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  Pref ace   

 Movement is essential for our health and quality of life. Healthy cartilage is para-
mount in allowing and maintaining this movement. Cartilage is not only present in 
articulating joints, but also in the rib-cage, ear, nose, bronchial tubes and interverte-
bral discs. It is essential for functions as breathing, hearing, articulation and loco-
motion. Hyaline articular cartilage is a truly remarkable material both structurally 
and functionally. Its principal function is to provide a smooth, lubricated surface for 
articulation, and is able to withstand an enormous amount of intensive and repetitive 
forces combined with low friction. These properties are unique and are found only 
in nature. Articular cartilage enables us, to move, walk, sport, etc. Unfortunately, 
once damaged cartilage does not heal. 

 The International Cartilage Repair Society (ICRS) was founded by a mixture of 
clinical researchers, fundamental researchers, and clinicians. As such the ICRS is 
a unique forum for international collaboration in cartilaginous tissue research by 
bringing together clinicians, clinical researchers and basic scientists, engaged or 
interested in the fi eld of cartilage biology, imaging, cartilaginous tissue engineer-
ing and translational clinical approaches to treatment of cartilage pathologies. 
Although most of the treatment and research involves articular cartilage, it is the 
aim of the ICRS to study and learn more about cartilage from “the tip of the nose 
to the big toe”. 

 The link between laboratory work and the daily treatments of patients in a clini-
cal setting is extremely important to the ICRS. This book is an example that the 
ICRS is a platform for young and energetic clinicians and (basic) scientists to pres-
ent their work and start inter-disciplinary fruitful collaborations. An inspiring exam-
ple of a fruitful collaboration between fundamental researchers and clinicians is the 
chapter entitled “The Genesis of Autologous Chondrocyte Transplantation/
Implantation: From a Hypothesis via an Animal Model to a Clinical Reality”. 

 Furthermore, the society supports research projects and together with the indus-
try the ICRS organizes scholarships and fellowships to stimulate clinicians and 
researcher to fuel the fi eld with new ideas. 

 This book is the fi rst of a series, and its chapters are contributed by the Genzyme/
Sanofi  and Stryker travelling fellows and gives an overview of existing knowledge 



vi

and presents novel fi ndings in basic and clinical research. The book illustrates the 
progress made in search for the solution in cartilage related problems. Fundamental 
research, biomaterials, bioreactors, imaging, existing cartilage repair strategies, and 
emerging cartilage repair techniques are described in this book. The editors also 
realize that several cartilage repair techniques and other aspects of cartilage (repair) 
are not described. These issues may be subject in future books of the ICRS book 
series. 

 Editors 
 Prof. dr. L. Peterson, PhD, MD 

 Gothenburg, Sweden 
 Dr. P.J. Emans, MD, PhD 

 Maastricht, The Netherlands 

 Series Editors 
 Prof. dr. A. Hollander (ICRS president) 
 Prof. dr. D. Saris (ICRS past-president)  
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    Abstract     Hyaline cartilage enables us to move our joints even when exposed to 
high mechanical forces. Other types of cartilage can be found in tissues like the ear, 
nose, airway etc. In contrast to many other tissues only one type of cell is found in 
hyaline cartilage this cell is the chondrocyte. Since chondrocytes are capable to 
produce their own matrix, it is possible to generate cartilage in a laboratory setting. 
This approach applies to the ideas of tissue engineering. However aspects such as 
tissue architecture, integration to host tissue, and costs remain of concern when try-
ing to repair and/or produce adequate hyaline cartilage capable to withstand high 
repetitive mechanical forces.  

  Keywords     Cartilage repair   •   Collagen type 2   •   Biological surgery   •   Tissue 
Engineering       

    Chapter 1   
 General Introduction 

             Pieter     J.     Emans       and     Lars     Peterson    

        P.  J.   Emans ,  PhD, MD       (*)  
  Department of Orthopaedic Surgery ,  CAPHRI School for Public 
Health and Primary Care, Maastricht University Medical Center , 
  5800 ,  Maastricht   NL-6202 AZ ,  The Netherlands   
 e-mail: pj.emans@maastrichtuniversity.nl   

    L.   Peterson ,  MD, PhD    
  Department of Orthopedics ,  University of Gothenburg ,   Gothenburg ,  Sweden    

 Key Points 
•     Cartilage is essential for different functions found in the human body.  
•   Hyaline cartilage is found in joints and is capable to withstand high repeti-

tive mechanical forces.  
•   Cartilage has a very limited capacity of self repair.  
•   The structure and architecture of healthy hyaline cartilage remain chal-

lenging to restore when cartilage repair is performed.  
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1.1     Introduction 

 Different types of cartilage can be found in the human body; (i) hyaline, (ii) elastic 
and (iii) fi bro cartilage. Elastic cartilage is found in the ear and respiratory tract. The 
menisci and intervertebral discs contain fi brocartilage and hyaline cartilage is pre-
dominantly found in articular cartilage. Joint motion is possible by a truly remark-
able material both structurally and functionally called hyaline cartilage [ 1 – 3 ]. 
Although one chapter describes the role of meniscal repair in relation to cartilage 
repair, the focus of this book is on articular cartilage. Since it is the aim of the 
International Cartilage Repair Society (ICRS) to bring together all cartilage 
researchers both clinicians, fundamental scientists, and clinical scientists. The book 
encapsulates fundamental cartilage biology aspects, biomaterials for cartilage 
repair, bioreactors, imaging of cartilage, cartilage repair techniques and future per-
spectives of cartilage repair. This fi rst chapter gives an insight into cartilage, carti-
lage repair and challenges of cartilage repair. 

1.1.1     Embryological Development 

 Chondrogenesis is a key event in developing limb buds beginning in the center of 
condensed mesenchyme. The earliest form of cartilage development is suggested to 
be 300 million years ago [ 4 ]. In humans the fi rst rudiments develop during the 5th 
week of gestation. In the 8 week of the embryological life a relatively cell-poor 
intermediate zone begins to develop. This will form the joint cavity [ 5 – 7 ]. At the 
end of most bones articular joints are situated. The side where two bones form an 
articular joint, the ends of these bones are covered with hyaline cartilage. This artic-
ular cartilage is able to withstand very high mechanical forces with very low friction 
and thereby enables easy movement. A large number of bones are formed by a 
process called endochondral ossifi cation. During this process a cartilage template is 
replaced by bone, in contrast with the cartilage in newly formed joints which 
remains cartilage. Both articular cartilage and bone mature and this leads to a well 
organised architecture and specialisation. The arcade-like architecture of cartilage 
is capable to withstand an enormous amount of intensive and repetitive forces dur-
ing life. However, a British surgeon William Hunter made the now famous 

•   Knowledge of (cel)biology, joint homeostasis, and biomechanical factors 
are essential for successful cartilage repair, this illustrates the need for a 
“biological” orientated surgeon.  

•   Defi ning riskprofi les for development of cartilage damage such as carti-
lage defects and even more for primary OA may boost preventative 
 measures and development of therapies in early and asymptomatic patients 
at risk.    

P.J. Emans and L. Peterson
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statement that “ From Hippocrates to the present age it is universally allowed that 
ulcerated cartilage is a troublesome thing and that once destroyed it is not repaired ” 
(Hunter 1743).  

1.1.2     Cell 

 The chondrocyte is the only cell type found in articular cartilage (Fig.  1.1 ). 
In  contrast to other tissues, the chondrocyte contributes to a relative low percentage 
of the cartilage matrix volume (1–5 %). In adults these chondrocytes lack cell-cell 
contact. Therefore communication between cells has to occur via the extracellular 
matrix (ECM). Cartilage is characterized by the absence of blood vessels, lymphatic 
vessels necessitates, and nerve fi bers. Chondrocytes receive nutrients and oxygen 
via diffusion from the synovial fl uid through the ECM and from the underlying 
bone. Their environment is therefore dominated by low oxygen levels and these 
cells have an anaerobic metabolism [ 8 ]. Each chondrocyte is a metabolically active 
unit which elaborates and maintains the ECM in its immediate vicinity [ 9 ]. A high 
content of proteoglycan aggregates and a relative absence of organized fi brillar col-
lagens is found in the pericellular matrix. These aggregates are bound via hyaluro-
nan to CD44 receptors of chondrocytes. The interaction between hyaluronan and its 
CD44 receptor is believed to protect the cell against “programmed cell dead” known 
as apoptosis [ 10 – 12 ].

1.1.3        Collagens 

 Collagen Type II is the most prominent collagen in cartilage which represents 90 % 
of collagens found in articular cartilage. Alternative splicing occurs in the Type II 

Articular cartilage

Chondrocyte

Collagen type II fiber

Proteoglycan

Articular cartilage

Superficial layer

Middle layer

Mineralized cartilage

Subchondral bone

Trabecular bone

Cartilage lesion

a b

  Fig. 1.1    Schematic representation of articular cartilage. ( a ) Normal view of articular cartilage of 
the knee with a cartilage lesion. ( b ) Magnifi ed view of articular cartilage with specifi c zones indi-
cated and a magnifi ed view of the contents of the middle layer of articular cartilage (Reprints of 
PhD thesis of M. Caron, with permission M. Caron)       
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Collagen gene. In the procollagen gene exon 2 encodes for a cysteine-rich domain 
in the amino-terminal propeptide which results in a type II A procollagen [ 13 ]. This 
type IIA is expressed by immature chondrocytes but is not expressed in mature 
cartilage. In Collagen type IIB, which is present in mature cartilage exon 2 is spliced 
out. Collagen type II in mature cartilage is composed of three identical polypeptide 
chains, α 1  (II), and belongs to the fi bril forming class of collagens (class 1). Collagen 
Type II is synthesized and secreted as a procollagen precursor whose nonhelical 
extensions are removed by enzymes. During this process the large (35 kDa) chon-
drocalcin is released (The N-terminal propeptide). Hereafter the trimmed collagen 
is incorporated into the ECM where it is crosslinked. Within the deep layer of carti-
lage arcades of thick fi brils are formed whereas in the surface fi ne fi brils are arranged 
horizontally [ 8 ,  9 ] (Fig.  1.1 ). 

 Collagen type VI is only found in the pericellular matrix surrounding the chon-
drocyte [ 14 – 18 ]. The cell surrounded by hyaluronan and the layer of collagen type 
VI is called a “chondron”. Chondrons harbor and protect the chondrocytes from 
mechanical forces [ 19 – 21 ]. Collagen Type IX belongs to the class 3 short-helix 
molecules which may function as a connector between Collagen Type II fi bers 
 [ 22 – 26 ]. Collagen type XI is a class1 (fi bril forming) collagen and is coassembled 
in the heterotypic fi brils of articular cartilage [ 27 ]. The average half-life of colla-
gens in articular cartilage is calculated to be 117 years while the average half-life of 
skin collagens is 15 years [ 28 ].  

1.1.4     Other Important Matrix Components 

 Aggrecan is the name of an aggregating proteoglycan which consists of a central 
protein with multiple sulfated glycosaminoglycans (GAG’s), especially Ketatan 
Sulfate and Chondroitine Sulfate, covalently attached to it. The average half live of 
aggrecan molecules, measured with aspartic acid racemization is approximately 2 
years [ 29 ]. However aggrecan half live is different between the zones [ 30 ,  31 ]. 

 Hyaluronan is a long polymer of repeating disaccharides (Fig.  1.2 ). Aggrecan is 
bound to this polymer and the bond is stabilized by link protein. The high concen-
tration of anionic charge of the GAG’s has important biomechanical features. The 
negative charges repel each other which results in an expanded state of these large 
molecules. This expanded state ensures that these matrix molecules remain “cap-
tured” in the collagen network.

1.2         Cartilage Repair 

 Treatment of damaged cartilage can be grouped to four concepts of principle; the 
four R’s [ 32 ]. The joint surface can be; (i) resected, (ii) relieved, (iii) replaced or (iv) 
restored. A joint prosthesis is an example of joint replacement, joint distraction and 

P.J. Emans and L. Peterson
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osteotomies can induce joint relieve. Osteotomies are used to re-align the axis of 
loading in patients with a malalignment of the leg. By transferring the load to the less 
affected cartilage (e.g. previously less loaded/damaged cartilage) the damaged part 
is relieved. Arthodesis is an example of joint resection. For Tissue Engineering (TE) 
and Regenerative Medicine (RM) techniques the focus is on cartilage restoration. 

 Restoration implies methods to heal or regenerate the joint surface with or with-
out the subchondral bone into healthy hyaline articular cartilage. Three strategies 
can be considered when attempts are made to heal or restore cartilage. (I) Subchondral 
Drilling, Abrasion, and Microfracture (Fig.  1.3 ) are techniques to allow penetration 
of bone marrow through the subchondral bone into the defect of damaged cartilage 
[ 33 – 42 ]. Abrasion is removal of a mm thin superfi cial layer of the subchondral bone 
plate aiming to allow a capillary bleeding surface in the defect [ 43 ]. These tech-
niques may improve the clinical wellbeing of the patient and the joint surface defect 
may be healed to some extent. However the healing process is inadequate since no 
functional hyaline cartilage but fi brocartilage is formed [ 34 ,  42 ]. Nonetheless, these 
methods are cheap and easy to perform and are therefore seen as the currently best 
option to relieve the complaints. Other clinical studies have suggested that any ben-
efi cial effect is related to the arthroscopic procedure itself and the debridement of 
the damaged area. A nonspecifi c effect might be related to joint lavage rather than 
the penetration of the subchondral bone [ 44 ,  45 ]. In conclusion, these techniques 
may have some benefi t with regard to small defects but no effect has been proved in 
relation to large defects, osteoarthritic joints or older patients [ 38 ].

   (II) Implants vary from non-degradable and degradable implants, cells, perios-
teum or perichondrium, to Osteochondral Autograft Transfer System (OATS or 

Proteoglycan

Collagen type II fiber

Chondrocyte
Inter-GAGs repulsion

Inter-Proteoglycan repulsion

Negatively charged

Keratan sulfate

Chondroitin sulfate

Hyaluronan

Link protein

Aggrecan

300 nm

a b

  Fig. 1.2    Composition of the extracellular matrix of cartilage. ( a ) Schematic representation of dif-
ferent components of extracellular matrix of cartilage including the collagen fi bril network and 
proteoglycans. ( b ) Proteoglycans have the appearance of “bottle brush” structure. They contain the 
glycosaminoglycan (GAG) sidechains of chondrotoitin and keratan sulfate and are linked to a 
hyaluronan backbone via link proteins (Reprints of PhD thesis of M. Caron, with permission of 
M. Caron)       
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Mosaicplasty) (Fig.  1.3 ) and Osteochondral Allografts [ 46 – 52 ]. The biomaterials 
and periosteum can be combined with cells or growth factors. Periosteal Arthroplasty 
is an interesting way of treating cartilage defects since many have reported the 
chondrogenic potential of periosteum, but initially promising short term results 
seem to deteriorate over time [ 53 – 62 ]. More than 90 % of collagen type II in the 
hyaline cartilage formed in the cartilage defects treated with periosteal grafts has 
been reported in rabbit models [ 63 ]. Perichondrial arthroplasty used for human car-
tilage repair was fi rst described by Skoog et al. [ 64 ]. This technique has been 
reported to give an initial cartilage repair [ 65 ,  66 ]. On the long term poor results 
related to overgrowth of the graft and calcifi cation as reported by Bouwmeester 
et al. [ 67 ]. These authors concluded that a better fi xation of the graft might improve 
the results. In a study comparing periosteum with perichondrium, chondrogenesis 
was observed signifi cantly more using periosteal grafts [ 68 ]. 

 (III) Osteochondral Grafts can be divided in autologous and allogenic. 
Mosaicplasty or OATS involves harvesting one or more osteochondral plugs from a 

Microfracture Periosteal arthroplasty

Penetration of
subchondral 
bone

Periosteal flap

Mosaic plasty

of plugs

Cartilage lesion

Cartilage biopsy

Autologous chondrocyte transplantation

Biomemebrane of
Engineered carrier

ACT

Suspension of
chondrocytes

Chondrocyte culture
in vitro

or

Implantation

a b

c d

  Fig. 1.3    Currentcartilage repair techniques. ( a ) Schematic view of the microfracture procedure. 
( b ) Schematic view of the periosteal arthroplasty procedure. ( c ) Schematic view of the mosaic 
plasty procedure. ( d ) Schematic view of procedure of autologous chondrocyte transplantation 
( ACT ) or chondrocyte transplantation with an engineered carrier (Reprints of PhD thesis of 
M. Caron, with permission of M. Caron)       
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relatively less weight-bearing region of the joint and subsequent implantation of 
this graft into an articular defect. Possible donor site morbidity is bypassed if 
 osteochondral allografts are used [ 53 – 62 ]. However, when using allografts disease 
transfer from donor to recipient remain of concern. 

1.2.1     Cartilage and Tissue Engineering 

 Cartilage was identifi ed as a tissue for which it was thought to be possible to  recreate 
them in a laboratory setting using the combination of cell isolation culture tech-
niques and carrier materials. Combining technologies from material science, cell 
biology, and clinical needs has led to the rise of the fi eld of TE and RM. In the 
1960’s researchers proposed the idea of creating tissues in a laboratory which may 
replace damaged or diseased tissues and cell biologist observed that cells could sort 
themselves  in vitro  to populations with tissue-like characteristics [ 69 ]. Adding a 
structure (material) such as a collagen gel to fi broblast cultures was shown to further 
resemble structural characteristics of skin. Later the work of Peterson and co- 
workers showed that chondrocytes could be cultured and successfully be trans-
planted for the repair of cartilage defects [ 70 ]. This technique is entitled Autologous 
Chondrocyte Transplantation or Implantation (ACT or ACI). In the beginning of 
ACT no artifi cial structures were used to maintain the chondrocytes in the cartilage 
defect as an autologous periosteal fl ap was used for that purpose (Fig.  1.3 ). 
Optimization of ACT has led to the introduction of collagen meshes to support and 
maintain chondrocytes which were transplanted into the defect. Already earlier in 
the mid-1980s, Langer and co-workers proposed that biodegradable polymers could 
serve as a scaffold for the organisation and maturation of cells into the desired tis-
sues. As such it was proposed that this approach would enable engineering of 
thicker and hard tissues such as cartilage. The collaboration of scientists of different 
disciplines such as cell biology, biomaterials, biomechanics, engineering and trans-
lational medicine has already led to fruitful scientifi c achievements. And although 
cell therapies based on TE for skin and cartilage are commercially available, which 
apply to the defi nition of TE such as Carticel® and Epicel® of Genzyme, the initial 
expectations of TE and RM have not been met. Although some examples of suc-
cessful treatment by engineered tissues such as bladder and trachea can be found in 
the clinic, engineering tissues is not performed on a large scale [ 71 ,  72 ].  

1.2.2     Complete Engineering of Cartilage or Providing 
the Proper Impulses and Environment for Regeneration 
and/or Repair 

 In the approach to engineer tissues in a laboratory setting and subsequently 
 transplanting them into the body lies the key question; “ until what level should we 
engineer tissue and when should nature take over ?”. It is often the aim of many 
researchers to engineer a mature tissue which is directly able to take over the 
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function of the diseased tissue or organ. In nature a cascade of interactions occur 
during the process of tissue repair. During this process both the environment as well 
as the reparative tissue adapt to each other and the local biomechanical require-
ments. In such a manner both integration of repair tissue and tissue remodelling is 
achieved. The capacity of a mature TE tissue to adapt to the local needs such as 
integration, remodelling, etc. is lower than a relatively less mature tissue. In addi-
tion, in order to create a robust and thicker tissue, the use of scaffolds, growth fac-
tors and more differentiated cells may be inevitable. However it remains the question 
whether the local environment is able to adapt in an appropriate manner to all non-
physiological stimuli which are introduced. Per example how does the normal tis-
sue remodelling, repair and integration respond to a scaffold which alters local 
biomechanical stimuli which are known to be essential for tissue remodelling? How 
do transplanted and environmental cells respond to material properties such mate-
rial surface, breakdown products, architecture etc.? How does the normal fi ne-tuned 
orchestra of tissue repair respond to transplanted cells which are normally not pres-
ent at a certain phase of tissue repair? Since it is largely unknown what this local 
effect is and how these factors contribute in it, a clear shift is observed in the 
attempts to repair tissue. This shift includes more specifi c natural stimuli which 
trigger and enhance the regenerative capacity of the tissue itself. Injection of stem 
cells or progenitor cells (cell therapies), and the induction of regeneration by bio-
logically active molecules can all be regarded as an example of Regenerative 
Medicine (RM). For both TE and RM it becomes more and more evident that study-
ing the underlying natural and developmental processes of cartilage and bone can 
serve as a blueprint to identify important cell sources, biochemical, biomechanical, 
structural stimuli and timing thereof. It is expected that insight in these biological 
mechanisms will enhance the progress in the fi eld of cartilage repair and perhaps 
also in prevention of cartilage degradation as can be seen in primary OA and post-
traumatic, secondary OA.   

1.3     Challenges in Cartilage Repair 

1.3.1     Biological Surgery 

 Currently most of the orthopaedic surgery consists of replacing or supporting dam-
aged tissues. This is often done by sutures, anchors, plates, screws, nails and artro-
plastic implants. The biological and mechanical properties of these materials are 
defi ned. In contrast when transplanting living tissue (e.g. cells with or without sup-
porting scaffold, pieces of tissue, or whole bone/cartilage transplants), important 
factors of such (biological) age of the donor, (biological) age of the recipient, weight 
of the recipient, number of preceding procedures, leg alignment, size, containment, 
and location of the cartilage defect, status of the meniscus and the ligaments, and 
status of the subchondral bone all play an important role when making a decision if 
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cartilage repair is possible and which treatment is optimal for this particular patient. 
Rather than results of randomized clinical trials, it is due to the experience of large 
volume surgeons, results found in large cohorts, fi ne-tuning of techniques and indi-
cations that have led to a treatment algorithm [ 73 ]. Therefore the biological surgeon 
distinguishes him/herself from the “classic orthopaedic surgeon” in such a manner 
that the biological surgeon should have knowledge not only in the fi eld of biome-
chanics, materials and surgical procedures but also should have an insight in the 
fi eld of joint homeostasis and (cell)biology as well as time for repair and regenera-
tion of different tissues involved. One of the fi rst examples of biological surgery 
may be the Anterior Cruciate Ligament (ACL) reconstruction in which the (biologi-
cal) age of the patient, type of graft, etc. play an important role in the success of this 
procedure. Since insight in joint biology, joint homeostasis, the interaction between 
cartilage and its subchondral bone are all essential for successful cartilage repair, 
cartilage repair is the ultimate example of biological surgery (see Chaps.   8    ,   9    ,   10    , 
  11    , and   12    ). The genesis of ACT and thus of biological surgery is illustrated by 
Chap.   10    . It is the unique interaction between clinicians, biomechanical engineers, 
biologists, material experts that will lead to new therapies for both cartilage repair, 
meniscal repair and OA. This interaction can be found in the ICRS.  

1.3.2     Recapitulating the Mechanical Properties of Cartilage 

 As mentioned before, during the rise of the fi eld of TE, cartilage was indicated to be 
a tissue which was suitable to engineer in the laboratory. This expectation was due 
to the fact that cartilage exists of only one cell type which was thought to lack com-
plex functions, different specialized cells, and different sub-specialized tissues 
which can be seen in other organs such as brain, liver, heart etc. The chondrocyte is 
the only cell type which produces its own matrix. The chondrocytes can be har-
vested and redifferentiate hereafter and produce their own matrix in monolayer, 
three dimensional culture systems and carriers such as different scaffolds. The same 
can be done with stemcells originating from different sources [ 74 ]. The role of 
stem-cells is discussed in Chaps.   3     and   17    . The challenge is to produce cartilage 
with comparable mechanical properties as mature hyaline cartilage and that the 
newly produced cartilage in the end reach the same metabolic tissue turnover as 
the surrounding normal cartilage. Hyaline cartilage has a unique structure which to 
the best can be compared with the opera house of Sidney in which tension wires 
which hold the typical arch like structure. In cartilage these arches can also be found 
and the tension wires consist of collagen type II, the hydrostatic pressure to tension 
the collagen type II fi bers is provided by the negative charges of aggrecans main-
taining a high concentration of water. It seems that this unique structure is formed 
starting from embryology to adolescence [ 75 ]. During this period it appears that in 
the human the architecture is formed going from unloaded to partially loading in the 
period of embryology until taking the fi rst steps as a baby to full loading but no 
impact during the age of 2–3 years where jumping and running are still diffi cult to 
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an increased loading in the following years. During this whole period the cartilage 
is also exposed to fl exion and extension, combined with the intermitted hydrostatic 
loading. Finite element analysis has predicted that sliding indentation is the under-
lying loading regime which results in the architecture and thus mechanical proper-
ties of cartilage [ 76 ,  77 ]. This process of adaptation to mechanical forces is well 
known in bone but in contrast to bone the adaptive and regenerative capacity of 
cartilage is very limited and the formation of the proper architectural structure and 
mechanical properties remain troublesome. However it must be emphasized that 
cartilage and the subchondral plate and trabecular bone are developed together and 
act as a functional unit. Engineering cartilage which is comparable to native carti-
lage seems very diffi cult especially if one does not have insight in the importance of 
the bone as a part of cartilage function. Optimization of bioreactors may further 
optimize the mechanical properties of the engineered graft prior to implantation. An 
insight in the requirement and development of such bioreactors is given in Chap.   5    . 
Except for osteochondral autograft (which often lack the desired surface radius) and 
osteochondral allografts (which are discussed in Chaps.   8     and   9    ), restoration of the 
biomechanical properties of native cartilage is essential for (long term) success. 
Since it seems hardly possible to create this tissue by TE principles in a laboratory, 
an adequate biomechanical environment after implantation in a defect seems essen-
tial. In that perspective the status of the meniscus and possible repair of the menis-
cus (see Chap.   12    ), the weight of the patient, the alignment of the leg, stability of the 
joint, and the post operative loading regime should all be evaluated and optimized. 
Novel development in the area of high resolution imaging techniques enable 
 monitoring the repair process but also the possible differentiation in fi brous tissue 
and/or bone (interlesional osteophytes), and the development of the proper archi-
tecture. This will provide novel insights and further improvement in the fi eld of 
cartilage repair. These emerging imaging techniques are discussed in Chap.   7    . 
Reports indicate that the properties of repaired cartilage after repair by Matrix 
Assisted Chondrocyte Implantation are superior to microfracture [ 78 ].  

1.3.3     The Need to Keep Cells in Their Desired 
Chondrogenic Lineage? 

 For both chondrocyte based therapies as well as stemcell based therapies formation 
of fi brotic tissue, fi brocartilage, formation of hypertrophic cartilage, and formation 
of bone(intralesional osteophytes) have been described [ 79 ]. It is therefore essential 
that cells do not (de)different into fi broblast like cells or hypertrophic chondrocytes 
both prior to implantation or after implantation or recruitment into the cartilage 
defect. Especially when using progenitor cells for cartilage repair, ossifi cation of the 
repaired tissue may occur which in turn may impair clinical results. Due to the 
potential of being a one step procedure the use of cartilage grafts and/or minced 
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cartilage seem attractive. These techniques remain to be proven and are described in 
Chap.   18    . Unwanted ossifi cation resulting in interlesional osteophytes has also been 
described when minced cartilage is used for cartilage repair [ 79 ]. Examples of ossi-
fi cation and formation of interlesional osteophytes when applying stemcells are 
microfracture and periosteum or perichondrium plasty [ 53 ,  54 ]. These fi ndings 
illustrate that maintaining differentiated progenitor cells in their chondrogenic lin-
eage remains challenging in cartilage repair. It appears that more than chondrocytes, 
progenitor cells have the tendency to follow the different phases of endochondral 
ossifi cation towards hypertrophy and mineralisation when triggered to differentiate 
into cartilage. However due to their potential the use of progenitor cells remains 
attractive to explore (see Chap.   17    ). As such keeping cells in their desired differen-
tiation state is of the utmost importance when applying these cells for RM 
purposes. 

1.3.3.1     Methods to Infl uence Post Transplantation Differentiation 

 Identifi cation and selection of chondrocytes capable to redifferentiate and possibly 
maintain their chondrogenic phenotype may be a fi rst step to prevent unwanted 
fi brous or hypertrophic differentiation. An example of such an identifi cation and 
selection is described in Chap.   17    . Using paracrine factors of cells may be another 
method to infl uence optimal differentiation and tissue formation. Findings of 
Hendriks and co-workers showing that chondrocytes stimulate bone marrow stem 
cells towards chondrogenesis when both cell types are co-cultured [ 80 ]. These fi nd-
ings were later bolstered by Fisher and coworkers showing that human articular 
cartilage-derived soluble factors and direct co-culture are potent means of improv-
ing chondrogenesis and suppressing the hypertrophic development of progenitor 
cells [ 81 ]. In this study and other work of the group of Richter the PTHrP is an 
important candidate soluble factor involved in this effect. PTHrP is primarily known 
as a key regulator in the process of endochondral ossifi cation. Other (growth)factors 
have also been described as potential stimuli to optimize both the microenvironment 
of transplanted or invading cells and the joint homeostasis. These anabolic and cata-
bolic factors are discussed in Chaps.   2    ,   3    , and   4    . It is recently shown that cyclooxy-
genases (COX) inhibitors are also able to decrease hypertrophy of chondrocytes 
[ 81 ]. Studying the process of endochondral ossifi cation and further unravelling how 
and why articular chondrocytes maintain their phenotype and prevent from hyper-
trophy may enhance cartilage repair techniques by generating stable cartilage 
among which does not lead to intralesional osteophytes (Chap.   3    ). Another impor-
tant factor may be the infl uence of the carrier material. Both its biochemical proper-
ties, biomechanical properties and breakdown products infl uence cell differentiation 
and tissue formation. Several biomaterials are discussed in Chap.   6    . In summary 
optimizing cells, their microenvironment and the total joint homeostasis may fur-
ther increase the outcome of cartilage repair techniques.    
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1.4     Prevention and Change of Diagnosis of Cartilage Defects 

 Since cartilage disorders are found in 63 % of all arthroscopic procedures [ 82 ] 
and in an even larger percentage of athletes cartilage lesion are found (see 
Chap.   14    ). This illustrates that a large percentage of the population probably 
has, to some extend, damaged cartilage. Since cartilage is avascular and does 
not contain nerves most of these patients remain undiagnosed until the damaged 
joint becomes painful or progresses to posttraumatic OA. In contrast to osteo-
porosis there is no riskprofile which can predict which patient has damaged 
cartilage, which patient has (asymptomatic) OA, which patient will develop 
OA, and what the progression of cartilage damage and/or OA will be. Studies 
which change the load of an OA knee such as an osteotomy or distraction, seem 
to illustrate that some form of tissue regeneration takes place [ 83 ]. If this tissue 
is (healthy) articular cartilage is still subject of ongoing studies. However, these 
findings together with the possibility to monitor cartilage with better imaging 
techniques (Chap.   7    ) challenge the field in; (i) defining riskprofiles for develop-
ment of cartilage damage such as cartilage defects and even more for primary 
OA, and (ii) prevention and developing therapies in early and asymptomatic 
patients at risk. Since virtually only symptomatic cartilage damage is diag-
nosed, it is unknown if damage to cartilage may be reversible. Karsdal and 
coworkers showed that cartilage degradation is completely reversible in the 
presence of high levels of aggrecanase-mediated aggrecan degradation but that 
there is an impaired repair capacity after induction of MMP-mediated aggrecan 
and collagen type II degradation [ 84 ]. The change from diagnosing cartilage 
disorders in a rather late stage to diagnosing cartilage disorders in an early per-
haps asymptomatic stage, together with novel insight in cartilage biology, stem-
cell biology, upcoming cartilage repair techniques, and established cartilage 
repair techniques may, to some extend, challenge the statement that “cartilage 
once damaged does not heal”.  

1.5     Conclusion 

 Cartilage is a unique tissue which is essential for our physical and even mental 
health since cartilage is involved in functions such as breathing, hearing, articula-
tion and locomotion. Since cartilage has no or a very limited capacity for self-repair 
it is paramount to improve current cartilage repair strategies and develop novel 
cartilage repair strategies. For this purpose it is important to combine the knowl-
edge and input of clinicians, clinical researchers and basic scientists, engaged or 
interested in the fi eld of cartilage biology, imaging, cartilaginous tissue engineering 
and translational clinical approaches to treatment of cartilage pathologies. All these 
aspects are described in this book.     
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    Abstract     The restoration of damaged articular cartilage remains one of the 
 biggest challenges in modern clinical orthopaedics. There is no pharmacological 
treatment that promotes the repair of cartilage, and non-operative treatment 
 inevitably leads to the development of premature osteoarthritis. Current treatment 
modalities include microfracture, transplantation of osteochondral grafts and 
autologous chondrocyte implantation (ACI), each having its own benefi ts and 
shortcomings. New biological approaches to cartilage repair that are based on the 
use of cells and molecules that promote chondrogenesis and/or inhibit cartilage 
breakdown offer a promising  alternative to current treatment options. 
Chondrogenesis is a precisely orchestrated process which involves many growth 
factors and signaling molecules, and by  modifying the local cellular environment, 
it is possible to enhance formation of more natural cartilage tissue within the 
defect. These bioactive molecules are diffi cult to administer effectively. For those 
that are proteins or RNA molecules, gene transfer has emerged as an attractive 
option for their sustained synthesis at the site of repair. To accomplish this task, 
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two main strategies have been explored. The direct or  in vivo  approach delivers 
exogenous DNA directly into the joint. In this case synovial lining cells are the 
main site of gene transfer; depending on the vector, cells around or within the 
defect may also be genetically modifi ed. During indirect or  ex vivo  delivery, cells 
are recovered, genetically manipulated outside the body, and then returned to the 
defect. Delivery of the genetic material to the living cell can be accomplished by 
use of either viral or non-viral vectors. While viral vectors are much more effec-
tive, they raise several safety concerns. Numerous preclinical animal studies have 
confi rmed the effectiveness of these approaches in joints, and several phase I and 
II clinical gene therapy studies in the local treatment of arthritis provide reason 
for cautious optimism. This chapter will provide insight into the fi eld of gene 
therapy in cartilage repair, and its potential for safe and effective clinical 
translation.  

  Keywords     Cartilage defects   •   Gene therapy   •   Vectors   •   Growth factors       

 Key Points 
•     Although the lack of a natural repair process in cartilage is not due to a 

single, recessive gene, regeneration may be stimulated by gene transfer.  
•   There is plethora of possible candidate genes for promoting chondrogene-

sis, cell proliferation, maturation and matrix synthesis along with the inhi-
bition of cartilage degradation.  

•   Gene therapy requires a dependable and safe delivery system to carry the 
therapeutic gene(s) into the target cells where they will be expressed.  

•   Transduction is application of viral vectors while the use of non-viral vec-
tors is called transfection.  

•   There are two main strategies for gene delivery to joint cells: a direct, or  in 
vivo , and an indirect, or  ex vivo , approach.  

•   The duration and level of gene expression are important aspects of gene 
therapy. Cartilage repair would likely require modest levels of transgene 
expression for limited periods of time, which is more easily achieved than 
long-term expression.  

•   Articular chondrocytes and mesenchymal stem cells (MSCs) are currently 
the two most promising cell types for transplantation approaches.  

•   When speculating on the possible vector system to be used in clinical 
translation, recombinant adeno-associated viruses (AAV) seem like the 
most likely candidate.    

A. Ivkovic et al.
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2.1     Introduction 

 Gene therapy is based on the premise that it is possible to compensate for a 
 defective gene in a recessive Mendelian disease by the delivery and expression of 
a functional one. The fi rst successful gene therapy clinical trial took place in the 
United States in 1990 involving two patients who suffered from a rare immune 
disorder called adenosine deaminase severe combined immunodefi ciency 
 (ADA-SCID). By using retrovirally-mediated transfer of wild-type adenosine 
deaminase (ADA) cDNA into the T cells of the patients, it was possible to normal-
ize the number of blood T cells, as well as to improve and normalize many cellular 
and humoral immune responses [ 1 ]. Gene therapy for ADA-SCID and X-linked 
SCID has now become the standard of care for these diseases. Promising clinical 
data have recently been published for hemophilia, β-thalessemia, Leber congenital 
amaurosis, and lipoprotein lipase defi ciency [ 2 – 6 ]. These successes validate the 
concept of using gene therapy for monogenetic, recessive diseases where a single, 
defi ned gene is defective. But it is diffi cult to apply to cartilage repair because its 
lack of a natural repair process is not due to a single, recessive gene and there is no 
obvious candidate, single therapeutic gene. 

 For a very long time articular cartilage was thought of as a quiscent tissue with 
no possibility of regeneration after injury. The realization that cartilage is a meta-
bolically active tissue, with various matrix components continually being turned 
over at different rates, has created the paradigm shift of using biological approaches 
to repair cartilage. Tissue remodelling involves co-ordinated production of matrix 
metalloproteinases (MMPs) and the ADAMTS (A Disintegrin And Metalloproteinase 
with Thrombospondin Motifs) family of proteinases, coupled to the synthesis of 
new proteoglycans and proteins. Molecules involved in cartilage matrix breakdown 
include MMP-1 (collagenase-1), MMP-3 (stromelysin- 1), MMP-9 (gelatinase 92 
kD), and MMP-13 (collagenase- 3). The activity of these proteinases is restrained 
by the action of tissue inhibitors of metalloproteinases (TIMPs). Many factors are 
involved in regulation of cartilage turnover (Table  2.1 ). These include humoral fac-
tors such as insulin-like growth factor-1 (IGF-I) and cytokines including interleu-
kin- 1 (IL-1), tumor necrosis factor (TNF), and transforming growth factor β (beta) 
(TGF-β (beta)), which are produced by chondrocytes, synovial cells and other cells 
found within joints. With age, articular chondrocytes loose their function; their ana-
bolic and mitotic activities decline, expression of senescence-associated enzymes 
increases and telomere length decreases; aggrecans decrease in size and aggrega-
tion, and collagen cross linking increases [ 7 – 12 ]. These are associated with struc-
tural changes such as fi brillation and thinning of cartilage and decline of surface 
repair.

   Spontaneous repair of chondral defects is very limited while osteochondral 
defects involving underlying bone fi ll with bone marrow that clots, leading to heal-
ing with fi brous tissue, or, at best, fi brocartilaginous tissue. Such articular defects 
predispose to osteoarthritis (OA). There is no pharmacological treatment for carti-
lage defects, and current surgical modalities include microfracture, transplantation 

2 Gene Therapy in Articular Cartilage Repair
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of ostechondral grafts and various cell-based options (ACI being the most common) 
with or without a scaffold, each having its own benefi ts and shortcomings [ 13 ]. If 
chosen wisely, each of these techniques may yield good clinical results in terms of 
pain reduction and improvement of joint function. However, to date none of the 
proposed techniques results in production of fully matured hyaline cartilage, and 
there is a continuing need for new and innovative approaches to treat cartilage 
defects. 

 Biological approaches that are based on the use of cells and molecules that pro-
mote chondrogenesis and/or inhibit cartilage breakdown offer promising, novel 
treatment options and form a good basis for the application of gene therapy in artic-
ular cartilage repair. Stimulation of chondrogenesis, cell proliferation, maturation 
and synthesis of an authentic extracellular matrix, along with the inhibition of car-
tilage degradation, are the main strategies employed to accomplish this task. All of 
these processes are complex, being regulated by a number of different molecules; 
hence there is a plethora of possible candidate genes for promoting cartilage repair. 
Selecting the appropriate gene for this purpose is a major challenge to using gene 
therapy for repairing cartilage.  

2.2     General Principles of Gene Therapy 

 Gene therapy requires a dependable and safe delivery system to carry the therapeu-
tic gene(s) into the target cells where they will be expressed. Commonly used vec-
tors can be viral or non-viral (Table  2.2 ). When viral vectors are applied, gene 
delivery is called transduction; the use of non-viral vectors is called transfection. 
Transfection can occur through natural processes, such as endocytosis, and 

     Table 2.1    Mechanisms of action and candidate genes for cartilage repair   

 Mechanism of action  Candidate gene  References 

 Anabolic factors  Chondrogenic transcription factors: SOX5, SOX6, SOX9  [ 13 ,  23 – 31 ] 
 Growth factors:  [ 10 ,  32 – 36 ] 
 IGF-1  [ 37 – 40 ] 
 BMP-2, -4, -7  [ 32 ,  41 – 48 ] 
 TGF-β  [ 49 ,  50 ] 
 FGF-2 

 Anticatabolic factors  Inhibition of proinfl ammatory cytokines:  [ 21 ,  51 ,  52 ] 
 IL-1Ra  [ 53 – 55 ] 
 sIL-1R 
 sTNFR 

 Cytoprotection/
Proliferation 
factors 

 Inhibition of apoptosis: bcl-2  [ 67 ] 
 Heat shock proteins:  [ 24 ,  26 ] 
 HSP70, GRP78  [ 69 ,  70 ] 
 Telomerase: hTERT  [ 63 ] 
 Cell cycle regulator: p21 

A. Ivkovic et al.
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effi ciency can be enhanced by physical methods, such as electroporation, the use of 
a gene gun, and liposomes [ 14 – 19 ]. While non-viral vectors are perceived to be 
safer and easier to manufacture, viral vectors are much more effi cient.

   Recombinant retroviruses, such as those derived from Moloney murine leukemia 
virus, were the fi rst to be used in human gene therapy clinical trials. Even though 
they ensure persistence of the transgene within transduced cells, they infect only 
dividing cells [ 20 ]. Another important property is the random integration of retrovi-
ral genetic material into the host genome, an event that might lead to insertional 
mutagenesis and the activation of tumor genes [ 21 ]. Lentivirus, a specifi c class of 
retrovirus that includes Human Immunodefi ciency Virus, does not require host cell 
division for effi cient transduction. These vectors transduce synovium very effec-
tively after intra-articular injection but, like other retroviruses, pose the risk of inser-
tional mutagenesis [ 22 ,  23 ]. Non-integrating lentiviral vectors have been developed 
to overcome this concern. 

 Recombinant adenoviruses have been the vectors most commonly used in clini-
cal trials. They deliver their genomes as episomes, infect both dividing and non- 
dividing cells, and have large carrying capacity. However, they tend to excite a 
strong immune response and normally this leads to short-term transgene expression 
because transduced cells are cleared by the immune system. 

 Recombinant AAV present several advantages as gene delivery vehicles. Because 
wild-type AAV produces no known human diseases, they are perceived to be safe, 
and their DNA is maintained in a stable, episomal form in the nuclei of cells they 
transduce. Various serotypes of AAV have been shown to transduce chondrocytes, 
MSCs and synoviocytes. New technologies have enabled easier production of AAV 
[ 24 – 28 ]. 

 Regardless of the vector used, there are two main strategies for gene delivery to 
joint cells: a direct, or  in vivo , and an indirect, or  ex vivo , approach.  In vivo  delivery 
is a simpler, less costly, one-step procedure in which vectors are delivered straight 
into the joint and can modify all available cells. A disadvantage of this strategy is 
that vectors are introduced into the patient where their subsequent activity cannot be 
easily controlled. Using  ex vivo  approaches allows for better control of gene trans-
fer. Cells are genetically modifi ed outside the body and then introduced into the 
joint. Although nominally safer, this approach is more complex and expensive than 
the  in vivo  approach. The choice of delivery method is based on a number of con-
siderations including the type of the vector to be used, the transgene and the target 
cells. Delivery of growth factors might be more effective and safer when limited to 
the defect itself; implantation of cells that have been genetically modifi ed outside of 
the body might better accomplish such localized delivery. 

 The duration and level of gene expression are additional, important aspects of 
gene therapy, which are defi ned by the therapeutic application. For example, certain 
monogenic diseases such as lysosomal storage diseases (e.g., Gaucher’s disease) or 
osteogenesis imperfecta may require life-long expression of corrected gene in order 
to produce sustained clinical improvement [ 29 ]. On the other hand, treatment of 
malignant diseases may require very large amounts of transgene expression for very 
limited periods of time, in order to eliminate tumor cells without causing signifi cant 
adverse effects [ 30 ]. Along these lines, cartilage repair would likely require modest 
levels of transgene expression for limited periods of time, which is more easily 
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achieved than long-term expression [ 31 – 33 ]; indeed, this may already be achievable 
using current technology. 

 Depending on the application, regulation of transgene expression may be impor-
tant. One option is to use exogenous molecules to control transgene expression. 
Tetracycline-controlled activation of transgene expression is the most commonly 
used system in eukaryotic cells [ 34 ]. For this system, transcription is reversibly 
turned either on or off (Tet-On or Tet-Off) in the presence of the antibiotic tetracy-
cline or one of its derivatives (e.g. doxycycline). An alternative strategy relies on the 
natural responsiveness of selected promoters to endogenous stimuli, such as pro- 
infl ammatory cytokines. In theory, such systems could be activated in the presence 
of certain pathophysiological events e.g. exacerbation of OA or rheumatoid arthritis 
(RA) [ 35 ].  

2.3     Candidate Genes for Therapeutic Intervention 

 A vast number of bioactive cues are known to be involved in the process of chon-
drogenesis and the maintenance of cartilage homeostasis. Although these signals 
are pleiotrophic, interactive and redundant, here they will be described according to 
their principal mechanism of action (Table  2.1 ). 

2.3.1     Anabolic Factors 

  Chondrogenic transcription factors  ( Sex determining region Y -  box 5 ,  6 ,  9  ( SOX5 ,  6 , 
 9 )). A variety of transcription factors have been enlisted in attempts to stimulate 
anabolic pathways in cartilage. With regard to anabolic transcription factors, most 
of the focus has been placed on targeting the SOX genes, SOX9 and co-factors 
SOX5 and SOX6, which are essential for chondrocyte differentiation and cartilage 
formation. During embryogenesis, SOX9 is expressed in all chondroprogenitor 
cells and its expression coincides with expression of collagen II [ 36 – 38 ]. Human 
chondrocytes from OA cartilage have been successfully transduced with retro-, 
lenti-, adeno- and AAV carrying SOX genes.  In situ  overexpression of SOX9 in 
normal and OA articular cartilage stimulated proteoglycan and type II collagen syn-
thesis in a dose-dependent manner. These effects were not associated with changes 
in chondrocyte proliferation. These effects of SOX genes have been shown in MSCs 
derived from bone marrow and adipose tissue [ 19 ,  39 – 44 ]. 

  Growth factors  ( IGF - I ,  bone morphogenic proteins  ( BMPs ),  TGF - β  ( beta ),  fi bro-
blast growth factor  –  2  ( FGF - 2 ),  growth differentiation factor – 5  ( GDF - 5 )). 
Numerous growth factors have been employed in attempts to stimulate anabolic 
pathways in cartilage. IGF-I is expressed in developing and mature cartilage; it 
stimulates both cell proliferation and synthesis of aggrecan and collagen type II. 
Also, IGF-I is a survival factor for chondrocytes. It cannot induce cartilage forma-
tion from MSCs, however, so its principal target cells are chondrocytes [ 45 ,  46 ]. 
Transfection of articular chondrocytes with a plasmid vector containing the cDNA 
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for human IGF-I and subsequent transplantation of transfected cells onto the surface 
of articular cartilage explants led to the formation of a new tissue layer on the carti-
lage explant surface. Subsequent analysis showed thicker cartilage, higher percent-
age of collagen type II, and increased DNA and glycosaminoglycan (GAG) synthesis 
in the underlying explants [ 47 ]. Allogeneic chondrocytes transfected with plasmid 
IGF-I and encapsulated in alginate have been transplanted into rabbit osteochondral 
defects, leading to improved articular cartilage repair and acceleration of the forma-
tion of the subchondral bone after 14 weeks [ 16 ]. Intra-articular injection of adeno-
viral vector expressing human IGF-I promoted proteoglycan synthesis without 
signifi cantly affecting infl ammation or cartilage breakdown in rabbits. In addition, 
no adverse effects were observed 7 days after the treatment [ 48 ]. Recombinant 
AAV-mediated overexpression of IGF-I proved to have long term anabolic effects 
on chondrocyte cultures from human OA cartilage [ 49 ]. 

 Chondrogenic differentiation, maturation and maintenance feature among the 
wide-ranging biological activities of BMPs. BMP-2, -4 and -7 have been mostly 
investigated in the context of cartilage regeneration. Both chondrocytes and MSCs 
of different origins have been successfully transduced with these genes. For exam-
ple, chondrocytes modifi ed with adenovirus carrying BMP-7 were transplanted 
onto cartilage explants and maintained  in vitro . After 3 weeks, thicker neotissue was 
formed, positive for type II collagen and proteoglycan but negative for type X col-
lagen [ 50 ]. When this method was used  in vivo  in an equine model, early post- 
treatment results were very positive, similar to those found in an  ex vivo  model. 
However, 8 months later the results were disappointing. Few implanted cells per-
sisted and there was no difference between repair tissue in controls and BMP-7 
treated animals [ 51 ]. With the use of MSCs retrovirally transduced to express 
BMP-4 in a rat model, cartilage repair was better than in controls after 6 months 
[ 52 ]. Side effects of BMP gene transfer to joints include osteophyte formation as a 
result of BMP-transfected cells engaging the synovium, and causing the differentia-
tion of MSCs towards hypertrophic chondrocytes and osteoblasts [ 53 ]. 

 All three isoforms of TGF-β (beta) have potent chondrogenic properties. They 
stimulate matrix synthesis and mitosis of chondrocytes and induce MSC differentia-
tion into chondrocytes [ 45 ]. Adenoviruses, retroviruses, AAV and plasmids have 
been successfully employed in the genetic modifi cation of chondrocytes and MSCs 
with TGF-β (beta). Chondrocytes modifi ed to overexpress TGF-β(beta)1 increase 
their hyaline extracellular matrix synthesis in culture [ 54 ,  55 ]. Repair of cartilage 
was achieved  in vivo  when bone marrow MSCs modifi ed with adenovirus and plas-
mid to express TGF-β(beta)1 were implanted into chondral and ostechondral defects 
[ 56 ,  57 ]. Moreover, retrovirally transduced allogenic chondrocytes expressing TGF- 
β(beta)1 were successully introduced into the joints of patients with OA in a clinical 
trial [ 58 ]. However, TGF-β(beta)1, either applied directly as a protein or via local 
overexpression, is not suitable for direct intraarticular application as it triggers 
adverse synovial reactions [ 59 – 61 ]. 

 FGF-2 is a potent chondrocyte mitogen.  In vitro  and  in vivo  studies have shown 
that FGF-2 gene transfer may be applicable for the treatment of articular cartilage 
disorders in which cellular repopulation is a therapeutic goal. This benefi cial effect 
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is mediated primarily through fi broblast growth factor receptor 3 (FGFR3), while 
some anti-anabolic effects observed are mediated primarily through fi broblast 
growth factor receptor 1 (FGFR1) [ 62 ]. Combined transfection of other anabolic 
factors with FGF-2 improved cartilage healing  in vivo  and less degenerative changes 
were observed in adjacent cartilage tissue [ 63 ]. 

 GDF-5, (BMP-14 or cartilage derived morphogenic protein – 1(CDMP-1)) is 
known to be an important regulatory factor during the embryologic development of 
the appendicular skeleton and has been shown to be involved in chondrogenesis 
[ 64 – 66 ]. It promotes aggregation of mesenchymal cells and enhances chondrocyte 
differentiation during develeopment and in adult MSCs [ 67 – 70 ]. Bone derived 
MSCs transfectes with GDF-5 gene enhanced the repair of osteochondral defects 
[ 18 ]. Two different studies successfully injected adenovirus particles carrying the 
GDF-5 gene in rat tendons and mice degenerated discs respectfully, causing healing 
in terms of higher collagen II and GAG content [ 71 ,  72 ].  

2.3.2     Anticatabolic Factors 

  Inhibition of proinfl ammatory cytokines  ( interleukin - 1 receptor antagonist  ( IL - 
1Ra    ),  soluble interleukin - 1 receptor  ( sIL - 1R ),  soluble tumor necrosis factor recep-
tor  ( sTNFR )). IL-1Ra was the fi rst gene used in a clinical trial for gene therapy in 
joint diseases, paving the path for other genes to follow [ 73 ,  74 ]. Infl ammatory 
cytokines are highly expressed in RA and their role in OA is increasingly appreci-
ated. Their activities have been successfully reduced in animal models of OA and 
RA, by transfer of genes encoding IL-1Ra, sIL-1R, sTNFR, mostly by delivering 
them directly into the joint using different viral and non-viral vectors [ 27 ,  75 – 79 ]. 
This protected hyaline matrix synthesis, thereby promoting cartilage repair. Since 
enhanced matrix breakdown may result from both biological and biomechanical 
signaling, the most effective control of degradation could be achieved by increase of 
downstream regulators such as TIMPs. Up-regulation of the gene for TIMP is a 
logical approach to the inhibition of MMP-mediated cartilage degradation. Certain 
members of the ADAMTS family are also inhibited by TIMPs. Chondrocytes and 
synovial fi broblasts have been transduced  in vitro  with the TIMP-1 gene and inhibi-
tor IkappaBalpha respectively which resulted in the decreased activity of several 
MMPs [ 80 ,  81 ].  

2.3.3     Cytoprotection/Proliferation Factors 

 Additional genes of recent interest for improving cartilage repair are those that 
affect the senescence and life cycle of chondrocytes, protecting these cells from 
stressful stimuli and apoptosis. Chondrocytes have been successfully modifi ed with 
B-cell lymphoma 2 (BCL-2) [ 82 ], 70 kDa heat shock protein (HSP70) [ 83 ], human 
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telomerase reverse transcriptase (hTERT) and 78 kDa glucose-regulated protein 
(GRP78) [ 84 ,  85 ] target genes  in vitro . HSP70 has also been evaluated  in vivo . This 
therapy resulted in cytoprotection and better extracellular matrix synthesis. 
Synoviocytes, adenovirally transduced with cyclin dependent kinase inhibitor 1 
(p21), down regulate expression of several infl ammatory cytokines including IL-1β 
(beta), as well as MMP-1 and -3 [ 86 ]. There are numerous studies showing that the 
best anabolic response can be achieved with combinations of genes encoding 
 different factors [ 63 ,  87 – 89 ].  

2.3.4     Post Transcriptional Gene Regulation: MicroRNAs 

 MicroRNAs are the focus of emerging novel therapeutic strategies, including for 
cartilage repair. MicroRNAs form a class of non-coding, single strand RNAs that 
regulate gene expression at the post-transcriptional level by binding to specifi c 
sequences within target transcripts. MicroRNAs can act as both positive and nega-
tive factors in cartilage homeostasis [ 90 ,  91 ]. Studies on human chondrocytes and in 
animal models have shown that microRNAs have roles in chondrogenensis and both 
the anabolic and catabolic events of articular metabolism. During chondrogenesis, 
microRNA-140 expression in MSC cultures increases in parallel with the expres-
sion of SOX9 and collagen type II, alpha 1 (COL2A1). Normal human articular 
cartilage express microRNA-140, but this expression is signifi cantly reduced in OA 
tissue.  In vitro  treatment of chondrocytes with IL-1β (beta) suppresses microRNA-140 
expression. Conversely, transfection of chondrocytes with microRNA-140 down- 
regulates IL-1β (beta)-induced ADAMTS5 expression [ 92 – 95 ]. 

 MicroRNA-145 has shown to affect differentiation of MSCs by acting directly 
on SOX9. Overexpression of microRNA-145 in MSCs decreases the expression of 
COL2A1, aggrecan (AGC1), cartilage oligomeric matrix protein (COMP), collagen 
type IX, alpha 2 (COL9A2), and collagen type XI, alpha 1 (COL11A1), and reduces 
GAG contents synthesis. In contrast, the inhibition of microRNA-145 signifi cantly 
enhances the mRNA expression of the aforementioned genes and increases GAG 
production [ 96 ,  97 ]. MicroRNA-145 acts as a direct SOX9 repressor in normal 
healthy human articular chondrocytes. Experimentally increased microRNA-145 
levels cause greatly reduced expression of tissue-specifi c microRNAs 
(microRNA-675 and microRNA-140), while increasing levels of the hypertrophic 
markers Runt related transcription factor 2 (RUNX2) and MMP13, characteristic of 
the changes occurring in OA [ 98 ]. 

 Additional microRNAs have begun to be identifi ed as having a role in cartilage 
homeostasis. Yamasaki et al. [ 99 ] have shown that microRNA-146a is intensely 
expressed in low grade OA cartilage but less in high grade OA, and its expression 
decreases in accordance with the level of MMP-13 expression. The expression of 
microRNA-146 was markedly elevated by IL-1β stimulation in human chondro-
cytes  in vitro . Nakasa et al. [ 100 ] showed that microRNA-146a inhibits 
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osteoclastogenesis and has some anticatabolic properties in collagen-induced 
arthritic joints in mice. The overexpression of microRNA-9, microRNA-98 and 
microRNA-146 in human chondrocytes can reduce IL-1β (beta) yet increase TNF-α 
(alpha) mRNA. MicroRNA-9, upregulated in OA tissue, inhibits the secretion of 
metalloproteinase MMP-13 by isolated human chondrocytes. In addition, the inhi-
bition or overexpression of microRNA-9 can regulate MMP-13 and type II collagen 
content [ 101 ]. MicroRNA-27a reduced MMP-1 and Insulin-like growth factor-
binding protein 5 (IGFBP-5) synthesis, controlling arthritis in an indirect way. 
IL-1β (beta)-induced apoptosis was signifi cantly reduced in rabbit chondrocytes 
when microRNA-34a was silenced [ 91 ,  97 ,  102 ].   

2.4     Gene Therapy Strategies for Articular Cartilage Repair 

2.4.1     Gene Delivery to the Synovium 

 When delivering genes directly to synovium, possible responding cells are synovio-
cytes and chondrocytes exposed to transgene products diffusing from synovial cells. 
Synovium has a large surface area compared to cartilage and is more amenable to 
gene delivery. Chondrocytes are present at low density and are lodged inside a dense 
matrix which makes them less accessible to vectors. When attempting to infl uence 
cartilage metabolism via gene delivery to synovium, it makes most sense to deliver 
cDNAs encoding secreted factors, such as IL-1Ra or IGF-1. Direct gene delivery to 
synovium has been mostly used for treating patients with RA [ 79 ,  81 ,  103 ].  Ex vivo  
approach using synovial fi broblasts in Phase I clinical trial was successfully initi-
ated in 1996 [ 73 ,  74 ].  

2.4.2     Gene Delivery to Chondrocytes 

 Despite the success of procedures such as ACI, using autologous chondrocytes as 
target cells for gene delivery requires additional procedures to retrieve the cells 
from the joint, and cause additional damage to the joint. An alternative strategy 
could involve taking chondrocytes from different locations in the body, such as the 
cartilage of nasal septum or ribs [ 104 ]. Other issues to be addressed regarding chon-
drocytes are time span in culture, potential dedifferentiation of cells that can occur 
with extended culture, and mode of application. One strategy is to load and implant 
the cells on matrices or use some kind of glue to keep them in place [ 63 ,  105 ]. 
Recently promising results of a phase I clinical trial have been published in which 
allogenic chondrocytes retrovirally transduced to express TGF-β(beta)1 were deliv-
ered to the knee joints of subjects with advanced OA [ 58 ].  
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2.4.3     Gene Delivery to Mesenchymal Progenitors 

 MSCs offer an attractive alternative to chondrocytes as vehicles for  ex vivo  gene 
delivery to sites of cartilage damage. These cells can easily be retrieved from bone 
marrow, periosteum, synovium, adipose tissue, or skeletal muscle and differentiated 
into chondrocytes in tissue culture [ 106 ,  107 ] (Fig.  2.1 ). MSCs in combination with 
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  Fig. 2.1    Chondrogenic induction of human bone marrow-derived MSCs by growth factor overexpres-
sion: comparison of different BMPs with TGF-β (beta) 1. Human MSCs were transduced with adeno-
viral vectors encoding either no transgene (empty) or one of several known chondrogenic growth 
factors, then were cultured as cell aggregates for 4 weeks under standard chondrogenic conditions. ( a ) 
The resulting cell pellets were sectioned and stained with Toluidine Blue, which binds with sulfated 
glycosaminoglycan (GAG) chains. The two columns show representative pellets for the most chondro-
genic dose of each virus at different magnifi cations ( left  scale bar = 500 µm;  right  scale bar = 100 µm). 
While all the presented BMPs induced chondrogenesis and proteoglycan deposition by human MSCs, 
they generally led to a more hypertrophic phenotype than did TGF-β (beta) 1 overexpression. ( b ) GAG 
levels within digested pellets were measured quantitatively by dimethylmethylene blue binding. Total 
GAG content per pellet ( upper panel ) and deposition relative to DNA content ( lower panel ) are shown 
for the same growth factors in ( a ) delivered using either 500 or 2,500 viral particles (vp)/cell. The GAG 
deposition response to BMP overexpression was highly dependent on the amount of viral vector and 
the corresponding level of BMP secretion. Cells were less sensitive to TGF-β (beta) 1 secretion levels. 
TGF-β (beta) 1 overexpression promoted higher cell density within pellets after 4 weeks, so that maxi-
mum GAG/DNA levels were relatively lower than for BMP-overexpressing groups       
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different scaffolds have been successfully employed to treat chondral and osteo-
chondral defects in animal models  in vivo [  18 ,  56 ,  57 ,  108 ,  109 ] (Fig.  2.2 ). 
One potential challenge for using MSCs concerns the prevention of hypertrophic 
 maturation that is typically associated with their chondrogenic differentiation [ 110 ]. 
According to the literature, MSCs from synovium form chondrocytes without 
undergoing hypertrophic differentiation. One way of delivering MSCs form bone 
marrow to the cartilage defects is clot technology designed by Pascher et al. [ 109 ]. 
After aspiration, bone marrow is transduced with vector carrying certain gene and 
left briefl y at room temperature to clot. Clot is then placed into the defect without 
any fi xation.

    As an alternative to MSCs, recent progress has been made regarding the use of 
induced pluripotent stem cells (iPSCs) for treatment of cartilage defects. Wei et al. 
formed iPSCs from OA cartilage and then differentiated them into chondrocytes 
using lentiviral transduction of TGF-β (beta)1 in an alginate matrix [ 111 ].   

a

b

  Fig. 2.2    Hyaline nature of 
cartilage healing after 
treatment with bone marrow 
clot adenovirally transduced 
with TGFβ(beta)1 compared 
to healing after no treatment. 
Critical-size full-thickness 
cartilage defects in sheep 
were treated either with bone 
marrow clot genetically 
modifi ed to secrete 
TGFβ(beta)1 ( a ) or left 
untreated ( b ). After 6 months 
histology revealed formation 
of hyaline cartilage ( stained 
red ) in genetically treated 
defects and mixture of fi brous 
tissue ( stained green ) and 
fi brocartilage in untreated 
defects. Staining: Safranin O; 
magnifi cation: 100×; scale 
bar = 100 μm       
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2.5     Challenges for the Clinical Application of Gene Therapy 
to Promote Articular Cartilage Repair 

 Even though gene transfer to joints is local, there is still concern about systemic 
effects and safety issues are important impediments to successful clinical transla-
tion. The whole fi eld of gene therapy carries the perception of being risky, unsafe 
and diffi cult to deliver. However, thorough review of available data suggests that 
this perception is partially exaggerated. There have been over 1 700 clinical trials 
worldwide with more than 10,000 patients being treated, and only few fatalities 
have been unequivocally connected with gene therapy itself [ 112 ]. However, each 
of these events has been seized by media, creating a negative perception of the 
whole fi eld. This was highlighted by the 2007 death of a subject in an arthritis gene 
therapy trial [ 113 ]. Although subsequent investigation exonerated locally adminis-
tered gene therapy from being responsible for this death, it was a huge step back in 
efforts to translate gene therapy into clinical practice for treating joint conditions. It 
also emphasizes the importance of selecting not only an appropriate gene vector 
system, target gene and delivery method, but also suitable subjects for these trials. 
Thus, the  ex vivo  approach, although has some drawbacks compared to  in vivo , 
might represent a safer option for cartilage repair. Additionally, some genes when 
applied  in vivo  had signifi cant local side effects compared to  ex vivo  approach. 
Adenovirally mediated delivery of TGF- β(beta)1 or BMP-2 to the synovial lining, 
for instance, was found to generate joint fi brosis, extreme swelling, osteophytes and 
cartilage degeneration [ 59 ,  108 ,  114 ,  115 ]. Regarding the choice of a proper target 
gene, it may be more suitable to target anti-infl ammatory genes into the synovium 
where they can have more general intra-articular effect, while use of growth factors 
should be localized to chondrocytes. 

 Several critical questions must be answered in order to select an effective gene 
therapeutic strategy. What are the optimal treatment modalities for different types of 
cartilage damage? For example, how are large defects treated relative to small 
defects? Which cells should be used or targeted? Which vectors best target these 
cells? What is the transgene of choice? Moreover, should gene therapy strategies be 
modifi ed to refl ect cartilage anisotropy? Articular cartilage is organized in 4 layers 
(superfi cial, intermediate, deep and mineralized cartilage); the most signifi cant 
structural and molecular difference is between deep layer and mineralized cartilage. 
Type II collagen is present in the deep zone, while type type X collagen predomi-
nates in mineralized cartilage; additionally hypertrophic chondrocytes express alka-
line phosphatase. Would cartilage implants constructed so that lower layer cells are 
modifi ed or stimulated to preferentially express type X collagen and alkaline phos-
phatase, while upper layer cells express collagen type II, constitute the most appro-
priate therapy? This would defi nitely be a more scientifi cally and technologically 
challenging, laborious and costly approach. 

 Articular chondrocytes and MSCs are currently the two most promising cell 
types for transplantation approaches. Since it has been shown that MSCs exhibit 
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immunosuppressive properties, they may survive when transplanted into allogeneic 
hosts, although this is controversial. Allografting would make clinical translation 
much easier, since this approach avoids damaging already impaired joints to obtain 
autologous cells. It is not diffi cult to envision commercially available, genetically 
modifi ed MSCs ready to be transplanted into localized cartilage defects with one- 
step, minimally invasive surgical procedures. 

 When speculating on the possible vector system to be used in clinical translation, 
AAV seems like the most likely candidate [ 25 ]. AAV causes no known human dis-
ease, has appropriate packaging capabilities, and transduces non-dividing cells. It 
has been thought to have low immunogenicity, but this is being re-evaluated. 
Another drawback is its complicated and costly production (see Table  2.1 ). 

 Use of scaffolds in cartilage repair is one the most exciting areas in orthopaedic 
research, both for scientists and clinicians [ 116 ]. Most current research is focused 
on resorbable scaffolds whose main function is to provide temporary, three- 
dimensional templates on which cells can adhere and synthesize extracellular matrix 
(ECM). As the scaffold resorbs, it is progressively replaced by newly formed, func-
tional tissue. This approach, termed matrix-assisted chondrocyte transplantation is 
currently used in clinical practice to treat localized cartilage defects [ 117 ]. 
Autologous chondrocytes are attached to different types of matrices (e.g. collagen, 
hyaluronic acid etc.) and transplanted into the defect. Combining genetically modi-
fi ed cells with tissue engineered matrix might be a more effective strategy than cell 
delivery alone [ 88 ]. This would allow complete fi lling of the defect and three- 
dimensional orientation of genetically modifi ed cells, thus ensuring more natural 
environment for production of ECM. Furthermore, optimal mechanical properties 
of the scaffold would make handling easier and surgical procedures more conve-
nient to perform.  

