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Cartilage Structure and Function

The Chondrocyte as an Anabolic/Catabolic Cell

Chondrocytes are highly specialized cells that differentiate 
from clusters of mesenchymal cells during skeletal embryo-
genesis. The chondrocyte synthesizes and secretes the com-
ponents of the extracellular matrix, primarily proteoglycans 
and type II collagen. Most of the immature cartilage is tem-
porary and is replaced by bone during epiphyseal develop-
ment, whereas the regions nearest the synovial cavity remain 
as the permanent articular cartilage of the adult. During 
growth and development, immature cartilage undergoes 
cellular replication in both the superficial and deep zones. 
However, as skeletal maturity approaches, replication occurs 
only in the deep zone. Cell replication after skeletal maturity 
is rare. The cell content of articular cartilage is low, occupy-
ing no more than 10% of the tissue volume in humans. 
Cell density has been estimated as 105 cells per cubic mil-
limeter in newborns and 1/10 of that in adult cartilage. 
Values are higher in the superficial zone than in the deeper 
zone. Experimental animals have far greater cellularity.  

For example, adult rabbits have nearly 10-fold greater cell 
density than human cartilage and mice have 25-fold greater 
cell density.1 The general cellular morphology ranges from 
flattened and discoidal in the most superficial zones to ovoid 
in the deeper regions. The ovoid cells display enlarged Golgi 
bodies, a characteristic of cells actively secreting proteins, 
and cellular processes that extend into the adjacent pericel-
lular matrix.

Chondrocytes are normally long-lived cells. They are 
not replaced by new cells as occurs in the turnover of other 
tissues. However, the capacity for cell division is manifest 
when the integrity of the matrix is compromised, as in 
osteoarthritis. Cartilage fibrillation is associated with necro-
sis in the superficial zone and with clusters of cells in deep 
zones. Metabolic studies show increased sulfate incorpora-
tion by the cells in the clusters surrounded by proteoglycan-
poor matrix. If viewed as an attempt to repair, the cells in 
clusters are active in matrix synthesis but are not capable of 
matrix replacement at distances from the clusters. Thus, the 
overall content of proteoglycan is low in fibrillated cartilage.

Chondrocytes are embedded in an avascular matrix in 
which nutrients and waste products must diffuse. Oxygen 
tension is approximately 1/3 that measured between capil-
laries in soft tissues. On a per-cell basis, oxygen uptake is 
1/50 that of kidney, but the rates of glycolysis between chon-
drocytes and kidney are comparable. Thus, chondrocytes 
engage in relatively anaerobic metabolism.

Chondrocytes are dynamic cells with anabolic and cata-
bolic activity; they mediate both synthesis and degradation 
of the matrix. Proteoglycan metabolism has been studied 
extensively. As is typical for other cells, the protein compo-
nents are synthesized in the cytoplasmic rough endoplasmic 
reticulum and sulfation of the polysaccharides occurs in the 
Golgi bodies. Ex vivo studies with radioactive tracer isotope 
of 35S-sulfate show incorporation into glycosaminoglycans 
by intermediate and deep cells and subsequent movement 
into the matrix. Type II collagen is synthesized and secreted 
as separate procollagen chains with extensions on its ends, 
converted to tropocollagen, and organized into fibrils with 
small amounts of type IX and type XI collagen. In con-
trast to the dense, thick, highly oriented collagen fibers of 
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bone, cartilage fibrils are thin and cross-linked into an open 
meshwork. The fibrils contain variable amounts of noncol-
lagenous macromolecules, notably decorin. The half-life of 
type II collagen is more than 200 years in humans. Thus, 
the major component of the native fibrils does not appear to 
be renewed or reparable in the normal setting. The collagen 
fibrillar network is under tension and serves to contain the 
glycosaminoglycans in a compressed state. It is difficult to 
imagine how that network could be turned over without 
compromising the mechanical integrity of the tissue or how 
denatured foci could be mended. Evidence shows damage to 
the fibrillar network in osteoarthritis. Osteoarthritis drasti-
cally affects the mechanical properties of cartilage. Excessive 
swelling of osteoarthritic samples in dilute salt solution is 
taken as evidence of the loss of resistance afforded by the 
fibrillar net to absorption of water by the polysaccharides. 
Although there appears to be little turnover of the fibril-
lar network, the entrapped proteoglycans undergo turnover 
that can be accelerated by local cytokines. Chondrocytes 
are responsible for maintaining the matrix environment 
in which they are encased and hence ensure the tissue's 
mechanical characterics.2 They are protected from osmotic 
and mechanical damage by the rigid pericellular matrix, 
called the chondron. Maintenance of the matrix involves 
degradation by proteinases and free radicals generated by 
the chondrocyte. Matrix metalloproteinases and aggreca-
nase catalyze the turnover of cartilage matrix in normal as 
well as in diseased cartilage. Because many of the matrix 
components in cartilage are specific to that tissue, there is 
great interest in developing and validating assays for their 
degradation products in plasma or synovial fluid as markers 
for turnover.3

In the modern view, osteoarthritis is considered to result 
from an imbalance between dynamic anabolic and cata-
bolic activities that are normally well balanced. The chon-
drocyte functions as the agent of these two processes. This 
is in contrast to bone tissue, for example, in which ana-
bolic activities are ascribed to the osteoblast and catabolic 
or osteolytic activities to the osteoclast. Although normally 
interaction between the two cell types maintains skeletal 
mass constant within the remodeling process, imbalance 
occurs with aging, osteoporosis, and infection. The situ-
ation in cartilage is distinct. Evidence suggests that the 
earliest stages of osteoarthritis are balanced by an upregula-
tion of the biosynthetic processes. Synovial fluid collects a 
byproduct of procollagen II processing, called chondrocal-
cin or C-propeptide, whose levels are elevated in traumatic 
and primary osteoarthritis.

