steady state 
(DESS) and intermediate-weighted (IW) fat sup-
pressed fast spin echo sequences. Eur J Radiol. 
2011;80(2):e126–31.

 18. Mohr A. The value of water-excitation 3D FLASH 
and fat-saturated PDw TSE MR imaging for detect-
ing and grading articular cartilage lesions of the 
knee. Skeletal Radiol. 2003;32(7):396–402.

 19. Rubenstein JD, Li JG, Majumdar S, Henkelman 
RM. Image resolution and signal-to-noise ratio 
requirements for MR imaging of degenerative carti-
lage. AJR Am J Roentgenol. 1997;169(4):1089–96.

 20. Notohamiprodjo M, Horng A, Pietschmann MF, 
Muller PE, Horger W, Park J, et al. MRI of the 
knee at 3T: first clinical results with an isotropic 
PDfs-weighted 3D-TSE-sequence. Invest Radiol. 
2009;44(9):585–97.

 21. Constable RT, Anderson AW, Zhong J, Gore 
JC. Factors influencing contrast in fast spin-Echo Mr 
imaging. Magn Reson Imaging. 1992;10(4):497–511.

S. Trattnig et al.



363

 22. Yao L, Gentili A, Thomas A. Incidental magnetiza-
tion transfer contrast in fast spin-echo imaging of 
cartilage. J Magn Reson Imaging. 1996;6(1):180–4.

 23. Bredella MA, Tirman PFJ, Peterfy CG, Zarlingo M, 
Feller JF, Bost FW, et al. Accuracy of T2-weighted 
fast spin-echo MR imaging with fat saturation in 
detecting cartilage defects in the knee: comparison 
with arthroscopy in 130 patients. Am J Roentgenol. 
1999;172(4):1073–80.

 24. Lichy MP, Wietek BM, Mugler JP 3rd, Horger W, 
Menzel MI, Anastasiadis A, et al. Magnetic reso-
nance imaging of the body trunk using a single- 
slab, 3-dimensional, T2-weighted turbo-spin-echo 
sequence with high sampling efficiency (SPACE) 
for high spatial resolution imaging: initial clinical 
experiences. Invest Radiol. 2005;40(12):754–60.

 25. Hardy PA, Recht MP, Piraino D, Thomasson 
D. Optimization of a dual echo in the steady state 
(DESS) free-precession sequence for imaging carti-
lage. J Magn Reson Imaging. 1996;6(2):329–35.

 26. Domayer SE, Kutscha-Lissberg F, Welsch G, 
Dorotka R, Nehrer S, Gabler C, et al. T2 mapping in 
the knee after microfracture at 3.0 T: correlation of 
global T2 values and clinical outcome - preliminary 
results. Osteoarthritis Cartilage. 2008;16(8):903–8.

 27. Welsch GH, Mamisch TC, Domayer SE, Dorotka 
R, Kutscha-Lissberg F, Marlovits S, et al. Cartilage 
T2 assessment at 3-T MR imaging: in vivo differen-
tiation of normal hyaline cartilage from reparative 
tissue after two cartilage repair procedures – initial 
experience. Radiology. 2008;247(1):154–61.

 28. Eckstein F, Hudelmaier M, Wirth W, Kiefer B, 
Jackson R, Yu J, et al. Double echo steady state mag-
netic resonance imaging of knee articular cartilage at 
3 tesla: a pilot study for the osteoarthritis initiative. 
Ann Rheum Dis. 2006;65(4):433–41.

 29. Moriya S, Miki Y, Kanagaki M, Matsuno Y, Miyati 
T. 90 degrees -flip-angle three-dimensional double- 
echo steady-state (3D-DESS) magnetic resonance 
imaging of the knee: isovoxel cartilage imaging at 
3T. Eur J Radiol. 2014;83(8):1429–32.

 30. Weckbach S, Mendlik T, Horger W, Wagner S, Reiser 
MF, Glaser C. Quantitative assessment of patellar 
cartilage volume and thickness at 3.0 tesla compar-
ing a 3D-fast low angle shot versus a 3D-true fast 
imaging with steady-state precession sequence for 
reproducibility. Invest Radiol. 2006;41(2):189–97.

 31. Duc SR, Pfirrmann CWA, Koch PP, Zanetti M, 
Hodler J. Internal knee derangement assessed 
with 3-minute three-dimensional isovoxel true 
FISP MR sequence: preliminary study. Radiology. 
2008;246(2):526–35.

 32. Kornaat PR, Reeder SB, Koo S, Brittain JH, Yu 
H, Andriacchi TP, et al. MR imaging of articular 
cartilage at 1.5T and 3.0T: comparison of SPGR 
and SSFP sequences. Osteoarthritis Cartilage. 
2005;13(4):338–44.

 33. Duc SR, Koch P, Schmid MR, Horger W, Hodler 
J, Pfirrmann CWA. Diagnosis of articular cartilage 
abnormalities of the knee: prospective clinical evalu-

ation of a 3D water-excitation true FISP sequence. 
Radiology. 2007;243(2):475–82.

 34. Eckstein F, Wirth W. Quantitative cartilage imaging 
in knee osteoarthritis. Arthritis. 2011;2011:475684.

 35. Eckstein F, Boudreau RM, Wang Z, Hannon MJ, 
Wirth W, Cotofana S, et al. Trajectory of cartilage 
loss within 4 years of knee replacement--a nested 
case-control study from the osteoarthritis initiative. 
Osteoarthritis Cartilage. 2014;22(10):1542–9.

 36. Hunter DJ, Lo GH, Gale D, Grainger AJ, Guermazi 
A, Conaghan PG. The reliability of a new scoring 
system for knee osteoarthritis MRI and the validity 
of bone marrow lesion assessment: BLOKS (Boston 
Leeds osteoarthritis knee score). Ann Rheum Dis. 
2008;67(2):206–11.

 37. Pang J, Driban JB, Destenaves G, Miller E, Lo GH, 
Ward RJ, et al. Quantification of bone marrow lesion 
volume and volume change using semi-automated 
segmentation: data from the osteoarthritis initiative. 
BMC Musculoskelet Disord. 2013;14:3.

 38. Pelletier JP, Roubille C, Raynauld JP, Abram F, 
Dorais M, Delorme P, et al. Disease-modifying 
effect of strontium ranelate in a subset of patients 
from the phase III knee osteoarthritis study SEKOIA 
using quantitative MRI: reduction in bone marrow 
lesions protects against cartilage loss. Ann Rheum 
Dis. 2015;74(2):422–9.

 39. Eckstein F, Yang M, Guermazi A, Roemer FW, 
Hudelmaier M, Picha K, et al. Reference values 
and Z-scores for subregional femorotibial cartilage 
thickness–results from a large population-based 
sample (Framingham) and comparison with the non- 
exposed osteoarthritis initiative reference cohort. 
Osteoarthritis Cartilage. 2010;18(10):1275–83.

 40. Sommer FG, Jeffrey RB Jr, Rubin GD, Napel S, 
Rimmer SA, Benford J, et al. Detection of ure-
teral calculi in patients with suspected renal colic: 
value of reformatted noncontrast helical CT. AJR 
Am J Roentgenol. 1995;165(3):509–13. Epub 
1995/09/01.

 41. Peterfy CG, Guermazi A, Zaim S, Tirman PF, Miaux 
Y, White D, et al. Whole-Organ Magnetic Resonance 
Imaging Score (WORMS) of the knee in osteoarthri-
tis. Osteoarthritis Cartilage. 2004;12(3):177–90.

 42. Horng A, Raya JG, Stockinger M, Notohamiprodjo 
M, Pietschmann M, Hoehne-Hueckstaedt U, et al. 
Topographic deformation patterns of knee cartilage 
after exercises with high knee flexion: an in vivo 3D 
MRI study using voxel-based analysis at 3T. Eur 
Radiol. 2015;25(6):1731–41.

 43. Frobell RB, Nevitt MC, Hudelmaier M, Wirth W, 
Wyman BT, Benichou O, et al. Femorotibial sub-
chondral bone area and regional cartilage thickness: 
a cross-sectional description in healthy reference 
cases and various radiographic stages of osteoarthri-
tis in 1,003 knees from the osteoarthritis initiative. 
Arthritis Care Res (Hoboken). 2010;62(11):1612–23.

 44. Eckstein F, Cicuttini F, Raynauld JP, Waterton JC, 
Peterfy C. Magnetic resonance imaging (MRI) of 
articular cartilage in knee osteoarthritis (OA): mor-

14 Magnetic Resonance Imaging of the Ultrastructural Composition of Articular Cartilage in Disease…



364

phological assessment. Osteoarthritis Cartilage. 
2006;14(Suppl A):A46–75.

 45. Micheel CM, Ball JR, editors. Evaluation of bio-
markers and surrogate endpoints in chronic disease. 
Washington, DC: National Academies Press; 2010.

 46. Rubenstein JD, Li JG, Majumdar S, Henkelman 
RM. Image resolution and signal-to-noise ratio 
requirements for MR imaging of degenerative carti-
lage. Am J Roentgenol. 1997;169(4):1089–96.

 47. Gagliardi JA, Chung EM, Chandnani VP, Kesling 
KL, Christensen KP, Null RN, et al. Detection and 
staging of chondromalacia patellae – relative effi-
cacies of conventional Nir imaging, Mr arthrog-
raphy, and Ct arthrography. Am J Roentgenol. 
1994;163(3):629–36.

 48. Juras V, Welsch G, Bar P, Kronnerwetter C, Fujita 
H, Trattnig S. Comparison of 3T and 7T MRI 
clinical sequences for ankle imaging. Eur J Radiol. 
2012;81(8):1846–50.

 49. Rubin GD, Napel S. Increased scan pitch for vascular 
and thoracic spiral CT. Radiology. 1995;197(1):316–
7. Epub 1995/10/01.

 50. Springer E, Bohndorf K, Juras V, Szomolanyi P, 
Zbyn S, Schreiner MM, Schmitt B and Trattnig 
S. Comparison of Routine Knee Magnetic 
Resonance Imaging at 3 T and 7 T. Invest Radiol. 
2017;52:42–54.

 51. Welsch GH, Juras V, Szomolanyi P, Mamisch TC, 
Baer P, Kronnerwetter C, et al. Magnetic resonance 
imaging of the knee at 3 and 7 tesla: a comparison 
using dedicated multi-channel coils and optimised 2D 
and 3D protocols. Eur Radiol. 2012;22(9):1852–9.

 52. Alparslan L, Winalski CS, Boutin RD, Minas 
T. Postoperative magnetic resonance imaging of 
articular cartilage repair. Semin Musculoskelet 
Radiol. 2001;5(4):345–63.

 53. Choi YS, Potter HG, Chun TJMR. Imaging of car-
tilage repair in the knee and ankle. Radiographics. 
2008;28(4):1043–59.

 54. Guermazi A, Roemer FW, Alizai H, Winalski 
CS, Welsch G, Brittberg M, et al. State of the art: 
MR imaging after knee cartilage repair surgery. 
Radiology. 2015;277(1):23–43.

 55. Farr J, Cole B, Dhawan A, Kercher J, Sherman 
S. Clinical cartilage restoration: evolu-
tion and overview. Clin Orthop Relat Res. 
2011;469(10):2696–705.

 56. Link TM, Mischung J, Wortler K, Burkart A, 
Rummeny EJ, Imhoff AB. Normal and pathological 
MR findings in osteochondral autografts with longi-
tudinal follow-up. Eur Radiol. 2006;16(1):88–96.

 57. Sanders TG, Mentzer KD, Miller MD, Morrison WB, 
Campbell SE, Penrod BJ. Autogenous osteochondral 
“plug” transfer for the treatment of focal chondral 
defects: postoperative MR appearance with clinical 
correlation. Skelet Radiol. 2001;30(10):570–8.

 58. Herber S, Runkel M, Pitton MB, Kalden P, Thelen 
M, Kreitner KF. Indirect MR-arthrography in 
the follow up of autologous osteochondral trans-
plantation. Rofo. 2003;175(2):226–33. Indirekte 

MR-Arthrographie zur Verlaufskontrolle nach autol-
oger osteochondraler Transplantation.

 59. Trattnig S, Ba-Ssalamah A, Pinker K, Plank C, Vecsei 
V, Marlovits S. Matrix-based autologous chondro-
cyte implantation for cartilage repair: noninvasive 
monitoring by high-resolution magnetic resonance 
imaging. Magn Reson Imaging. 2005;23(7):779–87. 
Epub 2005/10/11.

 60. Trattnig S, Pinker K, Krestan C, Plank C, Millington 
S, Marlovits S. Matrix-based autologous chon-
drocyte implantation for cartilage repair with 
HyalograftC: two-year follow-up by magnetic reso-
nance imaging. Eur J Radiol. 2006;57(1):9–15. Epub 
2005/09/27.

 61. Trattnig S, Millington SA, Szomolanyi P, Marlovits 
S. MR imaging of osteochondral grafts and autol-
ogous chondrocyte implantation. Eur Radiol. 
2007;17(1):103–18. Epub 2006/06/28.

 62. Marlovits S, Striessnig G, Resinger CT, Aldrian 
SM, Vecsei V, Imhof H, et al. Definition of perti-
nent parameters for the evaluation of articular car-
tilage repair tissue with high-resolution magnetic 
resonance imaging. Eur J Radiol. 2004;52(3):310–9. 
Epub 2004/11/17.

 63. Trattnig S, Ohel K, Mlynarik V, Juras V, Zbyn S, 
Korner A. Morphological and compositional moni-
toring of a new cell-free cartilage repair hydrogel 
technology – GelrinC by MR using semi- quantitative 
MOCART scoring and quantitative T2 index and 
new zonal T2 index calculation. Osteoarthritis 
Cartilage. 2015;23(12):2224–32.

 64. Welsch GH, Zak L, Mamisch TC, Resinger C, 
Marlovits S, Trattnig S. Three-dimensional mag-
netic resonance observation of cartilage repair tis-
sue (MOCART) score assessed with an isotropic 
three- dimensional true fast imaging with steady-
state precession sequence at 3.0 tesla. Invest Radiol. 
2009;44(9):603–12. Epub 2009/08/21.

 65. Welsch GH, Zak L, Mamisch TC, Paul D, Lauer L, 
Mauerer A, et al. Advanced morphological 3D mag-
netic resonance observation of cartilage repair tissue 
(MOCART) scoring using a new isotropic 3D proton-
density, turbo spin echo sequence with variable flip 
angle distribution (PD-SPACE) compared to an iso-
tropic 3D steady-state free precession sequence (true-
FISP) and standard 2D sequences. J Magn Reson 
Imaging. 2011;33(1):180–8. Epub 2010/12/25.

 66. Roemer FW, Guermazi A, Trattnig S, Apprich S, 
Marlovits S, Niu J, et al. Whole joint MRI assess-
ment of surgical cartilage repair of the knee: carti-
lage repair osteoarthritis knee score (CROAKS). 
Osteoarthritis Cartilage. 2014;22(6):779–99.

 67. Hunter DJ, Guermazi A, Lo GH, Grainger AJ, 
Conaghan PG, Boudreau RM, et al. Evolution of 
semi-quantitative whole joint assessment of knee 
OA: MOAKS (MRI osteoarthritis knee score). 
Osteoarthritis Cartilage. 2011;19(8):990–1002.

 68. Buckwalter JA, Mankin HJ. Articular cartilage: 
degeneration and osteoarthritis, repair, regen-
eration, and transplantation. Instr Course Lect. 
1998;47:487–504.

S. Trattnig et al.



365

 69. Poole AR, Kojima T, Yasuda T, Mwale F, Kobayashi 
M, Laverty S. Composition and structure of articular 
cartilage – a template for tissue repair. Clin Orthop 
Relat Res. 2001;391:S26–33.

 70. Maroudas A. Physicochemical properties of car-
tilage in the light of ion exchange theory. Biophys 
J. 1968;8(5):575–95.

 71. Maroudas A, Muir H, Wingham J. The correlation of 
fixed negative charge with glycosaminoglycan con-
tent of human articular cartilage. Biochim Biophys 
Acta. 1969;177(3):492–500.

 72. Grodzinsky AJ. Electromechanical and physico-
chemical properties of connective tissue. Crit Rev 
Biomed Eng. 1983;9(2):133–99.

 73. Goodwin DW, Zhu HQ, Dunn JF. In vitro MR 
imaging of hyaline cartilage: correlation with 
scanning electron microscopy. Am J Roentgenol. 
2000;174(2):405–9.

 74. Bachmann G, Basad E, Lommel D, Steinmeyer 
J. MRI in the follow-up after MACI((R)) or micro-
fracture. Radiologe. 2004;44(8):773–82.

 75. Bentley G, Biant LC, Carrington RWJ, Akmal M, 
Goldberg A, Williams AM, et al. A prospective, 
randomised comparison of autologous chondro-
cyte implantation versus mosaicplasty for osteo-
chondral defects in the knee. J Bone Joint Surg. 
2003;85B(2):223–30.

 76. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, 
Isaksson O, Peterson L. Treatment of deep cartilage 
defects in the knee with autologous chondrocyte 
transplantation. N Engl J Med. 1994;331(14):889–95.

 77. Gudas R, Kalesinskas RJ, Kimtys V, Stankevicius 
E, Toliusis V, Bernotavicius G, et al. A prospec-
tive randomized clinical study of mosaic osteo-
chondral autologous transplantation versus 
microfracture for the treatment of osteochon-
dral defects in the knee joint in young athletes. 
Arthroscopy. 2005;21(9):1066–75.

 78. Gudas R, Stankevicius E, Monastyreckiene E, 
Pranys D, Kalesinskas RJ. Osteochondral autolo-
gous transplantation versus microfracture for the 
treatment of articular cartilage defects in the knee 
joint in athletes. Knee surgery sports traumatology. 
Arthroscopy. 2006;14(9):834–42.

 79. Knutsen G, Drogset JO, Engebretsen L, Grontvedt 
T, Isaksen V, Ludvigsen TC, et al. A randomized 
trial comparing autologous chondrocyte implan-
tation with microfracture. J Bone Joint Surg Am. 
2007;89A(10):2105–12.

 80. Knutsen G, Engebretsen L, Ludvigsen TC, Drogset 
JO, Grontvedt T, Solheim E, et al. Autologous chon-
drocyte implantation compared with microfracture 
in the knee – a randomized trial. J Bone Joint Surg 
Am. 2004;86A(3):455–64.

 81. Nieminen MT, Nissi MJ, Mattila L, Kiviranta 
I. Evaluation of chondral repair using quantitative 
MRI. J Magn Reson Imaging. 2012;36(6):1287–99.

 82. Burstein D, Velyvis J, Scott KT, Stock KW, Kim 
YJ, Jaramillo D, et al. Protocol issues for delayed 
Gd(DTPA)(2-)-enhanced MRI: (dGEMRIC) for 

clinical evaluation of articular cartilage. Magn 
Reson Med. 2001;45(1):36–41.

 83. Bashir A, Gray ML, Burstein D. Gd-DTPA(2-) as a 
measure of cartilage degradation. Magn Reson Med. 
1996;36(5):665–73.

 84. Borthakur A, Shapiro EM, Beers J, Kudchodkar 
S, Kneeland JB, Reddy R. Sensitivity of MRI to 
proteoglycan depletion in cartilage: comparison of 
sodium and proton MRI. Osteoarthritis Cartilage. 
2000;8(4):288–93.

 85. Ling W, Regatte RR, Navon G, Jerschow 
A. Assessment of glycosaminoglycan concentration 
in vivo by chemical exchange-dependent  saturation 
transfer (gagCEST). Proc Natl Acad Sci U S A. 
2008;105(7):2266–70. Epub 2008/02/13.

 86. Windschuh J, Zaiss M, Ehses P, Lee JS, Jerschow A, 
et al. Assessment of frequency drift on CEST MRI 
and dynamic correction: application to gagCEST at 
7 T. Magn Reson Med. 2019;81(1):573–82.

 87. Trattnig S, Raudner M, Schreiner M, Roemer F, 
Bohndorf K. Biochemical cartilage imaging-update 
2019. Radiologe. 2019;59(8):742–49.

 88. Mosher TJ, Dardzinski BJ. Cartilage MRI T2 relax-
ation time mapping: overview and applications. 
Semin Musculoskelet Radiol. 2004;8(4):355–68.

 89. Nebelung S, Post M, Knobe M, Tingart M, Emans 
P, et al. Detection of early-stage degeneration in 
human articular cartilage by multiparametric MR 
imaging mapping of tissue functionality. Sci Rep. 
2019;9(1):5895.

 90. Welsch GH, Mamisch TC, Hughes T, Zilkens C, 
Quirbach S, Scheffler K, et al. In vivo biochemical 
7.0 tesla magnetic resonance – preliminary results of 
dGEMRIC, zonal T2, and T2 * mapping of articular 
cartilage. Invest Radiol. 2008;43(9):619–26.

 91. Williams A, Qian Y, Bear D, Chu CR. Assessing 
degeneration of human articular cartilage with ultra- 
short echo time (UTE) T2* mapping. Osteoarthritis 
Cartilage. 2010;18(4):539–46.

 92. Pauli C, Bae WC, Lee M, Lotz M, Bydder GM, 
D'Lima DL, et al. Ultrashort-echo time MR imaging 
of the patella with bicomponent analysis: correlation 
with histopathologic and polarized light microscopic 
findings. Radiology. 2012;264(2):484–93.

 93. Mamisch TC, Hughes T, Mosher TJ, Mueller C, 
Trattnig S, Boesch C, et al. T2 star relaxation times 
for assessment of articular cartilage at 3 T: a feasibil-
ity study. Skelet Radiol. 2012;41(3):287–92.

 94. Bittersohl B, Hosalkar HS, Miese FR, Schibensky 
J, Konig DP, Herten M, et al. Zonal T2* and T1Gd 
assessment of knee joint cartilage in various histo-
logical grades of cartilage degeneration: an observa-
tional in vitro study. BMJ Open. 2015;5(2):e006895.

 95. Juras V, Mlynarik V, Szomolanyi P, Valkovič L, 
Trattnig S. Magnetic resonance imaging of the 
musculoskeletal system at 7T: morphological 
imaging and beyond. Top Magn Reson Imaging. 
2019;28(3):125–35.

 96. Regatte RR, Akella SVS, Lonner JH, Kneeland JB, 
Reddy R. T-1p relaxation mapping in human osteo-

14 Magnetic Resonance Imaging of the Ultrastructural Composition of Articular Cartilage in Disease…



366

arthritis (OA) cartilage: comparison of T-1p with 
T-2. J Magn Reson Imaging. 2006;23(4):547–53.

 97. Mlynarik V, Szomolanyi P, Toffanin R, Vittur F, 
Trattnig S. Transverse relaxation mechanisms in 
articular cartilage. J Magn Reson. 2004;169(2):300–
7. Epub 2004/07/21.

 98. Goodwin DW, Wadghiri YZ, Dunn JF. Micro- 
imaging of articular cartilage: T2, proton den-
sity, and the magic angle effect. Acad Radiol. 
1998;5(11):790–8.

 99. Smith HE, Mosher TJ, Dardzinski BJ, Collins BG, 
Collins CM, Yang QX, et al. Spatial variation in 
cartilage T2 of the knee. J Magn Reson Imaging. 
2001;14(1):50–5.

 100. Watrin-Pinzano A, Ruaud JP, Cheli Y, Gonord P, 
Grossin L, Bettembourg-Brault I, et al. Evaluation 
of cartilage repair tissue after biomaterial implanta-
tion in rat patella by using T2 mapping. Magn Reson 
Mater Phys Biol Med. 2004;17(3–6):219–28.

 101. White LM, Sussman MS, Hurtig M, Probyn L, 
Tomlinson G, Kandel R. Cartilage T2 assessment: 
differentiation of normal hyaline cartilage and 
reparative tissue after arthroscopic cartilage repair in 
equine subjects. Radiology. 2006;241(2):407–14.

 102. Domayer SE, Apprich S, Stelzeneder D, Hirschfeld 
C, Sokolowski M, Kronnerwetter C, et al. Cartilage 
repair of the ankle: first results of T2 mapping at 
7.0 T after microfracture and matrix associated 
autologous cartilage transplantation. Osteoarthritis 
Cartilage. 2012;20(8):829–36.

 103. Welsch GH, Apprich S, Zbyn S, Mamisch TC, 
Mlynarik V, Scheffler K, et al. Biochemical (T2, 
T2* and magnetisation transfer ratio) MRI of knee 
cartilage: feasibility at ultra-high field (7T) com-
pared with high field (3T) strength. Eur Radiol. 
2011;21(6):1136–43.

 104. Juras V, Zbyn S, Mlynarik V, Szomolanyi P, 
Hager B, Baer P, et al. The compositional differ-
ence between ankle and knee cartilage demon-
strated by T2 mapping at 7 tesla MR. Eur J Radiol. 
2016;85(4):771–7.

 105. Martín Noguerol T, Raya JG, Wessell DE, Vilanova 
JC, Rossi I, et al. Functional MRI for evalua-
tion of hyaline cartilage extracelullar matrix, a 
physiopathological-based approach. Br J Radiol. 
2019;92(1103):20190443. https://doi.org/10.1259/
bjr.20190443.

 106. Li Z, Wang H, Lu Y, Jiang M, Chen Z, et al. 
Diagnostic value of T1ρ and T2 mapping sequences 
of 3D fat-suppressed spoiled gradient (FS SPGR-3D) 
3.0-T magnetic resonance imaging for osteoarthritis. 
Medicine (Baltimore). 2019;98(1):e13834.

 107. Colotti R, Omoumi P, Bonanno G, Ledoux JB, van 
Heeswijk RB. Isotropic three-dimensional T2 map-
ping of knee cartilage: Development and validation. 
J Magn Reson Imaging. 2018;47(2):362–71.

 108. Joseph GB, Nevitt MC, McCulloch CE, Neumann 
J, Lynch JA, et al. Associations between molecu-
lar biomarkers and MR-based cartilage composi-
tion and knee joint morphology: data from the 

Osteoarthritis Initiative. Osteoarthritis Cartilage. 
2018;26(8):1070–77.

 109. Liebl H, Joseph G, Nevitt MC, Singh N, Heilmeier 
U, Subburaj K, et al. Early T2 changes predict 
onset of radiographic knee osteoarthritis: data 
from the osteoarthritis initiative. Ann Rheum Dis. 
2015;74(7):1353–9.

 110. Apprich S, Mamisch TC, Welsch GH, Stelzeneder 
D, Albers C, Totzke U, et al. Quantitative T2 map-
ping of the patella at 3.0T is sensitive to early car-
tilage degeneration, but also to loading of the knee. 
Eur J Radiol. 2012;81(4):e438–43.

 111. Su F, Pedoia V, Teng HL, Kretzschmar M, Lau 
BC, McCulloch CE, et al. The association between 
MR T1rho and T2 of cartilage and patient-reported 
outcomes after ACL injury and reconstruction. 
Osteoarthritis Cartilage. 2016;24(7):1180–9.

 112. Munukka M, Waller B, Rantalainen T, Hakkinen 
A, Nieminen MT, Lammentausta E, et al. Efficacy 
of progressive aquatic resistance training for tibio-
femoral cartilage in postmenopausal women with 
mild knee osteoarthritis: a randomised controlled 
trial. Osteoarthritis Cartilage. 2016;24(10):1708–17.

 113. Trattnig S, Mamisch TC, Welsch GH, Glaser C, 
Szomolanyi P, Gebetsroither S, et al. Quantitative 
T-2 mapping of matrix-associated autologous chon-
drocyte transplantcation at 3 tesla – an in vivo cross- 
sectional study. Invest Radiol. 2007;42(6):442–8.

 114. Liney GP, Knowles AJ, Manton DJ, Turnbull LW, 
Blackband SJ, Horsman A. Comparison of conven-
tional single echo and multi-echo sequences with a 
fast spin-echo sequence for quantitative T2 mapping: 
application to the prostate. J Magn Reson Imaging. 
1996;6(4):603–7.

 115. Heule R, Ganter C, Bieri O. Triple echo steady- 
state (TESS) relaxometry. Magn Reson Med. 
2014;71(1):230–7.

 116. Juras V, Bohndorf K, Heule R, Kronnerwetter C, 
Szomolanyi P, Hager B, Bieri O, Zbyn S and Trattnig 
S. A comparison of multi-echo spin-echo and triple-
echo steady-state T2 mapping for in vivo evaluation 
of articular cartilage. Eur Radiol. 2016;26:1905–12.

 117. Schoenbauer E, Szomolanyi P, Shiomi T, Juras 
V, Zbyn S, Zak L, et al. Cartilage evaluation with 
biochemical MR imaging using in vivo knee com-
pression at 3T-comparison of patients after car-
tilage repair with healthy volunteers. J Biomech. 
2015;48(12):3349–55.

 118. Du J, Takahashi AM, Chung CB. Ultrashort TE 
spectroscopic imaging (UTESI): application to 
the imaging of short T2 relaxation tissues in the 
musculoskeletal system. J Magn Reson Imaging. 
2009;29(2):412–21.

 119. Chavhan GB, Babyn PS, Thomas B, Shroff MM, 
Haacke EM. Principles, techniques, and applications 
of T2*-based MR imaging and its special applica-
tions. Radiographics. 2009;29(5):1433–49.

 120. Maier CF, Tan SG, Hariharan H, Potter HG. T2 
quantitation of articular cartilage at 1.5 T. J Magn 
Reson Imaging. 2003;17(3):358–64.

S. Trattnig et al.

https://doi.org/10.1259/bjr.20190443
https://doi.org/10.1259/bjr.20190443


367

 121. Lusse S, Claassen H, Gehrke T, Hassenpflug J, 
Schunke M, Heller M, et al. Evaluation of water con-
tent by spatially resolved transverse relaxation times 
of human articular cartilage. Magn Reson Imaging. 
2000;18(4):423–30.

 122. Bittersohl B, Miese FR, Hosalkar HS, Mamisch 
TC, Antoch G, Krauspe R, et al. T2* mapping 
of acetabular and femoral hip joint cartilage at 3 
T: a prospective controlled study. Invest Radiol. 
2012;47(7):392–7.

 123. Robson MD, Gatehouse PD, Bydder M, Bydder 
GM. Magnetic resonance: an introduction to ultra-
short TE (UTE) imaging. J Comput Assist Tomogr. 
2003;27(6):825–46.

 124. Bittersohl B, Miese FR, Hosalkar HS, Herten M, 
Antoch G, Krauspe R, et al. T2* mapping of hip joint 
cartilage in various histological grades of degenera-
tion. Osteoarthritis Cartilage. 2012;20(7):653–60.

 125. Welsch GH, Trattnig S, Hughes T, Quirbach S, Olk 
A, Blanke M, et al. T2 and T2* mapping in patients 
after matrix-associated autologous chondrocyte 
transplantation: initial results on clinical use with 
3.0-tesla MRI. Eur Radiol. 2010;20(6):1515–23.

 126. Regatte RR, Akella SVS, Wheaton AJ, Borthakur A, 
Kneeland JB, Reddy R. T-1 rho-relaxation mapping 
of human femoral-tibial cartilage in vivo. J Magn 
Reson Imaging. 2003;18(3):336–41.

 127. Menezes NM, Gray ML, Hartke JR, Burstein D. T-2 
and T-1, MRI in articular cartilage systems. Magn 
Reson Med. 2004;51(3):503–9.

 128. van Tiel J, Kotek G, Reijman M, Bos PK, Bron EE, 
Klein S, et al. Is T1rho mapping an alternative to 
delayed gadolinium-enhanced MR imaging of carti-
lage in the assessment of Sulphated glycosaminogly-
can content in human osteoarthritic knees? An in vivo 
validation study. Radiology. 2016;279(2):523–31.

 129. Prasad AP, Nardo L, Schooler J, Joseph GB, Link 
TM. T(1)rho and T(2) relaxation times predict 
progression of knee osteoarthritis. Osteoarthritis 
Cartilage. 2013;21(1):69–76.

 130. Holtzman DJ, Theologis AA, Carballido-Gamio J, 
Majumdar S, Li X, Benjamin C. T(1rho) and T(2) 
quantitative magnetic resonance imaging analysis 
of cartilage regeneration following microfracture 
and mosaicplasty cartilage resurfacing procedures. 
J Magn Reson Imaging. 2010;32(4):914–23.

 131. Theologis AA, Schairer WW, Carballido-Gamio J, 
Majumdar S, Li X, Ma CB. Longitudinal analysis 
of T1rho and T2 quantitative MRI of knee cartilage 
laminar organization following microfracture sur-
gery. Knee. 2012;19(5):652–7.

 132. Wolff SD, Chesnick S, Frank JA, Lim KO, Balaban 
RS. Magnetization transfer contrast – Mr-imaging of 
the knee. Radiology. 1991;179(3):623–8.

 133. Gray ML, Burstein D, Lesperance LM, Gehrke 
L. Magnetization-transfer in cartilage and its 
constituent macromolecules. Magn Reson Med. 
1995;34(3):319–25.

 134. Kim DK, Ceckler TL, Hascall VC, Calabro A, 
Balaban RS. Analysis of water-macromolecule 

proton magnetization transfer in articular-cartilage. 
Magn Reson Med. 1993;29(2):211–5.

 135. Seo GS, Aoki J, Moriya H, Karakida O, Sone S, 
Hidaka H, et al. Hyaline cartilage: in vivo and 
in vitro assessment with magnetization transfer 
imaging. Radiology. 1996;201(2):525–30.

 136. Wolff SD, Balaban RS. Magnetization transfer con-
trast (Mtc) and tissue water proton relaxation Invivo. 
Magn Reson Med. 1989;10(1):135–44.

 137. Wolff SD, Eng J, Balaban RS. Magnetization 
transfer contrast – method for improving con-
trast in gradient-recalled-Echo images. Radiology. 
1991;179(1):133–7.

 138. Palmieri F, De Keyzer F, Maes F, Van Breuseghem 
I. Magnetization transfer analysis of cartilage 
repair tissue: a preliminary study. Skelet Radiol. 
2006;35(12):903–8.

 139. Bieri O, Scheffler K. Optimized balanced steady- 
state free precession magnetization transfer imaging. 
Magn Reson Med. 2007;58(3):511–8.

 140. Welsch GH, Trattnig S, Scheffler K, Szomonanyi P, 
Quirbach S, Marlovits S, et al. Magnetization trans-
fer contrast and T2 mapping in the evaluation of 
cartilage repair tissue with 3T MRI. J Magn Reson 
Imaging. 2008;28(4):979–86.

 141. Potter K, Butler JJ, Horton WE, Spencer 
RGS. Response of engineered cartilage tissue to 
biochemical agents as studied by proton mag-
netic resonance microscopy. Arthritis Rheum. 
2000;43(7):1580–90.

 142. Vahlensieck M, Dombrowski F, Leutner C, Wagner 
U, Reiser M. Magnetization-Transfer Contrast (Mtc) 
and Mtc-subtraction – enhancement of cartilage 
lesions and Intracartilaginous degeneration in-vitro. 
Skelet Radiol. 1994;23(7):535–9.

 143. Kogan F, Hariharan H, Reddy R. Chemical Exchange 
Saturation Transfer (CEST) imaging: description of 
technique and potential clinical applications. Curr 
Radiol Rep. 2013;1(2):102–14. Epub 2013/06/05.

 144. Schmitt B, Zbyn S, Stelzeneder D, Jellus V, Paul D, 
Lauer L, et al. Cartilage quality assessment by using 
glycosaminoglycan chemical exchange saturation 
transfer and (23)Na MR imaging at 7 T. Radiology. 
2011;260(1):257–64.

 145. Krusche-Mandl I, Schmitt B, Zak L, Apprich S, 
Aldrian S, Juras V, et al. Long-term results 8 years 
after autologous osteochondral transplantation: 7 T 
gagCEST and sodium magnetic resonance imag-
ing with morphological and clinical correlation. 
Osteoarthritis Cartilage. 2012;20(5):357–63.

 146. Schreiner MM, Zbyn S, Schmitt B, Weber M, 
Domayer S, Windhager R, et al. Reproducibility and 
regional variations of an improved gagCEST proto-
col for the in vivo evaluation of knee cartilage at 7 
T. MAGMA. 2016;29(3):513–21.

 147. Singh A, Haris M, Cai K, Kassey VB, Kogan F, 
Reddy D, et al. Chemical exchange saturation 
transfer magnetic resonance imaging of human 
knee cartilage at 3 T and 7 T. Magn Reson Med. 
2012;68(2):588–94. Epub 2012/01/04.

14 Magnetic Resonance Imaging of the Ultrastructural Composition of Articular Cartilage in Disease…



368

 148. Zaiss M, Bachert P. Chemical exchange saturation 
transfer (CEST) and MR Z-spectroscopy in vivo: a 
review of theoretical approaches and methods. Phys 
Med Biol. 2013;58(22):R221–69. Epub 2013/11/10.

 149. Kim M, Gillen J, Landman BA, Zhou J, van Zijl 
PC. Water saturation shift referencing (WASSR) 
for chemical exchange saturation transfer (CEST) 
experiments. Magn Reson Med. 2009;61(6):1441–
50. Epub 2009/04/10.

 150. Krishnamoorthy G, Nanga RPR, Bagga P, Hariharan 
H and Reddy R. High quality three-dimensional 
gagCEST imaging of in vivo human knee cartilage 
at 7 Tesla. Magn Reson Med. 2017;77:1866–73.

 151. Burstein D, Bashir A, Gray ML. MRI techniques 
in early stages of cartilage disease. Invest Radiol. 
2000;35(10):622–38.

 152. Watanabe A, Wada Y, Obata T, Ueda T, Tamura 
M, Ikehira H, et al. Delayed gadolinium-enhanced 
MR to determine glycosaminoglycan concentration 
in reparative cartilage after autologous chondro-
cyte implantation: preliminary results. Radiology. 
2006;239(1):201–8.

 153. Bashir A, Gray ML, Boutin RD, Burstein 
D. Glycosaminoglycan in articular cartilage: in vivo 
assessment with delayed Gd(DTPA)(2-)-enhanced 
MR imaging. Radiology. 1997;205(2):551–8.

 154. Tiderius CJ, Olsson LE, Leander P, Ekberg O, 
Dahlberg L. Delayed gadolinium-enhanced MRI of 
cartilage (dGEMRIC) in early knee osteoarthritis. 
Magn Reson Med. 2003;49(3):488–92.

 155. Williams A, Gillis A, McKenzie C, Po B, Sharma 
L, Micheli L, et al. Glycosaminoglycan distribution 
in cartilage as determined by delayed gadolinium- 
enhanced MRI of cartilage (dGEMRIC): poten-
tial clinical applications. Am J Roentgenol. 
2004;182(1):167–72.

 156. Rubin GD, Napel S. Helical CT angiography 
of renal artery stenosis. AJR Am J Roentgenol. 
1997;168(4):1109–11. Epub 1997/04/01.

 157. Trattnig S, Marlovits S, Gebetsroither S, Szomolanyi 
P, Welsch GH, Salomonowitz E, et al. Three- 
dimensional delayed gadolinium-enhanced MRI of 
cartilage (dGEMRIC) for in vivo evaluation of repar-
ative cartilage after matrix-associated autologous 
chondrocyte transplantation at 3.0T: preliminary 
results. J Magn Reson Imaging. 2007;26(4):974–82.

 158. Trattnig S, Mamisch TC, Pinker K, Domayer S, 
Szomolanyi P, Marlovits S, et al. Differentiating 
normal hyaline cartilage from post-surgical repair 
tissue using fast gradient echo imaging in delayed 
gadolinium-enhanced MRI (dGEMRIC) at 3 tesla. 
Eur Radiol. 2008;18(6):1251–9.

 159. Kim YJ, Jaramillo D, Millis MB, Gray ML, Burstein 
D. Assessment of early osteoarthritis in hip dysplasia 
with delayed gadolinium-enhanced magnetic reso-
nance imaging of cartilage. J Bone Joint Surg Am. 
2003;85A(10):1987–92.

 160. Lattanzi R, Petchprapa C, Ascani D, Babb JS, Chu 
D, Davidovitch RI, et al. Detection of cartilage dam-
age in femoroacetabular impingement with stan-

dardized dGEMRIC at 3 T. Osteoarthritis Cartilage. 
2014;22(3):447–56.

 161. Owman H, Ericsson YB, Englund M, Tiderius CJ, 
Tjornstrand J, Roos EM, et al. Association between 
delayed gadolinium-enhanced MRI of cartilage 
(dGEMRIC) and joint space narrowing and osteo-
phytes: a cohort study in patients with partial men-
iscectomy with 11 years of follow- up. Osteoarthritis 
Cartilage. 2014;22(10):1537–41.

 162. Crema MD, Hunter DJ, Burstein D, Roemer FW, 
Li L, Eckstein F, et al. Association of changes in 
delayed gadolinium-enhanced MRI of cartilage 
(dGEMRIC) with changes in cartilage thickness in 
the medial tibiofemoral compartment of the knee: a 
2 year follow-up study using 3.0 T MRI. Ann Rheum 
Dis. 2014;73(11):1935–41.

