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v

One of the first systematic histological evaluations of the role of joint cartilage was published 
in 1843 by Ecker and was entitled “Ueber Abnuetzung und Zerstoerung des Gelenkknorpels” [1]. 
In 1942, Bennett et al. stated that degeneration of articular cartilage is the origin of osteoarthritis 
and that the degeneration is an inherent senescence of the cartilaginous tissue [2]. For many 
years, cartilage loss and degeneration were considered as inevitable, eventually leading to 
decrease in joint function, osteoarthritis, and immobility, with limited therapeutic options.

Cartilage degeneration has been identified as a major threat to our aging society with sub-
stantial implications for health care and as a major socio-economic burden. Hence today, there 
is tremendous activity in developing strategies and treatments to prevent cartilage “Abnuetzung” 
(loss). These include injury prevention programs, cartilage repair, as well as oral and local 
treatments. While these therapies are clearly in their infancy, their development requires sensi-
tive and reliable cartilage imaging and quantification techniques; these are indispensible to 
monitor the effects of new therapies and prevention strategies. Thus cartilage imaging gains a 
major and central role in the management of degenerative joint disease.

The goal of this book was not simply to summarize currently available imaging techniques 
to assess cartilage, but also to provide clinical perspectives and an outlook on future develop-
ments. Major experts in this growing field contributed to this book, which is geared to radiolo-
gists, orthopedic surgeons, rheumatologists, and clinical and basic researchers. We believe that 
cartilage imaging and noninvasive quantification will be essential tools in preserving joint 
function and tackling the ever-increasing challenge of osteoarthritis in our society.

I would finally like to acknowledge our developmental editor Michael Griffin’s hard work 
and support during the preparation of this book.

San Francisco, CA, USA� Thomas M. Link, MD 
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Introduction

Cartilage is a connective tissue structure that is composed of 
a collagen and proteoglycan-rich matrix and a single cell 
type: the chondrocyte. Cartilage is unique among connective 
tissues in that it lacks blood vessels and nerves and receives 
its nutrition solely by diffusion [1]. In fetal life, cartilage 
forms the template for the majority of the skeleton but per-
sists in selected locations into adulthood including articular 
surfaces, ribs, ears, and the tracheobronchial tree. Structurally, 
cartilage provides a firm material which, depending on sub-
type, is adapted to resist and damp compressive and tensile 
forces. Functionally, it plays important roles in skeletal 
development, growth and repair, joint articulation, lubrica-
tion, and patency of the respiratory tract. Although the 
mechanical properties of cartilage are functions of the extra-
cellular matrix, it is the chondrocyte that directs the synthesis 
and composition of the matrix. Though few in number, chon-
drocytes also mediate critical pathways of regeneration and 
growth by highly regulated signal transduction pathways that 
are now becoming better understood [2, 3].

Most pathology of cartilage involves degenerative 
diseases, particularly osteoarthritis. However, cartilage neo-
plasms, especially the benign forms, are among the most 
common primary tumors of bone and illustrate the close 
association between radiologic and pathologic findings.

Anatomy

Grossly, cartilage consists of a translucent pale-blue to 
yellow-white (depending on subtype and collagen content) 
rubbery tissue (Fig. 1.1). Perichondrium is a layer of dense 
fibrous tissue that covers cartilage in most locations except 
the articular surfaces. No neurovascular structures penetrate 
beyond the perichondrium. Consequently, all nutrition 
arrives by diffusion, limiting the thickness of cartilage sur-
faces to a few centimeters - a rule that manifests in even the 
largest animals. As cartilage ages, it transforms from blue-
white to yellowish and opaque, which may be related to 
dehydration and age-related pigment deposits [4]. Cartilage 
is attached to the underlying bone by means of radial colla-
gen fibers that penetrate from bone into the cartilage over a 
complex three-dimensional interface. However, the special-
ized collagen fibers of cartilage do not extend into subchon-
dral bone.

Hyaline (from the Greek hyalos meaning “glass or trans-
parent stone”) cartilage is the predominant type in the human 
body and forms all diarthrotic articular surfaces, the most 
peripheral part of the nucleus pulposus of the intervertebral 
disk, portions of the ribs, and tracheobronchial tree. A spe-
cialized type of hyaline cartilage is also present in the epi-
physeal plate (growth plate). Fibrocartilage is present in the 
temporomandibular and sternoclavicular joints and the annu-
lus fibrosus of the intervertebral disk as well as the meniscus 
at the knee and the labrum of the shoulder. Finally, elastic 
cartilage is largely restricted to the external ear and a few 
other sites. All cartilage is ideally suited to resist compres-
sive forces. However, the presence of type I collagen and 
elastin in fibrocartilage and elastocartilage, respectively, also 
allows these tissues to resist tension. The anatomic and func-
tional differences of the three major cartilage subtypes are 
summarized in Table 1.1. Although the anatomy of cartilage 
differs somewhat depending on subtype, articular cartilage is 
the most common and best studied in terms of biochemical 
and histologic features.

A. Horvai (*) 
Department of Pathology, University of California, 1600 Divisadero 
Street, B220, San Francisco, CA 94115, USA 
e-mail: andrew.horvai@ucsf.edu

Chapter 1
Anatomy and Histology of Cartilage

Andrew Horvai 
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Matrix Composition

The cartilage matrix consists predominantly of extracellular 
water (66–78%) with the remaining (dry) weight composed of 
proteoglycans, collagen, and additional specialized proteins 
[5]. The approximate distribution of components of hyaline 
cartilage is outlined in Table 1.2. In articular cartilage, water is 
unevenly distributed such that the highest concentration is pres-
ent at the articular surface [6]. The constant diffusion and tidal 
movement of water in and out of the cartilage matrix with joint 
compression allow nutrients to reach the chondrocytes. Proteo
glycans, discussed in more detail below, are directly respon-
sible for the high water content of cartilage. Proteoglycans 
are composed of high molecular weight proteins with carbo-
hydrate side chains resulting in large, charged molecules that 
attract water thereby increasing their volume dramatically.

Collagen represents ~50% of the dry weight of the matrix. 
In cartilage, type II collagen (encoded by the COL2A1 gene) 
predominates and confers the tensile stiffness and strength to 
the matrix [7, 8]. The expansive pressure of water within the 
matrix is opposed by the collagen cross-links that restrict 
expansion and result in a steady-state turgor pressure. This tur-
gor pressure is critical to maintain the viscoelastic properties 
of the matrix. Type II collagen is composed of three identical 
aI polypeptide chains to form a triple helix. The aI monomer 
is produced as a propeptide with large N- and C-terminal 
regions that are required for assembly in the chondrocyte. 
Specific proteases in the extracellular matrix, ADAMTS-3 and 
BMPI, cleave the N- and C-terminal domains, respectively 

[9, 10]. The aI trimers then associate in a staggered array via 
covalent cross-links that continue to accumulate over time with 
a concomitant increase in fiber strength. Type II collagen is 
relatively resistant to degradation by most proteases; therefore, 
little collagen turnover is observed under normal circum-
stances, but specialized matrix metalloproteases (MMPs) are 
able to selectively target a single site on the aI helix [11]. 
MMPs, specifically MMP-13, play a significant role in degen-
erative joint disease, as discussed in greater detail below.

Fibrocartilage is distinguished by the presence of smaller 
amounts of type I collagen, while all three types of cartilage 
also contain small amounts of other cartilage-specific colla-
gens: collagen IX (anchorin), collagen X (chondrocalcin), 
and collagen XI. Types IX and XI appear to play roles during 
fetal development [7, 8], decreasing in abundance during 
adult life. Types IX and XI collagens are present on the sur-
face of chondrocytes and bind the cells to the surrounding 
matrix. Type X collagen is most prevalent in the growth plate 
and is necessary for endochondral ossification [5]. It is not 
typically found in articular cartilage except in osteoarthritis. 

Fig.  1.1  Gross appearance of cartilage. Hyaline cartilage, in young 
patients, can be seen in the articular surface and growth plate (a) and is 
usually a translucent blue-white rubbery material (a). With aging, the 

articular surface becomes more opaque and yellow-white (b). Fibrocartilage 
of the intervertebral disk (c) has a dense, fibrous off-white appearance 
with concentric layers of fibers in the annulus fibrosus

Table 1.1  Summary of three main cartilage types

Type Mechanical function Locations Unique components

Hyaline Compression Articular, growth plate
Fibro Tension Temporomandibular joint, sternoclavicular 

joint, annulus fibrosus, meniscus, labrum
Collagen type I

Elasto Tension External ear, ligamentum flavum, epiglottis Elastin

Table 1.2  Approximate fractional composition of hyaline cartilage

Component Fraction (%)

Water 80
Collagen type II 10
Proteoglycans   8
Other cartilage-specific collagens (IX, X, XI) <1
Other proteins <1
Inorganic salts <1
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In addition to the above cartilage-specific collagens, scant 
amounts of collagen VI, a relatively ubiquitous type found in 
various mesenchymal tissues, are also present.

Proteoglycans account for ~40% of the dry weight of carti-
lage and demonstrate a remarkable structural hierarchy. At the 
highest level of organization, multiple proteoglycans are non-
covalently attached to a central hyaluronic acid moiety, stabi-
lized by a small protein known as link protein. A proteoglycan 
is composed of a protein backbone to which long, sulfated, 
carbohydrate side chains are covalently attached at approxi-
mate right angles to the backbone. A single proteoglycan 
may be glycosylated with 100–150 such side chains. The result-
ing organization is similar to a bottle brush. The predominant 
proteoglycan in cartilage is Aggrecan, a 2316 amino acid 
protein with globular domains at the N- and C-terminal ends 
and a large intervening sequence that is densely glycosy-
lated. Chondrotoin sulfate and keratan sulfate are the most 
common carbohydrate side chains [12]. Chondrotoin sul-
fate is a glycosaminoglycan relatively specific to cartilage 
and is composed of approximately 25–30 sugar dimers 
(N-acetylgalactosamine and glucuronic acid). Keratan sulfate 
is a repeating disaccharide of N-acetylglucosamine and galac-
tose that is smaller (5–6 dimers) and more widely distributed 
in the body than chondrotoin sulfate. As a result of the sul-
fated carbohydrate side chains, proteoglycans are highly 
charged, thereby attracting water and expanding in volume. 
Proteoglycans are vital in cartilage’s ability to resist compres-
sion by extruding and re-imbibing water in response to load.

Unlike the more stable collagens, proteoglycans undergo 
continuous proteolytic cleavage during life with release of 
small fragments into the synovial fluid [5]. Chondrocyte-
derived MMPs are responsible for this degradation. In the case 
of aggrecan, at least, the resulting shorter molecule becomes 
relatively more resistant to degredation so the process is some-
what self-limited. Chondrocytes also maintain a steady-state 
equilibrium by the synthesis of new aggrecan molecules, but 
this equilibrium is disturbed under pathologic conditions.

In addition to the above primary structural components, 
cartilage contains numerous other minor proteins that serve 
both structural and regulatory roles including other proteo-
glycans, fibronectin, galectin, as well as growth promoting 
and catabolic factors [5].

Normal Histology

Articular Cartilage

The hyaline cartilage of diarthrotic articular surfaces is the 
most prevalent and best characterized of the cartilage sub-
types. Microscopically, joint cartilage is composed of large 

amounts of smooth-appearing extracellular matrix within 
which are distributed a relatively scant population of chon-
drocytes within circumscribed lacunae (the pericellular 
spaces devoid of chondroid matrix) (Fig. 1.2).

The articular cartilage may be divided into four zones 
(superficial, transitional, deep, and calcified; Fig. 1.3) [13]. 
The transition among the first three zones is somewhat arbi-
trary, but the deep and calcified zones are separated by a dis-
tinct front of mineralization known as the tidemark. The 
tidemark is a unique histologic feature of articular cartilage 
and is not present in other hyaline cartilage. The organization 

Fig.  1.2  Hyaline cartilage has a pale-blue, smooth “glassy” quality 
using the standard hematoxylin and eosin (H&E) stain. Note the rela-
tive paucity of chondrocytes, typically with only a single cell in a 
lacuna

Fig. 1.3  Microarchitecture of articular cartilage. The tidemark is a dis-
tinguishing feature of articular cartilage separating calcified from non-
calcified zones. Note that the distribution of proteoglycans, as illustrated 
by the blue, hematoxylin staining, is nonuniform and tends to be high-
est surrounding chondrocytes in the deep zone (H&E stain)
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of the extracellular matrix constituents as well as the 
chondrocytes themselves varies depending on the zone. For 
example, collagen fibers are oriented parallel to the surface 
in the superficial zone [6] and the chondrocytes tend to be 
elongated parallel to the surface (Fig. 1.4a). This architecture 
is responsible for resisting the shear forces of joint move-
ment at the surface. The transitional and deep zones show a 
radial arrangement of collagen fibers (Fig.  1.4b) and the 
chondrocytes tend to be arrayed perpendicular to the articu-
lar surface. The latter areas are responsible for resistance to 
compressive forces. The calcified zone forms the attachment 
to the subchondral bone, and chondrocytes are enlarged but 
very sparse in this area. Like other constituents, proteogly-
can concentration varies within the articular cartilage such 
that it is lowest at the surface and greatest around chondro-
cytes in the deep zone [14], a feature which may be demon-
strated by denser hematoxylin (blue) staining around lacunae 
(Fig. 1.3).

In most cases, hematoxylin and eosin (H&E) histology is 
adequate to interpret cartilage pathology and is sufficient for 
routine clinical use. However, under some circumstances, 
special histochemical stains, such as the cationic dyes 
Safrarin-O (Fig.  1.5a) or Alcian blue (Fig.  1.5b), may be 
used to assess the abundance of proteoglycans in the matrix. 
The advantage of these stains is their relative selectivity for 
acidic polysaccharides. Safrarin-O reacts with both carboxy-
lated and sulfated polysaccharides, while Alcian blue can be 
used selectively to stain both types (pH 2.5) or just sulfated 
polysaccharides (pH 1.0). Although these dyes do offer 
increased specificity and likely stoichiometric binding to 
sulfate groups on chondrotoin sulfate or keratan sulfate [15], 
it should be remembered that histochemical methods are 

seldom strictly quantitative given variability in section thick-
ness, inhomogeneous matrix concentrations in a single joint 
and the reagents themselves.

Fig. 1.4  The orientation of collagen fibers in the articular cartilage changes from parallel on the surface (a) to more radial (b) in the deeper zones 
demonstrated as fine orange fibrils on by polarized microscopy (H&E stains)

Fig.  1.5  Special histochemical stains may be used to determine the 
distribution and quantity of proteoglycan components. Safrarin-O (a) 
stains acid polysaccharides (both carboxylated and sulfated) orange, 
while Alcian blue at pH 1.0 (b) is relatively specific for sulfated poly-
saccharides including chondrotoin sulfate, producing a turquoise color
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Normal articular cartilage contains only a single cell type, 
the chondrocyte [16]. Unlike other types of connective tissue, 
cartilage is remarkable for its lack of blood vessels, nerves, 
inflammatory cells, or fibroblasts. Chondrocytes are derived 
from immature mesenchymal cells that differentiate from 
somatic or visceral mesoderm during early fetal life (Fig. 1.6) 
and are responsible for the synthesis and maintenance of the 
matrix components and regulatory molecules. Studies sug-
gest that osteoblasts arise from the same precursor stem cell, 
but the hypovascular matrix of cartilage favors the differentia-
tion of a chondrocyte [17]. Importantly, chondrocytes may 
also differentiate from adult mesenchymal stem cells, at least 
in vitro [18], a finding that has received much attention as a 

possible treatment for degenerative joint disease. Mesenchymal 
stem cells treated with a cocktail of transforming growth fac-
tor beta (TGF-b), dexamethasone, and bone morphogenetic 
proteins (BMPs) result in cells that produce type II and type 
X collagen, although they do not completely recapitulate 
chondrogenesis during development [19, 20]. Nevertheless, 
the ability of mesenchymal stem cells to undergo chondro-
genic differentiation in vitro is a crucial step to establish the 
optimal conditions for therapeutic approaches [21].

At the molecular level, several key regulatory proteins 
play roles in chondrocyte differentiation. The transcription 
factor Sox-9 appears to be a master regulator of chondrocyte 
differentiation from precursor cells. However, Sox-9 may 
not be lineage-specific, also driving the differentiation of 
osteoprogenitor cells [22]. Along with Sox-9, the transcrip-
tion factors, RunX2 and Indian hedgehog (Ihh), contribute to 
the regulation of chondrocyte maturation, and abnormal 
expression of all three proteins is thought to be important in 
the pathogenesis of some cartilage neoplasms [23].

Classically, chondrocytes have a round, pale eosinophilic 
cytoplasm and a small, hyperchromatic, central nucleus. The 
characteristic clear space (lacuna) identified on routine 
hematoxylin and eosin stained slides surrounding a chondro-
cyte is actually an artifact of processing. The clearing results 
from retraction of the matrix and cell away from one another 
during formalin fixation. In vivo, the chondrocyte actually 
makes contact with a specialized layer of collagen-poor 
matrix. Unlike other mesenchymal cells, chondrocytes make 
few intercellular contacts. Cells in separate lacunae make no 
contact, but occasionally multiple cells may be present within 
a lacuna (a finding referred to as cloning or nesting), and 
their cytoplasmic processes in such lacuna do form cell–cell 
contacts. Ultrastructurally, chondrocytes have abundant 
endoplasmic reticulum and Golgi but sparse mitochondria 
(Fig. 1.7). Not only does the orientation of the chondrocytes 

Fig. 1.6  The condensation of mesenchymal cells at the sites of future 
bones in the embryo gives rise to a cartilage anlage. Chondrocytes 
continue to differentiate from the perichondrium. By 10 weeks gesta-
tion, as seen here, the chondrocytes have secreted extracellular matrix 
(H&E stain)

Fig. 1.7  Ultrastructure of chondrocytes in articular cartilage. Superficial cells near articular surface (a) tend to have a fusiform spindled shape, 
while deeper chondrocytes (b) are round to polygonal with obvious cell processes
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vary across zones of the articular surface (described above), 
but superficial chondrocytes have more basal cell processes 
while deeper cells have more abundant endoplasmic reticu-
lum and Golgi. These differences may be related to the orga-
nization of collagen fibers in the different layers.

Growth Plate

In long bones, longitudinal growth is achieved by a primary 
ossification center known as the growth plate or physis 
(Fig. 1.1a). In the functional growth plate, a specialized type 
of hyaline cartilage, which undergoes a highly regulated pro-
cess of proliferation, mineralization, and apoptosis, is respon-
sible for the growth. The maturing epiphyseal plate can be 
divided into zones (reserve, proliferating, hypertrophied, and 
mineralization) that correspond to stages of maturation of 
chondrocytes (Fig. 1.8) [24]. The chondrocytes do not literally 
move through the matrix. Rather, they proliferate, hypertro-
phy, and undergo apoptosis in place while cartilage matrix is 
added and ultimately replaced by osteoid at the metaphyseal 
aspect of the growth plate. The net effect is longitudinal 
growth. The chondrocytes of the growth plate have abundant 
cytoplasm and prominent nuclei. In the proliferating zone, 
they are arrayed in regular, linear nests, a pattern that is pathog-
nomonic of growth plate cartilage. As mentioned above, the 
cartilage contains collagen X (chondrocalcin) in a pericellular 
distribution, especially in the zone of mineralization.

Fibrocartilage

The annulus fibrosus of the intervertebral disk represents the 
most prevalent fibrocartilage in the human body. Fibrocartilage 
is also found in the menisci of the knee and the labrum of the 
shoulder and hip joints. The annulus fibrosus (Fig.  1.1c) is 
uniquely organized such that concentric layers of fibrous 
tissue are layered over the surface when viewed from above 
[13]. Broad fascicles of collagen fibers alternate obliquely to 
compose the annulus. Microscopically, fibrocartilage is made 
up of a more fibrillar and eosinophilic matrix than hyaline car-
tilage. The chondrocytes tend to be fewer and smaller than 
hyaline cartilage and distributed in a more haphazard fashion 
(Fig. 1.9a). A trichrome stain, which stains collagen a deep 
blue while staining cytoplasm and other proteins red, is useful 
to demonstrate the extensive unidirectional arrangement of 
collagen (Fig. 1.9b) that imparts resistance to tensile forces.

Elastic Cartilage

The cartilage of the external ear (pinna), ligamentum flavum, 
and epiglottis are composed of elastic cartilage (or elasto-
cartilage). Elastic cartilage is typically more cellular than 
hyaline cartilage and the cells are haphazardly distributed, 
although the chondrocytes are similar in cytomorphology 
[13]. On routine H&E histology, the abundant elastin fibers 
impart an amorphous blue hue that is distinct from the glassy 
appearance of hyaline cartilage although the distinction can 
be subtle. These fibers are best demonstrated using special 
histochemistry using sliver-based stains (Fig. 1.10).

Pathology

The pathology of cartilage includes congenital-developmental, 
degenerative, and neoplastic processes. A complete discussion 
of these entities is beyond the scope of this chapter, but selected 
entities that illustrate characteristic features, particularly as 
they relate to radiographic findings, are described below.

Osteoarthritis

Osteoarthritis (degenerative joint disease) is a common dis-
order affecting the majority of adults and includes a variety 
of etiologies that result in similar pathology of diarthrotic 
joints [5]. The gross and histologic changes in osteoarthritis 
consist of a noninflammatory disorganization and destruction 

Fig. 1.8  Microarchitecture of the maturing growth plate demonstrating 
the morphologic features of chondrocytes in the zones of endochondral 
ossification
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Fig. 1.9  Fibrocartilage of the annulus fibrosus has a pinker (eosinophilic) staining quality than hyaline cartilage and a somewhat haphazard arrangement 
of chondrocytes (a, H&E stain). A Gomori trichrome stain highlights the abundant, directional collagen fibers with bright blue staining (b)

Fig. 1.10  On routine hematoxylin and eosin histology, elastic cartilage is similar to hyaline cartilage as in this example from the external ear 
(a). However, the presence of abundant elastin fibers can be demonstrated by the black filaments using Verhoeff stain (b)

of the articular cartilage with associated subchondral bone 
changes. Briefly, the articular surface shows cracks and fis-
sures of the cartilage, ultimately leading to cartilage loss and 
exposure of the underlying subchondral bone. Over time, this 
bone becomes polished to a smooth surface, a process known 
as eburnation (from the Latin ebus meaning: “of ivory”) 
(Fig. 1.11a). Microscopically, depending on severity, the car-
tilage shows fissures and clefts, thinning, a decrease in pro-
teoglycans, cloning of chondrocytes, and duplication of the 
tidemark (Fig. 1.11b) [13]. A histologic grading system, ini-
tially established by Mankin [25], based on four categories of 
structural integrity, cellularity, proteoglycan abundance, and 
tidemark integrity is still in use (Table 1.3). The severity score 
(ranging from 0 to 14) correlates reasonably well with bio-
chemical metrics of osteoarthritis severity.

The morphologic changes described and illustrated above 
represent changes to the matrix and chondrocytes at the cel-
lular and molecular level. Virtually every component of 
articular cartilage is somehow affected during the process. 
The major change in collagen is the degradation of type II 
collagen fibers by MMPs synthesized by the chondrocytes. 

The normally horizontally arranged fibers in the superficial 
zone are cleaved as a relatively early step in the process 
resulting in the fissures and clefts seen histologically. As pre-
viously mentioned, the collagen normally resists the swell-
ing capacity of the water-rich proteoglycans, and destruction 
of the collagen network accounts for the increased hydration 
and hypertrophy of the articular cartilage early in the course 
of the disease.

Although proteoglycans are continuously synthesized and 
secreted by chondrocytes, the loss of aggrecan in osteoarthri-
tis eventually exceeds the chondrocyte’s capacity and the 
matrix becomes depleted in proportion to the severity of the 
disease. Furthermore, the chondrocytes produce a different 
balance of proteoglycans that recapitulates immature carti-
lage rich in chondrotoin sulfate with decreased keratan sul-
fate [26]. It is not entirely clear whether the altered 
composition contributes significantly to the mechanical 
changes in the matrix or if the net loss of proteoglycans is 
sufficient to account for the changes.

Matrix metalloproteases (MMPs), also synthesized by chon-
drocytes, play critical roles in the osteoarthritis phenotype. 
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MMP-13, mentioned above, and a second enzyme, aggreca-
nase, are responsible for the cleavage of aggrecan at the 
interglobular domain liberating soluble fragments that are no 
longer anchored to the matrix and thus dissolve into the syn-
ovial fluid [27]. MMP-13 is found in highest concentration in 
the deep zone while aggrecanase is more widely distributed. 
To a lesser extent, MMP-9 and MMP-1 also contribute to the 
destruction of matrix.

Osteoarthritis, despite the suffix, is technically an inac-
curate term since the inflammatory component is minimal in 
most cases. Nevertheless, certain cytokines and diffusible 
factors associated with other inflammatory conditions do 
exist in low concentrations within cartilage matrix possibly 
through diffusion from synovial or bone marrow origins. 
Although initially thought to be an impermeable barrier, the 
osteochondral junction contains channels that allow the dif-
fusion of materials. TGF-b, for example, induces MMP-13 
and ADAMTS potentially leading to matrix destruction. 
BMPs represent a second class of diffusible signals that 
stimulate chondrocytes to produce various matrix compo-
nents. BMPs are regulated by a set of specific antagonists, 
which are often elevated at different stages of osteoarthritis 
further disturbing the balance of matrix production and 
destruction [28]. A number of interleukins, TNF-a, prosta-
glandins, and nitric oxide have been implicated in osteoar-
thritis pathogenesis [5].

Neoplasia

Cartilage neoplasms are relatively rare and consist of a vari-
ety of intraosseous, extraosseous, and surface proliferations 
of chondrocytes and matrix. With rare exceptions, the matrix 
of cartilage tumors is hyaline type. Most notably, neoplastic 
cartilage usually lacks the linear, zonal architecture of articular 
cartilage. Instead, most benign cartilage neoplasms grow as an 
aggregate of multiple tumor lobules. Individual lobules may 
have a peripheral zone of endochondral ossification produc-
ing a “ring” of mineralization (Fig. 1.12) that is an important 

Table 1.3  Histologic grading of osteoarthritis specimens (Mankin score)

Structure Score

Normal 0
Surface irregularities 1
Pannus 2
Clefts to transitional zone 3
Clefts to radial zone 4
Clefts to calcified zone 5
Complete disorganization 6

Cells Score

Normal 0
Diffuse hypercellularity 1
Cloning 2
Hypocellularity 3

Proteoglycans (Safranin-O staining) Score

Normal 0
Slight reduction 1
Moderate reduction 2
Severe reduction 3
No staining 4

Tidemark integrity Score

Intact 0
Crossed by blood vessels 1
Source: Mankin et al. [25]

Fig.  1.11  Gross and microscopic features of osteoarthritis. Grossly, 
clefts and destruction of the articular cartilage with exposed subchondral 
bone are hallmarks (a). Microscopic features of osteoarthritis include 

fissures, cloning of chondrocytes, and a reduction of proteoglycan and 
duplication of the tidemark (b) (inset)
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correlate with the rings often seen radiographically in carti-
lage tumors.

The prototypical benign cartilage neoplasm is the enchon-
droma (or simply chondroma). Grossly, an enchondroma 
consists of a well-circumscribed ovoid nodule of pale blue 
translucent cartilage, typically <5  cm (Fig.  1.13) [29]. 

Depending on site, enchondromas may be quite cellular and 
even demonstrate atypia [30]. However, the most important 
finding supporting a benign diagnosis is a sharp margination 
between the tumor and the surrounding bone. Enchondromas 
may expand the cortex but spread through the cortex into soft 
tissues is incompatible with the diagnosis.

The single most important pathologic feature that distin-
guishes chondrosarcoma from enchondroma is the presence 
of a permeative or infiltrative pattern in the former [30]. 
Grossly, this may be evidenced by a single, large confluent 
intraosseous mass with ill-defined margins or soft tissue 
extension (Fig.  1.14). The hallmark, microscopically, is a 
demonstration of a tumor “spilling” between trabeculae of 
viable lamellar bone (Fig. 1.15). The matrix may be a gelati-
nous, viscid liquid (myxoid) rather than hyaline, likely due  
to abnormalities in matrix components and composition. 

Fig. 1.12  A characteristic feature of cartilage neoplasms is a thin shell 
of peripheral osteoid (pink) around individual tumor lobules (pale-
blue). If mineralized, the osteoid corresponds to the ring-like calcifica-
tions seen radiographically

Fig. 1.13  An enchondroma, as seen in this example in the distal femur, 
consists of a sharply demarcated, blue-white translucent tumor

Fig. 1.14  Chondrosarcoma arising from rib consists of a large, confluent 
mass of cartilage with cortical destruction and a prominent soft tissue 
component

Fig. 1.15  A characteristic microscopic feature of chondrosarcoma is 
the presence of permeation: a spread of tumor matrix and cells around 
viable, lamellar bone



10 A. Horvai

Most chondrosarcomas are histologically low-grade. However, 
in high grade chondrosarcomas, the chondrocytes demon-
strate marked cytologic atypia and mitotic activity (Fig. 1.16).
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Introduction

From a rheumatologist’s perspective, cartilage imaging is 
most significant in the setting of osteoarthritis. Symptomatic 
osteoarthritis (OA) causes substantial physical and psycho-
social disability [1]. In the early 1990s, over 7  million 
Americans were limited in their ability to participate in their 
main daily activities, such as going to school or work or 
maintaining their independence – simply because of their 
arthritis [2]. Interestingly, the risk for disability (defined as 
needing help walking or climbing stairs) attributable to knee 
OA is as great as that attributable to cardiovascular disease 
and greater than that due to any other medical condition in 
elderly persons [1]. Like arthritis prevalence, the prevalence 
of arthritis-related disability is also expected to rise by the 
year 2020, when an estimated 11.6 million people will be 
affected [2].

Compounding this picture are the enormous financial 
costs that our nation bears for treating arthritis, its complica-
tions, and the disability that results from uncontrolled dis-
ease. The total annual cost in the United States is almost 
$65 billion – a figure equivalent to a moderate national reces-
sion [3]. This amount includes an estimated medical bill of 
$15 billion each year for such expenses as 39 million physi-
cian visits and more than half a million hospitalizations 
(CDC, 1999, unpublished data). OA accounts for 90% of hip 
and knee replacements [4]. The balance is largely due to 

indirect costs such as those from wage losses [3]. Thus, 
arthritis has become one of our most pressing public health 
problems – a problem that is expected to worsen in the next 
millennium with the increasing prevalence of this disease.

This chapter delineates the characteristic symptoms and 
signs associated with cartilage loss and OA and how they can 
be used to make the clinical diagnosis with discussion of the 
role of imaging. The predominant symptom in most patients 
presenting with OA is pain. Over recent years a number of 
imaging-based studies have narrowed the discord between 
knowledge about structural findings on imaging and symp-
toms. The remainder of the chapter focuses on what we know 
causes pain in OA and contributes to its severity, with a pre-
dominant focus on imaging findings.

What Is OA?

OA can be viewed as the clinical and pathological outcome 
of a range of disorders that result in structural and functional 
failure of synovial joints [5]. This highly prevalent disease 
occurs when the dynamic equilibrium between the break-
down and repair of joint tissues is overwhelmed [6]. The 
resulting progressive joint failure may cause pain, physical 
disability, and psychological distress [1], although many per-
sons with structural changes consistent with OA are asymp-
tomatic [7]. The reasons why there is this disconnect between 
disease severity and the level of reported pain and disability 
are largely unknown, although recent imaging studies are 
beginning to shed light on this.

Typically OA presents as joint pain. During a 1-year 
period, 25% of people over 55 years have a persistent epi-
sode of knee pain, of whom about one in six consult their 
general practitioner about it [8]. Symptomatic knee OA (pain 
on most days and radiographic features consistent with OA) 
occurs in approximately 12% of those aged over 55 [8].

While OA is common in the knee, it is even more preva-
lent in the hands, especially the distal (DIP) and proximal 
(PIP) interphalangeal joints and the base of the thumb (CMC). 
When symptomatic, especially so for the base of thumb joint, 
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hand OA is associated with functional impairment [9, 10]. 
OA of the thumb carpo-metacarpal joint is a common condi-
tion that can lead to substantial pain, instability, deformity, 
and loss of motion [11]. Over the age of 70 years, approxi-
mately 5% of women and 3% of men have symptomatic OA 
affecting this joint with impairment of hand function [9].

The prevalence of hip OA is about 9% in Caucasian popu-
lations [12]. In contrast, studies in Asian, black, and East 
Indian populations indicate a very low prevalence of hip OA 
[13]. The prevalence of symptomatic hip OA is approxi-
mately 4% [14].

What Are the Characteristic Symptoms  
of OA?

The joint pain of OA is typically described as mechanical; 
that is, exacerbated by activity and relieved by rest. More 
advanced OA can cause rest and night pain leading to loss of 
sleep which further exacerbates pain. The cardinal symptoms 
that suggest a diagnosis of OA include:

Pain (typically described as activity-related or mechani-•	
cal, may occur with rest in advanced disease; often deep, 
aching and not well localized; usually of insidious onset)
Reduced function•	
Stiffness (of short duration, also termed “gelling,” i.e., •	
short-lived stiffness after inactivity)
Joint instability, buckling or giving way•	
Patients may also complain of reduced movement, defor-•	
mity, swelling, crepitus, and increased age (OA is unusual 
before age 40) in the absence of systemic features (such 
as fever)
When pain persists pain-related psychological distress•	

Tailoring the Physical Exam: What Signs  
Are Associated with OA?

Physical examination should include an assessment of body 
weight and body mass index, joint range of motion, the loca-
tion of tenderness, muscle strength, and ligament stability. 
For lower limb joint involvement, this should include assess-
ment of body mass and postural alignment in both standing 
and walking [15]. The features on physical examination that 
suggest a diagnosis of OA include:

Tenderness, usually located over the joint line•	
Crepitus with movement of the joint•	
Bony enlargement of the joint, e.g., Heberden’s and •	
Bouchard’s nodes, squaring of the first CMC, typically 
along the affected joint line in the knee

Restricted joint range of motion•	
Pain on passive range of motion•	
Deformity, e.g., angulation of the DIP and PIP joints, •	
varus (bowed legs) deformity of the knees
Instability of the joint•	
Altered gait•	
Muscle atrophy or weakness•	
Joint effusion•	

The Diagnosis of OA

Bearing in mind that radiographs are notoriously insensitive 
to the earliest pathological features of OA, the absence of 
positive radiographic findings should not be interpreted as 
confirming the complete absence of symptomatic disease. 
Conversely, the presence of positive radiographic findings 
does not guarantee that an osteoarthritic joint is also the 
active source of the patient’s current knee or hip symptoms, 
where other sources of pain including periarticular sources, 
such as pes anserine bursitis at the knee and trochanteric bur-
sitis at the hip, often contribute [7]. According to the ACR 
criteria for classification of hand OA (unlike the hip and knee 
where radiographs enhance the sensitivity and specificity), 
X-rays are less sensitive and specific than physical examina-
tion in the diagnosis of symptomatic hand OA [16]. The use-
fulness of X-rays relates more importantly to the exclusion 
of other diagnostic possibilities rather than confirmation of 
osteoarthritic disease [17].

In clinical practice, the diagnosis of OA should be made on the 
basis of the medical history and physical examination, and the 
role of radiography is to confirm this clinical suspicion and rule 
out other conditions.

When disease is advanced, it is visible on plain radio-
graphs, which show narrowing of joint space, osteophytes, 
and sometimes changes in the subchondral bone. MRI can be 
used in infrequent circumstances to facilitate the diagnosis of 
other causes of joint pain that can be confused with OA 
(osteochondritis dissecans, avascular necrosis). Laboratory 
testing has little role in establishing the diagnosis of OA. 
Because OA is a noninflammatory arthritis, laboratory find-
ings are expected to be normal.

What Are the Diagnostic Criteria  
for Osteoarthritis?

When making the diagnosis of OA, consider using the crite-
ria of the American College of Rheumatology for diagnostic 
purposes and classification of OA of the hip, knee, and hands 
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in patients with pain in these joints [16, 18]. These are the 
criteria that are used in research studies and should be used 
to inform the diagnosis of OA in individuals, but not limiting 
the information gathering to these criteria and considering 
the wealth of other information that patients with OA may 
provide, which can help to either confirm or refute an OA 
diagnosis.

In the process of taking a history, it is important to ask 
how the pain has affected the person’s function at home, 
work, and in recreational activities. Also, ask about how the 
person is coping with pain and how well that is going. It is 
important to look for signs of psychological distress, e.g., 
signs of anxiety such as excessive pain avoidant posturing, 
sleep onset insomnia, or signs of depression such as early 
morning wakening, weight loss, irritability, or a marked in 
increase in memory/concentration problems.

Factors That Contribute to Pain

The source of pain is not particularly well understood and is 
best framed in a biopsychosocial framework (posits that bio-
logical, psychological, and social factors all play a signifi-
cant role in pain in OA) [19, 20].

From a biological perspective, neuronal activity in the 
pain pathway is responsible for the generation and ultimate 
exacerbation of the feeling of joint pain. During inflamma-
tion, chemical mediators are released into the joint, which 
sensitize primary afferent nerves such that normally innocu-
ous joint movements (such as increased physical activity, 
high heeled shoes, and weather changes) now elicit a pain-
ful response. This is the neurophysiological basis of allo-
dynia, i.e., the sensation of pain in response to a normally 
nonpainful stimulus such as walking. Over time this 
increased neuronal activity from the periphery can cause 
plasticity changes in the central nervous system by a pro-
cess termed “wind-up.” In this instance, second order neu-
rones in the spinal cord increase their firing rate such that 
the transmission of pain information to the somatosensory 
cortex is enhanced. This central sensitization phenomenon 
intensifies pain sensation and can even lead to pain responses 
from regions of the body remote from the inflamed joint, 
i.e., referred pain.

Pain has long been recognized as a complex sensory and 
emotional experience [21]. Each individual has a unique 
experience of pain influenced by their life experience and 
genotypic profile. An individual’s stable psychological char-
acteristics (trait) and the immediate psychological context in 
which pain is experienced (state) both influence perception 
of pain. A full understanding of pain requires consideration 
of psychological and social environmental processes 
mediating a patient’s response to their disease [22]. The 

biopsychosocial model is a very useful approach to under-
standing and assessing the experience of pain in persons with 
OA [23]. Constitutional factors that can predispose to symp-
toms include self-efficacy, pain catastrophizing, and the 
social context of arthritis (social support, pain communica-
tion) are all important considerations in understanding the 
pain experience.

Local Tissue Pathology

The structural determinants of pain and mechanical dysfunc-
tion in OA are also not well understood but are believed to 
involve multiple interactive pathways. In broad terms, there 
are a number of tissues within the joint that contain nocicep-
tive fibers, and these are the likely sources of pain in osteoar-
thritis. The subchondral bone, periosteum, periarticular 
ligaments, periarticular muscle spasm, synovium, and joint 
capsule are all richly innervated and are the likely source of 
nociception in OA. In population studies, there is a signifi-
cant discordance between radiographically diagnosed OA 
and knee pain [7]. While radiographic evidence of joint dam-
age predisposes to joint pain, it is clear that the severity of 
the joint damage on the radiograph bears little relation to the 
severity of the pain experienced.

However, utilizing other imaging modalities such as 
magnetic resonance imaging (MRI), significant structural 
associations, such as bone marrow lesions [24, 25], subar-
ticular bone attrition [26], synovitis, and effusion [27, 28], 
have been related to knee pain. It remains unclear which of 
these local tissue factors predominate as until recently 
these analyses did not account for the fact that much of the 
structural change is collinear (a person who has more 
severe disease will have worse structural change in multi-
ple tissues including the bone, synovium, etc.) and were 
not adjusting for other tissue changes. A recent analysis 
confirmed most beliefs that it is likely that changes in  
the subchondral bone and synovial activation/effusion  
predominate [29].

The different tissues within the joint and their respective 
contribution to symptoms are discussed below.

Hyaline Articular Cartilage

Articular cartilage is both aneural and avascular. As such, 
cartilage is incapable of directly generating pain, inflamma-
tion, stiffness, or any of the symptoms that patients with OA 
typically describe [30]. Given its relative unimportance to 
OA’s symptomatic presentation, it is ironic that articular 
cartilage has received so much attention while other common 
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symptom sources in the joint are ignored. Some studies have 
suggested a relation between cartilage morphometry and 
lesions and the symptoms of OA [31]. It is important to note 
that this disease of the whole joint concurrently affects other 
tissues that do contain nociceptors. The studies that have 
demonstrated a relation of cartilage damage to pain have tra-
ditionally investigated the role of cartilage in predisposing to 
symptoms in isolation from other tissues and as such are fun-
damentally flawed. A recent study suggested that areas of 
denuded cartilage are related to symptoms [32]. Again, the 
likely mechanism for symptom genesis is through secondary 
mechanisms such as: (1) exposing the underlying subchon-
dral bone and the inherent symptom genesis from this struc-
tural alteration, (2) vascular congestion of subchondral bone 
leading to increased intraosseous pressure, and (3) synovitis 
secondary to articular cartilage damage with activation of 
synovial membrane nociceptors.

Subchondral Bone

Periarticular bone changes associated with OA can be segre-
gated into distinct patterns based on the anatomic location 
and pathogenic mechanisms. These alterations include pro-
gressive increase in subchondral plate thickness, alterations 
in the architecture of subchondral trabecular bone, forma-
tion of new bone at the joint margins (osteophytes), develop-
ment of subchondral bone cysts, and advancement of the 
tidemark associated with vascular invasion of the calcified 
cartilage.

Of these lesions that which has the most supportive evi-
dence for a role in symptom genesis is the bone marrow 
lesion (Fig. 2.1). Lesions in the bone marrow play an integral 
if not pivotal role in the symptoms that emanate from knee 
OA and its structural progression [24]. Bone marrow lesions 
were found in 272 of 351 (77.5%) persons with painful knees 
compared with 15 of 50 (30%) persons with no knee pain 
(P < 0.001). Large lesions were present almost exclusively in 
persons with knee pain (35.9% vs. 2%; P < 0.001). After 
adjustment for severity of radiographic disease, effusion, 
age, and sex, all lesions and in particular large lesions 
remained associated with the occurrence of knee pain. More 
recently, their relation to pain severity [25] and incident pain 
[33] was also demonstrated. There is conflicting data albeit 
from smaller studies with different methods suggesting no 
relation of bone marrow lesions to pain [34, 35]; however, 
the balance of data would support a strong relation of bone 
marrow lesions to pain.

Other bone-related causes of pain include periostitis asso-
ciated with osteophyte formation [36], subchondral microf-
ractures [37], bone attrition [26], and bone angina due to 
decreased blood flow and elevated intraosseous pressure [38]. 

The particular bone pathology most responsible for pain 
remains elusive; however, identifying this would be a major 
advance in delineating appropriate therapeutic targets. One 
likely source that remains underexplored is that of 
intraosseous hypertension. The pathophysiology remains 
unclear, although phlebographic studies in OA indicate 
impaired vascular clearance from bone and raised intraosseous 
pressure in the bone marrow near the painful joint [38–41]. 
What may subsequently cause pain is as yet unknown. 
Increased trabecular bone pressure, ischemia, and inflamma-
tion are all possible stimuli.

Synovitis, Effusion

The synovial reaction in OA includes synovial hyperplasia, 
fibrosis, thickening of synovial capsule, activated synovio-
cytes, and in some cases lymphocytic infiltrate (B- and 
T-cells as well as plasma cells) [42]. The site of infiltration of 
the synovium is of obvious relevance as one of the most 
densely innervated structures of the joint is the white adipose 
tissue of the fat pad, which also shows evidence of inflamma-
tion and can act as a rich source of inflammatory adipokines 
[43]. Synovial causes of pain include irritation of sensory 
nerve endings within the synovium from osteophytes and 
synovial inflammation that is due, at least in part, to the 

Fig.  2.1  T2 weighted fat suppressed sagittal sequence depicting 
multiple diffuse hyperintensities (arrows) abutting the subchondral 
plate in the weight-bearing proximal tibia and trochlea characteristic of 
bone marrow lesions
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release of prostaglandins, leukotrienes, proteinases, neuro-
peptides, and cytokines [20, 44].

Synovitis and effusion are frequently present in osteoar-
thritis and correlate with pain and other clinical outcomes 
(Fig. 2.2) [27]. Synovial thickening around the infrapatellar 
fat pad using noncontrast MRI has been shown on biopsy to 
represent mild chronic synovitis [45]. A semiquantitative 
measure of synovitis from the infrapatellar fat pad is associ-
ated with pain severity, and similarly change in synovitis is 
associated with change in pain severity [28]. This study 
assessed 270 subjects (158 male, 112 female) with at least 
one follow-up MRI. Mean synovitis score at baseline was 3.3 
(1.9) with an average change of 0.15 (1.5). There was a cor-
relation of baseline synovitis with baseline pain score 
(Pearson correlation coefficient r = 0.20, p = 0.0005). Changes 
in summary synovitis score were associated with changes in 
pain over time (p = 0.005). An increase of one unit in sum-
mary synovitis score resulted in a 3.11 mm increase in VAS 
pain score (0–100 scale). Of the three locations for synovitis, 
changes in the infrapatellar fat pad were most strongly related 
to pain change (4.2 mm increase in pain per unit increase in 
synovitis).

In an important caveat to this analysis, a recent study com-
pared nonenhanced proton-density-weighted fat-suppressed 
(PDFS) sequences with T1-weighted (T1w) fat-suppressed 
(FS) contrast-enhanced (CE) sequences for semiquantita-
tive assessment of peripatellar synovitis in OA [46]. This 
data suggested that signal alterations in Hoffa’s fat pad on 
nonenhanced images do not always represent synovitis as 

seen on T1w CE images but are a rather nonspecific albeit 
sensitive finding. Semiquantitative scoring of peripatellar 
synovitis in OA ideally should be performed using T1w CE 
sequences and should include scoring of synovial thickness.

Meniscus

The meniscus has many functions in the knee, including 
loadbearing, shock absorption, stability enhancement, and 
lubrication [47, 48]. The menisci transmit anywhere from 
45% to 60% of the compressive loads in the knee [47]. If the 
meniscus does not cover the articular surface that it is 
designed to protect due to change in position, or if a tear 
leaves it unable to resist axial loading, it will not perform this 
role. The absence of a functioning meniscus increases peak 
and average contact stresses in the medial compartment of 
the knee in a range of 40–700% [49–51].

Knee OA after meniscectomy/meniscal repair is tradi-
tionally considered a result of the joint injury that leads to 
the meniscectomy in the first instance and the increased car-
tilage contact stress due to the loss of meniscal tissue [52–
54]. Meniscectomy is often accompanied by the onset of 
OA because of the high focal stresses imposed on articular 
cartilage and subchondral bone subsequent to excision of 
the meniscus. The studies that have explored the relation-
ship between the meniscus and risk of disease progression 
in OA provide a clear indication of the risk inherent with 
damage to this vital tissue [55–57]. Each aspect of meniscal 
abnormality (whether change in position or damage) 
(Fig.  2.3) had a major effect on risk of cartilage loss in 
osteoarthritis.

Thus, the intact and functional meniscus is clearly impor-
tant to the preservation of joint integrity and prevention of 
further joint damage. In contrast the meniscus plays a much 
smaller role in symptom genesis. An unfortunate conse-
quence of the frequent use of MRI in clinical practice is the 
frequent detection of meniscal tears [58]. Degenerative 
lesions, described as horizontal cleavages, flap (oblique), or 
complex tears or meniscal maceration or destruction are 
associated with older age and are almost universal in persons 
with osteoarthritis [58]. In asymptomatic subjects with a 
mean age of 65 years, a tear was found in 67% using mag-
netic resonance imaging (MRI), whereas in patients with 
symptomatic knee OA, a meniscal tear was found in 91% 
[59]. In the interests of preserving menisci, an important cau-
tionary note: meniscal tears are nearly universal in persons 
with knee OA and are unlikely to be a cause of increased 
symptoms [59, 60]. The penchant to remove menisci is to be 
avoided, unless there are symptoms of locking or extension 
blockade, at which point surgical treatment often becomes 
necessary [61].

Fig.  2.2  Effusion (arrow) and peripatellar synovitis (arrowhead) on 
T2 weighted fat suppressed sagittal sequence. On noncontrast sequences 
such as this, the magnitude of synovitis is difficult to determine
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The Role of Other Tissues

Periarticular muscles influence joint loading, and impair-
ments in muscle function have been observed in people with 
OA [62]. Various studies have investigated the role of muscle 
strength on joint integrity, and some have explored the impact 
on physical functioning. Sharma et  al. [63] conducted a 
3-year longitudinal cohort study investigating factors con-
tributing to poor physical functioning in 257 patients with 
knee OA. They found that in addition to factors such as age, 
reduced absolute quadriceps and hamstrings strength and 
poor proprioceptive acuity increased the likelihood of poor 
physical functioning as measured by the time to perform five 
repetitions of rising and sitting in a chair. In addition to their 
exploration in observational studies, there is ample evidence 
from clinical trials demonstrating that muscle strengthening 
exercises result in improvements in pain, physical function, 
and quality of life in people with knee OA [64, 65].

Obesity is the single most important risk factor for 
development of severe OA of the knee and more so than 
other potentially damaging factors including heredity [66]. 
Even if it is usually accepted that mechanical loading con-
tributes to joint destruction in overweight patients, recent 
advances in the physiology of adipose tissue add further 

insights in understanding the relationship between obesity 
and osteoarthritis. Indeed, the positive association between 
overweight or obesity and osteoarthritis is observed not only 
for knee joints but also for nonweight-bearing joints, such as 
hands [67, 68]. Furthermore, if weight loss may prevent the 
onset of osteoarthritis, the loss of body fat is more closely 
related to symptomatic benefit than is the loss of body weight 
[69]. Local fat depots may play an important role in disease 
and symptoms genesis. Among these tissues, the synovium 
and infrapatellar fat pad appear to produce large amounts of 
adipokines [70]. Until recently, the fat pad, which is an extra-
synovial but an intra-articular tissue, had been neglected. 
However, this adipose tissue is able to release growth factors, 
cytokines and adipokines [43]. Since obese individuals have 
higher concentrations of inflammatory markers, inflamma-
tion may contribute to functional limitation and disease pro-
gression in those with OA [71]. Besides direct effects on the 
joint, inflammatory mediators can affect muscle function and 
lower the pain threshold.

Another source of joint pain in OA may be from the nerves 
themselves. Following joint injury in which there is ligamen-
tous rupture, the nerves which reinnervate the healing soft 
tissues contain an overabundance of algesic chemicals such 
as substance P and calcitonin gene-related peptide. An inter-
esting observation of these new nerves was that their overall 
morphology was abnormal with fibers appearing punctate 
and disorganized [72, 73]. Since these phenomena are con-
sistent with the innervation profiles described in nerve injury 
models, we speculate that injured joints may develop neuro-
pathic pain post-trauma. Indeed, treatment of inflamed joints 
with the neuropathic pain analgesic gabapentin can also 
relieve arthritis pain [74].

Conclusion

Though cartilage is aneural and avascular, it plays a central 
role in the pathophysiology of symptomatic OA, and carti-
lage abnormalities are directly associated with damage to 
other tissues within the joint that contain nociceptors. The 
pathophysiology of pain in OA is complex and similarly the 
symptomatic presentation in OA diverse and heterogeneous. 
Recent studies, particularly those with an emphasis on MRI, 
are providing unique insights into the relation between struc-
ture and symptom genesis. The traditional predominant focus 
of imaging studies and preclinical investigation is cartilage. 
However, the subchondral bone, periosteum, periarticular 
ligaments, periarticular muscle spasm, synovium, and joint 
capsule are all richly innervated and are the likely source of 
nociception in OA. Attention to the many modulating factors 
that alter the experience of pain may improve the way we 
treat this disease.

Fig. 2.3  Medial tibiofemoral osteoarthritis with extensive bone marrow 
lesions, attrition of the opposing articular surfaces and cartilage loss. In 
addition, a macerated meniscus has been extruded out of the medial 
compartment (arrowhead )
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Introduction

Improvements in musculoskeletal imaging in the past decade 
have allowed orthopedic surgeons to make great advances in 
the diagnosis and management of soft tissue pathologies in 
the musculoskeletal system. As the technology for MRI has 
enhanced the resolution for visualizing cartilage and other 
soft tissues, this has improved the orthopedic surgeons’ 
ability to plan preoperatively the treatment of cartilage 
lesions, and, in selected circumstances, to also monitor the 
subsequent postoperative course for efficacy. In particular, 
articular damage of the knee joint is one of the most common 
reasons for both younger and older patients to seek an ortho-
pedic consultation. While MRIs are helpful in diagnosing 
focal cartilage defects, diffuse cartilage damage in the setting 
of osteoarthritis often does not require advanced imaging 
modalities such as an MRI for diagnosis and treatment. In 
most cases, plain radiography in the weight-bearing setting 
provides adequate information to the orthopedic surgeon for 
both the conservative and surgical management of osteoar-
thritis. As osteoarthritis has been covered extensively in the 
previous chapter, this chapter will focus on chondral lesions 
in the knee of a younger, more active population as a model 
for how orthopedic surgeons approach many of the patholo-
gies that affect cartilage.

Classification of Chondral Defects

There is some confusion in the literature as there are numer-
ous reported classifications for cartilage defects, some of 
which are based on arthroscopic inspection and others which 
are based on imaging [1, 2]. The first classification system 
used by orthopedic surgeons in describing the extent of 
cartilage lesions was the Outerbridge classification [3] 
Originally used for patella chondral defects, it has since been 
modified and extrapolated for use in other joints and remains 
the most widely used classification system due to its ease of 
use and acceptable rates of reproducibility and accuracy 
(Fig. 3.1) [4]. This is an arthroscopic classification based on 
visual inspection and probing of the cartilage (Table  3.1). 
Thus, when discussing chondral defects, it is important to 
realize that most orthopedic surgeons refer to this grading 
system and thus should not be confused with radiologic 
classifications that often appear on an MRI report.

The Relationship of Bone Contusion  
to Chondral Damage

Acute knee trauma often leads to injury not only of the soft 
tissue but also to the bony structures. Bone contusion or 
bruising appears as high signal on T2-weighted sequences 
with decreased intensity on T1-weighted sequences. This 
represents bone marrow edema and microfractures of the 
cancellous bone. Further, the initial concussive blow from 
acute trauma might exceed a supraphysiological threshold, 
altering the load-bearing properties of subchondral bone and 
leading to changes in the overlying cartilage. While many 
bone bruises resolve over time, the articular cartilage may 
suffer irreversible damage, with persistent changes seen even 
at 6  years after initial injury [5]. Histologic studies have 
associated the presence of bone bruising with the loss of pro-
teoglycans and necrosis of chondrocytes in the subchondral 
bone after an ACL rupture [6]. A follow-up study revealed 
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a significant correlation of bone bruises with increased pain 
as well as duration of joint effusion and antalgic gait [7].

More evidence linking bone contusions with chondral 
injuries are seen in repeat MRIs of patients at 12–14 weeks 
after acute knee injuries. While 80% had a greater than 50% 
reduction in bone bruise volume, two types of resolution for 
bone bruising were seen: one from the periphery and one 
towards the joint margin. All cases with resolution towards 
the joint margin had associated osteochondral injuries, 
suggesting that a bone bruise may indicate overlying osteo-
chondral injury [8]. A separate case series of acute knee 
injuries demonstrated normal cartilage on initial arthroscopy, 
but a repeat MRI at 6–12 months after injury showed 67% 
with persistent osteochondral changes such as cartilage thin-
ning, osteochondral defects, and cortical impaction [9]. 
However, multiple other studies attempting to correlate the 
location of bone bruises with cartilage damage at the corre-
sponding area have yielded inconsistent findings [10]. 
Nevertheless, a natural history study of bone marrow edema 
on MRI demonstrated that medial lesions were associated with 
a 5.6 higher risk for medial arthritis and lateral lesions with a 
2.8 higher risk for lateral arthritis, even when adjusted for 
varus or valgus limb alignment. This data suggests that the 
presence of bone bruising is a risk factor for structural dete-
rioration of the knee in osteoarthritis [11].

Clinical Presentation

Injuries to the articular cartilage often occur in the setting of 
an acute traumatic injury. While there can be various causes 
for knee pain, one of the symptoms of articular pathology is 
the presence of an effusion. Unlike rupture of the anterior 
cruciate ligament, which leads to a joint effusion almost 
immediately, in the case of cartilage injury, patients often 
describe swelling which occurs a few hours or the next day 
following an acute injury or an overload activity to the knee, 
such as a prolonged hike or marathon. Patients may also feel 
a sensation of catching, which suggests either meniscal 
injury or the presence of loose bodies (from detached 
fragments of cartilage) or loose chondral flaps. A history of 
previous injury such as a meniscal tear will also place a 
patient at risk for subsequent cartilage injury. As the weight-
bearing load across the knee joint is altered from the loss of 
meniscal integrity, abnormal articular contact stresses occur, 
causing increased peak local contact stresses on the chondral 
surface [12]. Other injuries to the knee, such as a ligamen-
tous rupture leading instability, may also place the articular 
surface at risk for further injury. Finally, unlike osteoarthri-
tis, focal chondral defects do not usually elicit night pain.

Physical examination of the knee typically begins with 
inspection of the lower limb alignment. A valgus knee may 
indicate lateral-sided osteoarthritis, while varus alignment 
may indicate medial-sided osteoarthritis. A varus thrust dur-
ing gait is also a sign of medial osteoarthritis. Increased 
warmth and effusion compared to the contralateral side indi-
cates an irritated knee joint in general. A decreased range of 
motion or flexion contracture may indicate the presence 
osteophytes from osteoarthritis. Painful crepitus often occurs 
with advanced chondral wear. A thorough ligamentous exam 
may reveal pseudolaxity under varus or valgus stress; this 
does not reflect actual laxity to the medial or lateral collateral 
ligaments, but rather the loss of cartilage on either the medial 
or lateral side allows the joint space to “open up” more than 

Fig. 3.1  Grade 2 Outerbridge defect of the patella apex. Left: Arthroscopic view. Right: Corresponding axial T2-weighted MRI sequence

Table 3.1  Description of the modified Outerbridge classfication

Grade Description

0 Normal cartilage
1 Softening and swelling
2 Partial-thickness defect with fissures that do not 

reach subchondral bone, or exceed 1.5 cm 
diameter

3 Fissures that reach subchondral bone and 
diameter greater than 1.5 cm

4 Exposed subchondral bone
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normal. As the most common focal cartilage lesions are 
located on the patella and the medial femoral condyle [13], a 
patellofemoral grind test or palpation of the undersurface 
medial or lateral facet of the patella often elicits pain. 
Occasionally, palpation of the medial femoral condyle artic-
ular surface with the knee slightly flexed may also elicit pain 
if a cartilage lesion is present.

Once a diagnosis of chondral injury is suspected based on 
the initial history and examination, further imaging is ordered 
based on the location of the suspected lesion. For example, if 
a patellofemoral lesion is suspected, then merchant views of 
the patellofemoral joint with the knee flexed at 45º would be 
included in the plain radiography series. Weight-bearing pos-
terior–anterior 30° views are very helpful in evaluating the 
extent of medial or lateral compartment osteoarthritis. If limb 
malalignment is suspected as an underlying contributing fac-
tor, then full-length lower extremity standing views are helpful 
to quantify the amount of malalignment and the angle of cor-
rection that would be required for an osteotomy, if warranted.

While plain radiography is adequate for the evaluation 
and treatment of diffuse osteoarthritis, MRI is the best modal-
ity to confirm the diagnosis of focal chondral defect and to 
rule out any associated internal derangements such as menis-
cal tears or ligamentous injury. MRI will help orthopedic 
surgeons not only in the diagnosis of cartilage injury, but it 
also provides invaluable information for preoperative plan-
ning. Characteristics of the chondral defect such as size, 
depth, and location are very important in formulating surgi-
cal treatment options. Partial thickness lesions or torn flaps 
of cartilage may be amenable to simple chondroplasty (deb-
ridement to a smoother surface with arthroscopic shavers). 
Small contained lesions may do well with marrow stimula-
tion techniques such as microfracture. Larger lesions on the 
femoral condyle may require osteochondral autograft trans-
plantation or autologous chondrocyte implantation (ACI). 
Very large focal lesions may require osteochondral allograft 
transplantation. The location of the lesion may influence the 
treatment; for example, the results of microfracture in patella 
lesions are not as good as in the femoral condyle. Accessibility 
considerations may limit lesions of the tibial plateau or the 
posterior femoral condyle to just microfracture procedures. 
Finally, the presence of concomitant meniscal or ligamen-
tous injury will need to be addressed in order to provide a 
stable, optimal environment for cartilage healing.

Surgical Management of Chondral Defects

Chondroplasty Debridement

Arthroscopic debridement and lavage has a palliative role in 
the treatment of small or partial thickness chondral lesions 
in which the goal is preservation of the remaining intact 

surrounding cartilage. Loose chondral fragments causing 
mechanical symptoms, pain, and inflammation are removed 
with a combination of shavers and biters. It is most often 
used in the patellofemoral joint where other surgical options 
are limited. Patients are counseled that the outcomes are not 
predictable but may ameliorate their symptoms [14]. In the 
treatment of osteoarthritis, arthroscopic debridement has not 
been shown to be better than placebo [15, 16].

Microfracture and Marrow Stimulation 
Techniques

Marrow stimulation procedures include osteochondral 
drilling, abrasion, arthroplasty, and microfracture. The goal 
of these procedures is to facilitate the delivery of progeni-
tor cells from the marrow to form a fibrocartilage scar tissue 
over the defect. Indications include Outerbridge grade 3 or 
4 defects spanning 2–3  cm2. An intact cartilage edge is 
essential in order to contain the healing clot [17]. The 
exposed bone is debrided of all unstable cartilage and the 
calcified cartilage cap. Perforations are made about 3 mm 
apart and 2–4 mm deep into the subchondral bone (Fig. 3.2) 
[18]. Best results are seen in age younger than 35 years and 
lesions less than 400  mm2. Most improvement occurs 
within the first year, although maximum improvement may 
not occur until 2–3  years postoperatively. Following the 
operation, patients are on a continuous passive motion 
machine and crutch-assisted touch-down weight bearing 
for 6–8 weeks [19].

Osteochondral Autograft Transfer/
Mosaicplasty

This procedure involves harvesting osteochondral plugs 
from a nonweight-bearing region (usually the trochlea or 
the perimeter around the intercondylar notch) and transfer-
ring them to an affected lesion on the femoral condyle that 
is not suitable for microfracture. The lesion is prepared by 
drilling and debridement to leave a clean cylindrical recipi-
ent site without any loose fragments. Each donor plug is 
then inserted into the recipient site, perpendicular to the 
articular contour, and in a press-fit fashion. Typically, mul-
tiple plugs of 6–8 mm diameter are used to fill the lesion in 
a “cobblestone” fashion (Fig. 3.3). The availability of donor 
site dictates the maximum size of the lesion that can be 
treated with this technique, usually up to 2.5 cm2 [20]. The 
donor sites fill in with fibrocartilage over time, while the 
graft site forms a congruent gliding surface with the trans-
planted hyaline cartilage. The donor sites are usually the 



22 S. Cheung and C.B. Ma

medial and lateral trochlea and around the intercondylar 
notch. At 10-year follow-up, 92% good/excellent results are 
achieved in the femoral condyle, while results in the patella/
trochlea are not as good with only 79% good/excellent 
results [21].

Osteochondral Allograft

Similar to osteochondral autograft transfer, this technique 
uses size-matched fresh cadaver donor plugs instead. This 
procedure is reserved for chondral defects greater than 

Fig. 3.2  Grade 4 lesion on the medial femoral condyle. Left: Lesion prior to preparation. Right: Lesion after debridement and microfracture. 
Note the presence of bleeding from the marrow surface. Bottom: Coronal T2-weighted sequence illustrating the lesion

Fig. 3.3  Left: Large cartilage defect on the femoral condyle prior to preparation. Right: Mosaicplasty of plugs obtained from the trochlea
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2.5 cm2 and requires the availability of a fresh or cold-stored 
allograft for maximum chondrocyte viability (Fig.  3.4). 
Timing is also important as the viability of the chondrocytes 
diminishes significantly 14  days after storage [22]. This 
technique is usually indicated for larger lesions. It is not 
uncommon that realignment procedures, such as high tibial 
osteotomy (HTO), will need to be performed at the same 
time to protect the affected compartment.

Autologous Chondrocyte Implantation

This technique is a two-stage procedure in which cartilage 
fragments are first harvested arthroscopically; this is usu-
ally taken from the intercondylar notch. The cartilage frag-
ments are then processed and chondrocytes are isolated. 
The cells are then cultured and allowed to expand over the 
next 6–8  weeks. Once the donor cells are ready, they are 

Fig. 3.4  Sagittal (upper left) and coronal (upper right) T2-weighted 
sequence of showing a large medial femoral condyle chondral defect. 
Arthroscopic views of the lesion in flexion (middle left) and 

extension (middle right). An arthrotomy showing the prepared 
recipient site (lower left) and the transferred osteochondral allograft 
(lower right)
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reimplanted into the defect and covered by a periosteal or 
synthetic patch. This procedure theoretically can be used on 
Outerbridge grade 3–4 lesions ranging from 2 to 10  cm2, 
but because it is a costlier two-stage procedure, it is most 
often reserved as a second-line treatment when the patient 
has failed debridement, microfracture, or osteochondral 
autograft transfer [23]. Bipolar “kissing” lesions are con-
traindicated (such as lesions on both the patella and the 
opposing trochlea). A randomized trial comparing ACI vs. 
microfracture showed that both techniques achieved similar 
results (77% satisfaction) at 5 years [24]. One of the compli-
cations of this procedure is graft hypertrophy where the 
resurfaced area has overgrowth of cartilaginous tissue. This 
is usually diagnosed with MRI and can be treated with 
arthroscopic debridement.

Surgical Management of Arthritis

Nonoperative Options

Patients presenting with significant knee pain and dis-
ability due to osteoarthritis should first be managed 
with nonsteroidal anti-inflamatories, activity modifica-
tion, and unloader braces. The use of heel wedges (lat-
eral posting for medial compartment arthritis and vice 
versa) is controversial as multiple studies have not 
demonstrated significant differences compared to pla-
cebo [25]. Intra-articular viscosupplementation and 
steroid injections offer a temporizing measure to allevi-
ate the pain but does not alter the progression of dis-
ease. When patients have exhausted their conservative 
treatment modalities, surgical intervention, such as an 
osteotomy or arthroplasty, offers viable long-term pain 
relief.

Realignment Procedures/Osteotomy

Younger patients with advanced arthritis in either medial or 
lateral compartment may be candidates for a valgus-producing 
high tibial osteotomy (HTO) or a varus-producing distal 
femur osteotomy (DFO), respectively (Fig. 3.5). The goal is 
to shift the weight-bearing axis away from the affected 
arthritic compartment. Concurrent arthritis in the patell-
ofemoral joint is not a contraindication, although the oppo-
site tibio-femoral compartment should have relatively intact 
cartilage and a normal meniscus [26, 27]. If strict indications 
are followed, 74% good/excellent results are seen at 10-year 
follow-up [28].

Arthroplasty

Less active older patients with medial compartment osteoar-
thritis may be good candidates for unicompartmental knee 
arthroplasty. Indications include an intact ACL and PCL, 
correctable varus deformity to neutral, and less than 15º flex-
ion contracture. Advances in technology have increased the 
durability of the implants. The Oxford Unicompartmental 
Knee (Biomet, Warsaw, IN) has a survivorship of 84–100% 
at 10-year follow-up and 93% at 15-year follow-up [29]. 
Patients with severe arthritis affecting both medial and lateral 
compartments or who do not meet criteria for a unicompart-
mental knee arthroplasty can benefit from a total knee 
arthroplasty. This is a predictable procedure yielding greater 
than 95% survivorship at 10-year follow-up using modern 
implants [30].

Future Directions

As MRI technology continues to evolve, new modalities and 
sequences have been developed that provide more informa-
tion. Quantitative MRI collects information about the tissue 
rather than just an image, such as the amount and quality of 
the cartilage. This can allow objective evaluation of cartilage 
health. In addition, quantitative MRI is being used increas-
ingly to stage disease and monitor the progress of disease or 
treatment (i.e., ongoing cartilage loss). T1r (rho) is one of 
the quantitative MR imaging sequence that have shown 
promises for clinical use. Early studies have shown it to be 
highly sensitive to molecular changes in cartilage degenera-
tion compared to standard T2-weighted sequences, and it 
may become the modality of choice in evaluation of early 
arthritis [31, 32].

Summary

Orthopedic surgeons have traditionally relied on plain 
radiographs in the diagnosis and treatment of diffuse osteoar-
thritis. However, technological advances in the past decade, 
especially in MRI, have allowed significant improvements 
in the diagnosis and treatment of more focal cartilage disor-
ders in a younger population. Our ability to interpret 
enhanced soft tissue data from MRI not only allows for a 
more accurate diagnosis, but also assists in the discussion 
with patients regarding their prognosis and surgical options. 
MRI is also an invaluable tool in preoperatively planning, 
allowing surgeons to pick the most appropriate procedure 
ranging from simple arthroscopic debridement to marrow 
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stimulation, mosaicplasty, osteochondral allograft, osteotomy, 
or arthroplasty. Even more promising is quantitative MRI, 
which may eventually surpass conventional MRI in the 
diagnosis of subtle cartilage injuries.
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Introduction

Conventional radiography is the simplest and least expensive 
method for imaging joints affected by various joint patholo-
gies. Radiographs have been widely used to assess structural 
changes associated with osteoarthritis (OA). Radiography is 
used in clinical practice in patients to establish the diagnosis 
of OA and to monitor the progression of the disease. Strengths 
of radiography include its ability to clearly visualize bony 
features, such as marginal osteophytes, subchondral sclero-
sis, and subchondral cysts that are associated with OA. 
Although direct visualization of cartilage is not possible, it 
can provide an indirect estimate of cartilage thickness and 
meniscal integrity by the interbone distance or joint space 
width (JSW). Assessment of OA severity mainly relies on 
joint space narrowing (JSN) and subchondral bone lesions. 
Increase in JSN is the most commonly used criterion for 
the longitudinal assessment of OA progression and the 
complete loss of JSW, characterized by bone-on-bone 
contact, is one of the factors considered in the decision for 
joint replacement [1].

In this chapter, we will describe the role of conventional 
radiography as a means of indirect assessment of cartilage 
thickness, using imaging of knee OA as an illustrative exam-
ple. We will describe protocols for standardized radiographic 
examination of the knee, causes of JSN, and both semiquan-
titative and quantitative assessments of JSW in knee OA. 

Lastly, a brief discussion of radiographic assessment of the 
patellofemoral (PF) joint of the knee, the hip and ankle joints 
will be provided.

Protocols for Standardized Radiographic 
Assessment of the Knee

Traditionally, the extended-knee radiograph (i.e., a bilateral 
weight-bearing anteroposterior (AP) view of both knees in 
full extension) has been the technique employed to image the 
tibiofemoral joint [2, 3]. It was the procedure used to acquire 
reference images for contemporary pictorial atlases of the 
radiographic severity of tibiofemoral OA [4, 5] and remains 
an accepted radiographic technique for characterizing the 
bony changes of OA (e.g., marginal osteophytes and sub-
chondral sclerosis). Although the diagnostic utility of the 
extended-knee radiograph is established, this technique is 
severely limited as a method to visualize reproducibly the 
radiographic joint space [6].

This limitation stems from numerous technical shortcom-
ings of the examination with respect to variability in the 
positioning of the knee in serial examinations. For example, 
longitudinal changes in weight-bearing (e.g., due to weight 
gain or loss) may affect the extent of voluntary knee exten-
sion. Changes in the distance between the knee and radio-
graphic cassette may alter the degree of radiographic 
magnification in the image. Whereas the above sources of 
variation in knee position are likely to contribute random 
measurement error to estimates of tibiofemoral JSW, changes 
in knee pain from examination to examination (as may occur 
in a clinical trial of a purported disease-modifying OA drug) 
may introduce systematic measurement errors [1]. This dis-
crepancy was demonstrated by a previous study [7] in which 
significant increases in tibiofemoral JSW were detected in 
extended-knee radiographs taken 7–14 days apart of OA 
subjects who had undergone relief of an induced flare of 
knee OA pain. These sources of error seriously limit the 
utility of the extended-knee radiograph to detect true JSN, 
the cardinal indicator of progression of knee OA [4].
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Over the past 15 years, several groups of investigators 
have developed alternative protocols for standardized posi-
tioning of the knee for a radiographic assessment of the 
tibiofemoral joint. Common to all of the techniques described 
in this chapter is a standard for knee flexion, rather than 
extension, that provides contact between the tibia and the 
posterior aspect of the femoral condyle (i.e., the region in 
which cartilage damage in OA is often most marked) [8]. 
The protocols differ, however, with respect to the degree of 
flexion required, angulation of the X-ray beam, and the 
parameter that is adjusted to meet the examination’s posi-
tioning standards (Table 4.1).

A key distinction among current positioning protocols is 
the use of fluoroscopy to confirm satisfactory radioanatomi-
cal positioning of the medial tibial plateau (i.e., parallel or 
near-parallel alignment with the central X-ray beam) before 
acquisition of the radiograph [1, 9, 10].

Lyon-Schuss View

The Lyon-Schuss (LS) radiographic view [9] uses a poster-
oanterior Schuss position of the subject (i.e., placement of 
the anterior aspect of the hip, the patella, and tip of the great 
toe against the radiographic cassette or surface of the vertical 
radiographic table). Coplanar alignment of the hip, patella, 
and great toe fixes the degree of flexion for repeat examina-
tions (20–35°, depending on the relative lengths of the tibia 
and foot). To compensate for the effect of knee flexion on the 
orientation of the medial tibial plateau relative to the hori-
zontal plane, fluoroscopy is used to adjust the angle of the 
X-ray beam caudally to bring the tibial plateau into sharpest 
focus. Early data derived from the LS radiograph confirmed 
that it afforded reproducibility of measurement of medial 
tibiofemoral JSW superior to that of the conventional 
extended-knee view [11].

A recent modification of the LS protocol has incorporated 
use of the SynaFlexer™ (Synarc, Inc., San Francisco, 
California), an acrylic positioning frame in which subjects 
stand and position themselves to fix knee flexion and exter-
nal foot rotation in Schuss position [12]. Recent applications 
of the protocol have also adopted the intermargin distance as 
the standard for evaluating radioanatomic alignment of the 
medial tibial plateau [1, 10, 13, 14].

Fixed-Flexion View

Peterfy et al. have developed an empirically derived set of 
positioning standards for standardized knee radiography 
[15]. Based on fluoroscopically assisted measurements of 
beam angulation that produce parallel radioanatomic align-
ment of the medial tibial plateau in samples of normal 
and OA knees in Schuss position (9.0 ± 3.6°), the authors 
designed position standards for the posteroanterior fixed-
flexion (FF) view. As with the LS view, both knees are in 
contact with the cassette and coplanar with the hips, patel-
lae, and tips of the great toes (Table  4.1). The FF view 
requires that the X-ray beam be directed 10° caudally, unlike 
the LS view in which the beam angle is varied with each 
examination in an attempt to align the beam with the medial 
tibial plateau. Positioning of the knee and foot for the FF 
view is facilitated by use of the SynaFlexer™ positioning 
frame [12, 15].

The FF view permits highly precise measurements of 
JSW [15]. However, because of biologic variability in the 
anatomy of the tibial plateau, the FF technique often pro-
duces radiographs with skewed radioanatomic alignment of 
the medial tibial plateau [16]. This problem has led investi-
gators to explore a modification of the FF protocol that 
entails ascertainment of the quality of alignment produced 
by 10° caudal angulation and reacquisition of the radiograph 
with small adjustments of the angle (cranially or caudally) 
until satisfactory alignment is achieved [1, 13, 17].

Other Views

The semiflexed anteroposterior view uses fluoroscopy to 
guide knee flexion and rotation to achieve reproducible ana-
tomic markers of parallel alignment of the medial tibial pla-
teau relative to a horizontal X-ray beam [18]. Although this 
technique has been shown to afford estimates of JSW that are 
more precise than those obtained from the conventional 
extended-knee view, its accuracy of measurement is affected 
by the requirement for magnification correction [19].

Table  4.1  Comparison of technical specifications for standardized 
radiographic assessment using Lyon-Schuss (LS) view and fixed-flexion 
(FF) view

Lyon-Schuss Fixed flexion

Fluoroscopic assistance Yes No
Knee orientation Posteroanterior Posteroanterior
Degree of flexion Fixed (20–35°) Fixed (20–35°)
Standard for knee flexion Schuss position Schuss position
Standard for foot rotation 10° 10°
Standard for X-ray beam 

angulation
Adjust to bring the medial 

tibial plateau into 
sharpest focus

10° Caudal

Adjustment for radiographic 
magnification

Optional Optional
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In an effort to develop a more exportable, nonfluoroscopically 
assisted alternative to the semiflexed anteroposterior view, 
the same group of authors developed the semiflexed metatar-
sophalangeal (MTP) posteroanterior view [20]. This proto-
col does not require correction for radioanatomic alignment, 
but use of a foot map is necessary to facilitate reproducibility 
of foot rotation and placement of the first MTP joints beneath 
the front of the radiographic cassette. Several studies of the 
performance of this protocol have noted that as many as 70% 
of MTP radiographs exhibit skewed alignment of the medial 
tibial plateau [1, 16]. Additionally, alignment in MTP views 
is notably less reproducible over time than in the short term, 
resulting in lesser sensitivity to JSN than concurrent semi-
flexed AP radiographs [16].

Performance of Lyon-Schuss  
and Fixed-Flexion Views

The developers of the standardized knee radiographic proto-
cols described above have each offered evidence to indicate 
that their protocol affords measurements of tibiofemoral 
JSW that are more precise and reproducible than those 
obtainable from the conventional extended-knee radiograph 
[11, 15, 18, 20]. Although measurement precision is an 
important theoretical determinant of sensitivity to the detec-
tion of change (e.g., thinning of articular cartilage), it is not 
a sufficient basis to conclude that one standardized tech-
nique is more advisable than another for use in longitudinal 
studies of OA progression. Such choices are best made on 
the basis of direct comparisons of alternative protocols in 
the same subjects. Head-to-head comparisons of alternative 
positioning protocols are rare in the OA literature [1]. 
Although studies have shown that the sensitivity to radio-
graphic JSN is enhanced by fluoroscopically assisted joint 
positioning and/or beam angulation, it should be acknowl-
edged that the nonfluoroscopically assisted methods can 
detect disease progression in knee OA with noteworthy 
sensitivity [21].

Joint Space on Radiographs as an Indirect 
Measure of Cartilage Thickness

JSW has been used as an indirect measure of hyaline articular 
cartilage thickness in the tibiofemoral joint. Buckland-Wright 
et al. measured JSW from weight-bearing plain-film macro-
radiographs obtained in the tunnel view and compared this 
with the sum of femoral and tibial cartilage thicknesses 

measured from double-contrast macroarthrograms of the same 
regions of the same knees, obtained in the nonweight-bearing 
lateral position in 20 subjects with knee OA. Comparison of 
JSW with the sum of the tibial and femoral cartilage thick-
nesses revealed a significant correlation between the two 
measurements in the medial, but not the lateral, compartment 
[18]. More recently, Amin et  al. examined the relationship 
between progression of JSN on radiographic images and car-
tilage loss on MRI. While their results provided longitudinal 
evidence that radiographic progression of JSN was correlated 
with cartilage loss assessed on MRI, radiography was not a 
sensitive measure. The authors concluded that if radiography 
was used alone, a substantial proportion of knees with carti-
lage loss would be missed [22]. In particular, a focal cartilage 
defect in the weight-bearing compartment (Fig.  4.1) or a 
defect located in the nonweight-bearing portion of posterior 
femoral condyle (Fig. 4.2) may not be visible on radiography 
and can only be revealed by MRI. Moreover, in longitudinal 
studies, radiographic progression of JSN is not a sensitive or 
specific measure of OA disease progression when compared 
to MRI findings (Figs. 4.3–4.5).

Previously held beliefs that ascertainment of JSN and 
its changes are a reflection only of damage to articular car-
tilage were shown to be incorrect after recent studies dem-
onstrated that alterations in the meniscus, such as meniscal 
extrusion or subluxation, also contributed to JSN [23–25]. 
A more recent cross-sectional and longitudinal study by 
Hunter et  al. used both MRI and weight-bearing poster-
oanterior radiographs [12] to explore the relative contribu-
tion of semiquantitative cartilage morphologic features 
and the meniscus position to the ordinal radiographic JSN 
[25]. They found that features of the meniscus (position 
and degeneration) accounted for a substantial proportion 
of the explained variance in JSN, and change in meniscal 
position accounted for a substantial proportion of change 
in JSN.