2.6     Conclusion 

 Translating gene therapy for treating cartilage lesions into clinical practice is not 
easy. Cartilage defects are not life threatening diseases, and treatment modalities 
developed so far serve their main purpose – minimizing the pain and improving the 
quality of life. Most of these biological approaches provide either cells alone, or 
construct made of cells and temporary scaffolds. Gene therapy has emerged as a 
feasible option to add as the fi nal ingredient in this system, providing sustainable 
local expression of bioactive cue(s). A key challenge for translating this into clinical 
practice will depend on the development of safe and effective gene delivery systems 
with long-lasting expression of therapeutic transgenes, the identifi cation of effective 
yet safe combinations of therapeutic genes, identifi cation of the ideal target cell(s) 
(chondrocytes, MSCs or synoviocytes) and identifying the most appropriate carriers 
which better support the chondrogenic process within the defect. The regulatory 
issues, timelines and costs should not be underestimated as barriers to translation.     
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    Abstract     The outcome of cartilage repair techniques is often hampered by 
unwanted ossifi cation (e.g. intralesional osteophytes) at the site of the repaired 
 cartilage. Furthermore, stimulating progenitor cells towards chondrocytes and 
 locking them in their desired state is another important hinge point in cartilage 
repair techniques. Studying the cartilage formation process by endochondral 
 ossifi cation may provide important clues which further enhance cartilage repair 
techniques in general and may provide crucial information to prevent unwanted 
ossifi cation in particular. During endochondral ossifi cation mesenchymal 
 progenitors differentiate into proliferative chondrocytes which gradually further 
 differentiate into hypertrophic chondrocytes and fi nally die by apoptosis; the 
remaining scaffold is mineralised towards bone. This process takes place in growth 
plates, during fracture healing and in part during development of articular cartilage, 
where the endochondral ossifi cation halts at the chondrogenic phase. While infl am-
mation is generally regarded as a negative factor for joint homeostasis and cartilage 
development, it is also known that infl ammation is the fi rst and essential phase of 
tissue repair in general and bone fracture healing via endochondral ossifcation 
indeed also depends on haematoma formation and subsequent infl ammatory micro-
environment. Recently, a growing body of experimental evidence has been pub-
lished, showing that infl ammatory molecules (e.g. NF-κB, COX-2, iNOS, TNFα, 
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interleukins) and their down- stream pathways are not only associated with cartilage 
degeneration, but are also crucially involved in the initiation of the chondrogenic 
differentiation process and regulation of cartilage hypertrophy and mineralization. 
The data described in these reports suggest that one could use these infl ammatory 
pathways for cartilage regenerative medicine, as the initiation of chondrogenic dif-
ferentiation is a crucial moment for progenitor cell-based cartilage repair tech-
niques. Furthermore, targeting infl ammatory mediators may also provide a potential 
pharmacological approach to prevent or decrease chondrocyte hypertrophic differ-
entiation and subsequent bone formation (e.g. intralesional osteophytes) in cartilage 
repair techniques. 

 This chapter describes important characteristics of hyaline articular cartilage, 
drawbacks of current cartilage repair techniques, the process of endochondral ossi-
fi cation and how infl ammation related molecules are involved in different phases of 
endochondral ossifi cation. In addition, this chapter discusses how better insight into 
these pathways may provide novel molecular tools to modulate chondrogenesis in 
cartilage regenerative medicine.  

  Keywords     Cartilage repair   •   Intralesional osteophyte   •   Infl ammation   • 
  Chondrogenesis   •   Progenitor cells   •   NF-κB   •   COX-2       

3.1     Introduction: Cartilage 

 Motion in articular joints is possible by a truly remarkable material both structurally 
and functionally, named hyaline articular cartilage [ 1 – 4 ]. This articular cartilage is 
able to withstand an enormous amount of intensive and repetitive forces combined 
with low friction and thereby allows easy movement. The extracellular matrix 
(ECM) of cartilage determines these cartilage-specifi c functions and is mainly 

 Key Points 
•     The outcome of cartilage repair techniques is often hampered by unwanted 

ossifi cation (e.g. intralesional osteophytes) at the site of the repaired 
cartilage.  

•   Studying the cartilage formation process by endochondral ossifi cation may 
provide important clues which further enhance cartilage repair techniques 
in general and may provide crucial information to prevent unwanted ossi-
fi cation in particular.  

•   While infl ammation is generally seen as a negative factor for joint homeo-
stasis and cartilage development, it is also known that infl ammation is the 
fi rst and essential phase of tissue repair in general.  

•   One may implement these infl ammatory pathways for cartilage regenera-
tive medicine, as the initiation of chondrogenic differentiation is a crucial 
moment for progenitor cell-based cartilage repair techniques.    
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composed of water (65–80 %), collagens (12–21 %), proteoglycans(6–10 %) and 
other glycoproteins (2–3, 5 %) [ 5 ]. Only 1–5% of the articular cartilage volume 
consists of chondrocytes, the main cell type found in articular cartilage [ 6 ]. 
Furthermore, cartilage is characterized by the absence of blood vessels, lymphatics 
and nerve fi bers. This implicates that cartilage is mainly hypoxic and chondrocytes 
have to receive their nutrients and oxygen via diffusion from the synovial fl uid, 
through the surrounding extracellular matrix and from the underlying subchondral 
bone [ 7 ]. Cartilage defects can arise due to trauma or cartilage degeneration, but are 
generally diffi cult to diagnose [ 8 ,  9 ]. Since cartilage has no nerve fi bres, cartilage 
lesions often present with only (minor) effusion of the affected joint or without 
symptoms at all. Symptoms as joint pain, locking phenomena and reduced or dis-
turbed joint- function may arise from other tissues or structures likely to be damaged 
upon trauma (e.g. subchondral bone, ligaments or menisci). Although progenitor 
cells are found in the superfi cial layer of articular cartilage [ 10 ,  11 ], cartilage has a 
limited ability for self-repair [ 12 ,  13 ]. This was already recognized in 1743 when 
the British surgeon William Hunter made the now famous statement: “ From 
Hippocrates to the present age it is universally allowed that ulcerated cartilage is a 
troublesome thing and that once destroyed it is not repaired ” [ 14 ]. This observation 
is one of the main reasons for clinicians and researchers to explore ways for carti-
lage repair. Because, when left untreated, the joint surface will deteriorate even 
further, ultimately leading to osteoarthritis (OA).  

3.2     Calcifi cation in Cartilage Repair Techniques 

 Cartilage restoration implies methods to heal or regenerate the joint surface, with or 
without the subchondral bone, into healthy hyaline articular cartilage to restore joint 
functioning. To date there are multiple fruitful cartilage repair techniques; however, 
the ultimate cartilage repair technique has not been found yet. One of the main 
drawbacks is unwanted ossifi cation (and formation of intralesional osteophytes) at 
the site of the repaired cartilage [ 15 ,  16 ]. 

 As described above, the properties of the (hyaline) cartilage matrix are essential 
to withstand the repetitive compressive forces which are put on the joints, allowing 
easy movement. Hypertrophic cartilage or even mineralized cartilage in the articu-
lar surface has inferior properties concerning resisting repetitive mechanical load-
ing to that of hyaline cartilage and will thereby result in the further destruction of 
the joint cartilage and can act as a source of pain [ 17 ]. Chondrocyte hypertrophic 
differentiation is thus of concern in cartilage repair techniques but also in the onset 
of osteoarthritis, as e.g. markers for hypertrophic differentiation are specifi cally 
expressed at early stages of OA [ 18 – 20 ]. In addition to formation of hypertrophic 
cartilage, stimulating progenitor cells towards extracellular matrix-producing chon-
drocytes and keeping them in their desired differentiation state is another important 
factor to consider in cartilage repair techniques [ 15 ,  16 ]. 

 Bone marrow stimulating techniques such as microfracture, abrasion and 
subchondral drilling are easy applicable, cheap and reliable methods to attempt 
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the functional repair of cartilage defects. These techniques are based on the 
penetration of the subchondral bone allowing ingress of bone marrow stem cells 
into the site of the damaged cartilage [ 21 – 31 ]. These cells are thought to dif-
ferentiate into the chondrogenic lineage and become functional ECM-producing 
chondrocytes which replace the damaged cartilage. However, formation of 
fi brocartilage and calcifi cation of repaired tissue hampers clinical outcome 
on the long term [ 16 ,  30 ]. Another source of chondro-progenitor cells can be 
found in the cambium layer of the periosteum and in the perichondrium. These 
cells have been described to have a chondrogenic potential as well [ 12 ,  32 – 41 ]. 
Covering cartilage defects with periosteum-derived grafts (periosteal arthro-
plasty) is therefore an explored strategy to treat cartilage defects [ 42 – 50 ]. On 
short term, results were found to be quite promising in giving initial cartilage 
repair [ 43 – 46 ,  48 ]. Unfortunately, on the long term results were poor and failure 
was related to overgrowth and calcifi cation of the graft [ 42 ]. 

 Other techniques imply the transplantation of adult chondrocytes or cartilage 
such as mosaicplasty (Osteochondral Autograft Transfer System; OATS), allografts 
and Autologous Chondrocyte Transplantation (ACT), which may overcome these 
drawbacks. Mosaicplasty or OATS involves harvesting osteochondral plugs from 
a relatively less weight-bearing region of the joint and subsequent implantation of 
these plugs into the articular defect [ 51 – 54 ]. The use of allografts can overcome 
possible donor site morbidity [ 52 ,  53 ,  55 – 61 ] or shortage of graft material. ACT 
refers to a cell- based cartilage repair procedure, where cartilage is harvested 
arthroscopically from a less weight-bearing region of the joint and transferred to a 
specialized laboratory where the chondrocytes are enzymatically released from 
their matrix and expanded  in vitro . The patient then undergoes a second operation 
where the  in vitro  expanded chondrocytes are re-implanted at the damaged site of 
the articular cartilage, in combination with a covering membrane (periosteum of 
biomembrane) [ 62 – 64 ] or pre-seeded in a matrix (Matrix Assisted Chondrocyte 
Transplantation; MACT) [ 65 ]. Nevertheless, the use of these techniques is 
restricted due to a limited availability of autologous cartilage (mosaicplasty) or 
donors, possible disease transfer (allografts), or expensive and time consuming 
logistics and culture methods (ACT). Furthermore, cartilage hypertrophy is also seen 
after ACT, albeit more in the periosteum-covered ACT than in de matrix-assisted 
ACT [ 66 ,  67 ]. 

 The use of progenitor cells for cartilage repair remains of interest. When applied 
for cartilage repair, stem cells have a natural tendency to differentiate into the chon-
drogenic lineage, via a process called endochondral ossifi cation, forming cartilagi-
nous tissue in the damaged area which gives initial cartilage repair. However, on the 
long term, progenitor-based grafts tend to calcify as a natural result of the endo-
chondral ossifi cation process. Microfracture and periosteum or perichondrium 
plasty [ 42 ,  68 ], are good examples here of, all showing adverse ossifi cation and/or 
formation of interlesional osteophytes. Recently these osteophytes have also been 
described when articular cartilage was transplanted into a defect [ 69 ]. 

 Beside appropriate induction of differentiation, maintaining these progenitor 
cells in the desired differentiation state and preventing them from further 
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hypertrophic differentiation is therefore a major challenge for stemcell-based carti-
lage repair strategies [ 15 ]. Studying the process of endochondral ossifi cation and 
further unraveling how and why articular chondrocytes maintain their phenotype 
and are saved from hypertrophy may enhance cartilage repair techniques by gener-
ating stable cartilage. A suggestion in which stage during the endochondral process 
the different cartilage repair techniques are positioned is given in Fig.  3.1 .

3.3        Chondrogenic Phase of Endochondral Ossifi cation 

 Chondrogenic differentiation encompasses the commitment and differentiation of 
chondro-progenitor cells towards chondrocytes (see Fig.  3.1 ).  In vivo , chondrogenic 
differentiation is almost exclusively initiated from local mesenchymal progenitor 
cells that reside in cartilaginous tissue (growth plate resting zone or the articular 
cartilage superfi cial layer [ 70 ,  71 ]) or in surrounding fi brous tissues (e.g. perios-
teum [ 37 ,  72 ]).  Ex vivo  ( in vitro ), however, chrondrogenic differentiation has been 
reported from various primary (mesenchymal) progenitor cell sources including 
synovial fl uid/membrane, adipose tissue, induced pluripotent stem cells (iPS [ 73 ]), 
bone marrow and many more [ 74 ]. 

 In addition to providing articulating joint surfaces with functional cartilage and 
maintaining cartilage integrity, chondrogenic differentiation also plays an essential 
role during endochondral ossifi cation (Fig.  3.1 ). Endochondral ossifi cation under-
lies skeletogenesis and bone fracture healing and is a developmental process during 
which cartilaginous primordia are gradually replaced by bone tissue. Growth 
plate chondrocytes originating from the resting zone or fracture callus chondro-
cytes originating from mesenchymal progenitors gradually proliferate, produce a 

Cartilage repair techniques:

Microfracture
Subchondral drilling
Abrasion
Stem cell transplantation
Periost/Perichondrium transplantation

ACT/MACT OATS/mosaicplasty

ossification

unwanted hypertrophic chondrocytechondrocytechondrocyte

Cartilage regenerative medicine

mesenchymal progenitor

Stimulate Inhibit

  Fig. 3.1    Different phases of chondrogenic differentiation and targets of cartilage regenerative 
techniques       
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cartilaginous matrix and further differentiate into mineralized hypertrophic 
 chondrocytes which fi nally die by apoptosis. The remaining mineralized extracel-
lular matrix provides a molecular scaffold for infi ltrating osteoblasts and osteoclasts 
to adhere to and remodel, setting the stage for  de novo  bone deposition [ 75 ,  76 ]. 

 Notably, chondrocytes in articular cartilage retain their chondrocyte phenotype 
and, except for chondrocytes near the tidemark, normally do not further differenti-
ate into hypertrophic chondrocytes, probably due to the local microenvironment. 
Unfortunately, as a natural result of this endochondral ossifi cation process,  in vitro  
chondrogenic differentiation of progenitor cells for cartilage regenerative purposes 
tends to progress into hypertrophic differentiating chondrocytes. 

3.3.1     Molecular Factors in Chondrogenic Differentiation 

 Different phases of chondrogenic differentiation can be characterized by different 
functional marker molecules (Fig.  3.2 ). Chondrogenic differentiation starts when 
mesenchymal progenitor cells are triggered to differentiate into the chondrogenic 
lineage. Chondrogenic progenitor cells express typical ECM and cell adhesion mol-
ecules like tenascin c (Tnc), syndecan 3 (Sdc3), N-cadherin (Ncad) and Ncam1 
(neural cell adhesion molecule 1). One of the fi rst key important chondrogenic dif-
ferentiation regulatory events is activation of the Sox-trio transcription factors; 
Sox9 (SRY-(sex determining region Y)-box9) in combination with L-Sox5 and 
Sox6 are responsible for commitment and differentiation in the chondrogenic lin-
eage [ 77 – 79 ]. Together they drive the transcription of the important ECM genes 
collagen type II (Col2a1) and the main proteoglycan aggrecan (Acan) [ 78 ,  80 – 83 ]. 
Other ECM genes have also been shown to be under transcriptional control of Sox9, 

Differentiation step Extracellular martrix markers Regulatory markers Growth and differentiation factors

Chondrogenic progenitor cells
(mesenchymal cells)

Col1a1 Sox9, Runx2

Col2a1, Acan, Crtl1

Col2a1,Col9a1, Col11a1,
Acan, Crtl1, Comp, Matnl
GAGs

Col2a1,Col9a1, Col11a1, Col10a1
Acan, Crtl1, Comp, Matnl
GAGs

Co110a1

MMP13, Alp, Opn

Ncam1, Tnc Sox9, L-Sox5, Sox6

Sox9, L-Sox5, Sox6
Nkx3.2, Atf2, Creb, Fgfr3

Sox9, L-Sox5, Sox6
Nkx3.2, Atf2, Creb, Fgfr3

Runx2, Runx3,
Ihh, Pthr1

Runx2, Runx3, Mef2c

Runx2, c-Maf

Shh, TGF-β

TGF-β FGF-2, BMP-2,4,7
Wnt, PTHrP

TGF-β FGF-2, BMP-2,4,7
Wnt, PTHrP

TGF-β FGF-2, BMP-2,4,7, IGF-1
Wnt, PTHrP

Wnt/β-catenin,
BMP-2,7, TGF-β

VEGF, Wnt/β-catenin,
BMP-2,7

VEGF, Wnt/β-catenin

Prechondrocytes

Early chondrocytes

Chondrocytes (columnar)

Prehypertrophic chondrocytes

Hypertrophic chondrocytes

Terminal chondrocytes

  Fig. 3.2    Markers for chondrogenic differentiation. Schematic representation of successive steps 
of chondrogenic differentiation during endochondral ossifi cation with schematic representation of 
the cells, major extracellular matrix markers, regulatory markers and growth and differentiation 
factors expressed at each step       
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of which collagen type IX (Col9a1), collagen type XXVII (Col27a1) and matrilin 1 
(Matn1) are important ones [ 84 – 87 ].

   Eventually the (hyaline articular) cartilage ECM consists of a collagen network 
which is comprised of primarily Col2a1, and additionally of Col9a1 and collagen 
type XI (Col11a1) which help to form and stabilize the collagen type II fi bril net-
work [ 88 – 91 ]. Minor quantities of Col6a1, Col12a1, Col14a1 and Col27a1 are also 
found in cartilage [ 92 ]. This collagen network is surrounded by a highly hydrated 
aggregation of proteoglycans and other glycoproteins. Glycoproteins and proteo-
glycans as COMP (cartilage oligomeric protein), Matrilin1 (Matn1/Crtm), perlecan 
(Hspg2), versican (Vcan), decorin (Dcn), biglycan (Bgn) and fi bromodulin (Fmod) 
are characterized by their ability to interact with and support the collagen fi bril 
network and retention and transport of growth factors [ 79 ,  93 ]. Aggrecan (Acan) is 
the main proteoglycan and forms macromolecular complexes by binding to hyal-
uronan via link proteins and binding of glycosaminoglycans (GAGs), such as chon-
droitin sulfate and keratan sulfate. The glycosaminoglycan side chains of the 
proteoglycans are composed of repeating disaccharide units carrying negatively 
charged sulphate and carboxyl groups. The resulting fi xed negative charge density 
attracts mobile cations and water into the ECM and thus provides in the elastic 
properties of the tissue [ 94 ,  95 ]. In addition to resisting compressive forces and 
providing lubrication during movement, the high water retention capacity of hya-
line cartilage also supports in distributing nutrients to chondrocytes. The proteogly-
can aggregations, together with the quality of the collagen network determine the 
strength and fl exibility of the cartilage tissue and ability to withstand repetitive 
compressive forces for which articular cartilage has been designed to [ 2 ,  4 ,  96 ,  97 ]. 
For articular chondrocytes, the differentiation process stops here and cells provide 
maintenance of the articular surface for life. It is important to realize that in articu-
lar cartilage the ratio of cells to ECM, and composition of the ECM are important 
for proper joint functioning. These are therefore factors to take into account for 
cartilage regenerative techniques. Based on collagen type II orientation and chon-
drocyte shape and distribution, four zones can be distinguished in articular cartilage 
[ 1 ,  3 ,  4 ]. In the superfi cial zone, chondrocytes are fl attened and are surrounded by a 
thin layer of ECM, mainly composed of collagen-fi bres. The fi bres are oriented 
parallel to the articular surface and are supported by a relatively low content of 
proteoglycans, which results in high tensile stiffness and the ability to distribute 
load over the surface and protecting the deeper layers. In the transitional zone the 
cells and collagen fi bres appear dispersed randomly [ 98 ,  99 ] and in this zone high 
concentrations of proteoglycans enable the tissue to bear compressive forces. In the 
deep zone, chondrocytes are grouped radially in columns and the thicker collagen 
fi bres are arranged perpendicular to the articular surface, providing the greatest 
resistance to compressive forces In the calcifi ed zone, (hypertrophic) chondrocytes 
are distributed sparsely and are surrounded by a calcifi ed matrix. The calcifi ed layer 
plays an integral role in securing the cartilage layer to the subchondral bone by 
anchoring the collagen fi brils to the subchondral bone tissue. The junction between 
uncalcifi ed and calcifi ed cartilage is called the “tidemark”. At the tidemark shear 
stresses are converted into compressive forces which are in turn transmitted to the 
subchondral bone [ 100 ]. 
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 Thus, for optimizing progenitor cell-based cartilage repair techniques it is thus 
of importance to not only create cells which produce enough ECM, but also that 
this ECM has the right composition.  

3.3.2     Molecular Factors in Chondrocyte Hypertrophy 

 In contrast to articular chondrocytes, the (proliferative) chondrocytes in growth 
plates, or involved in fracture healing, further differentiate into hypertrophic chon-
drocytes which subsequently undergo a remodeling of their extracellular matrix 
(Fig.  3.2 ). These chondrocytes then exit the cell cycle and increase in cell volume 
up to ten times [ 101 ]. There is an increase in expression of Runx2 (Runt-related 
transcription factor 2) and Mef2c (Myocyte-specifi c enhancer factor 2C), which are 
important transcription factors for collagen type X (Col10a1), the main collagen 
found in hypertrophic chondrocytes [ 102 – 105 ]. Furthermore, under stimulation of 
Runx2 and Mef2c, hypertrophic chondrocytes also express vascular endothelial 
growth factor (VEGF) to stimulate vascular ingrowth [ 79 ,  106 ]. Also several MMPs 
(matrix metalloproteins) and ADAMTSs (a disintegrin and metalloproteinase with 
thrombospondin motifs) for breakdown of the ECM are syhthesized [ 79 ,  107 ]. At 
the fi nal stage of hypertrophic differentiation several mineralization proteins are 
expressed, such as Alp (alkaline phosphatase) and osteopontin (also known as bone 
sialoprotein I), which mineralize the extracellular matrix [ 79 ,  106 – 108 ]. Finally, the 
hypertrophic chondrocytes die by apoptosis, leaving their mineralized extracellular 
matrix behind for osteoblasts to adhere, which will eventually remodel the matrix 
into bone tissue.  

3.3.3     Growth Factors and Paracrine Regulators 
in Chondrogenic Differentiation 

 In growth plate development as well as in the development and homeostasis of 
articular cartilage several signaling pathways are interacting or shared between the 
different tissues. Indian hedgehog (Ihh) and parathyroid hormone related peptide 
(PTHrP) coordinate chondrocyte proliferation and differentiation in the paracrine 
PTHrP-Ihh feedback loop [ 76 ]. PTHrP is synthesized by proliferating chondrocytes 
and perichondrial cells [ 76 ] and maintains chondrocyte proliferation by activating 
Cyclin D1 [ 109 ] and prevents premature hypertrophy by inducing Cyclin 
D1-mediated degradation of Runx2 [ 110 ]. Proliferating chondrocytes located at a 
suffi cient distance from the PTHrP source stop proliferating and become hypertro-
phic, Ihh synthesizing cells [ 111 ]. Ihh is expressed by prehypertrophic chondro-
cytes and accelerates the (hypertrophic) differentiation of proliferative chondrocytes 
and additionally it increases the expression of PTHrP, resulting in a feedback loop 
that controls the pace of chondrocyte proliferation and maturation [ 112 – 114 ]. Next 
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to the PTHrP-Ihh loop, fi broblast growth factors (FGFs) crucially regulate chondro-
cyte proliferation and differentiation possibly by stimulating Sox9 expression and 
inhibiting proliferation and Ihh expression [ 76 ]. FGF signaling is balanced by bone 
morphogenic protein (BMP)- signaling [ 115 ]. BMPs are described to have multiple 
roles during bone and cartilage formation, as well as growth plate development 
[ 116 ]. Interestingly; BMPs were initially discovered because of their remarkable 
ability to ectopically induce endochondral bone formation [ 117 ]. In a cartilage con-
text, BMPs are involved in stimulating early chondrogenesis, cartilage maintenance 
and hypertrophic differentiation [ 116 ]. Especially BMP-2, BMP-4 and BMP-7 (OP- 
1) have been demonstrated to promote chondrogenic differentiation  in vitro  [ 116 ]. 
BMPs belong to the transforming growth factor beta (TGF-β) superfamily, which 
are important regulators of differentiation, proliferation, tissue homeostasis and 
-repair in general. TGF-β isoforms (TGF-β1, TGF-β2 and TGF-β3) support the dif-
ferentiation of mesenchymal progenitor cells into the chondrogenic lineage [ 118 –
 123 ]. The TGF-β isoforms mainly signal through phosporylated R-Smads, which in 
combination with co-(transcriptional) factors regulate specifi c target-gene expres-
sion [ 124 ,  125 ]. Related to its chondrogenic properties, TGF-β signalling is also 
involved in the formation of osteophytes during OA [ 126 – 129 ]. Another important 
regulator of chondrogenic differentiation is the canonical Wnt (wingless-type 
MMTV integration site family)/β-catenin signalling pathway. Upon binding of a 
Wnt ligand to its receptor (Frizzled), cytosolic β-catenin translocates to the nucleus 
where it forms complexes with transcription factors such as the TCF/LEF (tran-
scription factor/lymphoid enhancer-binding factor) family and thereby regulates 
downstream target-gene expression. In absence of the Wnt signal cytosolic β-catenin 
is phosphorylated by GSK-3β (glycogen synthase kinase 3β) and subsequently 
degraded [ 130 – 132 ]. Members of the canonical Wnt/β-catenin signalling pathway 
are generally expressed during hypertrophy and accordingly also promote chondro-
cyte hypertrophy, presumably via the TCF/LEF binding site in the promoter region 
of the Runx2 gene [ 133 – 135 ]. In early chondrogenic differentiation Sox9 interacts 
with β-catenin and promotes its phosphorylation and thereby degradation thereby 
preventing osteoblastic or hypertrophic differentiation [ 133 ,  136 – 139 ]. 

 In conclusion the process of endochondral ossifi cation is dictated by spatiotem-
poral expression and function of variable transcription factors, ECM molecules and 
interacting regulatory molecules.   

3.4     Importance of Cartilage Homeostasis in Outcome 
of Cartilage Repair 

 To maintain hyaline cartilage and prevent repaired cartilage from hypertrophic 
 differentiation and as such further optimize cartilage repair approaches, local envi-
ronmental factors need to be optimized. Such environmental factors are part of a 
healthy joint homeostasis which also enables hyaline cartilage to maintain its 
desired chondrogenic phenotype and prevent it from hypertrophic differentiation. 
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Joint homeostasis is described to be essential during cartilage repair, but methods 
for improving joint homeostasis in cartilage repair techniques are hardly addressed 
[ 140 ,  141 ]. An improved microenvironment may not only be the key to a new gen-
eration of bone marrow-based techniques to regenerate hyaline cartilage [ 142 ], but 
may also be a key factor for other progenitor cell based strategies and even cartilage 
repair in general. While infl ammation is generally seen as a negative factor for joint 
homeostasis and are contributing factors in OA and rheumatoid arthritis (RA), it is 
also known to be the fi rst and essential phase of tissue repair in general. Moreover, 
bone fracture healing depends on haematoma formation [ 143 – 145 ]. This suggests 
that infl ammatory processes could be relevant pathways for addressing cartilage 
tissue repair. Supporting data for this notion is found in bone fracture healing pro-
cesses where haematoma formation and injury-induced infl ammatory responses are 
essential for fracture healing and its accompanying chondrogenic differentiation / 
endochondral ossifi cation [ 143 – 145 ]. This essential infl ammatory response induces 
local expression of extracellular signalling molecules like TGF-β1, BMPs, insulin-
like growth factor (IGF)-1 and platelet derived growth factor (PDGF), which regu-
late chondrogenic differentiation processes [ 146 ,  147 ]. In addition, several 
infl ammatory cytokines and chemokines (e.g. interleukin-1 (IL-1), IL-6, tumor 
necrosis factor alpha (TNFα), prostaglandin E 2  (PGE 2 ) and nitric oxide (NO)) are 
essential for bone fracture repair as well [ 144 ,  147 – 149 ]. 

3.4.1     Infl ammatory Molecules and Chondrogenic 
Differentiation 

 The general understanding on the role of infl ammatory molecules in articular carti-
lage development, maintenance and osteoarthritic degradation is a katabolic one. 
Infl ammatory processes that initiate and/or maintain the osteoarthritic status in an 
OA joint are thought to mainly originate from the synovium possibly reacting to 
cartilage breakdown products. Here synoviocytes produce infl ammatory mediators 
that attack the cartilage matrix, causing infi ltration of immune cells and fi nally 
affect cartilage viability and function. Important infl ammatory molecules in the OA 
progression are e.g. NF-ĸB (nuclear factor kappa-light-chain-enhancer of activated 
B-cells), TNFα, interleukins and cyclooxygenases [ 150 ,  151 ]. Interestingly, despite 
the overall katabolic environment in an OA joint, osteoarthritis often induces osteo-
phyte formation. Basically, these are ossifying and isolated ectopic cartilaginous 
tissues near the synovial membrane, which are committed to follow the process of 
endochondral ossifi cation [ 152 ,  153 ]. The formation of cartilaginous osteophytes is 
in contradiction with the overall katabolic environment in the OA joint and it is 
therefore hypothesized in literature that precursor cells from the synovial or perios-
teal tissue are activated to undergo chondrogenic differentiation by mechanisms that 
are not fully understood yet [ 153 ], but do require TGFβ’s for their induction [ 154 , 
 155 ]. Recent reports show that the infl ammation related NF-ĸB subunit p65 is an 
essential transcription factor for Sox9 and BMP-2 [ 156 ,  157 ]. Transcriptional 
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induction of BMP-2 by p65 was found to be essential for longitudinal bone growth 
via endochondral ossifi cation [ 158 ]. Similarly, TNFα was found to induce expres-
sion of BMP-2 as well [ 159 ,  160 ]. Essentially, these previous reports for the fi rst 
time explored the connection between infl ammatory pathways and chondrogenic 
differentiation in an anabolic way, instead of the classic degenerative connection 
only. Further support for this new dogma was found by Aung and colleagues, who 
recently published that OA cartilage-conditioned medium is able to induce chon-
drogenesis of human bone marrow stem cells [ 161 ]. Chen  et al  confi rmed this phe-
nomenon  in vivo  by subcutaneous implantation of fi brin glue mixed with bone 
marrow stem cells (BMSCs) and osteoarthritic cartilage fragments [ 162 ]. It was 
found that, specifi cally in the presence of OA cartilage, BMSCs are induced to dif-
ferentiate in the chondrogenic lineage. In addition, it was shown that human mesen-
chymal stem cells produce growth factors after stimulation with LPS or TNFα in a 
NF-kB dependent manner [ 163 ]. Together these reports suggest that OA chondro-
cytes excrete factors that induce chondrogenic differentiation of mesenchymal pro-
genitor cells. Finally, recent work by the authors confi rms the hypothesis that indeed 
external infl ammatory factors (LPS, TNFα, etc.) are able to induce chondrogenic 
differentiation of progenitor cells, even without the addition of well-known chon-
drogenic growth factors (e.g. TGFβs or insulin) [ 164 ]. P65, COX-2 and iNOS are 
specifi cally expressed in the resting zone chondrocytes of the developing growth 
plate, indicating that an infl ammatory process is involved in early chondrogenic dif-
ferentiation. Furthermore, activated p65 was found to be a crucial factor in the 
induction of infl ammatory molecule-driven chondrogenic differentiation, by initiat-
ing an early transient induction of Sox9. In addition to the classic Sox9 function in 
cartilaginous matrix synthesis, this novel Sox9 characteristic somehow relates to the 
very early initiation of chondrogenic differentiation via mechanisms that are still 
unknown. Taken together there is a recently growing body of experimental evi-
dence, showing that infl ammatory molecules and their down-stream pathways are 
not only associated with cartilage degeneration, but are also crucially involved in 
the initiation of the chondrogenic differentiation process. However, it is important 
to realize that this a very mild and temporarily action and takes place very early in 
differentiation and these same mediators could have very different, katabolic, 
actions later in chondrogenic differentiation/cartilage maintenance. These data sug-
gest that for cartilage regenerative medicine one might make use of these infl amma-
tory properties, as the initiation of chondrogenic differentiation is a crucial event for 
progenitor cell-based cartilage repair techniques.  

3.4.2     Infl ammatory Molecules and Cartilage Hypertrophic 
Differentiation 

 Another interesting infl ammatory phenomenon in the development of OA is being 
explored. For the articular cartilage component, osteoarthritis is in many ways simi-
lar to endochondral ossifi cation, as in OA articular chondrocytes start to 
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differentiate into hypertrophic chondrocytes for reasons that are not yet completely 
understood [ 18 – 20 ]. Notably, the OA associated infl ammatory factors and accom-
panying cell stress are known to be involved in chondrocyte hypertrophic differen-
tiation in the growth plate and may explain why articular cartilage is terminally 
differentiating in OA [ 165 ]. Stress-related pathways that are activated in growth 
plate chondrocyte hypertrophic differentiation involve ER-stress/unfolded protein 
response, oxidative stress [ 166 – 168 ], advanced glycation end product formation 
(AGEs) [ 169 – 173 ], DNA damage and others [ 165 ]. In the growth plate these path-
ways are activated due to the rapid cell proliferation in the proliferative zone, reoxy-
genation of hypertrophic chondrocytes from the subchondral bone marrow, vast 
extra cellular matrix protein synthesis, etc [ 165 ]. Moreover, as a result of hypertro-
phic differentiation, these cells also start to express infl ammatory molecules (COX-
1, COX-2 [ 174 ], iNOS [ 175 – 177 ], p65 [ 158 ,  178 ,  179 ] and others (our unpublished 
data)), which are thought to enhance the intrinsic cellular capacity for hypertrophic 
differentiation. The message that should be taken from these observations is that 
failure of cartilage reparative and regenerative techniques due to formation of inter-
lesional osteophytes, hypertrophic differentiation and calcifi cation of cartilage 
grafts, may originate from similar processes. The pathways and phenomena stated 
above are therefore expected to be promising targets for avoiding failure due to 
terminal differentiation of the cartilage graft in the clinic. 

 We recently found that pharmacological inhibition of the key infl ammatory 
enzyme cyclooxygenase-2 by e.g. Celecoxib decreases the level of chondrocyte 
hypertrophic differentiation, even in BMP-2 induced chondrocyte hypertrophy 
[ 174 ]. This may provide a potential pharmacological approach to prevent or decrease 
chondrocyte hypertrophic differentiation in cartilage repair techniques. Other 
authors have identifi ed anti-oxidative components that decrease infl ammatory sig-
naling or chondrocyte hypertrophic differentiation. These components include 
N-acetyl cysteine [ 180 – 182 ], resveratrol [ 183 – 185 ], and even mechanical loading 
[ 165 ,  186 ]. Similarly, parathyroid hormone related peptide (PTHrP) is known for its 
capacity to keep proliferating articular chondrocytes in their chondrocyte state and 
prevent them for further developing into hypertrophic chondrocytes [ 15 ,  187 ]. In 
conclusion, targeting infl ammatory mediators and stress related pathways may thus 
provide a potential pharmacological approach to prevent or decrease chondrocyte 
hypertrophic differentiation in cartilage repair techniques.   

3.5     Conclusion 

 In summary, it now becomes clear that infl ammatory signaling is not only involved 
in cartilage degradation, but is also indispensable for initiating the differentiation of 
chondrocytes from progenitor cells on, albeit it in a very mild and temporarily 
action. Thereby this brings a whole new view on the role of infl ammatory mediators 
and their link to cartilage in general. Especially for progenitor cell based repair 
technologies, these new insights could be employed to increase the differentiation 
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potential of progenitor cells toward engineered cartilaginous tissue  in vitro and in 
vivo . Furthermore, part of the failure of cartilage repair techniques originates from 
calcifi cation or hypertrophic differentiation of the cartilage graft, as well due to the 
development of interlesional osteophytes. The authors believe that part of these 
adverse effects might be avoided when joint homeostasis which is ideal for the dif-
ferent phases of regeneration or repair is also taken into account as an important 
factor in the post-operative treatment strategy after cartilage repair. A synovial fl uid 
environment supplemented with the aforementioned factors might contribute to the 
success rate on an anti-hypertrophic basis possibly for both the chondrogenically 
differentiating cells as well as the subchondral bone. Additionally it could also be 
envisioned that any joint homeostasis-disturbing intervention could benefi t from an 
approach where joint homeostasis which is optimal for cartilage repair is recog-
nized as a prerequisite for success. For these, anti-oxidative and anti-hypertrophic 
agents could play an important role to achieve this goal as well. In addition, since 
hypertrophy and ossifi cation are also believed to be essential underlying processes 
in the process of OA these fi ndings may also be of concern in the process of OA.     
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    Abstract     Osteoarthritis (OA) is an aging-associated joint disease with 
 degeneration of articular cartilage. OA is also caused or accelerated by trauma 
and joint injuries. Pathological features of OA are characterized by articular 
 cartilage breakdown with infl ammation in synovium, osteophyte formation and 
changes in subchondral bone, followed by eventual joint destruction. During 
development OA, Joint homeostasis, entire environment of joint that is necessary 
for maintaining the joint in a healthy condition, is altered and such global 
 alterations seem to affect chondrocyte metabolisms and cartilage reparatory 
capacity. Recent several reports also indicated that osteoarthritic conditions in the 
joint affect the clinical outcomes of the cartilage repair treatments and treating 
joints with OA still remains challenging. Therefore to understand the molecular 
mechanisms of OA is an essential step to treat OA and to obtain better clinical 
outcomes after cartilage repair procedures. One of the trends in recent research is 
development or discovery of disease modifying osteoarthritis drugs (DMOADs) 
which can counteract against causative factors for OA. DMODAs are expected to 
alleviate patient’s symptoms and slow down the progression of OA or prevent OA. 
Some pharmacological agents and growth factors are being investigated in clinical 
trials. In the future, DMOADs can be introduced as a new therapeutic approach 
for treatment of OA and possibly some of the DMOADs could be combined with 
cartilage repair techniques.  
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4.1     Introduction 

4.1.1     Osteoarthritis and Joint Homeostasis 

 Osteoarthritis (OA) increases during aging in association with degeneration of 
 articular cartilage. Although OA is an aging-associated joint disease, OA is also 
caused or accelerated by trauma and joint injuries. Characteristic features of OA are 
degeneration of articular cartilage and break down of articular cartilage in associa-
tion with subchondral bone changes and increased infl ammatory reactions in 
synovium and cartilage. Joint homeostasis is balanced between anabolic factors and 
catabolic factors. Increased catabolic activity over anabolic activities is observed 
during development of OA. Although new surgical techniques and biomaterials to 
treat cartilage defects and osteoarthritic joints have been developed, overall clinical 
outcomes of the application of the solo technique were moderate mostly in a short-
time period. Filardo et al. reported the clinical outcomes of autologous chondrocyte 
implantation (ACI) in patients with isolated degenerative cartilage lesions. Although 
the ACI procedure signifi cantly improved symptoms, the overall results were lower 
with respect to the outcome reported in different study populations and the number 
of failures was higher [ 1 ]. Therefore, treating patients with degenerative cartilage is 
more challenging than patients with non-degenerative cartilage. Interestingly the 
effi cacy of cartilage repair by periosteum transplantation was examined in a goat 
cartilage defect model with different surgical timing points. The early-treated group 
showed a better repair than the late-treated group [ 2 ]. This study suggests that 
degenerating cartilage has lower reparative capacity or the entire environment of 
damaged joint is less favorable for cartilage repair and restoring “joint homeostasis” 
is important. How joint homeostasis after a defect relates to joint homeostasis in the 
process of (idiopathic) OA is unknown. Therefore to understand the molecular 
mechanisms of OA is an essential step to treat joints with OA and to obtain better 
clinical outcomes after cartilage repair procedures. In this chapter, OA pathology 
and therapeutic approaches for OA are described.   

 Key Points 
•     Osteoarthritis; Osteoarthritis (OA) is characterized degeneration of 

 cartilage associated with global deteriorations in the joint.  
•   Molecular mechanisms; Molecular mechanisms for development of OA 

have been examined using animal models and human chondrocytes, 
 leading to identifi cation of some causative factors.  

•   Pathological conditions; Pathological conditions of OA is characterized by 
decreased anabolic activity and increased catabolic factors in the whole joint.  

•   Joint homeostasis; Joint homeostasis is an entire environment of joint that 
is necessary for maintaining the joint in a healthy condition.  

•   DMOADs; DMOADs is disease modifying osteoarthritis drugs that slow 
down the progression of OA or prevent OA.    
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4.2     Pathological Conditions in OA 

4.2.1     Infl ammation and Cytokines 

 Infl ammation of OA is characterized by infl ammation in synovium and increased 
infl ammatory responses in cartilage [ 3 ]. A variety of infl ammatory cytokines are 
produced by synovium and chondrocytes [ 4 ,  5 ]. Among such infl ammatory cyto-
kines, interleukin (IL) family members, tumor necrosis factor (TNF), have been 
implicated in the pathological states of OA joints. In addition, Nitric oxide (NO) has 
been also implicated as a causative factor [ 6 ].  

4.2.2     Cartilage Degrading Enzymes 

 A number of studies have shown that Metalloproteinases (MMPs) [ 7 ] and A 
Disintegrin-like and Metalloproteinases with Thrombospondin Motifs (ADAMTS), 
especially ADAMTS-4 and 5 play major roles in pathogenesis of OA [ 8 – 10 ].  

4.2.3     Subchondral Bone Changes 

 A radiographic assessment showed that both subchondral cortical plate and subja-
cent horizontal trabeculae increased in thickness in early OA phase, prior to joint 
space narrowing [ 11 ]. In a rat anterior cruciate ligament transection (ACLT) model, 
subchondral bone loss was observed within 2 weeks after surgery followed by sig-
nifi cant increased subchondral bone volume compared with control sham knees 
[ 12 ]. Similarly in a canine ALCT-model, thinning of subchondral plate was observed 
in medial tibial metaphyses where cartilage damage was severe while it was not 
evident in lateral side where cartilage damage was mild, suggesting strong correla-
tion of cartilage damage and subchondral bone changes [ 13 ].   

4.3     Disease Modifying Osteoarthritis Drugs (DMOADS) 

 While a growing number of studies have revealed pathological conditions and 
numerous factors contributing to pathogenesis of OA, research in development or 
discovery of disease modifying osteoarthritis drugs (DMOADs) have been pro-
gressed. DMOADS target causative factors for OA, such as increased infl ammation, 
abnormal chondrocyte hypertrophic differentiation, increased cartilage degrading 
enzymes, increased catalytic activities over anabolic activities in chondrocytes and 
subchondral bone changes. DMOADs include biochemical compounds, natural 
products, anti-infl ammatory drugs, anti-resorptive drugs and growth factors. 
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Those DMODAs are expected to alleviate patient’s symptoms and slow down the 
progression of OA or prevent OA. Some pharmacological agents and growth 
 factors are being investigated in clinical trials. In this section, some DMOADS are 
discussed Fig   .  4.1 .

4.3.1       Inhibitors of Degrading Enzymes and Infl ammation 

4.3.1.1     MMP Inhibitors 

 MMPs are believed to be a major contributor for cartilage degradation, and inhibi-
tion of MMPs is rationally attractive treatment for OA. PG-116800, a matrix- 
metalloproteinase (MMP) inhibitor for MMP-2, -3, -8, -9, -11, -13, and -14 
decreased symptoms in patients with mild-to-moderate knee OA [ 14 ]. However the 
MMP inhibitor PG-116800 has also induced side effects in musculoskeletal system 
[ 15 ]. In addition, King et al. reported musculoskeletal side effects in 28 of 35 
patients with colorectal hepatic metastases upon treatment with the MMP inhibitor, 
Marimastat [ 16 ]. To avoid musculoskeletal side effects, new drugs that more selec-
tively inhibits MMP-13 were investigated. Oral administration of ALS 1-0635; a 
selective inhibitor of MMP-13 reduced cartilage degradation in a rat medial meni-
sectomy model without apparent musculoskeletal toxicity [ 17 ]. More recently, new 
MMP-13 inhibitor, that is effective and suitable for intra-articular injection, has 
been reported [ 18 ]. Clinical data will follow.  

Normal

Synovium

Cartilage

Subchondral bone

Catabolic
change

Anti-
inflammatory drugs

Anti-
cartilage-degrading enzymes

ECM synthesis
Anabolic
change

Growth factors

Drugs targeting
bone metabolism

Subchondral bone 
change

Cartilage degradation

Inflammatory cytokines
OA

  Fig. 4.1    A schema showing pathological changes during osteoarthritis ( OA ) progression and 
 disease modifying osteoarthritis drugs (DMOADs). During OA progression, catabolic factors such 
as infl ammation, cartilage-degrading enzymes increase while anabolic activity such as production 
of extracelluar matrix ( ECM ) decreases. OA is also associated with abnormal subchondral bone 
changes. Drugs targeting these causative factors have been being investigated as DMOADs       
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4.3.1.2     Aggrecanase Inhibitors 

 Despite important roles of aggrecanases in the pathogenesis of OA that have been 
reported, there are only a few reports about aggrecanase inhibitors in OA. The oral 
administration of aggrecanase inhibitor, AGC-523 reduced aggrecan fragment in 
a rat meniscal tear model, suggested a potential preventive role in progression of 
OA [ 19 ] and the effi cacy of AGC-523 has been now being investigated in a clini-
cal trial.  

4.3.1.3     IL1 Inhibitors 

 A pro-infl ammatory IL1β (beta) is activated by an enzyme, IL-1β (beta) converting 
enzyme, before being secreted as a mature form. Pralnacasan, a non-peptide inhibi-
tor of IL-1β (beta) converting enzyme, was tested in a collagenase-induced mouse 
OA model and STR/1N mice, the latter develop OA spontaneously. Pralnacasan 
reduced joint damage in the two experimental models of OA [ 20 ]. However a clini-
cal trial of Pralnacasan was stopped because of its toxicity. 

 IL-1 receptor antagonist, anakinra has been reported to be moderately effective 
in patients with active RA when used as monotherapy or in combination with meth-
otrexate [ 21 ]. To evaluate the effect of anakinra, a randomized, double-blind, 
placebo- controlled study was conducted. However a single intra-articular injection 
of anakinra did not signifi cantly improve symptoms of the patient of OA [ 22 ]. 
Recently effects of a single intra-articular injection of anakinra were tested on 
patients with acute ACL tear in the randomized control study. Intra-articular injec-
tion of anakinra reduced knee pain and improved function over a 2-week interval 
compared with injection of placebo [ 23 ]. Although anakinra might play a benefi cial 
role in reducing infl ammation and pain, its effect in OA needs more research.  

4.3.1.4     TNF Antagonists 

 As in patients with RA, effi cacy of TNF antagonists was examined in patients with 
OA. TNFα (alpha)-antagonists infl iximab and etanercept suppressed TNFα (alpha)-
induced NO production from human cartilage [ 24 ]. In a clinical trial, the effi cacy of 
infl iximab was examined in 10 women with bilateral hand erosive OA. Treatment 
with monthly intra-articular injections of infl iximab in each affected proximal and 
distal interphalangeal joint of the hand signifi cantly reduced pain at the 1-year fol-
low-up. There was a tendency that the treatment with infl iximab slows worsening of 
the radiological score in the hand although it failed to reach statistically signifi cant 
difference at the 12-month follow-up [ 25 ]. In an open-label pilot trial, 12 patients 
with erosive hand OA received adalimumab 40 mg every other week for 12 weeks. 
The treatment with adalimumab did not signifi cantly improve the symptoms 
although modest improvements were observed [ 26 ]. Recently results of another ran-
domized double-blind were reported. In the clinical trial, 60 patients with erosive 
hand OA received 40 mg adalimumab or placebo subcutaneously every 2 weeks 
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during a 12-month. The treatment with adalimumab signifi cantly delayed the 
 progression of joint damage compared to placebo [ 27 ].  

4.3.1.5     iNOS Inhibitor 

 Nitric oxide has been suggested to play important role in pathogenesis of OA In 
nitric oxide synthase (NOS2)-defi cient mice, cartilage proteoglycan depletion 
induced by the intra-articular injection of Zymosan was markedly reduced [ 28 ]. In 
an experimental dog OA model, administration of N-iminoethyl- l -lysine ( l -NIL), a 
selective inhibitor of inducible nitric oxide synthase (iNOS), orally as a liquid solu-
tion decreased the size of the cartilage lesions and reducing the activity of metallo-
proteases in cartilage and the production of IL-1β (beta) by synovium [ 29 ,  30 ]. The 
inhibitory effect of the iNOS inhibitor appears to be partially through reduction in 
production of major catabolic factors such as MMP, IL-1β (beta), peroxynitrite and 
cyclooxgenase (COX)-2 expression [ 31 ]. A clinical trial to examine the disease 
modifying effi cacy of iNOS inhibitor, SD-6010, in overweight and obese subjects 
with knee OA has been recently completed [ 32 ]. The treatment of SD-6010 signifi -
cantly reduced the rate of joint space narrowing in the obese patients with mild knee 
OA during the fi rst 48 weeks. However the effect of the treatment with SD-6010 
was not signifi cant at 96 weeks and neither in the obese patients with severe OA 
[ 33 ]. Although it may have an effect for short time, its effect appears to be limited 
in obese patients.   

4.3.2     Growth Factors 

4.3.2.1     Fibroblast Growth Factor (FGF) -18 

 FGF-18 exerts anabolic effects in human articular chondrocytes, increasing matrix 
formation [ 34 ]. Interestingly, in a rat OA model in which OA was surgically induced 
by medial meniscus injury, bi-weekly intra-articular injections of FGF18 for 
3 weeks increased cartilage thickness of articular surface and the joint periphery, 
resulted in signifi cant reductions in cartilage degeneration scores [ 35 ]. Clinical tri-
als of treatment of OA by intra-articular injection of FGF18 have been recently 
completed [ 36 ,  37 ]. Results of the studies are not yet available and needs to be 
awaited.  

4.3.2.2     Bone Morphogenetic Protein (BMP)-7 

 BMP-7 has been reported to have potent anabolic effects on chondrocytes. 
Recombinant human (rh)BMP -7 stimulated proteoglycan synthesis and collagen 
synthesis in human chondrocytes and counteracted against the down-regulation of 
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proteoglycan synthesis induced by low doses of IL-1β (beta) [ 38 ,  39 ]. In addition, 
stimulatory effects of BMP-7 on cartilage repair have been reported [ 40 ]. RhBMP-7 
promoted repair of full-thickness osteochondral defects in a dog [ 41 ] and in a goat 
[ 42 ] model. Furthermore the effi cacy of intra-articular injection of BMP-7 was 
examined in a sheep impact cartilage injury model. Sheep knee joints that received 
rhBMP-7 immediately after and 3 weeks after injury exhibited less cartilage dam-
age compared with the non-injected group [ 43 ]. Similarly weekly intra-articular 
injection BMP-7 prevented OA progression in a rabbit ACLT model without obvi-
ous adverse effects on the joint [ 44 ] and inhibited OA progression induced by exces-
sive treadmill running in rats [ 45 ]. In a phase I clinical trial, double-blind, 
randomized, placebo-controlled, was conducted to examine the safety and effi cacy 
of BMP-7 for treatment of patients with knee OA. In the phase I clinical trial, no 
major adverse events was observed and injection of 0.1 and 0.3 mg BMP-7 more 
improved the symptoms of the patients than injection of placebo [ 46 ]. A phase II 
clinical trial to further examine the effi cacy of BMP-7 in OA has been also com-
pleted [ 47 ].although the results have not yet been reported. Currently intra-articular 
injection of BMP-7 appears to be promising for treatment of OA, but it needs more 
research to determine whether the injection of BMP-7 can delay progression of OA 
and long term effect of the injection.  

4.3.2.3    Platelet-Rich Plasma (PRP) 

 Platelets are known to contain a variety of growth factors, such as FGF-2, insulin- 
like growth factor 1 (IGF-1), platelet-derived growth factor (PDGF), Tansforming 
Growth Factor (TGF)  β  (beta), vascular endothelial growth factor (VEGF), epider-
mal growth factor (EGF). PRP is made from patient’s peripheral blood followed by 
centrifuge, producing platelet concentrates. Because PRP is relatively safe and easy 
to prepare, PRP has gained popularity in orthopaedic fi eld for enhancing healing of 
bone, ligament injury, muscle injury and tendinopathy [ 48 ,  49 ]. 

 The effi cacy of PRP injection in treatment for patients with cartilage degenera-
tion and OA was also examined. Intra-articular injection of PRP reduced pain and 
improved clinical scores over the 6 month-period although its effect decreased at the 
longer follow-up [ 50 ,  51 ]. In addition, PRP injections more improved clinical symp-
toms than hyaluronic acid injections [ 52 ,  53 ]. Although PRP can be effective treat-
ment for OA, its disease modifying effect of OA has not been clarifi ed. The effect 
of PRP might be through anti-infl ammatory effects [ 54 ,  55 ] rather than anabolic 
effect on cartilage. In a pilot study, PRP was added to the autologous matrix-induced 
chondrogenesis (AMIC) technique to treat cartilage defect in the patella. However 
the addition of PRP to AMIC did not produce obvious benefi cial effects [ 56 ]. One 
of the important issues in research of PRP is methodological variations in prepara-
tion of PRP. Currently no standardized technique exists and the differences in prepa-
ration techniques, making it diffi cult to obtain generalized valid data. Further 
detailed basic studies about effi cacy of PRP in cartilage regeneration and OA are 
required.   
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4.3.3     Drugs Targeting Subchondral Bone Changes 

4.3.3.1    Calcitonin 

 Calcitonin has been widely used for treatment for osteoporosis it has also been 
introduced for OA treatment based on the hypothesis that normalization of subchon-
dral bone could prevent OA progression. In a dog ACLT model, reduced bone min-
eral density (BMD) was observed and the treatment of calcitonin by nasal spray 
prevented the reduction of BMD and reduced cartilage break down caused by the 
ACLT [ 57 ,  58 ]. A randomized, double blind, placebo-controlled clinical trial was 
conducted in 152 postmenopausal women. Oral intake of the 1.0 mg salmon calci-
tonin reduced urinary excretion of C-terminal telopeptide of collagen type II 
(CTX-II), suggested an effect of calcitonin in prevention of OA progression [ 59 ]. 
Similarly, in clinical trials including 41 patients, oral intake of salmon calcitonin for 
84 days signifi cantly decreased in the levels of CTX-II, C2C, and MMP-13 [ 60 ]. 
The effect of the calcitonin could exert through not only on changes in BMD but 
also direct effect on cartilage [ 61 ,  62 ]. Calcitonin receptor was expressed in chon-
drocytes and the treatment of calcitonin stimulated the production of proteoglycan 
and pro-peptides of collagen type II in human OA cartilage explants [ 63 ]. Very 
recently, Sondergaard et al. reported that OA progression induced by destabilization 
of medial meniscus was signifi cantly reduced in transgenic mice over-expressing 
salmon calcitonin compared with in wild type mice [ 64 ]. A clinical trial examining 
effi cacy and safety of oral Salmon calcitonin in patients with knee has been recently 
completed [ 65 ].  

4.3.3.2    Bisphosophonates 

 Bisphosphonates have been also used for osteoporosis and they were expected to 
improve the quality of subchondral bone in OA. In a rat ACLT model, treatment of 
alendronate subcutaneouslly suppressed subchondral bone resorption and reduced 
the incidence and area of osteophyte formation [ 66 ]. Similarly in a rabbit ACLT 
model, alendronate reduced subchondral bone resorption and delayed the cartilage 
degeneration [ 67 ,  68 ]. One study shows that among 818 postmenopausal women 
who received alendronate and estrogen had less subchondral bone attrition and bone 
marrow edema-like abnormalities in the knee [ 69 ]. In addition, the treatment with 
Alendronate signifi cantly reduced knee pain assessed by WOMAC scores in the 
elderly women [ 69 ]. In a double-blind placebo-controlled clinical study including 
231 patients with mild to moderate knee OA, treatment with 15 mg risedronate 
improved the WOMAC index. In addition, there was a trend that risedronate delays 
joint space narrowing [ 70 ]. In a relatively large study in which 2,483 patients with 
medial compartment knee were enrolled, risedronate reduced symptoms of OA and 
reduced C-terminal crosslinking telopeptide of type II collagen, a cartilage degrada-
tion marker. However the treatments with risedronate did not signifi cantly reduce 
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joint space narrowing assessed by radiography [ 71 ]. Very recently it has been 
reported that the intravenous infusion of zoledronic acid reduced knee pain and the 
size of the bone marrow lesion are in patients with knee OA [ 72 ].    

4.4     Conclusions 

 Recent growing number of basic OA research has provided new insights into patho-
genesis of OA and also has led to clinical trials for treatment of OA. Despite numer-
ous pharmacological interventions for treatment of OA have been tried, to date none 
of pharmacological drugs has shown defi nite disease modifying effect. Therefore 
currently early diagnosis and intervention for preventing progression of OA before 
causing global alterations in joint homeostasis, seems to be an important approach 
for producing successful results. More research is required to discover new thera-
peutic approach and effective treatments for OA.     
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    Abstract     Already  in utero  developing articular cartilage is exposed to, and is as 
well dependent of, a certain degree of mechanical stimulation (Brommer et al., 
Equine Vet J 37(2):148–154, 2005). Likewise, adult hyaline cartilage is strongly 
regulated by a frequent input of dynamic load. It is now clear that articular chon-
drocytes and mesenchymal stem cells clearly benefi t from physical stimuli  in 
vitro  (Grad et al., Clin Orthop Relat Res 469(10):2764–2772, 2011). The term 
preconditioning has evolved in the fi eld of cartilage tissue engineering, roughly 
describing an enhanced  in vitro  chondrogenesis by application of different stim-
uli which aims to generate more functional constructs for implantation. Physical 
stimulation is one way to precondition cells and is commonly realized by the use 
of bioreactors. Bioreactor systems can closely reproduce the  in vivo  environ-
ment, and can provoke a highly effi cient chondrogenesis. They offer the possibil-
ity to evaluate novel therapeutic approaches while avoiding ethically challenging 
animal models. Mechanical load can be applied by tension, hydrostatic pressure, 
compression, shear, and any combination of these stimuli. In particular, the com-
bination of compression and shear very closely resembles a human joint situation 
(Grad et al., Tissue Eng 12(11):3171–3179, 2006). Physical stimulation of artic-
ular chondrocytes and mesenchymal stem cells can result in an upregulation of 
the classical chondrogenic markers such as collagen 2, proteoglycan-4 and 
aggrecan. Furthermore it has been shown that cell-matrix constructs that have 
been subjected to physical loading highlighted an organized cell-matrix align-
ment in the direction of the mechanical stimulation, when compared to free-

    Chapter 5   
 Bioreactor Tissue Engineering for Cartilage 
Repair 

                Gian     M.     Salzmann       and        Martin     J.     Stoddart   

        G.  M.   Salzmann ,  MD       (*)  
  Department of Orthopaedic and Trauma Surgery , 
 University Medical Center, Albert-Ludwigs University Freiburg , 
  Hugstetter Strasse 55 ,  Freiburg   79106 ,  Germany   
 e-mail: gian.salzmann@uniklinik-freiburg.de   

    M.  J.   Stoddart    
  AO Research Institute Davos, Clavadelerstrasse 8 ,   7270 Davos Platz ,  Switzerland    



80

swelling cell-matrix constructs (Salzmann et al., Tissue Eng Part A 15(9):
2513–2524, 2009). Signifi cantly increased mechanical properties have also been 
reported following mechanical stimulation  in vitro . However, an effective chon-
drogenesis can only be generated when the stimulus is correctly applied in terms 
of modulus, frequency, duration and force. Furthermore, subjected cells have to 
be embedded within a 3-D environment which provides a suffi cient mechanical 
backbone to withstand and transmit mechanical loads while in parallel still per-
mitting effective chondrogenesis. Novel bioreactor tissue engineering approaches 
aiming for articular cartilage repair may focus on stem cell chondrogenesis com-
bining physical with chemical stimuli, which have been shown to be very effi -
cient in promoting  in vitro  chondrogenesis (Li et al., J Cell Physiol 227(5):
2003–2012, 2011).  

  Keywords     Bioreactor   •   Tissue Engineering   •   Cartilage   •   Chondrocyte   •   Stem cells   
•   Knee   •   Osteoarthritis   •   Biomechanical Stimuli   •   Preconditioning       

 Key Points 
•     Articular cartilage serves a predominantly biomechanical function.  
•   Hyaline cartilage is dependent on mechanical input to maintain function 

and integrity.  
•   Dynamic shear, compression, fl uid fl ow and hydrostatic pressure are the 

biomechanical hallmarks within articulating joints.  
•   During gait the human walking cadence is normally at the range of 1 Hz by 

which articular cartilage experiences stresses between 3 and 10 Mpa with 
a strain of 10–15 %.  

•   Articular chondrocytes mainly increase collagen type 2, 6, 9, 11, aggrecan, 
COMP, PRG-4 and glycosaminoglycan expression as a physiological 
response to mechanical load.  

•   Bioreactors are devices to culture tissue by provision of a controllable, 
mechanically active environment.  

•   Bioreactors can be operated in order to improve, but also study, the struc-
ture, properties and integration of tissue.  

•   Bioreactors are capable of improving tissue construct size, cellularity and 
molecular composition of tissue such as cartilage by biomechanical 
modulation.  

•   Flow perfusion, hydrostatic pressure, rotating wall, spinner fl ask, compres-
sion, shear or combined stimuli are the most common modes of bioreactor 
stimulation.  

•   Bioreactor, functional tissue engineering is a rapidly increasing experi-
mental and also early clinical fi eld to study and precondition articular 
cartilage.    
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5.1     Introduction 

 Tissue Engineering is a fi eld at the interface of engineering and biology which aims 
to repair or replace injured or diseased tissues and organs, such as articular carti-
lage. Since articular cartilage serves a predominantly biomechanical function, tai-
lored tissue engineering principles are required. To meet this challenge a new 
paradigm termed functional tissue engineering is emphasizing biomechanical con-
siderations during design and development of cell-scaffold constructs [ 1 ]. 
Bioreactors are devices to culture tissue by provision of a controllable, mechani-
cally active environment which can be operated in order to improve, but also study, 
the structure, properties and integration of tissue. Bioreactors are capable of improv-
ing tissue construct size, cellularity and molecular composition. 

 It is becoming increasingly apparent that cartilage defects are frequently osteo-
chondral lesions. The osteochondral junction represents the important backbone for 
the overlying hyaline cartilage. Effective articular cartilage repair can only be 
achieved when there is also healthy underlying bone [ 2 ]. Not only osteochondral 
lesions, but as well bone diseases such as infection, fractures, osteoarthritis or 
osteoporosis are becoming a major medical and socioeconomic problem. In this 
context,  ex vivo  tissue engineering strategies for  de novo  generation of bone tissue 
is also a major fi eld of interest. The use of autologous bone-forming cells and three- 
dimensional porous scaffold materials are, comparable to cartilage tissue engineer-
ing, the two main components to realize bone tissue engineering [ 3 ]. Furthermore, 
different tissue engineering protocols have already realized tissue engineering pro-
duction of osteochondral regenerates [ 4 ,  5 ]. However, this chapter is focussing on 
bioreactor tissue engineering with regard to articular cartilage. Nevertheless, there 
are many similarities concerning basic bioreactor principles, as well as typical bio-
reactor associated drawbacks such as insuffi cient nutrient and oxygen transport and 
removal of waste products from the cells at the interior of the scaffold. 

 An intra-articular environment can be regarded as harsh in terms of mechanical 
and chemical provocation. In particular, hyaline cartilage, which is covering the 
ends of long bones, is subjected to multiple repetitive load cycles and yet often pro-
duces a lifetime of pain free motion and weightbearing. It is a prerequisite for mam-
mals to move and survive without lasting damage. Therefore, articular cartilage is a 
highly developed tissue in order to fulfi l this task and withstand endless cycles of 
near frictionless motion during locomotion. The sacrifi ce associated with this spe-
cialization is a minimal ability to heal when damaged in post-puberty. Current car-
tilage repair procedures regularly fail to completely restore existing defects. Hyaline 
cartilage lesions are very frequent among adult subjects [ 6 ]. Furthermore, they often 
remain clinically silent initially, while morphologically progressing [ 7 ]. Synchronous 
to that, the well-balanced joint homeostasis can turn into an unstable equilibrium 
[ 8 ]. Both play a part in avicious circle, which may be initiated following blunt 
trauma, cruciate ligament ruptures, meniscal lesions or patella dislocation, but 
remain unnoticed over decades [ 9 ]. Only effi cient cartilage repair techniques may 
arrest the progression of continuous degeneration before other means of 
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osteoarthritis prevention become available [ 10 ,  11 ]. Although current cartilage 
repair procedures often struggle to result in a truly effi cient repair, tissue engineer-
ing applications are on the threshold of clinical implementation in order to improve 
 in vivo  transplant performance. These applications may remain close to currently 
available cartilage repair techniques, such as chondrocyte transplantation.  