 163. Vaga S, Raimondi MT, Caiani EG, Costa F, Giordano 
C, Perona F, et al. Quantitative assessment of inter-
vertebral disc glycosaminoglycan distribution by 
gadolinium-enhanced MRI in orthopedic patients. 
Magn Reson Med. 2008;59(1):85–95.

 164. Williams A, Shetty SK, Burstein D, Day CS, 
McKenzie C. Delayed gadolinium enhanced MRI 
of cartilage (dGEMRIC) of the first carpometacar-
pal (1CMC) joint: a feasibility study. Osteoarthritis 
Cartilage. 2008;16(4):530–2.

 165. Pittschieler E, Szomolanyi P, Schmid-Schwap M, 
Weber M, Egerbacher M, Traxler H, et al. Delayed 
gadolinium-enhanced MRI of the fibrocartilage disc 
of the temporomandibular joint–a feasibility study. 
Magn Reson Imaging. 2014;32(10):1223–9.

 166. Lesperance LM, Gray ML, Burstein 
D. Determination of fixed charge density in cartilage 
using nuclear magnetic resonance. J Orthop Res. 
1992;10(1):1–13.

 167. Reddy R, Insko EK, Noyszewski EA, Dandora R, 
Kneeland JB, Leigh JS. Sodium MRI of human 
articular cartilage in vivo. Magn Reson Med. 
1998;39(5):697–701.

 168. Shapiro EM, Borthakur A, Dandora R, Kriss A, 
Leigh JS, Reddy R. Sodium visibility and quan-
titation in intact bovine articular cartilage using 
high field (23)Na MRI and MRS. J Magn Reson. 
2000;142(1):24–31.

 169. Shapiro EM, Borthakur A, Gougoutas A, Reddy 
R. 23Na MRI accurately measures fixed charge 
density in articular cartilage. Magn Reson Med. 
2002;47(2):284–91.

 170. Pabst T, Sandstede J, Beer M, Kenn W, Neubauer 
S, Hahn D. Sodium T2* relaxation times in 
human heart muscle. J Magn Reson Imaging. 
2002;15(2):215–8.

 171. Jerecic R, Bock M, Nielles-Vallespin S, Wacker 
C, Bauer W, Schad LR. ECG-gated 23Na-MRI 
of the human heart using a 3D-radial projection 
technique with ultra-short echo times. MAGMA. 
2004;16(6):297–302.

 172. Borthakur A, Mellon E, Niyogi S, Witschey W, 
Kneeland JB, Reddy R. Sodium and T1rho MRI 
for molecular and diagnostic imaging of articular 

S. Trattnig et al.



369

 cartilage. NMR Biomed. 2006;19(7):781–821. Epub 
2006/11/01.

 173. Rahmer J, Bornert P, Groen J, Bos C. Three- 
dimensional radial ultrashort echo-time imag-
ing with T2 adapted sampling. Magn Reson Med. 
2006;55(5):1075–82.

 174. Nielles-Vallespin S, Weber MA, Bock M, Bongers 
A, Speier P, Combs SE, et al. 3D radial projection 
technique with ultrashort echo times for sodium 
MRI: clinical applications in human brain and skel-
etal muscle. Magn Reson Med. 2007;57(1):74–81.

 175. Jordan CD, McWalter EJ, Monu UD, Watkins 
RD, Chen W, Bangerter NK, et al. Variability of 
CubeQuant T1rho, quantitative DESS T2, and 
cones sodium MRI in knee cartilage. Osteoarthritis 
Cartilage. 2014;22(10):1559–67.

 176. Trattnig S, Zbyn S, Schmitt B, Friedrich K, Juras V, 
Szomolanyi P, et al. Advanced MR methods at ultra-
high field (7 tesla) for clinical musculoskeletal appli-
cations. Eur Radiol. 2012;22(11):2338–46.

 177. Madelin G, Regatte RR. Biomedical applications 
of sodium MRI in vivo. J Magn Reson Imaging. 
2013;38(3):511–29.

 178. Grushko G, Schneiderman R, Maroudas A. Some 
biochemical and biophysical parameters for the 
study of the pathogenesis of osteoarthritis: a com-
parison between the processes of ageing and degen-
eration in human hip cartilage. Connect Tissue Res. 
1989;19(2–4):149–76.

 179. Lohmander LS. Articular cartilage and osteoarthrosis. 
The role of molecular markers to monitor breakdown, 
repair and disease. J Anat. 1994;184(Pt 3):477–92.

 180. Wheaton AJ, Borthakur A, Dodge GR, Kneeland 
JB, Schumacher HR, Reddy R. Sodium magnetic 
resonance imaging of proteoglycan depletion in 
an in vivo model of osteoarthritis. Acad Radiol. 
2004;11(1):21–8.

 181. Wheaton AJ, Borthakur A, Shapiro EM, Regatte 
RR, Akella SV, Kneeland JB, et al. Proteoglycan 
loss in human knee cartilage: quantitation with 
sodium MR imaging–feasibility study. Radiology. 
2004;231(3):900–5.

 182. Wang L, Wu Y, Chang G, Oesingmann N, Schweitzer 
ME, Jerschow A, et al. Rapid isotropic 3D-sodium 
MRI of the knee joint in vivo at 7T. J Magn Reson 
Imaging. 2009;30(3):606–14.

 183. Madelin G, Babb J, Xia D, Chang G, Krasnokutsky 
S, Abramson SB, et al. Articular cartilage: evaluation 
with fluid-suppressed 7.0-T sodium MR imaging in 
subjects with and subjects without osteoarthritis. 
Radiology. 2013;268(2):481–91.

 184. Newbould RD, Miller SR, Tielbeek JA, Toms 
LD, Rao AW, Gold GE, et al. Reproducibility of 
sodium MRI measures of articular cartilage of the 
knee in osteoarthritis. Osteoarthritis Cartilage. 
2012;20(1):29–35.

 185. Marik W, Nemec SF, Zbyn S, Zalaudek M, Ludvik 
B, Riegler G, et al. Changes in cartilage and ten-
don composition of patients with type I diabetes 
mellitus: identification by quantitative sodium 
magnetic resonance imaging at 7 T. Invest Radiol. 
2016;51(4):266–72.

 186. Trattnig S, Welsch GH, Juras V, Szomolanyi P, 
Mayerhoefer ME, Stelzeneder D, et al. 23Na MR 
imaging at 7 T after knee matrix-associated autol-
ogous chondrocyte transplantation preliminary 
results. Radiology. 2010;257(1):175–84.

 187. Zbyn S, Stelzeneder D, Welsch GH, Negrin LL, 
Juras V, Mayerhoefer ME, et al. Evaluation of native 
hyaline cartilage and repair tissue after two cartilage 
repair surgery techniques with 23Na MR imaging 
at 7 T: initial experience. Osteoarthritis Cartilage. 
2012;20(8):837–45.

14 Magnetic Resonance Imaging of the Ultrastructural Composition of Articular Cartilage in Disease…



371© Springer Science+Business Media, LLC, part of Springer Nature 2020 
H. K. Gahunia et al. (eds.), Articular Cartilage of the Knee, 
https://doi.org/10.1007/978-1-4939-7587-7_15

Histopathology Evaluation 
of Cartilage Disease and Repair

Kenneth P. H. Pritzker and Harpal K. Gahunia

15.1  Introduction

Histological changes in articular cartilage 
pathology have been reported for more than 
125  years [1]. Using the light microscope, the 
avascular and aneural nature of articular carti-
lage was known by the beginning of the twenti-
eth century [2]. With advancement in technology 
(electron microscopy, isotopic tracer techniques, 
biochemistry) and discoveries, by the middle of 
the twentieth century, our understanding of 
articular cartilage structure, collagen architec-
ture (gothic arcade model), and macromolecular 
constitution was much enhanced [3, 4]. 
Throughout the second half of the twentieth 
century, major advances in technological inno-
vation in articular cartilage imaging (magnetic 
resonance imaging – MRI, ultrasound, enhanced 
microscopy), surgical repair procedures, bio-
chemistry, and immunology (enzymology, 
immunologic assays, etc.) coupled with the 

extensive collaboration among clinicians, scien-
tists, and engineers have accelerated our under-
standing of articular cartilage structure and 
function at the cellular, macromolecular, and 
organ level [5–48]. Since the beginning of the 
twenty-first century, continued technological 
innovation and scientific progress has provided 
us with the understanding of articular cartilage 
as a very dynamic tissue in health, aging,  
injury, and disease [49–73]. To illustrate the 
range of disease affecting articular cartilage, 
cartilage pathomorphology in chondromalacia, 
rheumatoid arthritis  (RA), and osteoarthri-
tis (OA) are discussed briefly as follows.

Although chondromalacia is a condition com-
mon among young, athletic individuals, it also 
affects people of all activity levels and ages 
including older adults who have arthritis of the 
knee [74, 75]. It is often recognized as involving 
the extensor mechanism of the knee and accord-
ingly also referred to as chondromalacia patella, 
patellofemoral syndrome, or runner’s knee [76, 
77]. Chondromalacia involves macroscopic soft-
ening of the articular cartilage usually focally 
and commonly presents in patella articular carti-
lage. In young individuals, chondromalacia is 
most likely a consequence of an acute injury such 
as a trauma, repetitive overuse, knee malalign-
ment, or even muscle weakness. Cartilage soft-
ness is related to cartilage matrix edema 
(swelling) and if limited can resolve without 
residual damage. However, repeated injury where 
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mechanical forces are highest can result in ero-
sion of the cartilage, which in chronic phase may 
be manifested as vertical clefts from the extracel-
lular matrix  (ECM) surface and edema or even 
cysts within the cartilage of middle zone (MZ). 
With complete cartilage erosion, the articular 
surface may become bone  (due to exposure of 
subchondral bone) in which there is a shiny sur-
face (referred as eburnation) and beneath this, 
increased bone density within the articular plate 
(osteosclerosis). In contrast, RA is an autoim-
mune, chronic systemic inflammatory disorder 
that affects primarily synovium but not the carti-
lage [78]. The initial pathologic event within the 
joint in RA appears to be immune-mediated acti-
vation of synovial cells, eventually progressing to 
a more chronic stage resulting from the exten-
sively hyperplastic synovium. Cartilage injury is 
passive in RA.  In response to proteolytic 
enzymes, e.g., metalloproteases elaborated by 
synovial cells, degradation of cartilage ECM 
macromolecules ensues. Similarly increased 
cytokines from synovial cells act on chondro-
cytes to decrease collagen and proteoglycan (PG) 
synthesis [79]. Subsequently, progressive thin-
ning and loss of cartilage matrix occur over the 
entire surface of the joint starting peripherally at 
the synovium-cartilage interface.

Osteoarthritis, occurring in older population 
(> 65 years; affecting about 60% men and 70% 
women), is the leading cause of global musculo-
skeletal disability [80–82]. Nevertheless, OA can 
also affect children and younger adults [83–89]. 
The key risk factors for the accelerated develop-
ment of OA in young adults include obesity and a 
history of sport-related traumatic knee injury 
such as anterior cruciate ligament rupture and/or 
meniscal tear [83, 90, 91]. Knee OA usually 
affects articular cartilage where mechanical 
forces are maximum. The etiology of OA is mul-
tifactorial, and the associated pathophysiological 
events involve the inflammatory cytokines, such 
as interleukin-1 beta (Il-1β) and tumor necrosis 
factor-alpha (TNF-α), which can be involved in 
initiating a cycle of catabolic and matrix degrada-
tive events in cartilage [63, 65–71, 92–94]. 
Production of cartilage-degrading enzymes and 
pro-inflammatory cytokines can also result from 
intra-articular deposition of endogenous parti-

culates, such as OA-associated basic calcium 
phosphate crystals [95]. Metalloproteinases from 
chondrocytes mediate articular cartilage ECM 
degradation and remodeling of the underly-
ing  subchondral bone. Nitric oxide exerts pro-
inflammatory effects, and cartilage from RA and 
OA patients has shown to spontaneously produce 
nitric oxide in vitro [96, 97]. In experimental OA, 
nitric oxide has been shown to exert pro- 
inflammatory effects by inducing chondrocyte 
programmed cell death, apoptosis [63]. The per-
centage of chondrocytes with nitric oxide–
induced apoptosis is known to increase in 
cartilage obtained from trauma patients, and the 
subsequent number of apoptotic chondrocytes 
decreased with increasing time from injury [98,  
99]. Chondrocyte apoptosis can be inferred by 
observing nuclear fragmentation in a ladder pat-
tern. A recent study showed that the presence and 
severity of chronic synovitis characterized by 
slight increased synovial lining cells with subja-
cent fibrosis can assist in identifying distinct his-
topathological OA subgroups [100]. This chronic 
synovitis is less in extent and different morpho-
logically than that observed in chronic inflamma-
tory arthritis such as RA. Further, this study also 
documented that the infiltration of blood vessels 
through the tidemark referred to as “tidemark 
breaching” was greater in the OA group com-
pared with the “non-arthritic” group. See 
Appendix D for OsteoArthritis Research 
Society International (OARSI) histopathological 
grading system for OA cartilage.

15.2  Early Changes in Articular 
Cartilage Injury and Disease

Normal hyaline cartilage, as a material, is isotro-
pic; cartilage matrix has similar material proper-
ties in three dimensions both on a microscopic 
and macroscopic scale (Fig. 15.1). A direct cor-
relation exists between the histological changes 
of articular cartilage and its altered biomechanics 
during the progression of OA [102]. With dis-
ease, the cartilage matrix becomes more  
heterogeneous, with adverse biomechanical con-
sequences. Through early therapeutic interven-
tion, the damaged cartilage can heal and repair 
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better to prevent progression to degenerative 
arthritis. Identification and diagnosis of the early 
stage of cartilage lesions in disease as chondro-
malacia patellae, OA, RA, or other processes is 
the key to the success of devising strategies for 
articular cartilage repair and  timely treatment 
resulting in favorable outcomes for patients [64]. 
Softening of articular cartilage regularly noted as 
the earliest morphological change (Grade 1 and 
II lesions) in chondromalacia patella has been 
associated with PG depletion and reduction in the 
size of aggrecans [103]. The earliest abnormali-
ties in RA involve proliferation of the synovium 
and soft tissue swelling, which is followed by 
pannus (inflamed synovial tissue) overlying 
across the articular cartilage surface resulting in 
disorganization of collagen, decreased PG con-
tent, and subjacent chondrocyte death. Typically, 
focal chondrocyte death is seen as well in the car-
tilage superficial zone (SZ) and upper MZ adja-
cent to cartilage surface covered by pannus. In 
contrast, the earliest focal degeneration in OA 
knee articular cartilage occurs in the more central 
weight- bearing area within an intact SZ and is 
associated with increased collagenase cleavage 
of  collagen type II which may be accompanied 
by subjacent focal chondrocyte hypertrophy, 
clustering, and/or disorganization (Fig.  15.2) 
[104]. Chondrocyte hypertrophy can be recog-
nized by the relative increase of chondrocyte 

cytoplasm compared to other chondrocytes. The 
breakdown of collagen fibers results in matrix 
edema due to net increase in water content 
[105–109]. The earliest nonreversible  OA 
changes are perichondronal collagen formation, 
microscars from previous injury. This leads to 
cartilage matrix heterogeneity, which  in turn 
leads to asymmetric responses to mechanical 
forces furthering progressive cycles of injury and 
collagenous repair tissue. Recently, using an 
experimental OA model and also noted in patients 
with OA, an interesting association between 
synovitis and collagen structural damage was 
observed in early OA [110, 111]. Further, using 
Second Harmonic Generation (SHG) imaging, a 
decrease in collagen fiber thickness in the deep 
zone (DZ) and an increase in collagen fiber disor-
ganization in the SZ was detected very early in 
OA development.

15.3  Histopathology of Articular 
Cartilage Lesions

Histopathological techniques and assessment cri-
teria of articular cartilage lesions due to injury or 
disease have been evolving over the past 40 years 
[101, 112–124]. The evaluation of the reproduc-
ibility, validity, and reliability (intra- and inter- 
observer) of the histological assessment of the 

Fig. 15.1 (a) Schematic diagram of normal articular car-
tilage showing smooth knee cartilage surface. The uncal-
cified articular cartilage extracellular matrix and 
chondrocytes are organized into superficial, mid, and 
deep zones. Subjacent, the tidemark separates the deep 

zone from the calcified cartilage. (b) 5 μm section of nor-
mal articular cartilage reveals the smooth surface 
(Safranin O stain, Magnification, 5×) (Permission is 
granted to reprint these figures from Osteoarthritis And 
Cartilage, Elsevier [101])

15 Histopathology Evaluation of Cartilage Disease and Repair
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extent of cartilage lesion and nature of repair as 
well as its utility as the gold standard for com-
parison with other imaging modality has been 
extensively reported [52, 53, 101, 114, 115,  
117–120, 122, 124–137]. Histologic methods 
were developed first to assess OA activity and 
progression and to assess cartilage injury in 
experimental arthritis [101, 113, 124, 138–142]. 
More recently, specific models for cartilage 
repair have been developed in animals ranging in 
size from mice to horses [143–146]. Histologic 
methods to evaluate cartilage repair were devel-
oped modeled on methods to assess cartilage 
injury [122]. Histologic assessment continues to 
be the most integrative method for assessing the 
reparative response of cartilage chondrocytes and 
matrix. Figures 15.3, 15.4, 15.5, 15.6, and 15.7 
show the schematic diagrams with its corre-
sponding histologic assessment for OA Grades 
2–6.

The principles of simplicity, utility, scalabil-
ity, extendability, and comparability, operative 
in histopathologic systems to evaluate OA 
[101], also need to be applied to systems of car-
tilage repair. Paramount considerations for his-
topathology evaluation of cartilage repair 
include addressing the following key 
questions:

 1. Does the classification system reflect the 
capacity of cartilage as a living system to con-
tinue repair and subsequently maintain carti-
lage integrity? Crucially this would include 
the capacity of the reparative cartilage to adapt 
to a changing biomechanical environment.

 2. Does the classification system reflect the bio-
mechanical integrity of articular cartilage? 
Ideally, reparative cartilage would have identi-
cal cell distribution and matrix architecture as 
is found in pristine hyaline cartilage. This pre-
supposes that cartilage adjacent to the repara-
tive cartilage has normal properties, a situation 
that does apply after acute cartilage injury but 
may not be present with disease such as 
advanced OA. In practice, reparative cartilage 
that has similar functional properties but dif-
fers in matrix architecture from normal carti-
lage may be seen. This means that adequacy of 
cartilage repair needs to be assessed not purely 
on architecture arrangement of cells and matrix 
components but on how well the reparative tis-
sue reflects the intact functional state.

 3. Does the classification system reflect the vol-
ume of reparative cartilage, the location, and 
the extent of cartilage repair within the joint? 
This is the question of sample adequacy and 
representativeness.

Fig. 15.2 (a) Schematic diagram of early (Grade 1) 
osteoarthritic lesions of knee articular cartilage surface 
demonstrating uneven cartilage surface with superfi-
cial  zone fibrillation. (b) Histologically, these surface 
lesions are characterized by proteoglycan depletion, 

exhibited by slight reduction of Safranin O staining inten-
sity, which extends to the upper 5% of the mid-zone 
(Safranin O stain, Magnification, 5×) (Permission is 
granted to reprint these figures from Osteoarthritis And 
Cartilage, Elsevier [101])
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Fig. 15.3 (a) Schematic diagram of Grade 2 osteoar-
thritic lesions showing marked surface discontinuity of 
the knee articular cartilage. Fibrillation extends through 
the superficial zone to the mid-zone. (b) Histologically, 
the fibrillation (indicated by arrow) may be accompanied 
by hypercellularity or small chondrocyte clusters and/or 

cell death along with increased or decreased extracellular 
matrix Safranin O staining that may extend to the upper 
third of the mid-zone. Initiation of matrix disorganization 
may also be seen (Magnification, 5×) (Permission is 
granted to reprint these figures from Osteoarthritis And 
Cartilage, Elsevier [101])

Fig. 15.4 (a) Schematic diagram of Grade 3 osteoar-
thritic lesions of the knee articular cartilage illustrating 
vertical fissures that extend well within the mid-zone. The 
cartilage surface integrity is disrupted with fibrillation that 
extends vertically downward into the mid-zone. Cell 
death and/or proliferation as well as chondrocyte cluster-
ing may be observed, most prominently adjacent to fis-
sures. (b) Fissures are present that branch and extend into 

the deep zone. Cell death and large chondrocyte clusters 
depicting active repair response are observed most promi-
nently adjacent to the fissures and extend well within the 
mid-zone. Note the chondrocyte hypertrophy demonstrat-
ing intrinsic cellular response to cartilage repair and vary-
ing Safranin O staining intensity (Magnification, 5×) 
(Permission is granted to reprint these figures from 
Osteoarthritis And Cartilage, Elsevier [101])

15 Histopathology Evaluation of Cartilage Disease and Repair



376

 4. Can the histopathology classification system 
reflect functional state of cartilage repair as 
visualized by imaging techniques? Ideally, 
noninvasive imaging would reflect the 
 cartilage repair by same or better criteria as 
histology, but presently, this is a goal rather 
than reality. Accordingly, it is necessary to 

map the status of functional repair as seen by 
histology to that as observed by imaging. 
Cluster  formation is a sign of repair in early 
OA, and in cartilage repair, cluster formation 
may be interpreted as a positive phenomenon 
as cell proliferation is central to new tissue 
formation [147, 148].

Fig. 15.5 (a) Schematic diagram of Grade 4 osteoar-
thritic lesions of the knee articular cartilage illustrating 
fissures and matrix erosion that may extend into the upper 
part of the deep zone. Reduplication of the tidemark may 
be present. (b) Cartilage matrix loss with deep fissures is 

seen. Hypocellularity and chondrocyte clusters with 
markedly decreased Safranin O staining are noted. 
Duplication of tidemark is prominent (Safranin O stain, 
Magnification, 5×) (Permission is granted to reprint these 
figures from Osteoarthritis And Cartilage, Elsevier [101])

Fig. 15.6 (a) Schematic diagram of Grade 5 osteoar-
thritic lesions of the knee articular cartilage illustrating 
large extent of cartilage denudation or focal areas of total 
uncalcified cartilage loss. (b) Full-thickness erosion of 

unmineralized hyaline cartilage. The articular surface con-
sists of the calcified cartilage or bone (Safranin O stain, 
Magnification, 5×) (Permission is granted to reprint these 
figures from Osteoarthritis And Cartilage, Elsevier [101])
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15.4  Articular Cartilage Repair 
Versus Regeneration

The common vision of cartilage repair refers to 
the restoration of a histologic defect in articular 
cartilage ranging in size from superficial fibrilla-
tion over a small area through cleft formation, 
erosion, or alternately repair of a fracture 
 vertically through the articular plate or horizon-
tally through mid-cartilage. Similar concepts can 
be extended to meniscal fibrocartilage with repair 
usually associated with restoration of tissue fol-
lowing a soft tissue fracture, commonly termed 
“tear.” When the repair is effected by tissue with 
cell and matrix histologic characteristics of nor-
mal cartilage, this is termed regeneration.

In fact, cartilage repair should be more broadly 
defined to include restoration of the normal carti-
lage functional state from a state of lesser func-
tion. This broader definition can be assessed by 
cartilage tissue texture and would include repair 
from cartilage edema where the cartilage is softer 
and weaker and from cartilage sclerosis where 
the cartilage is firmer and more brittle. Knee car-
tilage edema, at least of superficial cartilage fol-
lows commonly in professional athletes and from 
acute traumatic injury [149, 150]. As noted 
above, in the patella where it may affect a broad 

domain within mid-cartilage, this is commonly 
termed “chondromalacia.” In OA, cartilage 
matrix “sclerosis” may follow formation of 
excess collagen as microscar tissue in defects and 
around chondrons. Alternatively, cartilage may 
be firmer as a result of amyloid infiltration or cal-
cium pyrophosphate dihydrate (CPPD) or apatite 
crystal deposition or very rarely, ochronosis 
[151–154].

A decreased functional state may be associ-
ated with chondrocyte death (necrosis) as com-
monly occurs in RA or superficial cartilage in 
OA. An age-related imbalance in reactive oxy-
gen species (ROS includes superoxide, hydro-
gen peroxide, the reactive nitrogen species nitric 
oxide, and the nitric oxide derived product per-
oxynitrite) production relative to the anti-oxi-
dant capacity of chondrocytes plays a role in 
cartilage degradation as well as chondrocyte 
cell death [155]. Excess levels of these ROS 
cause oxidative damage and, more importantly, 
disruption in cell signaling pathways. 
Chondrocyte death is identified by the absence 
of chondrocytes within the chondron or, prior to 
cell resorption, by the presence of chondrocytes 
with a cell membrane “ghost” and with nucleus 
devoid of basophilic staining [101]. Chondrocyte 
death has the effect of changing cartilage matrix 
into a nonadaptive less functional material 

Fig. 15.7 (a) and (b) Schematic diagram and Safranin O 
stained photomicrograph of Grade 6 osteoarthritic lesions 
of the knee articular cartilage showing eburnation and 
articular contour deformation. The articular surface con-

tour is altered through the processes of microfracture, 
repair, and bone remodeling (Magnification, 5×) 
(Permission is granted to reprint these figures from 
Osteoarthritis And Cartilage, Elsevier [101])
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 subject to development of cracks (including 
fibrillation, cleft formation), fragmentation, and 
erosion by usual mechanical forces. More subtle 
loss of cartilage function may be associated 
with pigment deposition related to oxidized lip-
ids or dehydration both commonly but not inevi-
tably associated with cartilage aging [156, 157]. 
Cartilage dysfunction related to dehydration or 
endogenous infiltrates and deposits such as 
amyloid and calcium crystals are not yet ame-
nable to repair, but reparative strategies are pos-
sible. The successful example is monosodium 
urate crystal deposition (gout) where following 
removal of urate crystals by drug therapy, carti-
lage repair can ensue [158, 159].

It was commonly taught that hyaline articular 
cartilage is incapable of repair and that injured 
cartilage cannot be restored to hyaline cartilage 
(regeneration). Both concepts are demonstrably 
wrong. Cartilage repair takes place by one or 
more of three processes, each with its own fea-
tures and limitations: repair from adjacent native 
cartilage, repair from subjacent bone or adjacent 
soft tissue, and, more recently, repair from graft 
tissue inserted into cartilage defects. Under 
some conditions, OA cartilage after an extended 
period of passive motion exercise such as on a 
stationary bicycle or experimentally under insu-
lin-like growth factor-1 (IGF-1) stimulation can 
show chondrocyte replication at the edge of the 
defect and hyaline matrix regeneration with col-
lagen type II [160]. This process rarely is exten-
sive and therefore repair is incomplete. This 
 limitation arises because cartilage matrix is 
impermeable to large molecules. Accordingly, 
enzyme inhibitors formed on the chondrocyte 
surfaces can migrate only slightly into the sur-
rounding matrix [161]. These inhibitors protect 
the cartilage matrix from proteolytic enzyme 
degradation, a process necessary for chondro-
cytes to activate replication and extensive new 
collagenous matrix formation. This reparative 
cartilage may be hyaline or fibrocartilage 
depending on local ambient conditions. 
Similarly, connective tissue can generate hya-
line cartilage under some conditions, the most 
well- known human example being synovial 

chondrometaplasia (synovial chondromatosis) 
[162, 163].

Cartilage repair derived from subjacent bone 
is the most common repair process observed. 
This process begins with migration of less dif-
ferentiated fibroblastic connective tissue cells 
from the marrow into the defect. These cells are 
capable of producing proteolytic enzymes that 
degrade cartilage matrix at the edge of the defect 
rendering it capable of adhesion to the matrix 
generated by the incoming cells. These cells can 
replicate giving rise to chondrons often contain-
ing several small cells and synthesize the ECM 
usually composed principally of collagen type I 
and PG. Because collagen type I fibers contain 
less water than collagen type II, and can form 
thicker fibers, this reparative tissue is termed 
fibrocartilage [164]. While fibrocartilage can be 
easily distinguished from hyaline cartilage 
using polarized light microscopy, nonetheless 
its functional properties under some conditions 
can be adequate. It should be noted that repara-
tive fibrocartilage formation can be facilitated 
surgically by drilling and microfracture from 
the base of a cartilage defect into the subchon-
dral bone.

Cartilage repair can be facilitated or acceler-
ated by surgical insertion of grafts containing 
autologous or allogenic chondrocytes  (refer to 
Chap. 11 for detail of these procedures). 
Allogenic cartilage grafts now have a clinical 
practice history of more than 40  years and are 
known to survive with viable chondrocytes for 
more than 25  years [165–168]. In these grafts, 
repair takes place in the subchondral bone, essen-
tially the process of fracture repair and by gener-
ation of fibrocartilage at the graft-host cartilage 
interface. As well chondrocyte replication and 
PG matrix production organized around existing 
chondrons can be seen within the hyaline carti-
lage graft. Typically, graft chondrons containing 
multiple replicated chondrocytes demonstrate 
loss of chondron polarity. Similar changes on a 
smaller scale can be seen with the insertion of 
cartilage plug grafts as performed during 
Mosaicplasty or osteochondral autograft transfer 
system (OATS) [169–173].
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More recently, autologous or allogenic chon-
drocytes embedded in endogenous matrix gener-
ated by the cells or placed in exogenous matrices 
(scaffolds) have been used to repair cartilage 
defects [62, 173–177]. For details of these proce-
dures, refer to Chaps. 17 and 18. With these 
grafts, features of successful repair include dif-
ferentiation and/or maintenance of chondrocyte 
phenotype, elaboration of matrix with collagen 
and PG architecture, composition and functional 
properties similar to normal articular cartilage, 
orderly replacement of scaffold if present by 
chondroid matrix, and integration of the graft 
with the adjacent native cartilage and subchon-
dral bone.

In general, the time for complete graft repair 
will vary with the size of the graft. In cases of 
large osteoarticular shell allografts, repair time 
may extend > 2 years. Graft failure is manifest by 
graft disruption, graft resorption, neovasculariza-
tion of adjacent tissues, and  extrusion of graft 
particulates (matrix, scaffold) into the synovial 
and/or marrow spaces sometimes inciting acute 
or chronic inflammation. In graft techniques, 
where the matrix is doped with growth or other 
regulatory factors, graft failure is sometimes 
accompanied by excess or insufficiency of repar-
ative tissue or the presence of fibrocytic metapla-
sia of the graft chondrocytes [178, 179].

15.5  Histologic Evaluation 
of Cartilage Repair Tissue

In 2003, the International Cartilage Repair 
Society (ICRS), using consensus methods, devel-
oped a Visual Histologic Assessment Scale 
(VHAS) to evaluate cartilage repair in hyaline 
cartilage [122]. Following the assessment method 
of Mankin et  al. for OA, VHAS evaluates the 
 following histologic features on a scale of 0–3: 
surface continuity/discontinuity, matrix  tissue 
composition (hyaline cartilage vs fibrocartilage 
vs fibrous tissue), chondrocyte organization/dis-
tribution, chondrocyte population viability, calci-
fied cartilage mineralization and subchondral 
bone integrity [113, 122, 123]. While useful for 

assessing extent of graft failure within grafts, this 
classification had limited utility to assess graft 
integration with host cartilage or the biomechani-
cal competence of the graft in vivo. A study was 
reported pertaining to the relationship of mechan-
ical compression on knee cartilage plugs corre-
lating Young’s modulus with ICRS VHAS Grade 
[135]. Cartilage with ICRS VHAS Grade 3 had 
50% less compression resistance as measured by 
Young’s modulus than Grade 1 cartilage. 
However, these results were not confirmed using 
dynamic biomechanical testing methods [180]. 
See Appendix D for ICRS histological assess-
ment of cartilage repair.

Further extensive histologic studies with bio-
chemical and biomechanical correlation using 
human knee articular cartilage demonstrated that 
tensile strength and biochemical properties were 
decreased even with minor histologic change 
such as SZ fibrillation [181]. This suggests that 
even slight morphologic changes can represent 
significant deterioration of mechanical proper-
ties. Cell viability, apoptosis, and necrosis play 
an important role in understanding various pro-
cesses including early development to aging, 
acute injury, and in disease [182]. Including these 
criteria in the assessment of healthy and diseased 
cartilage as well as post surgical repair tissue is 
essential.

15.5.1  Meniscal Fibrocartilage

The architecture of meniscal fibrocartilage dif-
fers from hyaline cartilage in three important 
aspects. First, the matrix is composed of colla-
gen type I, which is more fibrillar and less 
hydrated than  collagen type II of hyaline carti-
lage. Second, the outer portions of the meniscus 
are vascularized. Third, meniscal fibrocartilage 
is innervated and contains proprioceptors. 
Therefore, the meniscus is intrinsically more 
capable of repair than hyaline articular cartilage. 
However, in practice, this is not usually the case 
probably related to mechanical instability of por-
tions of the injured meniscus. As with hyaline 
cartilage, numerous techniques are available to 
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promote endogenous repair or supply graft cells/
tissue [183–190]. Histologic evaluation of menis-
cal repair involves assessment of the integrity of 
the repaired meniscus, for example, the graft-
host interface, the viability of meniscal cells, and 
the anchoring of the meniscus to the edge of the 
joint. Further, completeness of repair can be 
assessed by the absence of chronic inflammation 
and by observation that meniscal blood vessel 
lumina are comparable in diameter to those in 
normal meniscus. Differentiating distinct types 
of meniscal pathology, such as MR assessment of 
meniscal morphologic deformity/extrusion and 
maceration rather than intrameniscal tear, were 
shown to be important in determining OA sever-
ity and progression [100].

As histologic assessment of cartilage repair is 
invasive, and under clinical circumstances at best 
only a portion of a viable graft can be biopsied, it 
would be desirable to image cartilage repair 
using radiologic techniques [132, 133, 191, 192]. 
Presently conventional imaging including MRI 
cannot distinguish reparative cartilage [133]. 
Sodium MRI and gadolinium MRI, techniques 
for imaging fixed ion density as a surrogate for 
matrix PGs, show promise to distinguish early 
cartilage repair [193, 194]. However, at present to 
achieve sufficient resolution of reparative carti-
laginous tissue, arthroscopic techniques such as 
optical coherence tomography and high- 
frequency ultrasound are required [61, 138].

15.5.2  Cartilage Repair Tissue 
Evaluation Methods: 
Problems and Prospects

Presently, although histology is the gold standard 
to evaluate articular cartilage integrity in injury, 
disease, and repair, because of clinical reluctance 
to biopsy articular cartilage, histologic technique 
has had limited application for evaluation of 
 cartilage repair. This statement also applies to 
biomechanical studies. Beside insufficient reso-
lution, current imaging modalities cannot reflect 
the functional state of the reparative tissue com-
pared to normal cartilage. To address this prob-
lem, two steps are required.

First, matrix morphologic features need to be 
identified that are closely associated with cartilage 
mechanical properties. The architecture, type, and 
density of collagen is one such feature and might 
be ultimately assessed by examining intrinsic carti-
lage fluorescence [72, 195]. Perhaps more promis-
ing is quantitative assessment of PG matrix domain 
density and distribution. Detection of change in 
fixed charge density by itself is unlikely to provide 
sufficient resolution. Also promising but farther in 
the future would be assessment of matrix domains 
that include volume/density of particular domains 
in cartilage territorial and interterritorial matrix. 
Second, noninvasive imaging techniques are 
required at histologic resolution scales < 30 μm in 
length. High contrast, high resolution microcom-
puter tomography is now showing experimentally 
that imaging of this type is possible [196]. Future 
work is needed to demonstrate the association of 
biomechanical properties with microimaging fea-
tures. In this regard, the close correlation of articu-
lar plate bone properties with OA grade and the 
association of OA cartilage histopathological grade 
with biomechanical properties are promising [197–
199]. When this is achieved, functional imaging 
and functional histology of cartilage repair will be 
united as one modality. As this goal is approached, 
the clinical applications for these techniques not 
only to visualize but also to monitor cartilage repair 
will be realized.

15.6  Conclusions

Histologic analysis of knee articular cartilage 
structure whether by conventional histopathol-
ogy or by advanced imaging techniques has been 
the most useful surrogate technique for assess-
ment of the basal functional state of cartilage and 
the potentiality for repair and regeneration. As 
much of the mechanical force on the joint is 
absorbed by bone, this analysis should include 
the structural state of the subchondral bone plate. 
While to date, most analyses have been based on 
two dimensions and usually restricted to one joint 
surface, to be most useful, future studies should 
endeavor to develop a quantitative three- 
dimensional “picture” of the joint including the 
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apposing articular plates. Of necessity, this “pic-
ture” will not only involve visualization but also 
algorithmic mathematical analysis. With these 
developments, future histopathological evalua-
tion of the health status of knee articular cartilage 
will be even more clinically useful to determine 
strategies for cartilage repair that will result in 
functional improvement or even restoration up to 
the normal functional state.
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Human-Derived Cells in Chondral 
or Osteochondral Repair

Brent Mollon, Rita Kandel,  
and John S. Theodoropoulos

16.1  Introduction

Chondral or osteochondral  (OC) lesions of the 
knee are common in those seeking treatment by 
orthopedic surgeons and are identified in over 
60% of knees in a large cohort undergoing 
arthroscopy [1, 2]. These lesions can be dis-
abling, often limiting function of a young, active, 
and productive group of the population. However, 
the surgical treatment of articular cartilage 
defects remains a challenging area with poor 
long-term results [3].

Articular cartilage is an avascular tissue  
composed of chondrocytes arranged within an 
extracellular matrix  (ECM) of proteoglycans  

and collagen [4]. The function of cartilage is to  
produce a low-friction surface that, along with 
the meniscus in the knee, also bears load [5].  
The homeostasis of articular cartilage is complex, 
and our understanding of the interplay between 
joint mechanics, hormones, growth factors, and 
aging is evolving. An understanding of these 
mechanisms helps us understand the pathologic 
degradation of articular cartilage. Under normal 
conditions, the balance between matrix synthesis 
and breakdown is maintained by chondrocytes. 
In simplified terms, a chondral lesion represents a 
derangement in homeostasis, with destructive 
forces outpacing the ability of chondrocytes to 
synthesize replacement matrix. Once the process 
of degeneration is underway, the ability of hya-
line cartilage to repair itself is limited.

Clinically, cartilage defects can be classified 
according to the International Cartilage  
Repair Society (ICRS) classification [6]. This 
arthroscopic grading system categorizes cartilage 
pathology into one of five grades based on depth. 
Grade 0 represents normal cartilage; Grade 1 

16

B. Mollon, MD, FRCSC, MSc (*) 
Department of Orthopaedics,  
Orillia Soldiers’ Memorial Hospital,  
Orillia, ON, Canada

Simcoe-Muskoka Orthopaedics, Orillia, ON, Canada 

R. Kandel, MD 
Department of Laboratory Medicine and Pathology, 
Department of Surgery, and Institute of Biomaterials 
and Biomedical Engineering, University of Toronto, 
Toronto, ON, Canada 

Department of Pathology and Laboratory Medicine,  
Mount Sinai Hospital, Toronto, ON, Canada

Lunenfeld-Tanenbaum Research Institute,  
Mount Sinai Hospital, Toronto, ON, Canada 

Funding Supported by Canadian Institutes of Health 
Research (CIHR) grant support.

J. S. Theodoropoulos, MD, FRCSC, MSc 
Division of Orthopaedic Surgery,  
University of Toronto, Toronto, ON, Canada 

University of Toronto Orthopaedic Sports Medicine 
Program, Women’s College Hospital, Toronto, ON, 
Canada 

Division of Orthopaedic Surgery, Women’s College 
Hospital and Mount Sinai Hospital, Toronto,  
ON, Canada

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7587-7_16&domain=pdf


392

lesions represent softening of the cartilage or 
superficial cracks; Grade 2 lesions extend down 
to less than 50% of cartilage depth; Grade 3 
lesions extend beyond 50% of cartilage depth as 
far as (but not through) subchondral bone; Grade 
4 lesions represent OC lesions. Lesions can be 
further described based on size and location, with 
larger lesions and those involving weight-bearing 
surfaces thought to be more symptomatic [7]. For 
further details refer to Appendix A.