Previously, cartilage was regarded to be immunologi-
cally privileged because of either the absence of transplanta-
tion antigens or the protective effect of the matrix. These 
states were invoked to explain the endurance of allografts 
in heterotopic sites. It is now appreciated that chondro-
cytes do display major transplantation antigens and that 
components of the matrix are weakly antigenic. In healthy 
intact cartilage, these determinants are probably shielded 
from antibodies because of steric hindrance caused by the 

proteoglycans in the matrix. Preservation of matrix integrity 
appears to be essential to prevent exposure of the cells and 
rejection of the tissue.

The heterogeneous group of inflammatory joint diseases 
involve underlying disturbances in immune regulation. In 
rheumatoid arthritis, the synovial lining is the initial target 
of inflammatory pathology. Proliferation of synovial lining 
cells and infiltration by lymphocytes and activated macro-
phages produce a tissue mass called the pannus. The pannus 
can invade and destroy the integrity of articular cartilage. 
Products of the pannus act as cytokine mediators of both 
chondrolysis and osteolysis. The major agents are inter-
leukin-1 (IL-1) and tumor necrosis factor-α. These agents 
signal the cascade of release of IL-6, IL-8, IL-17, cyclooxy-
genase-2, and nitric oxide, all of which are actual or poten-
tial targets of pharmacologic management. In vitro models 
have been useful to describe the mechanisms by which these 
immunomodulatory cytokines change gene expression in 
chondrocytes, thus promoting chondrolysis.

Mechanical Properties of Articular 
Cartilage

Articular cartilage is a hypocellular, viscoelastic tissue that 
lines synovial joints, providing them with a nearby friction-
less environment. Synovial cartilage articulations provide a 
coefficient of friction for joint motion that is less than 1/5 
that of ice on ice.4 The mechanical properties of articular 
cartilage depend upon its composition and its architec-
ture. Normally, the hydrophilic proteoglycans and collagen 
constitute 30% of the tissue mass; the remainder is water. 
Cartilage matrix can be viewed as a biphasic material in 
which the fluid phase flows upon mechanical deformation 
of its solid phase. Although the water is constrained by the 
proteoglycan molecules, the fluid phase can also be called 
the porosity of the cartilage. The high water content of the 
tissue also generates its high viscoelasticity. Its elastic mod-
ule is low at slow rates of loading but is two orders greater 
at physiologic rates.

The surface cartilage layer or “skin” is resistant to com-
pressive loads or penetration. The vertically arranged col-
lagen fibers of the radial and calcified zones are resistant to 
shear. Upon application of pressure to articular cartilage 
through weight bearing, the water contained within the 
cartilage exudes upon pressure. With diminished pressure, 
water is drawn back to the aggrecan. The surface protein 
dermatan sulfate also acts as an antiadhesion substance. The 
fine filaments of the superficial zone combine with water 
so that articulation with the opposite joint surface also 
occurs with combined water and superficial zone filaments.2 
Therefore, the lubricating barrier between joint surfaces is 
mostly water. Water is released during weight-bearing pres-
sure from hyperhydrated negatively charged proteoglycans 
in articular cartilage. With damage or degeneration, loss 
of proteoglycans and water results in impaired mechanical 
properties and joint function.
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Incidence of Cartilage Lesions

The true incidence of cartilage lesions and their natural his-
tory are unknown. It has been proposed that between 5% and 
10% of acute knee hemarthroses after a work-related or sports 
injury is associated with an acute chondral injury.5 In a retro-
spective review of 31,516 knee arthroscopies, the prevalence 
of chondral lesions was 63%. However, isolated unipolar 
chondral defects in patients younger than 40 years were rare, 
occurring in only 5% of this patient population.6 Both clini-
cal and experimental evidence showed that with time focal 
cartilage injuries will enlarge and progress to osteoarthritis.7

Mechanical injury to articular cartilage during sporting 
injuries may occur with shearing forces secondary to disrup-
tion of the anterior cruciate ligament. Shearing osteochon-
dral fractures occurring at the time of ligament disruption 
have been noted. Blunt injury to the joint surfaces may cause 
injury to and death of articular chondrocytes. If the articular 
chondrocyte cannot continue to synthesize and remodel its 
matrix macromolecules, the pericellular matrix will eventu-
ally degenerate. This may account for the high incidence of 
osteoarthritis encountered with anterior cruciate ligament 
injuries. Acutely the incidence of chondral injuries is approx-
imately 2% but may approach 20% in the long run.8

In a study performed by Repo and Finlay,9 blunt force 
to articular chondrocytes in excess of 25 MPa reproducibly 
resulted in death of articular chondrocytes. Hence there 
appears to be a threshold to which articular chondrocytes 
can withstand blunt trauma. This may be an important fac-
tor in understanding articular cartilage degeneration after 
injury and may be an important technical factor during 
new repair techniques, such as osteochondral graft transfers. 
Large impaction forces needed to introduce osteochondral 
grafts to recipient sites may result in injury and cell death 
to the cartilage cap of the osteochondral grafts, leading to 
failed long-term results.

Magnetic resonance imaging scans demonstrated bone 
bruises after blunt injuries sustained during work-related 
and sporting activities. Arthroscopic biopsy studies of carti-
lage overlying bone bruises demonstrated superficial chon-
drocyte death and matrix dehydration.10 Cartilage cell death 
is proposed to arise directly from the blunt trauma exceed-
ing this threshold.

The natural history of osteoarthritis itself is unknown. A 
Swedish longitudinal study notes radiographic progression of 
osteoarthritis in the knee occurs over a 20-year time course 
when greater than 50% joint space narrowing is present at 
initial evaluation (Ahlbäck stages 2–4).11 However, only 60% 
of patients with Ahlbäck stage 0 (peripheral osteophytes and 
a normal joint space) or Ahlbäck stage 1 (<50% joint space 
narrowing) at initial presentation will progress radiographi-
cally. Not all radiographic osteoarthritis will progress.

In the United States, more than 450,000 total knee 
replacements are performed annually. The disability and 
economic hardship encountered by osteoarthritis are sub-
stantial. This is especially true if a cartilage injury occurs 
at a young age when socioeconomic productivity and 

recreational activities are especially affected. The problem 
arises from the unique structure, function, and repair mech-
anisms of articular cartilage.