The same group of authors also conducted a study using a 
quantitative approach to ascertain the contributions of carti-
lage (measured with a 3D morphometric approach) and 
meniscal position on MRI to JSW as measured in the LS 
radiographs of the knee [26]. Sixty-five percent of the varia-
tion in medial JSW was explained by regional cartilage 
thickness measures, different Kellgren–Lawrence (KL) 
grade (see the next section for explanations), and meniscal 
coverage. Of these measures, the medial tibial cartilage thick-
ness measures and central region of the central medial femur 
(ccMF) played a consistent role in variations in medial JSW 
observed across all KL grades. Furthermore, ccMF and the 
addition of percent meniscal coverage to this model explained 
the remaining differences in mean medial JSW found 
between those subjects with definite JSN (KL grade 3) and 
those without OA.
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Fig.  4.2  Example of a case in which posteroanterior, fixed-flexion 
(FF) radiograph (a) does not show any joint space narrowing (Kellgren–
Lawrence [KL] grade 0) in the left knee. MRI reveals a focal cartilage 
defect (arrows) in the posterior aspect of medial femoral condyle in the 

left knee. A subchondral bone marrow lesion is also present and is 
depicted to a fuller extent in the sagittal fat-suppressed intermediate-
weighted sequence (b) compared to the DESS sequence (c). None of 
these changes can be visible on plain radiographs

Fig.  4.1  Example of a case in which posteroanterior, fixed-flexion 
(FF) radiograph (a) does not show any joint space narrowing (Kellgren–
Lawrence [KL] grade 0) in the right knee. MRI reveals a focal carti-
lage defect in the central portion of lateral femoral condyle (arrows). 

The lesion is better depicted in the sagittal fat-suppressed intermediate-
weighted sequence (b) than sagittal (c) and coronal (d) DESS sequence. 
As expected, the focal defect appears less conspicuous and smaller on 
coronal FLASH sequence (e)



314  Conventional Radiography as an Indirect Measure for Cartilage Pathology 

Fig. 4.3  Progressive MRI-detected cartilage loss. Baseline (a, c) and 24-months follow-up examinations (b, d). No radiographic progression is 
seen (a, b). On sagittal DESS MRI, progressive cartilage loss in the posterior medial femur is observed at follow-up (arrows, c, d)

Fig. 4.4  Focal cartilage loss on MRI. Radiography does not show pro-
gressive joint space narrowing (JSN) (a, b), i.e., identical joint space 
width from baseline to follow-up. Coronal DESS MRI (c, d) shows 

incident focal cartilage defect in the central part of the medial tibial 
plateau at follow-up (arrows)
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The structural alterations that form the OA disease  
process are markedly collinear, i.e., as hyaline articular car-
tilage becomes more morphologically abnormal, the other 
structural processes parallel these changes, with increasing 
degenerative findings in the meniscus and increasing menis-
cal displacement [25]. The causal process is therefore com-
plex and JSN genuinely reflects changes in all of these 
structures, and in some knees cartilage loss is less impor-
tant as a cause than meniscal variables. One should also 
note that the lateral joint space may become widened as a 
result of severe medial JSN. In such secondary widening of 
joint space, articular cartilage in the lateral compartment 
may be normal.

Relevance and importance of these findings have been 
described previously [26]. In clinical trials assessing disease-
modifying osteoarthritis drugs (DMOADs), it is essential to 
know the selective target of the drug (e.g., cartilage or 
meniscus). If the meniscus is the drug’s target tissue, radio-
graphic changes in JSW are not to be expected (if the menis-
cus does not show extrusion). Likewise, if the drug target 
were cartilage at latter disease stages, the contribution of 
meniscal malposition may influence JSW measures substan-
tively. These factors need to be considered in planning for 
both observational studies monitoring progression and clinical 
trials [26].

Semiquantitative Assessment of Joint-Space 
Narrowing Using Kellgren–Lawrence  
and Osteoarthrits Research Society 
International Grading Systems

The severity of OA can be estimated by semiquantitative 
radiographic scoring systems. Several grading scales incor-
porating combinations of features have been developed. The 
two most widely utilized systems are the KL grading [4] and 
the Osteoarthritis Research Society International (OARSI) 
grading system [27]. Both systems have been applied widely 
in clinical trials and epidemiologic studies. The KL grading 
is traditionally used to classify populations according to 
those who have OA with a grade of ³2. The individual radio-
graphic features of the OARSI grading system have been 
widely used both in cross-sectional and observational epide-
miologic studies, with JSN as a surrogate measure of disease 
progression, although more recent studies have tended to use 
quantitative measures of JSW.

Published atlases provide image examples that represent 
the specific grades [27]. Modifications have been introduced 
to these scoring systems, adding either complexity or simpli-
fication [28]. Examples of KL grading and OARSI modifica-
tions are summarized in Tables  4.2 and 4.3, respectively. 

Fig. 4.5  Progressive joint space narrowing (JSN) (a, b) but no progres-
sion on coronal intermediate-weighted MRI (c, d). Positioning from 
baseline to follow-up is slightly discordant. Lateral osteophyte projected 

into joint space at follow-up (arrows) suggests slightly different degree 
of knee flexion at follow-up. No progression of MRI-detected cartilage 
loss or meniscal damage/extrusion is seen at follow-up
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One of the major drawbacks of these grading systems is their 
lack of sensitivity to change [22]. JSW is a crude measure of 
indirect assessment of articular cartilage, and cartilage is 
only one contributor to physiologic JSW as described ear-
lier. In addition, expected annual rates of cartilage loss are 
minimal, as has been shown by quantitative MRI morphom-
etry [29]. Furthermore, visually detectable minor changes in 
JSW do not necessarily translate into a change in grading 
when radiographic grading systems are used. For this reason, 
some researchers have introduced half-grades to account for 
subtle longitudinal change [30]. When compared with MRI 
as the reference standard, radiography has shown an excel-
lent specificity with regard to the detection of longitudinal 
cartilage loss. However, the reported sensitivity is low [22].

Quantitative Assessments of Joint Space

Although semiquantitative scoring is an accepted and widely 
used method to evaluate a knee radiograph for OA, it relies 
fundamentally on a qualitative and subjective assessment of 
the image. Quantitative measures of JSW use a “ruler,” either 

a physical device or a software application, to measure the 
JSW as the distance between the projected femoral and tibial 
margins on the image.

Initially, quantitative measures of JSW were made by an 
observer viewing the radiograph over a light box [31, 32]. 
The reader determined the location of the minimum distance 
between the femoral and tibial margins and made a measure-
ment of the distance with a graduated hand-held lens.

Later, software-based methods were developed to mea-
sure radiographic knee JSW [33–36] and generally function 
by delineating the margins of the femur and tibia as shown in 
Fig. 4.6. The femoral margin is defined as the projected edge 
of the bone, while the software determines the tibial margin 
as a bright band corresponding to the projection of the X-ray 
beam through the radio-dense cortical shell at the base of the 
tibial plateau.

The use of image processing software to quantify JSW 
offers several advantages over a manual reading. The method 
is fast and, in principle, more objective than hand-held lens 
technique and can provide measures of JSW at locations 
other than the minimum [37, 38], since the joint margins are 
delineated by the software. These methods do require a digi-
tal version of the image, which can be provided for plain 
films by a radiographic film digitizer, or files can be analyzed 
directly for fully digital modalities such as computed radiog-
raphy (CR) and digital radiography (DR).

Studies using the software methods have demonstrated an 
improved precision over the manual method and semiquanti-
tative scoring [34–36, 39]. More recently, these methods 
have been evaluated using longitudinal knee radiographs 
to quantify the responsiveness to change [10, 38]. Various 
degrees of responsiveness have been observed depending on 
the degree of OA severity, length of the follow-up, and knee 
positioning protocol used.

Table  4.2  Description of Kellgren–Lawrence (KL) and modified 
Kellgren–Lawrence grading systems

Kellgren–Lawrence
Modified 
Kellgren–Lawrence

Grade 0 No feature of osteoarthritis  
(OA)

No feature of 
osteoarthritis

Grade 1 Doubtful joint-space  
narrowing and possible 
osteophyte lipping

Equivocal osteophyte

Grade 2 Definite osteophytes and 
possible joint-space 
narrowing

Unequivocal osteophyte

Grade 3 Moderate multiple osteophytes, 
definite joint-space 
narrowing, and some 
sclerosis and possible 
deformity of bone ends

Joint-space narrowing

Grade 4 Large osteophytes, marked 
joint-space narrowing,  
severe sclerosis, and  
definite deformity of  
bone ends

Bone-to-bone appearance

Table  4.3  Original and Modified Osteoarthritis Research Society 
International (OARSI) grading system for medial and lateral tibiofemoral 
joint-space narrowing

Grading system Grading

Original OARSI Grade 0 (normal)–3 (severe)
Modified OARSI Grade 0: Normal, OARSI grade 0

Grade 1: Narrowed, OARSI grade 1–2
Grade 2: Severe, OARSI grade 3 or joint 

space width (JSW) <0.5 mm

Fig. 4.6  Example of software joint delineation in the medial compart-
ment of the tibiofemoral joint of the knee. The femoral margin (green) is 
defined as the projected edge of the bone, and the tibial margin (blue) 
is a bright band. The location of the minimum joint space width (JSW) 
is marked in red
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Radiographic Assessment of Cartilage  
in the Patellofemoral Joint of the Knee,  
Hip, and Ankle

Indirect assessment of articular cartilage using conventional 
radiography has been reported also for joints other than the 
tibiofemoral joint of the knee, including the patellofemoral 
joint of the knee, hip, and ankle. We briefly describe such 
reports in this section.

Chang et  al. performed a study to determine whether 
assessments of patellofemoral (PF) joint space reliably pre-
dicted the cartilage conditions in the PF joint of the patients 
undergoing total knee arthroplasty for advanced knee OA 
[40]. The agreements between the radiographic assessments 
and the gross assessments on the lesion severities and loca-
tions were only fair. The cross-table analyses showed that 
approximately half of subjects with a normal radiographic 
joint space had moderate or severe cartilage degeneration of 
the PF joint identified with gross assessments. Thus, authors 
concluded that prediction of the cartilage conditions of the 
PF joint by the radiographic joint space could be inaccurate.

Plain radiographs have been used as the primary diagnos-
tic method for hip OA for many decades. Cartilage degenera-
tion can be demonstrated radiologically as JSN, i.e., 
decreased distance between opposing articular bony surfaces 
of the femoral head and the acetabulum, and asymmetric 
JSN is a highly reliable sign of OA [41]. However, this is 
again not a direct visualization of cartilage and JSN needs to 
be interpreted with caution. The presence of JSN may show 
discordance with the clinical picture and 29% of subjects 
with hip pain may show completely normal radiographs [42]. 
In other studies, JSN was a better predictor of hip pain com-
pared to osteophytes [43, 44]. Hip OA is defined according 
to minimum joint spaces of <2.5 mm (“probable” OA) and 
<1.5  mm (“definite” OA) [43]. However, various studies 
have challenged the application of absolute measurements. 
One study showed that a wide JSW variation exists normally, 
ranging from 3 to 8 mm and from 2 to 6 mm at the superolat-
eral and superomedial sites, respectively, with an associated 
right/left asymmetry in 5.9% of subjects [45]. In the same 
study, the JSW was related to acetabular anatomy, being 
larger in dysplasia and smaller in coxa profunda, regardless 
of the presence of OA. In another study, the minimum JSW 
decreased progressively with age in women, but it was unal-
tered in men [46]. A study on 78 normal radiographs showed 
that no difference exists between right and left sides, but 
women show a narrower mean JSW compared to men [47].

OA of the ankle joint is rarer than that of the knee or the hip. 
Reports of radiographic JSW assessment of the ankle have 
been limited, and most of those measurement techniques have 
not been well validated to date [48]. Recently, Moon et  al. 
conducted a study to compare semiquantitative radiographic 

grading of ankle OA with cartilage damage observed during 
arthroscopy [49]. Ankles with medial JSN showed varying 
severity of cartilage damage. The positive predictive value of 
cartilage damage increased from 77% for medial JSN regard-
less of the presence of talar tilting to 98% for medial JSN with 
talar tilting. Their observations suggest the inclusion of talar 
tilting in grading schemes enhances the assessment of carti-
lage damage.

Conclusion

In summary, we have described the role of conventional radi-
ography as a means of indirect assessment of cartilage thick-
ness in knee OA. We also described protocols for standardized 
radiographic examination of the knee, causes of JSN, and 
both semiquantitative and quantitative assessments of JSW. 
Radiographically detected JSN is the only structural end 
point currently accepted by the regulatory bodies in the 
United States (U.S. Food and Drug Administration) and 
Europe (European Medicines Agency) to prove efficacy of 
DMOADs targeting OA in phase-III clinical trials. However, 
we need to be aware of several limitations characteristic to 
radiographic assessment of JSN. Exact reproducibility of 
positioning is challenging, which is of relevance especially 
in multicenter and longitudinal studies. The most important 
drawback of radiography, however, is its inability to directly 
visualize cartilage. Consequently, it is nonspecific and insen-
sitive to change. Meniscal damage and subluxation contrib-
ute to radiographic JSW and may also account for longitudinal 
JSN. A large number of ongoing epidemiologic and clinical 
trials in OA use both plain radiographic and MRI data, and 
the most valid and responsive set of endpoints are being 
sought. Before recommending the widespread use of one 
particular imaging construct in structure modifying clinical 
trials, it is crucial that we have this information as well as an 
established relationship with clinical endpoints, such as pain, 
function, and need for arthroplasty.
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Introduction

Intraarticular contrast material has long been used to delin-
eate cartilage lesions with X-rays. The first reports of arthrog-
raphy date back to 1905 [1]. Attempts were made to overcome 
the inherent limitations of arthrography (due to the projec-
tion of three-dimensional structures on a plane), using tomo-
graphic techniques [2] and various projections [3]. The 
advent of computed tomography (CT) enabled arthrography 
to develop further. First reported in 1979 for the study of 
cruciate ligaments [4], computed tomographic arthrography 
(CT arthrography) was very early proved to be useful for the 
study of cartilage [5–7]. Although magnetic resonance imag-
ing (MRI) is now considered to be the technique of choice 
for the assessment of the structure of cartilage (including 
biochemical analysis) and intrachondral lesions [8, 9], CT 
arthrography gained new interest with the advent of multide-
tector computer tomography (MDCT). This technique 
provides true isotropic imaging, with the possibility of high-
resolution multiplanar reformatting [10]. It thus allows the 
evaluation of the entire joint cartilage and not only of carti-
lage areas perpendicular to the acquisition plane as with con-
ventional CT arthrography [11]. In comparison to magnetic 
resonance imaging arthrography (MR arthrography), studies 
have shown that CT arthrography is at least as accurate, sen-
sitive, and specific for the evaluation of cartilage thickness 
[12, 13], surface cartilage lesions, and cartilage loss [14, 15]. 

CT arthrography is indicated for the study of joint surfaces 
whenever MR arthrography cannot be performed, either 
because it is less available as in some countries, or contrain-
dicated, or technically impossible (e.g., with obese or claus-
trophobic patients; presence of metallic hardware) [16]. Its 
main drawbacks remain, however, the exposition to ionizing 
radiation and the need for a joint puncture.

In this chapter, the technical aspects of the CT arthrogra-
phy examinations for various joints, including pitfalls and 
limitations, as well as its most common indications are 
reviewed.

Technical Considerations

Type of Contrast Material

CT arthrography can be performed either using a single-
contrast or a double-contrast method (iodinated contrast 
material and air). Air was used in the past to distend the joint 
space at conventional arthrography. With the advent of 
CT, distension of the joint space is no longer necessary. 
Furthermore, air does not penetrate cartilage lesions as well 
as fluid does. Finally, the use of intraarticular air decreases 
the contrast between the injected joint cavity and the low 
attenuating cartilage in comparison to intraarticular iodine. 
Thus, the single-contrast method using iodine, easier to per-
form [16, 17] and less painful [18], is now favored in most 
institutions.

Once injected in the joint, the concentration of iodinated 
contrast material decreases within minutes by diffusion into 
the cartilage and synovium, by resorption, and by fluid influx 
into the joint [19]. Thus, the CT examination has to be per-
formed preferably within 30 min after the injection. To slow 
down the concentration decrease of the contrast material and 
to gain some flexibility in patient management, it is possible 
to use dimeric contrast agents, which have a slower resorp-
tion rate than monomeric contrast agents [20]. Another pos-
sibility is to add epinephrine to the injected contrast material 
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(for instance, by mixing 1 ml of a 0.1% solution containing 
1 mg of epinephrine with 10 ml of contrast material) [21–23]. 
However, the use of epinephrine may increase postarthro-
graphic morbidity [18], and given that the examination time 
is much faster with MDCT arthrography, epinephrine is 
rarely used.

To avoid beam-hardening artifacts, dilution of the con-
trast material can be performed with local anesthetics or 
saline. However, there is no established consensus on the 
need for dilution, which mainly depends on the radiologist 
preferences [15, 24–29]. If joint effusion is present, it can be 
aspirated to avoid significant dilution of the contrast mate-
rial. If the CT arthrography does not provide any evident 
“mechanical” explanation for the effusion, the aspirated fluid 
can be sent for laboratory analysis to search for articular 
infection or crystal deposition.

Injection Procedures

Prior to injection, contraindications such as history of aller-
gic reactions to contrast material, surrounding soft tissue 
infections and coagulation problems have to be ruled out.

The volume of injected contrast material necessary for 
proper capsular distension varies according to the joint and is 
the same as for other arthrographic techniques. As a rule, 
adequate distension is indicated by increased resistance to 
injection or retrograde flow of contrast material into the nee-
dle after disconnection of the syringe [30]. The injection 
should also be stopped if pain is generated.

Fluoroscopy is the most widely used guidance modality 
for articular puncture [27, 30]. However, many other injec-
tion techniques have been described, either image-guided, 
using CT [27, 31] ultrasound [32–35], or MRI [36] or by using 
surface anatomical landmarks [37–39]. The efficacy of the 
various guidance modalities has rarely been compared in 
the literature [34], and the choice of the guidance modality 
mainly relies on the radiologist’s preference and on the 
equipment available. The injection is performed under aseptic 
conditions, following standard approaches, which have been 
widely described in the literature [40–42].

Usefulness of Conventional Radiographs 
Performed After the Injection

Before the injection of the contrast material, conventional 
radiographs are obtained to identify calcific deposition and 
osteochondral loose bodies. Of course, these radiographs 
also provide a global assessment of the joint and can 

orient the diagnosis towards degenerative or inflammatory 
disorders.

It has been shown that conventional radiographs per-
formed after the injection of contrast material are not nec-
essary in adjunction to CT arthrography for the shoulder, 
even with single-slice CT [43]. After evaluating 102 dou-
ble-contrast CT arthrography of the shoulder for cartilage, 
labral, and rotator cuff lesions, with long-term follow-up 
for 84 of them, and surgical correlation for 40 of them, 
these authors have found no findings on postcontrast con-
ventional radiographs that were not visible on either scout 
radiographs or CT sections. To our knowledge, no study has 
assessed the added value of postcontrast conventional 
radiographs to CT arthrography for other joints. Some 
authors still advise to perform those conventional arthro-
grams as a diagnostic help in adjunction to the CT examina-
tion [16]. One of their theoretical advantages is to detect 
small loose bodies, which could later become invisible at 
the CT arthrogram because of their imbibition by the con-
trast material. However, in our experience, there is little 
usefulness to those postcontrast conventional radiographs, 
especially when new advanced post-processing tools are 
available, with two exceptions. The first is wrist arthrogra-
phy, for which dynamic conventional radiographs per-
formed on the fluoroscopic table are quite useful for the 
detection and localization of tears of carpal intrinsic liga-
ments. Another indication for postinjection radiographs is 
for regions not imaged at CT for radioprotection purposes, 
as developed below.

Exercise Prior to CT?

It has been shown for shoulder MR arthrography that exer-
cise has no beneficial or detrimental effect [44]. However, in 
our practice, we perform active and passive full range articu-
lar motion following the injection to allow the contrast mate-
rial to completely cover cartilage surfaces [45] and enter 
small cartilage lesions.

Risks

As with any other arthrographic procedure, CT arthrography 
presents risks linked to the puncture (mainly infectious risks) 
and to the injected contrast material (allergic reactions) [46]. 
However, the risk of infection is quite rare: 1 infection out of 
25,000 arthrograms as reported by Berquist [47] and 3 cases 
of iatrogenic septic arthritis out of 126,000 arthrographic 
procedures according to Newberg et  al. [46]. The risk of 
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severe allergic reactions is also low, although minor reactions 
can occur [47].

Moreover, as with other arthrographic techniques, there is a 
risk for vasovagal reactions and pain. The best prevention for 
vasovagal reactions is good communication with the patient 
and preparation of the injection material out of the patient’s 
sight. Postarthrographic pain typically lasts a few hours to a 
couple of days and its onset can be delayed [48, 49]. Its cause 
is not well understood and study results diverge [50]. It may 
depend on the choice of the iodinated contrast material (its 
frequency increases when intraarticular air is used [18], or 
with ionic contrast materials, probably due to a higher sodium 
content) [18, 20, 24]. It may also depend on the use of epi-
nephrine [18, 51], which may increase synovial irritation and 
subsequent pain by prolonging the contact of the contrast 
material with the synovium [51]. In general, the arthrographic 
procedure is well tolerated by patients. In the case of MR 
arthrography, Blanchard et al. showed that patients did not pre-
fer MR imaging alone to arthrography [52]. In another study 
on MR arthrography, Binkert et al. showed that the discomfort 
generated by the articular puncture was better tolerated than 
the discomfort generated by the MRI examination that fol-
lowed [53]. However, CT examinations being much faster, 
these conclusions may not be applicable to CT arthrography.

Besides those risks, the main drawback of CT arthrogra-
phy compared to MRI and MR arthrography is the exposure 
of patients to ionizing radiation.

Acquisition Parameters

Care has thus to be taken to keep the radiation doses as low 
as possible, especially when scanning areas are close to radi-
osensitive organs such as shoulders (thyroid) and hips 
(gonads). This is however at the expense of signal to noise 
ratio (SNR). The area covered must be minimized as for the 
knee, where the supra-patellar recess is usually not scanned. 
Synovial and intraarticular conditions in this region will be 
depicted on early lateral radiographs covering the areas not 
imaged by CT. These radiographs should be performed 
before the imbibition occurs, masking synovial masses.

CT acquisition parameters include a narrow collimation, 
low pitch values, and a high milliampere-second value to 
obtain high-resolution isotropic multiplanar reformats (MPR) 
[54]. The use of bone algorithms provides high spatial reso-
lution reformats. Bone windows are used to view the images. 
Post-processing of these high-resolution isotropic images 
may include curved and maximum intensity projection 
reformatting. Signal to noise ratio can be increased by 
retrospectively increasing the thickness of the reformats and 
using soft tissue algorithms [55, 56], however, at the expense 
of spatial resolution.

Limitations

The main limitation of CT arthrography compared to MRI 
and MR arthrography is its inability to detect purely intrac-
hondral lesions, which are lesions that do not communicate 
with the cartilage surface. In contrast, those lesions can be 
seen on the fluid sensitive sequences such as fast spin echo 
intermediate- and T2-weighted sequences that are usually 
performed during MR arthrography along with T1-weighted 
sequences.

Findings

Normal Aspect of Cartilage

At CT arthrography, normal hyaline cartilage appears as a 
low attenuating structure well delimited by the high attenuat-
ing subchondral bone plate on one side and the contrast 
material filling the joint on the other side.

The surface of cartilage is smooth, with some physiologi-
cal defects, such as the glenoid central defect or “bare spot,” 
the trochlear notch and the pseudodefect of the capitellum at 
the elbow (Fig. 5.1), and the stellate lesion in the acetabu-
lum. It is important to know these defects in order to differ-
entiate them from cartilage loss [57, 58]. Besides those focal 
physiological defects, some intraarticular epiphyseal areas 
are physiologically not covered by cartilage (bare areas).

The internal structure of cartilage does not present any 
variation in its density at CT arthrography, and purely intra-
chondral lesions cannot be detected [8].

Evaluation of Superficial Chondral Lesions

CT arthrography enables the analysis of focal cartilage 
lesions with great conspicuity, thanks to the high spatial reso-
lution inherent to the technique and the high attenuation dif-
ference between the cartilage and the contrast material 
delineating the cartilage surface. Lesions can be described 
according to their appearance on “en face” views as “fissures” 
if one of the dimensions of the lesion is much higher (Fig. 5.2) 
or as “ulcers” if it they are more round shaped. The usefulness 
of this description has, however, not been evaluated. Most of 
the grading systems of cartilage lesions at CT arthrography 
are derived from the grading systems used at arthroscopy and 
are mainly based on the depth of cartilage loss [25, 59–62]. 
Table 5.1 reports the most widespread classification, which is 
based on a modified Outerbridge score [60] (Figs. 5.3–5.7).
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Fig. 5.1  (a–c) Computed tomographic (CT) arthrography of a 15-year-
old boy presenting with left elbow pain. (a) Coronal and (b) sagittal 
reformats show an osteochondral lesion of the anterior aspect of the 
capitellum (open arrowheads), associating thickening and irregularity 
of cartilage (white arrowheads) with an underlying subchondral cyst 
containing gas (in relation to micromobility). This is suggestive of 

osteochondritis dissecans. No penetration of contrast material is visible, 
indicating the absence of extensive dissection (and limited risk of mobi-
lization). The asterisk indicates the pseudodefect of the capitellum that 
should not be mistaken with an osteochondral lesion. (c) Sagittal image 
shows a trochlear notch (black arrowhead), another physiological 
defect

Fig.  5.2  (a, b) Computed tomographic (CT) arthrography of the 
knee in a 33-year-old man presenting with a grade 4 cartilage lesion 
(white arrowhead). (a) The axial reformat shows contrast product 
extending into the lesion to the subchondral bone, where an underly-

ing cyst is visible (black arrow) (down-to-bone lesion). This lesion is 
described as a fissure, as seen on (b) the coronal multiplanar reformat 
(MPR) (longitudinal dimension much higher that the transverse 
dimension)

Table  5.1  Grading systems for cartilage lesions at anhroscoph and computed tomographic (CT) and MR arthrography/based on modified 
Outerbridge score

Grade Arthroscopic findings Computed tomographic (CT) and magnetic resonance (MR) arthrography

Grade 0 Normal Smooth surface and normal thickness of cartilage
Grade 1 Fibrillation (without cartilage loss) and cartilage  

softening
Smooth surface and normal thickness of cartilage

Grade 2 Substance loss less than 50% of cartilage thickness Penetration of contrast in cartilage to less than 50% in depth
Grade 3 Substance loss more than 50% of cartilage thickness  

but not down-to-bone
Penetration of contrast in cartilage to more than 50% in depth

Grade 4 Down to bone cartilage loss Penetration of contrast down to subchondral bone



Fig. 5.3  (a–d) Preoperative computed tomographic (CT) arthrography 
of a 72-year-old woman with bi-compartmental osteoarthritis. (a) Axial 
reformat showing the femoro-patellar osteoarthritis, with cartilage loss 
and osteophytes (arrowhead). (b) Coronal and (c, d) sagittal reformats 

showing extensive grade 4 cartilage loss in the medial compartment 
(asterisks) associated with subchondral bone sclerosis, with relative 
sparing of the lateral compartment (c)

Fig. 5.4  (a–e): (a–d) Computed tomographic (CT) arthrography of a 
69-year-old woman with left hip pain. (a) Anterior and (b) posterior 
coronal reformats and (c, d) sagittal reformats show no significant dam-
age to the antero-superior portion of femoro-acetabular cartilage (white 
asterisks), where an increasing cartilage thickness gradient exists from 

the periphery to the center of the femoral head and from the medial to 
the lateral edge of the acetabulum. There is however an extensive grade 
4 cartilage lesion on the posterior aspect of the joint (arrowheads). Note 
associated subchondral bone cysts (open arrowhead). (e) AP radiograph 
shows preserved joint space width (black asterisk)
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Fig. 5.5  (a–d) Computed tomographic (CT) arthrography of the shoulder in a 40-year-old man. (a) Coronal, (b) sagittal, and (c, d) axial reformats 
show extensive grade 4 cartilage lesions of the posterior aspect of humeral head (arrowheads) and glenoid cavity (open arrowheads)

CT arthrography shows good results for the depiction of 
lesions of both thin [15] and thick [26] cartilage. However, 
as with MRI and MR arthrography, the accuracy of CT 
arthrography at depicting those lesions is only good for 
higher-grade lesions (grade 2 and above, cartilage lesions 
without cartilage loss being poorly visualized with both 
techniques) [14, 15, 63].

To date, the higher spatial resolution of CT arthrography 
associated with the high contrast between the low density of 
cartilage and the highly attenuating intraarticular iodine 
allows a better confidence level in the diagnosis of cartilage 
lesions compared to MRI and MR arthrography. However, 
this may change as recent technical developments have 
contributed to increase the spatial resolution of MRI.  
A study by Li et al. compared the accuracy of CT arthrog-
raphy (performed on a 64-slice scanner, with a resolution of 

0.35 × 0.35 × 0.625 mm3) to high-resolution MR arthrography 
(performed on a 3T scanner using a 3D sequence providing 
near isotropic images, with a resolution of 0.29 × 0.29 × 0.59 mm3) 
[64] in assessing grade ³2 cartilage lesions. This cadaveric 
study concludes that the two techniques are equally accurate, 
and no statistical difference in the subjective assessment 
between the two techniques was observed.

However, another parameter to take into account when 
comparing the two techniques is the acquisition time and the 
risk of motion artifacts. Most studies comparing the accu-
racy of CT arthrography and MR arthrography in assessing 
cartilage lesions are cadaveric studies. If acquisition times 
are much longer with MRI than with CT (particularly with 
the high-resolution 3D MRI sequences, i.e., 9 min 40 s in the 
study by Li et al.), those sequences might be prone to motion 
artifacts when applied to patients [8, 26, 28, 64–66].
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Fig. 5.6  (a–d): (a, b) Computed tomographic (CT) arthrography of 
the shoulder in a 48-year-old woman shows a grade 4 cartilage lesion 
of the antero-inferior aspect of the glenoid cavity (arrowhead). 
(c, d) MR arthrography performed the same day shows the same 

cartilage lesion (arrowhead). A SLAP II lesion (open arrowhead) is 
also visible on the coronal images, more evident on the coronal CT 
image (a), with extension of the tear to the anterior and posterior 
labrum (asterisk)

Evaluation of Cartilage Thickness

CT arthrography can be considered as the technique of choice 
for the assessment of cartilage thickness. It has been used as 
a reference in studies evaluating the accuracy of noninvasive 
MRI sequences to evaluate cartilage thickness [65]. In this 
regard, CT arthrography is more accurate than cartilage spe-
cific MRI sequences such as SPGR as well as MR arthrogra-
phy, as shown by cadaveric studies on the ankle [12] and the 
hip [28], respectively. However, CT arthrography measure-
ments can be influenced by some technical factors as recently 
shown by Anderson et  al. in a phantom study [67]. The 
authors suggest the use of lower contrast material concentra-
tion and maximization of joint space by completely filling 
the joint capsule with diluted contrast material and/or by 

applying traction to the joint. It should also be stated that a 
more recent study concluded that multidetector-CT arthrog-
raphy and MR arthrography are equally accurate in measur-
ing cartilage thickness in the hip joint as far as the coronal 
plane is concerned [13].

Physiologically, the thickness of cartilage is highly vari-
able from one individual to another, from one joint to another, 
and from one area of the joint to another. This is particularly 
true for the knee where the cartilage is usually thicker in areas 
with concave subchondral bone and thinner in areas adjacent 
to the menisci [68]. In the hip joint, an increasing cartilage 
thickness gradient exists from the periphery to the center of 
the femoral head and from the medial to the lateral edge of 
the acetabulum [28] (Fig.  5.4). Inversion of that thickness 
gradient is an early sign of degenerative osteoarthritis.
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Evaluation of the Subchondral Bone

CT arthrography enables excellent analysis of subchondral 
bone changes associated with cartilage lesions and osteoar-
thritis, such as subchondral bone sclerosis, subchondral bone 
cysts, and osteophytes (Figs.  5.1–5.4). It can depict both 
marginal and central (nonmarginal) osteophytes, associated 
with more severe changes of osteoarthritis [69, 70]. However, 
contrary to MRI, it does not allow the assessment of bone 
marrow.

Indications of CT Arthrography for the Study 
of Cartilage

Whenever MR Arthrography Is Not Possible

CT arthrography can be considered as an alternative to MRI 
whenever the latter technique is not possible or contrain-
dicated. Claustrophobia, obesity, pacemakers, and ear 
implants represent such instances [16]. This also includes 
poor access to MRI scanners as in some European countries 
such as in the authors’ countries, where CT arthrography 
often replaces MRI.

Evaluation of Internal Derangement  
of the Joints

Whenever MRI is not possible to perform, CT arthrography 
can be used as a first step for the assessment of causes of 
internal derangement of many joints. In the shoulder, CT 
arthrography is valuable in the assessment of rotator cuff 
lesions, causes of gleno-humeral instability, and isolated 
labral tears, including SLAP lesions (Fig. 5.6) [17]. For the 
knee, CT arthrography is valuable for meniscal injuries, as 
well as ligamental injuries, especially the ACL [14]. In the 
elbow, CT arthrography is as accurate as MRI in diagnosing 
complete tears of the ulnar collateral ligament preoperatively, 
and it is more accurate in evaluating partial undersurface 
tears [71]. In the wrist, CT arthrography has shown very 
good results for the study of interosseous carpal ligaments 
and the TFCC, in reference to arthroscopy [72] or visual 
inspection in cadavers [73]. As shown by Schmid et al., the 
performance of CT arthrography in detecting tears of the dif-
ferent segments of the scapholunate and lunotriquetral liga-
ments is at least equal or superior to MRI, wtj better 
interobserver reliability [73] (Fig. 5.7). Bony abnormalities 

of the wrist are also well visualized with CT arthrography 
[74]. In the hip, CT arthrography is accurate in detecting 
acetabular labral tears [75] in correlation to arthroscopy.

However, the main limitation of CT arthrography in com-
parison to MRI for the diagnosis of internal derangements of 
joints is in the assessment of lesions in soft tissues that do not 
communicate with the articular cavity, such as most tendi-
nous lesions around the ankle [76].

When performed for these indications, CT arthrography 
can accurately diagnose cartilage lesions, sometimes as the 
only cause of the symptoms [77].

Preoperative Work-up of Osteoarthritis  
and Osteochondral Lesions, for Both Thick  
and Thin Cartilage

CT arthrography can accurately assess the extension and 
grade of cartilage lesions of both thick and thin cartilage. 
It is a valuable tool in the preoperative work-up of knee 
arthroplasty to diagnose the number of compartments that 

Fig. 5.7  Coronal reformat of a computed tomographic (CT) arthrogra-
phy of the wrist in a 38-year-old man with a history of trauma shows a 
grade 4 cartilage lesion of the proximal surface of the lunate (white 
arrowhead). Tear of the interosseous ligaments of the proximal row 
(black arrowheads) and of the TFCC (open arrowhead) can also be 
delineated
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Fig.  5.8  (a, b) Forty-year-old man with a history of traumatic 
osteochondral lesion of the talus, treated with osteochondral graft. (a) The 
follow-up computed tomographic (CT) arthrography of the ankle shows 
the osteochondral graft (asterisk) covered by continuous fibrocartilaginous 

tissue. The tibial articular cartilage is irregular (black arrowhead). The 
metallic artifacts are much less prominent on the CT image compared 
to (b) the PD-weighted magnetic resonance imaging (MRI) image, 
where articular cartilage is difficult to evaluate

have to be replaced and to plan the type of the prosthesis 
(unicompartmental vs. total) (Fig. 5.3).

Postoperative Patients

One of the advantages of CT arthrography compared to MRI 
and MR arthrography is its lower sensitivity to metallic arti-
facts, which can be diminished using soft tissue reconstruc-
tion algorithms and multiplanar reformatting. This makes CT 
arthrography more suitable for postoperative patients who 
have metallic hardware near the joint [16, 78] (Fig. 5.8). For 
the knee, CT arthrography is also proved to accurately diag-
nose recurrent meniscal tears, a frequent cause of secondary 
osteoarthritis and frequent diagnostic issue [14, 21, 26].

Follow-up of Chondral Repair

Thanks to its ability to accurately assess the thickness of car-
tilage, delineate its surface, and visualize subchondral bony 
changes, CT arthrography is a technique of choice for the 
follow-up of cartilage repair techniques such as microfrac-
ture, chondral drilling, autologous chondrocyte implantation, 
and osteochondral grafting (Figs.  5.8 and 5.9). This is 
especially true for extremity joints, where radiation exposure 
of radiosensitive organs is less of a problem. However,  

there is little literature on the role of CT arthrography in the 
evaluation of cartilage repair.

Accurate Evaluation of Cartilage Thickness

As seen above, CT arthrography is considered the most accu-
rate method in evaluating cartilage thickness, in the setting 
of research studies for instance [12, 13, 28].

Conclusion

CT arthrography allows good assessment of the cartilage 
surface and thickness. It allows accurate evaluation of carti-
lage loss for almost all joints, either with thick or thin 
cartilage.

CT arthrography can be used whenever MRI is not avail-
able or cannot be performed for the purpose of cartilage 
evaluation, either pre- or postoperatively. In addition to car-
tilage lesions, it has the potential to assess many other causes 
of internal derangement of joints. Its main limitation remains 
the inability to assess purely intrachondral lesions, while its 
weaknesses are radiation exposure and the need for joint 
puncture.
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Fig.  5.9  (a–f) Thirty-five-year-old woman with a history of knee 
trauma. (a) Coronal and (b) sagittal reformats of computed tomo-
graphic (CT) arthrography show a grade 4 cartilage lesion of the 
medial femoral condyle. (c) Coronal DP-weighted fat-suppressed 
image and (d) sagittal DP-weighted magnetic resonance (MR) image 

shows signal abnormality of the femoral cartilage, but the grade of 
the lesion is difficult to define. (e) Coronal and (f) sagittal reformats 
from postoperative CT arthrography show signs of drilling in the 
subchondral bone, with overlying fibrocartilaginous repair tissue 
(black arrowheads)
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MRI of Cartilage: Standard Techniques
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Magnetic resonance imaging (MRI) is the only imaging 
technique that allows direct visualization of cartilage with 
sufficient contrast. However, cartilage imaging is challeng-
ing and MRI needs to be tailored to best visualize cartilage 
morphology, which includes using scanners with adequate 
field strength, coils which allow high spatial resolution 
imaging, and optimized imaging sequences. Also MRI 
should not only allow to assess cartilage morphology but 
also abnormalities of tissues which are affected by cartilage 
damage or which may cause accelerated cartilage loss 
including abnormalities of the menisci, ligaments, and bone 
marrow. Among these tissues cartilage clearly has an out-
standing role in joint degeneration and osteoarthritis; imag-
ing is also most challenging in terms of required 
signal-to-noise ratio (SNR), spatial resolution, and contrast. 
Requirements for cartilage imaging therefore dictate overall 
requirements in terms of hardware and sequence profiles 
in degenerative joint disease, injury, and inflammatory 
arthropathies.

This chapter will focus on the required MR techniques for 
cartilage imaging, which include (i) field strength consider-
ations, analyzing scanners with different field strengths from 
0.2 to 7 T, (ii) review of coil technology, and (iii) analysis of 

sequence protocols and their role for imaging of cartilage 
and the tissues affected by cartilage damage.

Field Strength

Low-Field Scanners

Considerations concerning field strength should always take 
into account that cartilage imaging requires high signal-to-
noise ratios and spatial resolution to adequately visualize 
focal cartilage pathology. Previous studies have shown that 
imaging with low-field strength clearly has limitations in 
assessing cartilage morphology and is therefore not recom-
mended [1–3]. Woertler et al. [3] compared the diagnostic 
performance of a dedicated orthopedic MRI system (0.18 T) 
and a conventional MRI system (1.0 T) in the detection of 
articular cartilage lesions created in an animal model. Using 
receiver operating characteristics (ROC) analysis with three 
different radiologists these investigators found that the high-
field system demonstrated a significantly better diagnostic 
performance than the low-field system in the detection of 
less than full thickness articular cartilage lesions (P < 0.001). 
Ahn et al. [4] studied cadaver patellae using a 0.2 T extremity-
only magnet and found that high-grade cartilaginous lesions 
could be evaluated reliably with low-field-strength MRI by 
using a combination of imaging sequences. Limitations, 
however, were encountered analyzing less than full thickness 
cartilage lesions. Figure  6.1 shows a coronal T1-weighted 
image of the knee obtained at 0.2 T demonstrating limited 
spatial resolution and signal-to-noise ratio. Based on the 
results of these previous studies which indicate limitations of 
low-field MR scanners in visualizing less than full thickness 
cartilage lesions, it is therefore recommended to use MRI 
scanners with a minimum field strength of 1.0 T to image 
cartilage.
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1.5 T MRI

Current standard is 1.5 T imaging and most of the studies 
establishing MRI for assessment of OA were conducted at 
this field strength [5–8]. Semiquantitative scores to grade 
cartilage lesions and techniques to quantify cartilage volume 
were developed at 1.5 T [6, 9–11]. The early studies analyz-
ing quantitative parameters to characterize the biochemical 
composition of cartilage such as T2 relaxation time and 
T1rho mapping as well as delayed Gadolinium-enhanced 
MRI of cartilage (dGEMRIC) were also performed at 1.5 T 
[12–14]. Figure 6.2 shows images of the knee with cartilage 
defects at the trochlea and patella obtained at 1.5 T, indicat-
ing the potential of this field strength to clearly visualize car-
tilage lesions.

3.0 T MRI

Though 1.5 T imaging is standard, a number of studies have 
demonstrated that 3.0 T MRI allows better visualization of 
cartilage lesions [15–20] and may therefore be better suited 
for the overall assessment of focal cartilage abnormalities. 
Link et al. showed in an animal model that cartilage lesions 
were better visualized and diagnostic performance improved 
at 3.0 T compared to 1.5 T using optimized high-resolution 
MRI sequences. Interestingly, however, standard lower 
spatial resolution intermediate-weighted fast spin-echo 
sequences did not improve diagnostic performance at 3.0 T. 
Figure 6.3 shows two corresponding intermediate-weighted 
fat-saturated MRI obtained at 1.5 and 3.0 T in a pig knee 

demonstrating a superficial cartilage defect at the patella, 
which is better visualized at 3.0 T. While this study was per-
formed at the knee, additional studies performed at human 
cadaver ankles [15, 16] also showed improved diagnostic 
performance in assessing cartilage lesions as well as a higher 
sensitivity for assessing ligamentous and tendon pathology 
at 3.0 versus 1.5 T.

Recently Kijowski et al. [18, 21] performed a retrospec-
tive study to compare the diagnostic performance of 1.5 and 
3.0 T MRI protocols for evaluating the articular cartilage of 
the knee joint in symptomatic patients. Analyzing 241 knee 
MRI’s at 1.5 T and 226 MRI’s at 3.0 T, these investigators 
found that sensitivity, specificity, and accuracy of MRI for 
detecting cartilage lesions were 69.3%, 78.0%, and 74.5% at 
1.5 T and 70.5%, 85.9%, and 80.1% at 3.0 T. The MRI pro-
tocol had significantly higher specificity and accuracy 
(P < 0.05) but not higher sensitivity (P = 0.73) for detecting 
cartilage lesions at 3.0 than at 1.5 T. These investigators con-
cluded that 3.0  T MRI protocols had improved diagnostic 
performance for evaluating the articular cartilage of the knee 
joint in symptomatic patients when compared with a 1.5 T 
protocol. In a similar study Wong et al. [22] compared clini-
cal MR studies of the knee obtained at 1.5 and 3.0 T in the 
same patients. Four radiologists reviewed each study inde-
pendently, scored image quality, and analyzed pathological 

Fig. 6.1  Coronal T1-weighted SE sequence (520/24 ms) of the right 
knee obtained at 0.2 T with a dedicated extremity scanner in a patient 
with subchondral bone infarcts. Limitations of image SNR and spatial 
resolution are clearly demonstrated, which also limits visualization of 
cartilage abnormalities (arrows)

Fig. 6.2  Sagittal MR image (3,200/46 ms; TR/TE) of the knee obtained 
at 1.5 T in a patient with a focal patellar cartilage defect (small arrow) 
and more diffuse cartilage loss at the trochlea (large arrow) demon-
strating potential of 1.5 T MRI to clearly depict cartilage lesions
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findings. Sensitivities, specificities, and accuracies in diag-
nosing cartilage lesions were calculated in the 19 patients 
with arthroscopy. Each radiologist scored the 3.0 T studies 
higher than those obtained at 1.5 T in visualizing anatomical 
structures and abnormalities (p < 0.05). Using arthroscopy as 
a standard of reference, diagnosis of cartilage abnormalities 
was improved at 3.0 T with higher sensitivity (75.7% versus 

70.6%), accuracy (88.2% versus 86.4%), and correct grading 
of cartilage lesions (51.3% versus 42.9%). Also diagnostic 
confidence scores increased at 3.0  T compared to 1.5  T. 
Figures 6.4 and 6.5 show images obtained at 1.5 and 3.0 T 
clearly demonstrating improved visualization of cartilage 
lesions at 3.0 T. In summary these studies demonstrate that 
focal cartilage lesions are better visualized at 3.0 T though 

Fig.  6.3  Sagittal MR images of a pig knee with artificially created 
patellar cartilage defect obtained at 1.5 T (a) and 3.0 T (b) using fat-
suppressed IM-weighted FSE sequences (4,000/35  ms; TR/TE for 

both 1.5 and 3.0 T). Superficial cartilage defect at the patella (arrows) 
is well shown on the 3.0 T image (b) but not well visualized on the 
1.5 T image (a)

Fig. 6.4  Sagittal MRI of the knee obtained in a middle-aged runner 
with knee pain at 1.5  T (a) and 3.0  T (b) using fat-suppressed 
IM-weighted FSE sequences (3,200/46 and 4,300/51 ms). Cartilage 

defect at the patella (small arrow) and osteochondral lesion at the 
trochlea (large arrow) are better visualized at 3.0  T compared to 
1.5 T
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differences in lesion detection between 3.0 and 1.5 T are not 
dramatic; yet grading of these lesions is substantially 
improved which may be of significance in preoperative plan-
ning of procedures or also eventually for pharmacological 
interventions.

Bauer et al. [17] compared the precision and accuracy of 
3.0 and 1.5 T MRI in the quantification of cartilage volume 
by using direct volumetric measurements as a reference stan-
dard in a cadaver model. These investigators calculated an 
accuracy error for MRI-based volume calculation at the 
femur of 5.0% and 3.0% for water excitation and standard 
fat-suppressed SPGR sequences at 3.0 T versus 16% for the 
standard fat-suppressed SPGR sequence at 1.5 T. Effective 
signal-to-noise ratio (SNRE) and effective contrast-to-noise 
ratio (CNRE) were also substantially improved at 3.0 T. This 
study provides evidence that cartilage volumetric measure-
ments obtained at 3.0 T are more accurate than those obtained 
at 1.5 T. Eckstein et al. [23] performed an in vivo study in 
patients with OA and normal volunteers to also evaluate the 
precision of quantitative MRI assessments of human carti-
lage morphology at 3.0 T and to correlate the measurements 
at 3.0 T with validated measurements at 1.5 T. They found 
that with a slice thickness of 1.5 mm, measurements at 3.0 T 
tended to be more reproducible than at 1.5 T and concluded 
that imaging at 3.0 T may provide superior ability to detect 
changes in cartilage status over time and to determine 
responses to treatment with structure-modifying drugs.

To achieve the best possible imaging technique for assess-
ing cartilage and OA the National Institute of Health (NIH) 

sponsored Osteoarthritis Initiative (OAI) therefore adopted 
imaging at 3.0  T. The OAI is a nationwide, multicenter 
research study, which provides a large dataset of clinical 
information, questionnaires, radiographs, and MRI studies 
obtained from nearly 5,000 participants (4,796 participants at 
baseline), who are followed up every 12 months for a period 
of 48 months. The overall aim of the OAI is to develop a pub-
lic domain research resource to facilitate the scientific evalu-
ation of biomarkers for OA as potential surrogate endpoints 
for disease onset and progression. For the OAI, participants 
who have knee OA (progression cohort) and participants who 
have no symptoms of OA but risk factors (incidence cohort)
were recruited. The imaging protocol includes morphological 
and quantitative MRI sequences performed at 3.0 T with five 
identical scanners from the same manufacturer [24].

7.0 T MRI

To date, MRI at 7.0 T is a research application and only lim-
ited studies were performed in human participants [25, 26]. 
Currently available sequence protocols have not been shown 
to be superior to 3.0 T in the assessment of cartilage. Future 
research work clearly will need to focus on developing ade-
quate surface coils and optimized sequences for imaging at 
7.0 T. Figure 6.6 shows images obtained at 3.0 and 7.0 T. 
Image quality is similar; however, increase in chemical shift 
artifacts and incomplete fat saturation are noted at 7.0 T.

Fig. 6.5  1.5 T (a) and 3.0 T (b) sagittal fat-suppressed IM-weighted FSE MRI of the patella (3,200/46 and 4,300/51 ms). Fissures at the patella 
(arrow) are shown in greater detail at 3.0 T and the surface of the cartilage is substantially better evaluated at 3.0 T than at 1.5 T
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Peripheral Extremity Magnets

Peripheral extremity magnets require lower installation, 
maintenance, and management costs than whole-body sys-
tems and these systems are beneficial for patients with claus-
trophobia. Moreover, they do not require the same amount of 
shielding necessary for a whole-body system and can poten-
tially be used in private offices and thus made widely avail-
able. Since 0.2 T MRI scanners have limitations in visualizing 
cartilage and other anatomical structures such as ligaments 
(Fig. 6.1), dedicated extremity scanners operating at higher 
field strength were developed. Using a dedicated peripheral 
extremity-only MRI system operating at 1.0 T Roemer et al. 
[27] examined 34 knees using fat-suppressed fast spin-echo 
(FSE) proton density-weighted sequences. They found good 
to excellent interobserver performance for assessing 
OA associated abnormalities including cartilage lesions 
(Fig. 6.7). These high-field peripheral scanners may offer 
a low-cost alternative to obtain adequate image quality 
for assessing cartilage pathology. Currently, peripheral 
extremity scanners operating at 1.5 T field strength are also 
available.

Depending on the open MRI configuration, patients can 
be placed either in a supine or weight-bearing position in 
the scanner. Open MRI scanners allow to assess functional 
aspects of joint function and may therefore be useful to 
investigate conditions associated with abnormal articula-
tion in certain joint positions that may lead to accelerated 
OA. As an example, femoroacetabular impingement is a 
condition where labral and cartilage damage occurs due to 
an abnormal morphology of the head–neck junction (cam 
type impingement) or an abnormally deep acetabulum 

(pincer type impingement). This impingement typically 
occurs with flexion, abduction, and external rotation. Open 
MRI can be used to assess these functional aspects of the 
hip joint. Yamamura et al. [28] demonstrated in Japanese 
male and female participants that while impingement 
occurs frequently during daily activities, interestingly, it 
was not associated with accelerated OA of the hip in 
Japanese participants.

Fig. 6.6  Sagittal fast spin-echo MR images of the knee obtained at 3.0 T (a) and 7.0 T (b) (4,300/51 and 8,000/45 ms). Note increased chemical 
shift artifact at 7.0 T at the femur cartilage (arrow). SAR issues required multiple acquisitions at 7.0 T

Fig. 6.7  Sagittal fat-suppressed PD-weighted MRI at 1.0 T depicts a 
focal cartilage defect (arrow) at the central weight-bearing medial fem-
oral condyle (Courtesy Dr. Ali Guermazi, Boston University)
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Open MRI scanners can also be used to assess patella 
kinematics and patellofemoral contact areas, which may 
play a role in the development of femoropatellar OA. 
Hinterwimmer et  al. [29] studied a sample of 15 patients 
with genu varum and mild OA and 15 healthy volunteers in 
an open MRI scanner. 3D-GRE sequences of the knee were 
obtained in 0°, 30°, and 90° with and without activity of the 
extensor muscles. Contact areas between patella and femur 
cartilage were defined by intersection of opposing cartilage 
volumes. However, these investigators were not able to dem-
onstrate significant differences in patella kinematics and 
patellofemoral contact areas (P > 0.05) between varus knees 
with mild OA and healthy knees either at different flexion 
angles or under extending muscle activity.

Weight-Bearing MRI

Recently there has been interest in weight-bearing MRI to 
better understand early degeneration of cartilage. Weight-
bearing MRI can be performed using open MRI systems that 
have vertically orientated magnets such as the General 
Electric double-doughnut MRI system (SIGNA SP) or with 
whole-body MRI systems, which use special loading devices 
of the knee such as the one described by Nishii et al. [30]. 
While the vertical alignment of the magnets in a double-
doughnut system allows true weight-bearing MRI studies, 
the field strength and image quality of these scanners are 
limited, affecting in particular cartilage imaging. Image 
quality in whole-body systems is generally superior and 
loading devices have also been successfully applied at 3.0 T 
scanners [30]. Static loading conditions are usually obtained 
by applying axial compression force of approximately 50% 
of body weight during imaging.

Anterior cruciate ligament (ACL) tears have been identi-
fied as an important factor in the pathogenesis of OA and it 
has also been found that patients with ACL repair experience 
accelerated OA [31]. Logan et al. [32] used a vertical open 
MRI system to study the tibiofemoral kinematics of the 
ACL-deficient weight bearing in ten patients. The tibiofemo-
ral motion was assessed through the arc of flexion from 0° to 
90° in the ACL-deficient and normal contralateral knees. 
These investigators found that ACL tears change tibiofemo-
ral kinematics producing anterior subluxation of the lateral 
tibial plateau. This altered kinematics may explain, they 
hypothesized, at least in part, the increased incidence of sec-
ondary OA in patients with ACL tear. In another study, the 
same investigators [33] studied ten patients with isolated 
reconstruction of the ACL (hamstring autograft) in one knee 
and a normal contralateral knee using the same open MRI 
weight-bearing technique. They found that ACL reconstruc-
tion reduces sagittal laxity to within normal limits but does 

not restore normal tibiofemoral kinematics, which again may 
explain the relatively high rate of accelerated OA in this 
patient population.

Currently there has also been substantial interest in study-
ing the cartilage response to load bearing in terms of volume 
and biochemical matrix change. It has been suggested that 
failure to respond to normal load bearing may occur due to 
disorder or degeneration of articular cartilage with collagen 
disorganization or abnormal water content [30]. Nishii et al. 
[30] used T2 relaxation time measurements to study the bio-
chemical composition of the normal hyaline knee cartilage 
under loading. Sagittal T2 maps of the medial and lateral 
femorotibial joints of 22 healthy volunteers were obtained 
using 3.0 T MRI while applying axial compression force of 
50% of body weight during imaging. T2 values of the femo-
ral and tibial cartilage at the weight-bearing area were com-
pared between unloading and loading conditions. These 
investigators found that under loading conditions, mean car-
tilage T2 values mostly decreased. At the medial joint com-
partment a significant decrease in T2 values with loading 
was observed at the femoral region in direct contact with the 
opposing tibial cartilage. A significant decrease in T2 values 
with loading was also observed at the medial and lateral 
tibia, at regions both covered and not covered by the 
meniscus.

In addition it has been found that the role of the meniscus 
during weight bearing is critical to prevent associated carti-
lage damage, and frequently meniscal damage and cartilage 
defects are associated. MRI directly visualizes changes of 
the meniscus, while applying axial compression forces, in 
terms of morphology, deformity, extrusion, and potentially 
biochemistry (Fig. 6.8). These findings may help in a better 
understanding of the evolution and pathophysiology of carti-
lage degeneration. Using weight-bearing MRI at 3.0  T 
Stehling et al. [34] found that the presence and grade of car-
tilage abnormalities in patients with OA was correlated with 
the degree of meniscal extrusion during loading, which indi-
cates how abnormality of the meniscus during loading may 
potentially accelerate cartilage degeneration.

Surface Coils

In addition to adequate field strength, dedicated surface coils 
are very important prerequisites to achieve good image qual-
ity and visualization of cartilage. Surface coils for wrist, 
shoulder, knee, and ankle are currently standard; most of 
these coils are multichannel phased-array coils, which allow 
parallel imaging (PI) (Fig. 6.9). For visualization of smaller 
structures such as the fingers and toes, smaller so-called 
microscopy coils have been developed. These allow imaging 
with small field of views and high spatial resolution. The 
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technical advancement of surface coils has substantially 
accelerated improvement of image quality with 3 T systems 
and currently one of the major limitations of 7 T imaging is 
the lack of adequate coil technology to make better use of the 
high field strength.

Figure 6.10 shows the effect of the coil on the image qual-
ity. While in (a) a nondedicated 2-element paddle coil was 
used, in (b) a dedicated 3-element shoulder coil was applied. 
The effect on visualization of the cartilage is evident. Even if 
a high-quality high-field scanner is used, inadequate coils 

will substantially limit image quality as shown by Lutterbey 
et al. [35]. These investigators used the standard body coil at 
3.0 T for the imaging of the knee and found a substantially 
lower image performance than using a 1.5 T scanner with a 
dedicated knee coil.

Multichannel phased-array coils give high SNR and allow 
parallel imaging, which is very beneficial to increase image 
quality with the same acquisition time or allows shortening 
acquisition time by maintaining image quality. Parallel imag-
ing means that each of the coils elements/channels provides 
image information separately, which is fused to obtain one 
image. Parallel imaging (PI) reduces scan time by increasing 
the sampling interval along the phase-encoding axis. When 
the MR signal is received by an array of coils, the scan can 
be accelerated by acquiring less phase-encoding data points 
and the missing data can be synthesized post-acquisition by 
using the spatial encoding information of all coil elements. 
Since scan time is directly proportional to number of phase-
encodes, R-folds undersampling in the phase-encoding 
direction reduces scan time by the same factor, although pen-
alty is paid in terms of signal-to-noise ratio (SNR). Especially 
in standard clinical musculoskeletal protocols, scan time 
reduction by employing parallel imaging can prevent motion 
artifacts as well as allow more flexibility in protocol design. 
Several different reconstruction algorithms have been 
proposed for parallel imaging, like sensitivity encoding 
(SENSE), simultaneous acquisition of spatial harmonics 
(SMASH), and more recently modified SENSE (mSENSE) 
and generalized autocalibrating partially parallel acquisition 
(GRAPPA).

Fig.  6.8  Coronal MRI of the knee in patient with mild knee OA 
obtained using fat-suppressed proton density-weighted FSE sequences 
(3,000/10.3 ms) without (a) and with (b) loading (50% body weight) in 

a whole-body 3.0 T MR scanner. Note that the medial meniscal extrusion 
(arrow) is increased under loading conditions and shape of the meniscus 
also is mildly changed

Fig. 6.9  Phased-array knee coil with eight channels
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In an in vitro study performed in human cadaver specimens, 
Bauer et  al. [36] compared an autocalibrating parallel 
imaging technique at 3.0 T with standard acquisitions at 
3.0  T for small field-of-view imaging of the ankle. The 
scan time was reduced by 44% using parallel imaging 
techniques, compared to standard acquisitions, and images 
were analyzed for image quality by two radiologists. 
Macroscopic findings after dissection served as a reference 
for the pathologic evaluation. A significant difference in 
ligament and cartilage visualization or in image quality 
between standard and GeneRalized Autocalibrating 
Partially Parallel Acquisitions (GRAPPA) reconstruction 

at 3.0 T was not found in this study and the authors con-
cluded that parallel imaging can provide more flexibility in 
protocol design by either shortening image acquisition 
time or improving image quality with the same acquisition 
time (Fig. 6.11).

Zuo et  al. [37] evaluated the feasibility and reproduc-
ibility of quantitative cartilage imaging with parallel imag-
ing at 3.0 T and determined the impact of the acceleration 
factor (AF) on morphological and relaxation measure-
ments. They found that morphological parameters and 
relaxation time maps from parallel imaging showed com-
parable results with the conventional technique. Intraclass 

Fig. 6.10  Coronal MRI of the shoulder obtained at 3.0  T using  
fat-suppressed IM-weighted FSE sequences (3,300/51 ms) with (a) a 
nondedicated paddle coil and (b) a 3-element shoulder phased-array 

coil. Differences in image quality especially visualization of the cartilage 
and bone marrow are evident

Fig. 6.11  Ankle MRI of a human cadaver ankle joint obtained at 3.0 T 
using a T1-weighted (675/15.7  ms) FSE sequence (a) without and 
(b) with parallel imaging. Images in (b) were obtained with a 44% 

shorter acquisition time. Note that no difference in image quality is 
observed, in particular in visualizing the ligaments
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correlation coefficients (ICC) of the two methods for carti-
lage volume and mean cartilage thickness were very high 
both for T1rho, and T2 measurements and the reproduc-
ibility was excellent. In summary, for both quantitative and 
morphological OA imaging, multichannel phased-array 
coils with parallel imaging techniques are therefore 
recommended.

Sequence Protocols

Given the fact that both morphological and quantitative 
analyses are required to assess cartilage, a number of dif-
ferent sequences have been tailored and developed. In 
addition, as menisci, bone marrow, and ligaments are 
involved in cartilage disease processes, ideally a “whole-
organ” assessment of the joint should be possible with 
these sequences.

Currently the workhorse sequences for morphological 
imaging of the joints are fast spin-echo (FSE) sequences. In 
particular, fluid-sensitive fat-suppressed sequences have 
been found useful to assess cartilage, bone marrow, liga-
ments, menisci, and tendons. Most experience and good 
results in morphological imaging of cartilage and subchon-
dral pathology were gathered with (i) 2D proton density- 
(PD), intermediate- (IM) and T2-weighted FSE, (ii) 3D 
spoiled gradient-echo (SPGR) or fast low-angle shot 
(FLASH) gradient-echo sequences, and (iii) dual echo 
steady-state (DESS) sequences. Fat suppression in these 
sequences was found useful to better visualize cartilage 
pathology and reduce chemical shift artifacts. Table 6.1 gives 
an overview of currently used MR sequences with advan-
tages and disadvantages.

IM- and T2-Weighted FSE Sequences

There is some controversy how exactly to define T2-, IM-, 
and PD-weighted sequences. General established terminol-
ogy is the use of IM-weighted for sequences with echo times 
(TE) in the range of 30–60  ms, T2-weighted for TE’s of 
70–80 ms, and PD-weighted for TE’s of 10–30 ms [20, 38]. 
In our experience, fat-suppressed, fluid-sensitive IM-weighted 
FSE sequences have been found most useful for standard 
imaging of cartilage as they are very versatile and in addition 
to good visualization of cartilage also allow evaluation of 
menisci, ligaments, and bone marrow. These sequences also 
provide better visualization of anatomic structures than 
T2-weighted FSE sequences. Proton density-weighted 
sequences with lower TE values may be helpful in better 
assessing the menisci and give additional information con-
cerning tendons and ligaments but are less fluid sensitive 
(Fig. 6.12).

Standard parameters for FSE sequences used for cartilage 
imaging are as follows: Repetition time (TR): 3,000–
4,000 ms, echo time (TE): 30–60 ms, and echo train length 
(ETL): 8. This TE range is chosen because it provides higher 
intrinsic contrast of the cartilage and is less prone to magic 
angle effects as compared with “true” PD-weighted pulse 
sequences obtained at shorter echo times. Slice thickness 
varies around 2–4 mm, but in a clinical setting usually 3 mm 
are used. In order to maintain an acceptable acquisition time 
and achieve a good SNR, the matrix size is in the order of 
256 × 256 pixels but may be increased if imaging is per-
formed at 3.0 T. Sequence parameters have to be adjusted to 
the joint with the parameter being most affected is the field 
of view. A clinically acceptable acquisition time is in the 
order of 3–6 min.

Table 6.1  MRI sequences used for cartilage imaging pros and cons

MR sequence Pros Cons

2D FSE (fast spin echo) with 
and without fat saturation

–	 Standard sequence –	 Limited slice thickness
–	 Used in clinical routine
–	 Useful also for evaluation of menisci and ligaments

–	 Cartilage signal changes do not correlate well 
with histology

–	 Evaluation of bone marrow if fat saturation is used –	 Artifacts may obscure evaluation of cartilage
3D SPGR/FLASH (spoiled 

gradient-echo, fast low-angle 
shot) with fat saturation

–	 High spatial resolution with thin sections
–	 Reformation in different planes

–	 Cartilage is bright and focal signal abnormali-
ties are not well demonstrated

–	 Well suited for cartilage volume assessment –	 Contrast between fluid and cartilage is limited
DESS (dual echo steady state) 

fluid sensitive
–	 High spatial resolution with thin sections –	 Limited for cartilage surface abnormalities
–	 Reformation in different planes
–	 Cartilage intermediate in signal
–	 Good contrast between fluid and cartilage

3D FSE (fast spin echo) with fat 
saturation (BLADE, CUBE)

–	 Thin sections and isotropic voxels –	 Substantial amount of noise
–	 Not well suited for low-contrast lesions 
–	 Low in plane spatial resolution

–	 Reformation in different planes
–	 Cartilage intermediate in signal
–	 Good contrast between fluid and cartilage
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With IM- and T2-weighted FSE sequences, normal hya-
line cartilage is intermediate in signal and fluid is bright, 
which allows good contrast to identify surface abnormali-
ties as well as pathologies of the cartilage matrix. Sadaat 
et al. analyzed the performance of IM-weighted sequences 
in relation to histology in patients with advanced OA before 
undergoing total knee arthroplasty using 3.0  T MRI [39] 
(Fig. 6.13). Intraoperatively obtained specimens underwent 
histological analysis and sections were matched with preop-
erative MRIs. Preoperative MRI findings were compared to 
the corresponding region in histological sections. Parameters 
assessed included thinning of cartilage, differentiating 
<50%, >50%, and full thickness lesions, surface integrity 
including fissuring and fraying as well as signal pattern 
abnormalities of cartilage. Histological findings in areas of 
bone marrow edema pattern and cartilage swelling were 
also documented. The overall sensitivity, specificity, and 
accuracy were 72%, 69%, and 70% for cartilage thinning, 
69%, 74%, and 73% for surface irregularities and 36%, 
62%,and 45% for intracartilaginous signal abnormalities. 
The authors concluded that MRI using fat-suppressed 
IM-weighted FSE sequences showed good performance in 
assessing cartilage thickness and surface lesions, while car-
tilage signal changes were not well suited to characterize 

Fig. 6.13  Sagittal MRI of the knee obtained in a patient undergoing total 
knee replacement at 3.0 T using a fat-suppressed IM-weighted FSE sequence 
(4,300/51 ms) (a). (b) shows the corresponding histological slide (H&E) 

obtained after surgery. Cartilage degeneration with focal cartilage thinning 
and fraying on histological image and MRI (arrows) with additional abnor-
mal signal of the cartilage and swelling (small arrows) on the MR image

Fig. 6.12  Sagittal fat-suppressed IM-weighted FSE (3,200/30 ms) MRI 
of the knee obtained in a 54-year-old woman with advanced degenerative 
disease of the femoropatellar joint. Note that cartilage lesions (long arrows), 
bone marrow edema pattern (short arrows) at the trochlea and patella, tendons, 
menisci, ligaments are well visualized with this fluid-sensitive sequence
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the severity of cartilage degeneration as validated by histol-
ogy. Thus signal abnormalities visualized on IM-weighted 
FSE sequences of the cartilage matrix may have limited 
value in characterizing cartilage degeneration and soften-
ing. In this study, areas of bone marrow edema pattern cor-
responded to fibrovascular tissue ingrowths.

Multiple clinical studies used IM- and T2-weighted FSE 
sequences with high sensitivity and specificity in assessing 
cartilage abnormalities [15, 40–43]. It should be noted that 
diagnostic performance for cartilage lesions is improved 
when different imaging planes are used. Bredella et al. [44] 
studied how detecting and grading articular cartilage defects 
in the knee are affected by using a combination of different 
imaging planes. They found that sensitivity for a sagittal 
T2-weighted FSE sequence was only 40%, and specificity 
was 100%. But sensitivity of a combination of axial and coro-
nal fat-suppressed T2-weighted FSE sequences and sagittal 
T2-weighted FSE sequences was 94%, specificity was 99%, 
and accuracy was 98% using arthroscopy as a standard of 
reference.

However, it should also be considered that artifacts are 
not infrequently found in cartilage on FSE sequences, which 
demonstrate pattern that may mimic disease [45]. These pat-
terns include pseudolaminar signal changes due to trunca-
tion artifacts, decreased signal intensity in the distal part of 
the trochlear cartilage, and apparent cartilage thinning of the 
cartilage adjacent to the anterior horn of the lateral meniscus. 
Given these patterns, limited specificity of FSE sequences in 
diagnosing cartilage lesions was found in a previous study 
(67.6%) [46]; in the same study, however, sensitivity and 
kappa values for analyzing cartilage lesions were high for 
fat-suppressed FSE sequences.

3D SPGR and FLASH Sequences

3D SPGR and FLASH sequences are well suited to depict 
cartilage volume and to some extent the cartilage surface. 
Sequence parameters used to visualize cartilage are in the 
range of TR: 20–35 ms, TE: 7–12 ms, and flip angle: 12–30°; 
parameters need to be optimized according to the field 
strength. The bright signal of cartilage in the SPGR and 
FLASH images limits visualization of internal cartilage 
pathology. Fissures may sometimes be not as well visualized 
given the low-intermediate signal of the surrounding fluid 
limiting cartilage-fluid contrast-to-noise ratio (Fig. 6.14). It 
should also be noted that these gradient-echo sequences are 
not suited to visualize bone marrow pathology and are very 
limited in assessing menisci, ligaments, and tendons. 
However, they have been found useful in segmenting carti-
lage for quantitative measurement of volume and thickness 
[10, 23, 47].

A number of studies have been performed comparing 
SPGR versus IM- or T2-weighted FSE sequences [19, 20, 
46] and similar overall diagnostic performance in detecting 
focal cartilage lesions has been found for both sequences 
types. 3D SPGR and FLASH sequences provide high spatial 
resolution; however, imaging time with these sequences is 
usually fairly high and image quality can be degraded by 
motion artifacts. These gradient-echo sequences are also 
very sensitive to susceptibility artifacts, which should 
be considered after previous surgery, in particular after 
cartilage repair procedures. In our clinical practice we found 
IM-weighted FSE sequences easier to use and more practi-
cally applicable than SPGR or FLASH sequences. More 
recent studies also suggested that SPGR sequences may be 

Fig. 6.14  Sagittal MR images of the knee obtained in a middle-aged 
runner using (a) a fat-suppressed SPGR (21/12.5 ms, flip angle: 15°), 
(b) an IM-weighted FSE (4,300/51 ms) and (c) a non-fat-suppressed 
fluid-sensitive fast imaging employing steady-state acquisition 

(FIESTA; 5.9/1.9 ms, flip angle: 15°) sequence. Cartilage fissure with 
delamination (arrow) is well visualized on the fluid-sensitive 
sequences (b, c) but not on the SPGR sequence where the cartilage 
appears uniformly bright (a)
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less well suited to visualize subtle cartilage abnormalities 
compared to IM-weighted FSE sequences [15, 16]. 
Figure  6.14 illustrates well the limitations of the SPGR 
sequence in relation to the FSE sequence.

Other Sequences

In addition to FSE and SPGR/FLASH sequences, 3D double-
echo steady-state sequences (DESS) have also shown good 
results in detecting cartilage lesions (Fig. 6.15). This mixed 
T1/T2*-weighted sequence provides high spatial resolutions 
with the cartilage appearing more intermediate in signal. In 
an experimental study, Woertler et al. [3] found a similar per-
formance of fat-suppressed 3D FLASH and water-excited 
3D DESS sequences in detecting cartilage surface lesions. 
Ruehm et al. analyzed patellar cartilage abnormalities in 58 
consecutive patients using a 3D DESS and a T2-weighted 
FSE sequence. These authors concluded that the DESS 
sequence was less accurate in detecting cartilage surface 
abnormalities, yet more accurate in diagnosing cartilage 
softening [48]. It should be noted that 3D DESS sequences 
are usually obtained with thin sections, which allows for 
relatively high-quality reconstructions in additional imaging 
planes. In the “Osteoarthritis Initiative” sagittal thin section 
DESS sequences were implemented with reformations in the 
axial and coronal plane, in particular to better assess the 
patellar cartilage in the axial reformations.

A number of sequences have been developed to improve 
morphological depiction of cartilage. These include driven 

equilibrium Fourier transform (DEFT) and steady-state free 
precision (SSFP) imaging. DEFT imaging makes use of a 
much higher cartilage-to-fluid contrast; the signal of synovial 
fluid is higher than in SPGR sequences and the signal of car-
tilage is higher than in T2-weighted FSE sequences [49]. 
Yoshioka et al. used this sequence in 35 OA knees and cor-
related imaging findings with arthroscopy. In their study, the 
fat-suppressed 3D DEFT images showed results similar to 
SPGR and IM-weighted FSE sequences with high sensitivity 
yet relatively low specificity [46]. Gold et al. compared 3D 
DEFT and T2-weighted FSE sequences in 104 consecutive 
patients with knee pain and used arthroscopy in 24 patients 
as a standard of reference [50]. These investigators found 
that the 3D DEFT sequences provided excellent synovial 
fluid-to-cartilage contrast while preserving signal from carti-
lage, giving this method a high cartilage SNR. In addition 
3D DEFT showed the full cartilage thickness better than 
T2-weighted FSE sequences, yet T2-weighted FSE sequences 
had superior fat suppression and fewer artifacts than 3D 
DEFT sequences.

SSFP imaging has been described as an efficient, high-
signal method for obtaining 3D images and may be useful to 
depict cartilage since cartilage signal was found to be higher 
than in conventional sequences [51]. Kornaat et al. used this 
sequence in volunteers at 1.5 and 3 T and found that SSFP-
based techniques showed higher increase in SNR and CNR 
efficiency at 3.0 T than SPGR sequences [52]. Figure 6.14 
shows cartilage delamination at the medial femoral condyle 
of the knee imaged with a SSFP sequence (fast imaging 
employing steady-state acquisition, FIESTA) and compared to 
SPGR and IM-weighted FSE sequences. Bauer et al. compared 

Fig. 6.15  Sagittal 3D DESS MRI (16.3/4.7 ms, flip angle: 25°) of the 
knee obtained in a 50-year-old man (a) and axial reconstruction from 
the image dataset (b). Note femoropatellar cartilage degeneration 

with surface irregularity (long arrow) and signal changes (short 
arrow). Low signal changes at the trochlea are consistent with 
chondrocalcinosis
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SSFP, IM-weighted FSE, and SPGR sequences in their per-
formance in assessing cartilage lesions at cadaver ankles and 
found the highest ROC (receiver operator characteristics) 
values for the IM-weighted FSE sequences at 3.0  T, yet 
IM-weighted FSE and SSFP sequences showed a similar 
performance at 1.5 T and both showed better results at 3.0 T 
and 1.5 T than the SPGR sequence [53]. To our knowledge, 
larger clinical studies, however, have not yet been performed 
using this sequence. It should be noted that the previously 
described DESS sequence is also a steady-state sequence 
and thus has similar cartilage signal features compared to the 
SSFP sequences, yet parameters are different to some 
extent.

Recently 3D FSE sequences have been applied for clini-
cal imaging of the knee and ankle [54, 55]. These sequences 
generate isotropic voxels and allow high-quality reformations 

in any plane. Thus it may be possible to only obtain one 
sequence dataset and get the additional planes as reforma-
tions (Fig.  6.16). This would potentially save acquisition 
time and shorten patient examinations substantially. Ristow 
et al. [54] compared a fat-suppressed IM-weighted 3D FSE 
sequence with a standard 2D IM-weighted FSE sequence 
regarding image quality and diagnostic performance in 
assessing abnormal findings of the knee. These investigators 
found that isotropic 3D IM-weighted FSE imaging enhanced 
standard knee MRI by better visualizing high contrast 
lesions; however, 3D FSE image quality was lower and limi-
tations with diagnostic performance were found compared to 
standard 2D FSE imaging. Clearly this technique, however, 
has future potential and with further improvements in the 
sequence design the sequence may replace 2D IM-weighted 
FSE sequences.

Fig. 6.16  Sagittal 2D (4,200/51 ms) (a, c) and 3D (2,500/38 ms) (b, d) 
FSE sequences of the knee. Focal cartilage lesion at the medial femoral 
condyle and the patella. The cartilage fissures are well depicted on (b, d) 

but not as well visualized on (a, c) due to reduced slice thickness. Also 
note that contrast between cartilage and bone is limited in (b, d) and 
bone marrow appears noisy
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MR Arthrography

Direct MR arthrography with use of T1-weighted pulse 
sequences following intraarticular injection of gadolinium 
chelates has been shown to represent a reliable imaging tech-
nique for the detection of surface lesions of articular carti-
lage with sensitivity and specificity ranging from 85% to 
100% [56, 57]. The injected fluid produces high contrast 
between joint space, cartilage, and subchondral bone, and at 
the same time distends the joint and thus, improves the sepa-
ration of corresponding joint surfaces, such as the chondral 
surfaces of the femur and the acetabulum at the hip joint. 
Given its invasive nature, however, this technique is of lim-
ited use for OA imaging.

A simple method to produce artificial arthrographic con-
trast in a T1-like fast spin-echo (FSE) sequence with the 
use of a driven equilibrium pulse (DRIVE) has recently 
been described. In contrast to the 3D DEFT sequence men-
tioned above, this 2D technique provides bright signal 
intensity of joint fluid with otherwise unchanged signal 
intensities compared with a normal T1-weighted FSE 
sequence at high spatial resolution and short scan times 
[58]. DRIVE can also be used to increase the contrast and/
or spatial resolution of IM-weighted FSE images. However, 
this new technique and its value for cartilage imaging are 
still under clinical evaluation.

Quantitative Imaging of the Cartilage Matrix

In addition to assessing cartilage pathology as well as thick-
ness and volume, recent studies have shown the potential of 
MRI parameters to reflect changes in biochemical composi-
tion of cartilage with early OA. These techniques include  
T2 quantification [59], T1rho quantification [14, 60], and 
delayed Gadolinium-enhanced MRI of cartilage (dGEM-
RIC) [61, 62]. These techniques allow characterization of 
the cartilage matrix and, potentially, quality before morpho-
logical damage occurs.

T2 Quantification

It was shown that increasing T2 relaxation time was propor-
tional to the distribution of cartilage water and is sensitive to 
small water content changes [63]. In an early study Dardzinski 
et al. examined the spatial variation of in vivo cartilage T2 in 
young asymptomatic adults and found a reproducible pattern 
of increasing T2 that was proportional to the known spatial 
variation in cartilage water and was inversely proportional to 

the distribution of proteoglycans [64]. These authors postulated 
that the regional T2 differences were secondary to the 
restricted mobility of cartilage water within an anisotropic 
solid matrix. Thus measurement of the spatial distribution of 
the T2 reflecting areas of increased and decreased water con-
tent may be used to quantify cartilage degeneration before 
morphologic changes are appreciated.

In a preliminary study Mosher et al. showed that aging is 
associated with an asymptomatic increase in T2 of the tran-
sitional zone of articular cartilage [65]. The results of this 
study indicated that the diffuse increase in T2 in senescent 
cartilage is different in appearance than the focally increased 
T2 observed in damaged articular cartilage [65]. Dunn et al. 
analyzed 55 participants who were categorized with radiog-
raphy as healthy (n = 7), having mild OA (n = 20), or severe 
OA (n = 28) [59]. They found that healthy participants had 
mean T2 values of 32.1–35.0 ms, while patients with mild 
and severe OA had mean T2 values of 34.4–41.0  ms. All 
cartilage compartments except the lateral tibia showed sig-
nificant (P < .05) increases in T2 relaxation time between 
healthy and diseased knees. Correlation of T2 values with 
clinical symptoms and cartilage morphology was found pre-
dominantly in medial compartments.

T1rho Quantification

A different parameter that has been proposed to measure car-
tilage composition is 3D T1rho relaxation mapping. T1rho 
describes the spin-lattice relaxation in the rotating frame and 
changes in the extracellular matrix of cartilage, like loss of 
glycosaminglycans (GAG), may be reflected in measure-
ments of T1rho due to less-restricted motion of water pro-
tons. Preliminary results demonstrated the in vivo feasibility 
of quantifying early biochemical changes in symptomatic 
OA participants using T1rho-weighted MRI on a 1.5 T clini-
cal scanner [14, 60]. In a study with a limited number of 
symptomatic participants it was shown that T1rho-weighted 
MRI provided a noninvasive marker for quantification of 
early degenerative changes of cartilage in vivo [14]. Li et al. 
examined ten healthy volunteers, and nine OA patients at 
3.0  T and found a significant difference (P = 0.002) in the 
average T1rho within patellar and femoral cartilage between 
controls (45.04 ± 2.59 ms) and OA patients (53.06 ± 4.60 ms) 
[66]. A significant correlation was found between T1rho and 
T2 relaxation measurements; however, the difference of T2 
measurements was not significant between controls and OA 
patients. These initial results suggested that T1rho relaxation 
mapping may be a promising clinical tool for OA detection 
and treatment monitoring. Stahl et al. [67] analyzed the diag-
nostic value of T2- and T1rho-measurements in identifying 
asymptomatic physically active subjects with and without 
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focal cartilage pathology. These investigators found that subjects 
with and without focal cartilage pathology had different 
T1rho and T2 composition of cartilage and concluded that 
T1rho and T2 may be parameters suited to identify asymp-
tomatic subjects at higher risk for developing cartilage 
degeneration (Fig. 6.17).