As of yet, none of the current treatment 
modalities adequately reproduce the low-friction 
properties of cartilage that enable it to resist wear 
over time. As a result, there are nonetheless, a 
myriad of clinical options as to the treatment of 
cartilage defects within the knee. Palliative pro-
cedures such as arthroscopic chondroplasty 
attempt to shave off loose chondral edges that are 
thought to catch within a joint and cause pain [4]. 
While useful for short-term pain relief, these pro-
cedures do not repair the chondral lesion which 
over time can expand and progress to osteoarthri-
tis (OA). Stimulatory procedures such as micro-
fracture attempt to induce fibrocartilaginous 
tissue formation within the defect by breaching 
the subchondral bone and releasing stimulatory 
factors into the joint from the blood and/or bone 
marrow [8]. However, fibrocartilage (composed 
predominantly of type I collagen) is biomechani-
cally inferior to hyaline cartilage (composed of 
predominantly type II collagen), and the ability 
of this procedure to halt or slow the development 
of OA is unclear [3, 9]. Transplant-type proce-
dures, including both auto- and allo- OC trans-
plants, attempt to fill the defect with cartilage 
taken from non-weight-bearing surfaces within 
the patient’s knee or from a donor. However, 
donor-site mortality in autograft procedures and 
the potential for disease transmission in allograft 
transplant procedures are disadvantages of these 
procedures [4, 10]. Additionally, the long-term 
durability of the grafts is unclear, and the techni-
cal challenges inherent in these procedures (such 
as adequately matching the depth and curvature 
of cartilage between the graft and adjacent host 
cartilage) may lead to variable clinical results [4]. 
Limiting clinical use of the above options is the 
relative lack of high-quality, comparative clinical 

studies demonstrating long-term outcomes. 
While the importance of relieving pain and 
regaining function in the short-term is an impor-
tant consideration for patients, attention is shift-
ing to identifying procedures that will prevent the 
longer-term sequela of cartilage injury, the devel-
opment of OA.

An ideal cartilage repair technique would 
result in the replacement of the damaged carti-
lage with chondrocytes and ECM similar to hya-
line cartilage that is well integrated into the 
surrounding cartilage and has homeostatic capa-
bilities similar to native tissue. Much hope lies in 
the area of tissue engineering to achieve this goal. 
The goal of creating hyaline cartilage within a 
knee should theoretically improve joint mechan-
ics and slow or even halt the progression toward 
OA.  The aim of this chapter is to provide an 
understanding of the underlying theory and cur-
rent practice of using human-derived cells and 
tissue engineering for the treatment of chondral 
and OC lesions. The current clinical data sup-
porting these approaches and an understanding of 
the limitations of this science will be presented.

16.2  Tissue Engineering

16.2.1  Principles

Current research efforts are directed at augment-
ing allograft or autograft chondrocyte transplants 
in order to improve the quality of transplanted 
tissue and its integration. However, there is great 
interest in advancing the field of tissue engineer-
ing, so it can be used to repair joint defects.  
The goals of tissue engineering are directed 
toward reconstituting the structure and function 
of human tissues [11]. However, the underlying 
principles of tissue engineering are foreign to 
many clinicians, and the rapid evolution of the 
field can complicate an understanding of these 
new advances.

Tissue engineering has made it possible to 
create biologically active, two- or three- 
dimensional cartilage-like tissue to fill a chondral 
lesion, complete with chondrocytes and a sup-
porting ECM. This process requires three basic 
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components: first, viable cells; second, appropri-
ate structural matrix or scaffold that facilitates 
formation of cartilage matrix; and third, the 
chemical and/or mechanical factors that encour-
age appropriate growth of the cells in vivo or in 
vitro on the scaffold (Fig.  16.1) [11]. The ulti-
mate goal of the above components is the even-
tual integration of the engineered tissue into the 
host [11]. This chapter will focus on only one of 
the three components of tissue engineering, the 
cells. An in-depth exploration of scaffolds and 
growth factors can be found in Chap. 17 and will 
be only described here as it relates to chondro-
cyte culture and ultimately cartilage matrix 
production.

An example of one tissue engineering 
approach under commercial development is that 

of NeoCart® (Histogenics, Waltham, MA) [12, 
13]. The autologous chondrocytes used in this 
approach are obtained arthroscopically from the 
patient’s knee by an orthopedic surgeon. Once 
obtained the chondrocytes are cultured on a 
bovine collagen gel/sponge construct, which 
serves as the scaffold. Additionally, hydrostatic 
pressure is introduced in vitro during the cultur-
ing process via a bioreactor, which applies 
mechanical stimulation to induce matrix synthe-
sis. The result is a three-dimensional structure 
containing chondrocytes with an ECM that 
resembles hyaline-like cartilage in  vivo. While 
this description is simplified, it nonetheless illus-
trates the components of tissue engineering and 
its role in creating clinical solutions to treat carti-
lage defects. The final product can be sized and 

Cells

Cells

±Cells

Cells only

Biphasic
implant

Scaffold alone

OR

Cells embedded
in scaffold

Monolayer
Culture

Scaffold or
Hydrogel

Bone
Substitute

±GF

±GF

±GF

Cartilage

Fig. 16.1 Overview of cartilage engineering. (This dia-
gram demonstrates the approaches for cartilage tissue 
engineering. The three main components (chondrocyte 
cell source, biomaterial, and/or growth factors) are uti-

lized to produce one of three end products: chondrocytes, 
cell-seeded scaffold, or biphasic implant (cartilage over-
top a bone substitute))
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fit into a cartilage defect through a mini- 
arthrotomy (or in some cases arthroscopy) and 
secured with a collagen/polyethylene glycol- 
based glue [13].

16.2.2  Definitions

In an attempt to standardize and clarify future 
discussions on tissue engineering, the following 
definitions should be understood. “Growth” is 
considered an increase in volume due to an accu-
mulation of cells and matrix similar to that pres-
ent in the original object [14]. “Remodeling” 
represents a change in the properties of a tissue 
due to a change in the structure or composition of 
that tissue. “Maturation” represents the process 
of remodeling to achieve the functional proper-
ties attributed to adult tissues. “Differentiation” 
refers to the adoption of a different phenotype by 
a cell, often by specialization of a previously 
pluri- or multipotent cell. “Stem cells” are those 
cells with a capacity for self-renewal and, under 
appropriate circumstances, the ability to differen-
tiate into more specialized cellular lineages [14].

16.3  Human Cells in Chondral 
Repair

While there are several methods under ongoing 
investigation, the underlying goal of all cellular 
approaches to cartilage tissue engineering is to 
ultimately have or generate chondrocytes capable 
of creating hyaline cartilage that can integrate 
into the surrounding cartilage and underlying 
bone [15]. The sources of chondrocytes or pre-
cursor cells capable of differentiating into a 
chondrocyte lineage are varied. They include pri-
marily obtained chondrocytes (e.g., direct OC 
transplantation), passaged chondrocytes or stem 
cells that can be induced to differentiate to chon-
drocytes including induced pluripotent cells, 
mesenchymal stromal cells, and embryonic stem 
cells. These cells, from most specialized to least 
specialized, will be explored in order.

16.3.1  Chondrocytes and Articular 
Cartilage: Properties

The only cellular component of human cartilage 
is the chondrocyte [16]. This cell initially arises 
from undifferentiated mesenchymal cells. During 
growth, chondrocytes proliferate and synthesize 
large amounts of cartilage matrix. The dry weight 
of this matrix is composed of 60% collagen (type 
II predominant), 25% proteoglycans (PG: mole-
cules with a protein core and negatively charged 
glycosaminoglycan  (GAG) chains), and 15% 
other molecules and glycoproteins (which are 
thought to be involved in matrix organization) 
[16, 18]. The dry weight of the various   matrix 
components varies with cartilage health and 
aging. The remainder of the weight of cartilage is 
water which makes up 80% of the “wet weight” 
[16]. This liquid carries gases, metabolites, ions, 
and proteins allowing for diffusion of nutrients 
and small amounts of oxygen. For an in-depth 
understanding of articular cartilage structure, 
function, growth, and development, please refer 
to Chaps. 1 and 2 of this book.

The cartilage undergoes maturation until 
adulthood. The cellularity of  articular cartilage 
decreases by 50% in an adult when compared to 
fetal tissues [19–21]. Additionally, the dry weight 
of cartilage increases as the collagen composition 
of the matrix increases to adult values [20, 21]. 
The cartilage develops a zonal organization of 
superficial, middle, deep, and calcified layers by 
adulthood [22, 23]. In the superficial zone (SZ), 
chondrocytes appear flattened and are arranged 
parallel to the joint surface [17]. Additionally, the 
ECM is composed of higher amounts of collagen 
and water and lower amounts of proteoglycans 
compared to other zones, giving the SZ a greater 
tensile stiffness and ability to resist shear forces 
[5]. The chondrocytes in the SZ are also believed 
to be involved in boundary lubrication, secreting 
molecules like proteoglycan 4 (a glycoprotein 
also known as lubricin) to decrease friction 
within the joint [24, 25]. The middle zone (MZ) 
represents 40–60% of articular cartilage and is 
composed of larger, randomly oriented collagen 
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fibrils [26]. The PG concentration is higher than in 
the SZ, providing it with the ability to withstand 
compressive forces [27]. MZ chondrocytes 
exhibit a round shape and are more metabolically 
active than in the SZ [26]. The MZ is rich in col-
lagen type II and aggrecan, but other proteins 
such as cartilage intermediate protein and small 
leucine-rich PGs are present [28–32].

The deep zone (DZ) of articular cartilage is 
composed of spherical chondrocytes. It has the 
largest collagen fibrils leading to the lowest water 
content of any of the zones of articular cartilage, 
despite the highest PG content and lowest colla-
gen content [17]. The collagen fibrils are oriented 
perpendicular to the joint surface. DZ chondro-
cytes share phenotypic similarities with growth 
plate hypertrophic chondrocytes, such as expres-
sion of collagen type X, alkaline phosphatase, 
and other proteins that have been implicated in 
the regulation of cartilage calcification [33, 34]. 
The zone of calcified cartilage (ZCC), the miner-
alized region of the DZ of cartilage, interdigitates 
with the underlying bone and anchors hyaline 
cartilage to the bone [35]. The DZ–ZCC interface 
is maintained in part by collagen fibrils organized 
perpendicular to the joint surface that bridges 
these two cartilage zones [27, 28]. At the inter-
face between the hyaline and calcified cartilage is 
the tidemark, and studies of tetracycline incorpo-
ration have demonstrated that the tidemark 
advances slowly in the hyaline cartilage [36]. 
As ZCC thickness remains relatively constant 
through life in healthy cartilage, a control mecha-
nism, not yet elucidated, must be present to 
ensure that cartilage calcification occurs at the 
same rate as its replacement by bone [14, 35, 37, 
38]. Mineralization-related molecules such as 
osteopontin expression have been implicated in 
limiting the size of mineral deposits [14]. 
Recreating this interface is likely critical to 
tissue- engineered functionality as the calcified 
cartilage serves to distribute forces and prevents 
shearing of the hyaline cartilage from the bone [36].

Cartilage maturation represents a dynamic 
process and has profound implications for bio-
logical cartilage repair. The zonal orientation, the 
increase in dry weight, and the sevenfold increase 
in collagen crosslinks in adult cartilage are 

thought to result in a 180% increase in the com-
pressive and 450% increase in the tensile modu-
lus of cartilage [20, 21]. Additionally, the ZCC is 
thought to be critical for the long-term survival of 
cartilage as it represents the anchor between the 
bone and cartilage [14]. The complex organiza-
tion of cartilage, the weight-bearing environment 
of a joint, the changes in the other joint tissues, 
and the presence of inflammatory cytokines pres-
ent a daunting challenge for successful cartilage 
repair.

16.3.2  Marrow Stimulation 
Techniques

Perhaps the simplest use of human cells in  
cartilage regeneration falls under the heading 
“marrow stimulation techniques.” This group 
includes abrasion arthroplasty, OC drilling, and 
microfracture [4]. All of these procedures seek to 
breach the subchondral plate to allow for release 
of chondroprogenitor cells and formation of a 
blood clot in the defect [8]. These cells then 
form fibrocartilage consisting primarily of type 
I collagen [4]. For the detailed description of the 
abovementioned technique, refer to Chap. 11.

Of the above techniques, microfracture is the 
more commonly performed procedure, and it can 
be utilized in  localized lesions less than 2  cm2 
lesions [39]. This is an arthroscopic procedure 
where loose pieces of cartilage are debrided and 
the subchondral bone is then breached using an 
awl or drill to a depth of 2–4 mm. Holes are made 
2–3 mm apart from each other, with the size and 
distribution of these holes thought to influence 
repair [4, 40]. Bone marrow stroma and blood 
can be seen leaking from the holes, representing 
the release of progenitor cells into the defect.

The complications attributed to these proce-
dures are minimal. However, the fibrocartilage 
created is inferior to hyaline cartilage. Recent 
efforts have focused on developing ways of mod-
ifying this response to favor more hyaline-like 
tissue formation [41]. At present, marrow stimu-
lation techniques represent a procedure intended 
to relieve pain and, at most, postpone the progres-
sion toward OA [3].
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16.3.3  Autogenic and Allogenic 
Osteochondral Transplant

Given the complexity of mature adult articular 
cartilage, it is understandable that early attempts 
to repair an OC lesion with tissue that structurally 
and histologically matches native cartilage were 
in the form of tissue taken from non-weight- 
bearing zones within a patient’s own knee (auto-
genic transplant) or removed from a cadaver 
(allogenic transplant). Osteochondral autograft 
transplantation (OAT) involves the transfer of an 
OC plug from a non-weight-bearing portion of 
the joint (e.g., lateral or medial trochlea, inter-
condylar notch) into the defect [42]. This 
approach is indicated for the treatment of focal 
OC lesions of the femoral condyle measuring 
between 1 and 2  cm2 in size. In larger lesions, 
multiple OC plugs may be transplanted into the 
OC defect (a procedure termed “mosaicplasty”). 
A lesion greater than 2 cm2 is a relative contrain-
dication to this procedure. Osteochondral 
allograft transplantation represents a treatment 
alternative to autograft when lesions are larger 
than 2  cm2 [44]. Ideally, cold-stored or fresh 
allografts should be utilized within 4  weeks of 
harvest to maximize chondrocyte viability and 
cartilage biomechanical properties [43]. Fresh-
frozen grafts are an alternative, but the freezing 
has been shown to decrease chondrocyte  
viability and damage ECM, and thus are not  
preferred [4].

The above procedures can be performed via 
arthroscopy or arthrotomy. The host OC lesion is 
identified, smoothened, and rounded to accept a 
press-fit graft. The subchondral bone is drilled to 
encourage progenitor cell release at the base of 
the graft. A graft is then selected and harvested 
with the intention that the graft will match the 
lesion in terms of size, depth, and overall carti-
lage morphology. The graft is then press-fit into 
the lesion [45]. Autogenic donor sites may be left 
untreated or filled with a matrix to encourage OC 
repair with the intent of decreasing graft-site 
morbidity [e.g., TruFit Bone Graft Substitute 
Plugs (Smith and Nephew, Andover, MA], but 
this is still controversial.

Osteochondral transplant procedures are not 
without potential complications. Concern remains 
over donor site morbidity, which ultimately lim-
its the size of OC lesion that can be treated with 
this technique [4, 46]. Use of allograft tissue 
raises the concern of disease transmission, 
increased risk of infection, requires access to a 
bone bank and can be difficult to schedule elec-
tively due to variable access to allografts [45]. 
Additionally, in both procedures, the ability to 
appropriately size the graft and match to host car-
tilage shape can be technically challenging [46]. 
If the graft is left proud or is subsided relative to 
the surrounding native cartilage, then a stress 
riser will be created, leading to point loading and 
increased wear at that site [47, 48]. One way to 
circumvent many of these problems is the use of 
biphasic implants in which cartilage formed on 
and integrated with a bone substitute could be 
generated in culture, shaped to mimic the defect, 
and then implanted [39, 48, 49].

16.3.4  Autologous Chondrocyte 
Implantation

In an attempt to repair cartilage using cells 
thought to be capable of producing hyaline carti-
lage without the morbidity associated with auto-
graft and issues with allograft, autologous 
chondrocyte implantation (ACI) evolved as an 
alternative [50, 51, 146]. The first clinical results 
of this treatment were reported by Brittberg et al. 
[50]. Cartilage is obtained via arthroscopic 
biopsy, the chondrocytes isolated and cultured in 
monolayer. The chondrocyte suspension is then 
placed in the defect, and a watertight periosteal 
patch is placed over the defect and sutured to 
adjacent cartilage to hold the cells in place [50]. 
This process requires two operations 6–8 weeks 
apart and is indicated for focal lesions from 2 to 
10 cm2 in size [4].

Although clinical results are generally favor-
able for this procedure, several drawbacks of the 
classical ACI procedure have been identified. 
Clinically, the risks of this procedure include 
arthrofibrosis, delamination of the graft, and peri-
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osteal hypertrophy [12, 53]. From a histological 
point of view, some studies have questioned the 
ability of ACI to reliably produce hyaline-like 
cartilage [53, 54]. For example, animal models 
have suggested that the periosteal patch along 
with release of progenitor cells when the sub-
chondral bone is breached may be the factors that 
encourage healing instead of the implanted chon-
drocytes [56, 57]. Furthermore, it is thought that 
culturing chondrocytes in monolayers, so-called 
passaged chondrocytes, encourages dedifferenti-
ation to cells with a fibroblast-like morphology 
and decreased capacity to produce a hyaline-like 
matrix [55, 56, 58, 59, 60]. Much research is now 
directed at improving the above approach. One 
such modification, termed “characterized chon-
drocyte implantation” (CCI), utilizes chondro-
cyte marker profiles to select for cells that are 
more likely to produce hyaline cartilage. A 5-year 
outcome study has identified a subgroup of 
patients who have improved repair after CCI 
compared to microfracture [57]. Others focus on 
utilizing synthetic patches to minimize the num-
ber of operations required and/or the utilization 
of growth factors during cell expansion in order 
to improve the ability of chondrocytes to produce 
hyaline cartilage while minimizing complica-
tions [52, 68].

As noted above that passaged chondrocyte 
cells change their phenotype but interestingly, 
these cells have the potential to undergo rediffer-
entiation under appropriate conditions [61, 62]. 
One such technique involves co-culturing with 
primary (or non-passaged) chondrocytes [63]. 
Investigators have shown that passaged human 
chondrocytes when cultured with xenogeneic pri-
mary chondrocytes encourage redifferentiation 
of the human cells and reacquisition of the ability 
to form hyaline cartilage [63]. These cells could 
then be used to redifferentiate other passaged 
chondrocytes, thus forming a stable phenotype 
which could be utilized in ACI procedures [63]. 
The mechanism underlying this redifferentiation 
is unclear but may be related to paracrine signal-
ing, direct cell-cell communication, or regulation 
by the ECM [64–66].

Tissue engineering principles have also 
attempted to recreate the zonal architecture of 

mature cartilage in a number of different ways 
either by multilayering chondrocytes from the 
different zones of cartilage, selective isolation of 
chondrocytes from zones of cartilage, or the use 
of scaffolds that favor zonal differentiation [67, 
68]. Generating hyaline cartilage with the archi-
tectural complexity of native articular cartilage is 
an area of intensive investigation and has yet to 
be solved.

The continuing evolution of ACI procedures 
through tissue engineering to attempt to over-
come these limitations has resulted in several 
subsequent “generations” of cartilage repair pro-
cedures [69]. These represent application of more 
complex tissue engineering principles but have 
less clinical evidence as to their efficacy, and, for 
some approaches, only animal studies exist. As 
there appears to be little consensus regarding 
what advances are required to designate an 
improvement within a given generation, we pro-
pose the following list  shown in Table  16.1 as 
modified from other investigators [69, 70]. The 
first-generation procedure uses periosteal patches 
to implant chondrocytes cultured in monolayer as 
described above [70]. Second-generation carti-
lage repair techniques utilize absorbable scaf-
folds and chondrocytes; the scaffolds provide 
support and a more biologic three-dimensional 
infrastructure for chondrocyte growth. Third- 
generation treatments utilize xeno/allogenic 
chondrocytes, enhancements in scaffold technol-
ogy (chondro-conductive and inductive matrix), 
mechanical-like conditioning to the chondrocytes 
or the production of biphasic grafts [70]. Fourth- 
generation approaches represent a further evolu-
tion to include the use of stem cells to generate 
chondrocytes and/or the utilization of gene ther-
apy to encourage chondrogenesis [71].

As alluded to in third- and fourth-generation 
procedures, researchers are looking toward other 
sources or cell types capable of producing chon-
drocytes in hopes of identifying one that will pro-
duce large amounts of hyaline cartilage, while 
also reducing patient morbidity or the need for 
multiple operations. In broad terms, the two main 
cell types capable of differentiating into chondro-
cytes are mesenchymal stromal cells (MSCs) and 
embryonic stem cells (ESCs).
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16.4  Mesenchymal Stromal Cells

Mesenchymal stromal cells are multipotent cells 
that have the potential to differentiate into osteo-
cyte, adipocyte, and chondrocyte lineages under 
the proper conditions [71]. MSCs are also defined 
by their ability to express certain surface mole-
cules (i.e., CD73, CD105, CD90) and grow as 
adherent fibroblast-like cells in monolayer cul-
ture in  vitro [72, 73]. The term mesenchymal 
“stromal cell” has replaced mesenchymal “stem 
cell” as these cells are ultimately restricted in the 
cells into which they can differentiate [74]. 
Nonetheless, MSCs represent precursor cells to 
chondrocytes, and thus, it is hoped that these 
cells may be utilized to encourage chondral 
repair.

A detailed protocol to collect, isolate, and 
grow mesenchymal stromal cells is beyond the 
scope of this article [See Reference [75] for 
details of the protocol]. A brief overview of this 
process is as follows: The cells are obtained via 
aspiration from bone marrow or enzymatic deg-
radation of tissue (e.g., adipose tissue). The cells 
are then expanded in culture. Flow cytometry can 

be used to sort for cells that express MSC surface 
markers, and “stemness” can be demonstrated by 
inducing differentiation into adipocytes, osteo-
blasts, and chondrocytes under the appropriate 
culture conditions [73].

16.4.1  Bone Marrow-Derived 
Mesenchymal Stromal Cells

The bone marrow represents the main source of 
MSCs (so-called bmMSCs), although they can be 
obtained from other sources including the umbil-
ical cord, adipose tissue, synovial membrane, and 
articular cartilage [75]. It is known that human 
MSCs cultured from different sites express dif-
ferent types and densities of cell surface proteins/
markers [75]. Some surface antigens appear to be 
specific to a certain MSC source. For example, 
tissue nonspecific alkaline phosphatase (TNAP) is 
exclusively found on bmMSCs, whereas CD34+ is 
identified only on adipose tissue- derived MSCs, 
and stage-specific embryonic antigen 4 (SSEA-4) 
is expressed by placenta- derived MSCs [76–78]. 
Complicating matters, surface antigen profiles 

Table 16.1 Evolution of Autologous Chondrocyte Implantation: Cartilage Repair Approaches

Generation Description Defining Features
1 Autogenous chondrocytes are obtained via arthroscopy, 

expanded in culture, and reimplanted under a patch (e.g., 
periosteum, collagen, or synthetic material) during a second 
operation

Use of chondrocytes; Patch required

2 Autogenous chondrocytes (± selection) are obtained via 
arthroscopy, chondrocytes are placed on a scaffold, and the 
chondrocyte/scaffold complex is inserted into the defect at a 
later operation

Use of scaffolds; No patch required

3 Introduces either chondro-conductive or chondro-inductive 
scaffolds, xeno/allogeneic cells, biphasic graft constructs, or 
mechanically conditioned chondrocytes during the culturing 
process

Utilizes two or three components of 
tissue engineering (introduces growth 
factors/mechanical conditioning)
or
introduces other cell types (non-stem 
cell)
or
attempts to reproduce zonal 
architecture of mature cartilage

4 Utilizes mesenchymal stromal cells, stem cells, or gene therapy 
to generate chondrocytes

Stem cells/gene therapy for 
chondrogenesis

Reprinted with the authors’ permission [69]
Definition of cartilage repair generations: Note that with each subsequent generation, the advances are intended to 
either: produce hyaline cartilage more consistently, improve graft integration, decrease donor morbidity, and/or decrease 
the number of procedures
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differ between in vivo and in vitro cells. CD271, 
for example, is found on high levels of native 
bmMSCs but not after in vitro culture [78]. This 
area of research is still evolving, and surface 
mapping may one day allow researchers to select 
for cells with enhanced chrondrogenic potential. 
For example, Battula et al. used monoclonal anti-
bodies to identify antigens associated with rap-
idly growing bmMSCs: CD271 and CD56 [79]. 
Cells that expressed both antigens proliferated 
more than 30 times faster than an unsorted pool 
of bmMSCs. Additionally, cells that expressed 
CD271, CD56, as well as TNAP preferably gen-
erated chondrocytes while displaying decreased 
adipogenic potential but unchanged myogenic, 
osteogenic, and neurogenic potential relative to 
an undifferentiated bmMSCs pool. Thus, while 
preferentially sorting MSCs based on cell surface 
antigens represents an exciting method to select 
for proliferating cells with chondrogenic poten-
tial, additional work is required before it can be 
applied clinically.

The strategies for the utilization of MSCs in 
the human knee or for cartilage regeneration 
theoretically include two categories, with some 
overlap between them. The first is using MSCs 
applied to chondral defects via direct (i.e., 
intraarticular) or indirect (i.e., intravenous) injec-
tion. The second is the utilization of MSCs in 
tissue engineering which involves inducing dif-
ferentiation of the cells to chondrocytes either 
prior to placing in the scaffold or while the cells 
are in the scaffold to create chondrocyte impreg-
nated grafts. While clinical research trials are 
underway and available data on the above is 
expanding, the majority of published data focuses 
on the former group and utilizes bmMSCs [75, 
80–82, 147]. For example, Wakitani et al. utilized 
culture expanded autologous bmMSCs embed-
ded on a collagen sheet for the treatment of patel-
lofemoral joint chondral defects involving the 
femur, patella, or both [79]. The bmMSCs were 
transplanted into the defect and secured with a 
periosteal graft or synovium (similar to first- 
generation ACI techniques), with symptomatic 
improvement noted for as long as 27 months [80]. 
Long-term follow-up studies have confirmed this 
to be a safe procedure without development of 

tumor or infections in a group of 40 patients over 
11 years [81]. In an observational cohort study by 
Nejadnik et al., ACI was compared with a group 
that received a similar treatment using autolo-
gous bmMSCs instead of chondrocytes, the 
authors concluded there was no difference in 
clinical outcome between groups at 24  months 
after operation [81]. These results suggest at the 
very least equivalence in outcome between 
implantation of chondrocytes or bmMSCs in 
ACI-type procedures in terms of short-term 
symptomatic relief. Additionally, the above stud-
ies obtained bmMSCs via an iliac crest aspirate 
[82–86], thus potentially allowing for single-
stage ACI-type procedure to be performed on the 
affected knee.

The clinical trials have yet to show a favorable 
benefit of bmMSCs over chondrocytes in tradi-
tional ACI-type procedures in terms of histologi-
cal appearance. While biopsies obtained during 
second look arthroscopies suggest the presence 
of hyaline-like cartilage in both the bmMSCs and 
ACI group in one trial [81], this is based on a 
small subset of the original study population 
requiring arthroscopy for symptomatic knees. 
Thus, any histologic superiority of bmMSCs over 
earlier generation ACI techniques is still unclear.

16.4.2  Adipose-Derived Stromal 
Cells

As a potential alternative to bmMSCs, it has been 
shown that adipose-derived stromal cells (ASC) 
display chondrogenic potential [83, 84, 148–
150]. The isolation procedure consists of harvest-
ing adipose tissue from the patient, and stem cells 
are isolated via enzymatic digestion of the tissue 
followed by cell culture expansion. The resulting 
population of ASCs is very similar to bmMSCs 
[85]. However, there are important differences 
between them to consider. Firstly, bmMSCs dis-
play more human leukocyte antigens (HLA-
ABC) than ASCs, and thus ASCs might be more 
appropriate for use in allogenic transplant proce-
dures. Secondly, differentiation toward a chon-
drocyte lineage may be affected by differing 
sensitivities to growth factors. For example, 
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aggrecan  upregulation is found to occur with 
transforming growth factor (TGF)-β3 administra-
tion to bmMSCs, whereas bone morphogenic 
protein-6 (BMP-6) upregulates aggrecan in ASCs 
[88]. Thus, tissue engineering processes may 
need to be modified in order to maximize chon-
drogenic potential. Thirdly, current evidence sug-
gests that human- derived bmMSCs have a greater 
capacity for chondrogenesis, whereas human-
derived ASCs have a greater capacity for adipo-
genesis [87, 88]. This reduced potential for 
chondrogenesis may be independent of our cur-
rent culture methods and be intrinsic to the ASC, 
with these cells showing a reduced gene expres-
sion for BMPs while also lacking TGF-β1 recep-
tor expression [89]. The seemingly superior 
chondrogenic potential of bmMSCs has led some 
researchers to suggest that this cell source is 
more appropriate for cartilage engineering than 
ASCs [90]. Others point out that the abundant 
availability of adipose tissue makes low morbid-
ity, large-quantity tissue harvests possible, which 
may compensate for its lower chondrogenic 
potential [90]. Clinical studies will be required to 
determine the optimal source of MSCs.

16.4.3  Muscle-Derived Multipotent 
Cells

The muscle has been identified as a plentiful 
source of MSCs, and its utility in regenerating 
articular cartilage has been explored in animal 
models [91]. There are three sources of muscle- 
derived stem cells (MDSCs). Pericytes, cells 
associated with capillaries, are involved in vascu-
lar maintenance but are also known for their abil-
ity to generate mesenchymal tissues in vivo [92, 
93]. As these cells are present in all tissues and 
have similar in  vivo differentiation capabilities 
and surface markers to MSCs [94], some investi-
gators believe pericytes represent a source of 
multipotential cells which can be mobilized from 
the vasculature to aid in tissue repair [92]. 
Satellite cells are found alongside muscle fibers 
and divide in response to injury. While most sat-
ellite cells are committed to myogenesis, myoen-
dothelial cells have been shown to be able to 

differentiate into all mesenchymal lineages 
in vivo [93]. The third potential source of MDSCs 
is from a traumatized muscle and can be debrided 
during surgeries for orthopedic trauma [95]. 
Injured muscle contains a high amount of multi-
potent cells [95], which are thought to be released 
in response to injury in order to participate in the 
regeneration of skeletal muscle [92]. Although 
these cells are not thought to represent true stem 
cells (in that they may have not been in a dormant 
state prior to injury), there are little differences 
between multipotent cells harvested at injury, 
other forms of MDSCs, and even bmMSCs [92, 
96].

The utility of MDSCs in chondral repair has 
been explored in a few animal models to date. For 
example, Adachi et al. utilized allogenic MDSCs 
in a rabbit model with a full-thickness articular 
cartilage defect [96]. They found viable MDSCs, 
and the repair tissue consisted of type II collagen 
at 4 weeks, concluding that allogenic MDSCs are 
a viable option for the treatment of cartilage 
defects. However, this is a short-term study and a 
longer trial (> 6 months) will be necessary. Other 
researchers have attempted to enhance this pro-
cess by gene therapy. For example, Kuroda et al. 
concluded that MDSCs genetically engineered to 
express BMP-4 also expressed type II collagen as 
early as 4 weeks after transplantation into a full- 
thickness cartilage defect in rats [97]. This is an 
exciting alternative cell source, but additional 
work must be done to confirm the suitability of 
MDSCs for cartilage repair.

16.4.4  Other Sources 
of Mesenchymal-Like Cells 
in Chondrogenesis

Umbilical cord matrix cells have been shown to 
have mesenchymal-like differentiation capaci-
ties, including the ability to differentiate into 
chondrocytes [98]. Umbilical cord matrix- 
derived stromal cells (ucMSC) are progenitor 
cells obtained from the “Wharton’s jelly” of the 
umbilical cord [83], a matrix composed primarily 
of mucopolysaccharides designed to protect the 
umbilical blood vessels from mechanical force 
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[99]. Despite having chondrocyte differentiation 
potential, current research implies ucMSC- 
derived chondrocytes produce fibrous tissue 
instead of hyaline-like cartilage [100–102]. 
Although modification of growth factors and/or 
culture techniques may ultimately allow for 
hyaline- like cartilage formation, other sources 
have more potential as sites for isolating MSCs 
suitable for use in chondral repair.

The human synovium also has cells with sub-
stantial chondrogenic potential and represents a 
reservoir of articular cartilage-destined precursor 
cells [102–105]. Indeed, a comparison of adi-
pose-derived cells, bmMSCs, muscle-derived 
cells, and synovial-derived cells had a superior 
potential for chondrogenesis [104] and produced 
larger cartilage aggregates over time when com-
pared with bmMSCs. Synovium-derived mesen-
chymal stem cells (SMSCs) have yet to be used 
clinically, and the requirement for a two-staged 
procedure has made SMSCs less appealing to 
some clinicians.

16.4.5  Embryonic Stem Cells

Another cell source is the embryonic stem cells 
[ESCs; or human ESCs (hESCs)]. Representing 
the least differentiated cell line available, ESCs 
are able to proliferate in an undifferentiated state 
for a prolonged period [106]. Importantly for car-
tilage regeneration, ESCs are capable of differen-
tiating into any mature cell in the body, including 
chondrocytes [107, 108]. Indeed, the chondro-
genic potential of ESCs was first noted histologi-
cally in teratomas, which are tumors with 
components of all three germ layers [110].

ESCs are obtained from the inner cell mass of 
blastocyst-stage embryos [106]. From there, the 
progression from undifferentiated ESCs to chon-
drocytes can take one of two paths. The first path 
utilizes the formation of an embryoid body (EB) 
to select for mesodermal cells capable of chon-
drogenesis. An EB forms as a result of the ten-
dency of ESCs to self-aggregate in  vitro and 
subsequently differentiate into the three germ 
layers as cells proliferate. Mesodermal cells can 
subsequently be isolated, cultured in the presence 

chondrogenic growth factors [platelet-derived 
growth factor (PDGF)-bb, TGF-β, BMP], and 
encouraged toward a chondrocyte lineage [109– 
111]. Although simple in theory, several chal-
lenges arise when utilizing this technique to pro-
duce a clinically safe chondrocyte cell line from 
ESCs. As is common when manipulating plurip-
otent cells, it is difficult to guarantee a pure popu-
lation of cells of the lineage of interest. Although 
it is possible to generate chondrocytes, they are 
often contaminated with other cell types [111–
113]. While it is reasonable to assert that ESCs 
differentiate into mature cell lineages, evidence 
exists to suggest that ESCs that have differenti-
ated to chondrocytes can undergo differentiation 
into other lineages such as skeletal muscle, adi-
pocytes, and epithelial cells [113]. Complicating 
matters, the factors involved in regulating cell 
phenotype are varied and involve factors in addi-
tion to growth factors. For example, the size of 
the EB has even been shown to impact cellular 
differentiation, with EBs larger than 100 microns 
in size having a tendency toward hematopoietic 
or endothelial differentiation, whereas those 
smaller than 100 microns are more likely to 
develop into chondrocytes [114]. Our under-
standing of the factors involved in influencing 
cellular heterogeneity during the differentiation 
process is evolving, and new technologies are 
being developed to address these issues 
[115–118].

The second method, a two-step procedure, for 
differentiating ESCs into chondrocytes involves 
first transforming ESCs into MSCs. By utilizing 
MSCs as an intermediary stage, the tumorigenic 
potential of ESCs is theoretically lost, thus mak-
ing this an attractive clinical option. The transfor-
mation of ESCs into MSCs can be accomplished 
several ways [117–120]. The basic principles 
include culturing human ESCs in an environment 
that encourages MSC formation (e.g., proper 
growth factors and medium). MSC cells can be 
sorted using cell surface antigens and flow 
cytometry (i.e., CD105+/CD24-) or by plating 
the cells in MSC permissive conditions such  
as hydrogels [119]. This latter approach does  
not necessarily require the formation of an 
embryoid body, although some researchers allow 
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EB formation prior to MSC formation. Once 
MSCs are obtained, the path toward chondrogen-
esis occurs as previously described.

Induced pluripotent stem cells (iPSCs) is an 
alternate method of creating cells with ESC-like 
properties. As originally described, transducing 
mouse fibroblasts with the transcription factors 
Oct3/4, Sox2, Klf4, and c-Myc, cells can be 
transformed into ESC-like pluripotent stem cells 
[121]. IPSC express ES cell marker genes and 
demonstrate ESC-like growth capabilities, 
including potential for teratoma formation. Since 
the first studies by Takahashi and Yamanaka 
[121], many other cell types have been induced to 
acquire ESC-like phenotype [122]. Wei et  al. 
described the trans-differentiation of human 
chondrocytes into iPSCs [123], and recently, 
Wood et al. generated iPSCs from human ACL 
[151].

In keeping with tissue engineering principles, 
the successful differentiation of ESCs into a via-
ble chondrocyte population requires appropriate 
culture conditions and growth factors. For exam-
ple, studies using human or murine cells have 
demonstrated improved chondrogenic differenti-
ation in ESCs cultured in a high-density micro-
mass system or on electrospun nanofibers [124, 
125]. Growth factors such as TGF-β and BMP-2 
have been shown to be inducers of chondrogenic 
differentiation of hESCs [111, 112, 126, 127]. 
Nonetheless, additional work is required to 
advance our understanding in this area. The utili-
zation of growth factors to support chondrogen-
esis has led to variable results, reflecting the 
complex effects of growth factors on different 
cells in different stages of differentiation, in addi-
tion to confounding factors such as culture condi-
tions [113, 127–129].

While the utilization of hESCs holds promise, 
much work is required to understand the factors 
involved in producing a clinically suitable, 
homogenous chondrocyte population [130–133]. 
Indeed, no trial in humans has as yet been pub-
lished, although animal studies have been 
reported [131, 134, 135]. Clinically, obtaining a 
pure population of cells that are able to differenti-
ate homogenously into a chondrocyte lineage in a 
safe manner has been challenging. 

Undifferentiated residual ESCs are known to be 
tumorigenic as they are capable of forming tera-
tomas in vivo [135, 136]. Nonetheless, our under-
standing of conditions that influences teratoma 
formation continues to evolve. For example, joint 
immobility may encourage tumor formation 
while joint mobility encourages regeneration 
[135]. Additionally, other animal studies have 
suggested that injection of ESCs into a joint cav-
ity results in teratoma formation, while localized 
injection into OC defects does not. In addition, 
the development of DNA alterations and genomic 
instability in iPSCs are issues that need to be 
addressed before these cells can be considered 
for use on cartilage repair [108]. Thus, while 
ESCs represent a potential human cell for chon-
drocyte repair, it is not currently a viable clinical 
option. Additionally, concerns over the ethical 
use of stem cell technology have led to the cau-
tious development of ESCs for clinical treatment 
and will likely be a prominent issue even if reli-
able chondrogenesis can be achieved.

16.5  Clinical Impact

Despite exciting research developments leading 
to generating a viable chondrocyte population 
with clinical utility, it has yet to translate into 
measurable clinical gains. Currently, the main 
focus of tissue engineering has been on improv-
ing ACI techniques. The utilization of some 
newer sources of chondrocytes (e.g., MSCs, stem 
cells) has yet to translate into clinical studies. 
Nonetheless, the current landscape of clinical 
trials will be explored.

Many systematic reviews on ACI have been 
published, but only a few will be highlighted 
[137–141]. Vasiliadis et al. conducted a system-
atic review of randomized trials comparing ACI 
treatment to other treatment options (e.g., micro-
fracture) [138]. Of the nine trials identified, they 
found no superiority of ACI over other treatments 
but concluded overall that available evidence was 
too heterogeneous and of too poor quality to 
make any definitive clinical recommendations. A 
similar review of nine studies was conducted by 
Vavken et  al. [139]. Their data suggest that 
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among high-quality trials, ACI results in better 
tissue quality and clinical outcomes. Nonetheless, 
they acknowledge the absolute differences 
between groups are quite small and may not be of 
clinical importance. They concluded additional 
research is required.

A review of level I and II evidence with simi-
lar inclusion criteria by Harris et al. elaborated on 
some differences between studies [140]. Of seven 
studies comparing microfracture to ACI, they 
found three trials showed better clinical results 
with ACI after 1 to 3 years follow-up, one study 
reporting better results after microfracture at 
2 years, and three trials reporting no difference 
after 1 to 5 years. They noted the only predictive 
factor of better clinical outcomes with ACI when 
compared to other treatments was a defect size of 
> 4 cm2. They also noted no apparent difference 
between first- and second-generation ACI tech-
niques or between open and arthroscopic tech-
niques. There was, however, a trend toward 
greater complication rates in open procedures 
performed with a periosteal patch (i.e., first- 
generation ACI).

Considering the high cost associated with 
engineering chondrocytes, there has only been 
one study focusing on the cost-effectiveness of 
these therapies. Clar et al. [137] conducted such a 
trial, but ultimately they were unable to generate 
concrete conclusions due to the insufficient evi-
dence present. They acknowledge that, if ACI 
were able to produce more durable hyaline carti-
lage, then the long-term clinical benefits may 
outweigh the initial costs. However, long-term 
studies are required to support the assertion that 
the hyaline cartilage generated results in 
improved long-term biomechanical properties 
that delay or prevent the development of OA.