Cartilage Injuries and Repair

Articular cartilage is devoid of a nerve supply. Cartilage cov-
ers and protects the richly innervated subchondral bone plate 
from stimulation. Once articular cartilage is damaged, pain 
can result from contact of the subchondral bone plate. If a 
healing response does not develop, load will be borne by the 
shoulders of the chondral defects in addition to the exposed 
subchondral bone. This situation will result in overload and 
breakdown of the shoulders of the defect, with progressive 
enlargement of the defect. The opposing articulation would 
be exposed to a bare bone surface with resultant erosive deg-
radation of its cartilage surface. The resultant bone-on-bone 
articulation is by definition osteoarthritis. Symptoms from 
direct stimulation of the subchondral bone plate or from 
indirect stimulation to the bone via an attached cartilage 
flap may occur. Breakdown products from the cartilage 
along with liberated enzymes may cause effusions in the 
joint, capsular distention, or synovitis as other mechanisms 
of pain. As the subchondral bone plate hardens, secondary 
vascular venous congestion in the medullary cavity results 
and may cause deep aching pain.

Cartilage repair would be beneficial in the short term to 
alleviate symptoms and in the long term to prevent pro-
gressive breakdown of the articulations of the joint and the 
development of osteoarthritis. Thus, the goal of cartilage 
repair is to produce a tissue that will fill the defect, integrate 
with the adjacent articular cartilage and subchondral bone 
plate, have the same viscoelastic mechanical properties, and 
maintain its matrix over time without breakdown. That is, 
the goal is to restore the osteochondral functional unit with 
a repair tissue that approaches regeneration.

Clinical and experimental evidence shows that damage 
involving the articular cartilage surface and confined to the 
cartilage undergoes little restoration. Cartilage has little 
intrinsic ability to heal. Chondrocytes in mature articular 
cartilage rarely divide and their density declines with age. 
In contrast, lesions that extend to the subchondral marrow 
may heal clinically.12 Therefore, a cell source for cartilage 
regeneration or repair must arise from the underlying sub-
chondral bone marrow, the adjacent synovial tissue, or an 
exogenous source.

Absence of blood supply and endogenous source of 
new cells contribute to cartilage’s incapacity for repair. The 
typical wound healing response of hemorrhage, fibrin clot 
formation, and mobilization of cells and growth factors is 
absent. The only spontaneous repair reaction may occur at 
the edge of superficial articular cartilage lesions. Articular 
cartilage is isolated from the subchondral bone marrow cells 
by the dense subchondral bone and cartilage matrix.

Cartilage repair is dependent on the mobilization of cells 
derived from the subchondral bone marrow, which include 
multipotential cells, osteoblasts, chondroblasts, fibroblasts, 
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and hematoprogenitor cells.13 Therefore, the repair tissue 
that results may be variable based on the predominant cell 
line that proliferates and its modulation by local growth  
factors, cytokines, and the local mechanical environment.

Clinical Repair for Full-Thickness Cartilage 
Defects

The spectrum of repair tissue is clinically variable, depend-
ing on the clinical technique used as well as intrinsic and 
local factors. Repair tissue may be fibrous tissue, transitional 
tissue, fibrocartilage, hyaline cartilage, articular cartilage, 
bone, or a mixture of these tissues.14 Fibrous tissue consists of 
fibrocytes and a type I collagen fibrous matrix. Transitional 
tissue consists of ovoid cells that may produce proteoglycans 
as well as a fibrous matrix. The matrix may stain positively 
with safranin O for proteoglycan production. Fibrocartilage 
consists of round chondrocyte-appearing cells with a type I 
collagen fibrous matrix. Hyaline cartilage consists of chon-
drocytes in a matrix of type II collagen and proteoglycans, 
with a hyaline, ground-glass appearance by light micro-
scopy. The cellular and matrix organization may be different 
than normal articular cartilage. Articular cartilage resembles 
normal articular cartilage. Articular cartilage is essentially 
a regenerating tissue with articular chondrocytes, arranged 
in the usual palisading columns found in normal articular 
cartilage, with markers of normal articular cartilage matrix 
including type II collagen, proteoglycans, etc. A mixture 
of all these components may be present at a single repair 

site. The predominant repair tissue type will determine the 
long-term outcome of the patient. If the majority of the 
repair tissue is hyaline or articular cartilage, the viscoelas-
tic properties found with a type II collagen framework and 
proteoglycans will give a durable repair and usually a supe-
rior clinical result. Fibrocartilage and fibrous repairs consist  
of type I collagen, which is usually not as strong as type II  
collagen and often contains short-chain proteoglycans. 
Fibrocartilage and fibrous repairs do not maintain a high 
negative charge density, are soft, and break down (Fig. 2.1).

Factors that may influence the quality of repair tissue 
noted clinically include acuteness of injury, age, size of 
defect, ligament stability, axial alignment, and presence or 
absence of the meniscus.12,15 In a study conducted by Nehrer 
and associates14 (Table 2.1), failed repair tissues were ana-
lyzed after three techniques of marrow stimulation: drill-
ing, abrasion, and microfracture. The repair tissues retrieved 
were composed predominantly of fibrous and fibrocartilagi-
nous tissues. The tissues were soft and degenerating. They 
had poor mechanical viscoelastic properties even though 
they filled the defects. The repair tissues clinically failed 
by 2.5 years after treatment, with an average defect size 
greater than 3 cm2. Cartilage defects that were treated by 
perichondrial grafting had an excellent clinical result early 
postoperatively. By 4 to 5 years postoperatively, however, 
the repair tissue had undergone enchondral ossification. 
The perichondrial chondrocytes had features of hypertro-
phic chondrocytes, notably type X collagen, a precursor to 
mineralization (Fig. 2.2). Although those grafts had a high 
percentage of hyaline cartilage, they also contained bone. 