5.2     Cartilage Repair 

 Already in the 20th century a great variety of surgical techniques have been pro-
posed in order to address existing articular cartilage lesions. Until today, three basi-
cally different surgical options have evolved and are in frequent worldwide use. 
However, there remains controversy on how and when which surgical technique 
should be applied. A worldwide accepted standard guideline does not exist [ 12 ]. 
Arthroscopic microfracturing aims for  in situ  repair of the cartilage defect. Bone 
marrow stem cells (BMSCs) migrate into the defect and settle within the debrided 
lesion. It is anticipated that these cells differentiate into chondrocytes leading to a 
phenotypically correct repair of the lesion. Osteochondral transplantation, which 
can be achieved using open, mini-open or arthroscopic techniques, is aiming to 
replace damaged tissue immediately. Not only the chondral surface, but the underly-
ing bone is also extracted using hollow cutters and consecutively replaced by autol-
ogous or allogenous osteochondral cylinders, which have the same dimensions. 
Defective cartilage is immediately replaced by hyaline cartilage, while at the same 
time addressing the underlying bone. Autologous chondrocyte implantation (ACI) 
aims to regenerate the cartilage defect by using isolated autologous chondrocytes, 
which have been previously obtained from the joint and expanded  in vitro . The sur-
gical techniques all have their specifi c advantages and disadvantages. On any 
account, they have in common that  restitutio ad integrum  commonly does not occur 
following the post-operative intervention [ 13 ]. While early randomized controlled 
trials comparing operative techniques against each other remained mostly inconclu-
sive [ 14 – 16 ], current evidence has shown superiority of cell-based methods, autolo-
gous chondrocyte transplantation, in comparison to microfracturing [ 17 ] as well 
when comparing with osteochondral transplantation [ 18 ]. These aspects become 
particularly true when horizontally large (above 3–4 cm 2 ) defects are concerned. 
Furthermore, a correlation between the quality of the repair tissue and clinical 
symptoms have been described. When mostly hyaline and hyaline-like tissue 
evolves at the defective site, the likelihood of a satisfying clinical outcome is clearly 
increased [ 19 ]. It was shown during clinical ACI that initial strong collagen type 2 
and CD-44 expression within the chondrocytes is signifi cantly correlated with an 
improved clinical outcome [ 20 ]. Tissue quality can be regarded as one major aspect 
when articular cartilage repair is concerned. Morphologically and thus functionally 
well-developed tissue following cartilage repair procedures is more likely corre-
lated with a satisfying long-term clinical outcome than the opposite [ 21 ,  22 ]. The 
mechanical properties of articular cartilage are clearly related to its well-balanced 
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composition of collagens and proteoglycans. Those are maintained by the only 
 co- existing compound within articular cartilage, the chondrocyte. This simple two- 
component structure was initially considered to be easy to reproduce and has been 
considered a perfect target for tissue engineering applications. However, hyaline 
cartilage is constantly dependent on a wide array of biomechanical und biochemical 
input in order to maintain its structure and integrity. It has been shown in an ankle 
fracture model that, when knee joint cartilage is not mechanically stimulated, it is 
suffering from atrophy when compared to loaded control [ 23 ]. It also has been 
shown that certain cartilage specifi c growth factors are upregulated following the 
postoperative course of surgically induced cartilage repair [ 24 ]. Proinfl ammatory 
cytokines, such as interleukin beta 1 and tumor necrosis factor alpha, play a major 
role within a functioning intra-articular environment [ 9 ]. Maintenance of correctly 
operating hyaline cartilage is owing to a required constant physicobiochemical 
input in order to provide a well-balanced joint homeostasis. Bearing this in mind, 
the postoperative rehabilitation following articular cartilage intervention is critical. 
However, it is required that the respective transplanttraverses certain stages of matu-
ration [ 25 ]. It may take up 2–3 years post-implantation until a transplant can be 
regarded morphologically mature and fully ready to use [ 26 ]. It was shown during 
laboratory analysis of different clinical ACI products that the collagen 2/collagen 1 
ratio was fardistant from that of native tissue at the time of transplantation [ 27 ]. This 
may be expected since the biopsies that are taken prior to ACI are usually small and 
contain few cells. Therefore,  in vitro  expansion procedures are required to increase 
cell numbers and it is known that proliferation is antagonistic to differentiation. 
Signifi cant chondrocyte dedifferentiation occurs, with a concomitant increase in 
collagen I expression, as cell numbers and time in 2D monolayer, increase [ 28 ]. 
Progressive rehabilitation schemes have shown an improved outcome when com-
paring with traditional schemes following Matrix-assisted Chondrocyte Implantation 
(m-ACI) [ 29 ], but currently there is not enough evidence to constitute exact time 
points when a patient/a transplant is completely recovered. Related to failed com-
plete restitution of articular cartilage, the transplantation of very immature tissue 
and consequently long patient rehabilitation tissue engineering principles are 
required for future cartilage defect repair.  

5.3     Tissue Engineering 

 Tissue engineering aims to overcome limitations of traditional therapies by repair-
ing or replacing damaged tissue with a  de novo  tissue that resembles the native tis-
sue. These principles clearly aim for improved tissue quality at the time of 
transplantation in order to enhance the respective performance  in vivo . Furthermore, 
patient recovery can be accelerated when more mature constructs are being 
implanted which require less time until full maturation. The term preconditioning 
has emerged to describe  in vitro  procedures that better prepare transplants for natu-
ral  in vivo  environments. 
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 Among the large number of different ways to fulfi l such principles, bioreactor 
tissue engineering defi nes a major aspect when articular cartilage repair is con-
cerned. Bioreactors follow the goal to mimic (mostly biomechanical) natural joint 
surroundings. In that way cells behave  in vitro  as if they were  in vivo  [ 30 ]. In 
response to a biomechanical input, chondrocytes produce matrix as a natural 
response leading to protection and preparation for future mechanical stimulation; in 
the way of “form follows function.” Following this concept, potential transplants 
can be trained/preconditioned prior to re-implantation. A major challenge to over-
come is the inverse relationship between tissue maturation and its potential to inte-
grate and adapt to the healthy tissue surrounding the defect. 

 Various bioreactors have been developed which can apply any combination of 
mechanical, chemical, electrical or magnetic stimulation to enhance mass trans-
fer and nutrient transport within seeded cells, facilitating the correct tissue devel-
opment. During musculoskeletal tissue engineering, they are applied for growth 
of three dimensional tissues, such as cartilage, prior to implantation.  In vivo  
articular cartilage is affected by different biomechanical forces, such as direct 
compression, tensile and shear forces, the generation of hydrostatic pressure, 
cyclic osmotic changes, electric gradients as well as changes in the pH. There are 
a multitude of bioreactor systems available of varying complexity. However, an 
ideal system would allow a precise control of the physiological environment of 
the culture. Temperature, oxygen concentration, pH value, nutrients, media fl ow 
rate, metabolite concentration and eventually as well specifi c tissue markers 
have to be kept within close limits. The culture of tissue is a non-steady state 
process in which parameters constantly change. Bioreactor culture has to pro-
vide nutrients and gases as the respective tissue is accustomed to  in vivo . A bio-
reactor mechanical stimulus should be of a dynamic and intermittent character 
rather than being static pressure in order to induce chondrogenesis. There should 
be an adequate fl uid exchange within the cultured constructs to provide every 
cell with nutrients. Applied biomechanical load should be physiological. While 
low levels of stress has been shown to remain unanswered by the cells, too strong 
mechanical stimulation can even result in apoptotic processes being initiated. 
Furthermore the importance of scaffold binding sites to transmit mechanical sig-
nals to seeded chondrocytes during the initial moments of bioreactor culture has 
been reported. 

 There are currently different options to stimulate chondrogenic cells. Certain 
basic principles are by now familiar. The cellular response to load is specifi c to the 
type of load applied, and this has been shown to be true across the knee joint [ 31 ]. 
During the same loading cycle, the lateral tibial plateau has a greater cartilage con-
tact deformation, but lower cartilage contact area when compared with the medial 
compartment. Both compartments demonstrate a cartilage contact deformation of 
between 10 and 15 %. The rotation of the femur with respect to the tibia also varies 
during gait [ 32 ]. A physiological response of articular chondrocytes can be identi-
fi ed by the production of typical markers of hyaline cartilage. Those are generally 
collagen type 2, 6, 9 and 11, aggrecan as well as the different glycosaminoglycans 
that are attached to the protein backbone. Furthermore, a healthy response to 
mechanical stimulation can be detected when the cells are expressing lubricin 
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(proteoglycan 4, PRG-4) and cartilage oligomeric protein (COMP). Also, 
 histological and mechanical properties have to resemble mature cartilage in order 
to achieve functioning transplants [ 33 ]. 

 Human hyaline cartilage can be described as being viscoelastic, resulting from 
its structural and chemical properties. The dynamic equilibrium of articular carti-
lage is related to its biphasic system. The solid phase is represented by porous and 
permeable parts of the ECM consistent of a collagen mesh, non-collagenous pro-
teins and the non-covalently bound proteoglycans. The other phase is represented 
by the interstitial fl uid along with ions solubilized within. The fl uid phase can be 
separated into water and ions to have three different phases within articular carti-
lage. Negatively charged proteoglycans are capable of binding positively charged 
ions and thus water (fl uid phase) along the osmotic gradient. This fl uid infl ux, and 
the resulting cartilage swelling, is limited by external compressive forces and the 
resisting tensile collagenous network to reach a steady state. The complex orches-
tration of the cartilaginous network only works when the ECM and chondrocytes 
are well-balanced. Accordingly, it is the general goal during cartilage tissue engi-
neering procedures to simultaneously proliferate and correctly differentiate chon-
drocytes, which are commonly cultured three-dimensionally. Human articular 
cartilage is composed of 60–80 % water, 10–20 % collagen type 2, 5–7 % aggregat-
ing proteoglycans, the rest being chondrocytes. This structure develops slowly and 
is dependent of mechanical forces during embryonic organogenesis. The tissue con-
stantly remodels during the lifetime of the organism, emphasising the constant need 
for the correct biomechanical signals to be applied. 

 In such, synovial joints are the constant subject of several combining physical 
factors resulting in reactive change of volume, pressure gradient and fl uid fl ow. 
Articular cartilage is typically exposed to stresses between 3 and 10 MPa with 
potential peaks up to 20 MPa at the hip joint. The human walking cadence is nor-
mally at the range of 1 Hz, which increases or decreases depending on speed of 
locomotion. Deformation of human cartilage without pathology is commonly at 
around 10–15 % strain. These are the cornerstones to which bioreactor tissue engi-
neering principles are adjusting to in order to provoke a physiological tissue 
response. Hence, those values are true for mature human cartilage which has previ-
ously undergone complex differentiation processes during development and there-
fore have to be adapted for early  in vitro  tissue engineering processes. During  in 
vitro  tissue engineering it has been shown that chondrocytes are capable of reacting 
on biomechanical stimulations and converting them into intracellular signals which 
are essential for the maintenance of the entire tissue. While there is still a lack of 
knowledge, it is known that deformation of the chondrocyte itself may take part in 
a mechanical signal transduction pathway. Chondrocytes can react on shifting of 
currents and resulting electrical fi elds induced by mechanical forces. Furthermore 
mechanosensors such as integrins have been reported to reside on the extracellular 
membrane which can provide direct contact with the intracellular ECM. Moreover, 
mechanical stimulation can result in the activation of ion channels via shifting of the 
membrane potential [ 34 ,  35 ]. The exact mechanism of load sensing is unknown, and 
may be dependent on the cell type used (chondrocyte versus MSC), the scaffold 
material in which the cells are embedded, whether the matrix permits cell 
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attachments and through which membrane binding proteins. It has previously been 
shown that the mechanoregulation of chondrocytes in agarose gels requires the cells 
 themselves to produce extracellular matrix prior to being responsive [ 1 ]. Whether 
this is hydrogel specifi c remains to be seen.  

5.4     Bioreactor Systems 

 There are a variety of different bioreactor-induced ways to apply mechanical load. 
Following uniaxial compression the tissue hydrostatic pressure is increasing 
related to the resistance of the negative charges within the solid phase. Hydrostatic 
pressure, mostly related to the fi xed charged density of the proteoglycans, is 
increasing to prevent tissue deformation. The collagenous network does not have 
major effects during these processes. However, when the compression is main-
tained as with static compression, more fl uid is extravasated off the respective con-
struct and pressure upon the collagens is constantly increased. In parallel, less fl uid 
can pass through the construct resulting in a more rigid solid phase. These pro-
cesses take place in order to protect rigid parts of the ECM from higher load peaks. 
In contrast to direct compression, hydrostatic pressure does not result in macro-
scopic deformation of cartilage. Since the solid matrix phase of cartilage is intrin-
sically incompressible, no tissue deformation will occur under an external 
hydrostatic load. However, hydrostatic pressure is considered as one of the most 
important forms of loading to act on cartilage  in vivo . In contrast to direct compres-
sion, hydrostatic pressure is commonly not capable of harming the exposed tissue. 
Following the external application of hydrostatic pressure, hydrostatic pressure 
will increase inside a subjected cell-scaffold-construct. Pressurization results in 
only 10 % of the load remaining as direct compression on the solid phase. 
Hydrostatic pressure may result in only minimal strain at the cellular level. Thus, 
hydrostatic pressure may have direct effects on cell membrane ion channels with a 
pressure-dependent change in intracellular ion concentrations. Alterations in intra-
cellular ion concentrations lead to changes in cellular gene expression, protein 
production and eventually biomechanical properties. During locomotion, and thus 
joint movement, intermittent shear stress is applied on to the tissue surface. In 
response, articular cartilage does not reduce volume, but deforms its structure. 
Shear stress is therefore mostly affecting the upper layers of cartilage or cell-scaf-
fold constructs. Hence, chondrocytes within the upper layer of cartilage are com-
monly horizontally orientated, while those in deeper layers are usually found in 
vertical columns. But also cells within the less fl exible deeper layers are thus 
strongly affected by shear stress, which results in an increased collagen content. 
There are bioreactors capable of exposing subjected constructs to isolated stim-
uli, while there are also devices that are capable of a combinatory mechanical 
input. The latter more closely resembles the human articulating joint and thus may 
generate a more tissue specifi c response. During bioreactor tissue engineering, one 
can adjust the magnitude, frequency, onset, and duration of load application. 
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A physiological biomechanical stimulus closely resembles joint motion of a human 
knee joint. The interaction between subchondral bone and cartilage which is a 
important for load transmission and maintenance of both tissues. This interaction 
is hard to mimic in a bioreactor. Within which, cartilage is  recognizing stimuli as a 
rolling movement of direct compression in concert with a generation of shear and 
tensile forces and high hydrostatic pressure [ 36 ]. 

 The multitude of bioreactor systems currently used is further complicated by a 
lack of standardisation and validation. Most systems are custom built, making com-
parisons between devices diffi cult. Additionally the various groups use different cells 
(age, species, origin, expanded versus non-expanded, different culture media) and 
the scaffolds in which the cells are embedded can also be radically different, leading 
to a varying degree of load transmission potentially through differing mechanisms. 
Even taking these differences into account, certain trends have become apparent. 

5.4.1     Static Culture and Tension 

 When 3-D cultured chondrocytes are cultured  in vitro  under static free-swelling 
conditions, which is the current practice to realize matrix-assisted chondrocyte 
transplantation, it has been shown that little benefi t is observed when chondrogen-
esis is concerned [ 27 ]. Static culture results in a non-homogenous cell distribution 
that does not resemble the native tissue [ 37 ]. Extracellular matrix production is not 
enhanced by isolated 3-D surroundings and chondrocytes have been shown to even 
downregulate typical markers for chondrogenic differentiation such as collagen 
type 2 or aggrecan under such growth conditions [ 38 ]. Furthermore the failure of 
static cultures to recreate the mechanical environment of  in vivo  tissue and to 
achieve mass transport of nutrients into large scaffolds result in the preferential 
growth of cells at the periphery of the scaffold which lacks the biomechanical and 
histological properties of native tissue- it has been previously termed as an edging 
effect [ 39 ]. 

 Similar to static culture, tensile loading is not a typical stimulus within human 
joint surroundings and thus in isolation is not truly physiologically relevant for 
articular cartilage. Thereby, experimental studies mostly described detrimental 
effects following tension bioreactor tissue engineering. Yet, inhibitory effects such 
as down-regulation of proteoglycan production have been reported [ 40 ].  

5.4.2     Bioreactors- Increasing Fluid Exchange 

5.4.2.1     Flow Perfusion 

 Interstitial fl ow in articular cartilage is secondary to shear and compressive 
 deformations during locomotion [ 41 ]. It is linked with the well-characterized 
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heterogeneity in structure and composition of its extracellular matrix. During fl ow 
perfusion bioreactor tissue engineering, cell culture medium is pumped continu-
ously through a cell-matrix construct without internal transport limitations. Hereby 
the local nutrient supply, mass transfer is higher when comparing to rotating wall 
or spinner fl ask systems [ 42 ]. Homogenous cell distribution and higher cell seeding 
effectiveness are resultant. Also biomechanical input is placed onto the cells, which 
has been shown to enhance mechanical properties but as well to enhance the 
expression of the osteoblastic phenotype [ 43 ]. Flow perfusion may serve to provide 
every construct- cultured chondrocyte with nutrients in order to avoid edging 
effects. However, simple fl ow perfusion does not propose a relevant and adequate 
stimulus for articular chondrocytes to establish a functioning ECM as under these 
conditions it is not associated with a concurrent change in osmolarity within the 
tissue.  

5.4.2.2     Rotating Wall 

 The principle of a rotating wall bioreactor is following basic rules of gravity. Cell- 
seeded scaffolds are cultured within medium-fi lled culture fl asks. These are con-
stantly rotated and thus kept from descending to the bottom of the fl ask. Thereby a 
dynamic laminar fl ow with a defi nitive shearing force evolves at the construct sur-
face which is provoking an even cellular distribution and enhanced biomechanical 
properties. The rotating wall bioreactor is kept within a standard CO 2  incubator and 
to enable proper gaseous exchange, one side of the bioreactor chamber is a semi- 
permeable membrane. It was also shown that the rotating wall principle as well is 
applicable for isolated cells [ 44 ]. As with perfusion bioreactors, the rotating wall 
bioreactor allows for a larger construct to be cultured with a more even cell distribu-
tion, but does not apply mechanical stimulation more associated with an articulating 
joint.  

5.4.2.3     Spinner Flask 

 During spinner fl ask bioreactor tissue engineering, cell-seeded scaffolds are attached 
to e.g. needles and are suspended in a fl ask of culture medium. A magnetic stir bar 
is constantly mixing the medium from the bottom of the fl ask and thus providing 
with a turbulent mixing of medium nutrients to the respective constructs. Thereby, 
the mechanical properties of the resulting tissue are enhanced. Drawbacks are to be 
found within the fact that related to the turbulent medium supply, application spikes 
appear that may result in mechanical cell death and unbalanced nutrient supply. 
Also, a fi brous capsule may generate around the constructs with biomechanically 
weak tissue within [ 37 ]. It was furthermore shown that alkaline phosphatase activity 
and osteocalcin secretion was higher in cells that were previously cultured within a 
spinner fl ask when comparing to static or rotating wall bioreactors indicating osteo-
genetic processes.   
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5.4.3     Bioreactors- Applying Mechanical Loads 

5.4.3.1     Hydrostatic Pressure 

 During physiological locomotion, synovial joint fl uid is kept within the cartilage 
ECM, which is increasing hydrostatic pressure. It is related to the negatively charged 
proteoglycans and limited by the collagenous network. When hydrostatic pressure 
is applied intermittently at physiological levels ECM production is promoted. The 
opposite is setting in when the stimulus is static. Parkkinen and colleagues already 
in 1993 reported an increased glycosaminoglycan synthesis during hydrostatic pres-
sure bioreactor tissue engineering in cartilage explant culture. This effect could not 
be provoked within monolayer culture [ 45 ]. In contrast, when cartilage cells are 
cultured three-dimensionally within a scaffold and furthermore subjected to static 
hydrostatic pressure the production of external matrix is upregulated. One has to 
note that when the applied external artifi cial stimulus is non-physiological, e.g. too 
high, apoptosis may be induced within the cells. Generally hydrostatic pressure is 
one very attractive mechanical stimulus in order to increase chondrogenesis and 
thus ECM production and modulation. It works best when applied dynamically 
within physiological limits of 7–10 MPa. Within this range it has also been demon-
strated that hydrostatic pressure has the potential to enhance chondrogenesis of both 
bone marrow [ 46 ] and infrapatellar fat pad derived MSCs [ 47 ].  

5.4.3.2     Compression 

 Uniaxial compression as being observed within human joints is one of the most 
heavily studied modes of mechanical stimulation. If a compressive force is applied 
statically over time it is now accepted that in the majority of cases, a detrimental 
effect to the tissue will arise. Down-regulation of the typical markers collagen type 
2 and 6, aggrecan and glycosaminoglycans are the result. Also, when cultured over 
short periods, dynamic loading of 15 % strain at 1 Hz did not result in a signifi cantly 
upregulated hyaline-like ECM expression when comparing with static culturing 
conditions [ 48 ]. Numerous studies involving dynamic compression suggest a ben-
efi cial effect of load for chondrogenesis within chondrocytes, which is identifi ed by 
the upregulation of collagen type 2 and aggrecan [ 1 ,  49 ]. Of studies involving com-
pression alone, mostly a frequency of 1 Hz and either 10 % or 15 % compression 
has been applied [ 1 ,  49 ,  50 ]. Similar magnitudes led to the greatest increase in 
chondrogenic gene expression and GAG synthesis in MSCs [ 51 – 53 ]. Interestingly, 
it was also shown that dynamic modulation of chondrocytes can also to an extent 
counteract the usually detrimental expression of interleukin 1 beta [ 54 ,  55 ]. The 
effect of uniaxial compression appears to be dependent on the extent of matrix that 
is present around the cells [ 1 ]. It has also been proposed that it shows differing 
effects depending on whether chondrocytes or MSCs are stimulated. While there is 
little doubt that uniaxial load stimulates matrix synthesis in mature chondrocytes, 
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uniaxial load alone does not appear to be able to induce chondrogenesis in BMSCs. 
Either a shear component is required [ 56 ] or a pre-stimulation with TGF-β is 
required to fi rst induce chondrogenesis, resulting a in cell phenotype responsive to 
compression alone [ 57 ].   

5.4.4     Combined Stimuli 

 Bioreactors have been developed which are capable of applying shear superimposed 
over compression [ 30 ,  58 ]. An example of such a device can be seen in Fig.  5.1 . 
Within this device, shear, compression or a combination of the two can be indepen-
dently controlled and regulated. Related to the fact that human articular chondro-
cytes are the subject of combined mechanical stimuli [ 59 ] it has been shown during 
 in vitro  experiments that a combined mechanical stimulus can be more effi cient in 
generating chondrogenesis when compared to isolated stimulation [ 60 ]. The imple-
mentation of motion patterns which approximate the kinematics of physiological 
joint motion can lead to the development of a tissue with properties similar to native 

A

B C

FED

  Fig. 5.1     Left : Cross sectional schematic of the scaffold with its holder. The ceramic hip ball ( A ) is 
pressed against the cell-seeded scaffold ( B ). The scaffold ( B ) is held in place within the main 
holder ( C ) by means of a circular PEEK (poly(ether ether    ketone)) ring ( D ). A fi nal ring of cell free 
fi brin/ PU scaffold ( E ) provides a fi nal structural support to hold the sample in place.  Right : Sample 
in holder. Both the sample and ball are housed in a glass bell to increase sterility (Reproduced from 
Schätti et al. [ 56 ] with kind permission from eCM journal)       

 

G.M. Salzmann and M.J. Stoddart



91

articular cartilage. It has been shown that responses can be detected at the mRNA 
level within hours of the load being applied [ 58 ]. Studies have shown that dynamic 
compression and sliding surface motion, applied by a ceramic ball, improves the 
gene expression and the synthesis of cartilage specifi c matrix molecules in 
chondrocyte- scaffold constructs [ 61 ]. In such combined bioreactors one is capable 
to recognize differences in reacting ECM production. Sliding surface motion will 
more strongly result in the expression of Lubricin. Dynamic compression will more 
strongly evoke the expression of collagen type 2 and aggrecan. These different types 
of matrix expression are reminiscent of those appearing  in vivo  where chondrocytes 
are adapted to their biomechanical input [ 62 ]. It has been demonstrated that shear, 
superimposed over compression, is able to induce chondrogenesis of human MSCs 
in the absence of exogenous TGF-β [ 63 ] and as expected the response is dependent 
on the amplitude and frequency applied [ 64 ]. It has been proposed that shear is 
required for chondrogenic induction of MSCs [ 56 ].

5.4.5        Synergistic Processes 

 The synovial joint cavity is the host of a great variety of different growth factors, 
cytokines and other proteins. They interact heavily with mechanical stimuli in order 
to orchestrate an equilibrium within the articular cartilage. It is known that growth 
factors work synergistically with mechanical stimuli [ 65 ]. Such synergism was 
demonstrated when bovine articular chondrocytes overexpressing bone- 
morphogenetic protein-2 (BMP-2) were subjected to dynamic compression, shear 
and fl uid fl ow within a bioreactor. When comparing to the isolated stimuli it was 
discovered that singular BMP-2 infl uence was more effective to induce the expres-
sion of typical chondrogenic markers when compared to a singular mechanical 
input. However, when those stimuli were combined clear synergistic effects were 
detected that were higher than the sum of the individual treatments for the expres-
sion GAG/DNA, collagen type 2, and cartilage oligomeric protein (COMP). 
Histology revealed a functional organization in combined groups including an 
intense safranin O staining. Also, immunostaining for collagen II and aggrecan was 
well detected with most intense expression within combined groups [ 38 ]. Paralleling 
growth factors or cytokines, as well hypoxia has been shown to result in an improved 
chondrogenesis over control in terms of stabilization of the chondrogenic pheno-
type [ 39 ]. 

 Similar effects have been seen during the promotion of chondrogenesis in MSCs. 
Adipose derived cells transduced with IGF1 have been shown to lead to a chondro-
genic response [ 66 ]. The chondrogenic response of human MSCs under multiaxial 
load can be further enhanced when the cells are transduced with adenoviral Sox9 
[ 67 ] and such systems can be used to dissect the different regulation pathways of 
chondrogenic genes.   
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5.5     Conclusion 

 For the application of bioreactor tissue engineering, cells, either matrix-associated 
or condensed, are required for mechanical stimulation. When articular cartilage 
repair is concerned, chondrocytes are already involved with the maintenance of car-
tilage tissue and thus tailored for tissue engineering applications [ 68 ]. Hence, cur-
rent clinical tissue engineering principles concentrate on the application of 
autologous chondrocytes. Yet, only one clinical bioreactor tissue engineering prod-
uct is using autologous chondrocytes for knee joint cartilage repair, which have 
been mechanically stimulated within a bioreactor in beforehand, is currently in use 
[ 69 ]. Chondrocytes are expanded and seeded into a bovine type I collagen 
3- dimensional honey- comb matrix. The seeded scaffold is then processed in a bio-
reactor in which culture conditions, including hydrostatic pressure, seeks to induce 
the chondrocytes to synthesize cartilage glycoproteins. On line, quality control is 
becoming a novel issue in cartilage repair. In particular tissue construct mechanical 
properties may be one signifi cant part to support tissue quality and consecutive  in 
vivo  resilience. Notably, the Food and Drug Administration (FDA) requested 
mechanical data for all articular cartilage repair products in their guidance for 
“Repair or Replace Knee Cartilage”, which additionally emphasizes the importance 
of mechanical characterization of cartilage constructs. 

 Related to the fact that the realization of ACI still requires two full operations 
and is adjunctive with a potential harmful donor-site morbidity [ 70 ], alternative 
cell sources are being robustly investigated [ 71 ,  72 ]. Almqvist and colleagues 
have shown satisfying midterm results when applying allogenic chondrocytes for 
knee cartilage defect repair among 21 subjects [ 73 ]. However, allogenic material 
may be ethical challenging, has potential disease transmission and immunological 
rejection risks and moreover might not be accessible in every country. 
Mesenchymal stem cells are capable of differentiating into different tissues such 
as bone and cartilage. Complex differentiation processes are actually required 
when aiming for true and foremost lasting chondrogenic differentiation [ 74 ]. 
Though, clinical studies have shown a similar outcome when comparing the 
effects of autologous chondrocyte transplantation versus autologous stem cell 
transplantation for the treatment of knee cartilage defects [ 75 ]. However, chon-
drogenic differentiation of stem cells is a diffi cult task, while current methods 
tend to induce an inadequate, hypertrophic differentiation cascade reminiscent of 
endochondral bone formation [ 76 ]. While MSCs have been found in numerous 
tissues, the detection of a progenitor like cell within cartilage itself which does 
not appear to be hypertrophic [ 77 ] may lead to new potential therapies. Effective 
bioreactor tissue engineering, potentially combining mechanical with physical 
stimuli, may be very attractive for future cartilage repair procedures when using 
mesenchymal stem cells [ 56 ]. 

 Although progress has been achieved, there are still some signifi cant hurdles to 
overcome before preconditioned tissue engineered cartilage repair can become a 
clinical reality. Not only do the optimal culture conditions need to be found, but they 
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need to be implemented into systems which are good manufacturing process (GMP) 
compliant. This requires that each culture vessel is independent and there is no 
potential for cross contamination between patients. The tracking and record keeping 
required for GMP also increases costs, meaning that the treatment must be demon-
strably an improvement on current treatments. Also the logistics of the system need 
to be considered. If a central manufacturing plant is established then reliable trans-
portation to and from the hospital may be required and this might involve shipment 
of live human products across international borders. Otherwise the facilities need to 
be on-site and economies of scale need to be considered. In either case, suitable 
quality control and tracking is required. 

 Once overcome, the economic advantages of a reliable treatment for articular 
defects are vast. In the future, cartilage defects may be treated by use of bioreactor 
preconditioned  de novo  cell-scaffold constructs, which are able to still integrate, 
provide with high quality repair tissue and severely reduce the time required for 
patient rehabilitation. When effi cient, the high initial tissue engineering cost may be 
offset by highly effective osteoarthritis prevention which is all for the benefi t of the 
patient.     
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    Abstract     The modern regenerative procedures demonstrated to offer the 
 replacement of the articular surface with a hyaline-like tissue, but the properties of 
the healthy cartilage tissue are still unmatched by any available substitute. Moreover, 
the treatment of osteochondral lesions is even more biologically challenging since 
two different tissues are involved (bone and articular cartilage) with a distinctly 
 different intrinsic healing capacity. For the repair of the entire osteochondral unit, 
several authors have highlighted the need for biphasic scaffolds, to reproduce the 
different biological and functional requirements for guiding the growth of the two 
tissues, and different specifi c scaffolds have been developed for the treatment of 
large chondral or osteochondral articular defects. 

 At the time being, among these only two scaffolds used for osteochondral 
 regeneration are commercialized for clinical application. One is a bilayer porous 
PLGA-calcium- sulphate biopolymer. The second osteochondral scaffold is a 
 nanostructured biomimetic HA-collagen scaffold with a porous 3-D tri-layer com-
posite structure, mimicking the whole osteochondral anatomy. Other osteochondral 
scaffolds are still under preclinical investigation. In this chapter we focus on review-
ing the available evidence on the clinical outcome of these osteochondral scaffolds, 
as well as on reporting the new biomaterials developed and tested in preclinical 
studies that show to be promising for osteochondral regeneration.  

  Keywords     Biomaterial   •   Scaffold   •   Osteochondral reconstruction       
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6.1     Introduction 

 Articular cartilage has limited healing potential, refl ecting its peculiar anatomical 
structure and functional characteristics [ 1 ], whose changes may produce an acceler-
ated loss of articular surface, leading to end-stage arthritis. In fact, it’s proven that even 
small and single chondral defects represent a risk to more extensive joint damage [ 2 ]. 

 The role of the subchondral bone in this etiopathogenetic process has been 
recently extensively studied: in fact, it may be involved not only primarily in case of 
osteochondritis dissecans (OCD), osteonecrosis or trauma [ 3 – 5 ], but even focal 
chondral defects, if left untreated, may involve secondarily the underlying subchon-
dral bone, either with overgrowth or bone loss [ 6 ,  7 ]. Thus, the surgeon should 
consider both cartilage and bone reconstruction when approaching to treat osteo-
chondral lesions [ 2 ]. 

 The treatment of the entire osteochondral unit is more challenging than the chon-
dral layer alone, due to the different healing capacity of cartilage and bone. In recent 
years, the new achievements in tissue engineering allowed the development of bio-
materials to manage even such complex lesions, where previous treatments were not 
indicated. 

 This chapter is focused on the biomaterials used nowadays for osteochondral 
reconstruction, either developed and tested in preclinical studies or already being 
applied in clinical practice.  

6.2     Biomaterials for Cartilage Regeneration 

 In the last decades, tissue engineering offered a promising and concrete alternative 
to traditional techniques aiming to help and guide tissue regeneration. These regen-
erative procedures aim at recreating a hyaline-like tissue in order to restore the 

 Key Points 
•     Tissue    engineering promises not only to repair, but to regenerate human 

damaged tissues, thus it becomes a “hot” topic also for cartilage repair.  
•   Despite that, cartilage regeneration is still an issue for the orthopaedic 

 surgeon, due to its unmatched properties.  
•   The different properties of bone and cartilage make the treatment of osteo-

chondral lesions even more diffi cult, requesting poliphasic scaffolds com-
posed of different biomaterials.  

•   Currently, several biomaterials are developed and tested as scaffold for 
osteochondral repair, mainly at a preclinical level.  

•   Only for two of them have been reported results of human use: a biphasic 
and a triphasic polymeric scaffold.    
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articular surface as similar as possible to the physiological one, both biologically 
and biomechanically, and overcoming the limits of the previously available 
 treatment options. 

 The rationale of using biomaterials as a scaffold is to obtain a temporary three- 
dimensional structure of biodegradable polymers for the  in vitro  growth of living 
cells and their subsequent implantation into the lesion area. An ideal scaffold should 
mimic biology, architecture and structural properties of the native tissue, thus facili-
tating cell infi ltration, attachment, proliferation, and differentiation. Moreover, it 
should be biocompatible and biodegradable through safe biochemical pathways at 
suitable time intervals to support the fi rst phases of tissue formation and gradually 
be replaced by the regenerating tissue. Three-dimensional scaffolds showed that 
they can help chondrocyte to maintain their differentiated phenotype [ 8 ], and also 
promote a homogeneous distribution while avoiding the risk of chondrocyte 
leakage. 

 Several scaffolds have been developed and applied to tissue engineering in the 
attempt to fulfi l better the requirements of cartilage regeneration process, with sub-
stantial differences regarding the materials chosen and their physical forms (fi bers, 
meshes, gels) [ 9 ]. Solid scaffolds provide a substrate that cells can adhere to, 
whereas gel scaffolds physically entrap the cells. 

 Each of the various materials tested in orthopaedics to form these three- 
dimensional structures must have some basic requirements, such as the capability to 
support, both  in vitro  and  in vivo , the necessary cell activity for regeneration (i.e. 
attachment, proliferation and differentiation) then  in vivo  to provide a mechanical 
support and biological stimuli to the regenerating tissue [ 10 ]. 

 Natural biomaterials can be proteins or polysaccharides of the extracellular 
matrix, thus containing sites for cellular adhesion, they are usually fully biocompat-
ible, whereas the source and the purity of the material used become important to 
avoid immune response of the host. On the other hand, natural materials have usu-
ally a limited range of mechanical properties [ 11 ]. Among these, protein-based bio-
materials, such as collagen, fi brin or silk, as well as polysaccharide-based 
biomaterials, including agarose, alginate, hyaluronian and chitosan, have been 
widely tested as 3-D scaffold to guide and support tissue regeneration [ 12 ,  13 ]. 

 Synthetic biomaterials offer the advantages of a defi ned chemical composition to 
better control their mechanical properties, degradation rate and shape [ 10 ]. They 
possibly present lack of sites for cell adhesions and can potentially product toxic 
substances after degradation [ 14 ], but innovations in the chemistry of these materi-
als have improved their biocharacteristics and biocompatibility [ 9 ]. 

 Most commonly synthetic materials used as matrices include poly(alfa-hydroxy) 
acids: mainly poly lactic acid (PLA) and poly glycolic acid (PGA) and their deri-
vated co-polymers (PLGA), poly epsilon-caprolactone (PCL), poly propylene 
fumarate (PPF), poly dioxanone (PDO) [ 15 ]. 

 Finally bioactive glasses and ceramics, such as hydroxyapatite or tricalcium 
phosphate (TCP), have shown good attitude to promote the formation of a bone-like 
apatite layer [ 16 ,  17 ], thus in the last years they have been commonly used for the 
treatment of bone loss, also in association with stem cells [ 18 ]. 
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 The increasing interest of research on osteochondral articular defects favored the 
development of specifi c scaffolds with distinctly different intrinsic healing capacity. 
Biphasic scaffolds aim at treating the entire osteochondral unit, by reproducing the 
different biological and functional requirements in order to guide the growth of 
these two different tissues [ 19 – 21 ], trying to combine the benefi ts of both synthetic 
and natural materials. 

 Stiff biomaterials, capable to support cell expansion and vascularization, in addi-
tion to the production of collagen type I and HA matrix seems to be more appropri-
ated for bone regeneration; whereas hyaline cartilage has an avascular structure 
consisting of proteoglycan hydrogel embedded into a collagen type II network. 

6.2.1     Preclinical Experience:  In Vivo  Studies 

 There are several concerns about biomaterials for osteochondral repair, with regards 
to the different biomaterials and their related properties and, depending on that, to 
the possibility to use the scaffold alone or in association with endogenous chondro- 
inductive molecules or specifi c cell sources, such as chondrocytes or, more recently, 
mesenchymal stem cells (MSC). 

 Among the many preclinical experiments performed nowadays, only a few  in 
vivo  studies have shown good results for biomimetic ostechondral grafts; here the 
most promising are reported. 

 A controlled chondrocyte and osteoblast culture has been respectively shown by 
a agarose hydrogel and sintered microspheres of PLGA-glass composite scaffold 
[ 22 ]. Three distinct yet continuous regions were observed: cartilage, calcifi ed carti-
lage and bone-like matrices. Moreover, a higher cell density enhanced chondrogen-
esis, improving graft mechanical properties over time. The authors are currently 
focusing on scaffold optimization and  in vivo  studies for this kind of stratifi ed 
scaffold. 

 A scaffold combining hyaluronate and atelocollagene (chondral layer) and HA 
and beta-TCP (bone layer) showed good results in a porcine knee animal model 
[ 23 ]. The scaffold was implanted alone or either seeded with cells, while other 
groups underwent to autologous chondroctyte implantation (ACI) or fi lling with 
osteochondral fragments alone into the defect. In control group the defect was left 
empty. International Cartilage Repair Society (ICRS) macroscopic grading [ 24 ] was 
similar for the fi rst 3 groups and lower for both ACI and control groups. Best histo-
logical ICRS visual assessment score was observed for the scaffold alone group, 
while indentation study showed comparable results for the both scaffold groups and 
also ACI group. 

 A different bilayered scaffold made of poly vinyl alcohol/gelatin-nano- 
hydroxyapatite/polyamide6 (PVA-n-HA/PA6) has been implanted into rabbit 
 muscles, in association with induced bone marrow stem cells (BMSCs), showing 
the production at 12 weeks of ectopic neocartilage in the PVA layer and reconstitution 
of the subchondral bone in the deeper layer [ 25 ]. 

 A composite scaffold consisting of PCL and HA has been implanted into rabbit’s 
condyle in addition to transforming growth factor (TGF)-beta3, producing full 
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coverage of hyaline cartilage at the surface and 130 % more chondrocytes compared 
to the scaffold alone [ 26 ]. 

 A hydrogel bilayered scaffold of polymer oligo(polyethylene glycol) fumarate 
has been tested, loaded with TGF-beta1 into gelatin microparticles in its superfi cial 
layer, with positive effects on the quality of regenerating tissue in the rabbit [ 27 ]. 

 Another study compared the release of Bone Morphogenetic Proteins (BMP)-2 
and insulin-like growth factor (IGF)-1 incorporated in PLGA and silk fi broin micro-
spheres or alginate gel, seeded with bone marrow mesenchymal stem cells (BMSCs). 
The silk microspheres exhibited more osteogenic and chondrogenic differentiation 
along the concentration gradients, due to a better delivery of BMP-2 [ 28 ]. 

 Finally, a new scaffolding approach has very recently been reported for osteo-
chondral defects in rabbit femoral condyle. Bioactive microspheres of poly( d , l -
lactic - co -glycolic) acid were developed with a continuous gradient transition 
between cartilage-promoting and bone-promoting growth factors. Results after 6 
and 12 weeks suggested that the gradient in bioactive signaling may have been 
benefi cial for both bone and cartilage regeneration compared to the control, as 
confi rmed by histology. Moreover, in this study additional benefi ts were showed 
after preseeding the scaffolds with umbilical cord mesenchymal stromal cells 
(UCMSCs) [ 29 ].  

6.2.2     Clinical Experience 

 Currently, only a few scaffolds for osteochondral regeneration are suitable for clini-
cal application, among these, only two have been already reported in literature. 

 One is a bilayer porous PLGA-calcium-solfate biopolymer (TruFit ® , Smith & 
Nephew, Andover, MA; Fig.  6.1 ). Results after implantation of this osteochondral 
graft substitute are controversial, still with no available information on long-term 
durability [ 30 ,  31 ].

   Carmont et al. [ 32 ] suggested that, although an intermediate postoperative inter-
val can be associated with unfavourable MRI images, the plug appearance may 
signifi cantly improve at further follow-up. Thus, they recommended perseverance, 
reporting a delayed incorporation and maturation of articular cartilage but good 
clinical results in an 18-year old footballer at 2 years. Bedi et al. reported [ 33 ] the 
good outcome in 26 patients who underwent to OAT at the knee, where the donor 
site was fi lled with this scaffold: they also noticed a slow improvement of the 
implant site in MRI appearance. 

 Conversely, Barber et al. didn’t document with CT scans signs of maturation, 
osteoconduction, or ossifi cation of the scaffold in any of the 9 patients 
evaluated [ 34 ]. 

 Finally, a prospective study on 20 patients evaluated at 6 and 12 months, both 
clinically and with MRI, has been very recently reported. The results in the short 
term appeared to be modest, but with no signs of deterioration of the repair tissue. 
Three patients (20 %) underwent to revision surgery with autologous bone grafts 
during the follow-up period and biopsies showed fi brous vascularized repair tissue 
for each of them [ 35 ]. 
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 The second osteochondral scaffold is a nanostructured biomimetic scaffold 
(Maioregen ® : Fin-Ceramica S.p.A., Faenza, Italy; Fig.  6.2 ) with a porous 3-D three- 
layer composite structure, mimicking the whole osteochondral anatomy: the carti-
laginous Type I collagen layer has a smooth surface, the intermediate tide-mark-like 
layer consists of a combination of Type I collagen (60 %) and HA (40 %), whereas 
the lower layer consists of a mineralized blend of Type I collagen (30 %) and HA 
(70 %) reproducing the subchondral bone. This scaffold was introduced into clinical 
practice as a cell-free approach after animal studies showed good results in terms of 
both cartilage and bone tissue formation: it provided similar macroscopic, 
 histological and radiographic results when implanting scaffold loaded with autolo-
gous chondrocytes or scaffold alone, probably inducing an in situ regeneration 
through stem cells coming from the surrounding bone marrow [ 36 ].

   An analysis at early post-operative time, 4–8 weeks, was performed for 13 
patients (15 lesions) to attest clinical and MRI outcome and at the same time evalu-
ate the mechanical stability of the implanted graft [ 37 ]. Thirteen of the implantation 
sites had complete attachment and adherence, while in two patients partial 

  Fig. 6.1    Trufi t® bilayered 
scaffold. Both cartilage and 
bone layer are visible. The 
cylindrical shape mimic a 
mosaic-style ostechondral 
plug and different diamaters 
are available       
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attachment was found: the weak mechanical fi xation was probably due to inade-
quate surgical technique with insuffi cient shoulder coverage of the prepared implan-
tation site. Further analysis at 6 months revealed partial reabsorption of the graft in 
one case with an incomplete cartilage layer and a complete subchondral structure, 
while in the other case an inhomogeneous tissue fi lled in the entire treated. 

 Promising preliminary results of a pilot study on 28 patients affected by chondral 
and osteochondral lesions have been recently reported [ 38 ]. A slower recovery was 
observed in older, less active patients who experienced adverse events, or in patellar 
lesions. However, at 2 years of follow-up good results were reported in all patients 
with both clinical and MRI evaluations, showing the potential of this osteochondral 
one-step procedure also for the treatment of complex salvage lesions, as testifi ed 
also by the case of an active 46 years old patient, who previously underwent to 
anterior cruciate ligament (ACL) reconstruction, and treated with 3 scaffold implants 
for degenerative lesions of medial femoral condyle (MFC), trochlea and patella, 
with associated closing wedge high tibial osteotomy (HTO) [ 39 ]. At 1 year of fol-
low- up, the patient didn’t complain anymore about pain and had a complete ROM, 
while his sport activity level was only slightly inferior than the pre-injury one. MRI 
evaluation showed at 6 months a satisfactory resurfacing of the lesions, with hyaline- 
like signal and minimal subchondral oedema, which was totally reabsorbed at the 
12 months’ evaluation. 

 Currently a multicenter clinical trial is ongoing on 150 patients over Europe [ 40 ].   

6.3     Discussion and Conclusion 

 The ultimate goal of tissue-engineering is “understanding the principles of tissue 
growth, and applying this to produce functional replacement tissue for clinical use”. 
Tissue engineering, involving the use of a biocompatible, structurally and 

Chondral layer

Tide-mark

Bone gradient

100 % Type I collagen

60 % Collagen, 40 % HA

30 % Collagen, 70 % HA

  Fig. 6.2    Maioregen ®  scaffold with the three different gradient layers. Its wide size (35 × 35 mm) 
allows the surgeon to cut the scaffold into appropriate size and shape to better fi t the lesion       
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mechanically stable scaffolds, incorporating specifi c cell sources and bioactive 
 molecules, has shown promising results in bone and cartilage tissue repair. The 
ideal biomaterial to use as scaffold should assemble the positive quality of both 
natural and synthetic biomaterials, thus providing a structural support for migration, 
adhesion and differentiation of the desired individual cell type and at the same time 
being biodegradable, biocompatible and offering a stable fi xation. 

 During the last decades several scaffolds have been developed to deliver growth 
factors and/or cells to the site of tissue trauma in order to guide tissue repair or 
regeneration. When tissue engineering is applied to the treatment of osteochondral 
defects, bi or multilayered scaffolds seems to be the way to address the different 
anatomical and functional characteristics of these tissues. 

 Some researchers propose that the main function of biomaterials as a scaffold is 
to carry cell elements or bioactive signals in the lesion site, while others believe in 
the potential of the scaffold material itself to promote chondral or osteochondral 
regeneration by harnessing and guiding the body’s self-regenerative potential, but 
there is no agreement yet and research regarding biomaterials, scaffold techniques 
and biological or biophysical enhancements is extensively going on. 

 For example the use of superparamagnetic nanoparticles (MNPs) has been 
increasing in medicine in the last years to improve the performances of the tissue 
regeneration offered by the scaffold approach, but a very few studies have been 
reported of this tissue engineering approach for ostechondral regeneration [ 41 ,  42 ]. 
On the other hand great hopes are worldwide addressed in stem cells therapies: 
actually, trials on the different sources and cell-type are going hand in hand with 
testing different biomaterials to be applied [ 43 – 48 ]. 

 The recent achievements in tissue engineering represent a promising and fasci-
nating alternative to traditional treatments in every fi eld of regenerative medicine, 
including osteochondral repair. Researchers are currently focusing on developing 
new biomaterials and also testing possible improvements with a multidisciplinary 
approach, that appear to be unavoidable for the orthopaedic surgeon, promising that 
exciting developments are forthcoming.     
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    Abstract     Articular cartilage injuries are common fi ndings within different joints 
and patients benefi t from optimal diagnosis and treatment. Magnetic resonance 
imaging (MRI) has become the method of choice for diagnosis of chondral injuries 
and for the follow-up of patients after cartilage repair surgery. Thus, early and pre-
cise diagnosis together with surgical treatment options may offer a possibility for 
patients with cartilage defects to avoid OA or to delay the progression of OA. 
Therefore, widespread cartilage repair techniques, including arthroscopic or open 
surgical approaches as well as marrow-stimulation techniques, osteochondral graft-
ing, and chondrocyte implantation/transplantation, require knowledgeable and high 
quality follow-up. 

 The present chapter provides an overview of the current state of the art of 
MRI in patients with cartilage injuries or after cartilage repair. Initially an over-
view about the pre-requirements of high quality MR imaging of articular carti-
lage and its repair will be provided. Then cartilage sensitive MR protocols will 
be introduced and described including basic MR sequences and new three-
dimensional isotropic approaches. Morphological post-operative cartilage repair 
MR imaging will be provided, again based on standard and advanced MR 
 techniques. Special focus will be given on post-operative scoring with the MR 
observation of cartilage repair tissue (MOCART) score. Furthermore the 
 ultra-structure of the repair tissue and the surrounding cartilage can be assessed 
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non-invasively by means of biochemical MRI techniques such as delayed 
Gadolinium enhanced MRI of cartilage (dGEMRIC), T2 mapping, T1 rho, diffusion 
weighted imaging or other techniques. These new MR methodologies as well as 
their sensitivity to specifi c components of articular cartilage and the repair tissue 
will be provided and discussed. Additionally  examples of other advanced or 
future options will be given, such as biomechanical MRI approaches and MRI of 
animal models after cartilage repair. Concluding the differences of the various 
cartilage repair techniques with respect to their imaging appearance will be pre-
sented and discussed. Bringing these advanced MR imaging methods into the 
diagnosis and treatment of cartilage injuries and repair, new insight will be given 
non-invasively which can be used in clinical routine, scientifi c studies and  during 
clinical trials.  

  Keywords     MRI   •   Cartilage Repair   •   3D Imaging   •   Isotropic   •   T2 Mapping   • 
  dGEMRIC   •   MOCART       

 Key Points 
•     MRI is the gold standard in diagnostic imaging of cartilage and cartilage 

repair.  
•   For diagnosis of cartilage injuries or chronic cartilage changes, specifi c 

MR sequences with specific resolution and other parameters are 
needed.  

•   For initial diagnosis as well as for post-operative MRI, the sequences pro-
tocol has to cover the “whole organ” (e.g. all structures within the knee 
joint).  

•   Advanced isotropic 3D MR sequences have the possibility to visualize the 
joint in 3D, where cartilage and other changes can be assessed in more 
detail.  

•   After cartilage repair procedures the MOCART (magnetic resonance 
observation of cartilage repair tissue) score is able to assess the state of the 
repair tissue (Table  7.1 ).

•      Biochemical MR methods are able to visualize the ultra-structure of the 
repair tissue non-invasively as an “virtual biopsy”.  

•   Delayed Gadolinium Enhanced MRI of Cartilage (dGEMRIC) and other 
techniques are able to quantify the glycosaminoglycan (GAG) content of 
the cartilage repair tissue.  

•   T2 Mapping and other techniques are able to quantify the hydration of the 
repair tissue and provide an insight in the collagen network.  

•   For biochemical MRI it is of outmost importance to do a zonal assessment 
of the cartilage (e.g. to differentiate a deep and superfi cial cartilage layer).    
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    Table 7.1    New (advanced) magnetic resonance observation of cartilage repair tissue 
(MOCART) score which can be accomplished by standard MR sequences or an isotropic 3D 
MR sequence           

Variables

1. Defect fill (degreee of defect repair and filling of the defect in relation to the
adjacent cartilage)

0 %
0 - 25 %
25 - 50 %
50 - 75 %
75 - 100 %
100 %
100 - 125 %
125 - 150 %
150 - 200 %
> 200 %

Localization

2. Cartilage Interface (integration with adjacent cartialge to border zone in two
planes)

Whole area of cartilage repair

Sagittal (Femur, Patella, Trochlea, Tibia)

Coronal (Femur, Tibia); Axial (Patella, Trochlea)

Central

Complete
Demarcating border visible (split-like)
Defect visible <50 %
Defect visible >50 %

Demarcating border visible (split-like)
Defect visible <50 %
Defect visible >50 %

Complete

Complete
Partial delamination
Complete delamination
Delamination of periosteal flap

Localization

Localization

3. Bone interface (integration of the transplant to the subchondrol bone; integration
of a possible periosteal flap)

Peripheral Weight-bearing Non weight-bearing

Weight-bearing Non weight-bearing

Weight-bearing Non weight-bearing

> 50 % < 50 %

Whole area of cartilage repair > 50 % < 50 %

(continued)
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Localization

Localization

Localization

Localization

8. Chondral osteophytes (Osteophytes within the cartilage repair area)

6. Signal intensity (Intensity of MR signal in of the repair tissue in comparison to
the adjacent cartilage)

7. Subchondral lamina (Constitution of the subchondral lamina)

5. Structure (constitution of the repari tissue)

Whole area of cartilage repair
Central

Homogeneous
Inhomogeneous or cleft formation

Peripheral Weight-bearing Non weight-bearing
> 50 % < 50 %

Whole area of cartilage repair
Central

Normal (identical to adjacent cartilage)
Nearly normal (slight areas of signal alternation)
Abnormal (large areas of signal alteration)

Peripheral Weight-bearing Non weight-bearing

Central

Intact

Absent

Absent

Diffuse

Small (< 1cm)
Medium (< 2cm)
Large (< 4cm)

Osteophytes < 50 % of the thickness of the cartilage transplant

Localization

9. Bone marrow edema (Maximum size and localization in relation to the cartilage
repair tissue and other alterations assessed in the 3D MOCART score).

Size: mm (plane: mm (plane:) x )

Osteophytes > 50 % of the thickness of the cartilage transplant

Not intact

Peripheral Weight-bearing Non weight-bearing

> 50 % < 50 %

Whole area of cartilage repair
Central Peripheral Weight-bearing Non weight-bearing

Central Peripheral Weight-bearing Non weight-bearing

> 50 % < 50 %

Localization
Size: mm (plane: mm (plane:) x )

Central
Relation to other alterations within this score of variable No.

Peripheral Weight-bearing Non weight-bearing
.

Surface intact
Surface damaged <50% of depth
Surface damaged >50% of depth
Adhesions

4. Surface (constitution of the surface of the repair tissue)

Variables

Table 7.1 (continued)
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7.1     Introduction 

 Magnetic resonance imaging (MRI) is intensively used to assess the cartilage 
 injuries as well as structural changes in the cartilage repair tissue and the adjacent 
structures post-operatively. Due to its strength to visualize all different tissues, MRI 
has been recognized as an excellent tool to defi ne the exact conditions in the joint. 
Besides the cartilage and the repair tissue, the menisci, the ligaments and tendons, 
the synovial and synovialis as well as the bone can be assessed. Concerning carti-
lage repair, with the given tissue contrast and sensitivity to tissue composition, MRI 
has a very high potential in the description of joints before and after different carti-
lage repair procedures. Specifi cally it may (a) help estimating the size, nature and 
location of lesions preoperatively, in order to optimize surgical planning, (b) pro-
vide  in vivo  data on the mechanical strains in the target environment that the repair 
tissue needs to withstand, (c) help to evaluate the quality and success of tissue repair 
processes after surgical treatment and (d) allow to monitor degenerative changes in 
the whole joint after cartilage repair. 

 Signifi cant advances have been made in characterizing, quantifying and stan-
dardizing the specifi c morphological as well as biochemical changes in patients 
before and after cartilage repair. Besides the exact evaluation of the cartilage 
defect respectively the cartilage repair tissue, also the surrounding tissues can be 
assessed in best possible fashion non invasively [ 1 – 3 ]. Concerning bony irregulari-
ties, MRI depicts calcifi ed bone as a signal void, comparably to radiography; fur-
thermore structural changes, especially bone marrow edema can be assessed very 
precisely [ 4 ]. The role of the subchondral bone plate before and after different 
cartilage repair surgeries is of enormous interest. Pre-operatively the specifi c sur-
gical treatment option is not only based on the character and size of the cartilage 
defect but even more dependent on the formation of the underlying bone. 
Comparably in the follow- up after cartilage repair surgery, the characterization of 

Absent

Large

Small
Medium

Localization
Whole area of cartilage repair
Central Peripheral Weight-bearing Non weight-bearing

> 50 % < 50 %

11. Effusion (Approx. size of joint effusion visualized in all planes)

Intact
Granulation tissue
Cyst
Sclerosis

10. Subchondral bone (Constitution of the subchondral bone)

Variables

Variables 1-11 for 3D MOCART score; subcategories “localization” optional

Table 7.1 (continued)
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the subchondral bone is of utmost importance to measure the success of the spe-
cifi c surgical technique. Besides the evaluation of cartilage and bone, all other 
structures within the joint have to be visualized and to be taken into consideration. 
Hence the joint where cartilage repair takes place has to be seen as a “whole 
organ” and whole organ scores will be important not only in osteoarthritis but also 
in cartilage repair [ 5 ]. 

 Concerning articular cartilage, MRI can visualize morphological alterations such 
as reduction in cartilage volume, cartilage contour irregularities, fi ssures and carti-
lage thinning [ 6 ]. As structural cartilage damage is preceded by biochemical altera-
tions such as proteoglycan loss, or changes in the collagen matrix, there is a 
substantial interest in detecting such changes in the course of cartilage disease/
injury or after cartilage repair [ 7 – 9 ]. 

 The biochemical MRI techniques most often reported to visualise cartilage 
ultra- structure are delayed Gadolinium-Enhanced MRI of Cartilage (dGEMRIC) 
and T2 mapping [ 10 ,  11 ]. Using dGEMRIC, biochemical MRI has the ability to 
quantify functionally relevant macromolecules within articular cartilage such as 
glycosamnioglycans (GAG). GAG are the main source of fi xed charge density in 
cartilage, which are often decreased in the early stages of cartilage degeneration 
and are considered as a key factor in the progression of cartilage damage. The 
role of GAG is comparably important in the follow-up after cartilage repair pro-
cedures where hyaline like repair tissue with a normal or nearly normal amount 
of proteoglycans has been described to have a positive predictive values [ 12 ]. T2 
relaxation time mapping refl ects the interaction of water and the extracellular 
matrix. Changes in hydration as well as collagen anisotropy, reported to be early 
indicators of cartilage  deterioration, can be visualized by T2 relaxation time 
mapping. In cartilage repair, quantitative T2 mapping is able to assess the zonal 
structure of the repair tissue, and hence the maturation of the repair tissue over 
time [ 13 ]. 

 These recent advances in MR sequences together with the implementation of 
high-resolution MRI due to high-fi eld MR systems as well as sophisticated coil 
technology have overcome existing limitations and led to promising  in - vivo  
approaches in morphological and biochemical MRI in cartilage repair [ 14 – 16 ]. 

 The aim of this chapter was to review the current literature and present own ideas 
of our working group, on MRI in cartilage repair with the focus on advanced morpho-
logical and biochemical MR imaging techniques. Hence the existing cartilage defect/
injury can be assessed in detail, enabling for decision making in the specifi c therapeu-
tical pathway. After cartilage repair the repair tissue as well as the surrounding struc-
tures can be assessed non-invasively and possible complications can be depicted.  

7.2     Pre-requirements for Cartilage Imaging 

 When working on an optimal protocol for cartilage imaging, the fi rst question is 
which MR system to use. Commonly available systems are of different vendors and 
have fi eld strengths of 1.0, 1.5 or 3.0 T. There are different studies available to 
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compare different fi eld strengths in there ability to diagnose knee pathologies as 
well as providing information on the benefi ts of higher fi eld strengths [ 17 – 19 ]. 

 Although at 1.0 or 1.5 T, MRI is able to detect cartilage irregularities in high 
quality, the 3.0 T examinations provided a better visibility especially of smaller 
structures and cartilage was better delineated [ 19 ]. This is usually based on an 
increased average signal-to-noise and contrast-to-noise ratio at higher fi elds. 
Concluding, at 3.0 T, imaging of the knee is faster and/or a higher visibility (and 
resolution) of anatomic structures can be reached [ 18 ,  19 ]. In cartilage injury or 
repair, the highest available fi eld strength should be used to provide the best avail-
able quality of the MR protocol. 

 Besides the fi eld strength however, the selection of a dedicated, multi-channel 
coils is possibly even more important [ 18 ,  19 ]. Most available MR scanner today 
come with an 8 or 15 channel knee coil. To use these coils in cartilage patients will 
improve the image quality and provides also in 1.0 or 1.5 T the ability to end up in 
high-resolution MR protocols in an acceptable acquisition time. The benefi t of 
multi-channel coils lies (in parts) in the possibility of parallel-imaging where basi-
cally more information can be acquired in less time. In a study by Zou et al. it was 
demonstrated that parallel imaging can be applied to current knee cartilage proto-
cols with an acceleration factor of two (reduces acquisition time by 50 %) without 
degrading measurement accuracy and good reproducibility [ 20 ]. 

 The pre-requirement of an optimal MR scan is using the right sequences and 
plan the sequences on the localizer (initial landmark scan of the knee) in the 
right direction. Hence in a standard 2D MR evaluation, to gain high-quality, 
 high- resolution images, the anatomical curvature and localisation of e.g. the femo-
ral condyles have to be taken into consideration. This is especially important after 
cartilage repair when the area where the repair has taken place is known. By e.g. 
adapting the sequence-slab (orientation) exactly on the respective femoral condyle, 
the repair tissue and the adjacent structures can be assessed in best possible quality 
and resolution.  

7.3     Diagnosis of Cartilage Injury: Pre-operative MRI 

 The quality of the diagnosis is naturally one of the most important parts when 
treating patients. When a cartilage injury is diagnosed, besides the age of the 
patient, the activity level, the symptoms and other clinical fi ndings, the suspected 
size of the cartilage defect is one of the most important things when planning sur-
gery. Hence the pre-operative MRI needs to be of high quality, especially as exist-
ing studies show that radiologic reports based on standard morphological MRI 
frequently underestimate the actual size of a lesion (which were then found intra-
operatively) [ 21 ,  22 ]. In the study of Gomoll and co-workers, cartilage lesions 
where underestimated up to 300 % in the patello-femoral joint [ 22 ]. Based on a 
high quality MRI, this should not be the case and cartilage lesions should be 
graded better. For sure it will never be possible that a 100 % match is reached 
between non-invasive diagnosis and the following surgery, nevertheless for 
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preparing a tailored surgical approach, the match has to be in the range of the real 
defect. Reasons for the pre-operative underestimation of the cartilage lesion are 
based on different reasons. First a standard MRI usually consists of 2D sequences 
with a slice thickness in between 3 and 5 mm and an existing interslice gap. Hence 
the borders of the cartilage defect are not exactly depicted. Furthermore there are 
regions in the knee (e.g. the trochlea) where the assessment of the anatomy is 
nearly not possible by 2D MR sequences. Possible better results can be reached by 
exploiting isotropic MR sequences [ 16 ,  23 ]. With these sequences, a 3D data set 
can be acquired (e.g. 0.5 × 0.5 × 0.5 mm) without any gap between the slices. Using 
3D viewing tools the observer can navigate three-dimensionally within the knee 
joint and all anatomical regions can be graded adequately. Figure  7.1  visualizes 

a b

c d

  Fig. 7.1    An isotropic 3D data set of a PD SPACE sequence visualizes in different multi-planar 
reconstructions (MPR) a patient after cartilage repair of the femoral condyle. Besides the cartilage 
repair tissue in two planes (marked by  arrows ,  a ,  b ) the patello-femoral joint ( c ) and the menisci 
( d ) are reconstructed       
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such a data set in different multi-planar reconstructions (MPR) in a patient with 
after cartilage repair. Cartilage sensitive isotropic sequences as well as 3D viewing 
tools are available by every vendor and not dependent on the fi eld strength.

   Besides morphological MRI, also biochemical MR sequences, such as dGEM-
RIC, T2 mapping or others, can be used in pre-operative imaging. Although a full 
thickness cartilage defect cannot be evaluated, biochemical MRI is a very promising 
tool to (i) assess the borders of the cartilage defect regarding to their quality, to (ii) 
assess the cartilage defect itself if there is not a full-thickness defect, and (iii) to 
assess the cartilage quality of the surrounding tissue. Although nearly no studies are 
available on this topic, all given examples will be topics of future research and will 
help in clinical decision making. To assess the “real” border of the deteriorated 
cartilage is very important and although this decision is done intra-operatively, as 
mentioned above, more knowledge has to be acquired pre-operatively that a better 
planning of the surgical procedure is possible. To evaluate a more chronic and not 
full-thickness cartilage defect in its quality of the thin remaining cartilage layer is 
another possible option for the pre-operative use of biochemical MRI. Hence the 
biochemical and biomechanical quality of these cartilage areas can be assessed. 
This is roughly comparable to the evaluation of overall cartilage quality of the joint. 
Especially in older patients, based on these possibilities, it might be easier to know 
in advance if a patient will benefi t from a surgical cartilage repair procedure or not. 
Comparable data is available in joint preserving hip surgery where the possible suc-
cess is based on the pre-operative cartilage quality as measured by dGEMRIC [ 24 ]. 
By including biomechanical MRI, initial studies showed that early cartilage changes 
can be quantifi ed and detected [ 25 ,  26 ]. 

 Concluding pre-operative MRI (respectively optimal cartilage diagnosis) should 
contain of a set of cartilage sensitive MR sequences, and if possible a 3D-isotropic 
MR sequence and as well as (if possible) a biochemical MR sequence. Moreover the 
rest of the joint has to be diagnosed in comparably high quality.  

7.4     Post-operative MRI 

 An optimal MRI protocol after a cartilage repair procedure, should in principle 
contain the same set of sequences than the pre-operative MRI. However as the area 
where the repair procedure has taken place is now known, this area can be depicted 
in more detail in highest possible resolution. The planning of such a sequences slab 
is mentioned above; by exploiting high resolution in the limited area of cartilage 
repair, early changes like beginning delimitation, subtle split like lesions, or under-
lying bony changes can be diagnosed and possibly treated with the aim to prevent 
the patient from a failure of the repair procedure. 

 In the post operative follow-up, the magnetic resonance observation of carti-
lage repair tissue (MOCART) scoring system is claimed to allow subtle and suit-
able assessment of the articular cartilage repair tissue [ 27 ,  28 ]. This MR 
assessment of the MOCART score is based on standard 2D MR sequences, 
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depending on the locality of the area of cartilage repair, the MR evaluation of the 
cartilage repair tissue is performed on sagittal, axial or coronal planes using high 
spatial resolution together with a slice thickness of 2–4 mm. However, also this 
MOCART scoring system can now be performed in more detail and with additive 
variables, enabling for a more precise depiction of the repair tissue as well as the 
surrounding structures. This new “3D” MOCART score [ 16 ] can be still assessed 
by 2D standard MR sequences, however also the new and above mentioned 3D 
isotropic MR sequences can be used and their potential benefi ts are incorporated 
into this new score. In recent literature, this score seems to be reproducible and 
can be achieved by different MR protocols and in different joints besides the knee 
joint [ 16 ,  23 ]. A scoring sheet for the new MOCART score is presented in 
Table  7.1 .  

7.5     Morphological MR Sequences 

 Recommendations for the specifi c sequences protocol in cartilage repair are hard 
to make as there is an existing regional variation. Widely used MRI techniques are 
intermediate-weighted fast spin-echo (FSE) and three-dimensional (3D), fat- 
suppressed gradient-echo (GRE) acquisitions [ 41 – 45 ]. Whereas the GRE sequence 
visualizes cartilage defects attributable to T1 differences between cartilage and 
fl uid, the FSE sequence uses differences in T2 weighting. Compared to fl uid, car-
tilage is higher in signal intensity on fat-suppressed T1-weighting and lower on 
intermediate or T2-weighting. While the 3D-GRE sequence with fat suppression 
is suitable for visualization of the thickness and surface of cartilage and allows 3D 
volume measurements, the FSE sequence is sensitive for the assessment of the 
internal cartilage structure as well [ 41 ,  42 ,  44 ]. The subchondral bone also dis-
plays high signal intensity, due to fatty marrow, which remains relatively hyperin-
tense on FSE T2 sequences. Intra-chondral cartilage matrix alterations, surface 
changes, and fi brillation can thus be assessed. Another advantage of FSE 
sequences is the low sensitivity to magnetic susceptibility artifacts, which are sup-
pressed by the multiple refocusing 180° pulses of the FSE, which facilitates reli-
able post-operative MRI assessment. Both sequences, the fat-suppressed 3D GRE 
and the T2-weighted FSE, have shown excellent results, with high sensitivity, 
specifi city, and accuracy for detecting cartilage lesions in the knee [ 41 ,  42 ,  46 ]. 
Depending on the vendor however, the names of these sequences are different 
(Fast Spin Echo (FSE), Turbo Spin Echo (TSE), Rapid Acquisition with 
Refocusing Echoes (RARE)). To include or exclude fat saturation (FS) is another 
important issue. The differences in terms of FS are most relevant in the evaluation 
of the underlying bone. Whereas without FS the structure of the bone, e.g. after 
osteochondral grafting, can be assessed in more detail, only with present FS, bone 
marrow edemas can be seen and graded. In the last years, proton-density (PD) 
TSE or FSE sequences in different orientations (sagittal, coronal, axial) with and 
without FS have become the standard in orthopaedic as well as in cartilage imag-
ing. The slice thickness is usually between 3 and 4 mm and the in-plane resolution 
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should be about 0.5 × 0.5 mm to assess the cartilage in high enough resolution. To 
include a PD-TSE sequence with even higher in-plane resolution (~0.2–0.3 × 0.2–
0.3 mm) and possibly lower slice thickness (~2 mm) where e.g. the medial femo-
ral condyle or the patella can be assessed post- operatively after cartilage repair is 
strongly recommended. With such high resolution images of the area where the 
cartilage repair has taken place, the cartilage repair tissue and possibly early 
changes/pathologies can be analysed in more detail. An example of a patient after 
cartilage repair imaged with a high-resolution PD-TSE sequence please fi nd in 
Fig.  7.2 . These sequences can also be used for morphological assessment after 
cartilage repair using the magnetic resonance observation of cartilage repair tissue 
(MOCART) scoring system.