One must also consider the complications of a 
procedure before making a recommendation. 
Harris et al. reviewed all failures and complica-
tions from ACI therapies published in 82 stud-
ies  [141]. They found an overall failure rate of 
5.8% with a mean time to failure at 22 months. 
This failure rate was higher for periosteal-patched 
ACIs (7.7%), with rates decreasing in all 
arthroscopic procedures (3.3%) or those using 
second-generation ACI techniques (0.83%). 

Overall unplanned reoperation rates were 27% in 
periosteal-patched ACIs, which decreased to 5% 
in second-generation ACI and to 1.4% in all 
arthroscopic second-generation ACI techniques. 
This study would suggest that while it has been 
difficult to identify functional benefits to evolv-
ing ACI techniques, the overall complication 
rates and need for reoperation have decreased 
in all arthroscopic and second-generation 
techniques.

Available data on third-generation techniques 
are mostly limited to prospective safety trials 
[142, 143]. A randomized controlled trial to 
establish the safety of using the cartilage auto-
graft implantation system (morselized cartilage) 
(CAIS; DePuy Mitek, Inc., Raynham, MA) was 
compared to microfracture in 29 patients [142]. 
This procedure utilized minced autologous hya-
line cartilage placed on an absorbable polygly-
colic acid-polycaprolactone scaffold and affixed 
using absorbable polydioxanone staples. The 
authors found significant improvements in the 
clinical rating scales utilizing the International 
Knee Documentation Committee [IKDC] and 
Knee Injury and Osteoarthritis Outcome  
Score [KOOS] at the 24-month follow-up. 
Complications were found to be similar between 
groups. From this they concluded the CAIS is 
safe and effective but acknowledged their study 
was limited by a small sample size and may have 
been influenced by differences between study 
populations (more patients with acute onset of 
symptoms, more men, and more full-time work-
ers in the CAIS group). Crawford et al. presented 
a prospective trial to evaluate the safety of the 
third-generation NeoCart procedure (see section 
“Tissue Engineering – Principles” of this chap-
ter) [13]. They enrolled eight patients and found 
overall improvement in pain, function, and range 
of motion at 2 years. Defect fill (as measured by 
MRI) was found to be 67–100% in six patients, 
33–66% in one patient, and less than 33% in one 
patient. No serious complications were associ-
ated with the implant. The significance of these 
findings is limited by a small sample size and 
lack of a control group. None of the above two 
trials discussed the histology of the repair tissue 
(i.e., fibrocartilage vs. hyaline-like cartilage). 
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16.6  Future Directions

Despite effort and research evaluating the use of 
cellular therapies to regenerate chondral defects, 
no true clinical benefit of newer-generation ACI 
technologies over older techniques like micro-
fracture has been established [139, 140, 144, 
146]. The literature supporting a biomechani-
cally superior tissue filling the defect in ACI has 
yet to be shown clinically in long-term trials 
[138, 140]. Results of third- and fourth-genera-
tion techniques are beginning to be published 
[142, 143]. Additionally, the use of other cell 
types for chondrogenesis has yet to be utilized in 
humans due to novelty (i.e., synovial-derived 
chondrocytes) and concerns for safety (i.e., 
embryonic stem cells). Clearly at this time, many 
of the potential cellular sources described above 
are still experimental and may be decades away 
from clinical practice, if at all. Indeed, many 
questions still need to be answered. Which cells 
most easily undergo chondrogenic differentiation 
and under what circumstances? Which cell when 
differentiated to a chondrocyte produces a matrix 
most similar to native hyaline cartilage, and will 
this tissue decrease the risk of developing arthri-
tis in those with OC lesions? How will our evolv-
ing understanding of growth factors and scaffolds 
impact OC repair? [48]. As integration can be an 
issue, are biphasic implants the best way to treat 
cartilage defects? Also, do we need to recapitu-
late cartilage zonal organization with a deep cal-
cified zone to facilitate integration and weight 
bearing? Will this approach be suitable to use in 
an arthritic joint with bony architecture changes 
and in the presence of inflammation and cyto-
kines? What should the rehabilitation process 
look like? Nevertheless, there have been many 
advances in our understanding of the issues 
related to cartilage repair which can now be the 
focus of future investigations.

16.7  Conclusions

While our understanding of the requirements for 
successful cartilage tissue engineering is expand-
ing, the clinical impact of this work is yet to be 

seen. As evidence of the usefulness of these tech-
niques mounts, clinical use of cartilage tissue 
engineering will expand, evidence-based medi-
cine must be used to determine efficacy, and these 
considerations must include other factors such as 
cost-effectiveness, ease of cell harvest and 
growth, and quality of the cartilage produced. 
Thus, many complex factors yet to be appreciated 
will ultimately help guide which advances will 
take it beyond the bench to the bedside. In spite 
of all this, cartilage tissue engineering represents 
a potentially powerful tool for the clinician to 
treat chondral defects.
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Relevance of Engineered Scaffolds 
for Cartilage Repair
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Nicholas A. Sgaglione, and Daniel A. Grande

17.1  Introduction

Articular cartilage is a specialized connective tis-
sue that allows for smooth, frictionless move-
ment of the joints. The complex biomechanical 
properties and substantial durability of articular 
cartilage is attributed to its macromolecular com-
position and architecture as well as the integrity 
of its extracellular matrix (ECM) [1, 2]. Refer to 
Chap. 1 for an in-depth description of knee 

 articular cartilage morphology and biochemical 
composition.

Articular cartilage injury caused by trauma, 
pathological conditions, or degeneration is the 
major cause of disability worldwide. Due to its 
avascular nature and consequent lack of access to 
a pool of potential reparative cells and humoral 
factors, once injured, adult articular cartilage has 
limited capability for self-repair and/or regenera-
tion to its native state [3, 4]. Further, due to low 
chondrocyte to ECM ratio, especially in aging 
cartilage, the ability of the chondrocytes to repair 
the tissue is small [5–7]. However, in contrast to 
adults, the articular cartilage of children and ado-
lescents has better healing capacity after injury. 
This is partly due to the presence of stem cells in 
the growth plate, which are able to divide and dif-
ferentiate into chondrocytes, and partly due to the 
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presence of a certain degree of vascularization 
within the articular cartilage that allows direct 
access of the nutrients to the cartilage.

Based on whether the injury penetrates 
through the underlying subchondral bone, defects 
of articular cartilage fall into two main catego-
ries, chondral or osteochondral (OC) defects [4]. 
Partial- or full-thickness cartilage defects that are 
limited to the uncalcified cartilage lack an inher-
ent ability to heal spontaneously [8]; whereas, 
full-thickness cartilage defects that penetrate 
through the vascularized subchondral bone, 
referred to as an OC defect have access to the 
bone marrow-derived chondroprogenitor stem 
cells, enabling some degree of spontaneous repair 
through the formation of fibrocartilage [9].

Due to its limited ability to regenerate itself, 
several cartilage repair techniques have been 
 utilized to relieve symptoms and functional 
 limitations [9]. Current treatments for cartilage 
injury include, but are not limited to, abrasion/
debridement, chondroplasty/arthroplasty/mosa-
icplasty, marrow stimulation techniques (i.e., 
multiple drilling or microfracture), OC autograft-
ing/allografting, and cell-based therapies using 
cultured autologous/allogeneic chondrocytes, 
stem cells, or a combination of both.

Initially, the concept of a tissue- 
engineered (TE) scaffold was to provide cells 
with a delivery system to maintain them within 
a defect site. In recent years, several innovative 
cartilage repair strategies using bioengineered, 
biocompatible, and bioabsorbable scaffolds 
have evolved. The implantation of the scaffold 
within a chondral or OC defect provides support 
for the local migration of chondrogenic or 
osteogenic cells that ultimately synthesize new 
ECM. These scaffolds play a vital role as a pri-
mary mechanical function to bear joint forces. 
The goals of this chapter are to highlight the key 
features of successful cartilage scaffolds and 
three-dimensional (3D) constructs, and to 
review scaffolds that are currently being investi-
gated and clinically used.

17.2  Evolution of Articular 
Cartilage Repair Treatment 
Options

The investigation of scaffolds by the orthopedic 
community is the result of an ongoing process 
searching for a reliable way to treat damaged artic-
ular cartilage. Initial attempts at treating focal 
chondral defects used techniques to stimulate the 
bone marrow cells to differentiate into native 
chondrocytes by abrasion arthroplasty. In 1959, 
Pridie described a method of resurfacing osteoar-
thritis (OA) joints and introduced the principle of 
multiple drilling of subchondral bone to encourage 
the formation of fibrocartilaginous repair tissue 
[10]. This was followed in the 1990s by Steadman’s 
procedure of microfracture (MFX) of the subchon-
dral bone [11–14]. Multiple drilling and MFX pro-
cedures allowed the influx of blood and 
marrow-derived chondroprogenitor cells into the 
chondral defect followed by the blood clot 
 formation and  stimulation of the classical wound 
repair cascade; these techniques yielded the for-
mation of a mixed tissue type but primarily fibro-
cartilage. However, compared with normal 
articular cartilage that is abundant in proteogly-
cans (PGs) and collagen type II, fibrocartilage 
repair tissue has inferior biochemical and biome-
chanical properties as it is abundant in collagen 
type I, which is poorly organized and susceptible 
to injury. Similar to untreated cartilage defects, the 
breakdown of fibrocartilage repair tissue over time 
and repetitive loading will lead to OA [8, 15–17].

Over the past 20 years, autologous chondrocyte 
implantation (ACI) procedure has become wide-
spread for clinically treating focal cartilage defects 
as it aims to generate hyaline-like or hyaline carti-
lage repair tissue [5]. The ACI model was first 
tested by Grande et al. in rabbits [18] Although 
this surgical technique was first performed in 
Sweden in 1987, Brittberg et al. pioneered the 
clinical use of this technique and provided the first 
description of the procedure on human femoral 
condyle chondral defects in 1994 [19]. Further 
improvements in tissue engineering (TE) have 
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contributed to the subsequent ACI generations 
(second, third, and fourth) which involve the com-
bination of autologous chondrocytes with ortho-
biologic, resorbable biomaterials/scaffolds that 
secure the cells in the defect area and enhance their 
proliferation and differentiation [20–22].

The first and second ACI generation does not 
utilize a scaffold; however, instead of an autolo-
gous periosteal cover used in the first generation, a 
bioabsorbable collagen membrane cover is used in 
the second ACI generation. In third-generation 
ACI, chondrocytes are seeded onto a collagen 
scaffold used to fill the defect. The scaffold is 
attached to the defect using a fibrin glue. The 
matrix-induced autologous chondrocyte implanta-
tion (MACI) is a trademark for the commercially 
available scaffold originally produced by 
Genzyme, which was marketed by Aastrom 
Biosciences Inc. but now acquired by Vericel 
Corporation (Cambridge, MA, USA). The 
MACI autologous cellularized scaffold is 
 comprised of collagen type I/III membrane 
 manufactured from porcine peritoneal tissue, 
which is indicated for the repair of single or mul-
tiple symptomatic, full-thickness cartilage defects 
of the adult knee, with or without bone involve-
ment. Whereas in the fourth ACI generation, the 
chondrocytes are seeded on a 3D scaffold that aids 
in preserving their chondrogenic phenotype [20].

17.3  Cartilage Tissue Engineering

From a basic science and TE standpoint, what 
integral components are necessary for the suc-
cessful restoration of articular cartilage? The 
three key elements of  approach of cartilage TE 
that provides an innovative approach for the 
repair of articular cartilage defects are as follows 
[20, 23–28]:

17.3.1  Viable Cells 
with Chondrogenic Potential

There are two cell populations that are capable of 
proliferation and differentiation into mature 
chondrocytes. One source is hyaline chondro-

cytes (autogenic or allogenic) that are harvested, 
cultured, and then seeded on the scaffold. Another 
source includes multipotent or pluripotent stem 
cell populations with chondrogenic potential. 
These stem cells may originate from various 
mesenchymal tissues such as bone marrow, 
synovium, adipose tissue, skeletal muscle, peri-
chondrium, and periosteum [23, 29].

17.3.2  Orthobiologic Scaffolds

Next, filling a cartilage defect necessitates a bio-
compatible, biodegradable and biomechanically 
stable scaffold that houses and allows the viable 
cells to be delivered as well as provide and sus-
tain a permissive environment for cellular func-
tioning. It must also facilitate proper orientation 
of repaired tissue for a sufficient time to allow 
integration with the adjacent native articular 
cartilage.

17.3.3  Signaling Molecules 
and Growth Factor(s)

Growth factors play a very important role in TE 
for repairing articular cartilage and OC defects 
with a more successful outcome. Corroborated 
in animal studies, cell-assisted and growth-fac-
tor scaffolds produced much better results, while 
growth-factor-free scaffolds showed a much 
lower rate of healing [30–34].

With the use of reliable delivery systems, the 
use of growth factors has been suggested to 
improve the repair of cartilage [35]. Several hor-
monal and paracrine factors regulate the prolif-
eration and differentiation of chondrocytes and 
cells with chondrogenic potential. The 
Transforming growth factor-beta (TGF-β) super-
family, the parathyroid hormone (PTH) related 
peptide Indian hedgehog (IH) loop, and a number 
of transcription factors, such as Sox and Runx, 
are involved in the regulation of chondrocyte pro-
liferation and differentiation [36]. The delivery of 
TGF-β, with the use of alginate, for the treatment 
of OC defects in the rabbit knee showed an 
improvement in the repair of cartilage defects 
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[37]. Chitosan hydrogels have also been success-
fully used to deliver growth factors to chondro-
cytes [38]. These  bioactive molecules in the form 
of growth factors stimulate the chondrogenic 
response and ensure proper growth of the articu-
lar cartilage ECM [30].

17.4  Tissue-Engineered Scaffolds 
for Cartilage Repair

Tissue engineering uses principles of cell and 
developmental biology, engineering and material 
science, suitable biochemical and physicochemi-
cal factors, and medicine to generate constructs 
that can successfully recapitulate the function of 
native tissues in terms of histology, 3D morphol-
ogy, biochemistry, and biomechanics. Over the 
past two decades, the evolution of TE has led to 
innovative techniques including preparation of 
various clinically effective and safe orthobiologic 
scaffolds in the hope of improving articular carti-
lage healing, repair and regeneration. Through 
the development and ex vivo manufacture of 
implantable cartilage scaffolds, the goal of carti-
lage TE is to promote long-lasting, functional 
repair of chondral lesions which would then 
translate into patient’s relief from joint pain and 
restoration of function.

These scaffolds provide an important support-
ing network for cartilage cells to adhere and pro-
liferate, to direct cell differentiation/metabolism, 
and to mediate the cell-to-cell signaling and 
interaction [39–42] (Figs. 17.1 and 17.2).

17.4.1  Requirements for Cartilage 
Scaffolds

The physical and biochemical properties of scaf-
folds are critical for the success of the cartilage 
repair process, which involves chondrogenesis 
and creation of the cartilage ECM. Properties that 
should be considered when engineering scaffolds 
for articular cartilage repair is listed as follows:

17.4.1.1  Biocompatibility
Biocompatibility is important in characterizing 
biomaterials and involves two major principles: 
biosafety and biofunctionality. Scaffolds must 
be biocompatible or non-immunogenic. An 
inflammatory response to the scaffold would 
lead to rejection of the implant. A good scaffold 
is non- cytotoxic and able to form tissue with 
the host. This should be true in both the scaf-
fold’s native form and its degradation by-prod-
ucts. As the scaffold is slowly degraded and 
replaced by the host cells along with new ECM, 
the effect of the released chemical cross-linking 
agents and the levels of acidic by-products on 
the surrounding native tissue should be care-
fully investigated [43].

17.4.1.2  Biodegradability
Scaffolds should ideally be biodegradable in a 
predictable and uniform manner. The scaffold is 
implanted with the idea that it will eventually be 
replaced by native tissue, neocartilage, and 
ECM. Often the scaffold will degrade over time 
at the same rate with tissue formation. If the scaf-
fold has degradation rate faster than cartilage 
regeneration, the mechanical strength of the 
material can be compromised, particularly if 
applied in the load-bearing region of the joint. 
Further, it is important to bear in mind that bio-
compatible scaffolds are possible to degrade over 
time but not all by-products of biodegradable 
scaffolds are biocompatible as some of the 
degraded by-products might not be compatible to 
the chondrocytes and/or cartilage tissue.

17.4.1.3  Permeability and Porosity
The TE scaffold is designed and fabricated in 
order to provide a proper architecture for cells 
to grow, proliferate, and differentiate as well as 
enhance and guide new tissue formation. In 
order for chondrocytes or chondrogenic cells to 
migrate through the scaffold, it needs to be per-
meable. Permeability will also allow for impor-
tant growth factors to reach desired targets. 
Using precisely designed poly-epsilon-capro-
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lactone (PECL) scaffolds, in vitro investigation 
showed that permeability affects the chondro-
genic performance of chondrocytes and bone 
marrow stromal cells in opposite ways [44]. 
PECL is a semicrystalline, biodegradable poly-
ester which has a long time of degradation; 
however, the  biodegradability, biocompatibility, 
and mechanical properties of the pure PECL 
have been shown to be suboptimal for bone TE 
applications [45]. 

Another essential factor in the design of the 
cartilage scaffold relates to its porosity and pore 
interconnectivity [46]. The scaffold should have 
sufficient porosity with adequate pore size to 

enable cell impregnation into and through the 
scaffold, cell-to-cell interaction, and the growth 
of repair tissue [47, 48]. Also, porosity allows 
cell growth as nutrient, oxygen and waste trans-
port. Average pore size, pore size distribution, 
pore volume, pore interconnectivity, pore shape, 
and pore wall roughness are important parame-
ters to consider while designing a scaffold [49]. It 
provides a porous biocompatible network into 
which the surrounding native tissue is induced 
and acts as a temporary template for the new tis-
sue’s growth and reorganization. Therefore, a 
fine balance between scaffold permeability, 
porosity, and stability is necessary.

Scaffolds

Scaffolds
provide substrate
for cell growth and
mechanical integrity
for postsurgical
implantation

Scaffolds coated with
bioactive molecules act
as drug delivery systems
for improved repair in vivo

Autologous chondrocytes

Mesenchymal stem cells
(marrow derived
or adipose-derived)

Bioactive molecules
induce differentiation,
proliferation and
metabolic activity
of cells

Porous meshes
Hydrogels
Weaved fibers
Composites

Cartilage tissue
engineering

Bioactive molecules

IGF
TGF-β
BMP
PRP derived cytokines

Cells

Fig. 17.1 The tripartite view of the field of tissue engineering as it applies to cartilage repair
IGF, Insulin-like growth factor; TGF-β, Transforming growth factor-beta; BMP, Bone morphogenetic protein; PRP, 
Platelet-rich plasma
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17.4.1.4  Mechanical Stability
The biomechanical properties of the scaffold are 
critical to the success of the implant. The biosta-
bility of many scaffolds depends on the factors 
such as strength, elasticity, and absorption at the 
material interface and its chemical degradation 
[50]. It is essential to retain the mechanical 
strength of the scaffold structure after implanta-
tion for the regeneration of hyaline cartilage and 
bone in chondral and OC repair. Also, it is critical 
that the biomaterial scaffold temporarily with-
stands and conducts the loads and stresses that the 
new tissue will ultimately bear. The mechanical 
properties of bulk biomaterials are altered by their 
processing into scaffolds of various pore sizes and 
pore orientations, and further these properties will 

rapidly diminish as a function of implantation 
time [51]. A scaffold should be capable of main-
taining the integrity of the impregnated cells 
(chondrocytes or stem cells) when subjected to 
external mechanical forces expected with every-
day movement. Studies examining chondrocyte 
behavior showed cells cultured in vitro in a two-
dimensional (2D)  fashion or monolayer lose their 
chondrogenic phenotype. These cells were shown 
to regain their phenotype when cultured on a 3D 
scaffold [13–16].

17.4.1.5  Versatility
The versatility of a scaffold can be explained by 
the numerous possibilities of modification in its 
chemical structure through the substitution of its 

Fig. 17.2 Scanning Electron Microscopy of various tis-
sue engineered (TE) scaffolds. (a) Biomerix (Biomerix 
Corporation, Fremont, CA, USA) biointegrative non- 
degradable matrix (magnification, 23×). (b) Cross-linked 

derivative of hyaluronic acid (HA) (magnification, 80×). 
(c) Poly-L-lactic acid (PLLA) / polyglycolic acid (PGA) 
50/50 copolymer (magnification, 80×). (d) Biomerix 
degradable matrix (magnification, 35×)
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functional groups. A good scaffold should be 
versatile. It should be capable of aiding in the 
repair of full- and partial-thickness chondral 
lesions.

17.4.1.6  Durability and Retainability
A scaffold should be durable with adequate 
mechanical integrity to withstand both the 
implantation procedure and mechanical forces 
typically experienced during joint mobility. The 
scaffold’s biomechanical load-bearing capability 
is especially critical during the period of post- 
transplantation till the regenerated tissue is able 
to withstand load-bearing. Further, the scaffold 
should be fabricated such that it is retained and 
confined at the site of implantation [52].

17.4.1.7  Reproducibility
In order for scaffolds to have a significant clinical 
impact, they need to be reproducible and readily 
available. This should be similar to the way any 
tool is available to the orthopedic surgeon. For 
example, while performing an anterior cruciate 
ligament (ACL) reconstruction in a 20-year-old 
athlete, the surgeon encounters a large isolated 
chondral defect on the medial femoral condyle. 
Current scaffolds necessitate the use of a 
 two- stage procedure. The creation of a scaffold 
that could be cultured and prepared in the operat-
ing room (OR) in a method similar to platelet rich 
plasma (PRP) would be invaluable.

17.4.2  Types of Tissue-Engineered 
Scaffolds

Current matrices used for TE applications are 
fabricated from two main classes of biodegrad-
able polymers based on their composition, 
namely natural material-based and synthetic- 
based scaffolds [53]. Each class of scaffolds is 
further divided into specific subsets or poly-
mers and composite scaffold types. 

17.4.2.1  Natural Material Scaffolds
Natural scaffolds are useful because they repli-
cate a native environment that promotes cell 
adhesion and proliferation. Both protein- and 

carbohydrate-based scaffolds fall under the 
umbrella of natural material scaffolds.

A. Proteins-Based Scaffolds
Protein-based scaffolds include collagen mem-
branes and fibrin.

Collagen
Collagen is the major protein that makes up the 
connective tissue [54]. Tropocollagen is the basic 
subunit of collagen. It is made up of three poly-
peptide chains wound together in a triple helix 
that forms collagen’s tertiary structure. Ligands 
are important molecules attached to collagen. 
Ligands facilitate cell adhesion as well as cell 
migration, differentiation, and morphology [55, 
56]. The availability of functional groups or 
ligands along collagen’s backbone provides the 
potential for interaction with growth factors and 
other molecules. This capability adds another 
dimension to collagen’s use as a tissue- engineered 
scaffold [57]. Using collagen fiber scaffolds to 
deliver chondrocytes in vivo in rabbits, it was 
reported that at 6 months a hyaline-like repair 
tissue was generated that was biochemically 
and mechanically similar to native articular 
 cartilage [58].

The repair capability of shape-memory native 
collagen versus denatured collagen scaffolds 
with chondrocytes was investigated for full-
thickness articular cartilage defects in the knee of 
New Zealand white rabbits [59]. The native col-
lagen scaffolds showed a greater degree of chon-
drocyte proliferation, adhesion, and 
redifferentiation, as well as chondrocyte-matrix 
interaction compared to the denatured collagen 
scaffolds. Further, the native collagen scaffolds 
significantly maintained chondrocytes function, 
promoted cartilage and subchondral bone regen-
eration, compared with the denatured collagen 
scaffolds. This study suggests that collagen scaf-
folds with the triple-helical structure may have 
greater potential for articular cartilage repair.

Dorotka et al. used a collagen type I mem-
brane scaffold to support cell migration and 
adhesion in a MFX defect in a goat model [60]. 
The study compared three groups: MFX alone, 
MFX combined with a collagen type I membrane 
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scaffold, and MFX in combination with a 
chondrocyte- seeded scaffold. In this study, the 
chondrocyte-seeded scaffold was histologically 
superior. Furthermore, the addition of a collagen 
scaffold (without chondrocytes) showed 
improved healing to MFX alone [60, 61].

Fibrin
Fibrin is the major clot component that is formed 
at wound sites. Fibrin has been tested both as a 
stand-alone scaffold and a delivery substrate for 
chondrocytes, stem cells with chondrogenic 
potential, and/or growth factors [62–65]. Fibrin is 
a product of fibrinogen and thrombin. This reac-
tion produces a natural 3D matrix that is biode-
gradable leaving behind non-toxic physiological 
substances. Studies by Fortier et al. and Nixon 
et al. successfully used 3D fibrin scaffolds in vitro 
and in vivo [63–66]. The study showed that chon-
drocytes and mesenchymal stem cells were sup-
ported by the 3D matrix and promoted healing in 
equine cartilage defects [63]. Another study by 
the same group combined insulin-like growth 
factor 1 (IGF-1) to the fibrin matrix in vitro. The 
addition of IGF-1 produced more tissue and 
increased ECM and collagen II production [66].

B. Carbohydrate-Based Scaffolds
The carbohydrate components specific to articular 
cartilage includes the aggrecans (a hydrophilic 
PG) and hyaluronic acid (HA), both of which are 
the major component of cartilage ECM. As such, 
carbohydrate-based scaffolds have been exten-
sively explored in cartilage repair studies. 
Examples of carbohydrate-based scaffolds 
include alginate, agarose, HA, and chitosan [57].

Agarose and Alginate
Agarose and alginate are anionic carbohydrate/
polysaccharide polymers derived from seaweed 
that form hydrogels. Since the past few years, 
injectable hydrogels with cells and bioactive 
molecules have been used as bioscaffolds for 
OC lesion treatment, repair, and regeneration 
[67–69]. Although agarose has been extensively 
used for in vitro studies, it does not resorb well 
and may elicit immunogenic response in vivo. 
When seaweed is placed in the presence of cal-

cium cations, ionic bonding creates cross- 
linked alginate chains. The 3D alginate beads 
are created when cells are added to a calcium 
chloride solution. A 3D platform is important 
for chondrocyte structure and function. In vitro 
chondrocytes that are grown in a monolayer 
dedifferentiate and lose their phenotypic 
expression. These dedifferentiated chondro-
cytes when expanded and then seeded in 3D 
alginate cultures redifferentiated to the carti-
lage phenotype [70]. Mierisch et al. investi-
gated the effect of alginate on rabbit 
chondrocytes in vitro and in vivo [35, 37]. 
Alginate promoted the expression of cartilage- 
specific genes and enabled the delivery of chon-
drocytes into OC defects [35]. Also, the use of 
alginate allowed the controlled delivery of 
TGF-β selectively to the defect site, hence 
avoiding systemic side effects [37]. Diduch 
et al. used alginated beads impregnated with 
mesenchymal stem cells to repair OC defects in 
a rabbit model [71]. However, alginate has had 
limited use clinically because of concerns with 
its biocompatibility [26].

Hyaluronic Acid
Hyaluronic acid (also known as hyaluronan) is a 
major component of cartilage ECM. It is a highly 
conserved glycosaminoglycan (GAG) that is also 
found throughout the body. In vitro, in vivo, and 
clinical studies have proven this molecule to be 
ideal for TE strategies in cartilage repair by 
 stimulating chondrogenesis in mesenchymal 
stem cells [72–74]. Hyaff-11 (Fidia Advanced 
Biopolymers Laboratories, Abano Terme, Italy) 
is the trademarked name for an esterified hyal-
uronan scaffold. Its ubiquitous nature in the 
human body makes it highly biocompatible. It 
has been shown to fully resorb in a controllable 
and predictable manner within 3 months. Its main 
by-product is HA. An extensive biocompatibility 
study by Campoccia et al. showed that its by- 
products are fully resorbed and do not elicit an 
inflammatory response [75]. Further, it can be 
used to culture chondrocytes in 3D culture condi-
tions that mimic an in vivo situation. Chondrocyte 
culture exhibited their normal phenotype secret-
ing proteins and molecules characteristic of hya-
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line cartilage [76–79]. In vivo animal models 
using autologous chondrocytes seeded on 
HA-based scaffolds have successfully regener-
ated hyaline cartilage. The engineered cartilage- 
like tissue was integrated with the surrounding 
native articular surface [80]. However, contrary 
to other studies, Knudson et al. reported that HA 
induced chondrocytic chondrolysis and perturbed 
the cartilage matrix homeostasis [81].

Chitosan
Chitosan, found naturally in the arthropod 
 exoskeleton, is a polysaccharide that forms a 
hydrogel when cross-linked with chondroitin 
sulfate (CS) [82, 83]. It is a partially 
 deacetylated derivative of chitin. Specifically,  
it is a bi- copolymer of glucosamine and 
N-acetylglucosamine. A chitosan-based scaf-
fold has the potential of delivering growth fac-
tors as well as mature chondrocytes and 
chondrogenic mesenchymal stem cells [38, 64]. 
Chitosan is cationic and has a high charge 
 density in solution. This allows it to “carry” 
 biologically active anionic polysaccharides such 
as GAGs, deoxyribonucleic acid (DNA), and 
alginates. Chitosan’s charge density is pH 
dependent, and a change in pH (i.e., from 
in vitro to in vivo) would allow for release of 
these compounds [85, 86]. Chitosan scaffold is 
biocompatible, biodegradable, bioactive, non-
expensive, and non-immunogenic, with antibac-
terial capability [87]. Chitosan degradation 
products are non-toxic and are involved in the 
synthesis of articular cartilage [88]. They 
include CS, dermatan sulfate (DS), HA, keratan 
sulfate (KS), and glycosylated collagen type II 
[82]. In vitro studies have suggested that chito-
san could promote the expression of cartilage 
matrix components and reduce inflammatory 
and catabolic mediator’s production by chon-
drocytes [89]. Studies performed using sheep 
and rabbit chondral defect models showed 
improvements over the use of MFX alone [90, 
91]. In OA-induced rabbit model, chitosan pre-
vented cartilage degradation and synovial mem-
brane inflammation. Several studies have also 
shown that chitosan could induce chondrogenic 
differentiation of mesenchymal stem cells [89].

17.4.2.2  Synthetic Polymer-Based 
Scaffolds

Polymeric scaffolds have been extensively used 
for articular cartilage TE. The mechanical and 
biologic properties of synthetic polymers can 
be tailored to varying engineering strategies 
and chondral defect dimensions [42, 43, 92]. 
The most widely used synthetic polymers 
include polylactic acid (PLA), PGA, polylactic 
co- glycolic acid (PLGA), and PECL. These 
compounds are appealing because they are rela-
tively inexpensive and have already been 
accepted by the American Food and Drug 
Administration (FDA) for use in sutures [57]. 
Compared to natural scaffolds, synthetics can 
be configured to sustain weight-bearing forces 
making them more biomechanically stable. 
Further, these scaffolds have improved degra-
dation properties allowing for a controlled 
release of growth factors as well as the ability 
to control the degradation rate of the scaffold 
itself [93, 94]. In addition, these compounds are 
easily produced, have “off-the-shelf” capabili-
ties, and can be used to fill chondrocyte-donor 
sites.

In vitro studies have shown that bone marrow 
mesenchymal stem cell has the potential to dif-
ferentiate into chondrocytes when cultured within 
PLA or PLA/alginate scaffolds in the presence of 
TGF-β [95]. In vivo studies in immature rabbit 
knees have shown that PGA-PLA copolymer 
absorbable pads with calcium alginate allowed 
the delivery of chondrocytes to the OC defects 
with indication of enhanced cartilage regenera-
tion [93]. Photopolymerizing hydrogel systems 
using PLGA microspheres have provided a 
method to encapsulate cells and implant materi-
als in a minimally invasive as well as provided a 
mode for controlled release of growth factors 
[96]. However, the major downside to synthetic 
scaffolds is their poor biocompatibility. They 
lack natural sites for cell adhesion, as well as 
porosity, inhibiting replacement of the scaffold 
by native cartilage cells. The by-products are 
acidic which can cause inflammation as well as 
chondrocyte death [97, 98]. Giant cell formation 
has also been observed with the use of synthetic 
scaffolds [99].
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17.4.2.3  Hybrid and Biomimetic 
Zonal Scaffolds

Recently, advances in the cartilage construct 
design and fabrication techniques have enabled 
the strategic design of scaffolds with complex, 
biomimetic structures and properties [100–106]. 
Scaffolds can acquire better biocompatibility and 
mechanical adaptability by developing com-
posite-, biomimetic-, and nano-materials [92,  
107–113]. Examples of nanomaterials include 
electrospun nanofibers and emulsion nanoparti-
cles which provide nanoscale features for bioma-
terials, more closely replicating the 3D ECM, 
providing better cell adhesion, integration, inter-
action, and signaling [109]. Several studies have 
described and developed scaffolds with hybrid 
and/or biomimetic zonal designs [46, 47, 114]. 
Advanced TE scaffold design for OC lesions 
includes biphasic, triphasic, and gradient config-
urations aimed to promote cartilage and bone 
layer formation with an interdigitating transi-
tional zone at the bone-cartilage interface [115]. 
Cartilage TE constructs typically lack the com-
plex spatial gradients of cell types and tissue 
organization for bone-soft tissue interface regen-
eration and the stratified zonal architecture pres-
ent in adult articular cartilages. This has led to 
increased interest in bioprinting technologies and 
biofabrication strategies that makes it possible to 
generate zonal distributions of cells, matrix, and 
bioactive cues in 3D [116, 117]. Several fabrica-
tion processes have been developed to create 
microenvironments to facilitate and control cell 
adhesion and organization on a 3D scaffold. 
Using a novel 3D printing method, fabrication of 
highly porous 3D cytocompatible scaffold archi-
tectures based on cell-responsive polymeric inks, 
i.e., sodium alginate and gelatin (SA-Gel, 1:3 
ratio) have shown excellent adhesion rate and 
growth behavior of chondrocytes in vitro [118]. 
Another study showed that 3D extrusion-based 
printing at high temperature and pressure results 
in an aligned effect on the polymer molecules, 
which in turn induced varying cell differentiation 
capacities as well as different cell morphology 
and orientation on scaffolds [119, 120]. Recent 
advances in nanotechnology and the four-dimen-
sional (4D) printing have succeeded in creating a 

new range of materials to develop into the desired 
biological responses to the cellular level [121]. 
The 4D printing technology has extended the 
ability of active composite materials to change 
form and function after they are 3D printed, 
offering additional capabilities and performance-
driven applications [122]. These 4D materials are 
developed by printing shape memory polymer 
fibers in an elastomeric matrix achieving a pro-
grammed action through the stimulation of the 
shape memory fibers. The time-dependent shape 
and/or functional changes realized with 4D fabri-
cation techniques have shown great application 
potential for the development of scaffolds with 
high biocompatibility for articular cartilage and 
OC defect repair [121].

17.4.2.4  Commercialized Scaffolds
For a scaffold to perform optimally, several 
design considerations must be addressed, with an 
eye toward the eventual form, function, and tis-
sue site. The chemical and mechanical properties 
of the scaffold must be tuned to optimize the 
interaction with cells and surrounding tissues. 
For complex TE, mass transport limitations, vas-
cularization, and host tissue integration are 
important considerations. As the tissue architec-
ture to be replaced becomes more complex and 
hierarchical, scaffold design must also match this 
complexity to recapitulate a functioning tissue.

The creation of ACI using bioengineered scaf-
folds emerged due to multiple drawbacks and 
limitations of the first-generation ACI such as cell 
leakage, uneven chondrocyte distribution from 
injection and graft failure, and finally periosteal 
flap hypertrophy [123]. The third- generation ACI 
was the first time a true scaffold was used and 
chondrocytes were impregnated on a tissue- 
engineered scaffold used to fill the defect. There 
are several examples of the third-generation scaf-
folds which are attached to the small defect using 
a fibrin glue or sutured to the chondral surface in 
the case of large defects. These include Hyalograft 
C (a benzylic ester of HA-based scaffold) [124], 
MACI scaffold (composed of a collagen type I/III 
membrane from porcine peritoneal tissue), and 
BioSeed C (a synthetic-based polymer fleece 
comprised of PGA/PLA and polydioxanone 
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fleece with a fibrin fleece to evenly distribute 
cells) [20]. Further evolution of the TE technol-
ogy led to the manufacture of a 3D scaffold which 
was used in the fourth generation. Mechanical 
stimulation of chondrocytes in 3D culture allows 
for maintenance of chondrogenic phenotype and 
creates a stable mature hyaline matrix [70, 125]. 
Examples of the fourth-generation ACI that are 
commercially available include NeoCart, a 3D 
scaffold that is a collagen type I matrix of bovine 
origin. Autologous chondrocytes are harvested 
and then seeded on this 3D scaffold in a hydro-
static bioreactor for 7 days [126]. Cartipatch is an 
alginate-cultured 3D scaffold that uses a combi-
nation of two polymers (agarose and alginate) 
with seeded autologous chondrocytes [127, 128]. 
Alginate beads are unique to the above two exam-
ples because this TE technology uses allogenic 
chondrocytes harvested from a cadaveric knee 
within 24 h of death. These chondrocytes are cul-
tured and mixed with alginate to form beads 
[129]. Almqvist et al.’s study explores the possi-
bility of freezing and storing these alginate beads 
to be used in the future in an “off-the-shelf” 
 fashion [129]. Refer to Chap. 18 for an overview 
of the commercially available bioengineered car-
tilage grafts and clinical outcome.

17.5  Considerations and Future 
Directions

Modern TE concepts integrate cells, scaffolds, 
signalling molecules and growth factors. Various 
biomaterials are being explored for an optimally 
fabricated cartilage repair scaffold. Native bio-
logical materials and synthetic polymeric materi-
als have their pros and cons. Nevertheless the 
unfavorable factors of these scaffolds can be 
overcome through either physical or biochemical 
modifications. Further, developing composite-, 
biomimetic-, and nanomaterials can enhance the 
biocompatibility and mechanical adaptability of 
the cartilage-engineered scaffolds.

The treatment of articular cartilage lesions is 
complicated, but novel TE approaches can 
improve the outcome. A TE approach is less 
invasive and reduces surgical time, periosteal 

hypertrophy, and morbidity. An optimal scaffold 
should not only satisfy the biological, biochemi-
cal, and biomechanical perspective to support 
and enhance the growth of hyaline-like repair tis-
sue but should also be surgeon-friendly. The scaf-
fold handling properties and implantation 
procedure should also be simple and conducive. 
Scaffold materials that are “off-the-shelf” and 
allow a  one- step arthroscopic procedure are 
extremely attractive.

Although a plethora of devices and materials 
are being examined for their potential to deliver 
cells and growth factors to cartilage and OC 
lesions, and to act as scaffolds for ingrowth of 
new cartilage-like tissue, a reliable and reproduc-
ible way of treating cartilage defects still remains 
elusive to the orthopedic community. 
Technologies that allow cell homing to scaffolds 
with molecules such as TGF-β or stromal cell-
derived factor-1 [SDF-1] represent the next leap 
forward to using scaffolds as an adjunct to micro-
fracture chondroplasty. From the standpoint of 
TE, the future will be in the use of precisely engi-
neered scaffolds utilizing 3D and 4D bioprinting 
to fabricate scaffolds with a structure that has the 
collagen “gothic” architecture of Benninghoff’s 
arcades and other subtle design considerations 
that will allow improved performance. All of 
these issues will be dependent upon the further 
elucidation of the exact mechanisms of why car-
tilage repair is impaired and how scaffolds may 
be used to overcome this problem.
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18.1  Introduction

The goals of managing patients with symptom-
atic chondral defects of the knee include optimiz-
ing clinical and functional outcomes, generating 
durable hyaline or hyaline-like cartilage with low 
procedure-associated morbidity, utilizing cost- 
effective technology, and ultimately delaying 
and/or preventing the development of secondary 
degenerative sequelae [1]. At the present time, 
there are no surgical repair techniques that have 
satisfied all of these requisite conditions, thereby 
resulting in a tremendous investment of time and 
financial resources on the development and eval-
uation of novel bioengineered constructs to opti-
mize the cartilage repair process. Currently, there 

are a large number of products for cartilage repair 
within the biological pipeline from discovery to 
phase 3 clinical trials [1]. Through a combination 
of synthetic materials, scaffolds, and cell-based 
strategies, there are an increasing number of ther-
apeutic options that will be available in the future.

Scaffolds are designed to be chondroconduc-
tive or chondroinductive and can be implanted as 
solid three-dimensional constructs (with or with-
out cells) into osteochondral defects or in liquid 
form to augment marrow stimulation techniques 
[1]. Scaffolds act as a “biological net” as they 
have been developed to permit the migration and 
in-growth of cells followed by subsequent resorp-
tion and replacement with native repair tissue [1]. 
Ongoing challenges with scaffolding include 
maintenance within the defect, controlling the 
rate of degradation, and promoting repair tissue 
maturation [1, 2].

In contrast to scaffolds, synthetic constructs 
resurface a focal chondral defect and do not 
resorb over time. Ideally, these products would 
be cost-effective with minimal concern for dis-
ease transmission and/or immunogenic responses 
[1, 2]. Pertinent considerations for such implants 
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include their material properties, osteoconductiv-
ity, chondroconductivity, stability at the implant- 
bone interface, ability to withstand weight-bearing 
forces, and their coefficient of friction.