Further studies are currently underway to correlate T1rho 
measurements with early OA determined from arthroscopy, 
as a standard of reference, in larger symptomatic popula-
tions. The advantage of T1rho and T2 measurements is that 
these techniques are noninvasive and do not require contrast 
injection.

dGEMRIC

Cartilage consists of approximately 70% water and the 
remainder predominantly of type II collagen fibers and GAG. 
These GAG macromolecules contain negative charges that 
attract sodium ions (Na+). One of the most commonly used 
MRI contrast agents Gd-DTPA2− (Magnevist, Berlex, Wayne, 
New Jersey) has a negative charge and will therefore not 
penetrate cartilage in areas of high GAG concentrations. In 
fact it will be distributed in higher concentrations in areas 
with lower GAG concentration and thus pathologic cartilage 
composition. Gd-DTPA2− concentrations in cartilage can be 
quantified and this technique has been defined as dGEMRIC 
or delayed Gadolinium-enhanced MRI of cartilage. Initial 
studies have shown that the dGEMRIC measurement of 
GAG corresponds to the true GAG concentration as mea-
sured with biochemistry and histology [61, 68]. This tech-
nique has also been used in a number of clinical studies and 
variations of this measurement have been shown in patients 

with OA, trials of autologous chondrocyte implants, and 
participants with sedentary lifestyle versus those with regu-
lar exercise [12, 69–71].

MR Imaging in Relation to Joint Specific 
Requirements

MRI to assess cartilage currently concentrates mostly on the 
knee joint, with an increasing number of studies, however, 
also focusing on the hip joint [72–76]. Given the reduced 
thickness, MRI is limited in visualizing wrist cartilage [77]; 
however, with new developments in coil design and sequences 
this has been improved in recent years. With multichannel 
wrist coils SNR can be greatly improved. One caveat of wrist 
imaging is positioning; off center imaging is frequently not 
possible and superman positioning is uncomfortable espe-
cially in patients with osteoarthritis or inflammatory arthropa-
thies. Scanners with larger gantry sizes may allow positioning 
of the wrist and hand at the side of the patient and if patients 
are small and thin this may also work with standard scanners.

Similar problems are found at the elbow given reduced 
cartilage thickness and difficulty in positioning. While wrist 
coils are technically advanced, however, development of 
elbow coils has not received similar attention. It has been 
suggested to use flex coils or knee coils but flex coils have 
limitations in SNR and knee coils are challenging with 
patient positioning. Fortunately clinical indications to evalu-
ate cartilage at the elbow are restricted.

Similarly cartilage imaging of the shoulder has a limited 
clinical role as this non-weight-bearing joint rarely is affected 
by cartilage pathology and repair is not a standard procedure. 
However, coil technology at the shoulder is advanced with 

Fig. 6.17  T1rho color map (ms) of the patellofemoral cartilage. Asymptomatic subject without focal cartilage pathology (low T1rho values)  
(a) and asymptomatic subject with early, diffuse cartilage degeneration (high T1rho) and focal cartilage defects (not shown) (b) from reference [63]



64 T.M. Link

the availability of 8-channel shoulder coils that allow high 
SNR and high spatial resolution imaging.

Though the cartilage is thin, imaging of the ankle is get-
ting increasing attention giving advances in coil and sequence 
design. A number of conditions affect the ankle cartilage 
including osteochondritis dissecans and sport-related inju-
ries; also cartilage repair is performed at the ankle. Dedicated 
ankle coils are available and alternatively knee coils can be 
used for high-quality imaging of the ankle.

While morphological sequences are standard for imaging 
of the cartilage at the joints less experience is available with 
quantitative sequences. Given the clinical relevance and carti-
lage thickness, the knee was studied most frequently [59, 65, 
78–82]. Studies have also focused on the hip but less experi-
ence is available and imaging has been limited by the reduced 
cartilage thickness with pronounced partial volume effects 
[72, 73, 76, 83]. Segmentation of the femoral and acetabular 
cartilage layers at the hip is challenging and frequently dif-
ferentiation of the two cartilage layers is not possible. To bet-
ter assess the cartilage layers at the acetabulum and femoral 
head, distraction has been used with weights attached to the 
leg during imaging, but given the increased pain, this is not 
recommended as a routine procedure in patients with symp-
tomatic hips. Quantitative imaging of the other joints has 
received less attention because of limited clinical indications 
and challenges due to reduced cartilage thickness.

An optimal MRI cartilage protocol would include mor-
phological IM-weighted FSE sequences in a coronal and 
sagittal orientation as well as quantitative sequences for vol-
umetric and cartilage matrix assessment (SPGR/FLASH 
sequence as well as T1rho, T2, or dGEMRIC maps). Axial 
IM-weighted sequences may be included to better assess the 
patella, depending on clinical or research indications. At 
the hip oblique axial images are useful in assessing cartilage 
damage and measuring the alpha angle, which is helpful for 
assessment of femoroacetabular impingement (FAI) [83]. 
FAI has a major role in the evolution of accelerated cartilage 
loss and OA. It should be noted that morphological evalua-
tion of cartilage and labrum at the hip joint without intraar-
ticular contrast is limited.

Conclusion

Standard MR imaging of cartilage relies on morphological 
2D IM-weighted FSE sequences that are well suited not only 
to detect focal cartilage abnormalities but also those of 
menisci, bone marrow, ligaments, and tendons. 3D gradient-
echo (such as DESS) and FSE sequences, which allow thin-
ner sections and reformations in different imaging planes are 
available; these have an increasing role in morphological 
imaging. Quantitative imaging of cartilage is achieved with 

SPGR, and FLASH sequences, which are used to assess 
cartilage Volume; T2, T1rho, and dGEMRIC techniques are 
used to analyse cartilage biochemical composition. Dedicated 
surface coils are required to best visualize joint cartilage, in 
particular at the knee joint, and multichannel phased-array 
coils with parallel imaging have been shown to be beneficial 
in improving image quality and/or shortening acquisition 
time. Image quality also benefits from increased field strength 
and 3.0  T MRI is increasingly used for assessing joint 
cartilage.
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Chapter 7
MRI of Cartilage: Pathological Findings

Thomas M. Link 

Keywords  MRI • Cartilage • Pathologies • Associated findings 
• Osteoarthritis • Osteochondritis dissecans • Trauma  
• Osteochondral defects

The most important clinical indications for magnetic resonance 
imaging (MRI) are assessment of cartilage in osteoarthritis 
(OA), chronic or acute osteochondral injury including sports 
injuries, osteochondritis dissecans, chondromalacia patellae, 
and inflammatory arthropathies (in particular before invasive 
therapy). In addition dedicated cartilage imaging is required 
after invasive cartilage repair procedures or conservative 
therapies, including pharmacological therapies, to monitor 
treatment effect. MR studies are required to tailor therapies 
and in the future new quantitative techniques may have sig-
nificance in indicating treatment as well as monitoring ther-
apy similar to bone mineral density currently used in the 
setting of osteoporosis.

Most of these indications focus on imaging of the knee, 
which has the thickest cartilage and is most accessible to MR 
imaging. As outlined previously in Chap. 6, cartilage imag-
ing of the hip is more challenging because of the limited 
thickness of the hip cartilage with a mean thickness of around 
1.5–2 mm. The same applies for imaging of the ankle and 
elbow with the cartilage at the hand being even thinner. In 
general indications for cartilage imaging at the shoulder and 
wrist are limited given the non-weight-bearing function of 
these joints. Rarely trauma-induced cartilage injury requires 
direct visualization of cartilage defects or fragments. At the 
elbow and ankle visualization of the cartilage is more impor-
tant as osteochondritis dissecans and cartilage injury are not 

infrequently found at these sites. Hip cartilage imaging is 
getting increasing interest because of femoroacetabular 
impingement and its role in the evolution of osteoarthritis. 
Cam-type femoroacetabular impingement typically leads to 
injury of the anterosuperior cartilage of the femoral head and 
the labrum.

Osteoarthritis

One of the most significant health problems in our aging 
society is degenerative joint disease. Interestingly, the risk 
for disability attributable to knee OA is as great as that attrib-
utable to cardiovascular disease and greater than that caused 
by any other medical condition in elderly persons [1]. Knee 
OA is already the leading cause of functional disability, and 
its prevalence is projected to double by the year 2020, caused 
in part by increases in obesity and longevity [2].

Radiographs have been used for many years as a standard 
technique to diagnose and grade OA; the Kellgren–Lawrence 
(KL) scale is a standard, well-established classification sys-
tem to score OA and has been used in multiple studies over 
the last decades [3]. We have learned, however, that early 
findings of joint degeneration are missed on radiographs and 
that MRI provides a substantially better evaluation of joint 
disease by including information on tissues not visualized 
with radiographs including cartilage, menisci, ligaments, 
and bone marrow [4]. Figure 7.1 shows a relatively normal 
appearing lateral radiograph of the knee, however, extensive, 
near full thickness cartilage loss at the patella and trochlea as 
well as a focal area of delamination at the posterior aspect of 
the lateral femoral condyle. Expected pathologies associated 
with OA, however, do not only encompass cartilage loss, but 
also abnormalities of the menisci, the bone marrow, the liga-
ments as well as pathologies in the soft tissues around the 
joint with joint effusion, synovitis, and popliteal cysts being 
the major findings.
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Please note, that the extent of these abnormalities is not 
well associated with clinical findings of pain and limited 
function. According to the American College of 
Rheumatology guidelines osteoarthritis (OA) of the knee is 
defined and classified based on clinical, radiographic, and 
laboratory findings [5]. Chronic or recurrent pain in the 
knee is of central importance in the disease process of OA. 
A number of studies were performed correlating presence 
and degree of joint pain with findings on conventional 
radiographs and magnetic resonance imaging (MRI). Using 
Kellgren–Lawrence grades to quantify osteoarthritis on 
conventional radiographs and correlating these with the 
degree of pain (using the established Western Ontario and 
McMasters Universities (WOMAC) osteoarthritis index), 
however, did not show significant correlations [4, 6, 7]. 
Studies have investigated associations between the differ-
ent MR abnormalities and pain [4, 8–12]. One of the early 
studies correlating MR findings and WOMAC pain scores 
in 50 subjects with varying degree of osteoarthritis [4] 
could not demonstrate significant results for semiquantita-
tively assessed cartilage, bone marrow, ligamentous, and 
meniscal abnormalities. Interestingly this study, however, 
showed increased WOMAC pain scores at early stages of 
cartilage loss, while more advanced cartilage loss was asso-
ciated with lower WOMAC scores. Zhai et  al. [13] also 
found non-full-thickness, early focal cartilage lesions of 
the femur and the patella in younger subjects (average age 
45 years) to be associated with pain. Kornaat et al. [10, 11] 
could not demonstrate significant correlations between pain 

and semiquantitatively assessed MRI findings in 368 sub-
jects with varying degrees of symptomatic osteoarthritis of 
the knee. Two other studies, on the other hand, found cor-
relations between bone marrow edema pattern and knee 
pain [8, 9]. Felson et al. studied subjects with osteoarthritis 
or high risk for osteoarthritis over a period of 15 months 
and found the development of pain to be associated with an 
increase in the size of bone marrow edema–like lesions. In 
summary bone marrow edema pattern and early cartilage 
lesions may be associated to some extent with clinical 
symptoms of pain.

Typical MR findings associated with OA do not only 
include cartilage abnormalities but also meniscal, liga-
mentous, and bone marrow lesions. The following five 
paragraphs provide an overview of the MR findings related 
to OA.

Cartilage Abnormalities

Table  7.1 shows the presence and severity of cartilage 
lesions in relation to radiographic KL scores of OA. This 
table clearly indicates that with increasing OA cartilage 
lesions are more numerous and more severe. Different 
patterns of cartilage loss are identified and loss can be 
focal or diffuse. The standard classification system of car-
tilage lesions [14] differentiates four different grades 
according to their signal and their depths and is analogous 

Fig.  7.1  (a, b). Radiograph and sagittal magnetic resonance imaging 
(MRI) of a patient with osteoarthritis (OA) show a relatively normal 
appearing lateral radiograph of the knee with small patellar osteophytes, 

however, extensive, near full thickness cartilage loss at the patella and 
trochlea (white arrows) as well as a focal area of partial thickness delami-
nation (black arrow) at the posterior aspect of the lateral femoral condyle
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to the arthroscopic classification system defined by Noyes 
et  al. [15]: grade 1 is defined as signal abnormalities 
within the cartilage (arthroscopically corresponding to 
softening of the cartilage), grade 2 as a focal cartilage 
lesion less than 50 % of the diameter of the cartilage, 
grade 3 as a lesion of more than 50% of the cartilage 
diameter and grade 4 as a full thickness cartilage lesion 
(Fig.  7.2). Figure  7.3 illustrates the different grades in 
patients with varying degrees of OA. Given differences in 
signal characteristics between different sequences identi-
fication of grade 1 lesions is not very reproducible and 
histological correlation of grade 1 lesions with cartilage 

proteoglycan loss is very limited [16]. While the above-
mentioned scoring system is used for cartilage lesions in 
general other classification systems have been developed 
which also evaluate the size of the cartilage defects and 
were specifically developed for OA such as the WORMS 
and BLOKS but these will be described in Chap. 8 of 
this book.

MRI usually performs well in detecting full thickness 
cartilage lesions, however, it is limited in detecting  
superficial and partial thickness lesions. Saadat et al. [16] 
analyzed the performance of a fat-saturated intermediate-
weighted (iw) fast spin echo sequence obtained at 3T in 
detecting cartilage lesions using histology as a standard of 
reference. All patients underwent MRI before undergoing 
total knee replacement and the histological sections of the 
resected specimens (safranin [Saf]-O [specific for proteo-
glycans], hematoxylin and eosin [H&E] for histological 
analysis) were rigorously matched with the preoperative 
MRI. In addition to the standard classification system 
described above these investigators also studied surface 
fraying and more severe fibrillation. Figure 7.4 shows rep-
resentative images from this study. In diagnosing lesions 
affecting cartilage thickness and surface fraying and  
fibrillation accuracy was in the order of 70–73% with the 
highest sensitivities for cartilage thickness lesions and 
highest specificities for surface fraying and fibrillation. 
Substantially better performance was found for high-grade 
(3 and 4) lesions while limitations were found for  
low-grade lesions and in differentiating grade 2 and  
3 lesions.

Interestingly, however, analyzing MR signal abnor-
malities of the cartilage performance was very limited in 
relation to histological findings with a sensitivity of 36%, 
a specificity of 62%, and an accuracy of 45%. This means 
that signal abnormalities visualized in the cartilage are in 
less than 50% associated with histological degeneration; 
however, if the signal is normal histological findings are 
also in the normal range in 62%. Figure  7.5 shows an 

Table 7.1  Presence and severity of cartilage lesions assessed on FSE and SPGR sequences in relation to radiographic Kellgren–Lawrence 
(KL) scores of osteoarthritis (OA) (n = 50 patients). Cartilage score: 0 = no cartilage defect, 1 = signal inhomogeneity in the cartilage, 
2 = cartilage defect less than 50%, 3 = cartilage defect more than 50%, 4 = full thickness lesion) (Modified from Phan et al. [4])

KL-1 (n = 10) KL-2 (n = 11) KL-3 (n = 13) KL-4 (n = 16) All (n = 50)

No defects 0 20% (2/10) 36% (4/11)   8% (1/13)   0 14% (7/50)
Lesions 1 10% (1/10)   0   0   0   2% (1/50)

2 20% (2/10) 18% (2/11)   8% (1/13)   0 10% (5/50)
3 40% (4/10) 28% (3/11) 31% (4/13) 19% (3/16) 28% (14/50)
4 10% (1/10) 18% (2/11) 55% (7/13) 81% (13/16) 46% (23/50)

Average score 2.1 1.9 3.2 3.8
Standard deviation ±1.4 ±1.6 ±1.2 ±0.4

Fig. 7.2  The standard classification system of cartilage lesions differ-
entiates four different grades according to their signal and their depths 
and is analogous to the arthroscopic classification system defined by 
Noyes et al.: grade 1 is defined as signal abnormalities within the carti-
lage (arthroscopically corresponding to softening of the cartilage), 
grade 2 as a focal cartilage lesion less than 50% of the diameter of the 
cartilage, grade 3 as a lesion of more than 50% of the cartilage diameter 
and grade 4 as a full thickness cartilage lesion
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Fig. 7.3  (a–c). Sagittal fat-saturated intermediate-weighted (iw) FSE 
sequences showing different grades of cartilage lesions at the trochlea 
in patients with varying degrees of osteoarthritis (OA). In (a) a subtle 
focal lesion is shown at the trochlea (arrow), which is superficial and 
only affects less than 50% of the cartilage diameter. In addition partial 
thickness cartilage delamination at the patella (small arrow). In (b) a 

larger more diffuse cartilage lesion is visualized with more than 50% 
cartilage loss (arrow). Also note more than 50% cartilage loss at the 
patella and bone marrow edema pattern at the tibia. A grade 1 lesion is 
visualized at the posterior aspect of the femoral condyle (small arrow). 
In (c) full thickness cartilage loss is shown at the trochlea (arrow) and 
cartilage delamination at the femoral condyle (small arrow)

Fig. 7.4  (a–c). Sagittal fat-saturated intermediate-weighted (iw) FSE 
(a) and SPGR (b) sequences obtained at 3T with histology as a standard 
of reference (H&E stain) (c). In (a) indistinct cartilage is shown at the 
central tibia corresponding to an area of cartilage fraying on histology 
(c) (arrow). Bone marrow edema pattern at the anterior aspect of the 
tibia (small arrow in a) corresponds to an area of fibrovascular ingrowth 

(1). Fraying and degeneration of the anterior tibial cartilage is shown in 
(2) corresponding to an area of bright, indistinct cartilage in the inter-
mediate-weighted (iw) FSE sequence (# in a). At the posterior aspect of 
the tibia (curved arrow) signal abnormality of the cartilage is visualized 
(a), which corresponds to an area of fibrocartilage and pannus over-
growth (3) (From Saadat et al. [16])

example were signal abnormalities in the MRI actually 
corresponded to histological abnormalities (synovial 
tissue overgrowth).

In general studies using arthroscopy as a standard of ref-
erence have found higher sensitivities and specificities 

compared to the above-mentioned histological study. 
Clearly, however, arthroscopy has limitations in particular 
in differentiating grade 2 and 3 lesions, and there is also 
inter-observer variability. In a study by Yoshioka et al. [17], 
iw FSE sequences were found to have a sensitivity of 100% 
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and specificity of 68%. Potter et al. [18] found 87% sensi-
tivity and 92% specificity for the ability of FSE in detection 
of lesions. Kijowski et al. compared 1.5 and 3.0 T imaging 
using arthroscopy as a standard of reference and found respec-
tive sensitivity, specificity, and accuracy of MR imaging for 

detecting cartilage lesions of 69.3%, 78.0%, and 74.5% at 
1.5 T and 70.5%, 85.9%, and 80.1% at 3.0 T. Wong et al. 
had similar results and found that diagnosis of cartilage 
abnormalities was improved at 3.0 T with higher sensitivity 
(75.7% vs 70.6%) and accuracy (88.2% vs 86.4%) (Fig. 7.6). 

Fig.  7.5  (a, b). Sagittal fat-saturated intermediate-weighted (fs iw) 
FSE (a) of the medial joint compartment and corresponding tibial his-
tological section (safranin [Saf]-O) (b) in a 54-year-old female patient. 
Cartilage thickening/swelling at the posterior aspect of the tibia with 

high signal intensity region (highlighted area in a). The corresponding 
Saf-O staining (b) shows an area of cartilage thickening due to synovial 
overgrowth (pannus tissue) with proteoglycan loss (From Saadat et al. 
[16].)

Fig. 7.6  (a, b). A 36-year-old male patient with a clinical history 
of left knee pain and suspected osteochondritis dissecans. At 1.5 T 
(a; sagittal fat-saturated intermediate-weighted [fs iw] FSE 
sequence, TR 3,200 ms, TE 46 ms) an area of high signal is shown 
along the subchondral bone underneath the cartilage suggesting 

delamination (arrow) without a focal cartilage defect. The 3.0 T 
study (b; TR 4,300 ms, TE 51 ms) clearly shows a full thickness 
cartilage defect along with delamination (arrow). Findings were con-
firmed by arthroscopy after both imaging studies were obtained 
(From Wong et al. [47])
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It should be noted that diagnostic performance in correctly 
grading the lesions in MR images yields significantly lower 
results, for example, Wong et al. found a correct grading of 
cartilage lesions only in 51.3% of the cases at 3.0 T versus 
42.9% of the cases at 1.5 T.

The morphology of cartilage lesions in osteoarthritis 
varies and may be diffuse or focal; more severe lesions are 
frequently accompanied by subchondral bone marrow 
changes, which may include bone marrow edema pattern 
and cystic changes. Early degenerative disease may be 
more focal also suggesting a traumatic component of the 
disease process. Most frequently the medial femoro-tibial 
joint compartment is affected as varus osteoarthritis is 
most frequent. In valgus osteoarthritis the lateral compart-
ment is affected. Not infrequently severe degenerative 
changes are found at the patello-femoral joint compart-
ment, which is a non-weight-bearing compartment. The 
latter distribution is found in patellar tracking disorders 
and this may also be associated with high-impact activities 
such as running, which particularly affect this joint 
(Fig. 7.7). Also it should be noted that calcium pyrophos-
phate deposition disease (CPPD) is a disease, which typi-
cally affects the femoro-patellar joint and can be associated 
with severe cartilage loss (Fig.  7.8) and degeneration. 
Cartilage MR signal in CPPD may vary, however, is mostly 
low, and diagnosis is challenging. In a previous human 

cadaver study with histological validation Abreu et al. [19] 
found that radiographs were superior in diagnosing cal-
cium deposits compared to MRI and MRI was insensitive 
to the presence of CPPD deposits in the knee, even when 
such deposits are widespread. Also they demonstrated that 
the sensitivity of MRI was significantly better in detecting 
CPPD deposits in the hyaline cartilage of the femoral con-
dyles when compared with other knee internal structures, 
even when such structures contained a higher amount of 
calcification.

Another finding not infrequently associated with carti-
lage degeneration is delamination. In delamination a separa-
tion of the articular cartilage from the underlying subchondral 
bone at the tidemark is found, or delamination may occur if 
a layer of cartilage is separated from underlying cartilage. 
These findings have been reported at the knee in athletes 
and younger physically active subjects [20, 21] but with 
improving MR techniques are also frequently found in car-
tilage degeneration. The delamination line runs parallel to 
the joint surface, but the overlying articular cartilage remains 
initially intact as shown in Fig. 7.9. In particular if the carti-
lage layer gets unstable maceration may occur resulting in 
accelerated OA.

Delamination has been reported as a typical finding in 
cam-type femoroacetabular impingement and may be found 
in up to 52% of these patients [22, 23]. However, sensitivity 

Fig. 7.7  (a, b). Sagittal fat-saturated intermediate-weighted (fs iw) 
FSE sequences of a middle-aged woman with a history of being an avid 
runner and a patellar tracking disorder. Severe up to full thickness carti-

lage loss at the trochlea (large arrows) and more than 50% cartilage loss 
at the patella (small arrow). In addition cartilage inhomogeneity, swelling, 
and an area of delamination (curved arrow in a) at the femoral condyle
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even with MR arthrography is low: Pfirrmann et  al. used 
MR arthrography of the hip to study acetabular cartilage 
delamination in 23 patients with surgically confirmed carti-
lage delamination. At MR, a diagnosis of fluid signal inten-
sity under the cartilage delamination had a sensitivity of 
22–30% but a high specificity of 95%. A MR hypointense 
line in the acetabular cartilage demonstrated on sagittal 
three-dimensional (3D) double-echo steady-state images 
with water excitation had a better diagnostic performance 
with a sensitivity of 70% but a specificity of 5–62%. 
Hypointense areas in the acetabular cartilage were quite 
specific (90%) on both coronal intermediate-weighted fat-
saturated (iw fs) images but the sensitivity varied between 
54% and 70%.

Quantitative imaging of cartilage is of major signifi-
cance in OA, but will be described separately in Chaps. 
10–14. Both volumetric measurements and molecular MR 
imaging techniques focusing on the cartilage matrix 
have been used to study early and more advanced stages 
of OA.

Fig. 7.8  (a–c). Anteroposterior (a) and lateral (b) radiographs as well 
as axial fat-saturated intermediate-weighted (fs iw) FSE sequence (c) in 
a patient with calcium pyrophosphate deposition disease (CPPD), 
which typically affects the femoro-patellar joint and can be associated 
with severe cartilage loss (large arrows in a and c). In addition meniscal 
calcifications (small arrow in b) and calcifications in the gastrocene-
mius muscles (curved arrow in a) are shown

Fig.  7.9  Sagittal fat-saturated intermediate-weighted (fs iw) FSE 
sequence showing cartilage delamination, which is frequently 
associated with cartilage degeneration. The delamination line runs 
parallel to the joint surface (arrow), but the overlying articular car-
tilage may initially appear intact. Also note subtle bone marrow 
edema pattern in the trochlear region and mild joint effusion in the 
supra-patellar recess
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Bone Marrow Edema Pattern and Other Bone 
Marrow Lesions

Bone marrow edema pattern is a typical finding associated with 
cartilage defects in degenerative disease. Link et al. [4] found 
bone marrow edema pattern in 79% of patients with moderate 
and severe OA as defined by radiographic findings (Table 7.2, 
Fig. 7.10) but only in 33% of patients with mild OA. Previous 
studies analyzing resected tissue in patients undergoing total 
knee arthroplasty found mostly normal tissue underlying MRI 
findings of bone marrow edema pattern, but also abnormalities 
such as fibrovascular ingrowth, bone marrow fibrosis and 

necrosis, bone remodeling, bone marrow bleeding, and cystic 
changes [16, 24]. Similar findings were published by Taljanovic 
et al. for hip osteoarthritis, but these authors also found that 
microfractures in different stages of healing were associated 
with bone marrow edema pattern [25].

Previous studies have also suggested that bone marrow 
edema may be related to pain yet findings in the literature are 
contradictory and inconclusive at this time [4, 8, 10, 26]. One 
of these studies analyzed subjects with osteoarthritis or high 
risk for osteoarthritis over a period of 15 months and found the 
development of pain to be associated with an increase in the 
size of bone marrow edema–like lesions. Also insufficiency 
fractures and avascular necrosis present with bone marrow 
edema pattern. In particular in older, female patients insuffi-
ciency fractures are not infrequently found and lead to acceler-
ated OA (see Section on Nonspecific Osteochondral Lesions).

Meniscal Degeneration

Meniscal degeneration is similar to cartilage abnormalities a 
frequent finding encountered with OA. As previously dem-
onstrated meniscal lesions are found in a very high percent-
age of patients with moderate and severe OA (96.6%) with 
mostly severe abnormalities including displaced tears and 
maceration [4]. Interestingly prevalence of meniscal lesions 
in mild OA is still high (85.7%) yet abnormalities mostly are 
mild and include intrasubstance degeneration [4].

Different classification systems have been used to grade 
meniscal abnormalities. Standard abnormalities described 
include (1) intrasubstance degeneration, (2) meniscal tears 
that extend to the meniscal surface and do not change the 
shape of the meniscus, these include horizontal, oblique, and 
vertical tears, (3) complex tears with deformity of the menis-
cus, and (4) complete maceration/destruction of the menis-
cus. In addition meniscal extrusion is frequently present as 
the meniscal tissue is degenerating. Extrusion is mostly found 
at the medial compartment (meniscal body) and defined as 3 
mm or more measured from the tibial border. Figure  7.11 
shows different grades of meniscal degeneration and tears.

Table 7.2  Prevalence of bone marrow edema pattern (edema) in relation to radiographic evidence of osteoarthritis (OA) 
(Kellgren–Lawrence [KL] scores) (Modified from Phan et al. [4]). Maximum diameter of bone marrow edema pattern was 
measured on fluid-sensitive coronal and sagittal FSE sequences. Total number of patients was 50

KL-1 (n = 10) KL-2 (n = 11) KL-3 (n = 13) KL-4 (n = 16) All (n = 50)

No edema 70% (7/10) 64% (7/11) 23% (3/13) 19% (3/16) 40% (20/50)
Edema, all 30% (3/10) 36% (4/11) 77% (10/13) 81% (13/16) 60% (30/50)
–	 Mild (<1 cm) 20% (2/10)   9% (1/11) 23% (3/13) 25% (4/16) 20% (10/50)
–	 Moderate (1–2 cm) 10% (1/10)   9% (1/11) 31% (4/13) 44% (7/16) 26% (13/50)
–	 Severe (>2 cm) 18% (2/11) 23% (3/13) 12% (2/16) 14% (7/50)

Fig.  7.10  Extensive bone marrow edema pattern at the tibia (large 
arrow) demonstrated in a sagittal fat-saturated intermediate-weighted 
(fs iw) FSE sequence with overlying cartilage loss. In addition small 
amount of bone marrow edema pattern at the patella with cartilage loss 
(small arrow). Inhomogeneity of the trochlear cartilage and loose body 
in the posterior-superior aspect of the joint capsule (curved arrow)
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Meniscal abnormalities may also be graded according to 
the WORMS [27] or BLOKS [28] classification systems. 
Using WORMS six compartments are defined based on sag-
ittal and coronal fast spin echo sequences and in each of 
these are graded according to five levels: 0 = intact; 1 = minor 
radial tear or parrot-beak tear; 2 = nondisplaced tear or prior 
surgical repair; 3 = displaced tear or partial resection; 4 = 
complete maceration/destruction or complete resection. 
Using BLOKS meniscal signal, extrusion and tears are sepa-
rately classified.

Ligamentous Abnormalities

Osteoarthritis is frequently associated with ligamentous 
abnormalities; according to a previous study [4] ACL tears 
are found in 48% of patients with moderate and severe OA 
and collateral ligament abnormalities in approximately 20%. 
In addition ACL tears are more commonly associated with 
symptomatic knee OA and interestingly fewer than half of 
patients with ACL rupture recall a knee injury, suggesting 
that this risk factor for knee OA is underrecognized [29]. It is 
also generally accepted that the presence of ACL tears is 
associated with more rapid cartilage loss; in particular, carti-
lage lesions located in the central region of the medial com-
partment show more rapid progression of cartilage loss than 
cartilage lesions in the anterior and posterior portions of the 
medial compartment [30]. Different types of ACL degenera-
tion are differentiated including full thickness tears, partial 
tears, and mucoid degeneration. Figure 7.12 shows examples 
of different types of ACL abnormalities associated with 
osteoarthritis.

Joint Effusion and Synovitis

Joint effusion and synovitis are typical findings associated 
with OA and it is generally accepted that these findings play 
an important role in symptomatic OA. Moderate and severe 
OA are associated in more than 90% with joint effusion and 
even in mild OA joint effusion is present in approximately 

Fig.  7.11  (a, b). Different grades of meniscal degeneration and 
tears visualized in sagittal fat-saturated intermediate-weighted (fs 
iw) FSE sequences. In (a) an oblique tear with intrasubstance degen-
eration of the posterior horn of the medial meniscus is shown (arrow). 

In (b) intrasubstance degeneration is demonstrated of the posterior 
and anterior horn of the lateral meniscus; in addition there is a degen-
erative swelling of the posterior horn with an intrasubstance tear 
(arrow)

Fig. 7.12  ACL abnormality associated with osteoarthritis (OA) shown 
in a sagittal fat-saturated intermediate-weighted (fs iw) FSE sequence. 
The ACL is thickened and abnormally high in signal consistent with 
mucoid degeneration (arrow); in addition bone marrow abnormalities 
at the tibia including edema pattern and cystic changes (curved arrow)
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50% of patients [4]. While cartilage loss shows inconsistent 
association with joint pain previous studies found that joint 
effusion and synovitis were associated with clinical symp-
toms of OA including joint pain [10, 31] and may be an 
important parameter in monitoring treatment of OA. 
Interestingly while cartilage loss occurs in over 50% of knees 
with joint effusion and synovitis, these findings appear not to 
be associated with progression of cartilage loss in either 
tibiofemoral or patello-femoral compartment [31].

Inflammatory Arthropathies

Inflammatory arthropathies include rheumatoid arthritis and 
the seronegative spondylarthropathies ankylosing spondyli-
tis, reactive arthritis, and psoriasis arthritis. MRI is helpful in 
assessing the degree of inflammatory changes of the joints 
and in monitoring therapy by directly visualizing synovitis, 
joint effusion, pannus tissue, and joint erosion. However, 
given that frequently small joints are affected the role of 

evaluating cartilage as a MRI biomarker in these inflamma-
tory arthropathies, contrary to osteoarthritis, is limited.

The most frequent inflammatory arthropathy is rheuma-
toid arthritis, which typically affects the hands (radiocarpal, 
intercarpal, and metacarpophalangeal joints) and the feet 
(metatarsophalangeal joints). The central joints such as the 
knee and hip joints are less frequently affected by rheuma-
toid arthritis.

Standard 2D FSE sequences are not well suited for carti-
lage imaging of small joints as minimum slice thickness and 
in plane spatial resolution are limited. Previously 3D gradient-
echo techniques were found to be best suited for the detec-
tion and grading of hyaline cartilage and subchondral bone 
lesions in rheumatoid arthritis [32]. Currently 3D FSE 
sequences may offer a viable alternative to cartilage imaging 
of small joints. In addition contrast administration is gener-
ally recommended to best visualize synovial proliferation 
and disease activity.

Figure 7.13 shows fat-saturated T2-weighted and contrast-
enhanced T1-weighted MR images of the knee in a patient 

Fig.  7.13  (a–d). Fat-saturated intermediate-weighted (fs iw) (a, b) 
and contrast-enhanced T1-weighted (c, d) magnetic resonance (MR) 
images in a sagittal (a–c) and axial (b–d) orientation of the knee in a 
patient with active rheumatoid arthritis and synovitis. Thickened syn-
ovial pannus tissue (arrows in a, c) covers the hyaline cartilage and 

bone, which eventually erodes these tissues. Pannus tissue shows avid 
contrast enhancement (arrows c, d). Subtle reactive bone marrow 
edema pattern (small arrows) in the lateral femoral condyle. Joint 
effusion in the supra-patellar recess and popliteal cyst with pannus 
tissue (curved arrow)
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with active rheumatoid arthritis. The pannus tissue covers the 
hyaline cartilage and erodes it. Cartilage protects the sub-
chondral bone, which explains why the marginal bony regions 
of the joints, which are not covered by cartilage are eroded 
first. The slow erosion of the cartilage leads to concentric 
joint space narrowing and finally to focal erosions of the sub-
chondral bone accompanied by bone marrow edema pattern. 
The bone marrow edema pattern is an important MRI finding 
predicting progression of rheumatoid arthritis [33]. While 
erosions and cartilage destruction are a frequent MR finding 
in adult rheumatoid arthritis, cartilage lesions are not so fre-
quently visualized in juvenile idiopathic arthritis [34].

The typical MR imaging findings related to rheumatoid 
arthritis were published by the Outcome Measures in 
Rheumatology (OMERACT) MR Imaging Group and the 
so-called the RA-MRI scoring system (RAMRIS) was devel-
oped to better quantify and monitor joint inflammation [35, 
36]. RAMRIS incorporates measures of joint inflammation 
and damage including bone erosion, edema pattern, and syn-
ovitis. The RAMRIS has demonstrated good reliability for 
bone erosion and synovitis at the wrists and metacarpopha-
langeal joints subject to reader training, with slightly lower 
levels of reader agreement for bone marrow edema pattern.

Quantitative, volumetric assessment of cartilage at the hands 
and feet required for assessment and monitoring of rheuma-
toid arthritis is challenging. In a previous study [37] the 
accuracy and reproducibility of a noninvasive technique for 
quantifying the volume of articular cartilage in the metacar-
pophalangeal joints of the hand by use of three-dimensional 
fat-suppressed gradient-echo sequence was studied in 
cadaver specimens. Accuracy errors for quantifying cartilage 
volume were −1.8% (95% confidence interval, −3.5% to 
−0.7%) for metacarpal cartilage and 9.1% (4.3–14.7%) for 
proximal phalangeal cartilage. Reproducibility errors were 
5.2% (95% confidence interval, 2.9–7.6%) and 9.9% (5.4–
15.1%), respectively. The authors concluded that fat-sup-
pressed gradient-echo imaging provided sufficient contrast 
and spatial resolution to allow accurate and reproducible 
quantification of articular cartilage volume in the metacarpo-
phalangeal joints of the hand. Thus, this technique may be 
useful for monitoring cartilage loss in patients with arthritis 
yet the technique and the postprocessing to determine carti-
lage volume in small joints are challenging.

A previous study calculated cartilage volume at the knee in 
patients with rheumatoid arthritis [38]; reproducibility of car-
tilage volume measurements and cartilage loss in 1 year was 
determined. Imaging was performed at 1.0 T using a three-
dimensional spoiled gradient-echo sequence with fat-suppres-
sion. Manual image segmentation was performed once or 
twice on the lateral tibial, medial tibial, patellar, and femoral 
compartment by either one or two segmenters. Coefficients of 
variation for repeated volume measurement of total cartilage 

were 2.2% (same segmenter, same scan), 5.2% (different 
segmenter, same scan), 4.9% (same segmenter, different scan, 
same session), and 4.4% (same segmenter, different scan, dif-
ferent session). Over the 12 month duration of the study there 
was neither significant change in total cartilage volume nor 
were there significant changes in volume in any individual 
compartment. These investigators concluded that the volume 
measurement technique is reproducible, but any net change in 
cartilage volume over 1 year is very small. This study shows 
that even in inflammatory arthropathies cartilage loss is mild 
over time and comparable to this found in osteoarthritis.

Data concerning T1rho and T2 relaxation time measure-
ments to study the cartilage matrix in inflammatory arthropa-
thies is limited. T2 relaxation time measurements were used 
to study the weight-bearing cartilage of the distal femur in 
healthy children and in children with idiopathic juvenile 
arthritis [39]. An increased average T2 relaxation time in 
children with idiopathic juvenile arthritis was found, which 
suggests that T2 relaxation time maps may reflect cartilage 
microstructure differences that occur in idiopathic juvenile 
arthritis [39]. T2 relaxation time mapping may allow for 
early detection of cartilage changes and provide an objec-
tive, quantitative method of monitoring disease progression, 
with the long-term potential to guide therapy.

While cartilage imaging may play a similar role in psoria-
sis arthritis compared to rheumatoid arthritis, it is of minor 
significance in other inflammatory arthropathies such as 
ankylosing spondylitis and reactive arthritis. Ankylosing 
spondylitis mostly affects the spine and sacroiliac joints, 
however, it may also affect the hip joints and lead to cartilage 
with erosions, joint space narrowing, and eventually severe 
secondary degenerative disease.

Osteochondritis Dissecans

Osteochondritis dissecans is a disease of adolescents and 
young adults and is seen with increased frequency which is 
in part due to earlier and increasingly competitive sports par-
ticipation. Despite much speculation, the cause of both juve-
nile and adult osteochondritis dissecans remains unclear, but 
early recognition is essential. Several causes have been pos-
tulated responsible for the development of osteochondritis 
dissecans, which include inflammation, genetics, ischemia, 
and repetitive trauma. It has been suggested that repetitive 
trauma may induce a stress reaction resulting in a stress frac-
ture within the underlying subchondral bone. If repetitive 
loading persists and exceeds the ability of the subchondral 
bone to heal, necrosis of the fragment may occur and lead to 
fragment dissection, separation, and nonunion.

Whereas adult osteochondritis dissecans lesions have a 
greater propensity to instability, juvenile osteochondritis 
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dissecans lesions are typically stable, and those with an intact 
articular surface have a potential to heal with nonoperative 
treatment through cessation of repetitive impact loading [40]. 
Although the exact prevalence of osteochondritis dissecans is 
unknown, reports of between 15 and 29 per 100,000 have 
been made and gender differences have also been highlighted, 
with a preponderance among male patients in a ratio of 5:3 
[40]. Osteochondritis dissecans is found typically at the knee, 
ankle, and elbow in typical locations. These include the 
mesial aspect of the medial femoral condyle at the knee, the 
medial talar dome, and the capitellum humeri at the elbow. 
An arthroscopic grading system was developed [41] which 
differentiates four grades: a Grade 1 lesion shows intact carti-
lage, which, however, is partially soft and ballottable, grade 2 
lesions demonstrate early separation with cartilage defects, 
grade 3 lesions are partially detached, and grade 4 lesions 
show craters with loose bodies. Figure 7.14 shows an osteo-
chondral body at the capitellum humeri, which is completely 
detached and can be removed with a surgical instrument.

MR imaging is essential in characterizing osteochondritis 
dissecans, planning treatment, predicting prognosis after 
nonoperative management, and monitoring the success of 
surgical treatment. MRI in particular has a central role in the 
early diagnosis of osteochondritis dissecans. It can accu-
rately assess bone marrow abnormalities, the status of the 
overlying cartilage, the lesion size, to some extent the stabil-
ity of a lesion and the presence of loose bodies.

Fig.  7.15  (a–d). Osteochondritis dissecans classification described by 
Bohndorf [43] differentiates three grades. In grade 1 (a) a convex sub-
chondral bone marrow abnormality with central necrosis is found with 
intact overlying cartilage. In grade 2 (b) cartilage abnormalities are shown 

with swelling or thinning, focal areas of degeneration and eventually focal 
cartilage defects. In grade 3 (c, d) the osseous fragment is dissected from 
the surrounding healthy bone. Initially the osteochondral element is par-
tially (c) and eventually completely detached from the bone (d)

Fig.  7.14  Osteochondritis dissecans of the elbow. Intra-operative 
image of an osteochondral body at the capitellum humeri is pulled out 
with a surgical probe (arrow)
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To visualize osteochondritis dissecans standard 2D 
T1-weighted and intermediate-weighted sequences with fat 
saturation have been used. Fluid-sensitive and high-resolution 
sequences best allow to assess partial dissection and to evaluate 
whether the overlying cartilage layer is intact; a previous study 
suggested that 3D FSE sequences could be useful to better 
assess the cartilage layer given its reduced slice thickness [42].

Different MRI grading systems have been published includ-
ing those by Bohndorf and Hughston et al. [43, 44]. Hughston 
et  al. described five MR stages for juvenile osteochondritis 
dissecans: stage 1: small signal changes without clear margins 
of a fragment; stage 2: osteochondral fragment with clear mar-
gins but without fluid between fragment and underlying bone; 
stage 3: fluid is visible partially between fragment and under-
lying bone; stage 4: fluid is completely surrounding the frag-
ment, but the fragment is still in situ; stage 5: fragment is 
completely detached and displaced (loose body). Bohndorf’s 
MRI classification differentiates three stages (Fig.  7.15). In 
stage 1 a demarcated crescentic subchondral osseous region 
with central necrosis is found and the cartilage coverage is 
macroscopically intact. Figure 7.16 illustrates this finding and 
shows a patient with a bony lesion in a subchondral region at 
the medial femoral condyle, the overlying cartilage is intact. 
This lesion is T2 bright and T1 low with a relatively wide zone 
of transition and has a convex border to the subchondral bone. 
These lesions typically show contrast enhancement after 
Gadolinium application. In stage 2 cartilage abnormalities are 
evident, there may be swelling or thinning of the cartilage with 
focal areas of degeneration and eventually focal cartilage 
defects. Eventually a zone of separation forms between sur-
rounding healthy and substituting necrotic bone. The dissec-
tion in this border zone is first visualized on the articular side. 
Figure 7.17 shows a stage 2 lesion with a focal cartilage defect 
and partial dissection of the bone from the surrounding healthy 
bone in the anterior aspect. There is also swelling of the carti-
lage in the posterior region. The osseous lesion is T2 bright 

and there is mild surrounding bone marrow edema pattern. In 
stage 3 the osseous fragment is detached from the surrounding 
healthy bone and eventually will become unstable and a loose 
body will develop. Figures 7.18 and 7.19 show stage 3 osteo-
chondral lesions, which are completely separated from the 
surrounding bone.

To date there is limited information on the use of quanti-
tative or molecular imaging techniques in the early diagno-
sis, therapeutic management, and prognostic evaluation of 
osteochondritis dissecans lesions.

Fig. 7.16  (a, b). Sagittal proton-density (a) and coronal fat-saturated 
intermediate-weighted (fs iw) (b) FSE sequence of a grade 1 
osteochondritis dissecans lesion at the right knee. Bony lesion in a 

subchondral region at the mesial aspect of the medial femoral condyle 
(arrows), the overlying cartilage is intact

Fig.  7.17  Sagittal fat-saturated intermediate-weighted (fs iw) FSE 
sequence of the knee showing a grade 3 osteochondritis dissecans lesion 
[43] at the medial femoral condyle with focal cartilage defect and partial 
dissection of the bone from the surrounding healthy bone in the anterior 
aspect (arrow). In addition there is substantial bone marrow edema 
pattern in this region, most pronounced of the partially dissected lesion
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Fig.  7.18  Coronal (a) and sagittal (b) fat-saturated intermediate-
weighted (fs iw) FSE sequence of the knee demonstrating a grade 3 
osteochondritis dissecans lesion [43] at the mesial aspect of the medial 

femoral condyle, which is completely separated from the surrounding 
bone (arrows) and is completely surrounded by fluid. Large joint effu-
sion but no significant bone marrow edema pattern

Fig.  7.19  Coronal (a) and sagittal (b) fat-saturated intermediate-
weighted (fs iw) FSE sequence of the knee demonstrating a large grade 
3 osteochondritis dissecans lesion [43] at the mesial aspect of the 
medial femoral condyle (large arrows). This lesion is also completely 

separated from the surrounding bone, has a large bony component, and 
is responsible for a large joint effusion with a popliteal cyst. Adjacent 
to the dissected lesion on the sagittal image and in the popliteal cyst 
(small arrows) are small cartilage elements

Traumatic Cartilage Injury

Detecting acute osteochondral injuries, which frequently 
accompany ligament tears, may modify patient treatment 
and ultimately may prevent secondary osteoarthritis [45]. 
Osteochondral injuries may also be due to chronic overuse 

with mild clinical symptoms. Osteochondral injuries are 
most frequently found at the lower extremities, the knee but 
also ankle and hip joint are frequent sites. Throwing athletes 
and gymnasts suffer osteochondral injuries at the elbow and 
shoulder. Osteochondral injuries are rarely found in the 
small joints of the hands and feet. When they do occur in 
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these locations, they are generally the result of unique inju-
ries, or are the result of mechanical abnormalities of joint 
movement or stress distribution [45]. Interestingly within 
one joint there are also areas that are more prone to injury; 
this includes for example the capitellum humeri at the elbow 
and the talar dome at the ankle joint. Osteochondral and 
chondral injuries are mostly prevalent in physically very 
active individuals, particularly in younger, skeletally imma-
ture athletes.

Previously osteochondral injuries were difficult to diag-
nose as spatial resolution and image quality of MRI were 
limited and osteochondral fractures in particular at the 
joints with thin cartilage (e.g. hip and ankle joint) were 
difficult to visualize. High-resolution fluid-sensitive 
sequences are best suited to visualize osteochondral inju-
ries as they provide high contrast between cartilage and 
surrounding joint fluid as well as direct visualization of 
bone marrow abnormalities. Standard 2D intermediate-
weighted FSE sequences are restricted to higher slice 
thicknesses (2–4 mm) which limit evaluation of smaller 
defects or fragments; fluid-sensitive 3D-gradient-echo and 
FSE sequences may help to overcome these limitations. 
Three tesla imaging will also improve visualization and 
grading of cartilage defects and fragments [46, 47]. Given 
that traumatized joints frequently have a large amount of 

joint effusion dedicated MR arthrography is usually not 
required.

MR findings of osteochondral injury range from carti-
lage contusion to delamination and osteochondral frag-
ments. The imaging appearance of chondral/osteochondral 
injury differs, based on the severity and acuity of the 
trauma, and the reparative response of the tissue as 
described by Mosher et al. [48]: A single episode of high-
impact trauma may result in a chondral or osteochondral 
fracture. In certain locations, with appropriate mechanisms 
of injury, the forces applied to the bone/cartilage unit result 
in a debonding or delamination of the cartilage from the 
underlying bone. Acute trauma may alter the biomechani-
cal properties of the bone/cartilage complex, leading to 
progressive focal loss of articular cartilage and degenera-
tive change in the subchondral bone. In the absence of an 
acute traumatic insult, chronic repetitive microtrauma may 
produce focal microfracture, necrosis, and healing response 
of subchondral bone, with localized degenerative changes 
in the overlying cartilage.

Several classifications have been used to grade cartilage 
lesions yet one of the most complex approaches has been 
published by Bohndorf [49]. This classification (Fig. 7.20) 
differentiates five grades and includes also underlying bony 
injury.

Fig. 7.20  Bohndorf’s classification for traumatic cartilage and osteo-
chondral lesions [49] differentiates five grades. Grade 1 represents car-
tilage softening, grade 2 a cartilage flake fracture, grade 3 a depression 

of cartilage into bone, and grade 5 an osteochondral flake fracture (see 
detailed definitions in the text)
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Grade 1: Softening of cartilage with or without fissuring/fibril-
lation. These lesions demonstrate focal increased signal com-
pared to the surrounding cartilage or focal fissuring of the 
cartilage in the traumatized area. Arthroscopically this would 
correspond to an area of softening [49] and may show surface 
fibrillations. Figures  7.21 and 7.22 show grade 1 lesions. 

Figure 7.21 shows an area of increased cartilage signal at the 
trochlea in a patient who suffered a ski accident with a tibial 
plateau fracture.

Grade 2: Chondral flap or overt chondral fracture  
(“flake”). Figures 7.22 and 7.23 show chondral flake fractures. 
In Fig. 7.22 the cartilage is completely separated from the 
bone and is a loose body within the joint. In Fig. 7.23, there 
is posttraumatic cartilage delamination after dislocation of 
the patella. Please note that in these lesions the bone is not 
affected and no bony fracture or bruise is visualized. These 
cartilage fragments may be reattached or removed, otherwise 
they will form loose bodies which may grow given that car-
tilage is nourished through the synovial fluid. Secondary 
synovial osteochondromatosis may be the consequence [50]. 
Figure 7.24 shows a MR image of the knee in a patient with 
a posttraumatic chondral body, which is shaped like a pebble 
stone.

Grade 3: Depression of cartilage into bone (condensing of 
cartilage and immediate subchondral bone). The typical 
mechanism of these injuries is that of an ACL tear, where 
“kissing” contusions are observed at the lateral femoral 
condyle and the posterior aspect of the lateral tibia. There 
is cartilage contusion, which results in apparent thinning 
of the cartilage diameter and injury to the subchondral 
bone and tidemark. In addition to cartilage thinning fray-
ing may be observed. These findings are typical at the lat-
eral femoral condyle, while at the tibia a shear injury is 
observed. Figure 7.25 shows an example of a focal osteo-
chondral injury of the lateral femoral condyle in a patient 
with ACL tear.

It should also be noted that injuries of the articular surface 
of the knee with intact cartilage may progress after several 
months to chronic subchondral defects or chondrolysis, even 
when no chondral abnormality is seen arthroscopically at the 
time of trauma [51]. Figure 7.26 shows a small focal osteo-
chondral injury at the posterior aspect of the femoral head 3 
months after a bike injury.

Grade 4: Osteochondral indentation. Grade 4 osteochondral 
injuries show a focal bony impression–type fracture. These 
lesions are similar to grade 3 lesions but have a more promi-
nent bony component. These lesions are also typically 
accompanied by bone bruises and there is thinning and/or 
fraying of the cartilage. These lesions are also typically seen 
at the lateral compartment of the knee after complete ACL 
tears.

Grade 5: Osteochondral flake fracture (partially or totally 
detached). These injuries lead to avulsion/detachment of 
an osteochondral fragment. These lesions are typically 
found at the ankle as shown in Fig. 7.27. Osteochondral 
fractures of the talar dome should be ruled out in all ankle 

Fig. 7.21  Sagittal (a) and axial (b) fat-saturated intermediate-weighted 
(fs iw) FSE sequence of the knee in a patient who suffered a ski acci-
dent. The magnetic resonance (MR) images show an area of increased 
cartilage signal at the trochlea (large white arrows) corresponding to a 
focal cartilage contusion/softening. Posttraumatic cartilage delamina-
tion at the medial patella (small white arrow in b). In addition there is a 
proximal tibia fracture with extensive bone marrow edema pattern (* in a). 
Fluid–fluid levels indicate joint effusion with hemorrhage (hemarthrosis) 
(small black arrow)
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sprains since the reported incidence in acute sprains is 
about 2–6% [52]. These lesions are usually found in a 
medial location and typically associated with tears of the 
anterior talofibular and/or calcaneofibular ligaments. If not 
treated they may result in accelerated osteoarthritis of the 
ankle joint. It should be noted that these injuries are fre-
quently also well seen with conventional radiographs, as 
they have a bony component.

Given the acute nature of osteochondral injuries and 
the frequently required arthroscopic surgery, quantitative 
assessment of these lesions has limited significance in the 

Fig.  7.22  Sagittal fat-saturated intermediate-weighted (fs iw) FSE 
sequence showing large chondral flake fracture. The donor side is dem-
onstrated in (a) at the trochlea (large arrow) with underlying subchon-

dral bone marrow edema pattern. The full size of the cartilage fragment 
is best identified in (b) (small arrow) but partially also in (a) (small 
arrow)

Fig.  7.23  Axial fat-saturated intermediate-weighted (fs iw) FSE 
sequence of the knee demonstrating posttraumatic cartilage delamina-
tion (large white arrow) after transient dislocation of the patella. In 
addition a high-grade partial tear of the patello-femoral ligament (small 
arrow) is shown

Fig. 7.24  Sagittal fat-saturated intermediate-weighted (fs iw) FSE 
sequence of the knee in a patient with a posttraumatic chondral body 
(arrow), which is shaped like a pebble stone, indicating remote 
trauma. In addition a large joint effusion is shown in the supra-patel-
lar recess
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early phase to plan therapy. However, quantitative/
molecular imaging is used to study cartilage repair after 
osteochondral injury [53–55] and research studies have 

demonstrated the potential of quantitative imaging to 
diagnose cartilage injury not visualized with standard 
MRI techniques [56–58]. Bolbos et  al. showed signifi-
cantly increased T1rho values in cartilage overlying 
bone bruises when compared with surrounding cartilage 
at the lateral tibia, but no difference was found in 
the lateral femoral condyle [57]. These findings indicate 
that biochemical abnormalities of hyaline cartilage are 
already present following initial ACL injuries over the 
lateral tibia and that these may be due to shear stress 
during the injury. Interestingly while T1rho values were 
increased in this location focal morphological MR 
abnormalities were frequently not found. In addition to 
quantitative changes of the hyaline cartilage at the tibia 
T1rho abnormalities were also found in the posterior horn 
of the lateral meniscus after ACL injury [56]. Significantly 
higher T1rho values were found at the posterior horn 
compared with the anterior horn of patients’ meniscus 
(P = 0.005). A significant correlation (P = 0.007) was 
found between T1rho values of the posterior horn of the 
lateral meniscus and T1rho values of the posterior sub-
compartment of the lateral tibial cartilage in patients. 
The authors concluded that T1rho mapping techniques 
provide tools to quantitatively evaluate meniscus and 
cartilage matrix in patients with ACL injuries.

Fig.  7.25  Sagittal fat-saturated intermediate-weighted (fs iw) FSE 
sequence of the knee in a patient with ACL tear. Focal osteochondral 
injury at the lateral femoral condyle (arrow) with focal bony impression, 
cartilage contusion, bone marrow edema pattern, and subtle fracture 
lines. In addition bone marrow edema pattern at the lateral, posterior 
tibia (arrow) and large joint effusion in the supra-patellar recess

Fig.  7.26  Axial fat-saturated intermediate-weighted (fs iw) FSE 
sequence of the right hip joint shows a small focal osteochondral injury 
at the posterior, medial aspect of the femoral head 3 months after a bike 

injury. In (a) both the small cartilage defect and the accompanying bone 
marrow edema pattern (arrow) are shown, while in (b) the cartilage 
defect is better shown but without bone marrow edema pattern
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Nonspecific Osteochondral Lesions

Osteochondral lesions are a common finding in particular at 
the knee, which are frequently of uncertain significance and 
not necessarily related to patients’ symptoms. Most frequently 
these lesions are related to a previous injury or focal carti-
lage degeneration, they may also be related to insufficiency 
fractures or reflect incomplete or early osteochondritis dis-
secans. The long-term prognosis of these lesions is not fully 
understood and only a small number of studies have investi-
gated the evolution of these lesions. Faber et al. investigated 
23 patients with acute anterior cruciate ligament injuries, 
normal radiographs, and occult osteochondral lesions 
revealed by magnetic resonance imaging 6 years after initial 
injury and anterior cruciate ligament hamstring autograft 
reconstruction [59]. A significant number of patients had 
evidence of cartilage thinning adjacent to the site of the ini-
tial osteochondral lesion. Marrow signal changes persisted 
in 15 (65%) of the patients. Their results suggested that the 
initial injury resulted in irreversible changes in the knee. 
Injuries associated with persistent marrow signal indicate 
ongoing bone remodeling and alteration in the load-bearing 
properties of subchondral bone, which in turn allow for changes 
in the overlying cartilage. An additional study investigated 
isolated osteochondral defects at the femoral condyles in 15 
knees that were not treated surgically [60]. In 33% of the 
cases osteochondral lesions were observed after a significant 

trauma including soccer and football injuries. The average 
period of follow-up was 109 months, the range being 54–282 
months. Six patients (seven knees) were under the age of 18 
at the onset of symptoms. Of these, MRI of six knees showed 
either no abnormality or a healed lesion. If the onset was after 
skeletal maturity, six of the eight knees showed features of 
osteoarthritis on the MRI scan. The results of this study sug-
gest that osteochondral lesions in children and adolescents 
may heal while in adults they will progress to joint degenera-
tion and eventually to osteoarthritis.

These lesions are most frequently found at the lower 
extremity, in particular at the knee and the talus. 
Figure 7.28 shows an example of an osteochondral lesion 
at the trochlea in a 35-year-old male runner with irregu-
larity and signal abnormality of the cartilage with bone 
marrow edema pattern of the underlying cartilage. In flu-
id-sensitive, intermediate-weighted FSE sequences 
abnormal cartilage is typically bright and appears inho-
mogeneous. Even without definite evidence of a cartilage 
defect subchondral bone marrow edema pattern is a sign 
of significant damage of the overlying cartilage, which 
leads to bone remodeling.

In younger subjects and athletes diagnosis of an osteo-
chondral lesion may lead to interventions, most frequently 
arthroscopic and aimed at repairing the cartilage surface. 
These interventions include microfracture, drilling procedures, 
mosaicplasty, or autologous chondrocyte implantation.

Fig. 7.27  Coronal dual-echo steady-state (DESS) sequence of the left ankle joint demonstrating a partially detached osteochondral flake fracture 
(arrow in a and b) at the lateral talar dome. Accompanying bone marrow edema pattern in the talus
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Osteonecroses and Insufficiency Fractures

While osteochondritis dissecans typically affects male 
adolescents and adults, insufficiency fractures, previously 
termed spontaneous necrosis of the knee (SONK), are 
typically found in middle-aged and older individuals. These 
osteochondral lesions at the femoral condyles of the knee 
were originally termed Ahlbaeck’s disease in 1968 [61], and 
subsequently the disease was termed SONK. The disease 
characterized by sudden onset of pain and lucency at the 
medial femoral condyle was thought to be similar to avascular 
necrosis of the femoral head. Currently, however, this disease 
entity is thought to originate from insufficiency fractures 
[62–65], which lead to osteochondral abnormalities, pain, 
and accelerated osteoarthritis. Using histo-pathological 
analyses obtained from patients undergoing surgery for 
spontaneous osteonecrosis of the knee Yamamoto et  al. 
found that the primary event leading to spontaneous 
osteonecrosis of the knee is a subchondral insufficiency 
fracture and that the localized osteonecrosis seen in 
association with this disease is the result of a fracture [64]. 
Similar findings were obtained at the hip and a number of 
focal, subchondral abnormalities of the femoral head are 
now also attributed to insufficiency fractures and not to 
avascular necrosis of the femoral head [65, 66].

SONK/insufficiency fractures are typically found in older 
patients, above the age of 50, are commonly associated with 
osteoporosis, and are more frequent in women than in men. 
They may also be found after arthroscopic surgery, in particular 

Fig. 7.29  Coronal T1-weighted FSE sequence (a), sagittal contrast-
enhanced fat-saturated (fs) T1-weighted FSE sequence (b) and dual-echo 
steady-state (DESS) sequence (c) of the knee in a patient with an insuf-
ficiency fracture (previously SONK) at the medial femoral condyle 

(large arrows). The fracture line and flattening of the femoral condyle 
are well shown. Maceration of the medial meniscus (*). In addition 
there is a large supra-patellar joint effusion with synovitis (contrast 
enhancement with small arrow in b)

Fig.  7.28  Sagittal fat-saturated intermediate-weighted (fs iw) FSE 
sequence of the knee demonstrating a nonspecific osteochondral 
lesion at the trochlea in a 35 year-old male runner with irregularity 
and signal abnormality of the cartilage and underlying bone marrow 
edema pattern (arrow)
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after meniscal resection due to altered biomechanical loading 
of the knee.

Standard MR imaging sequences are used to visualize these 
osteochondral lesions; the fracture line may be best assessed 
with T1-weighted or fat-saturated intermediate-weighted (fluid-
sensitive) fast spin echo sequences and the overlying cartilage is 
best analyzed using fat-saturated intermediate-weighted fast 
spin echo sequences. Coronal and sagittal orientations will best 
characterize the lesion and overlying cartilage.

MRI findings include bone marrow edema pattern, a lin-
ear signal abnormality in the subchondral region, overlying 
cartilage irregularities, contour abnormalities of the bone, 
and synovitis with joint effusion. The patients tend to develop 
accelerated osteoarthritis, which eventually requires total 
joint replacement. Figures 7.29 and 7.30 show MR images of 
patients with insufficiency fractures.

Assessment of cartilage overlying these lesions using 
quantitative MRI techniques has not yet been performed but 
may potentially help to better characterize damage of the 
cartilage due to deformity with altered biomechanical load-
ing and alteration of the viability of the subchondral bone.

Femoroacetabular Impingement

Femoroacetabular impingement may be due to abnormalities 
at the femoral head–neck junction (cam-type impingement) 
or due to abnormalities of the bony acetabulum (pincer-type 
impingement) [67]. Both disease entities lead to cartilage 
damage and accelerated osteoarthritis. Cam-type impingement 

is typically found in younger to middle-aged, male patients 
and is characterized by a bump at the head–neck junction, 
which is congenital or related to acquired abnormalities such 
as slipped capital femoral epiphysis. This leads to abutment 
of the femoral head–neck junction against the acetabular rim 
[68]. The abnormality results in cartilage injury at the 
anterior and lateral, superior aspects of the hip joint, with 
delamination and focal defects. In addition to the hyaline 
cartilage the labrum is damaged with tears, deformity, and 
reactive hypertrophy. Pincer-type impingement is associated 
with protrusio acetabuli or an abnormally deep acetabulum 
and is typically found in middle-aged or older women. In 
pincer-type impingement acetabular overcoverage limits the 
range of motion and leads to a conflict between the acetabu-
lum and the femur [69]. Cartilage loss is typically found at 
the inferior, medial, and posterior aspects of the joint. Pincer 
and cam-type impingement require different surgical man-
agement and differentiation of these entities is therefore 
important.

To best assess deformities, cartilage and labral injury sag-
ittal and oblique axial sequences (Fig. 7.31) have been shown 
to be most useful. Oblique axial sequences can also be used 
to calculate the so-called alpha angles, which help in making 
the diagnosis of cam-type impingement. Proton-density- or 
T1-weighted as well as fat-saturated intermediate-weighted 
fast spin echo sequences have been applied and it has been 
shown that MR arthrography improves visualization of the 
cartilage and labrum [70]. In addition 3D gradient-echo 
sequences (such as dual-echo steady-state [DESS] sequences) 
have been used to improve visualization of labrum and carti-
lage [71]. It should be noted, however, that due to the limited 

Fig. 7.30  Sagittal (a) and coronal (b) fat-saturated intermediate-weighted (fs iw) FSE sequences of the right knee in a patient with an insuffi-
ciency fracture at the medial femoral condyle (arrows). The fracture line is well shown and there is adjacent bone marrow edema pattern
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thickness of the cartilage even with 3T MRI and optimized 
sequences evaluation of the cartilage at the hip is challenging 
and not infrequently the interface between acetabular and 
femoral head cartilage is not well shown. The cartilage thickness 
at the acetabulum and femoral head varies from 1 to 3 mm 
with the thickest diameter in the anterior, anterolateral, and 
superior regions [72].

Morphological findings associated with cam-type 
impingement include (1) cartilage lesions at the superior and 
anterosuperior aspect of the femoral head and acetabulum, 
(2) tears and degeneration of the labrum in the superior and 

anterosuperior region and (3) bony abnormalities at the 
head–neck junction and nonspherical shape of the femoral 
head with enlarged alpha angles. Compared to pincer-type 
impingements mean alpha angles were significantly larger in 
cam-type impingement in the anterior (68° vs 54°, respec-
tively; P < 0.005) and anterosuperior (81° vs 66°, respec-
tively; P <0 .018) region [23]. The triad of these findings is 
present in 88% of patients with cam-type femoroacetabular 
impingement [73]. Additional less-frequent findings include 
paralabral cysts, presence of an os acetabuli, synovial hernia-
tion pits, and bone marrow edema pattern at the anterosupe-
rior aspect of the femoral head. Figure 7.32 shows images of 
a patient with severe femoroacetabular impingement.

In pincer-type impingement (1) cartilage lesions are found 
to be significantly larger in the posteroinferior position than 
in cam-type impingment, (2) labral tears and degeneration are 
located in the posterior and posteroinferior positions, and 
(3) the acetabulum is significantly deeper (mean depth, 4.8 
mm vs mean depth in cam-type impingement, 0.7 mm) [23].

In general a cut-off of 55° is used to differentiate normal 
and abnormal alpha angles based on a study by Notzli et al. 
who found an average alpha angle of 74° in patients with 
cam-type impingement and of 42° in control subjects using 
MR images [74].

Quantitative assessment of the hip cartilage matrix has 
been performed to better characterize biochemical changes 
in femoroacetabular impingement using delayed gadolin-
ium-enhanced magnetic resonance imaging (dGEMRIC) 
and T2* mapping [75–79]. Jessel et al. [79] studied 37 hips 
in 30 patients with femoroacetabular impingement and found 
significant correlations between dGEMRIC index, pain (P < 
0.05), and alpha angle (P < 0.05). They concluded that the 
correlation of dGEMRIC with alpha angle suggests that hips 
with more femoral deformity show signs of early OA. 

Fig.  7.32  Fluid-sensitive, fat-saturated (fs) sagittal (a) and oblique 
axial (b) FSE sequences (magnetic resonance [MR] arthrogram) of the 
left hip in a patient with severe femoroacetabular impingement. Bump at 

the head–neck junction (large arrow), severe anterior-superior labral 
tear (small arrow), subchondral cysts at the acetabulum (*) and paral-
abral cysts (#)

Fig. 7.31  Fluid-sensitive, fat-saturated (fs) oblique axial FSE sequence 
(magnetic resonance [MR] arthrogram) of the right hip in a patient with 
femoroacetabular impingement. The typical findings include a bump at 
the head–neck junction (small arrow) and cartilage thinning and irregu-
larity at the anterior, supero-lateral aspect of the hip joint (large arrow). 
In addition there are subchondral cysts (*) and bone marrow edema 
pattern at the anterior aspect of the femoral head
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Bittersohl et al. [78] studied ten asymptomatic young-adult 
volunteers and 26 symptomatic femoroacetabular impinge-
ment with dGEMRIC. In their study both cam- and pincer-
type femoroacetabular impingement revealed remarkably 
lower T1 mean values in comparison to asymptomatic vol-
unteers in all regions of interest. Distribution of the T1 
dGEMRIC values was in accordance with the specific femo-
roacetabular impingement damage pattern. In cam types, 
there was a significant drop (P < 0.05) of T1 in the anterior 
to superior location. In pincer types, there was a generalized 
circumferential decrease noted. In an additional study repro-
ducibility for dGEMRIC was studied and found to be high 
using intra-class correlation (ICC) measurements (ICC 
range, 0.667–0.915). Intra- and Inter-observer analyses also 
demonstrated a high agreement for T1(Gd) assessment 
(0.973 and 0.932) [75].

Summary and Conclusion

Recent new therapeutic modalities, such as cartilage repair 
and surgery for femoroacetabular impingement, have made 
cartilage MR imaging an exciting field of clinical interest and 
research. Cartilage pathology is found in a large number of 
disease entities and abnormalities, which include osteoarthritis, 
inflammatory arthropathies, osteochondritis dissecans, 
trauma, and femoroacetabular impingement. As these entities 
have different therapies it is important to understand their 
epidemiology and characteristical MR morphology. In addi-
tion it is critical to optimize imaging for these individual 
entities and to be familiar with new molecular imaging tech-
niques, which is in addition to morphologic visualization allow 
quantification of the biochemical cartilage composition.
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A number of semiquantitative scoring methods for grading car-
tilage loss on MRI have been developed. Most of these scoring 
strategies derive from arthroscopy, and grade primarily the 
depth of focal cartilage loss over a five-point scale. However, 
newer scores have been developed, which aim at grading 
osteoarthritis and provide a more complex analysis of cartilage. 
These include the Whole-Organ MRI score (WORMS) and the 
Boston–Leeds Osteoarthritis Knee score (BLOKS), in addition 
to cartilage these scores also grade other tissues involved in 
osteoarthritis such as bone marrow, menisci, and ligaments.

Arthroscopic Articular Cartilage  
Rating Scores

Outerbridge Score

Outerbridge published a scoring system about macroscopic 
changes of chondromalacia of the patella in 1961 [1]. 
Changes can be classified into four grades: in grade 1 there 
are softening and swelling of the cartilage; in grade 2 there 
are fragmentation and fissuring in an area half an inch or less 
in diameter, grade 3 is the same as grade 2 but an area more 
than half an inch in diameter is involved, in grade 4 there is 
full-thickness erosion of cartilage down to bone.

Noyes and Stabler Score

In comparison to the Outerbridge Score Noyes and Stabler 
established a more detailed scoring system in 1989. Their 

system was based on four variables: integrity of the cartilage 
surface, extent (depth) of involvement, location of the lesion, 
and diameter of the lesion [2].

In their classification system they separated the descrip-
tion of the surface appearance from the depth of involvement. 
They distinguished three surface grades: articular cartilage 
surface intact (grade 1), articular cartilage surface damaged, 
open lesion (grade 2), and bone exposed (grade 3). Each 
grade is divided into subtypes, A or B, depending upon the 
depth of involvement.

A type 1A designation corresponds to a moderate degree 
of softening of the cartilage, and type 1B results in severe 
softening of the cartilage. Type 2A lesion is characterized by 
disruption of the cartilage surface less than one-half thick-
ness, and type 2B is greater than one-half thickness. Type 3B 
indicates any surface with exposed bone but remains with 
normal bony contour, and type 3B indicates cavitation or 
erosion of bone surface.

The size of the lesion was ranked by one of five categories 
from less than 10 mm to more than 25 mm. The anatomic 
location was recorded and was divided into femur, tibia, and 
patella. The femoral articular surface was divided into the tro-
chlea and anterior, middle, and posterior thirds of the femoral 
condyles. The tibial condyles were also divided into an ante-
rior, middle, and posterior part. The patella was categorized 
in proximal one-third, middle one-third, and distal one-third 
and according to facet involvement in medial and lateral.

Modified Arthroscopic Cartilage Scores  
for MRI

Recht Scores

Recht et  al. described two cartilage lesion MRI classifica-
tions [3, 4]. The first one according to a modification of the 
arthroscopic scoring scheme proposed by Outerbridge [1] in 
1993 and a second classification system based on Noyes and 
Stabler’s grading system (2) in 1996. Both classification sys-
tems are still in use in the literature [5–8].
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The modified Outerbridge Score [3] is a five-point scale: 
grade 0, normal cartilage; grade 1, cartilage softening and/or 
swelling; grade 2, mild surface fibrillation and/or less than 
50% loss of cartilage thickness; grade 3, severe surface fibril-
lation and/or loss of more than 50% of cartilage thickness but 
without exposure of subchondral bone; and grade 4, com-
plete loss of cartilage with subchondral bone exposure 
(Fig.  8.1). The score has been used in recent publications 
because of its simplicity [5, 6, 8].

For the modified Noyes classification [4] Recht used the 
first three variables (integrity of the articular surface, extent 
(depth) of involvement, location of the lesion), and the diam-
eter of the lesion was not evaluated. The score is used in 
current manuscripts [7, 9]. Cartilage surface was graded as 
intact (grade 0), damaged but present (grade 2), or absent 
with subchondral bone exposed (grade 3). Articular cartilage 
with an intact surface is further subdivided into normal articular 
cartilage (grade 0) and softened articular cartilage, character-
ized morphologically by cartilage swelling and/or signal 
abnormality (grade 1). Grade 2 lesions were subdivided into 
grades 2A and 2B, on the basis of the extent of the lesion. 
Lesions that involved less than half the thickness of the artic-
ular cartilage were classified as 2A; lesions that involve more 
than half but less than the entire thickness of the cartilage 
were classified as 2B. Grade 3 included any lesion with 
exposed bone; 3A indicated an intact bone surface with a 
normal bone contour, and 3B indicated cavitation or erosion 
of the bone surface. On the MR images, 3B lesions were 
considered present if there was abnormal subchondral bone 
marrow signal intensity or if there was an osteophyte present 
in a region of full cartilage thickness loss.

The patella and femoral trochlea were each subdivided 
into four regions: proximal medial, proximal lateral, distal 
medial, and distal lateral.

ICRS Score

The International Cartilage Repair Society (ICRS) has set up 
an arthroscopic grading system, the ICRS Hyaline Cartilage 
Lesion Classification System, published 2003 by Brittberg 
[10]. The ICRS classification system focuses on the lesion 
depth (graded from 0 to 4). Cartilage defects can be ranked: 
grade 0: (normal) healthy cartilage; grade 1a,b: the cartilage 
has a soft spot or blisters; grade 2: minor tears visible in the 
cartilage (less than 50% of cartilage layer); grade 3a–d: 
lesions have deep crevices (more than 50% of cartilage 
layer); grade 4a,b: the cartilage tear exposes the underlying 
(subchronal) bone.

The ICRS Score has also been transferred to MR imaging 
by Brittberg et  al. [10]. ICRS-1a lesions have fibrillation  
and/or slight softening with intact cartilage surface and it is  

difficult to differentiate these lesions from normal (ICRS-0) 
cartilage using MRI. ICRS-1b lesions (superficial lacerations 
and fissures) are deeper, and they are more easily detectable 
with MRI. The spatial resolution of MRI is usually adequate 
to determine whether a cartilage defect involves >50% of the 
cartilage thickness (ICRS 3) or <50% of the cartilage thick-
ness (ICRS 2).

The deepest layers of articular cartilage usually appear dark 
on MR images, similar to the appearance of the subchondral 
bone plate. Therefore, it has been assumed unlikely that MRI 
will be able to differentiate among ICRS-3a lesions (which do 
not extend into the calcified cartilage layer), ICRS-3b lesions 
(which extend down to the calcified layer), and ICRS-3c 
lesions (which extend down to but not through the subchondral 

Grade I

Grade II

Grade III

Grade IV

Fig.  8.1  The modified Outerbridge Score (Recht Score 1) is a five-
point scale: normal cartilage, grade 1 cartilage softening and/or swell-
ing, grade 2 mild surface fibrillation and/or less than 50% loss of 
cartilage thickness, grade 3 severe surface fibrillation and/or loss of more 
than 50% of cartilage thickness but without exposure of subchondral 
bone, and grade 4 complete loss of cartilage with subchondral bone 
exposure
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bone plate). Blistering (ICRS-3d lesions) may be detected as a 
bulge and swelling on the cartilage surface.

ICRS-4 cartilage lesions, which extend into the subchondral 
bone, are often detected by the presence of a subchondral cyst 
beneath them. Even if the direct communication between 
the cartilage defect and the cyst cannot be identified on the 
images, direct communication should be strongly suspected. 
Similarly, except in the setting of acute trauma when a bone 
bruise may be present, if there is a focal edema–like signal in 
the marrow beneath a cartilage lesion, it may indicate that 
the lesion extends to, or into, the subchondral bone plate 
(suggesting a classification of ICRS 3 or ICRS 4). As with 
the arthroscopic grading of lesions, the grading of the depth 
of a lesion found with MRI should be recorded as the great-
est depth observed within the lesion.

Semiquantitative Whole Organ Scores

WORMS Score

Peterfy and colleagues published the Whole-Organ Magnetic 
Resonance Imaging Score (WORMS) in 2004 [11]. Many 
epidemiologic studies and clinical trials have used WORMS 
to assess several OA features of the knee [5, 12–18].

It can be used to capture different patterns of regional car-
tilage loss and provides more information about the extent of 
the surface involvement. The WORMS method takes into 
account a variety of features that are currently believed to be 
relevant to the functional integrity of the knee and potentially 
involved in the pathophysiology of OA.

WORMS is used to semiquantitatively evaluate MR 
images of the knee with 14 independent articular features: 
cartilage signal and morphology, subarticular bone marrow 
abnormality, subarticular cysts, subarticular bone attrition, 
marginal osteophytes, medial and lateral meniscal integrity, 
anterior and posterior cruciate ligament (PCL) integrity, medial 
and lateral collateral ligament (LCL) integrity, synovitis, 
loose bodies, and periarticular cysts/bursae.

Five of the features examined are related to the articular 
surfaces.

These features are evaluated in 15 different regions subdi-
vided by anatomical landmarks in the fully extended knee 
(Fig. 8.2). The patella is divided into the lateral facet (LP) 
and medial facet (MP). The patellar ridge is considered part 
of the MP. The subchondral component of each patellar 
region includes the full thickness of the bone to the opposite 
cortex. The femoral articular surface is divided into medial 
(MF) and lateral (LF) condyles, with the trochlear groove 
considered part of MF. The boundary between MF and LF is 
defined by a plane aligned with the lateral wall of the femoral 
notch. MF and LF are each divided into three 

regions: (1) anterior (a): extending from the anterior-
superior osteochondral junction to the anterior margin of the 
anterior horn of the meniscus; (2) central (c): extending from 
the anterior margin of the anterior horn of the meniscus to 
the posterior capsular attachment of the posterior horn of the 
meniscus; and (3) posterior (p): extending from the posterior 
capsular attachment of the posterior horn of the meniscus to 
the posterior-superior osteochondral junction. The subchon-
dral component of each femoral region extends perpendicu-
larly from the articular surface to the level of an imaginary 
line connecting the anterior and posterior osteochondral 
junctions. The medial tibial plateau (MT) and lateral tibial 
plateau (LT) are each divided into three equal regions: ante-
rior (a), central (c) and posterior (p). Based on these subdivi-
sions, the patellofemoral joint (PFJ) comprises regions MP, 
LP, MFa (medial femur anterior), and LFa (lateral femur 
anterior); the medial femorotibial joint (MFTJ) comprises 
regions MFc, MFp, MTa, MTc, and MTp; and the lateral 
femorotibial joint (LFTJ) comprises regions LFc, LFp, LTa, 
LTc, and LTp. The nonarticulating portion of the tibial  
plateau beneath the tibial spines is designated region ‘S’ 
(subspinous). The subchondral component of each tibial 
region extends 2 cm beneath the articular surface.

Cartilage signal and morphology are scored in each of the 
14 articular-surface regions (excluding region S) using an 
eight-point scale (Fig. 8.3): 0 = normal thickness and signal; 
1 = normal thickness but abnormal signal on fluid sensitive 
sequences; 2.0 = partial-thickness focal defect <1 cm in great-
est width; 2.5 = full-thickness focal defect <1 cm in greatest 
width; 3 = multiple areas of partial-thickness (grade 2.0) 
defects intermixed with areas of normal thickness, or a grade 
2.0 defect wider than 1  cm but <75% of the region; 4 =  
diffuse (³75% of the region) partial-thickness loss; 5 = mul-
tiple areas of full-thickness loss (grade 2.5) or a grade 2.5 
lesion wider than 1 cm but <75% of the region; 6 = diffuse 
(³75% of the region) full-thickness loss.

The WORMS Score does not only grade the depth of 
focal cartilage loss but also expands the scale to eight points 
in order to capture different patterns of regional cartilage loss 
and more information about extent of surface involvement. 
Each point on the scale is one integer, except for grade 2.5. 
This point interval is smaller than the others are because the 
difference in cartilage loss between a small focal partial-
thickness defect (2.0) and a small focal full-thickness defect 
(2.5) is proportionately smaller than the difference between 
the other intervals. The adjustment, accordingly, improves 
linearity of the scale. WORMS also incorporates changes in 
cartilage signal on T2-weighted images, which have been 
shown to represent areas of chondromalacia that may pre-
cede focal tissue loss. Intraclass correlation coefficients 
(ICC) were determined for each feature as a measure of 
interobserver agreement and an early study found good per-
formance (cartilage = 0.99) [11].
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Because of the very time-consuming analysis of the 15 subre-
gions some authors modified the score to grade cartilage lesions 
in patients where only a relatively small number of lesions is 
expected, such as the incidence cohort of the Osteoarthritis 
Initiative [5, 16–18]. In these studies the number of anatomical 
compartments was reduced from 15 to 6, respectively seven 
compartments, and included the patella, trochlea, medial and  
lateral femur, and medial and lateral tibia [5, 16–18].