7.6        Advanced Isotropic 3D MR Sequences 

 The above mentioned isotropic MR sequences have the potential for high-resolution 
isotropic imaging, with a voxel size down to 0.4 mm [ 3 ], and can thus be reformat-
ted in arbitrary planes. Such sequences are called SPGR (spoiled gradient echo), 
FLASH (Fast Low-Angle Shot), or VIBE (Volume Interpolated Breath-hold 
Examination), DESS (Double-Echo Steady-State), and SSFP (Steady-State Free 
Precession) or True-FISP (Fast Imaging with Steady-State Precession), among oth-
ers. Furthermore, isotropic 3D fast spin-echo sequences have recently become 
available (called PD [proton-density] SPACE [Sampling Perfection with Application 
optimized Contrasts using different fl ip angle Evolutions] or 3D Fast Spin-Echo 

  Fig. 7.2    A high-resolution 
PD-TSE sequence shows an 
exemplary patient after 
cartilage repair of the medial 
femoral condyle (marked by 
 arrows ). Besides the exact 
defect fi lling and the 
subchondral bone plate, 
especially the cartilage 
interface to the surrounding 
healthy cartilage is getting 
visible       
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(FSE) Extended Echo-Train Acquisition (XETA)), which provide the opportunity to 
characterize the constitution of cartilage, bone, menisci, ligaments, and the sur-
rounding tissue within one clinically applicable sequence. Other available sequences 
are T2*-weighted gradient recalled-echo acquired in the steady-state (GRASS), 
gradient recalled-echo (GRE), and fast fi eld-echo (FFE), always depending on the 
providing vendor. The classic cartilage (and cartilage segmentation) sequence is the 
FLASH sequence, a fat-suppressed, gradient-recalled-echo sequence with radiofre-
quency spoiling [ 29 ], showing high reproducibility in the segmentation of articular 
cartilage, and facilitates accurate evaluation of total cartilage volume and regional 
distribution. Nevertheless, also newer isotropic sequences enable for cartilage vol-
ume measurements. 

 In addition the 3D-DESS sequence was introduced as another MRI acquisition 
that could measure changes in cartilage thickness and volume in a longitudinal fol-
low- up study of the OA initiative [ 30 ]. Another sequence with potential benefi ts 
because of substantially higher SNR and CNR, compared to the 3D-FLASH 
sequence, is the 3D-True-FISP sequence [ 31 ]. This advantage in signal might allow 
for higher spatial resolution, and thus, potential improvement of the accuracy of the 
segmentation process, especially at the articular surface [ 31 ]. With high-fi led MRI, 
this advantage might also be used to perform isotropic MR measurements in a mini-
mal amount of time. Comparing the performance of an 3D-SPGR sequence and two 
3D-SSFP sequences at 1.5 and 3 T, Kornaat et al. [ 18 ] found SSFP-based techniques 
to show the highest increase in SNR and CNR effi ciency at 3.0 T MRI. In recent 
articles by Duc et al., the True-FISP sequence as an SSFP-based sequence was stud-
ied in detail at 1.5 T and also showed promising results. Compared to a 3D-FLASH 
and a 3D-DESS sequence, the preoperative detection of cartilage defects is possible 
with similar sensitivity, specifi city, and accuracy for the water- excitation True-FISP 
sequence; however, again, the SSFP-based sequences showed the highest SNR and 
CNR effi ciency [ 32 ]. This enables– even at 1.5 T – the use of a dedicated, eight-
channel knee coil to complete an isotropic (0.6 mm 3 ) 3D-  True- FISP sequence in 
approximately 3 min with better performance in  diagnosing cartilage defects, ante-
rior cruciate ligament abnormalities, and meniscal tears, than a set of standard 2D 
sequences [ 33 ]. Promising results for the assessment of cartilage lesions, as well as 
other internal knee derangements, might be provided by 3D fast spin-echo sequences. 
Compared to 2D FSE sequences, an isotropic (0.7 mm 3 ) 3D-FSE XETA sequence 
provided isotropic data sets with the possibility of reformatting in arbitrary planes 
and high cartilage SNR [ 34 ]. An example of a fat- saturated isotropic 3D-PD SPACE 
image, reconstructed using a 3D viewing tool, is depicted in Fig.  7.1 .  

7.7     Biochemical MRI Methods 

 Especially in the post-operative follow-up after cartilage repair, biochemical MR 
sequences provide additional information on the ultra-structure and the composition 
of the cartilage repair tissue and the surrounding cartilage. T1 mapping using the 
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dGEMRIC technique, T2 mapping, T1 rho, diffusion weighted imaging and many 
other techniques are showing very promising results. Different repair tissues (e.g. 
MACT versus MFX) can be clearly distinguished, different matrices used for MACT 
can be assessed in the ability to produce hyaline like repair tissue and the maturation 
of the cartilage repair tissue after various techniques can be analysed and quantifi ed. 

7.7.1     T1 dGEMRIC and Other Proteoglycan Sensitive 
Techniques 

 One of the major macromolecules in cartilage and cartilage repair tissue, the glycos-
amnioglycans (GAG), can be quantifi ed using T1-dGEMRIC. Intravenously admin-
istered gadolinium diethylenetriamine pentaacetate anion (Gd-DTPA 2− ), penetrates 
the cartilage through both the articular surface and the subchondral bone. The con-
trast equilibrates in inverse relation to the fi xed charge density (FCD), which is, in 
turn, directly related to the GAG concentration; therefore, T1, which is determined 
by the Gd-DTPA 2−  concentration, becomes a specifi c measure of tissue GAG con-
centration, suggesting that Gd-DTPA 2 -enhanced MRI has the potential for monitor-
ing GAG content of cartilage  in vivo  [ 35 ]. Thus, T1 mapping enhanced by delayed 
administration of Gd-DTPA 2−  (T1 dGEMRIC) can be considered the method of 
choice for detecting proteoglycan depletion in articular cartilage. 

 As differences in pre-contrast values between cartilage repair tissue and normal 
hyaline cartilage are larger compared to early cartilage degeneration, in cartilage 
repair tissue, the pre-contrast T1 values must be calculated, as well [ 36 ]. 
The  concentration of GAG is represented by delta ΔR1, i.e., the difference in relax-
ation rate (R1 = 1/T1) between T1 precontrast  and T1 postcontrast.  Thus, the sequence must be 
performed twice, for pre-contrast and delayed post-contrast T1 mapping, which 
increases the total scan time for standard inversion recovery (IR) evaluation. For this 
reason, a new approach for fast T1 mapping has shown promising results and is 
increasing the clinical applicability of the dGEMRIC technique [ 7 ]. An example of 
a patient after MACT of the medial femoral condyle is presented in Fig.  7.3 .

   A study showed dGEMRIC to be able to differentiate between different cartilage 
repair tissues with higher delta ΔR1 values, and thus, lower GAG content for carti-
lage repair tissue after MFX compared to MACT [ 37 ]. Another recent study shows 
the ability to only use the post contrast T1-dGEMRIC mapping without any loss of 
information on the constitution of the repair tissue [ 38 ]. As the mapping of the GAG 
concentration is desirable for the diagnosis and monitoring of cartilage pathologies 
and the presented dGEMRIC technique has the limitation of contrast agent admin-
istration and a time delay before post-contrast MRI, a recently described technique 
for the assessment of GAG concentration  in vivo  by chemical exchange-dependent 
saturation transfer (CEST) may have potential in future applications on articular 
cartilage [ 39 ]. Furthermore T1rho is seen by different authors as a measure of GAG 
concentration [ 40 ,  41 ]. Although the specifi city to directly quantify the proteogly-
can content might be less pronounced compared to dGEMRIC and some authors see 
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clear correlations to collagen sensitive techniques [ 42 ], T1rho still is a very promis-
ing MR technique to image macromolecules.  

7.7.2     T2 Mapping and Other Collagen Sensitive Techniques 

 Perhaps the most frequently implemented biochemical MR technique is the trans-
verse relaxation time (T2) of cartilage as a sensitive parameter for the evaluation of 
changes in water and collagen content and tissue anisotropy [ 11 ]. Cartilage T2 
refl ects the interaction of water and the extracellular matrix on a molecular level. 
The collagen fi ber orientation defi nes the layers of articular cartilage. Thus, the 
three-dimensional organization and curvature of the collagen network, infl uenced 
by water mobility, the proteoglycan orientation, and the resulting magic angle at 55° 
(with respect to the main magnetic fi eld (B0)) infl uence the appearance of T2 [ 26 ]. 
In healthy articular cartilage, an increase in T2 values from deep to superfi cial car-
tilage layers can be observed. Histologically validated animal studies have shown 
this zonal increase in T2 values as a marker of hyaline or hyaline-like cartilage 
structure after cartilage repair procedures within the knee. To visualize this zonal 
variation  in vivo , high spatial resolution is essential. In combination with a dedi-
cated (multi-channel) coil nevertheless, T2 mapping in clinically applicable scan 
time could be achieved on most available (1.5 T and above) MR magnets. In carti-
lage repair tissue T2 values have shown an increase in the early post-operative fol-
low-up, which enables for visualization of cartilage repair tissue maturation [ 20 ]. 
Furthermore it has been shown that a zonal T2 evaluation is able to differentiate 
cartilage repair tissue after MFX and MACT [ 9 ]. Whereas cartilage repair tissue 
after MFX–histologically seen as fi brocartilage–shows no clear zonal increase from 
deep to superfi cial cartilage aspects, repair tissue after MACT – histologically 
reported as hyaline-like–shows a signifi cant stratifi cation. 

a b

  Fig. 7.3    A patient after MACT of the medial femoral condyle is presented pre ( a ) and post ( b ) the 
i.v. administration of Gadolinium resulting in the T1 mapping dGEMRIC technique. The slightly 
reduced glycosaminoglycan contant is getting visible in the post-contrast ( b ) image       
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 In addition to standard 2D multi-echo spin-echo T2 relaxation, T2*- weighted 
3D gradient-echo articular cartilage imaging has shown reliable results in the evalu-
ation of chondromalacia of the knee [ 43 ]. In recent studies, T2* mapping, with its 
potentially short scan times, was correlated to standard T2, and showed information 
comparable to that obtained for articular cartilage in the knee, but with overall lower 
T2* values (ms) [ 44 ,  45 ]. Furthermore, also for T2*, a clear zonal variation between 
deep and superfi cial cartilage layers was described for healthy cartilage; after carti-
lage repair using MFX, however, this stratifi cation could not be found [ 44 ]. Thus, 
for standard T2, as well as for comparable techniques, zonal assessment of healthy 
and altered articular cartilage is crucial. En exemplary patient after MACT assessed 
by T2 and T2* mapping is visualized in Fig.  7.4 .

   In addition to T2 or T2 star mapping, magnetization transfer contrast has 
been shown reliable in the evaluation of the collagen organization and might be 
more sensitive to the collagen content and less dependent on the hydration of the 
tissue [ 46 ].   

7.8     Conclusion 

 Over the last years MRI has become the gold standard in the diagnoses of cartilage 
injuries and in the follow-up after different cartilage repair procedures. Different 
cartilage sensitive MR sequences with high enough resolution to assess the rela-
tively thin cartilage layers are available. Besides standard MR techniques, new iso-
tropic MR sequences are becoming more and more available and have the possibility 
to assess all other knee derangements besides cartilage defects. Using these 
sequences after cartilage repair procedures, the MOCART (magnetic resonance 
observation of cartilage repair tissue) score is able to assess the state of the repair 
tissue as well as the adjacent structures. Besides these morphological MR tech-
niques, so called biochemical MR methodologies (like T2 mapping or delayed 

a b

  Fig. 7.4    The same patient (compared to Fig.  7.3 ) after MACT as assessed by T2 ( a ) and T2* ( b ) 
mapping. In both techniques lower T2 and T2* values are getting visible in the cartilage repair 
tissue refl ecting an altered collagen network within the repair tissue (marked by  arrows )       
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gadolinium enhanced MRI of cartilage (dGEMRIC)) are able to assess the collagen 
matrix respectively to quantify the glycosaminoglycan (GAG) content of native car-
tilage and cartilage repair tissue. In their combination, morphological and biochem-
ical MR techniques are able to assess the repair tissue and the whole joint very 
precisely.     
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    Abstract     The use of allograft tissues for orthopedic reconstructions has seen a 
dramatic rise in the past decade. For example, allograft bone is widely used to fi ll 
bone voids, provide temporary structural support, and to induce local tissue repair. 
One application for the use of allograft tissues is to attempt to reconstruct the articu-
lar surface in patients with chondral or osteochondral lesions. As our understanding 
of the basic science of allograft tissues has grown, we have seen an evolution of its 
use from primarily a structural entity into one in which these tissues are implanted 
with the intent of preserving their biological activity and function, as well. 

 Articular cartilage is a particularly good target for allograft transplantation 
given that it is aneural, avascular, and relatively immuno-priveledged. Reports of 
allograft osteochondral reconstructions have been performed with excellent results. 
The procurement, preservation and storage of these allografts are critical factors in 
maintaining an appropriate balance of tissue availability and chondrocyte viability, 
while ensuring high standards for safety. Newer therapies which can provide an 
off-the- shelf option for the treatment of chondral defects have been developed and 
are available in some areas. More of these products or biologically-active devices 
can be expected in the years to come. An understanding of the potential benefi ts 
and  limitations of the use of allograft tissues can help to direct research and clinical 
applications which optimize their role in articular reconstruction.  

  Keywords     Allograft   •   Articular cartilage   •   Osteochondral   •   Transplantation       
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8.1     Background 

 Injuries to the articular surface present a diffi cult clinical problem. They have 
 limited capacity for spontaneous healing, can become symptomatic, and may prog-
ress to osteoarthritis [ 1 ,  2 ]. Buckwalter noted that large chondral lesions will prog-
ress with time if not treated early with the appropriate treatment method, but which 
treatment is best for a given patient remains controversial [ 3 ]. There are many treat-
ments for chondral and osteochondral defects including microfracture, autologous 
cell implantation (ACI), autograft transfer (OAT), and the use of engineered carti-
lage products and scaffolds. While each of these techniques has a role, they also 
have their limitations. At this time, only osteochondral allograft transplantation has 
the ability to reconstruct large areas of bone and cartilage with mature, layered, 
viable tissue in a single–stage procedure and without donor site morbidity. 

 The use of allograft tissues to reconstruct the articular surface of damaged joints 
is not a new concept [ 4 ,  5 ]. With the advancement in organ transplantation in the 
1970s, the use of fresh allograft tissue to reconstruct articular surfaces gained popu-
larity in North America [ 6 ]. It is now considered an established reconstruction tech-
nique in the US and grafts are commercially available from a number of different 
tissue banks. In 2010, 2,285 osteochondral allografts were sold in the US alone, 
which represented an 8 % increase over the previous year. According to market 
data, that trend of increased utilization is expected to continue [ 7 ]. One prominent 
US tissue bank, Musculoskeletal Transplant Foundation (MTF), now receives 
requests for approximately 700 fresh osteochondral allografts per year. This repre-
sents an increased of approximately 500 % since 2005. The most common request 
is for the femoral condyles of the knee (70 %), followed by talus (10 %), with the 
remainder being a mix of other tissues such as patella and humeral head 
(   Musculoskeletal Transplant Foundation, 2012, Internal company data, personal 

 Key Points 
•     Articular cartilage is a particularly good target for allograft transplantation 

given that it is aneural, avascular, and relatively immuno-priveledged.  
•   Improvements in tissue processing and storage, increased graft availability, 

and greater patient acceptance have led to increased use of osteochondral 
allografts for articular reconstruction.  

•   Benefi ts of using osteochondral allografts include: mature hyaline carti-
lage, preserved 3-dimensional structure, ability to manage both chondral 
and bone defects, ability to reconstruct large defects, and lack of donor site 
morbidity.  

•   Concerns regarding osteochondral allografts include: possibility of disease 
transmission or immunologic reaction, limited availability, and cost.  

•   Surgeons are encouraged to use accredited tissue banks with stringent 
 criteria for donor screening and graft processing.    
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communication with the author). Allograft transplantation continues to gain interest 
in Europe and worldwide (Fig.  8.1 ).

8.2        Cartilage as a Transplant Tissue 

 Some of the same reasons why articular surface lesions show limited healing make 
them good candidates for allograft transplantation. Articular cartilage is avascular, 
aneural and alymphatic. Compared to whole organ transplantation where success 
requires re-establishing blood fl ow through tedious microsurgical vascular anasta-
moses, the articular surface does not require its own blood supply as it derives its 
nutrition through diffusion from the synovial fl uid [ 8 ]. Furthermore, the chondro-
cytes are embedded in a thick and dense extra-cellular matrix which makes them 
relatively protected from host immunogenic cells, thereby obviating the need for 
donor-host immunologic matching [ 9 ]. Articular cartilage is aneural, and does not 
need a nerve supply to function normally. In fact, denervation of the articular seg-
ment may in fact be responsible for the pain-relief obtained in patients following 
osteochondral transplantation [ 10 ,  11 ]. These unique characteristics make articular 
cartilage truly an ideal tissue for transplantation.  

8.3     Benefi ts of Allograft Tissue 

 Improvements in tissue processing and storage, increased graft availability, and 
greater patient acceptance have fueled interest in using osteochondral allografts for 
articular reconstruction. The use of allografts in orthopaedic surgical reconstruc-
tions has increased dramatically in the past decade. From 1996 to 2003, the number 
of allograft tissues distributed by the American Association of Tissue Banks (AATB) 

  Fig. 8.1    A fresh whole distal 
femur allograft ready for 
transplantation       
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increased 400 % [ 12 ]. The following describes several signifi cant advantages that 
allografts have over other available treatment options. 

 With respect to articular reconstruction, the goal is to transplant mature hyaline 
articular cartilage with preservation of the normal architecture and living chondro-
cytes capable of surviving and maintaining the cartilage matrix. The “holy grail” 
in scaffold development is a three-dimensional composite graft that has suffi cient 
biomechanical strength to support the articular segment, achieve adequate fi xation, 
and allow for living chondrocyte in their native columnar orientation [ 13 ]. While 
osteochondral allografts do require bony integration, the surface is already mature. 
It preserves the 3-dimensional layered structure from the articular surface down to 
the subchondral bone. It is therefore truly a hyaline surface, rather than a “hyaline-
like” surface as is often the cases with reparative techniques. One way to think of 
allograft transplantation is that it is not a reparative procedure, but rather a restor-
ative one [ 14 ]. 

 Furthermore, size-matched allografts can allow for accurate restoration of the 
contour of the joint surface with improved congruity. Matching the contour is very 
challenging with most techniques, especially for larger lesions or those with signifi -
cant bone loss. Differences of even 1–2 mm may be the difference between success 
and failure [ 15 ]. While osteochondral autografts do work well for smaller defects, it 
is diffi cult to obtain the correct radius of curvature when taking a graft from a dis-
similar area such as the trochlea and implanting it on the femoral condyle. This is 
especially true for larger defects which may require multiple autograft plugs, also 
known as mosaicplasty. The thickness of the articular cartilage and subchondral 
bone is also different throughout the knee. For example, using a trochlear autograft 
plug on the patella will result in relatively thin cartilage and incongruence of the 
subchondral bone layer, which may have signifi cant biomechanical implications 
[ 16 ]. The use of allografts allows for more anatomic reconstruction where the lesion 
can be replaced with tissue from the same joint location, which is known as an 
orthotopic transplantation. 

 Osteochondral allografts can address both the cartilage and the subchondral 
bone. In the case of an osteochondral defect, the benefi t is obvious. However, in the 
case of a purely chondral defect, if the cartilage is aneural, what causes the lesion to 
be painful? It has been postulated that the pain is mediated by the underlying sub-
chondral bone. One of the reasons why osteochondral procedures provide good pain 
relief may be through denervation of the transplanted subchondral bone. This can 
explain why a painful OCD lesion or area of AVN can be replaced with an osteo-
chondral allograft, which also contains nonviable bone, and still results in reliable 
pain relief [ 17 ,  18 ]. It is felt that lesions with signifi cant bone marrow edema may 
portend a worse outcome with chondral resurfacing procedures compared to those 
with limited marrow edema. The results of ACI once the subchondral architecture 
has been altered by microfracture are diminished compared to those without previ-
ous microfracture [ 19 ]. These fi ndings have led to a shift in thinking of these lesions 
as an articular segment problem, rather than just a cartilage problem. Allografts are 
able to remove potentially involved bone and provide cartilage that is fi rmly attached 
to bone at its base. 
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 Perhaps the greatest advantage of osteochondral allografts is that there is no 
donor site morbidity to the patient. The size of the defect is the single greatest limi-
tation of osteochondral autograft transfer (OATs), where larger or multiple plugs 
may be needed. However, with an allograft there is an essentially unlimited supply 
of tissue that can be used to match the defect or even multiple defects. Furthermore, 
this can be performed in a single-stage operation, which is a signifi cant advantage 
over other procedures require an initial operation for tissue harvesting or bone graft-
ing [ 20 ]. A single operation and rehabilitation limits the amount of time that patients 
need to take out of other activities such as work or school.  

8.4     Disadvantages of Allografts 

 The most concerning disadvantages to osteochondral allograft transplantation are 
the potential risks of infection and immunologic reaction. When using fresh tissue, 
while the risks are small, they are real and must be discussed in the informed con-
sent process with any patient considering this procedure. They are each discussed in 
greater detail later in this chapter. 

 Donor tissue availability is perhaps the most signifi cant limitation, especially 
outside of the US. Patients may have to wait for up to several months for an appro-
priate sized graft to become available. Once tissue becomes available, there is a 
limited time for implantation, which means that the surgery cannot always be sched-
uled at a time that is optimal for both the surgeon and the patient. If the match is not 
readily available, that tissue will be wasted. MTF estimates that approximately 
13 % of grafts are wasted due to lack patient availability, timing of surgery, or other 
factors such as insurance (Musculoskeletal Transplant Foundation, 2012, Internal 
company data, personal communication with the author). Furthermore, fresh osteo-
chondral allografts have fallen victim to their own success. With increased popular-
ity of these techniques, there is less availability of adequate grafts to each surgeon. 

 There are cultural and religious barriers to transplantation and patient acceptance 
may be a limitation in some areas. For example, the utilization of osteochondral 
allografts in Europe is signifi cantly far behind North America. One of reasons pos-
ited for such geographical disparity is that European patients are generally averse to 
the use of any allograft tissue. The public may have developed an aversion to the 
idea after a series of high-profi le failures of blood and tissue banks to adequately 
screen donors, resulting in disease transmission to patients who received blood 
transfusions and organ donations back in the 1980s [ 21 ]. The greater orthopedic 
community has benefi ted by European surgeons’ search for alternatives, which 
made them leaders in other areas such as cell therapy and the development of scaf-
folds [ 20 ,  22 ,  23 ]. However, interest in the use of osteochondral and meniscal 
allografts is increasing at several centers in Europe [ 24 ]. 

 Other disadvantages include that these can be technically demanding procedures 
both for the surgeon and the patient. Commercially available instrumentation sets 
have helped with the creation and implantation of certain types of grafts (Arthrex, 
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Naples, FL). These procedures are usually performed with open arthrotomies 
which can complicate rehabilitation. While mechanical failure of the grafts is 
uncommon, integration of the transplanted cartilage to the surrounding native 
 cartilage is limited [ 1 ].  

8.5     Graft Procurement 

 Most osteochondral allografts are obtained from either multi-organ donors or post- 
mortem donors [ 25 ]. Most tissue banks will accept an age range from approxi-
mately 15–40 years of age. This is primarily because younger donors are felt to have 
a lower incidence of cartilage pathology. The joint surface must pass a visual inspec-
tion for surface damage. 

 The preparation and storage of osteochondral allografts is different than for soft 
tissue grafts. The use of harsh chemicals for sterilization, irradiation and freezing 
techniques all result in poor chondrocyte viability. Therefore, these grafts are recov-
ered aseptically in an operating room or similar facility. The American Association 
of Tissue Banks (AATB) requires that tissue be harvested within 15 h of asystole or 
within 24 h if the body has been refrigerated [ 26 ]. They are cleansed with a saline 
pulse lavage to remove as much of the marrow elements as possible [ 27 ]. They are 
then stored by the tissue bank in a proprietary storage medium. Conventional trans-
plant storage medium, such as University of Wisconsin (UW) solution, appears to 
be better than storage in lactated Ringer’s solution and the addition of bovine fetal 
calf serum has also been shown to be benefi cial [ 28 ].  

8.6     Graft Testing 

 The need for living chondrocytes precludes sterilization of the tissue. In the USA, 
the Food & Drug Administration (FDA) has oversight over tissue banks and has 
regulatory authority over donor selection and screening. Potential donors are 
screened by reviewing their medical records, interviews with the family, and a phys-
ical examination for outward signs of infection. Acceptable donors are then tested 
for HIV Types 1 & 2, HBV, HCV, and Syphilis. They are also screened for spongi-
form encephalopathies (such as “Mad Cow Disease”). In addition to governmental 
oversight, The American Association of Tissue Banks (AATB) provides more strin-
gent protocols and testing requirements. The AATB is a nonprofi t organization 
whose charter is to ensure that tissues are safe for transplantation, free of disease, of 
high quality and suffi cient quantity to meet national needs. They provide accredita-
tion to select tissue banks that agree to follow specifi c regulations and undergo 
periodic inspections of their facilities. For example, all accredited banks are required 
to test for the following: HIV and HCV by PCR nucleic acid testing (NAT) in addi-
tion to HIV Types 1 & 2 and HCV antibodies, HBV surface antigen and core 
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antibodies, HTLV-I/HTLV-II antibody, and syphilis assay [ 12 ]. PCR (NAT) testing 
has been shown to decrease the window from infection to positive test results from 
6 weeks down to 10 days [ 29 ]. 

 During processing, initial cultures are taken which are repeated at different time 
points. Grafts are often treated with an antibiotic solution. Any positive culture for 
Clostridium, Strep pyogenes or other high virulence organism results in immediate 
termination of the graft (AATB). The grafts are then held until all serologic and fi nal 
culture data is completed. This may take up to 2 weeks in most tissue banks. MTF 
has among the most stringent release criteria. While they processed nearly 850 fresh 
grafts in 2011, they estimate that only about 60 % of these grafts were released for 
use either because of concerns about sterility, tissue quality, or donor factors such as 
a pending toxicology report that comes back positive (Musculoskeletal Transplant 
Foundation, 2012, Internal company data, personal communication with the author).  

8.7     Graft Preservation and Storage 

 Biologically active grafts require living chondrocytes. For osteochondral allografts, 
immediate transplantation would provide the highest level of viable chondrocytes. 
Figure  8.2  shows a fresh cartilage which stains with green fl uorescence (fl uorescein 
diacetate) indicating a high level of viable chondrocytes (Fig.  8.2 ). However, cur-
rently accepted testing protocols require a holding period of approximately 15 days 
in order to ensure safety and limit the potential for disease transmission. This means 
that graft tissues need to be preserved for some period of time prior in transplanta-
tion. There are several methods of preserving and storing grafts including freezing, 
cryo-preservation, and refrigeration.

   Fresh-frozen allografts are frozen down to −80 °C. While the freezing process 
may improve sterility and decrease immunogenicity, it results in loss of approxi-
mately >95 % of the chondrocytes [ 30 – 33 ]. Without active chondrocytes, the matrix 

  Fig. 8.2    A fresh articular segment which stains with green fl uorescence (fl uorescein diacetate) 
indicating a high level of viable chondrocytes       
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is not maintained and the cartilage deteriorates with time as evidenced by an increase 
in matrix metalloproteases (MMPs) [ 34 ]. Brighton and Jimenez studied fresh- 
frozen rabbit osteochondral allografts stored for 30 days. They found that up to 
75 % showed degenerative changes such as fi brillation and proteoglycan loss [ 35 , 
 36 ]. Therefore, this should not be thought of as a biologically active graft, but rather 
as a structural graft. 

 Cryopreservation is the process of treating tissues with glycerol and dimethyl 
sulfoxide (DMSO) to prevent ice crystal formation resulting in cellular swelling and 
lysis during subsequent freezing process. This can result in improved chondrocyte 
viability with a wide range from 20 to 70 % survival in multiple studies [ 37 – 39 ]. 
However, it is dependent on the depth of penetration of these reagents as the viable 
chondrocytes are generally seen on the surface but not in the deeper layers of the 
cartilage [ 40 ]. It appears that present protocols may not provide good integration 
[ 41 ]. However, continued research in cryopreservation could lead to improved 
shelf-life and therefore increased availability to patients. 

 “Transplantation” means that the tissue is alive, so the chondrocytes must sur-
vive and be able to maintain matrix production. Fresh allografts have the highest 
levels of chondrocyte viability [ 42 ,  43 ]. These grafts are stored in a lactated Ringer’s 
solution or buffered culture medium and are refrigerated at 4 °C. Fresh grafts have 
been shown to be superior to frozen grafts in both histological and biomechanical 
testing [ 44 ]. Brighton showed that osteoarticular allografts could be stored in cul-
ture medium for up to 30 days with essentially normal biomechanical properties, 
with only minor swelling of the chondrocytes on histology and normal histochem-
istry [ 35 ]. When referring to bulk tissue grafts, these are known as “prolonged 
fresh” allografts. Chondrocytes can remain viable in storage up to 42 days, and this 
is the generally accepted shelf life [ 45 – 47 ]. 

 However, many studies have found that the quality of the graft does deteriorate 
with increasing time from harvest to transplantation. There is a time-dependent 
deterioration of chondrocyte viability, cell density, and metabolic activity with rela-
tive preservation of the hyaline matrix [ 43 ,  47 ]. Grafts stored for greater than 14 
days showed inferior chondrocyte viability and biomechanical properties compared 
those less than 14 days [ 48 ]. However, whether this affects the success of the proce-
dure is not clear. 

 One study by Oates et al. compared transplantation of fresh allografts to ones 
stored in fetal calf serum at 4 °C for 14 days, and found no histological differences 
upon retrieval at the 12-week time point [ 49 ]. This appears to continue even after 
transplantation in grafts stored for longer than 15–20 days in one study using a non- 
human primate [ 50 ]. 

 There have been several published series of prolonged fresh grafts [ 17 ,  51 ,  52 ]. 
In a series by McCulloch and another by Williams, the average number of days from 
harvest to transplantation was 28 and 30 days, respectively, with both studies show-
ing good clinical results at minimum 2-year follow-up. There is likely a threshold 
for cell viability that is needed in order to maintain the matrix and prevent break-
down. However, accurate measurements of cell viability are diffi cult to assess [ 53 ]. 
To date, these studies have not shown a clear link between days in storage and 
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clinical outcomes. Ranawat showed no difference in fresh allografts that were stored 
for 1, 14 or 42 days [ 44 ]. The question of when a stored graft is no longer effective 
remains unanswered, but for optimal results it is believed that they should be 
implanted as soon as possible to maintain the maximal biologically activity.  

8.8     Viability After Transplantation 

 Several retrieval studies have documented viable chondrocytes in the transplanted 
tissue [ 54 – 56 ]. Convery showed viable chondrocyte present in the graft at 8 years 
following transplantation. Czitrom found that chondrocyte viability ranged from 69 
to 99 % in grafts 1–6 years after transplantation. Gross as shown that the articular 
cartilage can survive up to 25 years [ 57 ,  58 ]. Despite extensive analysis, most of 
these investigators were unable to determine if the viable chondrocytes originated 
from the donor or were the recipient’s cells that had re-populated the graft. The 
process of host and donors cells both populating a tissue graft is known as “chime-
rism”. Recently, one group was able to confi rm living donor cells in an osteochon-
dral graft retrieved 29 years after transplantation [ 59 ]. They used fl uoroscine in situ 
hybridization (FISH) and genetic karyotype testing to confi rm that the cells were 
indeed from the donor and showed no evidence of chimerism in the cartilage.  

8.9     Risks of Disease Transmission 

 Bacterial infections are surprisingly rare with the use of allograft tissues. A recent 
paper reported 19 infections during which nearly fi ve million allograft tissues had 
been distributed [ 60 ]. This corresponds to roughly 1 reported event per 
200,000–250,000 grafts. In 2001, two patients developed a Clostridium infection 
after receiving allografts from the same donor. One of these patients, a 23 year-old 
man who had undergone a femoral osteochondral allograft transplantation died 
from the infection [ 61 ]. A Center for Disease Control (CDC) investigation found 14 
other clostridial infections in patients who received allografts from this particular 
non-AATB- accredited tissue bank. In fact the donor had been refused by the local 
AATB facility prior to be sent to this facility which was found to have violated the 
AATB standards for donor recovery and processing. Other allograft-associated 
infections have been reported [ 62 ]. These examples highlight the importance of 
knowing the tissue bank providing your tissues. 

 Pre-implantations cultures by the surgeon have not been found to be an effective 
screening method. MTF followed 20 positive cultures performed in the OR and 
found no adverse outcomes in the recipient patients [ 63 ]. Other studies of allografts 
for ACL reconstruction found a 9–13.5 % incidence of positive cultures and no 
clinical infections. Due to the high false positive rate, intra-operative swab cultures 
are not recommended [ 64 ,  65 ]. 
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 Transmission of serious viral disease has been reported but is even less common. 
Four cases of Hepatitis C have been reported since 1992 [ 66 – 68 ]. Two cases of HIV 
transmission have also been reported as a result of allografts received back in 1984 
and 1985 [ 69 ,  70 ]. These cases occurred prior to newer testing techniques which 
decrease the window between when donors may have been infected and antibodies 
fi rst show up. With antibody testing alone, there is a window period of 1–6 months. 
Testing now involves the use of polymerase chain reaction (PCR) for nucleic acid 
testing which decreases that window period to approximately 1 week. The esti-
mated current risk of HCV or HIV is felt to be around 1 in 421,000 [ 71 ]. Bugbee has 
noted that in their 20-year history encompassing more than 350 fresh allografts, 
they had no documented cases of disease transmission [ 72 ]. It is recommended that 
surgeons allograft tissues only from an AATB-accredited tissue bank, or outside of 
the US, one that follows similar guidelines for safety.  

8.10     Immunologic Response 

 Transplanted osteochondral allografts do exhibit a variable immune response this is 
elicited by the major histocompatibility complex (MHC) antigen present on the 
surface of cells. The chondrocytes are embedded in the extra-cellular matrix which 
means that they have limited exposure to the host immunogenic cells. This  environment 
has been termed “immuno-priviledged” [ 9 ]. Clinically, there has been a  surprisingly 
low rate of signifi cant immunologic reactions or “rejection” of osteochondral allo-
grafts. In laboratory studies, properly processed grafts show little or no immuno-
logic response [ 31 ,  73 ]. Because rejection is uncommon, no human leukocyte 
antigen (HLA) or blood-type matching is required to achieve an acceptable clinical 
result. The only matching that is performed is for size and location. 

 The bone is the most immunogenic portion of an osteoarticular graft. While the 
cartilage is living, the bone is non-viable and must be replaced by invasion of vas-
cularity from the recipient. This process is called “creeping substitution” and occurs 
with incorporation of bone graft and healing of AVN. When this occurs, the MHC 
Class I and II antigens in the bone are exposed and could potentially incite a cell- 
mediated immune response. It appears that the bone is the major cause of failure and 
this process of creeping substitution can lead graft failure and subsidence seen at 
2–3 years following transplantation. Oakeshott looked at a series of failed allografts 
and found that the bone was dead, but 12 of 18 still had viable chondrocytes [ 73 ]. A 
common fi nding in failed allografts is mechanical instability with failure of integra-
tion of or cystic formation in the subchondral bone [ 58 ]. These may be indicative of 
bone rejection. Therefore, current techniques call for using the minimum depth of 
bone necessary for graft stability and the use of saline pulse lavage irrigation intra- 
operatively after the graft has been fashioned in an attempt to remove as much of the 
marrow elements as possible prior to insertion [ 18 ,  74 ] (Fig.  8.3 ).

   While clinical success rates have been shown to be as high as 85 % [ 51 ,  52 ] not 
all osteoarticular allografts heal well. Errors in patient selection, technical errors 
such as over-zealous impaction during implantation, and failure to address other 
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factors such as limb alignment have all been implicated. While the reason for such 
failures is likely multi-factorial, immune reaction may play a signifi cant role. 
Lymphocytes do migrate to the area after allograft cartilage cell transplants [ 75 ]. 
A recent study has shown that patients who received fresh allografts can develop 
antibodies to antigens present in the donor [ 76 ,  77 ]. They found that 11 of 25 
patients who received shell osteochondral allografts developed anti-HLA antibod-
ies. The antibody-positive group showed inferior MRI characteristics with increased 
edema, bone marrow signal change, and a higher rate of surface collapse.  

8.11     Future Directions 

 Improvement in tissue banking techniques will likely address some of the draw-
backs of osteochondral transplantation. There is active research regarding the 
optimal methods of storage and preservation. Ways to maintain viability and 
extend storage times need to be developed. The addition of growth factors to the 

a

b

  Fig. 8.3    A graft is fashioned 
from a fresh femoral condyle 
allograft using the minimal 
amount of bone and pulse 
lavage to remove marrow 
elements prior to press-fi tting 
it into the recipient socket 
created at the defect site ( a ) 
Femoral hemicondyle 
secured into graft station with 
sizing dowel held in place, in 
preparation for core reaming. 
( b ) Final dowel graft prior to 
implantation. Please note 
minimal osseous volume and 
ink mark for topographical 
orientation.           
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storage medium, immune-modulation, and varying the storage temperature all 
show some promise. 

 Prolonged storage in a cold environment decreases metabolic activity of cells 
and adds risks. They may therefore be less able to maintain the matrix causing build 
up of free radicals, infl ammatory mediators and cytokines. The re-warming process 
also leads to further nitric oxide production which can decrease proteoglycan syn-
thesis. The use of gradual re-warming and nitric oxide synthase inhibitors may 
improve viability of these grafts [ 78 ]. 

 Tumor necrosis factor alpha (TNFa) and interluikin-1 (IL-1) are modulators that 
have been implicated in this process and lead to apoptosis of the chondrocytes [ 79 ]. 
Adding blocking agents such as IGF-1 and caspases 1 & 3 inhibitors have been 
shown to prevent apoptosis of chondrocytes in culture [ 80 ,  81 ]. Etanercept is a drug 
that is used for rheumatologic diseases that has been shown to decrease TNF-alpha 
expression and lead to improved chondrocyte viability in storage up to 28 days [ 82 ]. 
Perhaps adding these modulators to the storage medium or during re-warming may 
be benefi cial. Additional growth factors may help support the graft. Bovine fetal 
calf serum has been shown to be helpful in preserving osteochondral grafts and is 
commonly used. The use of allograft serum that is refreshed periodically may add 
patient specifi c growth factors that can improve upon present storage media and was 
shown to be effective in one study [ 83 ]. 

 The bone is the most immunogenic part of the osteochondral allograft and one 
strategy to decrease the immunogenicity could arise from changing the way grafts 
are processed and stored. Chondrocytes are more resistant than osteoblasts to tissue 
culture at 37 °C. It is possible that pre-incubation of osteochondral allografts at 
37 °C prior to storage at 4 °C may result in an optimized graft which contains viable 
cartilage and devitalized bone [ 84 ,  85 ]. 

 To avoid issues with the bone, there are newer allograft techniques which use 
only cartilage. Mature allograft chondrocytes have been implanted on resorbable 
alginate beads, however there is concern about immunogenicity as the chondrocytes 
are not embedded in their matrix [ 75 ,  86 ]. More recently, minced allograft cartilage 
has come into use. DeNovo NT (Natural Tissue) (Zimmer, Inc., Warsaw, IN, and 
ISTO Technologies, Inc., St Louis, MO) is a commercially available minimally- 
modifi ed allograft tissue obtained from juvenile donors. It is felt that the cartilage in 
skeletally immature donors may be superior as it is more metabolically active and 
the chondrocytes are further from cell senescence [ 87 ]. The cartilage is mechani-
cally minced into small pieces which are transplanted into a defect and held in place 
with fi brin glue. Early results are just now becoming available and show some 
promise [ 88 ,  89 ]. A second generation product called DeNovo ET (Engineered 
Tissue) is now undergoing testing in the US. With this product, the minced juvenile 
allograft chondrocytes are isolated and expanded in culture. These cells can then be 
cryo-preserved meaning that more allograft tissue can become available from a lim-
ited supply of donors. Once requested, these allograft cells can be thawed and cul-
tured whereby they create a matrix. The resulting product is similar to a large 
contact lens which improves tissue handling and can be fi xed into a defect using 
fi brin glue. Tissue engineering strategies such as this could potentially lead to a 
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sustainable supply of allograft cartilage, and biologically active scaffolds which are 
available off-the-shelf for transplantation.  

8.12     Summary 

 The use of osteochondral allograft transplantation for articular reconstruction is 
gaining popularity worldwide. Studies have shown that it is a relatively safe and 
effective treatment option for symptomatic chondral and osteochondral defects. It 
offers a solution to address even the largest and most complex defects, and therefore 
is particularly well-suited in salvage or revision cases. In the second part of this 
chapter, we will review the surgical techniques and clinical results. Further advances 
in tissue processing and storage are needed to maximize chondrocyte viability, min-
imize immunologic issues, and prolong the effective shelf life. Donor tissue is a 
limited resource and it is incumbent on surgeons and researchers to develop ways to 
utilize these tissues more effi ciently in order to maximize the benefi t to patients.     

  ** “Osteochondral Allograft Transplantation of the Knee and Ankle: Technique and 
Results”. By Simon Gortz and Patrick C. McCulloch  
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    Abstract     Hyaline articular cartilage is an avascular and insensate tissue with a 
distinct structural organization, which provides a low-friction and wear-resistant 
interface for weight-bearing surface articulation in diarthrodial joints. Ideally, artic-
ular cartilage is maintained in homeostasis over the lifetime of an individual, with 
its biomechanical properties inherently suited to transmit a wide variety of physio-
logic loads through a functional range of motion. Although its viscoelastic charac-
teristics make it ideally suited to transmit a wide variety of physiologic loads 
through a functional range of motion while maintaining homeostasis, it also dis-
plays an intrinsic inability to heal when injured in the skeletally mature individual. 
Thus, articular cartilage lesions commonly lead to signifi cant disability, joint 
 dysfunction and ultimately osteoarthritis. Current treatment options are limited and 
often ineffective at restoring healthy articular cartilage, especially in complex 
 cartilage defects involving large areas of damage and associated subchondral bone 
loss. While several options for repair of articular cartilage defects do exist, fresh 
osteochondralallografting currently remains the only technique that restores 
 anatomically appropriate, mature hyaline cartilage in large articular defects. 
Osteochondralallografting is a valuable and uniquely versatile cartilage restoration 
technique that can address even complex or multiple lesions in topographically 
challenging environments by restoring the anatomy of the native joint both 
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 macroscopically and microscopically with a solid orthotopic replacement. As a 
result, osteochondralallografts have emerged to play an increasingly vital role in the 
clinical algorithm of cartilage restoration.  

  Keywords     Fresh osteochondral allograft   •   Cartilage transplantation   •   Allografting  

9.1          Indications 

 Due to their compound osteoarticular nature, fresh osteochondral allografts are 
uniquely suited to address a wide spectrum of articular cartilage pathology, espe-
cially in disease entities that present with an osseous defi ciency. Primary treatment 
can be considered for purely chondral defects whose size poses a relative contrain-
dication for other treatments, and especially those that present with a loss of con-
tainment or bone involvement exceeding a depth of 6–10 mm. Allografts have also 
proven valuable in the salvage of knees that have failed other cartilage resurfacing 
procedures such as microfracture, autologous chondrocyte implantation, and osteo-
chondral autologous plug transfer [ 1 ]. 

 Specifi c conditions most amenable to allografting include osteochondritis dis-
secans (OCD) [ 2 ], osteonecrosis [ 3 ], and posttraumatic defects [ 4 ]. Other indica-
tions for allografting of the knee include select cases of multifocal or bipolar lesions 
as encountered in isolated, unicompartmental patellofemoral or tibiofemoral osteo-
arthritis in patients of an age and activity level that is not optimally suited for partial 
or total knee arthroplasty. In case of an absent meniscus, this can be implanted as 
part of a compound graft attached to its correlating tibial plateau, avoiding many of 
the size match and fi xation pitfalls associated with isolated meniscal allograft trans-
plantation. The advantage of an allogenous graft source is that even large and com-
plex lesions can be resurfaced by reintroducing orthotopically appropriate, mature 
hyaline cartilage without inducing donor site morbidity and, with the fi xation issue 
predictably relegated to bone-to-bone healing.  

 Key Points 
•     Assess and optimize the biological and mechanical environment of 

the joint.  
•   Minimize the osseous portion of the allograft to 3–6 mm except on tibial 

grafts, and where predicated by lesion topography.  
•   Remove all residual soft tissue and perform pressurized lavage of osseous 

graft portion to remove marrow elements prior to insertion.  
•   Avoid excessively impacting the graft during insertion.  
•   Ensure adequate stability; utilize adjunctive fi xation where necessary.    
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9.2     Contraindications 

 Although bipolar and multi-compartmental allografting have been moderately success-
ful in the younger individual, allografting should not be considered an alternative to 
prosthetic arthroplasty in patients with advanced multi-compartment arthrosis and of an 
age and activity level suitable for prosthetic replacement. Likewise, the presence of 
open physes in the skeletally immature individual is a relative contraindication. Other 
relative contraindications to the allografting procedure include uncorrected ligamentous 
instability, meniscal insuffi ciency or contributory axial malalignment of the limb, which 
should be addressed prior or concomitantly to optimize the biomechanical environment. 
The presence of infl ammatory disease, crystal-induced arthropathy or unexplained 
global synovitis generally represents a contraindication to cartilage repair procedures.  

9.3     Alternative Treatments 

 Focal small to medium sized osteochondral lesions may be amenable to autologous 
grafting techniques or autologous chondrocyte implantation (ACI, see Chaps.   10     
and   11    ), which has shown good outcomes in well-contained, unipolar lesions. 
Although a “sandwich” modifi cation to the ACI procedure has been postulated to 
address signifi cant bony defi ciencies, results of this technique have not been indi-
vidually reported. Overall, lesions that meet inclusion criteria for osteochondral 
allografting are often poorly suited for other cartilage restoration procedures, espe-
cially in the revision situation. None of these restorative procedures should be con-
sidered an alternative to prosthetic arthroplasty in an individual with symptoms, age 
and activity level that is appropriate for prosthetic replacement. 

 When considering realigning osteotomy in addition to an osteochondral allograft 
to address axial malalignment, staging the procedure is advised when the osteotomy 
site is juxtaposed to the allograft site as not to jeopardize the microvascularity of the 
recipient bone bed. Patients gaining satisfactory symptomatic relief from an isolated 
osteotomy alone may not require further surgical intervention but should be fol-
lowed closely for signs of disease progression.  

9.4     Results 

 The use of osteochondral transplants in biologic reconstruction of the knee joint has a 
long-standing clinical history internationally, and has evolved into a mainstay of  clinical 
practice in the United States over the last quarter century. Traditionally, the allograft 
outcomes literature has been compounded by a high contingent of salvage cases owing 
to the lack of suitable treatment alternatives. However, the results of osteochondral 
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allografting compare favorably to those of other cartilage restoration procedures in 
matched indications, with consistent reports of good to excellent  outcomes in excess of 
80 % of cases at a mean follow up of up to 10 years (Table  9.1 ). Retrieval studies have 
demonstrated that viable chondrocytes are present and mechanical properties of the 
collagen matrix are maintained many years after transplantation [ 14 ,  15 ].

9.5        Surgical Technique 

9.5.1     Femoral Condyle [ 16 ] 

 The patient is positioned supine with a proximal thigh tourniquet. A leg or foot 
holder is helpful in accessing the lesion by positioning and maintaining the leg in 
between 70° and 100° of fl exion. A standard midline incision is made from the cen-
ter of the patella to the tip of the tibial tubercle. For most femoral condyle lesions, a 
minimal anterior approach is suffi cient, and eversion of the patella is not necessary. 
This skin incision is elevated subcutaneously, either medially or laterally to the 
patellar tendon, ipsilateral to the location of the lesion. A retinacular incision is then 
made from the superior aspect of the patella inferiorly, incising the fat pad without 
disrupting the anterior horn of the meniscus or damaging the articular surface. Once 
the joint capsule and synovium have been incised and the joint has been entered, 
retractors are placed medially and laterally, taking care to protect the cruciate liga-
ments and articular cartilage in the notch. The knee is then fl exed or extended to the 
proper degree of fl exion that presents the lesion to be treated into the arthrotomy site 
(Fig.  9.1 ). Excessive degrees of fl exion limit the ability to mobilize the patella. 
The lesion then is inspected and palpated with a probe, to determine the extent, mar-
gins, and maximum size. In some cases where the lesion is posterior or very large, 
the meniscus may have to be detached and refl ected, leaving a small cuff of tissue 
adjacent to the anterior attachment of the meniscus for reattachment at closure.

   Table 9.1    Selected outcomes – osteochondral allografting in the knee   

 Author 
 Site of 
lesion 

 Diagnosis/
indication 

 Number 
of patients 

 Mean follow 
up (years) 

 Successful 
outcome 

 Chu [ 5 ]  Knee  Multiple  55  6.2  84 % G/E 
 Krych [ 6 ]  Knee  Multiple  43  2.5  88 % RTS 
 McDermott [ 7 ]  Knee  Trauma  50  3.8  76 % SCS 
 Ghazavi [ 8 ]  Knee  Trauma  126  7.5  85 % SVS 
 Beaver [ 9 ]  Knee  Trauma  92  14.0  63 % SVS 
 McCulloch [ 10 ]  Femur  Multiple  25  3.9  84 % SCS 
 Williams [ 11 ]  Femur  Multiple  19  4.0  79 % SCS 
 LaPrade [ 12 ]  Femur  Multiple  23  3.0  91 % G/E 
 Gross [ 4 ]  Femur  Trauma  60  10.0  85 % SVS 
 Garrett [ 13 ]  Femur  OCD  17  2–9  94 % G/E 
 Emmerson [ 2 ]  Femur  OCD  69  5.2  80 % G/E 

   SCS  successful,  SVS  survivorship,  G/E  good/excellent,  RTS  return to sports  
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   The two commonly used techniques for the preparation and implantation of 
osteochondral allografts are the dowel technique and the shell graft technique. Each 
technique has advantages and disadvantages. The dowel technique is a similar tech-
nique in principle to autologous osteochondral transfer systems [refer to chapter]. 
This technique is optimal for contained condylar lesions between 15 and 35 mm in 
diameter. Fixation is generally not required in circumferentially contained lesions 
due to the stability achieved with the press fi t of the dowel. Disadvantages include 
the fact that many lesions are not conducive to the use of a circular coring system, 
such as very posterior femoral, tibial, patellar, and trochlear lesions. Additionally, 
more ovoid a lesion in shape require more normal cartilage to be sacrifi ced at the 
recipient site in order to accommodate the circular donor plug. Shell grafts are tech-
nically more diffi cult to perform and typically require fi xation. However, depending 
on the technique employed, less normal cartilage may need to be sacrifi ced. Also, 
certain lesions are more amenable to shell allografts due to their location.  

9.5.2     Dowel Allograft 

 There are several similar proprietary instrumentation systems that are currently 
available for the preparation and implantation of dowel allografts up to 35 mm in 
diameter. After a size determination is made using a sizing guide dowel (Fig.  9.2 ), 
a guide wire is driven into the center of the lesion, perpendicular to the curvature of 
the articular surface. The size of the proposed graft then is determined, utilizing 

  Fig. 9.1    Intraoperative 
photograph demonstrating an 
osteochondritisdissecans 
lesion in typical location on 
the lateral aspect of the 
medial femoral condyle, 
towards the intercondylar 
notch       
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sizing dowels, remembering that overlapping dowels (in a “snowman” confi gura-
tion) can possibly deliver the best area coverage. The remaining articular cartilage 
is scored circumferentially, and a core reamer is used to remove the remaining artic-
ular cartilage and at least 3–4 mm of subchondral bone (Fig.  9.3 ). In deeper lesions, 
fi brous and sclerotic bone is removed to a healthy, bleeding osseous base. More 
extensive lesions should be manually curetted and packed with morselized autolo-
gous bone graft to fi ll these more extensive osseous defects. The guide pin then is 
removed, and circumferential depth measurements of the prepared recipient site are 
made and recorded.

    The corresponding orthotopic location of the recipient site then is identifi ed on 
the graft. The graft is placed into a graft holder (Fig.  9.4 ) (or alternately, held 
securely with bone-holding forceps). A saw guide then is placed in the appropriate 
position and alignment, again perpendicular to the articular surface; and an appro-
priate sized tube saw is used to core out the graft under continuous irrigation. Prior 
to removing the graft dowel from the condyle, an identifying mark is made to ensure 
proper orientation upon implantation. Once the graft cylinder is amputated using an 
oscillating saw and removed, depth measurements, which were taken from the 
recipient, are transferred to the bony portion of the graft (Fig.  9.5 ). This graft then 

  Fig. 9.2    The same lesion as 
shown in Fig.  9.1 , being sized 
with a sizing dowel       

 

S. Görtz and P.C. McCulloch



155

is cut with an oscillating saw, trimmed with a rasp to the appropriate thickness in all 
four quadrants, and the deep edges of the bone plug can be chamfered with a  rongeur 
and bone rasp. Often this must be done multiple times to ensure precise thickness, 
preferably refashioning the graft rather than the recipient site and optimally keeping 

  Fig. 9.3    Appearance of the lesion after core reaming of the osseous defect. Note the central hole 
marking the position of the guide pin, which has been removed       

  Fig. 9.4    Fresh allograft hemicondyle secured in graft holder       
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the allograft and host cartilage moist throughout the procedure. Usually, a dowel 
plug will only comprise several millimeters of subchondral bone (Fig.  9.6 ). The aim 
is to transplant as much bone as is necessary to reconstruct an osseous defect, and 
as little as possible to minimize the bioburden to the host, as well as to optimize the 
rate limiting step of creeping substitution by minimizing the amount of allogeneic 
bone to be reconstituted. Prior to fi nal implantation, the graft is irrigated copiously 
with pulsatile lavage to remove marrow elements and debris, and the recipient site 
can be dilated using a slightly oversized tamp in order to ease the insertion of the 
graft to prevent excessive impact loading of the articular surface when the graft is 
inserted. At this point, any remaining osseous defects are bone grafted. The allograft 
is then inserted by hand in the appropriate rotation. In case of a line to line fi t it is 
often possible to seat the graft with gentle manual pressure or by using the 

  Fig. 9.5    Osteochondral 
allograft core with  ink mark  
correlating to depth of 
recipient graft bed       

  Fig. 9.6    The allograft dowel 
prior to fi nal implantation. 
Note the  ink marks  for 
orientation, and the reduced 
osseous component of the 
graft       
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appositional joint surface as a fulcrum while gently cycling the knee through a 
range of motion. Alternatively, a cupped mallet can be used to gently tamp the graft 
into place until it is fl ush, again minimizing mechanical insult to the articular sur-
face of both the native and graft tissue.

     Once the graft is seated, a determination is made whether additional fi xation is 
required. Circumferentially contained dowels often provide an inherentlystable 
press fi t that requires no additional fi xation (Fig.  9.7 ). If necessary, bioabsorbable 
pins are utilized, particularly if the graft is large or borders the intercondylar notch. 
Sometimes the graft needs to be trimmed in the notch region, to prevent impinge-
ment. The knee is then brought through a complete range of motion, in order to 
confi rm that the graft is stable and there is no catching or soft-tissue obstruction 
noted. At this point, the wound is irrigated copiously, and, if no further adjunct pro-
cedures are planned, routine closure is performed.

9.5.3        Shell Allograft 

 Shell allografts are employed for lesions that cannot be addressed by single or mul-
tiple plugs, either due to size, shape, or location, and depend on a free hand tech-
nique. The defect is accessed, identifi ed, and assessed through the previously 
described arthrotomy. The circumference of the lesion is marked with a surgical 
pen. An attempt is made to create a geometric shape that is amenable to hand craft-
ing a shell graft while minimizing the sacrifi ce of normal cartilage. A #15 scalpel 
blade is used to demarcate the lesion, and all tissue inside this mark is removed with 
ring curettes or other suitable instrumentation. Using motorized burrs and sharp 
curettes, the defect is then debrided down to a subchondral depth of 4–5 mm. Deeper 
cystic defects, again, are curetted by hand and later bone grafted. The allograft is 
fashioned in a freehand fashion, initially slightly over sizing the graft and carefully 

  Fig. 9.7    Intraoperative 
appearance of the fi nal 
construct at time of 
implantation. Note the fl ush 
alignment of the graft in 
relation to the surrounding 
nativearticular surface, and 
the stable press fi t without 
supplemental fi xation       
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removing excess bone and cartilage as necessary through multiple trial fi ttings. If 
there is deeper bone loss in the defect, more bone can be left on the graft and the 
defect can be grafted with cancellous bone prior to graft insertion. The graft is 
placed fl ush with the articular surface. The need for fi xation is based on the degree 
of inherent stability. Bioabsorbable pins are typically used when fi xation is required 
but compression screws may be used as an alternative. Wound irrigation and routine 
closure are performed as previously described.   

9.6     Postoperative Regimen 

 Patients are allowed full range of motion post-operatively, unless there are other 
additional reconstructive procedures that would dictate alternative rehabilitation. 
While range of motion exercises and quadriceps strengthening generally are intro-
duced early, patients are usually maintained in a toe-touch-only weight-bearing sta-
tus for a period of at least 8 weeks, ultimately depending on radiographic evidence 
of incorporation. At 4 weeks, patients are allowed closed-chain exercises such as 
cycling. Progressive weight bearing as tolerated usually is allowed at 3 months, and 
the patient is allowed to return to recreation and sports when functional rehabilita-
tion is complete, usually at 6 months. Typically, braces are not utilized, unless the 
grafting involves the patellofemoral joint, where fl exion is limited to <45° for the 
fi rst 4–6 weeks, or in cases where bipolar tibial femoral grafts are used, an unloader 
or range of motion brace can be employed to prevent excessive stress on the grafted 
surfaces.  

9.7     Avoiding Pitfalls and Complications 

9.7.1     Graft Selection 

 In current practice, small-fragment fresh osteochondral allografts are not HLA type 
or blood group matched between donor and recipient, and no immunosuppression is 
used. Rather, the allografts are matched to recipients on size alone. Preoperatively, the 
patient’s knee is sized using an anterioposterior radiograph with a standardized mag-
nifi cation marker. A measurement of the medial-lateral dimension of the tibia is then 
made, just below and parallel to the joint surface. The measurement is accurately 
adjusted for magnifi cation, and the tissue bank compares this to direct measurements 
on the donor tibial plateau. A match is considered acceptable within a tolerance of 
±2 mm; however, it should be noted that there is a signifi cant variability in anatomy. 
In particular, in treating osteochondritis dissecans, the pathologic condyle typically is 
larger, wider, and fl atter; therefore, a larger donor should generally be used. In gen-
eral, it is technically less challenging to fi t a larger donor to a smaller recipient con-
dyle than vice versa, due to radius of curvature. The surgeon is ultimately responsible 
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to inspect the tissue intended for transplantation, optimally before beginning the 
actual procedure. This should include affi rming site, size, and integrity of the tissue 
including packaging, and adequacy of storage and refrigeration.  

9.7.2     Allograft Failure [ 15 ] 

 Failure of the allograft procedure can occur due to nonunion or late fragmentation and 
graft collapse. While healing of the graft-host interface reliably occurs, particularly 
with smaller grafts, the degree of revascularization appears to be variable. Fragmentation 
and collapse typically occurs in areas of unvascularized allograft bone. Since it merely 
serves as an osteoconductive scaffold for healing to the host by creeping substitution, 
which is a rate limited process, the portion of transplanted bone should be minimized 
wherever possible, without compromising stability of the graft as warranted by the 
clinical situation. This will also minimize the potential antigenic burden of marrow 
elements possibly remaining in the transplanted cancellous bone. Patients with graft 
collapse typically present with new onset pain or mechanical symptoms. Radiographs 
may show joint space narrowing, cysts, or sclerotic regions. Magnetic resonance imag-
ing can help rule out contributory concomitant joint pathology in the differential diag-
nosis of post-operative symptoms. Depending on the status of the knee joint and 
patient factors, the treatment options include observation, removal of the fragmented 
portion of the graft, repeat allografting, or conversion to arthroplasty.   

9.8     Conclusion 

 Fresh osteochondral allografts have a role in the treatment of a wide spectrum of 
osteoarticular pathology, particularly in combined lesions presenting with an osse-
ous and a chondral component. The operative procedure for the treatment of femo-
ral condylar lesions is straightforward but demands precision to achieve reproducible 
results and to minimize early graft failures related to surgical technique. While 
many clinical and basic scientifi c studies support the theoretical foundation and 
effi cacy of the use of small fragment allografts, more scientifi c validation of empiri-
cal clinical practice is still needed. The indications for the use of fresh osteochon-
dral allografts continue to evolve, including use in other diathrodial joints.     
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    Abstract     For more then 2000 years articular cartilage lesions have been recog-
nized as a clinical problem and with no intrinsic healing or optimal treatment. In 
1987 the fi rst autologous cell transplantation was performed using isolated and cul-
tured chondrocytes which were injected into an articular cartilage lesion covered 
with autologous periosteum. This fi rst transplantation was based on solid informa-
tion from  in vitro  chondrocyte research with animal and human cell culture tech-
niques as well as extensive animal model studies. These animal studies included the 
fi rst results using a semisynthesized collagen type I sponge injected with chondro-
cytes and implanted in defects. This research was the beginning for future use of 
artifi cial resorbable scaffolds and arthroscopic surgical technique. Since 1994 the 
results of ACT/ACI have been repeatedly reported. The result of 10–20 years follow 
up was reported in 2010 showing durable outcomes. The subjective results are sup-
ported by objective evaluations of histology of biopsies, immunohistochemistry, 
mechanical stiffness tests, gadolinium enhanced MRI after 8–20 years showing 
functional hyaline –like tissue. Even with wider indications towards early posttrau-
matic osteoarthritis such as large, uncontained, unshouldered lesions, multiple and 
bipolar lesions, the results have been acceptable. However, this would not have been 
possible without addressing and correcting concomitant background factors creat-
ing an optimal environment for the repair tissue to survive over time. Further 
improvement and simplifi cations in the treatment could be expected with optimal 
cell sources and development of biodegradable scaffolds/membranes and gels 
allowing arthroscopic technique, early and safe weightbearing but complex cases 
still may need extensive open surgery for success.  
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10.1          Introduction 

 In the coming decades we will be seeing an intensive research work to prevent tissue 
degeneration and promote regeneration of the human body for preserving the health 
and wellbeing of the aging population. In this research regenerative medicine and 
preventive medicine will be two important disciplines to overcome and prevent 
degenerative and other diseases as well as sequelae after trauma. In the regeneration 
of complete organs e.g. liver, heart, kidney, lungs, as well as regeneration of specifi c 
tissues (e.g. in the musculoskeletal system) the fundamental key to success is the 
choice of the potential stemcell, from embryonic or mesenchymal origin or from 
tissue specifi c progenitor cell sources etc. The understanding of the normal and 
pathological function of the different cell types on a molecular level must be the 
platform for progress in regeneration as well as repair of organs and specifi c tissues. 
The collaboration of multidisciplinary researchers in cell biology at micro- and 
macromolecular levels, biomaterials, biomechanics and clinical specialities is a 
necessity for a successful outcome. The great possibility for the future treatment of 
many diseases and injuries lies in regenerative medicine with multidisciplinary 
approach. In this work the potential in gene therapy will be of outmost importance. 

 Key Points 
•     ACT/ACI can be successful when choosing the right indication, using ade-

quate surgical techniques, addressing background factors, and understand-
ing the biologic healing process.  

•   Large, uncontained, unshouldered lesions, multiple lesions, and bipolar 
lesions can be tried with acceptable results. Concomitant procedures such 
as stabilizing and unloading procedures must be considered and performed 
carefully, as well as meniscus defi ciencies, bony defects, or other bone 
pathology which should be corrected.  

•   The rehabilitation program has to be adjusted to the individual situation; 
small well contained lesions full WB can be reached at 6–8 weeks, more 
complex cases usually need a longer period of progressively increased 
weight bearing, for bipolar and multiple lesions full WB at 16 weeks- is 
recommended.  

•   Return to impact sports and heavy labor depends on the maturation time of 
the repair tissue and the individual injuries and their severity. Concomitant 
procedures may also play a role and return to football takes between 12 and 
18 months.  

•   The lack of objective noninvasive evaluation methods is a problem, but in 
our experience gadolinium enhanced MRI is a promising technique but 
still to expensive for routine evaluations. It takes between 9 and 18 months 
after cartilage repair before glycosaminoglycan concentrations have 
returned to 80 % or normal.    
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 In the musculoskeletal system it seems that the regeneration of a limb with all 
tissues involved like bone, muscle, tendon, ligament, periosteum, cartilage, 
synovium, meniscus, vessels and nerves, is complicated and far away. The separate 
tissues, however, offer possibilities for local regeneration or repair in case of injury. 
In that aspect the nerve and cartilage have a minimal capacity of intrinsic healing 
and in the case of cartilage, an injury may, over time, progress into posttraumatic 
osteoarthritis by the combined effect of enzymatic autodigestion and mechanical 
wear accelerated by high activity levels e.g. in sports [ 1 ]. 

 More than two thousand four hundred (2400) years ago Hippocrates (460-377b.
Chr.), the leading physician at that time, was the fi rst to recognize and treat articular 
cartilage injuries and in 1743 Hunter stated: “From Hippocrates to the present age, 
it is universally allowed that ulcerated cartilage is a troublesome thing and that once 
destroyed it is not repaired” [ 2 ]. This insight has over time created a nihilistic 
approach to the treatment of cartilage injuries by most physicians even up till the 
present time. In spite of the enormous progress and great development in medicine 
and related technology in the last centuries, the improvement in treating cartilage 
injuries has been very slow and not so successful. In osteoarthritis the introduction 
and improvement of total joint replacement techniques has made a great solution 
and difference for this patient group. For the traumatic articular cartilage injuries in 
the young and middle aged patients no optimal treatments have been present. 
However, during the last decades new treatment techniques for articular cartilage 
injuries have evolved and opened up for better short and long term results and hope 
for the future such as autologous chondrocyte transplantation/implantation, micro-
fracture, and osteochondral grafting [ 3 – 5 ]. An exciting development is the fast 
growing number of centers for cartilage research and repair being established in 
many universities around the world with multidisciplinary teams ready to work for 
better understanding and treatment options of articular cartilage injuries and dis-
eases in the future.  