Existing or novel cell-based therapies may 
also be used in isolation or in combination with 
various scaffold products. Furthermore, there has 
been a recent emphasis on the use of autograft 
and allograft minced cartilage with or without 
scaffolds, as well as scaffold-based strategies to 
optimize outcomes following microfracture. The 
objective of this chapter is to provide an overview 
of the different types of commercially available 
bioengineered cartilage grafts including cell- 
based therapies, microfracture augmentation 
techniques, and the use of particulated articular 
cartilage, as well as examples of scaffold and 
synthetic materials that can be used in isolation. 
For an in-depth knowledge of cell-based and 
engineered cartilage constructs refer to Chaps. 16 
and 17.

18.2  Microfracture Augmentation

The microfracture procedure is a form of bone 
marrow stimulation to enhance cartilage repair 
by taking advantage of the body’s own healing 
potential [3]. A sharp awl (i.e., pick) is used 
arthroscopically through one of the arthroscopic 
skin portals, and a mallet is used to impact the 
awl at right angles into the subchondral bone at 
regular intervals (approximately ten holes per 
cm2) with a depth of 2–3 mm. The penetration of 
the subchondral bone allows for the communica-
tion of the osteochondral defect with mesenchy-
mal stem cells and growth factors from the bone 
marrow and eventually leads to the formation of 
fibrocartilaginous tissue that covers the cartilage 
lesion [4].

In an evidence-based systematic analysis on 
the efficacy of microfracture, several factors 
affecting functional outcomes were identified 
[5]. Positive prognostic factors included younger 
age (< 30–45 years), duration of symptoms  
< 12 months, lower body mass index, higher pre-
operative activity levels (Tegner > 4), lesions less 
than 2–4 cm2, and the use of microfracture as a 

first-line procedure. Post microfracture, the repair 
cartilage volume plays a critical role in the dura-
bility of functional improvement in the knee. 
Mithoefer et al. [5] concluded that while micro-
fracture provides effective short-term functional 
improvement of knee function, there is insuffi-
cient data on its long-term results. Additional 
shortcomings of the technique include limited 
hyaline repair tissue which is predominantly 
fibrocartilaginous or fibrous, variable repair carti-
lage volume, and possible functional deteriora-
tion over time [5].

Due to the aforementioned shortcomings asso-
ciated with microfracture, there has been a focus 
on techniques that augment the microfracture 
procedure (i.e. microfracture ‘plus’) [6, 7]. At the 
present time, several commercially available 
scaffolds or techniques are being investigated as 
adjuncts including Chondrotissue®, Autologous 
Matrix-Induced Chondrogenesis – AMIC®, 
Gelrin C®, BST-CarGel®, and BioCartilage® 
[1] (Table 18.1).

18.2.1  Chondrotissue®

Chondrotissue® (BioTissue AG, Freiburg, 
Germany) is a freeze-dried nonwoven resorbable 
polyglycolic acid fleece that is infused with hyal-
uronic acid (Fig. 18.1) [8]. Prior to implantation, 
the scaffold is immersed in autologous serum and 
then sutured over a microfractured defect. The 
use of this implant is based on the rationale that 
hyaluronan supports the chondrogenic differen-
tiation of human mesenchymal progenitors and 
that these progenitors are recruited by autologous 
serum [11]. Implantation in an ovine model dem-
onstrated the formation of higher-quality carti-
laginous repair tissue compared to microfracture 
alone [11]. Patrascu et al. reported the 2-year out-
come of a single traumatic medial femoral con-
dyle lesion treated with Chondrotissue® [12]. 
This case report demonstrated good pain relief, 
hyaline- like cartilage tissue formation, and good- 
to- excellent filling of the defect on Magnetic 
resonance imaging (MRI). Further investigation 
is required before this technology will be avail-
able for routine clinical use.
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18.2.2  Autologous Matrix-Induced 
Chondrogenesis®

Autologous Matrix-Induced Chondrogenesis® 
(AMIC® Chondro-Gide, Geistlich Biomaterials, 
Switzerland) is a commonly used microfracture 
augmentation technique in Europe that utilizes 
Chondro-Gide, a type I/III collagen membrane, 
to stabilize the clot in a marrow-stimulated defect 
(Fig. 18.2a) [8, 9]. This membrane is secured 
with either fibrin glue or suture, and the proce-
dure is performed with open surgery (Fig. 18.2b). 
Successful mid-term results have been reported 
in Europe thus far with patients demonstrating 
improved pain and function [10, 13–17]. While 

the original technique was performed with micro-
fracture of the underlying defect, recent evidence 
has suggested that the subchondral stroma is bet-
ter reached by drilling [8, 18]. As such, a 
1.1 mm K-wire is used to create multiple drill 
holes with constant cooling applied so the sub-
chondral bone is reached [14]. Volz et al. have 
demonstrated in a randomized trial with a 5-year 
follow-up that the AMIC procedure results in 
improved functional and radiologic outcomes. 
While results were not significantly different at 
2-year follow-up, the microfracture patients had 
a deterioration over the ensuing 3 years implying 
that the AMIC group results in more stable out-
comes over the long term [19].

Table 18.1 To date commercially available scaffolds for microfracture augmentation

Procedure Product Component
Company/

location
Reference

Microfracture 
Augmentation

Chondrotissue® Resorbable polyglycolic acid 
infused with hyaluronic acid

BioTissue AG, 
Freiburg, Germany

[8]

Autologous matrix- induced 
Chondrogenesis® (AMIC®)

Chondro-Gide, a type I/III 
collagen bi-membrane

Chondro-Gide, 
Geistlich biomaterials, 
Switzerland

[8, 9]

Gelrin C® Bioabsorbable 
photopolymerized hydrogel of 
polyethylene glycol diacrylate 
bound to fibrinogen

Regentis, Haifa, Israel [8]

BST-CarGel® Chitosan-glycerol phosphate- 
based scaffold

Smith and Nephew 
Inc., Massachusetts, 
USA

[1, 8]

BioCartilage® Desiccated micronized 
allogeneic cartilage 
extracellular matrix tissue 
allograft

Arthrex, Naples, 
Florida, USA

[10]

Fig. 18.1 (a, b) Preparation of Chondrotissue® prior to implantation for the management of a focal condylar defect in 
the knee (Image obtained with permission from http://www.sports-surgery.com/article.asp?article=122)
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18.2.3  Gelrin C®

Gelrin C® (Regentis, Haifa, Israel) is a bioabsorb-
able photopolymerized hydrogel of polyethylene 
glycol diacrylate bound to fibrinogen that degrades 
within 6–12 months as new cartilage takes its 
place (Fig. 18.3) [8]. Gelrin C is injected into a 
previously microfractured defect as a liquid that 
polymerizes in situ, conforming to the lesion size, 

shape, and depth. Short exposed to ultraviolet light 
converts the liquid into a soft, elastomeric, semi-
solid hydrogel implant, which integrates with the 
surrounding tissue and bone. In vitro, Gelrin C 
exhibits innate chondrogenic and osteoconductive 
potential and is nonimmunogenic. In an ovine 
model, it demonstrated type II collagen and pro-
teoglycan synthesis in treated versus untreated 
defects [1]. This product is being investigated in an 
ongoing clinical trial in Israel [8].

18.2.4  BST-CarGel®

BST-CarGel® (Smith and Nephew, Andover, MA, 
USA) is a chitosan-glycerol phosphate-based scaf-
fold whose active component is a polyglucos-
amine thrombogenic polysaccharide. With this 
technique, peripheral whole blood is mixed to 
BST-CarGel just before implantation into a micro-
fractured defect which results in adhesion and 
polymerization of the construct [1, 8, 20]. This 
procedure causes the stem cells to move to the 
injured area and regenerate cartilaginous cells. 
The rationale for using chitosan as a scaffold is 
related to its thrombogenic, self-adhering, and 
resorbable properties; its use is also supported by 
basic science data in rabbits where chitosan- 

Fig. 18.2 (a) Preparation of Chondro-Gide collagen I/III bilayer to stabilize the clot in a marrow-stimulated defect. (b) 
Autologous Matrix-Induced Chondrogenesis® (AMIC) technique performed for a focal chondral defect of the patella

Fig. 18.3 Photo of Gelrin C scaffold (Image courtesy of 
Brian Cole MD MBA)

B. A. Rogers et al.



431

glycerol phosphate implants have demonstrated 
better integration of repaired tissue with the adja-
cent native tissue and more hyaline-like repair tis-
sue than of subchondral bone drilling alone [1, 8, 
20]. A randomized trial demonstrated improved 
MRI and histological morphology of chondral 
defects in patients treated with BST-CarGel® com-
pared with microfracture alone. Despite this, there 
were no differences in clinical outcome scores 
[21]. Recently, a retrospective study was con-
ducted in a cohort of 91 patients (total of 93 
lesions) with articular cartilage defects in the knee 
who had undergone microfracture surgery with 
CarGel [22]. Investigation of the short-term clini-
cal and radiographic outcomes of these patients 
showed few postoperative complications and sig-
nificant reductions in pain and swelling after 
treatment.

18.2.5  BioCartilage®

BioCartilage (Arthrex, Naples, Florida, USA) is 
a desiccated, micronized allogeneic cartilage 
extracellular matrix allograft that is native to 
articular cartilage, including type II collagen, 
proteoglycans, and additional growth factors. 
BioCartilage has been developed for International 
Cartilage Repair Society (ICRS, now referred to 
as “International Cartilage Regeneration and 
Joint Preservation Society”) grade III or IV artic-
ular cartilage lesions in conjunction with micro-
fracture (Fig. 18.4). After successful BioCartilage 
augmented microfracture surgery, the T2 map-
ping properties of the repair tissue showed simi-
larity to that of the adjacent native articular 
cartilage [23]. The micronized matrix granules 
provides a chondroconductive, biocompatible, 
resorbable material that has a particle size range 
of 100 to 300 μm, which improves handling and 
delivery into the defect and facilitates a greater 
surface area for attachment of mesenchymal stem 
cells (MSCs) in vivo [24, 25]. This freeze-dried 
tissue allograft is processed and packaged by the 
University of Miami Tissue Bank. Prior to utili-
zation, BioCartilage® is combined with platelet- 
rich plasma (PRP) or bone marrow aspirate 
concentrate (BMAC). The resultant solution is 

added to a microfractured chondral lesion and 
“fixed” with fibrin glue. The addition of PRP or 
BMAC to the desiccated BioCartilage cells is 
beneficial due to the presence of anabolic factors 
[26]. When PRP has been combined with a col-
lagen membrane or matrix, the formation of 
hyaline- like tissue was enhanced when per-
formed in conjunction with microfracture [10].

A preclinical study in baboons demonstrated a 
complete regeneration of cartilage over 
International Cartilage Repair Society (ICRS) 
grade III lesions at 9 weeks and beyond in nine of 
ten baboons, while control subjects maintained 
open chondral lesions [27]. Chondrogenesis was 
observed when the BioCartilage® was placed 
directly adjacent to healthy cartilage; however, it 
did not exhibit osteogenesis. Furthermore, no 
adverse events or indications of infections or 
rejections of the human BioCartilage® were 
observed in the preclinical evaluation [27]. At the 
present time, there is no human data regarding 
the safety profile, incorporation, and early results 
following the use of BioCartilage in conjunction 
with the microfracture procedure.

18.3  Cell-Based Therapy

Cell-based technique for articular cartilage resto-
ration uses culture-expanded cells (Table 18.2).

18.3.1  Carticel® and Matrix- 
Associated Chondrocyte 
Implantation®

Carticel® and matrix-associated chondrocyte 
implantation (MACI, Vericel Corporation, 
Cambridge, Massachusetts, USA) both represent 
two-stage cartilage restoration procedures that 
are commonly used in North America and 
Europe, respectively. Stage I involves confirma-
tion that the lesion is suitable for an autologous 
chondrocyte implantation (ACI) procedure. 
Using an arthroscopic gouge or ring curet, two to 
three full-thickness chondral biopsy (each mea-
suring 5 mm x 10 mm, size of a tic-tac) is obtained 
from the margins of the intercondylar notch. 

18 Commercially Available Bioengineered Cartilage Grafts



432

Fig. 18.4 Procedure involving the application of the 
BioCartilage® allograft to an isolated focal defect involv-
ing the patella. (a) Preparation and sizing of cartilage 
defect. (b) Microfracture of cartilage defect. (c) Application 

of fibrin glue at the base of the defect. (d) Application of 
BioCartilage® allograft. (e) Subsequent application of 
fibrin glue over repair site. (f) Final Biocartilage® con-
struct (Images courtesy of Brian J Cole MD MBA)

B. A. Rogers et al.
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Table 18.2 Cell-based two-stage articular cartilage restoration procedure for symptomatic chondral cartilage defect(s) 
of the knee

Procedure Product Component Company/location Reference

Cell-based 
Therapy

Autologous chondrocyte 
implantation (Carticel®)

Placement of periosteal 
flap

Vericel Corporation, 
Cambridge, Massachusetts, 
USA

[28, 29]

Matrix-associated 
chondrocyte implantation®
(Maci®)

Use porcine type I/III 
collagen bi-membrane

Vericel Corporation, 
Cambridge, Massachusetts, 
USA

[30, 31]

ChondroCelect® Placement of periosteal 
flap

TiGenix NV, Leuven, Belgium [32–34]

After a period of in vitro chondrocyte prolifera-
tion, cells are transplanted during a second- stage 
surgical procedure.

Carticel® (initially owned by Genzyme but 
now owned by Vericel Corporation) is an FDA-
approved ACI treatment for damaged articular 

cartilage (Fig. 18.5). Unlike microfracture or 
similar bone marrow  stimulation techniques, ACI 
has the potential to regenerate hyaline-like carti-
lage by culturing chondrocytes from a non-
weight-bearing region of the articular surface 
[28, 29]. The procedure was developed over a 

Fig. 18.5 Carticel procedure for the management of an 
isolated focal defect involving the patella. (a) Assessment 
of cartilage defect. (b) Defect sizing and creation of verti-
cal walls at margins. (c) Collagen I–III bi-membrane 

sutured onto defect with 6–0 dyed Vicryl suture. Cultured 
chondrocytes are injected in a suspension through an 
opening in the construct which is subsequently closed 
(arrow) (Images courtesy of Brian J Cole, MD, MBA)
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decade ago for the treatment of symptomatic 
chondral defects of the knee and has further been 
adapted for use in the shoulder and ankle [35–
37]. The original ACI technique, described by 
Brittberg et al., required the suturing of a 
 periosteal membrane to the rim of the debrided 
chondral defect with cultured chondrocytes sub-
sequently injected to fill the defect underneath 
the membrane [35]. The restoration of the con-
gruity of the articular cartilage is often difficult 
using this technique, and grafts are slow to mature 
[29].

The matrix-induced autologous chondrocyte 
implantation technique has been developed with 
a porcine type I/III collagen bi- membrane (in 
place of the periosteal membrane), which is 
seeded with chondrocytes (Fig. 18.6) [30, 31]. 
One surface has a higher density of collagen 
fibers, affording a low-friction surface that 
appears smooth. The other membrane has a rough 
appearance with larger gaps between collagen 
fibers into which chondrocytes are seeded. The 
MACI membrane can be secured directly to the 
base of a prepared chondral defect with fibrin 
glue. MACI represents a procedure that does not 
require periosteal harvesting or suturing of the 
graft. The procedure is therefore attractive since 
it may be performed faster and through a less 
extensive exposure than conventional ACI. The 
MACI technique does not involve the injection of 
a suspension of chondrocytes below a membrane. 

Therefore, unlike ACI with a periosteal mem-
brane and ACI with a collagen membrane, there 
is no risk of leakage of chondrocytes and uneven 
distribution [38].

Autologous chondrocyte implantation pro-
duces hyaline-like repair tissue in full- thickness 
cartilage defects, and functional improvement 
with up to 10 years of follow-up has been demon-
strated [29, 35, 39–43]. Preliminary clinical 
reports of the MACI technique have been encour-
aging [36, 44]. Bartlett et al. reported the results 
of a prospective randomized study comparing 
ACI (44 patients) versus MACI (47 patients) for 
osteochondral defects of the knee [45]. The com-
parative histological and clinical outcome scores 
for both techniques were similar at 1 year, with 
the frequency of reoperation in each group being 
9%. The Summit Trial (level 1) in 2014 demon-
strated that for defects larger than 3 cm2, MACI 
resulted in improved clinical outcomes compared 
with microfracture at 2 years follow-up, despite 
similar structural repair [46].

Harris et al. [43] conducted a systematic review 
comprised of level I and II clinical studies to com-
pare the efficacy of ACI with alternative treat-
ments. Based on this review, complications were 
reported to be higher with open, periosteal- 
covered, first-generation techniques. Furthermore, 
younger patients with a shorter duration of preop-
erative symptoms and fewer surgical procedures 
had the best outcomes following both microfrac-
ture and ACI. Defect size more than 4 cm2 was the 
only factor predictive of better outcomes when 
ACI was compared to osteochondral autograft 
transfer system (OATS) or microfracture.

Jungmann et al. conducted a level III retro-
spective cohort study that looked at both individ-
ual and environmental risk factors which were 
predictive of re-intervention after an index ACI 
procedure [47]. Of 813 patients who underwent 
an ACI procedure, 88 (21.3%) required re- 
intervention (debridement or revision cartilage 
surgery) at a mean time of 1.8 years. The four 
prognostic factors associated with a significantly 
higher risk for repeat surgery were female gen-
der, previous surgeries of the affected joint, pre-
vious bone marrow stimulation, and previous 
periosteal patch-covered ACI. The lower re- 

Fig. 18.6 Matrix-induced autologous chondrocyte 
implantation (MACI) procedure for the management of an 
isolated focal defect involving the patella

B. A. Rogers et al.
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intervention rates for the intermediate (over-
weight) body mass index (BMI) group (16.8%) 
suggest that a BMI higher than 30 (obesity, 
25.0%) as well as increased physical activity of 
patients with low BMI (23.7%) is associated with 
an inferior outcome. Furthermore, the authors 
demonstrated that unlike that for microfracture, 
defect size was not a predictor of re-intervention 
following ACI. The authors highlighted that 
these facts are easily obtainable in the preopera-
tive period when considering an ACI procedure. 
Finally, a recent case-control study by Pestka 
et al. [48] demonstrated that age- and defect-
matched patients treated with ACI after a failed 
initial microfracture procedure were significantly 
more likely to have higher failure rates and lower 
Knee Injury and Osteoarthritis Outcome Score 
(KOOS) pain and KOOS activities of daily living 
(ADL) scores compared with patients whose 
first-line treatment was with ACI.

Limited data available on the use of ACI in 
early osteoarthritis suggest this intervention can 
reduce the patient’s symptoms and increase func-
tion [49, 50]; however, these results are prelimi-
nary. Minas et al. reported a prospective case 
series of 155 knees (153 patients) that were 
treated with ACI [51]. The patients had on aver-
age over two large chondral defects per knee, and 
each defect had a mean size of 4.9 cm2. Patient 
pain and function were assessed using Western 
Ontario and McMaster Universities Osteoarthritis 
Index (WOMAC), modified Cincinnati, 36-item 
Short-Form Health Survey (SF-36), Knee Society 
score, and satisfaction questionnaire. With up to 
11 years of follow-up, 92% of patients were func-
tioning well.

18.3.2  ChondroCelect®

ChondroCelect® (TiGenix NV, Leuven, 
Belgium) is a variation of the ACI procedure. 
Cellular markers are used to select out autolo-
gous chondrocytes that have been harvested 
from the patient. The selected chondrocytes are 
proposed to afford more potential for producing 
a higher-quality, more hyaline-like cartilage 
after transplantation [52, 53]. Cell lines are 

expanded, while their cartilage phenotype is 
maintained to enhance the ability to generate 
stable cartilage [32].

A single randomized study of 118 patients 
comparing ChondroCelect (performed with a 
periosteal patch) with microfracture has been 
reported [33, 34, 54]. Inclusion criteria included 
patient age between 18 and 50 years with a single 
symptomatic femoral condyle cartilage lesion 
between 1 and 5 cm2. Exclusion criteria included 
patellofemoral cartilage lesions, osteochondritis 
dissecans (OCD), depth of lesion > 0.5 cm, prior 
meniscal transplant, prior mosaicplasty, and prior 
microfracture within the last 12 months. With a 
3-year mean follow-up, significant differences 
favoring characterized chondrocyte implantation 
(CCI) were shown in overall KOOS (P = 0.048) 
and the subdomains of pain (P = 0.044) and qual-
ity of life (QoL) (P = 0.036). More CCI- than 
microfracture-treated patients were treatment 
responders (83% vs 62%, respectively). 
Histological examination of the repair biopsy at 
12 months showed superior hyaline-like repair in 
the ChondroCelect® arm compared to the micro-
fracture arm (computer-assisted histomorphome-
try, P = 0.003; overall histology score, P = 0.010). 
At 5-year follow-up, the average change from 
baseline in KOOS was not different between both 
groups. Subgroup analysis revealed that CCI 
resulted in better outcome in participants with 
time since the symptom onset of less than 3 years, 
which was statistically significant and clinically 
relevant [54]. ChondroCelect® is the first cell 
therapy product to be authorized in the European 
Union, and a beneficial cost utility of ACI with 
ChondroCelect®, measured using quality-
adjusted life year (QALY), has been shown in 
comparison to microfracture [55].

The use of classic first-generation ACI has 
been associated with several limitations related to 
the complexity and the morbidity of the surgical 
procedure, as well as the frequent occurrence of 
periosteal hypertrophy [30, 56, 57]. More joint 
complications occurred after ACI implantation 
than after subchondral bone microfracture: more 
frequently symptomatic cartilage hypertrophy 
(27% versus 13%, possibly related to the implan-
tation technique), joint swelling (22% versus 
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Table 18.3 Particulated articular cartilage one-stage restoration procedure for symptomatic chondral cartilage 
defect(s) of the knee

Procedure Product Articular Cartilage Source and Fixation
Company/

location
Reference

Particulated 
Articular 
Cartilage

Cartilage autograft 
implantation 
system (CAIS®)

Autogenous cartilage tissue obtained from the 
margins of the intercondylar notch, loaded onto a 
3D scaffold consisting of 35% polycaprolactone 
and 65% polyglycolic acid with a polydiaxanone 
(PDO) mesh and fixed with bioabsorbable staples

DePuy Mitek, 
Raynham, MA, 
USA

[59, 60]

Zimmer® DeNovo® 
NT Natural Tissue 
Graft

Allogeneic embryonic cartilage tissue fixed with 
fibrin glue

Zimmer Biomet, 
Warsaw, 
Indiana, USA

[61–63]

6.6%), joint effusion (24% versus 9.8%), and 
joint crepitation (18% versus 6.6%). Further, ACI 
was sometimes associated with flu-like syndrome 
(in 7.8% of patients), which did not occur with 
the microfracture technique.

18.4  Particulated Articular 
Cartilage Grafts

Lu et al. demonstrated that minced cartilage with-
out cell culture served as an effective intraopera-
tive cell source for cartilage repair [58]. The 
authors demonstrated that (a) there is an inverse 
relationship between cartilage fragment size and 
amount of cartilage outgrowth, (b) the highest 
level of cellular activity was localized at the 
minced cartilage edge, and (c) the amount of tissue 
required approximated one-tenth of the area of the 
entire defect to be treated [58]. It was hypothe-
sized that chondrocytes in the cartilage pieces 
were able to “escape” from the extracellular 
matrix, migrate, multiply, and form the observed 
hyaline-like cartilage tissue matrix that integrated 
with the surrounding host tissue [58, 59].

Currently available products which utilize 
particulated articular cartilage in a single-stage 
setting include the Cartilage Autograft 
Implantation System (CAIS®: DePuy Mitek, 
Raynham, MA) and Zimmer® DeNovo® NT 
Natural Tissue Graft (DeNovo NT: Zimmer 
Biomet, Warsaw, Indiana) (Table 18.3). In regard 
to CAIS®, autogenous cartilage tissue from the 
margins of the intercondylar notch is processed 
intraoperatively and loaded onto a scaffold, and 

the resultant construct is fixed into place with 
bioabsorbable staples (Fig. 18.7) [59, 60]. With 
DeNovo NT, allogeneic juvenile cartilage tissue 
is processed in advance, is available “on the 
shelf,” and is fixed in place using fibrin glue 
(Fig. 18.8) [61, 62]. With DeNovo NT, the use of 
allograft tissue allows for the treatment of very 
large defects, and the juvenile source of the chon-
drocytes has the potential for more robust cellu-
lar activity than older cartilage tissue [64–68]. 
The upshot for both CAIS® and DeNovo® NT 
products are small cartilage fragments which 
serve as a source of viable chondrocytes that can 
migrate into the surrounding matrix and collagen 
[1]. Within the context of tissue engineering, 
both technologies utilize two requisite features – 
(a) a bioactive component (i.e., cells or chondro-
cytes) which drives the biological process and (b) 
a biomaterial that serves as a carrier or scaffold 
which in turn provides architectural support and 
facilitates integration of repaired tissue with con-
tiguous tissue [60]. In essence, the particulate 
nature of both grafts allows for an optimization 
of graft surface area for cartilage expansion, and 
the use of cells and scaffolds creates the potential 
for a chondroinductive and chondroconductive 
milieu, respectively [69].

18.4.1  Cartilage Autograft 
Implantation System – CAIS®

The CAIS® (DePuy Mitek, Raynham, MA) 
involves an instrument which arthroscopically 
harvests cartilage from an autogenous donor site 
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and distributes the cartilage fragments homoge-
neously onto an absorbable three-dimensional 
(3D) scaffold which consists of 35% polycapro-
lactone and 65% polyglycolic acid and is further 
reinforced with a polydiaxanone (PDO) mesh 

(Advanced Technologies and Regenerative 
Medicine, Raynham, MA) [59, 60]. This scaffold 
is a foam-like material that serves to keep the tis-
sue fragments in place and provides a 3D envi-
ronment for cartilage matrix generation. The 

Fig. 18.7 Cartilage Autograft Implantation System 
(CAIS) procedure for the management of an isolated focal 
defect involving the medial femoral condyle of the knee. 
(a) Preparation and sizing of knee cartilage defect. (b) 
Harvested cartilage placed on the copolymer scaffold. (c) 

Application of fibrin glue. (d) The scaffold is sized and 
cut according to the prepared cartilage defect. (e) CAIS 
scaffold implant placed and fixed in situ. (f) In situ fixa-
tion with polydiaxanone (PDO) staples (Images courtesy 
of Brian J Cole MD MBA)
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cartilage-scaffold construct is secured to the 
recipient site using PDO staples [1, 59].

Cole et al. conducted a proof of concept and 
safety randomized controlled trial in 29 patients 
where patient-reported outcomes and MRI find-
ings were compared at a minimum of 2-year fol-
low- up among patients treated with CAIS® and 
microfracture [60]. This study demonstrated that 
the SF-36, International Knee Documentation 
Committee (IKDC) score, and KOOS improved 
in both groups over a 24-month period. However, 
patients who were treated with CAIS had signifi-
cantly higher overall IKDC score at 12 months 
postoperatively and had significantly higher 
scores on all five KOOS subscales at 24 months 
after surgery. MRI scans showed that patients 
treated with microfracture also had a higher inci-
dence of intralesional osteophytes at 6 and 
12 months postoperatively. A larger multicenter 
randomized trial comparing CAIS® and micro-
fracture is currently in progress.

18.4.2  Zimmer® DeNovo® NT Natural 
Tissue Graft – DeNovo NT®

Zimmer® DeNovo® NT Natural Tissue Graft 
(DeNovo NT: Zimmer Biomet, Warsaw, Indiana) 
is considered a “minimally manipulated” human 
tissue allograft, regulated in the United States as 
a 361 HCT/P product similar to fresh osteochon-

dral allograft, allograft meniscus transplants, 
and bone-tendon-bone allografts [59, 62]. It is 
available for clinical application without 
 investigational device exemption [59]. The graft 
is prepared by removing live cartilage tissue 
from fresh cadaveric juvenile femoral condyles 
(up to age 13) and particulating them manually 
into cubes of approximately 1 cm3 [62]. Thin 
 aluminum foil is pressed into the defect to create 
a 3D mold. Once formed, the mold is removed, 
and its surface area is calculated – one package 
of DeNovo NT covers 2.5 cm2. Following this, 
the medium in which the DeNovo NT is con-
tained is aspirated, and the particulate cartilage 
fragments are transferred to the mold 1–2 mm 
apart. Fibrin glue is subsequently applied to the 
fragments of cartilage until the mold is filled to 
within 1 mm of its total depth. After a curing 
time of 3–10 min, fibrin glue is also applied to 
the base of the defect; the cartilage-fibrin glue 
construct is separated off the foil and is pressed 
into the defect [59, 61, 62].

The use of DeNovo NT in a clinical setting 
was first reported by Bonner et al. [61] where a 
patellar defect was successfully treated at 2-year 
follow-up as measured by the IKDC and postop-
erative MRI which demonstrated fill of the defect 
with repair tissue and near full resolution of pre-
operative subchondral bone edema. Subsequently, 
Farr and Yao [62] reported the results from the 
first 4 of 25 patients enrolled in a prospective 

Fig. 18.8 Zimmer® DeNovo® NT Natural Tissue Graft 
(DeNovo NT) for the management of two focal defects 
involving the trochlea of the knee. (a) Arthroscopic visu-

alization of two trochlear defects. (b) Application of 
DeNovo NT after defect debridement and sizing (Images 
courtesy of Brian J Cole MD MBA)
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single-arm cohort study investigating the use of 
DeNovo NT in patients with one or two chondral 
lesions on the femoral condyles or trochlea. 
Initial results demonstrated improvements in 
IKDC and KOOS scores at 2 years compared to 
baseline, as well as defect filling that persists to at 
least 2 years following surgery. There were also 
no complications and no evidence of graft 
 rejection phenomena. Cole and Farr published 
the results of a 2-year prospective case series in 
25 patients treated with DeNovo NT for chondral 
defects of the knee. Patients had improved KOOS 
scores over baseline and MRI T2-weighted 
scores were returning to a level approximating 
that of normal articular cartilage by 2 years [63].

18.5  Other Scaffold or Synthetic 
Materials

18.5.1  Biphasic Cartilage Scaffolds

There is increasing evidence that highlights the 
importance of subchondral bone in supporting a 
lasting repair of full-thickness chondral lesions, 
with a fully regenerated osseous architecture being 
associated with a favorable outcome [70, 71]. As a 
consequence, multilayered articular cartilage scaf-
folds, such as the Cartilage Repair Device® (CRD, 
Kensey Nash Corporation) and ChondroMimetic® 
(Orthomimetics, Cambridge, UK), have been 
developed. The production of biphasic or multi-
phasic composite scaffolds made of a cartilage 
layer and an underlying subchondral bone region 
is an evolving technology [72–74].

Variations in structural, chemical, and 
mechanical properties in the different layers of 
articular cartilage can be mimicked using a mul-
tilayered biphasic construct. Such a strategy is 
thought to improve the fixation of the engineered 
cartilage tissue into the joint lesion by the inte-
gration of the subchondral bone region into the 
host bone tissue. However, the quality of the sub-
chondral bone below the cartilage defect may 
affect both the potential for regeneration and the 
longevity of the chondral repair [71].

An additional advantage of a multilayered con-
struct is the disparate physiological requirements 

of chondrocytes (in the cartilage) and osteoblasts 
(in the subchondral bone) [75]. Chondrocytes 
must be protected from intimate contact with 
blood vessel formation [76, 77], whereas osteo-
blasts require vascularization [78–80].

The multiphasic composite produced by 
Kensey Nash Corporation consists of three parts, 
an upper collagen I fiber layer for articular  cartilage 
repair, a hydrophobic interface, and a lower poly-
lactic acid (PLA) part for bone repair, the whole 
structure mimicking the structure of an osteochon-
dral plug. The construct combines a malleable 
matrix for cartilage repair and a solid mineralized 
matrix for the regeneration of the subchondral 
bone [81]. The two matrices were brought together 
in a proprietary method that bonds the two regions 
while maintaining the porosity at the interface. 
The cartilage-like layer has the potential to support 
the differentiation of mesenchymal stem cells [82, 
83]. In vitro evidence supports the development of 
a good genetic, biochemical, and histological bio-
environment with this multiphasic construct; how-
ever, longer-term clinical results are awaited [84]. 
ChondroMimetic® implants in a caprine model 
demonstrated increased chondral and osseous fill 
of the defect when compared with empty defects 
at 12 weeks [1].

18.5.2  Hydrogels

Polyvinyl hydrogels have gained increase atten-
tion as synthetic materials that can be used for 
cartilage restoration [85]. An example of such 
product is Cartiva® (Carticept Medical Inc., 
Alpharetta, GA) which is a poly(vinyl alcohol) 
hydrogel developed for full-thickness chondral 
defects [86]. This material is optimized to closely 
resemble the wear, strength, and coefficient of 
friction properties of human articular cartilage 
[1]. Cartiva® is a synthetic material that, unlike a 
scaffold, is not designed to resorb or be replaced 
by native repair tissue over time. Furthermore, a 
proprietary technology is applied to the bone side 
of this hydrogel that induces bone ingrowth to 
facilitate long-term fixation into the defect [1]. A 
small case series of 15 patients treated arthroscop-
ically with Cartiva resulted in 13 successful out-
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comes at 1 year as measured by the IKDC, with 
one case of loosening and one case of dislodge-
ment. As per MRI, no implant expulsions were 
noted, and the analysis revealed that integration 
is not necessary for the device to be successful. 
Rather isolated implants surrounded by high-
quality bone, a flush presentation and about 10% 
radial compression (diameter of implant site 
about 10% smaller than implant diameter) 
improve outcome in vivo. More data is required 
before synthetic hydrogels will be available for 
routine clinical use [85].

18.6  Conclusions

Given the plethora of treatment options available 
for focal chondral defects of the knee, a careful 
comparative evaluation of emerging products 
with established treatments will be required. 
Specifically, for a novel technology to be adopted, 
researchers must demonstrate biological and clin-
ical efficacy, safety, feasibility (e.g., single- stage 
procedure), cost-effectiveness, and durability of 
any observed clinical improvements. Additionally, 
the Food and Drug Administration (FDA) has 
clearly indicated that individual level response or 
“responder” analyses are required for the evalua-
tion and approval of medical devices and tech-
nologies in the context of cartilage repair [87]. 
Two different concepts have been developed to 
aid in the understanding of outcome scores at the 
individual level which include the “minimal clini-
cally important difference” (MCID) and the 
“patient acceptable symptomatic state” (PASS) of 
pertinent patient-reported outcome measures. 
Finally, well-designed prospective comparative 
cohort studies, as well as multicenter randomized 
trials, will be needed to address the aforemen-
tioned requisites for the adoption of novel carti-
lage repair technologies.
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19.1  Knee Articular Cartilage, 
Future Research Directions

Articular cartilage serves as a lubricated, wear- 
resistant, friction-reducing self-maintaining mate-
rial that is slightly compressible to evenly distribute 
forces onto the bone. Articular cartilage macromo-
lecular composition and architecture and its bio-
mechanical properties are well adapted to 
withstand mechanical loads increasingly for a ten-
decade lifetime. The three- dimensional (3D) ori-
entation of the structural molecules and various 
levels of compartmentalization, namely, the hori-
zontal zones from the articular surface to the 

underlying subchondral bone as well as intersti-
tially from the surface of the chondrocytes, enable 
articular cartilage function by facilitating smooth 
knee movements by reducing friction and by 
absorbing the impact of loading. Coupled with the 
biomechanical function of articular cartilage in its 
entirety, articular cartilage lubrication mechanisms 
provide almost frictionless surfaces between mov-
ing joints and do this throughout life adapting to 
both age and arthritic disease.

A special feature of articular cartilage is the envi-
ronment of the chondrocytes and pericellular matrix 
within chondrons and the extra-chondral territorial 
and interterritorial matrix domains that these cells 
regulate. These chondrocytes are the key cellular 
mediators for cartilage homeostasis that normally 
maintains a functional matrix by modulating extra-
cellular matrix (ECM) synthesis and degradation. 
Past structural studies have focused on various com-
ponent molecules; the future is likely to bring forth 
better understanding of the integration of these mol-
ecules as a material as well as the role of the chon-
drocytes in forming integrated matrix structures, 
clearing damaged molecules, and repairing and/or 
regenerating injured and diseased cartilage.

At the bioengineering front, for the past sev-
eral decades, in vitro, ex vivo, and in vivo inves-
tigations have enhanced our understanding of the 
significance of biomechanical stimuli (such as 
hydrostatic pressure, stress, or compression) on 
knee articular cartilage biomechanics. 
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Biomechanics plays a central role in articular 
cartilage embryogenesis, growth, development 
and maturation, homeostasis, aging, adaptation 
to disease, and repair and regeneration. During 
embryogenesis and childhood, mechanical 
 stimuli positively influence chondrogenesis, 
articular cartilage matrix production through 
appositional and interstitial growth, and cartilage 
maturation by promotion of endochondral ossifi-
cation. Intrinsic to the influence of mechanical 
loading is the maintenance of articular cartilage 
structure and chondrocyte phenotype. Both 
excessive as well as insufficient loading can have 
a negative impact on the articular cartilage integ-
rity promoting onset and progression of cartilage 
degeneration.

Typically, following physiologic knee load-
ing, a cascade of events is initiated by the hydro-
static pressure within the articular cartilage ECM 
interstitial fluid, which then induces shear pres-
sure and tension due to the fluid flow subse-
quently causing the ECM compression and 
deformation. These biomechanical changes are 
then transmitted from ECM through the pericel-
lular capsule and matrix to the chondrocytes 
which in turn are subjected to hydrostatic pres-
sure, shear pressure with some tension, and com-
pression. Functioning as a biological sensor, 
chondrocytes detect and transduce ECM mechan-
ical signals. The resultant mechanical stimulation 
on the chondrocyte further initiates a cascade of 
events which signals elevated gene expression 
and the corresponding ECM protein production.

Future studies pertaining to the biomechanics 
of articular cartilage are likely to be directed to 
the thorough investigation of the nature of extreme 
nonphysiologic loading on the knee and its articu-
lar cartilage component. This will enable us to 
further understand the impact of biomechanics on 
the signaling cascade of the chondrocytes which 
critically influences its matrix microenvironment 
and ECM production. Reactive oxygen species 
(ROS), particularly singlet oxygen are of particu-
lar interest as signal molecules [1]. These studies 
pertaining to the impact of excessive or sudden, 
abrupt biomechanical loads on knee articular car-
tilage (chondrocytes and it’s microenvironment, 
and ECM) will be particularly useful to under-

stand better how well articular cartilage can with-
stand and function with these excessive loads. 
This will lead to strategies or exercises which can 
prevent knee injury that may be encountered dur-
ing sports activities (competitive sports, dancing, 
and gymnastics as well as noncompetitive sports 
and recreational activities), occupation-related 
injuries, or early stages of cartilage diseases. 
Further, from the cartilage engineering and carti-
lage repair perspective, investigations on the opti-
mal biomechanical stimuli and its associated 
signaling cascade under high-impact loads will 
lead to successful therapeutic strategies for carti-
lage regeneration and repair.

The knee is one of the joints most commonly 
injured during sport-related activities in children 
and adults. The most common sport-related artic-
ular cartilage injuries are due to overuse and high 
impact. An overuse cartilage injury is a conse-
quence of repeated activity resulting in cartilage 
fatigue and wear and tear (such as professional 
runners). High-impact sports that can lead to 
articular cartilage damage are those resulting 
from a direct, forceful impact on the knee joint 
(such as a tackle in football, rugby, and wres-
tling). In children, articular cartilage is a highly 
organized structure which repeatedly undergoes 
growth and remodelling while maintaining the 
shape of the joint. Injury to any part of this com-
plex system can disrupt the functional properties 
of cartilage, which may lead to further joint 
degeneration. Although articular cartilage has 
intrinsic capacity for repair and regeneration, the 
organized structure of immature cartilage is par-
ticularly difficult to restore or duplicate once it is 
damaged or lost. Future research on knee articu-
lar cartilage in children will address the problems 
of how to maintain articular function and limb 
growth and reduce rehabilitation time after carti-
lage injury. As well through genomic therapy, 
hereditary cartilage disorders will receive atten-
tion to prevent deformity and functional loss that 
accompanies these diseases.

An integral component to the success of carti-
lage maintenance and repair is the tight-coupling 
of articular cartilage lubrication with articular 
cartilage structure. Future investigation in carti-
lage lubrication mechanisms may shed light on 
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better means to assess cartilage lubrication defi-
ciency whether related to endogenous lubrication 
production or deleterious changes in cartilage 
matrix. In turn this will stimulate therapeutic 
strategies to restore lubrication quality after 
injury, as well as with age and disease. This 
research will be directed toward reducing pro-
gression of joint degeneration. Further, the appli-
cation of lubricating molecules including novel 
molecules may facilitate in vitro cell-seeded and 
bioengineered matrices for implants.