• Fig. 2.1 (A) Arthroscopic appear-
ance of a symptomatic fibrocartilage 
repair after drilling. Repair tissue is 
evident from native articular carti-
lage. Complete fill of defect with white 
repair tissue is evident. However, its 
mechanical properties are insufficient 
and soft, with resultant symptoms. (B) 
Arthroscopic appearance of a symp-
tomatic fibrocartilage flap after drilling. 
Poor integration and mechanically soft 
tissue have resulted in a poor clinical 
result. (C) Low-power photomicro-
graph of retrieved fibrocartilage repair 
stained for proteoglycans with saf-
ranin O. Alternating layers of fibrous 
and fibrocartilage repair tissue have 
a porous appearance and a degen-
erating surface. This human retrieval 
resulted from a failed arthroscopic 
abrasion arthroplasty with resultant 
filled defect and soft repair tissue as 
shown in (A).

A

B C



13  CHAPTER 2 Cartilage Repair and Regeneration 

 Evaluation of Tissue Retrieved After Failed Articular Cartilage Repair Procedures: Histologic and 
Immunohistochemical Comparative Analysis

-- Treatment P value

--
Arthroscopic abrasion 
arthroplasty (n = 12)

Perichondrial rib 
grafting (n = 4)

Autologous chondrocyte 
implantation (n = 6)

P <.05 
(ANOVA)

Follow-up (months) 21 ± 4 31 ± 8 3 ± 1 --

Tissue Type (%)

Articular cartilage 2 ± 1 3 ± 2 0 NS

Hyaline cartilage 30 ± 10 47 ± 7 2 ± 1 Sig.

Fibrocartilage 28 ± 7 15 ± 4 6 ± 2 NS

Transition tissue 18 ± 2 12 ± 3 31 ± 7 NS

Fibrous tissue 22 ± 9 4 ± 2 61 ± 9 Sig.

Bone 0 19 ± 6 0 Sig.

Quantities of tissue types for failed cartilage repair procedures (arthroscopic abrasion arthroplasty, perichondrial rib grafting, and autologous chondrocyte 
implantation) in a human series at various time intervals after treatment are listed. NS, Not significant.

TABLE 
2.1

• Fig. 2.2 (A) X-ray appearance of medial femoral condyle autologous perichondrial graft undergoing ossification. Ossification developed 3 years 
after cartilage repair, with initial excellent clinical result. Revision cartilage repair with autologous chondrocyte implantation graft resulted in successful 
clinical outcome. Retrieval of failed perichondrial graft specimen allowed histologic analysis. (B) Low-power photomicrograph of retrieved perichon-
drial autograft undergoing enchondral ossification stained with safranin O. Notice excellent proteoglycan production as demonstrated by red stain-
ing. However, an advancing front of bone formation (blue stain) will eventually ossify the entire cartilage graft without stabilization with a tidemark.  
(C) Low-power photomicrograph of antibody staining (brown) to type X collagen demonstrating intracellular production of type X collagen as 
expressed by hypertrophic chondrocytes undergoing enchondral ossification. (D) High-power photomicrograph demonstrating intracellular antibody 
staining to type X collagen of hypertrophic chondrocytes. This is a common mechanism of failure of perichondrial autografts seen clinically.

A B

C D

From Nehrer S, Spector M, Minas T. Histologic analysis of failed cartilage repair procedures. Clin Orthop Relat Res. 1999;365:149-162.
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Clinical Recommendations for Careful Rehabilitation After Autologous Chondrocyte Implantation

--

Time

0–6 Weeks 7–12 Weeks >13 Weeks–3 years

Stage Proliferation Transition Remodeling and maturation

Histology Rapid proliferation of 
spindle-shaped cells 
with defect fill. Mostly 
type I collagen with early 
formation of colonies of 
chondrocytes forming 
type II collagen.

Matrix formation, mostly
chondrocytes producing type II  
collagen and proteoglycans  
Poor integration to underlying 
bone and cartilage

Ongoing remodeling of matrix with 
reorganization and quantity of type II  
collagen, and integration to bone (arcades 
of Benninghoff) and adjacent host cartilage 
Large-chain aggregates of proteoglycans, 
with increased water content of cartilage

Viscoelastic 
arthroscopic 
appearance

Filled, soft, white tissue Jelly-like firmness, with “wavelike” 
motion when probed, not 
yet firm and integrated to 
underlying bone

Firm “indentable” but not “wave-like” when 
probed 4–6 months after autologous 
chondrocyte transplantation 
Graft whiter than host cartilage and may 
demonstrate periosteal hypertrophy (20%)
Equal firmness to host cartilage 9–18 
months after autologous chondrocyte 
transplantation

Activity level • CPM starts 6 hours after 
surgery for 6–8 hours/
day for 6 weeks

• Touch WB
• Isometric muscle 

exercises and ROM

• Discontinue CPM
• Active ROM
• Partial graduated WB to full 

WB by 12 weeks
• Functional muscle usage, 

stationary bicycle, treadmill

• Discontinue assistive devices 4–5 months 
postoperatively if free of pain, catching, 
swelling

• Distance walking, resistance walking
• Nonpivoting running at 9–12 months
• Pivoting allowed at 14–18 months

From Minas T, Peterson LL. Autologous chondrocyte transplantation. Oper Tech Sports Med. 2000;8:144-157.
Clinical recommendations made for careful rehabilitation after autologous chondrocyte implantation based on correlative observations on the basic science repair 
process learned from a canine model and arthroscopic evaluations in humans (with biopsies) at various stages of repair to determine viscoelastic mechanical 
maturation over time and prevent premature overloading of healing grafts. CPM, Continuous passive motion; ROM, range of motion; WB, weight bearing.

TABLE 
2.2

The autologous chondrocyte implantation grafts that failed 
did so early (<6 months after implantation) as a result of 
trauma as the grafts were growing. At this early stage of 
repair, a high percentage of the repair tissue was fibrous 
or transitional in nature. Mature autologous chondrocyte 
implant grafts (>2 years after implantation) may have excel-
lent clinical outcomes, with hyaline cartilage repair having 
firm viscoelastic properties (Fig. 2.3).