Alterations in meniscal morphology are also assessed 
with the WORMS, separately in six regions (medial and lat-
eral: anterior, body, posterior) [11]. The different regions are 
graded separately from 0 to 4 based on both the sagittal and 
coronal images: 0 = intact; 1 = minor radial tear or parrot-
beak tear; 2 = nondisplaced tear or prior surgical repair; 
3 = displaced tear or partial resection; 4 = complete macera-
tion/destruction or complete resection.

M L A
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Fig.  8.2  Regional subdivision of the articular surfaces. The patella 
(left image) is divided into medial (M) and lateral (L) regions, with the 
ridge considered part of the M region. The femur and tibia are also 
divided into M and L regions (right image), with the trochlear groove 
of the femur considered part of the M region. Region S represents the 
portion of the tibia beneath the tibial spines. The femoral and tibial 
surfaces are further subdivided into anterior (a), central (c), and posterior 

(p) regions (middle image). Region A of the femur corresponds to 
the patellofemoral articulation; region C the weight bearing sur-
face, and region P the posterior convexity that articulates only in 
extreme flexion. Region C of the tibial surface corresponds to the 
uncovered portion between the anterior and posterior horns of the 
meniscus centrally and the portion covered by the body of the meniscus 
peripherally
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Fig. 8.3  Eight-point scale for scoring articular cartilage signal and morphology. Each region of the knee surface is scored independently
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A cumulative grade for each meniscus is determined: 
0 = all 0; 1 = at least one 1, but no >1; 2 = 2 in only one region; 
3 = 2 in more than one region; 4 = 3 in one or more regions; 
5 = 4 in only one region; 6 = 4 in more than one region. Peterfy 
et al. pointed out that an algorithm was needed in order to 
adjust for nonlinearity among the regional grades, which 
could lead to inconsistencies if the grades were simply sum-
marized. The meniscus scoring system offers a high inter-
reader agreement with ICC values of 0.87 [11].

The score does not include intrasubstance degeneration 
and does not classify tear morphology well such as longitu-
dinal, horizontal, vertical, and radial tears as limitations and 
it does not include extrusion, meniscal root, and meniscal 
shape abnormalities (like discoid meniscus). Recent publica-
tions have included intrasubstance degeneration and menis-
cal extrusion in the evaluation of the meniscus [5, 16].

Subarticular bone marrow abnormality was defined as 
poorly marginated areas of increased signal intensity in 
the normally fatty epiphyseal marrow on fat-suppressed 
T2-weighted FSE images. Subarticular cysts were identified 
as foci of markedly increased signal in the subarticular bone 
with sharply defined, rounded margins and no evidence of 
internal marrow tissue or trabecular bone. Both features were 
graded in each of the 14 articular-surface regions as well as 
the region of the tibia beneath the tibial spines (S) from 0 to 
3 based on the extent of regional involvement. Synovial 
thickening and joint effusion were not distinguished from 
each other, but graded collectively from 0 to 3 in terms of the 
estimated maximal distention of the synovial cavity. The 
anterior cruciate ligament (ACL) and posterior cruciate liga-
ment (PCL) were independently scored as intact (0) or torn 
(1) using the sagittal T2 FSE images. The medial collateral 
ligament (MCL) and lateral collateral ligament (LCL) were 
independently scored as intact (0) or torn (1) using the coro-
nal images. A combined ligament score was calculated by 
adding the sum of the ACL and PCL scores to half the sum 
of the MCL and LCL scores. Flattening or depression of the 
articular surfaces was termed bone attrition and graded from 
0 to 3 based on the subjective degree of deviation from the 
normal contour. Osteophytes along 14 different margins of 
the knee, the anterior (a), central weight-bearing (c), and 
posterior (p) margins of the femoral condyles and tibial pla-
teaus, and the medial (M) and lateral (L) margins of the 
patella were graded from 0 to 7 [11].

KOSS Score

The KOSS Score was introduced by Kornaat et al. in 2005 
[19] and is comparable to the WORMS Score. Cartilage status 
and other abnormalities are scored individually for each sub-
region, and each score is differentiated by the size of the 

lesion. KOSS uses a different subregion division than 
WORMS and differentiates the patellar crest (crista patellae), 
the medial patellar facet and lateral patellar facet, the medial 
trochlear articular facet and lateral trochlear articular facet, 
the medial femoral condyle and lateral femoral condyle 
(excluding the trochlear groove), and the medial tibial pla-
teau and lateral tibial plateau.

Cartilaginous defects are graded as diffuse, or focal 
defects, or osteochondral defects. The depth of diffuse and 
focal cartilage loss is qualitatively graded in relation to the 
height of the adjacent intact cartilage or the expected, normal 
cartilage contour. The depth of a cartilaginous defect is 
graded as: grade 0 = absent (no abnormality in signal inten-
sity or morphology); grade 1 = less than 50% reduction 
of cartilage thickness; grade 2 = 50% or greater reduction of 
cartilage thickness; grade 3 = full-thickness or near-full-
thickness cartilage defect. The depth of the osseous compo-
nent of the osteochondral defect is scored by estimating the 
distance between the actual osteochondral defect and the 
extrapolated subchondral cortex, and is graded as follows: 
grade 0 = absent; grade 1 = minimal (<2 mm); grade 2 = moderate 
(2–5 mm); grade 3 = severe (>5 mm). The surface extent (S) 
of a diffuse, focal, or osteochondral cartilage defect is esti-
mated by its maximal diameter and graded as follows: grade 
0 = absent; grade 1 = minimal (<5  mm); grade 2 = moderate 
(5–10  mm); grade 3 = severe (>10  mm). A cartilaginous 
defect is described as focal in the case of an abrupt transition 
(acute angle) between the cartilage defect and the surround-
ing cartilage, resembling a crater. It is described as diffuse in 
the case of a smooth and gradual transition zone (obtuse 
angle) between normal and thinned cartilage. When a focal 
chondral or osteochondral defect is superimposed on diffuse 
cartilage loss, both defects are scored.

A meniscal tear is defined as a region of intermediate sig-
nal intensity on proton density-weighted images within the 
meniscus, communicating with its superior or inferior sur-
face or inner margin [20]. Meniscal tears are classified 
according to their shape as: 1, horizontal; 2, vertical; 3, radial; 
4, complex; and 5, bucket-handle [21].

Meniscal subluxation is defined as protrusion, usually of 
the body of the meniscus, over the edge of the tibial plateau 
on coronal proton density-weighted images and is graded as 
follows: grade 0 = absent; grade 1 = minimal (<1/3 width of 
the meniscus bulging); grade 2 = moderate (1/3–2/3 meniscal 
width involved); grade 3 = severe (>2/3 meniscal width 
involved).

Meniscal intrasubstance degeneration is scored on proton 
density-weighted images as: grade 0 = absent; grade 1 = when 
a small, central focus of intermediate signal intensity on proton 
density-weighted images is noticed in the meniscus; grade 
2 = when the intrameniscal focus of intermediate signal 
intensity on proton density-weighted images is surrounded 
by a broad, hypointense peripheral rim; grade 3 = when only 
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a thin, hypointense peripheral rim outlines the intermediate 
signal intensity meniscal center.

The interobserver reproducibility of this classification 
was described as good with an ICC value of 0.77. The inter- 
and intraobserver reproducibility for individual parameters 
such as cartilage scoring was 0.64 for intraobserver repro-
ducibility (interobserver reproducibility 0.78) and for menis-
cal abnormalities 0.70–0.78 (intraobserver reproducibility 
0.76–0.78).

The authors also pointed out a major disadvantage of the 
KOSS Score [19], which is the fact that it is very time con-
suming. Depending on the amount of focal chondral and 
osteochondral defects, each MR examination requires 
approximately 30 min of careful evaluation.

BLOKS Score

The Boston–Leeds Osteoarthritis Knee Score (BLOKS) is a 
novel expert-based semiquantitative scoring system specifi-
cally developed for knee OA described by Hunter et  al. in 
2008 [22]. It is a descriptive score for each morphological fea-
ture including cartilage integrity, attrition, bone marrow lesions 
and cysts, osteophytes, ligaments, meniscus, and synovitis.

Two methods for scoring cartilage were developed. The 
rationale for the development of the first system was to pro-
vide separate scores for the size (area affected) and extent of 
full-thickness loss in each of the regional areas of the knee 
(Cartilage Score 1). This system is more complex as it 
requires the reader to integrate many focal abnormalities to 
arrive at one scale. To improve the reproducible selection of 
anatomic sites for reading purposes the authors also created 
a scoring system that facilitates scoring of the thickness at 
selected sites (Cartilage Score 2). These are sites where 
articular cartilage loss is most frequently observed.

Cartilage Score 1

The knee is divided into eight articular regions for scoring 
articular cartilage. The patella is divided into two regions, 
the medial and lateral patella, where medial delineates medial 
to the crista. The femur is divided into four regions, medial 
and lateral trochlea and medial and lateral weight-bearing 
femur (the weight-bearing femur includes the central and 
posterior femur) (Figs. 8.4 and 8.5). The tibia is divided into 
medial and lateral regions.

The BLOKS uses a modified WORMS grading. In 
WORMS, grade 1 does not represent a change in shape but 
rather a change in signal in cartilage of an otherwise normal 
shape. Grades 2 and 3 represent similar types of abnormality 
of the cartilage, focal defects without overall thinning. 

Therefore, to create a consistent and logical scale for evaluation 
of cartilage morphologic change and a fair comparison with 
radiographic changes in joint space narrowing, the investiga-
tors collapsed the WORMS cartilage score to a 0–4 scale, 
where the original WORMS Score of 0 and 1 are collapsed 
to 0, the original scores of 2 and 3 are collapsed to 1, and the 
original scores of 4, 5, and 6 are considered 2 and 3, respec-
tively. In the new scale (Fig. 8.6) grade 0 is defined as no 
cartilage loss; grade 1 as <10% loss of the region of the car-
tilage surface area; grade 2 as 10–75% loss of the region of 
the cartilage surface area and grade 3 as >75% loss of the 
region of the cartilage surface area.

The score at all five plates in both the medial and lateral 
TF joint is summarized to give a score with a possible range 
from 0 to 20. Cartilage loss is defined as a change in the sum-
mary score at subsequent follow-up.

Cartilage Score 2

This particular score is for site-specific cartilage loss and it is 
recommended as an alternative grading scheme that contains 
less detail but is more easily administered. This particular 
grade focuses on cartilage at 11 specific sites including: three 
parts of the patella, medial, lateral patella, and the crista; four 
sites on the medial and lateral weight-bearing tibia and femur 
each. For cartilage score 2 the size of any cartilage loss at 
specified points is graded as follows: grade 0, no cartilage 
loss; grade 1, partial loss; grade 2, complete loss [22].

The meniscus scoring system contains two parts, extru-
sion and morphology. Extrusion is scored in four areas: 
medial meniscus – medial extrusion (coronal image) and 
anterior extrusion (sagittal image); lateral meniscus – lateral 
extrusion (coronal image) and anterior extrusion (sagittal 
image). The delineation of extrusion is graded using a four-
point score for the amount of extrusion in millimeters: 0, 
<2 mm; 1, 2–2.9 mm; 2, 3–4.9 mm; 3, >5 mm.

The morphology of the medial and lateral meniscus is 
scored for the anterior and posterior horn as well as the body. 
The anterior and posterior horn regions are scored using the 
sagittal sequences and body is scored using the coronal 
sequences. The following morphologic features are scored: 
(1) signal changes yes/no (not extending through meniscal 
surface, i.e., not a tear); (2) tear yes/no (defined as high signal 
extending to an articular surface); (3) vertical tear yes/no 
(includes radial and longitudinal tears) – must extend to both 
the femoral and tibial surfaces; (4) horizontal tear yes/no;  
(5) complex tear yes/no (as defined by high signal that 
extends to two surfaces and ³3 points); (6) root tear yes/no 
(posterior horn); (7) Macerated yes/no (loss of overall nor-
mal morphological appearance of the meniscus and with an 
associated increased diffuse signal in the meniscal tissue); 
and (8) meniscal cyst: yes/no.



Fig. 8.4  Anatomical delineation of femur into trochlea and weight-bearing regions on sagittal projection in BLOKS score

Fig. 8.5  Anatomical delineation of tibia on a coronal projection into medial, subspinous (SS) and lateral regions in BLOKS score
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Hunter et al. explored the validity of assessment of differ-
ent pathologies using the BLOKS instrument and found that 
it demonstrated reasonable reliability and validity [22]. The 
inter-reader reliability ranged from 0.51 for meniscal extru-
sion up to 0.79 for meniscal tears. The reliability for carti-
lage morphology was 0.72.

UCSF Score

In extension to the WORMS and Recht Score, Link and Stahl 
developed a UCSF quantitative score in 2008 specifically tai-
lored to evaluate early focal cartilage lesions, as a more sen-
sitive technique to longitudinally monitor cartilage lesions 
and determine progression of disease [12, 23]. Pathologic 
findings at the knee joint cartilage and bone marrow are ana-
lyzed using a modified WORMS Score. The 15 previously 
described compartments are merged to a total of seven com-
partments: the medial and lateral tibia, trochlea, medial and 
lateral femur, as well as medial and lateral patella. To quan-
tify better the subtle cartilage lesions found in subjects not 
sufficiently assessed with the WORMS, extent of cartilage 
inhomogeneity (WORMS = 1) and extent of cartilage defects 
(WORMS ³ 2) are calculated. In lesions with a WORMS of 1 
the inhomogeneity of the signal intensity is quantified by 
multiplying its largest diameter by the number of slices that 
visualizes it (slice thickness in millimeters, including section 
gap). The extent of lesions with visible cartilage defects 
(WORMS Score ³ 2) is approximated by the following 
equation:

	 	

To determine the depth factor of the lesion the surround-
ing normal cartilage was divided into three layers with equal 
thickness. If the maximum lesion depth did not exceed the 
thickness of the superficial layer it was assigned as 1/3. It 
became 2/3 or 3/3 if the maximal lesion depth comprised 
also the medium or the lowest layer, respectively. The shape 
factor was 1 if more than 50% of the lesion had the largest 
depth (assessed in the section with the largest diameter), oth-
erwise a shape factor of 0.5 was assigned. The authors also 
developed a score to quantify the volume of bone marrow lesions. 
Figure 8.7a–c shows how cartilage and bone marrow lesions were 
quantified.

Summary

A number of semiquantitative scoring methods for grading 
cartilage loss on MRI have been developed. Outerbridge 
published a scoring system about macroscopic changes of 
chondromalacia of the patella in 1961. In comparison to the 
Outerbridge Score Noyes and Stabler established a more 
detailed scoring system in 1989. Their system was based on 
four variables: integrity of the cartilage surface, extent 
(depth) of involvement, location of the lesion, and diameter 
of the lesion.

Recht et al. described two cartilage lesion MRI classifica-
tions. The first one according to a modification of the 
arthroscopic scoring scheme proposed by Outerbridge in 
1993 and a second classification system based on Noyes and 
Stabler’s grading system in 1996.

The International Cartilage Repair Society (ICRS) has set 
up an arthroscopic grading system, the ICRS Hyaline 
Cartilage Lesion Classification System, published 2003 by 
Brittberg.

Peterfy and colleagues published the whole-organ mag-
netic resonance imaging score (WORMS) in 2004. WORMS 
is used to semiquantitatively evaluate MR images of the knee 
with 14 independent articular features: cartilage signal and 
morphology, subarticular bone marrow abnormality, subar-
ticular cysts, subarticular bone attrition, marginal osteo-
phytes, medial and lateral meniscal integrity, anterior and 
posterior cruciate ligament integrity, medial and lateral col-
lateral ligament integrity, synovitis, loose bodies, and periar-
ticular cysts/bursae.

The KOSS Score was introduced by Kornaat et al. in 2005 
and is comparable to the WORMS Score. Cartilage status 
and other abnormalities are scored individually for each sub-
region, and each score is differentiated by the size of the 
lesion.

= ×
× × ×

Lesion volume  largest diameter (mm) number of sections

section thickness including gap (mm) depth factor shape factor.

Trochlea

3
2

1

Weight
Bearing Femur

Fig. 8.6  Grade for size of any cartilage loss as a percentage of surface 
area as related to the size of each individual region in BLOKS score 1. 
Grade 0 is defined as no cartilage loss; grade 1 as <10% loss of the 
region of the cartilage surface area; grade 2 as 10–75% loss of the region 
of the cartilage surface area; and grade 3 as >75% loss of the region of 
the cartilage surface area
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The Boston–Leeds Osteoarthritis Knee Score (BLOKS) 
is a novel expert-based semiquantitative scoring system spe-
cifically developed for knee OA described by Hunter et al. in 
2008. It is a descriptive score for each morphological feature 
including cartilage integrity, attrition, bone marrow lesions 
and cysts, osteophytes, ligaments, meniscus, and synovitis.

In extension to the WORMS and Recht Score Link and 
Stahl developed a UCSF quantitative score in 2008 specifi-
cally tailored to evaluate early focal cartilage lesions, as a 
more sensitive technique to longitudinally monitor cartilage 
lesions and determine progression of disease. Pathologic 
findings at the knee joint cartilage and bone marrow are ana-
lyzed using a modified WORMS Score.
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The following chapter illustrates cartilage abnormalities and 
provides semiquantitative scores for these lesions. The focus 
of this chapter is on the most frequently used Recht (modi-
fied Noyes and Stabler) score [1, 2] and Whole-Organ-MRI-
Score (WORMS) [3]. These scores have been used in a 
number of previous studies and have been found helpful in 
assessing the grade of cartilage lesions, in particular in 
degenerative joint disease, and in monitoring cartilage abnor-
malities [4–7]. The individual scores were explained in detail 
in the previous chapter.

The standard modified Noyes and Stabler MRI classifica-
tion [1, 2] differentiates four grades: a grade 1 cartilage 
lesion is defined as a focal signal abnormality of the cartilage 
with or without swelling; a grade 2a lesion is a focal defect 
involving less than half of the cartilage thickness; a grade 2b 
lesion affects more than 50% of the cartilage layer; and a 
grade 3 lesion is defined as involving the entire cartilage 
layer and exposing the bone. Grade 3A lesions have a normal 
bony surface, and 3B lesions include an erosion of the bony 
surface (Figs. 9.1–9.23).

The whole-organ magnetic resonance imaging score 
(WORMS) [3] assesses both depth and size of the cartilage 
lesions using an eight-point scale: grade 1 lesions have a 
normal thickness but abnormal signal on fluid sensitive 
sequences; grade 2.0 lesions are partial-thickness focal 

defects, which are smaller than 1 cm in the greatest width; 
grade 2.5 are full-thickness focal defects smaller than 1 cm 
in greatest width; grade 3 lesions are defined as multiple 
areas of partial-thickness (grade 2.0) defects intermixed with 
areas of normal thickness, or a Grade 2.0 defect wider than 
1 cm but affecting <75% of the region; grade 4 lesions are 
diffuse partial-thickness lesions affecting more than 75% of 
the region; grade 5 lesions show multiple areas of full-
thickness cartilage loss (grade 2.5) or a grade 2.5 lesion 
wider than 1 cm but <75% of the region; and finally, grade 6 
lesions demonstrate full-thickness cartilage loss in more than 
75% of the region (Figs. 9.1–9.23).

Alterations in meniscal morphology are also assessed 
with the WORMS. The different meniscal regions are graded 
separately from 0 to 4 based on both sagittal and coronal 
images: grade 1 is defined as a minor radial tear or parrot-
beak tear; grade 2 as a nondisplaced tear or prior surgical 
repair; grade 3 as a displaced tear or partial resection; and 
finally, grade 4 as complete maceration/destruction or com-
plete resection of the meniscus. Intrasubstance degeneration 
is not assessed in the WORMS, but since it is of substantial 
importance to report early meniscal degeneration we included 
it in this chapter (Figs. 9.24–9.32).

In summary in this chapter we show examples of different 
grades of cartilage abnormalities with different defined 
scores, which will help investigators to better apply the dif-
ferent cartilage lesion classification scores. We focused on 
the most frequently applied and in our opinion most versatile 
and easiest to use scores that are currently available.
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Fig. 9.1  Whole-Organ-MRI-Score 
(WORMS) grade 0 cartilage. 
Graph of normal knee cartilage  
(a) and sagittal fat saturated 
intermediate weighted fast spin 
echo sequence of the knee  
(b) showing healthy cartilage at the 
patella and trochlea. Both signal 
and thickness of the cartilage are 
normal

Fig. 9.2  Whole-Organ-MRI-
Score (WORMS) grade 1 
lesion. Graph of grade 1 knee 
cartilage lesion (a) and sagittal 
fat saturated intermediate 
weighted fast spin echo 
sequence of the knee (b) 
showing a cartilage WORMS 
grade 1 lesion at the patella 
characterized by signal 
abnormality and mild swelling 
(arrow). This lesion would be 
classified as a grade 1 lesion 
according to the modified 
Noyes and Stabler MRI score

Fig. 9.3  Whole-Organ-MRI-
Score (WORMS) grade 2 lesion. 
Graph of grade 2 knee cartilage 
lesion (a) and sagittal fat 
saturated intermediate weighted 
fast spin echo sequence of the 
knee (b) showing a cartilage 
WORMS grade 2 lesion at the 
posterior aspect of the lateral 
tibia. The focal lesion measures 
less than 1 cm and is less than 
full thickness (arrow). This 
lesion would be classified as a 
grade 2b lesion according to the 
modified Noyes and Stabler MRI 
score as it affects more than 50% 
of the cartilage layer. In addition, 
there is adjacent bone marrow 
edema pattern
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Fig. 9.4  Whole-Organ-MRI-Score (WORMS) grade 2 lesion. Graph of 
grade 2 knee cartilage lesion (a) and coronal proton density weighted 
fast spin echo sequence of the knee (b) showing two cartilage WORMS 
grade 2 lesions at the medial and lateral femoral condyles. The focal 
lesions measure less than 1 cm and are less than full thickness (arrows). 

The lateral lesion would be classified as a grade 2b lesion according to 
the modified Noyes and Stabler MRI score as it affects more than 50% 
of the cartilage layer and the medial lesion (medial aspect of the medial 
femoral condyle) would be graded as a 2a lesion as it affects less than 
50% of the cartilage thickness

Fig.  9.5  Whole-Organ-MRI-Score (WORMS) grade 2.5 lesion. 
Graph of grade 2.5 knee cartilage lesion (a) and coronal proton den-
sity weighted fast spin echo sequence of the knee (b) showing a car-
tilage WORMS grade 2.5 lesion at the medial femoral condyle. The 
focal lesion measures less than 1 cm and extends to the subchondral 

bone (full thickness) (arrow). The lesion would be classified as a 
grade 3 lesion according to the modified Noyes and Stabler MRI 
score as it affects the entire cartilage layer and extends to the sub-
chondral bone. Additional subchondral bone changes are consistent 
with a 3b lesion
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Fig.  9.7  Whole-Organ-MRI-Score (WORMS) grade 3 lesion. Graph 
of grade 3 knee cartilage lesion (a) and sagittal fat saturated intermediate 
weighted fast spin echo sequence of the knee (b) showing a carti-
lage WORMS grade 3 lesion at the central weight-bearing portion 
of the medial femoral condyle. The focal lesion measures more than 

1  cm but affects less than 75% of the central portion of the medial 
femoral condyle; it is also a partial-thickness lesion (arrows). This 
lesion would be classified as a grade 2a lesion according to the modi-
fied Noyes and Stabler MRI score as it affects less than 50% of the 
cartilage layer

Fig. 9.6  Whole-Organ-MRI-Score (WORMS) grade 2.5 lesion. Graph 
of grade 2.5 knee cartilage lesion (a) and sagittal fat saturated inter-
mediate weighted fast spin echo sequence of the knee (b) showing a 
cartilage WORMS grade 2.5 lesion at the central weight-bearing por-
tion of the medial femoral condyle. The focal lesion measures less 

than 1 cm and is a full-thickness lesion (arrow). This lesion would be 
classified as a grade 3b lesion according to the modified Noyes and 
Stabler MRI score as it affects the entire cartilage layer and is 
associated with subchondral cystic changes and bone marrow edema 
pattern
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Fig.  9.8  Whole-Organ-MRI-Score (WORMS) grade 3 and 1 lesion. 
Graph of grade 3 and 1 knee cartilage lesions (a) and sagittal fat satu-
rated intermediate weighted fast spin echo sequence of the knee  
(b) showing a cartilage WORMS grade 3 lesion at the patella and a grade 
1 lesion at the trochlea. The lesion at the patella measures more than 

1 cm but affects less than 75% of the central portion of the patella joint 
surface; it is also a partial-thickness lesion (arrows). In addition, there is 
cartilage signal abnormality at the trochlea (small arrow) consistent with 
a grade 1 lesion. The underlying bone marrow edema pattern at the tro-
chlea in this region suggests significant cartilage matrix abnormality

Fig.  9.9  Whole-Organ-MRI-Score (WORMS) grade 4. Graph of 
grade 4 knee cartilage lesion (a) and sagittal fat saturated intermedi-
ate weighted fast spin echo sequence of the knee (b) showing a 
cartilage WORMS grade 4 lesion at the patella. The lesion affects 
more than 75% of the patella joint surface and is partial thickness 

(arrows). This lesion would be classified as a grade 2b lesion according 
to the modified Noyes and Stabler MRI score as it affects more 
than 50% of the cartilage layer. In addition, there are signal inho-
mogeneities and swelling in the central portion of the lateral tibial 
cartilage
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Fig. 9.11  Whole-Organ-MRI-Score (WORMS) grade 4. Graph of grade 4 
knee cartilage lesions (a) and sagittal fat saturated intermediate weighted  
fast spin echo sequence of the knee (b) showing cartilage WORMS grade 
4 lesions at the patella, the central, and posterior portion of the lateral femo-
ral condyle. The lesions affect more than 75% of the joint surfaces and are 

partial thickness (arrows). This lesion at the patella would be classified as a 
grade 2a lesion according to the modified Noyes and Stabler MRI score as 
it affects less than 50% of the cartilage layer. The lesions at the central and 
posterior portion of the lateral femoral condyle would be classified as grade 
2b lesions as they affect more than 50% of the cartilage layer

Fig. 9.10  Whole-Organ-MRI-Score (WORMS) grade 4. Graph of grade 
4 knee cartilage lesion (a) and sagittal fat saturated intermediate weighted  
fast spin echo sequence of the knee (b) showing a cartilage WORMS 
grade 4 lesion at the trochlea. The lesion affects more than 75% of the 

trochlea joint surface and is partial thickness (arrows). This lesion would 
be classified as a grade 2a lesion according to the modified Noyes and 
Stabler MRI score as it affects less than 50% of the cartilage layer. In 
addition, there is subtle bone marrow edema pattern at the trochlea
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Fig.  9.12  Whole-Organ-MRI-Score (WORMS) grade 5. Graph of 
grade 5 knee cartilage lesion (a) and coronal proton density weighted 
fast spin echo sequence of the knee (b) showing a cartilage WORMS 
grade 5 lesion at the medial femoral condyle. The focal lesion measures 

more than 1 cm and extends to the subchondral bone (full thickness) 
(arrows). The lesion would be classified as a grade 3a lesion according 
to the modified Noyes and Stabler MRI score as it affects the entire 
cartilage layer and does not demonstrate subchondral bone changes

Fig. 9.13  Whole-Organ-MRI-Score (WORMS) grade 5. Graph of grade 
5 knee cartilage lesion (a) and sagittal fat saturated intermediate 
weighted fast spin echo sequence of the knee (b) showing a cartilage 
WORMS grade 5 lesion at the posterior weight-bearing portion of the 
medial femoral condyle. The full-thickness lesion measures more than 

1 cm (arrows) but affects less than 75% of the central portion of the 
medial femoral condyle. This lesion would be classified as a grade 3b 
lesion according to the modified Noyes and Stabler MRI score as it 
affects the entire cartilage layer and is associated with subchondral 
bone marrow edema pattern
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Fig. 9.14  Whole-Organ-MRI-
Score (WORMS) grade 6. Graph of 
grade 6 knee cartilage lesion  
(a) and axial reconstruction of a fat 
saturated dual echo steady state 
(DESS) sequence of the knee  
(b) showing a cartilage WORMS 
grade 6 lesion at the patella 
(arrows) and trochlea. The patella 
full-thickness lesion affects the 
entire patellar joint surface, and the 
trochlea lesion affects more than 
75% of the joint surface. The 
lesions would be classified as 
grade 3 lesions according to the 
modified Noyes and Stabler MRI 
score; grade 3b at the patella given 
subchondral cystic change

Fig. 9.15  Whole-Organ-MRI-
Score (WORMS) grade 6. Graph 
of grade 6 knee cartilage lesions 
(a) and sagittal proton density 
fast spin echo sequence of the 
knee (b) showing cartilage 
WORMS grade 6 lesions at the 
medial femoral condyle and tibia 
(arrows). The full-thickness 
lesions affect more than 75% of 
the joint surfaces. Also note 
subchondral bone marrow edema 
pattern and cystic changes. In 
addition, large osteophytes are 
demonstrated

Fig. 9.16  Whole-Organ-MRI-
Score (WORMS) grade 6. Graph 
of grade 6 knee cartilage lesions 
(a) and sagittal fat saturated 
intermediate weighted fast spin 
echo sequence of the knee (b) 
showing cartilage WORMS grade 
6 lesions at the trochlea and 
patella (arrows). The full-thickness 
lesions affect more than 75% of 
the joint surfaces. The lesions 
would be classified as grade 3b 
lesions according to the modified 
Noyes and Stabler MRI score as 
they affect the entire cartilage 
layer and are associated with 
subchondral bone marrow edema 
pattern and cystic changes 
(trochlea). In addition, large 
osteophytes are demonstrated
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Fig. 9.17  Modified Noyes and 
Stabler grade 0. Axial fat 
saturated intermediate weighted 
fast spin echo sequence of the 
knee (a) and graph (b) showing 
healthy cartilage at the patella 
and trochlea. Both signal and 
thickness of the cartilage are 
normal

Fig. 9.18  Modified Noyes and 
Stabler grade 1. Sagittal fat 
saturated intermediate weighted 
fast spin echo sequence of the 
knee (a) and graph (b) showing 
cartilage signal inhomogeneity 
and swelling at the trochlea and at 
the posterior weight-bearing 
portion of the lateral femoral 
condyle (arrows) consistent with 
grade 1 lesions. According to 
Whole-Organ-MRI-Score 
(WORMS), these lesions would 
be classified as grade 1

Fig. 9.19  Modified Noyes and 
Stabler grade 2a. Sagittal fat 
saturated intermediate weighted 
fast spin echo sequence of the 
knee (a) and graph (b) showing a 
cartilage defect at the trochlea 
(arrows), which affects less than 
50% of the cartilage layer 
consistent with a grade 2a lesion. 
This lesion would be classified as 
grade 3 according to Whole-
Organ-MRI-Score (WORMS) 
showing a partial-thickness 
cartilage defect greater than 1 cm 
in width but affecting less than 
75% of the compartment



112 H. Liebl and T.M. Link

Fig. 9.20  Modified Noyes and 
Stabler grade 2b. Sagittal fat 
saturated intermediate weighted 
fast spin echo sequence of the 
knee (a) and graph (b) showing a 
cartilage fissure at the patella 
(arrow), which affects more than 
50% of the cartilage layer 
consistent with a grade 2b lesion. 
According to Whole-Organ-
MRI-Score (WORMS), this focal 
partial-thickness cartilage defect 
measuring less than 1 cm 
represents a grade 2 lesion

Fig. 9.21  Modified Noyes and 
Stabler grade 2b. Sagittal fat 
saturated intermediate weighted 
fast spin echo sequence of the 
knee (a) and graph (b) showing a 
cartilage defect with delamina-
tion at the patella (arrow) 
affecting more than 50% of the 
cartilage layer consistent with a 
grade 2b lesion. According to 
Whole-Organ-MRI-Score 
(WORMS), this partial-thickness 
cartilage defect measuring more 
than 1 cm in width represents a 
grade 3 lesion

Fig. 9.22  Modified Noyes and 
Stabler grade 3a. Coronal proton 
density weighted fast spin echo 
sequence of the knee (a) and 
graph (b) showing a full-thick-
ness cartilage defect at the medial 
femoral condyle (arrows) 
without associated bone marrow 
changes consistent with a grade 
3a lesion. According to 
Whole-Organ-MRI-Score 
(WORMS), this full-thickness 
defect measuring more than 1 cm 
but affecting less than 75% of the 
compartment is classified as a 
grade 5 lesion
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Fig. 9.23  Modified Noyes and 
Stabler grade 3b. Sagittal fat 
saturated intermediate weighted 
fast spin echo sequence of the 
knee (a) and graph (b) showing a 
full-thickness cartilage defect at 
the patella and trochlea (arrows) 
with associated bone marrow 
changes consistent with a grade 
3b lesion. Small subchondral cyst 
at the trochlea and large 
osteophyte at the superior patellar 
joint surface. Both patella and 
trochlea show full-thickness 
cartilage defects with more than 
75% of the compartments 
affected representing grade 6 
lesions according to Whole-
Organ-MRI-Score (WORMS)

Fig. 9.24  Normal meniscus, 
Whole-Organ-MRI-Score 
(WORMS) grade 0. Graph (a) 
and sagittal fat saturated 
intermediate weighted fast spin 
echo sequence of the knee (b) 
showing normal anterior and 
posterior horn of the lateral 
meniscus with no tears and 
normal shape. Subtle focal 
increase in signal at the posterior 
horn suggests vessels in the red 
zone

Fig. 9.25  Normal meniscus, 
Whole-Organ-MRI-Score 
(WORMS) grade 0. Graph (a) 
and coronal fat saturated 
intermediate weighted fast spin 
echo sequence of the knee (b) 
showing normal meniscal bodies 
with no tears and normal shape. 
Linear focal increases in signal at 
the lateral meniscus body are 
consistent with vessels in the red 
zone
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Fig. 9.26  Normal meniscus, 
Whole-Organ-MRI-Score 
(WORMS) grade 1. Graph (a) 
and sagittal fat saturated 
intermediate weighted fast spin 
echo sequence of the knee (b) 
showing a longitudinal/oblique, 
nondisplaced tear of the posterior 
horn of the medial meniscus that 
was classified as a grade 1 tear 
(arrow), according to a previously 
published, modified WORMS 
classification [6, 7]

Fig. 9.27  Meniscus with 
complex tear without deformity, 
Whole-Organ-MRI-Score 
(WORMS) grade 2. Graph (a) 
and sagittal fat saturated 
intermediate weighted fast spin 
echo sequence of the knee  
(b) showing a complex, 
nondisplaced tear of the posterior 
horn of the medial meniscus that 
was classified as a grade 2 tear 
(arrows)

Fig. 9.28  Meniscus with 
complex tear without deformity, 
Whole-Organ-MRI-Score 
(WORMS) grade 2. Graph (a) 
and sagittal fat saturated 
intermediate weighted fast  
spin echo sequence of the knee 
(b) showing a complex, 
nondisplaced tear of the posterior 
horn of the medial meniscus that 
was classified as a grade 2 tear 
(short arrow). In addition, a 
parameniscal cyst is demonstrated 
posterior to the meniscus in 
direct contact with the meniscal 
tear (long arrow)
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Fig. 9.29  Meniscus with 
complex tear and deformity, 
Whole-Organ-MRI-Score 
(WORMS) grade 3. Graph (a) 
and sagittal fat saturated 
intermediate weighted fast spin 
echo sequence of the knee  
(b) showing a complex tear of the 
posterior horn of the medial 
meniscus with deformity that was 
classified as a grade 3 tear 
(arrows)

Fig. 9.30  Meniscus with severe 
tear and maceration, Whole-
Organ-MRI-Score (WORMS) 
grade 4. Graph (a) and coronal 
fat saturated intermediate 
weighted fast spin echo sequence 
of the knee (b) showing 
maceration of the body of the 
medial meniscus, which is nearly 
completely destroyed (arrows). 
There is also extensive cartilage 
destruction at the medial femoral 
condyle and cartilage thinning at 
the tibia

Fig. 9.31  Meniscus with 
intrasubstance degeneration. 
Graph (a) and sagittal fat 
saturated intermediate weighted 
fast spin echo sequence of the 
knee (b) showing increased 
signal of the posterior horn of the 
medial meniscus (arrows) 
without a tear extending to the 
meniscal surface consistent with 
intrasubstance degeneration. 
Intrasubstance degeneration was 
not listed in the Whole-Organ-
MRI-Score (WORMS) classifica-
tion, but was part of recently 
published modified WORMS 
classification [6, 7]
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Fig. 9.32  Meniscus with 
intrasubstance degeneration. 
Graph (a) and coronal fat 
saturated intermediate weighted 
fast spin echo sequence of the 
knee (b) showing increased 
signal of the body of the medial 
meniscus (arrow) without a tear 
extending the meniscal surface 
consistent with intrasubstance 
degeneration. In addition, subtle 
cartilage defects are noted at the 
medial femoral condyle (mesial 
aspect) and the lateral tibia (*) as 
well as signal abnormality at the 
lateral femoral condyle with 
underlying bone marrow edema 
pattern (#)
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Magnetic Resonance Imaging for 
Quantitative Cartilage Morphology

Magnetic Resonance Imaging (MRI) offers unique opportu-
nities for direct visualization and quantification of cartilage 
morphology. MRI enables three-dimensional (3D) acquisi-
tions with contiguous slices, an essential feature for 3D 
quantification, resulting in improved accuracy and precision 
of morphological metrics. MRI has unique tomographic 
capabilities, excellent soft tissue contrast, high signal to 
noise ratio (SNR), and high-spatial resolution making it the 
imaging modality of choice to quantify cartilage morphol-
ogy in vivo. However, the anatomic location of articular car-
tilage, small size, special geometry, and short transverse 
relaxation time (T

2
) represent also a challenge for MRI.

Pulse Sequence Requirements

A pulse sequence suitable for cartilage imaging has to com-
ply at least with the following requirements. It has to have 
high SNR, high contrast to noise ratio (CNR), high-spatial 
resolution, should be fast, and should minimize image distor-
tions. Compliance with these requirements translates into 
easier cartilage segmentations that also require less user 
interaction, yielding more accurate and precise measure-
ments. Unfortunately, there is interdependency among these 

MRI parameters, so improvement of one factor results in 
detrimental of another.

High SNR means that the cartilage signal should be con-
siderably higher than that of the background noise. High 
CNR is needed so cartilage is easily distinguished from other 
tissues. High SNR together with high CNR facilitate the 
delineation of cartilage boundaries during segmentation. 
Usage of high field magnets (³1.0 T) as well as dedicated 
knee coils or surface coils for the special case of hip cartilage 
are essential to acquire images with high SNR and CNR. 
Further increase in SNR and CNR is accomplished by elimi-
nating fat signal from surrounding bone structures. This is 
usually accomplished with frequency-selective spectral fat 
suppression by a prepulse or with frequency-selective water 
excitation techniques, increasing the cartilage intensity 
dynamic range. Elimination of the fat signal also helps to 
minimize image distortions due to the different magnetic 
susceptibilities of fat and cartilage, as well as to minimize 
the chemical shift artifact.

The average cartilage thickness in healthy human knees is 
in the order of 1.3–2.5 mm, and in a recent 3.0 T study of the 
hip, a mean composite value of 3.1 mm was reported for 
healthy human subjects that included both the acetabular and 
proximal femoral cartilage [1]. A pulse sequence designed 
for cartilage quantification must therefore have high-spatial 
resolution. This requirement is even more important when 
dealing with cartilage of osteoarthritis (OA) patients, so thin 
sections can be reliably segmented and quantified. In fact, 
some studies have demonstrated that is more important to 
have high-spatial resolution at the expense of lower SNR to 
improve the detection of cartilage lesions [2, 3]. The usage of 
high field magnets and dedicated coils also contribute to ful-
fill this requirement. In-plane spatial resolutions of £0.3 mm 
and slice thickness of 1.5 and 1 mm are common for knee 
cartilage acquisitions at 1.5 and 3.0 T, respectively. In-plane 
spatial resolution of 0.312 mm × 0.312 mm and slice thick-
ness of 1.5 mm were recently reported in a feasibility and 
reproducibility study of hip cartilage at 3.0 T [1].

Involuntary as well as voluntary patient motion during 
and between acquisitions is common in MRI. Even small 
motion can result in substantial data contamination because 
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of the small cartilage dimensions and complex geometry. 
Although proper patient immobilization certainly reduces 
patient motion, pulse sequences that are fast are desirable. 
This requirement has recently received more attention due to 
intense research in the field of parallel imaging, which is a 
special acquisition technique that takes into account the sen-
sitivity of receiver coils to reduce imaging acquisition times 
[4]. Since cartilage T

2
 relaxation time is short, pulse sequences 

with short echo time (TE) are also needed to acquire signal 
soon after proton excitation.

Current and Emerging Pulse Sequences  
for Cartilage Morphology

Fast low angle shot (FLASH), also known as spoiled gradi-
ent recalled acquisition at steady state (SPGR), is a T

1
-

weighted spoiled gradient echo sequence that fulfills most of 
the above mentioned requirements, and since it is widely 
available in clinical scanners, it has become the pulse 
sequence of choice for most research groups in the field of 
MRI and OA. Fat suppression or water excitation is com-
monly performed with this sequence to avoid signal from fat, 
so bone displays background signal, while cartilage and joint 
fluid show bright and low signal, respectively. Figure 10.1a, 
b shows sagittal and axial fat-suppressed SPGR images of 
the knee joint, respectively.

Imaging of hip cartilage morphology using water excita-
tion SPGR was also recently reported at 3.0 T displaying 
similar tissue contrast as for the knee [1]. Figure 10.2 shows 
a sagittal acquisition of the hip joint at 3.0 T.

The relatively long acquisition times, but especially the 
low tissue contrast between cartilage and fluid, led to the 
proposal of alternative pulse sequences for cartilage 
morphology such as DEFT (driven equilibrium Fourier 
transform). DEFT enhances signal from fluid rather than 
attenuating that of the cartilage and provides contrast depen-
dent on the ratio of the longitudinal and transverse relax-
ation times of a given tissue. DESS-WE (double echo-steady 
state with water excitation) provides high fluid-to-cartilage 
contrast such as DEFT and has been suggested to provide 
higher SNR efficiency than SPGR [5]. This imaging tech-
nique was selected for the Osteoarthritis Initiative (OAI), a 
multicenter, longitudinal, prospective observational study of 
knee OA designed to develop a public domain research 
resource to facilitate the scientific evaluation of biomarkers 
for OA as potential surrogate endpoints for disease onset 
and progression. Figure  10.3 shows a sagittal DESS-WE 
image and a coronal FLASH-WE image of the knee joint 
from the OAI.

Iterative decomposition of water and fat with echo 
asymmetry and least squares estimation, better known as 

IDEAL, has been combined with bSSFP (balanced steady-
state free precession) yielding a pulse sequence relatively 
insensitive to field variations, showing superior SNR, fast 
acquisition times, and contrast similar to DEFT, thus 
becoming a strong candidate for quantitative morphological 
imaging of cartilage.

Cartilage Quantification

The emphasis given in the previous section with respect to 
the pulse sequence requirements for cartilage imaging will 
become more apparent in this and the following section. In 
the field of quantitative MRI, having an image of good qual-
ity that unambiguously displays the tissues and/or pathology 

Fig. 10.1  Sagittal (a) and axial (b) fat-suppressed SPGR images of the 
knee joint at 3.0 T with in-plane spatial resolution of 0.312 mm × 0.312 
mm and slice thickness of 1.0 mm
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in question is only the first step. Quantitative information has 
to be extracted from the images accurately and precisely.

Cartilage morphology using MRI is quantified with dif-
ferent metrics, the most common being its thickness and 
volume, since cartilage thinning and loss are common 
pathophysiological elements of OA. However, before any 
morphological measurement can be performed, cartilage 
must be isolated from the rest of the image, a process called 
image segmentation.

Cartilage Segmentation

Cartilage segmentation, and consequently morphological 
quantification, is usually performed using FLASH/SPGR 
images. Although these images are in general of high SNR 
and CNR, cartilage segmentation is not easy. Sections such as 
the patello-femoral articulation, tibio-femoral articulation, as 
well as the posterior part of the femoral condyles represent a 
challenge even to the trained human eye. This challenge 
increases when segmentation involves cartilage of OA patients, 
since there are signal changes, cartilage surface fibrillation, 
tissue thinning, appearance of repair tissue, and osteophytes.

Cartilage segmentation is most of the times performed 
manually by delineating its boundaries. This is consequently 
a time consuming process. An MRI scan of the knee with 
slice thickness of 1 mm usually involves the segmentation of 
about 60 slices for the femoral compartment only. Together, 
tibial, femoral, and patellar cartilage segmentation could 
take up to several hours to complete. Up to date, there is no 
fully automatic cartilage segmentation technique published 
in the scientific literature that works well for patients with 
knee OA. However, scientific literature is vast with respect to 
semiautomatic cartilage segmentation techniques. The main 
goals of these techniques have been to reduce user interac-
tion while preserving accuracy and precision. It is important 
to note that whenever a new segmentation technique is devel-
oped, its accuracy as well as precision must be measured. 
These evaluations should be done matching in vivo condi-
tions as close as possible because some image artifacts are 
only present when the actual tissue is placed in the magnetic 
field. This is the main reason why amputated and cadaveric 
joints present unique opportunities to validate new tech-
niques, since cartilage volume or thickness can be measured 
after scrapping, using direct or indirect methods such as ste-
reophotogrammetry and water displacement techniques.

Fig. 10.3  MR images of the 
knee joint at 3.0 T for cartilage 
morphological quantification in 
the OAI. (a) DESS-WE in the 
sagittal orientation with in-plane 
spatial resolution of 0.365 mm × 
0.365 mm and slice thickness of 
0.7 mm. (b) FLASH-WE in the 
coronal orientation with in-plane 
spatial resolution of 0.312 mm × 
0.312 mm and slice thickness of 
1.5 mm

Fig. 10.2  Sagittal water excitation of the hip joint at 3.0 T with in-plane 
spatial resolution of 0.312 mm × 0.312 mm and slice thickness of 1.5 mm
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Most of the current knee cartilage semiautomatic segmentation 
techniques operate on a slice-by-slice basis relying on edge 
information. Some of them, prior to cartilage segmentation, 
also perform image enhancement techniques such as anisotro-
pic diffusion [6] or median filtering to smooth pixel intensities 
inside regions but not across regions or eliminate texture, 
respectively. It is also common to use the segmentation of a 
given slice as the initialization of the contiguous one.

Stammberger and colleagues [7] implemented a quadratic 
B-spline snake. A B-spline of order k is a continuous and 
smooth parametric curve that depends only on a number of 
control points 1,..., Nv v Î 

R2 and is defined as:
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where ( )iB u  are the polynomial basis functions, u is the curve 
parameter, and ( )


x u = ( ( ) ( ))Tx u , y u is a point in the 2D 

image. Three energy terms guide the deformation of the 
B-spline to fit the cartilage boundaries. An internal energy term 
controls the rigidity of the contour; an external energy term 
attracts the contour to the cartilage edges; and a coupling force 
enforces smooth changes from one slice to another. A scale-
space approach was also implemented, going from a coarse to 
a fine scale. In another 2D segmentation approach, Lynch and 
colleagues [8] developed a hybrid segmentation method com-
bining expert knowledge with directionally oriented Canny fil-
ters, cost functions, and cubic splines, reporting better 
reproducibility than conventionally used region-growing tech-
niques as well as less user interaction.

Three-dimensional approaches for cartilage segmentation 
have also been explored. Grau and colleagues [9] proposed an 
improvement to the watershed transform. The idea behind the 
watershed transform is that any gray-level image can be con-
sidered as a topographic surface. Flooding this surface from 
its minima, and preventing the merging of water coming from 
different sources, partitions the image into catchment basins 
and watershed lines. By using markers, sensitivity to noise 
and over-segmentation are reduced. The watershed transform 
is usually applied to the gradient image, however, in the work 
of Grau and colleagues [9] the watershed was extended to 
examining difference in class probability of neighboring pix-
els, further alleviating some of the drawbacks of the water-
shed transform in medical images: over-segmentation, 
sensitivity to noise, and poor detection of thin and low SNR 
structures. Another 3D segmentation approach was proposed 
by Pakin and colleagues [10] based on a region-growing tech-
nique. Regions were labeled as cartilage or noncartilage using 
a voting procedure depending on local two-class clustering 
and making use of prior knowledge about cartilage regions.

A more sophisticated segmentation approach was proposed 
by Warfield and colleagues: adaptive, template moderated, 
spatially varying statistical classification [11]. The algorithm 
is a form of spatially varying statistical classification. An 
explicit template is used to moderate the segmentation 

obtained by statistical classification. A user performs inter-
active registration of a knee template to a test scan, and the 
technique then iterates between a classification step and a 
template registration step yielding an adaptive, template 
moderated, spatially varying statistical classification.

Currently, there is no consensus with respect to which 
orientation is best for knee cartilage segmentation: sagittal, 
coronal, or axial. Since sagittal acquisitions display both, the 
femoro-tibial and patello-femoral articulations, they have become 
the most commonly used for knee OA. However, it has also been 
suggested that coronal images are better for segmenting cartilage 
of the femoro-tibial articulation because partial volume effects 
are minimized in that region [12]. It is also well known that axial 
acquisitions are optimal for patellar cartilage analysis. Figure 10.4 
shows a representative segmentation of knee cartilage segmenta-
tion on a sagittal fat-suppressed SPGR image.

In terms of hip cartilage, most of the above segmentation 
approaches should yield similar performance as for the knee 
cartilage after some adjustments, since FLASH/SPGR mag-
netic resonance images of hip cartilage display similar tissue 
contrast (Fig. 10.2). Carballido-Gamio and colleagues [1] used 
a segmentation approach based on edge detection and Bezier 
splines in combination with image enhancement techniques 
such as anisotropic diffusion filtering, median filtering, and 
power law transformations. The main difficulty with hip carti-
lage is, however, the distinction between femoral and acetabu-
lar cartilage, which is the main reason why hip cartilage has 
been segmented as a composite entity [1, 13]. In terms of 
image orientation, initial work at 1.5 T was done in coronal 
images using a leg traction device during image acquisition to 
evaluate femoral and acetabular cartilage individually [14, 15]. 

Fig.  10.4  Patellar, femoral, and tibial cartilage segmentation of the 
knee joint on a fat-suppressed SPGR image



12110  Cartilage Segmentation

However, later Nishii and colleagues [16] demonstrated that 
cartilage imaging of the hip joint in the sagittal plane 
allowed detailed assessment of early cartilage abnormalities. 
Figure 10.5 shows a representative hip cartilage segmentation 
on a sagittal water excitation SPGR image, where femoral and 
acetabular cartilage are segmented as a single unit.

A recent increasing interest in local analysis of cartilage 
morphological properties has resulted in the development of 
image processing methods that further subdivide commonly 
used compartments (medial femoral, lateral femoral, medial 
tibia plateau, lateral tibia plateau, and patella) into smaller 
units. In the work of Wirth and Eckstein [17], the tibial pla-
teau was divided into a central area of the total subchondral 
bone area and anterior, posterior, internal, and external sub-
regions surrounding it. In the weight-bearing femoral con-
dyles, central, internal, and external subregions were 
determined. Similar weight-bearing regions were previously 
reported in the scientific literature [18, 19]. In the work of 
Stahl and colleagues [19], femoral weight-bearing regions 
were defined based on the local angles of the intersection of 
inner normal vectors of the bone–cartilage interface with the 
long axis of the shaft of the femur. Sections with absolute 
angles of £30° were considered weight bearing, while the 
rest of cartilage was labeled as nonweight bearing. Going 
one step farther, Carballido-Gamio and colleagues developed 
a technique based on the registration of bone shapes that 
allows point-to-point or regional comparisons of cartilage 
morphological and relaxation time properties at different 
time points for intrasubject (longitudinal) or intersubject 
studies (cross-sectional) [20, 21].

Cartilage Volume

Cartilage volume (units of volume) is perhaps the easiest to 
compute morphological measure of cartilage. The most 
straightforward approach consists in summing the number of 
voxels representing cartilage and then scaling by the corre-
sponding spatial resolution. However, cartilage volume 
scales with bone size, so it has been suggested that cartilage 
volume normalized by the total subchondral bone area (units 
of mm) should also be reported. This normalized metric has 
shown to perform better than cartilage volume in differenti-
ating subjects with and without OA [22, 23]. Some authors 
have also reported the cartilage volume normalized by the 
epicondylar distance (units of area) [24].

Due to the SNR and high-spatial resolution trade-off in 
MRI mentioned at the beginning of this chapter, researchers 
have preferred improving the in-plane spatial resolution at 
the expense of thicker slices yielding anisotropic voxels. 
This represents a limitation when true 3D morphological 
analysis is required, where isotropic voxels are preferred. 
Although not equivalent to acquiring images with isotropic 
voxels, interpolation techniques can be applied to improve 
the spatial resolution in the slice direction of cartilage acqui-
sitions. The interpolation can be either based on gray-level 
values or shape. The disadvantage of gray-level interpolation 
is that since no fully automatic cartilage segmentation tech-
niques are available, the number of slices to be segmented 
interactively increases dramatically. This is the main reason 
why shape-based interpolation was proposed by Stammberger 
and colleagues [25] to obtain cartilage representations with 
isotropic voxels. Although initially proposed for 3D carti-
lage thickness calculations, shape-based interpolation to 
obtain isotropic voxels can also be performed prior to carti-
lage volume calculations [1, 20]. Shape-based interpolation 
also reduces the discrepancies between morphological mea-
sures obtained from acquisitions with different orientations: 
sagittal, coronal, and axial. Figure 10.6 shows a 3D represen-
tation of knee cartilage plates after shape-based interpola-
tion, where commonly used cartilage compartments have 
been color encoded.

Clinical Utility of MRI Cartilage Volume

In this section, we will discuss important aspects related to 
MRI cartilage volume and its potential to be considered as an 
imaging-based biomarker of knee OA. We will review the con-
cepts of accuracy and precision, including cartilage studies 
addressing them. We will highlight the superiority of MRI with 
respect to radiography for morphological quantification of car-
tilage. Longitudinal and cross-sectional knee OA studies show-
ing the utility of MRI cartilage volume, as well as its potential 
ability to predict clinical outcome, will also be discussed.

Fig. 10.5  Femoral and acetabular cartilage segmentation are segmented 
as a single unit on a sagittal water excitation SPGR image
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MRI Cartilage Volume: Accuracy and Precision

For any given imaging-based parameter to be considered 
of clinical utility, it should lie directly on the disease path-
way and should be measurable with accuracy and preci-
sion. Accuracy refers to the degree to which the 
measurement, e.g., cartilage volume, corresponds to the 
true value. Precision refers to the ability of reproducing 
measurements under conditions in which the measured 
parameter remains constant, and it is usually expressed as 
a coefficient of variation (CV%), which is the ratio of the 
standard deviation to the mean of the measurements. 
However, Glüer et al. [26] proposed reporting the square 
root of the mean of the variances or the square root of the 
mean of the squared CV% to give more weight to large 
precision errors, thus avoiding underestimation of the true 
precision error in the population. These values can also be 
expressed in percentages.

Accuracy of knee cartilage volume assessed with MRI 
has been demonstrated showing correlation values of up to 
0.98 with cartilage volume measurements from surgical and 
postmortem specimens [27–31]. In terms of the precision of 
magnetic resonance cartilage volume, studies have also dem-
onstrated good coefficients of variation for intraobserver as 
well as for interobserver variability for healthy subjects and 
patients with knee OA (~3%) [12]. A multicentre clinical 
trial of the precision of 3.0 T quantitative MRI of cartilage 
morphology yielded similar values [32]. For a comprehen-
sive review of precision studies of MRI knee cartilage vol-
ume, please refer to the work of Eckstein and colleagues 
[12]. A recent study of Carballido-Gamio et al. [1] reported 
a reproducibility of 3.5% for hip cartilage volume (femoral 
and acetabular as a single unit) also at 3.0 T.

MRI Cartilage Volume and Radiography

The advantage of using MRI compared to radiography for 
assessing cartilage morphological changes, e.g., volume, has 
been established. Cicuttini and colleagues [33] examined the 
relationship between MRI tibial cartilage volume and 
radiographic grade of OA, which was given by osteophytes 
and semiquantitative grade of joint space narrowing (JSN). 
They studied 252 patients with different stages of OA and 
reported that the inverse relationship between cartilage vol-
ume and the grade of JSN was linear. In fact, this inverse 
relationship was stronger than that between osteophytes and 
cartilage volume, and when values were adjusted for age, 
gender, BMI, and bone size, it became even stronger. Jones 
et al. [34] supported these findings demonstrating that before 
the first changes of radiographic JSN could be detected, 
11–13% of cartilage volume was lost. No association of car-
tilage volume change with osteophytes was found. Further 
evidence of the larger sensitivity of cartilage volume than 
radiographic JSN as a measure of cartilage loss was given by 
Raynauld et  al. [35], reporting significant loss in cartilage 
volume documented at 6-month intervals for a period of 2 
years in patients with OA, despite no correlation seen 
between cartilage volume loss and radiographic changes.

Longitudinal Studies

Sensitivity to change has been demonstrated even in people 
without established knee OA [36]. Three studies have 
reported longitudinal cartilage volume changes for healthy 
individuals showing that cartilage volume decreases with 
aging [36–38]. The mean annual reduction in tibial cartilage 
volume in healthy males (n = 28; mean age 51.9 years) was 
found to be 2.8% (95% CI, 0.2–5.5%) [38]. The average 
annual decrease in total tibial cartilage volume in healthy 
postmenopausal females was similar at 2.4% [36]. Ding et al. 
[39] demonstrated a significant association between age and 
loss of cartilage volume by approximately 1.5–4.2% per 
annum in individuals between ages of 26 and 61 years, with 
females showing a higher rate of loss than males. However, 
Beattie and colleagues [40] suggested that despite the age-
related declines, it is still plausible that those values lied 
within what may be considered a normal or healthy range.

As the work of Raynauld and colleagues [35], other stud-
ies have demonstrated the capability of MRI cartilage vol-
ume to detect longitudinal cartilage loss in OA. Cicuttini and 
colleagues [41] did not observe significant changes in carti-
lage volume in 166 healthy volunteers aged 21–79 years over 
a period of approximately 2 years, but significant cartilage 
loss (−4.1% per annum) was observed in a group of patients 

Fig. 10.6  Knee cartilage plates after shape-based interpolation. Commonly 
used cartilage compartments are color encoded: patella = blue; medial 
femoral compartment = green; trochlea = purple; lateral femoral compart-
ment = red; medial tibial plateau = cyan; lateral tibial plateau = yellow
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who had undergone partial meniscectomy [42]. An elegant 
meta-analysis of Eckstein and colleagues [41] showed that in 
OA patients the combined annual loss of cartilage volume 
was −136 ml (−4.1%) in the patella, −90 ml (−5.6%) in the 
medial tibia, and −107 ml (−6.0%) in the lateral tibia. Results 
varied between studies, showing an annual rate of change 
ranging from −0.3 to −7.4% in the medial tibia, indicating 
the heterogeneity of the disease. The heterogeneity of knee 
OA has also been demonstrated with studies such as that of 
Gandy and colleagues [43], who reported no loss of MRI 
cartilage volume over 3 years in patients with knee OA (n = 
11). However, in a recent work on a subset of 150 subjects 
from the Progression subcohort of the OAI, Hunter and col-
leagues [44] studied cartilage morphological changes (abso-
lute and percentage) from baseline at 1 year, as well as the 
standardized response mean (SRM), i.e., mean change 
divided by the standard deviation change. The studied mor-
phological parameters were cartilage volume, normalized 
cartilage volume to bone surface interface area, and percent-
age denuded area (total cartilage bone interface area denuded 
of cartilage). The SRMs for cartilage volume of various loca-
tions were central medial tibia −0.096, central medial femur 
−0.394, and patella −0.198. The SRMs for normalized carti-
lage volume of the various locations were central medial 
tibia −0.044, central medial femur −0.338, and patella 
−0.193. Participants had in general denuded area at baseline 
in the central medial femur (62%) and central medial tibia 
(60%). These results indicate small-annualized rates of 
change, but they also show the greatest consisted change in 
the central medial femur.

In a cartilage defects study, Cicuttini et al. [45] reported 
that in subjects with cartilage defects, the annual loss of 
medial tibial cartilage was 2.5% compared with an annual 
loss of 1.3% in those with no defects, independent of other 
known risk factors for OA.

MRI Cartilage Volume: Symptoms  
and Clinical Outcome

The association between cartilage volume loss with pain and 
function scores has also been investigated and results have 
been diverse. Using a sagittal fat-saturated gradient echo T

2
-

weighted sequence, Hunter et al. [46] studied 133 postmeno-
pausal women and reported significant negative association 
of patellar cartilage volume with the WOMAC score. 
However, Phan et al. [47] found no association between lon-
gitudinal cartilage loss and change in symptoms given by the 
WOMAC score in 40 subjects. Similarly, Wluka and col-
leagues [48] reported no significant associations with the 
WOMAC score at baseline and subsequent cartilage loss in 
patients with symptomatic early knee OA (n = 132). In contrast 

to these results, Cicuttini and colleagues [49], in a study of 
patellar cartilage changes in 110 patients over a period of 
almost 2 years, reported that subjects with higher pain scores 
at baseline showed higher loss than those with lower scores. 
Similar trend was found for those with higher BMI.

MRI cartilage volume has also shown to be a valid indica-
tor of particular clinical outcomes such as change of symp-
toms and the likelihood of progression to knee replacement 
surgery. In an Australian study, the rate of change in cartilage 
volume between baseline and follow-up at 24 months was 
found to be significantly associated with knee replacement at 
48 months. For every 1% increase in the rate of cartilage 
loss, a 20% increase risk of undergoing total knee arthro-
plasty (TKA) was detected. Individuals who were in the top 
tertile of the rate of cartilage loss were shown to have a sev-
enfold increased risk of progressing to a TKA compared 
with those in the lowest tertile [50].

Cross-sectional Studies

In other cross-sectional studies such as that of the Framingham 
cohort, Hunter et  al. [23] reported that cartilage volume 
divided by the bone interface area yielded the best discrimi-
nation between patients with radiographic OA of the femoro-
tibial joint and nonradiographic OA participants. Burgkart 
et  al. [30] compared cartilage volume between eight OA 
patients prior to TKA with a group of 28 healthy subjects and 
reported a difference of approximately 1,300 ml in the medial 
tibia in patients with varus OA and differences of approxi-
mately 1,800 ml in the lateral tibia in patients with valgus or 
bicompartmental OA.

T-scores, an indicator of the difference between patients 
and young healthy subjects, and Z-scores, an indicator of the 
difference between patients and age-matched healthy sub-
jects, have been also proposed in cross-sectional studies of 
cartilage morphology [22]. However, a recent publication of 
Beattie and colleagues [40] reported a pilot study in healthy 
individuals to estimate reference values of medial minimum 
joint space width (mJSW) using radiography and medial 
tibial cartilage morphology using peripheral MRI at 1.0 T. 
They studied 119 participants (73 female and 43 male; 38.2 
± 13.2 years), and their results suggest that there may be no 
need to differentiate a T-score and a Z-score in OA diagnosis 
because cartilage thickness and JSW remain constant 
throughout life in the absence of OA.

Cicuttini and colleagues [45], in a prospective study, inves-
tigated the association of cartilage defects with loss of knee 
cartilage in healthy, middle-aged adults (n = 86; 53.8 ± 8.8 
years) cross-sectionally and longitudinally based on MRI at 
baseline and 2-year follow-up. Subjects with cartilage defects 
had a 25% reduction in medial tibial cartilage volume, 15% 
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reduction in lateral tibial cartilage volume, and 19% reduction 
in total femoral cartilage volume relative to those with no car-
tilage defects in cross-sectional analyses. The authors con-
cluded that the presence of asymptomatic, nonfull-thickness 
medial tibio-femoral cartilage defects might identify healthy 
individuals most likely to lose knee cartilage in the absence of 
radiographic knee OA. On a different study, knee cartilage 
defects were also associated with decreased cartilage volume 
on a cross-sectional sample of 372 subjects [51].

Cartilage Volume and Its Relationship  
with Other Tissues

Magnetic resonance studies have also evaluated the 
relationship between cartilage changes and other tissues in 
the knee joint. Lindsey et al. [52] and Blumenkrantz et al. 
[53] studied the association of knee cartilage morphology 
and trabecular bone, reporting that cartilage loss on one side 
of the knee joint is related to trabecular bone loss on the 
opposite side of the knee joint. Cartilage degeneration and its 
association with changes in subchondral bone architecture 
and with changes in the trabecular bone proximal to the joint 
line have also been observed [53, 54].

Wluka et al. [55] studied 271 asymptomatic subjects hav-
ing no history of knee injury, knee pain, or clinical knee OA. 
Magnetic resonance images at baseline and 2 years later 
were acquired to assess the relationship between the pres-
ence of bone marrow lesions (BMLs) at baseline and change 
in tibial cartilage volume over 2 years. Fourteen percent of 
the participants (n = 37) had BMLs, and results indicated a 
trend for increased annual tibial cartilage volume loss where 
very large BMLs were present. In another longitudinal study 
of Hunter et al. [56], an association between enlargement of 
bone marrow lesions with cartilage loss in OA was also 
observed. Raynauld et al. [57] demonstrated that size changes 
in bone edema over 24 months were strongly and indepen-
dently associated with medial cartilage volume loss.

The possible influence of knee angle on the rate of medial 
tibial cartilage volume loss in knee OA was demonstrated by 
Teichtahl and colleagues [58]. They studied 78 adults with 
symptomatic knee OA and obtained radiographs at baseline 
and 2 years later to determine change in knee alignment on a 
continuous scale. Magnetic resonance images for tibial carti-
lage volume quantification were obtained at 2 and 4.5 years 
after baseline to determine annual percentage change. Results 
demonstrated that for every 1° change toward genu valgum, 
there was an associated 0.44% reduction in the rate of annual 
medial tibial cartilage volume loss; and that for every 1° 
change toward genu varum, there was an associated 0.44% 
increase in the rate of annual medial tibial cartilage volume 

loss. There were no effects of knee angle on the rate of loss 
of the lateral tibia cartilage volume. Sharma et al. [59] also 
observed that varus malalignment predicted medial tibial 
cartilage volume and thickness loss, and tibial and femoral 
denuded bone increase.

The relationship between meniscal damage and extrusion 
with knee cartilage loss in knee OA was investigated by 
Sharma et al. [59] on 251 knees of 153 subjects. After fully 
adjusting for other factors (age, sex, body mass index, medial/
lateral meniscal extrusion, varus/valgus malalignment, and 
lateral/medial laxity), medial and lateral meniscal damage 
predicted medial/lateral tibial cartilage volume loss, 
and medial/lateral tibial and medial/lateral weight-bearing 
femoral denuded bone increase. No significant associations 
were found between cartilage volume and meniscal extru-
sion after adjustment of other parameters. On the other hand, 
Ding and colleagues [60], in a 2-year longitudinal study of a 
largely nonosteoarthritic cohort of 294 individuals, observed 
an association between meniscal extrusion at baseline with 
greater rate of loss of medial tibio-femoral cartilage 
volume.

In terms of hip cartilage, no morphological studies involv-
ing subjects with OA have yet been reported, either longitu-
dinally or cross-sectionally.

Summary

In this chapter, we have given a brief overview of the most 
relevant concepts of MRI cartilage segmentation and volume 
quantification. There are important aspects that we consid-
ered worth to remember. In terms of pulse sequences for 
imaging of cartilage morphology, they should have high 
SNR, high CNR, high-spatial resolution, need to be fast, and 
should minimize image distortions. Emerging cartilage seg-
mentation techniques need to be validated simulating in vivo 
conditions as close as possible. An imaging-based marker, in 
order to be considered of clinical utility, must be on the dis-
ease pathway, and the technique for its quantification must 
be accurate and precise. Cartilage volume using MRI is a 
potential imaging-based biomarker for knee OA because it is 
a pathophysiological element of OA, its quantification is 
accurate and precise, and different longitudinal and cross-
sectional studies have demonstrated its relevance in OA, as 
well as its relationships with clinical symptoms, clinical out-
come, other joint tissues, as well as with cartilage defects. It 
is also important to remember that besides cartilage volume, 
and in general, besides cartilage morphology, there are other 
promising imaging-based biomarkers under investigation for 
a better understanding of OA, such as MRI relaxation times 
like T

2
 and T

1r.
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Preamble and Introduction

Osteoarthritis (OA) is a degenerative disease of synovial 
joints that is associated with symptoms (pain) and functional 
impairment as well as with structural changes in various 
articular tissues. The articular cartilage provides the weight-
bearing surface of joints and its mechanical properties are 
unmet by any artificial (man-made) material. These proper-
ties ensure optimal load transfer to the subchondral bone and 
an almost frictionless surface in healthy joints. Cartilage vol-
ume consists of 80–90% water, which is undergoing hydro-
static pressurization during load transmission [1]. This 
hydrostatic pressurization mechanism prevents focal load 
peaks at the subchondral bone interface, it protects the vul-
nerable cartilage matrix from damage, and it provides the 
cartilage with a friction coefficient that is 10 times lower 
than that of ice on ice. It is for this reason that articular carti-
lage is integral to appropriate joint function and that its loss 
is associated with functional impairment. Cartilage also is 
the tissue that has generated most interest in context of quan-
titative measurement in OA with MRI.

Throughout this chapter, the term “cartilage morphology” 
will be used to collectively encompass three-dimensional 
(3D) quantitative measurement of structural properties of 
articular cartilage tissue dimensions (Fig.  11.1). These 
include cartilage thickness, surface areas, volume of joint 
compartments, cartilage plates, or cartilage plate subregions, 

but not focal cartilage lesions, as also sometimes referred to 
as “morphologic” cartilage changes in the literature. Also, 
this chapter will not cover quantitative MRI techniques on 
cartilage composition, such as dGEMRIC, T2, T1rho, and 
others, and it will be focused on cartilage in the human knee, 
as this is where most of the work has been performed to 
date. Morphological measurements of cartilage structure 
fully exploit the 3D nature of MRI data sets; their strength is 
that they are potentially less observer-dependent and more 
objective than scoring methods, and that relatively small 
changes in cartilage thickness and volume over time (that 
occur relatively homogeneously over larger areas) may be 
detected, which are not apparent to the naked eye. This is 
important, as the progression of structural changes in OA 
has generally been shown to be slow, both when being eval-
uated by radiography [2–4] and MRI [4–8]. A recent study 
found that quantitative measures of cartilage morphology 
[9] were more powerful in revealing relationships between 
local risk factors (meniscal damage and malalignment) and 
knee cartilage loss than a semiquantitative approach using 
ordinal data (WORMS) [10]. The disadvantage of quantita-
tive measurement, however, is that it requires specialized 
software and is more time intensive, because tissue bound-
aries need to be tracked (i.e., segmented) throughout large 
series of slices using trained technical personnel. Also, 
quantitative measurements are less sensitive to the occur-
rences of small focal changes within larger structures 
(i.e., cartilage lesions), which may be readily picked up by 
an expert reader, particularly if the location within the larger 
structure is variable from joint to joint. A recent study 
showed, for instance, that MRI-based semiquantitative scor-
ing of cartilage status was able to differentiate between 
knees with and without early (i.e., Kellgren–Lawrence grade 
[KLG] 2) radiographic OA in a community-based cohort, 
whereas quantitative measures of cartilage morphology dis-
played no or little difference between healthy and KLG2 
knees [11]. It therefore depends on the particular context 
and research question whether semiquantitative or quantita-
tive cartilage assessment are better suited as outcome mea-
sures for a particular study, or whether both are needed to 
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obtain a comprehensive picture. Generally, quantitative 
measures are more powerful where small changes occur 
homogeneously throughout larger structures or at highly 
predictable locations, whereas semiquantitative scoring is 
more powerful when local changes (in tissue dimensions or 
signal intensity) occur at unpredictable locations and involve 
only smaller parts of this structure. Ideally, therefore, both 
approaches should be used in complimentary rather than 
competing fashion in studies assessing either the status or 
the progression of OA.

Fig. 11.1  3D reconstruction of the knee cartilages after segmentation: 
cartilage of the medial tibia (MT) is depicted dark blue, that of the 
lateral tibia (LT) green, that of the medial weight-bearing femoral 
condyles (cMF) yellow, that of the lateral weight-bearing femoral 
condyles (cLF) red, that of the patella (P) magenta, and that of the fem-
oral trochlea (TrF) turquoise (also see Table  11.1 and Fig.  11.3). 
Segmentation was performed based on a 3D-DESS knee imaging data 
set from the Osteoarthritis Initiative (OAI), a public–private partnership 
funded by the National Institutes of Health and conducted by the OAI 
Study Investigators. For anatomical (region of interest) labels, also 
see Fig. 11.2

Table  11.1  Anatomical (region of interest), morphological (metrics) 
and statistical labels commonly used in cartilage morphology publications 
on the knee

Abbreviation Explanation Unit

Anatomical (region of interest) labels
Total cartilage plates
P Patella
MT Medial tibia
LT Lateral tibia
F Femur
TrF Femoral trochlea
MF Medial femoral condyle
  cMF Weight-bearing portion of MF
  pMF Posterior portion of MF
LF Lateral femoral condyle
  cLF Weight-bearing portion of LF
  pLF Posterior portion of LF
MFTC Aggregate values for MT and cMF 

(MT + cMF)
LFTC Aggregate values for LT and cLF  

(LT ± cLF)

Subregions (to be combined with above total plate labels, i.e., cMT  
or ccMF)
c Central
e External
i Internal
a Anterior
p Posterior

Morphological (metrics) label

VC Volume of the cartilage mm3/ml
tAB Total area of subchondral bone cm2

AC Area of cartilage surface cm2

cAB Area of tAB covered by AC cm2

dAB% Percent of tAB denuded (not covered  
by AC)

%

VCtAB Volume of the cartilage divided by tAB mm
ThCtAB Thickness of the cartilage over the entire tAB mm
ThCcAB Thickness of cartilage over cAB mm
dAB% Percent of tAB denuded (not covered by AC) %
VCtAB Volume of the cartilage divided by tAB mm
ThCtAB Thickness of the cartilage over the entire tAB mm
ThCcAB Thickness of cartilage over cAB mm

Statistical labels

Me Mean (i.e., thickness)
Max Maximum (i.e., thickness)
Mav Maximal averaged, e.g., mean of the top 

1% values
Min Minimum (i.e., thickness)
Miv Minimum averaged, e.g., mean of the 

lowest 1% values
SD Standard deviation (i.e., thickness)
CV% Coefficient of variation (i.e., thickness)
c(Me, Mav) Thickness measured from cartilage 

surface (AC) to bone interface (tAB)
b(Me, Mav) Thickness measured from bone interface 

(tAB) to cartilage surface (AC)
a(Me, Mav) Average of the two above (b, c)

For anatomical (region of interest) labels, also see Figs. 11.1 and 11.2
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Cartilage Morphology Outcomes  
and Regions of Interest in the Knee

Cartilage morphology outcomes commonly include: the size 
of the total area of subchondral bone (tAB), the area of the 
cartilage surface (AC), the denuded (dAB) and cartilage-
covered (cAB) area of subchondral bone, the cartilage thick-
ness over the tAB (ThCtAB) or over the cAB (ThCcAB), the 
cartilage volume (VC), the cartilage volume normalized to 
the tAB (VCtAB), the cartilage signal intensity [12–14], and 
others (Table 11.1). A consensus-based nomenclature for the 
above-mentioned structural (i.e., morphological metric 
labels) or compositional features as well as definition for 
regions of interest in the knee (i.e., anatomical labels, see 
Table 11.1 and Fig. 11.2) and has been proposed by a group 
of experts [15]. The above nomenclature will be used 
throughout this review, and important abbreviations for mor-
phology metrics and anatomical regions of interests includ-
ing recent extensions (i.e., statistical labels and subregional 
labels, i.e., [16]) are summarized in Table 11.1.

To obtain the above quantitative morphological measures 
of cartilage, the relevant cartilage plates of a joint need to be 
segmented by a trained user with the choice of several input 
devices, such as a computer mouse, a graphical tablet, or a 
touch-sensitive screen [17], and with or without assistance 
from (semiautomated) segmentation software [18–26]. Since 
the relative performance of different segmentation algo-
rithms has been discussed in previous reviews [7], this point 
will not be covered in depth in this chapter. Using the above 
tools, an operator needs to accurately trace both the bone–
cartilage interface (i.e., the subchondral bone surface), and 
the surface of the cartilage, respectively (AC). The tracing of 
the subchondral bone surface should ideally include the tAB, 
including dABs, but it should exclude osteophyte surfaces. 
As there are various sources of artifacts on MRI, and because 
signal intensity and contrast may vary substantially between 
baseline and follow-up acquisitions (for an example, see 
Fig. 11.3), there is consensus that expert quality control is 
important for an accurate analysis, with the time required for 
segmentation or the correction of computer-generated seg-
mentation taking several hours per joint. After all slices of 
interest have been segmented, image analysis software can 
be used to compute the three-dimensional morphological 
features listed in Table 11.1.

In terms of anatomical regions of interest (Table  11.1), 
MT is used for the medial tibia, LT for the lateral tibia, MF 
for medial femoral condyle, LF for the lateral femoral con-
dyle, cMF/cLF for the central (weight-bearing) portions of 
the medial/lateral femoral condyle, and pMF/pLF for the 
posterior aspects of the medial/lateral femoral condyle 
(Table 11.1; Fig. 11.2). Since the weight-bearing and poste-
rior aspects of the femoral condyles are continuous and lack 
a definite anatomical border, different definitions for these 

ROIs have been proposed: Glaser et al. [27] used the projec-
tion of the posterior intercondylar bone bridge as a cut-off 
between the weight-bearing and posterior zone of MF and 
LF, respectively, whereas later studies [28] introduced a 60% 

Fig. 11.2  Sagittal 3D DESS MR images showing anatomical regions 
of interest commonly analyzed: (a) medial femorotibial compartment, 
(b) lateral femorotibial compartment; P patella, TrF femoral trochlear, 
MT medial tibia, MF medial femoral condyle, cMF weight-bearing part 
of the medial femoral condyle, pMF posterior part of the medial femo-
ral condyle, MFTC cMF + MT, LT lateral tibia, LF lateral femoral 
condyle, cLF weight-bearing part of the lateral femoral condyle, 
pMF posterior part of the lateral femoral condyle, LFTC cLF + LT; the 
magenta line shows the projection of the trochlear notch, the blue line 
the posterior end of the medial and lateral femoral condyle, and the 
turquoise line the 60% criterion (of the distance between the trochlear 
notch and the posterior ends of the condyles) used to separate cMF from 
pMF, and cLF from pLF, respectively. Images are from the Osteoarthritis 
Initiative (OAI), a public–private partnership funded by the National 
Institutes of Health and conducted by the OAI Study Investigators. For 
anatomical (region of interest) labels, also see Fig. 11.1
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distance criterion between the trochlear notch and the most 
posterior aspects of both femoral condyles as a cut-off 
between both regions (Fig.  11.2). In a direct face-to-face 
comparison, Hudelmaier et  al. [29] reported the tAB of 
the 60% ROI to be approximately 20% greater and less vari-
able (between subjects) than that based on the bone bridge, 
with cartilage morphology metrics being generally more 

reproducible in the 60% ROI. However, thickness measures 
did not differ significantly between both ROIs, and the longi-
tudinal rate of change and standardized response mean 
(SRM = mean change/SD of change, as a measure of sensi-
tivity to change) over 2 years were similar for various carti-
lage morphology metrics in both ROIs. Using sagittal images, 
both 60% [28] (Fig. 11.2) and 75% [30, 31] cut-offs have 

Fig. 11.3  Sagittal 3D DESS MR images acquired at baseline (a, c) and 
at 12-months follow-up (b, d). Images (a) and (c) are without and 
images (b) and (d) are with segmentation. The green lines show the 
outline of the total area of subchondral bone (tAB) in the cMF, and the 
magenta line shows the outline of the area of the cartilage surface (AC) 

in the cMF. At the transition of the weight-bearing to the posterior 
femoral condyle the fluid in image (a) could be potentially mistaken for 
thick cartilage. Images are from the Osteoarthritis Initiative (OAI), a 
public–private partnership funded by the National Institutes of Health 
and conducted by the OAI Study Investigators



13111  Quantitative MR Imaging of Cartilage Morphology in Osteoarthritis

been used, the 60% cut-off assigning 36 (±1.8%) of the tAB 
of MF to the weight-bearing (cMF) and 64% to the posterior 
portion (pMF), whereas the 75% cut-off assigns 47% (±2.0%) 
of the tAB to cMF and 53% to pMF, respectively [31]. The 
mean change and SRM were, however, similar for both ROIs 
[31]. The (weight-bearing) medial femorotibial compartment 
(MT + cMF) is commonly addressed as MFTC, and the lat-
eral compartment (LT + cLF) as LFTC (Fig. 11.2). In terms 
of anatomical labels for the femoropatellar compartment 
[15], P designates the patella, and TrF the femoral trochlear 
(= facies articularis patellaris; Fig. 11.2).