10.2    Background 

 In 1970, after 5 years of general surgery, I was offered a residency at the Department 
of Orthopaedic Surgery, Sahlgrenska University Hospital, Gothenburg University 
under the directorship of the late professor Bertil Stener and got involved in an 
intense period of sports medicine-traumatology, knee surgery, and the introduction 
of arthroscopy. Professor Stener, my esteemed chief and teacher, encouraged and 
allowed me to establish a section for reconstructive surgery and arthroscopy with 
focus on athletic injuries. In the following years we gradually turned from open to 
arthroscopic surgery and during this period of intense surgical work I noticed a high 
number of articular cartilage injuries when treating acute and chronic knee and 
other joint injuries. As the results were improving on meniscus and cruciate liga-
ment surgery, there was no really good treatment for cartilage injuries at the time. 
This is how I got interested in cartilage injuries. 
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 Going through the literature of previous and actual treatments of cartilage inju-
ries such as debridement (Magnuson), spongialization (Ficat), multiple drilling 
(Pridie), high tibial osteotomy (Coventry) there were no durable results and no 
durable repair tissue [ 6 – 9 ]. 

 In other attempts to repair cartilage lesions, perichondrium or periosteum were 
sutured to the debrided defects [ 10 – 13 ] with initially good short term results but 
deteriorating with longer follow-up as the repair tissue was fi brous in character and 
did not resist the wear and tear over time. For some years I tested all these proce-
dures including single bone-cartilage autografts with mostly disappointing results. 

 In the late 60’s Salter and O’Driscoll showed in a rabbit model with periosteum 
sutured to an osteochondral defect and treated with continuous passive motion a 
chondrogenic repair potential from the cells in the cambium layer [ 14 ]. In 1968 
Chesterman and Smith performed homotransplantations of isolated chondrocytes to 
a tibial defect in the rabbit knee for which they showed that there was no repair of 
the defect [ 15 ].  

10.3     Articular Cartilage Structure and Function 

 Articular cartilage is composed of chondrocytes and matrix built up by collagen 
type II, proteoglycans and water, is organized in four zones with different appear-
ances and functions from the subchondral bone plate to the superfi cial layer of 
artricular cartilage allowing extremely low friction of the surface and diffusion of 
synovial fl uid in and out of the matrix (Fig.  10.1 ). Articular cartilage is a unique 
tissue compared to other tissues in the musculoskeletal system by lacking vascular, 
nerve and lymph supply. This means that there is no infl ammatory reparative 
response to injury and no pain elicited from the cartilage itself. However cartilage 
degradation products (e.g. after trauma) may cause an infl ammatory response of the 
synovial membrane of the joint. The nutrition of the chondrocytes, which are less 
than 10 % of the total tissue volume, is maintained via diffusion of synovial fl uid 
passing through the lamina splendens with infl ow during non weight-bearing and 
outfl ow during weight-bearing. The oxygen tension is low and the metabolism 
almost anaerobic. The chondrocyte is synthesizing the matrix and maintaining the 
matrix by a slow turnover of mainly collagen type II, which takes up 10–20 % of the 
wet weight and proteoglycans (aggrecans), 4–7 % of the wet weight. The collagen 
type II fi bers are anchored in the subchondral plate running up to the surface form-
ing the Benninghoff’s arcades and are reinforcing the matrix and adding tensile and 
compressional strength to the matrix. Together the chondrocytes, collagen type II, 
the proteoglycans and their content of water, the subchondral bone plate, and the 
trabecular bone form the osteochondral functional unit. This unit stands for most of 
the mechanical function such as shockabsorbtion (Fig.  10.1 ). The water content 
adds to the shockabsorbtion capacity and stands for between 65 and 80 % of the 
total cartilage volume and is maintained by the hydrophilic negatively charged 
 proteoglycans [ 16 ].
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  Fig. 10.1    Schematic drawings of articular cartilage structure.  Upper fi gure : Close up of main com-
ponents with the chondrocyte, the collagen type II and the proteoglycans.  Lower fi gure : Cellular and 
matrix structure in different zones, from the lamina splendens to the trabecular bone; the ostechon-
dral functional unit         
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10.4        Articular Cartilage Healing Capacity 

 It is claimed that articular cartilage has limited or no intrinsic repair capacity. 
Injury to the tissue will not cause a reparative infl ammatory response to the carti-
lage itself due to the lack of vascularization, unless the subchondral bone is 
involved as in an osteochondral fracture [ 16 ]. It seems that there is an initial cell 
mitotic activity immediately after trauma in the area of the injured cartilage, but 
for unknown reasons this activity ends at about 14 days and leaves no repair. This 
may be caused by the matrix and cell damage with apoptosis that occurs when the 
damaged cell membrane starts to leak collagenases and proteases which degrade 
the newly produced collagens and proteoglycans. Healthy cells which may 
migrate out from the borders, where about 20 % of the cells are apoptotic, will 
meet a barrier of necrotic, degrading tissue and released enzymes from damaged 
or apoptotic cells and will not survive. The lack of suffi cient infl ammatory 
response to trauma will not start adequate macrophage or phagocyte activity to 
remove the necrotic tissue, so the barrier remains and the enzymatic and mechanic 
breakdown may progress into posttraumatic osteoarthritis over time, as there is no 
intrinsic cartilage repair or regenerative healing capacity [ 1 ] (Fig.  10.3 ). Cartilage 
debris and fragments –loose bodies as well as leakage of enzymes through the 
damaged cell membrane are causing an infl ammatory response from the synovial 
membrane but has no healing effect on the cartilage but will disturb the joint 
homeostasis.  

10.5     How to Address the Situation and Create 
Healing Conditions? 

 All damaged, necrotic tissue in the area must be removed down to the subchondral 
bone and excised 2 mm into healthy surrounding cartilage to minimize the number 
of apoptotic cells in the excised side (ref. Lindahl A, 2009). The defect has to be 
repopulated with cells with the capacity to regenerate hyaline cartilage, i.e. articular 
chondrocyte progenitor cells in increased numbers committed to produce hyaline 
cartilage. We therefore need to fi nd adequate cell sources from a biopsy harvested 
from minor weight-bearing areas with minimal donor site morbidity, and develop a 
safe and optimal cell culture technique to achieve mitotic active and viable cells for 
implantation and repopulation of defects. We must fi nd adequate autologous tissue 
or create biocompatible, degradable materials for keeping the cells in the defect. 
Then develop an animal model to study and evaluate the hypothesis: “ It is possible 
to heal a full thickness  ( down to the subchondral bone )  articular defect using enzy-
matically isolated autologous chondrocytes grown in culture and implanted under 
an autologous tissue membrane or synthetic degradable biomaterials sutured or 
fi xed to the defect .”  
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10.6     Cell Culture Technique and Design 
of a Rabbit Experimental Model 

 In 1982 I was invited for a year as a visiting professor at the Hospital for Joint 
Diseases, Orthopaedic Institute, New York City University, in Manhattan, New 
York City. The director was professor Victor Frankel and he allowed me to use 
all facilities of the hospital including research laboratories and animal operating 
resources with the aim to design an animal experimental model in the rabbit to 
test the hypothesis. In the laboratory there was a small section for cell biology 
with some experience of growing cells in culture. Dr David Menche and the 
chief of the Sports Medicine Department, dr Mark Pitman together with a young 
Ph.D. student Daniel Grande were running a research project and immediately 
we joined in a team to work on the chondrocyte cell culture and the rabbit 
model. 

  Step 1  was to establish a safe, sterile and effi cient cell culture technique. Daniel 
Grande was the key person involved in this fi rst step. Rabbits were operated on both 
knees and biopsies of articular cartilage were taken from a small area on the upper 
medial trochlea and from a 3 mm diameter punch defect down to the subchondral 
bone plate of the central medial femoral condyle or the central patella. The biopsies 
were brought to the laboratory, prepared and minced in small pieces, and then 
undergoing enzymatic digestion of the matrix according to the technique described 
by Audie Smith using collagenase [ 15 ]. The cells were then separated from matrix 
and isolated and grown for 3 weeks in standardized culture media and fetal calf 
serum added. After some failures with cell death, too small numbers of cells, infec-
tions etc. the whole procedure was optimized using a strict and controlled culture 
technique in which we were able to repeatedly grow suffi cient cellnumbers for 
implantation [ 17 ]. 

  Step 2  was to design the optimal experimental model in the rabbit knee. During 
this initial period we worked on selection of the optimal defect area, the optimal 
autologous cover to keep the cells in the defects and autologous versus allogenic 
chondrocytes. After several pre-studies we found that the cartilage thickness for 
suturing a cover was best on the patella, that the periosteal membrane according 
to Salter had a chondroid potential in the cambium layer cells and in our tests was 
superior to synovial membrane, tendon sheath, muscle fascia. We also found the 
periosteal membrane to be optimal when facing the cambium layer into the defect 
[ 18 ]. For safety reasons we chose the autologous chondrocytes for possible future 
use of autologous cells in humans. They also seemed superior to allogenic cells 
from the pre-studies. During this time we also built two continuous passive 
motion machines for rabbits according to Salter to use in the postoperative care. 
They were however not used later because the two fi rst transplanted rabbits which 
were put into the machines, fell out of the machines during the fi rst night and 
stressed themselves to death. We later found out that Salter did not use the 
machines during nights. 
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 The fi rst results of the rabbit model were presented at the Orthopaedic Research 
Society meeting in Atlanta, 1984, showing an 80 % fi ll in the defects operated with 
chondrocytes and periosteal cover compared to 20 % fi ll in the defects without 
chondrocytes but with periost alone after 12 weeks [ 17 ,  19 ]. Microscopy showed the 
same staining characteristics as normal cartilage in the experimental group 
(Fig.  10.2 ).

   In September 1983 I left New York to work in a chief position at the Department 
of Orthopaedic Surgery at the East Hospital, University of Gothenburg. In 1984 
I met Anders Lindahl, who was an MD working on his thesis on epiphyseal carti-
lage at the Department of Physiology and has been my most important coworker to 
transfer ACT/ACI into human clinical practice and to continue basic and clinical 

a1

b1

c1 c2 c3

b2 b3

a2 a3

  Fig. 10.2    Series of experimental work using a rabbit knee model. A 3 mm diameter articular 
cartilage defect down to subchondral bone in the rabbit patella.  Upper row  ( a ) showing  macroscopic 
and microscopic results 12 weeks after autologous chondrocyte transplantation; picture ( A1 ) show-
ing fi lling of experimental side to the  left  and control side to the  right . ( A2 ) Histology experimental 
side showing hyaline cartilage,  A3  the control side showing limited fi lling of the defect.  Middle 
row  ( b ) same model with 1 year result. ( B1 ) Experimental side showing good fi lling to the  left  and 
control side showing no fi lling to the  right . ( B2 ) Histology experimental side showing hyaline 
cartilage. ( B3 ) The control side showing no fi lling of the defect.  Lower row  ( c ) same model show-
ing results after a 12 week follow-up in 3 mm defect, ( C1 ) surgical picture: the chondrocytes 
injected into a semi-synthesised collagen type I resorbable sponge from Indian rat tail, implanted 
with press-fi t technique into the defect. ( C2 ) Experimental side showing good fi lling with hyaline 
appearance. ( C3 ) Control side showing no fi lling of the defect       
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research in cartilage regeneration-repair. Together with Anders Nilsson another MD 
and Ph.D. student we continued the animal experiments and repeated the study from 
New York with a 1 year follow up. The results at 1 year after transplantation were 
presented at the yearly meeting of the Swedish Society of Physicians in Stockholm 
1986, showing excellent fi lling and microscopy in the experimental group versus no 
fi lling in the control group [ 20 ] (Fig.  10.2 ). 

 At the same time I continued the collaboration with the New York group. During 
the early literature review I came over a paper by Shwapil, who was the fi rst to 
semisynthesize collagen type I resorbable sponges from Indian rat tails. This fi tted 
well into my idea to use scaffolds as a vehicle to support the cells in the early post-
operative period but also make it possible to use arthroscopic surgical technique for 
implantation. Dr. Shwapil allowed us to use the sponches and we injected them with 
autologous chondrocytes. Using the rabbit model we compared a group with autolo-
gous chondrocytes injected into the sponge with a group with the sponge only, fi xed 
by press fi t technique into the cartilage defects. The results were presented at the 
ESSKA meeting in Salzburg, Austria, 1985 and showed excellent fi lling and histol-
ogy in the experimental group compared to minimal fi lling in the control group 
(Fig.  10.2 ) This was the fi rst experimental study using a degradable semisynthe-
sized scaffold as a carrier of cells opening up to autologous chondrocyte implanta-
tion, second generation and arthroscopic technique.  

10.7     Transfer of the Animal Model into Human 
Clinical Practice 

 My strategy was to transfer this animal treatment technique as far as possible into 
human surgical treatment and provide the highest safety for the patients by avoiding 
any problems like rejections, immunologic reactions, contamination with serious 
infections etc. The fi rst condition was to use autologous cells, tissues, serum to 
minimize serious complications. 

 The transfer of the rabbit articular chondrocyte culture technique into human 
articular chondrocyte culture technique started in 1984 by Anders Lindahl and 
myself. Articular cartilage from anterior cruciate ligament reconstructions were 
harvested from the intended drillhole in the tibia and from the notch plasties under 
sterile conditions and were, together with the patient’s own serum, transported to 
the laboratory. The standardized culture medium containing Ham’s F 12 medium 
with supplements and 15 % of the patient’s own (autologous) serum was added 
instead of fetal bovine serum [ 3 ]. The culture medium was tested for bacteria and 
fungi, before the cultured chondrocytes were released to use, as well as check of the 
cell number, character, viability etc. After about 3 years of optimizing and standard-
izing a safe and optimal cartilage harvesting technique arthroscopically, the work in 
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the laboratory, studying consequences of cell transportations, freezing of the cells 
for cell viability or contaminations with repeated tests, we had achieved a safe and 
reproducible technique for biopsies and optimal cell culture of human chondrocytes 
in the laboratory using autologous human serum. In 1987 we got the approval by the 
Ethical Committee of the Medical Faculty of the University of Gothenburg to use 
autologous chondrocytes cultured in laboratory for the treatment of chondral inju-
ries in the human knee. The fi rst patient was transplanted with autologous chondro-
cytes in October 1987 at the Department of Orthopaedic Surgery, East Hospital, 
University of Gothenburg, Sweden. Mats Brittberg at that time a young resident and 
my Ph.D student assisted me at this “historic surgery” and later defended his thesis 
on cartilage repair in 1996.  

10.8     Indications, Surgical Technique, Classifi cation, 
and Rehabilitation 

10.8.1     Indications 

 ACT/ACI is indicated in symptomatic full thickness cartilage lesions or osteochon-
dral lesions according to ICRS or Outerbridge classifi cations III-IV. Age of the 
patient should be between 15 and 55 years but there is no defi nite limit. Size of the 
defect is between 2 and 16 cm 2 . Gradually with increased experience the indications 
have widened and larger (over 16 cm 2 ) uncontained, multiple defects or bone to 
bone compartmental lesions could be tried as a relative indication (salvage proce-
dure) in young and active middle age patients (Fig.  10.3 ).

   Contraindications are generalized osteoarthritis, rheumatoid arthritis and other 
systemic diseases. Background factors such as instability, varus-valgus deformities, 
patella malalignment or instability, meniscus defi ciency, bone pathology or defects 
must be addressed [ 21 ].  

10.8.2     Surgical Technique 

 ACT/ACI is a 2 step procedure. The preoperative arthroscopic evaluation is to 
decide the indication, to plan the surgical approach and if concomitant procedures 
like ACL-reconstruction, varus or valgus osteotomies, patellar realignment proce-
dures, meniscus allograft transplantation, bone grafts are needed etc. One can decide 
if the procedures should be staged or done in a single operation. Then a biopsy is 
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harvested from one of following locations; (1) the upper medial trochlea, (2) the 
upper lateral trochlea, and (3) the lateral intercondylar notch. Consider possible 
meniscus surgery at this time (Fig.  10.3 ). 

 For implantation of the chondrocytes, adjust the arthrotomy to the location, size 
and numbers of defect. Radical excision of the defect to healthy cartilage. Debride 
carefully down to subchondral bone plate. Do not leave any damaged cartilage. 
Make a template of the prepared defect. A small incision is made medial proximal 
tibia below the pes anserinus insertion, dissect carefully down to the periosteum, 
remove fat, fi brous tissue and passing vessels, incise the periosteum around the 
template. Then dissect the fl ap from the cortical bone using an elevator (rasparto-
rium), keep the fl ap moist and go directly to the defect and use 6:o vicryl to suture 
the fl ap to the vertical edges of the defect. Seal the intervals between the sutures 
with fi brin glue (Tisseal), check for tightness by gentle injection of saline, if ok 
aspirate the fl uid and inject the cells, close the injection site and close the incision. 
If a resorbable membrane is used suture and fi x as above [ 21 ] (Fig.  10.4 ). 
Postoperatively prophylactic antibiotics for 24 h and antithrombotic treatment. 
CPM 8 h after surgery (cell adhesion time) for 6–8 h/24 h.

10.8.3        Classifi cation of ACT/ACI Cartilage Repair Techniques 

 The introduction of new materials and techniques has been followed by new clas-
sifi cations regarding the differences between them. The following classifi cation has 
been proposed: 

  Fig. 10.3    Arthroscopic 
preoperative assessment;  left 
image  showing a contained 
lesion down to subchondral 
bone.  Right images  showing 
biopsies taken from upper, 
medial trochlea       
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 First generation ACT/ACI: ACT/ACI as fi rst described in 1994 with the use of 
autologous chondrocytes grown in culture and injected in suspension under a peri-
osteal cover [ 3 ]. 

 Second generation ACI: Autologous chondrocytes grown in culture and injected 
under or into and delivered with tissue engineered matrix support (TEMS) of animal 
tissue origin (bovine, porcine origin or others) or chemically synthesized matrix 
support (polyglycolic-polylactic acids), or others. (MACI, Chondrogide) [ 22 ,  23 ]. 

  Fig. 10.4    Schematic diagram of ACT/ACI  upper row  ( A ). Case 1,  left row  ( B1-D1 ). ( B1 ) Isolated 
lesion treated with microfracture 1 year before, still symptomatic. Arthroscopic assessment. ( C1 ) 
ACT/ACI treatment lateral femoral condyle defect using artrotomy for chondrocyte implantation. 
( D1 ) Second look arthroscopy at 12 months with excellent healing. Returned to professional foot-
ball ( soccer ) at 15 months. Case 2,  right row  ( B2-D2 ) ( B2 ) Preoperative arthroscopy showing 
bipolar medial femoral and tibial condyle down to bone lesions in 37 year old soccerplayer after 
total medial meniscectomy at age 16. ( C2 ) Bipolar ACT/ACI of large uncontained lesions. 
Compartment unloaded with a concomitant closing wedge proximal tibial osteotomy. ( D2 ) Second 
look arthroscopy at 4 years showing complete healing. Still asymptomatic 12 years after surgery         
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 Third generation ACI: ACI with three- dimensional TEMS of animal or chemical 
origin used as scaffolds for growing and delivering the chondrocytes to the joint. 
(Hyalograft C) [ 24 ,  25 ].  

10.8.4     Rehabilitation 

 The great challenge in the rehabilitation after ACI is to regain full weight-bearing 
(WB) as early as possible without jeopardizing the new delicate tissue formed by 
the implanted chondrocytes. Progressive increase of WB is essential to stimulate 
the matrix production, the remodeling and the maturation of the cartilage. In gen-
eral the WB could increase after the initial 3 weeks to full WB with the limitation 
of pain and swelling in contained, sized 4–6 cm 2 , isolated lesions. More complex 
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c2
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Fig. 10.4 (continued)
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cases as uncontained, unshouldered, bipolar or multiple lesions are recommended 
6–8 weeks of 20–40 kg WB and full WB to be reached at 12–16 weeks. Cases with 
concomitant procedures will affect the rehabilitation and adjusted accordingly 
(Fig.  10.6 ). 

 The immediate postoperative training includes continuous passive motion, (after 
6–8 h to allow the cells to adhere to the subchondral bone and surrounding edges of 
normal cartilage), during 6–8 h/24 h. Activation of the quadriceps muscle and 
assisted active fl exion from the fi rst postoperative day and mobilization with 
crutches and partial WB. The early partial loading and unloading is essential for the 
exchange of fl uid for the nutrition of the cartilage as well as a stimulation for the 
implanted chondrocytes to produce adequate matrix. Non WB is not recommended 
for this reason. 

 It is helpful to the patient, physiotherapist and physician to divide the rehabilita-
tion after ACI in four different phases and to understand the healing process, and 
adjust the training to ensure a short and long term success of the treatment. Each 
phase has one key word for the actual healing process and repair tissue and one key 
word for the main focus during this time period. For detailed training activities and 
instructions [ 21 ,  26 ]. 

10.8.4.1     Phase I: Proliferation and Protection (1–6 Weeks) 

 During the fi rst hours the cells are still in suspension and active in mitosis. 
Within 6–8 h the cells will adhere to the subchondral bone and the edges of sur-
rounding cartilage and start matrix production in the early proliferation phase 
(Lindahl A, Peterson L, 1996). During this phase the proliferation activity and 
the newly formed repair tissue are vulnerable to overload, and still the 
 chondrocytes need mechanical stimuli for optimal matrix proliferation by- 
 loading – unloading and by motion for water exchange and nutrition. During this 
phase the tissue is soft and like a gel under the periosteal fl ap and has to be 
 protected from overload, too high compression and shear forces. The main goal 
during phase I is the protection of the fragile tissue proliferation and this needs 
a progressive increase in partial weightbearing (WB) from 20 to 40 kg for this 
phase. For patellar and trochlear lesions we allow full WB after 3 weeks but not 
in up and downstairs climbing not until 10–12 weeks. when loaded full WB in 
kneefl exion is allowed.  

10.8.4.2     Phase II: Transition and Progression (7–12 Weeks) 

 During this period the repair tissue increases fi lling the defect and getting more 
resistant to WB with a transition from partial to full WB and will allow a progres-
sive increase in therapeutic and functional exercises. The main goal is a safe prog-
ress to full WB, ROM (full extension and almost full fl exion) and increasing 
quadriceps and hamstring strength preparing for next phase.  
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10.8.4.3     Phase III: Remodeling and Function (3–6 Months) 

 During this period there is an ongoing matrix production leading to a continuous 
remodeling and functional adaptation into a more organized structure. The formation 
of cells arranged in columns, collagen type II building up the Benninghoff’s arcades 
anchored to the subchondral bone, and fi lling the interspace with proteoglycans and 
water, creates a functional, fi rm, structured tissue with increasing biomechanical 
properties over time. The training is focused on optimizing in muscle strength, endur-
ance, fl exibility and neuromuscular function and gradually increasing functional 
activities become more important, preparing for going back to low- impact sports.  

10.8.4.4     Phase IV: Maturation and Optimizing (7–12–18 Months) 

 The maturation of the repair tissue is an ongoing process starting in Phase I- III and 
continues into the normal cartilage tissue turnover which is the ultimate goal and 
there is no defi ned endpoint in time. The goal is to gradually return to full preinjury 
activity level including low-impact sports and hard labour as individually tolerated. 
The training in high- impact loading sports are gradually started for the defi nite 
maturation and tissue healing allowing return to sport specifi c training and competi-
tion which may be possible at an average of 15 months after surgery.    

10.9     Results of Autologous Transplantation/Implantation 

 The results of the fi rst 23 patients operated with autologous chondrocyte transplan-
tation/ implantation were published in The New England Journal of Medicine in 
October, 1994 [ 3 ]. At an average follow up of 36 months, 14 of 16 patients had a 
good/excellent results on femoral condyle lesions but only 2 out of 7 patients with 
patellar lesions reported good/excellent results. Biopsies showed hyaline appear-
ance in 11 of 15 patients on the femoral condyle (Fig.  10.5 ).

   Continuously we have published our results. In 2000 we reported 2–9 years out-
come after ACT/ACI in Clinical Orthopaedics and Related Research showing an 
average of 85 % Good/Excellent results in isolated femoral condyle lesions, in mul-
tiple (2 or more) lesions, in osteochondritis dissecans, in patella and in isolated 
femoral condyle lesions combined with ACL reconstructions with a double bundle 
vascularized graft [ 27 ]. The results were supported by objective evaluations such as 
arthroscopic, macroscopic assessments of repair tissue, showing good fi lling, good 
integration to surrounding borders and acceptable surface tissue and biopsies of 
2 mm diameter from the center of the repaired defects showed histology with 
 hyaline appearance in over 80 % [ 27 ]. 

 In 2002 clinical results, biomechanics of repair tissue were published in the 
American Journal of Sports Medicine [ 28 ]. A 5–11 years outcome of 61 patients 
showed at 2 years good to excellent (G/E) result in 50 patients, and the same results 
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after 5–11 years. The results were supported by biopsies in 12 patients showing 
hyaline appearance and homogenous structure in polarized light microscopy. 
Arthroscopic indentation tests of the stiffness of repair tissue with hyaline appear-
ance in biopsies, were equal to the stiffness of normal cartilage tissue. Those with 
fi brohyaline biopsies had a signifi cant lower stiffness [ 28 ] (Fig.  10.5 ). 

 In 2003 the long time follow up of osteochondritis dissecans of the knee treated 
with ACT/ACI was published in Journal of Bone and Joint Surgery, supplement, 
showing G/E results in 91 % of the patients between 2 and 10 years [ 29 ] (Fig.  10.6 ).
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  Fig. 10.5    Objective evaluations. ( A1 ), ( A2 ) and ( B1 ): Biopsies 2 mm diameter taken 2–4 years 
after surgery. Histology showing articular cartilage. ( B2 ) Showing artroscopic assessment and 
probing. ( C1 ) Showing arthroscopic indentation test of stiffness of repair tissue. ( C2 ) Showing 
normal glycosaminoglycan concentration in the patella 11 years after surgery       
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   The latest and longest follow up reported on 10–20 years in American Journal 
of Sports Medicine (2010) showed in comparison to previous follow ups no sig-
nifi cant differences in results. Ninety-two percent of the patients would have the 
surgery again [ 30 ]. In the same journal May, 2010 we reported on the result of 
delayed gadolinium enhanced magnetic resonance imaging dGEMRIC in 35 knees 
in 31 patients treated with ACI 9–18 years ago. In 28 knees the proteoglycan con-
centration was the same in the operated area as in the normal cartilage and in 7 
knees the concentration was somewhat lower both in the operated area as well as 
in the surrounding cartilage. It shows that the implanted chondrocytes have the 
capacity to reach and maintain homeostasis in the proteoglycan metabolism in 
relation to the surrounding cartilage either it is normal or somewhat lowered con-
centrations [ 31 ] (Fig.  10.5 ). 

 The initial results of ACI in the patellofemoral joint were not promising. In the 
patella lesions only 28 % had G/E results in the fi rst publication. Later ACI in 
 trochlear lesions reached over 80 % G/E results and even the patella results improved 
to 68 %. The improvement was due to concomitant realignment procedures. 
In a separate follow up of cartilage injuries in the patellofemoral joint with 10–20 

  Fig. 10.6    Osteochondritis dissecans treated with ACT/ACI is one of the best treatments reported. 
 Upper row, left : preoperative MRI showing large and deep OCD of lateral femoral condyle in 24 year 
old soccerplayer.  Upper row right : showing the defect at surgery.  Lower row, left : second look arthros-
copy at 1 year, returned to professional football ( soccer ) at 15 months and are still playing at age 38. 
 Lower row, right : MRI 9 years after surgery showing complete healing of both bone and cartilage       
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years the improvement varied from 44.4 % in kissing lesions, in isolated patellar 
lesions 79.5–100 % in the isolated trochlear lesions. However, 92 % of the patients 
would have the operation again [ 3 ,  31 ]. 

10.9.1     Summary of Objective Evaluations to Support 
the Clinical Outcome 

 Arthroscopic macroscopic assessment of repair area according to ICRS showed out 
of maximal 12 points in isolated femoral condyles in average 10.3 points, in isolated 
lesions with ACL reconstruction 10.9 points, and in OCD 10.5 points meaning a 
good fi lling, a good integration and a good surface. In over 120 biopsies with micro-
scopic, histologic assessments from repair area compared to normal cartilage in the 
same joint 80 % showing hyaline like appearance. Immunohistochemical analysis 
of the biopsies showing collagen type II, cartilage oligomeric matrix  protein 
(COMP) and aggrecan similar to normal articular cartilage. 

 Arthroscopic indentation tests of stiffness in the repair area with hyaline like 
appearance compared to normal articular cartilage showed no signifi cant difference 
in stiffness. 

 With dGEMRIC technique the glycosaminoglycans uptakes were normal in 28 
knees and at the same concentration as in the surrounding cartilage in 7 knees in 
patients 9–18 years after ACI [ 3 ,  27 ,  28 ,  31 ] (Fig.  10.5 ).  

10.9.2     What Have We Learned in the Last 25–30 Years 
with ACT/ACI? 

 The hypothesis was proven right: It is possible to use isolated and cultured autolo-
gous chondrocytes to repair articular cartilage injuries in the human knee. Long 
term follow up outcome studies show subjectively good results in about 85 % of all 
diagnoses. The indications have widened from small isolated, contained lesions to 
large, uncontained, multiple lesions (2 or more) in the same knee, bipolar –kissing 
lesions in any compartment (medial and lateral tibiofemoral or patellofemoral) or 
posttraumatic osteoarthritis. 

 It is necessary for the short and long term success of ACT/ACI that background 
factors like instability, varus or valgus malalignment, functional meniscus defi -
ciency after subtotal or total meniscectomies as well as bone defects or pathology 
are addressed adequately [ 21 ]. 

 Common concomitant procedures in the tibiofemoral joints are varus and valgus 
osteotomies to unload the affected compartment. X-rays in standing position with hip – 
knee – ankle included are valuable to assess the degree of correction- unloading needed. 
Anterior, posterior, or collateral ligament instability should be reconstructed. Meniscus 
allograft transplantation to restore the joint mechanics should be performed at the same 

L. Peterson



179

time as ACI or 7–8 months later depending on access to the graft and experience. Bony 
defects after OCD or bone cysts or other bone pathology should be bone grafted with 
spongious autologous bone from the iliac crest, tibial or femoral condyles depending of 
the amount of bone needed. Preoperative MRI could help to plan the surgery. 

 In the patellofemoral joint the background factors have been shown to play an 
important role for the short and long term results. Patella alta and malalignment, 
increased q-angle, patellotrochlear dysplasia, patellar instability including patellar 
lateral tracking, tilt, subluxation and dislocation are important fi ndings to recog-
nize and address properly. That may need tibial tuberosity transfer to correct the 
q-angle, by medialization, unloading by ventralization and distalization when 
patella alta is present. The instability also need medial soft tissue stabilization and 
reinforcement including reconstruction of the medial patellofemoral ligament 
(medial transverse retinaculum) and vastus medialis obliquus shortening. To 
achieve this, a lateral release is necessary. If trochlear dysplasia is a part of the 
instability a proximal trochlea plasty should be done [ 32 ,  33 ]. The unloading by 
ventralization is important in large uncontained patella or trochlear lesions and in 
kissing lesions. For a successful ACI all the background factors should be treated. 
Adequate physiotherapy, mainly with closed chain technique the fi rst 3–4 months 
and early motion is an important part of the initial treatment. Computerized tomog-
raphy including quadriceps relaxation and contraction with the knee in extension 
is a good technique to diagnose instability and trochlear dysplasia (Fig.  10.7a ).

10.10         Future of Cartilage Repair/Regeneration 

10.10.1     Optimal Cell Sources 

 The search for other cell sources than autologous articular cartilage has been ongo-
ing for a long time allowing a one step procedure with cells as an on the shelf prod-
uct. Among new cells explored are cells of allogenic or xenogenic origin, from fetal, 
juvenile and adult donors. Direct isolation in the operating room by mincing carti-
lage biopsies, seeding it on resorbable membranes and implant them arthroscopi-
cally, as well as directly aspirated and concentrated autologous bone marrow 
mesenchymal stem cells are under investigational studies.  

10.10.2     Tissue Engineered Matrix Support (TEMS) 

 TEMS include membranes, gels, scaffolds in ACT/ACI and other cartilage repair or 
regeneration techniques. The ideal TEMS has to be safe for the patient, be compat-
ible, noncarcinogenic, not causing infl ammatory or immune reactions, not cytotoxic 
for the implanted cells or surrounding tissues. However still the mechanical proper-
ties and the resorbtion time have to be evaluated and adapted to specifi c situations 
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and demands. The development and use of degradable chemically synthesized 
membranes-gels-scaffolds, such as hyaluronic acid (Hyalograft) [ 24 ] or polyglycolic- 
polylactic acids as well as semisynthesized materials of porcine, bovine or other 
animal origin such as MACI (Verigen) [ 22 ] and Chondro-Gide (Geistlich) [ 23 ] have 
reported medium-term results and are undergoing intense research and clinical trials 
[ 25 ,  34 ]. It is, however, of outmost importance that the intended functions of differ-
ent types of TEMS are defi ned and established, that the resorbtion time is studied 
and decided, that the mechanical properties are specifi ed, regulated, and tested 
regarding surface friction coeffi cient, mechanical stiffness in relation to resorbtion 

  Fig. 10.7    Surgical corrections of background factors to patellofemoral articular cartilage lesions. 
( A1-2 ) Computerized tomography with the knee in extension and quadriceps contraction. Both 
patellas dislocated laterally. Note the trochlear dysplasia! ( B1-2-3-A3 ) Distal and proximal realign-
ment procedures to correct increased Q-angle as a part of instability or lateral tracking. ( B1 ) Lateral 
release to allow ( B2 ) tibial tuberosity transfer (medial or anterior, or distal directions). ( B3 ) Medial 
soft tissue shortening and reinforcement of the medial patellofemoral ligament (medial transverse 
patellar retinculum) and vastus medialis obliquus. ( A3 ) Antero-medial-distalisation of tibial tuber-
osity and screw fi xation. ( C-D-1-2-3 ) Schematic and surgical steps in proximal trochleaplasty for 
correction of trochlear dysplasia. ( C-D1 ) Showing trochlear dysplasia and release of the synovial 
lining from the cartilage. ( C-D2 ) Using a curved osteotome or a burr and make 10 × 30 groove in 
the cartilage and bone. ( C-D3 ) suturing the synovial membrane back to the cartilage edge. 
( E ) Large kissing lesions need unloading by anteriorisation (ventralisation) to protect the repair         
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time, have the mechanical strength to allow adequate fi xation for early and safe 
weight-bearing etc. Membranes could be used to replace the periosteal membrane, 
or used as a carrier to be injected with cells and implanted, or to grow the cells in 
for direct implantation. Should the time to complete resorbtion be short, 6–12 weeks, 
or medium 3–6 months or long 7 to 12–15 months, to gradually be replaced by 
regenerated tissue and give mechanical support during part of or whole the matura-
tion process of the regenerating cartilage? 

 Membranes are now used as cover of defects prepared by microfracturing to host 
invading mesenchymal stemcells as well as fi broblasts from the subchondral bone 
and sometimes fi lled with aspirated and concentrated mesenchymal stemcells. Only 
short term result have been presented. 

 Resorbable gels mainly from animal collagen has been used to grow the cells in 
and used as a carrier to deliver the cells into the defects. Comparable results to ACI 
has been reported from Japan [ 35 ]. 

 Scaffolds of three dimension such as Hyalograft from esterifi ed hyaluronic acid 
with a resorbtion time of about 4 months, has been used to grow the chondrocytes 
in for 3 weeks and then used as a carrier to be implanted in small, contained defects 
using arthroscopic technique or miniarthrotomy [ 25 ,  34 ].   

10.11     Summary 

 It all started with a great interest for sports medicine, traumatology, reconstructive 
and arthroscopic surgery in a very sports friendly environment under the leadership 
of professor Bertil Stener, director at the Department of Orthopaedic Surgery II, 
Sahlgrenska Hospital, University of Gothenburg. During an intense period of acute 
and reconstructive surgery and the introduction of arthroscopy in the department we 
established a sportsmedicine section handling most of the athletes in the region. We 
could diagnose and treat most of the athletic injuries of traumatic or overuse type in 
an acceptable way but when it came to chondral injuries there was no spontaneous 
healing or acceptable treatment to use. I tried debridement, periosteum transplanta-
tion, spongialization, multiple drilling, osteochondral grafting, most of them with 
just short relief of symptoms. The review of actual literature was very 
disappointing. 

 Injury to articular cartilage does not heal with infl ammation as there is no vascu-
lar supply and no phagocytic cell activity to remove the necrotic tissue in the injured 
area. The chondrocytes are not capable of repopulating the area and regenerate new 
cartilage. 

 Furthermore no actual treatments at that time showed good long term results. In 
England Audie Smith was able to isolate rabbit chondrocyte by collagenase degra-
dation. Injections of isolated chondrocytes to an experimental defect in the tibial 
articular surface of a rabbit knee did not show any healing. Salter showed a chon-
drogenic repair potential after transplantation of periost to an osteochondral defect 
in the rabbit knee. Human studies did not show any good long term results. 
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 With the hypothesis: “ It is possible to heal a full thickness articular cartilage 
defect using enzymatically isolated autologous chondrocytes grown in culture and 
implanted under an autologous tissue membrane sutured to the defect ”, the work 
started. The hypothesis was proven after 4 years using an experimental rabbit model. 
Two studies were performed and the fi rst study showed at 3 months follow-up 
results with over 80 % fi lling of the defects and hyaline cartilage appearance on 
microscopy. The second study with 1 year follow up showed over 80 % fi lling and 
hyaline cartilage on microscopy. No fi lling in the control. 

 From 1984 Anders Lindahl and myself worked on transferring the cell culture 
technique from the rabbit to the human chondrocyte using autologous serum instead 
of fetal calf serum. It took us 3 years to reach a safe, effi cient and sterile technique 
and create criteria for an approved cell culture, suitable for autologous transplanta-
tion in humans. In 1987 the Ethical Committee of the Medical Faculty of the 
Gothenburg University approved the technique for clinical use in the human knee. 
In the autumn, 1987 the fi rst patient was operated with her own isolated and cul-
tured cells implanted in a cartilage defect and still after 25 years she is happy with 
her knee function. 

 Since then more than 2,000 defects have been operated with autologous 
 chondrocyte transplantation in Gothenburg and worldwide over 35,000 patients 
treated. 

 The results have been reported from medium to long term follow ups showing 
over 90 % good to excellent results in isolated femoral and trochlear lesions and in 
osteochondritis dissecans of the knee. The overall results on isolated lesions was 
84 % G/E at the 10–20 years latest follow-up and 92 % of the patients would have 
the surgery again. 

 The ACT/ACI has the longest follow up, has the most objective data to support 
the good long-term clinical results, such as arthroscopic macroscopic assessment, 
indentation test of mechanical stiffness, biopsies showing hyaline cartilage appear-
ance, immunohistochemistry showing collagen type II, aggrecan and COMP con-
centrations close to normal, and gadolinium enhanced MRI (dGEMRIC) showing 
normal concentrations of proteoglycans in the repair area 9–18 years after 
surgery. 

 For the fi rst time in orthopaedics autologous cells have been isolated, grown in 
culture and reimplanted into articular cartilage lesions with regeneration and heal-
ing with hyaline cartilage appearance and long durable results. 

 The new emerging techniques using different cell sources and degradable scaf-
folds, membranes and gels etc., will make cell treatment easier, improve the results, 
widen the indications, shorten the rehabilitation time and (at least) make some 
lesions possible to treat with arthroscopic technique and reduce the surgical trauma 
and the morbidity. However long term randomized studies need to be carried out 
and the great interest from the young generation of orthopaedic surgeons gives great 
promises for the future. 

 The development of cell transplantation is opening up for cell therapy in other 
tissues in the musculoskeletal system and maybe in the future also for organ 
 regeneration for transplantations.     
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    Abstract     The use of autologous cells derived from an articular cartilage biopsy to 
treat joint surface lesions was introduced in 1994 by Brittberg and Peterson. In a 
2-step procedure, chondrocytes were harvested from a minor weight-bearing area of 
the knee joint during arthroscopy, expanded  ex vivo  and implanted during an arthrot-
omy 2–3 weeks later. However, throughout the  in vitro  expansion process, articular 
chondrocytes progressively lose their phenotypic traits and capacity to form stable 
cartilage tissue, thereby jeopardizing proper  in vivo  repair. 

 Data on dedifferentiation revealed that  in vivo  tissue formation of stable  cartilage is 
governed by the interaction between environmental factors and inherent  phenotypical 
characteristics. Characterized chondrocytes are an expanded population of cartilage 
cells that express a marker profi le predictive for the formation of ectopic hyaline-like 
cartilage  in vivo  in a consistent and reproducible manner. A controlled and con-
sistent manufacturing process was developed to maintain this phenotype stability. 
This involved optimisation of the biopsy procedures and mostly the culture pro-
cess parameters. Characterized viable autologous cartilage cells expanded  ex vivo  
expressing specifi c marker proteins were introduced in  clinical practice in 2004. 
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 A prospective randomized multicenter controlled trial compared characterized 
chondrocyte implantation (CCI) to microfracture in the treatment of symptomatic 
cartilage defects of the femoral condyles. The primary endpoint was successfully 
reached at 1 year, with CCI showing superior tissue regeneration. Clinical outcome 
at 12–18 months measured by the overall Knee injury and Osteoarthritis Outcome 
Score (KOOS) was comparable for both treatments. An extension at 3 and 5 years 
confi rmed that a good clinical outcome was maintained over time for both treat-
ments in the overall patient population. Strikingly, sub analysis of the long-term 
follow-up data revealed that early treatment by CCI resulted in statistically signifi -
cant and most importantly clinically relevant better results when compared to 
microfracture, supporting a critical window of opportunity for genuine tissue regen-
eration. In addition, data from a large compassionate use program, whereby lesions 
were treated at diverse locations in the knee joint, corroborated the benefi t of CCI 
found in the RCT. These data sets allow now to better defi ne the treatment algo-
rithms for symptomatic joint surface lesions of the knee in clinical practice.  

  Keywords     Cartilage repair   •   Characterized chondrocyte implantation   •   Randomized 
controlled trial   •   Long term   •   Treatment algorithm      

11.1     Introduction 

 Cartilage lesions are common disorders of the knee joint and a frequent cause of 
knee pain and functional disturbances. Hjelle et al. found single, International 
Cartilage Repair Society (ICRS) grade III or IV defects of at least 1 square centime-
tre (cm 2 ), in 7.1 % of arthroscopies in patients under fi fty [ 1 ]. Next to the negative 
impact on patients’ activities and quality of daily life, functional limitations in this 
professionally active group cause a considerable societal burden [ 2 ]. 

 Key Points 
•     In order to minimize dedifferentiation during in vitro expansion, a stan-

dardized culture procedure for expansion of human articular chondrocytes 
was optimized resulting in a well characterized product,  

•   The development of a robust production process and the consistent results 
in structural benefi t and patient outcomes together with an excellent safety 
profi le have led to the approval of ChondroCelect as the fi rst ATMP by 
EMA in 2009.  

•   Characterized Chondrocyte Implantation showed superior structural carti-
lage repair at 1 year as compared to microfracture.  

•   ChondroCelect treatment results in a signifi cant and clinically relevant 
benefi t compared to microfracture in patients with a symptom onset since 
less than 3 years.  

•   The development of cell based approaches in the fi eld of cartilage repair has 
contributed substantially to regenerative medicine approaches in general.    
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 The natural healing potential of articular cartilage is known to be limited and can 
predispose to the development of early and established osteoarthritis [ 3 ]. Therefore, 
it is clinically relevant and important to treat cartilage lesions adequately in an early 
stage, in particular for individuals at risk. 

 In general, surgical options for knee joint cartilage repair aim at restoring nor-
mal, pain-free motion. The procedures can be grouped into three categories: fi rst 
symptomatic treatments, including arthroscopic debridement and lavage, next 
repair techniques such as bone marrow stimulation leading to clinical improve-
ment and third restorative and regenerative procedures, including osteochondral 
grafting and autologous chondrocyte implantation (ACI) aiming to regenerate the 
joint surface with structural characteristics close to its original integrity [ 4 ]. 
(Fig.  11.1 : treatment algorithm). Patient specifi c variables such as co-morbidities 
and underlying pathologies play a critical role in the choice and the scope of treat-
ment options. Besides, location and size of the lesion, previous treatment must be 
taken into account when selecting the most suitable treatment for an individual. In 
the past, lesion size was applied as a major determinant for defi ning the best type 
of surgical technique, being it reparative or restorative, early on in the decision 
tree [ 5 ].

   The aim of any surgical treatment is to restore normal, pain-free motion and 
ultimately postpone or prohibit the onset of osteoarthritis [ 6 ]. In the 80’s, successful 
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  Fig. 11.1    Historical treatment paradigm: lesion size as fi rst criterion in treatment selection. 
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repair of focal patellar defects were reported by transplantation of cultured autolo-
gous cells in the rabbit [ 7 ,  8 ]. In 1994 Brittberg and Peterson published a report on 
23 patients in whom deep cartilage defects in the knee were treated by autologous 
cell implantation (ACI). During an arthroscopic procedure, a biopsy was taken from 
a minor weight-bearing area. The chondrocytes were cultured  ex vivo  and subse-
quently, after 14–21 days implanted under a periostal fl ap during an arthrotomy [ 9 ]. 
Despite overall favourable results, several variables related to the chondrocyte 
expansion have been identifi ed which may interfere with the  in vivo  formation of 
stable cartilage. For instance,  in vitro  expansion of articular cartilage derived cells 
has been known to progressively dedifferentiate and lose their chondrogenic capac-
ity [ 10 ,  11 ]. The loss of phenotypic traits has been shown to result in the formation 
of disorganized fi brocartilage possibly affecting clinical outcomes [ 12 ]. 

 Dell’Accio et al. conducted basic research on mesenchymal cell populations’ 
ability to form stable cartilage  in vivo  in the nude, i.e. immune suppressed, mouse, 
allowing to study human cell populations and their behaviour  in vivo . The Ectopic 
Cartilage Formation Assay (ECFA) was developed, allowing to test and monitor 
potency and capacity to form a cartilage implant, resistant to vascular invasion and 
mineralisation, or replacement by bone or fi brous tissue  in vivo . Furthermore, a set 
of molecular markers were identifi ed, allowing to predict the outcome of the  in vivo  
assay, irrespective of the donor age [ 13 ]. The experiments conducted by Dell’Accio 
et al. not only resulted in the identifi cation of cell populations that retain their 
cartilage- forming capacity and phenotype  in vivo  but were also at the basis of the 
development of a standardized and reproducible culturing process aiming at pre-
serving the chondrocyte phenotype capable of producing stable hyaline cartilage. 

 Based on this research, characterized chondrocyte implantation (CCI) has been 
developed with the goal to improve the clinical outcome of ACI [ 6 ,  14 – 16 ]. By defi -
nition, characterized chondrocytes are an  in vitro  expanded population of chondro-
cytes which express a marker profi le predictive of the capacity to form hyaline-like 
cartilage  in vivo  through a standardized, consistent and reproducible process. The 
expansion procedure, originally optimized by means of the marker profi le, was 
designed as such in order to preserve phenotypic traits and biological activity. As a 
result, CCI leads to improved potency of individual cell batches and homogeneity in 
the chondrogenic capacity (Tigenix, data on fi le). The medicinal product resulting 
from this manufacturing process, ChondroCelect®, has been granted market autho-
rization by the European regulatory bodies in 2009 as the fi rst centrally approved 
Advanced Therapy Medicinal Product (ATMP) [ 17 ]. 

 A phase III, prospective, multicenter randomized controlled trial was conducted 
to compare effi cacy and safety of CCI versus microfracture (MF) in the repair of 
single symptomatic cartilage lesions of the femoral condyle [ 15 ]. Patients aged 
between 18 and 50 years, with a single symptomatic cartilage lesion between 1 and 
5 cm 2  of the femoral condyles were included. In the CCI arm, 51 patients were 
treated whereas 61 patients underwent microfracture. The primary endpoint of the 
trial was the demonstration of structural superiority at 12 months post treatment, 
both by histological and histomorphometrical assessment. The secondary endpoints 
related to the clinical outcome, assessed by the overall Knee injury and Osteoarthritis 
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Outcome Score (KOOS), for which the assumption was made that clinical outcome 
at 12 and 18 months after CCI should at least be as good as MF. 

 Histological examination of a biopsy of the repair tissue at 12 months showed 
superior structural repair in the CCI arm compared to the MF arm [ 15 ]. MRI data 
support the better quality of repair after CCI at 3 years [ 16 ]. There was consistent 
improvement up to 36 months in the clinical outcome as measured by the KOOS in 
both treatment arms. The estimated benefi t at 36 months was larger in the CCI 
group. The fi nding that patients with less than 3 years since onset of symptoms 
(N = 27 in the CC arm and N = 32 in the MF arm) benefi ted most from CCI allowed 
to better identify suitable patient populations based on their medical history only 
[ 16 ]. Five year follow-up data on the study patients confi rmed the outcomes: patients 
treated with CCI within 3 years of symptom onset presented with a statistically 
signifi cantly better clinical outcome, and more importantly a clinically relevant dif-
ference versus microfracture [ 6 ]. Effi cacy results were further corrobated in the 
compassionate use program in a larger and more varied patient population, present-
ing with lesions over 5 cm 2 , patellar and multiple defects [ 18 ]. 

 The safety profi le of CCI does not show major differences from that of micro-
fracture. The most commonly found adverse reactions are arthralgia, joint swelling, 
effusion and crepitation. The majority of observed safety signals in the CCI group 
relate to the use of the arthrotomy procedure and are present in the early postopera-
tive period. At 60 months, most of the Adverse Events (AEs) had resolved [ 6 ]. 

 The good safety profi le, and the clinically relevant benefi t of CCI over MF pro-
vide arguments in favour of revisiting current treatment paradigm, taking into 
account that time of symptom onset appears to be a crucial determinant of treatment 
selection. Moreover, basic research reveals more insights into the confi guration and 
functioning of the subchondral region. It becomes clear that knee joint homeostasis 
as previously suggested [ 19 ], and consequently the durable clinical outcome of car-
tilage repair surgery, is largely defi ned by proper functioning of the tidemark, the 
transition zone between cartilage and bone [ 20 ].  

11.2     From Autologous Chondrocyte Implantation (ACI) 
to Characterized Chondrocyte Implantation (CCI) 

11.2.1     ACI Historically 

 In the original paper by Brittberg et al., autologous chondrocytes were expanded  in 
vitro  during a 2 to 3 week culturing process. The chondrogenic phenotype was 
assessed by microscopical evaluation of clonal growth and metachromatic staining 
in a small fraction of the isolated cells [ 9 ]. 

 However, the loss of the articular cartilage phenotype during  in vitro  expansion 
culture has been recognized as a major hurdle for ACI [ 21 ]. For a long time, moni-
toring of phenotypic stability throughout the culturing process was based on two 

11 Characterized Chondrocyte Implantation Challenges



192

surrogate markers. The expression of type II collagen, a key component of carti-
lage’ extracellular matrix (ECM), basically refl ects the differentiation state of the 
chondrocytes at the time the test is being done. The capacity to form colonies in 
anchorage-independent conditions moreover seems to be a feature of chondrogenic 
cells [ 10 ] to a large extent but is not a trustworthy variable to predict cartilage form-
ing capacity  in vivo  [ 13 ].  

11.2.2     Cell Characterization and Technology Development 

 Dell’Accio et al. [ 13 ] developed a nude mouse model resulting in a standardized 
and validated screening assay which allows to measure the potential of human 
chondrocytes to form stable cartilage  in vivo , the Ectopic Cartilage Formation 
Assay (ECFA). The assay consists of the following steps: in a fi rst step the 
freshly isolated chondrocytes are obtained from human donors, within 12 h 
post-mortem. After expansion of the cells in monolayer, four to fi ve million 
viable cells are re- suspended in 50 μl of phosphate buffered saline and are 
injected intramuscular (IM) into the thigh of a nude mouse. Thereafter, the cells 
are allowed to grow in this “in vivo bioreactor” for a period of 3 weeks. 
Subsequently, the tissue generated at the injection site, is harvested for histo-
logical examination. 

 In all study animals, a distinct cartilage implant was retrieved a week after injec-
tion. Safranin O staining, refl ecting the presence of sulphated proteoglycans, was 
nearly comparable to what is seen in normal articular cartilage, however the implants 
were hypercellular and did not show the typical cartilage architecture. Further his-
tological and immune-staining did not reveal any vascular invasion, bone formation 
nor the presence of collagen bundles as in fi brocartilage. The properties of serially 
passaged chondrocytes were assessed, which showed that the cells lose their 
cartilage- forming potential after 2–3 passages  in vitro . In an attempt to identify 
molecular markers with might be predictive of the  in vivo  cartilage forming capac-
ity, the expression of molecules involved in formation and maintenance of chondro-
cytes’ phenotype were monitored throughout the culturing process. The development 
of consistent and donor age independent parameters, predictive of the  in vivo  carti-
lage formation potential, have not only been used to identify cell populations but 
also to design and optimize a reproducible cell culturing process (Fig.  11.2 : the 
mouse model).

   The insights that lead to the development of the ECFA allowed to design an  in 
vitro  assay where the same cell populations tested in the ECFA were analyzed in a 
comparative micro-array analysis. Cellular expression patterns of genes relevant for 
cartilage and chondrocyte biology were studied, in an attempt to identify both posi-
tive and negative markers predictive of  in vivo  cartilage formation capacity. As 
such, 150 positive markers, genes that are highly expressed in the cells that pro-
duced a cartilage implant in the ECFA and are not or very weak in the cells without 
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chondrogenic potential, and 60 negative markers, genes highly expressed in cells 
without cartilage formation potential in the ECFA, were identifi ed. 

 Of these 210 markers, 4 positive and 2 negative markers were selected, based 
on their capacity to generate cartilage tissue in the ECFA. Each of the individual 
markers can be scored based on their overall expression level in the assay, adding 
up to the ChondroCelect score. The score, ranging from −6 to +6, is considered a 
potency assay for the cartilage forming capacity. A major advantage of the score 
is that it is compatible with a routine manufacturing setting, by means of Reverse 
Transcriptase- Polymerase Chain Reaction (RT-PCR) methodology (Fig.  11.3 : 
ChondroCelect score).

   A set of molecular markers refl ecting  in vivo  cartilage formation also enabled to 
optimize the expansion process. Variables that were investigated include but are not 
limited to culture media, serum batches, enzymatic treatments, passaging methods, 
culture vessels and population doublings. These investigations formed the basis for 
the development of a more robust cell product consisting of a cell suspension of 
autologous articular cartilage derived cells capable of forming ectopically stable 
hyaline and not transient cartilage.  
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  Fig. 11.2    Nude mouse model: comparison of cell populations that pass and fail proprietary in vivo 

assay on gene expression profi les (Reprinted with permission from Dell’Accio et al. [ 13 ])       

Comparison of cell
populations that
pass and fail
proprietary in-vivo
assay on gene
expression profiles

150 positive
markers

Stable cartilage
ChondroCelect score
(6 markers)

Non-stable cartilage

po
s1

po
s2

po
s3

po
s4

ne
g1

ne
g2

po
s1

po
s2

po
s3

po
s4

ne
g1

ne
g2

60 negative
markers
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11.2.3     ChondroCelect, Standardized Medicinal 
Product Based on Autologous Cells 

 The starting material for the production of ChondroCelect consists of 200–300 mg 
of healthy cartilage, arthroscopically harvested from a minor weight bearing area 
of the medial or lateral part of the trochlea or the intercondylar notch. To stan-
dardize the biopsy process, a specifi c device has been designed: the ChondroCelect 
Harvester (Fig.  11.4 ). According to the estimated size of the debrided lesion, one 
to three slivers with a length of 8 mm are required for the manufacturing process. 
Biopsy procurement boxes with sterile biopsy vials are stored in the orthopaedic 
units under temperature controlled conditions. Once the biopsies are harvested they 
are immediately sent to the cell expansion facilities (CEF) without interruption 
of the cold chain. Upon arrival at the CEF, only tissue from donors whose blood 
samples are negative for HIV type 1 and 2, hepatitis (HBV, HCV) and syphilis will 
be further processed. This measure of precaution is more stringent than existing 
regulation, but is primarily introduced to ensure absolute protection of the plant 
sterility zones.

   The manufacturing process starts with the biopsy digestion: cartilage fragments 
are isolated and chondrocytes are released from the extracellular matrix, washed, 
counted and seeded in culture medium. Upon confl uence of the cell cultures, they 
are detached from culture fl asks and seeded onto new fl asks, a process called a ‘pas-
sage’. This step is being repeated until a suffi cient number of cells are obtained, the 
optimum being one million cells to cover a 1 cm 2  defect, mostly based on the cell 
number found in corresponding mature articular cartilage . However, as has been 
demonstrated that cells lose their chondrogenic capacity after four to six passages, 
the maximum number of passages allowed in the ChondroCelect production pro-
cess is three [ 13 ]. The expansion process is further optimized by comparing the 
molecular signature of cells with a preserved capacity to form hyaline cartilage to 
cells which develop inferior cartilage tissue prone to vascular invasion, calcifi cation 
and bone formation (also in part described in reference [ 13 ]), In parallel, culture 
conditions are set in such a way as not to enrich for other cell lineage populations, 
e.g. fi broblasts. When the appropriate number of cells is reached, the cells are har-
vested from the wells, washed, counted and cell viability is checked. The culturing 
process is variable in time span, partly due to inherent cell characteristics and partly 

  Fig. 11.4    Standardization and optimization starts at the time of biopsy: the ChondroCelect 
Harvester       
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because the cell yield relates to the defect size. Therefore, and also to offer  fl exibility 
for selection of the CCI timing, a cryopreservation step was introduced. The fi nal 
product can be reconstituted for implantation between 9 and 13 weeks after the 
biopsy. The dosage required for implantation, 0.8–1 million cells per cm 2 , is deliv-
ered in vials containing four million cells per 0.4 ml excipiens. 

 Historically, the technique for performing ACI, consisted of suturing of a peri-
osteal fl ap (or later on a bio-membrane) over the debrided lesion followed by the 
injection of the cultured cells beneath the water-sealed membrane. In a recent 
publication by Steinwachs, a variation is presented: the chondrocyte suspension 
is applied onto the bio-membrane and after approximately 10 min time needed for 
the cells to adhere to the membrane, it is sutured into the debrided lesion [ 22 ]. No 
direct comparisons have been made between both techniques, in terms of ease of 
use or outcomes. 

 As illustrated above, CCI implies process design, from biopsy to implantation, 
optimized and standardized to maximally preserve the phenotypic traits and biol-
ogy, reducing the variability of the fi nal product, despite its autologous origin: for 
each of these steps the process has been optimized, specifi c devices have been 
developed and are being used, and all stakeholders have been trained to comply with 
preset quality criteria. Thus, a selection at the end of the culturing process itself has 
become obsolete due to the optimised and robust culturing process which enriches 
for the superior cartilage forming cells. . In order to investigate its clinical signifi -
cance, a well designed prospective multicenter trial was initiated.   

11.3     Bringing Research to the Bedside: The CCI 
Randomized Controlled Trial 

 In 2002, an international prospective randomized multicenter controlled trial was 
set up involving 13 orthopaedic centres. In consensus, microfracture was chosen as 
the control arm, because it was considered the existing treatment standard of femo-
ral cartilage lesions, although quite controversial at that time [ 15 ]. 

11.3.1     Microfracture Technique 

 Microfracture is a surgical technique developed by Steadman to enhance chondral 
repair by making multiple microfractures in the subchondral bone plate. The mes-
enchymal stem cells, growth factors and other substances released from the mar-
row form a ‘super clot’ providing a suitable environment in which the stem cells 
are believed to differentiate into cartilaginous like tissue within the lesion [ 23 ]. 
The repair tissue consists predominantly of collagen type I and resembles fi bro- 
cartilage, thereby less resistant to shear and compression loads as compared to 
 hyaline cartilage [ 24 ]. 
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 Microfracture is widely used, mainly because it is a one-step procedure and because 
it has a good potential for symptomatic improvement [ 25 ,  26 ]. In the fi rst randomized 
controlled trial, published well after the start of the CCI trial, Knutsen compared ACI 
with MF and found no statistically signifi cant difference with regard to structural out-
come at 2 years post surgery [ 27 ] and clinical outcome up to 5 years [ 28 ]. It is of note 
that this study confi rmed independently the international consensus on the proper clini-
cally relevant comparator for cell based repair at that time being microfracture.  

11.3.2     Study Population and Baseline Characteristics [ 15 ] 

 Eligible patients were aged between 18 and 50 years, and had a single symptomatic 
cartilage lesion (International Cartilage Repair Score III or IV) between 1 and 5 cm 2  
of the femoral condyle. Patients with the presence of a clinically relevant patello-fem-
oral cartilage lesion, osteochondritis dissecans (OCD), a lesion over 0.5 cm depth and 
microfracture performed less than a year before baseline were excluded. Randomized 
patients were treated with CCI, using periosteum to cover the defect, or MF. For each 
of the trial arms the same standardized surgical technique and rehabilitation protocol 
was enforced. Patients who entered the 12 month study were evaluated with 3-month 
intervals by an independent investigator not involved in the surgery, and were invited 
to participate in the extension program up ‘till 5 years post surgery. 

 The sample size was determined based on the defi nition of a treatment success as 
the presence of hyaline cartilage characteristics of the repair tissue, and in contrast 
fi bro-cartilage or non-cartilage as a failure. It was assumed that 30 % of patients 
would report with a successful result after MF, and that an improvement in success 
rate to 60 % with CCI would be a clinically relevant improvement. 

 A total of 118 patients were randomized to treatment, 57 to CCI and 61 to MF. 
Of the CCI patients, six subjects could not be treated because they fell out of specs 
for the CC score criterium which was enforced: they are included for analysis in the 
safety population but not in the effi cacy analysis. The randomisation to CCI and MF 
was successful for age (mean age 33.9 years and 33.9 years, respectively), gender 
(61 and 67 % males), and weight (mean 78.1 and 80.6 kg). There was a slightly 
higher proportion of patients in the MF group with an acute onset of symptoms 
compared to the ChondroCelect arm. The median duration of time since onset of 
knee injury was slightly longer in the ChondroCelect group than in the MF group 
(2.0 years versus 1.6 years). The presence of concomitant cartilage lesions was 
comparable in both groups (30 % versus 25 %). Proportionally more patients in the 
CCI group had undergone previous knee surgery (88 % versus 77 %). The size of 
the lesion post-debridement was similar in both treatment groups (mean 2.64 and 
2.44 respectively) and refl ects what is typically encountered in the orthopaedic 
practice. This lesion size was expected to respond well to both techniques in order 
to avoid bias in favour of cell transplantation. 

 As for any of the cartilage restoration procedures, it was imperative that con-
comitant pathology such as mal-alignment or meniscus lesions were corrected prior 
to or at the time of index surgery.  
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11.3.3     Histology and Histomorphometry Outcomes After 
12 Months [ 15 ] 

 The original primary objective of the study was to show an advantage of 
ChondroCelect over MF by demonstrating superiority on the structural repair as 
assessed by histology and histomorphometry. At 12 months post treatment, biopsy 
specimens were obtained arthroscopically from the centre of the repair tissue. 

 Staining with safranin O (a measure of proteoglycan) and anticollagen II anti-
body, refl ective of good quality cartilage tissue, was performed and the staining was 
expressed as a ratio of the total surface by blinded pathologists. From the CCI and 
the MF group, 50 and 43 biopsy specimens were analysed respectively. The adjusted 
mean sum of ratios was signifi cantly higher (P = 0.003) for the CCI group than for 
the patients treated with MF (Fig.  11.5a : Collagen type 2 staining above and 
SafraninO staining for the best samples of both groups, showing a clear morpho-
logical superiority of CCI over microfracture in homogeneity and collagen fi bre 
organization).

   Histopathologists scored the quality of cartilage repair by means of the Mean 
Overall Histology Assessment Score (ICRS II score) [ 29 ], assessing components 
related to chondrocyte phenotype, tissue structure and other possible negative 
characteristics of the repair tissue such as vascularisation or calcifi cation. Each of 
the items was rated on a visual analogue scale. The adjusted mean overall histol-
ogy assessment score was signifi cantly higher (P = 0.012) for the CCI group. The 
adjusted mean scores for components of structural repair relating to chondrocyte 
phenotype and some components relating to tissue structure were also signifi -
cantly higher in the CCI group (Fig.  11.5b : subscores refl ecting chondrocyte phe-
notype and some scores refl ecting tissue structure were signifi cantly better for the 
CCI group). 

 Superiority of ChondroCelect over MF could be demonstrated for both effi cacy 
measures for structural repair: the histomorphometric and the histological endpoint. 
This suggests that after CCI the regenerated tissue is indeed more hyaline-like and 
richer in chondrocytes and proteoglycan content of the ECM, which is a prerequi-
site for resistance to compressive strength.  

11.3.4     Clinical Outcome as Measured by KOOS 
at 12 Months [ 15 ] 

 The second primary objective of the study was to demonstrate non-inferiority on the 
clinical endpoint, measured as change from baseline in Knee injury and Osteoarthritis 
Outcome Score (KOOS) for the average of the 12- to 18-months follow-up data. 
The KOOS questionnaire is patient-rated and consists of 42 items divided over 5 
subscales: pain (9 items), other symptoms such as swelling (7 items), activities of 
daily life (17 items), function in sport and recreation (5 items) and knee-related 
Quality of Life (QoL) (4 items) [ 30 ]. Each of the items has to be scored taking into 
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account the previous week. Standardized answer options are given in fi ve Likert 
boxes leading to a score between 0 and 4. A normalized score whereby 100 meaning 
no symptoms and 0 indicates extreme symptoms, is calculated for each subscale. 
The result can be plotted as an outcome profi le. KOOS has since been used in a 
large number of trials and is now considered one of the most meaningful clinical 
endpoints for knee pathologies to date. 
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  Fig. 11.5    ( a ,  b ) Structural outcome 12 months after CCI, as assessed by histology and 
histomorphometry       
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 At 18 months, 46 out of the 51 patients treated with CCI were still in the study, 
and 52 out of the 61 subjects in the MF arm. 

 The adjusted means for the change from baseline to the mean of 12–18 months 
in overall KOOS and the subdomains of pain, symptoms/stiffness, ADL and QoL 
were similar for both study arms. The results fulfi ll the predefi ned criteria for non- 
inferiority in this now co-primary clinical endpoint (as discussed and agreed upon 
with the regulatory bodies) and both changes are clinically relevant (≥10 points on 
a scale of 0–100) [ 31 ]. Although CCI requires an arthrotomy, which might enforce 
a slower recovery, this does not appear to affect 1 year outcomes as measured by 
the KOOS because the clinical improvement versus baseline is comparable in both 
treatment groups.  