Aging of articular cartilage is a normal phe-
nomenon (part and parcel of the normal life 
cycle), but articular cartilage ages at different 
rates in different people. A continually growing 
body of basic science and clinical evidence dem-
onstrates the efficacy of an active lifestyle on 
retarding the cartilage aging process. Aging car-
tilage has three features which contribute to 
degenerative loss of function: matrix dehydra-
tion, accumulation of abnormal molecules in the 
extracellular substance, and focal chondrocyte 
death. Matrix dehydration largely results from 
reduction of sulfate anions on proteoglycan mol-
ecules. Research is likely to follow two lines: 
substitution of natural or synthetic charged mol-
ecules into cartilage matrix and stimulation of 
chondrocytes to manufacture highly sulfated pro-
teoglycans. Aging cartilage accumulates many 
different kinds of molecules, including endoge-
nous molecules such as enzyme inhibitors 
exported from the chondrocyte cell membrane, 
matrix degradation products such as advanced 
glycation end products (AGEs’), amyloid, lipid 
oxidation products, e.g., lipofuschin, which can-
not be cleared easily, and sparingly soluble cal-
cium pyrophosphate dihydrate (CPPD) crystals. 
These molecules interfere with nutrient and 
waste diffusion, can make chondrocyte signaling 
less sensitive, and may degrade biomechanical 
function. Also, due to their high stiffness com-
pared to healthy articular cartilage, crystal depos-
its potentially alter  chondrocyte 
mechanotransduction as well as cartilage biome-
chanics, when present in high concentration [2]. 
Current research is aimed at pharmacologic strat-
egies which can dissolve or clear these accumu-
lated substances. Focal chondrocyte death may 

result from necrosis following repeated impact 
trauma or apoptosis associated with inflamma-
tion, osteoarthritis (OA), or other reactive stimuli 
or chondrocyte senescence related to decreased 
signaling or inadequate nutrition from diffusion. 
On the near horizon are strategies to upregulate 
chondrocyte reactivity including stimulating con-
trolled mitotic division in adjacent 
chondrocytes.

Articular cartilage regeneration presents an 
important clinical challenge due to difficulty to 
replicate the physiologic and functional properties 
of the native cartilage [3–6]. To date, a large array 
of cell types (See Chap. 17) are available for carti-
lage cell therapy, and recently, the use of cranial 
neural crest-derived chondrocytes and oral stem 
cells for repair of cartilage lesions seems promising 
as a cell source for cartilage regeneration [7]. 
Repair of osteochondral lesions in the knee remains 
a challenge to the orthopedic surgeons, in particu-
lar treating young, active individuals [8, 9]. Knee 
joint surgery for injury and arthritis is focused on 
preserving articular cartilage where possible, 
restoring knee function and decreasing postsurgi-
cal rehabilitation time. These goals may require 
surgical intervention at an earlier phases of disease 
processes but equally will demand precision of 
assessment and choice of intervention. Arthroscopic 
mechanical chondroplasty of the knee performed 
in isolation of concurrent procedures has shown 
clinical efficacy in the treatment of focal articular 
cartilage defects [10]. Some novel materials will 
likely have a theranostics function, monitoring 
function and supplying agents to help cartilage 
maintain itself [11]. Theranostics, exosomes, nano-
somes, and nanoparticles have the potential to non-
invasively detect, track, and treat joint tissue lesions 
including cartilage, but choosing how much tissue 
to debride, where to place these particles, and the 
skill associated with the delivery method, all will 
remain the province of the surgeon [11, 12]. 
Reduced rehabilitation time will be achieved by 
more precise surgery, adjunctive pharmacologic 
and biologic agents to accelerate healing, and more 
precise physical modalities to assist rehabilitation.

Osteochondral allografts have proven to be an 
excellent option for the larger defects involving 
the cartilage and bone [5, 13–16]. Harvesting the 
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tissue and storage until testing is complete has 
proven to be an obstacle for the orthopedic sur-
geon who under the present circumstances has to 
perform the procedure in a narrow window of 
time after testing has been completed but before 
cartilage death begins [17]. The chondrocytes 
start to die after 2 weeks, but grafts can still be 
used up to approximately 5 weeks after harvest 
[18]. Research into development of solutions that 
maintain chondrocyte viability beyond that time 
period is being carried out and clinical trials are 
under way [19, 20]. Although adequate informa-
tion on surgical technique, lesion location, and 
morphology of cartilage repair is reported in cur-
rent clinical studies on articular cartilage restora-
tion of the knee, there is variation and incomplete 
reporting on lesion size, depth, and grading, 
which should be addressed in future clinical stud-
ies to facilitate comparison among surgical tech-
niques [21].

Currently, cartilage engineering strategies use 
biocompatible, biodegradable, and structurally as 
well as mechanically stable scaffolds that can 
allow successful loading, infiltration, and attach-
ment of appropriate cells as well as bioactive 
molecules that enhance cell attachment and 
growth. These sophisticated techniques are 
expensive and require prolonged rehabilitation 
time. In the long term, the research goal will be to 
assess the matrix and cells adjacent to the defect 
by noninvasive means and then to stimulate repair 
and regeneration from chondrocytes in the adja-
cent tissues noninvasively or by minimally inva-
sive means. Enhanced collaboration with 
industrial partners interested in cartilage repair 
will provide the financial sources to enable more 
sophisticated and detailed investigation of carti-
lage repair strategies including the use of growth 
factors, gene therapy, and tissue engineering. 
Future studies in integrative cartilage repair, spe-
cifically on engineered graft or scaffold constitu-
tion and design strategies to facilitate integration 
of regenerated cartilage to the native cartilage 
and the underlying subchondral bone will ensure 
long-term success of the engineered graft or scaf-
fold for cartilage repair. Integral to these engi-
neered graft or scaffold design strategies is the 

ability to withstand physiological mechanical 
forces that the knee is subjected to daily.

Much attention can be expected for research 
in articular cartilage diagnostics. To date, excel-
lent progress has been made in the hardware and 
software front, including automated techniques 
for the visualization, mapping, and composi-
tional and functional imaging of normal, injured, 
or diseased articular cartilage [22–30]. Beyond 
linear improvement in modalities such as mag-
netic resonance imaging and ultrasound, advances 
can be expected in novel modalities to investigate 
cartilage structure such as optical coherence 
tomography and nuclear magnetic resonance 
(NMR) functional imaging under in vivo mechan-
ical loading conditions [31]. Further, clinical 
imaging will integrate knowledge from experi-
mental imaging that currently has resolution and 
contrast 2+ orders of magnitude better. With 
regard to histologic understanding of cartilage 
structure, advances can be expected in 3D imag-
ing and better visualization of structures such as 
the chondron and their dynamic relationships to 
surrounding extracellular matrix [32, 33]. As 
well, subchondral bone changes may be an effec-
tive surrogate for the state of articular cartilage 
[34–36]. This will result in more precise and 
therapeutically more useful assessment of knee 
cartilage and adjacent structures. Imaging can be 
expected to advance from visualization of ana-
tomical and histologic structures to characteriza-
tion of biomaterial characteristics and their 
association with biomechanical stimuli. Artificial 
intelligence techniques will be deployed to objec-
tively assess images enabling much more objec-
tive data to be assessed by the imager. This will 
be particularly important for assessment of dis-
ease progression in serial studies.

19.2  Knee Articular Cartilage 
and Osteoarthritis

The knee is highly mobile which has the conse-
quence that other joint structures principally 
ligaments and capsules are highly influential on 
the health and function of cartilage. Ambulatory 
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changes associated with aging, obesity, or joint 
tissue injury that occurs prior to the development 
of OA symptoms can eventually lead to clinical 
OA [37, 38]. Osteoarthritis affects all tissues of 
the knee, yet unless there is advanced pathology 
in a component other than articular cartilage, 
cruciate ligament, or meniscal tear, other tissues 
within the knee are seldom considered when 
assessing OA. This problem is likely to be 
addressed in future by dynamic imaging studies 
employing ultrasound and/or magnetic reso-
nance imaging (MRI). Osteoarthritis biomarkers 
have a long history but to date are insensitive 
to assess progression of cartilage deterioration. 
Cartilage biomarkers are of two types, biochemi-
cal markers and imaging markers. Biochemical 
markers can reflect upregulated or downregu-
lated chondrocyte activity or alternatively abnor-
mal matrix end products released from cartilage 
reflecting disease progression. While individual 
markers may have limited value, a promising 
approach is the assessment of markers of differ-
ent types [39]. Imaging biomarkers currently are 
relatively insensitive and still depend more or 
less on assessment of joint space narrowing. An 
alternative emerging approach uses increasing 
subchondral bone thickness and density as proxy 
biomarkers for OA progression [36]. 
Conservative therapy of OA is dependent in part 
on recognizing the knee cartilage injury before 
irrevocable structural changes have occurred. 
Central to this strategy is the detection of OA at 
an earlier stage, which is as much a public health 
family medicine issue as it is an issue of better 
diagnostic techniques. A strategy to consider is 
to deploy existing conservative therapy, e.g., sta-
tionary bicycle riding, earlier in the OA process. 
Low-impact exercise and weight loss provide 
benefit and constitute the foundation for the 
treatment of OA [40, 41]. Further consideration 
might be to condition adjacent muscles by physi-
cal techniques such as periodization of exercise 
supplemented by nutriceutical or pharmacologic 
strategies to enhance muscle strength [42, 43].

Regarding OA therapy that restores cartilage, 
the problems have been centered around diagnos-
tic difficulty for early cartilage injury and the per-

ceived lack of regenerative capacity of articular 
cartilage. With current imaging techniques, 
domains of cartilage injury as well as cartilage 
defects can be recognized. Regarding cartilage 
regeneration, many factors are known to stimu-
late chondrocyte growth and regeneration, and it 
is well known that articular chondrocytes can 
grow and produce matrix ex vivo [44]. One 
approach to restorative therapy is to deliver 
agents or even stem cells into cartilage to foster 
regeneration. These “delivery” approaches 
require novel techniques, perhaps employing 
novel ultrasonics [45, 46].

The above paragraphs provide only a glimpse 
of advances that the coming years may bring. 
Given the momentum of current investigators 
and building on past achievements, we can be 
very optimistic that the societal and individual 
burden of knee disease will be substantially 
reduced in the foreseeable future.
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 Appendix A

 Arthroscopic Classification Systems 
for Chondral Injuries and Repair

Several published reports have been proposed to 
assess articular cartilage lesions and the clinical 
outcome of cartilage repair. For the macroscopic 
evaluation of articular cartilage, arthroscopic 
scoring systems were developed to probe the sta-
tus of articular cartilage. The easily implemented 
arthroscopic cartilage lesion classification sys-
tem, developed by Outerbridge in 1961, separates 
the severity of the lesions into four grades, 1 
through IV [1]. Outerbridge’s classification sys-
tem, originally designed to visualize and describe 
chondromalacia of the patella, is reproducible 
and reliable, and continues to be the most widely 
used [2–5]. To incorporate chondral lesions 
observed in the entire knee, Potter et al. modified 
Outerbridge’s classification to an extended 
5-point classification system [6]. Based on four 
separate and distinct variables, Noyes et al. pro-
posed a chondral lesion classification system that 
provides a description of the articular surface, the 
extent (depth) of involvement, the diameter of the 
lesion, and the location of the lesion [7]. The 
International Cartilage Repair Society (ICRS), 
founded in 1997, has been instrumental in devel-
oping standardization system for the evaluation 
of articular cartilage injury and repair [8, 9]. In 
2018, ICRS was renamed as “International 
Cartilage Regeneration and Joint Preservation 
Society.” ICRS Cartilage Injury Evaluation 
Package consists of two parts [9]:

A: Patient Part: 
1. ICRS injury questionnaire
2.  The IKDC subjective knee evaluation 

form—2000
B: Surgeon Part:

1. ICRS – Knee surgery history registration
2. IKDC – Knee examination form – 2000
3. ICRS – Articular cartilage injury mapping 

system
4. ICRS – Articular cartilage injury 

classification
5. ICRS – Osteochondritis dissecans 

classification 
6. ICRS – Cartilage repair assessment system

The arthroscopic ICRS classification system 
is reproducible and has shown good inter- and 
intra-observer reliability, as well as excellent 
validity as proven by high correlation of the his-
tological assessment of the cartilage lesion depth 
with the arthroscopic assessment [10]. Oswestry 
Arthroscopic Scores (OAS) were developed in an 
attempt to simplify and focus the scoring system 
on clinical needs [11]. Both ICRS and OAS were 
found to be comparable; however, as the lesion 
size increases, their reliability decreases [12, 13]. 
The commonly used arthroscopic scoring sys-
tems to evaluate articular cartilage lesions or 
repair are listed below.

 1. Outerbridge classification [1]
 2. Modified Outerbridge classification [6]
 3. Noyes classification [7]
 4. International Cartilage Repair Society – Injury 

[8, 9]
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 5. International Cartilage Repair Society – 
Repair [8, 9]

 6. Oswestry Arthroscopy Score [11]

 Outerbridge Classification

Grade Description of the Lesion
I Softening and swelling of the cartilage
II Fragmentation and fissuring in an area half an 

inch or less in diameter
III Same as grade 2, but an area more than half 

an inch in diameter is involved
IV Erosion of cartilage down to bone

 Modified Outerbridge Classification

Grade Description of the Lesion
0 Normal, intact cartilage
I Superficial chondral softening, swelling, or 

blistering with intact cartilage surface
II Superficial chondral fragmentation, 

ulceration, fibrillation, or fissuring involving 
an area ½ an inch or less in diameter and less 
than 50% of the cartilage depth

III Deep chondral ulceration, fibrillation, or 
fissuring involving an area more than 50% or 
more of the cartilage depth but without 
exposure of the subchondral bone

IV Full-thickness chondral wear with exposure of 
subchondral bone

Noyes Classification

Grade Description of the chondral lesion
0 Normal, intact cartilage
1A Cartilage surface intact with some remaining 

resilience
1B Cartilage surface intact with some 

deformation
2A Cartilage surface damaged (cracks, 

fibrillation, fissures, or fragmentation) with 
less than half of the cartilage thickness 
involved

2B Depth of involvement greater than half of 
cartilage thickness but without exposed bone

3A Bone exposed with surface intact
3B Bone exposed with surface cavitation

ICRS - Articular Cartilage Injury 
Classification

Grade Description of the Cartilage Lesion
0 Normal
1A Superficial fibrillation or softening
1B Superficial fissures and lacerations
2 Defect less than 50% of depth
3A Defect more than 50% but not down to the 

calcified layer
3B Defect more than 50% down to the calcified layer
3C Defect down to but not through the 

subchondral bone plate
3D Defect more than 50% with blisters
4A Defect includes superficial subchondral bone 

plate
4B Defect down to deep subchondral bone
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 Oswestry Arthroscopy Score

OAS Points
Graft level with Surrounding Cartilage
Level 2
Raised 1
Below 0

Integration with Surrounding Cartilage
Complete 2
Minor disruption (< 25% of area) 1
Major disruption (> 25% of area) 0

Appearance of Surface
Smooth 2
Fine fronds 1
Severe fronds/fibrillation 0

Color of Graft
Pearly, hyaline-like 2
White 1
Yellow bone 0

Stiffness on Probing
Normal compared to adjacent cartilage 2
Softer 1
Very soft/hard 0
Total 0–10
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ICRS - Articular Cartilage Repair 
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ICRS – Cartilage repair Points
I. Degree of defect repair
I Protocol A (1)

*  In level with surrounding cartilage 4
* 75% repair of defect depth 3
* 50% repair of defect depth 2
* 25% repair of defect depth 1
* 0% repair of defect depth 0
I Protocol B (2)

*  100% survival of initially grafted 
surface

4

*  75% survival of initially grafted 
surface

3

*  50% survival of initially grafted 
surface

2

*  25% survival of initially grafted 
surface

1

* 0% (plugs are lost or broken) 0

II. Integration to border zone
*  Complete integration with 

surrounding cartilage
4

* Demarcating border <1 mm 3
*  3/4 of graft integrated, 1/4 with a 

notable border >1 mm width
2

*  1/2 of graft integrated with 
surrounding cartilage, 1/2 with a 
notable border >1 mm

1

*  From no contact to 1/4 of graft 
integrated with surrounding cartilage

0

III. Macroscopic appearance
* Intact smooth surface 4
* Fibrillated surface 3
* Small, scattered fissures, or cracks 2
*  Several, small or few but large fissures 1
* Total degeneration of grafted area 0

Overall repair assessment
Grade I: Normal 12 P
Grade II: Nearly normal 11–8 P
Grade III: Abnormal 7–4 P
Grade IV: Severely abnormal 3–1 P
(1) Protocol A: (2) Protocol B:

*  Autologous chondrocyte 
implantation (ACI);
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*  Periosteal or perichondrial 
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*  Osteochondral 
autograft 
transfer (OAT);
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 Appendix B

 Clinical Outcome Scoring Systems

Knee joint–specific patient outcome self-report-
ing tools are used to follow patients after trau-
matic knee injuries, cartilage repair surgical 
procedure, disease progression (such as osteoar-
thritis – OA), or pharmacological clinical trials to 
gain insight into the patient’s changing symp-
toms and function over time. These scoring sys-
tems are designed and validated for the various 
treatment modalities recommended for musculo-
skeletal disorders. The presence of several evalu-
ation tools attests to the difficulty in the precise 
evaluation of these disorders whose impact may 
extend to the various aspects of knee health, 
functional impairment, and quality-of-life out-
comes. These scoring tools were developed for 
patients to assess their view about their knee 
health either post-injury, to evaluate the efficacy 
of pharmacological intervention, preoperative, 
and post-surgery follow-up assessment (cartilage 
repair or knee arthroplasty) or during the course 
of disease such as osteoarthritis. These outcome 
tools are used to assess one or more of the fol-
lowing criteria: pain, symptoms, activity of daily 

living, sports, quality of life, and physical health 
value. These assessment tools have been used to 
assess patients with injuries to one or more knee 
structures (ligament, meniscus, articular carti-
lage, tendon, etc.).

The commonly used measures of knee func-
tion are listed below, some of which are included 
in this appendix:

 1.  Knee Injury and Osteoarthritis Outcome 
Score (KOOS)

 2.  Knee Injury and Osteoarthritis Outcome 
Score Physical Function Short Form 
(KOOS-PS)

 3.  Knee Outcome Survey Activities of Daily 
Living Scale (KOS-ADLS)

 4. Lysholm Knee Scoring Scale
 5. Oxford Knee Score (OKS)
 6.  International Knee Document Committee 

(IDKC) Score Subjective Knee Form
 7. Activity Rating Scale (ARS)
 8. Tegner Knee Scoring Scale (TAS)
 9. Marx Activity Rating Scale (MARS)
 10. 36-Item Short-Form Health Survey (SF-36)
 11.  Western Ontario and McMaster Universities 

Osteoarthritis Index (WOMAC)
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 Knee Injury and Osteoarthritis 
Outcome Score (KOOS)
The Knee Injury and Osteoarthritis Outcome 
Score (KOOS) is a patient outcome reporting 
tool that is widely used in both short-term and 
long-term patient outcomes at different intervals 
in subjects with knee injury and OA [1]. The 
intended populations for the use of KOOS include 
young and middle-aged people with posttrau-
matic OA, as well as those with injuries that may 
lead to posttraumatic OA (e.g., anterior cruciate 
ligament [ACL], meniscal, or chondral injury).

The survey questions are designed to assess 
the patient’s opinion about their knee and to 
know how well they are able to perform their 
usual activities, including sports. Assessment 
pertains to changes from week to week induced 

by conservative treatment (pharmacological or 
physical therapy) or surgical intervention or due 
to primary knee injury as well as primary or post-
traumatic OA treatment. It is widely used for 
research purposes in experimental studies and 
large-scale databases [2–4].

The KOOS holds five separately scored 
subscales:

 1. Symptoms/Stiffness (S, 5/2 questions)
 2. Pain (P, 9 questions)
 3. Function in Daily Living (A, 17 questions)
 4. Function in Sport and Recreation (SP, 5 

questions)
 5. Knee-Related Quality of Life (Q, 4 

questions)
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Symptoms (S)

These questions should be answered thinking of your knee symptoms during the last week.

S1. Do you have swelling in your knee?

S2. Do you feel grinding, hear clicking or any other type of noise when your knee moves?

Never Rarely Sometimes Often Always

S3. Does your knee catch or hang up when moving? 

Never Rarely Sometimes Often Always

S4. Can you straighten your knee fully? 

Always Often Sometimes Rarely Never

S5. Can you bend your knee fully? 

Always Often Sometimes Rarely Never

Stiffness (S)

The following questions concern the amount of joint stiffness you have experienced during the last week
in your knee. Stiffness is a sensation of restriction or slowness in the ease with which you move your knee. 

S6. How severe is your knee stiffness after first wakening in the morning? 

None Mild Moderate Severe Extreme

S7. How severe is your knee stiffness after sitting, lying or resting later in the day? 

None Mild Moderate Severe Extreme

Pain (P)

P1. How often do you experience knee pain? 

Never Monthly Weekly Daily Always

What amount of knee pain have you experienced the last week during the following activities? 

P2. Twisting/pivoting on your knee

None Mild Moderate Severe Extreme

P3. Straightening knee fully 

None Mild Moderate Severe Extreme
P4. Bending knee fully 

None Mild Moderate Severe Extreme

P5. Walking on flat surface 

None Mild Moderate Severe Extreme

P6. Going up or down stairs

None Mild Moderate Severe Extreme

P7. At night while in bed

None Mild Moderate Severe Extreme

P8. Sitting or lying

None Mild Moderate Severe Extreme

P9. Standing upright

None Mild Moderate Severe Extreme

Never Rarely Sometimes Often Always
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Function, Daily Living (A)

The following questions concern your physical function. By this we mean your ability to move around and
to look after yourself. For each of the following activities please indicate the degree of difficulty you have
experienced in the last week due to your knee.

A1. Descending stairs 

None Mild Moderate Severe Extreme

A2. Ascending stairs 

None Mild Moderate Severe Extreme

For each of the following activities please indicate the degree of difficulty you have experienced in the
last week due to your knee. 

A3. Rising from sitting

None Mild Moderate Severe Extreme

A4. Standing  

None Mild Moderate Severe Extreme

A5. Bending to floor/pick up an object 

None Mild Moderate Severe Extreme

A6. Walking on flat surface

None Mild Moderate Severe Extreme
A7. Getting in/out of car

None Mild Moderate Severe Extreme

A8. Going shopping

None Mild Moderate Severe Extreme

A9. Putting on socks/stockings

None Mild Moderate Severe Extreme

A10. Rising from bed

None Mild Moderate Severe Extreme

A11. Taking off socks/stockings
None Mild Moderate Severe Extreme

A12. Lying in bed (turning over, maintaining knee position)

None Mild Moderate Severe Extreme

A13. Getting in/out of bath

None Mild Moderate Severe Extreme

A14. Sitting

None Mild Moderate Severe Extreme

A15. Getting on/off toilet
None Mild Moderate Severe Extreme

For each of the following activities please indicate the degree of difficulty you have experienced in the
last week due to your knee. 

A16. Heavy domestic duties (moving heavy boxes, scrubbing floors, etc) 

None Mild Moderate Severe Extreme

A17. Light domestic duties (cooking, dusting, etc)

None Mild Moderate Severe Extreme
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Knee Outcome Survey: Activities 
of Daily Living Scale (KOS-ADLS)
The KOS-ADLS is a self-administered question-
naire that was designed as a knee-specific scale 
to assess the symptoms and functional limita-
tions that patients with knee impairment experi-
ence while performing their usual daily activities 
[5, 6]. These are the activities that best describe 
them over the past 1 or 2 days [7–9]. The intended 
populations for the use of KOS-ADLS are 
patients undergoing physical therapy for various 
knee pathologies, such as ligament/meniscal 
injury, OA, and patellofemoral pain.

The KOS-ADLS is one of the subjective 
scales used to evaluate the overall health of a 
patient with various dysfunctions of the knee. 
The symptoms component includes eight ques-
tions pertaining to knee pain, stiffness, swelling, 

giving way, weakness, and limping. The 
responses are graded on a scale from 0 to 5, with 
5 being no symptom and 0 being the highest limi-
tation caused by the symptom.

The functional limitations component includes 
eight questions pertaining to walking, ascending 
and descending stairs, standing, kneeling, squat-
ting, sitting, and rising from a chair. These are the 
activities that best describe them over the past 1 
or 2 days prior to their self-evaluation. The 
responses are graded on a 0 to 5 scale, where 5 
indicates no limitation and 0 indicates a high 
level of functional limitation.

The symptom and function scores are added 
to obtain the total score. The lower percentage 
indicates lower levels of function, higher limita-
tion, and disability.

Function, Sports and Recreational Activities (SP)

The following questions concern your physical function when being active on a higher level. The questions should
be answered thinking of what degree of difficulty you have experienced during the last week due to your knee.

SP1. Squatting 

None Mild Moderate Severe Extreme

SP2. Running 

None Mild Moderate Severe Extreme

SP3. Jumping 

None Mild Moderate Severe Extreme

SP4. Twisting/pivoting on your injured knee 

None Mild Moderate Severe Extreme

SP5. Kneeling 

None Mild Moderate Severe Extreme

Quality of Life (Q) 
Q1. How often are you aware of your knee problem? 

Never Monthly Weekly Daily Constantly

Q2. Have you modified your life style to avoid potentially damaging activities to your knee? 

Not at all Mildly Moderately Severely Totally

Q3. How much are you troubled with lack of confidence in your knee? 

Not at all Mildly Moderately Severely Extremely

Q4. In general, how much difficulty do you have with your knee? 

None Mild Moderate Severe Extreme
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Symptoms
To what degree does each of the following symptoms affect your level of daily activity? (Circle one 
number on each line).

Symptoms
Never 
have

Have (but, 
does not 

affect activity)

Affects 
activity 
slightly

Affects 
activity 

moderately

Affects 
activity 
severely

Prevents 
all daily 
activity

Pain 5 4 3 2 1 0
Grinding or grating 5 4 3 2 1 0
Stiffness 5 4 3 2 1 0
Swelling 5 4 3 2 1 0
Slipping or partial 
giving way of knee

5 4 3 2 1 0

Buckling or full 
giving way of knee

5 4 3 2 1 0

Weakness 5 4 3 2 1 0
Limping 5 4 3 2 1 0

Functional Limitations with Activities of Daily Living
How does your knee affect your ability to do the following activities?
(Circle one number on each line).

Activities
Not difficult 

at all
Minimally 

difficult
Somewhat 

difficult
Fairly 

difficult
Very 

difficult
Unable  
to do

Walk 5 4 3 2 1 0
Go up stairs 5 4 3 2 1 0
Go down stairs 5 4 3 2 1 0
Stand 5 4 3 2 1 0
Kneel on the front of 
your knee

5 4 3 2 1 0

Squat 5 4 3 2 1 0
Sit with your knee bent 5 4 3 2 1 0
Rise from a chair 5 4 3 2 1 0

Lysholm Knee Score
The Lysholm Knee Score, first designed as an out-
come assessment tool post knee ligament surgery 
in 1982 and modified in 1985, measures activities 
of daily living (ADLs) [10, 11]. Currently, Lysholm 
assessment tool has shown adequate reliability and 
responsiveness for assessing mobility in knee liga-
ment injury, meniscal tears and articular cartilage 
lesions as well as traumatic knee dislocation, patel-
lofemoral pain, patellar instability, and degenera-
tive diseases [12–14].

The 8 specific activities that are evaluated are 
as follows:

 1. Limp: if there is any limping and if so, how 
severe it is and whether it is constant or not

 2. Using cane or crutches: as a support or the use 
of any other walking assistance

 3. Locking sensation in the knee: if such sensa-
tion is experienced and how often

 4. Giving way sensation from the knee: whether 
there is any instability in the knee, how often, 
and when that occurs

 5. Pain: existence of pain and degree of discom-
fort caused by it

 6. Swelling: existence and persistence after dif-
ferent degrees of activity

 7. Climbing stairs: existence of any issues with 
climbing stairs

 8. Squatting: whether the action is possible and 
to what extent
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The symptoms of pain, swelling, and instabil-
ity are scored according to the activity in which 
they occur. To produce an overall score on a point 
scale of 0–100, eight factors are rated. The factors 
of limp, support, and locking are worth a potential 
of 23 points; pain and instability, 25 points each; 
swelling and stair climbing, 10 points each; and 
squatting, 5 points. Scores closer to 0 indicate 
severe symptoms and little to no recovery after 
surgery; whereas, scores closer to 100 are indica-

tive of very little to no knee symptoms and the 
patient will likely make a full recovery.

The overall final assignment of Lysholm Knee 
Score is as follows:

 1. Excellent = 95 to 100 points
 2. Good = 84 to 94 points
 3. Fair = 65 to 83 points
 4. Poor = less than 65 points

Lysholm Knee Score

Factor Scale Points
Limp None 5

Slight or periodic 3
Severe and constant 0

Support None 5
Stick or crutch 2
Weight-bearing impossible 0

Locking No locking/catching sensations 15
Catching sensation but no locking 10
Locking: occasionally 6
Locking: frequently 2
Locked joint on examination 0

Instability Never giving way 25
Rarely during athletics or other severe exertion 20
Frequently during athletics or other severe exertion (or incapable of 
participation)

15

Occasionally in daily activities 10
Often in daily activities 5
Every step 0

Pain None 25
Inconstant and slight during severe exertion 20
Marked during severe exertion 15
Marked on or after walking more 2 km 10
Marked on or after walking less than 2 km 5
Constant 0

Swelling None 10
On severe exertion 6
On ordinary exertion 2
Constant 0

Stair climbing No problem 10
Slightly impaired 6
One step at a time 2
Impossible 0

Squatting No problem 5
Slightly impaired 4
Not beyond 90° 2
Impossible 0
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Oxford Knee Score (OKS)
The Oxford Knee Score (OKS) was specifically 
designed, developed, and validated to assess pain 
and function after total knee replacement (TKR) 
surgery (arthroplasty) [15]. In large-scale studies, 
the OKS has been ranked the best disease−/site-
specific patient-reported outcome for assessing 
the result of knee arthroplasty. Currently, OKS 
has also been used to measure outcomes in phar-
macological treatments, after osteotomies, fol-
lowing rehabilitation or with fractures [16].

The OKS is a short, reproducible 12-item 
patient-reported outcome that reflects the 
patient’s assessment of their knee-related health 
status and benefits of treatment [17]. In the origi-
nal version of OKS, each question (pertaining to 
knee pain or function) is followed by 5 responses 
with score ranging from 0 (impaired knee func-
tion, worst outcome) to 4 (good knee function, 

best outcome). The maximum score is 60, which 
reflects excellent function. The grading for OKS 
is as follows [15].

 1. Score 0 to 19: May indicate severe knee arthri-
tis. Patient is highly likely to require some 
form of surgical intervention.

 2. Score 20 to 29: May indicate moderate to 
severe knee arthritis. Patient may require for-
mal treatment.

 3. Score 30 to 39: May indicate mild to moderate 
knee arthritis. Patient may benefit from non-
surgical treatment, such as exercise, weight 
loss, and/or anti-inflammatory medication.

 4. Score 40 to 48: May indicate satisfactory joint 
function. Patient may not require any formal 
treatment.

 5. Score 49 to 60: Indicate excellent knee 
function.

Please answer the following 12 multiple-choice questions. During the past 4 weeks......

1. How would you describe the pain  you usually have from your knee?

None

2. Have you had any trouble washing and drying yourself (all over) because of your knee?

3. Have you had any trouble getting in and out of the car or using public transport because of your knee? (With
or without a stick)

4. For how long have you been able to walk before pain from your knee becomes severe? (With or without a
stick)

Often, not just
at first

With moderate
difficulty

With little difficulty With extreme
difficulty

Sometimes or
just at first

No pain >60 min 16 to 60 minutes 5 to 15 minutes Around the house
only

Not at all – pain
severe on
walking

5. After a meal (sat at a table), how painful has it been for you to stand up from a chair because of your knee?

Not at all painful Slightly painful Moderately painful Very painful Unbearable

6. Have you been limping when walking, because of your knee?

Rarely/never Most of the time All of the time

7. Could you kneel  down and get up again afterwards?

Yes, easily No, impossible

Very Mild Mild Moderate Severe

No trouble at all Very little trouble Moderate trouble Extreme difficulty Impossible to do

No trouble at all Very little trouble Moderate trouble Extreme difficulty Impossible to do
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 International Knee Documentation 
Committee (IKDC) Subjective Knee 
Evaluation Form

The entire IKDC package includes several forms, 
which may be used individually as shown below:

 1. Demographic Form
 2. Current Health Assessment Form
 3. Subjective Knee Evaluation Form
 4. Knee History Form
 5. Surgical Documentation Form
 6. Knee Examination Form

The IKDC Subjective Knee Evaluation Form is a 
patient-reported knee-specific outcome measure 
that provide patients with an overall function 
score for the evaluation of knee treatments. The 
purpose of IKDC is to detect improvement or 
deterioration in symptoms, function, and sports 
activities due to knee impairment.

The intended populations for the use of IKDC 
are patients with a variety of knee conditions, 

including ligament injuries, meniscal injuries, 
articular cartilage lesions, and patellofemoral 
pain [6].

The questionnaire includes three categories 
pertaining to patient knee symptoms (7 items), 
sports activity (2 items), and function (2 items) 
[3, 4, 17–19]. The scores for the individual items 
(Questions 1 to 9 and 10B) are added, while 
response to item 10A “Function Prior to Knee 
Injury” is not included in the overall score. The 
maximum possible score is 87. The IKDC scores 
range from 0 points (lowest level of function or 
highest level of symptoms) to 100 points (highest 
level of function and lowest level of symptoms). 
To determine the IKDC score, the patient 
response number for each item is added and the 
total is divided by the maximum score of 87, 
which is then multiplied by 100 as shown below:

 
IKDC Score Sum of Items

MaximumPossible Score
= ×100

  
 

8. Have you been troubled by pain from your knee at night in bed?

No nights Only 1 or 2 nights Some nights Most nights Every night

9. How much has pain from your knee interfered with your usual work? (Including housework)

Not at all A little bit Moderately Greatly Totally

10. Have you felt that your knee might suddenly “give away” or let you down?

Rarely/never Most of the time All the time

11. Could you do household shopping on your own?

12. Could you walk down a flight of stairs?

Sometimes or
just at first

Often, not just
at first

With moderate
difficulty

With little difficulty With extreme
difficulty

Yes, easily No, impossible

With moderate
difficulty

With little difficulty With extreme
difficulty

Yes, easily No, impossible
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Symptoms: 

These questions should be answered thinking of your knee symptoms during the last week. Grade
symptoms at the highest activity level at which you think you could function without significant symptoms,
even if you are not actually performing activities at this level. 

1. What is the highest level of activity that you can perform without significant knee pain?

4 Very strenuous activities like jumping or pivoting as in basketball or soccer 

3 Strenuous activities like heavy physical work, skiing or tennis 

2 Moderate activities like moderate physical work, running or jogging 

1 Light activities like walking, housework or yard work 

0 Unable to perform any of the above activities due to knee pain 

2. During the past 4 weeks, or since your injury, how often have you had pain?

Constant Never

3. If you have pain, how severe is it?

Worst pain No pain

4. During the past 4 weeks, or since your injury, how stiff or swollen was your knee?

4 Not at all

3 Mildly

2 Moderately

1 Very

0 Extremely

5. What is the highest level of activity you can perform without significant swelling in your knee?

4 Very strenuous activities like jumping or pivoting as in basketball or soccer 

3 Strenuous activities like heavy physical work, skiing or tennis

2 Moderate activities like moderate physical work, running or jogging

1 Light activities like walking, housework or yard work

0 Unable to perform any of the above activities due to knee swelling

6. During the past 4 weeks, or since your injury, did your knee lock or catch?

0 Yes
1 No

7. What is the highest level of activity you can perform without significant giving way in your knee?

4 Very strenuous activities like jumping or pivoting as in basketball or soccer

3 Strenuous activities like heavy physical work, skiing or tennis
2 Moderate activities like moderate physical work, running or jogging
1 Light activities like walking, housework or yard work

0 Unable to perform any of the above activities due to giving way of the knee

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10
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 Tegner Activity Scale (TAS)
Developed in 1985, the Tegner Activity Scale 
(TAS) was originally intended for patients with 
anterior cruciate ligament injuries and used in 
conjunction with the Lysholm Knee Scoring 
Scale [11]. TAS is currently used in knee tissue 
injury (ligament injury, meniscal tears, carti-
lage lesions), osteochondritis dissecans, trau-
matic knee dislocation, patellar instability, 
patellofemoral pain, knee osteoarthritis, and 
interventions in these conditions [17, 20].

TAS is a graduated list of activities of daily liv-
ing, recreation, and competitive sports. Patients 
self-assess their level of activity before injury or 
surgery and at the current state, that is, moment of 
assessment. TAS ranges from a score of 0 to 10. A 
score of 0 represents a person on sick leave or dis-
ability pension due to knee issues, a score greater 
than 6 can be achieved only by individuals who par-
ticipate in recreational or competitive sports, and a 
score of 10 is achieved by those who participate in 
national and international elite competitive sports.

Sports Activities:

8. What is the highest level of activity you can participate in on a regular basis?

4 Very strenuous activities like jumping or pivoting as in basketball or soccer 
3 Strenuous activities like heavy physical work, skiing or tennis 
2 Moderate activities like moderate physical work, running or jogging 
1 Light activities like walking, housework or yard work 
0 Unable to perform any of the above activities due to knee 

9. How does your knee affect your ability to:

Activity No
Difficulty

Minimal
Difficulty

Moderate
Difficulty

Extreme
Difficulty

Unable
to do

a. Go up stairs
b. Go down stairs
c. Kneel on the front of your knee
d. Squat
e. Sit with your knee bent
f. Rise from a chair
g. Run straight ahead
h. Jump and land on your involved leg
i. Stop and start quickly

4
4
4
4
4
4
4
4
4

3
3
3
3
3
3
3
3
3

2
2
2
2
2
2
2
2
2

1
1
1
1
1
1
1
1
1

0
0
0
0
0
0
0
0
0

Function:

10. How would you rate the function of your knee on a scale of 0 to 10 with 10 being normal, excellent
function and 0 being the inability to perform any of your usual daily activities which may include sports?

10A. Function Prior to Your Knee Injury

Couldn’t
Perform
daily 
activities

No
limitation
in daily
activities

10B. Current Function of Your Knee
Can’t
perform
daily 
activities

No
limitation
in daily
activities

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10
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Marx Activity Rating Scale (MARS)
The Marx Activity Rating Scale was designed in 
2001 to evaluate the activity level of patients in 
less than 1 minute and to supplement other gen-
eral health- and site-specific patient-reported 
outcome measures [21]. MARS consists of four 
questions that assess four functional activities 
or actions (frequency of running, cutting involv-
ing changing directions while running, deceler-
ation, and pivoting) based on the subjects 

“healthiest and most active state in the past 
year” [22, 23].

Each activity is scored on a 5-point scale of 
frequency ranging from 0 (less than 1 time in a 
month) to 4 (4 or more times in a week). The total 
score is obtained by summing the individual 
scores (range, 0–16). A higher score indicates 
more frequent participation, hence more func-
tional demand on the knee and potentially a 
higher risk of injury. 

Please checkmark the category that most closely represents your highest activity level during the last year (choose 
one)
⃞ Level 10 Competitive sports: national or international soccer, football, rugby (elite)
⃞ Level 9 Competitive sports: lower divisions of soccer, football, rugby, ice hockey, wrestling, gymnastics, 

basketball
⃞ Level 8 Competitive sports: racquetball, squash or badminton, track and field, jumping (athletics), downhill 

skiing
⃞ Level 7 Competitive sports: tennis, running (athletics), motorcars, speedway, handball, basketball, cross-

country running
Recreational sports: soccer, football, rugby, ice hockey, squash, jumping (athletics), basketball, 
racquetball, cross-country running

⃞ Level 6 Recreational sports: tennis, badminton, handball, racquetball, basketball, downhill skiing, jogging at 
least 5 times weekly

⃞ Level 5 Work: heavy labor such as construction, forestry
Competitive sports: cycling, cross-country skiing
Recreational sports: jogging on uneven ground at least twice weekly

⃞ Level 4 Work: moderately heavy labor such as truck driving, heavy domestic work
Recreational sports: cycling, cross-country skiing, jogging on uneven ground at least twice weekly

⃞ Level 3 Work: light labor such as nursing
Competitive and recreational sports: swimming, walking/hiking in forest possible

⃞ Level 2 Work: light labor
Walking on uneven ground possible but impossible to back pack or hike in forest

⃞ Level 1 Work: sedentary work spending much time seated or somewhat inactive (secretarial, etc.)
Walking on even ground possible

⃞ Level 0 Sick leave or disability pension because of knee problems
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Please indicate how often you performed each activity in your healthiest and most active state, in 
the past year.