Intrinsic repair in the acute situation is possible by 
marrow stimulation repair if chondral injury involves the 
underlying subchondral bone. However, appropriate reha-
bilitation after injury is critical (Table 2.2). The factors pre-
viously described delineating the possibility of a successful 
repair are important. Rehabilitation after such an injury 
is also important. However, there may be a critical size of 
subchondral bone involvement that will result in cystic 
degeneration rather than repair. This occurs specifically in 
osteochondritis dissecans or when lesions are deep. A study 
with experimental osteochondral defects greater than 8 mm 
in diameter and deep in adult goats demonstrated cystic 
enlargement of the defects rather than repair.16 Therefore, 
repair of osteochondral defects is more complex. A staged 
reconstruction using autogenous tissues is required. Other 
options include allogeneic osteochondral reconstruction or 
autologous-derived tissue engineering solutions (Fig. 2.4).

• Fig. 2.3 High-power photomicrograph of biopsy stained with saf-
ranin O of autologous chondrocyte implantation in a human. Note 
homogeneous ground-glass appearance of matrix and abundant 
chondrocyte formation.
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• Fig. 2.4 Low-power photomicrograph of canine biopsy specimen at 
the junction of the osteochondral graft transfer and native cartilage margin.  
Note the persistent cleft without integration at the cartilage junctures 
and the various thicknesses of articular cartilage with the different  
tidemark junctures. Excellent bony remodeling is noted in the subchondral 
bone marrow. (Courtesy Laszlo Hangody, MD, Budapest, Hungary.)

Experimental Models and Usefulness

Selection of an appropriate animal model to assess the 
mechanisms and outcomes of procedures for cartilage repair 
has been problematic. The ideal is a skeletally mature animal 
with anatomic and morphologic similarities to the human 
clinical situation. Inclusion of multiple control groups is 
essential to assess the hypothesis that a certain treatment is 
superior. In this way the relative value of a therapy can be 
assessed but with limited translation to humans. However, 
this is not always feasible because bilateral simultaneous 
treatments may not be ethically or physiologically sound for 
the repair model. The duration of the experiment needed 
to confirm endurance of cartilage repair and prevention of 
osteoarthritis usually is cost prohibitive.

Use of periosteum to treat full-thickness chondral defects 
under the influence of continuous passive motion has been 
investigated in a rabbit model.17 An elegant experiment 
demonstrated that periosteum was capable of undergoing 
neochondrogenesis and that, under the influence of con-
tinuous passive motion, the quality of the repair tissue was 
similar to hyaline cartilage.

The translation of this model to demonstrate proof of prin-
ciple in humans has not been fully realized.18,19 Whether the 
rabbit is capable of an unusually robust healing response and 
whether technical differences in the experimental methodology 
account for unpredictable results in patients are not known.

The technique of autologous chondrocyte implantation 
has been controversial.20–23 Much of the controversy appar-
ently has been due to the conflicting results with two dif-
ferent animal models. The Swedish model was based on a 
pilot study performed in patellar chondral defects in rab-
bits.24 The rabbit model showed that the implanted in vitro–
labeled chondrocytes were largely responsible for the repair 
tissue that developed to fill chondral defects. The repair tis-
sue was superior to that of periosteum alone.

The quality and quantity of repair tissues remained 
consistently higher in the rabbit model when compared 
to empty defects, periosteum, periosteum plus autologous 

chondrocytes, and carbon fiber pads plus autologous chon-
drocytes.25 A similar study was performed in a rabbit model 
with bilateral patellar chondral defects, unlike the human 
situation in which defects are most commonly found on the 
femoral condyles.

When the experiment was completed in a canine model 
using the femoral sulcus, the results comparing empty 
defects, periosteum, and periosteum plus autologous chon-
drocytes were similar in the early postoperative period (<6 
months) but were uniformly osteoarthritic in the long term 
(12–18 months).13,26 No treatment difference could be 
detected. A clear species difference between rabbit and dog 
was seen at 12 months (Figs. 2.5–2.12).

Translational Research

It may be that there is no perfect animal model with repair 
characteristics similar to the human species. However, new 
technologies and treatment options may be evaluated in an 
animal model with control groups. In this way, the efficacy 
of repair may be assessed. In general, proof of principle 
involves the progression of scientific methodology from in 
vitro methods to small animal experimentation to larger 
animal validation prior to human clinical trials and is the 
desired scientific method. The hypotheses for the scien-
tific methods are derived from clinical problems or failures 

• Fig. 2.5 Schematic representation of canine experiment evaluat-
ing the effect of autologous chondrocyte implantation using cultured 
articular chondrocytes (CAC), versus periosteal resurfacing alone (P), 
versus empty control (EC), 4-mm defect. The periosteum was micro-
sutured using absorbable suture to the native articular margins with 
the cambium layer of periosteum facing the bony surface. The margins 
were then sealed with autologous fibrin glue. The animal was protected 
with an external fixation device for 10 days and then allowed to bear 
weight as tolerated. Two chondral defects were made per knee in the 
femoral sulcus or the trochlea (see Fig. 2.6).

EC

P

CAC

4 mm

Periosteum

Autologous
chondrocytes

Fibrin glue
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of existing techniques. The methodology of pursuing a 
hypothesis rendered from a clinical situation taken to the 
basic science laboratory is the basis of translational research. 
The topic of cartilage repair is an especially difficult clinical 
problem and field. The concept of translational research is 
especially suited in the field of cartilage repair.

State of the Art

Tissue Engineering
Because cartilage is a relatively simple tissue because of its 
cellular homogeneity and avascularity, it has been a model 
for research of in vitro engineered tissues.27 Progress has 
been slow and obstructed on several levels. The adult chon-
drocyte has limited capacity for proliferation and has both 
catabolic and anabolic functions. These metabolic features 
must be optimized and controlled for engineered tissue to 

• Fig. 2.7 High-power photomicrograph of beta-galactosidase–labeled 
reporter gene (blue) in chondrocyte culture in monolayer approaching 
confluence. The reporter gene allows tracking of implanted chondro-
cytes over time. The label was no longer effective after 3 months in vivo.