11.3.5     Maintenance of Effect in the Long Term [ 16 ,  18 ] 

 Both treatment groups experienced statistically signifi cant improvements in overall 
KOOS. Scores continued to improve for 24 months in the CCI group, whereas the 
maximum for MF was reached approximately 12 months post treatment. In general, 
the improvement at 2 years was maintained throughout the follow-up period. The 
clinical benefi t versus baseline at 60 months showed a positive trend for CCI versus 
MF, but no statistically signifi cant differences were found in the overall popula-
tion (P = 0.116) (Fig.  11.6 : the clinical benefi t of CCI and MF were maintained at 
5 years).
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   Looking for parameters that might predict a favourable outcome, commonly 
defi ned as identifi cation of responders to treatment, it was noted that patients with a 
symptom onset less than 3 years, not only showed a statistically signifi cant difference 
in overall KOOS improvement compared to MF, but more important had a clinically 
relevant greater improvement (P = 0.026). Signifi cant differences were also observed 
in the ‘pain’ and ‘QoL’ subscales (Fig.  11.7 : Signifi cant difference in overall KOOS 
in favour of CCI in the <3 years onset group, compared to the >3 years onset group).

   Survival analysis did not show statistically signifi cant differences between both 
treatment arms (Fig.  11.8 : Kaplan-Meier survival curve for both treatment arms). 
However, treatment failures, defi ned as a re-intervention affecting more than 20 % 
of the index lesion, seem to occur mostly in the fi rst 3 years post treatment for 
microfracture treated patients, earlier than in the CCI group. Defi ning failure has its 
limitations, in this case it typically relied on clinical symptoms and signs associated 
with an MRI and/or arthroscopic evaluation to assess whether the cause of failure is 
due to deterioration of the index lesions.

   ACI often is performed in patients who failed traditional fi rst-line treatments 
such as debridement, MF or osteochondral autograft techniques. However, recent 
evidence suggests that marrow stimulation techniques have a strong negative effect 
on subsequent cartilage repair and should be used judiciously in cartilage defects 
that are amenable to cell based regeneration. In a review of 329 patients, defects that 
had prior treatment affecting the subchondral bone (microfracture, abrasion chon-
droplasty and drilling) failed at a rate three times higher than that of non-treated 
defects [ 32 ]. Outcomes were classifi ed as complete failure if more than 20 % of a 
graft had to be removed in later procedures due to persistent symptoms. 

 The results from this trial are somewhat different with the outcomes published by 
Knutsen et al., where no statistically signifi cant differences in clinical outcome, as 
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measured by the Tegner and International Knee Documentation Committee (IKDC) 
scores, between MF and ACI at 2 and 5 year follow-up were found [ 28 ]. Although 
osteoarthritis patients were excluded from participation, over a third of the study 
population in the Knutsen trial displayed radiographic signs of osteoarthritis after 
5 years. In contrast, in the RCT comparing CCI to MF, less than 5 % of patients 
were found to display osteophytes after 5 years [ 33 ]. This, together with a higher 
proportion of chronic lesions in the Knutsen trial (median duration of symptoms 
36 months), is reinforcing the hypothesis that cartilage lesions must be treated early 
on before impairment of the joint biology and loss of homeostasis have led to a 
‘point of no return’. Many other factors may be of relevance to the different out-
comes of the trials including the improved product profi le of the cells, a more rigor-
ously controlled trial with respect to inclusion and exclusion criteria, tight control 
(with audit) of the data and better training of the surgeons.  

11.3.6     Imaging Outcomes 

 Magnetic Resonance Imaging (MRI) scans were performed at baseline, 12, 24 
and 36 months. The characteristics of the repair tissue were assessed by means 
of the Magnetic resonance Observation of Cartilage Repair Tissue (MOCART) 
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score and nine additional items. Filling of the defect, surface of the repair tissue, 
subchondral lamina and subchondral bone reaction were identifi ed as the most 
important determinants of repair tissue quality. At 36 months after surgery, no 
statistically signifi cant differences for these were observed between the groups, 
except for subchondral bone reaction which was more prominent in the MF 
group (P = 0.056). Progressive elevation of the subchondral bone plate was also 
more pronounced in the MF group than amongst CCI patients (12.1 % versus 
8.3 % at baseline; 51.5 % versus 25.0 % at 36 months). In 49 patients, radio-
graphic data were available at baseline and 60 months. No difference in radio-
graphic changes between both treatment arms was observed [ 6 ]. In the failure 
analysis at 5 years in the CCI versus MF trial, the relation with item 5 from the 
ICRS2 score (subchondral bone changes) was nearly signifi cant (.056) adding to 
the increasing importance given in literature to the function and the restoration 
of the subchondral plate as a hallmark in successful cartilage repair, but also in 
the resistance to development of osteoarthritis.   

11.4     Safety Profi le of Innovative Treatments: The CCI 
Experience 

11.4.1     Patient Exposure in Clinical Trial and Real Life Setting 

 A total of 421 patients have been exposed to ChondroCelect in a clinical trial 
setting. 

 In the RCT, 61 subjects underwent MF treatment and 57 patients were random-
ized to CCI, of whom 51 actually underwent CCI. For the safety analysis, all AEs 
experienced by the patient from the time of the screening visit until the completion 
of the initial 12-month and extension studies were captured in the case report form 
(CRF). The retention rate throughout the extension program was high: Forty-three 
CCI patients (84 %) and 45 MF patients (74 %) provided data for the 5-year 
 follow- up [ 6 ]. 

 In the compassionate use program, safety data were available from 334 
patients (90.3 %) at database lock. The average exposure, defi ned as the time 
between CCI and data capture, was 811 days, ranging between 160 and 
1,512 days [ 18 ]. 

 In both, the clinical trial and the compassionate use program (CUP), the 
absolute dose of ChondroCelect received was determined by the size of the 
lesion(s) treated: ranging between one and five million cells in the RCT, 
whereas in the CUP lesions up to 20 cm 2  were treated. Despite the relatively 
short existence of the therapy, patient exposure has thus been quite large both 
in terms of number of patients, heterogeneity of treated population and follow-
up time.  
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11.4.2     Early AE Profi le of CCI [ 15 ] 

 Direct comparison of AE types and frequencies should be evaluated bearing in mind 
that CCI is a two step procedure with a biopsy arthroscopically harvested, and subse-
quent implantation of the medicinal product during an arthrotomy. In the RCT, the 
implanted cells were sealed with a periostal membrane, which necessitated an infra- 
patellar incision. Thus, ‘relatedness’ of an AE in the CCI group refers to both, the 
surgical procedure and the medicinal product itself. In contrast, MF is a single step 
arthroscopic procedure conducted under local or general anaesthesia [ 23 ]. In the fi rst 
12-months of the RCT, similar proportions of patients reported treatment- emergent 
AEs, the majority having a mild or moderate intensity, in the CCI group (50/57, 88 %) 
versus the MF arm (50/61, 82 %). This was equally true for severe AEs, reported in 
12 and 13 % of patients respectively. Relatedness of AEs to the study procedure was 
confi rmed in 67 % of cases in the CCI group and 59 % of cases in the MF arm. 

 Arthralgia, was the most commonly reported AE in both treatment groups, pres-
ent in 61 % of CCI subjects and 57 % of MF patients [ 15 ]. 

 As CCI requires an arthrotomy, it is not surprising that joint swelling was more 
frequent in the CCI group versus MF arm. The reported frequency of joint swelling 
is higher after ChondroCelect (19 %) than after MF (13 %). Joint swelling, a sign of 
extravasation of fl uid in and/or around the knee, is a known symptom after arthrot-
omy as a result of the infl ammatory synovial reaction due to incision [ 34 ]. The 
majority of cases, 7 out of 11, in the CCI group occur in the fi rst 4 weeks after sur-
gery, compared to none in the MF group (P = 0.003). One month after surgery, there 
are no signifi cant differences between both treatments. Apart from the temporary 
aspect, no cases of postoperative joint swelling were considered severe or serious. 

 Related AEs of joint crepitation were signifi cantly more common in the CCI arm 
(12 %) versus MF (1.6 %). Joint crepitation is perceived as being of limited clinical 
signifi cance and is common even in the normal population [ 35 ]. 

 The use of a periosteal fl ap, conform the initial publication of the technique by 
Brittberg and Peterson, is known to trigger hypertrophy of the repair tissue, which 
may cause physical impairment and consequently necessitate arthroscopic shaving. 
The incidence of hypertrophy at 12 months was 25 % for the CCI group versus 13 % 
of MF patients (P = 0.156). All reported AEs of hypertrophy were mild or moderate 
in severity in both treatment groups. None was recorded as severe and none was 
reported as serious. 

 Overall, no patients were discontinued from the study due to AEs.  

11.4.3     Safety and Tolerability in the Long Term [ 6 ,  18 ] 

 Throughout the whole follow-up period of the RCT, 98 % of patients in the CCI 
arm and 84 % of MF patients reported at least 1 treatment-emergent AE. 
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However, all AEs had resolved at 60 months, except for effusion in 3 and 1 cases 
of after CC and MF respectively, and joint crepitation present in 1 subject of 
each group. 

 The most common AE in the early phase, arthralgia, was at 36 months still pres-
ent in 14 % of CCI cases versus 4 % in the MF group. Joint swelling was not 
reported in the CCI group beyond 36 months. Joint crepitation, was more frequent 
in the CCI group compared to MF, but markedly resolves over time: 12 % versus 
2 % in the short term, 11 % versus 0 % between 18 and 36 months and 2 % for each 
treatment group at 60 months [ 6 ]. 

 In the compassionate use program, frequencies of AEs are consistently lower as 
compared to the RCT. Relative underreporting of AEs is indeed one of the method-
ological limitations of this type of studies. However, with respect to the relative 
frequency of the AEs, a similar safety profi le was observed despite the more heter-
ogenous patient population [ 18 ]. 

 In 62.0 % of cases, the reported AE was considered to be related to the surgical 
procedure. The most commonly reported AEs were knee pain (23.8 %), joint effu-
sion (8.5 %), joint swelling (8.2 %), joint crepitation (6.1 %), muscle atrophy 
(6.1 %) and decreased joint range of motion (ROM) (5.7 %). The majority of cases 
(77.6 %) were rated mild to moderate in intensity and 74.4 % were considered 
unlikely related or unrelated to the medicinal product ChondroCelect. 

 From 334 patients, 24 serious AEs were received, of which 3 were judged to be 
possibly related to the product and surgery: 1 in which the ROM was decreased, and 
2 cases in which it was judged that the therapeutic product was ineffective. 

 In contrast with the fi ndings from the RCT (25 % for CCI and 13 % for MF), 
cartilage hypertrophy was reported overall in 6 of 334 patients (2.1 %). This is most 
likely explained by the use of a biological membrane, Chondro-Gide™, in the CUP. 
It is known from the literature that hypertrophy rates are lower in case a biological 
membrane is used as compared to periostal grafts [ 36 ]. Based on these insights, and 
in order to minimize morbidity, the use of a biomembrane to seal of the implanted 
chondrocytes has anno 2012 become the standard of CCI . In vitro biocompatibility 
data for the ChondroGide membrane in combination with ChondroCelect has been 
generated and approved by EMA. 

 Interestingly, safety data were collected from 84 patients treated for a patellar 
lesion. Thus, in the overall safety data, this particular subpopulation contributes 
for 25.1 %. The observations suggest that patients treated by CCI for a patellar 
lesion are more prone to developing arthrofi brosis (fi ve patients out of the total 
of seven patients who developed arthrofi brosis), decreased ROM (8 patellar cases 
out of the 16 cases which developed decreased ROM) and joint crepitations (9 
patellar cases out of the 18 cases which reported crepitations. The rehabilitation 
program after patellar treatment is indeed clearly different from the femoral pro-
tocol in order to prevent early shear and loosening of the graft. This might largely 
explain these fi ndings. 

 Patients with lesions larger than 5 cm 2  (range 0.25–20.0 cm 2 ; median 3.0 cm 2 , 
mean 3.5 cm 2 ) have been treated under compassionate use only. The safety data 
obtained in these patients do not indicate a particular safety concern. 
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 In an early phase of the compassionate use program, 16 minors have been treated 
with ChondroCelect. No specifi c safety signal was detected in these patients. 
However, if a surgeon believes that the benefi t/risk ratio justifi es use of CCI in a 
particular patient (Marketing Authorisation of ChondroCelect is only granted for 
patients over 18) complete closure of the growth plate must be documented. 

 There were no patient deaths recorded during the study. No patients are recorded 
as being discontinued from the study due to SAEs.   

11.5     Discussion and Conclusions 

 Regenerative Medicine (REGMED) approaches are widely investigated in many 
fi elds of Medicine including in musculoskeletal applications. Despite signifi cant 
advances in the understanding of the processes of tissue repair, the clinical impact 
of REGMED approaches is still limited. However, some applications have made 
great progress including skin and cartilage repair. REGMED approaches aim at 
restoring tissue integrity thereby not leaving any trace behind of the repair process. 
Fracture healing is a nice example of perfect regeneration in the postnatal mamma-
lian species. Joint surface healing and in particular healing of articular cartilage has 
been much more challenging as nature is not capable of achieving this. It is an ambi-
tion of REGMED to break these boundaries by trying to obtain improved healing of 
what nature may not always achieve. In view of this, we believe that from the bio-
logical perspective comparing microfracture techniques with cell implantation is 
comparing apples with oranges. Indeed, microfracture induces local fracture heal-
ing, ultimately not destined to regenerate an articular surface. The microenviron-
ment may contribute to the maintenance of a cartilage intermediate (a callus type of 
repair tissue) in the endochondral bone healing process, but there is ample evidence 
that this is not leading to hyaline articular cartilage. Thus bone marrow stimulation 
techniques violate the tidemark and subchondral bone plate,and the repair tissue 
originates from other cellular compartments and go through bone fracture repair 
pathways [ 20 ]. 

 In contrast, articular chondrocyte implantation attempts to preserve the cartilage-
bone interface and the resulting regenerate appears to mimick more closely the 
original and surrounding tissue. Indeed, as soon as cells are implanted a communi-
cation is established between the grafted cells and the neighbouring tissue, a phe-
nomenon deemed crucial for the success of the regeneration process. If the implanted 
or recruited cells are foreign to the articular tissue, this communication might be 
jeopardized. This is why the data from this CCI trial and other trials, including the 
failure analyses that have been done, should trigger the orthopaedic community to 
revisit the treatment algorithm of cartilage lesions. After correction of all surround-
ing variables such as alignment, ligaments and menisci, more specifi cally in a 
patient group which only developed their symptoms recently, the use of autologous 
chondrocytes should be regarded as a fi rst line regenerative treatment for cartilage 
in any lesion larger than 2–3 cm 2 . 
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 The challenge to prove that REGMED approaches are also of clinical relevance 
is certainly quite diffi cult, since several variables are affecting clinical outcomes. 
They include not only the proper characterization and optimization of the cellular 
product towards optimal performance, but also factors as microenvironment are of 
crucial importance. Indeed, proper communication with the surrounding tissues is a 
key goal for successful regeneration, and we need to translate that into appropriate 
in- and exclusion criteria, optimized surgical procedures and rehabilitation strate-
gies. Prevention of treatment-emergent side-effects is crucial for any ACI or other 
cartilage regeneration procedures. In the development of CCI, semi-customized 
rehabilitation schemes have been specifi ed, which are available to the treating phys-
iotherapist [ 37 ]. In addition, we may have to adapt and improve clinical outcome 
measurements to make them more sensitive to detect and discriminate the distinct 
mechanisms of repair. 

 The prospective, multicenter controlled RCT designed to evaluate the effi cacy of 
CCI versus microfracture was the fi rst of its kind. Despite the still somewhat limited 
number of patients treated when compared to clinical trials in other medical disci-
plines, there was a lack of evidence for cell based regenerative approaches from 
controlled trials [ 38 ]. This was particularly the case for cartilage repair techniques, 
including ACI. 

 It might be considered a shortcoming that CCI was here compared to MF instead 
of other cell-based technologies, whereas anno 2012 different cell products are 
available. Differences in effi cacy amongst cell products have not been demonstrated 
in clinical trials. So far, ChondroCelect is the only regenerative cartilage therapy 
approved as ATMP, which means that effi cacy, safety and pharmaceutical quality 
have strictly been monitored and investigated. For each of these determinants, 
ample information is available in the public fi eld, which is not necessarily the case 
for traditional ACIs. In the systematic review by Harris et al., seven trial reports 
were mentioned in which CCI or ACI was compared to MF, no direct comparisons 
between ACIs or ACI and CCI do exist [ 39 ]. Van Wilder tries to overcome this lack 
by computing indirect treatment comparisons (ITCs) based on the individual study 
results of the ACI/CCI versus MF [ 41 ]. This methodology was established and vali-
dated by the Canadian Agency for Drugs and Technologies. He argues that two out 
of the seven trials identifi ed by Harris refer to the same study population which was 
the subject of another publication. Furthermore, he excludes the study by Basad 
et al. because the large lesions present in this population were in favour of ACI 
rather than MF treatment [ 40 ]. From the four remaining trials, six ITCs were calcu-
lated of which four yielded a signifi cant difference, by defi nition representing 
‘large’ treatment effects [ 41 ]. Although in ITCs a number of assumptions are being 
made and one might argue about the validity of the methodology, it is interesting to 
see that cartilage repair cellular therapies do have different outcomes. It is indeed 
well know from the literature that minor deviations or variations in culturing condi-
tions can have a huge impact of differentiation of stem cells and adult progenitor 
cells [ 42 ]. Besides divergence at the level of the product used for the treatment, 
patients presenting with cartilage lesions are a heterogeneous group which is not 
necessarily adequately addressed when defi ning inclusion criteria [ 33 ]. 
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 The lack of correlation between structural improvement from an early stage on 
and clinical benefi t remains a topic for further research. Remodelling and matura-
tion of the cartilage repair tissue after autologous-chondrocyte implantation is pro-
gressive and is believed to go on beyond 18 months [ 43 ]. It might well be that the 
advantageous effects resulting from superior quality tissue regeneration require 
follow-up beyond the time horizons of this trial [ 44 ]. 

 The overall safety profi le shows that the main difference in treatment related 
adverse events compared to microfracture is related to the arthrotomy. Many inves-
tigational products which can be applied by means of minimally invasive techniques 
are currently being tested. However, from a patients’ perspective, long-term clinical 
outcomes should be the main driver for any further development. Ease of use and 
shortening of operation time are features which increase the short term comfort 
level for surgeon and patient but may not have any inherent long term value. 

 In conclusion, we believe that the use of cell based approaches in the fi eld of 
cartilage repair has contributed substantially to REGMED approaches in general, 
and we and others are capitalizing on this experience to further achieve benefi ts for 
our patients. In addition, the lessons learnt from this impressive body of work has 
triggered new and improved approaches for the prevention and treatment of osteo-
arthritis, considered as the “holy grail” in the fi eld of musculoskeletal disorders. We 
hope that young investigators see the ample opportunities to contribute to these 
major developments and that the fi eld of musculoskeletal disorders and diseases 
will continue to attract the brightest minds out there!.     
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    Abstract     Full-thickness defects of articular cartilage have limited to no spontane-
ous repair potential and can compromise patients through symptoms such as 
activity- related pain and swelling. Various techniques have been developed 
 toaddress these defects, including palliative procedures such as debridement and 
reparative procedures such as marrow stimulation techniques (MST). Marrow stim-
ulation techniques result in changes to the subchondral bone, including osseous 
overgrowth and intralesional osteophytes. Defects that had prior treatment affecting 
the subchondral bone have a three to seven times higher failure rate after ACI 
 procedure when compared with non-treated defects. 

 In this chapter we are going to discuss the role of previous bone marrow stimu-
lation on subsequent cartilage repair and discuss possible surgical techniques to 
address the altered subchondral bone in order to restore the osteochondral 
 functional unit.  
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12.1          Introduction 

 Full thickness defects of articular cartilage have limited to no spontaneous repair 
potential [ 1 ] and can compromise patients through symptoms such as activity- related 
pain and swelling. Cartilage repair should restore joint function, ideally with a near-
normal and durable tissue regenerate. Marrow stimulation techniques such as drill-
ing, abrasion arthroplasty, or microfracture are frequently considered fi rst-line 
treatment options for symptomatic cartilage defects [ 2 ,  3 ]. These techniques attempt 
to affect fi lling of a chondral defect with reparative tissue resulting from stimulation 
of the subchondral bone at the bottom of the defect [ 4 ]. Blood and mesenchymal cells 
from the underlying marrow cavity form a clot in the defect that gradually 
 differentiates into a fi brocartilaginous repair tissue [ 5 ]. These techniques have the 
low morbidity of an all-arthroscopic procedure, with a comparatively quick recovery 
and low complication rate. Better results are obtained in younger patients, with 
lesions size smaller than 2–4 cm 2 , and without previous surgeries [ 6 ]. Durability of 
the repair tissue, and hence the clinical outcome, is lower in defects that are larger 
than 2–4 cm 2  and/or located in areas other than the femoral condyles [ 7 ,  8 ]. 
Autologous chondrocyte implantation (ACI) may be performed as a second-line 
treatment after failed bone marrow stimulation, as well as fi rst-line treatment in larger 
lesions [ 9 ]. Over the long-term, primary ACI is believed to demonstrate better out-
comes, as microfracture-treated patients frequently seem to have recurrence of symp-
toms 2–5 years after surgery [ 10 ]. The ratio of patients maintaining sports activities 
after 5 years is higher in ACI treated patients compared to microfracture [ 11 ,  12 ]. 

 Whenever a marrow stimulation procedure is chosen as the primary treatment, it 
is important to evaluate whether the results of a potentially subsequent procedure 
are not negatively infl uenced; essentially whether it can truly be considered a 
 “non-bridge- burning” procedure. Recent studies have demonstrated subchondral 

 Key Points 
•     Bone marrow stimulating procedures as drilling or microfracture may 

affect subchondral bone cause intralesional osteophytes formation.  
•   Intraleasional osteophytes and alterations in the subchondral bone unit 

increases autologous chondrocyte implantation failure rate.  
•   Intralesional osteophytes should be addressed during ACI surgery. High 

speed burr is effective to remove subchondral bone thickening and 
intralesional osteophytes.  

•   Sandwich ACI technique may be performed in the presence of bone cysts 
or after subchondral bone removal due to sclerotic aspect.  

•   Better understanding of the osteochondral unit, the subchondral bone 
itself, and the interface and interaction between cartilageandsubchondral-
bone may help us improve surgical procedures after failed marrow 
 stimulation procedures.    
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changes in up to half of patients treated with microfracture, such as thickening of 
the subchondral bone, osseous overgrowth and formation of subchondral cysts [ 8 , 
 13 ,  14 ]. Therefore, the interaction of subchondral bone changes with ACI warrant 
further investigation [ 15 ]. This prompted us to review the results of all patients 
treated at our institution with ACI by the senior author to determine whether defects 
previously treated with marrow stimulation techniques failed at rates higher than 
defects that were treated previously with debridement alone.  

12.2     Failure Rates of ACI Depending on Previous 
Treatment with MST Procedures 

 This cohort study utilizing prospectively collected data was conducted to assess 
potential differences in failure rates of ACI depending on previous treatment with 
MST procedures affecting the subchondral bone, such as drilling, abrasion chondro-
plasty and microfracture. 

 Hypothesis: Cartilage defects pre-treated with marrow stimulation technique 
demonstrate an increased failure rate (Fig.  12.1 ).

   Methods: This study reviewed prospectively collected data for 332 patients 
treated by the senior author between March 1995 and December 2004. Indications 
for treatment of cartilage defects with ACI were full-thickness chondral defect(s) of 
the knee with consistent history, physical examination, imaging and arthroscopy; no 
infl ammatory joint disease, no unresolved septic arthritis, no defi cient soft tissue 
coverage, no metabolic or crystal disorders; no or correctable ligamentous instabil-
ity, malalignment or meniscal defi ciency; not more than 50 % loss of joint space on 
weight-bearing radiographs. All patients had completed more than 2 years of fol-
low- up by the time of data analysis for this study. Eleven patients with potential 
confounders such as revision ACI, previous bone grafting or osteochondral allograft 
transplantation were excluded, leaving 321 patients (325 knees) for analysis. 

 Patients were assigned to one of two groups based on whether they had previ-
ously undergone MST for the treatment of cartilage defects or not. 

 Patients received  ex - vivo  cultured autologous chondrocytes (Genzyme Bio 
Surgery, Cambridge, MA, USA) injected underneath a periosteal patch, which had 

  Fig. 12.1    Modes of failure after marrow stimulation.  Left  delamination,  center  intralesional osteo-
phyte,  right  subchondral cyst       
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been secured with resorbable sutures and fi brin glue (Tissue Seal, Baxter Biosurgery, 
Deerfi eld, IL) sealant [ 16 ]. We routinely delayed ACI for 9–12 months after previ-
ous MST to allow the subchondral bone to reconstitute and the subchondral edema 
to resolve. Defect sizes were measured intra-operatively, and concomitant proce-
dures were recorded. Patients with defects of the weightbearing femoral condyles in 
the setting of 2° or more of malalignment from the neutral mechanical axis were 
treated with a concurrent valgus- or varus-producing corrective osteotomy. Patients 
with patellofemoral defects had a concurrent anteromedializationtibial tubercle 
osteotomy, lateral release and vastus medialis oblique muscle advancement if there 
was  evidence of patellar subluxation and tilt as noted by physical examination, 
 radiographs, and/or CT scan assessment. 

 Intralesional osteophytes were commonly seen after previous MST; initially 
these were left untreated so as to not create bleeding and admixture of marrow ele-
ments with end-differentiated articular chondrocytes. However, when large intra- 
articular osteophytes presented themselves above the level of the adjacent articular 
cartilage these were impacted with a bone tamp fl ush with the adjacent subchondral 
bone, followed by a standard ACI. In both cases, failures at these sites were seen. 
The senior author then moved on to removing the osteophytes with a rongeur and 
noticed no or minimal bleeding easily controlled with epinephrine or fi brin glue. 
The technique for intralesional osteophytes fi nally evolved into its current form of 
microburring to remove the stiffened subchondral bone (Fig.  12.2 ).

   Outcomes were classifi ed as complete failure if more that 25 % of the grafted defect 
area had to be removed in later procedures due to persistent symptoms and MRI 
 evidence of graft delamination, or surgical removal of more than 25 % of the graft area. 

 For statistical analysis, the cohort was sub-classifi ed on the basis of size, type and 
location of the defect into Simple, Complex and Salvage categories. Simple defects 
were defi ned as single lesions smaller than 4 cm 2  located on the femoral condyles; 
the Complex category included both multifocal lesions, as well as single lesions that 
were either larger than 4 cm 2  or situated on the trochlea, tibia or patella; the Salvage 
category included all bipolar (kissing) lesions, as well as all defects located in knees 
with early arthritic changes including osteophyte formation or Ahlback Stage 0–1 

  Fig. 12.2    Intralesional Osteophytebefore ( left ) and after debridement with a bur ( right )       
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changes (<50 % joint space narrowing). Further sub-analyses were performed based 
on whether the original defect was caused by osteochondritisdissecans (OCD), by 
type of MST procedure (microfracture, abrasion arthroplasty or drilling) and 
whether the patient received worker’s compensation payments. 

 Data were collected independent of the surgeon by trained research staff using 
standardized case report forms or questionnaires, and statistical analysis was con-
ducted by an independent statistician. Statistical analyses were performed using the 
SAS 8.2 (SAS Institute Inc, Raleigh, N.C.) software package. The Student’s  t -test 
was used to assess potential differences between the two groups (MST or control) 
in regards to demographic characteristics, such as average defect size, number and 
subject age. The chi-square test was utilized to detect differences between the two 
groups (MST or control), as well as between the three different MST procedures. 
The level of statistical signifi cance was set at P < 0.05. 

 Results: The patient groups (control and MST) were not signifi cantly different in 
regard to patient age at implantation (p = 0.7), gender (p = 0.6), follow-up time 
(p = 0.4), defect size (p = 0.2) and number of defects per joint (p = 0.9) (Table  12.1 ). 
Average follow-up was 55 months: 54 months (range, 24–132) in the control group 
and 56 months (range, 24–144) in the MST group. In the control group, there were 
56 (26 %) varus/valgus producing osteotomies, 55 (26 %) tibial tubercle osteoto-
mies (TTO), and 6 (3 %) ligament reconstructions. This compares with 23 (21 %) 
varus/valgus osteotomies, 30 (27 %) TTOs and 9 (8 %) ligament reconstructions in 
the MST group. Average transplant area per knee was 8.2 cm 2  overall: 7.9 cm 2  in the 
control group and 8.6 cm 2  in the MST group (p = 0.3). For non-worker’s compensa-
tion patients (83 % of patients), the average transplant area per knee was 8.1 cm 2  in 
the control group and 8.5 cm 2  in the MST group (p = 0.6). For worker’s compensa-
tion (17 % of overall patients), the areas were 6.4 and 8.2 cm 2 , respectively (p = 0.1).

   Approximately half of patients that had failed ACI after having undergone prior 
marrow stimulation were found to have additional, not pre-treated defects at the 
time of ACI. In further sub-analysis, the failure rate of these lesions was assessed 

   Table 12.1    Patient Demographics for Control Group (No MST) and Previously Marrow- 
Stimulated Group (Prior MST)   

 No MST  Prior MST  P value 

 No. of knees/no. of patients  214/211  111/110 
 Average age (years)  35.0 (9.2, 13–60)  35.4 (10.1, 14–55)  0.7 
 Gender (male/female)  124/87  61/49  0.6 
 Average follow-up time (months)  54 (27, 24–132)  56 (30, 24–144)  0.4 
 Average no. of defects per knee  1.7 (0.9, 1–5)  1.7 (0.8, 1–4)  0.9 
 Average effect size (cm 2 )  4.6 (2.7, 0.5–21)  5.2 (3.1, 07–16.8)  0.2 
 Average transplant area per knee (cm 2 )  7.9 (5.0, 1.0–28.3)  8.6 (5.9, 1.5–30.5)  0.3 
 Worker’s compensation patients  28 (13 %)  24 (22 %)  0.1 
 Patient lost to follow-up after 2 years 
 Simple  3 (1 %)  2 (2 %)  >0.5 
 Complex  16 (8 %)  12 (11 %) 
 Salvage  6 (3 %)  4 (4 %) 

  Data are given as ( SD  range) or number (%)  
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separately from the pre-treated defects, acting as an internal control located in the 
same knee as the latter. 

 Overall, joints in the control group failed at a rate of 8 % (17 of 214), compared 
with a failure rate of 26 % (29 of 111) in joints that had been pre-treated with MST 
(chi-square test, p < 0.001). 

 With the exception of defects in the “Simple” category, sub-analysis of the data 
demonstrated a fairly constant ratio of approximately 3:1 in failure rate between the 
MST and control groups for “Complex” and “Salvage”-type defects, osteochondri-
tisdissecans lesions and patients receiving worker’s compensation (Table  12.2 ). 
There were no signifi cant differences in failure rates between the three types of 
MST (chi-square, p = 0.5), even though there was a trend towards a lower failure 
ratio in microfractured defects, which failed at only twice, rather than three times 
the rate of defects in the control group (Table  12.2 ).

   Within the group of 29 knees that had failed ACI after prior treatment with MST, 
14 were implanted for isolated defects and 15 for multiple defects. Among these 15 
knees there were a total of 35 implanted defects, some of which had been marrow- 
stimulated and some of which had not: specifi cally, 17 had previously been marrow- 
stimulated (13 knees with 1 defect each and 2 knees with 2 defects each) and 18 
lesions had not been treated prior to ACI. Since all knees had at least one marrow- 
stimulated defect and one untreated defect, we utilized the untreated defect as an 
internal control. Sixteen of the 17 marrow-stimulated defects failed compared with 
2 of the 18 previously untreated lesions. 

 Conclusion: Defects that had undergone to prior treatment affecting the subchon-
dral bone failed at a rate three times that of nontreated defects (Fig.  12.3 ).

12.3        Subchondral Bone Unit 

 The articular cartilage varies throughout its depth from articular surface to subchon-
dral bone. The cartilage can be divided into four zones: superfi cial, transitional, 
deep, and calcifi ed cartilage zones. The deepest layer, the zone of calcifi ed cartilage, 

    Table 12.2    Failure rates for Control (No MST) and Marrow-Stimulated (MST) Groups   

 No MST  Prior MST  P Value 

 Overall  214 (17, 8 %)  111 (29, 26 %)  <0.001 
 Simple defects  18 (2, 11 %)  9 (1, 11 %)  N/A 
 Complex defects  97 (9, 9 %)  56 (17, 30 %)  <0.01 
 Salvage defects  99 (6, 6 %)  46 (11, 24 %)  <0.01 
 Sub analyses 
 Osteochondritisdissecans lesions  23 (2, 9 %)  20 (6, 30 %)  N/A 
 Worker’s comp.  28 (4, 14 %)  24 (9, 38 %)  N/A 
 Previous microfracture  25 (5, 20 %)  >0.5 
 Previous abrasion arthroplasty  33 (9, 27 %) 
 Previous drilling  53 (15, 28 %) 
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separates the hyaline cartilage form the subchondral bone, and it is characterized by 
small cells distributed in a cartilaginous matrix encrusted with apatitic salts. 
Histologically, the calcifi ed cartilage zone may be distinguished from the deep zone 
by the tide-mark, which appears as a bluish line with hematoxylin/eosine staining. 
Lamellar bone is found throughout the mature skeletal in both trabecular and corti-
cal bone, regardless of whether the bone was formed by intramembranous or endo-
chondral ossifi cation. Bone is a very dynamic and well-organized tissue, and trauma 
to cortical, trabecular or subchondral bone may activate healing process [ 17 ]. One 
theory suggests microfractures in subchondral bone or calcifi ed cartilage are the 
potential trigger that provokes reactivation of the secondary center of ossifi cation, 
with thickening of the subchondral plate and calcifi ed cartilage, and causing the 
tidemark to advance with corresponding thinning of the overlying cartilage [ 18 ]. 
The activation of secondary centers of ossifi cation in the subchondral plate is con-
sidered by some as the initiating event in osteoarthritis [ 19 ]. 

 Recently, there has been an increasing interest and awareness of the importance 
of the subchondral bone and its role in the pathophysiology of osteoarthritis and 
chondral lesions. Furthermore, studies have demonstrated the necessity to carefully 

  Fig. 12.3    ( a ) Preoperative magnetic resonance imaging ( upper left ), ( b ) intraoperative picture of 
intralesional osteophyte (  upper right ), ( c ) intraoperative picture of subchondral bone after intral-
esional osteophyte removal ( bottom )       

a

c

b 
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consider this structure in the treatment of articular surface damage, in the evaluation 
of the results over time, and in the determination of the patients’ prognosis [ 20 ]. 

 As our understanding of the underlying pathophysiological changes grow, we 
realize that cartilage lesions have to be evaluated as an osteochondral unit rather 
than a disorder limited to the articular cartilage. It is becoming apparent that without 
support from an intact subchondral bed, any treatment of the surface chondral lesion 
is likely to fail [ 20 ]. Subchondral bone may be affected primarily or secondarily in 
many diseases of the articular cartilage.  Osteochondritis dissecans and spontaneous 
osteonecrosis of the knee both start in the subchondral bone and progressively affect 
the articular cartilage. Traumatic osteochondral fractures resulting from impacting 
may concomitantly affect both, articular cartilage and subchondral bone. 
Furthermore, several studies have demonstrated a 27–33 % incidence of thickening 
of the subchondral plate and intralesional osteophytes after microfractures [ 6 ,  8 ,  13 ].
Animal studies also have demonstrated a high incidence of subchondral bone cysts 
after microfracture procedures [ 21 ]. Finite element analyses suggest that subchon-
dral stiffening and stress concentration causes an elevation in shear stresses in the 
deep cartilage layers [ 22 ,  23 ]. This thinner layer of viscoelastic cartilage overlies a 
thickened and stiffened subchondral plate and is therefore more susceptible to dam-
age from shear forces. 

 In imaging evaluation of the subchondral bone, injury and OA-related changes in 
bone marrow are manifested by an increase in the signal intensity in bone marrow 
on fat-saturated T2-weighted images (bone marrow edema, BME). These hyper- 
intense MR imaging abnormalities may be an expression of a number of non- 
characteristic histological abnormalities that include bone marrow necrosis, bone 
marrow fi brosis and trabecular abnormalities [ 24 ,  25 ]. Bone marrow edema has 
been associated with severity and progression of OA. Evaluationof the subchondral 
bone after a previous microfracture procedure can be performed with MRI and 

a b

  Fig. 12.4    ( a ) MRI scan of an intralesional osteophyte of the trochlea ( left ) and ( b ) intraoperative 
picture after debridement ( right ). Note the abnormal appearance of the subchondral bone and the 
holes from the previous microfractures       
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should include evaluation of the signal intensity, the appearance of the subchondral-
lamina, the presence of intralesional osteophytes, granulation tissue, sclerosis, and 
cystic formations (Fig.  12.4 ) [ 26 – 28 ].

   Better understanding of technical details to minimize the subchondral bone unit 
dysfunction after bone marrow stimulation should be pursued. To perform a micro-
fracture technique, all unstable cartilage must be removed, stable perpendicular walls 
should be obtained at the edges of the lesion in order to contain the blood clot and 
allow proper edge healing. Currently, complete removal of all calcifi ed cartilage is 
advised to obtain better fi lling with repair tissue [ 29 ]. Animal studies demonstrated 
that failure to completely remove the calcifi ed cartilage layer leads to poor healing of 
the defect. However, Frisbie et al. observed signifi cantly more new bone formation 
in defects in which the calcifi ed cartilage had been removed completely at the time 
of surgery (26.5 % against 3.7 %). Subchondral bone cyst prevalence after microfrac-
ture was not affected by whether the calcifi ed zone was removed or not [ 21 ].  

12.4     Surgical Techniques for Autologous 
Chondrocyte Implantation After Bone 
Marrow Stimulation Procedures 

 Initially, a careful clinical history should be obtained, specifi cally focusing on previ-
ous knee surgery. The patient should be asked about any pain-free periods after the 
previous microfracture procedure to evaluate if they ever experienced pain relief or 
not. After microfracture, 60–80 % of patients have at least temporary symptomatic 
improvement, but some are worse even right after surgery. 

 Arthroscopic pictures of previous procedures help to evaluate the extent of the 
defect. Radiographic views should include weight-bearing anterior-posterior, 40° 
fl exion weight-bearing posterior-anterior (Rosenberg view), lateral, and axial views. 
Long-leg weight-bearing views are important for alignment evaluation. 

 Any surgical intervention should include correction of all articular co- morbidities, 
such as malalignment, patellofemoralmaltracking, or meniscal and ligament insuf-
fi ciency. As ACI is a two-stage procedure that requires an arthroscopic cartilage 
biopsy, we thoroughly evaluate all aspects of the knee during this stage. 

 During the implantation and after cartilage lesion debridement, the subchondral 
bone should be assessed for intralesional osteophytes and sclerosis of the subchondral 
plate. We found the use of a 5-mm bur under continuous irrigation helpful to gently 
take down any sclerotic cortical bone to the level of native subchondral plate, being 
mindful not to break into the subchondral bone itself. Bone bleeding may occur and 
should be addressed with fi brin glue, thrombin, or cauterization if there are distinct 
vessels. Standard collagen membrane or periosteal suturing is performed afterwards. 

 In the presence of bone cysts or when the subchondral bone is severely 
 compromised, we elect to perform a sandwich technique. All sclerotic cortical bone 
and bone cysts are removed down to a healthy bed of subchondral bone, and the 
resulting defect is fi lled withautologous bone graft. When a closing wedge high 
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tibial osteotomy is performed concurrently, we utilize bone from the osteotomy site. 
Alternatively, bone can be obtained from the medial or lateral femoral or tibialcon-
dyles. A small cortical window of approximately 1 by 1 cm is created with an osteo-
tomeandremoved. Any cancellous bone attached to the cortex can be harvested for 
graft material. A curette can now be used to harvest as much graft as needed to fi ll 
the defect. Alternatively, it has been helpful to utilize a 10-mm harvesting tube from 
any of the available osteochondralautograft transfer systems by aiming in different 
directions; at least 3–4 cores of cancellous bone can be obtained. The harvest site 
can then be fi lled with allograft chips or putty and the cortical window is replaced. 
The graft material is now placed into the defect and compacted with a bone tamp. 
A layer of fi brin glue is placed on top of the bone graft, which is then covered by a 
size collagen or periosteal membrane. The graft is then compressed with digital 

a b

d e

c

  Fig. 12.5    Sandwich technique. Intralesional osteophyte ( a ), after complete debridment ( b ), bone 
grafting ( c ), membrane covering bone graft ( d ) and fi nal appearance after ACI ( e )       
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pressure and the tourniquet is released, waiting for the resulting blood clot to solid-
ify and stabilize the graft. Conventional ACI technique is the used from here on. We 
found second generation ACI techniques simplify the procedure with marked 
advantages from a biological and surgical point of view (Fig.  12.5 ) [ 30 ,  31 ].

   We are currently reviewing our data on patients with intralesional osteophytes 
where burring was performed during ACI surgery. We currently reviewed 85 
patients that had an osteophyte formation that was removed with high-speed bur or 
curette prior to ACI. Magnetic resonance imaging at a minimum of 2 years was 
obtained in 46 patients. Intralesional osteophyte regrowth was observed in ten 
patients (22 %).  

12.5     Conclusion 

 In cartilage repair, it can be theorized that the altered subchondral plate is respon-
sible for the worse outcomes both in chronic defects, as well as in cartilage defects 
previously treated with marrow-stimulation techniques [ 20 ]. 

 Better understanding of the osteochondral unit, the subchondral bone itself, and 
the interface and interaction between  cartilage and subchondral bone may help us 
improve surgical procedures after failed marrow stimulation procedures. 

 Furthermore, future work is also needed to learn how to minimize disruption of 
the subchondral bone during microfracture, evaluate the subchondral bone before 
ACI, and treat the subchondral bone unit when necessary during ACI surgery.     
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    Abstract     Articular cartilage injury is a common disorder of the knee and untreated 
chondral lesions are thus likely to predispose patients to develop osteoarthritis. In 
the USA more than 500,000 procedures are performed for cartilage-related injuries. 
Chondral lesions are found in more than 60 % of arthroscopic knee surgeries, 
according to several authors [ 1 ]. 

 Most of the times the diagnosis of the cartilage lesions is performed by the 
orthopedic surgeon at the time of the arthroscopic evaluation and, in many cases, 
this is the only opportunity to attempt repairing the damaged cartilage (“the golden 
moment”). 

 Cartilage repair has developed rather fast in the past 20 years, and so have 
arthroscopic repair techniques. Despite substantial differences in the complexity 
and technical application of each method, all are united in the endeavor to restore 
joint function and prevent joint degeneration. 

 Surgical techniques to treat cartilage lesions can be grouped in three basic cate-
gories: palliative (debridement), restorative (microfracture and retrodrilling) and 
reparative (mosaicoplasty & MACI). 

 Debridement smooth fi brillated cartilage, providing relief that may last several 
years. Microfracture and Retrodrilling techniques stimulate the release of marrow 
derived cells and growth factors that contribute to fi brocartilage formation with 
only limited durability. Transplantation techniques as mosaicplasty can result in 
more durable hyaline cartilage and better integrated weight bearing tissue 
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 improving the joint biomechanical loads. Matrix Autologous Chondrocyte 
Implantation (MACI) uses biomaterials seeded with chondrocytes as carriers and 
scaffolds for cell growth that improve arthroscopy delivery providing satisfactory 
outcomes up to 5 years. 

 One of the most important issues of cartilage lesions is to perform an appropriate 
arthroscopic diagnosis of the whole articular surface of the knee, and to enhance the 
availability of minimally-invasive arthroscopic surgical techniques for the fi rst sur-
gical stage, or as the fi rst or second step of a two-stage arthroscopic chondral repair 
technique. 

 This chapter assesses current arthroscopic techniques for chondral repair 
enhancing the most appropriate indications, advantages and disadvantages of every 
procedure.  

  Keywords     Cartilage repair   •   Arthroscopic techniques   •   Knee joint       

13.1     Introduction 

 In the present chapter we describe the different arthroscopic approaches that have 
been emerging as surgical treatment options for cartilage repair. We consider that it 
is important for the surgeon to know the state of the art of these techniques because 
sometimes it is not until the arthroscopic procedure that the surgeon becomes aware 
of the presence of the cartilage lesion [ 1 ]. For this reason, it would be a great 
 opportunity to treat it with different arthroscopic techniques as a fi rst line of 

 Key Points 
     1.    Thorough history and physical examination is mandatory to predict  success 

of cartilage repair.   
   2.    Cartilage lesions and associated injuries should be taken into account com-

pletely. Depth and extension of cartilage lesions should be measured with 
a probe in sagittal and coronal planes.   

   3.    Adequate debridement should be undertaken, and that in grade III-IV 
lesions special attention to stable borders of healthy cartilage remain.   

   4.    Microfracture techniques can be performed with accessory portals and 
 different angles of awls, and probably scaffold-enhanced techniques will 
yield better results.   

   5.    Arthroscopic osteochondral transfer is recommended in lesions up to 
2 cm 2  and maximum 4–6 plugs.   

   6.    Emergent new cell based approaches with different scaffolds, fi xation 
techniques are in intense research and application and show promising 
results.     
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treatment, avoiding progression of the damage. If the lesion is treated at that 
moment, or a cartilage biopsy is obtained for a future second arthroscopic proce-
dure, less pain, morbidity, and probably short-term recovery could be achieved. 

 We have considered this fi rst diagnostic scope view as the “golden moment” 
for the repair of a cartilage lesion. Since many procedures to restore articular 
cartilage are performed arthroscopically, if the surgeon has the knowledge, skills 
and adequate equipment in the OR, he will be able not only to identify but also 
to address the cartilage lesions at this unique golden moment, in an appropriate 
way and contribute to the integral management of the patient with an injured 
joint.  

13.2     Arthroscopic Maneuvers for the Thorough 
Evaluation of Chondral Lesions 

 To be able to suspect a chondral lesion in the knee joint, it is important to know the 
patient clinical history. It is important to identify traumatic events or repetitive 
micro-traumas, as well as the presence or absence of pain, and the activities that 
increase or relieve it. During the physical exam we should identify the painful site 
in the knee, the major symptom of a chondral lesion, asking the patient to point the 
localization of pain as precisely as possible, and then by means of palpation. 
Physical examination should also address ligament testing, meniscus testing, patella 
misalignment, and leg alignment verifi cation. This evaluation should be comple-
mented by weight bearing X-rays to suspect the areas of greater load bearing or 
hyper pressure, as well as by special views like the axial patellar X-rays. An evalu-
ation with magnetic resonance imaging (MRI) is of great importance in all patients 
with suspected intra-articular knee lesion. We should observe not only the most 
evident lesions, such as anterior cruciate ligament or meniscal tears, but also prob-
able chondral lesions, whether partial or total thickness lesions that, in the most 
severe cases, could be related to areas of subchondral edema. We should start the 
arthroscopic evaluation with all of this background information. The patients’ back-
ground will allow us to perform an arthroscopic evaluation of the knee joint being 
able to fi nd evident and not-so-evident lesions. 

 We recommend performing three routine portals during the arthroscopic 
evaluation: superolateral, anterolateral, and anteromedial. Besides the routine 
arthroscopic evaluation, which includes the three knee compartments, we suggest 
performing a careful and slow evaluation of patellofemoral tracking, from 0 to 
90°, visualizing through the anterolateral portal. This helps us determine whether 
if there are patellar hyper pressure areas and if they are related to chondral lesions. 
Lateral patellar hyper pressure, together with a mirror or kissing chondral lesion 
of the lateral patellofemoral joint, is a common scenario; however, patellar chon-
dral lesions also occur in the medial facet in cases of traumatic patellar disloca-
tion. At the level of the medial and lateral load-bearing compartments, we suggest 
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assessing them not only with valgus or varus maneuvers, corresponding to the 
medial or lateral compartments, respectively, but also dynamically performing 
a screening of the entire articular surface of both condyles, from anterior all the 
way to the most posterior condylar region. This is achieved by doing simultane-
ously and slowly a valgus maneuver with maximum fl exion-extension, with the 
arthroscope visualizing the entire articular surface of the medial knee condyle; 
and a varus maneuver in a 4-shaped position, with slow fl exion and extension, 
and the arthroscope visualizing the entire load-bearing area of the lateral femoral 
condyle. This dynamic screening evaluation of the articular surface of the knee in 
the load-bearing area of both compartments allows identifying hidden lesions 
in the most posterior aspect of either condyles or anterior lesions along the limits 
of the load-bearing area and the patellofemoral joint. 

 After identifying the chondral lesion under arthroscopic visualization, the 
 former should be palpated with a probing hook to identify the areas where the 
lesion reaches the subchondral bone, areas of softened chondral tissue, and unsta-
ble chondral fl aps. Through palpation the presence of relatively stable healthy car-
tilage around the identifi ed lesion should be delimited. ICRS grade 3–4 lesions are 
eligible for chondral repair techniques and thus their debridement is indicated with 
arthroscopic spoons and curettes to achieve stable lesion borders. Then the lesion 
should be documented with pictures and a gauge probe that allows estimating the 
approximate area of the lesion to be treated, measuring it from anterior to posterior 
and from medial to lateral. Once the lesion has been identifi ed, properly docu-
mented and measured (according to ICRS guidelines), the well-known manage-
ment algorithm may be applied to determine the appropriate choices of chondral 
repair techniques to treat the total thickness chondral lesion, based on its location, 
containment, and size [ 2 ].  

13.3     Arthroscopic Techniques Described 
for Cartilage Repair 

13.3.1     Debridement 

 It allows removing unstable cartilage fragments or fl aps leaving behind stable 
lesions that can be documented and measured, and it is thus an option for ICRS 
grade 2 or 3 chondral lesions [ 3 ,  4 ]. In the case of ICRS grade 3–4 chondral lesions, 
it is a fi rst step towards true chondral repair techniques, like those mentioned below. 
When performing this technique it is recommended to use the tip of the shaver, 
placed parallel to the chondral lesion, with the tip opening partially pointing towards 
the lesion, and use a forward or backward movement with activated suction, instead 
of an oscillating movement. This will allow properly removing the unstable carti-
lage fragments, causing the least possible damage to the stable cartilage that is still 
under the treated area.  
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13.3.2     Microfracture 

 Described by Steadman et al. [ 5 ], this technique consists of making perforations in the 
subchondral bone to cause bleeding from the bone marrow that enables a repair consist-
ing of fi brocartilage. This technique is done 100 % arthroscopically, with microfracture 
awls of different angles, from 30 to 90°, which allow perpendicularly approaching the 
exposed bone in the ICRS grade 4 chondral lesion. With the appropriate instruments one 
may access virtually any location in the articular surface that warrants treatment, includ-
ing posterior chondral lesions in the femoral condyles. The treatment of patellar chon-
dral lesions is also possible with a 90° microfracture awl introduced exerting pressure 
with the hand instead of using a mallet. We suggest that, to approach these lesions, it 
may be necessary to introduce the microfracture awl through the superolateral portal, or 
through the accessory portals at the medial or lateral parapatellar level, allowing a direct 
and perpendicular approach to the patellar lesions to be treated.  

13.3.3     Retrodrilling of the Patella 

 In case of patellar chondral lesions that cannot be treated with the traditional micro-
fracture technique, either appropriately or perpendicular to the lesion, we suggest to 
use a subchondral bone perforation technique in a retrograde fashion, what we have 
called “patellar retrodrilling”, which allows perforating the damaged articular sur-
face from outside-in. For this purpose, we suggest using an inverted ACL tibial 
tunnel guide (DePuyMitek, Inc., Raynham, MA) to locate the outlet where we want 
to make the perforation, exactly at the level of the lesion, and go in from outside-in, 
through the upper patellar surface with a 2.0 mm K-wire. The latter should be care-
fully introduced, under arthroscopic vision, with an extended knee, until it can be 
seen in the joint. This step may be repeated as often as necessary, depending on the 
size of the lesion, leaving a 4–5 mm interval between the perforations (Fig.  13.1 ). 

  Fig. 13.1    Patellar retrodrilling technique       
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One should be careful not to perforate the opposite articular surface at the femoral 
trochlea with the K-wire.

13.3.4        Microfracture with Matrix-based Techniques 

 Zantop et al. [ 6 ] suggested that the use of a matrix to cover a microfractured area for 
cartilage repair might offer several potential benefi ts for the marrow-stimulated 
regeneration. They reported a surgical technique for arthroscopic matrix-covered 
microfracturing using a tridimensional matrix (Chondrotissue; BioTissue Tech, 
Freiburg, Germany). They begin by using the microfracture technique and then they 
cover the chondral defect with the polymer (Chondrotissue; BioTissue Tech), which 
was previously immersed in 3 ml of autologous serum for 10 min and cut with a 
scalpel to the size of the defect. It is introduced into the joint through a cannula 
(Karl Storz) and placed into the defect with an arthroscopic grasp instrument (Karl 
Storz). Then, through an additional anteromedial portal at an angle perpendicular to 
the surface of the matrix, a bioresorbable pin (Smart Nail; ConMedLinvatec, Largo, 
FL) insertion technique is performed to place up to two pins, one anterior and 
another one posterior, on the polymer, to achieve proper stability [ 6 ].  

13.3.5     Autologous Matrix-induced Chondrogenesis (AMIC) 

 Piontek et al. [ 7 ] reported the use of autologous matrix-induced chondrogenesis 
(AMIC) performed as an all-arthroscopic procedure. This technique combines the 
microfracture technique with matrix-based techniques using a collagen membrane 
to serve as a scaffold. It consists of the debridement of chondral lesions, measured 
with a circular sharp punch of the appropriate diameter depending on the lesion. 
Punches of appropriate sizes may be used according to the lesion size, and then as 
many circles as necessary to cover the lesion are cut, all of them of the same size, 
over the chondro-guide collagen membrane (Geistlich Pharma AG, Wolhusen, 
Switzerland). Later, numerous bores are drilled at 5-mm intervals in the subchon-
dral layer with a 1.1 mm K-wire. Next, Chondro-Guide membrane circles are placed 
in the cartilage lesion with Pean clamps. If it is a big lesion that needs more than one 
patch, they can overlap. All used membranes are covered with a tissue glue layer 
(Tissucol, Baxter, Warsaw, Poland) [ 7 ].  

13.3.6     Autologous Osteochondral Transplantation 

 Hangody et al. [ 8 ] described the mosaicplasty technique as a solution to bring autolo-
gous hyaline cartilage to the chondral lesion sites. Hangody states that mosaicplasty 
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may be performed either arthroscopically or openly, with a “miniarthrotomy”, and 
that the choice between both depends on the type, size and exact location of the 
defect, as determined during arthroscopy. Hangody suggests that if the lesion is 
less than 2 cm in diameter, and no more than four to six grafts are required, the 
procedure can be done arthroscopically [ 8 ]. A key point is that osteochondral plugs 
should go in totally perpendicular to the lesion. We therefore suggest performing 
as many portals as necessary in the arthroscopic approach to meet this requirement, 
using an 18G spinal needle that allows us to plan and visualize the exact site where 
a new portal is needed. With this technique it is possible to treat lesions located in 
both femoral condyles, at the central and anterior level, as well as in the medial and 
lateral trochlea. On the other hand, we should know that the arthroscopic approach 
with this technique does not allow achieving an appropriate perpendicular access 
to posterior lesions in both condyles, lesions on the tibial surface, central trochlear 
lesions, and all patellar lesions, all of which warrant an open approach. Hangody 
suggests that this procedure involves a learning curve that begins fi rst with open sur-
gery, so that it can later be performed arthroscopically, given that the latter approach 
increases technical complexity [ 9 ]. 

 Marcacci, Kon et al. [ 10 ] reported 76.7 % of good to excellent results with a 
7-year follow-up in patients treated with arthroscopic autologous osteochondral 
grafting for cartilage defects of the knee. They used this technique to treat ICRS 
grade 3-4 articular cartilage lesions less than 2-5 cm 2  in size, located in the weight 
bearing surface of medial or lateral femoral condyles, with an all-arthroscopic 
technique. Their technical recommendations include considering that the thickness 
of the donor’s cartilage may be different from the one in the recipient, and thus it 
is mandatory to achieve a perfect congruence between the grafts and the surround-
ing articular cartilage surface [ 10 ]. For this technique, to harvest arthroscopically 
donor grafts from the superior and lateral aspects of the intercondylar notch is 
suggested [ 11 ].  

13.3.7     Matrix Autologous Chondrocyte Implantation 

 One of the disadvantages of patients submitted to autologous chondrocyte implanta-
tion is the need for a second open surgical procedure. Marcacci, Kon et al. [ 12 ] were 
the fi rst to describe an arthroscopic surgical technique for tissue engineered carti-
lage grafting. With this technique they reduced the morbidity of classic autologous 
implantations and avoided open surgery and the use of a periosteal fl ap, thus reduc-
ing also the time and cost of surgery. The technique consists of preparing the chon-
dral defect using an arthroscopic approach, and assessing the lesion size using a 
delivery device of variable diameter with a sharp edge. A cannula is then inserted 
and a specifi cally designed cannulated low profi le drill is introduced; it is main-
tained in the selected position by a Kirschner guide wire (0.9 mm diameter) fi xed in 
the bone. This drill allows creating the predetermined circular area with regular 
margins for the graft. The infl ow is then closed, and the delivery system is beat on 
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the hyaluronic acid patch containing the autologous chondrocyte culture. The stamp 
obtained is placed in the chondral defect through the cannula. The procedure is 
repeated until the entire defect is entirely fi lled. Finally, implant stability is checked 
with water fl ow, and with passive mobilization of the knee under arthroscopic vision 
[ 12 ]. The characteristics and consistency of this hyaluronic acid scaffold (Hyalograft 
C) make it unnecessary to use any accessory stabilization method. This technique 
described by Marcacci et al. has been used in several reports to treat chondral lesions 
in the femoral condyles and trochlea [ 13 – 18 ]. 

 Ergellet et al. [ 19 ], designed a new technique for autologous chondrocyte implan-
tation on a resorbable polymer performed by arthroscopy. He described that for a 
secure fi xation the graft have to be armed on the corners with resorbable threads 
forming loops secured by three-fold knots that tightened pulley slings and served as 
anchors. On every corner of the defect, a k-wire should be drilled transosseously 
with an inside-out technique. The pulley slings should be pulled through the femo-
ral bone by the guide wire and the knots guided into the femoral bone, securely 
anchoring the graft [ 19 ]. 

 Abelow, Guillén et al. [ 20 ], described an arthroscopic technique of matrix/
membrane- induced autologous chondrocyte implantation (MACI) for the treatment 
of chondral lesions in load-bearing areas of both condyles. To perform this tech-
nique it is necessary to use a specially designed arthroscopic cannula. The chondral 
defect is thoroughly debrided and, using a specially designed caliper and fl exible 
ruler, the size of the lesion is calculated. A template is placed on the defect to test its 
size. The membrane is then cut to size to match the template. Using a dry scope, two 
small mini anchors are used with 5-0 Dexon sutures placed at the opposite sides of 
the periphery of the cartilage lesion. The sutures of the anchors are passed through 
the MACI membrane and guided down the suture to the cartilage defect. Fibrin glue 
(Tissucol, Baxter, Spain) is then placed under the membrane. The remnants of the 
polymer already placed on the defect are remodeled and the sutures are tied over the 
MACI graft using an arthroscopic knot tying technique. For more accessible lesions, 
Abelow et al. suggest that the scaffold may be kept in place just with fi brin glue and 
bioabsorbable pins [ 20 ]. Ronga et al. reported the use of arthroscopic autologous 
chondrocyte implantation for treatment of a chondral defect in the tibial plateau of 
the knee, in which the site of the lesion could not be reached with an open procedure 
without sacrifi cing tendinous or ligamentous structures of the knee [ 21 ]. 

 Ibarra, Villalobos et al. presented the clinical results of a pilot study in ten 
patients with an original all-arthroscopic technique for the implantation of matrix- 
encapsulated autologous chondrocytes [ 22 ] and showed the safety and effi cacy of 
the technique [ 23 ]. This technique consists of two surgical stages. The fi rst stage 
consists of arthroscopically taking a biopsy for culture purposes; the second one is 
also performed arthroscopically. Initially the chondral lesion is debrided with 
arthroscopic spoons and curettes trying to form circular lesions 8 mm in diameter, 
with healthy cartilage borders and without penetrating into the subchondral bone, 
using the 8 mm COR set (DePuyMitek, Inc., Raynham, MA) (Fig.  13.2 , part 1). 
Then with an 8 mm impactor (COR system, DePuyMitek, Inc., Raynham, MA), the 
subchondral bone is gently impacted to improve its consistency. Then a 
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bioabsorbable mini anchor (DePuyMitek, Inc., Raynham, MA) loaded with a 0 PDS 
suture is placed at the center of the defect (Fig.  13.2 , part 2). Two needles (16G) are 
passed through a bioabsorbable polymer (Restore, DePuyMitek, Inc., Raynham, 
MA) cut in the shape of an 8 mm disc, containing the cultured chondrocytes, and the 
anchor sutures are passed through the needles. A low-profi le sliding arthroscopic 
knot is made with the anchor sutures on the polymer and it is introduced into 
the joint through a clear 10 mm cannula (Smith & Nephew, Inc., Andover, MA); the 
arthroscopic water fl ow is not stopped, it is rather decreased to gravity pressure. The 
polymer is fi rmly placed on the defect(Fig.  13.2 , part 3), locking the knot placed 
over it and its stability is checked by means of palpation and dynamically with knee 
fl exion and extension under arthroscopic control. This technique makes it possible 
to place as many polymers as necessary to completely cover the chondral lesion.

   Recently, our group developed a new technique for the arthroscopic implantation 
of matrix-encapsulated cultured chondrocytes [ 22 ] in chondral patellar lesions. Until 
now, this had been an inaccessible location for the arthroscopic implantation of 
matrix-cultured autologous chondrocytes. The fi rst surgical stage includes the identi-
fi cation, debridement, measurement and documentation of an ICRS grade 4 total 
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  Fig. 13.2     1  Arthroscopic ICRS grade IV chondral lesion debridment in a circular shape, located 
at the weightbearing area of medial femoral condyle.  2  Placement of a suture loaded bioaborbable 
mini anchor at the center of the defect.  3  Fixation of the polymer at the bottom of the defect.  4  
Twelve months second look evaluation of the same patient       
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thickness chondral lesion located in the patella(Fig.  13.3 , part 1). The latter should be 
contained by healthy or relatively healthy cartilage. Then the cartilage biopsy is taken 
for culture purposes. It should be taken from the low lateral area of the intercondylar 
notch to prevent removing cartilage from the patellofemoral joint. During this fi rst 
surgical stage it is important to understand the cause of the chondral lesion. Preoperative 
studies should have identifi ed the presence or absence of a patellofemoral misalign-
ment, such as patellar tilt, increased TT-TG (tibial tuberosity-trochlear groove) 
 distance, or patellofemoral instability resulting from medial patellofemoral ligament 
tear, among others, to perform the necessary procedures to correct such alterations of 
the patellofemoral joint, without them, any chondral repair procedure would be 
doomed to failure. The second surgical stage includes the implantation of matrix-
encapsulated cultured autologous chondrocytes according to the following steps:

     1.    Debridement of chondral lesions in the patella, making them circular and approxi-
mately 8 mm in diameter, with an arthroscopic angled curette or spoon  introduced 
through any of the three working portals suggested: anteromedial, anterolateral, or 
superolateral (Fig.  13.3 , part 2). In the case of patellar lesions located in the medial 
facet, it may be necessary to place a fourth portal, located at the superomedial 
level, to allow a direct approach to the lesion for debridement and implantation.   

   2.    With a tibial tunnel guide for anterior cruciate ligament reconstruction (ACL 
guide, DePuyMitek, Inc., Raynham, MA), used inversely, with a 55° angulation, 
the outlet of the guide is placed intra-articularly on one of the sides of the  chondral 
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  Fig. 13.3     1  ICRS grade IV chondral injury documentation, located at the patella.  2  Arthroscopic 
debridment on a circular shape of a chondral lesion located at patella.  3  Arthroscopic retro-drilling 
of the chondral lesion at patella, using an ACL tibial guide (ACL guide, DePuy Mitek, Inc., 
Raynham, MA).  4  Passing of the PDS sutures through the chondral lesion using a shuttling device 
(Chia Percpasser™ - DePuy Mitek, Inc., Raynham, MA).  5  Arthroscopic fi xation of a cell-seeded 
polymer at the bottom of the defect located at patella.  6  Twelve months second look evaluation of 
an arthroscopic matrix autologous chondrocyte implantation located at patella       
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lesion. The external part of the guide is placed extra-articularly, on the anterior 
cortical surface of the patella, and a 2 cm-long mini approach is performed on the 
patella. The patella is drilled with a 2 mm Steinmann pin placed outside-in 
through the joint, under arthroscopic control, until the outgoing pin is visualized 
at one of the sides of the chondral lesion, in a similar fashion to the patellar retro-
drilling technique(Fig.  13.1 ). The steps are repeated to perform a second perfora-
tion on the opposite side of the lesion (Fig.  13.3 , part 3). Two suture shuttling 
device named Chia Percpasser™ (DePuyMitek, Inc., Raynham, MA) are passed 
outside-in through each perforation made in the patella; both Chia Percpasser™ 
(DePuyMitek, Inc., Raynham, MA) are recovered inside the joint, and partially 
extracted towards one of the portals closest to the lesion(Fig.  13.3 , part 4).   

   3.    At the same time, a second assistant mounts the 8 mm circular cell-containing 
polymer with a PDS suture. Two needles (16G) are passed through the polymer 
and allow the suture to also pass through it at both of its ends.   

   4.    The next step consists of mounting the ends of the 0 PDS suture bearing the poly-
mer to the loop of each Chia Percpasser™(DePuyMitek, Inc., Raynham, MA). The 
sutures are recovered by pulling the Chia from the anterior aspect of the patella at 
the extraarticular level. The polymer bound to the PDS suture is thus introduced 
inside the joint using a clear 10 mm cannula (Smith & Nephew, Inc., Andover, MA), 
without stopping the water fl ow, but only decreasing it to gravity pressure. The 
polymer is thus fi rmly placed at the bottom of the chondral defect(Fig.  13.3 , part 5).   

   5.    Once the ends of the PDS suture that introduced the polymer inside the joint 
have been recovered, a knot is made and left at the extra articular level on the 
anterior cortical surface of the patella, thus defi nitely fi xing the polymer on the 
chondral defect. This procedure may be done as many times as necessary to 
cover one or more 8 mm-diameter lesions on the articular surface of the patella. 
Also different polymer shapes could be done to treat non-circular chondral 
lesions, using the same principles of this technique.   

   6.    Finally, implant stability is verifi ed by means of palpation and dynamically with 
knee fl exion and extension, under arthroscopic vision, identifying the polymer 
pressure sites according to the degree of knee fl exion. This should be taken into 
account during the subsequent rehabilitation process.    

  With these two all-arthroscopic implantation techniques described by Ibarra, 
Villalobos et al. [ 22 ,  23 ], it is possible to arthroscopically implant matrix autologous 
chondrocytes in all the areas of the knee, without the need for an open approach, 
with good to excellent ICRS macroscopic appearance results at 12 months second 
look evaluation(Figs.  13.2 , part 4, and  13.3 , part 6).   