Short-Form Health Survey - 36 Item 
(SF-36)
Originally published in 1992, the 36-item Short-
Form Health Survey (SF-36) obtained from 
Medical Outcome Health Survey Study tool is a 
measure of health-related quality of life [24]. The 
SF-36 has been implemented to define disease 
conditions, to determine the effect of treatment, 
to differentiate the effect of different treatments, 
and to compare orthopedic conditions with other 
medical conditions [25].

The SF-36 is a subset of questions from longer 
instruments that were used as a benchmark in 
examining the validity of Medical Outcome 

Studies for knee assessment [26, 27]. The SF-36 
covers eight health domains as shown:

 1. Physical functioning (10 items)
 2. Bodily pain (2 items)
 3. Role limitations due to physical health prob-

lems (4 items)
 4. Role limitations due to personal or emotional 

problems (4 items)
 5. Emotional well-being (5 items)
 6. Social functioning (2 items)
 7. Energy/fatigue (4 items)
 8. General health perceptions (5 items)

Activity

Less 
Than 

One Time 
in a 

Month

One 
Time in 

a 
Month

One 
Time 
in a 

Week

2 or 3 
Times 

in a 
Week

4 or  
More 
Times 

in a 
Week

Running: Running while playing a sports or jogging
Cutting: Changing directions while running
Decelerating: Coming to a quick stop while running
Pivoting: Turning your body with your foot planted 
while playing a sport. For example, skiing, skating, 
kicking, throwing, hitting a ball (golf, tennis, squash), 
etc.
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Choose one option for each questionnaire item.
Q1. In general, would you say your health is:

Excellent (1) Very good (2) Good (3) Fair (4) Poor (5)

Q2. Compared to one year ago, how would you rate your health in general now?

The following items are about activities you might do during a typical day. Does your health now limit you
in these activities? If so, how much?

During the past 4 weeks, have you had any of the following problems with your work or other regular daily
activities as a result of your physical health?

Q13. Cut down the amount of time you spent on work or other activities.

Yes (1) No (2)

Q14. Accomplished less than you would like

Q15. Were limited in the kind of work or other activities.

Q16. Had difficulty performing the work or other activities (for example, it took extra effort).

During the past 4 weeks, have you had any of the following problems with your work or other regular daily activities
as a result of any emotional problems (such as feeling depressed or anxious)?

Q17. Cut down the amount of time you spent on work or other activities.

Q18. Accomplished less than you would like.

Q19. Didn't do work or other activities as carefully as usual.

Q20. During the past 4 weeks, to what extent has your physical health or emotional problems interfered with your
         normal social activities with family, friends, neighbors, or groups? 

Much better (1) Somewhat better (2)

Yes (1) No (2)

Yes (1) No (2)

Yes (1) No (2)

Yes (1) No (2)

Yes (1) No (2)

Yes (1) No (2)

About the same (3) Somewhat worst (4) Much worst (5)

Not at all (1) Slightly (2) Moderately (3) Quite a bit (4) Extremely (5)

Activities Yes, limited a
lot

Yes, limited a
little

No, not limited
at all

Q3. Vigorous activities, such as running, lifting heavy
objects, participating in strenuous sports

Q4. Moderate activities, such as moving a table,
pushing a vacuum cleaner, bowling, or playing golf.

Q5. Lifting or carrying groceries
Q6. Climbing several flights of stairs
Q7. Climbing one flight of stairs.
Q8. Bending, kneeling, or stooping
Q9. Walking more than a mile

Q10. Walking several blocks
Q11. Walking one block
Q12. Bathing or dressing yourself

3

3

3
3
3
3
3
3
3

3

2

2

2
2
2
2
2
2
2

2

1

1

1
1
1
1
1
1
1

1
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 Western Ontario and McMaster 
Universities Osteoarthritis Index 
(WOMAC)

Developed in 1982, the Western Ontario and 
McMaster Universities Osteoarthritis Index 
(WOMAC), is a multidimensional, self-adminis-
tered health status, patient-reported outcome 
measure tool for patients with OA of knee and/or 

hip [28]. The measure was developed to evaluate 
the outcome of OA clinical trials and total knee 
arthroscopy [28, 29].

WOMAC questionnaire consists of 24 items 
divided into 3 subscales:

 1. Pain (5 items, score range 0–20) severity dur-
ing various positions or movements such as 

Q21. How much bodily pain have you had during the past 4 weeks?

Q22. During the past 4 weeks, how much did pain interfere with your normal work (including both work
         outside the home and housework)?

These questions are about how you feel and how things have been with you during the past 4 weeks. For each
question, please give the one answer that comes closest to the way you have been feeling. How much of the time
during the past 4 weeks...

During the past 4 weeks All of the
time

Most of
the time

A good
bit of

the time

Some of
the time

A little of 
the time

None of
the time

Q23. Did you feel full of pep? 1 2 3 4 5 6

Q24. Have you been a
nervous person? 1 2 3 4 5 6

Q25.
Have you felt so down in
the dumps that nothing 
could cheer your up?

1 2 3 4 5 6

Q26. Have you felt calm and
peaceful? 1 2 3 4 5 6

Q27. Did you have a lot of
energy? 1 2 3 4 5 6

Q28. Have you felt
downhearted and blue? 1 2 3 4 5 6

Q29. Did you feel worn out? 1 2 3 4 5 6

Q30. Have you been a happy
person? 1 2 3 4 5 6

Q31. Did you feel tired? 1 2 3 4 5 6

Q32. During the past 4 weeks, how much of the time has your physical health or emotional problems
         interfered with your social activities (like visiting with friends, relatives, etc.)?

How TRUE or FALSE is each of the following statements for you

Statement
True or False

Definitely
true

Mostly
true

Don’t
know

Mostly
false

Definitely
false

None (1) Very mild (2) Mild (3) Moderate (4) Severe (5)

Not at all (1) A little bit (2) Moderately (3) Quite a bit (4) Extremely (5)

All of the time (1) Most of the time (2) Some time (3) A little time (4) None of the time (5)

Very severe (6)

Q33. I seem to get sick a little
easier than other people

Q34. I am as healthy as anybody
I know

Q35. I expect my health to get
worse

Q36. My health is excellent

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5
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walking, using stairs, in bed, sitting or lying, 
and standing upright.

 2. Joint stiffness severity (2 items, score range 
0–8) after first waking and later in the day.

 3. Difficulty performing daily physical func-
tional activities (17 items, score range 0–68) 
such as using stairs, rising from sitting, stand-
ing, bending, walking, getting in/out of a car, 
shopping, putting on/taking off socks, rising 

from bed, lying in bed, getting in/out of bath, 
sitting, getting on/off toilet, heavy domestic 
duties, and light domestic duties.

The Likert version of the WOMAC is rated on an 
ordinal scale of 0–4, with lower scores indicating 
lower levels of symptoms or physical disability. 
Each subscale is summated to a maximum score 
of 20, 8, and 68, respectively.

Pain:

A.  The following questions concern the amount of pain you are currently experiencing in your knees.
      For each situation, please enter the amount of pain you have experienced in the past 48 hours.

None Mild Moderate Severe Extreme

(0) (1) (2) (3) (4)

1.  Walking on a flat surface 

2.  Going up or down stairs 

3.  At night while in bed 

4.  Sitting or lying 

5.  Standing upright 

B.  Please describe the level of pain you have experienced in the past 48 hours for each one of
     your knees.

None Mild Moderate Severe Extreme

(0) (1) (2) (3) (4)

1.  Right knee 

2.  Left knee 

Stiffness: 
1.  How severe is your stiffness after first awakening in the morning?

2.  How severe is your stiffness after sitting, lying, or resting later in the day?

None Mild Moderate Severe Extreme

(0) (1) (2) (3) (4)

None Mild Moderate Severe Extreme

(0) (1) (2) (3) (4)
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Functional Limitation:

The following questions concern your physical function. By this we mean your ability to move around
and to look after yourself. For each of the following activities, please indicate the degree of difficulty you
have experienced in the last 48 hours, in your knees. What degree of difficulty do you have with: 

1. Descending (going down) stairs

2. Ascending (going up) stairs 

3. Rising from sitting 

4. Standing 

5. Bending to floor 

6. Walking on a flat surface 

7. Getting in/out of car 

8. Going shopping 

9. Putting on socks/stockings 

10. Rising from bed 

11. Taking off socks/stockings 

12. Lying in bed 

13. Getting in/out of bath 

14. Sitting 

15. Getting on/off toilet 

16. Heavy domestic duties 
(mowing the lawn, lifting heavy 
grocery bags)

17. Light domestic duties
(such as tidying a room, dusting, 
cooking)

None Mild Moderate Severe Extreme

(0) (1) (2) (3) (4)
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 Appendix C

 Magnetic Resonance Imaging 
Evaluation Systems for Chondral 
Injuries and Repair

Magnetic resonance imaging is a noninvasive, 
sensitive tool that provides excellent spatial and 
contrast resolution of both intra- and extra- articular 
cartilage structures of the knee. The evolution and 
advancement of MRI technology, both hardware 
and software, have enhanced the ability of MRI to 
identify biomarkers of articular cartilage morphol-
ogy and biochemical composition changes associ-
ated with chondral/osteochondral knee injuries 
and diseased state. To assess the incidence and 
extent of knee cartilage injuries, and classify dis-
ease stage as well as to evaluate the status of artic-
ular cartilage pre- and post-surgical cartilage 
repair procedure, various qualitative and quantita-
tive MR imaging sequences have been used, such 
as two-dimensional spin echo (2D SE) and fast 
spin echo (FSE) (conventional MRI), three- 
dimensional spoiled gradient echo (3D SPGR), 
and three-dimensional fast imaging employing 
steady-state acquisition (3D FIESTA) [1–10]. 
These techniques have been beneficial in provid-
ing diagnosis with a valid, reliable morphological 
distinction of intact, native articular cartilage from 
various cartilage lesions as well as the follow- up 
of nonsurgical treatment for asymptomatic or min-
imally symptomatic osteochondral lesions. 
Further, quantitative MR parameters, such as T2 
relaxation values, has provided an important tool 
to assess early OA stage through its ability to 
clearly delineate native from injured or repaired 
articular cartilage surface within the superficial 

zone of articular cartilage. For the evaluation of 
cartilage repair, the ICRS recommended MRI 
sequences are:

Intermediate-weighted fast SE
With fat saturation
Without fat saturation (with moderate TE)

T2-weighted fast SE
With fat saturation
Without fat saturation (with moderate TE)

T1-weighted fast GRE
With chemical fat saturation
With water excitation

The MRI assessment parameters after microfrac-
ture and autologous autograft transplantation car-
tilage repair procedure are:

Microfracture procedures:
• Degree of defect filling
• Characteristic morphology of reparative 

tissue
• Status of cartilage delamination (Presence 

or absence)
• Extent of peripheral repair tissue integra-

tion with native cartilage 
• Presence of fissure

Autologous autograft transplantations:
• Degree of defect filling
• Radial curvation restoration of knee 

surface
• Presence or absence of displacement
• Peripheral integration of repair tissue to 

native cartilage
• Peripheral integration of repair tissue to 

osseous components
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• Mophologic characteristics of the repair 
site

• Integrity of host tissue
The three most commonly used MR classification 
systems for cartilage repair are:

 1. International Cartilage Repair Society (ICRS) 
- Cartilage Repair Assessment System.

 2. Two-dimensional Magnetic Resonance 
Observation of Cartilage Repair Tissue score 
(2D MOCART).

 3. Three-dimensional Magnetic Resonance 
Observation of Cartilage Repair Tissue score 
(3D MOCART).

International Cartilage Repair Society: 
Articular Cartilage Repair Assessment

Grade ICRS - Cartilage Repair 
Degree of Defect Repair

4 In level with surrounding cartilage 
3 75% repair of defect depth
2 50% repair of defect depth
1 25% repair of defect depth
0 0% repair of defect depth

Integration to Border Zone
4 Complete integration with surrounding 

cartilage 
3 Demarcating border < 1mm
2 3/4 of graft integrated, 1/4 with a 

notable border > 1 mm width
1 1/2 of graft integrated with 

surrounding cartilage, 1/2 with a 
notable border > 1mm 

0 From no contact to 1/4 of graft 
integrated with surrounding cartilage

Macroscopic Appearance
4 Intact smooth surface 
3 Fibrillated surface 
2 Small, scattered fissures or cracks 
1 Several, small or few but large fissures
0 Total degeneration of grafted area

ICRS Assessment of Cartilage Repair

Grade ICRS - Overall Repair Assessment
12 Grade I: Normal  

Hyaline cartilage: excellent filling and 
integration

11–8 Grade II: Nearly normal  
Cartilaginous: good filling and 
integration

7–4 Grade III: Abnormal  
Fibrocartilaginous: inadequate filling 
and integration

3–1 Grade IV: Severely abnormal  
Fibrous: None to very poor repair

 Two-Dimensional Magnetic Resonance 
Observation of Cartilage Repair Tissue 
(2D-MOCART) Score (Marlovits et al. [11])
 1. Degree of defect repair and filling

• Complete (on a level with adjacent 
cartilage)

• Hypertrophy (over the level of the adja-
cent cartilage)

• Incomplete (under the level of the adja-
cent cartilage; underfilling)

 – > 50% of the adjacent cartilage
 – < 50% of the adjacent cartilage

• Subchondral bone exposed (complete 
delamination or dislocation and/or loose 
body)

 2. Integration of cartilage repair tissue to bor-
der zone

• Complete (complete integration with 
adjacent cartilage)

• Incomplete (incomplete integration 
with adjacent cartilage)

• Demarcating border visible (split-like)
• Defect visible
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 – < 50% of the length of the repair 
tissue

 – > 50% of the length of the repair 
tissue

 3. Surface of the repair tissue
• Surface intact (lamina splendens intact)
• Surface damaged (fibrillations, fissures, 

and ulcerations)
 – < 50% of repair tissue depth
 – > 50% of repair tissue depth or 

total degeneration
 4. Structure of whole repair tissue

• Homogeneous
• Inhomogeneous or cleft formation

 5. Signal intensity of repair tissue
Dual T2-FSE

• Isointense
• Moderately hyperintense
• Markedly hyperintense

3D–GE-FS
• Isointense
• Moderately hypointense
• Markedly hypointense

 6. Constitution of subchondral lamina
• Intact
• Not intact

 7. Status of subchondral bone
• Intact
• Non-intact (edema, granulation tissue, 

cysts, sclerosis)
 8. Possible adhesions

• No
• Yes

 9. Possible joint effusion
• No
• Yes

 Three-Dimensional Magnetic 
Resonance Observation of Cartilage 
Repair Tissue (3D–MOCART) Score 
(Welsch et al. [12])
 1. Defect fill (defect repair and filling in rela-

tion to the adjacent native cartilage)
• 0%
• 0–25%
• 25–50%
• 50–75%
• 75–100%

• 100%
• 100–125%
• 125–150%
• 150–200%
• > 200%

Localization (whole area of cartilage 
repair)

• > 50%
• < 50%

Anatomic location
• Central
• Peripheral
• Weight bearing
• Non-weight bearing

 2. Cartilage interface (repair tissue integra-
tion with adjacent native cartilage – 2 MR 
planes)

Sagittal plane (femur, patella, trochlea, 
tibia)

• Complete
• Demarcating border visible (split-like)
• Defect visible

 – < 50%
 – > 50%

Coronal plane (femur, tibia); axial plane 
(patella, trochlea)

• Complete
• Demarcating border visible 

(split-like)
• Defect visible

 – < 50%
 – > 50%

Localization
• Whole area of cartilage repair

 – > 50%
 – < 50%

• Weight bearing
• Non-weight bearing

 3. Bone interface (Transplant tissue - possible 
periosteal flap - integration to subchondral 
bone)

• Complete
• Partial delamination
• Complete delamination
• Delamination

Localization
• Weight bearing
• Non-weight bearing
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 4. Repair tissue surface (constitution of the 
surface of the repair tissue)

• Surface intact
• Surface damaged

 – < 50% of depth
 – > 50% of depth

• Adhesions
Localization

• Whole area of cartilage repair
 – > 50%
 – < 50%

• Central
• Peripheral
• Weight bearing
• Non-weight bearing

 5. Repair tissue structure (constitution of the 
whole repair tissue)

• Homogeneous
• Inhomogeneous or cleft formation

Localization
• Whole area of cartilage repair

 – > 50%
 – < 50%

• Central
• Peripheral
• Weight bearing
• Non-weight bearing

 6. Signal intensity (MR signal intensity of 
repair tissue relative to adjacent native 
cartilage)

•  Normal (¼ identical to adjacent 
native cartilage)

•  Nearly normal (¼ slight areas of sig-
nal alterations)

•  Abnormal (¼ large areas of signal 
alteration)

Localization
• Central
• Peripheral
• Weight bearing
• Non-weight bearing

 7. Subchondral lamina (constitution of the 
subchondral lamina)

• Intact
• Not intact

Localization
• Whole area of cartilage repair

 – > 50%
 – < 50%

• Central
• Peripheral
• Weight bearing
• Non-weight bearing

 8. Chondral osteophytes (osteophytes within 
the cartilage repair area)

• Absent
• Osteophytes

 – < 50% of repair tissue
 – > 50% of repair tissue

Localization
Size: ——mm (plane: ——) _ —— mm 
(plane: ——)

• Central
• Peripheral
• Weight bearing
• Non-weight bearing

 9. Bone marrow edema (maximum size and 
localization in relation to the cartilage repair 
tissue and other alterations assessed in the 
3D MOCART score)

• Absent
• Small (< 1 cm)
• Medium (< 2 cm)
• Large (< 4 cm)
• Diffuse localization

Size: ——mm (plane: ——) _ —— mm 
(plane: ——)

• Central
• Peripheral
• Weight bearing
• Non-weight bearing
• Relation to other alterations within 

this score of variable No. ——
 10. Subchondral bone (constitution of the sub-

chondral bone)
• Intact
• Granulation tissue
• Cyst

Localization
• Whole area of cartilage repair
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 – > 50%
 – < 50%

• Central
• Peripheral
• Weight bearing
• Non-weight bearing

 11. Effusion (approx. size of joint effusion visu-
alized in all planes)

• Absent
• Small
• Medium
• Large
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 Appendix D

 Histological Scoring Systems 
for Chondral / Osteochondral 
Repair and Disease

Histological evaluation of knee articular cartilage 
in injury, disease, and therapy is the gold stan-
dard for a valid, reliable, reproducible, and objec-
tive evaluation of repaired and regenerated tissue 
as well as assessment of osteoarthritic knee. To 
date, several histological scoring systems to 
assess cartilaginous repair tissue and evaluate the 
disease state have been created, described, vali-
dated, and modified, some of which have been 
established as the key scoring systems.

Articular cartilage is vulnerable to injuries  
and degenerative diseases over time. Cartilage 
repair refers to the healing of injured cartilage or 
its replacement through cell proliferation and  
synthesis of new extracellular matrix [1, 2]. 
Regeneration, on the other hand, refers to the  
formation of an entirely new surface that essen-
tially duplicates the native articular cartilage [2, 
3]. Osteochondral cartilage repair/regeneration 
has been the focus of current research efforts 
which includes transplantation of cells, use of 
various biological grafts, use of bioactive agents, 
and/or use of biologically compatible, implant 

matrices [4]. The histological assessment of soft 
repair tissue is one of the most important outcome 
measures for the evaluation of the success of car-
tilage repair treatment [5]. For a successful carti-
lage repair/regeneration assessment from a 
histological viewpoint, it is crucial to carefully 
evaluate the conventional scoring system by tak-
ing the experimental design into account [3, 
6–10]. Reflecting elementary and complex carti-
lage repair scoring systems, Orth and Madry  
outlined the individual parameter characteristic  
of chondral or osteochondral repair tissue, as 
shown in Table 1 [11]. To date, several histologi-
cal scoring systems have been used to describe 
the quality of cartilage repair/regeneration (in 
vivo and in vitro) in OA joints and with the use of 
bioengineered implants [1, 3–9]. A comprehen-
sive approach to histologically evaluate OC repair 
includes assessment of the repair tissue in the fol-
lowing areas: (1) native cartilage adjacent to 
defect, (2) tissue characteristics at the defect  
margin (bonding of native cartilage with the repair  
tissue), (3) repair tissue in OC defect at the level 
of uncalcified articular cartilage (above tidemark), 
(4) repair tissue in OC defect at the level of sub-
chondral bone (below tidemark), and (5) tissue 
characteristics adjacent to the fixation device, if 
present [10].
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Table 1 Schematic diagram of the individual parameter characteristic of chondral or osteochondral repair tissue as 
reflected by various cartilage repair scoring systems [11] 
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International Cartilage Repair Society 
- I: Histological Scoring System (Mainil-
Varlet et al. [6])

Repair Tissue Morphology Score
Surface

Smooth/continuous 3
Discontinuities/irregularities 0

Matrix
Hyaline 3
Mixture: Hyaline/fibrocartilage 2
Fibrocartilage 1
Fibrous tissue 0

Cell Distribution
Columnar 3
Mixed/columnar clusters 2
Clusters 1
Individual cells/disorganized 0

Cell Population Viability
Predominantly viable 3
Partially viable 1
< 10% viable 0

Subchondral Bone
Normal 3
Bone necrosis/granulation tissue 1
Detached/fracture/callus at base 0

Cartilage Mineralization
Normal 3
Abnormal/inappropriate location 0

International Cartilage Repair  
Society - II: Histological Scoring 
System (Mainil-Varlet et al. [7])

Features Percent
Tissue Morphology (Viewed Under  
Polarized Light)

Full-thickness collagen fibers 0%
Normal cartilage birefringence 100%

Matrix Staining (Metachromasia)
No staining 0%
Full metachromasia 100%

Cell Morphology
No round/oval cells 0%
Mostly round/oval cells 100%

Chondrocyte Clustering (Four or More  
Grouped Cells)

Present 0%
Absent 100%

Surface Architecture
Delamination or major irregularity 0%
Smooth surface 100%

Basal Integration
No integration 0%
Complete integration 100%

Formation of a Tidemark
No calcification front 0%
Tidemark 100%

Subchondral Bone Abnormalities/ 
Marrow Fibrosis

Abnormal 0%
Normal marrow 100%

Inflammation
Present 0%
Absent 100%

Abnormal Calcification/Ossification
Present 0%
Absent 100%

Vascularization (Within the Repaired  
Tissue)

Present 0%
Absent 100%

Surface/Superficial Assessment
Total loss or complete disruption 0%
Resembles intact articular cartilage 100%

Mid/deep Zone Assessment
Fibrous tissue 0%
Normal hyaline cartilage 100%

Overall Assessment
Bad (fibrous tissue) 0%
Good (hyaline cartilage) 100%
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Assessment of Osteochondral Repair and Regeneration: Histological Scoring System 
(Gahunia [10])

Osteochondral Repair and Regeneration Scoring System
A. Native Cartilage Evaluation

Structural integrity
  Normal structure (3)
  Slight disorganization (2)
  Moderately disorganization (1)
  Severe disorganization (0)

Cellularity
  Normal (3)
  Diffuse hypercellular (2)
  Cloning/clustering (1)
  Hypocellular (0)

B. Defect Margin Integration to Native Cartilage

Tissue characteristics
  Very good cartilaginous integration (3)
  Good fibrocartilaginous integration (2)
  Fibrous integration (1)
  No integration (0)

Tissue cell type/organization
  Normal cartilaginous ECM (5)
  Slightly disorganized cartilaginous (4)
  Disorganized cartilaginous and fibrous ECM (3)
  Organized fibrous ECM (2)
  Disorganized fibrous ECM (1)
  Empty space between native and regenerated tissue (0)

C. Repair Tissue Evaluation (Above 
Tidemark)

Repair tissue characteristics
  Normal cartilaginous ECM (5)
  Slightly disorganized ECM (4)
  Disorganized chondrocytic (3)
  Organized fibrous ECM (2)
  Disorganized fibrous ECM (1)
  No regenerated tissue (0)

Safranin O matrix staining
  Normal (3)
  Slight reduction (2)
  Moderate reduction (1)
  Severe reduction or none (0)

Surface continuity:
  Smooth and continuous (3)
  Slightly discontinuous (2)
  Moderately discontinuous (1)
  Severely discontinuous (0)

Defect repair tissue filling
  100% (4)
  > 75% and < 100% (3)
  > 50% and < 75% (2)
  > 25% and < 50% (1)
  < 25% (0)

Defect area vascularization (above tidemark)
  No vascularization (3)
  Mild vascularization (2)
  Moderate vascularization (1)
  Severe vascularization (0)

Infarcted granulation (Necrosis)
  Absent (2)
  Moderate (1)
  Severe (0)

D. Subchondral Bone Evaluation (Below Tidemark)

Predominant tissue
  Osseous (3)
  Cartilaginous (2)
  Fibrous tissue (1)
  No tissue (0)

Signs of bone repair/osteogenesis
  Mature bone (4)
  Mainly mature bone and minimally immature (3)
  50:50 mature and immature bone (2)
  New bone only (1)
  No osteogenesis (0)

Neovascularization
  Normal (3)
  Mild (2)
  Moderate (1)
  Severe or none (0)

Infarcted granulation tissue
  Absent (3)
  Mild (2)
  Moderate (1)
  Severe (0)
E. Repair Tissue Surrounding Implant Tissue 
Characteristics
  Trabecular (4)
  Osteogenic (3)
  Osteogenic and fibrous (2)
  Fibrous (1)
  None (0)

Osteolysis
  None (3)
  Mild (2)
  Moderate (1)
  Severe (0)

Inflammatory indices
  None (3)
  Mild (2)
  Moderate (1)
  Severe (0)
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 Histopathological Scoring System 
for Osteoarthritic Articular Cartilage
Osteoarthritis (OA) often present as secondary OA 
due to primary inflammatory, infectious, and trau-
matic etiologies. The radiographic hallmarks of 
OA include asymmetric loss of articular cartilage 
resulting in joint space narrowing, followed by 
subchondral sclerosis, cysts, eburnation, and 
osteophyte formation. Early signs of OA are 

reflected as undulations on the articular cartilage 
surface. This is followed by cartilage surface irreg-
ularities and structural changes in the zone 1 extra-
cellular matrix. Several OA histopathogical 
scoring systems have been proposed to date [3, 5, 
12–16]. Gahunia et al. developed a scoring system 
to evaluate the structural integrity of articular car-
tilage surface and cartilage zones during various 
OA stages [12, 13].
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Osteoarthritic Articular Cartilage: Histopathological Scoring System (Gahunia [12, 13])

Osteoarthritic Articular Cartilage Assessment
A. Articular Cartilage Surface Integrity
  Smooth and continuous (0)
  Slightly discontinuous (1)
  Moderately discontinuous (2)
  Severely discontinuous (3)

B. Articular Cartilage – Zone 1
Cellularity
  Normal (0)
  Diffuse hypercellular (1)
  Cloning/clustering (2)
  Hypocellular (3)
Fibrillation(s)
  Absent (0)
  Few (1)
  Several (2)
Fissure(s)
  Absent (0)
  Present (1)
Fibrous tissue
  Absent (0)
  Present (1)

C. Articular Cartilage – Zone 2
Cellularity
  Normal (0)
  Diffuse hypercellular (1)
  Cloning/clustering (2)
  Hypocellular (3)
Extracellular matrix
  Normal (0)
  Slightly disorganized (1)
  Moderately disorganized (2)
  Severely disorganized (3)
Fissure(s)
  Absent (0)
  Present only Zone – 2 upper half (1)
  Present up to Zone – 2 lower half (2)
Fibrous tissue
  Absent (0)
  Present – focal area (1)
  Present – throughout (2)

D. Articular Cartilage – Zone 3
Cellularity
  Normal (0)
  Diffuse hypercellular (1)
  Cloning/clustering (2)
  Hypocellular (3)
Extracellular matrix
  Normal (0)
  Slightly disorganized (1)
  Moderately disorganized (2)
  Severely disorganized (3)
Fissure(s)
  Absent (0)
  Present only Zone – 3 upper half (1)
  Present up to Zone – 3 lower half (2)
Fibrous tissue
  Absent (0)
  Present – focal area (1)
  Present – throughout (2)

E. Articular Cartilage – Zone 4 (Below Tidemark)
Extracellular matrix
  Normal (0)
  Slightly disorganized (1)
  Moderately disorganized (2)
  Severely disorganized (3)
Vascular infiltration
  No vascularization (0)
  Mild vascularization (1)
  Moderate vascularization (2)
  Severe vascularization (3)
Fibrous tissue
  Absent (0)
  Present – focal area (1)
  Present – throughout (2)

F. Tidemark
  Present – Only one (0)
  Multiplication (duplication or reduplication (1)

G. Subchondral Bone Evaluation
Subchondral sclerosis
  None (0)
  Mild (1)
  Moderate (2)
  Severe (3)
Granulation tissue
  Absent (0)
  Moderate (1)
  Severe (2)

Appendix D



489

 References

 1. Bobic V, Noble J. Articular cartilage--to repair or not 
to repair. J Bone joint Surg Br. 2000;82:165–166.

 2. Pritzker KPH. Posttraumatic cartilage hypertrophy: 
edema or repair? J Rheumatol. 1991;18:314–315.

 3. Pritzker KPH, Gay S, Jimenez SA, Ostergaard 
K, Pelletier JP, Revell PA, Salter D, van den Berg 
WB. Osteoarthritis cartilage histopathology: grading 
and staging. Osteoarthritis Cartilage. 2006;14:13–29.

 4. Updates in Cartilage Repair. Proceedings of the 4th 
Symposium of the International Cartilage Repair 
Society. Toronto, Canada, June 2002. J Bone Joint 
Surg Am. 2003;85-A Suppl 2:1–141., 85–A 1–141.

 5. Rutgers M, van Pelt MJ, Dhert WJ, Creemers LB, 
Saris DB. Evaluation of histological scoring systems 
for tissue-engineered, repaired and osteoarthritic car-
tilage. Osteoarthritis Cartilage. 2010;18:12–23.

 6. Mainil-Varlet P, Aigner T, Brittberg M, Bullough P, 
Hollander A, Hunziker E, Kandel R, Nehrer S, Pritzker 
K, Roberts S, Stauffer E. International Cartilage 
Repair Society: Histological assessment of cartilage 
repair: a report by the Histology Endpoint Committee 
of the International Cartilage Repair Society (ICRS). 
J Bone Joint Surg Am. 2003;85-A:45–57

 7. Mainil-Varlet P, Van Damme B, Nesic D, Knutsen G, 
Kandel R, Roberts S. A new histology scoring system 
for the assessment of the quality of human cartilage 
repair: ICRS II. Am J Sports Med. 2010;38:880–890.

 8. Hoemann C, Kandel R, Roberts S, Saris DB, 
Creemers L, Mainil-Varlet P, Méthot S, Hollander 
AP, Buschmann MD. International Cartilage Repair 
Society (ICRS) recommended guidelines for histolog-
ical endpoints for cartilage repair studies in Animal 
models and clinical trials. Cartilage. 2011;2:153–172.

 9. O’Driscoll SW, Keeley FW, Salter RB. Durability 
of regenerated articular cartilage produced by free 

autogenous periosteal grafts in major full-thickness 
defects in joint surfaces under the influence of contin-
uous passive motion. A follow-up report at one year. J 
Bone Joint Surg Am. 1988;70(4):595–606.

 10. Gahunia HK. Histological assessment of osteochon-
dral repair and regeneration, International Cartilage 
Repair Society 2002, 4th Symposium.

 11. Orth P, Madry H. Complex and elementary histo-
logical scoring systems for articular cartilage repair. 
Histol Histopathol. 2015;30(8):911–9.

 12. Gahunia HK, Karhula S, Ylitalo T, Hæggström E, 
Pritzker KPH, Saarakkala S, Nieminen HJ. 3D–
Histopathological grading of articular cartilage 
using contrast-enhanced high-resolution micro-CT. 
Osteoarthritis Cartilage. 2016;24:S277–8

 13. Nieminen HJ, Gahunia HK, Pritzker KPH, Ylitalo 
T, Rieppo L, Karhula SS, Lehenkari P, Hæggström 
E, Saarakkala S. 3D histopathological grading of 
osteochondral tissue using contrast-enhanced micro-
computed tomography. Osteoarthritis Cartilage. 
2017;25(10):1680–1689.

 14. Mankin HJ, Dorfman H, Lippiello L, Zarins A. 
Biochemical and metabolic abnormalities in artic-
ular cartilage from osteo-arthritic human hips. 
II. Correlation of morphology with biochemi-
cal and metabolic data. J Bone Joint Surg Am. 
1971;53(3):523–37.

 15. Pearson RG, Kurien T, Shu KS, Scammell BE. 
Histopathology grading systems for characterisa-
tion of human knee osteoarthritis--reproducibility, 
variability, reliability, correlation, and validity. 
Osteoarthritis Cartilage. 2011;19(3):324–31.

 16. Pauli C, Whiteside R, Heras FL, Nesic D, Koziol J, 
et al. Comparison of cartilage histopathology assess-
ment systems on human knee joints at all stages of 
osteoarthritis development. Osteoarthritis Cartilage. 
2012;20(6):476–85.

Appendix D



491

A
Abrasion arthroplasty, 299, 338
Activities of Daily Living, 319
Adipokines, 135
Adipose-derived stromal cells, 399
Advanced glycation end products, 101, 449
Agarose and alginate, 418
Aggrecan, 125
Aging

biochemical changes, 104, 105
biomechanical changes, 105
cartilage, 447
homeostatic imbalance, 103
morphological changes, 103
vs. osteoarthritis, 113
signalling molecules, 105

Alkaptonuria, 107
American Academy of Orthopaedic Surgeons, 275, 318
American Orthopaedic Society for Sports Medicine, 322
Amyloid, 105
Analytical validation, 348
Anterior cruciate ligament, 176, 177, 183–185, 346, 355
Anterior cruciate ligament-deficient knees, 226
Anterior cruciate ligament reconstruction, 185
Anterior cruciate ligament rupture, 226
Anteromedialisation procedure, 228
Appositional growth, 81
Arthroscopic surgery, 146
Articular cartilage

aging (see Aging)
arthropathies, 195
articulations, 195
athlete, 187, 188
biochemical techniques, 330
biomechanical properties, 353
bone scan, 273
cartilage repair tissue, 353
classification systems, 177, 178
components, 353
defects, 206, 207, 209
degradation, 107
delayed gadolinium enhanced magnetic resonance 

imaging, 360

destabilization, 269
extracellular matrix components, 353
fixed charge density (of proteoglycans), 353
glycosaminoglycan chemical exchange  

saturation transfer magnetic resonance 
imaging, 359–360

healthy hyaline cartilage, 354
high-signal-intensity fracture, 274
homeostasis, 100, 101
imaging and evaluation, 195
inflammatory mediators, 329
magnetic resonance imaging characterization, 196
magnetic resonance imaging, 196, 330
magnetization transfer contrast, 358–359
morphological assessment, 333
morphological/biochemical outcome, 330
proteoglycans, 354
repair surgery, 329
sodium magnetic resonance imaging, 361
stages, 354
and subchondral cysts, 274
T1ρ magnetic resonance imaging, 357–358
T2 relaxation time mapping, 354–357
technological advancements, 196
thickness, 206

Articular cartilage appearance, 217–220
Articular cartilage component, 24
Articular cartilage defects, 217–224
Articular cartilage extracellular matrix

interterritorial matrix, 30
pericellular matrix, 28–30
territorial matrix, 30

Articular cartilage fluorescent molecules, 21–22
Articular cartilage heterogeneity

articular cartilage component, 24
biochemical variations, 27
calcified cartilage, 26
chondroitin-4-sulfate, 22
deep/radial zone, 25
endochondral ossification, 22
epiphyseal cartilage component, 25
lamina splendens, 25
tidemark, 26

Index

© Springer Science+Business Media, LLC, part of Springer Nature 2020 
H. K. Gahunia et al. (eds.), Articular Cartilage of the Knee,  
https://doi.org/10.1007/978-1-4939-7587-7

https://doi.org/10.1007/978-1-4939-7587-7


492

Articular cartilage injuries
chondral lesions, 343
knee defects, 343
prevalence, 343
treatment, 343

Articular cartilage metabolism
biochemical markers, 124–136

Articular cartilage pathology, 371
Articular cartilage regeneration, 449
Articular cartilage repair, 89, 478
Articular cartilage repair treatment, 412–413
Articular cartilage synthesis

extracellular matrix, 124
Articular cartilage zonal composition, 35
Articular-epiphyseal cartilage, 20, 23–25
Artificial intelligence techniques, 450
Athlete, 187, 188
Augmenting allograft, 392
Autogenic donor sites, 396
Autograft chondrocyte, 392
Autologous cartilage implantation, 348
Autologous chondrocyte implantation, 228, 333, 351, 

396, 397
Food and Drug Administration-approved cell  

therapy, 302
surgical technique, 302–305
procedure, 220, 412

Autologous chondrocyte implants, 339–340
Autologous Matrix-Induced Chondrogenesis®, 429, 430

B
Balanced fast field echo, 345–346
Baseline soluble leptin receptor, 144
Biglycan, 13
Bioabsorbable pins, 297
Bioabsorbable screws, 279–280, 297
BioCartilage®, 431
Biochemical markers, 125

aging, 140
knee injury, 136

Biocompatibility, 414
Bioengineering, 447
Biomechanics, 448, 449
Biphasic cartilage scaffolds, 439
Body mass index, 237, 290
Bone contusions, 186
Bone marrow-derived cell transplantation techniques, 

276
Bone marrow derived mesenchymal stem cells, 398, 399
Bone marrow edema, 351
Bone marrow stimulation, 361
Bone morphogenetic proteins, 87, 89
Bone morphogenic protein-6, 400
Boston Leeds Osteoarthritis Knee Scores, 202, 347
Bracing, 240
BST-CarGel®, 430

C
Calcified cartilage zone, 26
Calcium pyrophosphate dehydrate crystals, 20, 108
Carbohydrate-based scaffolds, 418–419
Carticel®, 431
Cartilage Autograft Implantation System  

(CAIS®), 436, 437
Cartilage biomarkers, 451
Cartilage defects, 208
Cartilage degeneration, 346, 354
Cartilage delamination, 208
Cartilage denudation, 208, 209
Cartilage engineering, 393
Cartilage fibrillation, 203–204
Cartilage fissure, 204, 205
Cartilage intermediate layer protein, 20
Cartilage matrix glycoprotein, 130
Cartilage matrix protein, 17
Cartilage oligomeric matrix protein, 20, 101
Cartilage repair, 392, 395, 400, 402, 404

biochemical and biomechanical correlation, 379
cell viability, apoptosis and necrosis, 379
chondrocyte apoptosis, 372
chondromalacia, 371
chondromalacia patellae, 373
chronic synovitis, 372
focal chondrocyte death, 373
histopathology, 373–377
hyaline cartilage vs. fibrocartilage vs. fibrous tissue, 

379
inflamed synovial tissue, 373
International Cartilage Repair Society Visual 

Histological Assessment Scale, 379
macromolecular constitution, 371
meniscal fibrocartilage, 379–380
metalloproteases, 372
microscopic and macroscopic scale, 372
osteoarthritis, 372
vs. regeneration, 377–379
risk factors, 372
tissue evaluation methods, 380

Cartilage Repair Osteoarthritis Knee Score, 353
Cartilage repair response, 203
Cartilage repair technique

biopsychosocial perspective, 315
hyaline/hyaline-like tissue, 315
osteochondral defect, 316

Cartilage repair tissue, 478
Cartilage restoration, 431, 433, 439
Cartilage tissue engineering

bioactive molecules, 414
biocompatibility, 414
biodegradability, 414
durability and retainability, 417
evolution, 414
hyaline chondrocytes, 413
mechanical stability, 416

Index



493

orthobiologic scaffolds, 413
permeability and porosity, 414–415
reproducibility, 417
versatile, 417

Cell-based repair
Carticel®, 434
ChondroCelect®, 435
MACI®, 431

Cell-based therapies, 428
Chemical exchange-dependent saturation transfer, 354
Chitosan degradation, 419
Chondral, 483–487
Chondral defect size, 220, 289
Chondral injuries, 477

anterior cruciate ligament reconstruction, 176
classification, 177
histologic cartilage, 176
lesion, 175, 176
osteoarthritis, 176
patellar lesions, 180
predictors, 175

Chondral lesion depth, 220–222
Chondral lesion size and diameter, 220
Chondroblast, 74
Chondrocalcin, 20
ChondroCelect®, 435
Chondrocyte clusters/clones, 124
Chondrocyte differentiation, 74
Chondrocyte hypertrophy, 75, 373
Chondrocytes, 4, 85, 99, 100, 123, 338, 394, 395
Chondrocytes and chondrons, 40
Chondrogenesis

cellular interaction, 74
cellular morphology, 74
degradation, 89
molecular and genetic factors, 75–81
phases, 73