Quantitative measures of surface curvature and joint 
incongruity have also been determined from MR images [32] 
and were observed to discriminate between subjects with 
various radiographic OA grades cross-sectionally at 0.2  T 
[33, 34]. Curvature estimates at different scales (at 0.2  T) 
were also reported to be associated with the magnitude of 
cartilage loss longitudinally [35] and cartilage homogeneity 
(quantified by measuring entropy from the distribution of 
signal intensities in tibial cartilage from 0.2 T gradient echo 
images) was reported to discriminate between subjects with-
out and with early radiographic OA [14]. This measure was 
proposed to be particularly sensitive in peripheral regions, 
where the cartilage is covered by the meniscus [36]. These 
results are surprising, because other MRI techniques that 
have been validated for targeting specific macromolecules of 
the cartilage, such as collagen, proteoglycans, or water (T2 
mapping, T1rho, dGEMRIC, and others) have often been 
unsuccessful in discriminating between healthy knees and 
knees with early OA, and they have generally not been able 
to discriminate between different radiographic OA stages, in 
particular between early (pre-radiographic) OA and radio-
graphic OA [4, 6, 37].

Relative Performance and Interrelationship 
of Cartilage Morphology Measures

Most investigations dealing quantitatively with cartilage 
morphology in OA have focused on the cartilage volume 
(VC), but this outcome measure has a number of pitfalls: The 
ability to discriminate between OA and healthy subjects is 
limited, because cartilage volume is largely determined by 
bone size, which increases the inter-subject variability and 
thus limits the ability to discriminate between people with 
and without cartilage loss [38]. This has led to misinterpreta-
tions in the literature, where it has been suggested that a high 
VC may be protective of OA, because men show higher VCs 
then women, and women are more susceptible to knee OA 
than men. However, men have mainly larger joint surfaces 
than women (and hence also larger VC) [39] even after 
adjustment for body height and weight [40] and VC can thus 

not be adequately compared between sexes. In longitudinal 
studies, the subchondral bone area has been shown to increase 
with aging, both in healthy reference subjects and in OA 
patients [41–43]. Such effects may mask a reduction in carti-
lage thickness in OA when measuring VC, because of the 
simultaneous expansion of the bone and cartilage layer. 
Therefore, alternative outcomes have been used, such as the 
VC normalized to the subchondral bone area (VCtAB), or 
the cartilage thickness over the entire subchondral bone area 
(ThCtAB) [38, 44].

In a recent study, Hudelmaier et  al. [29] examined the 
relationship of the above parameters and their test–retest pre-
cision (at 3 T) in a set of 33 subjects, both without and with 
signs of radiographic osteoarthritis (reproducibility study). 
Further, they compared these parameters at baseline and at 
2-year follow-up in 28 subjects with advanced radiographic 
osteoarthritis (sensitivity study). They found that the AC was 
larger than the tAB in all cartilage plates. In MT and LT, the 
cartilage volume divided by the total bone area (VCtAB) was 
very similar to the mean cartilage thickness over the total 
bone area (ThCtAB.aMe), whereas in cMF and cLF the 
VCtAB was somewhat greater than the ThCtAB.aMe. 
Different implementations of measuring the cartilage thick-
ness (e.g., minimal distance from bone to cartilage, or mini-
mal distance from cartilage to bone, or the average of both) 
produced very similar values in all cartilage plates. The max-
imal thickness over the total bone area (ThCtAB.Max) was 
found to be almost twice as high as the mean thickness 
(ThCtAB.Me) in the femorotibial plates. Reproducibility 
errors for cartilage volume divided by the tAB (VCtAB) 
were similar to those for the cartilage thickness over the total 
bone area (ThCtAB) and tended to be smaller than those for 
cartilage volume (VC). The reproducibility errors were also 
very similar for different implementations of the thickness 
measurements (see above). The maximal thickness over the 
total bone area (ThCtAB.Max) and the average of the top 1% 
greatest thickness values (ThCtAB.Mav) displayed larger 
reproducibility errors than the averaged mean cartilage thick-
ness over the total bone area (ThCtAB.Me) in all cartilage 
plates, but reproducibility errors for ThCtAB.Mav tended to 
be smaller than those for ThCtAB.Max. In terms of the rate 
of (and sensitivity to) change, the cartilage volume divided 
by the total bone area (VCtAB) and the mean cartilage thick-
ness over the total bone area (ThCtAB.aMe) exhibited higher 
rates of change and greater SRMs (greater sensitivity) than 
cartilage volume (VC) in MT, but the difference was only 
marginal in cMF. The rates of change and SRMs for cartilage 
thickness over the covered bone area (ThCcAB) tended to be 
less than for cartilage thickness over the total bone area 
(ThCtAB) and cartilage volume (VC), independent of the 
specific implementation, but tended to be greater than those 
for cartilage surface area (AC) and the cartilage-covered 
bone area (cAB). ThCtAB.Max and ThCtAB.Mav showed 
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low rates of change and SRMs, in particular in cMF. 
Table  11.2 lists the percent change, the SRM, the signifi-
cance level, and the precision error (test–retest) in MT and 
cMF (60% ROI) for different morphological variables from 
this study [29]. In summary, the normalized cartilage volume 
(VCtAB) and the mean cartilage thickness over the entire 
subchondral bone area (ThCtAB.Me) tended to be more 
reproducible and more sensitive to change (SRM up to −0.62) 
than cartilage volume (SRM up to −0.44), cartilage thickness 
over the cartilaginous area (ThCcAB; SRM up to −0.48), or 
maximal cartilage thickness (SRM up to −0.35) [29].

Other publications also reported that the sensitivity to change 
for ThCtAB or VCtAB was greater than for VC [45, 46], 
whereas others found comparable SRMs for VC, VCtAB, or 
ThCtAB [47, 48]. A recent paper [45] reported that, when 
cartilage loss was relatively rapid (due to high mechanical 
challenge), “horizontal” cartilage loss (increase in denuded 
area = dAB) made a stronger contribution to the total carti-
lage loss (= reduction in ThCtAB), whereas when cartilage 
loss was relatively slow, the “vertical” cartilage loss (reduc-
tion ThCcAB) made a stronger contribution. This finding 
will need to be confirmed, however, in other cohorts and 
patho-phyiological conditions. Wirth et  al. [49] recently 
explored the rate and sensitivity to change of the minimal 
cartilage thickness (ThCtAB.Min) and applied the measure-
ment to central subregions of MT, LT, cMF, and cLF, respec-
tively. In 156 participants of the Osteoarthritis Initiative 

(OAI), they found the 1-year rate of the ThCtAB.Min changes 
to be greater than those of ThCtAB.Me, but also reported a 
greater standard deviation, so that ThCtAB.Min turned out to 
be less sensitive to change than ThCtAB.Me.

A recent paper [50] investigated the mathematical rela-
tionship between the above morphologic measurements and 
explored whether a subset of the above variables fully reflects 
differences observed in cartilage in cross-sectional and lon-
gitudinal studies. The benefits of this reduction in variables 
are (a) increased statistical power due to less multiple com-
parison issues, (b) improved understanding of relationships 
between the morphologic measures of knee cartilage, and (c) 
greater efficiency in reporting the results in the literature. 
Buck et al. used cross-sectional [51] and longitudinal (base-
line to 2-year follow-up) 3 T MR image data [52] from 152 
women (77 healthy and 75 with knee OA) and found that 
ThCtAB.tAB, and the percentage of denuded area of the 
subchondral bone (%dAB) explained >90% of the cross-
sectional and longitudinal variation observed in the larger set 
of cartilage morphology measures, both in healthy and in 
osteoarthritic knees. The authors therefore recommended 
these three variables as an efficient subset for describing 
structural status and change in knee cartilage [50].

In the context of cross-sectional studies, several groups 
have reported reference values of cartilage morphology in 
healthy volunteers [38, 53, 54], including templates/atlases 
for comparison of cartilage thickness distribution patterns 

Table 11.2  Rate of change and sensitivity to change over 2 years in 28 participants with Kellgren–Lawrence grade 
(KLG) 3, and test–retest reproducibility in 33 participants with KLG0 to KLG3 for various cartilage morphology 
metrics and regions of interest in the medial femorotibial compartment

MT cMF (60%)

MC% SRM p RMSCV% MC% SRM p RMSCV%

VC −2.3 −0.44 0.03 2.5 −3.5 −0.32 0.10 2.6
tAB 0.5   0.37 0.06 1.0 −0.1 −0.04 0.84 1.1
AC −0.9 −0.33 0.09 1.0 −1.7 −0.22 0.26 1.3
cAB −1.0 −0.29 0.14 1.0 −3.0 −0.36 0.07 1.1
VCtAB −2.7 −0.59 0.00 1.9 −4.0 −0.33 0.09 2.0
ThCtAB.aMe −2.6 −0.58 0.01 1.9 −3.6 −0.31 0.12 1.7
ThCtAB.bMe −2.8 −0.62 0.00 1.9 −3.3 −0.29 0.13 1.9
ThCtAB.cMe −2.5 −0.56 0.01 2.0 −3.9 −0.33 0.10 1.7
ThCcAB.aMe −1.4 −0.43 0.03 1.9 −1.5 −0.18 0.34 1.7
ThCcAB.bMe −1.5 −0.48 0.02 1.9 −1.2 −0.15 0.43 1.9
ThCcAB.cMe −1.3 −0.42 0.04 2.0 −2.0 −0.23 0.23 1.7
ThCtAB.aMax −1.4 −0.27 0.17 4.4    0.0 0.00 0.99 2.8
ThCtAB.bMax −1.7 −0.30 0.12 4.2     0.7 0.10 0.61 3.3
ThCtAB.cMax −1.1 −0.18 0.35 5.3 −0.5 −0.09 0.65 3.2
ThCtAB.aMav −1.4 −0.31 0.11 3.8 −0.3 −0.05 0.79 2.5
ThCtAB.bMav −1.7 −0.35 0.07 3.5 0.0 0.00 0.98 2.8
ThCtAB.cMav −1.3 −0.25 0.19 4.5 −0.5 −0.09 0.65 2.8
MC% mean change in percent, SRM standardized response mean (= mean change/SD of change), p level of significance 
of change using a paired t-test without adjustment for multiple comparisons, RMSCV% root mean square coefficient of 
variation of test–retest acquisitions at baseline, with repositioning in between scans. For other abbreviations, please see 
Table 11.1. Note that values are given for the “long” femoral region of interest, i.e., a 60% distance between the trochlear 
notch and the posterior end of both femoral condyles
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between healthy reference subjects and OA patients [44, 55] 
and reference values for the radiographic joint space width 
(JSW) [56]. Beattie et al. [56] found that measures of JSW 
did not significantly decrease with increasing decade, but 
remained fairly constant throughout the lifespan in either 
sex; the same was observed for cartilage morphometry mea-
sures. The authors suggested that there may therefore be no 
need to differentiate a T- or Z-score in OA diagnosis, because 
cartilage thickness and JSW remain constant throughout life 
in the absence of OA.

Recently, several authors have proposed the measurement of 
certain anatomically defined subregions within cartilage plates 
to determine the spatial pattern of cartilage loss [16, 57, 58]. 
Results obtained with these tools will be presented below.

Imaging Protocols for Measurement of 
Cartilage Morphology and Their Validation

Quantitative work performed on cartilage with MRI between 
1994 and 2006 has been summarized previously [6, 7, 
59–65] and will not be reiterated in this review. Briefly, for 
quantifying cartilage morphology, water-excitation (or fat-
suppressed) T1-weighted spoiled gradient recalled echo 
acquisition in the steady state (SPGR) or fast low angle shot 
(FLASH) at 1.5 or 3 T represent the current gold standard 
[7, 64, 66]. Double-echo steady-state imaging (DESS) with 
water excitation has recently gained interest, because of the 
faster acquisition time and lower slice thickness that can be 
achieved (Figs. 11.2 and 11.3) [28, 67–69]. SPGR/FLASH 
sequences are readily available on virtually all MRI scanners 
and do not require specific hard- or software, whereas the 
DESS is currently only available from one vendor [28]. 
Because the DESS acquires two separate images with differ-
ent echo times simultaneously, this additionally provides 
potential opportunity to estimate T2, and to obtain morpho-
logical and compositional information of the cartilage from a 
single high-resolution data set [70]. This approach, however, 
is still undergoing validation.

The previously mentioned Osteoarthritis Initiative (OAI) 
(http://www.niams.nih.gov/ne/oi/) is a large research 
endeavor jointly sponsored by the National Institute of 
Health (NIH), the National Institute of Arthritis and 
Musculoskeletal and Skin Diseases (NIAMS), and the phar-
maceutical industry. This study in a cohort of 4,800 partici-
pants is currently focusing on identifying imaging (and other) 
biomarkers for predicting and monitoring the onset and pro-
gression of symptomatic knee OA using 3  T MRI over a 
4-year period. The OAI relies on the previously mentioned 
nearly isotropic sagittal DESS sequence with water excita-
tion in both knees for quantifying cartilage morphology, and 
on a coronal FLASH sequence with water excitation in one 

knee of all participants [71]. Sagittal images have the 
advantage that all cartilage plates of the knee (including the 
femoropatellar and femorotibial compartment) are visual-
ized, but suffer from partial volume effects in the internal 
and external subregions (Fig.  11.4) of the knee cartilage 
plates. Coronal images, in contrast, can delineate the femo-
rotibial joint and axial images visualize the patella with little 
partial volume effects, but there is currently no consensus, 
which of the above is the preferred orientation. However, a 
direct face-to-face comparison of 2-year changes measured 
in coronal and sagittal (SPGR) images revealed similar rates 
and patterns of cartilage loss in the femorotibial joint [72].

The technical accuracy (validity) and test–retest precision 
(reproducibility) of quantitative cartilage measurements at 
1.5  T have been summarized in previous reviews [6, 7]. 
Analyses based on images acquired with a dedicated 1.0  T 
extremity scanner were found to be consistent with 1.5  T 
imaging, albeit less precise (reproducible) [73]. Use of periph-
eral MRI scanners at lower field potentially permits more 
widespread distribution of this technology, especially when 
access to high-field MRI is limited. Also, quantitative carti-
lage measurements at 0.2 T have been proposed [14, 25, 26, 
33–35] but have not been validated versus external standards 
or measurements at higher field strength, and have shown to 
display substantially larger precision errors than measure-
ments performed at higher field strength. 3 T cartilage imag-
ing has been cross-calibrated with 1.5 T, and lower precision 
errors than for 1.5 T imaging were reported when acquiring 
thinner (coronal) slices of 1.0  mm on a 3  T system [74]. 
Morphometric analysis from DESS images, as acquired at 3 T 
in the OAI, was found to be consistent with that from FLASH 
images and to display similar test–retest precision errors as 
FLASH in the femorotibial joint, both using unpaired [28] and 
paired reading approaches [68, 69]. In terms of sensitivity to 
change, a small comparative study in the OAI pilot study [69], 
and a comparison of two studies performed on the first release 
of baseline and year 1 follow-up data in the OAI progression 
subcohort by two groups [46, 48] found similar rates of change, 
sensitivity to change, and patterns of cartilage loss in the fem-
orotibial joint. Recently, Wirth et al. [31] performed a direct 
face-to-face comparison between FLASH and DESS over 
1 year longitudinally in 80 knees: The study confirmed a high 
agreement between cartilage thickness measures as deter-
mined from FLASH and DESS cross-sectionally [28] and a 
similar sensitivity to change of coronal FLASH and sagittal 
DESS. Further, the study revealed a moderate correlation of 
the longitudinal 1-year changes, indicating that it may be ade-
quate to pool analyses obtained with FLASH and DESS in 
larger statistical analyses [31]. Also, the authors found that 
analysis of every second slice (i.e., obtaining information 
every 1.4 mm) of the sagittal DESS displayed similar SRMs as 
compared with segmentation of every 0.7  mm slice, both 
when either using odd or even slice numbers [31]. Due to the 
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Fig. 11.4  Display of the rates of change (%/annum) and standardized 
response mean (SRM) in femorotibial cartilage compartments, plates, 
and subregions. (a) View of the weight-bearing part of the medial 
(cMF) and lateral femoral condyle (cLF) from inferior, (b) view of the 
weight-bearing part of the cMF and cLF and of the medial (MT) and 
lateral tibia (LT) from posterior and (c) view of the MT and LT from 

superior. For an explanation of the subregion abbreviations, please see 
Table  11.1. The data represent mean values from three studies: the 
KLG3 participants of the A 9001140 study (n = 28) [52] the high risk 
(BMI > 30; KLG ³ 2) subcohort from a first release of OAI participants 
(n = 54) [46] knees with neutral alignment from the MAK study 
(n = 74) [45]

near-isotropic resolution of the sagittal DESS, multiplanar 
reconstruction (MPR) in the coronal and axial planes is feasi-
ble [28, 68, 69]. The rates of (and sensitivity to) change of 
coronal MPR DESS, however, was similar to that of coronal 
FLASH and sagittal DESS and did not provide an advantage 
over the direct analysis of the sagittal DESS [31].

Generally, results from different vendors for cartilage 
morphometry were shown to be comparable at 1.5 T [75] and 
at 3 T [76], although one study reported slight offsets between 
different scanners and protocols from the same vendor [77]. 
At 3  T, precision errors of cartilage morphometry were 

observed to be similar for different vendors and scanners in a 
multicenter trial, and measurements were relatively stable 
over a 3-month observation period [42]. The stability of geo-
metric measurements over longer periods on phantoms was 
found to be satisfactory and comparable between several 
scanners of the same manufacturer over a 3-year period in 
the OAI [78].

Use of different coils has been evaluated at 3 T: Although 
the test–retest precision was similar between a phased array 
and quadrature coil, certain offsets in cartilage morphology 
outcomes were observed [68]; these prohibit changes of the 
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coil between baseline and follow-up measurements. Cartilage 
morphometry on images acquired 2  h after intravenous 
Gd-DTPA injection (for the purpose of simultaneous  
dGEMRIC imaging) was reported to be highly correlated 
(r = 0.85–0.95) with that on images obtained before the injec-
tion of the contrast agent at baseline [79]. However, a 2-year 
longitudinal analysis in OA participants reported that the 
sensitivity to change of post-Gd-DTPA cartilage imaging 
was substantially less than that from images acquired prior to 
intravenous Gd-DTPA injection [80].

Rate of Change and Sensitivity  
to Change in OA

Numerous reports on longitudinal changes of cartilage mor-
phology in subjects with different grades of knee OA have 
been published [6, 7, 31, 45, 46, 48, 49, 52, 58, 81–88]. These 
studies have revealed variable results with regard to the rates 
of cartilage loss and SRM [4, 6, 7]: Two studies reported 
almost no loss in cartilage volume over a 1-year [88] and 
3-year period [81], respectively, whereas other studies reported 
up to 7% annual cartilage loss in the femorotibial joint [83]. 
Reasons for this may include variability in imaging and image 
analysis technology, differences in risk factor profiles between 
cohorts, differences in study duration, experience and blinding 
of the readers, and others. A recent study [89] tested the 
hypothesis that smaller, shorter duration “Proof of Concept” 
studies may be achievable with 3 T MRI, by selecting popula-
tions at high risk of rapid medial femorotibial progression, and 
using advanced image analysis techniques. Female partici-
pants with knee pain, a body mass index (BMI) ³ 25, radio-
graphic evidence of medial OA, and varus malalignment were 
monitored over 3 and 6 months, respectively, and anatomically 
corresponding ROIs were identified on each image by using a 
three-dimensional statistical shape model of the bone surface. 
The primary outcome was the change in cartilage thickness in 
the aspect of cMF that is exposed within the meniscal window 
during articulation, excluding the peripheral aspects of the 
femoral surface. Despite these efforts, no change in ThCtAB 
was detected at the 5% significance level at 3 or 6  months 
follow-up; the mean change at 3  months from a log-scale 
ANOVA model was −2.1% [95% confidence interval (CI) 
(−4.4%, +0.2%)] and the change over 6  months was 0.0% 
[95% CI (−2.7%, +2.8%)]. Changes in the lateral tibia were 
significant at 6  month follow-up (−1.5%), but only without 
correction for multiple comparisons. The authors concluded 
that the small inconsistent compartment changes and the rela-
tively high variability in cartilage thickness changes seen in 
the study provided no confidence for a 3- or 6-month study, 
not even based on a patient population selected for rapid pro-
gression [89].

Analyses of the first release of 160 participants of the OAI 
progression cohort (baseline and year 1 follow-up data) 
found significant change of up to approximately 2% per 
annum, with substantially higher rates of progression in the 
cMF than in the MT, and higher rates in LT than in cLF [46, 
48, 49]. However, this pattern of change was not entirely 
consistent across cohorts when focusing on the SRM rather 
than on the rate of change [8, 45, 52]. Several studies there-
fore have taken the approach of additionally reporting the 
aggregate thickness in the tibia and weight-bearing femur 
(MFTC or LFTC) [45, 46, 52, 68, 90]. One study suggested 
that longitudinal changes in VC in the tibia and in the weight-
bearing femur are highly correlated [83], and that the mea-
surement of only tibial cartilage is therefore sufficient. 
However, given that at least some cohorts appear to display 
larger changes and higher SRMs in the weight-bearing femur 
than in the tibia [46, 48, 49], this approach has limitations.

Medial and lateral femorotibial cartilage loss as well as 
patellar cartilage loss was found to be not significantly asso-
ciated with each other [91]. The ratio of medial versus lateral 
cartilage loss was reported to be 1.4:1 in knees with neutral 
biomechanical alignment, consistent with higher mechanical 
loads being transferred across the medial compartment in 
neutral knees [45]. In varus knees, the ratio was 3.7:1, and in 
valgus knees it was 1:6.0, confirming that knee alignment is 
an important determinant of medial versus lateral cartilage 
loss [45].

After anterior cruciate ligament rupture, a reduction of 
cartilage volume and thickness was observed in the femoral 
trochlea, while an increase was found in the weight-bearing 
medial femur [92]. The latter observation may be consistent 
with cartilage swelling or hypertrophy observed as a sign of 
early OA in various animal models [93–97]. A recent cross-
sectional study found significantly thicker cartilage in the 
medial compartment of participants with medial radiographic 
KLG2 OA compared with healthy knees [51], and signifi-
cantly thinner cartilage in some subregions in knees with 
medial radiographic OA with joint space narrowing ( JSN, 
i.e., KLG3). These findings have suggested that there may be 
an initial phase of cartilage swelling/hypertrophy in knee 
OA, particularly at the KLG2 stage where osteophytes form, 
but where no reduction in JSW is yet observed. This has been 
supported by recent longitudinal observations by Buck et al. 
[98], who explored whether the 2-year longitudinal change 
in cartilage thickness in femorotibial subregions (see below) 
of knees with radiographic osteoarthritis (ROA) differed 
from that in healthy knees. Knees from 75 women with defi-
nite signs of medial radiographic OA were compared with 
77 asymptomatic healthy controls without radiographic OA. 
A substantial portion of ROA knees were classified as having 
longitudinal cartilage thinning (28%) or thickening (20%) in 
at least one medial femorotibial subregion compared with 
longitudinal changes in healthy knees, and only 5% showed 
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both subregional thinning and thickening at the same time, 
across (different) medial subregions. Whereas the estimated 
proportion of KLG3 knees with significant medial cartilage 
thinning (46%) was substantially greater than that with carti-
lage thickening (18%), the estimated percentages of KLG2 
knees with significant medial thinning (20%) and thickening 
(23%) were similar. The authors concluded that OA may not 
be a one-way-road of cartilage loss and that particularly in 
early radiographic OA, cartilage changes may occur in both 
directions simultaneously, i.e., cartilage thinning and carti-
lage thickening. This may provide a reason why relatively 
small (and variable) rates of change have been observed in 
OA cohorts, and why short-term trials are challenging [89].

Spatial Patterns of Cartilage Loss  
in OA/Subregional Analysis

As mentioned above, recent efforts have been focused on 
measuring anatomically defined subregions within cartilages 
[16, 57, 58], with the aim of elucidating spatial pattern of 
cartilage thinning, and to potentially identify (sub)regions 
with increased rates of (and sensitivity to) cartilage loss in 
intervention trials.

Cross-sectional Studies

The previously mentioned cross-sectional study by Hellio Le 
Graverand et al. [51] reported that cartilage “thickening” in 
KLG2 knees with medial osteophytes (compared with con-
trols) was particularly obvious in the anterior subregion of 
the MT, in the external and internal subregions of cMF and 
cLF. Cartilage “thinning” in knees with medial JSN (KLG3) 
was most evident in the central subregion of the cMF and in 
the external subregion of the MT, and in the internal subre-
gion of the LT. Although these differences were generally 
not affected when possible effects of demographic covariates 
(height and BMI) were considered, it is difficult to exclude 
confounding by inter-person differences in cross-sectional 
studies. Therefore, Eckstein et al. [99] performed a within-
person, between-knee comparison in 80 participants of the 
OAI who displayed medial JSN in one knee, but no medial or 
lateral JSN in the contralateral knee. The strength of this 
approach is that it rules out confounding from person-specific 
demographic features, and that it is potentially more sensi-
tive to detecting differences cross-sectionally, given the 
much smaller magnitude of side differences between knees 
within the same (healthy) person compared with differences 
across (healthy) subjects [100]. The authors estimated the 
magnitude of cartilage thickness reductions to be 190 mm 

(5.2%) in the medial femorotibial compartment (MFTC) 
with JSN OARSI grade 1, 630 mm (18%) with OARSI grade 
2, and 1,560 mm (44%) with OARSI grade 3 [101, 102]. Side 
differences were greater in cMF than in MT, and greater in 
MT than in pMT [99]. Within MT, the greatest differences 
were observed in the external and central subregions, and 
within MF the greatest differences were observed in the cen-
tral subregion of the weight-bearing portion of MF. When 
evaluating A-P subregions in the MF, the greatest differences 
between mJSN and contralateral no-mJSN knees were 
observed in regions located between 30° and 75° at the MF.

Longitudinal Studies

A study by Pelletier et al. [58] reported that the rate of change 
in cartilage morphology in the central aspects of the femoro-
tibial joint exceeded that in total cartilage plates, but found 
that the SRM was not improved because of the higher vari-
ability of subregional changes [47]. Wirth et al. [49] found 
the sensitivity to change (SRM) in the central MT to be 
slightly greater than for the total MT, but this was not the 
case in the cMF.

Figure 11.4 summarizes the rates of change (%/annum) 
and the sensitivity to change (SRM) for different subregions 
from three published studies:

	(a) � A 2-year multicenter study at 3 T (Pfizer A 9001140). 
Because healthy reference participants and participants 
with KLG 2 did not show significant changes in cartilage 
morphology [52], results are shown for KLG 3 partici-
pants only (n = 28).

	(b) � The second cohort included is a first release of baseline 
and year 1 follow-up data from the OAI progression sub-
cohort [49]. Results of a subcohort with a high risk of 
progression (BMI > 30; KLG ³ 2) were included (n = 54).

	(c) � The third cohort included was from the MAK study [9, 
45]. Data from a subcohort of participants with neutral 
knee alignment were included in the analysis (n = 74).

As reported previously [8], the central and external part of 
cMF, and the external and central aspect of MT displayed the 
relatively greatest change across subregions in the MFTC 
(Fig. 11.4). With the exception of the external medial femur, 
these regions consistently displayed greater changes than the 
total cartilage plate across the studies. In the LFTC, the cen-
tral, internal, and posterior LT displayed the relatively great-
est changes, and no relevant average changes (across studies) 
were observed in the cLF (Fig. 11.4). Rates of change in the 
central and internal LT were consistently greater than those 
for the total cartilage plates. Please note that the patterns for 
the sensitivity to change (SRM; Fig.  11.4) are similar to 
those of the rates of change, but not identical. Consistent 
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with other observations [47], the authors found that the 
sensitivity to change in the subregions was not consistently 
higher than in the total plates across studies. Only the analy-
sis of the central medial and lateral femorotibial compart-
ments revealed consistently greater SRMs than the analysis 
of the entire MFTC and LFTC, respectively.

Wirth et  al. [103] recently presented a method which 
extended the previously developed method of subregions in 
the weight-bearing femorotibial joint [16] to anterior-poste-
riorly spaced subregions across the entire femoral condyle. 
This method was applied to participants from the OAI and 
confirmed that cartilage thinning in the anterior (weight-
bearing) region of the MF was greater than that in the poste-
rior aspect of the MF. The authors reported the greatest 
longitudinal changes (and SRM) to be located at 30–60° 
(from the trochlear notch [0°] to the posterior/superior end of 
the MF [150°], with a slight variation between knees with 
different OARSI JSN grades.

Ordered Value Approach (Subregion Ranking)

Buck et al. [104] analyzed patterns of subregional cartilage 
change [16] in individual knees and found highly variable 
patterns. For comparing the rate of change between two 
groups (i.e., ROA knees with healthy knees, or DMOAD 
treated knees with control knees) he therefore recommended 
the use of an ordered values (OV) or ranking system, in 
which the subregional changes (in MFTC) were assigned to 
ranked orders in each knee, i.e., the subregion with greatest 
magnitude of cartilage thinning to OV1, the one with the sec-
ond greatest magnitude to OV2, and the one with the small-
est magnitude of cartilage thinning (or with the greatest 
magnitude of cartilage thickening) to the highest rank order. 
When averaging longitudinal changes in cartilage thickness 
(ThCtAB) across these OVs (which vary in location across 
subjects), the authors found that the minimal p-value 
(Wilcoxon) for the differences in 2-year change in medial 
cartilage thickness in a relatively small number of knees with 
radiographic OA and JSN (KLG3) versus healthy knees 
(KLG0) was p = 0.001, with OV1–OV4 displaying signifi-
cant differences between both groups. When averaging 
changes across compartments, plates, or subregions (i.e., the 
conventional approach), in contrast, only one medial subre-
gion displayed significant differences (in the rate of change) 
between KLG3 and KLG0 knees (p = 0.037). Cartilage thick-
ening was significantly greater in knees with radiographic 
OA (definite osteophytes) without JSN (KLG2) versus 
KLG0 knees in one medial subregion using the conven-
tional approach (p = 0.02), but in two OVs using the ordered 
values approach (minimal p = 0.007). The authors con-
cluded that the ordered values approach was more sensitive in 

detecting cartilage thinning in KLG3 and cartilage thickening 
in KLG2 versus KLG0 knees, respectively. The authors also 
suggested that this method was particularly useful in the con-
text of comparing a cohort treated with a disease-modifying 
OA drug versus one treated with a placebo, or in detecting 
risk factors of OA progression.

Wirth [105] recently extended this approach to include 
eight medial and eight lateral (n = 16) subregions. They 
reported significantly greater cartilage loss in KLG3 than in 
KLG2 knees, the ordered value approach again displaying 
much smaller p-values than the conventional approach. This 
opens new possibilities of including participants with medial 
and lateral OA (or with varus and valgus malalignment) into 
a study, without the need of defining cartilage thickness 
changes in a certain compartment, plate, or subregion as the 
primary endpoint. The relevant question would then not be 
whether a certain risk factor is associated with or whether a 
drug can modify cartilage thickness changes in a given loca-
tion (region), but whether the risk factor is associated with or 
whether the drug can modify the change in cartilage thick-
ness wherever it occurs in an individual knee.

Comparison of MRI with Radiographic 
Changes in OA

Several studies found only weak correlations between MRI-
detected cartilage loss and OA progression in radiography 
[84, 88, 106]. However, a recent publication reported a higher 
correlation when the longitudinal reduction in JSW in radio-
graphs was compared with cartilage loss in the central aspect 
of the MFTC [58]. Whereas some studies found a higher rate 
and sensitivity to change of cartilage morphology compared 
with radiography [84, 86, 107], a recent one reported a some-
what greater SRM (−0.62) for fluoroscopy-based Lyon 
Schuss radiography versus ThCtAB of the MT measured 
with MRI (−0.59) [52]. However, the authors found the SRM 
for fixed flexion radiography, a commonly used non-fluoro-
scopic protocol, which is also used in the OAI [108–112], to 
be substantially less (SRM = −0.20) in the same study [52]. 
The authors argued that the relatively high SRM of the mini-
mal JSW measured by Lyon Schuss may be due to the fluo-
roscopic guidance providing optimal alignment of the 
anterior and posterior tibial rim, and to radiography being 
performed under weight-bearing conditions where the carti-
lage tissue is compressed, while MRI is performed in a 
supine non-weight-bearing position. Also, it must be kept in 
mind that radiographic assessment of JSW depends also on 
meniscal extrusion, and not only on cartilage thickness 
[113–115] and that meniscus pathology, in particularly sub-
luxation, can therefore cause changes in JSW over time in 
the absence of cartilage loss. Duryea et al. recently compared 
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the responsiveness (= sensitivity to change) of radiography 
with that of MRI in the first release of the OAI cohort (150 
subjects) over 12 months [116]. The radiographic JSW mea-
surements relied on automated software to delineate the fem-
oral and tibial margins [117, 118]. Measures included the 
medial compartment minimum JSW and JSW at fixed loca-
tions, which were compared to previously published carti-
lage morphology measures [48]. The SRM value for 
radiographic JSW measured at the optimal fixed location 
was −0.32 compared to −0.39 for the most responsive MRI 
measure. For a subgroup with KLG2 or KLG3 knees, the 
most responsive SRM values were −0.34 and −0.42, respec-
tively. The authors concluded that new (fixed distance) mea-
sures of JSW changes provide a similar sensitivity to change 
as MRI and compare favorably in view of the cost effective-
ness of the two imaging modalities.

Risk Factors of Cartilage Loss Identified  
by Quantitative Cartilage Morphometry

Great interest is directed at identifying risk factors (predic-
tors) of subsequent cartilage loss, both to understand the 
pathophysiology of the disease and to be able to identify so-
called fast progressors for inclusion in pharmacological 
intervention studies that attempt to show protection from 
structural change over relatively short periods (e.g., [89]). 
This paragraph will focus on studies that have reported cor-
relations between risk factors of progression and quantitative 
measures of cartilage morphology, but not those that have 
relied on semiquantitative scoring of MRI or quantitative 
measurement of JSW. The list of (potential) risk factors for 
cartilage loss is not meant to be complete, but encompasses 
important examples examined both from cross-sectional and 
longitudinal studies. Risk factors associated with higher rates 
of progression were the following.

•	 Advanced radiographic OA and low cartilage thickness at 
baseline. Opposite to earlier assumptions, recent evidence 
suggests that advanced radiographic OA (JSN) is one of 
the strongest predictors of fast progression. There has 
been evidence that knees with higher KL grades and 
increased JSN [46, 49, 52, 58] display greater rates of 
(and sensitivity to) change than those with lower KL 
grades and without baseline JSN. An analysis of specific 
radiographic features in a sample from the OAI found that 
osteophyte status (at baseline) was not associated with 
medial cartilage loss over 12 months, that knees with medial 
joint space narrowing showed a trend towards higher rates 
of change than those without, and that knees with medial 
femoral subchondral bone sclerosis displayed significantly 
greater rates of progression than those without [119]. The 
same study also found that low baseline cartilage thickness 

was a strong predictor of longitudinal loss in cartilage 
thickness [119], whereas an earlier study had reported 
that higher baseline cartilage volume [82] was strongly 
associated with increased cartilage loss. A within-person, 
between-knee comparison in painful knees selected from 
the OAI [30] recently reported that the cartilage loss was 
greater in knee with radiographic JSN than in contralat-
eral knees without JSN in the same subjects, and that the 
side differences were greater with higher grades of JSN. 
Progression was particularly fast in the small subgroup 
with OARSI JSN grade 3 knees [30].

•	 Meniscal extrusion and tears/damage [58, 85, 86]: 
Meniscal tears were found to be associated with greater 
tibial plateau bone area, but not with reduced tibial carti-
lage volume in a 2-year longitudinal study [120]. However, 
Sharma et al. [9] reported a significant relationship of car-
tilage loss with meniscal tears, albeit not with meniscal 
extrusion. A recent analysis found site-specific relation-
ships between local meniscal tears and subregional carti-
lage loss, suggesting that a tear in the anterior horn, central 
part, or posterior horn of the meniscus was associated 
with increased cartilage loss in adjacent tibial subregions 
[121]. Crema et al. [122] reported grade 2 and 3 medial 
meniscus lesions to be associated with greater cartilage 
loss in the femorotibial compartment, but not grade 1 
lesion (= intrasubstance meniscal signal changes) and 
concluded that the protective function of the meniscus 
was still preserved in cases of these early lesions. Recent 
evidence suggests that the meniscus may undergo a phase 
of hypertrophy in OA [123, 124]. Raynauld et al. [125] 
observed that selecting a subcohort of participants with 
meniscal tears/extrusion did not improve the ability to 
identify treatment effects of a potentially structure-modi-
fying drug, because of the larger standard deviation of the 
change in the participants with meniscal pathology.

•	 Knee malalignment and adduction moment. A strong rela-
tionship was observed between (varus and valgus) mala-
lignment and the ratio of cartilage loss in MFTC versus 
LFTC [9, 45, 126, 127]. After adjustment for meniscal 
changes, the study by Sharma et al. [9] found that varus 
malalignment and medial meniscus damage both predicted 
medial tibial cartilage volume (and thickness) loss. In con-
trast, medial–lateral joint laxity, measured with a device 
applying a fixed varus and valgus load, was not found to 
have consistent effects and was not a significant predictor 
of cartilage loss in models fully adjusted for alignment and 
meniscal damage [9]. Teichtahl et  al. [128] showed 
increases in varus malalignment between baseline and 
follow-up to be associated with an increase in the rate of 
MT cartilage loss, whereas there was no significant corre-
lation with the rate of cartilage loss of the LT. The authors 
concluded that methods to reduce progression of varus 
alignment may also delay the progression of medial 
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femorotibial OA. Frontal plane knee valgus malalignment 
was also correlated with patellar cartilage loss [129]. In a 
largely non-arthritic cohort, in contrast, no correlation 
between cartilage loss and malalignment was identified 
[130]. A recent cross-sectional analysis revealed that a 
higher peak knee adduction moment was observed in par-
ticipants with medial compared to those with lateral menis-
cal tears [131]. Participants with a higher knee adduction 
moment displayed a larger medial meniscus extrusion and 
lower medial meniscus height, whereas the inverse rela-
tionship was observed for the lateral meniscus. A higher 
knee adduction moment was also associated with a higher 
ratio of the medial to lateral tibial subchondral bone area, 
whereas cartilage thickness and denuded areas in the tibia 
and femur were not related to the knee adduction moment. 
Similar results were found for the relationship between 
knee adduction angular impulse and meniscus, cartilage, 
and bone morphology [131].

•	 High BMI [46, 49, 58, 84, 86, 91, 132]: This relationship 
was also suggested to exist in the patella in subjects with-
out OA [133].

•	 Bone marrow alterations [58, 86]: Raynauld et al. [125] 
reported that although bone marrow lesions and cysts did 
not increase significantly in size over 24 months in an OA 
cohort, there was a significant correlation between size 
change of bone marrow lesions and cysts with the loss of 
cartilage volume in the medial femorotibial compartment. 
A relationship between very large bone marrow lesions 
and lateral tibial cartilage loss was also reported in asymp-
tomatic persons [134, 135].

•	 Focal cartilage lesions or defects, as graded by visual 
scoring [136, 137] and denuded areas, as determined 
quantitatively from MRI [119, 138, 139]: Cartilage defects 
at baseline (visual scoring) appeared to be associated with 
longitudinal measurement of quantitative cartilage loss in 
the same compartment in OA subjects, although the sec-
ond of the two above studies [137] only found a signifi-
cant relationship in the femoropatellar but not in the 
femorotibial joint. Other studies reported that the pres-
ence of cartilage defects predicted knee cartilage loss also 
in asymptomatic individuals without radiographic knee 
OA [140, 141]. It was hypothesized that tibial subchon-
dral bone area expansion may lead to the development of 
knee cartilage defects (which are associated with future 
cartilage loss) and is predictive of the need for knee joint 
replacement in subjects with knee OA, independent of 
radiographic change [142]. Morphometric studies have 
recently provided evidence that areas of denuded sub-
chondral bone (dABs), as determined by segmentation at 
baseline, were also relatively strong predictors of subse-
quent cartilage loss [119]. Hunter et  al. [143] reported 
that in a subsample of knees with no denuded area (at 
baseline) the SRM for subsequent cartilage volume loss 

was −0.25, whereas it was −0.30 in the knees with 
intermediate denuded area, and −1.0 in knees with severe 
denuded area. Denuded areas were observed to either 
originate from cartilage loss or from internal osteophytes 
[139]: In an OA cohort from the OAI, almost half of the 
men and a third of the women displayed dABs; 61% of 
the dABs represented internal osteophytes. One of 47 
knees with KLG0 displayed any dAB, whereas 29 of the 
32 KLG4 knees were affected. There were significant 
relationships of dAB with increasing KL grades (p < 0.001) 
and with ipsi-compartimental JSN. Internal osteophytes 
were more frequent laterally (mainly posterior tibia and 
internal femur), whereas full thickness cartilage loss was 
more frequent medially (mainly external tibia and 
femur).

•	 Other risk factors: Some evidence has been provided that 
smoking may be associated with increased cartilage loss 
[144, 145], but other factors such as age, sex, pain, function, 
physical activity levels, synovitis (effusion), sex hormone 
levels, and serum or urine biomarkers were not consis-
tently found to be associated with cartilage thinning mea-
sured quantitatively with MRI and studies have produced 
partially contradictory results.

Correlation of Cartilage Loss with Clinical 
Outcome, and Treatment Response in OA

Estimates of tibial cartilage loss over 2 years were suggested 
to be correlated with those over 4.5 years, albeit the authors 
did not report the consistency of the longitudinal changes in 
the second versus the first observation period [146]. More 
importantly, however, the rate of change in VC over 2 years 
was significantly associated with total knee arthroplasty 
(TKA) at year 4 [146]: For every 1% increase in the rate of 
cartilage loss there was a 20% increased risk of undergoing 
TKA and participants in the highest tertile of tibial cartilage 
loss had a 7.1 higher odds of TKA than those in the lowest 
tertile. In contrast, radiographic scores of OA did not predict 
TKA in the same study. A more recent study concluded from 
the same sample that when subchondral bone cysts are pres-
ent, cartilage loss and risk of knee replacement are higher 
than if only bone marrow lesions are present, suggesting that 
cysts identify those most likely to benefit from prevention of 
disease progression [147]. These are principally important 
findings as they link cartilage morphology, as a potential sur-
rogate measure of disease progression, to a clinical outcome 
(i.e., how a patient feels or functions, or how long the knee 
“survives” [TKA]).

Raynauld et al. [107] recently reported that licofelone (a 
drug that inhibits both cyclooxygenase and lipoxygenase) 
significantly reduced cartilage loss over time when averaged 



140 F. Eckstein et al.

over both femorotibial compartment, and that MRI was 
superior to radiographs in demonstrating a structure-modifying 
effect in this multicentre trial. Interestingly, the effects were 
significant only in the lateral, but not in the medial compart-
ment, although the participants had been selected for medial 
femorotibial radiographic OA and the medial compartment 
had thus been defined as the primary endpoint. To date, no 
structure- or disease-modifying drug (SMOAD or DMOAD) 
has yet been approved by regulatory agencies, neither based 
on radiographic nor on MRI-based evidence of structure 
modification in knee cartilage.

Future Directions

Baseline, 12-month and 24-month follow-up radiographic 
and MRI data have been made publicly available for approx-
imately 4,800 participants of the OAI cohort (http://www.
niams.nih.gov/ne/oi/), and clinical data have been released 
for the 36-month time point. Quantitative data on cartilage 
morphology at baseline and 12-month follow-up from two 
groups are publicly available for the first release of 160 OA 
participants (image data sets 0.B.1 and 1.B.1), and baseline, 
12-month, and 24-month follow-up data from the first 107 
cases of a core sample of approximately 650 knees, for which 
central radiographic readings, quantitative measurement of 
JSW, and cartilage morphometry data are available, will be 
released in the near future. This and the results of other large 
epidemiological studies will provide ample opportunity for 
collaborative research and should allow the research com-
munity to make rapid progress in understanding the risk fac-
tors involved in quantitative cartilage loss in OA. Most 
importantly, it will allow one to determine which imaging 
biomarkers can best predict clinical outcomes, such as real or 
virtual TKA. This will be an important step in validating 
novel cartilage imaging biomarkers and approaches as sur-
rogate measures of disease progression, particularly in thera-
peutic intervention trials. Once the clinical importance of 
these imaging biomarkers are established, further improve-
ments in imaging hardware, coils, sequences, and image 
analysis algorithms may foster a more automated analysis of 
cartilage morphology, composition, and other articular tis-
sues than currently possible. This will be of particular impor-
tance once structure- or disease-modifying drugs become 
available, as this may require monitoring the treatment 
response in large sets of OA patients. Currently, quantitative 
MRI of articular cartilage represents a very powerful research 
tool in experimental, epidemiological, and pharmacological 
intervention studies. Once structure- or disease-modifying 
drugs (SMOADs or DMOADs) will become available, quan-
titative MRI of the cartilage may also play a more important 
role in clinical decision making and practice.
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Introduction

Magnetic Resonance Imaging (MRI) can be used not only 
for morphologic but also for quantitative assessment of knee 
cartilage. Quantitative T1rho and T2 relaxation time mea-
surements and dGEMRIC (delayed Gadolinium enhanced 
MRI of the cartilage) have emerged as potential cartilage 
biomarkers to assess early degenerative disease. This chapter 
focuses on the T2-technique and clinical applications of hya-
line cartilage and meniscal T2 relaxation time measurements 
in particular at the knee.

The chapter is structured into four parts: After a brief 
background section, image acquisition and processing are 
outlined. Subsequently, image analysis and clinical applica-
tions are presented.

Background

Early stages of knee osteoarthritis (OA) are characterized by 
degradation of components of the extracellular matrix of the 
cartilage [1, 2]. The proteoglycan content decreases and the 
collagen network shows signs of disorganization. The latter 
induces higher water mobility and consequentially increased 
water content within the cartilage. These initial cartilage 
changes are subclinical, i.e., individuals do not have symptoms 

of OA. T1rho and T2 relaxation times are affected by these 
pathophysiological processes [3, 4]. Whereas T1rho relaxation 
time is more sensitive to the proteoglycan content of the 
cartilage, T2 relaxation time is more sensitive to cartilage 
hydration and orientation and integrity of the collagen net-
work. Therefore, T1rho and T2 are noninvasive biomarkers 
for cartilage degeneration. These biomarkers may be used to 
detect early stages of the disease, quantitatively assess disease 
severity, sensitively monitor disease progression, and monitor 
OA therapy. Since they are sensitive to tissue components of 
cartilage that change before morphologic signs are detectable, 
they are particularly suited for the early disease stages, which 
are not accessible with standard morphological MR imaging 
[5]. In one of the early studies, Dardzinski et al. analyzed T2 
measurements in asymptomatic volunteers and found a repro-
ducible pattern of increasing T2 that was proportional to the 
known spatial variation in cartilage water [6]. Based on these 
findings, the authors postulated that these regional T2 differ-
ences were secondary to the restricted mobility of cartilage 
water within an anisotropic solid matrix. In a subsequent 
clinical study, Mosher et al. studied asymptomatic volunteers 
and individuals with symptoms of patellar chondromalacia 
using quantitative T2 maps of patellar cartilage and found 
an asymptomatic increase in T2 with aging as well as an 
increase in cartilage T2 from the radial zone to the articular 
surface [7]. Based on these studies and findings, investigators 
adopted T2 relaxation time measurements to assess cartilage 
degeneration in clinical studies, which culminated in 
implementing T2 relaxation time measurements in the NIH 
sponsored Osteoarthritis Initiative (OAI) multicenter trial.

Image Acquisition and Processing

Imaging Sequences and Field Strength

Quantitative T2 relaxation time measurements in  vivo are 
typically performed at 1.5 and 3.0 T. Pai et al. compared sev-
eral different sequences used for T2 quantification [8]: spin 
echo (SE), multiecho SE, fast spin echo (FSE), and spiral 
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and 3D spoiled gradient recalled (SPGR) acquisition. 
Sequences ranged in scan time, signal-to-noise ratio (SNR) 
efficiency, and reproducibility. The investigators found that 
T2 values obtained with these sequences were partly signifi-
cantly different; consequently, comparisons of T2 values of 
different studies always have to take into account the used 
modalities of image acquisition.

Spin echo sequences have been most commonly used for 
T2 quantification. Various possibilities for the number and 
values of the echo times (TE) were reported. To give an 
example, the Osteoarthritis Initiative (OAI), which had 4,796 
study participants, used a multislice multiecho (MSME) spin 
echo sequence with seven echoes (TE = 10, 20, 30, 40, 50, 
60, and 70 ms), repetition time (TR) of 2,700 ms, and total 
acquisition time of 10.6 min [9].

Compared to single-echo spin echo and single-slice mul-
tiecho spin echo sequences, the application of a MSME spin 
echo sequence considerably reduces the acquisition time. 
This is important for the feasibility of quantitative T2 relax-
ation time measurements in clinical practice. However, 
potential error sources are introduced by using a MSME spin 
echo sequence [10–12]. A multislice sequence requires slice-
selective refocusing pulses. First, off-resonance effects are 
generated by refocusing pulses for other slices. This intro-
duces magnetization transfer contrast (MTC) into the images, 
resulting in reduced signal intensity in cartilage and thus 
possibly in inaccuracy of the T2 measurements. Second, 
slice selective refocusing pulses do not result in rectangular 
slice profiles, leading to imperfect refocusing throughout the 
slice and causing stimulated echo contributions. The occur-
rence of the stimulated echoes causes overestimation of T2 
values in multiecho sequences.

Regarding MTC, Watanabe et al. reported that the average 
T2 value measured with multislice acquisition was shorter than 
that measured with single-slice acquisition [11]. However, they 
found only a relatively small decrease in T2 and observed no 
obvious interslice variation in T2 values when multislice acqui-
sition was used. They concluded that multislice acquisitions for 
T2 measurements are clinically applicable. Regarding stimu-
lated echo contributions, studies have suggested that excluding 
the first echo from the fitting process minimizes error from 
stimulated echoes in calculated T2 values [10, 12, 13].

T2 quantification based on 3D spoiled gradient recalled 
(SPGR) can be used alternatively to avoid the above-
mentioned error sources due to the use of a MSME spin echo 
sequence [8]. The sequence consists of a nonselective T2 
preparation and a 3D SPGR acquisition during the transient 
signal evolving towards steady state. A recent study used this 
sequence and reported an acquisition time of 11 min with 
parallel imaging [14].

By using parallel imaging, scan time can be reduced. 
Parallel imaging uses spatial encoding from coil elements 
of the receiver array. Thus, gradient encoding steps are 

reduced, enabling accelerated image acquisition. Parallel 
imaging reduces the scan time at the cost of SNR, but image 
acquisition using parallel imaging with an acceleration fac-
tor of 2 showed good accuracy and reproducibility of T2 
values [15].

In addition to T2 quantifications at 1.5 and 3.0 T, Welsch 
et al. demonstrated the feasibility of T2 measurements at 7.0 
T [16]. They compared 12 healthy volunteers and 4 patients 
after matrix-associated autologous chondrocyte transplanta-
tion (MACT). T2 values in healthy cartilage increased sig-
nificantly from deep to superficial cartilage, whereas cartilage 
repair tissue showed no significant stratification. The authors 
concluded that optimized protocols and sophisticated coil 
technology, together with increased signal at 7.0 T MRI, may 
lead to advanced biochemical cartilage imaging.

Compared to hyaline cartilage, menisci have shorter T2 
relaxation times (5–8 ms). Therefore, T2 relaxation time 
measurements of the menisci were performed using a SPGR 
sequence with shorter TEs (e.g., TE = 4.1, 14.5, 25.0, and 
45.9 ms and TR = 2,000 ms) [17]. Zarin et al. used similar 
TEs, but excluded the last TE = 44.8 ms for the T2 map cal-
culations due to the very low SNR for the meniscus (SNR < 5) 
[14]. An alternative to characterize the meniscus is ultrashort 
echo time (UTE) imaging, which is currently a growing 
research field [18, 19].

T2 Relaxation Time Measurements

The actual T2 relaxation time value for each pixel is calcu-
lated by fitting the measured signal intensity S at each TE to 
a mono-exponential decay function:

 

where S
0
 is the signal intensity at zero TE.

To solve the equation for T2 and S
0
, different fitting methods 

such as linear least squares, weighted linear least squares, or 
nonlinear least squares algorithms were used in the past  
[10, 20]. The chosen fitting method has a considerable impact 
on the resulting T2 values, thus making the comparison of 
T2 values of different studies using different fitting methods 
difficult. Furthermore, the measured signal intensity S is 
always affected by noise. Especially in low SNR images, S 
does not decay exponentially with increasing TE, which may 
induce overestimations of T2. Therefore, it was recently sug-
gested to fit the noise-corrected squared signal intensity to an 
exponential function or even better fit S to a noise-corrected 
exponential function. Compared to the above-mentioned tra-
ditional fitting methods, the noise-corrected fitting methods 
showed better accuracy and precision in phantom and in vivo 
measurements [21].

( )TE /T2
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The last step of image processing is the creation of T2 
maps containing the calculated T2 values of each pixel. 
These maps can be presented color-coded where individual 
colors correspond to specific T2 values to allow visual assess-
ment of hyaline cartilage or meniscal T2.

Image Analysis

Compartments

Quantitative T2 relaxation time measurements of articular 
cartilage of the knee are performed in distinct compartments. 
A nomenclature for these anatomical regions of interest 
has been established [22]. The nomenclature distinguishes 
between patella, trochlea, medial femur, lateral femur, medial 
tibia, and lateral tibia compartment. The patella compartment 
can be subdivided in a medial, central, and lateral subregion, 
the lateral/medial femur compartment in a central and poste-
rior subregion, and the trochlea in a medial, central, and lateral 
subregion (Fig. 12.1). The medial and lateral subregion of the 
trochlea is often added to the medial, respectively, lateral 
femur compartment [23–25]. Furthermore, different weight-
bearing and nonweight-bearing areas were introduced for the 
medial/lateral femur/tibia. Therefore, it is important to check 
the particular compartment definitions of each study to allow 
an adequate comparison of different studies.

The medial/lateral meniscus is usually divided in anterior, 
posterior, and body compartment [14, 17, 26]. Based on sagittal 
images, the meniscal body is defined mesially as the first section 
where the anterior and posterior parts of the meniscus are con-
nected and peripherally as the last section showing the meniscus 
without partial volume effects. The posterior border of the pos-
terior horn of the lateral meniscus is defined by the hiatus popli-
teus. The fascicles are not included in the image analysis.

Segmentation

Cartilage compartments/subregions are segmented based on 
coronal or sagittal images. Two different techniques are com-
monly used for cartilage segmentation.

The first is a segmentation superimposition technique. 
Cartilage is segmented on spoiled gradient recalled (SPGR) 
echo or double-echo steady-state (DESS) images (Figs. 12.2 
and 12.3). Software using edge detection or graph-cuts algo-
rithms was developed to perform the segmentation (semi-)
automatically [27–30]. These segmentation techniques were 
primarily developed for cartilage volume measurements. For 
T2 quantifications, the obtained segmentations need to be 
superimposed on T2 maps. Software was developed to adjust 
for different slice thickness of SPGR/DESS images and T2 
maps. T2 maps need to be registered on the SPGR/DESS 
images due to patient movement between DESS/SPGR and 
T2 mapping acquisitions [28, 31]. Recent studies have used 
a VTK CISG Registration Toolkit for image registration [14, 
32, 33]. After superimposition on the T2 maps, the seg-
mented compartments/subregions often have to be manually 
corrected due to accidentally included fluid with elevated T2 
values, which is a very time-consuming process. An average 
time duration of 30 min was reported for T2 quantifications 
of the three compartments of one meniscus using the seg-
mentation superimposition technique [14, 17]. The segmen-
tation and T2 measurements of the six standard compartments 
of the articular cartilage (patella, trochlea, medial femur, 
medial tibia, lateral femur, and lateral tibia) require approxi-
mately 5 h using this technique [25]. However, this time 
effort includes not only T2 quantifications but also articular 
cartilage volume measurements.

This segmentation procedure is not acceptable for research-
ers who exclusively evaluate T2 relaxation times in large 
clinical trials like the Osteoarthritis Initiative (OAI). Therefore, 
an alternative segmentation technique was developed, which 

Fig. 12.1  Sagittal fat-suppressed spoiled gradient echo (SPGR) images 
of the articular cartilage compartments/subregions. (a) Patella (PAT), 
lateral tibia (LT), lateral trochlea (lTRO), central lateral femur (cLF), 

and posterior lateral femur (pLF). (b) Patella (PAT) and central trochlea 
(cTRO). (c) Medial tibia (MT), central medial femur (cMF), and poste-
rior medial femur (pMF)
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allows direct segmentation in the T2 map (Fig. 12.4) [34]. It 
is a software program for the manual drawing of volumes of 
interest (VOI) delineating cartilage areas on the T2 maps. In 
order to exclude both fluid and chemical shift artifacts from 
the VOI, a technique was developed that allowed adjustment 
of the VOI simultaneously in the T2 map and first echo of the 
multiecho sequence by opening separate image panels at the 
same time with synchronized cursor, slice number, and zoom. 
Using this direct segmentation technique, segmentation time 
can be substantially reduced. Segmentation of the six stan-
dard compartments of the articular cartilage requires approx-
imately 1 h, segmentation of the three compartments of one 
meniscus approximately 15 min [35–37]. Therefore, the 
direct segmentation technique is the first choice for cartilage 
T2 measurements in large sample sizes.

Calculation of T2 Relaxation Time Parameters

The standard parameter of T2 relaxation time measurements 
is the mean T2 value of all pixels included in the segmented 
compartment/subregion [14, 17, 24, 25, 34–37]. However, 
the mean T2 value does not provide information about the 

spatial distribution of pixels with particular low or high T2 
values (Figs. 12.5 and 12.6). For articular cartilage, laminar 
and texture analysis were therefore introduced as additional 
parameters to assess spatial information.

Laminar analysis can be automatically performed and par-
titions the segmented compartment/subregion into a superfi-
cial and deeper cartilage layer (Fig.  12.7) [32, 33]. The 
superficial layer is orientated to the articular surface, the 
deeper layer to the bone–cartilage interface. Each cartilage 
pixel within the segmented compartment/subregion is assigned 
to one layer according to its closest distance to the bone–cartilage 
interface or the articular surface. With typical imaging param-
eters, matrix size, and resolution, there may only be three to 
seven pixels across the cartilage. Koff et  al. alternatively 
divided the patellar cartilage into three layers, a superficial, 
intermediate, and deep zone [38]. Higher T2 values were 
reported in the superficial cartilage layer and recent studies 
suggested that laminar analysis might improve the sensitivity 
to detect longitudinal T2 changes as well as the classification 
between subjects with and without OA [32, 33].

Texture analysis based on gray level co-occurrence matrix 
(GLCM) was developed by Haralick et al. and is performed 
on a slice-by-slice basis in the T2 maps [39]. GLCM extracts 
information related to the spatial distribution of pixel intensities 

Fig.  12.2  Articular cartilage segmentation in sagittal fat-suppressed 
spoiled gradient recalled (SPGR) echo images using a semiautomatic 
technique based on Bezier splines and edge detection. (a) Lateral femur 

compartment; (b) medial femur compartment; (c) lateral tibia compartment; 
(d) medial tibia compartment; (e) patella compartment; and (f ) trochlea 
compartment
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Fig.  12.3  Meniscus segmentation in sagittal fat-suppressed spoiled 
gradient echo (SPGR) images using a semiautomatic technique based 
on Bezier splines and edge detection. (a) Lateral meniscus body com-

partment; (b) medial meniscus body compartment; (c) lateral anterior 
and posterior meniscus compartments; and (d) medial anterior and pos-
terior meniscus compartments

Fig. 12.4  Articular cartilage segmentation performed directly in the T2 map. (a) Patella, lateral femur, and lateral tibia compartments; and 
(b) medial femur and medial tibia compartments
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by analyzing their co-occurrences at a certain orientation and 
interpixel distance [31, 33, 40, 41]. Calculations are usually 
performed with the following four orientations: 0°–180°, 
45°–225°, 90°–270°, and 135°–315°, where horizontal and 
vertical directions are in close correspondence to the anterior–
posterior and superior–inferior anatomic directions. An 
interpixel distance of 1 is usually chosen (i.e., nearest neigh-
bor pixel), but can also range from 1 to 3 as reported in a 
previous study [40]. Texture parameters are computed by 
creating matrices of pixel-intensity co-occurrences, convert-
ing the matrices into probabilities and combining the proba-
bilities with different weight factors [33]. Two texture 
parameters from the contrast group (contrast and homogene-
ity), three from the orderliness group (angular second 
moment [ASM], energy, and entropy), and three from the 
stats group (mean, variance, and correlation) were calculated 
in previous studies [31, 33, 40, 41]. According to Haralick 
et al. [39], contrast is a measure of the amount of local varia-
tions present in the image. Angular second moment (ASM) 
is a measure of order, whereas entropy is a measure of disor-
der in the image. Correlation is a measure of gray-tone linear 

dependencies in the image. Texture analysis applied to T2 
maps of OA patients and normal controls demonstrated that 
OA patients had higher entropy and contrast as well as sig-
nificantly lower ASM than normal controls [40, 41]. The 
authors of these studies concluded that T2 values are not 
only elevated but also more heterogeneous in osteoarthritic 
cartilage. Therefore, texture analysis may provide additional 
information regarding cartilage degeneration.

Clinical Applications

Precision of T2 Measurements

T2 relaxation time measurements are only a discriminatory 
biomarker if the precision error of the T2 measurements is 
smaller than the T2 differences in healthy and diseased carti-
lage. The precision error of T2 relaxation time measurements 
depends on several crucial points. The operator dependency 
of the manual or (semi-)automatic segmentation techniques 

Fig. 12.5  Color-coded T2 maps in [ms] of articular cartilage compartments. (a) Patella, lateral femur and lateral tibia compartments; and 
(b) medial femur and medial tibia compartments



151Fig. 12.6  Color-coded T2 maps 
in [ms] of the meniscal compart-
ments. (a) Lateral meniscus body 
compartment; (b) lateral anterior 
and posterior meniscus compart-
ments; (c) medial meniscus body 
compartment; and (d) medial 
anterior and posterior meniscus 
compartments
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is the first issue. Intra- and interoperator reproducibility 
errors for T2 measurements of each compartment/subregion 
are calculated as the coefficient of variation (CV) or as the 
root mean square (RMS) coefficient of variation of the 
repeated measurements, as outlined by Gluer et  al. [42]. 
Intraoperator reproducibility errors for mean T2 amounted 
up to 5.70% for the standard articular cartilage compartments 
[15, 34]. Koff et al. reported higher interoperator than intra-
operator reproducibility errors for mean T2 of the patellar 
cartilage (3.3% vs. 1.9%) [38]. Additionally, they obtained 
even higher reproducibility errors for mean T2 values of the 
subdivided patellar compartment, i.e., superficial, intermediate, 
and deep cartilage layer. The intraoperator reproducibility 
errors ranged from 1.8 to 3.1%, and the interoperator repro-
ducibility errors from 3.2 to 5.0%. Reproducibility errors of 
meniscal T2 measurements were assessed by Rauscher et al. 
and amounted 4.55–13.71% [17]. All above-mentioned 
reproducibility errors were not derived from replicate image 
acquisitions, which is a limitation. Glaser et al. examined the 
reproducibility of mean T2 relaxation time measurements in 
the patella in replicate scans [43]. Four scans were performed 
in a first imaging session with knee repositioning after each 
scan. Three additional scans were acquired in a second imaging 
session after 1 week. The reproducibility error for mean T2 
of the patella was 3–7%. No difference between intra- and 
intersession reproducibility was observed. Due to these rela-
tively small reproducibility errors compared to changes in 
diseased cartilage, the authors concluded that T2 quantifica-
tions have a good discriminatory power.

Glaser et al. also observed no differences regarding repro-
ducibility of patellar T2 measurements between 1.5 and 3 T 
scanners [44]. Significantly elevated T2 values were reported 
after 30 min of unloading the knee due to decompression 
of the cartilage and consequently increasing cartilage water 

content [45]. Loading and unloading the knee joint considerably 
affect the T2 values [46]. Therefore, physical activity before 
the scan and the time point of the T2 sequence within the MR 
protocol are important. Furthermore, an adequate MR scan-
ner calibration is necessary to compare T2 maps acquired at 
different scanners, respectively at different time points to 
ensure reliable long-term follow-up examinations. All these 
potential error sources have to be taken into account when 
the clinical relevance of T2 relaxation time measurements is 
discussed.

Association of T2 Measurements with OA

Previous studies demonstrated that T2 relaxation times could 
differentiate OA patients and normal controls, which illus-
trates the clinical relevance of these measurements [23–25, 
47]. Li et al. examined 16 healthy volunteers without clinical 
or radiological evidence of OA and 10 patients with early 
OA [24]. Mean T2 values were significantly higher in the 
early OA patients than in the healthy volunteers (averaged 
over all compartments 39.63 ± 2.69 vs. 34.74 ± 2.48 ms). 
Dunn et al. performed knee cartilage T2 measurements in 55 
subjects who were categorized with radiography as healthy 
(n = 7) or as having mild OA (n = 20) or severe OA (n = 28) 
[23]. OA patients showed significantly higher T2 values 
compared to normal controls (Fig. 12.8). However, no sig-
nificant difference was found between patients with mild and 
severe OA. Friedrich et al. analyzed T2 maps of 24 patients 
with clinical symptoms of medial knee OA, 12 with varus, 
and 12 with valgus alignment of the femorotibial joint [48]. 
Significantly higher T2 values were found in the medial 
compartments compared to the lateral compartments due to 
the medial knee OA. Additionally, they observed that patients 
with varus alignment had significantly higher T2 values than 
patients with valgus alignment suggesting an association of 
OA and joint alignment.

Z-score maps can be generated to better interpret T2 val-
ues of OA patients versus normal controls and were used in 
previous studies [23, 41]. T2 values are converted to z-scores 
per pixel on the basis of normal control T2 values for each 
compartment. With z-score maps, cartilage compartments 
can be visually graded and easily compared with different 
compartments as well as cartilage heterogeneity and varia-
tion from normal can be easily depicted. To assess the spatial 
distribution of T2 values in detail, texture analysis can be 
applied on T2 maps [33, 40, 41]. Blumenkrantz et al. exam-
ined eight mild OA patients and ten age-matched controls 
using T2 texture analysis [40]. In addition to elevated mean 
T2 values, significantly higher gray level co-occurrence 
matrix (GLCM) entropy (i.e., measure of disorder) was 
observed in the mild OA patients when compared to normal 

Fig. 12.7  Laminar analysis: Partition of the medial tibia cartilage into 
a superficial and deeper layer. (a) Partition is based on the proximity of 
each pixel to the articular surface (green line) and the bone–cartilage 
interface (red line), resulting in a borderline between the two layers 
(blue line). (b) Superficial layer is filled with green, deeper layer is 
filled with red color
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controls, suggesting more heterogeneous cartilage due to 
OA. Carballido-Gamio et al. compared 19 healthy controls 
and 17 subjects with mild OA [33]. They reported that 
healthy controls showed lower GLCM contrast, higher 
homogeneity, higher angular second moment, higher energy, 
lower entropy, lower mean, lower variance, and lower cor-
relation in all compartments than the OA subjects. Texture 
analysis provides additional information regarding cartilage 
degeneration and can improve discrimination of subjects 
with and without OA beyond mean T2 values.

The sensitivity of T2 measurements can be also improved 
by using laminar analysis. Carballido-Gamio et al. examined 
longitudinal mean T2 changes in 13 OA patients over 2 years 
[32]. Significant longitudinal changes of mean T2 values 
were observed in the deep cartilage layer, but changes were 
nonsignificant in the superficial cartilage layer, suggesting 
that laminar analysis may improve the sensitivity to detect 
longitudinal T2 changes. Carballido-Gamio et al. also dem-
onstrated that laminar analysis improves the classification 
between subjects with and without OA [33].

Meniscal T2 values correlate with clinical findings of OA 
and can be used to differentiate healthy subjects from patients 
with mild or severe OA [14, 17]. Rauscher et  al. analyzed 
mensical T2 values of 60 subjects (23 healthy controls, 27 
mild OA subjects, and 10 severe OA subjects) [17]. Averaged 
over all compartments, mean T2 values of healthy, mild OA, 
and severe OA subjects were significantly different (11.4 ± 
3.9 vs. 13.5 ± 4.7 vs. 16.6 ± 8.2 ms). Zarins et al. reported that 
T2 measurements of the posterior horn of the medial menis-
cus and the medial tibia cartilage were higher in subjects hav-
ing a meniscal tear (meniscal Whole-Organ Magnetic 
Resonance Imaging Score [WORMS] grade of 2–4) com-
pared to subjects with meniscal WORMS grade of 0 or 1 [14]. 
Friedrich et al. graded meniscal signal and morphology quali-
tatively according to the Whole-Organ Magnetic Resonance 
Imaging Score (WORMS) and correlated the meniscal score 
with the T2 values of the articular cartilage [49]. Significantly 
increased T2 values were reported in the articular cartilage of 
patients with meniscal tears, suggesting that degeneration of 
meniscal and articular cartilage are intimately related.

Fig. 12.8  Color-coded T2-maps in [ms] of normal control (a) and osteoarthritis (OA) patient (b) with significantly higher T2 values in the OA 
patient. (a) Medial femur and medial tibia compartments of normal control; and (b) medial femur and medial tibia compartments of OA patient
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Association of T2 Measurements with Aging

Aging is associated with elevated T2 values in articular and 
meniscal cartilage [7, 17, 50]. Rauscher et al. reported a sta-
tistically significant correlation of meniscal T2 values with 
age in 23 healthy subjects (34.1 ± 10.0 years old) [17]. Mosher 
et al. analyzed T2 maps of patellar cartilage from 30 asymp-
tomatic women aged 22–86 years [50]. Subjects were strati-
fied by age into four cohorts (18–30, 31–45, 46–65, and 66–86 
years). Mean cartilage T2 values were similar for the two 
youngest cohorts. Compared with the 18–30-year-old group, 
T2 values were significantly higher in the superficial 40% of 
cartilage in the 46–65-year-old group and over the entire car-
tilage in the 66–86-year-old group. The authors concluded 
that the location of T2 elevations in women over the age of 45 
years is consistent with the theory that senescent changes of 
cartilage collagen begin near the articular surface and prog-
ress to the deeper cartilage with advancing age. Mosher et al. 
strengthened this theory with a study that compared 25 
asymptomatic subjects and 6 subjects with symptoms of 
patellar chondromalacia [7]. In the asymptomatic study popu-
lation, a significant increase in T2 of the transitional zone was 
found in the subjects aged 46–60 years compared with the 
younger subjects. However, the increase in T2 was larger in 
magnitude and focal in distribution in the symptomatic study 
population. These findings suggest that diffuse increase in T2 
in senescent cartilage is different in appearance than the 
focally increased T2 observed in damaged articular cartilage.

Association of T2 Measurements with Gender

Mosher et  al. performed cartilage T2 measurements in a 
young healthy population consisting of seven male and ten 
female volunteers aged 22–29 years [51]. No differences in 
mean T2 values were found for males and females. Similarly, 
the spatial variation of T2 values showed the same pattern in 
both groups, with a minimum located in the radial zone and 
increasing T2 values toward the articular surface. The authors 
concluded that the magnitude and spatial dependency of car-
tilage T2 does not differ with gender at least in young, healthy 
subjects. Additional studies with T2 comparison of older 
males and females are required due to the fact that females 
are at increased risk for OA.

Association of T2 Measurements  
with Physical Activity

Generally, physical activity has a major impact on cartilage 
T2 values. Stehling et al. examined 120 subjects with risk fac-
tors for knee OA [34]. Physical activity was assessed by using 

the Physical Activity Scale for the Elderly (PASE). Significantly 
higher patellar T2 values, as well as prevalence and severity of 
meniscal and cartilage lesions, were found in subjects with 
high PASE scores compared to subjects with low PASE scores 
(Fig. 12.9). Stahl et al. compared 13 asymptomatic physically 
active subjects, 7 asymptomatic sedentary subjects, and 17 
patients with mild OA [25]. T2 values were significantly 
higher in early OA patients compared to healthy subjects, but 
T2 values of active and sedentary subjects were not different. 
However, T2 values in active subjects with and without focal 
cartilage abnormalities differed significantly. Therefore, the 
authors suggested that T2 could be a parameter suited to iden-
tify active healthy subjects at higher risk for developing carti-
lage pathology. Luke et  al. analyzed articular cartilage T2 
measurements of ten asymptomatic marathon runners 2 weeks 
before, within 48 h after, and 3 months after running a mara-
thon [52]. Postmarathon exams revealed significantly higher 
T2 values in all articular cartilage compartments of the knee 
except the lateral femur and tibia. T2 values recovered to 
baseline except in the medial femur compartment after 3 
months. Stehling et al. observed similar results for meniscal 
T2 measurements [35]. T2 values increased significantly 
(from 11.1 to 13.6 ms) after competition in all mensical com-
partments of the 13 marathon runners. After 3 months, T2 
values decreased again to baseline values (11.3 ms).

Interestingly, T2 values directly measured after running 
are decreased [53, 54]. Mosher et al. examined seven young 
healthy men before and immediately after 30 min of running 
[53]. They reported a statistically significant decrease in T2 
of the superficial 40% of weight-bearing femoral cartilage 
after exercise. In a later study, Mosher et  al. compared 22 
marathon runners and 15 sedentary controls before and after 
30 min of running [54]. Both groups, marathon runners and 
sedentary controls, revealed the same T2 response to run-
ning. T2 values decreased about 2–4 ms in the superficial 
femoral cartilage and about 1–3 ms in the superficial tibial 
cartilage. Smaller T2 decrease was observed in the interme-
diate cartilage layer, and no change was observed in the deep 
cartilage layer. Nishii et  al. reported similar results with a 
mechanical loading system [46]. T2 maps were acquired 
from 22 healthy volunteers under static loading conditions 
by applying axial compression force of 50% of body weight 
during imaging. In the femur, a significant T2 decrease with 
loading was observed only at the region in direct contact 
with the opposing tibia cartilage, not covered by the menis-
cus. The T2 decrease in the medial femur amounted to 5.4%. 
In contrast, T2 decreased all over the medial and lateral tibia 
with loading (4.3–7.6%). All these observations may be 
explained by increased compression of the hyaline cartilage. 
The impact on the cartilage caused by running results in 
compression of the cartilage and efflux of water. Since the 
compressibility of the superficial cartilage layer is greater 
than the deeper layer, highest decrease in cartilage T2 after 
running was observed in the superficial cartilage.
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Interrelationship of Cartilage T2  
with the Underlying Bone

OA does not only affect the articular cartilage but also the 
underlying bone. An interrelationship between cartilage 
T2 and trabecular bone structure in the knee joint was dem-
onstrated [55, 56]. Bolbos et al. examined 16 healthy con-
trols and 16 patients with early OA [56]. Early OA patients 
had significantly higher T2 values and apparent trabecular 
separation (app.Tb.Sp) as well as lower apparent bone vol-
ume fraction (app.BV/TV) than normal controls. Trabecular 
bone structure correlated with articular cartilage T2 sug-
gesting that loss of mineralized bone is associated with 
cartilage degeneration. Bining et al. investigated the asso-
ciation of cartilage T2 values with the presence of sub-
chondral bone marrow edema [57]. They compared T2 
values of 88 subjects with versus 60 subjects without sub-
chondral bone marrow edema. Subjects with subchondral 
bone marrow edema pattern showed significantly increased 
T2 values in the adjacent articular cartilage. The authors 
concluded that cartilage T2 values and bone marrow edema 
are related and can both be used as markers for cartilage 
degeneration.

Association of T2 Measurements  
with OA-Related Knee Pain

As shown in a previous study, texture analysis based on T2 
maps of the articular cartilage can be used for the prediction 
of longitudinal changes in Western Ontario and McMaster 
Universities (WOMAC) pain score [58]. OA patients with 
higher gray level co-occurrence matrix (GLCM) entropy at 
baseline showed higher increases in the rate-of-change in 
WOMAC pain scores after 2 years. Zarins et al. analyzed 
meniscal T2 maps from 19 controls and 44 OA patients 
[14]. They observed correlations upto r = 0.55 for meniscal 
T2 measurements and WOMAC scores. These studies sug-
gest that T2 measurements as marker for cartilage degenera-
tion are associated with OA-related pain.

Assessment of Cartilage Repair Tissue  
Using T2 Measurements

Assessment of cartilage repair tissue procedures can be per-
formed with the magnetic resonance observation of cartilage 

Fig. 12.9  Color-coded T2-maps in [ms] of the patella in subjects with low (a), respectively high (b) physical activity score. The subject with high 
physical activity (b) showed significantly higher patellar T2 values



156 T. Baum et al.

repair tissue (MOCART) scoring system. Welsch et  al. 
compared the clinical Lysholm score and the MOCART 
scoring system with T2 measurements and diffusion-
weighted imaging in their ability to assess differences 
between cartilage repair tissue after microfracture therapy 
(MFX) and matrix-associated autologous chondrocyte trans-
plantation (MACT) [59]. They evaluated 20 patients at dif-
ferent postoperative intervals from 12 to 63 months after 
MFX and 12–59 months after MACT. No differences were 
observed between MFX and MACT using the Lysholm and 
MOCART scoring systems. However, T2 measurements 
showed lower T2 values after MFX compared to MACT and 
diffusion-weighted imaging distinguished between healthy 
cartilage and cartilage repair tissue in both procedures. 
Therefore, the authors concluded that T2 relaxation time 
measurements and diffusion-weighted imaging may pro-
vide additional information about the outcome of cartilage 
repair procedures. Welsch et al. also examined the potential 
of zonal T2 mapping as a noninvasive tool in the longitudinal 
visualization of cartilage repair tissue maturation after 
MACT [60]. Fifteen patients were treated with MACT and 
underwent MRI 19.7 ± 12.1 and 31.7 ± 12.0 months after 
surgery. Healthy cartilage showed a significant T2 increase 
from the deep to superficial cartilage layer at both time 
points. Cartilage repair tissue after MACT showed no sig-
nificant zonal increase from deep to superficial cartilage 
layer in the T2 maps acquired in the first MRI exam after 
surgery. However, a significant zonal stratification could be 
observed in the later MRI exam. Therefore the authors sug-
gested that zonal T2 measurements may be sensitive enough 
to characterize the maturation of cartilage repair tissue. 
Further studies used T2 measurements as potential tool for 
the comparison of different cartilage repair techniques and 
their efficacy [61–63]. Welsch et al. compared T2 maps of 
ten patients who underwent MFX with T2 maps of ten 
patients who underwent MACT [62]. MRI was performed 
28.6 ± 5.2 months after surgery in the MFX patient group 
and 27.4 ± 13.1 months after surgery in the MACT patient 
group. Healthy cartilage showed similar results for all 
patients with a significant T2 increase from deep to superfi-
cial cartilage. However, mean T2 values had statistically sig-
nificant reduction in cartilage repair areas after MFX and 
showed no significant trend between the different carti-
lage layers. In contrast, mean T2 had no statistically sig-
nificant decrease in cartilage repair areas after MACT and 
demonstrated a statistically significant increase from deep to 
superficial zones. The authors concluded that T2 relaxation 
time measurements seem to reflect differences in repair tis-
sues formed after two surgical cartilage repair procedures. 
Salzmann et al. analyzed T2 maps of 18 patients who under-
went MACT or osteochondral autograft transplantation 
(OCT) [61]. They reported significantly lower T2 values in the 
cartilage repair tissue after MACT compared to OCT. Welsch 

et al. evaluated different scaffolds for cartilage repair tissue 
by using T2 mapping [63]. All these studies demonstrated 
that T2 measurements may indicate different ultra-structural 
outcome of cartilage repair techniques, which are incom-
pletely evaluated with clinical information.

Summary

Multiple studies have shown the potential and clinical rele-
vance of cartilage T2 relaxation time measurements. Early 
detection of cartilage degeneration characterized by increase 
of T2 relaxation times can identify subjects with early OA or 
at increased risk for OA. Meniscal T2 values correlate with 
clinical findings of OA. T2 relaxation time measurements are 
associated with physical activity and may be helpful to detect 
active subjects at higher risk for developing cartilage pathology. 
Cartilage T2 values correlate with pain and are intimately 
related with bone changes due to OA. T2 measurements also 
emerged as a potential tool for the comparison of different 
cartilage repair techniques and their efficacy. The major lim-
itation with bringing T2 measurements to clinical routine 
currently is the lack of a time-efficient and reliable segmen-
tation algorithm. In the future, a fully automated segmenta-
tion algorithm for articular and meniscal cartilage will need 
to be developed. In addition, stable sequences with calibra-
tion algorithms are necessary to provide reproducible and 
precise data across different scanners.
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Introduction

Osteoarthritis (OA) is characterized by the progressive loss of 
hyaline articular cartilage. MRI has been widely applied to 
visualize cartilage directly. However, conventional MRI is 
limited to showing cartilage morphological changes at a stage 
when cartilage is already irreversibly lost. Standard cartilage-
dedicated MR techniques include fat-saturated T

2
-weighted, 

proton density-weighted fast spin echo (FSE) sequences and 
T

1
-weighted spoiled gradient echo (SPGR) sequences. These 

sequences are inconclusive in quantifying early degenerative 
changes of the cartilage matrix [1]. As discussed in detail in 
Chap. 1, hyaline articular cartilage is composed by few chon-
drocytes surrounded by a large extracellular matrix (ECM). 
The ECM is composed primarily by water and two groups of 
macromolecules: proteoglycan and collagen fibers. Early 
events in the development of cartilage matrix breakdown 
include the loss of proteoglycans, changes in water content, 
and molecular-level changes in collagen [2]. Early diagnosis 
of cartilage degeneration would require the ability to noninva-
sively detect changes in proteoglycan concentration and col-
lagen integrity before gross morphologic changes occur. This 
capability of early diagnosis would be valuable for preventing 
the progression of disease and for therapeutic monitoring. 
MR T

1r relaxation time quantification in cartilage has been 
proposed as a promising tool towards this goal, and T

1r quan-
tification techniques have been developed in the past decade for 
imaging early biochemical changes in cartilage matrix. The 
major clinical applications have been in osteoarthritis (OA) 
and acutely injured knees that have a high risk of developing 

OA. In this chapter, we will discuss the basic principles of T
1r 

relaxation mechanism, technical development, and clinical 
applications of this novel technique.