13.4     Discussion 

 With the use of these chondral repair arthroscopic techniques, it is possible to 
restore the articular surface applying several validated open techniques for chondral 
repair, thus decreasing the morbidity resulting from an open approach, as well as the 
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costs and the time needed for rehabilitation. Thus chondral repair arthroscopic 
 techniques become more appealing to patients and the big open approaches are 
increasingly reserved for the time when arthroplasty becomes necessary. However, 
we should consider what really matters about these new chondral repair arthroscopic 
techniques. Is it a small incision, an appealing all-arthroscopic approach, or the 
appropriate restitution of articular congruence that allows for the long term mainte-
nance of the repaired tissue? This type of arthroscopic techniques involves a learn-
ing curve in dry and cadaver lab. They are recommended for arthroscopic surgeons 
interested in chondral repair, and not necessarily for all surgeons doing chondral 
repair. The basic principles of chondral repair like debridement, shoulder stability, 
graft stability and articular congruence must be always respected regardless of the 
selected approach, whether arthroscopic or open technique.     
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    Abstract     Athletes are at an elevated risk for articular cartilage injury of the knee, 
especially in pivoting sports such as soccer and basketball. Due to the poor intrinsic 
healing response of articular cartilage, these injuries can be debilitating and even 
career threatening for high level athletes. Athletes often damage their articular car-
tilage in conjunction with other pathology such as an anterior cruciate ligament tear 
or meniscus tear, and these typically need to be addressed at the same time as the 
articular cartilage. Fortunately, there are an increasing number of surgical treatment 
options available to restore the articular cartilage of the knee. Outcomes data is still 
relatively limited, especially for athletes, but there is a growing body of evidence 
that patients can return to sport after articular cartilage surgery, although the recov-
ery may be lengthy. Microfracture and autologous chondrocyte implantation, and 
osteochondral autograft to a lesser degree, have demonstrated fair to good rates of 
return to sport. Appropriate rehabilitation is essential and the quality of the tissue 
repair appears to be an important factor infl uencing return to play. Much of the 
 evidence for return to play is in soccer and American football, with less data for 
other sports. Although promising, more studies are needed to better defi ne and pre-
dict return to play and long term outcomes in athletes after articular cartilage  surgery 
in the knee.  

  Keywords     Microfracture   •   Autologous chondrocyte implantation   •   Osteochondral 
autograft   •   Osteochondral allograft       
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14.1     Introduction 

 Articular cartilage has a poor intrinsic capacity for healing, especially in the knee. 
Athletes, particularly in pivoting and jumping sports such as soccer (Fig.  14.1 ) and 
basketball (Fig.  14.2 ), put extra demand on the knee joint and are at increased risk 
for traumatic injuries that can damage the articular cartilage [ 1 – 3 ]. Over time, these 
demands and injuries can hasten degeneration of the joint and put athletes at risk for 
early osteoarthritis, often a career ending condition [ 1 ,  2 ]. In the long run, the pain 
and limitations associated with knee osteoarthritis can limit the activity of former 
athletes and increase their risk for weight gain and associated health problems.

    Fortunately, there are an increasing number of options for restoring articular car-
tilage. Techniques such as microfracture and osteochondral grafting have been sup-
plemented by new approaches such as MACI and other cell based techniques. As 
the number of options and their effi cacy improve, athletes stand to gain the most 
both in terms of short term outcomes that can enable return to competition and long 
term knee and overall health. The purpose of this chapter is to review the prevalence 
of articular cartilage injury in athletes and outcomes, particularly return to play, 
from treatment of articular cartilage injury of the knee in this special population.  

14.2     Prevalence of Articular Cartilage Injury in Athletes 

 Athletes, particularly in running, jumping and cutting or pivoting sports, are likely 
to have a higher incidence of knee articular cartilage injuries than the general popu-
lation. A number of studies have looked at the incidence of these lesions in athletes 

 Key Points 
•     Articular cartilage defects are common in athletes, with studies to date 

suggesting an estimated overall prevalence of 36 %.  
•   Good short to medium term results have been reported in athletes after 

articular cartilage surgery.  
•   Return to play in athletes after microfracture ranges from 44 to 77 %.  
•   Return to play in athletes after ACI ranges from 67 to 78 %.  
•   Return to play after osteochondral autograft has been reported from 86 to 

94 %.  
•   In comparative studies, return to play has been higher after osteochondral 

autograft and ACI compared to microfracture.  
•   Younger age, higher levels of competition, shorter duration of symptoms 

before surgery, and fewer previous surgeries have been associated with a 
higher rate of return to play for athletes undergoing knee articular cartilage 
surgery.    
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from specifi c sports, such as American football, basketball and endurance running. 
A recent systematic review reported an overall prevalence of full thickness cartilage 
defects in 36 % of athletes [ 4 ]. 

 American football athletes are at high risk for articular cartilage injury in the 
knee for a variety of reasons, including the running, cutting and pivoting nature of 
the sport, the frequent traumatic contact and higher body mass of many of the ath-
letes (Fig.  14.3 ). A review of athletes at the National Football League (NFL) com-
bine from 2005 through 2009 reported that articular cartilage abnormalities were 
seen in 61 % of 704 knees that underwent MR imaging in those years [ 5 ]. Full thick-
ness articular cartilage defects were present in 17 % of the knees. Full thickness 
defects were most common in the lateral compartment (39 % lateral femoral con-
dyle, 19 % lateral tibial plateau), followed by the patellofemoral compartment (14 % 
patella, 14 % trochlea) and medial compartment (medial femoral condyle 13 %, 
medial tibial plateau 1 %). A history of previous partial meniscectomy was associ-
ated with a higher incidence of full thickness lesions (p < 0.001) but previous ACL 
reconstruction was not (p = 0.7). Full thickness cartilage defects were present in 

  Fig. 14.1    Soccer athletes 
(Image courtesy of G. 
Newman Lowrance)       
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27 % of knees with a history of previous meniscectomy compared to 12 % of knees 
with no previous meniscectomy. Meniscal repair appeared to be at least  partially 
protective as the incidence of full thickness cartilage lesions was only 16 % in ath-
letes with a previous meniscal repair, which was not signifi cantly different from 
knees without previous meniscal surgery. The incidence of full thickness cartilage 
lesions dropped to 12 % in knees with a successful meniscal repair as defi ned by no 
subsequent meniscal surgery. The impact of previous partial meniscectomy was 
largest in the lateral compartment, where a history of previous partial lateral menis-
cectomy increased the incidence of full thickness defects from 5 to 25 %. In the 
medial compartment, a history of previous partial medial meniscectomy increased 
the incidence of full thickness defects from 2.3 to 7.1 %. The incidence of full thick-
ness cartilage defects was not associated with player BMI or position in this study.

   Another study from the NFL combine reported that 38.2 % of athletes at the NFL 
combine from 2005 through 2007 had full thickness chondral injury [ 6 ]. Player 
position (higher in linebackers, lower in defensive backs), weight and BMI were 
associated with chondral injury in this study. 

  Fig. 14.2    Basketball athletes 
(Image courtesy of G. 
Newman Lowrance)       
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 Basketball is another sport that puts tremendous stress on the articular cartilage 
of the knee, especially in the patellofemoral joint. A study looking at MRIs from 34 
knees in asymptomatic college basketball players reported a 41 % incidence of 
chondral lesions with six full thickness lesions (18 %) [ 7 ]. The majority of the 
lesions were in the patellofemoral joint. A study looking at MRIs from 20 asymp-
tomatic National Basketball Association (NBA) players (40 knees) from 1996 
through 1999, reported that 48 % of knees had articular cartilage lesions in the knee, 
with 77 % in the patellofemoral joint [ 8 ]. Only two knees (5 %) had full thickness 
loss, one on the trochlea and one on the lateral femoral condyle. Another study 
looking at 28 knees in NBA players reported at least some chondral change in 50 % 
of knees, with 70 % of the changes occurring in the patellofemoral joint [ 9 ]. Only 
7.1 % of the knees had a focal chondral defect. The trochlea had chondral change in 
one fourth of the knees from both studies on NBA players, reinforcing the fact that 
the patellofemoral joint is at particular risk for breakdown in these athletes. 

 Running also puts repetitive stress on the knee cartilage. A number of studies 
have reported the incidence of chondral changes in distance runners, ranging from 
18 to 63 % [ 10 ,  11 ]. However, there is relatively limited data on the location of or 
risk factors for articular cartilage lesions in the knees of runners. 

 There is relatively limited data on the prevalence of chondral injury in other 
sports. Despite this lack of evidence, other sports, such as soccer, rugby, volleyball, 
handball, and skiing, are likely to have similar levels of chondral injury. Further 
study is needed to better understand the true prevalence of and the risk factors for 
full thickness chondral defects in the athletic population.  

  Fig. 14.3    American football athletes (Image courtesy of G. Newman Lowrance)       
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14.3     Treatment Outcomes of Articular Cartilage 
Injury in Athletes 

 Considering their increased risk for articular cartilage injury, athletes are likely to be 
candidates for articular cartilage surgery. The same factors that put them at risk for 
articular cartilage injury in the fi rst place could be expected to make their recovery 
more challenging and their outcomes potentially less optimal. Despite the fact that 
athletes are a unique population when it comes to articular cartilage injury, there is 
limited data on the effi cacy of articular cartilage surgery in this cohort. Two recent 
reviews have shown that there is evidence for good short and medium term outcomes 
in athletes after articular cartilage surgery but that more study is needed [ 12 ,  13 ]. 

14.3.1     Microfracture 

 Results have been reported for various techniques of articular cartilage surgery. 
The majority of evidence to date on outcome from surgical treatment of articular car-
tilage in athletes is for the microfracture technique [ 12 ] (Fig.  14.4 ) as described by 
Steadman [ 14 ]. In a recent systematic review [ 12 ], 8 of 11 studies reporting results of 
articular cartilage surgery in athletes included patients treated with microfracture and 
the overall return to play after microfracture was 59 % (range 25–100 %). In another 
review which pooled the results from reviewed publications, 787 of 1,410 athletes who 
had undergone articular cartilage surgery in the knee had been treated with microfrac-
ture, with a return to play of 66 ± 6 % (range, 44–100 %) in those athletes [ 13 ].

   A couple of level III studies have reported reasonable results with microfracture 
in basketball players, with 67–79 % return to play by 25–30 weeks [ 15 ,  16 ]. Athletes 
were 8.2 times less likely to get back to the NBA than controls and those who did 
return to play had signifi cantly worse performance than prior to their surgery [ 16 ]. 
Only 58 % were able to play at least one more season, and 76 % of those were on 
injured reserve at least once during that season [ 15 ]. In professional American 
 football, a retrospective series reported that 19 of 25 athletes (76 %) treated with 

  Fig. 14.4    Intraoperative 
image of microfracture       
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microfracture returned to football [ 14 ]. Those who returned to football managed to 
play an additional 4.6 seasons and 56 games on average. Other series have reported 
similar results in mixed cohorts including athletes from several sports, with return 
to play ranging from 44 to 77 %, with 57–71 % of those returning to sport getting 
back to a same or better level of competition [ 17 ,  18 ].  

14.3.2     ACI 

 A number of studies have reported outcomes for athletes treated with autologous 
chondrocyte implantation (ACI). Systematic reviews reported return to sport of 78 % 
(range 27–100 %) [ 12 ] and 67 ± 17 % (range, 33–96 %) [ 13 ] for ACI. A prospective 
cohort of 118 athletes with a mean age of 35 years treated with ACI using a periosteal 
patch reported a 95 % return to sport by 18 months and 100 % by 3 years [ 19 ]. A case 
series of 45 soccer athletes treated with ACI reported an overall return to play of 
33 %, despite 72 % good to excellent clinical outcomes [ 20 ]. The return to play var-
ied signifi cantly by level, with 83 % of competitive players getting back to soccer 
compared to 16 % of recreational level athletes. Another case series of 20 adolescent 
athletes from a variety of sports including soccer, basketball and American football 
treated with ACI reported 96 % return to play, with 60 % getting back to the same 
level or better compared to pre-injury [ 21 ]. Duration of preoperative symptoms and 
the number of previous surgeries impacted return to play in this group.  

14.3.3     Osteochondral Graft 

14.3.3.1     Autograft 

 Good rates of return to sport have been reported after osteochondral autograft trans-
plantation (Fig.  14.5 ). A systematic review reported 93 % return to sport after OAT 
[ 12 ]. Another review pooled results from previously published studies and reported 
return to sport of 91 ± 2 % (range, 86–94 %) after OAT in 261 patients [ 13 ]. These 
fi ndings are in contrast to the results from a mixed cohort of athletic and non- athletic 
patients in which 61 % returned to full activity after osteochondral autograft trans-
plantation at an average follow up of 26 months [ 22 ]. A long term follow up (mean 
9.6 years) of osteochondral autograft transplantation in the knee (303 cases), ankle 
(39 cases) and elbow (12 cases), reported a 63 % return to previous level of sport and 
28 % return to lower level of sport, with 9 % of patients unable to return to any sport 
[ 23 ]. These results were not broken down by joint. Good to excellent clinical out-
comes were reported for 91 % of cases on the femur, 86 % on the tibia and 74 % in 
the patellofemoral joint. Preoperatively, 27 % of the knees were noted to have Fairbank 
grade I and II changes with no grade III changes. At fi nal radiographic  follow-up, 
only 17 % of knees were noted to have worsening, with 36 % of knees showing grade 
I or II changes and only fi ve knees (1.6 %) demonstrating grade III changes.
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14.3.3.2        Allograft 

 One study reported on outcomes of fresh-stored osteochondral allograft transplanta-
tion in 43 athletes [ 24 ]. At an average follow up of 2.5 years, 88 % of these athletes 
had gotten back to at least some activity and 79 % had returned to pre-injury level 
of activity. In these athletes, average return to sport occurred at 9.6 ± 3.0 months.   

14.3.4     Comparative Studies 

 One Level I prospective, randomized trial compared osteochondral autograft trans-
plantation to microfracture in 57 athletes [ 25 ]. Results were better with OAT, includ-
ing higher return to preinjury level of play (93 % OAT v. 52 % microfracture) and 
clinical outcomes based on modifi ed Hospital for Special Surgery and ICRS scores 
at 1 and 2 year follow-up. Worse clinical outcomes were noted in large defects 
(>2 cm 2)  treated with microfracture compared to smaller defects treated with micro-
fracture. The same relationship was not present for patients treated with OAT. The 
samples were small and sports were predominantly soccer and basketball. 

 A level II cohort study compared the results of microfracture to arthroscopic 
second-generation ACI (Hyalagraft C) in 41 professional and semi-professional 
soccer players [ 26 ]. There was similar return to play between the two groups with 
80 % of athletes returning to high level play after microfracture compared to 86 % 
following second generation ACI. Return to play was quicker after microfracture 
(median 8 months compared to 12.5 months). Clinical results were similar based on 
IKDC scores at 2 years but there was a signifi cant decline in the scores of those 
treated with microfracture at mean fi nal follow up of 7.5 years. Those treated with 
second generation ACI did not have the same decline and had signifi cantly better 
clinical outcomes at fi nal follow-up compared to microfracture. 

  Fig. 14.5    Intraoperative 
image of osteochondral 
autograft       
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 Rate of return to play and timing of return to play are summarized by technique 
in Table  14.1 .

14.3.5        Infl uencing Factors 

 The factors affecting the outcome from cartilage repair of the knee in athletes have 
been similar across various studies and surgical techniques. Patient age has been a 
consistent factor, with older athletes not doing as well as younger athletes [ 12 ,  13 ]. 
Studies have used different cut-offs, typically between 25 and 40 years of age 
[ 18 ,  20 ,  22 ,  24 ,  25 ], to distinguish between younger athletes who have better out-
comes and older athletes who have less optimal outcomes. For example, 65–71 % of 
younger patients have been shown to return to sport after microfracture, compared to 
20–29 % of older patients [ 18 ,  20 ]. Following OAT, 90 % of patients under 30 returned 
to pre-injury participation compared to 23 % of those over 30 (although 70 % got 
back to some participation) [ 22 ]. Age was also a signifi cant factor predicting return to 
play after osteochondral allograft, with patients under 25 more likely to return [ 24 ]. 

 Athletes with a longer duration from onset of symptoms or diagnosis to treat-
ment were also found to have worse return to play after microfracture [ 18 ] and ACI 
[ 20 ]. With symptoms less than 12 months prior to surgery, 66 % of athletes returned 
to play after microfracture [ 18 ] while 67 % returned to play after ACI [ 20 ]. If treat-
ment was received more than 12 months after the onset of symptoms, return to play 
dropped to 14 % after microfracture [ 18 ] and 15 % after ACI [ 20 ]. In a cohort of 
adolescent athletes treated with ACI, all of the patients treated within 12 months of 
symptoms returned to play while only a third of those treated after a longer interval 
returned to competition [ 21 ]. Athletes treated with osteochondral allograft trans-
plantation within 12 months of symptoms were also more likely to get back to 
sports with an odds ratio of 37 (range 3.4–298) compared to those treated after a 
longer duration of symptoms [ 24 ]. 

 The number of previous knee surgeries has also been shown to impact return to 
play. Fewer previous surgeries have been associated with higher return to play after 
microfracture [ 18 ] and ACI [ 21 ]. Higher level athletes have also been shown to get 

   Table 14.1    Return to sport after knee articular cartilage surgery in athletes   

 Technique  Evidence 
 Timing of return 
to play (months) 

 Rate of return to 
play 

 Microfracture  More than ten studies 
(~800 athletes) 

 ~8  62.5 % (44–100 %) 

 ACI  Seven studies 
(over 350 athletes) 

 ~18  72.5 % (27–100 %) 

 Osteochondral graft 
 Auto  Five studies 

(over 250 athletes) 
 ~7  92 % (86–94 %) 

 Allo  One study (43 athletes)  9.6 ± 3.0  79 % 
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back to sport at a higher rate after ACI [ 21 ] and microfracture [ 17 ]. The evidence is 
mixed on how the size and location of the cartilage lesion, as well as concomitant 
procedures, impact return to play, with results varying by study and surgical 
technique. 

 Factors infl uencing return to play are summarized in Table  14.2 .

14.4         Conclusion 

 In conclusion, articular cartilage injury is common in the knee of athletes although 
the true incidence and prevalence of these lesions remains to be fully elucidated. 
Treatment of these lesions is likely to be more diffi cult in this population due to the 
unique demands that make the injury more likely to occur. Evidence to date sug-
gests athletes can have good outcomes from articular cartilage surgery in the knee. 
Rate of return and performance upon return may be better after ACI and OAT com-
pared to microfracture. Young age and early treatment are associated with greater 
return to play. More and higher level studies are needed to better understand optimal 
treatment techniques and outcomes in this population.     
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    Abstract     The impact of meniscectomy on the articular cartilage is very signifi cant. 
At 10 years, 30–60 % of patients have some kind of medial cartilage degeneration 
and 12–40 % have lateral cartilage degeneration on X-ray. Moreover, if the ACL is 
also torn almost all patients will end up with osteoarthritis (OA) in the long run. 

  Replace the meniscus rather than resecting it  
 Meniscus lesions are tremendously common: one million patients in the USA 

and 400,000 in Europe have operations for meniscus lesions every year. Even 
though partial meniscectomy is still the gold standard, orthopaedic surgeons should 
try to save or repair it because of its effect on the knee in the long term. If these 
options are not possible, they should consider replacing it. 

  The polyurethane scaffold  
 A polyurthane scaffold is intended for partial defects and has the following 

concept: once it is implanted into a partial defect, cells from the synovium and prob-
ably pluripotent cells in the articulation and the joint will grow in. A meniscus-like 
tissue will be formed after implantation. 

 The results on the cartilage are interesting: at 1 and 2 years regrowth of both 
meniscus tissue and cartilage can be observed, indicating that the protection of the 
meniscus leads to protection of the cartilage. A signifi cant improvement in pain and 
function is observed at 12 and 24 months. Continuing follow-up is needed. 

    Chapter 15   
 Meniscus Substitution: Scaffolds, Allografts 
and Prosthetic Implants 
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  Meniscus allograft transplantation (MAT)  
 This kind of intervention is indicated for large meniscus lesions. The papers 

published on this topic show very satisfactory results in the long term, both  clinically 
and radiographically. The evidence is still inconclusive in relation to chondropro-
tection with these allograft transplantations. 

  Total meniscus prosthetic implant  
 This is a new and upcoming technique which is still under clinical investigation. 

In-vitro studies have shown that it made it possible to reduce the major stresses on 
the cartilage. Apparently patients are functioning quite well. This seems to be a very 
attractive potential solution for a specifi c population of patients.  

  Keywords     Meniscus   •   Scaffold   •   Allograft   •   Prosthesis       

15.1     General Introduction 

 Treatment of meniscal lesions is the most common surgical intervention performed 
by orthopedic surgeons today, with over one million surgical interventions involv-
ing the meniscus performed annually in the United States (US) and approximately 
400,000 in Europe. Metcalf and Barett prospectively reviewed 1,370 patients with 
1,485 tears to determine the overall incidence of meniscal tears. Fewer females 
(31 %) than males (69 %) reported meniscal tears. The mean age of a meniscal tear 
was 46 years. More medial tears (73 %) than lateral tears (19 %) were reported and 
8 % of all patients had both medial and lateral [ 1 ].The menisci are semilunar, fi bro-
cartilaginous structures and provide several elements to knee function, including 
load transmission, shock absorption, joint lubrication, joint nutrition and stability. 

 For many years, the function of the meniscus was not completely known and thus 
treated as an unnecessary accessory that could be sacrifi ced if needed. However, 
over the last few decades, the understanding of meniscal functions has continued to 
evolve with an increasing commitment among physicians to preserve the meniscus 

 Key Points 
•     When possible, the meniscus should be preserved or repaired.  
•   Meniscus scaffolds are indicated for partial meniscus defects (ideally less 

than 5 cm) while meniscus allografts are indicated in larger defects.  
•   Prosthetic meniscus implants are a promising new tool for meniscus 

 defi ciency but are currently still under investigation.  
•   Meniscus substitution is a treatment option for non-arthritic, well-aligned 

and stable knees.  
•   Signifi cant osteophytes or fl attening of the femoral condyle, often observed 

in chronic meniscectomy cases, eliminates the possibility for meniscus 
substitution.    
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consequently. It is now accepted that loss of all or part of the meniscus leads to long 
term degenerative changes due to higher peak stresses on the articular cartilage in 
the meniscectomized compartment as a result of the decreased contact area. Thus, it 
seems logical to repair or preserve the meniscus, especially in young patients. If this 
is not possible one should aim to regenerate or substitute lost meniscus tissue with 
a scaffold, allograft or implant in order to restore the function of the knee joint and 
to possibly prevent further joint degeneration. 

 In this chapter, the different options for meniscus substitution will be discussed 
and elaborated. Specifi c attention will be paid to the important differences in indica-
tion and surgical technique.  

15.2     Meniscus Scaffolds for the Treatment of  Partial  
Meniscus Defects 

15.2.1     Introduction 

 Meniscal regeneration appears to require the physical presence of a scaffold to 
encourage successful migration and colonization with precursor cells and vessels 
eventually leading to the formation of organized meniscal tissue [ 2 ,  3 ]. 

 Currently, two scaffolds for the treatment of partial meniscus defects are available 
in Europe. The authors have acquired extensive experience with a novel, biodegrad-
able, synthetic, a cellular scaffold composed of aliphatic polyurethane (Actifi t™, 
Orteq Ltd, London, UK) which was designed to fulfi ll an unmet clinical need in the 
treatment of patients with irreparable partial meniscal tissue lesions. The treatment 
objective of the scaffold is to provide pain relief and restore lost meniscus function. 

 The scaffold has been shown to support generation of new meniscus-like tissue. 
When attached to the vascularized portion of the meniscus, the scaffold acts as a 
template for proliferation and organization of cells with extracellular matrix forma-
tion within the interconnected, highly porous scaffold. Importantly, the scaffold is 
not designed to provide mechanical support to the knee joint; rather, it is anticipated 
that such a function will be provided by the new tissue generated after scaffold 
implantation. The scaffold slowly degrades over an anticipated period of 5 years and 
is replaced by regenerated tissue with meniscus-like characteristics [ 3 ].  

15.2.2     Indications 

 The key inclusion criteria are (1) irreparable medial or lateral meniscal tear or par-
tial meniscus loss, with intact rim. This synthetic meniscus substitute is not intended 
for the treatment of total or subtotal meniscus defects. Ideally, the defect length 
should be limited to 5–6 cm; (2) skeletally mature male or female patients; (3) age 
16–50 years; (4) stable knee joint or knee joint stabilization procedure within 
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12 weeks of index procedure; (5) International Cartilage Repair Society (ICRS) 
classifi cation ≤3. 

 The key exclusion criteria are (1) total meniscus loss or unstable segmental rim 
defect; (2) multiple areas of partial meniscus loss that could not be treated by a 
single scaffold; (3) any signifi cant malalignment (varus or valgus); (4) ICRS clas-
sifi cation >3; and (5) body mass index ≥35.  

15.2.3     Surgical Technique 

 The Actifi t ®  meniscal scaffold is placed in the subject’s knee using a standard 
arthroscopic surgery procedure and standard equipment. Verifi cation of cartilage status 
and integrity of the meniscal rim and both the anterior and posterior horns should be 
performed. In the case of a tight medial compartment, distending the medial collateral 
ligament using the outside-in puncture method (several passes with a spinal needle 
from outside-in) or the inside-out piecrusting release technique described by Steadman 
allows the surgeon to adequately visualize both the femoral and the tibial cartilage 
status and to create an adequate working space for meniscus reconstructive surgery. 

 To allow for easy insertion of these scaffold, an enlargement of the portal used 
for insertion of the device may be required (the size of the little fi nger is typically 
suffi cient). 

 Preparation of the damaged meniscus includes surgical debridement and removal 
of all pathological tissue and ensuring that the resulting defect site extends into the 
vascularized red-on-red or red-on-white zone of the damaged portion of the menis-
cus. Lesions situated further away from the synovial border are known to have only 
very limited healing potential and therefore should be excluded from this type of 
meniscoplasty. To enhance healing, the meniscal rim may be punctured in order to 
create vascular access channels. Gentle rasping of the synovial lining may further 
stimulate meniscal intergration and tissue ingrowth. 

 The meniscal defect should be measured along the curvature of its inner edge 
using the accompanying specially designed meniscal ruler and meniscal ruler guide. 

 Actifi t ®  is then measured, and using a scalpel, cut to fi t in such a place and man-
ner as to ensure that sterility is maintained at all times. To allow for shrinkage 
caused by suturing of the sponge like material and to ensure a snug optimal fi t into 
the prepared defect, oversizing of the length by 10 % is advised (3 mm for defects 
<3 cm and 5 mm for defects ≥3 cm). In order to achieve a perfect fi t of the scaffold 
with the native meniscus at the anterior junction, the anterior side should be cut at 
an oblique angle of 30–45° (Fig.  15.1 ).

   Fixation of Actifi t ®  is achieved by suturing the scaffold to the native meniscus 
tissue. 

 Fixation of the device should begin with a horizontal all-inside suture from the 
posterior edge of the scaffold to the native meniscus. Suturing should be secure; 
however, attention must be paid not to over tighten sutures, as this may alter and 
indent the surface of the scaffold. In line with wellknown meniscal suturing 
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techniques, the distances between the sutures should be kept to approximately 
0.5 cm. Each suture should be placed at one-third to one-half of the scaffold’s 
height, as determined from the lower surface of the scaffold. 

 Following suturing, if required, the scaffold may be further trimmed and fi ne- 
tuned intraarticularly using a basket punch. Once the scaffold is securely fi xed, 
stability of the fi xation is tested using the probe and moving the knee through a 
range of motion (0–90°). 

 To enhance the healing response, a bone marrow aspirate can be performed from 
the notch area and directly applied on the dry scaffold after implantation. Figure  15.2  
depicts a scaffold 1 year after implantation showing full peripheral integration to the 
meniscus rim.

  Fig. 15.1    The Actifi t ®  
meniscal scaffold is tailored 
on surgical fi eld using a 
scalpel for a perfect fi t to the 
meniscus defect       

  Fig. 15.2    Macroscopic 
aspect of the scaffold 1 year 
after implantation showing 
full incorporation and 
intergration to the rim and 
horns       
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15.2.4        Rehabilitation Protocol 

 In order to ensure protection of the newly formed fragile tissue and to provide opti-
mum conditions for healing, all patients were required to undergo a conservative 
rehabilitation program similar to that for a meniscal allograft. The rehabilitation 
protocol was followed for 16–24 weeks, with the patient non-weight bearing for the 
fi rst 3 weeks. Partial weight bearing was permitted from Week 4 onwards, with a 
gradual increase in loading up to 100 % load at 9 weeks post-implantation. The 
progressive weight bearing is initiated in stages, increasing by 10 kg/week for 
patients weighing ≤60 kg and by 15 kg/week for patients weighing >60 to ≤90 kg. 
Full weight bearing with an unloader brace is allowed from Week 9 onwards, and 
without the use of the unloader brace from Week 14 onwards. Range of motion 
exercises are gradually initiated but limited to 90° of fl exion the fi rst 6 weeks. 
Gradual resumption of sports was generally commenced as of 6 months at the dis-
cretion of the responsible orthopaedic surgeon; however, contact sports were to 
recommence only after 9 months.  

15.2.5     Conclusion 

 Meniscus scaffolds are a safe and viable option for the treatment of painful partial 
meniscus defects. Current literature has provided short-term 2 year evidence for a 
continued signifi cant improvement in pain and function [ 4 ]. In addition, a recent 
histological study provides insights into the regeneration of an immature meniscus- 
like tissue at 1 year after implantation [ 5 ].   

15.3     Meniscus Allografts for the Treatment of  Large  
Meniscus Defects 

15.3.1     Introduction 

 In this update we will discuss our experience with arthroscopic meniscus allograft 
transplantation using a soft tissue fi xation technique. While scaffolds are mainly 
used to substitute for partial loss, meniscus allografts are generally used in total or 
subtotal meniscectomized patients. Meniscal allograft transplantation can be con-
sidered as safe and reliable for the treatment of refractory postmeniscectomy symp-
toms in selected patients [ 5 ]. Due to the specifi c biomechanical characteristics of 
the lateral compartment, most patients develop early postoperative pain in the lat-
eral compartment after a large meniscectomy and hence the majority of allograft 
transplants will be performed in the lateral compartment [ 6 ,  7 ].  

P.C.M. Verdonk et al.



259

15.3.2     Indications 

 A meniscal allograft transplantation is indicated in the young or middle-aged (<50 
years) patient, who has undergone a previous  total  meniscectomy. The patient 
should complain of moderate to severe pain due to excessive joint loading second-
ary to meniscal defi ciency. Professional incapacity is commonly present. Joint space 
narrowing should be limited to grade 0 (no narrowing) or 1 (<50 % narrowing) as 
measured on plain postero-anterior weight bearing radiographs according to the 
International Knee Documentation Committee system. At this point, we do not rec-
ommend prophylactic viable meniscus allograft transplantation in the meniscecto-
mized but asymptomatic patient. Ideally, degenerative cartilage changes should be 
limited (grade III is considered borderline) and/or focal. If necessary, focal cartilage 
defects can be treated concomitantly. Because of the usually mild degenerative car-
tilage disease, the relative young age of the patients and their desire to lead an active 
lifestyle, these patients are not candidates for a unicompartimental or total knee 
arthroplasty. The lower limb axial alignment should be normal and the knee joint 
should be stable. Otherwise, an associated corrective osteotomy or stabilization pro-
cedure is indicated.  

15.3.3     Contraindications 

 Meniscus allograft transplantation is contraindicated in:

   Generalized/Grade IV degenerative compartmental cartilage changes  
  Marked radiographic changes such as femoral condyle fl attening and osteophyte 

formation  
  Axial malalignment exceeding 2°  
  Ligamentous instability  
  Infl ammatory joint disease  
  A history of infection in the knee     

15.3.4     Surgical Technique 

15.3.4.1     Allograft Preparation 

 Non-resorbable high-strength (Fibre wire, Arthrex, Naples, USA) sutures are placed 
in the anterior and posterior horn of the allograft. Generally, three whipstitches are 
placed on the inner and outer rim of the horn of the allograft (Fig.  15.3 ). An addi-
tional vertical non-resorbable suture (Ethibond 2, Somerville, NJ, USA) is placed at 
the posteromedial or posterolateral corner of the medial or lateral allograft, 
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respectively. For the lateral allograft, the posterolateral suture is positioned just 
anteriorly to the popliteus tendon hiatus as this will serve as a landmark during 
arthroscopy.

15.3.4.2        Meniscus Allograft Transplantation 

 The classic anteromedial and anterolateral portals are made. Using shaver and 
punch the remnant meniscus is debrided to the level of the meniscal rim. 

 A modifi ed ACL aiming device, with a low profi le tip, is inserted through the 
portal and positioned at the anatomical posterior horn of the meniscus (Fig.  15.4 ). 
A guide pin is drilled fi rst and subsequently overdrilled by a 4.5 mm cannulated 
drill. A double loop metal wire is introduced through the tunnel from outside-in and 
picked up intra-articularly with an arthroscopical grasper and pulled out through the 
portal. Subsequently, a suture passer (Acupass, Smith and Nephew, Memphis, 
Tennessee, USA) is introduced twice from outside-in in the posteromedial or pos-
terolateral corner: one just below and the second above the native meniscal rim. The 
looped wires are picked up and pulled out again through the portal. Next, the poste-
rior horn pull suture and the posteromedial/lateral pull suture are pulled through 
using the double looped metal wire and the double looped suture pass wire. The 
prepared allograft is subsequently introduced into the compartment throughout an 
enlarged portal by pulling progressively on the pull suture and the posterior horn 
pull suture. Care should be taken that the graft does not fl ip upon introduction and 
that pull wires do not intertwine. Risk for intertwining wires is greatly reduced by 
using a double loop metal wire for the posterior horn.

  Fig. 15.3    Prepared lateral 
meniscal allograft for 
arthroscopic meniscal 
transplantation. Whipstiches 
on inner an outer rim of 
anterior and posterior horn. A 
vertical non-resorbable suture 
is placed on the posterolateral 
corner in front of the 
popliteus hiatus       
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   The posterior horn is now positioned correctly. Its position can be slightly modi-
fi ed more towards the posteromedial/lateral corner or more towards the posterior 
horn by pulling more on the posteromedial/lateral or posterior horn traction wire. 
One or two all-inside meniscal fi xation devices (Fastfi x, Smith and Nephew, 
Memphis, Tennessee, USA) are used to fi x the allograft to the meniscal rim. Fixation 
should be started in the posteromedial/lateral corner. Subsequently inside out hori-
zontal Ethibond 2/0 sutures are used for fi xing the body of the allograft. The anterior 
horn is fi xed using outside in PDS or Ethibond 2/0 sutures. 

 Prior to making the sutures knots, the anterior horn is introduced into the knee 
joint and the anatomical insertion site is identifi ed and prepared is a same manner as 
for the posterior tunnel. If necessary, its position can be slightly adapted to the graft 
position. Similar to the procedure of the posterior horn, the anterior tunnel is pre-
pared and the traction suture is pulled through. 

 First, the meniscal inside out sutures are knotted. Subsequently, the anterior and 
posterior horn traction sutures are knotted to each other over a bone bridge on the 
anteromedial side of the tibia. This procedure reduces the possibly stretched capsule 
and native meniscal rim tied to the meniscal allograft, by pulling on the anterior and 
posterior horn by a transosseus suture fi xation.   

15.3.5     Rehabilitation 

 Rehabilitation is initially focused on providing mobility to the joint without endangering 
ingrowth and healing of the graft. Therefore, 3 weeks of non-weight-bearing are 
 prescribed followed by 3 weeks of partial weight bearing (50 % of body weight). 
Progression to full weight bearing is allowed from week 6 on to week 10 postopera-
tively. The use of a knee unloader knee brace is advised for a period of 3–6 months. For 
the same reasons, range of motion is limited during the fi rst 2 weeks from 0 to 30, to 

  Fig. 15.4    Diagram 
illustrating the meniscus 
allograft with two transosseus 
fi xation in combination with 
all-inside and inside-out 
sutures. The posteromedial 
holding suture is also 
illustrated       
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increase by 30° each 2 weeks. Isometric muscle tonifi cation and co- contraction  exercises 
are prescribed from day 1 post-surgery on. Straight leg raise however, is prohibited dur-
ing the fi rst 3 weeks. Proprioception training is started after week 3. Swimming is 
allowed after week 6, biking after week 12 and running is progressively promoted start-
ing at week 20.   

15.4     Results 

 All mid- and long-term studies have shown that medial and lateral meniscal allograft 
transplantation signifi cantly reduces pain and improves function of the involved 
knee joint [ 5 ,  8 ]. Previous studies have shown that risk factors for failure and 
reduced survival time are lower limb malalignment, ACL defi ciency and grade IV 
cartilage lesions. Moreover, the additional benefi cial effect of a corrective osteot-
omy in case of a varus malalignment, and the importance of a stable knee joint have 
been clearly demonstrated. The exact position of an associated corrective osteotomy 
in the valgus knee needs further refi nement. More recent studies have not confi rmed 
a signifi cant correlation between the initial cartilage status and clinical failure, chal-
lenging the contraindications for osteoarthritis severity. 

15.4.1     Conclusion 

 Since the fi rst human meniscal transplantation in 1984, thousands of patients have 
received allografts with more than one thousand documented cases in the literature. 
Ligamentous instability, axial malalignment and/or cartilage lesions should be 
 concomitantly addressed. The consistently high clinical success rates and the 
acceptable incidence of nonmajor complications make meniscal allograft transplan-
tation a reliable solution for postmeniscectomy symptoms in selected patients. It 
enables them to resume high levels of activity/productivity and works, at least, as a 
long- term “bridging” procedure before arthroplasty. Meniscal allograft transplanta-
tion is safe, reliable and should no longer be considered experimental.   

15.5     Prosthetic Polycarbonate-Urethane Meniscus Implant 
for the Treatment of  Medial Meniscus Defi ciency  

15.5.1     Introduction 

 While, in recent years meniscal scaffolds have emerged as a treatment option for 
younger patients, less than 45 years of age, the effi cacy of such treatment options 
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may decline with age and with the progression of symptoms of osteoarthritis. At a 
later age, e.g. >65, clinicians often choose to practice more invasive treatment 
arthroplasty options to treat joint pain by performing unicompartmental or total 
joint replacement. Based on the above, there is a clear treatment gap creating a need 
to accommodate middle-aged patients with a non-biological treatment option which 
can delay more aggressive arthroplasty treatments by relieving pain associated with 
meniscal dysfunction and the associated joint overload. 

 A prosthetic medial meniscal implant is proposed as a bridge treatment for 
middle- aged patients suffering from joint pain associated with a dysfunctional 
meniscus. The concept of a meniscal implant with a reliable biomechanical perfor-
mance which does not rely on regeneration has thus far not been offered in the clini-
cal practice. Clinical indications for the use of such implant must be determined.  

15.5.2     Methods and Materials 

 A composite, non-fi xed, self-centering, discoid-shaped meniscus implant composed of 
polycarbonate-urethane, reinforced circumferentially with UHMWPE fi bers was pro-
duced (NUsurface, Active Implants Corp, Memphis, TN). The concept of a non- anchored 
device was considered since it allows a simple implantation, through a mini-arthrotomy 
and without damaging the bone, cartilage or ligaments, thus leaving all successive treat-
ment options open. The implants form was based on extensive MRI study that included 
the geometrical analysis of more than 100 knee scans, and differs from previous inter-
positional devices by its distinct curb which runs along the tibial spine and femoral notch 
to restrict excessive motion and dislocation. Biomechanical optimization of the material 
properties of the implant was based on  in - vitro  measurements of contact pressure under 
the implant in cadaver knees and computational fi nite element (FE) analyses [ 9 ]. The last 
pre-clinical stage was a sheep study in which an extensive quantitative cartilage evalua-
tion was conducted microscopically, post implantation [ 10 ]. The material properties of 
the device were tailored to provide it with an optimal pressure distribution ability, to 
reduce cartilage loads and thus, relieve pain. Being able to conform moderately under 
load, without risking its integrity is another important feature of this concept which dis-
tinguishes it from other inter-positional devices.  

15.5.3     Surgical Procedure 

 Briefl y, in a fi rst stage the remaining meniscus tissue is debrided to a stable meniscus 
rim. The continuity of the meniscus rim and horns is checked, the stability of the cruci-
ate ligaments is documented and the cartilage degeneration is evaluated. Subsequently, 
a mini-arthrotomy of approximately 5 cm is made over the medial compartment, the 
appropriately sized trial implant is introduced into the medial compartment and its 
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stability and lift-off of are evaluated clinically and using fl uoroscopy (Fig.  15.5 ). If cor-
rect sizing and biomechanical behavior is confi rmed, the fi nal implant is introduced.

15.5.4        Results 

 The  in - vitro  evaluation of the fi nal implant in cadaver knees showed that pressure 
distribution maps under the fi ber reinforced PCU were similar to those attained 
for the natural meniscus. Importantly, the contact area was predominantly in the 
outer third of the tibial plateau surface and was not concentrated in the central 
region. It was found that the synthetic meniscus performs equally well in distrib-
uting joint loads in a 5 % range around the ‘true’ size. Additional kinetic evalua-
tion in cadaver knees using fl uoroscopy, demonstrated good functionality in terms 
of maintaining contact with the cartilage and smoothness of motion due to the 
self-adjustment ability of the implant. A multicenter European trial is currently 
being conducted. Although the clinical results should still be considered very 
preliminary, a clear and signifi cant clinical improvement based on KOOS could 
be observed in all patients.  

15.5.5     Conclusions 

 The proposed implant concept is considered a feasible treatment option for 
patients suffering from medial pain associated with dysfunctional meniscus due to 
tear or previous meniscectomy in the middle-aged patient. It was found to reduce 

  Fig. 15.5    Prosthetic trial 
meniscus implant in 
extension       
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cartilage contact pressures to normal levels, without relying on tissue regenera-
tion. With its simple implantation, and joint sparing use, this implant has good 
potential to postpone more aggressive treatment options to a later age. Currently, 
the device is under clinical investigation for safety and effi cacy in a multicenter 
European study.   

15.6     General Conclusion 

 Meniscus scaffolds are indicated for partial meniscus defects (ideally less than 
5 cm) while meniscus allografts are indicated in larger defects. Prosthetic meniscus 
implants are a promising new tools for meniscus defi ciency but are currently still 
under investigation.     
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    Abstract     Osteochondral lesions of the talus present a formidable treatment challenge 
to the orthopaedic surgeon. Historical cartilage repair strategies often result in the 
formation of fi brocartilage leading to suboptimal clinical results. With advances in 
regenerative medicine, modern surgical techniques are diverse and employ autograft, 
allograft, and tissue-engineered constructs for cartilage repair. Fresh and particulated 
juvenile allograft transplantation have become popular options in the United States. 
Wordwide, both cellular and acellular tissue-engineered constructs are utilized. In all 
cases, there is still debate as to the optimal cell source and scaffold material and only 
short-term clinical results are available. This chapter will review these current as well 
as experimental techniques for cartilage repair of osteochondral lesions of the talus.  

  Keywords     Osteochondral lesions of the talus   •   Particulated juvenile allograft trans-
plantation   •   Fresh structural allograft transplantation   •   Tissue-engineered   • 
  Autologous chondrocyte implantation   •   Matrix-induced autologous chondrocyte 
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 Key Points 
•     The preferred nomenclature for any pathology of the talar articular carti-

lage and corresponding subchondral bone is osteochondral lesion of the 
talus (OLT).  

•   Many surgical techniques are available for the treatment of OLTs. These 
techniques involve cartilage repair, replacement, or regeneration. However, 
there is a lack of generally agreed-upon surgical guidelines and a paucity 
of comparative studies examining these techniques.  

•   Talar articular cartilage is distinctly different from other joint cartilage and 
therefore, results of cartilage repair, regeneration, and replacement from 
other joints cannot simply be inferred to OLTs.  

•   In our clinical experience, conservative management of symptomatic OLTs 
offers little success with regard to pain relief and functional improvement 
and surgical management is often performed.  

•   Cartilage debridement and marrow stimulation techniques (i.e. microfrac-
ture) are the most commonly employed surgical treatments because of 
their relatively simple techniques and low cost. The success rate for these 
procedures as a group ranges from 65 to 90 %.  

•   In general, microfracture should not be used in lesions with an average 
(longitudinal and transverse) diameter greater than 15 mm, an area greater 
than 150 mm 2 .  

•   Autologous chondrocyte implantation (ACI) is a popular treatment option 
for OLTs deemed inappropriate for microfracture or after failed microfrac-
ture. The literature is lacking to draw concrete conclusions about ACI, but 
it seems from the available studies that ACI can be successfully used on 
OLTs with cartilage lesions >15 mm average diameter and those with sub-
chondral cystic areas.  

•   More recently, the ACI technique has been modifi ed to allow chondrocytes 
to be delivered to a cartilage defect in a biodegradable scaffold. This tech-
nique is termed matrix induced autologous chondrocyte implantation 
(MACI) obviates the need for periosteal harvesting, thereby reducing the 
operative time and potential postoperative complications. Additionally, the 
matrix eliminates the potential of the cells from leaking under the perios-
teal fl ap, uneven distribution of the cells, or periosteal hypertrophy, all con-
cerns with the ACI technique.  

•   Osteochondral autografts are a promising single-stage procedure for deliv-
ering hyaline cartilage to the OLT. However, there are concerns about 
donor site morbidity.  

•   Osteochondral allografts negate the concerns of donor site morbidity but 
the quality of the cartilage and potential disease transmission remain 
 concerns of these techniques.  

•   Increasing attention is being paid to tissue engineering and biologic tech-
niques for cartilage regeneration.    
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16.1     Introduction 

 The term osteochondral lesion of the talus (OLT) refers to any pathology of the talar 
articular cartilage and corresponding subchondral bone. A variety of names have 
been given to these lesions, including osteochondritis dissecans, osteochondral frac-
ture, transchondral fracture, and osteochondral defect, but currently, OLT is the pre-
ferred nomenclature. Alternatively, osteochondral lesion (OCL) of the talus is used. 
Regardless of name, these lesions present a challenging problem for orthopaedic 
surgeons secondary to the poor intrinsic reparative capacity of cartilage. Historically, 
debridement and an attempt to stimulate cartilage repair (marrow stimulation) was 
the mainstay of treatment. With advances in regenerative medicine, modern surgical 
techniques are diverse; employing autograft, allograft, and alternate cell sources for 
cartilage repair. However, despite the myriad treatment options, there is a lack of 
generally agreed-upon surgical guidelines and a paucity of comparative studies 
examining these techniques. The purpose of this chapter is to introduce the reader 
to the various techniques for cartilage repair, replacement, or regeneration for OLTs 
(Table  16.1 ).

16.2        Etiology, Presentation, and Classifi cation 

 A plethora of information concerning etiology and classifi cation of OLTs has been 
presented in multiple formats. This body of knowledge is so vast and is beyond the 
intent of this chapter. A brief introduction will be included. 

 Kappis [ 1 ] initially described this pathology as osteochondritis dissecans, sug-
gesting spontaneous necrosis of bone as the primary etiology. However, contempo-
rary data supports trauma as the cause of most OLTs, with repetitive micro-trauma, 
avascular necrosis, and congenital factors as the remaining etiologies [ 2 ]. In a review 
of 582 patients with OLTs, ankle trauma was reported by 76 % of patients [ 3 ]. 

 In a cadaveric study, Berndt and Harty [ 4 ] proposed the mechanisms by which 
traumatic OLTs occur. Axial loading of the ankle with the foot inverted and dorsi-
fl exed produced lateral talar dome lesions. Conversely, axial loading of the ankle 
with the foot inverted and plantarfl exed, with external tibial rotation, produced 

   Table 16.1    Classifi cation of OLT cartilage treatment strategies   

 Repair  Replacement  Regeneration 

 Marrow stimulation 
(microfracture) 

 Osteochondral autograft transfer 
(OAT) 

 Autologous chondrocyte implanta-
tion (ACI) 

 Retrograde drilling  Osteochondral allografting  Matrix induced chondrocyte 
implantation (MACI) 

 Particulated juvenile cartilage 
allograft transplantation 

 Bone marrow derived cell 
transplantation 

 Metallic resurfacing 
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medial talar dome lesions. These biomechanical mechanisms can occur with both 
ankle fracture and ankle sprain. Alexander and Lichtman [ 5 ] observed that associ-
ated ankle fractures occur with 28 % of OLTs. Van Bueken et al. [ 6 ] reported that 
OLTs occur in 6.5 % of ankle sprains. However, Takao et al. reported OLTs in 38 % 
of patients with residual ankle disability after ankle sprain [ 7 ]. Tibial lesions are 
rarely seen with traumatic OLTs. This might be secondary to signifi cantly increased 
stiffness seen in tibial cartilage [ 8 ]. 

 Tol et al. [ 3 ] reported that 56 % of OLTs were located medially, and 44 % were 
located laterally. Of the medial lesions, trauma was implicated in only 62 %, whereas 
trauma was implicated in 94 % of the laterally located lesions. Elias et al. [ 9 ] 
reported similar results regarding location, in an MRI examination of 424 OLTs. 
The talar dome was divided into nine equal size zones. Sixty-two percent of lesions 
were located medially, whereas 34 % were located laterally. In the sagittal plane, 
80 % of lesions were located centrally. The medial-central zone was the most com-
mon location for lesions (53 %). The authors also reported that medial lesions were 
signifi cantly larger and deeper. 

 An OLT should be suspected in anyone presenting after acute traumatic injury to 
the ankle, chronic ankle sprains, or chronic instability. Patients may complain of 
pain, stiffness, catching, and swelling of the ankle [ 10 ]. However, none of these 
complaints are specifi c to OLTs. 

 Often in the acute setting, a detailed examination is limited secondary to pain and 
swelling. The ankle and foot should be palpated for areas of tenderness. Ankle 
range-of-motion (ROM) should be recorded and compared to the contralateral 
extremity. Ankle stability, including the anterior drawer and talar-tilt tests should be 
performed and compared to the contralateral extremity. 

 The differential diagnosis of OLTs is wide and includes: occult fracture of the 
foot or ankle, tarsal coalition, syndesmosis injury, synovitis, degenerative arthrosis, 
peroneal tendonitis, soft-tissue or bony impingement, ankle instability, or subtalar 
arthritis. 

 The radiographic classifi cation most widely used today was introduced in 1959 
by Berndt and Harty (Table  16.2 ) [ 4 ]. However, this classifi cation system has been 
criticized as having poor correlation with arthroscopic fi ndings. Pritsch et al. [ 11 ] 
arthroscopically examined 24 OLTs at an average follow-up of 30 months. Fifty 
percent of lesions classifi ed as stage IV (displaced) according to the Berndt and 
Hardy [ 4 ] system were found to be intact under arthroscopic visualization. They 
concluded that there was lack of correlation between radiographic appearance and 

   Table 16.2    Berndt and Hardy classifi cation of OLTs [ 4 ]   

 Stage  Radiographic fi ndings 

 I  Focal subchondral bone compression 
 II  Focal subchondral bone compression with partial detachment (partially noncontiguous 

but not displaced) 
 III  Focal subchondral bone compression with complete detachment (completely noncontigu-

ous but not displaced) 
 IV  Focal subchondral bone compression with complete detachment and displaced 
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the fi ndings at arthroscopy. These authors devised an arthroscopic grading scheme: 
grade I, intact, fi rm, shiny cartilage; grade II, intact but soft cartilage; grade III, 
frayed cartilage. Ferkel et al. [ 12 ] expanded on this classifi cation system. However, 
it is easy to conceive that a purely radiographic classifi cation system does not prop-
erly address the damage to the cartilage, and an arthroscopic classifi cation system 
does not properly address the damage to the subchondral bone. Therefore, with the 
advent of newer imaging modalities, several authors have proposed CT or MRI clas-
sifi cation schemes. However, these systems are not much different from the original 
Berndt and Hardy system [ 12 – 14 ]. MRI has been demonstrated to be 81–92 % 
accurate in staging OLTs [ 15 – 17 ]. Currently, it is unclear as to if any classifi cation 
system can be used as a guide for treatment. However, what can be used to guide 
treatment are the characteristics of the OLT, including intact versus disrupted articu-
lar surface, displaced versus non-displaced, and cystic versus non-cystic [ 10 ].

16.3        Talar Cartilage 

 Talar articular cartilage is distinctly different from other joint cartilage and there-
fore, results of cartilage repair, regeneration, and replacement from other joints can-
not simply be transposed to OLTs. Talar cartilage is thinner than knee and hip 
cartilage. The mean thickness of talar cartilage is 0.89 mm, whereas the mean thick-
ness of femur, patella, and tibial plateau cartilage thickness is 2.0, 3.33, and 
2.92 mm, respectively [ 18 ,  19 ]. Compared to knee cartilage, ankle cartilage has a 
higher content of proteoglycans, as well as an increased rate of proteoglycan and 
collagen turnover and synthesis, contributing to increased compressive stiffness and 
reduced permeability [ 20 – 22 ]. Additionally, ankle cartilage is less responsive to 
catabolic stimulation and more responsive to anabolic stimulation than knee carti-
lage [ 23 ]. These differences are likely adaptations of ankle cartilage to withstand the 
increased force per unit area compared to knee and hip cartilage [ 24 ]. In fact, 
Kempson [ 25 ] demonstrated that femoral articular cartilage resistance to fi ssuring 
decreases 67 % with age (from 7 to 90 years) compared to only 20 % for talar articu-
lar cartilage. Additionally, the tensile stiffness of femoral articular cartilage 
decreases 45 % but only 20 % in the talus.  

16.4     Nonoperative Treatment 

 The initial treatment for a newly diagnosed OLT should be based on the patient’s 
age, symptoms, chronicity, and stage of the lesion. Incidentally found asymptomatic 
lesions do not need treatment but should be followed with serial radiographs. For 
symptomatic non-displaced lesions, some authors recommend a trial of conserva-
tive management for a period of 3–6 months [ 26 – 28 ]. Nonoperative modalities 
include protected weightbearing, physical therapy, and NSAIDS. Protected 
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weightbearing can range from cast immobilization and nonweightbearing status to 
weightbearing as tolerated in a walking boot. 

 One study attempted to treat OLTs with intra-articular injection of platelet-rich 
plasma (PRP) or hyaluronic acid (HA) [ 29 ]. Fifteen ankles received three weekly 
injections of HA and another 15 ankles received a total of three PRP injections (ini-
tial, 2 and 4 weeks later). Patients were assessed using a modifi ed ankle-hindfoot 
scale and a visual analog scale for pain. After a short follow-up of 28 weeks, both 
groups demonstrated signifi cant improvement in the ankle-hindfoot questionnaire 
and pain scores. However, the magnitude of improvement was signifi cantly greater 
in the PRP group. This study demonstrated the potential positive benefi t of PRP 
injections but more literature is needed before widespread usage is agreed upon. 

 Based on the available literature, no specifi c recommendations can be given 
regarding weightbearing status, type of immobilization, or length of therapy. The 
long-term outcome of conservatively treated OLTs is not well understood. Bauer 
et al. [ 26 ] performed a retrospective study of 30 patients with radiographically diag-
nosed OLTs. At a mean follow-up of 21 years, the OLTs demonstrated only minimal 
change in size and only two ankles were found to have radiographic signs of osteo-
arthritis. However, in our clinical experience, conservative management of symp-
tomatic OLTs offers little success with regard to pain relief and surgical management 
is often performed.  

16.5     Operative Treatment 

 Chronic lesions, lesions that remain symptomatic despite 3–6 months of non- 
operative treatment, or displaced OLTs of any chronicity should be considered for 
operative treatment. Many operative therapies have been described for OLTs. In 
order to choose the most appropriate treatment option, several characteristics of the 
OLT are important for operative planning, including location, size, and quality of 
the subchondral bone. These characteristics can be elucidated through a series of 
imaging studies. 

16.5.1     Preoperative Assessment 

 Every patient should have weightbearing anteroposterior (AP), lateral, and mortise 
radiographic views of the ankle joint. A debate exists as to the choice of MRI or CT 
following negative plain radiographs in a patient with a suspected OLT. Verhagen 
et al. [ 30 ] reported no signifi cant difference in the sensitivity or specifi city of MRI, 
CT, or arthroscopy in the diagnosis of OLTs. On the contrary, Anderson et al. [ 13 ], 
in a series of 14 OLTs that were not evident on plain radiographs, reported that CT 
scanning only identifi ed 4 of these lesions, whereas MRI identifi ed all 14. 
Additionally, an MRI may identify other bony or soft-tissue pathology involved in 

S.B. Adams et al.



275

a painful ankle, and therefore should be obtained in a patient with persistent ankle 
pain when an OLT is suspected but the plain radiographs are negative. 

 In a known OLT, MRI is better at visualizing the articular surface, whereas CT is 
better at assessing the subchondral bone (Fig.  16.1 ). Stroud and Marks [ 31 ] pro-
posed the following algorithm regarding OLTs diagnosed on plain radiographs. If 
the OLT is nondisplaced, an MRI is recommended to evaluate the integrity of the 
articular cartilage and assess the true stability of the lesion. If the lesion appears 
displaced on plain radiographs, a CT scan is preferred to accurately assess the lesion 
size and location. Additionally, in some cases where an OLT is diagnosed via MRI, 
a CT scan can be benefi cial for determining the treatment modality, as estimation of 
the size and stage of the lesion can be obscured by bone-marrow edema on MRI 
[ 15 ]. We routinely obtain both an MRI and a CT scan to aid in treatment decision 
making.

   Recently, the combined imaging modality of single-photon emission computed 
tomography-computed tomography (SPECT-CT) has been used for the diagnosis of 
OLTs and the subsequent treatment decision making [ 32 ,  33 ]. The SPECT-CT 
allows localization of scintigraphic osteoblastic activity around the OLT in 
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  Fig. 16.1    Anteroposterior plain radiograph ( a ), coronal CT scan ( b ), and coronal MRI ( c ) images 
of a medial OLT depicting the different characteristics of the lesion that can be obtained from the 
different imaging modalities       
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combination with the anatomic resolution of a CT scan, providing both morpho-
logic and biologic information about the OLT. However, with SPECT-CT, the carti-
lage cannot be directly interpreted and an MRI is warranted.  

16.5.2     Cartilage Debridement and Marrow Stimulation 
Techniques 

 These arthroscopically assisted techniques include debridement (chondroplasty) with 
microfracture, abrasion arthroplasty, and antegrade drilling. These techniques are 
typically used as the initial operative management after failed conservative treatment 
and are intended to penetrate the subchondral bone, providing a pathway for bone 
marrow precursor cells and cytokines to populate the lesion (Fig.  16.2 ). The cartilage 
formed after marrow stimulation techniques is not hyaline cartilage. Typically, fi bro-
cartilage is formed which consists of both type I and type II collagen, whereas true 
hyaline cartilage is composed of mostly type II collagen. Although undoubtedly better 
than exposed subchondral bone, fi brocartilage has been shown to be biomechanically 
weaker than hyaline cartilage after microfracture in the knee [ 34 ].

   Success rates for marrow stimulation techniques range from 65 to 90 % [ 3 ,   35 – 38 ]. 
Because these techniques are relatively simple and inexpensive, historically, they 
have been used on a variety of OLTs with different characteristics. However, newer 
literature is starting to defi ne the most appropriate lesion type for marrow stimula-
tion. One study noted that younger patients with traumatic lesions and a shorter inter-
val between injury and drilling had improved results, while patients with subchondral 
cysts had poorer outcomes [ 39 ].On the contrary, Choi et al. [ 40 ] demonstrated that 
age was not a signifi cant predictor of postoperative outcome, but size and the number 
of associated intra-articular lesions were predictors of a poor outcome. Becher and 
Thermann [ 41 ] reported on the outcome of microfracture and found no correlation 
with patient age, grade or location of the defect, only degenerative post-traumatic 
lesions with arthrosis had less satisfactory results. Kelberine and Frank [ 35 ] reported 
a more favorable outcome for lesions that were treated acutely than for those that had 
become chronic, 85 and 67 %, respectively. 

 OLT size is an important characteristic in treatment decision making. 
Chuckpaiwong et al. [ 42 ], reported on a series of 105 osteochondral lesions of the 
ankle (tibial and talar) treated with ankle arthroscopy, debridement, and microfrac-
ture. They found that lesion size was the overwhelming variable infl uencing suc-
cess. There were no treatment failures in lesions with an average (longitudinal and 
transverse) diameter less than 15 mm. However, only one (3 %) patient had a suc-
cessful outcome with a lesion ≥15 mm. Similar work by Choi et al. [ 43 ], reports a 
cut-off cartilage defect area of 150 mm 2 , based on MRI imaging, for successful 
clinical outcome. 

 Marrow stimulation techniques have been employed in OLTs where the under-
lying bone has been replaced with cysts. Kumai et al. [ 39 ] suggested that poor 
results are to be expected in the management of OLTs associated with subchondral 
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cysts, irrespective of treatment method. Robinson et al. [ 36 ] reported a 53 % poor 
outcome in debridement/curettage and drilling of OLTs with subchondral cysts. 
However, Han et al. [ 44 ] performed arthroscopic microfracture or abrasion arthro-
plasty on 20 OLTs with subchondral cysts, and 18 OLTs without cysts. At a mini-
mum follow-up of 2 years, there were no differences in AOFAS scores between the 
two groups. At fi nal post-operative assessment, the cystic area signifi cantly 
decreased. All of the cystic lesions in this study, as measured by AP radiographs, 
were less than 1.5 cm 2 . Saxena and Eakin [ 45 ] found that the time to return to activ-
ity was longer for cystic lesions treated with bone grafting than it was for non-
cystic lesions treated with microfracture (19 versus 15 weeks), but that functional 
scores were not different. 

 Gobbi et al. [ 46 ] performed a prospective randomized trial of chondroplasty 
alone, microfracture, or osteochondral autograft for the treatment of OLTs in 31 
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  Fig. 16.2    ( a ) An arthroscopic image of a lateral OLT. ( b ) The same lesion has now been debrided. 
( c ) Marrow stimulation was performed. ( d ) Marrow elements are seen egressing from marrow 
stimulation holes       
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patients. At a minimum of 2-year follow-up, there was essentially no difference in 
outcome scores among the three treatment groups. 

 The authors routinely perform debridement and marrow stimulation as the initial 
surgical treatment for lesions less than 15 mm in diameter without cystic changes. 

 Second-look arthroscopy fi ndings following marrow stimulation have rarely 
been reported. One study reported on 20 ankles that underwent second-look arthros-
copy at 12 months after microfracture. The cartilage was graded according to the 
Ferkel and Cheng [ 47 ] staging system and the International Cartilage Repair Society 
(ICRS) Score [ 48 ].According to the Ferkel and Cheng staging, 35 % of the lesions 
demonstrated incomplete healing. With regard to the ICRS grades, 60 % of the 
lesions were grade I or II (normal or near normal) and 40 % were grade III 
(abnormal). 

 Although rare, complications with these techniques have been reported and 
include: superfi cial and deep infection, deep vein thrombosis, stiffness requiring 
manipulation, plantar fasciitis, complex regional pain syndrome, and saphenous and 
superfi cial peroneal nerve injury secondary to arthroscopic portal placement [ 10 ]. 

 Repeat debridement and marrow stimulation after failed initial surgery may pro-
vide some benefi t. Olgilvie-Harris and Sarrosa [ 49 ] reported on eight patients who 
underwent arthroscopic debridement to bleeding bone after previous open debride-
ment. At a mean of 38 months follow-up, signifi cant improvement of pain was 
maintained. The authors concluded that the failure of the initial open procedures 
was due to lack of debridement to bleeding bone. Likewise, Savva et al. reported 
improvement in AOFAS ankle-hindfoot scores, at a mean of 5.9 years of follow-up, 
in 12 patients who underwent repeat debridement. Mitchell et al. [ 50 ] perform 
repeat debridement in athletes desiring an early return to sport and in lesions of 
<1 cm 2 . 

 Typically, we do not perform repeat debridement and marrow stimulation on our 
own patients. If the patient was initially treated at an outside facility and the extent 
of debridement is unknown, we do entertain the idea of a repeat debridement and 
microfracture. 

16.5.2.1     Postoperative Supplementation of Marrow Stimulation 

 Recently, Doral et al. [ 51 ]. reported on postoperative injection of hyaluronan after 
microfracture. Fifty-seven patients with 57 OLTs were prospectively randomized to 
receive microfracture only (16 patients) or microfracture plus three weekly injec-
tions of 12.5 mg/1.25 ml hyaluronan (41 patients). The injections started in the third 
postoperative week. All patients were available for 2 year follow-up. Both groups 
demonstrated signifi cant improvement in the Frieburg scoring system and AOFAS 
ankle-hindfoot questionnaire. However, in both of these scoring systems, the mag-
nitude of improvement was signifi cantly greater in the microfracture plus hyaluro-
nan injection group. The primary author routinely performs bone marrow aspirate 
concentrate injection into the ankle joint after microfracture. Although no human 
OLT data is available to support this practice, Fortier et al. [ 52 ] demonstrated 
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superior results with the application of bone marrow aspirate concentrate after 
microfracture to microfracture alone in an equine model of full-thickness cartilage 
defects of the knee.   

16.5.3     Retrograde Drilling 

 In unique cases of OLTs where the overlying cartilage is intact, but the subchondral 
bone is cystic, retrograde drilling without microfracture can be performed with 
excellent clinical outcomes [ 39 ,  53 ,  54 ]. This is a rare instance and in fact, there is 
debate as to whether this situation is truly an OLT. However, when preoperative 
MRI reveals that the articular surface over the OLT is intact and stable, retrograde 
drilling and potentially bone grafting can be entertained. We routinely perform 
diagnostic arthroscopy to confi rm the integrity of the cartilage as well as to ensure 
that healthy cartilage is not penetrated during retrograde drilling. Kono et al. [ 54 ] 
reported on 11 patients whom underwent retrograde drilling for symptomatic OLTs. 
Second-look arthroscopy, performed at 1 year after surgery, demonstrated that none 
of the lesions deteriorated. Additionally, the AOFAS ankle-hindfoot score was sig-
nifi cantly improved in this patient population at 2 year follow-up. Autologous bone 
graft, bone marrow aspirate concentrate, or bone graft substitutes can be used to fi ll 
large areas of avascular necrosis.  

16.5.4     Autologous Chondrocyte Implantation 

 Autologous chondrocyte implantation (ACI) is a staged technique, typically per-
formed after failed conservative treatment or microfracture [ 55 ].The defect should 
be focal and be well contained by a peripheral rim of intact cartilage. In the fi rst 
stage, hyaline cartilage is harvested from an appropriate donor site, such as the 
anterior talus [ 56 ] or interchondylar notch or other nonweightbearing portion of the 
ipsilateral knee [ 55 ]. The harvest typically yields 200–300 mg of cartilage. The cells 
are cultured for a variable amount of time (3–8 weeks) to increase the number of 
chondrocytes, but can be stored for >1 year [ 50 ]. The cells are delivered to the OLT 
in a second stage procedure. Typically, the fi lled defect is covered with a periosteal 
patch, from the tibia, that is sewn into place, or alternatively, the chondrocytes are 
carried in a matrix [ 57 ], obviating the need to apply a periosteal patch. The latter 
procedure is termed matrix-induced chondrocyte implantation (MACI). 