A

B

• Fig. 2.8 (A) Low-power histologic section with hematoxylin and 
eosin staining of canine defect treated by autologous chondrocyte 
implantation at 3 months. The defect appears filled but has poor stain-
ing characteristics, although the repair tissue appears to consist pre-
dominantly of cellular chondrocytes. (B) High-power photomicrograph 
of area that is poorly staining in (A), demonstrating the persistence of 
beta-galactosidase reporter gene labeling of implanted chondrocytes  
3 months after implantation. This image demonstrates that the 
implanted chondrocytes are responsible for the repair tissue and not 
local cellular repair.

endure. The motivation for tissue engineering is to promote 
biologic repair or regeneration. Conceptual approaches 
include implantation of inert substitutes for discontinui-
ties or missing parts, drug or matrix treatments to stimu-
late tissue regeneration, autogenous cell or tissue transfer, 
and in vitro production of tissues or tissue equivalents for 
implantation. Three considerations when designing a con-
struct for engineered tissue are (1) the source of cells, if any; 
(2) the nature of the carrier or scaffold; and (3) the use, if 
any, of genes, biochemical and biomechanical factors, or 
adjuvants.

Interestingly, cultured chondrocytes under the influence 
of constant hydrostatic pressure perfusion versus intermit-
tent perfusion demonstrate improved cartilage matrix pro-
duction (Fig. 2.13). Experimental work was performed at 
our laboratory (Skeletal Biology Laboratory, Orthopedic 
Research, Cartilage Repair Center, Brigham and Women's 
Hospital, and Harvard Medical School, Boston, MA) to 
assess this effect in an in vivo evaluation of cartilage repair 
in an animal model (Minas et al., Autologous Cartilage 
Repair in Rabbits with Chondrocytes in 3D Collagen 
Sponges Precultured with Hydrostatic Pressure, unpub-
lished data).

• Fig. 2.6 Gross appearance of periosteal patches sutured to chon-
dral defects undergoing autologous chondrocyte implantation on the 
femoral sulcus in a canine model. The chondral defects measured  
4 mm in diameter.
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The goal of our study was to assess a collagen sponge 
seeded with autologous cultured chondrocytes under the 
influence of hydrostatic pressure as a tissue-engineered 
construct, versus the gold standard of autologous cultured 
chondrocyte implantation under a periosteal flap, versus 
control groups of empty defect, empty sponge, periosteum 
without cells. Information on the treatment groups is given 
in Table 2.3.

Seven-month-old New Zealand white male rabbits were 
used in the study. After a medial parapatellar incision was 
made, the patella was dislocated laterally, and a 3-mm-
diameter defect was created in the center of the patella 
using a circular stainless-steel punch. Cartilage tissue was 
harvested using a beaver blade and a sharp edge of host 
cartilage was created using a curette. The defects were cylin-
drical in shape and extended over the tide mark. The knee 
was closed.

Chondrocyte Isolation. The cartilage slices were har-
vested and digested. The isolated chondrocytes were seeded 
to T-25 culture flasks and incubated for 6 days. The chon-
drocytes were harvested using trypsin and 300,000 cells in 
25 μL of medium were injected into collagen sponges. The 
sponges were incubated using a pressure/perfusion culture 
system at 0.7 MPa, 0.015 Hz, and 0.3 mL/min for 7 days 
(Fig. 2.13A).

Engineered Cartilage Implantation

The second operation was performed after 2 weeks of in 
vitro monolayer culture and pressure/perfusion culture. 
A full-thickness defect (3-mm diameter and over the 

A

B

• Fig. 2.9 (A) Gross appearance of empty canine defects 6 months 
after treatment. Minimal repair tissue is seen around the margins. (B) 
Low-power histologic section with hematoxylin and eosin staining of 
canine defect as control defect at 6 months. Note lack of repair tissue 
fill except around the margins.

• Fig. 2.10 (A) Gross appearance of defects in a canine model 6 
months after treatment with autologous chondrocytes. Note the com-
plete fill and smoothness of the surface. (B) High-power photomicro-
graph with safranin O staining of retrieved tissue shown in (A). Hyaline 
cartilage repair tissue with deep proteoglycan staining, palisading 
chondrocyte arrangement, and excellent subchondral bone integration 
with tidemark formation are seen. However, note the cleft to the far 
right of the cartilage integration. This is a common finding early after 
treatment with autologous chondrocyte implantation grafting. (C) Same 
specimen stained with antibody to type II collagen (brown). Note uni-
form density of staining.

A

B

C
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tidemark) through the articular cartilage was created in 
the femoral weight-bearing condyle using a circular stain-
less steel punch. The lesion produced was a deep defect that 
extended through all chondral layers into the calcified zone. 
It was termed a full-thickness lesion to distinguish it from an 
osteochondral bone plate.

Under aseptic conditions, the autologous cartilage was 
trimmed using a 4-mm punch and directly sutured into the 
defect. The knee was closed in separate layers.

Rabbits from each treatment group (see Table 2.3) were 
euthanized at time points of 4 weeks and 12 weeks. The tis-
sue around the defect was harvested for histologic analysis.

Histologic Evaluation. The sections were graded as poor, 
fair, good, or excellent by three blinded individuals.

Results. Sponges with chondrocytes that were cultured 
for 5 days with hydrostatic pressure accumulated more 
metachromatic matrix than did those cultured without 
hydrostatic pressure.

Clinically, some of the control empty defects and those 
with cell-free collagen sponges were partially filled, but the 
collagen sponge + cells scored consistently higher than the 
other treatment groups.

Histologically, most of the empty controls showed poor 
repair (Fig. 2.14). Collagen sponge + cells showed better 

• Fig. 2.11 Low-power photomicrographs of empty defect (left), periosteum alone (center), and autologous chondrocyte implantation (right) in canine 
experiment 12 months postimplantation. The worst-case scenario demonstrates collapse of the subchondral bone plate with fibrous tissue forma-
tion in an empty defect in both the empty control and periosteum alone groups. The autologous chondrocyte implantation treatment group similarly 
has a poor repair tissue that is delaminating, but the subchondral bone is intact. Difference between the three treatments could not be graded by 
independent observation by a histologist.

• Fig. 2.12 Low-power photomicrographs of the same treatments as shown in Fig. 2.11. In the best-case scenario, repair tissue in all three treatment 
arms could not be graded as different. No difference in treatment effect was apparent. The canine model for cartilage repair for periods of time greater 
than 12 months demonstrated spontaneous repair or degeneration to a similar treatment end point. However, autologous chondrocyte implantation 
for less than 6 months demonstrated a superior repair.