Definition and Basic Principles of MR T
1r 

Relaxation Time

The T
1r parameter is defined as the time constant describing 

the spin-lattice relaxation in the rotating frame [3]. It probes 
the slow motion interactions between motionally restricted 
water molecules and their local macromolecular environ-
ment, and therefore provides unique biomedical information 
in the low-frequency regime. The frequency range is typi-
cally from a few hundred hertz to a few kilohertz. The mac-
romolecules in articular cartilage ECM restrict the motion of 
water molecules. Changes to the ECM, such as PG loss, 
therefore, can be reflected in measurements of T

1r. The T
1r is 

normally measured by the spin-lock (SL) technique. SL 
experiment was first described by Redfield in solid materials 
[4], which enabled the study of relaxation at very low fields 
without sacrificing the signal-to-noise ratio afforded by 
higher field strengths. In an SL experiment (Fig. 13.1), spins 
are flipped into the transverse plane along one axis, immedi-
ately followed by a SL pulse applied along the same axis.  
A SL pulse is an on-resonance, continuous wave radiofre-
quency (RF) pulse, normally with long duration and low 
energy. Since the magnetization and RF field are along the 
same direction, the magnetization is said to be “spin-locked” 
provided the locking condition is satisfied, i.e., the B

1
 of 

locking pulses are much stronger than the local magnetic 
fields generated by, for example, magnetic moments of 
nuclei. Thus, the normal transverse relaxation (characterized 
by the relaxation time T

2
) will not take place. Neither will the 

longitudinal relaxation (characterized by the relaxation time 
T

1
) along B

0
 occur because of the effect of the locking pulses. 

The spins will relax with a time constant T
1r along B

1
 of 

locking pulses in the transverse plane [3]. This is a situation 
similar to that of the longitudinal magnetization in the B

0
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field, but at a much lower strength of spin-lock B
1
. T

1r is 
always greater than T

2
, but lower than T

1
.

The amplitude of the SL pulse is commonly referenced in 
terms of the nutation frequency (f = g B

1
). The normal range 

of SL frequency is a few hundred hertz to a few kilohertz. T
1r 

relaxation phenomena are sensitive to physicochemical pro-
cesses with inverse correlation times on the order of the nuta-
tion frequency of the SL pulse. By setting the amplitude of 
the SL pulse to coincide with the frequency of the molecular 
processes of interest, the signal from the SL MRI sequence 
becomes heavily T

1r-weighted. T
1r can be computed by 

acquiring a series of T
1r-weighted images at various SL pulse 

duration. T
1r increases as the strength of the SL field 

increases, a phenomenon termed T
1r dispersion. T

1r disper-
sions may also have tissue specificity [3].

The mechanism of T
1r relaxation time in biological tissues, 

particularly in cartilage, is not fully understood yet. Using 
native and immobilized protein solution, Makela et al. sug-
gested that proton exchange between the protein side chain 
groups and bulk water contribute significantly to the T

1r relax-
ation [5]. Based on spectroscopy experiments with peptide 
solutions, glycosaminoglycan (GAG) solutions, and bovine 

cartilage samples before and after proteoglycan (PG) degra-
dation, Duvvuri et al. further suggested that cartilage hydro-
gen exchange from NH and OH groups to water may dominate 
the low-frequency (0–1.5 kHz) water T

1r dispersion [6]. They 
speculated that increase of the low-frequency correlation rate 
with PG loss could be the result of increased proton exchange 
rates. Other evidence of a proton exchange pathway is the PH 
dependency of T

1r values in the ischemic rat brain tissues [7]. 
Mlynarik et  al., on the other hand, have suggested that the 
dominant relaxation mechanism in the rotating frame in cartilage 
at B

0
 £ 3 T seems to be dipolar interaction [8]. The contribution 

of scalar relaxation caused by proton exchange is only rele-
vant at high fields such as 7 T. Clearly, further investigations 
are needed to better understand this relaxation mechanism.

Sequence Development of MR T
1r in Cartilage

The T
1r-weighted imaging sequences are composed of two 

parts: magnetization preparation with T
1r weight using 

spin-lock pulse cluster, and a following 2D or 3D data 

Z’

X’ Y’

B1

BSL

Z’

X’ Y’

Z’

X’ Y’

Z’

X’ Y’BSL

a

c

b

d

Fig.  13.1  The spin-lock experiment. The spins are flipped from the 
Z-axis (a) into the transverse along Y¢ with B

1
 applied along X¢ (b), 

immediately followed by a spin-lock pulse (B
SL

) applied along the 

same axis Y¢ (c). Under locking condition, the spins will relax with a 
time constant T

1r along the locking pulses in the transverse plane (d). 
X¢–Y ¢–Z¢ represents the rotating frame
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acquisition, as shown in Fig. 13.2. The spin-lock pulse clus-
ter consists of a hard 90° pulse followed by a spin-lock pulse 
and a hard –90° pulse. The first 90° pulse applied along the 
x-axis flips the longitudinal magnetization into the transverse 
plane along the y-axis. Then, a long low-power pulse is 
applied along the y-axis to spin-lock the magnetization. The 
second 90° pulse flips this spin-locked magnetization back to 
the z-axis. Residual transverse magnetization is dephased by 
a crusher gradient. Magnetization stored along the z-axis is 
read out by the following sequences. Several modifications 
were performed in the SL pulse cluster in order to improve 
the robustness of spin locking to B0 and B1 inhomogeneity. 
Dixon et al. designed a composite SL pulse as 90 y−135 x − 
lock x – 135 x–90 y and showed the tolerance of this compos-
ite to shimming and frequency errors allows spin locking 
with relatively weak RF (low spin-lock frequency) and there-
fore low specific absorption rate (SAR) [9]. Charagundla 
et al. proposed a “self-compensated” SL pulse, the phase of 
the second half of the spin-lock pulse was shifted 180° from 
the first half, to reduce artifacts caused by B

1
 inhomogeneity 

[10]. Witschey et al. from the same group further proposed 
an integrated spin echo and spin-lock pulses to eliminate 
banding artifact caused by B

0
 and/or B

1
 inhomogeneity [11].

Current T
1r quantification techniques are based on either 

two-dimensional (2D) spin echo (SE), fast spin echo (FSE) 
[12], spiral imaging [13], echo planar imaging [14, 15] or 
three-dimensional (3D) gradient echo sequences [16–18]. 
These sequences have been implemented at both 1.5 T and 
3 T on scanners from different manufactures.

The initial development of T
1r-weighted imaging was 

based on single-slice two-dimensional (2D) spin echo (SE) 
or fast spin echo (FSE) [12] sequences. T

1r-weighted images 
with varying TSLs were acquired and the T

1r maps can be 
reconstructed pixel by pixel using the equation below:

	 	

The nonselective pulses (hard pulses) used in spin-lock 
experiment will saturate the longitudinal magnetization from 
nonexcited regions, thus making the implementation of the 
T

1r sequence in multi-slice mode not straightforward. 
Wheaton et  al. measured experimentally and theoretically 
modeled this longitudinal saturation as T

2r decay [12]. The 
saturation data was used to correct the image data as a func-
tion of the SL pulse duration to make quantitative measure-
ments of T

1r using a multi-slice FSE sequence. The T
1r 

quantification using this saturation-corrected multi-slice data 

was reported to be identical to that measured using single-slice 
spin-lock sequence [12]. Alternatively, an RF cycling tech-
nique was used to eliminate T

1
 contamination in the T

1r-
weighted images during multi-slice acquisition [13]. In this 
technique, as first described by Wright et al. [19], longitudinal 
magnetization is inverted immediately after alternate magne-
tization preparation. This technique needs no correction and 
modeling for longitudinal saturation, with a cost of increased 
scan time. The T

1r measurement using RF cycling and 
2D spiral multi-slice acquisition has been validated using 
MR spectroscopy method and single-slice acquisition [13]. 
Reproducibility was assessed using the average coefficient 
of variation of median T

1r that was 0.68% in phantoms and 
4.8% in healthy volunteers [13].

Compared with 2D methods, 3D imaging is free from 
artifacts caused by slice crosstalk. Therefore, 3D sequences 
can generally have a thinner slice thickness, and conse-
quently may provide a more accurate assessment of cartilage 
degeneration. High-resolution MRI is particularly attractive 
in the context of OA where cartilage becomes very thin – on 
the order of, or less than, 1 mm. Furthermore, a 3D acquisi-
tion is desired due to the non-slice-selective nature of the T

1r 
preparation pulses (spin-lock pulses).

Borthakur et al. have developed a 3D T
1r mapping tech-

nique based on a steady-state spoiled gradient echo (SPGR) 
imaging sequence [16, 17, 20]. This method showed clinical 
promise at both 1.5 T and 3 T. However, using this method, 
the energy deposited by the sequence (as estimated by spe-
cific absorption rate, SAR) is intensive because T

1r prepara-
tion pulses are applied every TR. Relatively long TRs 
(140 ms at 1.5 T and 175 ms at 3 T) are used in order to com-
ply with the maximum SAR mandated by Food and Drug 
Administration (FDA). This long TR results in long acquisi-
tion times. In addition, this technique requires a prior knowl-
edge of T

1
 (or an assumption) for T

1r quantification as 
T

1
-dependent steady-state signals are used.
Recently, novel 3D acquisitions have been developed for 

in vivo knee T
1r mapping based on SPGR [21] (referred as 

Magnetization-prepared Angle-modulated Partitioned-k-space 
Spoiled Gradient Echo Snapshots, MAPSS) and balanced 
gradient echo (b-GRE) [18]. In both methods, transient sig-
nal evolving toward the steady state were acquired, which 
allows multiple TR acquisitions per spin-lock preencoding. 
Thus, these sequences are less SAR intensive than the previous 
3D SPGR T

1r-weighted imaging using the steady-state  
signals. In MPASS, the acquisition was in an interleaved  

( ) ( TSL/T1 )TSL e - rµS

−9090
Spin-locking 

Pulses

T1ρ pre-encoding 2D or 3D Data Acquisition

Crusher

Fig. 13.2  The pulse sequence 
diagram of T

1r-weighted 
imaging. The sequence is 
composed of the T

1r pre-encod-
ing with spin-lock pulse cluster, 
followed by a 2D or 3D data 
acquisition



162 X. Li

segmented elliptical centric phase encoding order immediately 
after a T

1r magnetization preparation sequence. RF cycling 
was applied to eliminate the adverse impact of longitudinal 
relaxation on quantitative accuracy. This RF cycling scheme 
also yields a transient signal evolution that is independent of 
the prepared magnetization M

prep
. However, the acquisition 

time was doubled because two acquisitions per phase encoding 
step were acquired. A variable flip angle train was then 
designed to provide a flat signal response to eliminate the 
filtering effect in k-space caused by transient signal evolu-
tion. Experiments in phantoms agreed well with results from 
simulation. Measurements in vivo using MAPSS agree well 
with previously developed 2D methods. The T

1r values were 
42.4 ± 5.2 ms in overall cartilage of healthy volunteers. The 
average coefficient of variation (CV) of mean T

1r values (n = 4) 
for overall cartilage was 1.6%, with regional CV ranging 
from 1.7% to 8.7% [21].

In the method using b-GRE sequence, the transient signal 
decay during b-GRE image acquisition was corrected using 
a k-space filter. However, because the transient signal decay 
depended on the initial T

1r preparation, the corresponding 
T

1r map was altered by variations in the point spread function 
with TSL. Measurement of T

1r using the T
1r-prepared b-GRE 

sequence matches standard T
1r-prepared SE in the medial 

patellar and lateral patellar cartilage compartments [18].
A technique challenge for T

1r-weighted imaging is the 
relatively high energy deposited to tissues during scans due 
to application of long duration of RF pulses. Previous studies 
have suggested T

1r mapping sequences with reduced SAR 
using partial k-space acquisition approach [22] and “key-
hole” acquisition [23]. T

1r sequences have also been imple-
mented using parallel imaging techniques [24, 25]. In these 
studies, no significant differences were found between parallel 
versus nonparallel T

1r quantification.

MR T
1r Quantification in Cartilage Specimens

In vitro studies have evaluated the relationship between T
1r 

relaxation time and the biochemical composition of carti-
lage. Akella et al. have demonstrated that over 50% deple-
tion of PG from bovine articular cartilage resulted in average 
T

1r increases from 110 to 170 ms [26]. Regression analysis 
of the data showed a strong correlation (R2 = 0.987) between 
changes in PG and T

1r. In another study on bovine cartilage 
at 4 T, T

1r has been proposed as a more specific indicator of 
PG content than T

2
 relaxation in trypsinized cartilage [27]. 

The authors reported that there was an excellent correlation 
(R2 = 0.89) between 1/T

1r and GAG concentration while the 
correlation between 1/T

2
 and GAG concentration was rather 

poor (R2 = 0.01). In T
1r quantification experiments, the spin-

lock techniques reduce dipolar interactions and therefore 

reduce the dependence of the relaxation time constant on 
collagen fiber orientation [28]. This may enable more sensi-
tive and specific detection of changes in PG content using T

1r 
quantification in cartilage. Wheaton et al. found correlations 
between T

1r relaxation time, proteoglycan, and mechanical 
properties of bovine cartilage explants including aggregate 
modulus and hydraulic permeability [29]. Regatte et al. dem-
onstrated T

1r values in human cartilage specimens increased 
with increased clinical grades of degeneration [30], Fig. 13.3. 
More recently, Li et al. reported that in human OA cartilage 
obtained from patients who underwent total knee arthro-
plasty, R

1r (1/T
1r) values had a significant, but moderate cor-

relation with GAG contents (R = 0.45, P = 0.002) [31], 
Fig.  13.4. These studies form the experimental basis for 
using the T

1r mapping techniques in studying cartilage 
pathology in OA.

Previous studies showed that collagen structure and 
orientation are dominating factors that affect T

2
 relaxation in 

cartilage. This results in the “magic angle” effect and com-
monly seen laminar appearance in cartilage imaging [32, 
33]. Similar to T

2
, studies have demonstrated regional varia-

tions of cartilage T
1r. T1r values were highest at the superfi-

cial zone, decreased gradually in the middle zone, and 
increased in the region near the subchondral bone in bovine 
cartilage [26] and human cartilage specimens [30]. Although 
the trend of T

1r and T
2
 values are similar, T

1r shows a larger 
dynamic range from the bone/cartilage interface to the 
cartilage surface, which may allow a higher sensitivity of 
distinguishing between healthy and degenerated cartilage. 
Furthermore, less laminar appearance was observed in T

1r-
weighted images compared to T

2
-weighted images due to 

reduced dipolar interaction during T
1r relaxation [28]. 

Previous studies also investigated the correlation between T
2
 

and T
1r values in cartilage. Mlyranik et al. [34] showed that 

the T
1r relaxation times obtained were slightly longer than 

the corresponding T
2
 values, but both parameters showed 

almost identical spatial distributions. Menezes et  al. [35] 
have shown that T

1r and T
2
 changes in articular cartilage do 

not necessarily coincide, and might provide complimentary 
information. These studies suggested that T

1r and T
2
 reflect 

changes that may be associated with proteoglycan, collagen 
content and hydration and the true mechanism of T

1r may 
arise from a weighted average of multiple biochemical 
changes occurring in cartilage in OA.

In Vivo MR T
1r Quantification in Cartilage  

and Meniscus

In vivo studies show increased cartilage T
1r values in OA 

subjects compared to controls [13, 17, 36, 37]. Figure 13.5 
shows color-coded T

1r maps overlaid on SPGR images for a 
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Fig. 13.4  Significant correlation was found between R
1r relaxation rate (1/T

1r) and glycosaminoglycan (GAG) contents in human osteoarthritic 
cartilage [31]

Fig.  13.3  (a) Representative T
1r maps and histology of human cartilage with early OA (left), moderate OA (middle), and late OA (right).  

(b) Comparison of T
2
 and T

1r relaxation times as a function of various clinical grades of OA cartilage (early OA, moderate OA, and advanced OA) [30]
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healthy volunteer (a) and a patient with mild OA (b) and a 
patient with severe OA (c). Significant elevated T

1r values in 
cartilage were observed in patients with OA. In a recent 
cohort study using 3 T MRI [37], the average T

1r and T
2
 val-

ues were significantly increased in OA patients compared 
with controls (52.04 ± 2.97 ms vs 45.53 ± 3.28 ms with P = 
0.0002 for T

1r, and 39.63 ± 2.69 vs 34.74 ± 2.48 with P = 
0.001 for T

2
). Increased T

1r and T
2
 values were also corre-

lated with increased severity in radiographic and MR grad-
ing of OA. T

1r has a larger range and higher effect size than 
T

2
, 3.7 versus 3.0. These studies reflect the potential for T

1r 
imaging for noninvasive evaluation of diseased cartilage.

Another in vivo study applied T
2
 and T

1r measurements in 
physically active and sedentary healthy subjects as well as in 
patients with early OA [38]. Nine out of 13 active healthy 
subjects had focal cartilage abnormalities. T

1r and T
2
 values 

in active subjects with and without focal cartilage abnormali-
ties differed significantly ( p < 0.05, Fig. 13.6). T

1r and T
2
 

values were significantly higher ( p < 0.05) in early OA 
patients compared to healthy subjects. T

1r measurements 
were superior to T

2
 in differentiating OA patients from 

healthy subjects, yet T
1r was moderately age-dependent. The 

authors suggested that T
1r and T

2
 could be a parameter suited 

to identify active healthy subjects at higher risk for developing 
cartilage pathology.

The spatial correlation between T
2
 and T

1r in cartilage 
has also been explored in vivo. A recent in vivo study quan-
tified the pixel-by-pixel correlation of T

1r and T
2
 values in 

OA patients (n = 10) and healthy controls (n = 10) [39]. The 
investigators showed that, although the average T

1r and T
2
 

values correlated significantly, the pixel-by-pixel correla-
tion between T

1r and T
2
 showed a large range in both con-

trols and OA patients (R = 0.522 ± 0.183, ranging from 
0.221 to 0.763 in OA patients vs R = 0.624 ± 0.060, ranging 
from 0.547 to 0.726 in controls) [39]. Figure 13.7 shows 

T
1r and T

2
 maps from a control subject, a subject with mild 

OA, and a subject with severe OA. The differences between 
the T

1r and T
2
 maps are evident. These results suggested T

1r 
and T

2
 show different spatial distribution and may provide 

complementary information regarding cartilage degenera-
tion in OA. Combining these two parameters may further 
improve our capability to diagnose early cartilage degen-
eration and injury.

As spatial variation was observed in a number of T
1r and 

T
2
 studies, texture analysis [40] has been applied to examine 

the spatial distribution of pixel values and quantify the het-
erogeneity in T

1r and T
2
 maps image [41–43]. The most com-

monly used texture analysis parameters are those extracted 
from the grey-level co-occurrence matrix (GLCM) as pro-
posed by Haralick et al. [44]. The GLCM determines the fre-
quency that neighboring grey-level values occur in an image. 
Parameters derived from GLCM provide information on the 
variation between neighboring pixels and directly quantify 
the distribution of the image signal. Blumenkrantz et  al. 
demonstrated that mild OA patients (n = 8) had significantly 
elevated GLCM entropy and reduced ASM of cartilage T

2
 

values than controls (n = 14) [43]. Similarly, Li et al. reported 
that overall elevated contrast and entropy measurements and 
lower ASM and GLCM mean measurements of both T

1r and 
T

2
 values were observed in patients with OA (n = 10) when 

compared to controls (n = 10) [41]. These differences, how-
ever, appear more prevalent in T

1r measurements in this 
cohort of patients [41]. The results from these studies indi-
cate that T

1r and T
2
 relaxation time constants are not only 

increased but are also more heterogeneous in osteoarthritic 
cartilage.

Studies have also used T
1r imaging to evaluate cartilage 

overlying bone marrow edema–like lesions (BMEL) in OA 
knees [45, 46]. In a 1-year longitudinal study with 23 OA 
patients, Zhao et  al. have found that patients with BMEL 

Fig.  13.5  T
1r maps in knee cartilage. (a) A healthy control; (b) a 

patient with mild OA (KL = 1); (c) a patient with severe OA (KL = 3). 
The mean T

1r in MFC was 32.9 ± 9.0 ms, 41.1 ± 11.0 ms, and 49.1 ± 
14.2 ms in subject A, B, and C, respectively. The mean T

1r in MT was 
35.8 ± 11.4 ms, 39.3 ± 12.2 ms, and 43.6 ± 12.0 in subject a, b, and c, 

respectively. Data were acquired on a GE HDx 3 T MR scanner using 
an eight-channel phased-array knee coil. The T

1r sequence was based 
on 3D SPGR acquisition (MAPSS, reference 21). Time of spin-lock = 
0, 10, 40, 80 ms, frequency of spin-lock = 500, FOV = 14 cm, matrix = 
256 × 192, slice thickness = 3 mm
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Fig. 13.6  Color-coded T
1r maps overlaid on SPGR images (TR/TE: 

20/7.5  ms) from a central section of the patello-femoral cartilage.  
(a) Demonstrates the T

1r map of an asymptomatic active (25-year-old 
male) subject without focal cartilage abnormalities anywhere in the 
knee. The average T

1r of the patello-femoral compartment was 
33.7 ± 0.73 ms. (b) Shows the T

1r map of an asymptomatic (36-year-old 

female) active subject at the central femoro-patellar joint who had a 
cartilage lesion at the lateral patella. The average T

1r of the patello-
femoral compartment was 45.9 ± 1.68  ms. Interestingly, compared to 
subject (a), the T

1r values at the central patella and at the trochlea are 
globally increased, not only in the region of the defect, yet have a simi-
lar distribution [38]

Fig. 13.7  T
1r maps (first row) and T

2
 maps (second row) for a healthy 

control (a), a patient with mild OA (b), and a patient with severe OA 
(c). (a) Control: The average T

1r value was 40.1 ± 11.4 ms and T
2
 value 

was 33.3 ± 10.5 ms in cartilage. (b) A patient with early OA (male, 66). 
The average T

1r value was 45.5 ± 14.5 ms and T
2
 value was 35.0 ± 

10.9 ms in cartilage. (c) A patient with advanced OA (male, 46). The 
average T

1r value was 55.4 ± 26.0 ms and T
2
 value was 43.8 ± 11.1 ms 

in cartilage. The maps illustrate the differences between T
1r and T

2
 and 

demonstrate differences in cartilage heterogeneity between OA severity 
and between T

2
 and T

1r maps
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showed overall higher T
1r values in cartilage compared with 

those who had no BMEL (42.0 ± 3.7 ms vs 39.8 ± 1.4 ms,  
P = 0.032), suggesting BMEL may be correlated with disease 
severity of OA [46]. Furthermore, in patients with BMEL, 
both T

1r values and clinical Whole-Organ MRI Score 
(WORMS) grading were elevated significantly (P < 0.05) in 
cartilage overlying BMEL (Fig.  13.8), suggesting a local 
spatial correlation between BMEL and more advanced carti-
lage degeneration. At 1-year follow-up, cartilage overlying 
BMEL showed a significantly higher T

1r value increase com-
pared with the surrounding cartilage, suggesting BMEL is 
indicative of accelerated cartilage degeneration. Interestingly, 
no such difference was found using WORMS scoring. This 
result suggests that quantitative cartilage imaging, such as 
T

1r, may be a more sensitive indicator of cartilage degenera-
tion than semiquantitative scoring systems.

In addition to patients with OA, T
1r quantification tech-

niques have been applied to patients with acutely injured 
knees, who have a high risk of developing OA later in life. In 
patients with acute anterior cruciate ligament (ACL) tears, 
significantly increased T

1r values were found in cartilage 
overlying bone marrow edema–like lesions (BMEL) when 

compared with surrounding cartilage at the lateral tibia 
(LT, P < 0.05), but no significant difference was found in the 
lateral femoral condyle [45, 47]. Two patients have been con-
firmed to have cartilage damage in regions with elevated T

1r 
values using arthroscopic images, as shown in Fig. 13.9 [48].

One-year longitudinal follow-up on these ACL-injured 
knees [49, 50] showed that (1) in lateral sides, despite the 
resolution of BMEL, cartilage overlying the baseline BMEL 
still show significantly higher T

1r compared to the surround-
ing cartilage, suggesting potential irreversible damage of car-
tilage in these regions, Fig. 13.10a and b; (2) in medial sides, 
T

1r values in medial tibial and medial femoral condyles, espe-
cially the contact area, show significant elevation at as early 
as 1-year after ACL reconstruction compared to healthy con-
trols, Fig. 13.10c and d. These results suggest cartilage dam-
age after acute knee injuries that can be the risk factors for 
predisposing OA to these knees. Quantitative T

1r can probe 
these degenerations at earlier time points than radiographs or 
conventional MRI. T

2
 also showed increasing trend in these 

regions of cartilage, however it did not reach statistical sig-
nificance. The authors speculated that T

1r is more sensitive 
than T

2
 in detecting cartilage damages and potential early 

Fig.  13.8  T
1r color-coded maps obtained in a 57-year-old man 

with mild OA at baseline (a) and 1-year follow-up (b). Sagittal fat-
suppressed T2-weighted fast spin-echo image obtained in the same 
patient at baseline (c) and 1-year follow-up (d). T

1r values of lateral 
femoral condyle were significantly higher in cartilage overlying (OC) 
the BMEL than surrounding cartilage (SC) at both baseline and 1-year 
follow-up. From baseline to 1-year follow-up, the T

1r values increased 

significantly in cartilage overlying BMEL, while no change in T
1r 

values in the surrounding cartilage. Sagittal FSE sequences demon-
strate cartilage defects within cartilage overlying BMEL at the lateral 
femoral condyle (arrows). WORMS cartilage subscore grading was 
higher in OC than in SC both at baseline and 1-year follow-up. However, 
no significant changes in WORMS of cartilage overly BMEL from 
baseline to 1-year follow-up [46]
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degeneration in ACL-injured knees. This may be explained 
by the fact that spin-lock techniques applied in T

1r quantifica-
tion reduce dipolar interactions and therefore reduce the 
dependence of T

1r on collagen fiber, as compared to T
2
, and 

increase the sensitivity for detecting proteoglycan loss. Loss 
of proteoglycan has been suggested as an initiating event dur-
ing OA, when no changes occur in collagen contents or struc-
ture [2]. In fact, ACL-injured knees may serve as a valuable 
in vivo model for “early OA,” and T

1r can be an extremely 
valuable tool for evaluating and monitoring early degenera-
tion in such joints due to its sensitivity to proteoglycan loss.

Furthermore, T
1r quantification has been evaluated in 

meniscus in OA and ACL-injured knees [51, 52]. In vivo T
1r 

measurements in the meniscus showed excellent reproduc-
ibility (coefficient of variation [CV] < 5%). Significant dif-
ferences between three subject groups (controls n = 27; mild 
OA patient n = 23; severe OA patient n = 10) were found: 
Mean T

1r values were 14.7 ± 5.5  ms for healthy controls 
(n =  27), 16.1 ± 6.6 ms for mild OA patients (n = 23), and 
19.3 ± 7.6 ms for severe OA patients (n = 10), respectively. 
In acutely ACL-injured knees, significantly elevated T

1r val-
ues were found in the lateral meniscus in patients compared 
with controls (P < 0.01). A significant correlation (R2 = 0.47, 
P = 0.007) was found between T

1r values of posterior horn of 
lateral meniscus and T

1r values of posterior sub-compartment 

of lateral tibia cartilage in patients. This correlation suggested 
a strong injury-related relationship between meniscus and 
cartilage biochemical changes. However, because menisci 
have a much shorter T

1r (~20  ms) compared to cartilage, 
acquisition sequences need to be optimized to quantify such 
a short relaxation time. The relationship between T

1r values 
and biochemical composition (collagen, mainly type I, and 
proteoglycan) needs to be investigated.

Summary

T
1r quantification in cartilage can provide valuable informa-

tion related with biochemical changes in cartilage matrix. In 
particular, compared to more established T

2
 relaxation time, 

T
1r may provide more sensitive detection of proteoglycan 

loss at early stages of cartilage degeneration. Similar as T
2
 

quantification, T
1r quantification requires no contrast agent 

inject and no special hardware. Technique challenges of T
1r 

quantification include high SAR, especially at high and ultra 
high field strength, and relatively long acquisition time. 
Combined with new MR technique development, such as 
parallel imaging, T

1r has great promise to serve as a diagnos-
tic tool for early osteoarthritis.

Fig. 13.9  (a–c) Color-coded T
1r map overlaid on 3-T magnetic resonance 

images, demonstrating the increased T
1r relaxation times along the postero-

lateral aspect of the tibial plateau, at the site of the tibial plateau bone bruise 
(white arrow). The mean T

1r value of the cartilage directly over the bone 
bruise was 60.2 ± 13.7 ms, whereas the mean T

1r value of the remaining 

cartilage was 37.5 ± 14.3 ms. (Of note, an area demonstrating increased T
1r 

values also was observed in the region of the trochlea). (d) Arthroscopic 
image demonstrating Outerbridge grade-1 softening of the articular carti-
lage overlying the posterolateral aspect of the tibial plateau with a focal area 
of grade-2 fissures in the region of the bone bruise (black arrow) [48]
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Introduction

The functional integrity of cartilage is inextricably linked to 
the composition and architecture of the macromolecular net-
work of cartilage. There has been much recent attention to 
developing nondestructive methods for imaging cartilage 
macromolecules. Over the next decade these should become 
sufficiently robust to serve as an important adjunct to the cur-
rently used destructive methods of microscopic and bulk bio-
chemical analyses.

We focus here on an MRI technique called delayed 
Gadolinium-Enhanced MRI of Cartilage (dGEMRIC) for 
noninvasively imaging the glycosaminoglycan (GAG) con-
centration of articular cartilage. This technique is based on 
the concept of fixed charge in cartilage resulting from the 
glycosaminoglycans. Abundant evidence exists that dis-
eased cartilage is lacking in GAG (and the associated 
charge) and that the mechanical properties of cartilage are 
strongly influenced by the concentration of GAG (or 
charge). The developments leading up to this imaging 
protocol, spanning nearly 50 years, have been recently 
reviewed in depth [1] and are summarized in the first part of 
this chapter. dGEMRIC is beginning to reveal interesting 
insights into cartilage physiology and pathology in  vivo, 
and thus, the second half of this chapter is focused on pro-
viding examples that offer immediate opportunities to 
enhance our understanding of the etiopathology of cartilage 

degeneration, and possibly change the paradigm framing 
our approach to cartilage disease.

Cartilage Fixed Charge Density (FCD)  
from Sulfated Glycosaminoglycans (S-GAG): 
Implications of FCD to Cartilage 
Pathophysiological and Functional States

Cartilage consists primarily of an aqueous electrolyte and a 
sparse population of cells that reside in a plentiful extracel-
lular matrix comprising mainly collagen and glycosamino-
glycan macromolecules. Collagen, which makes up about 
20% of cartilage volume by weight (or 80% of the solid vol-
ume), forms an isoelectric fibrillar network. As such, collagen 
serves as the tissue’s structural framework and its principal 
source of tensile and shear strength. GAG, which makes up 
about 5% of cartilage volume by weight (or 20% of solid  
volume), is a constituent of the proteoglycan macromolecule.

GAGs are repeating disaccharides with carboxyl and sul-
fate moieties that are charged under physiological condi-
tions. These GAG chains are so densely packed that the 
concentration of negative charge can be as much as 150–300 
mM in normal articular cartilage. Since these charges are 
integral elements of the GAG molecule, they are said to be 
“fixed” to the solid matrix, and the concentration of this fixed 
charge is called the fixed charge density (FCD). There are 
also abundant ions in the extracellular fluid. These ions are 
mobile within the fluid phase, and are therefore referred to as 
mobile ions.

A large body of work over the past 50 years provides con-
siderable insight about the significance and biophysical 
mechanisms relating FCD or GAG and load-bearing proper-
ties [2]. For example, experiments in which the fixed charges 
were effectively “removed” (by degradation or ionic shielding) 
revealed a 50–80% decrease in compressive stiffness [3, 4]. 
The differences in GAG seen in the course of degenerative 
disease are similarly significant, varying from more than 
50–80 mg/mL to nearly zero [5].
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Donnan Theory: The Basis for Imaging  
of Cartilage GAG

Nearly every method for measuring GAG is a measure of 
electrical charge of the extracellular matrix. These include 
the radiotracer method, histologic staining with cationic dyes 
(Fig. 14. 1a), biochemical assays, and MRI-based methods. 
The MR-based strategy described in the next section is essen-
tially an imaging version of the “radiotracer” method, 
invented in the 1970s by Maroudas and used to provide some 
of the first quantitative measurements of GAG (or equiva-
lently FCD) distribution with depth from articular surface, 
with topological position, and with disease [6–9].

Donnan theory provides the theoretical basis for the 
radiotracer and imaging methods; it serves to relate the effect 
of fixed charge on the extracellular matrix by the concentra-
tion of mobile ions in the interstitial fluid ([2] and references 
therein). Qualitatively the Donnan relationship for cartilage 

can be described as follows. In order to maintain overall 
electroneutrality in cartilage, the negative fixed charge on the 
cartilage macromolecules is balanced by a relatively dilute 
concentration of anions (e.g., Cl−), and more highly concentrated 
cations (e.g., Na+), relative to blood or synovial fluid. The 
fixed charge in cartilage is significant, such that the mobile 
ion concentration in normal cartilage differs substantially 
from that in degenerated cartilage (Fig. 14.1 and Table 14.1). 
For instance, in tissue with normal [GAG], tissue [Na+] is 
150% greater than the sodium concentration in the blood, 
while the tissue [Cl−] is more than 50% less than the concen-
tration in the blood. In degenerated (GAG depleted) carti-
lage, the concentration of mobile ions in the blood and tissue 
are equal. Therefore, there is a substantial difference in the 
concentration of mobile ions in normal and GAG-depleted 
cartilage (Fig. 14.1 and Table 14.1).

MRI methods for measuring FCD, sodium MR, and delayed 
Gadolinium-Enhanced MRI of Cartilage (dGEMRIC), both 

Table 14.1  Donnan theory predictions for mobile ion concentrations in high and low GAG regions of cartilage

Tissue state

Bath or synovial fluid Fully depleted Partially depleted “Typical normal”

Fixed charge or GAG  
concentration

FCD (mM)   0 −50 −300
[GAG] (mg/mL tissue  

water)
  0   11 67

Mobile ion concentra
tion (mM)

Na+ 150 150 177 362
Cl− 110 110   93 46
GdDTPA2−     1     1.00     0.72 0.17

In tissue with normal [GAG], the differences between tissue concentration and bathing concentrations of mobile ions are substantial: tissue [Na+] 
is almost 1.5× and [Cl−] less than half the bath concentration. This results in a substantial differential in mobile ion distributions between normal 
and GAG-depleted tissue. GdDTPA2− is of particular interest because it is an FDA approved MR contrast agent

Fig. 14.1  (a) Toluidine blue, a cationic dye used to visualize GAG, 
reveals two dramatically different regions in this histological section: 
one staining light purple indicating low [GAG], and the other staining 
dark purple indicating “high” [GAG]. (b) Qualitative illustration of the 
relative distribution of mobile ions. Because of GAG’s negative charge, 
mobile cations are more concentrated in cartilage than in the surrounding 

solution (e.g., bath, blood, synovial fluid), and are more concentrated in 
the high GAG versus the low GAG region. Conversely, the higher the 
GAG, the less concentrated the anions. Calculations (Table  14.1), 
assuming Donnan partitioning, predict a broad dynamic range when 
comparing mobile ion concentration in depleted versus normal tissue 
(Figure reprinted from [1])
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involve visualizing the distribution of a specific mobile ion 
(Na+ and Gd(DTPA)2−, respectively). Gd(DTPA)2− (Magnevist, 
Berlex, NJ) is a clinically approved MRI contrast agent.

To the extent that the concentration of the mobile ion probe 
can be measured, and the equilibrium conditions of Donnan 
can be achieved, in principal, these MR-based methods can 
provide a map or image reflecting GAG concentration. In 
cases where the equilibrating conditions are known (as is nor-
mally the case in vitro), Donnan theory can be used to convert 
the measurement of the ionic probe into a map of absolute 
GAG concentration. In cases where the equilibrating condi-
tions are unknown (as is normally the case in vivo), the mea-
surement can provide a map of relative GAG concentration. In 
either case, image contrast must be dominated by the mobile 
ion concentration (to provide the desired specificity), the 
mobile ion being measured must not bind to the matrix, and 
the mobile ion being measured must be in (quasi-) equilibrium 
with the bathing solution or synovial fluid/blood. These con-
siderations ensure that the measurement or map reflects [GAG] 
rather than binding or transport of the mobile ion.

This approach has been demonstrated in  vitro using MR 
measurements of the cation Na+ by sodium MR spectroscopy 
and imaging [10–14] and of the divalent anion Gd(DTPA)2− 
using proton MR spectroscopy and imaging [15–18] (Fig. 14.2). 
The advantage to sodium is that it is a native, abundant, and 
MR-observable cation, that is essentially always in equilibrium 
with the synovial fluid/blood and is highly sensitive to changes 
in [GAG]. The disadvantages are that sodium MRI provides 
less resolution than a proton-based method, the fast relaxation 
of sodium confounds MR measurements of sodium concentra-
tion [11, 12], and sodium MRI is not generally available on 
standard clinical MRI instruments. Conversely, the advantages 

of Gd(DTPA)2− and proton MRI are the comparatively high 
resolution and sensitivity, with a reasonably straightforward 
implementation on standard MRI instruments. The disadvan-
tages are the needs to introduce the contrast agent and ensure 
that it has fully penetrated the cartilage tissue before imaging 
and to convert the MRI measurement of T1 to Gd(DTPA)2− 
distribution, and hence GAG distribution.

In this chapter, we focus on the Gd(DTPA)2−-based tech-
nique, known as dGEMRIC, given its wider availability and 
more extensively reported application studies in bench and 
clinical studies.

Assessing GAG by the dGEMRIC (Delayed 
Gadolinium-Enhanced MRI of Cartilage) 
Method

The underlying principle in using Gd(DTPA)2− as an indicator 
of [GAG] is the fact that the divalent anion will distribute 
within cartilage in inverse relation to the distribution of GAG 
(which itself has abundant negative charges). In the ex vivo 
version of this method, tissue is equilibrated in a solution 
containing Gd(DTPA)2−. Then, a T1 image is used to com-
pute tissue [Gd(DTPA)2−] according to the relation: 
[Gd(DTPA)2−]

tissue
 = (1/R)[(1/T1

Gd
) − (1/T1

no-Gd
)], where 

[Gd(DTPA)2−]
tissue

 is the concentration of Gd(DTPA)2− in the 
tissue interstitial fluid, R is the relaxivity, T1

Gd
 is the mea-

sured T1 in the presence of Gd(DTPA)2−, and T1
no-Gd

 is T1 
in the absence of contrast agent. To first order at high fields, 
the relaxivity and T1 without contrast agent are indepen-
dent of tissue composition [19, 20] and can be viewed as 

Fig.  14.2  MRI-based GAG maps and the corresponding toluid-
ine-blue-stained histological section for two human osteochondral 
samples. The GAG maps were obtained using the dGEMRIC 
method for which tissue is equilibrated in GdDTPA2−, then proton 
T1 measurements are made. The T1 is used to compute intra-tissue 

[GdDTPA2−] which in turn is used to compute [GAG] using a  
modified Donnan equation [15]. The close correspondence between 
histological staining and the MRI map support the interpretation of 
these dGEMRIC images as a metric of GAG (Figure reprinted 
from [1])



174 M.L. Gray and D. Burstein

constants so that the conversion from T1 to [Gd(DTPA)2−] is 
straightforward. Then, using a modified Donnan theory, 
[Gd(DTPA)2−] in the tissue can be used, together with infor-
mation about [Gd(DTPA)2−] in the equilibrating solution to 
compute tissue [GAG]. The assumption of a composition-
independent R may not fully hold near the bone–cartilage 
interface [21] or at lower field strengths.

For in vivo assessment of cartilage [GAG], Gd(DTPA)2− 
needs to be introduced intravenously or intra-articularly, and 
given sufficient time to penetrate the cartilage. (Studies of 
uptake in the knee have indicated that 2 h following intrave-
nous administration, including a 10-min period of passive 
motion immediately after the IV injection, permits full pen-
etration of Gd(DTPA)2− into knee cartilages [16, 22, 23]). 
The intravenous administration provides more rapid carti-
lage penetration than does intra-articular [16], presumably 
because Gd(DTPA)2− can penetrate cartilage through both 
the articular surface and the bone/cartilage interface.

After this delay period, a series of T1-weighted images 
are obtained from which a quantitative T1 map can be computed. 
T1 measured in this way is referred to as the dGEMRIC index. 
The T1 map can be used directly or used to compute 
[Gd(DTPA)2−] as before, to provide a map of GAG distribu-
tion; however, more studies need to be done to determine 
whether the relaxivity varies as a function of depth [21] under 
in vivo conditions. (Presently we do not go further and quantify 
absolute [GAG] because the calculation requires knowledge 
of the effective equilibrating concentration).

Evidence that dGEMRIC Measures  
FCD and [GAG]

dGEMRIC has been validated in vitro against several stan-
dard methods [15, 19]. Specifically, [GAG] measured by 
dGEMRIC corresponds closely to that measured by sodium 
MR and by the biochemical DMMB assay for both human 

and bovine cartilage [15, 19, 24] (Fig.  14.3). In addition, 
abundant qualitative evidence exists that dGEMRIC images 
correspond closely to the corresponding histological images 
(Fig. 14.2). However, no gold standards exist against which 
to compare dGEMRIC in vivo. Instead, two strategies have 
been employed. The first validation strategy was to demon-
strate that in vivo images taken before total joint arthroplasty 
were similar to the corresponding in vitro images and histol-
ogy of tissue harvested during surgery [19] (Fig. 14.4). The 
second was to verify the essential role of charge in the mea-
surement. Subjects were imaged twice using the dGEMRIC 
method, once using Gd(DTPA)2−, the other using a similar 
sized nonionic contrast agent, Gadoteridol (Prohance). The 
nonionic contrast agent distributed uniformly in the joint car-
tilage, while the Gd(DTPA)2− did not, suggesting that the 
nonuniform distribution of Gd(DTPA)2− was a consequence 
of it being charged (and thus being sensitive to local fixed 
charge density) [16, 25] (Fig. 14.5). If the nonuniform distri-
bution had been caused by, for example, nonuniform trans-
port, then both Gd(DTPA)2− and Prohance would have shown 
nonuniformities.

These data support the overall conclusion that dGEMRIC 
can be a nondestructive measure of cartilage fixed charge 
density. For the most part, this translates to cartilage GAG, 
because many studies have shown that GAG accounts for 
most if not all the fixed charge density [2]. However, the con-
version from the dGEMRIC measurement to a measure of 
[GAG] still depends on a number of assumptions, such as the 
number of charges per GAG disaccharide, the distribution of 
molecules that provide the fixed charge (i.e., GAG vs other 
molecules), ensuring that conditions include complete equi-
librium with a known bathing concentration and known relax-
ivity of the contrast agent. Particularly for in  vivo studies, 
these assumptions raise a number of methodological issues 
that still require further investigation. These include the pos-
sibility of altered contrast agent relaxivity under different  
tissue conditions [21, 26–28] and dosing and other factors such 
as the transport of contrast agent into cartilage with a variable 
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demonstrated that GAG deter-
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dGEMRIC method) corresponds 
well to that measured by the 
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(Part a: Adapted from [15];  
b: Adapted from [24])
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Fig. 14.4  Representative example from a study in which (a) in vivo 
dGEMRIC images were taken prior to total joint replacement, then 
compared with (b) in vitro dGEMRIC images, and (c) toluidine blue 

histology of tissue harvested during the surgery. The close correspon-
dence between in vivo and in vitro images suggests that in vivo dGEM-
RIC is reflecting GAG distribution (Adapted from [19])

blood concentration that might affect the equilibrating 
concentration of Gd(DTPA)2− in vivo [23, 28, 29].

Until these other factors are fully understood, in  vivo 
studies of dGEMRIC report the T1 measurement directly as 
a “dGEMRIC Index”. However, note that the effects of 
charge and transport generally are additive; for example, a 
faster penetration of contrast agent into degenerated cartilage 
and the higher concentration of contrast agent due to the 
lower fixed charge density of degenerated cartilage will both 
result in increased contrast agent concentration, therefore 
permitting a general assessment of cartilage status.

dGEMRIC Opportunities

The advent of methodology to measure FCD (and hence 
indirectly GAG) nondestructively on a spatially localized 
basis enables a number of in vitro and in vivo applications of 
dGEMRIC that are providing new insights into cartilage 
physiology, disease progression, and preventative or repair 
strategies.

In Vitro Monitoring of Cartilage Degradation, 
Development, and Repair

The dGEMRIC technique allows one to track the distribution 
of GAG across cartilage over time in culture with high reso-
lution, thereby enabling long-term in  vitro studies of the 
evolution of degradation, development, or repair and of fac-
tors that might be involved in these processes. For example, 
bovine cartilage plugs were monitored over time with 
the  observation that chondrocytes could replenish GAG 

Fig. 14.5  Representative example from a study in which T1 imaging 
was done using (a) a charged contrast agent, Gd(DTPA)2−, and (b) an 
uncharged contrast agent, Gd-HPDO3A. The uncharged agent distrib-
uted uniformly, suggesting that the distribution of the charged agent is 
related to tissue charge. (Adapted from [16])
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within 5  weeks after trypsin depletion of GAG [17]. The 
characteristic stratification of GAG concentration (lower at 
the articular surface and higher in the deeper zones), although 
erased by the trypsin, was recapitulated. This differential 
recovery of GAG may be due to differences in the chondro-
cytes or in the collagen scaffold in the different tissue regions. 
The likely importance of the scaffold was also suggested by 
a study of GAG replenishment following interleukin-1 (IL-1) 
treatment. IL-1 induces chondrocytes to produce a variety of 
metalloproteinases against both GAG and collagen. The 
effect is heterogeneous, as revealed by the heterogeneous 
loss of GAG. Interestingly, while the initial rate of GAG 
recovery was similar through the tissue, during the third 
week, the region that had originally been most degraded 
showed no continued recovery, while the region that had been 
the least degraded continued to recover at the highest rate 
[30] (Fig. 14.6). This differential rate of recovery might be 
explained by IL-1-induced concomitant collagen damage 
that precluded full restoration of the GAG. MRI techniques 
to examine collagen could be used in conjunction with 
dGEMRIC to sort out such questions and better understand 
the conditions under which cartilage repair can occur. The 
noninvasiveness and spatial sensitivity of MRI is ideally 
suited for such longitudinal studies of cartilage in culture, 
and open the opportunity for monitoring more subtle changes 
than those which occur with trypsin and IL-1 degradation. 
Such observations are most convincing through changes 
monitored over time in individual samples rather than inferred 
from histological observations over a population of samples.

dGEMRIC as an Indicator of Functional State

The ability to map the biochemical composition of cartilage 
may provide a noninvasive means to determine its mechani-
cal properties. Good correlations were noted between dGEM-
RIC and site-matched indentation stiffness measurements 
(Fig. 14.7) [21, 31–33]. However, differences in stiffness in 
different areas of the joint could not be explained by GAG 
measurements alone, suggesting the need for combined 
GAG/collagen studies [31, 32]. dGEMRIC can also provide 
information in line with mechanical information obtained at 
arthroscopy. In a clinical arthroscopic study, the dGEMRIC 
index was lower in diseased compartments than reference 
compartments [22]. These biomechanical properties may be 
measurable in  vivo, as has recently been demonstrated by 
imaging individuals after exercise, and after loading the joint 
with a loading device during MRI [34].

In Vivo Studies: Changing the Paradigm: 
Improved Observation and Differentiation  
of Physiologic and Pathologic States  
and Response to Interventions  
in Pre-radiographic OA

Much of our understanding of osteoarthritis is limited 
because of the lack of a sensitive measure of early disease. 

Fig.  14.6  (a) Representative in  vitro dGEMRIC images of young 
bovine articular cartilage discs maintained in culture. After a 6–9 day 
exposure to IL-1ß, samples were cultured in basal medium. Treated 
samples recovered about 80% of their initial GAG. (b) IL-1 induces 
heterogeneous depletion of GAG. Image pixels were segmented into 
three groups according to the degree of initial loss. All regions replenished 

GAG at the same rate during the first 2 weeks. By week 3, differential 
recovery was seen, with the most degraded having no further increase. 
This differential recovery was not observed when GAGs were 
removed with trypsin, suggesting that IL-1 induced damage to other 
matrix components and limited the capacity for recovery (Adapted 
from [30])
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The current gold standard is the radiograph, which is 
sensitive only in later stages of the disease (after tissue loss 
and bony changes have occurred). In many instances, large 
variation in dGEMRIC was observed even when no joint 
space narrowing was observed on radiographs [35], or 
when appearing grossly intact [36] (Fig. 14.8), presumably 

identifying areas of biochemical degradation preceding the 
actual loss of tissue. This observation was supported by 
data from a recent cross-sectional study [37], in which there 
was a broad distribution of dGEMRIC index in joints 
deemed “healthy” by radiography (KL Grade 0), and also 
in joints that had radiographic evidence of OA. This obser-
vation has important implications for studies aimed at eval-
uating therapeutic efficacy: vis, the radiographically 
“normal” group may include a large proportion of individu-
als with comparatively low GAG, perhaps reflecting early 
degeneration. Their inclusion within a “healthy control” 
group may ultimately mask what would otherwise be a 
good therapeutic effect. Although many more data are 
needed to know whether low dGEMRIC index has clinical 
significance, given our current understanding that loss of 
GAG is an early event in joint degeneration, these data 
should raise skepticism as to whether our current gold stan-
dard technologies of radiography are adequate for diagno-
sis and therapeutic evaluation.

The dGEMRIC index can also be used as a metric with 
which to evaluate what other clinical metrics correlate with 
cartilage degeneration. In the knee, the effects of alignment, 
age, and body mass index (BMI) have been investigated [36], 
in addition to knee extensor strength [38]. In hip dysplasia, 
age, severity of dysplasia, and the presence of a labral tear 
were identified as risk factors for OA [39].

Molecular differences within joints that had prior injuries 
also points to the potential to monitor pathologic changes in 
cartilage in response to injury before tissue loss occurs. As an 
example of this, cartilage in the medial compartment of knees 
with prior ACL injuries had lower dGEMRIC index than the 
lateral compartments, when compared with the contralateral 
knee [40]. Variations across patellar cartilage were found in 
individuals with recurrent patellar dislocation [41] (Fig. 14.9). 
Similarly, in the hip lower dGEMRIC was found in the medial 
compartment in individuals with femoroacetabular impinge-
ment [42] and Leg-Calve-Perthes disease [43].

Changing the Paradigm: Evidence that 
dGEMRIC May Provide Clinically Useful 
Predictive Information

Several studies evaluated whether dGEMRIC might provide 
some clinically relevant (as opposed to biologically relevant) 
information. One of the earliest was a study in which dGEM-
RIC images were taken of 17 knees in subjects with knee 
pain, but normal radiography. Consistent with the larger 
studies described above, there was a broad range of dGEM-
RIC index in this group. At follow-up 6 years later, 16 knees 
were evaluated; nine now had radiographic evidence of OA, 
with two of them having received a total joint replacement. 
The initial dGEMRIC index was significantly lower for those 

Fig.  14.7  (a) Representative example showing the relation between 
the dGEMRIC image of a human tibial plateau sample and the indenta-
tion stiffnesses at the positions corresponding to the arrows. The [GAG] 
in the lower plot is the average GAG for a volume comparable to the 
indentation volume (width 1.5 mm, depth 600 mm). If full depth aver-
ages are used, there is no correspondence between GAG and stiffness 
(Adapted from [31]). (b) Although the mechanical stiffness is not 
entirely due to GAG, there is a correspondence between the localized 
GAG measurement and peak indentation stiffness across many human 
tibial plateau samples (Figure adapted from [32])
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Fig. 14.8  The dGEMRIC index obtained after delayed gadolinium-
enhanced MRI of cartilage for obese subjects who have no radio-
graphic evidence of joint space narrowing. Representative examples 
include knees with (a) high global dGEMRIC index in cartilage; (b) 
low global dGEMRIC index in cartilage; and (c) focal areas of low 

uptake indicating selective GAG depletion. Longitudinal studies are 
needed to learn if there is an increased likelihood that the knees that 
appear to have lost GAG (e.g., b and c) have an increased rate or likeli-
hood of joint deterioration (Figure from [36])

Fig. 14.9  dGEMRIC images of patella cartilage. (a, b) Right and left 
knees, respectively, in a healthy volunteer; (c, d) right dislocated knee 
and left nondislocated knee, respectively, in a patient with unilateral 
recurrent patellar dislocation (RPD); (e, f) right and left knees, respec-
tively, in a patient with bilateral RPD. In knees of a healthy volunteer, 
cartilage at both medial and lateral facets of the patella had homoge-
neous dGEMRIC index throughout the cartilage (a, b). In the dislocated 

knee of a patient with unilateral RPD, the entire area of cartilage at 
the medial facet and the surface of cartilage at the lateral facet had 
shorter index (c), while in the nondislocated knee, only the surface of 
cartilage at the lateral facet had a shorter dGEMRIC index (d). In 
knees for a bilateral case, cartilage at both medial and lateral facets 
had shorter dGEMRIC index throughout the cartilage (e, f) (Figure 
from [41])
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nine, suggesting that a low dGEMRIC index may, in fact, be 
predictive of progression to clinically evident OA [44].

The second study involved a population of subjects with 
hip dysplasia, a developmental malformation of the hip asso-
ciated with a shallow acetabulum and early osteoarthritis. 
Comparison of dGEMRIC assessment with radiographic 
measures showed considerable variation in the dGEMRIC 
index, despite no apparent loss of tissue (Fig.  14.10a). 
dGEMRIC but not joint space width significantly correlated 
with the severity of dysplasia (Fig. 14.10b). These dGEM-
RIC data provided additional evidence that joint degenera-
tion occurs early in young adulthood and suggested that the 
onset may be related to the severity of dysplasia. The study 
of dysplasia went further to investigate the possible role of 
dGEMRIC in outcome prediction: The present treatment for 
dysplastic hips is pelvic osteotomy to rotate the shallow 
acetabulum so that it covers the femoral head. The goals are 
to improve joint mechanics, relieve pain, and preserve the 
joint. Unfortunately, surgical results are variable and appear 
to depend upon the extent of preexisting arthritis [45].  
A pilot study was conducted to explore whether dGEMRIC 
could provide a better measure to guide the decision and  
timing for osteotomy. In a prospective cohort study, patient 
age, radiographic severity of arthritis, severity of dysplasia, 

and dGEMRIC index were investigated as metrics to predict 
early failure after osteotomy. Nine of 52 osteotomies failed, 
with dGEMRIC index being the best predictor of failure 
(p < 0.002) [46] (Fig. 14.11). These data suggest that dGEMRIC 
may provide a more reliable basis on which surgeons can 
determine the timing for joint-preserving osteotomies.

Changing the Paradigm: Evidence that 
Cartilage Has the Capacity to Replenish  
Its Matrix

The prevailing clinical framework for osteoarthritis (OA), 
the most common degenerative disease of cartilage, is that 
OA is a progressive, irreversible destruction of cartilage, 
manifest by a reduction in joint space width. With radio-
graphs as the mainstay for evaluating cartilage, and its asso-
ciated inability to visualize the matrix, any processes that 
occur within the substance of the cartilage are simply invis-
ible. Furthermore, there has been no way to evaluate preven-
tative and therapeutic strategies that target cartilage during a 
period before there is frank loss of tissue. Methods such as 
dGEMRIC that permit an evaluation of the matrix itself offer 

Fig. 14.10  (a) dGEMRIC images of the hips of a patient with uni-
lateral hip dysplasia. The symptomatic hip has a much lower dGEM-
RIC index. (b) In this cross-sectional study, the dGEMRIC index 

correlated with the severity of dysplasia, while joint space width did 
not. LCE lateral center edge angle, a measure of dysplasia (Adapted 
from [50])
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the opportunity to visualize changes within the cartilage tissue 
itself, and so have the potential to shift the paradigm by rec-
reating a framework that accounts for (patho)physiological 
changes within cartilage tissue. As noted in the examples 
above, in putatively healthy joints (showing no radiographic 
abnormalities), there is a wide variation in dGEMRIC index, 
possibly suggesting a wide variation in the functional integ-
rity of the cartilage. A few studies are providing evidence 
that tissue with low dGEMRIC index can replenish its GAG, 
possibly “repairing” the matrix to a normal state.

For example, consider that the ultimate goal of joint-
preserving surgery such as a pelvic osteotomy for hip dysplasia 
is to halt or even reverse the degenerative process. However, 
follow-up for a cohort of patients with successful osteoto-
mies revealed that those with low dGEMRIC indexes prior to 
surgery had an increase in dGEMRIC index (Fig.  14.12) 
post-operatively [46], suggesting that cartilage injury may be 
reversible.

A second example comes from studies that suggest that 
the dGEMRIC index is sensitive to cartilage-modifying inju-
ries. Individuals with a prior ACL injury have lower dGEM-
RIC values [47]. Although the temporal changes in dGEMRIC 
in those cases are unknown, one case study of a patient with 
a PCL injury revealed considerable changes in dGEMRIC in 
the months following the injury. Specifically, in the first few 
months after the injury, there was a dramatic drop in dGEM-
RIC index; by 6 months, the dGEMRIC index was near pre-
injury levels (Fig. 14.13) [48].

Another final interesting example comes from work 
exploring whether exercise has an influence on dGEMRIC 

index. A cross-sectional study showed that the dGEMRIC 
index of knee cartilage in healthy volunteers correlated with 
the level of physical activity [49]. There are no data, as yet, 
showing whether a change in physical activity in healthy 
subjects is associated with a change in dGEMRIC index. 
However, there are some data for subjects who had suffered 
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Fig. 14.12  dGEMRIC index before and after pelvic osteotomy. Of those 
with a low preoperative dGEMRIC index (<480 ms), there was a slight 
increase in the dGEMRIC Index after 1 year (p = 0.08) (From [1])

Fig.  14.11  (a) Distribution of dGEMRIC indices in hips with  
satisfactory results compared with those with unsatisfactory results 
after periacetabular osteotomy (PAO). Five hips that underwent 
total joint replacement had had lower dGEMRIC indices than the 
hips with worse pain and increased joint space narrowing after the 

osteotomy. (b) Calculated probability of failure after periacetabular 
osteotomy (PAO) according to the dGEMRIC index. A failed result 
is defined as a hip that underwent secondary arthroplasty, had 
increased pain, or had increased joint space narrowing (Figure 
adapted from [46])
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a meniscal tear. Specifically, subjects who had meniscal 
tears were assigned to a 4-month exercise protocol. Those 
whose exercise following the tear was more intensive than 
baseline had an increase in dGEMRIC index, while those 
whose exercise was less intensive had a decrease in dGEM-
RIC index. These data provide the first in vivo evidence that 
exercise can, indeed, influence local GAG concentration, 
and support the appealing notion that exercise may be a 
therapeutic strategy.

These examples are encouraging in that they fit an appeal-
ing paradigm suggesting that relevant molecular changes can 
be monitored following an injury and in response to thera-
peutic measures (surgery and exercise), and, in particular, 
may suggest that matrix depleted of GAG can be restored. A 
word of caution is warranted, however, since (for all of the 
studies described in this section) long-term follow-up is 
needed to determine if the apparent increase in GAG concen-
tration is sustained and if it is associated with an improve-
ment in clinical outcome.

Summary

MRI has the potential to provide information regarding the 
molecular state of cartilage in both bench and clinical studies. 
The dGEMRIC technique demonstrates good correlations 
with known biochemical and biomechanical properties of the 

tissue. Furthermore, the dGEMRIC index has demonstrated 
measurable and reproducible changes with physiologic and 
pathologic processes in  vitro and in  vivo. With continued 
development of MRI pulse sequences to improve data acqui-
sition speed, and with added insight from pilot clinical studies 
to define avenues of research, these and related methods may 
enter into standard use. Indeed, we appear to be on the lead-
ing edge of a paradigm shift, where rather than focusing on 
the late stage of disease with palliative therapy, we can recog-
nize early degenerative changes and intervene with appropri-
ate preventive and disease-reversing therapies.
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Introduction

Articular cartilage lesions are a common pathology of the 
knee joint and many patients could benefit from cartilage 
repair. Such surgical treatment options may offer the possi-
bility for patients with cartilage defects to avoid the develop-
ment of osteoarthritis or delay its progression. Newly 
developed cartilage repair techniques, including arthroscopic 
or open surgical approaches, as well as marrow-stimulation 
techniques, osteochondral grafting, and chondrocyte implan-
tation/transplantation, require knowledgeable and high-quality 
follow-up.

Morphological and biochemical magnetic resonance 
imaging (MRI) is now possible with high-field MR systems, 
advanced coil technology, and sophisticated sequence pro-
tocols capable of visualizing cartilage repair tissue, the 
adjacent articular cartilage, and the surrounding structures, 
in vivo, at high resolution, in clinically applicable scan times. 
Standard morphological approaches can demonstrate the 
constitution of cartilage repair tissue. Newer isotropic 3D 
sequences show great promise for improving cartilage imag-
ing and also for the diagnosis of surrounding pathologies 
within the knee joint. Quantitative/biochemical MR 
approaches are able to provide a specific measure of the 
composition of cartilage. Cartilage physiology and ultra-
structure can be determined, changes in cartilage macromol-
ecules can be detected, and cartilage repair tissue can thus be 
assessed and potentially differentiated. In cartilage defects 
and following nonsurgical and surgical cartilage repair, 
morphological MRI provides the basis for diagnosis and 

follow-up evaluation, whereas biochemical MRI provides 
deeper insight into the composition of cartilage and cartilage 
repair tissue. A combination of both, together with clinical 
evaluation, may, in the future, represent a desirable multi-
modal approach to diagnosis, as well as for routine clinical 
follow-up after cartilage repair procedures. In addition to 
these advantages, the biomechanical properties of the repair 
tissue and the adjacent cartilage are of the utmost importance 
and these properties can be characterized using advanced 
MR techniques.

This chapter provides an overview of MRI of cartilage 
repair. The morphological depiction of cartilage on MRI is 
described, and emphasis is given to the Magnetic resonance 
Observation of Cartilage Repair Tissue (MOCART) scoring 
system. Furthermore, the use of biochemical MR methodol-
ogies for the visualization of cartilage repair tissue and the 
adjacent cartilage is illustrated. In the third section, a short 
overview is provided about MRI of the biomechanical prop-
erties of articular cartilage and cartilage repair tissue.

Morphological MR Assessment of Cartilage 
Repair

Morphological MR Sequences for Cartilage 
Repair Assessment

It has been demonstrated that in-plane spatial resolutions 
under 300 mm are required to reveal fraying of the articular 
surface of cartilage [1]. The introduction of high-field MRI 
units with 1.5, 3.0 T and beyond has provided the means to 
achieve such spatial resolutions while maintaining reason-
able scan times using cartilage-sensitive sequences. To fur-
ther decrease the scan time despite high-resolution 
parameters, new coil technology with multi-element design 
enables the use of parallel imaging, which can decrease scan 
time by a factor of 2–3. High-field MRI also increases the 
possibilities for 3D imaging; three-dimensional (3D) acqui-
sitions yield even higher resolution and contrast-to-noise 
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ratio (CNR) than two-dimensional (2D) acquisitions. The 3D 
data set can be used to obtain slices in any plane. When an 
isotropic data set is obtained with the in-plane spatial resolu-
tion and the slice thickness in the same dimension, the voxel 
has the same length in every dimension, and additional planes 
can be reformatted from the original dataset with no loss in 
spatial resolution. In addition, with post-processing tech-
niques, quantitative volume measurements can be added to 
cartilage assessment [2–4].

The most frequently used sequences for cartilage imaging 
are 3D gradient-echo (GRE) with fat suppression to visualize 
the thickness and surface of cartilage, and fluid-sensitive 
(mostly fat saturated) fast spin-echo (FSE) sequences for the 
assessment of internal cartilage structure [2, 5–7].

FSE imaging contrast is predominantly based on moder-
ate T2 weighting and magnetization transfer effects, which 
results in low signal intensity of cartilage in contrast to the 
high signal intensity of joint fluid due to T2 weighting. The 
subchondral bone also demonstrates a high signal intensity 
due to fatty marrow, which remains relatively hyperintense 
on FSE T2 sequences, an effect called J-coupling. Cartilage 
is, therefore, outlined dark against bright synovial tissue and 
fluid as well as the subchondral plate [8, 9]. Intrachondral 
cartilage matrix damage and alterations of the cartilage sur-
face can thus be readily assessed. Other advantages of FSE 
sequences are their inherent high resolution and low sensitiv-
ity to magnetic susceptibility artifacts, which are suppressed 
by the multiple refocusing 180° pulses of the FSE. This 
allows reliable MRI assessment after surgery. Figure  15.1 
shows standard 2D MR sequences of a patient in the follow-
up after cartilage repair using a matrix-associated chondro-
cyte transplantation (MACT) approach.

Standard T1-weighted, fat-suppressed, 3D spoiled 
gradient-echo (SPGR) sequences provide a high signal inten-
sity for cartilage, while adjacent bone and synovial fluid 
remain dark. The 3D data set can be reformatted in any plane, 
allowing 3D visualization and volume measurements [9–11]. 
New isotropic 3D gradient-echo sequences comprise the 
DESS (Double-Echo Steady-State), True-FISP (Fast Imaging 
in Steady-state Precession), Balanced-FFE (Fast Field Echo), 
VIBE (Volume Interpolated Breath-hold Examination), 
MEDIC (Multi-Echo Data Image Combination). Furthermore, 
isotropic 3D fast spin-echo (FSE) sequences have recently 
become available (called PD [proton-density] SPACE 
[Sampling Perfection with Application optimized Contrasts 
using different flip angle Evolutions], or 3D Fast Spin-Echo 
[FSE] Extended Echo-Train Acquisition [XETA]), which may, 
in future applications, provide greater opportunity to charac-
terize the constitution of cartilage, bone, menisci, ligaments, 
and the surrounding tissue within one clinically applicable 
sequence. A variety of results from the initial application of 
these sequences have been reported in the literature.

A fat-suppressed 3D FLASH (Fast Low-Angle Shot) 
sequence shows high contrast-to-noise ratios (CNR) and high 
reproducibility in the segmentation of articular cartilage, and 
facilitates accurate evaluation of total cartilage volume and 
regional distribution [12, 13]. Cartilage segmentation measure-
ments could be established for quantitative MR evaluation, and 
cartilage thickness and volume could be used as sensitive 
image-based parameters for detecting and monitoring cartilage 
degeneration in OA [14].

The 3D DESS sequence has been shown to be valuable 
for the first stage of cartilage assessment [15, 16]. 
The sequence provides an intermediate cartilage signal, high 

Fig.  15.1  Conventional high-resolution MRI of a 48-year-old male 
patient 24 months after matrix-associated chondrocyte transplantation 
(MACT) (arrows). (a) Sagittal PD-TSE (TR = 2,400  ms/TE = 28  ms; 
flip angle = 160°) with ultrahigh in-plane (0.23 × 0.23 mm) resolution 

(matrix = 512 × 512; FoV = 12 cm; slice thickness = 2 mm) and 34 slides 
achieved in 6 h 01 min; (b) coronal T1-weighted TIRM (7,690/41; flip 
angle 150°; TI = 220) with high-resolution (256 × 256; 15  cm; slice 
thickness = 3 mm) and 25 slices achieved in 2 h 19 min
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cartilage-to-fluid contrast, and is suitable for quantitative 
volumetric measurements [17].

The 3D True-FISP sequence provides substantially higher 
SNR and CNR than the 3D FLASH sequence [18]. This 
advantage in signal might allow for higher spatial resolution, 
and thus, potential improvement in the accuracy of the seg-
mentation process, especially at the articular surface [18]. 
With high-field MRI, this advantage might also be used to 
perform isotropic MR measurements in a minimal amount of 
time. Kornaat et al. [19] report that SSFP (Steady-State Free 
Precession)-based techniques have the highest increase in 
SNR and CNR efficiency at 3.0 T MRI. In recent articles by 
Duc et  al. [20–22], the True-FISP sequence as an SSFP-
based sequence was studied 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, specificity, and accuracy for 
the water excitation True-FISP sequence; however, again, 
the SSFP-based sequences showed the highest SNR and 
CNR efficiency [22]. With the use of a dedicated, eight-
channel knee coil, an isotropic (0.6  mm3) 3D True-FISP 
dataset can be obtained in approximately 3 min. The poten-
tial to diagnose cartilage defects, anterior cruciate ligament 
abnormalities, and meniscal tears can be expected to be 
higher than with a set of standard 2D sequences [21]. 
Figure 15.2 visualizes an isotropic high-resolution 3D True-
FISP data set of a patient 3 months after MACT.

Thus, 3D sequences have the potential to considerably 
improve cartilage defect assessment by reproducible, quanti-
tative volumetric measurements in the submillimeter range.

Figures  15.3 and 15.4 demonstrate MR images of the 
knee obtained with a high-resolution isotropic 3D PD SPACE 
sequence in a patient 24 months after MACT of the medial 
femoral condyle. Whereas Fig. 15.3 gives an overview of the 

whole knee using multi-planar reconstruction (MPR) of the 
data set comprising an axial, sagittal, and coronal reconstruc-
tion, Fig. 15.4 gives a more specific detailed image of the 
cartilage repair tissue and provides the possibility for MR 
scoring.

MRI Scores

For the use of MRI in the evaluation of cartilage repair tech-
niques in greater numbers of patients, an evaluation system 
that has low interobserver variability and is suited for statisti-
cal data analysis is necessary. It should have the potential to 
compare different cartilage surgery techniques and also to be 
used in multicenter studies [23, 24].

Roberts et al. [24] used four parameters to assess cartilage 
repair on MR images: surface integrity and contour; cartilage 
signal in the graft region; cartilage thickness; and changes in 
the underlying bone. The score is obtained by summing the 
values of the four parameters. The system assesses each 
parameter as normal or abnormal; still, there is no assess-
ment of graft integration, degree of defect fill, or the pres-
ence of adhesions.

The Magnetic resonance Observation of Cartilage Repair 
Tissue (MOCART) scoring system was designed to system-
atically record observations that can be accurately and repro-
ducibly determined [25]. The MOCART system has been 
shown to be reliable and has excellent interobserver repro-
ducibility for the defined variables [25]. Correlation analyses 
of the MOCART system with the KOOS knee score demon-
strated significant interrelations of the variables “filling of 
the defect,” “structure of the repair tissue,” “subchondral 
bone,” and “signal intensity.”

Fig.  15.2  Isotropic 0.4 × 0.4 × 0.4  mm 3D True-FISP sequence 
(8.9/3.8) with water excitation and high-resolution MR images 
reconstructed to visualize the cartilage repair tissue in a 22-year-old 
male patient, 3 months after MACT (arrows) in the sagittal (a) and 
coronal (b) planes. Additional axial (c) reconstructed images allow 

evaluation of the patellar cartilage. Three hundred and twenty slides 
were obtained in 6 min 46  sec (PAT 3). After the short follow-up 
interval, artifacts within the hyperintense repair tissue are still  
visible and cannot be clearly distinguished from possibly bony 
formation
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The system is useful for longitudinal follow-up of patients 
after different cartilage repair techniques [25], and may facil-
itate multicenter studies that compare a particular cartilage 
repair technique.

The MR assessment of the MOCART score is based on 
standard MR sequences, also recommended by the 
International Cartilage Repair Society (ICRS) [26]. The MR 
evaluation of the cartilage repair tissue is performed on two-
dimensional (2D) planes using high in plane resolution, 
together with a slice thickness of 2–4 mm. Following this cur-
rent standard procedure, the MR sequences recommended by 
the ICRS and the recommended sequences for the MOCART 
scoring visualize the area of cartilage repair and the adjacent 
cartilage, as well as the surrounding structures in 2D.

The previously mentioned, new isotropic 3D sequences 
have the potential for high-resolution isotropic MR imaging 
and can be reformatted in arbitrary planes with no loss of 

spatial resolution. Building on the capabilities of multi-
planar reconstruction (MPR), the cartilage repair tissue could 
be visualized in 3D, and its subsequent classification and 
grading by an MR-based scoring system might benefit.

Very recently, an improved MOCART scoring system, 
using the possibilities of 3D MPR in the postoperative evalu-
ation of cartilage repair tissue, was presented as a 3D 
MOCART scoring system [27] (Table 15.1).

Monitoring of Various Cartilage Repair 
Techniques

Routine MR follow-up of cartilage repair tissue should be 
carried out at 3  months, 1  year, and 2  years. Imaging at 
3 months verifies the adherence of repair tissue and discloses 

Fig. 15.3  High-resolution isotropic 0.5 × 0.5 × 0.6 mm fat-suppressed 3D PD SPACE sequence (1,500/34) of a patient 24 months after MACT (same 
patient as in Fig. 15.1) (arrows) and 192 sections obtained in 7 min 53 sec. Images reconstructed in the sagittal (a), coronal, (b) and transversal (c) planes

Fig.  15.4  Enlarged sagittal (a) and coronal (b) details of Fig.  15.3. 
According to the variables of the 3D MOCART score (Table  15.1), 
variable 1 a slight hypertrophy of the repair tissue (~125°) is visualized 
in the coronal plane, variable 2 the integration to the border zone 
shows in the sagittal plane a split-like lesion (left arrow), variable 4 the 

surface of the repair tissue displays surface irregularity and fraying, 
variable 5 a relatively homogeneous structure of the repair tissue, vari-
able 6 early normal signal intensity, variable 7 an intact subchondral 
lamina, variable 10 alterations in the subchondral bone, and variable 
11 no significant intra-articular effusion
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Table 15.1  Three-dimensional (3D) Magnetic resonance Observation of Cartilage Repair Tissue (MOCART) score using an isotropic 3D MR 
sequence

Variables

1. Defect fill (degree of defect repair and filling of the defect in relation to the adjacent cartilage)
O 0%
O 0–25%
O 25–50%
O 50–75%
O 75–100%
O 100%
O 100–125%
O 125–150%
O 150–200%
O >200%

Localization
O Whole area of cartilage repair O >50% O <50%
O Central O Peripheral O Weight-bearing O Nonweight-bearing

2. �Cartilage interface (integration with adjacent cartilage to border zone in two planes)
Sagittal (femur, patella, trochlea, tibia)

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

Coronal (femur, tibia); axial (patella, trochlea)
O Complete
O Demarcating border visible (split-like)
O Defect visible <50%
O Defect visible >50%

Localization
O Whole area of cartilage repair O>50% O<50%
O Weight-bearing O Nonweight-bearing

3. Bone interface (integration of the transplant to the subchondral bone; integration of a possible periosteal flap)
O Complete
O Partial delamination
O Complete delamination
O Delamination of periosteal flap

Localization
O Weight-bearing O Nonweight-bearing

4. Surface (constitution of the surface of the repair tissue)
O Surface intact
O Surface damaged <50% of depth
O Surface damaged >50% of depth
O Adhesions

Localization
O Whole area of cartilage repair O>50% O<50%
O Central O Peripheral O Weight-bearing O Nonweight-bearing

5. Structure (constitution of the repair tissue)
O Homogeneous
O Inhomogeneous or cleft formation

Localization
O Whole area of cartilage repair O>50% O<50%
O Central O Peripheral O Weight-bearing O Nonweight-bearing

6. Signal intensity (intensity of MR signal in the repair tissue in comparison to the adjacent cartilage)
O Normal (identical to adjacent cartilage)
O Nearly normal (slight areas of signal alteration)
O Abnormal (large areas of signal alteration)

Localization
O Central O Peripheral O Weight-bearing O Nonweight-bearing

(continued)
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early complications in the healing process, whereas imaging 
at 1 year assesses graft maturation and helps to guide patients 
with respect to the level of activity after cartilage surgery. 
Imaging after 2 years should help to disclose late complica-
tions of the graft.

Each surgical technique will show distinct features during 
follow-up that may occur in the course of the healing process 
or be associated with repair failure. The subsequent sections 
treat the current knowledge of cartilage repair tissue proper-
ties and the respective surgical techniques.

Microfracture

MRI is highly sensitive and specific to microfracture repair 
(MFX) tissue assessment. Arthroscopic evaluation of MRI at 

1.0 T demonstrated specificity and sensitivity of 100% and 
100% for defect filling and 80% and 82% for repair tissue 
quality, respectively [28]. MRI at 3.0  T certainly has the 
potential to further improve repair tissue quality assessment 
[29, 30].

Mithoefer et  al. [31] evaluated 24 patients at 1.5  T at 
12 ± 2 months after surgery, with the following parameters: 
repair cartilage signal; lesion morphology; defect filling; 
peripheral repair tissue integration; and subchondral edema.

With a cartilage-sensitive FSE sequence [5], repair tissue 
signal was hyperintense in 92%. Mild subchondral edema 
was observed in 71%. Repair tissue fill was graded 67–100% 
in most patients; still, the majority had depressed morphol-
ogy compared to adjacent cartilage. Osseous overgrowth 
occurred in 25%. Persistent gap formation at the border to 
adjacent cartilage was reported in 92%.

Table 15.1  (continued)

Variables

7. Subchondral lamina (constitution of the subchondral lamina)
O Intact
O Not intact

Localization
O Whole area of cartilage repair O >50% O <50%
O Central O Peripheral O Weight-bearing O Nonweight-bearing

8. Chondral osteophytes (osteophytes within the cartilage repair area)
O Absent
O Osteophytes < 50% of the thickness of the cartilage transplant
O Osteophytes > 50% of the thickness of the cartilage transplant

Localization
Size: _______ mm (plane: _______) × _______ mm (plane: _______)

O Central O Peripheral O Weight-bearing O Nonweight-bearing

9. Bone marrow edema (maximum size and localization in relation to the cartilage repair tissue and other alterations assessed in the 3D 
MOCART score).
O Absent
O Small (<1 cm)
O Medium (<2 cm)
O Large (<4 cm)
O Diffuse

Localization
Size: _______ mm (plane: _______) × _______ mm (plane: _______)

O Central O Peripheral O Weight-bearing O Nonweight-bearing
O Relation to other alterations within this score of variable No. ________

10. Subchondral bone (constitution of the subchondral bone)
O Intact
O Granulation tissue
O Cyst
O Sclerosis

Localization
O Whole area of cartilage repair O >50% O <50%
O Central O Peripheral O Weight-bearing O Nonweight-bearing

11. Effusion (approx. size of joint effusion visualized in all planes)
O Absent
O Small
O Medium
O Large



19115  Imaging of Cartilage Repair

Notably, clinical improvement correlated with the fill 
grade (p < 0.05). A subsequent decrease in clinical outcome 
at 24 months occurred in all patients with a poor fill grade, 
but three cases with good fill grades also decreased. Moderate, 
but significant, correlations were found between fill grade 
and the activities of daily living score and the SF-36 physical 
component score. A lower body-mass index was associated 
with a better fill grade on magnetic resonance imaging. 
Peripheral interfacing correlated well with the fill grade, but 
had no correlation with the outcome scores.

The filling grade of the defect is, thus, apparently, a major 
indicator for the outcome of MFX; again, 3D GRE imaging 
at high resolution may improve MRI assessment. Persisting 
gaps are considered adverse. Further investigation may clar-
ify whether there is an association with repair tissue deterio-
ration and subsequent failure. Mild subchondral edema 
apparently was not associated with clinical outcome; persis-
tent alterations of the subchondral plate will also occur dur-
ing long-term follow-up.

Mosaicplasty

Osteochondral autograft transfer (OAT) is usually performed 
at the knee and involves removing a healthy osteochondral 
core from a donor site (mostly trochlea) and implanting it at 
the usually weight-bearing portions of the femoral condyle, 
this procedure is also termed mosaicplasty. MRI evaluation 
of osteochondral grafts should include: (1) the number and 
size of the grafts; (2) bone and cartilage integration; (3) the 
cartilage surface contour; (4) an assessment of the signal in 
the graft, the adjacent bone marrow, and at the donor site; (v) 
details of any soft tissue abnormalities; and (vi) an assess-
ment of the contrast enhancement patterns.

Cartilage and Bone Integration

Cartilage and bone integration should be considered sepa-
rately. Cartilage of the OAT was reported by Link et al. [32] 
to be intact and with a regular surface in 85% of cases. Gaps 
between OAT and native cartilage were rarely visualized 
with standard MRI. However, in indirect MR arthrography, 
persistent fissure-like gaps between the implanted cartilage 
and native cartilage were demonstrated [33]. This finding 
corresponds well to OAT histology assessment and empha-
sizes the potential of contrast agent–enhanced MRI in chal-
lenging cases.

Regarding the integration of OAT bone, cystic cavities, 
with fluid-like signal intensity and/or a persistent edema-like 
signal within the subchondral bone, may be considered 
indicators for poor integration [32].