 Like marrow stimulation techniques, ACI has generally had favorable results. 
Nam et al. [ 55 ] reported on 11 patients with OLTs. All had failed previous surgery 
including debridement, drilling, pinning, or abrasion arthroplasty. The mean size of 
the OLTs was 273 mm 2 (range, 80–500 mm 2 ). Six patients had extensive subchon-
dral cysts that were debrided and bone-grafted at the time of implantation. At a 
mean follow-up of 38 months, there was signifi cant improvement in the AOFAS 
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ankle-hindfoot score and the Tegner activity score. Nine (82 %) patients reported 
good or excellent results, and would have the surgery again. There was no correla-
tion with the size of the OLT, or presence of a cyst and outcome. However, these 
authors mention that ACI should not be performed on OLTs with a cartilage defect 
of >4 cm 2 . Similarly, Baums et al. [ 58 ] reported on 12 OLTs with a mean size of 
2.3 cm 2  (range, 1.0–6.25 mm 2 ). At a mean follow-up of 63 months, there was sig-
nifi cant improvement in the AOFAS ankle-hindfoot score. These authors did not 
mention the number of patients, who failed previous attempts at microfracture or 
drilling, but these patients were included in the study. 

 Whittaker et al. [ 59 ] reported their results in 10 patients with 4-year follow-up. 
The lesions had a mean area of 1.95 cm 2 . Eight of 10 patients had failed some type 
of prior arthroscopic debridement. Cartilage was harvested from the ipsilateral 
knee. Ninety percent of the patients were “pleased” or “extremely pleased” with the 
outcome. Nine patients underwent second-look arthroscopy at a mean of 13 months. 
All lesions were macroscopically fi lled. Biopsies were performed in fi ve patients, 
with two biopsies containing hyaline cartilage and three biopsies containing fi bro-
cartilage. The Lysholm knee score normalized in three patients and remained 
reduced by 15 % in seven patients. 

 Zenerink et al. [ 60 ] reported on 11 patients who underwent ACI for a mean 
lesion size of 13.1 mm by 20.7 mm. All patients had failed prior surgery. The mean 
follow-up period was 38 months (range, 24–60 months). Ten patients reported 
improvement. Outcomes were good to excellent in 9/11 patients. The AOFAS 
ankle-hindfoot score improved from 47.4 preoperatively to 84.3 postoperatively. 
Second-look arthroscopy was performed in 10 patients at a mean of 14.2 months 
after surgery. Complete defect coverage was seen in all 10 patients but the cartilage 
at the repair site was noted to be softer than the surrounding native articular carti-
lage. The authors subjectively observed a correlation between increased fi rmness of 
the graft and time from implantation. Periosteal overgrowth was noted in two 
patients. 

 Lee et al. [ 61 ] evaluated the factors infl uencing the results of ACI. They per-
formed second-look arthroscopy on 38 patients who received ACI 1 year earlier. 
A modifi cation to a magnetic resonance scoring system (MOCART) was used to 
assess the cartilage through arthroscopy. The authors examined the relationship of 
age, sex, location, depth, size, preoperative AOFAS score, and additional proce-
dures to outcome. The authors found that lesion size and patient age signifi cantly 
affected the quality of cartilage repair. The authors chose to classify the lesion size 
based on whether it was greater or less than 137.6 mm 2  which was the average size 
of the lesions in this patient population. Interestingly, patients with lesions greater 
than 137.6 mm 2  had signifi cantly better modifi ed MOCART scores. Patients with 
age less than 26 years old also had signifi cantly better modifi ed MOCART scores. 

 The use of the detached cartilage fragment of OLTs as a cell source for ACI has 
been investigated. Giannini et al. [ 62 ] harvested the detached cartilage fragments 
from 20 patients with chronic traumatic OLTs. The authors found a 99.9 % chon-
drocyte viability rate. Immunohistochemistry analysis revealed a positive signal for 
type-II collagen and no signal for type-I collagen in the chondral fragments. Sixteen 
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of the patients received expanded cells from their detached fragment during the ACI 
procedure. These patients experienced signifi cant improvement in the AOFAS 
ankle-hindfoot score at a minimum of 12 months. The magnitude of improvement 
in this group was not statistically different from a group of patients receiving ACI 
with chondrocytes from the ipsilateral knee. However, Candrian et al. [ 63 ] demon-
strated that chondrocytes from OLTs have inferior cartilage-forming capacity when 
compared to normal ankle cartilage. Specifi cally, the chondrocytes from OLTs dem-
onstrated signifi cantly lower amounts of DNA, glycosaminoglycan (GAG), and col-
lagen type II. Additionally, they were found to have a statistically greater amount of 
collagen type I. 

 The literature is lacking to draw concrete conclusions about ACI, but it seems 
from the available studies that ACI can be successfully used on OLTs with cartilage 
lesions >15 mm average diameter and those with subchondral cystic areas. In fact, 
van Bergen et al. [ 64 ] prefer the lesion to be greater than 15 mm in diameter for 
ACI.  

16.5.5     Matrix Induced Chondrocyte Implantation 

 More recently, the ACI technique has been modifi ed to allow chondrocytes to be 
delivered to a cartilage defect in a biodegradable scaffold. This technique is termed 
matrix induced autologous chondrocyte implantation (MACI) or less often, matrix- 
associated autologous chondrocyte transplantation (MACT) and is considered a 
second generation of ACI. The use of a matrix obviates the need for periosteal har-
vesting, thereby reducing the operative time and potential postoperative complica-
tions. Additionally, the matrix eliminates the potential of the cells from leaking 
under the periosteal fl ap, uneven distribution of the cells, or periosteal hypertrophy, 
all concerns with the ACI technique [ 65 ]. However, MACI remains a two-stage 
procedure. 

 Schneider and Karaikudi [ 66 ] reported their results on 20 patients who under-
went open MACI for full-thickness OLTs at a mean follow-up of 21 months. The 
cartilage was harvested from the perimeter of the OLT and the matrix was a porcine 
collagen membrane seeded with 1 × 10 6  chondrocytes per cm 2 . The grafts were 
secured with fi brin glue. The patients experienced both a signifi cant reduction in 
pain and an improvement in AOFAS ankle-hindfoot scores. The open technique was 
performed through malleolar osteotomies which all healed. However, four cases 
required osteotomy hardware removal. Two of the grafts failed. Six of the patients 
had second-look arthroscopy and the articular surfaces were determined to have 
healed. 

 Giza et al. [ 67 ] described their results of ten patients who underwent MACI 
using either an anteromedial or anterolateral arthrotomy with plafondplasty without 
a malleolar osteotomy. The cartilage was harvested from the perimeter of the OLT. 
A type I/III collagen bilayer matrix was used. The authors did not mention the cell- 
seeding density. Arthroscopic evaluation revealed that the defects, according to the 
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ICRS grading system, were three grade 3b, four grade 3c, two grade 3d, and one 
grade 4 lesion. The mean time between cartilage harvest and MACI implantation 
was 56 days. There was signifi cant improvement in the AOFAS ankle-hindfoot 
score at 1 year. However, at 2-year postoperative follow-up, there was improvement 
in the AOFAS score over baseline, but it was no longer signifi cant. However, signifi -
cant improvement was found in the SF-36 subscores of physical functioning and 
bodily pain at one and 2 years after surgery. Additionally, subjectively, all patients 
believed the procedure helped them and there were no failures. 

 One study performed diffusion-weighted three Tesla magnetic resonance imag-
ing on OLTs treated with MACI or microfracture (10 each) [ 68 ]. The patients in 
each group were matched by age, body mass index, and follow-up for comparison. 
The treated OLTs were assessed using the magnetic resonance observation of carti-
lage repair tissue (MOCART) score and diffusion weighted imaging (DWI). There 
was no difference in postoperative MOCART scores between groups. Additionally, 
the AOFAS ankle-hindfoot scores signifi cantly improved at fi nal follow-up in both 
groups but there was not a signifi cant difference in the magnitude of improvement 
between groups. DWI demonstrated no signifi cant difference between MACI 
repaired cartilage and healthy control cartilage. However, there was a signifi cant 
difference in the DWI diffusion quotient between microfracture repair tissue and 
control cartilage. The authors concluded that although clinically these techniques 
provided similar results, DWI indicated that quality of cartilage repair may be better 
with MACI. 

 Niemeyer et al. [ 69 ] performed a meta-analysis of the available data of ACI/
MACI for OLTs. The authors systematically reviewed 16 studies that met their 
inclusion criteria. Six studies used ACI and the rest performed MACI. There were 
213 patients included in this analysis with a mean postoperative follow-up of 
32 months. The mean defect size was 2.3 cm 2 . Various outcomes measures were 
used with the AOFAS ankle-hindfoot being the most common. The mean clinical 
success rate was 89.9 % (range, 50–100 %). However, there were no controlled 
studies. In fact, all studies reviewed in this meta-analysis were classifi ed as case 
series. This meta-analysis illustrates the lack of controlled clinical trials concerning 
the treatment of OLTs.  

16.5.6     Bone Marrow Derived Cell Transplantation 
and Platelet-Rich Plasma 

 Currently, this category of cartilage regeneration encompasses autologous matrix- 
induced chondrogenesis (AMIC) and other “one-step” techniques that use bone 
marrow derived cells and/or PRP. These relatively new techniques are varied, but 
typically combine lesion debridement, microfracture, and then the addition of autol-
ogous iliac crest spongiosa bone, bone marrow aspirate concentrate, and/or platelet- 
rich plasma to the lesion using a collagen matrix carrier and fi brin glue to secure the 
carrier. The advantages of this technique are the use of autologous tissue, it is a 
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one-step surgical procedure, it can be performed arthroscopically, and there is mini-
mal to no donor site morbidity (defi nitely no intra-articular morbidity). Because it 
is a relatively new technique, there is minimal outcome data. 

 Giannini et al. [ 70 ] reported prospective results on 48 patients at a mean of 
29 months follow-up who received a “one-step” arthroscopic transplantation of 
bone marrow derived cells (BMDCs). In this study, the OLTs were debrided and the 
subchondral bone was penetrated. The scaffold was either a porcine collagen pow-
der or a hyaluronic acid membrane. Each scaffold was loaded with 2 ml of concen-
trated bone marrow aspirate and 1 ml of platelet-rich fi brin gel (to provide growth 
factors). The scaffolds were shaped or cut to the appropriate size and delivered 
arthroscopically to the lesion. In vitro analysis, although not quantifi ed, demon-
strated BMDC viability in each of the scaffolds. The authors also demonstrated 
chondrogenic and osteogenic differentiation of the BMDCs. There was signifi cant 
improvement in AOFAS scores for both types of scaffolds at 6, 12, 18, and 
24 months. There was no difference in outcomes between scaffolds. Twenty-four 
month MRIs demonstrated new tissue formation at the lesion site in all patients. 
Five patients underwent second-look arthroscopy which demonstrated normal 
appearing cartilage in three patients and hypertrophied cartilage in two patients. 
Cartilage biopsies demonstrated various stages of tissue remodeling. The authors 
concluded that this arthroscopic one-step technique provides similar outcomes to 
other techniques without the disadvantages. 

 Giannini et al. [ 71 ] also compared 56 patients who received ACI (arthroscopic or 
open-fi eld) to 25 patients who underwent one-step BMDC cell transplantation as 
previously described. The patients who underwent arthroscopic ACI and the one- 
step technique demonstrated signifi cant improvement at 36 months. There was not 
a signifi cant difference of the magnitude of improvement amongst the groups. The 
only complication in the one-step groups was superfi cial infection at a portal site. 
Both MRI and second-look arthroscopy demonstrated moderate cartilage hypertro-
phy in a small amount of lesions from all groups. 

 Wiewiorski et al. [ 72 ,  73 ] presented two case reports on patients successfully 
treated with OLT debridement, microfracture, autologous iliac crest cancellous 
bone graft and an overlying collagen I/III membrane secured with fi brin glue.  

16.5.7     Osteochondral Autograft Transfer 

 Osteochondral autograft transfer (OAT) techniques are performed to restore hyaline 
cartilage to the osteochondral defect. One graft, or multiple plugs (mosaicplasty) can 
be harvested from a non-weightbearing portion of the ipsilateral knee, the anterior 
talus, or an allograft talus. One theoretical advantage over ACI is the need for only 
one procedure for harvesting and implantation. However, several complications have 
been reported with harvesting osteochondral plugs from the ipsilateral knee. They 
include persistent pain, pain on heavy exertion, patellar instability,  giving way, 
 diffi culty kneeling or squatting, and the need for additional surgery [ 10 ]. 
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 Valderrabano et al. [ 74 ] reported on 12 patients who underwent knee-to-ankle 
mosaicplasty for OLTs. At a mean of 72 months of follow-up, these patients reported 
signifi cant pain relief and improvement in AOFAS ankle-hindfoot scores. However, 
sports activity remained signifi cantly decreased and ankle dorsifl exion was signifi -
cantly reduced. Moreover, six patients reported knee pain and 10 patients developed 
recurrent ankle lesions and demonstrated some degree of joint degeneration. Gobbi 
et al. [ 75 ] reported on 12 patients who underwent osteochondral allografting via one 
to three plugs harvested from the lateral femoral condyle or trochlear notch. The 
mean size of the lesions was 3.7 cm 2  (range, 1.2–5 cm 2 ). The AOFAS ankle- hindfoot 
score signifi cantly improved at fi nal follow-up. There were no harvest site compli-
cations. At a mean of 36 month follow-up, Scranton et al. [ 76 ] reported 90 % satis-
faction in 50 patients who underwent osteochondral autograft transplantation for 
cystic OLTs. Similarly, Hangody and Fules [ 77 ] reported 94 % good to excellent 
results in 36 patients at a mean follow-up of 4.2 years who received mosaicplasty. 

 Alternatively, the osteochondral plugs can be harvested from the talus. Sammarco 
et al. [ 78 ] reported on 12 patients in which osteochondral plugs were harvested from 
the medial or lateral talar facet. The largest graft size was 8 mm in diameter. At a 
mean follow-up of 25 months, there was signifi cant improvement in the AOFAS 
ankle-hindfoot score. The most common complaint was aching over the anterior 
aspect of the ankle, although this did not detract from activities of daily living or 
sports. Kruez et al. [ 79 ], in series of 35 patients who underwent ipsilateral talus 
articular facet osteochondral plug harvesting and implantation through either no 
osteotomy, a medial malleolar osteotomy, or a tibial wedge osteotomy, reported no 
complications related to graft harvesting. The largest diameter single graft in this 
series was 10 mm. Two patients required multiple grafts. At a mean follow-up of 
48.9 months, there was signifi cant improvement in AOFAS ankle-hindfoot scores. 
These authors did fi nd signifi cantly better results in patients that did not need an 
osteotomy to access the lesion and concluded that lesions accessible through an 
anterior approach without additional osteotomy have the best prognosis. Although 
there is insuffi cient evidence in the literature to conclude size limitations of osteo-
chondral autografting, it seems that lesions requiring an osteochondral plug less 
than 10 mm in diameter can successfully be treated with local talar autografting, 
avoiding the complications of ipsilateral knee harvesting. 

 OAT is a technically demanding procedure and it is imperative to restore the 
native joint height with the transplanted plug. One biomechanical study on porcine 
knees found that small elevations in graft height led to a signifi cant increase in joint 
contact pressure at the graft site [ 80 ]. Subsequently, Latt et al. [ 81 ] examined the 
effect of graft height mismatch for osteochondral plugs in the talus. They found that 
fl ush graft placement can restore near-normal joint contact pressure whereas elevated 
graft placement lead to increased joint contact pressure at the graft site and recessed 
graft placement lead to a transfer of pressure to the opposite facet of the talus. 

 Giannini et al. [ 82 ] demonstrated that osteochondral autografts maintain the 
presence of type II collagen at their implantation site. 

 The authors typically perform OAT for lesions greater than 1.5 cm in diameter 
with a relatively fl at two dimensional geometry. Typically, the donor site is the knee. 
However, to avoid donor site morbidity, we are exploring other treatment options.  
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16.5.8     Osteochondral Allografting 

 We reserve osteochondral allografting for large lesions, typically involving the talar 
shoulder, with signifi cant subchondral cysts or avascular necrosis. The grafts are 
obtained from deceased individuals by licensed tissue banks. They may be fresh or 
fresh-frozen, although modern techniques mostly employ fresh grafts. We recom-
mend fresh grafts. The tissue bank delivers the entire talus that has been size- 
matched based on recipient radiographic parameters. Advantages of using 
osteochondral allografting include the ability to restore multiple dimensions of car-
tilage loss, treat large lesions, and eliminate donor site morbidity in the knee or 
multiple procedures. Disadvantages include disease transmission, failure of the 
graft to incorporate, and necessity for hardware fi xation. 

 Few studies exist on osteochondral allografting for OLTs. Gross et al. [ 75 ] 
reported on nine patients who underwent fresh osteochondral allograft transplanta-
tion. At a mean follow-up of 11 years, six grafts remained in situ. The three failed 
grafts demonstrated radiographic and intraoperative evidence of fragmentation or 
resorption, and these patients went on to ankle fusion at 36, 56, and 83 months fol-
lowing allograft surgery. Raikin [ 83 ] reported on six patients with bulk allografting 
of OLTs with a mean size of 4.38 cm 3 . At nearly 2-year average follow-up, fi ve 
grafts continued to remain in situ with satisfactory results. More recently, Raikin 
[ 84 ] published on 15 patients with cystic OLTs with a mean lesion size of just over 
6 cm 3  (range, 3–10 cm 3 ). At a mean follow-up of 54 months, 13 allografts remained 
in situ with signifi cant improvement in the AOFAS ankle-hindfoot score. Some evi-
dence of collapse, resorption, or joint space narrowing was observed in all patients. 
The two patients with failed grafts underwent ankle arthrodesis. 

 Adams et al. [ 85 ] reported on the mid-term results of eight talar shoulder lesions 
treated with this technique. At a mean follow-up of 4 years, patients experienced 
signifi cant reduction in pain and improvement in functional outcomes scoring. All 
grafts were still in place. However, 50 % of patients required additional surgical 
procedures including debridement and revision medial malleolar osteotomy. 
El-Rashidy et al. [ 86 ] retrospectively reported on 38 patients who received trans-
planted fresh osteochondral allografts to the talus. The authors’ indications for fresh 
allograft were failed prior operative intervention, lesion size of >200 mm 2 , lesion 
depth of >5 mm, or lesions deemed unsuitable for other options. At a mean of 
37 months follow-up, AOFAS ankle-hindfoot scores were signifi cantly improved. 
Seven patients had second-look arthroscopy revealing one graft with 5–6 mm area 
of denuded cartilage, one graft with diffuse cartilage degeneration, and three loose 
grafts. Overall, four of the grafts failed and required additional surgery. 

 Although it is generally thought that chondrocytes are immunoprivileged sec-
ondary to their surrounding extracellular matrix [ 87 ], a recent report indicated the 
presence of an immunologic response to cartilage-specifi c protein in 8 of 14 osteo-
chondral allografts [ 88 ]. Additionally, marrow elements are not considered immu-
noprivilaged [ 89 ]. Meehan et al. [ 90 ] demonstrated evidence of serum anti-HLA 
cytotoxic antibodies in 10 of 11 patients who underwent fresh tibiotalar osteochon-
dral allografting. Interestingly, the one patient without cytotoxic antibodies was on 
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immunosuppressant medications for a kidney transplant. Although a correlation of 
positive cytotoxic antibodies and graft survival was not made, the authors specu-
lated that immune response may play an important role in graft survival. However, 
the role of cytotoxic antibodies or HLA matching remains unknown. When using 
this technique, the authors do not routinely perform these tests. We do copiously 
irrigate the allograft, prior to implantation, to reduce the antigenic load. 

 The basis of allograft transplantation is to provide viable chondrocytes that can 
maintain the cartilage extracellular matrix for long-term survival of the joint. Fresh 
osteochondral allografts have been shown to contain viable chondrocytes for up to 
17 years post transplantation [ 91 ,  92 ]. On the contrary, Enneking et al. [ 93 ,  94 ] 
demonstrated absence of viable chondrocytes and cartilage breakdown as early as 
1 year after transplantation. Therefore, we prefer to use fresh osteochondral 
allografts over cryopreserved grafts. However, it is important to note that chondro-
cyte viability decreases with time in fresh allografts. Williams et al. [ 95 ] reported a 
signifi cant decrease in viable chondrocytes of human fresh osteochondral allografts 
by day 28. However, at day 28, the mean percentage of remaining viable chondro-
cytes was still 70 % of the starting amount. Every effort should be made to perform 
the transplantation as soon as the allograft is released, but there are many patient, 
surgeon and hospital factors that ultimately dictate the timing of the procedure. 

 As with any transplantation, disease transmission in osteochondral allografting 
remains a concern. The current estimated risk of HIV transmission in allograft tis-
sue is one in one million [ 96 ]. There have been three reported cases of HIV trans-
mission, two cases of hepatitis C virus transmission, and one case of hepatitis B 
virus transmission in allograft tissue [ 96 ].The authors counsel our patients about the 
risks and benefi ts of receiving allograft tissue.  

16.5.9     Particulated Juvenile Cartilage Allograft 
Transplantation 

 Particulated Juvenile Cartilage Allograft Transplantation (PJCAT) is a new tech-
nique of transplantation of multiple fresh juvenile cartilage allograft pieces, con-
taining live cells within their native extracellular matrix, with fi brin adhesive 
securing the tissue pieces fi rmly inside the lesion. Currently, the only product avail-
able for this procedure is DeNovo® NT Natural Tissue Graft (Zimmer, Inc., Warsaw, 
IN). This product is considered a minimally manipulated tissue by the United States 
Food and Drug Administration and is only available in the United States. The carti-
lage pieces of this product are obtained, in compliance with Good Tissue Practice, 
from donors ranging in age from newborn to age 13. No stillborn or fetal tissue is 
used. Standard disease screening is performed on each lot (one lot of tissue comes 
from a single donor). The fi rst clinical implantation of DeNovo® NT Graft was per-
formed in May 2007 for a patella lesion [ 97 ]. PJCAT can be performed through an 
arthrotomy (Fig.  16.3 ) with or without a plafondplasty, through a medial malleolar 
osteotomy, or arthroscopically. One of the major advantages of this technique is that 

S.B. Adams et al.



287

the particulated nature of the graft does not require perpendicular access, thereby 
obviating the need for malleolar osteotomies and the potential associated complica-
tions. Additional advantages of this technique are that it is a technically simple 
procedure without the need for graft press-fi tting/contouring (as needed for osteo-
chondral autograft or allograft transplantation), it is a single-stage procedure, there 
is no donor site morbidity, and there is a minimal chance for immunological reac-
tion (cartilage is considered immune privileged). The disadvantages of this tech-
nique are the fact that it is a relatively new procedure, there is a limited supply of 
juvenile donor cartilage, and as with any allograft tissue, disease transmission con-
cerns exist.

   Currently, there are no published results of PJCAT in any joint other than case 
reports. Bonner et al. [ 97 ] reported 2-year follow-up on a PJCAT to a full-thickness 
retropatellar lesion. The patient was reported to be pain free with return to pre- 
injury lifestyle. A 12-month MRI demonstrated a full-thickness repair. Kruse et al. 
[ 98 ] presented a case report of arthroscopic PJCAT to an OLT. The patient was a 
30-year-old female with a full thickness posteromedial lesion. At 2 years follow 
surgery, the patient was pain free without activity limitations. 

 The exact indications for this technique have yet to be elucidated. The authors 
use PJCAT for lesions that have failed previous debridement and marrow stimula-
tion techniques or primary lesions that are greater than 15 mm in diameter. We are 
moving toward performing the majority of PJCATs arthroscopically even in when 

a b

  Fig. 16.3    ( a ) Debridement and marrow stimulation of a medial OLT performed through antero-
medialarthrotomy and plafondplasty. ( b ) Application of particulated juvenile cartilage       
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bone graft is needed. However, if a large amount of bone grafting is required, the 
authors prefer a structural allograft.  

16.5.10     Metallic Resurfacing 

 Van Bergen et al. [ 99 ] fi rst described the use of a metal resurfacing implant for 
failed curettage of an OLT. The patient returned to preinjury sports activity level at 
1 year after surgery. At 2-year follow-up the implant remained in position and there 
were no signs of osteolysis or degenerative changes in the ankle. A cadaver study 
from the same group demonstrated decreased joint contact pressures compared to 
the native joint but this is likely secondary to the component being implanted in a 
recessed position [ 100 ].   

16.6     Summary 

 OLTs remain a treatment challenge. There are many surgical treatment strategies 
available encompassing cartilage repair, replacement, and regeneration. The myriad 
treatment strategies are impart due to the widely variable characteristics of OLTs as 
well as the scientifi c advances related to surgical techniques and cartilage tissue- 
engineering. This review indicates that clinical improvement can be found with 
most of these techniques. However, long-term comparative studies are needed to 
evaluate the effi cacy of these techniques.     
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    Abstract     Osteochondral lesions of the ankle joint are defects of the cartilaginous 
surface and underlying subchondral bone, typically affecting the talus, most fre-
quently traumatic in origin. 

 Osteochondral lesions are often asymptomatic and may be treated conserva-
tively, taking care to follow the patient over time. Bigger lesions, or higher grade 
lesions, especially in adult patients, are usually painful and hardly respond to a 
conservative treatment. So(( that,)) surgical treatment is frequently indicated. 

 Thanks to technical advancements, regenerative techniques are quickly moving 
from traditional periostium based autologous chondrocyte implantation (ACI) to 
bone marrow derived cell transplantation (BMDCT). 

 The introduction of a biodegradable scaffold based on the benzylic ester of hyal-
uronic acid for cell support and proliferation represented a fi rst advancement toward 
a full arthroscopic procedure and signifi catively decreased the morbidity of ACI 
procedure in the ankle joint. Still two surgeries were required. 

 Recently, BMDCT has been proposed as a technique capable to provide a repair 
of the lesion by hyaline cartilage in a one step procedure. Mesenchymal stem cells 
have the ability to differentiate into osteoblasts and chondroblasts. The rationale of 
the “one-step technique” is to transplant the entire bone-marrow cellular pool 
instead of isolated and expanded mesenchymal stem cells. This allows cells to be 
processed directly in the operating room, without the need for a laboratory phase, 
and BMDCT to be performed in “one step”. 

 With a dedicated kit a total amount of about 60 ml of bone marrow aspirate is 
harvested from the posterior iliac crest, with the patient in prone decubitus. 
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A  scaffold and the instrumentation previously used for ACI are then used for an 
entirely arthroscopic implantation. Autologous platelet-rich fi brin (PRF) is added in 
order to provide a supplement of growth factors. 

 The results of this procedure have been confi rmed by biopsies and T2 mapping 
MRI and are clinically encouraging at mid-term. 

 Evolution in surgical technique, new biomaterials and more recently the use of 
BMDCs permitted a marked reduction in procedure morbidity and costs up to a 
“one step” technique able to overcome the drawbacks of previous repair techniques. 
The stability of the results needs to be followed long term.  

  Keywords     Cartilage repair   •   Ankle joint   •   Bone marrow derived cell transplanta-
tion   •   Mesenchymal stem cells       

17.1     Introduction 

 Osteochondral lesions of the ankle joint are defects of the cartilaginous surface and 
underlying subchondral bone, typically affecting the talus, and more rarely, the 
tibial plafond [ 1 ,  2 ]. Most frequently these lesions have traumatic origin and repre-
sent a challenging issue for the orthopedic surgeon, since the ideal treatment is still 
controversial [ 3 ,  4 ] (Fig.  17.1 ).

 Key Points 
•     Osteochondral lesion of the ankle are common occurrences, typically 

affecting young people practicing sports activities.  
•   There are different surgical options, in particular the arthroscopic bone 

marrow derived cells transplantation demonstrated good results, compa-
rable to the autologous chondrocyte implantation.  

•   The arthroscopic bone marrow derived cell transplantation is a procedure 
able to obtain cartilage regeneration with the advantage of only one 
arthroscopic surgery. This gives the advantages of less patient’s discomfort 
and lower costs.  

•   The procedure involves the bone marrow harvesting from the posterior 
iliac crest, where the cell count is higher than different donor sites. The 
cells are concentrated directly in OR, and arthroscopically implanted onto 
a reabsorbable three dimensional scaffold.  

•   Platelet rich fi brin gel, produced from autologous peripheral blood, is 
added to the biomaterial to give extra growth factors and further improve 
the stability of the implant. The outcome of this procedure has been vali-
dated both by biopsies and T2 mapping MRI, capable to give a qualitative 
assessment of the repaired cartilage.    
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   The typical patient affected by an osteochondral lesion is a young male (20–
30 years) involved in non-competitive sport activities, who reported an inversion 
trauma of his ankle. 

 In acute, the osteochondral lesion may be not be recognized, since it does not always 
appear at the standard radiographical examination. So that, the patient may come to the 
physician’s attention because of persistent ankle pain, usually following a previous 
traumatic event. More rarely it is not possible to recall any specifi c etiology. 

 The chondral tissue shows a poor healing capacity, with the consequence that a 
primary injury to the talar cartilage may progress, leading to a disability status with 
pain, recurrent swelling, limited function and fi nally, to an early osteoarthritis.  

17.2     Classifi cation 

 The fi rst classifi cation system for osteochondral lesions of the ankle joint was intro-
duced in 1959 by Berndt e Hardy. This 4 grades classifi cation system bases on plain 
radiography [ 6 ]. It is to be considered, nevertheless, that 50 % of the osteochondral 
lesions of the talus are not evident on X-rays and to date the newer diagnostic meth-
ods available permitted the development of other classifi cation systems. 

 In 2000, during an International Cartilage Repair Society Standards Workshop, a 
classifi cation system was developed, based on the depth of the osteochondral lesion 
[ 7 – 9 ].

  In 2005, Giannini et al. [ 10 ] introduced a new classifi cation system specifi c for 
the ankle, considering also other labelling factors which were never taken into 
account before, such as the differentiation between acute and chronic lesions and 
the lesion size (Table  17.1 , Fig.  17.2 ). The rationale of this MRI based system is to 
provide an algorithm capable to give indications on the surgical treatment to be 
associated to each kind of lesion. Nevertheless the age of the patient and also the 

33% LATERAL TALAR DOME
Due to trauma in

almost all the lesions

5% TIBIAL PLAFOND
Most frequently due to trauma

62% MEDIAL TALAR DOME
Due to trauma in
70% of lesions;
to osteochondritis
dissecans in 30%

  Fig. 17.1    Location    and etiology of osteochondral lesions in the ankle joint [ 1 ,  2 ,  5 ]       
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presence of open or closed epiphysises should be taken into consideration when 
planning the surgical treatment.

    No classifi cations up to now have taken into account the presence of tibial pla-
fond lesions.  

17.3     Treatment 

 Osteochondral lesions which are not symptomatic may be treated conservatively, 
with a carefull follow-up of the patient over time. The lowest grades of osteochon-
dritis dissecans, such as lesions with the fragment not yet clearly demarcated, and 
small osteochondral lesions may have a positive course if treated with boot or plas-
ter cast with weight bearing restriction, in particular in very young patients [ 11 ]. 

 Bigger lesions, or higher grade OCD are usually painful and hardly respond to a 
conservative treatment. So that, surgical treatment is frequently indicated [ 11 ]. 

 A variety of different techniques have been reported over time for the treatment 
of osteochondral lesions in the ankle, ranging from a curettage of the lesion to a 
series of respective or regenerative procedures. Marrow stimulation techniques such 
as drilling and microfracture, are simple and still widely used, although the 

   Table 17.1    Classifi cation of the osteochondral lesions of the ankle joint   

 Giannini Classifi cation for Osteochondral lesions of the talus 

 Type of 
the lesion  Articular surface  Lesion size  Surgical treatment 

  Acute  
 I  Damaged  <1 cm 2   Debridement 
 II  Damaged  >1 cm 2   Fixation 
  Chronic  
 0  Intact  Any  Retrograde drilling 
 I  Damaged  <1.5 cm 2   Microfracture 
 II  Damaged  ≥1.5 cm 2   Cartilage regeneration 
 IIA  Damaged  ≥1.5 cm 2 , ≥5 mm deep  Cartilage regeneration + bone graft 
 III  Damaged  Massive anatomy disruption  Allograft 

  According to Giannini et al. [ 10 ]  

0 I II IIIIIA

  Fig. 17.2    Scheme showing chronic osteochondral lesions (Type 0, I, II, IIA, III) [ 10 ]       
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regenerated tissue obtained is fi bro-cartilaginous in nature. Otherwise, osteochon-
dral segments transplants (mosaicplasty, osteochondral autografts transfer system), 
regenerative techniques such as ACI and bone marrow derived cells transplantation 
have been developed in order to provide a repair by cartilage as close as possible to 
hyaline cartilage [ 12 ]. 

 In particular, recent acquisitions in the fi eld of regenerative medicine demon-
strated that mesenchymal stem cells (MSCs) could replicate and regenerate both 
bone as well as cartilaginous tissue, therefore without any need for a laboratory 
treatment [ 13 ,  14 ]. 

 MSCs differentiation into various lineages, such as osteoblasts and chondro-
cytes, can be infl uenced by mechanical stimulation and growth factors previously 
added in the platelet gel. The role of the surrounding microenviroment is also a key 
factor, since the potential of a multipotent cell is to be considered not only an intrin-
sic capability of the cell alone but also the interaction between a cell with its physi-
ologic niche, that provides a signaling network [ 15 ,  16 ]. In fact, adhesion molecules, 
extracellular matrix, growth factors, cytokines and chemokines secreted by the resi-
dent cell, along with MSCs, are believed to be necessary for bone and cartilage 
regeneration [ 17 – 20 ]. 

 The bone marrow derived cells transplantation (BMDCT) in fact allows the 
implantation of MSC together with all the mononuclear cells and high regenerative 
potential present in the bone marrow [ 17 – 19 ]. Furthermore, autologous bone mar-
row contains not only stem cells and precursor cells, but also accessory cells that 
support angiogenesis by producing several growth factors [ 17 ,  19 ]. This ability is 
particulary useful in the treatment of osteochondral lesions, where the possibility to 
regenerate the subchondral bone is strictly dependent on angiogenesis. According 
to this rationale, it is possible to implant into the defect the entire regenerative 
potential of the niche, without the need to select and expand the MSC in a lab phase 
making a one step procedure possible [ 21 ]. 

 The autologous platelet gel is used in order to provide directly  in - situ  additional 
growth factors. The platelet gel is a very effective “accelerator” for healing pro-
cesses [ 22 ]. The secretory granules of platelets, the  α  granules, contain platelet-
derived growth factors AA, BB, and AB; transforming growth factors β1 (TGF-β1) 
and β2; platelet-derived epidermal growth factor; platelet-derived angiogenesis fac-
tor (PDAF); insulin growth factor 1(IFG-1), and platelet factor 4, the latter which 
infl uences bone regeneration [ 23 ]. Moreover, the Platelet Rich Fibrin (PRF) is rich-
est in fi brin and is able to coagulate faster than PRP, providing, an additional stabil-
ity of the implant due to its jelly consistence.  

17.4     Surgical Technique: BMDC’s “One Step” Arthroscopic 
Transplantation 

 The surgical technique for the BMDCT consists of several phases, all to be per-
formed during the same surgical session. 
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17.4.1     Platelet Rich Fibrin gel Production 

 The PRF is produced with an automatic system the day before the operation or the 
same day. 120 ml of venous blood is harvested with a needle size 16G connected to 
a bowl previously prepared with the anticoagulant solution. The bowl is then 
inserted inside the Vivostat System (Vivolution A/S, 3460 Birkeroed, Denmark) and 
processed. At the end of the machine cycle a syringe containing 6 ml of PRF is 
extracted to be stored at −35 °C or either used immediately. In case of storage, the 
PRF needs to be slowly heated to room temperature 30 min before its use.  

17.4.2     Bone Marrow Concentration Aspiration Procedure 

 The bone marrow is aspirated from the posterior superior iliac crest after prepara-
tion of a sterile surgical fi eld with the patient lying prone and already under spinal 
or general anesthesia. The equipment for the bone marrow harvesting, concentra-
tion and implant are part of a dedicated kit for osteochondral regeneration devel-
oped by Novagenit (Mezzolombardo, Trento, IT). 

 By insertion of a needle size 11G to a depth of about 3 cm in the iliac crest a total 
of 60 ml of bone marrow is harvested as a result of subsequent aspirations. The bone 
marrow aspirate is placed in a bag preloaded with 500 U of heparin in 10 ml of 
saline solution. The harvesting is made in little steps on different locations on the 
crest in order to maximize the collection of stromal cells useful for the regeneration 
and minimize the diluting effect coming from the aspiration of the peripheral blood 
(Fig.  17.3 ). In our cases the cell count highlighted huge differences, with a mean 
value of nucleated cells in the bone marrow aspirate of 26.6 × 10 6  per ml. The mini-
mum was 7.1 × 10 6  per ml and the maximum 68.7 × 10  6  per ml. A progressive 
decrease was noticed with the age, and no differences were reported according to 
gender. The proximal tibia was investigated as source of bone marrow cells, but 
unfortunately the cell count was 60 % lower than the iliac crest.

17.4.3        Bone Marrow Concentration 

 The previously extracted bone marrow volume is then reduced by eliminating the 
plasma and the red cells, thereby increasing its stem cell concentration. This proce-
dure is performed directly at the end of the aspiration phase in the operating room 
using a cells separator-concentrator (Res-Q, ThermoGenesis, Rancho Cordova, CA) 
and its related sterile and disposable kit. In order to perform this procedure the kit 
must be fi lled with all 60 ml of bone marrow. In 15 min, 6 ml of concentrated cells, 
containing the mesenchymal stem cells and other cell populations which  constitute 
the nucleated bone marrow microenvironment, are obtained. With this  procedure it 
was possible to obtain a mean of 164.4 nucleated cells ×10 6  per ml. The minimum 
was 11.5 × 10 6  per ml and the maximum 440.0 × 10 6  per ml, with a concentration fac-
tor of 6.1 ± 0.3.  
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17.4.4     Surgical Procedure 

 The patient is positioned in supine decubitus with a tourniquet at the leg to be oper-
ated. A standard ankle arthroscopy is performed through antero-medial and antero- 
lateral portals. 

 The lesion is inspected: articular fi brosis, intra-articular loose bodies or osteo-
phytes are to be removed. Theosteochondral lesion is detected and shaved, until 
healthy sub-chondral bone bed is reached (Fig.  17.4 ).

   The size of the lesion is measured with the aid of a millimeter probe and recorded. 
The biomaterial to be implanted is then prepared in the same size and shape of the 
lesion. 

 A collagen membrane comes with the kit and is used for cell support. 
Approximately 2 ml of marrow concentrate are loaded on the highly hydrophilic 
membrane and fastly absorbed, together with 1 ml of PRF using a dedicated spray 
pen. Following the size and the dimension of the lesion previously measured using 
the sizers provided by a special instrument set the biomaterial is accurately cut. The 
cannula is then inserted through the arthroscopic portal closer to the lesion with the 
help of the trocar, then the trocar is extracted and the joint distension is stopped. 
The fl uid is completely removed from the joint. The fi nal biomaterial is applied in 
the window cut out of the cannula and guided to the edge of the lesion. At this point, 
the cannula is removed and the biomaterial is made to adhere perfectly to the lesion 
through the use of a fl at probe (Fig.  17.5 ).

  Fig. 17.3    Surgical fi eld 
showing aspiration of the 
bone marrow from the 
posterior iliac crest       
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   In order to provide a high concentration of growth factors and to further promote 
the stability of the implant due to coagulation, PRF is applied to cover the lesion. 
The implant stability is checked performing ankle fl exion/extension movements. 
The skin accesses are closed with a 3-0 absorbable suture wire covered by a  bandage, 
replaced the following day by a fl at dressing.   

a

b

  Fig. 17.4    ( a ) Arthroscopic view: the lesion is inspected and shaved until healthy sub-chondral 
bone bed is reached; ( b ) Intraoperative view: a standard ankle arthroscopy is performed through 
antero-medial and antero-lateral portals       

  Fig. 17.5    The biomaterial is 
made to adhere perfectly to 
the lesion through the use of 
a fl at probe       
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17.5     Post Operative Treatment and Rehabilitation Protocol 

 Patients are usually dismissed the day after surgery. 
 Continuous passive motion is immediately performed the day after surgery and 

gradually increased as tolerated. Starting from the second day post-op the use of a 
passive mobilization device is recommended. During the fi rst 6 weeks post-op 
walking is allowed using two crutches without applying any load on the operated 
leg. Partial weightbearing is started 6 weeks after the surgery, and total weightbear-
ing is allowed at 8–10 weeks. Low impact sport activity such as swimming and 
cycling are allowed 4 months after the surgery, while high impact sport activities 
such as tennis, soccer or running at 10–12 months.  

17.6     Conclusions 

 Osteochondral lesions of the ankle are recognized with increasing frequency. This 
has resulted in an increase in research and proposed solutions for the treatment of 
osteochondral lesions of the ankle. There is still controversy concerning the ideal 
treatment of chronic lesions. 

 Autologous chondrocyte implantation has been considered a gold standard for 
repair of osteochondral lesions with hyaline cartilage, however, disadvantages such 
as the need for two surgical procedures and high costs have led to the search for new 
methods. 

 The idea to transplant the entire bone marrow cellular pool permits the cells to be 
processed directly in the operating room, without the need for a laboratory phase, 
allowing BMDC’s transplantation to be performed in “one step”, with reduction of 
morbidity and costs. 

 The results obtained to date with the transplantation of BMDCs are con-
fi rmed clinically, histologically and by T2 mapping. Bone marrow-derived cell 
transplantation resulted in AOFAS scores similar to those reported for other 
widely used techniques [ 21 ,  24 ]. Histologic and immunohistologic results by 
biopsy samples indicated a good quality of the regenerated tissue still immature 
with remodeling features at 2 years of follow-up [ 21 ,  24 ]. T2 mapping MRI has 
proven capable, even in osteochondral defects of the talus, to give a qualitative 
assessment of the cartilage in terms of percentage of water quantity. The advan-
tage of T2 mapping is to evaluated noninvasively the presence, in articular 
 surface, of hyaline cartilage, fi brocartilage or tissue in remodeling phase [ 25 , 
 26 ]. T2 mapping MRI results demonstrate the presence of a hyaline like tissue 
regeneration and also that the presence of a high percentage of hyaline regener-
ated correlates with the maintenance of a high clinical score at mid-term of 
follow-up [ 25 ,  27    ]. 

 Although a long term follow-up is needed, the arthroscopic “one-step” BMDCT 
represents an improvement in osteochondral lesions repair in the ankle join, achiev-
ing high clinical scores with the formation of repair tissue and without the limits of 
previous techniques.     
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    Abstract     Focal cartilage lesions in diarthrodial joints have a limited capacity to 
heal, and repair techniques used at present are still unable to provide a universal 
solution. Osteochondral auto- and allografts are accepted and successful methods 
for the treatment of these lesions, but occasionally the osseal incorporation is 
delayed or insuffi cient and graft integration might be unsuccessful. Failure at this 
level generates a large osseos crater and the consequences can prove challenging. 

 Until just a few years ago, it was a generally accepted dogma that when cartilage 
is detached from the subchondral bone it would fail to reintegrate to its bed and its 
surrounding cartilage. Recently, innovative approaches have been established to 
repair cartilage defects using pure cartilage-based implants, and so far they seem to 
have had considerable success. 

 One of the available options is to use autologous minced cartilage in a single- 
stage procedure. Cartilage tissue is obtained from the less-weight-bearing surface of 
the affected joint and the sample is processed  in situ  resulting in a cartilage fragment- 
loaded scaffold that can be applied to the lesion of the weight-bearing area. Another 
system repairs with cadaveric juvenile articular hyaline cartilage cut into 1 mm 3 - 
cartilage cubes and using fi brin glue as vehicle the tissue particles are evenly distrib-
uted on the defected articular surface. Both methods are relatively new and therefore 
lacking long-term follow up, but the short-term results seem encouraging. 

 An additional concept for cartilage-based repair is when pure cartilage allograft 
is peeled from the subchondral bone, and instead of mincing the tissue it is repeat-
edly incised on its basilar surface rendering the rigid cartilage graft into a rather 
pliable graft. Since the superfi cial layer is preserved the graft is similar to any scaf-
fold used in cartilage repair, and it can be secured to the lesion site using sutures and 
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fi brin glue. Although this method is in the experimental phase, a short term clinical 
trial has proved it to be safe. 

 In this chapter we will briefl y describe the physiology of cartilage integration; 
summarize the basis and the potential pitfalls of these methods; and provide a 
review of the available data on the clinical outcomes.  

  Keywords     Focal lesion   •   Pure cartilage   •   Cartilage allograft   •   Cartilage 
fragmentation       

18.1     Introduction 

 Articular cartilage lesion is still considered a diffi cult problem due to its poor regen-
erative potential [ 1 ,  2 ]. Many distinct cartilage repair modalities are available but 
none of them offer a universal solution for the various types of lesions. The most 
frequently used surgical solutions employ the reparative capacity of the subchondral 
bone (chondral debridement, marrow stimulation) or provide restoration of the 
articular surface by transplantation of cartilage either on a cellular level (ACI with 
or without matrix) or as part of an osteochondral graft (autologous or allogeneic). 
More recently a new concept has come to light. It is postulated that cartilage tissue 
alone could be transplanted to the site of the lesion and it would eventually integrate 

 Key Points 
•     Recently novel cartilage repair methods have emerged, which are based on 

processed pure cartilage tissue placed on the focal chondral lesion.  
•   Cartilage Autograft Implantation System (CAIS) uses minced autologous 

hyaline cartilage from lessweight-bearing surfaces and secures it to the 
lesion site with resorbable mesh and anchors. This method is in the clinical 
trial phase.  

•   DeNovo NT system operates with minced juvenile hyaline cartilage 
allograft that is delivered to the lesion site with fi brin glue and it exploits 
the high growth capacity of the young cartilage cells. This technique is 
already in clinical use.  

•   If a larger pure cartilage piece is peeled off from its osseal base and is 
multiply incised on one surface, the graft appears to have good potential to 
repair focal lesions by adhering to the recipient subchondral bone. This 
approach is only in the pre-clinical phase.  

•   It was a generally accepted view amongst orthopeadic surgeons that once 
cartilage tissue is delaminated from the subchondral bone it is destined to 
degenerate. In view of these new cartilage repair methods this theory might 
need some adjustments.    
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to the lytic site providing a durable hyaline or hyaline-like coverage for the affected 
area [ 3 ].    

 The reason why cartilage cannot re-integrate to the osseal bone has been investi-
gated. Both the cartilage matrix and surviving chondrocytes may play a role in the 
failure to integration to the subchondral bone. Many factors have been held respon-
sible for this phenomenon, such as impaired collagen network cross linking [ 4 ,  5 ] 
or proteoglycan components (lubricin) in the synovial fl uid [ 6 ] preventing integra-
tion. Today it is still not clear why articular cartilage has such poor vertical and 
lateral integration, but gap formation between host and graft cartilage tissue is 
hypothesized to be very signifi cant in the long term survival of any repair tissue [ 7 , 
 8 ]. In earlier studies articular cartilage was demonstrated to have limited capacity to 
heal to the subchondral bone once detached [ 9 ,  10 ], therefore the idea of transplant-
ing pure cartilage onto the subchondral bone would have been considered unortho-
dox- to say the least. In the last few years this long-standing dogma has been 
challenged and it appears that the concept of cartilage as an indifferent and passive 
part of the reintegration process is to be re-evaluated. Many studies showed that 
cartilage cells can be rather motile and can move through the extracellular matrix 
[ 11 ,  12 ] once adequate signals are present. Cutting the cartilage tissue has been 
shown to induce cell death in the adjacent zone of cartilage [ 13 ]. On the other hand, 
cartilage cells show good motility after cutting (mincing) and evade the original 
cartilage tissue [ 14 ]. The result of the evasion is neocartilage formation which var-
ies depending on the zone (superfi cial vs. deep) and the age of the cartilage (young 
vs. adult) [ 14 ]. 

 While autologous chondrocyte implantation has been a promising repair tech-
nique its drawbacks prevent it from a broader acceptance: the need of a 2-stage 
surgery, signifi cant expenses of laboratory culturing, cumbersome arrangements for 
adequate quality insurance and transportation. To explore other possible techniques, 
research groups started to investigate the potential of pure hyaline cartilage-based 
repair modalities. The concept of mincing tissue laid onto the defect site is not 
entirely new. In the early 90’s Stone et al. implanted a paste of minced autologous 
osteochondral tissue onto the defect sites following microfracture [ 15 ]. In their con-
cept the lesion had to be properly debrided and the mesenchymal stem cells were 
stimulated by fracturing the subchondral plate; the scaffold for these cells was a 
“putty” derived from osteochondral autografts from the intercondylar notch (8 mm 
trephine – 1.5 cm long cylinder) that was crushed into a paste and impacted onto the 
fractured subchondral boneplate of the defect – not to fi ll but rather to cover the 
lesion and the penetrations of the bone [ 15 ]. In the 2- to 12-year follow-up of 136 
procedures Stone et al. showed a relatively small portion of failures (14.4 %) espe-
cially considering the stage and size of the lesions (all grade IV lesions with average 
size of 28.6 cm 2 ) [ 16 ]. The 65 follow-up biopsies showed mostly fi brocartilage with 
or without GAG, and only 18 of the 65 biopsies showed areas of hyaline cartilage; 
yet overall 82 % of patients reported improved pain scores. 

 The need for a single-stage procedure from the surgeons, patients and insurance 
companies and the encouraging data of the morselized tissue grafting led to new 
investigations and resulted in new cartilage repair procedures.  
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18.2     Cartilage Autograft Implantation System (CAIS TM ) 

 Cartilage Autograft Implantation System (CAIS) is one of the new repair proce-
dures for the treatment of cartilage lesions in the knee. It uses autologous cartilage 
obtained from the less-weight-bearing surface of the affected joint; the sample is 
processed  in situ  resulting in a cartilage fragment-loaded scaffold that can be applied 
to the lesion of the weight-bearing area. In contrast with the earlier osteochondral 
morselized grafting method in this approach the pure cartilage graft is delivered on 
a non-bleeding chondral defect thus the repair is likely to be driven by the chondro-
cytes rather than the mesenchymal stem cells from the bone marrow. 

 A minimum of 200 mg cartilage tissue (approximately two 13 × 5 mm pieces) is 
harvested from the non weight-bearing surfaces (intercondylar notch or trochlear 
ridge), similarly to the fi rst step of ACI. Using a disposable device (CAIS Harvester 
and Dispenser, DePuy Mitek, Raynham, MA) the harvested cartilage sample is 
minced into 1–2 mm particles and using surgical vacuum and irrigation fl uid the 
minced cartilage is evenly dispersed onto a scaffold. The scaffold is made from an 
absorbable copolymer foam of 35 %polycaprolactone (PCL) and 65 % polyglycolic 
acid (PGA), that is augmented with a polydioxanone(PDO) mesh (DePuy Mitek, 
Raynham, MA). The mesh provides the mechanical strength for the graft to be eas-
ily handled during implantation. Fibrin glue is used to keep the pieces on the foam; 
to ensure that the prepared graft is secured on the defect site fi rmly, two or more 
biodegradable staple anchors are used to affi x the graft (side with the cartilage par-
ticle facing the osseal base) (Fig.  18.1 ). The staple anchors (DePuy Mitek, Raynham, 
MA) consist of a PDO strap and a PGA tip, and were shown in a cadaver knee study 
to hold scaffolds in place even after 10,000 cycles of CPM [ 18 ].

   Large animal studies using goats and horses proved CAIS feasible and safe [ 17 , 
 19 ]. In the equine experiment 15 mm full thickness cartilage defects of the trochlea 
were treated in 2- to 5-year old horses and various techniques were used for repair: 
scaffold only, CAIS, modifi ed-ACI or left empty [ 17 ]. The gross examination of the 
repair tissues showed signifi cantly fi rmer tissue in the CAIS and the ACI groups. 
The total histology scores were signifi cantly better in modifi ed-ACI- or CAIS- 
treated defects than in the empty or PDS scaffold-treated groups. 

 Based on the preclinical results a randomized clinical trial has been commenced 
to determine the safety and effi cacy of CAIS compared to microfracture in reducing 
pain and improving function at 24 months. The study is designed to enroll a rather 
large number of patients (over 300). Patients are included with 1–2 focal chondral 
lesions that are less than 6 mm in depth with the affected area between 1 and 10 cm 2 . 
The major exclusion criteria are bilateral disease, advanced radiological OA, >5° of 
malalignment and bipolar (kissing) lesions. 

 Two-year follow-up data of a prospective clinical safety trial has already been 
published [ 20 ]. In this study 29 patients were randomized to the CAIS treatment 
(20) or to the microfracture active control (9) group. In addition to knee-specifi c 
outcome data (IKDC and KOOS) MRI was performed at 3 weeks, 6, 12 and 
24 months. 
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 The surgical procedure was carried out using a similar method to that described 
above. The rehabilitation protocol was adjusted to the site of the lesion (condylar or 
trochlear lesion) using the basic principle of non-weight-bearing for 2 weeks and 
50 % weight-bearing until week 6 on the repaired area. 

 Complete blinding was not possible due to the different nature of the two proce-
dures (microfracture – wholly arthroscopic, CAIS – mini arthrotomy). MRI showed 
comparable results in both groups with 76–100 % fi ll of the repair sites in nearly all 
lesions by 24 months (Fig.  18.2 ). There was no signifi cant difference in terms of the 
subchondral cyst formation or the graft integration, but the intralesional osteophytes 
were signifi cantly more common in the microfractured group at 6 and 12 months. 
The Short Form 36 (SF-36) score did not show signifi cant differences between the 
two groups, but the knee-specifi c outcomes (IKDC and KOOS) showed signifi -
cantly higher scores for the CAIS-treated group at 24 months. Although the study is 
limited by the small sample size and the lack of total blinding, the authors conclude 
that CAIS is well tolerated among the patients, and it is a safe and feasible treatment 
technique for focal chondral lesion in the knee [ 20 ]. Short term follow-up results of 
larger patient cohorts are expected in the next few years.

18.3        DeNovo® NT Natural Tissue Graft 

 DeNovo NT (Zimmer, Warsaw, IN / ISTO, St Louis, MO) is a distinct technique to 
repair focal chondral defects, but it shows some similarities with CAIS. DeNovo NT 
repairs the focal cartilage lesions with particulated juvenile articular hyaline carti-
lage allograft. The tissue is cut into 1 mm 3 -cartilage cubes and using fi brin glue as 
a vehicle the tissue particles are evenly distributed on the defected articular 
surface. 

 Previous animal studies have showed that mature articular cartilage pieces can 
remodel and form adequate cartilage repair tissues in rabbits, goats and horses [ 17 , 

a b

  Fig. 18.1    CAIS in equine model. Morselized cartilage on top of the scaffold before implantation 
( a ). Graft after implantation to the trochlea using three resorbable staples (with scaffold side up) 
( b ) (Picture modifi ed reproduction from Frisbie et al. [ 17 ])       
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 19 ,  21 ]. When juvenile and adult cartilage have been compared in terms of cell 
proliferation, potential to generate neocartilage, and production of GAG – juvenile 
cartilage was found to be dramatically better and the results in all aspect were 

MFX

3 weeks

6 months

12 months

24 months

CAIS

  Fig. 18.2    Magnetic resonance images of two representative patients treated with microfracture 
( MFX ) or Cartilage Autograft Implantation System ( CAIS ) in coronal view at 3 weeks, 6-, 12- and 
24 months. The two low intensity structures (next to *) in CAIS at 3 weeks represent the staples 
(which gradually absorbed) (Picture modifi ed reproduction from Cole et al. [ 20 ])       

 

T. Bardos



315

superior in the groups using juvenile cartilage [ 14 ,  22 ,  23 ]. Also, injured immature 
cartilage has a good healing potential compared to that of an adult [ 2 ], which is 
often explained by the higher cell density in the juvenile cartilage [ 24 ]. Unpublished 
data on equine trochlear lesion repaired with human particulated juvenile cartilage 
showed no necrotic changes in the subchondral bone, with full thickness continuous 
layer of cartilage repair tissue after 6 months, with better appearance than the con-
trol fi brin glue repaired defects (Frisbie et al. 2007, data on fi le at ISTO Technology, 
Inc.). Based on these results DeNovo NT was introduced to the market as a novel 
cartilage repair kit in 2007. 

 During the production of DeNovo NT graft pure cartilage tissue is harvested from 
fresh cadaveric juvenile (<13 years old excluding stillbirth and fetal donors) femoral 
condyles, and the tissue pieces are manually minced under aseptic conditions (Good 
Tissue Practice, ISTO Tech Inc.) without enzymatic digestion. In accordance with the 
FDA guidance (21 CFR Part 1271 subpart C and Guidance for Industry), strict viral 
and bacterial screening is completed using a similar method to other fresh osteochon-
dral allografts. The single donor-derived minced sample is aliquoted and sealed with 
medium in blister packs and is to be used within 52 days after packaging. 

 As DeNovo NT graft is “minimally manipulated tissue”, the product does not 
require premarketing approval from the FDA, and so post-launch clinical studies are 
conducted. The special requirements for donor eligibility have been speculated to 
limit the supply but following an early period of relative shortage of donor tissues 
the company now claims to have a good supply of donor tissues and to deliver the 
product without major interruption. DeNovo NT has been used for cartilage repair 
in various joints like knee, ankle, elbow, shoulder and hip. 

 The surgical technique in the knee is straightforward: after confi rmatory arthros-
copy the defect is approached via limited arthrotomy. The lesion is prepared with 
ring curette by removing the affected cartilage, forming vertical shoulder around the 
defect (Fig.  18.3 ). The congruent replica of the lesion is prepared using thin alumi-
num foil. Depending on the size of the lesion (each package is used for 2.5 cm 2 ) the 
appropriate amount of cartilage particles are evenly distributed on the foil mold and 
immobilized using fi brin glue. After setting, the construct (fi brin glue patch contain-
ing the cartilage particles) is removed from the foil in one piece and secured on the 
defect site using fi brin glue. The repair construct should be recessed relative to the 
surrounding cartilage to avoid dislodging (so far reported only in one case- Zimmer 
Orthobiologics, Inc. internal data). The postoperative rehabilitation protocol is 
identical to that used in similar repair techniques (e.g., following CAIS, see above).

   Notwithstanding the rapidly increasing popularity of this technique, the available 
DeNovo NT clinical studies are limited. One case study reported an arthroscopic 
repair of a posteromedial talar osteochondral lesion using DeNovo NT, and found 
that the procedure is well tolerated, the patient returned to full activity within 
6 months and remained free of pain at 24 months [ 26 ]. Another case study found 
this technique to be clinically successful for patellar cartilage defect and the 2 years 
MRI demonstrated good fi ll of the defect [ 27 ]. 

 An additional case study series of four patients who completed the 24 months 
follow-up period has also just recently been published [ 25 ]. Five focal lesions with 
an average size of 2.7 cm 2  were treated using DeNovo NT. At 24 months all four 
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patients showed improvements in KOOS and IKDC scores as well as in VAS pain 
scores. MRI showed good fi lling of the defects (Fig.  18.4 ), however, due to the low 
number of patients the interpretation is tempered.

   The DeNovo NT technique is suggested to have several advantages. As it is a 
single-stage cartilage repair technique, there is no need to compromise the subchon-
dral bone, therefore it doesn’t “burn bridges”, no autologous tissue needs to be 
harvested and the juvenile tissue has great proliferative potential. As of today more 
than 2,500 DeNovo NT implantations were performed, and it is claimed that soon it 
may be used for cartilage repair more often than ACI. Although the results are very 
promising, further clinical data will have to be collected and analyzed in the next 
few years allowing better insight into this technique.  

18.4     Processed Chondro-Graft 

 The central dogma of orthopedics, i.e., once cartilage is separated from its osseal 
base, it cannot grow back – seems to weaken with the emerging results of CAIS and 
DeNovo NT. Yet the question, whether pure cartilage peeled off the subchondral 

a b c
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  Fig. 18.3    Clinical steps of DeNovo NT technique. The cartilage defect ( a ) is debrided ( b ) and the 
sterile foil is pressed to form a replica ( c ). The blister pack of DeNovo NT is opened ( d ) and the 
culture medium is aspirated ( e ). The particulated cartilage ( f ) is distributed evenly in the foil and 
fi brin glue is allowed to solidify ( g ). The graft is carefully removed from its mold ( h ) and secured 
to the defect site using fi brin glue ( i ) (Picture reproduced from Farr et al. [ 25 ])       
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bone (the “absolute shell graft”) could ever be used for repairing cartilage defects is 
still unanswered. 

 Processed chondrograft is a technique that lies somewhere between the large 
osteochondral shell allograft and the minced cartilage allograft implantation. 
Occasionally it is also called the “hedgehog graft” after its appearance (when the 
incised cartilage is turned “inside-out”). The basic steps of this technique are the 
harvesting of the pure cartilage allograft from an adult cadaveric knee joint (large 
intact piece peeled from the femoral condyle), the multiple incision of the deep zone 
of the cartilage graft (Fig.  18.5 ) to improve handling and healing characteristics, 
and the implantation via mini arthrotomy.

   For graft harvesting the cadaveric knee joints are prepared under aseptic condi-
tions. The condylar surfaces are used as donor sites. Approximately 2.5 × 4 cm 
grafts are harvested by peeling the cartilage off of the subchondral bone. Calcifi ed 

a

c

b

  Fig. 18.4    Magnetic    resonance images (sagittal plane) of a representative patient with focal chon-
dral lesion of the knee treated with DeNovo NT technique: preoperative ( a ), at 12-months ( b ) and 
at 24 months ( c ). Arrows mark the margins of the lesion. (Picture reproduced from Farr et al. [ 25 ])       
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cartilage remnants are meticulously removed from the graft after harvesting. The 
graft is kept moist throughout the whole process (to prevent cell death in the super-
fi cial zone of the graft) and stored in medium until used (within 35 days). 

 During surgery a specifi c incisor is used to create parallel incisions in the deep 
zone of the graft limiting the incision depth to 600 μm from the superfi cial zone, 
therefore preserving the arcading collagen network in the superfi cial zone and pro-
viding the pliable graft with good tensile strength. The incisions convert the graft 
into a pliable, well accommodating tissue that can be fi rmly positioned and fi xed to 
the cartilage site but the incisions also signifi cantly increase the surface area for 
attachment. The incisions can be performed in two or more different directions, 
creating larger surface for cell invasion/evasion at the integration site. The graft 
must be recessed relative to the contiguous host cartilage surface and it is secured to 
the defect site using 6.0 PDF stitches and Fibrin Glue (Fig.  18.6 ).

   Recently we showed in a porcine model that fresh pure cartilage allograft incised 
through the deep zone has a good healing potential to the subchondral bone [ 3 ]. The 
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  Fig. 18.5    The basic concept of processed cartilage allograft. ( a ) Articular cartilage specimen 
multiply incised through the deep zone ( Dz ). Note that the collagen fi bers ( Coll ) run parallel with 
the incisions in this zone. Graft before ( b ) and after ( c ) implantation. ( ScB  subchondral bone,  Hc  
healthy hyaline cartilage,  Sz  superfi cial zone) (Picture reproduced from Bardos et al. [ 3 ])       
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study showed that the grafts had good primary stability and the grafts were held in 
place at 6 weeks even though the securing stitches were reabsorbed by then. The 
basal incisions were visible with histology at 6 weeks postoperatively without any 
obvious tissue formation within the incisions (almost only virtual space), neverthe-
less at 6 months the former incisions were not detectable anymore (unpublished 
data from the author). Lateral integration was incomplete in most grafts, and the 
quality of the subchondral bone appeared somewhat irregular (less trabecula in the 
subchondral bone, with slightly thicker appearance than at the recipient site). 
However, the microscopic assessment showed good preservation of the graft with 
hyaline cartilage on the recipient site. 

 A small clinical trial has been introduced to assess the repair potential of pro-
cessed chondrograft in human knee joints. Seven patients with eight focal chondral 
lesions were enrolled into the study. The average size of the chondral defects was 
3.9 cm 2  (2.0–5.4 cm 2 ). The lesions were accessed via a small arthrotomy and pre-
pared for the graft implantation with thorough debridement of the lesion down to 
the underlying subchondral plate. Fresh human chondral allografts (obtained from 
knee joints, containing no bony component, stored at 4 °C) were tailored to match 
the shape of the lesion, incised on the formerly osseous side and secured with 
stitches and fi brin glue as described above. Postoperative rehabilitation was similar 
to the previous methods. At an average of 18 months follow up no adverse reaction 
was reported; patients did not experience any sudden deterioration in the joint func-
tions (e.g., loose body sensation, joint locking, or sharp pain). The patients were 
satisfi ed with the outcome and the SF-36 health survey revealed signifi cant increase 
(the mean combined SF-36 scores increased from 57 ± 19 at baseline to 85 ± 13 at 
the latest examination, p < 0.001). The knee functions improved in all patients 
(Lysholm’s knee score from 62 ± 18 preoperatively to 74 ± 14 postoperatively, 

a b

  Fig. 18.6    ( a ) Hedgehog appearance of the basal surface of a processed cartilage allograft before 
implantation. ( b ) Intraoperative picture of the graft after securing with stitches, trans-osseal knot 
and fi brin glue       
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p < 0.05). At 12 months MRI suggested possible partial delamination of the chon-
dral graft (fl uid signal beneath the graft) in only one patient. 

 In the other patients MRI proved good osteochondral integration without any 
sign of degeneration or rejection of the cartilage graft (Fig.  18.7 ). The grafts dem-
onstrated good congruency with the host condyle, and the cartilage signal was isoin-
tense to that of the host area with only mild subchondral edema. It appears that 
processed chondrograft has capacity to integrate to the subchondral bone following 
surface augmentation, and the straightforward technique seems to be safe and fea-
sible as well. Additional long term clinical investigations must be carried out to 
assess the possible role of processed pure cartilage allografts in cartilage repair.

18.5        Conclusion 

 The new concept in cartilage repair- that pure cartilage tissue following mincing or 
incisions could be used in a single-stage procedure – is very promising and opens a 
whole new fi eld for research and investigations. The results of any cartilage repair 
technique can only be judged years following the initial treatment. Maturation of the 
cartilage tissue, vascular invasion from the subchondral bone and transformation into 
fi brous cartilage are still feared possible long term outcomes in all these techniques, 
but the data available in the literature to date is very encouraging, and the attractive-
ness of a single stage procedure with off-the-shelf or readily-available repair kits are 
diffi cult to resist for any cartilage surgeon when providing similar or better results 
compared to existing techniques. These techniques may have potential and if the 
outcome meets the expectations, they may become repair techniques in the future.     

a b

  Fig. 18.7    Magnetic    resonance images in sagittal ( a ) and coronal plane ( b ) of a representative 
patient 12 months after focal defect repair of the medial femoral condyle using processed allograft 
(hedgehog). Please note that the patient does not correspond with the pictures shown in Fig.  18.6        
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