Treatment Groups

Group Left knee Right knee

1 Periosteum + autologous cultured chondrocytes Periosteum

2 Periosteum + autologous cultured chondrocytes Empty defect

3 Engineered cartilage Periosteum + autologous cultured chondrocytes

4 Engineered cartilage Collagen sponge control

5 Allo-engineered cartilage Periosteum + allo-autologous cultured chondrocytes

TABLE 
2.3
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repair than collagen sponge alone. Collagen sponge + cells 
were similar to the autologous chondrocyte implantation 
group.

We concluded that tissue-engineered cartilage dem-
onstrated histologic repair superior or similar to that of 
autologous chondrocyte implantation and was better than 
the controls of empty defect, periosteum alone, or empty 
sponge. However, some of the empty sponge defects did 
demonstrate a reasonable repair tissue migration into the 
sponge and partial repair.

From an experimental translational research model, this 
work was continued and was the basis for the formation 
of a clinically relevant human cartilage repair trial (see the 
NeoCart system in Chapter 16).

Effect of Mechanical Stress on hACs
Recently, various cell culture technologies using mechani-
cal stimuli have been developed to engineer chondrocyte 
constructs for improving clinical outcomes. Using an 
engineering strategy, the application of cyclic pure hydro-
static pressure (HP) was shown to be effective on anabolic 
turnover by chondrocytes. Previous studies demonstrated 

that intermittent HP-loading (1-10 MPa, 0.5-1 Hz,  
4 hours per day for 4 days) increased Col-2 and Agg expres-
sions by monolayer cultures of bACs or hACs compared 
with a single HP-loading.28–31 reference 33 For further 
optimization of extracellular matrix synthesis and accu-
mulation, a repetitive hydrostatic pressure–atmospheric 
pressure (HP-AP) regimen was investigated using our well-
validated culture system.31–33 We focused on the effects of 
HP-AP (HP-loading followed by AP regimen, Fig. 2.15) 
on anabolic (Aggrecan, Col-2), catabolic (MMP-13), and 
chondroprotective (TIMP-2) activities by hACs seeded 
within a 3D collagen gel/sponge scaffold to improve accu-
mulation of ECM within chondrocyte constructs. Our data 
indicated that the HP-AP upregulated anabolic function, 
whereas it downregulated catabolic function with hACs by 
day 14 (Fig. 2.16). Additionally, intense accumulation of 
Col-2 in HP-AP and Rep HP-AP (Fig. 2.17) and signifi-
cantly greater accumulation of sulfated glycosaminogly-
can (S-GAG) in HP-AP were observed (Fig. 2.18). These 
characteristics suggested that HP-AP may be beneficial  
to engineer a mature chondrocyte construct in vitro prior to  
implantation.34

• Fig. 2.13 (A) Illustration of hydrostatic pressure culture system used 
for the experimentation described in text to produce a tissue-engineered 
cartilage implant evaluated in the New Zealand rabbit model. (B) Graphs 
which demonstrate the production of proteoglycan macromolecules 
found in articular cartilage increase with time under pressure perfusion 
which is improved with constant perfusion versus intermittent perfusion or 
no pressure. (C) Photomicrograph of type I collagen sponge seated with 
autologous rabbit chondrocytes under the influence of 0.7-MPa constant 
pressure perfusion (magnification ×50). Note distribution of cells through-
out the sponge producing early matrix 7 days after onset of perfusion. 
(A from Mizuno S, Ushida T, Tateishi T, Glowacki J. Effects of physical 
stimulation on chondrogenesis in vitro. Mat Sci Eng C. 1998;6:301-306.   
B from Mizuno S, Tateishi T, Ushida T, Glowacki J. Hydrostatic fluid pres-
sure enhances matrix synthesis and accumulation by bovine chondro-
cytes in three-dimensional culture. J Cell Physiol. 2002;193:319-327.)C
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Additionally, as any kind of engineered chondrocytes 
construct is exposed to compressive stress caused by weight 
bearing and joint loading after implantation, the effects of 
compressive stresses that included HP and deviatoric stress 
(DS) were evaluated. These are theoretically independent but 
practically coexist in articular cartilage. Results showed that 
changes in HP alone, DS alone, and combined HP and DS 
followed by offloading altered the cell proliferation capacity 
and metabolism of ESM of hACs within an agarose hydro-
gel (Fig. 2.19). HP will be useful to stimulate production 

of cartilage ECMs within a cell construct, whereas DS may 
have a catabolic role on the ECM.35 Understanding the 
mechanisms underlying HP and DS in chondrocyte metab-
olism and proliferation will broaden treatment strategies 
including stem cell therapy for osteoarthritis (Fig. 2.20).

Cell Based
One of the main components of cartilage tissue engineer-
ing is cells. In general, chondrocytes, stem cells, genetically 
modified cells, and fibroblasts have been tested in cartilage 

A

C

E F

D

B

• Fig. 2.14 (A) One-month patellar defect of tissue-engineered implant in a New Zealand rabbit (safranin O staining, magnification ×100). Note excel-
lent integration, fill, and cellular proliferation within the defect. (B) Three-month patellar empty defect (magnification ×25). Note complete absence of 
repair tissue in the defect except for the margins. (C) Three-month patellar defect repaired with an empty sponge. Poor filling and only marginal repair 
are seen. (D) Three-month patellar defect repaired with periosteum alone without cells. No tissue repair is seen except for the margins of the defect. 
(E) Three-month patellar defect repaired with autologous chondrocyte implantation under a periosteal patch. Excellent cellular response in the defect 
with fill and subchondral bone integration are seen. Some minor fissuring at the edges of the defect has occurred. (F) Tissue-engineered cartilage 
implant produced under the influence of constant hydrostatic pressure perfusion of a collagen sponge implanted into a 4-mm diameter chondral 
defect. Excellent fill, integration, and proteoglycan staining with cellular proliferation and organization are seen.
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• Fig. 2.15 The loading regimen of application of HP and AP. AP, 
atmospheric pressure HP; hydrostatic pressure.
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• Fig. 2.16 Relative quantity (RQ) of chon-
drocyte phenotype, chondroprotective, 
and degenerative markers. (A) Col-2, (B) 
Agg, (C) TIMP-2, and (D) MMP-13 expres-
sion compared with each gene expression 
under atmospheric pressure (AP) at each 
time point (AP at day 4 as a control of value 
1.0). Asterisks indicate significant differ-
ence among groups (*P <.05, **P <.01).  
Error bar indicates SD.

tissue engineering. However, chondrocytes and stem cells 
are the main chondrogenic cells in cartilage regeneration 
and engineering.