Cartilage and Bone Signal Intensity

OAT bone marrow signal intensities are reported to be 
consistent with edema within the first 12 months after implan-
tation (hypointensity on T1-weighted images and hyperinten-
sity on fat-suppressed PD-w or T2-weighted images). During 
the 12–24  month follow-up, the rate of edema-like signal 
intensities dropped to 17% [32]. Interestingly, in patients with 
OAT necrosis, T2 signal intensities varied depending on the 
morphologic type of necrosis (sclerotic or cystic degenera-
tion). Clinical abnormalities were reported in only two of six 
patients with signs of OAT osteonecrosis [32]. Conversely, 
contrast-enhanced MRI was specific for necrosis. Sanders 
et al. [34] and Hangody and Fules [35] reported no cases of 
osteochondral necrosis in their patient groups. In OAT, carti-
lage signal intensity is similar to the surrounding cartilage in 
the vast majority of cases [32, 34, 35].

Graft and Adjacent Bone

The early postoperative period is dominated by subchondral 
bone marrow edema, which resolves with graft incorpora-
tion. A normal fatty marrow signal is seen within and around 
the plugs when solid bony incorporation occurs [32–34].

Bone marrow edema can be expected in and around the 
grafts in approximately 50% of the subjects during the first 
12  months. After this period, a gradual decline will be 
observed in the majority of cases; still, edema may persist in 
a small number of cases for up to 3 years. Joint effusion and 
synovitis appear to follow a similar trend.

Incongruities at the bone–bone interface occur frequently 
due to the variation of OAT and native cartilage thickness. 
The focus of OAT surgery is the congruity of the joint carti-
lage surface, and therefore, is the main criterion in OAT inte-
gration assessment.

Complications assessed by MRI concern graft loosening or 
migration, incongruencies of the cartilage–cartilage interface, 
significant gaps between osteochondral plugs and adjacent 
native cartilage, and partial or complete graft necrosis. With 
respect to gaps, the postoperative period has to be considered, 
since surface congruity will improve over time due to fibrocar-
tilaginous tissue formation between osteochondral plugs.

ACI Techniques

Assessment and interpretation of MR examinations for 
autologous chondrocyte implantation (ACI) and matrix-
associated autologous chondrocyte implantation (MACI) 
patients should be performed in a systematic fashion. Careful 
attention should be paid to: (1) the degree of defect filling; 
(2) the integration of the graft to adjacent cartilage and 
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underlying bone; (3) the internal structure and surface of the 
graft; (4) the signal intensity of the graft; and (5) any changes 
in the subchondral bone. Finally, the presence of adhesions 
to the graft or joint effusion should be noted. All categories 
are included in the MOCART score.

Defect Filling

ACI repair tissue is designed to have the same thickness as 
adjacent native cartilage to restore the joint surface and to 
stabilize native cartilage. Filling assessment, therefore, con-
cerns the thickness of repair tissue in 2D slices. Still, with 3D 
techniques available, repair tissue interfaces to adjacent nor-
mal cartilage can be assessed accurately in all directions, and 
the volume of the repair tissue may also be quantified.

The ratio of cases with complete defect filling after ACI 
can be expected to be approximately 60–80% [24, 36–38].

Graft hypertrophy is considered one of the major adverse 
events of ACI, reportedly occurring in 2.4–20% of cases, and 
is associated with the use of a periosteal flap [39].

Graft hypertrophy is seen on MRI as the ACI graft pro-
truding above the level of the native articular cartilage, and 
may involve part or the full width of the graft. Hypertrophy 
of grafts close to the intercondylar notch may cause impinge-
ment on the anterior cruciate ligament and requires 
arthroscopic debridement.

The incidence of graft hypertrophy after MACI is reported 
to be considerably lower, and, if present, may improve over 
time due to remodeling of the joint surface under weight-
bearing [38, 40–42].

Integration

The interface between ACI and native cartilage should be 
indiscernible. Splits or fissures at the border zone are consid-
ered pathological [43, 44], and are indicated by fluid-like 
signal clefts or ill-defined high signal intensity at the inter-
face on high-resolution MRI [43–47].

The clinical importance of gaps in the integration zone 
lies in the possible progress to graft delamination. A thin rim of 
fluid between the base of the graft and the subchondral bone 
plate, resembling a cartilage flap, may indicate a delaminated 
graft still in situ at the repair site. A dislocated delami-
nated graft may appear as a loose body in the joint [43, 44]. 
Clinical symptoms are often pain, swelling, and locking.

Structure and Surface

Irregularities of the graft surface on MR imaging have been 
described previously in up to 50% of implants, and thus, seem 

to be relatively common [10, 36, 43, 44, 48], especially in the 
early stages. At later stages, continuous smoothing of the graft 
surface has been observed, a finding that may be related to 
graft organization and remodeling. However, the development 
of surface defects over time is considered pathologic [38].

Graft tissue often has an inhomogeneous signal behavior 
at early stages that differs from the trilaminar appearance of 
native cartilage. During the maturation process, graft signal 
will become homogeneous in the majority of cases. 
Conversely, increasing inhomogeneity of the graft may indi-
cate graft degeneration and beginning graft failure.

Signal Intensity

At 4 weeks after transplantation, the graft may have a fluid-
like appearance, which could mimic graft delamination. 
However, on high-resolution imaging, the surface of the 
implant is seen as a thin dark line. This feature is more com-
monly seen with classic ACI [43].

During the first 6 months after implantation, repair tissue 
signal intensity will differ from native cartilage; with the 
T1-weighted GRE sequence, signal will increase, whereas a 
decrease is to be expected with the FSE sequence [38, 49].

At 12 months, the signal behavior of repair tissue is reported 
to resemble native cartilage [10, 43, 50, 51] in the majority of 
cases with both sequences. There have been reports of persist-
ing hyperintensity in FSE up to 18 months [52], but the defi-
nite role of signal intensity has not been determined, as yet, 
and will likely be the subject of further studies.

Subchondral Lamina and Bone

The subchondral lamina should be kept intact in ACI and 
MACI; however, in patients after osteochondrosis dissecans, 
defects of the lamina will persist after implantation. It is 
important to differentiate these cases from cortical endplate 
damage that occurs after implantation by overuse or recur-
rent trauma. Subchondral edema is reported to occur regu-
larly within the first 3–6 months after implantation [36, 37, 
43, 52, 53], and is part of the healing process. Persistence of 
edema after this period, or even an increased intensity and 
size of subchondral edema, should be considered abnormal 
and be closely monitored [43, 44, 54]. Edema may be caused 
by abnormal joint loading due to overuse or joint malalign-
ment. In contrast, there are also studies that consider the 
importance of bone marrow edema to be undetermined.

Cystic changes in the subchondral bone underneath the 
cartilage may indicate complications that require close 
clinical follow-up. Cyst formation has also been associated 
with a fibrocartilage – rather than hyaline-like repair tissue 
composition [37].
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Adhesions

Symptomatic intra-articular adhesions that require 
arthroscopy occur in up to 10% of ACI patients. Aside from 
stiffness and pain, adhesions in connection with the Hoffa fat 
pad or the suprapatellar pouch can be a cause for graft dislo-
cation by traction forces applied to the graft [45–47].

On MRI, adhesions appear as bands of intermediate-to-
low signal intensity that traverse the joint and originate from 
the repair tissue.

Effusion

Reactive synovitis is a cause of pain in the early postopera-
tive period, but normally resolves during follow-up. In cases 
of persisting effusion, alternate causes, such as meniscal 
tears, ligament injury, or the formation of new cartilage 
defects, must be excluded.

Regular Development of ACI/MACI Grafts

Serial MRI follow-up of MACI patients demonstrated a 
dynamic healing process over time. Significant milestones of 
ACI and MACI repair tissue formation within the first year 
are: (1) Bone marrow edema can be expected in the first 
3 months after surgery, but should recede after that time. (2) 
The graft will have a fluid-like appearance 4  weeks after 
implantation, and then gradually approach the signal inten-
sity of adjacent cartilage within 6–12 months. (3) Continuous 
graft remodeling, which may comprise a gradual defect fill-
ing, as well as intermittent graft hypertrophy, will result in a 
complete defect filling, with a smooth and intact surface after 
12 months.

Biochemical MR Assessment of Cartilage 
Repair

Basics of Biochemical MRI of Healthy Cartilage 
and Cartilage Repair

To visualize the constitution of articular cartilage and carti-
lage repair tissue, a variety of different methodologies are 
available. When first looking at the composition of healthy 
hyaline articular cartilage, these methodologies can depict 
either one component of the cartilage or a combination of 
different components. More recent techniques, in particular, 
have not even been validated sufficiently; nevertheless, 
promising results during initial studies justify their use.

Basically, articular cartilage is complex, dense, connec-
tive tissue that relies on the diffusion of solutes for its 

nutrition [55]. Responsible for the biomechanical properties 
of articular cartilage is the extracellular matrix, mainly com-
posed of water (~75%), collagen (~20%), and proteoglycan 
(PG) aggregates (~5%) [55, 56]. Water either freely moves 
throughout the matrix or is bound to macromolecules. 
Collagen in hyaline cartilage is largely type II, which creates 
a stable network throughout the cartilage. The negatively 
charged proteoglycans are composed of a central core pro-
tein to which glycosaminoglycans (GAG) are bound.

Articular cartilage is stratified primarily according to the 
orientation of collagen within a three-dimensional network 
[56, 57]. The superficial/tangential zone is characterized by 
flattened chondrocytes, relatively low quantities of proteo-
glycans, and high quantities of collagen fibrils arranged par-
allel to the articular surface. The middle/transitional zone 
has round chondrocytes, a high level of proteoglycans, and a 
random arrangement of collagen fibers. The deep/radial zone 
is characterized by low cell density, thick collagen fibrils that 
are perpendicular to the bone, and columns of chondrocytes. 
After the “tide mark,” the underlying calcified layer is partly 
mineralized, and acts as the transition between cartilage and 
the subchondral bone.

The structure and the components of healthy hyaline car-
tilage formed the basis for (1) the different biochemical MR 
methodologies and (2) their use in the evaluation of articular 
cartilage. Hence, not only is the specific sequence essential, 
but also its ability to adapt to the zonal structure of articular 
cartilage, for example.

Within cartilage repair, generally all biochemical MR 
sequences can be used and (1) help to depict the ultrastruc-
ture of cartilage repair tissue; (2) help to judge the repair 
tissue as scar tissue, fibrocartilage, or hyaline-like cartilage; 
(3) help to define the maturation process of the repair tissue 
over time; (4) help to diagnose early as well as late failure; 
and (5) ideally, provide a predictive value for the perfor-
mance of the repair tissue over time [16, 26, 37, 58–65].

Depending on the different cartilage repair techniques, the 
cartilage repair tissue in histological studies is seen to be hya-
line-like cartilage, mixed hyaline-like and fibrocartilage, and 
fibrocartilage. Nevertheless, these histological studies show 
different results for these different cartilage repair procedures 
[35, 36, 40, 47, 66–72]. Thus, the depiction of the ultrastruc-
ture of the repair tissue using biochemical MRI is important. 
The significance of the quality of the cartilage repair tissue, 
and thus, the benefit of a biochemical MR evaluation, is illus-
trated when considering the results of one of the most widely 
recognized studies in this field by Knutsen et al., who com-
pared ACT and MFX [71, 72]. Biopsies obtained from 
67 patients showed no significant difference between the car-
tilage repair techniques (notwithstanding the trend toward a 
more hyaline-like structure after ACI). However, a compari-
son of the histological quality of the repair tissue in patients 
with and without treatment failure revealed that none of the 
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patients with treatment failure in this study had hyaline-like 
cartilage. This finding suggests that repair cartilage, which is 
predominantly hyaline, may reduce the risk of subsequent 
failure [71]. In recent initial studies by our group [16, 60], a 
differentiation of cartilage repair tissue after MACT and MFX 
was possible using different biochemical MR methodologies, 
which demonstrate the feasibility of functional MR tech-
niques as a “virtual biopsy.”

Proteoglycan Sensitive

Although no MR sequence, perhaps, is really 100% specific 
for only proteoglycans or collagens, there are methodologies 
that reportedly focus mainly on one component of articular 
cartilage. The negatively charged proteoglycan, composed of 
a central core protein to which glycosaminoglycans (GAG) 
are bound, could be visualized (among others) by delayed 
gadolinium-enhanced MRI of cartilage (dGEMRIC) [73], 
sodium MR imaging [74, 75], and, very recently, chemical 
exchange–dependent saturation transfer (CEST) [76].

Delayed Gadolinium-Enhanced MRI of Cartilage

Glycosaminoglycans (GAG) are important to the cartilage 
tissue’s biochemical and biomechanical functions. GAG are 
the main source of fixed charge density (FCD) in cartilage, 
and are often decreased in the early stages of cartilage degen-
eration [77], or in reparative cartilage after cartilage repair 
[62]. Intravenously administered gadolinium diethylenetri-
amine pentaacetate anion (Gd-DTPA2−) penetrates the carti-
lage through both the articular surface and the subchondral 
bone. The contrast equilibrates in inverse relation to the 
FCD, which is, in turn, directly related to the GAG con-
centration. Therefore, T1, which is determined by the 
Gd-DTPA2− concentration, becomes a specific measure of 
tissue GAG concentration, suggesting that Gd-DTPA2-
enhanced MRI has the potential to monitor the GAG content 
of cartilage in  vivo [78]. Thus, T1 mapping, enhanced by 
delayed administration of Gd-DTPA2− (T1 dGEMRIC), can 
be considered as a valuable methodology for detecting pro-
teoglycan depletion in articular cartilage, and has shown 
promising results [79, 80].

As differences in pre-contrast values between cartilage 
repair tissue and normal hyaline cartilage are larger com-
pared to early cartilage degeneration, in cartilage repair tissue, 
the pre-contrast T1 values must be calculated, as well [62]. 
The concentration of GAG is represented by delta DR1, 
i.e., the difference in relaxation rate (R1 = 1/T1) between 
T1

pre-contrast
 and T1

post-contrast.
 Thus, the sequence must be per-

formed twice, for pre-contrast and delayed post-contrast T1 

mapping. This increases the total scan time, and requires a 
break in between the two MR scans, where the contrast agent 
must be administered and a delay of at least 90  min after 
injection is needed for penetration of the contrast agent into 
the cartilage. Scan time reduction, compared to the standard 
inversion recovery (IR) evaluation, has been achieved with a 
new approach using fast T1 mapping [61]. Although the 
90-minute delay is still required, this might increase the clin-
ical applicability of the dGEMRIC technique.

Since GAG content is responsible for cartilage function, 
particularly its tensile strength, the monitoring of the devel-
opment of GAG content in cartilage repair tissues may provide 
information about the quality of the repair tissue. A recent 
study by our group showed that dGEMRIC was able to dif-
ferentiate between different cartilage repair tissues with 
higher delta DR1 values, and thus, lower GAG content, in 
cartilage repair tissue after MFX, compared to MACT [60]. 
The applicability of this technique has also been shown in 
regions other than the knee joint [81–83].

Figure 15.5 gives an example of the T1 dGEMRIC evalu-
ation of cartilage repair tissue compared to the surrounding 
healthy seen control cartilage in a patient 24 months after 
MACT of the medial femoral condyle.

Sodium (23Na) MR Imaging

Sodium MRI has been described as an in vivo technique for 
cartilage imaging, and is sensitive to proteoglycans [84, 85]. 
Due to the high effort with regard to the hard- and software 
requirements and a relative low signal-to-noise ratio, its 
clinical use is limited. However, as sodium MRI is seen to 
provide a direct measure of proteoglycans, its use as a stan-
dard of reference is highly promising. Similar to the princi-
ples described for dGEMRIC imaging, positive sodium ions 
are attracted by the negative fixed charged density (FCD) of 
the side chains of GAG. These electrostatic forces are 
responsible for a direct relationship between the local 
sodium concentration and FCD, and research has shown 
sodium imaging to be sensitive to small changes in GAG 
concentration [86, 87].

The MR sensitivity for 23Na is only 9.2% of the 1H MR 
sensitivity, and the in vivo concentration is ~360 times lower 
than the in vivo water proton concentration. The combina-
tion of these factors results in a 23Na signal that is approxi-
mately 4,000 times smaller than the 1H signal. In addition, 
the very short T2 relaxation time of 23Na leads to a further 
reduction in signal intensity.

Recent advances in magnet technology, improved gradi-
ent performance, and multi-coil technology may make 
sodium MRI feasible on high-field systems, and promising 
results have been demonstrated in  vivo on pigs, in human 
wrists, and in the human knee joint [88–90].
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Chemical Exchange Saturation Transfer Imaging

As the mapping of the GAG concentration is desirable in the 
follow-up of cartilage repair procedures, and because of the 
obvious limitations of sodium MRI, the presented dGEM-
RIC technique has the limitation of contrast agent adminis-
tration and a time delay before post-contrast MRI. A recently 
described technique for the assessment of GAG concentra-
tion in  vivo by chemical exchange–dependent saturation 
transfer (CEST) may have potential in future applications on 
articular cartilage [76].

Balaban and coworkers demonstrated that the chemical 
exchange between labile protons of low concentration sol-
utes and bulk water protons provides a sensitivity enhance-
ment scheme known as CEST [91–93]. When saturation is 
applied at a particular frequency far from the water reso-
nance, this saturation is transferred rapidly between the 
solid-like matrix and free water. Notably, both proteoglycans 
and collagen macromolecules have exchangeable amide pro-
tons (~100 mM) that exchange with bulk water. In addition, 
each proteoglycan unit also has three –OH protons (~300 mM) 
that rapidly exchange with bulk water. Similarly, collagen 
has exchangeable amine protons (–NH

2
). Recently, Ling 

et al. [76] extensively studied and identified the potential of 
the so-called gagCEST method in cartilage; however, this 
application is still in the very early stage, and more extensive 
studies and validation are required.

Collagen Sensitive

Although the differentiation of which components of articular 
cartilage are visualized by the specific sequence is not 

completely possible, the classic biochemical MR methodology 
that focuses on the collagen content of articular cartilage is 
T2 mapping [94]. In addition to the transverse relaxation time 
(T2) of articular cartilage, recently, T2* relaxation is being 
discussed for the depiction of the collagen matrix [95], and 
magnetization transfer contrast (MTC) might also play a more 
important role in future approaches [65].

T2 Relaxation Time Mapping

The transverse relaxation time (T2) of cartilage is a sensitive 
parameter for the evaluation of changes in water and colla-
gen content and tissue anisotropy [94]. Cartilage T2 reflects 
the interaction of water and the extracellular matrix on a 
molecular level. The collagen fiber orientation defines the 
layers of articular cartilage. Thus, the three-dimensional 
organization and curvature of the collagen network, influ-
enced by water mobility, the proteoglycan orientation, and 
the resulting magic angle at 55° (with respect to the main 
magnetic field (B0)), influence the appearance of T2 [57, 96]. 
In healthy articular cartilage, an increase in T2 values from 
deep to superficial cartilage layers can be observed based on 
the anisotropy of collagen fibers running perpendicular to 
cortical bone in the deep layer of cartilage [97]. 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 in the knee [63, 98]. 
To visualize this zonal variation in vivo, high spatial resolu-
tion is essential, which can already be achieved at high-
field MR, together with dedicated multichannel coils in 
clinical approaches. In cartilage repair tissue, global (bulk) 
T2 values, as well as line profiles, have shown an increase 
in the early postoperative follow-up, which might enable 

Fig.  15.5  Biochemical sagittal T1 dGEMRIC images of a patient 
24 months after MACT of the medial femoral condyle. Whereas (a) shows 
the pre-contrast T1 map, (b) is showing the same plane for the post-
contrast evaluation. For quantitative T1 mapping, a GRE sequence 
(15/3.15; flip angles 4.4° and 24.7°) with high resolution (448 × 448; 
16 cm; slice thickness 3 mm) and 16 slides was obtained in 3 min 40 sec. 

The ROI evaluation was performed in the area of cartilage repair (TX) 
(arrows) and an area of control cartilage (2, REF). Pre-contrast (TX: 
1,425 ms; Ref: 1,360 ms) and post-contrast (TX: 380 ms; Ref 833 ms) 
T1 values resulted in Delta T1-TX of 1.9 and a Delta T1-Ref of 0.47 
(relative Delta-T1 of 4.04) indicating low GAG content of the repair 
tissue
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visualization of cartilage repair maturation [99]. Another 
study by our group further showed the ability of zonal T2 
evaluation to differentiate cartilage repair tissue after MFX and 
MACT [16]. Whereas cartilage repair tissue after MFX, his-
tologically seen as fibrocartilage, shows no zonal increase 
from deep to superficial cartilage aspects, repair tissue after 
MACT, histologically reported as hyaline-like, shows a sig-
nificant stratification.

In osteoarthritis, however, T2 mapping has shown varying 
results [100–102] and the role of T2 as an absolute quantifi-
cation parameter must be further analyzed. Nevertheless, T2 
mapping seems to offer potential in this area as well. 
Conclusions would be more easily derived, however, from a 
longitudinal evaluation of the same subject, with MRI per-
formed at the same time of day.

T2* Relaxation Time Mapping

In addition to standard 2D multi-echo spin-echo T2 relax-
ation, T2*-weighted 3D gradient-echo articular cartilage 
imaging has shown reliable results in the evaluation of chon-
dromalacia of the knee [103]. In recent studies, T2* map-
ping, 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) [104, 105]. Furthermore, also for T2*, 
a clear zonal variation between the deep and superficial car-
tilage layers was described for healthy cartilage. After carti-
lage repair using MFX, however, this stratification could not 
be found [104]. Thus, for standard T2, as well as for compa-
rable techniques, zonal assessment of healthy and altered 
articular cartilage is crucial.

Thus, for T2*, the zonal variation between the subchon-
dral border and the cartilage surface might have another 
explanation, due to the influence of local susceptibility fields 

on T2*. These local fields can operate at a macroscopic level, 
i.e., at the bone–cartilage interface or at the microscopic level, 
i.e., associated with the underlying microstructure of the car-
tilage. If these processes produce local changes in the macro-
scopic static field gradients, this might be more distinct in the 
deep cartilage zone. This problem in the evaluation of the car-
tilage near the subchondral bone plate might also account for 
the differences in the zonal stratification between T2 and T2*, 
with a clearer increase from the deep to superficial relaxation 
times in T2* compared to T2. Furthermore, T2* has not been 
sufficiently validated for its use in cartilage, and it could be 
that T2* visualizes different properties of articular cartilage 
in addition to collagen, and including, perhaps, proteoglycan 
aggregates. Thus, to describe the ultrastructure of articular 
cartilage, T2* relaxation might be a sensitive tool in addition 
to T2 relaxation. Problematic for both methodologies might 
be the fact that T2 or T2* values can increase or decrease 
when the structure of cartilage changes from healthy to 
pathological, or, when differences between control cartilage 
and cartilage repair tissue are reported. This is discussed for 
T2 in a review article by Burstein et al. [102], and might be a 
limitation for T2* as well.

Figure 15.6 displays a color-coded cropped T2 and T2* 
map of a patient 24 months after MACT of the lateral femo-
ral condyle.

Hybrid Sequences

Future trends in T2 mapping might also include hybrid 
sequences that combine morphological and biochemical 
aspects in one sequence. With regard to the morphological 
assessment of articular cartilage, the fast Double-Echo 
Steady-State (DESS) sequence permits accurate and precise 
analysis [17, 106]. Based on the theory of Bruder et al. [107], 
the simultaneous acquisition of two separated Steady-State 

Fig. 15.6  Sagittal multi-echo (a) spin-echo T2 (1,650/12.9, 25.8, 38.7, 
51.6, 65.5, 77.4; flip angle 180°) sequence and (b) GRE T2* (600/5.7, 
9.8, 14.0, 18.1, 22.2, 26.4; flip angle 20°) sequence with identical high 
in-plane resolution (384 × 384; 16 cm; 3 mm slice thickness) obtained 

in a 27-year-old male patient 24 months after MACT (arrows) at the 
lateral femoral condyle of the knee. Six slices were obtained for T2 in 
5 min 37 sec and T2* in 2 min 27 sec
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Free Precession (SSFP) echoes within the DESS sequence 
allows the formation of two MR images with clearly differ-
ent contrasts: S+ = FISP (Fast Imaging Steady Precession) 
and S− = PSIF (reversed FISP) . The PSIF part of the sequence 
leads to a high T2 contrast, whereas the FISP part provides 
representative morphological images with a contrast domi-
nated by the T1/T2 ratio. In principle, the different T2 
weightings of both echoes allow the calculation of quantita-
tive T2 maps with a certain functional dependence on T1, 
depending on the chosen flip angle.

Magnetization Transfer Contrast

The use of MT imaging for articular cartilage was first 
described by Wolff et al. [108]. MT effects are based on the 
interaction of two different proton pools, the free (unbound) 
water pool, which is visible by MRI, and the bound proton 
pool, with protons bound to macromolecules. This reduces 
the mobility of these protons to such a degree that, with stan-
dard MRI, this bound proton pool is not visible. In certain 
tissues in the human body, such as the liver, the thyroid, mus-
cle, and cartilage, however, the two proton pools are in equi-
librium, biochemically and magnetically. After saturation of 
the magnetization of bound water molecules by off-resonance 
pulses, the equilibrium is shifted to the bound proton pool, 
which results in a reduction of the observable magnetization, 
and thus, in a reduction of the MR signal. Thus, MT is tissue-
specific and may provide a quantitative method for tissue 
characterization of basic macromolecular dynamics and 
chemistry [108–113]. Nevertheless, to date, MT has been 
rarely used for the quantitative in vivo evaluation of articular 
cartilage. Initially, we found only one study with initial, but 
promising, results for cartilage repair [114]. In a study by our 
own group, based on the valuable work of Scheffler and Bieri 
[115] and their magnetization transfer–sensitized, Steady-
State Free Precession (SSFP) MRI sequence, MTC was com-
pared to T2 mapping in the assessment of global mean values, 
as well as zonal variations, of articular cartilage and cartilage 
repair tissue after MACT and MFX [65]. In this study, signifi-
cant differences in global mean MT ratio (MTR) values 
between healthy cartilage sites and sites after cartilage repair 
were observed. Lower values for MTR were more pronounced 
in cartilage repair tissue after MFX compared to cartilage 
repair tissue after MACT. However, in contrast to T2 relax-
ation, MTC showed lower values for both MFX and MACT, 
whereas T2 showed lower values only for MFX, when com-
paring cartilage repair tissue to surrounding control cartilage. 
Hence, both biochemical methodologies do not measure 
exactly the same components of cartilage and cartilage repair 
tissue. Considering in vitro studies [116, 117], collagen con-
centration and collagen orientation may possibly play the 
most important role for both MTC and T2. T2 relaxation, 

nevertheless, might also be influenced by hydration, whereas 
MTC might be less influenced.

When using these (and other) biochemical MR techniques 
in cartilage repair, one of the most important things is to 
(1) either use an area of healthy cartilage as an internal con-
trol, or (2) perform longitudinal studies and compare the same 
subject at the same time of day. Furthermore, histologically 
validated studies might help to further clarify the impact of 
biomechanical MR techniques in the visualization of cartilage 
ultrastructure and specific components of articular cartilage.

Proteoglycan and/or Collagen Sensitive

The overview in this chapter about biochemical MR 
sequences leads to the next sequences that reflect a combina-
tion of all the components of articular cartilage, and their 
impact has been the subject of controversy. When consider-
ing diffusion-weighted imaging (DWI) of cartilage, which 
reflects its diffusivity, the articular cartilage or the repair tis-
sue have to be seen as a complete system [118]. T1 rho relax-
ation might reflect a combination of cartilage macromolecules, 
and is sensitive to proteoglycans [88] and collagen [119].

Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) is based on molecular 
motion that is influenced by intracellular and extracellular 
barriers. Consequently, it is possible to estimate the bio-
chemical structure and architecture of the tissue by measur-
ing molecular movement [118, 120]. When based on 
spin-echo (SE) sequences, DWI is relatively insensitive to 
susceptibility effects, but diffusion-weighted SE sequences 
require acquisition times that cannot be readily applied in 
clinical practice, and are very sensitive to bulk motion. Echo 
planar imaging (EPI)–based diffusion sequences are the cur-
rent gold standard of DWI for neurological applications, but 
these suffer from image distortions (susceptibility artifacts) 
and from limitations in contrast and resolution (due to the 
long echo times required). Both these disadvantages render 
them impracticable for imaging tissues with short T2, such 
as cartilage and muscles. Alternatively, diffusion imaging 
can be performed using Steady-State Free Precession 
sequences (SSFP), which provide diffusion weighting at 
relatively short echo times [121]. This is achieved by the 
application of a monopolar diffusion-sensitizing gradient, 
which leads to a diffusion weighting of consecutive echoes 
(spin echoes, stimulated echoes, and higher order echoes) 
under steady-state conditions. For the assessment of diffusion-
weighted images in articular cartilage, a three-dimensional 
steady-state diffusion technique, called PSIF, has been used. 
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In order to assess the diffusional behavior of the cartilage 
semiquantitatively, the diffusion sequence protocol should 
consist of two immediately consecutive measurements with 
zero (0), and 75 mT * ms * m−1 monopolar diffusion gradient 
moments for DWI, but identical imaging parameters. For 
evaluation, the quotient image (non-diffusion-weighted/
diffusion-weighted image) is calculated on a pixel-by-pixel 
basis. The feasibility of diffusion-weighted PSIF imaging 
after matrix-associated chondrocyte transplantation has 
been demonstrated in vivo [122, 123]. The drawback of this 
technique is the semiquantitative character, since the b-val-
ues and diffusion weighting depend on several tissue and 
scanner parameters. Nevertheless, it remains – until now – 
the only approach for in vivo DWI in cartilage repair tissue, 
and might present one promising possibility for the depic-
tion of the vital character of cartilage repair tissue on a 
non-contrast level.

Figure  15.7 visualizes a DWI approach in a patient 
36 months after MACT of the patella.

T1 Rho

Relaxation time in the rotating frame (T1 rho) has been 
reported to be a sensitive marker of the loss of proteoglycans 
in articular cartilage [88, 124, 125]. T1 rho is a time constant 
that characterizes magnetic relaxation of spins under the influ-
ence of a radiofrequency field that is parallel to the spin mag-
netization. The resulting contrast is sensitive to the 
low-frequency interactions between water molecules and their 
local macromolecular environment, such as GAG and colla-
gen, which are the main constituents of the extracellular matrix 
in cartilage. Changes in T1 rho were observed in cartilage 
plugs that were chemically or enzymatically depleted of GAG, 
but not in collagenase-treated tissue [125]. On the other hand, 
Menezes et al. found no correlation between the cartilage 
T1 rho and GAG concentration [126]. In addition, it was 
reported that the dominant T1 rho and T2 relaxation mecha-
nism at B

0
 < 3T is a dipolar interaction due to slow anisotropic 

motion of the water molecules in the collagen matrix.

Fig.  15.7  Axial diffusion-weighted images of a patient 36  months 
after MACT (arrows) of the patella using a high-resolution, three-
dimensional, balanced, steady-state gradient-echo pulse sequence 

(3D DW PSIF) with ((a) phase, (b) read) and without (c) a diffusion 
gradient of 75 mT * ms * m−1. Images resulting in a semiquantitative dif-
fusion map (d)
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Summary/Discussion of Biochemical  
MRI of Cartilage Repair

As yet it is not well known which exact component of the 
repair tissue the new biochemical cartilage-sensitive MR 
methodologies are able to visualize. Moreover, due to the 
numerous cartilage repair procedures, the choice of a spe-
cific method in cartilage repair is challenging. Nevertheless, 
a number of studies emphasized the importance of biochemi-
cal MR imaging in the follow-up after cartilage repair and it 
seems that cartilage repair tissue maturation can be visual-
ized by techniques like dGEMRIC or quantitative T2, for 
example [61, 64, 99, 127]. Furthermore, zonal assessment of 
cartilage repair tissue seems to be able to provide additional 
information about the constitution of the repair tissue, and is 
able to distinguish between repair tissues built by different 
cartilage repair procedures [16, 60]. Thus, if there is suffi-
cient spatial resolution, the possible stratification of cartilage 
repair tissue, as a sign of hyaline-like structures [98], must be 
taken into consideration when analyzing cartilage repair tis-
sue. Sufficient spatial resolution should be obtained not only 
for collagen-sensitive MR sequences, but also for all bio-
chemical methodologies, because the proteoglycan concen-
tration is also known to show different quantities from deep 
to superficial cartilage [128].

The promising results about the use of biochemical MRI 
in the depiction of cartilage repair tissue are, in part, based 
on the role model character of cartilage repair. Thus, in young 
patients with primarily healthy articular cartilage, a single 
cartilage defect is “repaired” by a procedure based on pluri-
potent bone marrow cells [129], or on different generations 
of cartilage transplantation techniques that are, in part, based 
on tissue engineering [130–133]. The goal should be two-
fold: (1) to optimize the diagnosis in the follow-up of carti-
lage repair to possibly provide a predictive value and (2) to 
use this role model to also optimize the biochemical MR 
techniques. In particular, the previously mentioned tissue-
engineered scaffolds that are used in modern cartilage trans-
plantation techniques could be evaluated in their performance 
by biochemical MRI.

Biomechanics of Articular Cartilage  
and Repair

Basics of Articular Cartilage Biomechanics

The articular cartilage can be thought of as a fiber-reinforced 
anisotropic composite material. The mechanical properties of 
articular cartilage are a function of the essential mechanical 
properties of the tissue components and the interplay of these 

components during loading. Collagen and proteoglycans 
(PGs) are the most important components that determine the 
mechanical integrity of cartilage. The interactions of these 
components with the tissue water determine the elasticity and 
stiffness of cartilage. Loading and deformation of cartilage 
will generate a combination of tensile, compressive, and shear 
stresses in the material. The dynamic mechanical properties 
of cartilage are strongly dependent on the collagen network 
integrity. Collagen lacks compressive properties, but demon-
strates tensile viscoelastic and nonlinear behavior [134]. 
Under a static compression, cartilage settles into a mechani-
cal equilibrium, which is determined primarily by the water-
attracting PGs [135]. The relative high fixed charged density 
acts against the compressive stress, which induces osmotic 
swelling pressure, defined as the Donnan effect [136]. In case 
of continued loading application, there is a flow of interstitial 
water, which is controlled by tissue permeability. These 
changes support a rearrangement of the cartilage matrix [137]. 
The biomechanical properties of articular cartilage are depth 
dependent [138], and differ among particular cartilage layers 
[139] and anatomical locations [140].

Biomechanics of Degenerated Cartilage

Biomechanical studies of joints are based on the need to bet-
ter understand their structure–function relationships in pro-
viding joint motion, and the pathomechanical processes 
involved in joint diseases, such as osteoarthritis. Cartilage 
degeneration is macroscopically manifested by the articular 
surface fibrillation, with the presence of cracks or fissures, 
and by partial or complete loss of the tissue [141]. Additional 
signs of OA include an increase in cartilage hydration, joint 
space narrowing, subchondral bone changes, osteophyte for-
mation, evidence of altered cellular activity, and structural 
and compositional changes [142].

The tensile modulus (i.e., stiffness) of native human artic-
ular cartilage varies from 5 to 25 MPa, depending on the ana-
tomical location on the joint surface, and the depth and 
orientation of the cartilage specimen relative to the joint sur-
face [143, 144]. The tensile modulus can decrease by as 
much as 90%, reflecting significant damage to the OA carti-
lage solid network [143]. Decreases in the tensile stiffness 
and fracture stress of cartilage have been reported for human 
cartilage with OA [145]. These changes appear due to the 
disorganized and disrupted collagen fiber network, which 
has been observed macroscopically and histologically. 
Articular cartilage with surface fibrillation and erosion is 
more compliant, or deformable, in compression [146, 147]. 
Degenerated cartilage was found to be significantly more 
compliant in shear, which was attributed to fibrillation of the 
articular surface and loss of ground substance with OA.
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Cartilage Biomechanics and MRI

Magnetic resonance imaging has been successfully used to 
predict the biomechanical properties of cartilage; however, 
the interpretation of the results is quite complex. Dynamic 
mechanical properties are related mainly to the PG content, 
i.e., the PG amount and volume distribution, which deter-
mine primarily the elastic modulus. However, the influence 
of collagen fibers must be considered. A significant correla-
tion between T

1Gd
 (T

1
 measured in the presence of contrast 

agent) and mechanical properties has been found in different 
anatomical locations (femoral and tibial human cartilage 
[148, 149], patellar and humeral animal cartilage [150, 151]), 
and engineered tissue [152]. Early changes in cartilage tissue 
degeneration (e.g., in osteoarthritis) are hardly detectable by 
morphological assessment, but, it has been shown that bio-
mechanical properties of the cartilage tissue are altered, even 
in the early stages of degenerative processes [139]. MRI 
has great potential for the early diagnosis of these processes. 
A recent study by Juras et al. showed a statistically significant 
relationship between MR parameters (T

1
, T

1Gd
, and contrast 

agent concentration) and the instantaneous (I) and equilib-
rium (Eq) modulus [153] in degenerated cartilage. This rela-
tionship is valid in the whole spectrum of OA stages, i.e., 
from the mild to the advanced stage. Therefore, this could be 
used for early, in vivo diagnosis of articular cartilage degen-
erative diseases.

T2 may also successfully serve as a predictor of cartilage 
biomechanical properties. The stiffness and strength of AC 
tissue depend on the density and orientation of collagen 
fibers, and the type or amount of collagen cross-linking. A sig-
nificant negative correlation between T2 and aggregate mod-
ulus H

A
 has been reported for patellar cartilage in a porcine 

model [154]. In the degenerated cartilage, the pre-stress of 
collagen fibrils is reduced, and subsequently, this greatly 
reduces shear stiffness of the solid matrix [155]. As T2 is 
mainly related to the collagen matrix, it may be used for the 
cartilage rigidity estimation [156]. MRI may be advanta-
geous because of its noninvasive nature and the ability to 
provide prospective, in vivo assessment of cartilage biome-
chanical properties.

One of the main functions of the cartilage is to dissipate 
stress that is applied during physiological conditions. This is 
enabled by a typical three-layer anisotropy in cartilage, the 
presence of PG, and complex biochemical processes deter-
mined by water and dissolved solutes. Moreover, healthy car-
tilage requires compressive loading from physical activity to 
develop normally and maintain form and function. The struc-
tural and functional changes in cartilage after loading (e.g., 
after exercise) can be successfully detected by signal intensity 
changes in MR images. Eckstein et al. demonstrated a 5–6% 
decrease in patellar cartilage volume after compressive 

loading induced by performing 50 deep knee bends [157]. 
Mosher et al. found a statistically significant decrease in T2 
of the superficial 40% of weight-bearing femoral cartilage 
after exercise [158].

Mechanical stress is an important modulator of cell physi-
ology, and there is significant evidence that physical factors 
may be used to improve or accelerate tissue regeneration and 
repair. The mechanical properties of repair tissue are not 
identical to those of native tissue. MRI has an interesting 
ability to distinguish between native and transplant cartilage 
tissue, when there is an understanding of cartilage biome-
chanics. Loading applied onto the cartilage induces changes 
in water content and, to some extent, in collagen fiber orien-
tation. The different response of cartilage tissue to the load-
ing that appears in full knee extension, compared to 40° 
flexion, was exploit for the differentiation between native 
cartilage and MACT repair tissue in vivo [159]. The connec-
tion between biochemical MRI and cartilage biomechanics 
provides great potential for the monitoring of patients after 
surgical or pharmaceutical treatment of cartilage 
impairment.
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Introduction

Traditionally biomarkers have been defined as biochemical 
substances that in addition to disease diagnosis allow classi-
fication of disease severity, risk of onset and progression, as 
well as assessment of the efficacy of a treatment [1]. The 
meaning of the generic term biomarkers, however, has been 
greatly expanded and applied to all detection methods used 
in the life sciences and may be defined as any detectable bio-
logic parameter, whether biochemical, genetic, histologic, 
anatomic, physical, functional, or metabolic [2]. Development 
of biomarkers has been a major focus of the National 
Institutes of Health (NIH), in particular during the American 
Recovery and Reinvestment Act of 2009, and biomarkers 
were defined as measurements that define early biochemical 
and structural changes of a disease process such as osteoar-
thritis that may be applied as markers during longitudinal 
studies and provide information on disease progression. 
Eventually, these could be used for both preventive interven-
tion and as preliminary indications for pathways of disease 
pathogenesis to guide therapeutic development (J. McGowan 
in http://orwh.od.nih.gov/recovery/). According to the US 
Food and Drug Administration (FDA), biomarkers ideally 
would serve as surrogate markers synonymous with primary 
outcome measures in definitive effectiveness trials of new 
therapeutic agents [3].

Imaging biomarkers have been defined as any anatomic, 
physiologic, biochemical, or molecular parameter detect-
able with one or more imaging methods used to help 

establish the presence and/or severity of disease [2]. Clearly,  
semiquantitative or quantitative measures obtained through 
cartilage imaging can serve as biomarkers, in particular to 
characterize osteoarthritis. The goal of this chapter is to dis-
cuss imaging techniques that can or have the potential to pro-
vide imaging-derived measures of cartilage in particular with 
respect to defining and grading osteoarthritis as well as quan-
tifying the risk of progression and the effect of therapeutic 
intervention. The classification of the different roles of imaging 
biomarkers is based on a previous article published by the 
Osteoarthritis Biomarkers Network, which is a consortium 
of five sites, funded by the National Institutes of Health/
National Institute of Arthritis, Musculoskeletal, and Skin 
Disease (NIH/NIAMS) to develop and characterize new bio-
markers and refine existing OA biomarkers [1]. According to 
this publication, a biomarker classification scheme is proposed 
that includes five categories: diagnostic, burden of disease, 
prognostic, efficacy of intervention, and investigative [1]. In this 
chapter, we first define the different biomarkers and then 
outline basic requirements for imaging biomarkers. We 
finally apply the proposed biomarker classification system 
[1] to the individual imaging-based cartilage biomarkers.

Imaging-Based Cartilage Biomarkers

For many years, semiquantitative grading of radiographs 
has been used as a standard imaging biomarker. The 
Kellgren–Lawrence scale has been first described in 1957 [4] 
and has been established as a standard of reference for OA. 
In fact, the World Health Organization (WHO) adopted these 
criteria for the radiological classification of OA as the stan-
dard for epidemiological studies and an atlas was published 
in 1963 [5]. Also, joint space width (JSW) derived from 
radiographs has served as an imaging biomarker [6], it should 
be noted, however, that JSW is affected by both menisci and 
cartilage and is therefore a very limited cartilage imaging 
biomarker.

Given the inherent limitations of radiographs, however, 
MRI-derived measures have been increasingly used as 
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biomarkers for OA and cartilage. Semiquantitative MRI 
gradings are based on standard MR imaging sequences and 
include the WORMS [7], BLOKS [8], and KOSS [9] classi-
fications; of these, currently the WORMS classification is 
most frequently used. These scores are whole organ classifi-
cations and include evaluation of cartilage, menisci, bone 
marrow, synovitis, joint effusion, osteophytes, and ligaments. 
Semiquantitative markers focusing only on cartilage, based 
on the arthroscopic Outerbridge and Noyes and Stabler clas-
sifications [10, 11] have also been used. In addition, a quan-
titative cartilage lesion marker (UCSF score) has been 
described to better assess early cartilage lesions [12].

Since cartilage is of major significance for the evaluation 
of OA MR-derived cartilage volume measurements have been 
developed as biomarkers, with the goal to provide outcome 
measurements, which could be used to assess therapy effects 
of disease-modifying drugs faster than standard radiographic 
measurements. Though development of effective OA drugs 
has not been as successful as initially anticipated, fairly stan-
dardized volumetric measurements are currently in place 
[13]. The newest set of biomarkers focus on the biochemical 
composition of the cartilage, with the most frequently used 
techniques being T1rho, T2 relaxation time measurements 
and dGEMRIC (delayed gadolinium-enhanced MR of carti-
lage). Though these biomarkers hold significant promise in 
diagnosing cartilage degeneration at the earliest stages, before 
actual cartilage loss occurs, they are not well standardized 
and more work is required to establish these measurements in 
a clinical setting. It has been hypothesized that anatomic MRI 
of cartilage providing information on volume and morpho-
logical defects will not provide sufficient assessment of the 
anabolic and catabolic activities of joint structures and that 
MR-based measurements of biochemical cartilage composi-
tion will eventually be more helpful as biomarkers [14].

Requirements for Imaging Biomarkers: 
Validity and Reliability

Before new parameters are defined as biomarkers, they need 
to be rigorously tested both in terms of validity and reliability. 
Validity includes face, technical and pathophysiologic valid-
ity [15] (Fig. 16.1). Face validity is the first step in the process 
of developing a biomarker; common sense rules are applied 
to test that it actually measures what it is intended to measure. 
For example, if cartilage and glycosaminoglycans are impor-
tant entities for joint biomechanics and deteriorate during 
OA, parameters measuring these two entities would be con-
sidered as valuable to assess OA. If face validity is given, 
technical validity is the next step in establishing a biomarker; 
this requires demonstration that the measurement is accurate 
(“true”) and precise (“repeatable”) [15]. A large number of 

previous studies using animal models, histology, and arthros-
copy as a standard of reference have shown that semiquantita-
tive cartilage scores are accurate with reported sensitivities 
and specificities of around 70–90% [16–22]. Also, studies 
have been performed validating MR-based measures of carti-
lage volume [23, 24]. However, validation of cartilage matrix 
measurements has limitations and neither dGEMRIC nor 
T1rho nor T2 have provided full evidence, that what they are 
exactly measuring what they are assumed to measure, that is, 
glycosaminoglycans, water content, and collagen integrity 
[15]. Previous validation studies were mostly performed in 
cartilage specimens and showed variable correlations with a 
variety of standards of reference [25–28]. Precision with 
respect to reproducibility of the previously listed biomarkers 
has been analyzed extensively and was found to be satisfac-
tory to excellent for semiquantitative cartilage gradings, vol-
ume and cartilage matrix measurements. After establishing 
face and technical validity, the ultimate utility is to establish 
pathophysiologic validity [15]. This requires large clinical 
cross-sectional and longitudinal studies validating the bio-
markers in their potential to determine the risk for OA or to 
monitor the disease process. With the extensive imaging data 
available from Osteoarthritis Initiative and other trials, inves-
tigations on these issues are emerging and will provide infor-
mation on disease etiology and the relationship of the 
biomarkers with clinical outcomes [15].

Fig.  16.1  Imaging biomarkers in relation to face validity, technical 
validity, and pathophysiologic validity. While face validity and technical 
validity have been established for most of the listed biomarkers, 
pathophysiologic validity is under investigation in particular for carti-
lage matrix biomarkers; more longitudinal studies are required to better 
understand the role of cartilage matrix biomarkers. SQ semiquantitative
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Proposed Biomarker Classification System 
for OA According to Bauer et al. 

Role of Cartilage Imaging Biomarkers  
in Diagnosing OA

Diagnostic markers need to be able to classify individuals 
as diseased or non-diseased (Table  16.1) [1]. The current, 
accepted gold standard for diagnosing OA has been the 
Kellgren–Lawrence (K-L) score [4] with a K-L score of ³2 
being defined as diseased. While a number of previous stud-
ies using semiquantitative and quantitative MR-based mea-
surements have been able to differentiate individuals with 
and without OA with good results [29–32], it is not entirely 
clear which threshold or cutoff level should be used to define 
OA. MR Studies using semiquantitative grading to differen-
tiate normals and OA subjects frequently have used a grade 
1 (cartilage inhomogeneity and swelling in WORMS and in 
the modified Noyes and Stabler classification) and higher to 
identify cartilage degeneration and early OA [33, 34]; it 
should be noted, however, that cartilage inhomogeneity and 
swelling have limited validity as shown by a previous study 
which compared MR findings with histological findings [21]. 
Alternatively, a threshold of >1 could be used to differentiate 
individuals with and without degenerative disease or osteoar-
thritis, yet given the number of normal healthy individuals 
without pain, who have >grade 1 lesions, this threshold 
would be very (probably overly) sensitive in identifying dis-
eased subjects. Previous studies have identified cartilage and 
meniscal lesions in a high percentage (45–54%) of individuals 
without signs or symptoms of OA [12, 33–35].

Issues are even more complex for quantitative measures, 
which are currently mostly research tools and would need a 
substantial amount of standardization and validation before 
they can be used. Clearly, currently there is no “numerical 
value,” be it an absolute value or T-score, in place, which 
would allow differentiation of healthy and diseased patients. 

Ideally, cartilage matrix measurements derived from T1rho, 
T2 relaxation time, or dGEMRIC techniques would provide 
values, T- or Z-scores, that would allow disease classification 
such as dual energy X-ray absorptiometry (DXA) measure-
ments allow it for osteoporosis [36].

Classification of Disease Burden with Cartilage 
Imaging Biomarkers

While current imaging biomarkers, except for radiographs, 
are limited in differentiating diseased and non-diseased indi-
viduals, they have been found to be very useful in classifying 
disease burden in a number of studies [12, 31, 33, 34, 37]. 
Cross-sectional studies have been performed [29, 31, 38] 
correlating the current standard of reference, radiographic 
KL-scores, with MR-based imaging markers and it has been 
demonstrated that MR findings well correspond with the 
individual KL-scores. However, it should be noted that given 
its unique visualization of cartilage and other joint tissues, 
MRI is far superior to radiography in characterizing disease 
burden, which in turn questions the role of the current stan-
dard of reference.

Also, it should be noted that while several semiquantita-
tive scores are available (WORMS, BLOKS, KOSS), it is not 
well standardized which score or subcomponent of a score 
should be used in defining the overall disease burden. In pre-
vious studies, both maximum scores and summary scores 
have been used [29, 31, 33, 34], but the number of studies 
performed in this field is still limited and overall standardiza-
tion would be required to better compare results from different 
studies or have a unique measurement for disease burden. 
The same applies for cartilage volume and biochemical 
matrix measurements; global joint measurements may be 
less sensitive than those obtained in compartments and joint 
areas which are more prone to disease (such as the medial 
compartment of the knee).

Table 16.1  Role of imaging as biomarkers for OA, classification of biomarkers according to Osteoarthritis Biomarkers Network as published by 
Bauer et al. [1]

Biomarker Radiographs Semiquantitative techniques Quantitative assessment

Diagnostic marker KL-score Cartilage (WORMS) grade >1?
Not defined Not defined

Burden of disease KL-score, JSW WORMS, BLOKS, KOSS Cartilage volume
T1rho, T2, dGEMRIC

Prognostic marker JSW Limited information T2?
Volume-based measurements?

Efficacy of intervention KL-score, JSW Limited information Cartilage volume
dGEMRIC?

To date most information is available on burden of disease biomarkers, while studies on prognostic markers are emerging (OAI, MOST). Data on 
efficacy of intervention are limited, JSW joint space width
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Imaging Biomarkers and Their Role  
in Assessing the Prognosis of OA

Ideally an imaging biomarker should clearly define the risk 
and prognosis of a certain measurement or finding to develop 
a disease such as OA or to characterize the risk for progres-
sion of disease. However, since OA and cartilage degenera-
tion are slowly progressing, this requires long-term 
longitudinal studies over many years, which allow character-
ization of the disease course in relationship to baseline find-
ings. Currently, information in this field is limited and large 
multicenter trials such as the OAI are required to better char-
acterize the role of MR-based imaging biomarkers in this 
field. Also, there are a wide variety of outcome measures or 
findings, which have been used as surrogates for OA pro-
gression, including joint replacement, pain (determined 
using questionnaires), change in KL-scores, cartilage vol-
ume loss, or cartilage structural changes. There is overlap 
between biomarkers used to assess progression and risk and 
outcome measures defining disease progression, which 
makes understanding this field quite complex. Also parame-
ters may be used as outcome markers, which are not suitable 
such as bone marrow edema pattern respectively bone mar-
row lesions. The latter findings suggest bone remodeling or 
necrosis and may increase or decrease with the progression 
of OA.

The analytic approach to a prognostic marker is different 
from a disease burden marker, as they intend to measure the 
risk of future conditions. For dichotomous or categorical 
outcomes (e.g., joint replacement, change in KL-score), 
analyses are performed using relative risk (RR) or odds ratios 
(OR), while for continuous outcome markers the RR or OR 
per SD increase or decrease in the marker or the area under 
curve from Receiver Operator Characteristics (ROC) analysis 
are accepted biostatistical approaches [1].

Previous studies have been performed that analyzed imaging 
biomarkers with different outcome measures as a standard of 
reference. In a meta-analysis, Emarani et  al. investigated 
joint space narrowing as a biomarker with change in KL-grade 
serving as a standard of reference [39]. These investigators 
found that the overall mean risk of K-L progression was 
associated with increased joint space narrowing and risk of 
progression was related with shorter study duration, OA defi-
nition (K-L > or = 2 versus K-L > or = 1) and cohorts com-
posed of subjects with both incident and prevalent OA [39]. 
Felson et al. found that increasing bone marrow edema pat-
tern (biomarker) was associated with development of knee 
pain (outcome) [40] and Dam et al. used progressive radio-
graphic joint space narrowing as a reference (outcome) and 
found cartilage-based texture measures (biomarker) to be 
associated with progressive disease [41]. Currently, limited 
information on cartilage matrix measurements in predicting 

progression of disease are available; initial studies suggested 
that baseline cartilage T2 measurements (biomarker) are 
associated with progressive loss of physical activity (mea-
sured with the physical activity scale for the elderly) [42] and 
progression of pain scores (measured with WOMAC) [43].

It should be noted that while in OA we are currently just 
beginning to understand the role of radiological cartilage 
markers for risk of disease progression and defining clinical 
outcomes versus biomarkers, in osteoporosis issues are better 
standardized. The standard outcome variable in osteoporosis 
is occurrence of fragility fractures, and biomarkers are in 
place to effectively characterize the risk of fractures. The 
FRAX tool is a good example how risk can be determined 
based on constitutional findings, clinical history, and quanti-
tative biomarkers (femoral neck DXA T-score) [44].

Classifying the Efficacy of Intervention  
with Imaging Biomarkers

Assessing the role of a biomarker in classifying the efficacy 
of an intervention requires endpoints, which are used as a 
standard of reference and effective interventions. While 
those biomarkers and interventions are available in osteopo-
rosis for many years, the field is substantially less advanced 
in OA. Longitudinal, randomized controlled trials are 
required that assess the effect of interventions/therapies versus 
a control group that did not receive the same intervention. 
Biomarkers that assess the efficacy of intervention will be 
mostly continuous and analyses will be performed with 
regression models relating the change in biomarker (per SD) 
to change in the outcome variable [1]. Typical outcome vari-
ables would be change in pain scores, radiographic grading, 
or cartilage volume. The biomarker must not only correlate 
with the clinical outcome but also must capture the net effect 
of treatment on clinical outcome, which is often very diffi-
cult for a biomarker to satisfy [14].

Given the limited interventions that are currently avail-
able in treating cartilage degeneration, only a relatively lim-
ited number of clinical trials have been performed using 
cartilage imaging biomarkers. These trials focused on ana-
lyzing the effects of medications [45, 46] and other interven-
tions such as physical exercise [47] and whole body vibration 
[48] on cartilage. Most of these studies used MR-based car-
tilage volume measurements as a biomarker for cartilage loss 
[45, 46, 48] and one of these studies used dGEMRIC [47].

Raynauld et  al. analyzed the effect of Celecoxib using 
cartilage volume loss in the medial compartment of the knee 
(femoral condyle and tibial plateau) assessed by MRI as an 
outcome in subjects receiving continuous treatment daily for 
12 months [45]. The 95% confidence intervals for the mean 
observed celecoxib cohort joint medial compartment cartilage 
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volume loss (6.81% [6.01; 7.60]) and mean predicted loss 
(modelized historical cohort) (5.65% [5.10; 6.19]) indicated 
no significant difference and hence no effect of celecoxib on 
the medial compartment cartilage volume loss. In another 
study, the same investigators explored the effects of licofelone 
as a disease-modifying osteoarthritis drug in comparison 
with naproxen in patients with knee OA using quantitative 
MRI [46]. They found that cartilage volume loss in the global 
joint and medial and lateral compartments was significantly 
less in the licofelone than in the naproxen group at 12 and 24 
months [46]. Roos et al. used dGEMRIC as a biomarker to 
study GAG concentrations in patients at risk of knee OA 
who start moderate exercise regimens [47]. They found an 
improvement in the T1(Gd) in the exercise group com-
pared with the control group (n = 14) (15 ms versus −15 ms; 
P = 0.036) and concluded that adult human articular cartilage 
has a potential to adapt to loading change [47].

Investigative Cartilage Imaging Biomarkers

Investigative markers are those which have been newly 
developed and lack of sufficient scientific investigations does 
not allow classification into one of the previously mentioned 
categories [1]. The purpose of creating this category was to 
facilitate and encourage codification of potential OA bio-
markers and support further research development to estab-
lish a role for the biomarker in one or more of the other 
categories [1]. Potential cartilage imaging biomarkers, which 
are currently investigated, include sodium MRI [49] and 
chemical exchange-dependent saturation transfer (gagCEST) 
MRI [50]. Both of these techniques have potential for assessing 
cartilage glycosaminoglycan content in vivo.

Summary and Conclusion

Cartilage imaging biomarkers have gained a significant role 
in various aspects of OA. Radiographs are used to define and 
diagnose OA, yet MR-based morphological cartilage bio-
markers are superior in characterizing disease burden. The 
role of MR-based (both semiquantitative and quantitative) 
biomarkers in characterizing prognosis and risk of OA is 
under investigation with a number of studies showing great 
promise. In terms of measuring effect of therapy and inter-
vention, experiences are limited but MR-based measure-
ments of cartilage volume have found to be useful. Finally it 
should be stressed that biomarkers need to have face, technical, 
and pathophysiologic validity. Currently pathophysiologic 
validity for quantitative cartilage matrix techniques such as 
dGEMRIC, T2, and T1rho needs further investigation. Also 

we need to be aware of the fact that overall barriers for  
validating and using OA biomarkers are significant, OA is a 
complex disease affecting different joints as well as different 
regions and structures within a joint in different individuals 
[14]. However, with large multicenter, longitudinal trials 
(such as the OAI) and focused hypotheses, proof may even-
tually be provided for the utility of a number of cartilage 
imaging biomarkers.
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The Need for Imaging Biomarkers

Recent research has led to the development of drugs that, in 
animal models, have shown the potential of protecting against 
the breakdown of macromolecules in cartilage, effectively 
halting the progression of OA. Because of the long natural 
history of OA (10–20 years in humans), validating the effi-
cacy of these drugs over the natural course of the disease is 
not feasible. Instead, what is needed is a validated noninva-
sive imaging biomarker that can directly assess their effect 
on molecular changes associated with early stages of carti-
lage degeneration that precede morphological changes.

The current lack of adequate methods to quantify these 
changes has hampered research in the development of these 
drugs and other potential disease-modifying agents for early 
OA. Current imaging methods for assessing cartilage include 
radiography, computed tomography (CT), and magnetic res-
onance imaging (MRI), and arthrography performed in con-
junction with any of these imaging techniques.

Joint space narrowing determined from conventional 
radiographs has been the mainstay of detecting and following 
the course of OA. However, it can only detect OA at a rather 
late stage when a significant amount of cartilage has already 
been lost and cannot yield any information on molecular 
changes that precede morphological changes. The latest gen-
eration of multi-slice CT scanners probably have sufficient 
resolution to image cartilage directly to some extent, but have 
only been used in conjunction with arthrography and cannot 
give any information about the molecular structure of cartilage. 

Conventional MRI permits the direct visualization of cartilage 
at high resolution and can detect morphologic changes with 
high levels of accuracy. However, it has not proven either sen-
sitive or specific for the detection of early molecular changes. 
Arthrography, which describes the intra-articular injection of 
a contrast agent prior to imaging, can be performed with all of 
the above modalities and will probably increase the accuracy 
of any of them for the detection of morphologic changes, but 
it is mildly invasive and painful and is not practical for longi-
tudinal studies. Furthermore, it will not increase the accuracy 
of any of these modalities for the detection of changes at the 
molecular level.

Several MRI methods have been advanced to detect and 
quantify the early molecular changes in OA. These tech-
niques include T

2
 relaxation mapping [2–14], delayed gado-

linium-enhanced magnetic resonance imaging contrast 
(dGEMRIC) [15–17], T

1r relaxation mapping [18–22], gly-
cosaminoglycans (GAG) measurement using chemical 
exchange saturation transfer (gagCEST) [23], and the direct 
MRI of sodium [24–28]. T

2
 is predominantly affected by 

changes in collagen content and to a smaller extent in PG in 
the tissue. Since the dominant contribution to T

2
 relaxation is 

the dipolar interaction of protons of water associated with 
collagen, it is primarily useful in quantifying changes associ-
ated with the collagen component of the cartilage. dGEM-
RIC relies on the diffusion of gadolinium contrast agent into 
cartilage and has been shown to be useful in quantifying 
changes in PG. T

2
 mapping and dGEMRIC have been used 

in concert in a number of trials for the assessment of regener-
ated cartilage following injury and their properties are dis-
cussed at length in recent review articles [7, 29–32]. Recent 
advances in MRI of cartilage in general have been reviewed 
extensively [6, 7, 29, 31–51] and a complete review of MRI 
of cartilage is beyond the scope of this chapter.

In this chapter, we will focus on three promising imaging-
based biomarkers, namely, sodium, T

1r, and CEST MRI that 
exploit endogenous PG as contrast and hence enable quanti-
tative assessment of PG macromolecular integrity of carti-
lage. Brief background of these techniques, current status, 
and potential future developments are discussed.
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Sodium NMR

Sodium is one of the most “NMR-visible” nuclei in living systems. 
It is a spin 3/2 nucleus and possesses a quadrupole moment 
(Q), which interacts with the electric field gradient (EFG) 
generated by the electronic distribution around the nucleus 
[52]. The NMR relaxation properties of a nucleus depend on 
its immediate environment and its interactions that perturb 
the dominant Zeeman Hamiltonian in a significant manner. 
The most important interaction experienced by sodium nuclei 
is that between the nonspherically symmetric nucleus and 
surrounding electric field gradients. This is called the quadru-
polar interaction. In general, sodium in solids experiences most 
of these interactions, while in liquids the static quadrupolar 
interaction is averaged to zero because of rapid rotational 
motion. In the intermediate regimes, for example, in biological 
tissues, where the spin dynamics are outside motional narrow-
ing regime, the quadrupolar interaction is averaged to a resid-
ual value, termed as residual quadrupolar coupling (RQC), 
and the spin dynamics result in bi-exponential relaxation rates. 
Multiple quantum-filtered (MQF) 23Na NMR can be used to 
analyze spectra from such systems [52, 53].

Sodium NMR of Cartilage

Due to the sparse cellular content (~2% by volume) and highly 
ordered nature of cartilage, most of the sodium in the ECM of 
cartilage is in the slow-motion regime and exhibits bi-expo-
nential relaxation-induced multiple quantum coherences.

Single Quantum (SQ) Signal Expression

Consider a spin 3/2 nucleus in biological tissues with bi-
exponential relaxation and nonzero RQC in a magnetic field. 
Immediately following the application of a nonselective 90° 
pulse, the longitudinal magnetization is flipped into the trans-
verse plane and then evolves under the influence of bi-expo-
nential relaxation rates and RQC during the acquisition 
period t. Dropping the factors representing temperature, the 
signal expression following a 90° pulse is given by [54, 55]
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where M
0
 is the thermal equilibrium magnetization, R

s
(1) and 

R
c
(1) are relaxation rates of satellite and central transitions, 

respectively, and w
Q
 is the residual quadrupolar frequency. 

Here, for ease of illustration, it is assumed that the nonzero 
quadrupole interaction is large enough to create line 
splittings.

As illustrated by the above equation, the sodium NMR 
signal from cartilage and other biological tissues is governed 
by, M

0
, R

s
(1), R

c,
(1) and w

Q
. It should be noted here that 40% of 

total sodium is observed through the central transition, which 
decays with longer time constant (1/R

c
(1)) compared to 60% 

of the total sodium contributing to the satellite transitions, 
which decay with a faster relaxation time (1/R

s
(1)). Therefore, 

in order to quantify absolute sodium concentration from bio-
logical tissues, one has to use ultrashort RF pulses, shorter 
receiver dead times, and shorter echo times, typically from a 
few 100 ms to 1 ms. Otherwise, a significant amount of the 
fast-decaying signal is lost before detection, which leads to 
lower signal and an underestimation of [Na].

Sodium MQF Spectroscopy and Imaging

MQ-filtered spectroscopy via even-ranked double quantum 
coherence (T

±2
2) and triple quantum coherence (T

±3
3) and 

imaging with ultrashort duration RF pulses enables the mea-
surement of all the parameters that govern sodium spin 
dynamics in cartilage. Therefore, MQF sodium NMR studies 
are indispensable in the quantification of critical parameters 
(such as relaxation rates and w

Q
) that characterize sodium 

dynamics in biological tissues [25]. However, due to an order 
of magnitude lower signal-to-noise ratio (SNR) of MQF sig-
nals compared to SQ signals, their utility in the diagnostic 
imaging of cartilage is limited.

Sodium MRI of Cartilage Fixed-Charge Density (FCD)

As discussed in the introduction, loss of PG is the initiating 
event in OA. The ability to quantify these molecular changes 
will provide a handle on early diagnosis and treatment moni-
toring. Based on the fact that Donnan equilibrium holds for 
cartilage equilibrated in very dilute solutions, Maroudas 
et  al. have shown that FCD of cartilage is correlated with 
glycosaminoglycans (GAG) content of cartilage [56]. Since 
the FCD is counterbalanced by the Na+ ions, loss of PG 
(hence GAG and FCD) due to cartilage degeneration results 
in the loss of sodium ions from the tissue. The loss of the 
negatively charged PG lowers the FCD in the tissue, thereby 
releasing positively charged sodium ions. Using ideal Donnan 
equilibrium conditions FCD can be related to tissue sodium 
concentration according to the following equation:
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where NaSF
+é ù

ë û is the sodium concentration in the synovial fluid

 and tissueNa+é ùë û is the sodium concentration in the tissue [57]. 
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+é ùë ûSFNa  is typically in the range of 140–150 mM, while in 
phosphate-buffered saline (PBS) it is 154 mM.

Depending on the age and location in the tissue [57], healthy 
human cartilage FCD ranges from –50 to –250 mM. FCD 
from [GAG] can be calculated with the following equation by 
assuming 2 mol of negative charge per mole of chondroitin 
sulfate (one from sulfate and one from carboxylate) and a 
molecular weight of chondroitin sulfate of 502.5 g/mol [57]:

	
( )

= - ´( ) 2
502.5( )

GAG mg / L
FCD mM

mg / mmol
	 (17.3)

Because of the very short relaxation time of the outer (satel-
lite) transitions, one has to perform spectroscopic and imag-
ing experiments with ultrashort echo times, typically in the 
range of 200–1,000 ms. Since invariably NMR and MRI 
experiments involve finite pulse lengths, some of the fast-
decaying components are lost and the signal detected fol-
lowing an RF pulse underestimates the true sodium content. 
In spite of this, as long as the observed signal is calibrated 
with appropriate relaxation-matched reference sodium phan-
toms, it is possible to measure absolute sodium content of 
the tissue.

Sodium spectroscopy work has been performed at vary-
ing field strengths ranging from 2T to 9.4T. Most MQF spec-
troscopy to date has been carried out at magnetic fields 
greater than 4T. After early biochemical and sodium single 
and MQF NMR spectroscopy studies of cartilage, low-resolution 
sodium MRI was acquired from human knee in vivo [58] at 
1.5T. The majority of sodium MRI experiments, however, 
were performed at 3 and 4T. Reddy et al. [24], for the first 
time, demonstrated the feasibility of acquiring a high-resolution 
(voxel size of 6.25 mL) 3D data set of sodium images of the 
knee of healthy human volunteers with excellent SNR (16:1) 
at 4T. Sodium images were also compared to corresponding 
proton images to demonstrate the differences in tissue con-
trast. In these studies, 3D sodium MRI of 16 slices in the 
knee joint was performed with volume RF coils in less than 
a half hour with a voxel size of 6 mL with an SNR of 12:1. 
The echo times employed in these experiments was ~2 ms. 
However, by exploiting the increased sensitivity of surface 
coils, it was possible to improve the SNR to 16:1 and the 
imaging time was reduced to less than 20 min. Sodium imag-
ing at 4T clearly demonstrated feasibility of measuring carti-
lage FCD in  vivo in healthy as well as osteoarthritic 
patients.

The feasibility of quantitative imaging of sodium at 3T 
and 4T scanners on humans and animal models has been 
demonstrated [24, 28, 59–61] [62]. Further, its utility in mea-
suring FCD changes in animal model of OA has been 
described [63].

Recently, the feasibility of high-quality 3D sodium MRI 
of human knee at 7T has been demonstrated [62, 64, 65].

Advantages and Drawbacks

The major advantages of sodium MRI, especially in the case 
of cartilage, is that it is highly specific to PG content and 
since the sodium from surrounding structures in the joint is 
low (<50 mM), cartilage can be visualized with very high 
contrast without the requirement of any exogenous contrast 
agent such as that in dGEMRIC [15]. It can be used to quan-
tify early molecular changes associated with PG loss in OA.

The disadvantages of sodium MRI are that it requires field 
strengths ³3T to obtain quality sodium images that enable 
accurate quantification of cartilage FCD. Since the T

2f
 of car-

tilage lies in the range of 1–2 ms, substantial signal is lost 
before acquisition. This as well as the low sodium concentra-
tion are the major contributors to the low SNR of sodium 
compared to conventional proton MRI. Furthermore, due to 
the limitations of gradient strengths and other hardware 
requirements such as tuned transmit receive switches, most 
of the sodium imaging experiments reviewed here employed 
echo times of ³2 ms. Additionally, the sodium gyromagnetic 
ratio, g ~ 0.25 of that of proton, means that sodium MRI 
requires four times stronger gradients to obtain images with 
identical resolution to that of proton MRI. With the excep-
tion of MQF-prepared twisted projection imaging (TPI) [66], 
sodium MQF imaging is currently not clinically feasible due 
to the low sensitivity of the technique and has therefore been 
relegated to spectroscopic methods to study spin physics of 
quadrupolar nuclei, and to quantify structures of materials 
and specimens.

Future Perspectives

While the specificity of sodium MRI may not be critical for 
diagnosis of the disease, it plays an important role in the 
development and evaluation of disease-modifying therapies 
that target the loss of PG.

Although the current sodium imaging methods quantify 
the tissue [Na] in healthy cartilage accurately, in degenerated 
cartilage care should be taken in interpreting the results for 
the following reasons: In degenerated cartilage, the increased 
water content dilutes the sodium content and potentially may 
underestimate the actual [Na] to a small degree, and thereby 
erroneously amplify the GAG loss.

Recent advances in gradient technology (with a gradient 
strength of >4 G/cm) may enable one to achieve ultrashort 
TE (<200 ms) acquisitions that can significantly improve 
SNR. Radiofrequency coil technology (multiple channel 
capability) and tuned preamplifiers would further contribute 
to high SNR. These advances may potentially make the clinical 
sodium MRI feasible at 3T scanners, but still with limited SNR. 
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Further, the recent proliferation of 7T whole-body MRI scanners 
in clinical research centers could have a significant impact on 
sodium MRI and its potential for clinical use [62, 64, 65]. 
Since the SNR of low gamma nuclei such as sodium scales 
as B

0
7/2 [67–69] and the lack of B

1
 penetration and B

0
 suscep-

tibility issues due to shorter wavelength that plague the high-
field proton imaging, sodium MRI can be particularly 
advantageous at higher fields. Further, unlike proton T1, 
which increases with field strength, the T

1
 of sodium is pre-

dominantly due to quadrupolar interaction and may not 
change appreciably at higher field. This retains the rapid 
averaging capability of sodium MRI even at high fields. The 
low g of sodium will also mean significantly lower power 
deposition compared to proton imaging. It is therefore likely 
that with the improved SNR, sodium MRI at 7T (Fig. 17.1) 
and higher fields would emerge as a robust tool for quantita-
tive imaging of PG content of cartilage.

T
1r MRI

One method of probing the nuclear spectrum of spin relax-
ation mechanisms is to perform an NMR “dispersion” experi-
ment, which measures relaxation times at different static field 
strengths using the field cycling approach [70]. Although this 
method provided insights into relaxation phenomena of tis-
sues, it is limited by the need to measure T

1
 at different static 

field strengths. With this method, study of slow motions on 
the order of kHz is difficult as they have to be performed at 
low static fields (on the order of kHz) and as a result suffer 

from poor SNR. On the other hand, T
1r (spin lattice relaxation 

in rotating frame) experiments can be performed at high fields 
and have the potential to provide information about the low-
frequency motions in biological systems with high SNR.

In T
1r MRI (Fig.  17.2), a long-duration, low-power 

radiofrequency (RF) referred to as “spin-lock” (SL) pulse is 
applied to the magnetization in the transverse plane. The 
magnetization is spin-locked and undergoes relaxation in 
the presence of a B

1
 field in the rotating frame, a situation 

similar to that of the longitudinal magnetization in the B
0
 

field. The spin-locked magnetization will relax with a time 
constant T

1r, the spin-lattice relaxation in the rotating frame, 
during the RF field. Depending on the B

1
 field strength, the 

spin-lock pulse attenuates the effect of dipolar relaxation, 
static dipolar coupling, chemical exchange, and background 
gradients on the signal to a varying degree. Therefore T

1r is 
always greater than T

2
. In a typical T

1r mapping experiment, 
the duration of the SL pulse is incremented, while the 
amplitude of SL pulse (w

1
 = (gB

1
) ~ 0.1-few kHz) is fixed. 

Alternatively, the measurement of T
1r as a function of the B

1
 

amplitude, for a fixed spin-lock length (TSL) is also possible. 
The “T

1r-dispersion” curve obtained in this case is governed 
by the spectral density components of the sample on the 
order of w

1
.

Measurement of the MR signal following the SL pulse is 
ideal for spectroscopic measurement of T

1r of a sample. 
However, for imaging applications, it is often more conve-
nient to prepare the magnetization using a pulse cluster, 
shown in Fig. 17.3. Evolution of the magnetization during 
the pulse cluster is illustrated in Fig. 17.4. The thermal equi-
librium magnetization vector (M

0
), initially along z-axis 

Fig. 17.1  Sodium MRI of healthy human knee at 7T obtained with a 
home-built birdcage RF coil. Representative axial (a), coronal (b), and 
sagittal (c) views from a 3D data set of knee of a healthy volunteer. 
Nominal resolution is 2 mm isotropic. SNR of sodium in cartilage in 
these images is ~25. After a hard 90° RF pulse (~300 ms) and a short 

delay (~50 ms), the free induction signal was sampled during the 
ramp-up time of readout gradient. This is an ultra short echo radial 
pulse sequence with a TE ~200 ms and the following imaging parameters 
used: TR = 5 ms, TE ~ 200 ms, and N

acq
 = 10, BW = 500 Hz/pixel, 

matrix size = 128 × 128 × 128, flip angle =15° (author’s own work)
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(panel a), is nutated by the first hard 90° pulse which is 
applied along the x-axis in the rotating frame of reference, 
into the transverse plane (panel b). The magnetization, now 
along the y-axis, is immediately spin-locked by the SL pulse 
(shown in red in panel c). For the duration of the TSL period, 
the magnetization decays with a time constant T

1r (panel d). 
The magnetization becomes “ T

1r-prepared” and results in a 
T

1r-weighted signal as a function of TSL. This T
1r-prepared 

magnetization is then restored to the longitudinal axis by the 
second hard 90° applied along the negative x-axis (panel e) 

and can be spatially encoded by appending any imaging 
pulse sequence to this T

1r pulse cluster. A typical image data 
set containing four or five images acquired at different TSL 
times can be fit to the following expression to generate a 
pixel-by-pixel T

1rmap:

	 ( ) 1

TSL

T

0TSLS S e Cr

-

= + 	 (17.4)

where S(TSL), S
0
, TSL, and C are transverse magnetization, 

thermal equilibrium magnetization, length of the spin-lock 

Fig.  17.2  Pulse sequence for spin-locking magnetization in the 
transverse plane. Initially, a p/2 pulse flips the longitudinal magne-
tization into the transverse plane. The open rectangle pulse repre-
sents the spin-lock (SL) pulse and TSL and B

1
 are its duration and 

amplitude, respectively. The dotted line represents the decay magne-

tization in the absence of spin-locking and is governed by the time 
constant, T

2
*. However, if the magnetization is spin-locked, it 

decays according to T
1r (solid line) for the time TSL. But after the 

SL pulse, the decay is again T
2
* during which time the signal may 

be acquired [111]

Fig.  17.3  A four-pulse cluster and crusher gradients for T
1r pre-encoding (outlined by the dashed box) preceding a pin-echo readout pulse 

sequence. TSL and B
1
 are the duration and amplitude of the spin-lock pulses, respectively
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pulse, and a constant, respectively. In the above description, 
the on-resonance condition is assumed.

The T
1r experiment can also be performed in the off-resonance 

condition to quantify T
1r

off, where the magnetization is spin-
locked at an effective field given by:

	 eff 1w w w= + D
	 (17.5)

where Dw is the resonance offset.
In biological tissues, off-resonance RF irradiation, in 

addition to spin-locking, also leads to a “magnetization 
transfer (MT)” effect and it complicates the analysis of T1r

off. 
The details of off-resonance continuous wave as well as 
frequency swept experiments can be found in ([1, 71–73]). 
However, for the rest of the sections we restrict ourselves 
to describing T

1r in the on-resonance condition.

Mechanism of T1r Relaxation in Cartilage

Redfield first demonstrated the spin-lock phenomenon in 
solid materials and presented his relaxation theory in the 
presence of a time-dependent Hamiltonian [74, 75]. The spin 
interactions with different internal Hamiltonians (J-coupling, 
chemical shift, dipole–dipole interaction, chemical exchange, 
etc.) will take place in the presence of a continuous RF field 
of SL pulse, thereby imparting time dependence to the inter-
action Hamiltonians. Thus the RF field not only introduces 
time dependence into the Hamiltonian, but also changes the 
axis of quantization of the spins and modifies other charac-

teristics that determine the relaxation behavior. Later, several 
investigators developed the theory for applications in liquid 
state in different conditions [76].

The interactions that are studied using this methodology 
can be broadly categorized into (a) scalar coupling, (b) dipole–
dipole, and (c) chemical exchange processes. In NMR, in the 
case of the spin-lattice relaxation in the laboratory frame or 
rotating frame, the dynamical information is contained in 
spectral density functions. Although there is abundant litera-
ture on studies of T

1
 and T

2
 relaxation times in biological 

systems, there are relatively few studies on T
1r mechanisms 

in biological tissues at high static fields.
In biological tissues, the T

1r relaxation may have contri-
butions from several interactions. Depending upon the tissue 
type, several mechanisms operative simultaneously but with 
different relative contributions. In what follows, a brief 
description of individual relaxation mechanisms that may be 
operative in biological tissues is provided.

Depending upon the limiting case that is applicable for a 
given tissue, one has to include the appropriate R

1r (=1/ T
1r) 

in the expression observed in biological tissues. As long as 
w

1
 is less than or on the order of a few kHz, dipolar relaxation 

due to molecular rotational processes (fluctuating dipolar fields 
R

1r
FD) and diffusion (R

1r
Diff) do not contribute to the T

1r dis-
persion, but they add as constants to the overall value of T

1r. 
Indeed, it has been shown that, in biological tissues, diffusion 
(rotational and translational) contributions to all relaxation 
rates are constant (C) and independent of frequency [77].

The T
1
 contribution can be calculated either by standard 

methods or treated as a constant. The remaining terms are 
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Fig. 17.4  Vector diagram of the evolution of the magnetization during a spin-lock pulse cluster
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due to the exchange processes (R
1r

Ex) that are associated with 
water protons and other exchangeable protons on macromol-
ecules (such as –OH and –NH), and residual static dipolar 
coupling (R

1r
RDI). As discussed above, depending upon the 

tissue type and limiting cases, appropriate contributions due 
to the dominant exchange mechanism and static dipolar 
interaction terms should be included in the total expression 
for T

1r. Therefore, the observed R
1r in biological tissues can 

be expressed as:

	 ( ) ( ) ( ) ( ) ( )FD Diff Ex RDI
1 1 1 1 1 1 1 1 1 1R R R R Rr r r r rw w w w w= + + + �(17.6)

T
1r MRI of Cartilage

Contrast in T
1r MRI is based on proton relaxation rates that 

are influenced by multiple intrinsic spin parameters, which 
can be manipulated by the SL pulse length and amplitude. T2 
and T

1r relaxation rate in cartilage is influenced by proton 
exchange from –OH groups on the GAG chains, fluctuating 
dipolar relaxation, static dipole–dipole interaction of spins 
on the oriented collagen macromolecule, spin diffusion, etc. 
Of all these interactions, the dipole–dipole interaction due to 
oriented collagen and diffusion dominates the T2 relaxation 
and masks any contributions to relaxation from spin exchange 
due to loss of PG. Because of these reasons, T2 mapping is 
interpreted as being primarily sensitive to collagen. On the 
other hand, the spin-lock pulse in the T

1r mapping sequence 
attenuates the diffusion and dipole–dipole contributions to 
relaxation significantly, and leads to the greatly enhanced 
dynamic range and makes the measurement sensitive to spin 
exchange-mediated relaxation due to GAG.