Chondrogenic core, 71
Chondroitin sulfate, 257
Chondroitin-4-sulphate, 103
Chondromalacia, 203, 204, 371, 377
Chondron, 102
Chondronecrosis, 71
Chondronectin levels, 130
Chondrons, 4, 39
Chondroprogenitor cells, 289–290
Chondroprotective agents, 256

chondroitin sulfate, 257
glucosamine and chondroitin sulfate, 256, 257
viscosupplementation, 257

Chondrosis, 204
Chondrotissue®, 428
Chrondal lesions, 216–217
Chronic systemic inflammatory disorder, 372
Classification and scoring systems, 216
Clinical impact, 402, 403
Collagen fibres, 34
Collagen-proteoglycan matrix, 187
Collagen type II, 35
Collagen type XIV, 17

Collagens, 13
Comorbidities, 290
Conservative treatment approach, 255
Continuous passive motion, 240
Contrast-to-noise ratio, 333, 345, 346, 348
Corticosteroids, 260
Cost-effective technology, 427
Crutches, 240
Crystal deposits, 108
Cyanoacrylate glue, 298
Cycling, 242
Cytokines, 134

D
Debridement, 298, 299, 338
Deep zone, 395
Defect-specific factors, 290, 291
Delayed gadolinium-enhanced magnetic resonance 

imaging of cartilage, 274, 338, 354, 358, 360
DeNovo NT®, 436, 438, 439
Deoxypyridinoline, 21
Differentiation, 394
Dual echo steady state, 345

E
Effusion, 337
Elastohydrodynamic lubrication, 48, 49
Elevation, 240, 241
Embryoid body, 401
Embryonic stem cells, 401, 402
Endochondral ossification, 14, 71

bone morphogenetic protein, 87
chondrogenic stem cells, 83
hypertrophic cartilage, 85
longitudinal bone growth, 83
molecular factors, 85–88
structural and functional changes, 85
transforming growth factors-β, 85
Wnt morphogens, 87

Endocrine signals, 88
Epiphyseal cartilage component, 25
European Society of Sports Traumatology, Knee Surgery 

and Arthroscopy, 322
Examination under anaesthesia, 215
Exercise, 241, 242
Extracellular matrix, 6–21, 99, 411

remodeling, 123
synthesis, 447

F
Fast spin echo, 344, 345, 352, 353, 477
Fat-saturated proton density, 332
Femoral notch sign, 184
Fibrillations, 203
Fibrin, 418
Fibrocartilage, 219, 281
Field of view, 348

Index



494

Fixed charge density, 353, 360
Fluctuating equilibrium magnetic resonance, 201
Fluid-film lubrication, 48
Fluorophores, 22
Follistatin-like glycoprotein 1, 131

G
Gelrin C®, 430
Global knee, 290
Glucosamine, 256
Glucosamine and chondroitin sulfate, 257
Glycation, 129
Glycoproteins, 17
Glycosaminoglycan chemical exchange saturation 

transfer, 359–360
Glycosaminoglycan(s), 45, 242, 353, 357, 360, 361
Gothic arcade model, 371
Gothic arch-like curvature, 354
Gradient echo, 353
Graft delamination, 281
Graft morphology, 333
Graft-host reactions, 339

H
Heat therapy, 240
Hemarthrosis, 175
Herbert screw, 297
High contrast high resolution microcomputer 

tomography, 380
Histopathological scoring system, 487
Homeostasis

articular cartilage functions, 101
extracellular matrix, 101
growth and maturation, 101
hyaline, 100
mechanical environment, 100
mechanical response, 101

Hughston scale scores, 281
Human cartilage glycoprotein, 21, 130
Human embryonic stem cells, 402
Hyaline, 3, 281
Hyaline cartilage, 196, 201
Hyaluronan, 418–419
Hyaluronic acid, 45, 258
Hyaluronidase-mediated degradation, 134
Hybrid and Biomimetic Zonal Scaffolds, 420
Hydrodynamic lubrication, 48, 49
Hydrogels, 439, 440
Hyperextension injury, 181
Hypertrophic chondrocytes, 75

I
Induced pluripotent stem cells, 402
Inflammatory arthritis, 210
Injured articular cartilage, 332
Insulin-like growth factor-1, 378
Insulin-like growth factors, 88

Intercondylar notch, 281
International Cartilage Repair Society, 178, 179, 

215–217, 319, 344, 355, 379, 391, 455–456, 
478

International Classification of Functioning, Disability 
and Health, 315, 316

International Classification of Impairments, Disabilities 
and Handicaps, 320

International Knee Documentation Committee, 144, 176, 
281, 316, 318, 322, 403, 438, 467–470

Interstitial growth, 81
Interterritorial matrix, 30–31
Intraarticular cartilage lesions

cartilage repair response, 203
chondromalacia, 203
fibrillations, 203
fissure/flaps, 204, 205

Intra-articular injections, 258–260
Intra-class correlation coefficient, 318
Intrinsic fluorescent molecules, 21
Inversion recovery, 360
Isotropic imaging, 345–346

K
Kellgren-Lawrence score, 355
Keratan sulphate, 103
Knee

anterior cruciate ligament, 183
arthroscopies, 180
articular surface, 176
global knee joint score, 178
grade 3 lesions, 180
injuries, 179
outerbridge classification, 177

Knee articular cartilage
biomechanical properties, 38
daily activities, 31
endogenous lubricants, 42–45
function, 40
glycosaminoglycans, 35
physiologic loading, 43
stress, 41

Knee articular cartilage biochemical markers, 132–133
Knee articular cartilage biomarkers, 137–138
Knee injury and Osteoarthritis Outcome Score, 316, 318, 

319, 321, 322, 459
Knee instrument, 318, 319
Knee joint, 216
Knee Lubrication, 42–53
Knee osteoarthritis scoring system, 202

L
Lamina splendens, 25
Laser-assisted treatments, 242
Lateral femoral condyle and lateral tibial plateau 

damage, 224
Lateral patella dislocation, 227
Leptin, 135

Index



495

Lesion stability, 274
Lifestyle modification

exercise, 238–240
overweight, 237
physical activity, 238–240
weight loss, 237

Lipofuscin, 22
Lubrication Mechanisms, 47–53
Lubricin, 43
Lysholm score, 176, 319, 320

M
Magnetic resonance imaging, 178, 183, 273, 329, 331

acquisition techniques, 344
arthroscopic procedures, 344
autologous chondrocyte implantation, 339
classification, 202
fast spin echo, 345
fibrocartilage-like tissue, 338
high-resolution, 348, 353
isotropic imaging, 345–346
knee malalignment/maltracking, 202
morphologic sequences, 344
multi-planar reconstructions, 344
osteochondral autograft transplant, 339
pre-and postoperative imaging, 344
quantitative approach, 353
quantitative morphological cartilage parameters, 

346–348
repair tissue

arthroscopy, 350
cell-based repair techniques, 351
innovative surgical techniques, 348
knee cartilage treatment, 349
marrow stimulation, 350
osteochondral autograft and allograft transfer, 

350–351
radiological assessment, 350 (see also 

Semiquantitative scoring systems)
synthetic plugs, 339
subchondral bone, 201
three-dimensional gradient recalled echo, 345
ultrastructural elements, 344
volumetry and semiquantitative scores, 344

Magnetic resonance observation of cartilage repair tissue 
score, 334, 352, 478–479

bone marrow edema, 337
cartilage border zone, 337
defect fill, 334
magnetic resonance imaging scoring system, 337
subchondral lamina, 337
3D True fast imaging with steady state precession 

sequence, 334
variables and subcategories, 334

Magnetization transfer contrast, 354, 358–359
Marrow stimulation techniques, 343, 395
Marx Activity Scale, 322, 323, 470–471
Matrilin-2, 17
Matrix Gla protein, 17, 130
Matrix metalloproteinase, 131–136, 150, 298

Matrix-associated autologous chondrocyte implantation 
(MACI®), 413, 420, 431

Matrix-associated autologous chondrocyte 
transplantation, 337, 351

Matrix metalloproteinases, 131
Maturation, 394
Medial meniscal tears, 224
Medial patella plica, 227
Medical Outcome Health Survey Study, 471
Membranous autologous chondrocyte implantation 

techniques, 222
Meniscal allograft transplantation, 225
Meniscal fibrocartilage, 379–380
Meniscus tears, 186
Mesenchymal condensation, 74
Mesenchymal stromal cells, 401

adipose-derived stromal/stem cells, 399
bone marrow-derived mesenchymal stromal/stem 

cells, 398, 399
multipotent cells, 398
muscle-derived stromal/stem cells, 400
protocol, 398
umbilical cord-derived mesenchymal stromal/stem 

cells, 400, 401
Metallic screws, 278
Metalloproteinases, 372
Microfracture, 275, 280, 290, 291, 293, 294, 299, 300, 

302, 304
Microfracture augmentation

AMIC®, 429, 430
BioCartilage®, 432
BST-CarGel®, 430
chondrotissue®, 428
Gelrin C®, 430

Microfracture technique, 222
Modified outerbridge classification, 456
Molecular lubricants, 46–47
Morphological magnetic resonance imaging, 344
Mosaicplasty, 378
Magnetic resonance imaging, 352

articular cartilage, 201
hyperintense and hypointense bands, 197
morphological articular cartilage, 197, 198
3-Dimensional, 199, 200
2-Dimensional, 198, 199

Magnetic Resonance Imaging Osteoarthritis  Knee Score, 
337, 353

Magnetization transfer ratio, 358
Multicenter Orthopaedic Outcomes Network, 185
Multiplanar reconstruction, 334
Multiple echo data image combination, 346
Muscle-derived stem cells, 400

N
Natural scaffolds

agarose and alginate, 418
chitosan, 419
collagen, 417
fibrin, 418
proteins, 417–418

Index



496

Non-collagenous proteins, 17
Noninvasive imaging techniques, 380
Notch signals, 89
Noyes classification, 178

O
Occupational physical activities, 238
Oestrogen, 107
Osgood-Schlatter disease, 270
Osteoarthritis, 142, 451
Osteoarthritis, 110–112, 210, 235, 244, 259, 372, 487

vs. ageing, 113
Osteochondral allograft, 333, 350, 351

articular cartilage, 306
delayed osteotomy, 306
graft preparation, 306
graft survival time, 308
internal fixation, 295
knee pain and swelling, 307
post-traumatic defect, 308
principle, 305
salvage, 296
surgical technique, 306
transplantation, 305

Osteochondral allograft, 225, 449
autologous chondrocyte implantation, 293
transplantation, 291

Osteochondral autograft transplant, 280, 301, 333,  
350, 396

Osteochondral autografts, 301, 302
Osteochondral cartilage repair/regeneration, 483
Osteochondral defects, 289
Osteochondral fracture, 210, 255
Osteochondral lesions, 209
Osteochondritis dissecans, 209, 210, 243, 244

arthroscopic classification systems, 275
Cahill and Berg classification, 273
classification systems, 272–275
clinical presentation, 271–272
diagnostic imaging, 272
femoral condyle, 269
femoral ossification, 270
history, 275
inflammation, 269
lesions, 271, 283
non-ossified osteochondral fragment, 279
osteoarticular transfer system patients, 282
predispositions, 270
Return to play after autologous chondrocyte 

implantation, 282
subchondral bone, 269, 283
substantial variety, 271
surgical management, 282
traumatic injury, 271
treatment, 275

activity modification, 276
adult patients, 276
arthroscopic drilling, 276
bioabsorbable screws, 279–280

fibrous tissue, 278
metallic screws, 278
nonoperative treatment, 276
osteoarticular transfer system, 276
protocol, 276
revascularization, 278
substantial evolution, 276
transarticular drilling, 278
type II–IV lesions, 278
unsalvageable lesions, 280–282

vascular etiology, 270
Osteonectin, 130
Oswestry Arthroscopy Score, 457
Outerbridge classification, 177, 216, 217, 456

P
Parathyroid hormone-related protein, 88
Particulated cartilage

bioabsorbable staples, 436
CAIS®, 436, 437
DeNovo NT®, 436, 438, 439
intraoperative cell source, 436
one-stage restoration procedure, 436
single-stage setting, 436

Patella dislocations, 227
Patellar articular cartilage deformation, 236
Patellar dislocation, 185, 186
Patient evaluation

arthroscopic assessment, 293
chondral defects, 291
classification, 293
Computed tomography, 293
diagnosis, 291
isolated injuries, 291
magnetic resonance imaging, 292, 293
physical examination, 291
plain radiographs, 292

Patient-reported outcome, 319
Patient-reported outcome measures

data collection, 317
potential benefits, 317
psychometric properties, 318
questionnaire, 317, 318
types, 316, 317

Patient-specific factors, 290, 291
Pericellular matrix, 28–30
Pericellular microenvironment, 28
Perioperative decision-making, 293–295
Perlecan, 13
Pharmacologic agents

adult hyaline cartilage, 255
biological approach, 254
nonsteroidal anti-inflammatory drugs medications, 

255, 256
Phospholipase A2, 134
Phospholipids, 44–45
Photopolymerizing hydrogel systems, 419
Physical Activity Scale for the Elderly questionnaire, 245
Physical and rehabilitative therapy

Index



497

body mass index, 237
overweight, 237
physical activity, 238

Physiologic knee loading, 448
Picture archiving and communication system  

systems, 198
Platelet-rich plasma, 431
Polarized light, 27
Polarized microscopy, 30
Polyglucosamine thrombogenic polysaccharide, 430
Post knee injury, 240
Posterior cruciate ligament, 227
Proteins, 43–44
Proteoglycan 4, 6, 41, 44, 103, 353
Proteoglycan fragments, 139, 145
Proton density, 330
Proton density-weighted, 198, 199
Pulsed electromagnetic field therapy, 243
Pyridinium crosslinks, 129

Q
Qualification, 348
Quality-adjusted life years, 323

R
Radiofrequency-selective saturation pulses, 359
Range of return to play (RTP), 282
Ratings scale, 318, 319, 322, 323
Reactive oxygen species, 448
Reconstruction techniques, 333
Regenerative medicine, 395, 399, 400, 402
Re-intervention rates, 434–435
Remodeling, 394
Repair techniques, 332
Repetitive trauma, 187
Research in Osteochondritis dissecans of the Knee, 278
Revision surgery, 291, 308
Rheumatoid arthritis, 109, 141, 372

S
Scaffolds, 427, 428

biphasic cartilage, 439
hydrogels, 439, 440
microfracture, 429

Screw fixation
mini-cancellous screws, 296, 297

Secreted protein acidic and rich in cysteine, 130
Semiquantitative scoring systems

Cartilage Repair Osteoarthritis Knee Score, 353
cartilage repair procedures, 352
Magnetic resonance observation of cartilage repair 

tissue scores, 352
Short Form-36 Health Survey, 237, 323, 438, 471–473
Signal to noise ratio, 198, 346
Skeletal maturity, 235
Smad7, 89
Sodium magnetic resonance imaging, 361

Specific absorption rate, 355, 360
Splinting, 240
Sports-related injuries, 256
Squeeze film mechanism, 49
Squeeze-film lubrication, 48
Stage-specific embryonic antigen-4, 398
Steady-state free precession, 200, 346, 355
Stickler syndrome, 270
Structural integrity, 38
Subchondral bone, 483
Subchondral bone microfracture, 299, 300
Superficial zone, 37, 150–151
Superficial zone protein, 44
Surgeon-reported outcome, 319
Suture bridge, 298
Swimming and water aerobics, 242
Symptomatic chondral cartilage, 433
Synovial fluid/joint effusion, 361
Synovium-derived mesenchymal stem cells, 401
Synthetic polymer-based scaffolds, 419

T
Tegner Activity Scale, 176, 320, 321, 469–470
Tenascin-C, 131
Tenascins, 21
Territorial Matrix, 30
Three-dimensional dual-echo steady-state, 199
Three-dimensional fast spin-echo imaging, 199, 200
Three-dimensional gradient-echo sequences, 199,  

333, 344
Three-dimensional magnetic resonance observation of 

cartilage repair tissue score, 352, 479–481
Three-dimensional spoiled gradient echo, 345
Tibial lesions, 220
Tidemark, 26
Tidemark breaching, 372
Tissue engineering

definitions, 394
principles, 392

Tissue nonspecific alkaline phosphatase, 398
Tissue-engineered scaffold, 412
Total knee arthroplasty, 299
Trabecular microfracture, 186
Transarticular drilling, 278, 282
Transforming growth factor-β superfamily, 136
Transforming growth factor beta family, 85–87, 105
Transverse relaxation time, 354–356
Trauma

articular cartilage, 175
chondral injuries, 175
clinical presentation, 181, 183
incidence, 179–181
supraphysiologic loading, 175
treatment, 175

Treatment algorithm, 290, 294, 295
Triple-echo steady-state, 355
Tropocollagen, 417
True fast imaging with steady-state precession, 345
Two-dimensional fast spin-echo imaging, 198, 477

Index



498

U
Ultrashort echo time, 356
Ultrastructural composition, see Magnetic resonance 

imaging
Umbilical cord matrix-derived stromal cells, 400, 401
Unilateral knee injury, 138
Unsalvageable lesions, 280–282
US Food and Drug Administration, 348
Utilization, 348

V
Vascular endothelial growth factor, 81, 136
Viscosupplementation, 254, 257, 258
Visual Analog Scale, 319
Visual Histologic Assessment Scale, 379
Vitronectin, 21
Volumetric interpolated breath-hold  

examination, 346

W
Walking, 241
Water saturation shift referencing, 360
Weight loss, 237
Western Ontario and McMaster Universities Arthritis 

Index scores, 145, 316, 321, 473–476
Western Ontario Meniscal Evaluation Tool, 319
Whole-organ MR imaging score, 202, 245, 347
Wnt morphogens, 87

Y
YKL-40, 21, 130

Z
Zone of calcified cartilage, 395
Zone of hypertrophy, 25, 85
Zone of resting chondrocytes, 25

Index


	Foreword
	Preface
	Acknowledgments
	Contents
	Contributors
	Abbreviations
	Part I: Normal Articular Cartilage
	1: Structure and Function of Articular Cartilage
	1.1	 Introduction
	1.2	 Articular Cartilage Structure and Composition
	1.2.1	 Chondrocytes and Chondrons
	1.2.2	 Extracellular Matrix
	1.2.2.1	 Proteoglycans
	1.2.2.2	 Collagens
	1.2.2.3	 Non-Collagenous Proteins and Glycoproteins

	1.2.3	 Articular Cartilage Fluorescent Molecules

	1.3	 Articular Cartilage Heterogeneity and Compartmentalization
	1.3.1	 Immature Articular-Epiphyseal Cartilage Complex
	1.3.1.1	 Articular Cartilage Component
	1.3.1.2	 Epiphyseal Cartilage Component

	1.3.2	 Skeletally Mature Articular Cartilage Zones
	1.3.2.1	 Zone 1: Superficial Zone
	1.3.2.2	 Zone 2: Middle Zone
	1.3.2.3	 Zone 3: Deep Zone
	1.3.2.4	 Tidemark
	1.3.2.5	 Zone 4: Zone of Calcified Cartilage

	1.3.3	 Macromolecular Variation of Uncalcified Articular Cartilage Zones
	1.3.4	 Articular Cartilage Extracellular Matrix and Chondrocyte Microenvironment
	1.3.4.1	 Pericellular Matrix
	1.3.4.2	 Territorial Matrix
	1.3.4.3	 Interterritorial Matrix


	1.4	 Function of Knee Articular Cartilage
	1.4.1	 Function Related to Structure of Articular Cartilage Components
	1.4.2	 Function of Articular Cartilage Zones
	1.4.3	 Function of Chondrocytes and Chondrons
	1.4.4	 Concept of Knee Loading During Walking
	1.4.5	 Role of Articular Cartilage Macromolecules in Joint Biomechanics
	1.4.6	 Osmotic Stress and Articular Cartilage Matrix Composition

	1.5	 Knee Lubrication
	1.5.1	 Endogenous Lubricants On Articular Cartilage Surface
	1.5.1.1	 Proteins
	1.5.1.2	 Phospholipids
	1.5.1.3	 Glycosaminoglycans

	1.5.2	 Synergy of Molecular Lubricants
	1.5.3	 Deficiency of Molecular Lubricants
	1.5.4	 Lubrication Mechanisms (Applicable to Human Knee)
	1.5.4.1	 Boundary and Contact Lubrication Mechanism
	1.5.4.2	 Fluid-Film Lubrication
	Squeeze-Film Lubrication
	Hydrodynamic Lubrication

	1.5.4.3	 Elastohydrodynamic Lubrication
	1.5.4.4	 Application of Lubrication Mechanisms During “Walk Cycle” Phases
	1.5.4.5	 Failure of Lubrication Mechanism (Injury, Aging, Disease and Post-Cartilage Repair)


	1.6	 Conclusions
	References

	2: Growth and Development of Articular Cartilage
	2.1	 Introduction
	2.2	 Chondrogenesis
	2.2.1	 Precursor Mesenchymal Stem Cells
	2.2.2	 Mesenchymal Condensation
	2.2.3	 Chondroblast and Chondrocyte Differentiation
	2.2.4	 Chondrocyte Hypertrophy
	2.2.5	 Molecular and Genetic Factors Involved in Chondrogenesis

	2.3	 Articular Cartilage Growth: Appositional and Interstitial
	2.4	 Endochondral Ossification
	2.4.1	 Molecular and Genetic Factors Involved in Endochondral Ossification
	2.4.1.1	 Transforming Growth Families-β
	2.4.1.2	 Bone Morphogenetic Proteins
	2.4.1.3	 Wnt Family

	2.4.2	 Endocrine Signals
	2.4.3	 Notch Signals and Smad7

	2.5	 Role of Bone Morphogenetic Proteins and Matrix Metalloproteinases in Articular Cartilage Repair and Degradation
	2.6	 Conclusions
	References


	Part II: Aging and Degeneration of Articular Cartilage
	3: Articular Cartilage: Homeostasis, Aging and Degeneration
	3.1	 Introduction
	3.2	 Articular Cartilage Homeostasis
	3.3	 Age-Related Changes in Articular Cartilage
	3.3.1	 Homeostatic Imbalance
	3.3.2	 Morphological Changes
	3.3.3	 Biochemical Changes
	3.3.4	 Biomechanical Changes
	3.3.5	 Alteration in Signalling Molecules

	3.4	 Articular Cartilage Degradation and Related Diseases
	3.4.1	 Gout and Calcium Pyrophosphate Dihydrate Crystal Deposition
	3.4.2	 Rheumatoid Arthritis
	3.4.3	 Osteoarthritis

	3.5	 Aging Versus Osteoarthritis
	3.6	 Conclusions
	References

	4: Articular Cartilage Metabolism: Biochemical Markers and Dynamic Loading
	4.1	 Introduction
	4.2	 Regulation of Articular Cartilage Synthesis
	4.3	 Biochemical Markers of Articular Cartilage Metabolism in Body Fluids
	4.3.1	 Aggrecan Metabolism Products
	4.3.2	 Collagen, Crosslinks, and Non-Collagenous Proteins
	4.3.3	 Matrix Metalloproteinases, Cytokines, Adipocytokines, and Growth Factors

	4.4	 Clinical Utility of Biochemical Markers
	4.4.1	 Injury
	4.4.2	 Aging
	4.4.3	 Disease
	4.4.3.1	 Rheumatoid Arthritis
	4.4.3.2	 Osteoarthritis


	4.5	 Postsurgery Changes in Knee Synovial Fluid Biochemical Markers
	4.6	 Limitations of Cartilage Biochemical Markers
	4.7	 Biochemical Markers During Dynamic Loading
	4.7.1	 Superficial Zone Molecules
	4.7.2	 Running
	4.7.3	 Exercise
	4.7.4	 Sports: Recreational and Competitive

	4.8	 Conclusions
	References


	Part III: Knee Articular Cartilage Injury: Evaluation and Assessment
	5: Acute and Chronic Traumatic Cartilage Injuries of the Knee
	5.1	 Introduction
	5.2	 Natural History
	5.3	 Classification Systems
	5.4	 Incidence
	5.5	 Clinical Presentation
	5.6	 Associated Knee Tissue Injuries
	5.6.1	 Anterior Cruciate Ligament
	5.6.2	 Patella Dislocation
	5.6.3	 Meniscus Tears
	5.6.4	 Other Associated Injuries

	5.7	 Repetitive Trauma
	5.8	 The Athlete and Articular Cartilage
	5.9	 Conclusions
	References

	6: Diagnostic Imaging of Knee Cartilage Injury: Evaluation and Assessment
	6.1	 Introduction
	6.2	 Articular Cartilage Specific MR Imaging
	6.2.1	 Morphological Articular Cartilage MR Imaging (Qualitative)
	6.2.1.1	 Two-Dimensional MR Imaging
	6.2.1.2	 Three-Dimensional MR Imaging

	6.2.2	 Biochemical Articular Cartilage MR Imaging (Quantitative)

	6.3	 Magnetic Resonance Imaging of Articular Cartilage Injury
	6.3.1	 Classification of Articular Cartilage Lesions
	6.3.2	 Intraarticular Cartilage Lesions
	6.3.2.1	 Chondromalacia
	6.3.2.2	 Cartilage Repair Response
	6.3.2.3	 Cartilage Fibrillation or Erosions
	6.3.2.4	 Cartilage Fissure or Flap

	6.3.3	 Articular Cartilage Thickness
	6.3.4	 Articular Cartilage Defects
	6.3.4.1	 Cartilage Delamination
	6.3.4.2	 Cartilage Denudation

	6.3.5	 Osteochondral Lesions

	6.4	 Articular Cartilage Lesions in Joint Disorder
	6.4.1	 Osteochondritis Dissecans
	6.4.2	 Inflammatory Arthritis
	6.4.3	 Osteoarthritis

	6.5	 Conclusions
	References

	7: Assessment of Knee Cartilage Injury: Arthroscopic Evaluation and Classification
	7.1	 Introduction
	7.2	 Classification Systems for Chondral Lesions
	7.2.1	 Outerbridge Classification
	7.2.2	 The International Cartilage Repair Society Classification

	7.3	 Assessment of Articular Cartilage Defects
	7.3.1	 Articular Cartilage Appearance
	7.3.2	 Chondral Lesion Location
	7.3.3	 Chondral Lesion Size and Diameter
	7.3.4	 Chondral Lesion Depth
	7.3.5	 Chondral Defect Contained/Uncontained

	7.4	 Associated Knee Injuries
	7.4.1	 Loose Bodies
	7.4.2	 Meniscal Tears
	7.4.3	 Anterior Cruciate Ligament Rupture
	7.4.4	 Posterior Cruciate Ligament Rupture
	7.4.5	 Lateral Patella Dislocation
	7.4.6	 Medial Plica

	7.5	 Treatment Review
	7.6	 Conclusions
	7.7	 Acknowledgement
	References


	Part IV: Repair of Knee Articular Cartilage Injury: Non-surgical Approaches
	8: Physical and Rehabilitative Therapy for Knee Articular Cartilage Injury and Disease
	8.1	 Introduction
	8.2	 Lifestyle Modifications
	8.2.1	 Weight Loss
	8.2.2	 Physical Activity and Exercise

	8.3	 Post-injury Knee Rehabilition
	8.3.1	 Elevation, Ice Application, and Heat Therapy
	8.3.2	 Crutches and Canes
	8.3.3	 Splinting or Bracing
	8.3.4	 Walking
	8.3.5	 Therapeutic Exercises
	8.3.6	 Swimming or Water Aerobics
	8.3.7	 Cycling
	8.3.8	 Laser Treatment
	8.3.9	 Pulsed Electromagnetic Field Therapy

	8.4	 Conservative Treatment of Cartilage Injuries in Knee Joint Diseases
	8.4.1	 Treatment of Osteochondritis Dissecans
	8.4.2	 Treatment of Osteoarthritis

	8.5	 Conclusions
	References

	9: Pharmacologic Agents for Knee Articular Cartilage Injury and Disease
	9.1	 Introduction
	9.2	 Conservative Approach to Cartilage Injury in Children
	9.3	 Pharmacologic Approach to Cartilage Injury in Adults
	9.3.1	 Pain Management and Systemic Medications
	9.3.2	 Topical Medications

	9.4	 Chondroprotective Agents
	9.4.1	 Glucosamine
	9.4.2	 Chondroitin Sulfate
	9.4.3	 Glucosamine and Chondroitin Combined

	9.5	 Viscosupplementation Therapy
	9.6	 Platelet-Rich Plasma Therapy
	9.7	 Conservative Management of the Osteoarthritic Knee
	9.8	 Conclusions
	References


	Part V: Repair of Knee Articular Cartilage: Surgical Approaches
	10: Osteochondritis Dissecans of the Knee: Pathophysiology and Treatment
	10.1	 Introduction
	10.2	 Clinical Presentation
	10.3	 Classification and Diagnostic Imaging
	10.4	 Natural History of Osteochondritis Dissecans
	10.5	 Treatment of Osteochondritis Dissecans
	10.5.1	 Fixation of Lesion with Metallic Screws
	10.5.2	 Fixation of Lesion with Bioabsorbable Screws
	10.5.3	 Unsalvageable Lesions

	10.6	 Return to Play and Osteochondritis Dissecans
	10.7	 Conclusions
	References

	11: Surgical Approach to Articular Cartilage Repair
	11.1	 Introduction
	11.2	 Patient-Specific and Defect-Specific Considerations
	11.3	 Patient Evaluation
	11.3.1	 History
	11.3.2	 Physical Examination
	11.3.3	 Diagnostic Imaging
	11.3.4	 Arthroscopic Assessment and Classification

	11.4	 Perioperative Decision-Making
	11.5	 Osteochondral Defects Treatment Options
	11.6	 Fixation of Osteochondral Defects
	11.6.1	 Screw Fixation
	11.6.1.1	 Countersunk Intra-Articular Screws

	11.6.2	 Bioabsorbable Pins
	11.6.3	 Cyanoacrylate Glue
	11.6.4	 Suture Bridge

	11.7	 Articular Cartilage Debridement, Repair, and Restoration
	11.7.1	 Debridement
	11.7.2	 Abrasion Arthroplasty
	11.7.3	 Subchondral Bone Microfracture
	11.7.4	 Osteochondral Autograft Transplantation
	11.7.5	 Autologous Chondrocyte Implantation
	11.7.6	 Fresh Osteochondral Allografts

	11.8	 Conclusions
	References

	12: Clinical Outcome Assessment of Repaired Articular Cartilage
	12.1	 Introduction
	12.2	 Patient-Reported Outcome Measures
	12.2.1	 Types of PROM Data
	12.2.2	 Collection of PROM Data
	12.2.3	 Potential Benefits of PROM Data
	12.2.4	 Potential Problems with PROM Data
	12.2.5	 Psychometric Properties of PROMs

	12.3	 Currently Available Knee-Specific Outcome Instruments
	12.4	 Patient-Reported Versus Surgeon-Reported Outcome Measures in Articular Cartilage Repair Surgery
	12.5	 Commonly Used Knee Outcome Instruments in the Current Articular Cartilage Literature
	12.5.1	 Tegner and Lysholm Knee Scores
	12.5.2	 Western Ontario and McMaster Universities Osteoarthritis Index
	12.5.3	 Knee Injury and Osteoarthritis Outcome Score
	12.5.4	 International Knee Documentation Committee Subjective Knee Form
	12.5.5	 Marx Activity Rating Scale
	12.5.6	 Medical Outcome Study 36-Item Short-Form Health Survey

	12.6	 Conclusions
	References


	Part VI: Qualitative and Quantitative Assessment of Articular Cartilage Repair
	13: Pre- and Postoperative Imaging of Knee Articular Cartilage
	13.1	 Introduction
	13.2	 Preoperative Assessment of Articular Cartilage Injury
	13.2.1	 Role of Magnetic Resonance Imaging
	13.2.2	 Treatment of Injured Articular Cartilage
	13.2.2.1	 Repair Techniques
	13.2.2.2	 Reconstruction Techniques
	13.2.2.3	 Regeneration Techniques


	13.3	 Postoperative Assessment of Articular Cartilage Repair
	13.3.1	 Morphological Assessment of Articular Cartilage Repair: Qualitative
	13.3.1.1	 Two-Dimensional Magnetic Resonance Observation of Cartilage Repair Tissue Score
	13.3.1.2	 Three-Dimensional Magnetic Resonance Observation of Cartilage Repair Tissue Score

	13.3.2	 Magnetic Resonance Imaging Assessment of Repair Tissue
	13.3.2.1	 Abrasion Arthroplasty/Debridement
	13.3.2.2	 Autologous Osteochondral Grafts
	13.3.2.3	 Allogenic Osteochondral Transplants
	13.3.2.4	 Synthetic Grafts, Scaffolds, and Osteochondral Plugs
	13.3.2.5	 Autologous Chondrocyte Implants


	13.4	 Conclusions
	References

	14: Magnetic Resonance Imaging of the Ultrastructural Composition of Articular Cartilage in Disease and Repair
	14.1	 Introduction
	14.2	 Morphological Magnetic Resonance Imaging of Articular Cartilage
	14.2.1	 Cartilage-Specific MR Sequences
	14.2.1.1	 Fast Spin Echo Technique
	14.2.1.2	 Three-Dimensional Gradient Echo Technique
	14.2.1.3	 Isotropic Imaging

	14.2.2	 Quantitative Morphological Magnetic Resonance Imaging
	14.2.3	 High-Resolution Magnetic Resonance Imaging
	14.2.4	 Magnetic Resonance Morphologic Imaging of Repair Tissue
	14.2.4.1	 Marrow Stimulation
	14.2.4.2	 Osteochondral Autograft and Allograft Transfer
	14.2.4.3	 Cell-Based Repair Techniques

	14.2.5	 Semiquantitative Scoring Systems of Cartilage Repair Based on Morphological Magnetic Resonance Imaging
	14.2.5.1	 Magnetic Resonance Observation of Cartilage Repair Tissue
	14.2.5.2	 Three-Dimensional Magnetic Resonance Observation of Cartilage Repair Tissue
	14.2.5.3	 Cartilage Repair Osteoarthritis Knee Score

	14.2.6	 Summary of Magnetic Resonance Morphological Imaging of Cartilage Repair

	14.3	 Biochemical Magnetic Resonance Assessment of Cartilage Repair Tissue
	14.3.1	 T2 Relaxation Time Mapping
	14.3.2	 T2*(Star) Relaxation Time Mapping
	14.3.3	 T1rho Magnetic Resonance Imaging
	14.3.4	 Magnetization Transfer Contrast
	14.3.5	 Glycosaminoglycan Chemical Exchange Saturation Transfer
	14.3.6	 Delayed Gadolinium-Enhanced Magnetic Resonance Imaging
	14.3.7	 Sodium Magnetic Resonance Imaging

	14.4	 Conclusions
	References

	15: Histopathology Evaluation of Cartilage Disease and Repair
	15.1	 Introduction
	15.2	 Early Changes in Articular Cartilage Injury and Disease
	15.3	 Histopathology of Articular Cartilage Lesions
	15.4	 Articular Cartilage Repair Versus Regeneration
	15.5	 Histologic Evaluation of Cartilage Repair Tissue
	15.5.1	 Meniscal Fibrocartilage
	15.5.2	 Cartilage Repair Tissue Evaluation Methods: Problems and Prospects

	15.6	 Conclusions
	References


	Part VII: Research in Articular Cartilage Repair and Cartilage Bioengineering
	16: Human-Derived Cells in Chondral or Osteochondral Repair
	16.1	 Introduction
	16.2	 Tissue Engineering
	16.2.1	 Principles
	16.2.2	 Definitions

	16.3	 Human Cells in Chondral Repair
	16.3.1	 Chondrocytes and Articular Cartilage: Properties
	16.3.2	 Marrow Stimulation Techniques
	16.3.3	 Autogenic and Allogenic Osteochondral Transplant
	16.3.4	 Autologous Chondrocyte Implantation

	16.4	 Mesenchymal Stromal Cells
	16.4.1	 Bone Marrow-Derived Mesenchymal Stromal Cells
	16.4.2	 Adipose-Derived Stromal Cells
	16.4.3	 Muscle-Derived Multipotent Cells
	16.4.4	 Other Sources of Mesenchymal-Like Cells in Chondrogenesis
	16.4.5	 Embryonic Stem Cells

	16.5	 Clinical Impact
	16.6	 Future Directions
	16.7	 Conclusions
	References

	17: Relevance of Engineered Scaffolds for Cartilage Repair
	17.1	 Introduction
	17.2	 Evolution of Articular Cartilage Repair Treatment Options
	17.3	 Cartilage Tissue Engineering
	17.3.1	 Viable Cells with Chondrogenic Potential
	17.3.2	 Orthobiologic Scaffolds
	17.3.3	 Signaling Molecules and Growth Factor(s)

	17.4	 Tissue-Engineered Scaffolds for Cartilage Repair
	17.4.1	 Requirements for Cartilage Scaffolds
	17.4.1.1	 Biocompatibility
	17.4.1.2	 Biodegradability
	17.4.1.3	 Permeability and Porosity
	17.4.1.4	 Mechanical Stability
	17.4.1.5	 Versatility
	17.4.1.6	 Durability and Retainability
	17.4.1.7	 Reproducibility

	17.4.2	 Types of Tissue-Engineered Scaffolds
	17.4.2.1	 Natural Material Scaffolds
	A. Proteins-Based Scaffolds
	Collagen
	Fibrin

	B. Carbohydrate-Based Scaffolds
	Agarose and Alginate
	Hyaluronic Acid
	Chitosan


	17.4.2.2	 Synthetic Polymer-Based Scaffolds
	17.4.2.3	 Hybrid and Biomimetic Zonal Scaffolds
	17.4.2.4	 Commercialized Scaffolds


	17.5	 Considerations and Future Directions
	References

	18: Commercially Available Bioengineered Cartilage Grafts
	18.1	 Introduction
	18.2	 Microfracture Augmentation
	18.2.1	 Chondrotissue®
	18.2.2	 Autologous Matrix-Induced Chondrogenesis®
	18.2.3	 Gelrin C®
	18.2.4	 BST-CarGel®
	18.2.5	 BioCartilage®

	18.3	 Cell-Based Therapy
	18.3.1	 Carticel® and Matrix-Associated Chondrocyte Implantation®
	18.3.2	 ChondroCelect®

	18.4	 Particulated Articular Cartilage Grafts
	18.4.1	 Cartilage Autograft Implantation System – CAIS®
	18.4.2	 Zimmer® DeNovo® NT Natural Tissue Graft – DeNovo NT®

	18.5	 Other Scaffold or Synthetic Materials
	18.5.1	 Biphasic Cartilage Scaffolds
	18.5.2	 Hydrogels

	18.6	 Conclusions
	References


	Part VIII: Future Prospects for Knee Articular Cartilage Therapy
	19: Knee Articular Cartilage: Future Directions for Research and Practice
	19.1	 Knee Articular Cartilage, Future Research Directions
	19.2	 Knee Articular Cartilage and Osteoarthritis
	References


	Appendix A
	Arthroscopic Classification Systems for Chondral Injuries and Repair
	Outerbridge Classification
	Modified Outerbridge Classification
	Noyes Classification
	ICRS - Articular Cartilage Injury Classification
	ICRS - Articular Cartilage Repair Assessment
	Oswestry Arthroscopy Score
	Symptoms
	Functional Limitations with Activities of Daily Living


	References

	Appendix B
	Clinical Outcome Scoring Systems
	Knee Injury and Osteoarthritis Outcome Score (KOOS)
	Knee Outcome Survey: Activities of Daily Living Scale (KOS-ADLS)
	Lysholm Knee Score
	Oxford Knee Score (OKS)

	International Knee Documentation Committee (IKDC) Subjective Knee Evaluation Form
	Tegner Activity Scale (TAS)
	Marx Activity Rating Scale (MARS)
	Short-Form Health Survey - 36 Item (SF-36)

	Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC)
	References

	Appendix C
	Magnetic Resonance Imaging Evaluation Systems for Chondral Injuries and Repair
	International Cartilage Repair Society: Articular Cartilage Repair Assessment
	Two-Dimensional Magnetic Resonance Observation of Cartilage Repair Tissue (2D-MOCART) Score (Marlovits et al. [11])
	Three-Dimensional Magnetic Resonance Observation of Cartilage Repair Tissue (3D–MOCART) Score (Welsch et al. [12])
	References


	Appendix D
	Histological Scoring Systems for Chondral / Osteochondral Repair and Disease
	International Cartilage Repair Society - I: Histological Scoring System (Mainil-Varlet et al. [6])
	International Cartilage Repair Society - II: Histological Scoring System (Mainil-Varlet et al. [7])
	Assessment of Osteochondral Repair and Regeneration: Histological Scoring System (Gahunia [10])
	Histopathological Scoring System for Osteoarthritic Articular Cartilage
	Osteoarthritic Articular Cartilage: Histopathological Scoring System (Gahunia [12, 13])

	References

	Index