Autologous chondrocyte implantation has been shown 
to be a promising treatment over a long-term follow-up. 
Mesenchymal stem cells (MSCs) are multipotent cells that 
can be differentiated into various cells, including osteoblasts, 
adipocytes, chondrocytes, as well as neuronal and myogenic 
cells. MSCs are isolated from adipose tissue, bone marrow, 
synovial membrane, muscle, and periosteum.

Recently, the use of human induced pluripotent stem 
cells (hiPSCs) has been reported. hiPSCs are obtained 
from somatic cells by reprogramming transcription fac-
tors (SCX2, Oct4, Myc and Klf4). The other type of cells 
includes embryonic stem cells (ESCs). Despite their useful-
ness in cartilage tissue engineering, the extraction of these 
cells is subject to ethical and political issues. Additionally, 
undifferentiated ESCs can cause tumors and increase the 
risk of developing teratomas in the body, which is another 
limitation of the use of these potent cells.

Gene Therapy
Bioactive proteins are challenging to apply effectively; how-
ever, gene transfer approaches are being developed to pro-
vide their sustained synthesis at transferred sites. Advances 
in gene transfer technology have been translated to clinical 
applications. Proof of principle has been demonstrated for 
in vivo and ex vivo transfection of genes into articular chon-
drocytes. Efficient transfection requires vectors, materials, 
or methods to promote uptake and expression of the gene of 
interest. In principle, different methods may result in tran-
sient or more enduring expression of the gene product. For 
chondrocytes, some of the useful genes include insulin-like 
growth factor-I, transforming growth factor-α, and IL-1 
receptor antagonist. Although promising preclinical data are 
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• Fig. 2.17 Immunohistology of human 
articular chondrocytes (hACs) within 
a collagen sponge at day 14. Intense 
accumulation of Col-2 was seen in the 
construct in HP-AP and Rep HP-AP 
compared with AP-HP and AP. AP, 
Atmospheric pressure; Col-2, col-
lagen type II; HP, hydrostatic pres-
sure; KS, keratan sulfate; MMP-13, 
matrixmetalloproteinase-13.

arising, the concept of genetic approach needs to be proven 
by the future clinical researches.

Materials
Delivery of simple cell suspensions is of limited value in 
musculoskeletal applications because of the requirement 
for cells to be retained at the desired site. Isolated chon-
drocytes lack adherence to lesion sites and suspensions may 
produce fibrocartilage or small foci of cartilage. Fluid car-
riers or three-dimensional scaffolds can be used for deliv-
ery and retention of cells. Popular natural hydrogels such 
as alginates, fibrin, denatured collagen gels, hyaluronan, 
and admixtures are useful for containing or immobilizing 

• Fig. 2.18 Accumulation of sulfated glycosaminoglycan (S-GAG) and 
DNA at day 14. *P <.05. Error bar indicates SD. AP, Atmospheric pres-
sure (no HP); HP, hydrostatic pressure (0.5 MPa, 0.5 Hz).
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cell suspensions. In addition to their important function 
as a carrier of cells, three-dimensional scaffolds are use-
ful for defining the space for new tissue and potentially 
for enhancing the maturation and function of regener-
ated tissue. Candidate scaffolds include natural polymeric 
materials such as collagen lattices, synthetic polymers, 
biodegradable polymers, and polymers with adsorbed pro-
teins or immobilized functional groups.

The key requirements of bioresorbable materials are that 
(1) their rates of degradation must be compatible with the 
intended use and (2) the products of their degradation 
must be nontoxic. Of the synthetic materials, polyglycolic 
acid, polylactic acid, and their copolymers are most widely 
studied.

Future Directions

Although novel technologies are being developed, treatment 
of cartilage lesions is still challenging. Combination of dif-
ferent approaches, including efficiently differentiated chon-
drocytes, advanced scaffolds, and gene transfer might greatly 
improve the regeneration of articular cartilage. The ultimate 
goal of cartilage repair is to delay progression of OA and 
to avoid arthroplasty. In addition to treating focal chondral 
defect, biologic environment of the knee joint needs to be 
considered. To reach this ultimate goal, joint homeostasis 
is the important key to successful cartilage repair as well as 
delay progression of OA. As an augmentation, therefore, the 
concomitant use of PRP, bone marrow aspirates, and stem 
cells with surgical cartilage repair procedures are presently 
investigated in clinical studies, which possibly improves the 
biological environment of the knee and leads to satisfactory 
outcomes. Future well-designed, randomized, double-blind, 
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• Fig. 2.19 Gene expression profiles by human 
articular chondrocytes in response to hydro-
static pressure (HP) alone, combined HP and 
deviatoric stress (DS), and DS alone. Relative 
quantity (RQ) of aggrecan core protein (AGG-
CORE), collagen type II (COL-2), collagen type 
I (COL-1), tissue inhibitor for metalloprotein-
ase-II (TIMP-2), and matrix metalloprotein-
ase-13 (MMP-13) expression compared with 
no-stress control normalized as value 1.0 at 
each time point. Asterisks indicate P <.05 ver-
sus no stress. Means ± SD (n = 3).
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• Fig. 2.20 Proliferating cells within the cell construct stained with 
antibody against proliferating cell nuclear antigen (PCNA) at Day 
7, incubated with HP, HP/DS, and DS, expressed as percentage  
(*P <.05). HP, Hydrostatic pressure; DS, deviatoric stress.
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long-term studies are necessary to confirm the best treat-
ment in this field.
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