When the GAG is lost from the tissue, there will be a small 
increase in the water content of the tissue and the combined 
effect results in increased T

1r relaxation time. The degree of 
attenuation of the dipole–dipole interaction and diffusion 
depends on the magnitude of the spin-lock pulse amplitude. 
In general, as long as w

1
 > w

d
 (residual dipolar interaction), 

the static dipolar interaction is attenuated. However, in practice 
this condition is rarely satisfied in vivo on human cartilage 
due to specific absorption rate (SAR) constraints. Therefore, 
the measured T

1r predominantly will have contributions from 
GAG, the attenuated static dipole–dipole interactions, and 
the time-dependent dipole–dipole interaction.

Current Status

Although early T
1r experiments on cartilage were in spectro-

scopic experiments, later on these were extended to single-
slice imaging and then followed by the development of 3D 

and multi-slice imaging methods. Studies on phantoms and 
isolated matrix components have shown that both PG and 
collagen contribute to T

1r. Ex vivo studies on bovine speci-
mens subjected to sequential PG depletion have shown a 
strong correlation between 1/T

1r and [GAG] although corre-
lation between 1/T

2
 and [GAG] was found to be rather poor 

[20]. Ex vivo bovine studies and in vivo studies on animal 
models have shown that treatment with the cytokine IL-1b 
elevated the T

1r [78]. In osteoarthritic human specimens, 
there was a strong correlation between percentage change 
in FCD measured from sodium MR and percentage change 
in 1/T

1r [61]. The T
1r relaxation rate also strongly correlates 

with mechanical properties of tissue [79]. However, in stud-
ies on a small number of human specimens at 8.5T, conflict-
ing results were observed: in some specimens elevated T

1r 
was observed in the GAG-depleted region and in some other 
specimens it remained almost unchanged [80]. Similarly, in 
studies (at 8.5T) on a small group of bovine specimens sub-
jected to IL-1b, T

1r was found to be unchanged [81].
Existing results to date suggest that the contributions to 

T
1r dispersion is predominantly due to the dipolar interaction 

of water molecules associated with collagen and it is influ-
enced by the orientation of cartilage. Although proton 
exchange between amide and hydroxyl protons on GAG 
molecules and bulk water may also contribute to the disper-
sion, its contribution is relatively small at lower fields.

Based on data in bovine cartilage, it appears that the 
strong correlation between [GAG] and 1/T

1r is predomi-
nantly due to PG. The fact that a similar trend is observed 
in IL-1b-treated specimens, and in human OA specimens, in 
which some collagen changes are expected, suggests that 
in addition to the proteoglycan contribution there may be a 
small contribution from collagen as well to the observed T

1r. 
In other words, T

1r, in addition to measuring PG changes, 
may also be affected by collagen structural and content changes 
(if any) present in early OA. Since T

1r dispersion in cartilage 
is predominantly due to the static residual dipolar interaction 
of water protons associated with oriented collagen, a disper-
sion map computed from images obtained as a function of 
SL pulse amplitude, B

1
, at a constant SL length may reflect 

the changes in collagen structure and content.
In human studies, elevated levels of T

1r were observed in 
OA subjects (without radiographic OA) compared to healthy 
subjects [82, 83]. T

1r was found to have stronger correlation 
between OA disease severity measured in vivo, whereas cor-
relation between changes in T

2
 is not statistically significant 

[84]. Compared to the healthy subjects, in patients with 
arthroscopically confirmed grade I chondromalacia (without 
radiographic OA), significantly elevated T

1r was observed 
[85] (Figs. 17.5 and 17.6). T

1r detection of posttraumatic car-
tilage injury correlated with arthroscopic findings [86] and 
elevated T

1r relaxation times were found in cartilage matrix 
in patients with ACL injuries [87–89]. Significantly elevated 
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T
1r values were found in the femoral non-weight-bearing 

portions when compared with weight-bearing portions both 
in anterior cruciate ligament-injured patients and controls 
[90]. Recent study results demonstrate that T

1r, T2,
 and contrast-

enhanced techniques may provide complementary information 
about the molecular environment in cartilage during the evo-
lution of OA [91]. These in vivo data clearly indicate that T

1r 
may serve as a surrogate marker for pre-radiographic molec-
ular changes in cartilage and may be useful in longitudinal 
studies.

Imaging Pulse Sequences

Initial T
1r imaging experiments were performed on articular 

cartilage using a T
1r sequence based on a spin echo or SE 

[19] and fast spin echo or FSE [18]. Recently, a T
1r-prepared 

3D gradient-echo (GRE)-based pulse sequence was devel-
oped and implemented using either adiabatic pulses [92] or 
hard pulses [93] in the T

1r preparation period. Like most 3D 
GE-based sequences, the 3D T

1r sequence enables rapid data 
collection but produces images with a reduced SNR compared 

Fig. 17.5  T1r relaxation maps from a 30-year-old male with no previ-
ous history of knee injury and no knee pain. Patellar cartilage is homo-
geneously, smoothly varying and has a characteristic increase in 

relaxation time from the deep cartilage adjacent to the sub-chondral 
bone to the superficial cartilage adjacent to the synovium. At an ROI 
drawn at the cartilage surface, T1r = 41.7 ms [85]

Fig. 17.6  Arthroscopic photographs and T1r relaxation maps from 
a 40-year-old male (patient 1). The patient was observed at arthros-
copy to have diffuse grade 1 chondromalacia throughout the entire 
knee joint. No focal defects or thinning was observed in either 
patellar or femorotibial compartments on MRI; however, a hetero-

geneous T1r distribution was observed, as well as local elevated 
T1r and cartilage thinning was observed in the lateral patellar 
superficial compartment and elevated T1r = 47–56 ms across six 
slices. Diffuse, low femoral condyle compartment T1r ~ 38 ms was 
observed [85]
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to SE-based images. Further, to accelerate the acquisition, a 
short TR is typically employed, which introduces significant 
T

1
 weighting in the resulting image and may obscure T

1r-
based contrast. Advantages of this sequence are that it pro-
vides volumetric T

1r maps and one of the early data set can 
be used to compute cartilage volume.

To overcome the limitations, such as low SNR and poor 
T

1r contrast, associated with volumetric data acquisition with 
a 3D T

1r prepared sequence, a 2D multi-slice spin-lock (MS-
SL) pulse sequence was developed [94]. In this sequence, 
saturation of longitudinal magnetization by the application of 
nonselective SL pulses is experimentally measured and theo-
retically modeled as T

2r decay. The saturation data was used 
to correct the image data as a function of the SL pulse dura-
tion to make quantitative measurements of T

1r. It was found 
that T

1r measured using saturation-corrected MS-SL data is 
identical to that measured using SS-SL sequence [95].

A multi-slice T
1r mapping with spiral readout was also 

implemented at 3T [84]. In this sequence, T
1r-prepared mag-

netization was read out by multi-slice spiral readout. 
Acquiring a second image that has an inverted longitudinal 
magnetization compensated T

1
 weighting. The total imaging 

time was ~13 min for a 3D data set of 16 slices. Acquisition 
of data with this sequence is limited to an axial orientation 
because spiral acquisition does not allow the use of an anti-
aliasing filter that is necessary for sagittal or coronal plane 
acquisition with a knee coil.

A method for acquiring T
1r-weighted images in a time-

efficient manner was demonstrated in a new pulse sequence 
[96] called SLEPI (spin-locked echo planar imaging). It was 
shown that the SLEPI sequence could significantly reduce 
susceptibility-induced artifacts during EPI acquisition, while 
maintaining image contrast similar to long echo time (TE) 
images. However, the low resolution of EPI images restricts 

the application of this pulse sequence to mapping T
1r in large 

structures with relatively long T
2
. Although the 3D fast GRE 

sequence and multi-slice sequences described above have 
been implemented without exceeding SAR limits, they typi-
cally require 20–25 min for gathering a 3D T

1r map. As it is 
too time consuming (24 min for 4 TSL time points) to collect 
isotropic 3D maps, typical 3D T

1r maps are collected with 
2–4 mm slice thickness, thereby making it difficult to use a 
single 3D T

1r map to visualize different cross sections. This 
necessitates collection of 3D maps in at least two views.

To accomplish this, recently a balanced gradient-echo 
(b-GRE) T

1r pulse sequence (Fig.  17.7) was developed by 
combining the time-efficient 3D-balanced steady state free 
precision (b-SSFP) sequence [96] with appropriate modifica-
tions [98]. The performance of this sequence was verified by 
comparing T

1r relaxation maps obtained with this sequence 
with that of a standard single-slice T

1r-turbo-spin-echo (TSE) 
sequence. The difference in average T

1r of cartilage was mini-
mal (39.4 and 38.4 ms, respectively), while the total acquisition 
time for the b-GRE sequence for 30 slices was ~10 min. 
Integrating this sequence with SENSE imaging [99] is 
expected to further improve its temporal resolution, but at the 
expense of some SNR.

Extension to Ultrahigh Fields

Effect of Chemical Exchange on T
1r Sensitivity  

at Ultrahigh Fields

In the context of cartilage imaging, considering the orders of 
magnitude differences in the concentrations of GAG and 
water, the exchange between –OH groups of GAG chains 

Fig.  17.7  The 3D-balanced gradient-echo (b-GRE) version of the T
1r 

pulse sequence. The T
1r-prepared magnetization is followed by the b-GRE 

sequence in which echoes are read out in each “phase loop” during the 

approach to the steady state. A delay time for T
1
 recovery is inserted before 

reapplying T
1r pre-encoding for the second phase encode loop in the slice 

direction, labeled “slice loop” (Adapted from Witschey et al. [98]
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with the protons of water molecules can be considered as a 
two-site exchange with asymmetric populations.

Expressions for R
1r(=1/T

1r) for chemical exchange 
between two sites, A and B, that have distinct magnetic envi-
ronments, Larmor frequencies, and have asymmetric popula-
tions can be written as [100]:

	 = + +
+

2
2 2 a b

1 1 2 2 2
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and R
1
 and R

2
 are the intrinsic longitudinal and transverse 

relaxation rates, respectively, resulting from processes other 
than chemical exchange, d

a
, d

b
 are the chemical-shift fre-

quency offset from resonance of nuclei in sites A and B, q 
is the flip angle of the excitation pulse, k = k

a
+k

b
 is the 

exchange rate, and the site populations are p
a
 = k

b
/k and  

p
b
 = k

a
/k. If one of the sites is much more populated than the 

other, then in the asymmetric populations limit, p
a
 >> p

b
;  

d ~ d
a
 and w

eff
 ~ w

aeff
.

If R
1
 and R

2
 are assumed to be population averages, then 

The effect of differences between the intrinsic relaxation 
rates for species in sites A and B on R

1r is negligible. When 
q is 90°, that is, the on-resonance condition, Eq. 7 simplifies 
to the more familiar expression with R

2
 representing the 

“exchange free” transverse relaxation rate:

	 a b
1 2 2 2

1

R R
p p k

k

2

r

d
w
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These results are accurate provided that the spin relax-
ation decay is dominated by a single exponential damping 
constant. These R

1r expressions would be useful in analyz-
ing experimental data when exchange is not fast and site 
populations are unequal. Since this expression involves a 
chemical-shift difference term that is field dependent, 
there would be an increase in R

1r with field strength. This 
exchange model has been used to analyze T

1r dispersion in 
cartilage [101].

Given that the chemical shift is proportional to the static 
field, the exchange-mediated T

1r relaxivity is expected to 
increase as a square of the B

o
 field. Thus, T

1r studies at 7T 
would have substantially higher sensitivity for GAG 
changes compared to lower fields such as 1.5 or 3T and 
enable the detection of smaller changes in macromolecular 
content at very early stages of OA. Despite the above 
advantages, the T

1r imaging at 7T would certainly face 
SAR issues that have to be mitigated with clever spin 
manipulation strategies.

SAR Considerations

During MRI, the power of the applied RF pulses has to be 
monitored at all times to ensure that the energy deposited in 
the patient remains below US Food and Drug Administration 
(FDA) mandated safety levels for the specific absorption rate. 
As a safety precaution, invariably all the clinical scanners have 
built-in mechanisms to continuously monitor and halt MRI 
scans if the FDA-mandated power level is exceeded at any 
point. While the most accurate method would be to measure 
the power output to the RF coil in real time, a priori knowl-
edge of the specific absorption rate (SAR) of a pulse sequence 
can provide additional safety and save valuable experiment 
time. The expression for SAR includes the following [112]:

	 2 2
0 dutycycle sizeSAR B RF Patientqµ ´ ´ ´ 	 (17.10)

Since the SAR increases as the square of the flip angle (θ)
of RF pulse and B

0 
field, usable spin-lock amplitudes at 7T 

will be severely limited and may lead to suboptimal contrast 
that may not allow the gains of higher R

1r relaxivity. 
Following are some of the approaches that can be used to 
address the issue of SAR at ultrahigh fields.

Low SAR Approaches

Keyhole approach: This method exploits a partial k-space 
acquisition approach in which a full-power spin-lock pulse is 
applied only to the central phase-encode lines of k-space, 
while the remaining phase-encode lines receive a low-power 
(50% amplitude of the maximum) spin-lock pulse. Acquisition 
of high- and low-power phase-encode lines are interleaved 
temporally to minimize average power deposition. This strat-
egy ensures that the majority of signal energy in the central 
portion of k-space is fully T

1r weighted, while at the same 
time the overall SAR of the acquisition is lower, and conse-
quently, total imaging time is reduced. This “keyhole” acqui-
sition approach was exploited in reducing the overall imaging 
time by 40% for T

1r mapping in human knee [102]. These 
approaches can be combined with any of the acquisition 
sequences described above to reduce SAR and/or improve 
temporal resolution.

Difference image approach:  In this approach, instead of a 
series of spin-lock-weighted images, one acquires two 
images one with low  w

1
 (<100 Hz) and the other with a 

high  w
1
  (~500 Hz) of spin-lock pulse. From Eq. 17.9, signal 

acquired with a low  w
1
 (~100 Hz) spin-lock pulse retains the 

exchange effect, while the signal acquired with a high  w
1
 (pro-

vided w
1
 > k) is unaffected by exchange. A simple logarithmic 

difference of these two images will provide a quantitative 
T

1r map. While this strategy may be advantageous over the 
full T

1r-mapping approach due to a shorter image acquisition 
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time, it still is not optimal, as one of the images has to be 
acquired with a spin-lock pulse with high-peak B

1
, which 

may be problematic at ultrahigh fields due to SAR limits. But 
a trade-off can be made with the time-savings by using a 
larger TR to reduce the time average SAR.

The Spin-Locked Steady State Free Precision (SL-SSFP):  In 
this method, an SL pulse is integrated with the SSFP sequence 
in such a way that spin-locking is performed while the magne-
tization processes around the z-axis on a cone by incrementing 
the phase of the SL pulses [103]. In this experiment, the mag-
netization is spatially encoded between successive spin-lock 
pulses, thus obviating the need for preparatory pulse cluster 
especially the high SAR 90° pulses. The difference imaging 
approach can be utilized to obtain a T

1r map. Compared to a 
conventional bSSFP acquisition, the advantage of this sequence 
is that image contrast is determined primarily by the effective 
field orientation and not the choice of flip angle of the RF pulse. 
An undesirable characteristic of this approach is the high sensi-
tivity of b-SSFP sequences to B

0
 field inhomogeneity.

Summary

T
1r MRI exploits contrast due to endogenous proteins in tis-

sue and provides color-coded quantitative relaxation maps 
(in terms of ms scale), which are potentially independent of 
scanner type, and eliminates the subjectivity of diagnosis 
and longitudinal monitoring. It provides an index of overall 
molecular changes in cartilage without the requirement of 
any exogenous contrast agent. It can be performed on any 
low field strength MRI scanners including the widely popu-
lar 1.5T clinical scanner and has the potential to detect 
changes in macromolecular content as early as a year.

One of the issues that potentially hampers the progress in 
using T

1r technology widely is its non-availability on clinical 
as well as on the research scanners. So far, the T

1r studies 
have been mostly of a “demonstration of feasibility” nature 
on a very limited number of healthy and OA subjects. T

1r 
studies on a large group of OA subjects with mild to moder-
ate OA (with a different degree of radiographic OA) and age-
matched healthy subjects are needed to address the issues 
about precision of the measurement, effect of age, severity of 
the disease, and longitudinal changes in OA.

Chemical Exchange Saturation  
Transfer (CEST)

In cartilage imaging, CEST [23, 104–108] exploits the –OH 
or hydroxyl proton group on the GAG side chains of PG 
molecule. In general, these exchangeable protons are 

invisible to conventional MRS as they are constantly 
exchanging with water (H

2
O) protons and thus “share their 

magnetization” with that of water. The exchange rate of 
these protons depends on pH and temperature and at neu-
tral pH it is 1000 s–1. On the NMR timescale, if this exchange 
is on the slow-to-intermediate level, then saturating the 
–OH protons with a long RF pulse at its chemical shift will 
terminate the “sharing of magnetization” between the –OH 
protons and water. Concomitantly, the water resonance sig-
nal is reduced in proportion to the concentration of –OH 
protons. This reduction in water proton signal could be 
imaged with a variety of MR imaging approaches in order 
to directly detect the concentration of proton exchanging 
functional groups.

In order for the CEST effect to be efficiently observed, 
the slow-to-intermediate exchange condition must be ful-
filled, that is, chemical shift between exchanging spins, Dw 
> k, the exchange rate of solute spin. There are two issues 
that have to be addressed while implementing this method 
in vivo: the direct saturation of water and the background 
magnetization transfer effect in biological tissues. To account 
for these effects, in CEST MRI typically two images are 
required, one with a saturation pulse applied at the resonance 
frequency of interest and the other acquired with an equal 
frequency offset but applied on the other side of the bulk 
water peak. Then a difference image provides the CEST 
effect from those spins:

	 ( ) ( ) ( )sat sat
asym

0

CEST
M M

M

w w
w

-D - D
D = 	 (17.11)

where M
0
 is the equilibrium magnetization, M

sat
 (±Dw) are 

the magnetizations obtained with saturation at a “+” and “–” 
offset to the water resonance with a Dw equivalent to the 
resonance offset of the exchanging spins.

In interpreting the CEST effect, other factors that play a 
role are the suboptimal amplitude and duration of the satu-
ration pulse. These effects can be incorporated into a gen-
eral solution obtainable from theoretical analysis of a 
two-site exchange model in the presence of RF saturation 
[108–110]:
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where k is the exchange rate (s−1); a is the factor that accounts 
for suboptimal saturation with 1 describing complete satura-
tion (at high enough B

1
 power of saturation pulse); f = n 

[metabolite]/2[H
2
O] is the fraction of exchangeable protons 

on the metabolite (“n” is number exchangeable protons, n = 
1 for –OH); R

1w
 (=1/T

1w
) is the longitudinal relaxation rate 

of water protons; and t
sat

 is the length of the saturation 
pulse.
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Current Status

While some initial experiments on phantoms and prelimi-
nary in vivo data on knee cartilage [23] have been reported, 
more work is needed to completely characterize this method 
in terms of its applicability in imaging GAG changes in car-
tilage during OA process.

Advantages and Drawbacks

While the major advantages of the CEST method are that it 
has high specificity to the changes in the GAG, does not 
require exogenous contrast agent, and benefits from imaging 
at ultrahigh fields, it comes with several parameters that 
potentially may confound the results. Since it depends on the 
exchange rate of –OH protons on GAG, it is highly specific to 
pH and any pH changes during the cartilage degeneration pro-
cess would confound the results. Further, this method is also 
potentially influenced by any changes in the exchange rate of 
–OH protons due to increase in water content as well as 
changes in the other macromolecules such as collagen of car-
tilage. Since this method depends on the exchange-mediated 
reduction in the water signal, it provides negative contrast.

Further, as this method is based on the difference of two 
images, it is highly susceptible to water line shape changes 
of cartilage in  vivo, and exchange rate is not favorable to 
observe optimal CEST at 3T since the chemical-shift difference 
is not greater than the exchange rate (Dw < k). Owing to the 
relatively small chemical-shift difference of –OH protons 
from water (1.00 ppm, ~129Hz at 3T), there will be a signifi-
cant direct saturation of water and any asymmetry in the line 
shape due to susceptibility-induced artifacts would signifi-
cantly confound the results from this method.

However, CEST imaging will benefit substantially from 
the use of ultrahigh fields for the following reasons: First, the 
chemical-shift difference of –OH at 7T is 300 Hz, which 
satisfies the slow-to-intermediate exchange rate condition 
(Dw > k). Second, the larger chemical-shift difference leads 
to reduced direct water saturation and makes it less suscep-
tible to the asymmetry in water line shape due to susceptibil-
ity effects. Also, 7T would provide overall more than two 
times higher SNR compared to 3T field.

Future Developments

While sodium imaging is highly suited to compute PG with 
high specificity, as it comes with low resolution and lacks the 
morphological details, without proton MRI as such it may 

not be usable to diagnose or evaluate the efficacy of potential 
therapies. Further, at present, its sensitivity at 3T is not opti-
mal and needs further improvements in RF coils and pulse 
sequences to obtain additional SNR that enable it to be use-
ful for clinical studies. Hence in order to obtain quality 
sodium scans, it has to be performed at high static fields such 
as 7T. Due to the small chemical-shift difference and inade-
quate sensitivity at low fields (1.5T, 3T), CEST MRI is also 
a technique that is optimal for use at 7T. However, as it 
depends on the difference image, a uniform line shape is 
essential to obtain quantitative information. Thus, although 
both of these methods have high specificity for PG and are 
expected to play important roles in evaluation of potential 
therapies that target PG loss, they need high fields and can-
not be used for diagnosis without supplementing with mor-
phological proton MRI.

T
1r MRI, on the other hand, provides positive contrast, is 

sensitive to both PG and collagen changes, can be performed 
at 1.5T and 3T fields with excellent sensitivity, provides 
morphological details such as cartilage volume, does not 
require any exogenous contrast agent, and thus serves as an 
excellent tool for both diagnosis, longitudinal monitoring, 
and evaluation of therapeutic efficacy. While its sensitivity is 
expected to increase at high fields (7T) SAR issues poten-
tially may nullify the sensitivity gains achievable at high 
fields. However, as discussed in Section “T

1r MRI”, with fur-
ther technical developments it may be possible to design low 
SAR versions of the method that would enable integration of 
the three methods and realization of the advantages of T

1r 
MRI as well as PG-specific sodium and CEST MRI at ultra-
high fields.

Given the above, ideally, performing sodium, CEST and 
T

1r MRI at ultrahigh fields would improve sensitivity as well 
as specificity of these methods in assessing cartilage integrity. 
Therefore, a double-tuned coil array that enables the compu-
tation of T

1r and sodium maps at ultrahigh fields is highly 
desirable. Using such a coil, it may be possible to obtain 
information on cartilage volume that provide morphological 
changes and total tissue loss, as well as changes specific to 
PG, and integrated molecular changes (water content and 
macromolecular (PG + collagen)) in a single scan session.

An alternate approach that may be considered is to per-
form T

1r MRI at low fields (1.5T or 3T) and sodium and 
CEST MRI at 7T to obtain comprehensive information about 
cartilage integrity. However, this requires two separate RF 
coils and two separate scan sessions that doubles the cost of 
the scan and creates subject scheduling problems. Further, a 
robust co-registration of proton images obtained at 1.5T or 
3T and sodium/CEST images obtained at 7T is a critical step 
for the success of this approach. Since the target of these 
molecular imaging tools is early changes in the tissue, one of 
the advantages of this approach is that low-field T

1r MRI 
may help to screen patients that have morphologically intact 
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cartilage and early OA and need high-field sodium/CEST 
scans. Advanced OA populations may not require sodium/
CEST scans and hence all the subjects may not have to go 
through two separate scans. However, further work is needed 
to determine the advantages and potential drawbacks of this 
approach over an integrated approach at ultrahigh field.

These advances potentially lead to a protocol of quantita-
tive imaging biomarkers that enables the determination of 
integrated molecular and morphological changes in cartilage 
degeneration and contributes to the development of disease-
modifying drugs, disease management, and hence to patient 
care. Because of the long natural history of OA (10–20 years 
in humans), these sensitive imaging biomarkers are expected 
to significantly accelerate the drug development process by 
assessing the therapeutic potential in terms of efficacy at the 
early stages of the disease and thereby lowering the cost and 
duration of clinical trials. While the discussion in this chap-
ter dealt with cartilage imaging, the same tools are expected 
to be applicable to other cartilage-like tissues such as inter-
vertebral discs and menisci.
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Introduction

Cartilage is one of the most significant structures for joint 
function and is compromised in degenerative and traumatic 
joint disease. MR imaging has been established as the stan-
dard cartilage imaging modality, and techniques have been 
developed and optimized to visualize cartilage morphology, 
to quantify its volume and to analyze its biochemical compo-
sition. The substantial amount of research that is invested in 
the development of these morphologic and quantitative imag-
ing techniques is geared at preventing and treating traumatic 
and degenerative cartilage disease at the earliest stages.

Prevention

Prevention is achieved by modifying risk factors, which 
include obesity, knee injury, [1, 2] and excessive physical 
exercise [3–6]. Vigorous physical exercise is in particular a 
substantial risk factor in subjects who may not have adequate 
cartilage quality or other structural limitations of the joint that 
may lead to accelerated degenerative disease [7]. We are 
increasingly confronted with joint injury and degeneration in 
individuals with high levels of physical activity, not infre-
quently already in young and middle-aged adults. In order to 
prevent cartilage injury, it is of vital importance to tailor 
physical activity at early stages and/or institute injury preven-
tion programs [8–11]. In particular, individuals with higher 

susceptibility to cartilage damage need to be educated on how 
to prevent joint injury. With modification of physical activi-
ties, joint injury, degeneration, and long-term disability may 
potentially be prevented. Injury prevention programs have 
been successfully used in athletes and are currently used at 
some institutions in recreational runners. Structured func-
tional biomechanics programs have reported 88% reduction 
in noncontact anterior cruciate ligament tears in soccer play-
ers [10], and a 43% reduction in knee and ankle injuries in a 
cohort of young athletes in a variety of sports [12]. Another 
risk factor that may be modified is obesity and a large number 
of preventive efforts are targeted at weight loss.

Treatment

Unfortunately pharmacotherapies for the treatment of 
osteoarthritis have limitations and effective medications are 
desperately needed [13]. A number of medications have been 
applied such as licofelone, which was shown to significantly 
reduce cartilage volume loss over time, thus suggesting a 
protective effect in patients with knee OA [14]. Also, a previ-
ous study using chondroitins 4 and 6 sulfate demonstrated 
that radiographic progression of knee osteoarthritis was sig-
nificantly reduced in the chondroitins 4 and 6 sulfate group 
compared with the placebo group (28% versus 41% [P < 
0.0005]) [15]. Other studies, however, found less positive 
results for glucosamine and chondroitin sulfate [16–18] and 
none of the pharmacotherapies developed to date has been 
effectively shown to regenerate cartilage.

Cartilage repair procedures are also challenging and have 
controversial success rates [19]. Microfracture, drilling pro-
cedures, autologous chondrocyte implantation, and osteo-
chondral autograft transfer systems have been used with 
various success rates [20–22]. Mosaicplasty, also termed 
osteochondral autograft transplantation (OAT) or autologous 
osteochondral transplantation [23, 24], is used most fre-
quently at the knee and ankle joints, but has also been 
advocated in other joints such as the elbow to treat focal 
chondral or osteochondral defects due to injury, degeneration, 
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osteochondritis dissecans, or osteonecrosis (Fig. 18.1). Using 
the microfracture technique, small perforations are created in 
the subchondral bone plate after debridement of a cartilage 
defect. Drilling procedures are applied in osteochondritis 
dissecans if the cartilage surface is intact, but they are fre-
quently only successful if patients are skeletally immature 
[25]. Chondrocyte implantation has been performed with 
autologous chondrocytes and allografts. The cartilage defect 
is debrided and filled with a suspension of cultured chondro-
cytes and covered by a periosteal flap or the defect is filled 
with chondrocyte-impregnated scaffolds [26]. Results are 
somewhat controversial [27, 28] with one study indicating 
that cartilage repair tissue was of varying morphology rang-
ing from predominantly hyaline in 22% of biopsy specimens, 
mixed in 48%, to predominantly fibrocartilage, in 30% [28]. 
A study [29] comparing mosaicplasty and autologous chon-
drocyte implantation showed that both treatments resulted in 
a decrease in patient symptoms. However, the morphological 
and histological improvement provided by the autologous 
chondrocyte implantation lagged behind that provided by 
mosaicplasty. Histologically, the defects treated with autolo-
gous chondrocyte implantation were primarily filled with 
fibrocartilage, whereas the osteochondral cylinder transplants 
retained their hyaline character. In summary, however, there 
is limited evidence that any of these interventions significantly 
alters the natural history of cartilage degeneration [30].

It should also be noted that these techniques are not suited 
for older individuals and those with extensive cartilage 
defects, such as osteoarthritis patients. Cartilage repair is 

tailored for younger subjects with focal osteochondral 
pathology and otherwise relatively healthy cartilage. Studies 
on the evolution of these osteochondral lesions and their sig-
nificance are limited. A previous study [31] following these 
defects in a small number of patients (n = 12, age range: 
9–46 years) for an average period of 11 years found that after 
skeletal maturity these individuals developed OA while in 
individuals under the age of 18 the lesions healed or were not 
visualized any more. The results of this study suggest that 
younger adults with smaller cartilage lesions may be good 
candidates for cartilage repair.

Significance of Cartilage Imaging  
and Quantification

Cartilage imaging and quantification impact management 
both in treating and preventing degeneration and disability; 
requirements for imaging techniques are dependent on clini-
cal indications:

	1.	 High-resolution imaging of cartilage is indispensible to plan 
cartilage repair, that is, select the correct repair technique 
and plan the intervention knowing the exact size and depth 
of the defect. This is particularly important for younger 
individuals and high-level athletes. The most important 
pathological conditions that require high-resolution imag-
ing are cartilage injury and osteochondritis dissecans.

	2.	 Volumetric cartilage imaging, which sensitively monitors 
cartilage loss, is a reproducible test which has the poten-
tial to monitor the natural evolution of osteoarthritis and 
to assess the effects of new therapies. Subregional analy-
sis of cartilage volume as well as loading and unloading 
studies may provide additional tools to enhance monitor-
ing of the disease process. A significant fund of knowl-
edge has been obtained using volumetric cartilage 
quantification in multiple clinical studies.

	3.	 Given that prevention currently appears to be the most 
effective method to manage osteoarthritis, it is crucial to 
identify individuals at risk for cartilage degeneration and 
those with very early degenerative changes. In fact, pre-
vention of osteoarthritis and disability is one of the most 
significant tasks and research objectives in our aging soci-
ety. The socioeconomical impact of osteoarthritis-induced 
disability on our society is tremendous. Our preventive 
efforts must aim already at the young and middle-aged 
active subjects, where preventive interventions and thera-
pies may potentially prove most effective. New MR-based 
biomarkers may have a substantial impact on preventive 
efforts (Fig.  18.2). While standard morphological MR 
techniques visualize cartilage defects and volumetric MRI 
sensitively assesses volume loss both of which are 

Fig. 18.1  Arthroscopic image of a patient who underwent mosaicplasty 
of the knee. Multiple round osteochondral plugs are shown (arrows)
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irreversible, it would be more beneficial to characterize 
the biochemical composition of cartilage before cartilage 
is lost and identify individuals with potentially reversible 
changes or those who would benefit most from preventive 
management [32]. Ideally those techniques would allow 
cartilage quality assessment before cartilage is irrevers-
ibly lost such as bone densitometry measurements cur-
rently allow assessment of fracture risk before actual 
fractures have occurred.

Future Requirements for Cartilage Imaging

Morphological MR Techniques

In order to optimize preoperative planning, in particular of 
cartilage repair, MR imaging techniques need to be opti-
mized in terms of spatial resolution to best possibly visualize 
cartilage defects. Previous studies have established the ben-
efit of 3 T imaging [33–35], and new sequences have been 
proposed to better visualize cartilage structure and morphol-
ogy including balanced SSFP imaging, 3D fast spin echo 
(FSE) sequences, and ultrashort TE imaging [36–38].

In the future 7 T MRI may be introduced as a new tech-
nique to enhance both morphological and biochemical imag-
ing. Early studies have shown the potential of in vivo cartilage 
imaging at 7.0 T [39, 40] (Fig. 18.3), but in order to achieve 
a clinically viable performance dedicated coils and new 
sequences need to be developed. It should be noted that stan-
dard FSE imaging used for cartilage is not feasible at 7.0 T 
given specific absorption rate (SAR) issues and that gradient 
echo sequences may be more viable.

In terms of new imaging sequences, an increasing trend is 
noted to move from 2D to 3D sequences. Three-dimensional 
FSE sequences have been used and promising studies have 
been performed, showing similar performance in diagnosing 
cartilage lesions with 2D and 3D FSE sequences [41, 42] 
(Fig. 18.4). Potentially these sequences would allow shorten-
ing imaging time by eliminating acquisition in multiple 
imaging planes and with decreased slice thickness they 
would allow visualization of smaller defects.

In addition to 3D FSE sequences, gradient echo sequences 
are investigated, which include balanced steady-state free 
precession (SSFP) imaging [37, 43]. These sequences have 
been named differently depending on the manufacturer and 
are called true fast imaging with steady-state free precession 
(true-FISP, Siemens Healthcare) [44], fast imaging employ-
ing steady-state acquisition (FIESTA, GE Healthcare), and 
balanced fast-field echo imaging (Philips Heathcare) [38]. 
Using these sequences, fluid is bright and cartilage is inter-
mediate in signal. Results of recent studies are promising but 
to date these sequences are not considered part of the stan-
dard cartilage imaging protocol (Fig. 18.5).

Ultrashort TE (UTE) MR imaging has been investigated 
[36, 45] to better analyze pathologies of the cartilage–bone 
interface; cadaver studies have been performed and showed 
that the high signal intensity on UTE images of human artic-
ular joints originates from the calcified cartilage and the 
deepest layer of the uncalcified cartilage, without a definite 

Fig. 18.2  Potential effect of T2 relaxation time measurements on preven-
tive management of individuals performing vigorous physical activity

Fig.  18.3  Sagittal MR image of the knee obtained at 7 T using a 
FIESTA (fast imaging employing steady state acquisition) sequence. 
Note high anatomic detail and visualization of the cartilage radial zone 
with parallel-oriented collagen fibrils at the tibia (arrow)
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contribution from subchondral bone. These data suggest that 
UTE sequences may provide a way of better assessing abnor-
malities at or near the osteochondral junction [36]. In the 
future, in vivo studies will be required to better understand 
the clinical significance of these findings.

Another new technique to morphologically characterize 
cartilage is diffusion-weighted imaging and diffusion tensor 
imaging (DTI), which to date has mostly been used in neu-
roimaging. Given the fact that cartilage also has a defined 
anisotropic collagen architecture, diffusion-weighted imag-
ing and DTI may be used to visualize structural changes in 

the alignment of the collagen network during simulated 
function and loading conditions, which may indicate early 
disease processes [46]. Initial specimen studies have been 
performed confirming the potential of this new technique and 
although these data are still preliminary [47–50], DTI may 
become a powerful tool in the noninvasive study of cartilage 
structure and function and may provide insight into changes 
observed as a result of degradation in the setting of osteoar-
thritis or traumatic chondral injury [46]. As in UTE imaging, 
however, clinical feasibility with standard MR systems needs 
to be demonstrated and patient studies are required.

Volumetric Cartilage Quantification

Sensitive quantification of cartilage loss is the major goal of 
this technique and accurate cartilage segmentation is the key 
ingredient. Considerable effort has been spent on optimizing 
cartilage volume measurements to assess the natural evolu-
tion of OA and to serve as potential outcome marker in phar-
maceutical trials. The MR sequences that have been almost 
exclusively used for cartilage morphology quantification are 
thin section fat-saturated T1-weighted spoiled gradient 
(SPGR) echo or fast low angle shot (FLASH) sequences. 
With these images, cartilage displays higher signal in com-
parison with adjacent tissues (bone and joint fluid) facilitat-
ing segmentation of the cartilage. Several semiautomated 
techniques have been described to optimize cartilage seg-
mentation including active shape models, edge detection, fit-
ting B-splines to manually segmented points, and B-spline 
Snake (active contours) [51–53], but to date most large-scale 
studies have relied on manual segmentation (Fig. 18.6).

It should be noted, however, that cartilage segmentation 
using current techniques takes too long to be established as a 
routine clinical tool. Segmentation needs to be automatic, 
quick, and highly reproducible in order to be of clinical 

Fig. 18.4  Fat saturated, sagittal 2D (a) and 3D-FSE (b) images of the knee showing cartilage delamination at the trochlea and cartilage defects at 
the patella (arrow). Comparable demonstration of these focal defects

Fig. 18.5  Sagittal 3D FIESTA sequence of the medial knee joint com-
partment obtained at 3 T shows extensive cartilage fibrillation at the 
femoral condyle (arrow). In addition, moderate joint effusion and large 
popliteal cyst are also shown
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significance. If this goal is not achieved, it is highly unlikely 
that cartilage volume measurements will lose their stigma as 
a pure research tool.

Biochemical MR Techniques

In the last years, significant interest focused on imaging car-
tilage biochemical composition as a potential early marker 
for degenerative joint disease. Cartilage consists of approxi-
mately 70% water and the remainder predominantly of type 
II collagen fibers and glycosaminoglycans (GAG). Several 
techniques have been developed to assess the composition of 
the cartilage matrix. The major techniques are (a) delayed 
gadolinium-enhanced MR imaging of cartilage (dGEMRIC), 
(b) T2 relaxation time measurements, and (c) T1rho. 
Recently, sodium ((23)Na) [54] and chemical exchange-
dependent saturation transfer (gagCEST) techniques [55] 
have been suggested as alternative techniques, but clinical 
application is far more challenging than this of the previ-
ously mentioned techniques.

Initial studies have shown that the dGEMRIC measure-
ment of GAG corresponds to the true GAG concentration as 
measured with biochemistry and histology [56, 57]. This 
technique has also been used in a number of clinical studies 
and variations of this measurement have been shown in 
patients with osteoarthritis, trials of autologous chondrocyte 
implants, and subjects with sedentary lifestyle versus those 
with regular exercise [58–61]. With the event of nephrogenic 
systemic fibrosis, there have been some concerns about using 
gadolinium in older osteoarthritis patients who may have 
potential renal dysfunction.

Another approach that has been used to measure cartilage 
composition is T2 mapping. It was shown that increasing T2 
relaxation time was proportional to the distribution of carti-
lage water and is sensitive to small water content changes 
[62]. In an early study, Dardzinski et al. examined the spatial 
variation of in  vivo cartilage T2 in young asymptomatic 
adults and found a reproducible pattern of increasing T2 that 
was proportional to the known spatial variation in cartilage 
water and was inversely proportional to the distribution of 
proteoglycans [63]. These authors postulated that the regional 
T2 differences were secondary to the restricted mobility of 
cartilage water within an anisotropic solid matrix. T2 mea-
surements are used in the NIH-funded Osteoarthritis Initiative 
(OAI) Multicenter Trial, and initial research has shown 
promise in quantifying early degenerative changes of carti-
lage [6]. Stehling et al. [6] showed in middle-aged asymp-
tomatic individuals with risk factors for knee osteoarthritis 
using 3.0 T MRI that physically active individuals had more 
knee abnormalities and higher patellar T2 values than those 
that were less physically active. The rich dataset from the 
OAI will eventually provide an excellent source to evaluate 
the role of T2 relaxation times in predicting osteoarthritis 
and monitoring its natural evolution (Fig. 18.7).

The third parameter that has been proposed to measure 
cartilage composition is 3D-T1rho-relaxation mapping. 
T1rho describes the spin-lattice relaxation in the rotating 
frame and changes in the extracellular matrix of cartilage, 
like loss of GAG, may be reflected in measurements of T1rho 
due to less restricted motion of water protons. Preliminary 
results demonstrated the in  vivo feasibility of quantifying 
early biochemical changes in symptomatic osteoarthritis 
subjects employing T1rho-weighted MR imaging on a 1.5 T 
clinical scanner [64, 65]. A number of clinical studies 
[66–68] have shown the potential of the technique to predict 
early degenerative hyaline cartilage disease and suggested 
that this parameter may be superior to T2 relaxation time in 
assessing hyaline cartilage degeneration.

Though these techniques have shown promise in measur-
ing cartilage composition and disease burden, the number of 
longitudinal studies is limited and it is not yet clear whether 
these biomarkers will be able to predict osteoarthritis devel-
opment and progression. Also it is not yet well known 
whether these parameters will be sensitive in monitoring the 
natural evolution of osteoarthritis and the response of carti-
lage to therapy. In addition, a number of technical issues 
have to be resolved before these techniques are used in mul-
tiple centers with comparable results. These include stan-
dardized imaging and optimizing reproducibility of image 
acquisition and analysis. This again includes fast, precise 
and reproducible cartilage segmentation, which to date has 
not been achieved. Ideally, these techniques should be as 
standardized and as simple to use as dual X-ray absorptiom-
etry (DXA) to quantify bone mineral density. Unfortunately, 

Fig.  18.6  Cartilage segmentation of the lateral femoral condyle 
obtained with semiautomatic spline technique overlaid on fat-saturated 
SPGR (spoiled gradient echo) sequence. Color map of the peripheral 
spline provides color map indicating cartilage thickness



234 T.M. Link and S. Majumdar

we are currently far away from anything, which would be 
similarly simple and easy to use as DXA for quantification of 
hyaline cartilage.

Imaging of Hip, Ankle, and Other Joints

It should be noted that most of our efforts so far have focused 
on optimizing cartilage imaging for the knee, however, sen-
sitive assessment of hip joint cartilage and of other joints is 
becoming increasingly clinically relevant. The relatively thin 

cartilage of the hip joint, as well as its complex geometry, 
poses challenges for standardized, reproducible assessment 
of cartilage; but with appropriate pulse sequence parameters, 
dedicated surface coils (such as the cardiac coil for single hip 
imaging) and high-field systems (3.0 T) accurate, reproduc-
ible morphological assessment of cartilage and the labrum 
may be mastered [69] (Fig. 18.8). Initial studies have shown 
feasibility of volumetric measurements, T1rho, T2 relaxation 
time, and dGEMRIC at the hip joint to evaluate early degen-
erative disease and to monitor cartilage loss [70–72]. But it 
should be noted that compared to the knee, hip imaging is far 
more demanding and a number of challenges have to be mas-
tered before quantitative volumetric and matrix measure-
ments are clinically applicable. These include the difficulty 
in differentiating femoral and acetabular cartilage as well as 
challenges in segmenting cartilage reproducibly in a reason-
able amount of time. Imaging of the cartilage of the ankle, 
wrist, elbow, and shoulder is currently clinically less relevant 
and has similar challenges given that cartilage in these joints 
is thin and the anatomy is complex. Initial studies have shown 
the feasibility of assessing cartilage repair at the ankle using 
dGEMRIC techniques [73].

Imaging of Joint Function and Loading

A number of cartilage abnormalities may only be explained 
and detected during joint motion and loading. MRI performed 
during loading or kinematic MRI may better visualize early 
joint and cartilage abnormalities leading to osteoarthritis. 
Abnormal patellofemoral joint motion is one of these con-
ditions and a possible cause of patellofemoral pain and 
accelerated joint degeneration. A recent study investigated 
patellofemoral joint kinematics during dynamic, weight-
bearing knee extension and assessed the effects of knee braces 
on patellofemoral motion [74]. The results of this study sug-
gested that some subjects with patellofemoral pain exhibit 

Fig. 18.7  T2 relaxation time maps overlaid on sagittal FSE images of the medial knee compartment. Low T2 values in (a) indicating low water 
content and suggesting integrity of collagen fibrils, while high T2 values in (b) indicate higher water content with cartilage degeneration, though 
cartilage volume appears to be maintained

Fig. 18.8  Sagittal high-resolution fat-saturated SPGR sequence of the 
hip showing cartilage with intermediate to high signal and allowing dif-
ferentiation of superior and anterior acetabular and femoral cartilage
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abnormal weight-bearing joint kinematics and that braces 
may be effective in reducing patellar maltracking in these 
subjects. Initial studies have also investigated cartilage matrix 
changes due to mechanical loading using T2 relaxation time 
measurements [75] and dGEMRIC [76]. In addition, investi-
gators have also focused on measuring T1rho and T2 changes 
due to loading in individuals with and without osteoarthritis 
and found more pronounced changes in patients with early 
degenerative changes in the medial joint compartment [77, 
78] (Fig. 18.9). Clearly, however, more work is needed to bet-
ter understand the response of abnormal cartilage to kine-
matic and loaded joint MRI and how these techniques would 
potentially affect patient management.

Summary and Conclusion

New operative and pharmacological therapeutic modalities, as 
well as vigorous preventive efforts targeted at osteoarthritis 
and related disability, have made cartilage imaging an impor-
tant area of research with increasing clinical significance. 
Though morphological imaging is of tremendous importance 
to plan therapies (such as cartilage repair), quantitative, bio-
chemical imaging has gained increasing relevance in detecting 
the earliest degenerative changes as well as in analyzing 

cartilage quality, which may predict development of 
osteoarthritis. These new imaging techniques may together 
with new pharmacological therapies and vigorous preventive 
efforts revolutionize management of osteoarthritis and could 
have a tremendous impact on population health. The future 
goals of cartilage imaging will be (a) to improve morphologi-
cal evaluation of cartilage also in joints which so far have been 
less accessible (such as the hip), (b) to standardize the new 
biochemical, cartilage matrix techniques, (c) to make analysis 
clinically feasible, (d) to understand whether these new 
techniques can predict the development of osteoarthritis, 
and (e) to provide evidence that they can effectively monitor 
new therapies.
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modified Noyes and Stabler
grade 0, 103, 111
grade 1, 103, 111
grade 2a, 103, 111
grade 3a, 103, 112
grade 2b, 103, 112
grade 3b, 103, 113

whole-organ magnetic resonance imaging score (WORMS)
grade 0, 103, 104
grade 4, 103, 107, 108
grade 3 and 1 lesion, 103, 107
grade 1 lesion, 103, 104
grade 2 lesion, 103–105
grade 2.5 lesion, 103, 105, 106
grade 3 lesion, 103, 106
grade 5 lesion, 103, 109
grade 6 lesion, 103, 110
meniscus with complex tear and deformity, 103, 115
meniscus with complex tear without deformity, 103, 114
meniscus with intrasubstance degeneration, 103, 115, 116
meniscus with severe tear and maceration, 103, 115
normal meniscus, grade 0, 103, 113
normal meniscus, grade 1, 103, 114

ACI. See Autologous chondrocyte implantation techniques
Acute anterior cruciate ligament (ACL), 166–168
Alcian blue, 4
Anatomy

and functional differences, subtypes, 1, 2
gross appearance, 1, 2

Ankle joint cartilage imaging, 234
Ankylosing spondylitis, 77
Arthritis, surgical management

arthroplasty, 24
nonoperative options, 24
realignment procedures/osteotomy, 24

Arthroplasty, 24
Arthroscopic articular cartilage rating scores

Noyes and Stabler score, 93
outerbridge score, 93

Articular cartilage
biomechanics

collagen network integrity, 199
magnetic resonance imaging, 200
mechanical stress, 200
tensile modulus, 199
T2 predictor, 200

chondrocytes ultrastructure, 5–6
collagen fibers orientation, 4

divisions, 3
mesenchymal cells condensation, 5
microarchitecture, 3
repair (see Cartilage repair)
special histochemical stains, 4
tidemark, 3

Autologous chondrocyte implantation (ACI) techniques
categories, 191–192
defect filling and signal intensity, 192
effusion and adhesions, 193
integration and graft surface, 192
milestones, 193
procedure, 23–24

B
Biochemical MR assessment, cartilage repair

collagen sensitive methodologies
hybrid sequences, 196–197
magnetization transfer contrast, 197
T2 relaxation, 195–196
T2* relaxation, 196

components, healthy hyaline cartilage, 193
goal, 199
histological studies, 193–194
proteoglycan/collagen sensitive methods

DWI, 197–198
T1 Rho, 198

proteoglycan sensitive methodologies
chemical exchange saturation transfer, 195
dGEMRIC technique, 194
sodium MRI, 194

Biomarkers
burden of disease cartilage imaging, 207
CEST

advantages, 224
drawbacks, 224
future developments, 224–225
mechanism, 223

classification system
burden of disease, 207
diagnosis, 207
efficacy of intervention, 208–209
investigative markers, 209
prognostic marker, 208

diagnostic cartilage imaging, 207
efficacy of intervention cartilage imaging, 208–209
investigative cartilage imaging, 209
MRI-derived measures, 206
need for, 213
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Biomarkers (cont.)
prognostic cartilage imaging, 208
radiographs, 205
requirements, 206
sodium NMR imaging

advantages, 215
disadvantages, 215
fixed-charge density (FCD), 214–215
future developments, 215–216
single and multiple quantum signal expressions, 214

T1r MRI
dipole–dipole interaction, 219
mechanism, 218–219
pulse sequences, 220–221
single and multi slice imagings, 219–220
spin-locking magnetization, 216–217
ultrahigh fields, 221–223
vector diagram, 216–217

validity, 206
BLOKS. See Boston–Leeds Osteoarthritis Knee Score
BMEL. See Bone marrow edema–like lesions
Bone contusion relationship, 19–20
Bone marrow edema–like lesions (BMEL), 164, 166
Bone marrow edema pattern, 72–73
Boston–Leeds Osteoarthritis Knee Score (BLOKS)

cartilage score 1
femur, anatomical delineation, 98, 99
grade, cartilage loss size, 98, 100
tibia, anatomical delineation, 98, 99

cartilage score 2
extrusion, 98
morphologic features, 98
reliability and validity, 98, 100
site-specific cartilage loss, 98

Burden of disease cartilage imaging biomarkers, 207

C
Cam-type impingement, 86, 87
Cartilage matrix assessment. See Delayed gadolinium-enhanced MRI 

of cartilage technique
Cartilage repair

biochemical MR assessment, 233–234
collagen sensitive methodologies, 195–197
components, healthy hyaline cartilage, 193
goal, 199
histological studies, 193–194
proteoglycan/collagen sensitive methods, 197–198
proteoglycan sensitive methodologies, 194–195

biomechanics
collagen network integrity, 199
magnetic resonance imaging, 200
mechanical stress, 200
tensile modulus, 199
T2 predictor, 200

morphological MR assessment
balanced SSFP imaging, 231
diffusion-weighted and diffusion tensor imagings, 232
high-field MRI, 185–187
MOCART system, 187–188
sagittal 3D FIESTA sequence, 231, 232
ultrashort TE imaging, 231–232

MR T2 relaxation time, 155–156
techniques

ACI method, 191–193
microfracture, 190–191
mosaicplasty, 191

Chemical exchange saturation transfer (CEST)
advantages, 224
drawbacks, 224
future developments, 224–225
mechanism, 223
proteoglycan sensitive cartilage repair, 195

Chondral damage. See Bone contusion relationship
Chondral defects

bone contusion relationship, 19–20
classification, 19, 20
clinical presentation, 20–21
surgical management

autologous chondrocyte implantation, 23–24
chondroplasty debridement, 21
microfracture and marrow stimulation techniques, 21
osteochondral allograft, 22–23
osteochondral autograft transfer/mosaicplasty, 21–22

Chondroplasty debridement, 21
Chondrosarcoma

arising from rib, 9
characteristic microscopic feature, 9
high-grade type, 10
pathologic feature, 9

Clinical aspects. See Chondral defects; Osteoarthritis
Contrast to noise ratio (CNR), 117
Conventional radiography

ankle assessment, 34
hip assessment, 34
joint space narrowing (see Joint space narrowing (JSN))
joint space width (see Joint space width (JSW))
knee, standardized radiographic assessment

extended-knee radiograph, 27
FF view, 28
limitations, 27
LS view, 28
patellofemoral joint, 34
semiflexed anteroposterior view, 28
semiflexed metatarsophalangeal (MTP) posteroanterior  

view, 29
technical specifications, 28
tibiofemoral joint space width, 29

strengths, 27
CT arthography

acquisition parameters, 39
advantages, 45
chondral repair

knee trauma, 45, 46
traumatic osteochondral lesion of talus, 45

internal derangement, joints, 44
limitations, 39
vs. MR arthography, 37
multidetector computer tomography (MDCT), 37
osteoarthritis and osteochondral lesions, preoperative  

work-up, 44–45
physiological defects, elbow, 39, 40
postoperative patients, 45
risks, 38–39
superficial chondral lesions

accuracy, 42
bi-compartmental osteoarthritis, 39, 41
cadaveric study, 42
cartilage thickness, 43
knee, grade 4 cartilage lesion, 39, 40
left hip pain, 39, 41
modified Outerbridge score, 39, 40
shoulder, 39, 42
spatial resolution, 42
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subchondral bone analysis, 44
technical considerations

contrast material type, 37–38
injection procedure, 38

D
DEFT. See Driven equilibrium Fourier transform
Degenerated cartilage, 199
Delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) technique

applications
cartilage degradation monitoring, 175–176
clinically relevant information., 177, 179
functional state indicator, 176
indentation stiffness measurements, 177
matrix replenishment, 179–181
radiography, 177

cartilage repair, 194
fixed charge density (FCD), 171
glycosaminoglycan (GAG)

assessment, 173–174
Donnan theory, 172–173
fixed charge density (FCD), 171
validation strategy, 174–175

hip dysplasia, 179
measurement, 63
patella cartilage, 178
pelvic osteotomy, 180
periacetabular osteotomy, 180
posterior cruciate ligament (PCL) injury, 181

3D DESS cartilage imaging sequence, 186–187
Diagnostic cartilage imaging biomarkers, 207
Diffusion tensor imaging (DTI), 231
Diffusion-weighted imaging (DWI), 197–198
Donnan theory, 172–173
Driven equilibrium Fourier transform (DEFT), 60
3D spoiled gradient recalled (SPGR) method

FLASH sequences, 59–60
MR T2 relaxation time, 146

E
Efficacy of intervention cartilage imaging  

biomarkers, 208–209
Effusion and peripatellar synovitis, 15
Elastic cartilage, normal histology, 6, 7
Extended-knee radiograph technique, 27

F
Fast imaging employing steady-state acquisition (FIESTA) cartilage 

imaging, 231, 232
Fast low angle shot (FLASH) sequences, 133–134
3D Fast spin-echo (FSE) cartilage imaging, 186
Femoroacetabular impingement (FAI), 64

cam-type, 86, 87
deformities, 86, 87
delayed gadolinium-enhanced magnetic resonance imaging 

(dGEMRIC) values, 88
hip cartilage matrix, 88
pincer-type, 86, 87

Fibrocartilage
annulus fibrosus, 2, 6, 7
Gomori trichrome stain, 6, 7

Field strengths, MRI techniques
low-field scanners, 49–50
peripheral extremity magnets, 53–54

1.5 T MRI, 50
3.0 T MRI, 50–52
7.0 T MRI, 52–53
weight-bearing MRI, 54

FIESTA. See Fast imaging employing steady-state acquisition 
cartilage imaging

Fixed charge density (FCD), dGEMRIC  
technique, 171

Fixed-flexion (FF) radiographic view, 28

G
GLCM. See Grey-level co-occurrence matrix
Glycosaminoglycan (GAG), dGEMRIC technique

assessment, 173–174
Donnan theory, 172–173
fixed charge density (FCD), 171
validation strategy, 174–175

 3D gradient-echo (GRE) cartilage imaging, 186
Grey-level co-occurrence matrix (GLCM), 164

H
Hip joint cartilage imaging, 234
Histology

articular cartilage (see Articular cartilage)
elastic cartilage, 6
fibrocartilage, 6
growth plate, 6

I
ICRS score, 94–95
Imaging biomarkers

CEST
advantages, 224
drawbacks, 224
future developments, 224–225
mechanism, 223

classification system
burden of disease, 207
diagnosis, 207
efficacy of intervention, 208–209
investigative markers, 209
prognostic marker, 208

MRI-derived measures, 206
need for, 213
radiographs, 205
requirements, 206
sodium NMR

advantages, 215
disadvantages, 215
fixed-charge density (FCD), 214–215
future developments, 215–216
single and multiple quantum signal  

expressions, 214
T1r MRI

dipole–dipole interaction, 219
mechanism, 218–219
pulse sequences, 220–221
single and multi slice imagings, 219–220
spin-locking magnetization, 216–217
ultrahigh fields, 221–223
vector diagram, 216–217

validity, 206
IM- and T2-weighted fast spin echo (FSE)  

sequence, 57–59
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Inflammatory arthropathies
ankylosing spondylitis, 77
RA-MRI scoring system (RAMRIS), 76
rheumatoid arthritis, 75
T2 relaxation time measurements, 77

Investigative cartilage imaging biomarkers, 209

J
Joint effusion, 74–75
Joint motion and loading, 234–235
Joint space narrowing (JSN)

focal cartilage defect, 29, 30
KL and OARSI grading system, 32–33
vs. MRI findings, 29, 31, 32
posterior femoral condyle defect, 29, 30
structural processes, 32

Joint space width (JSW)
meniscal malposition, 32
quantitative measurements, 33
vs. tibial and femoral cartilage thickness, 29
weight-bearing plain-film macroradiographs, 29

K
Kellgren-Lawrence (KL) grading systems, 32–33
Knee cartilages

quantitative MR imaging
anatomical features, 128–130
crosssectional and longitudinal variation, 132
curvature estimation, 131
3D reconstruction, 128
morphological features, 128, 129
outcomes, 129
pitfalls, cartilage volume, 131
radiographic joint space width, 133
rate of change and sensitivity, 132
sagittal 3D DESS MR images, 129–130
SPGR/FLASH sequences, 133–134
statistical features, 128
test–retest reproducibility, 131, 132

standardized radiographic assessment
extended-knee radiograph, 27
FF view, 28
limitations, 27
LS view, 28
patellofemoral joint, 34
semiflexed anteroposterior view, 28
semiflexed metatarsophalangeal (MTP) posteroanterior view, 29
technical specifications, 28
tibiofemoral joint space width, 29

KOSS score, 97–98

L
Ligamentous abnormalities, 74
Low spin-lock frequency (RF) cycling technique, 161, 162
Lyon-Schuss (LS) radiographic view, 28

M
Magnetic resonance imaging (MRI). See also Segmentation

femoroacetabular impingement, 86–88
nonspecific osteochondral lesions, 82–85
osteoarthritis

bone marrow edema pattern, 72–73

cartilage abnormalities, 68–72
clinical findings, 68
inflammatory arthropathies, 75–77
joint effusion and synovitis, 74–75
ligamentous abnormalities, 74
meniscal degeneration, 73–74
radiographs, 67, 68
WOMAC pain scores, 68

osteochondritis dissecans (see Osteochondritis dissecans)
osteonecroses and insufficiency fractures, 85–86
semiquantitatively grade cartilage pathology

arthroscopic articular cartilage rating scores, 93
modified arthroscopic cartilage scores, 93–95
semiquantitative whole organ scores, 95–100

techniques
ankle, 64
dGEMRIC measurement, 63
elbow, 63
field strengths, 49–54
hip, 64
sequence protocols, 57–62
shoulder, 63–64
surface coils (see Surface coils, MRI techniques)
T2 quantification, 62
T1 rho quantification, 62–63
wrist, 63

traumatic cartilage injury, 79–82
Magnetic resonance observation of cartilage repair tissue (MOCART) 

scoring system, 187–188
Magnetization transfer contrast (MTC)

cartilage repair imaging, 197
MR T2 relaxation time, 146

Marrow stimulation techniques
fibrocartilage scar tissue, 21
medial femoral condyle, Grade 4 lesion, 21, 22

Matrix-associated autologous chondrocyte transplantation (MACT)
cartilage repair imaging, 186–188, 197
MR T2 relaxation time, 156

Matrix composition, 2–3
Meniscal degeneration, 73–74
Meniscus, 15–16
Microfracture repair (MFX) tissue assessment, 190–191
Microfracture stimulation techniques, 21
Microfracture therapy (MFX), 156
Modified arthroscopic cartilage scores

ICRS score, 94–95
Recht scores, 93–94

Modified Outerbridge classification, 19, 20
Morphological MR assessment, cartilage repair

balanced SSFP imaging, 231
diffusion-weighted and diffusion tensor imaging, 232
high-field MRI, 185–187
MOCART system, 187–188
sagittal 3D FIESTA sequence, 231, 232
ultrashort TE imaging, 231–232

Mosaicplasty, 21–22. See also Osteochondral autograft transfer
MR T2 relaxation time

calculation method, 146–147
clinical applications

aging, 154
cartilage repair tissue assessment, 155–156
control vs. OA patients, 152–153
gender, 154
OA related knee pain, 155
physical activity, 154
precision error, 150, 152
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image acquisition and processing, 145–147
image analysis

articular cartilage compartments, 150
compartments, 147
laminar analysis, 148, 152
mean T2 value, 148
meniscal compartments, 151
segmentation techniques, 147–148
SPGR images, 147–149
texture analysis, 148, 150

MR T
1
r relaxation time

biochemical composition, 162
definition, 159
osteoarthritis

ACL-injured knees, 166–168
BMEL, 164, 166
GLCM, 164
glycosaminoglycan (GAG) contents, 163
healthy control, 164, 165
T

2
 values, 163, 164

principles, 159–160
quantification

osteoarthritis, 162–167
in vitro studies, 162
in vivo studies, 162–167

relaxation mechanism, 160
sequence development, 160–162
spin-lock experiment, 160
weighted imaging sequences

b-GRE sequence, 162
challenge, 162
2D data acquisition, 160
3D data acquisition, 161–162
parts, 160
RF cycling technique, 161, 162

N
Neoplasia, pathology

characteristic feature, 8, 9
chondrosarcoma, 9–10
enchondroma, 9

Nonspecific osteochondral lesions, 82–85
Noyes and Stabler score, 93

O
OARSI. See Osteoarthritis Research Society International grading 

system
Orthopedic surgeon's perspective. See Chondral defects
Osteoarthritis (OA)

bone marrow edema pattern, 72–73
cartilage abnormalities
characteristic symptoms, 12
clinical findings, 68
diagnosis, 12–13
inflammatory arthropathies, 75–77
joint effusion and synovitis, 74–75
joint pain, 11
ligamentous abnormalities, 74
local tissue pathology

adipose tissue, 16
effusion and peripatellar synovitis, 15
hyaline articular cartilage, 13–14
meniscus, 15–16

periarticular muscles, 16
subchondral bone, 14
synovial reaction, 14
synovitis score, 15

meniscal degeneration, 73–74
MR T

1
r relaxation time

ACL-injured knees, 166–168
BMEL, 164, 166
GLCM, 164
glycosaminoglycan (GAG) contents, 163
healthy control, 164, 165
T

2
 values, 163, 164

obesity, 16
pain contributing factors, 13
pathology

eburnation process, 7
gross and histologic changes, 6–7
gross and microscopic features, 7, 8
histologic grading, 7, 8
matrix metalloproteases (MMPs), 7–8

physical activity modification programs, 229
physical examination features, 12
prevalence of hip, 12
quantitative MR imaging

disadvantage, 127
knee cartilages, 129–131
measurement protocols, 133–135
vs. MRI-based semiquantitative imaging, 127–128
performance, cartilage outcome measures, 131–133
rate of change and sensitivity, 135–136
structural changes, articular tissues, 127
subregional analysis, cartilage loss, 136–140

radiographs, 67, 68
risk for disability, 11
symptomatic, 11
thumb carpo-metacarpal joint, 12
treatment

cartilage repair procedures, 229–230
pharmacotherapies, 229

WOMAC pain scores, 68
Osteoarthritis Research Society International (OARSI) grading 

system, 32–33
Osteochondral allograft, 22–23
Osteochondral autograft transfer (OAT), 21–22

arthroscopic image, 229
cartilage and bone, 191
graft and adjacent bone, 191

Osteochondral defect, 97
Osteochondritis dissecans

adult vs. juvenile, 77
arthroscopic grading system, 77
Bohndorf's classifcation, 78
early diagnosis, 77
elbow, 77, 78
stage 1, 78, 79
stage 2, 79
stage 3, 79, 80

Osteonecroses, 85–86
Osteotomy, 24
Outerbridge score, 93

P
Pathology. See also Conventional radiography; CT arthography

neoplasia, 8–10
osteoarthritis, 6–8
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Peripheral extremity magnets, 53–54
Pharmacotherapies, 229
Pincer-type impingement, 86, 87
Prognostic cartilage imaging biomarkers, 208

Q
Quantitative cartilage morphometry, 138–139
Quantitative MR imaging

disadvantage, 127
knee cartilages

anatomical features, 128–130
crosssectional and longitudinal variation, 132
curvature estimation, 131
3D reconstruction, 128
morphological features, 128, 129
outcomes, 129
pitfalls, cartilage volume, 131
radiographic joint space width, 133
rate of change and sensitivity, 132
sagittal 3D DESS MR images, 129–130
SPGR/FLASH sequences, 133–134
statistical features, 128
test–retest reproducibility, 131, 132

measurement protocols, 133–135
vs. MRI-based semiquantitative imaging, 127–128
performance, cartilage outcome measures, 131–133
rate of change and sensitivity

cartilage loss, 135–136
cartilage thickness, 135

structural changes, articular tissues, 127
subregional analysis, cartilage loss

cross-sectional studies, 136
longitudinal studies, 136–137
MRI and radiographic changes, 137–138
ordered value approach, 137
risk factors identification, 138–139
TKA, 139

R
Realignment procedures

T2-weighted coronal sequence, 24, 25
weight-bearing axis, 24

Recht scores, 93–94
Rheumatologist's perspective. See Osteoarthritis

S
Safrarin-O, 4
Segmentation

cartilage volume
accuracy and precision, 122
bone marrow lesions, 124
clinical utility, 121
cross-sectional studies, 123–124
gray-level interpolation, 121
isotropic voxels, 121
longitudinal studies, 122–123
meniscal damage and extrusion, 124
MRI vs. radiography, 122
shape-based interpolation, 121, 122
symptoms and clinical outcome, 123

2D and 3D approach, 120
femoral and acetabular, 121

goals, 119
morphological measurements, 119
pulse sequence requirements, 117–118

DEFT, 118
high-spatial resolution, 117
hip joint, sagittal acquisition, 118, 119
short echo time, 118
SNR and CNR, 117

quadratic B-spline snake, 120
semiautomatic spline technique, 232–233
semiautomatic techniques, 119, 120
statistical classification, 120
superimposition technique, 147
watershed transform, 120

Semiquantitatively grade cartilage pathology
arthroscopic articular cartilage rating scores

Noyes and Stabler score, 93
outerbridge score, 93

modified arthroscopic cartilage scores
ICRS score, 94–95
Recht scores, 93–94

Semiquantitative whole organ scores
BLOKS, 98–100
KOSS, 97–98
UCSF, 100–101
WORMS, 95–97

Sequence protocols
DEFT imaging, 60
3D SPGR and FLASH sequences, 59–60
IM-and T2-weighted FSE sequence, 57–59
MR arthrography, 62
sagittal 3D DESS, 60
SSFP imaging, 60–61

Signal to noise ratio (SNR), 117
Sodium MR imaging, 194

multiple quantum-filtered (MQF) spectroscopy, 214–215
NMR imaging biomarkers

advantages, 215
disadvantages, 215
fixed-charge density (FCD), 214–215
future developments, 215–216
single and multiple quantum signal  

expressions, 214
Spontaneous necrosis of the knee (SONK), 85
SSFP. See Steady-state free precession (SSFP) imaging
Standardized response mean (SRM), 123
Steady-state free precession (SSFP) imaging, 60–61, 231
Structure and functional roles, 1
Subchondral bone analysis, 44
Superficial chondral lesions, CT arthography

accuracy, 42
bi-compartmental osteoarthritis, 39, 41
cadaveric study, 42
cartilage thickness, 43
knee, grade 4 cartilage lesion, 39, 40
left hip pain, 39, 41
modified Outerbridge score, 39, 40
shoulder, 39, 42
spatial resolution, 42
subchondral bone analysis, 44

Surface coils, MRI techniques
acceleration factor (AF), 56
human cadaver ankle joint, 56
image quality effect, 55, 56
intraclass correlation coefficient (ICC), 56–57
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parallel imaging (PI), 55
phased-array knee coil, 54, 55

Synovitis. See Joint effusion
Synovitis score, 15

T
T- and Z-scores, 123
Tidemark, 3
TKA. See Total knee arthroplasty
Total knee arthroplasty (TKA), 139
T2 quantification, 62
Traumatic cartilage injury

Bohndorf's classification, 81–82, 84
osteochondral injuries, 79–80

T2 relaxation time
mapping, 195–196
physical activity, osteoarthritis prevention, 231
sagittal FSE images, knee compartment, 234

T1 rho (r)
MR imaging

dipole–dipole interaction, 219
mechanism, 218–219
pulse sequences, 220–221
single and multi slice imagings, 219–220
spin-locking magnetization, 216–217
ultrahigh fields, 221–223
vector diagram, 216–217

quantification, 62–63
relaxation, 198
weighted imaging sequences

b-GRE sequence, 162
challenge, 162
2D data acquisition, 160
3D data acquisition, 161–162
parts, 160
RF cycling technique, 161, 162

3D True-FISP cartilage imaging sequence, 187

U
UCSF score, 100–101

V
Volumes of interest (VOI) segmentation technique, 148
Volumetric cartilage quantification, 232–233

W
Whole-organ magnetic resonance imaging score (WORMS), 166

articular surfaces, regional subdivision, 95, 96
cartilage signal and morphology, 95, 96
knee images, articular features, 95
medial and lateral collateral ligament, 97
medial and lateral condyles, 95


	Cover

	Cartilage Imaging
	ISBN 9781441984371

	Preface
	Contents
	Contributors
	Chapter 1: Anatomy and Histology of Cartilage
	Introduction
	Anatomy
	Matrix Composition
	Normal Histology
	Articular Cartilage
	Growth Plate
	Fibrocartilage
	Elastic Cartilage

	Pathology
	Osteoarthritis
	Neoplasia

	References

	Chapter 2: Clinical Aspects: A Rheumatologist’s Perspective
	Introduction
	What Is OA?
	What Are the Characteristic Symptoms of OA?
	Tailoring the Physical Exam: What Signs Are Associated with OA?
	The Diagnosis of OA
	What Are the Diagnostic Criteria for Osteoarthritis?
	Factors That Contribute to Pain
	Local Tissue Pathology
	Hyaline Articular Cartilage
	Subchondral Bone
	Synovitis, Effusion
	Meniscus
	The Role of Other Tissues

	Conclusion
	References

	Chapter 3: Clinical Aspects: An Orthopedic Surgeon’s Perspective
	Introduction
	Classification of Chondral Defects
	The Relationship of Bone Contusion to Chondral Damage
	Clinical Presentation
	Surgical Management of Chondral Defects
	Chondroplasty Debridement
	Microfracture and Marrow Stimulation Techniques
	Osteochondral Autograft Transfer/Mosaicplasty
	Osteochondral Allograft
	Autologous Chondrocyte Implantation

	Surgical Management of Arthritis
	Nonoperative Options
	Realignment Procedures/Osteotomy
	Arthroplasty

	Future Directions
	Summary
	References

	Chapter 4: Conventional Radiography as an Indirect Measure for Cartilage Pathology
	Introduction
	Protocols for Standardized Radiographic Assessment of the Knee
	Lyon-Schuss View
	Fixed-Flexion View
	Other Views
	Performance of Lyon-Schuss and Fixed-Flexion Views

	Joint Space on Radiographs as an Indirect Measure of Cartilage Thickness
	Semiquantitative Assessment of Joint-Space Narrowing Using Kellgren–Lawrence and Osteoarthrits Research Society International 
	Quantitative Assessments of Joint Space
	Radiographic Assessment of Cartilage in the Patellofemoral Joint of the Knee, Hip, and Ankle
	Conclusion
	References

	Chapter 5: Value of CT Arthrography in the Assessment of Cartilage Pathology
	Introduction
	Technical Considerations
	Type of Contrast Material
	Injection Procedures
	Usefulness of Conventional Radiographs Performed After the Injection
	Exercise Prior to CT?
	Risks
	Acquisition Parameters
	Limitations

	Findings
	Normal Aspect of Cartilage
	Evaluation of Superficial Chondral Lesions
	Evaluation of Cartilage Thickness
	Evaluation of the Subchondral Bone

	Indications of CT Arthrography for the Study of Cartilage
	Whenever MR Arthrography Is Not Possible
	Evaluation of Internal Derangement of the Joints
	Preoperative Work-up of Osteoarthritis and Osteochondral Lesions, for Both Thick and Thin Cartilage
	Postoperative Patients
	Follow-up of Chondral Repair
	Accurate Evaluation of Cartilage Thickness

	Conclusion
	References

	Chapter 6: MRI of Cartilage: Standard Techniques
	Field Strength
	Low-Field Scanners
	1.5 T MRI
	3.0 T MRI
	7.0 T MRI
	Peripheral Extremity Magnets
	Weight-Bearing MRI

	Surface Coils
	Sequence Protocols
	IM- and T2-Weighted FSE Sequences
	3D SPGR and FLASH Sequences
	Other Sequences
	MR Arthrography
	Quantitative Imaging of the Cartilage Matrix

	T2 Quantification
	T1rho Quantification
	dGEMRIC
	MR Imaging in Relation to Joint Specific Requirements
	Conclusion
	References

	Chapter 7: MRI of Cartilage: Pathological Findings
	Osteoarthritis
	Cartilage Abnormalities
	Bone Marrow Edema Pattern and Other Bone Marrow Lesions
	Meniscal Degeneration
	Ligamentous Abnormalities
	Joint Effusion and Synovitis

	Inflammatory Arthropathies
	Osteochondritis Dissecans
	Traumatic Cartilage Injury
	Nonspecific Osteochondral Lesions
	Osteonecroses and Insufficiency Fractures
	Femoroacetabular Impingement
	Summary and Conclusion
	References

	Chapter 8: Scoring Systems to Semiquantitatively Grade Cartilage Pathology with MRI
	Arthroscopic Articular Cartilage Rating Scores
	Outerbridge Score
	Noyes and Stabler Score

	Modified Arthroscopic Cartilage Scores for MRI
	Recht Scores
	ICRS Score

	Semiquantitative Whole Organ Scores
	WORMS Score
	KOSS Score
	BLOKS Score
	Cartilage Score 1
	Cartilage Score 2

	UCSF Score

	Summary
	References

	Chapter 9: Atlas: Cartilage Abnormalities and Scores
	References

	Chapter 10: Cartilage Segmentation
	Magnetic Resonance Imaging for Quantitative Cartilage Morphology
	Pulse Sequence Requirements
	Current and Emerging Pulse Sequences for Cartilage Morphology

	Cartilage Quantification
	Cartilage Segmentation
	Cartilage Volume

	Clinical Utility of MRI Cartilage Volume
	MRI Cartilage Volume: Accuracy and Precision
	MRI Cartilage Volume and Radiography
	Longitudinal Studies
	MRI Cartilage Volume: Symptoms and Clinical Outcome
	Cross-sectional Studies

	Cartilage Volume and Its Relationship with Other Tissues
	Summary
	References

	Chapter 11: Quantitative MR Imaging of Cartilage Morphology in Osteoarthritis
	Preamble and Introduction
	Cartilage Morphology Outcomes and Regions of Interest in the Knee
	Relative Performance and Interrelationship of Cartilage Morphology Measures
	Imaging Protocols for Measurement of Cartilage Morphology and Their Validation
	Rate of Change and Sensitivity to Change in OA
	Spatial Patterns of Cartilage Loss in OA/Subregional Analysis
	Cross-sectional Studies
	Longitudinal Studies
	Ordered Value Approach (Subregion Ranking)

	Comparison of MRI with Radiographic Changes in OA
	Risk Factors of Cartilage Loss Identified by Quantitative Cartilage Morphometry
	Correlation of Cartilage Loss with Clinical Outcome, and Treatment Response in OA
	Future Directions
	References

	Chapter 12: MR T2 Relaxation Time Measurements for Cartilage and Menisci
	Introduction
	Background
	Image Acquisition and Processing
	Imaging Sequences and Field Strength
	T2 Relaxation Time Measurements

	Image Analysis
	Compartments
	Segmentation
	Calculation of T2 Relaxation Time Parameters

	Clinical Applications
	Precision of T2 Measurements
	Association of T2 Measurements with OA
	Association of T2 Measurements with Aging
	Association of T2 Measurements with Gender
	Association of T2 Measurements with Physical Activity
	Interrelationship of Cartilage T2 with the Underlying Bone
	Association of T2 Measurements with OA-Related Knee Pain
	Assessment of Cartilage Repair Tissue Using T2 Measurements

	Summary
	References

	Chapter 13: MR T1r Relaxation Time Quantification in Cartilage
	Introduction
	Definition and Basic Principles of MR T1r Relaxation Time
	Sequence Development of MR T1r in Cartilage
	MR T1r Quantification in Cartilage Specimens
	In Vivo MR T1r Quantification in Cartilage and Meniscus
	Summary
	References

	Chapter 14: Cartilage Matrix Assessment Using dGEMRIC
	Introduction
	Cartilage Fixed Charge Density (FCD) from Sulfated Glycosaminoglycans (S-GAG): Implications of FCD to Cartilage Pathophysiolog
	Donnan Theory: The Basis for Imaging of Cartilage GAG
	Assessing GAG by the dGEMRIC (Delayed Gadolinium-Enhanced MRI of Cartilage) Method
	Evidence that dGEMRIC Measures FCD and [GAG]
	dGEMRIC Opportunities
	In Vitro Monitoring of Cartilage Degradation, Development, and Repair
	dGEMRIC as an Indicator of Functional State
	In Vivo Studies: Changing the Paradigm: Improved Observation and Differentiation of Physiologic and Pathologic States and Res
	Changing the Paradigm: Evidence that dGEMRIC May Provide Clinically Useful Predictive Information
	Changing the Paradigm: Evidence that Cartilage Has the Capacity to Replenish Its Matrix

	Summary
	References

	Chapter 15: Imaging of Cartilage Repair
	Introduction
	Morphological MR Assessment of Cartilage Repair
	Morphological MR Sequences for Cartilage Repair Assessment
	MRI Scores
	Monitoring of Various Cartilage Repair Techniques
	Microfracture
	Mosaicplasty
	Cartilage and Bone Integration
	Cartilage and Bone Signal Intensity
	Graft and Adjacent Bone

	ACI Techniques
	Defect Filling
	Integration
	Structure and Surface
	Signal Intensity
	Subchondral Lamina and Bone
	Adhesions
	Effusion
	Regular Development of ACI/MACI Grafts




	Biochemical MR Assessment of Cartilage Repair
	Basics of Biochemical MRI of Healthy Cartilage and Cartilage Repair
	Proteoglycan Sensitive
	Delayed Gadolinium-Enhanced MRI of Cartilage
	Sodium (23Na) MR Imaging
	Chemical Exchange Saturation Transfer Imaging

	Collagen Sensitive
	T2 Relaxation Time Mapping
	T2* Relaxation Time Mapping
	Hybrid Sequences
	Magnetization Transfer Contrast

	Proteoglycan and/or Collagen Sensitive
	Diffusion-Weighted Imaging
	T1 Rho

	Summary/Discussion of Biochemical MRI of Cartilage Repair

	Biomechanics of Articular Cartilage and Repair
	Basics of Articular Cartilage Biomechanics
	Biomechanics of Degenerated Cartilage
	Cartilage Biomechanics and MRI

	References

	Chapter 16: Cartilage as a Biomarker
	Introduction
	Imaging-Based Cartilage Biomarkers
	Requirements for Imaging Biomarkers: Validity and Reliability
	Proposed Biomarker Classification System for OA According to Bauer et al.
	Role of Cartilage Imaging Biomarkers in Diagnosing OA
	Classification of Disease Burden with Cartilage Imaging Biomarkers
	Imaging Biomarkers and Their Role in Assessing the Prognosis of OA
	Classifying the Efficacy of Intervention with Imaging Biomarkers
	Investigative Cartilage Imaging Biomarkers

	Summary and Conclusion
	References

	Chapter 17: Frontiers in Molecular Imaging of Cartilage: Future Developments
	The Need for Imaging Biomarkers
	Sodium NMR
	Sodium NMR of Cartilage
	Single Quantum (SQ) Signal Expression
	Sodium MQF Spectroscopy and Imaging
	Sodium MRI of Cartilage Fixed-Charge Density (FCD)

	Advantages and Drawbacks
	Future Perspectives

	T1r MRI
	Mechanism of T1r Relaxation in Cartilage
	T1r MRI of Cartilage
	Current Status
	Imaging Pulse Sequences
	Extension to Ultrahigh Fields
	Effect of Chemical Exchange on T1r Sensitivity at Ultrahigh Fields
	SAR Considerations
	Low SAR Approaches

	Summary

	Chemical Exchange Saturation Transfer (CEST)
	Current Status
	Advantages and Drawbacks

	Future Developments
	References

	Chapter 18: Future Perspective and Significance of Cartilage Imaging and Quantification
	Introduction
	Prevention
	Treatment

	Significance of Cartilage Imaging and Quantification
	Future Requirements for Cartilage Imaging
	Morphological MR Techniques
	Volumetric Cartilage Quantification
	Biochemical MR Techniques
	Imaging of Hip, Ankle, and Other Joints
	Imaging of Joint Function and Loading

	Summary and Conclusion
	References

	Index

