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Abstract With the introduction of
fat-suppressed gradient-echo and fast
spin-echo (FSE) sequences in clini-
cal routine MR visualization of the
hyaline articular cartilage is routine-
ly possible in the larger joints. While
3D gradient-echo with fat suppres-
sion allows exact depiction of the
thickness and surface of cartilage,
FSE outlines the normal and abnor-
mal internal structures of the hyaline
cartilage; therefore, both sequences
seem to be necessary in a standard
MRI protocol for cartilage visualiza-
tion. In diagnostically ambiguous
cases, in which important therapeutic
decisions are required, direct MR ar-
thrography is the established imag-

ing standard as an add-on procedure.
Despite the social impact and preva-
lence, until recent years there was a
paucity of knowledge about the
pathogenesis of cartilage damage.
With the introduction of high-resolu-
tion MRI with powerful surface coils
and fat-suppression techniques, visu-
alization of the articular cartilage is
now routinely possible in many
joints. After a short summary of the
anatomy and physiology of the hya-
line cartilage, the different MR im-
aging methods are discussed and rec-
ommended standards are suggested.
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MRI of the cartilage

Introduction

With the introduction of high-resolution MRI with pow-
erful surface coils and fat-suppression techniques, visual-
ization of the articular cartilage is now routinely possible
in many points. Cartilage damage is very well visualized.
This prominent position of MRI in diagnosis and staging
of cartilage lesions is due to the newest developments in
cartilage repair. Advances in molecular biology have put
MRI in an even more prominent clinical position.

Anatomy and physiology of the hyaline cartilage

The term “hyaline” cartilage refers, somewhat mislead-
ingly, to the amorphous, homogeneous appearance of
cartilage matrix by light microscopy; however, cartilage
is actually quite fibrous and demonstrates marked 3D an-
isotropy. Cartilage can be divided into four (or five)

zones, depending on the differentiation of the most su-
perficial zone into one or two compartments, and is
based on the morphology and arrangement of chondro-
cytes and the staining properties of the matrix. The deep-
est layer, representing 5% of the entire volume, is calci-
fied and serves to anchor an extensive network of colla-
gen fibrils that radiate toward the surface in dense bun-
dles linked together by bridging fibrils. More superfi-
cially, the collagen fibrils become thinner and more ran-
domly organized, with numerous, obliquely oriented fi-
brils to resist the shearing forces that arise there. Ulti-
mately, the fibrils band together at the articular surface
to form a compact, tangentially arranged layer that is rel-
atively impermeable to water. This fine network of colla-
gen fibrils is further organized into parallel leaves or
laminae that radiate vertically from the calcified zone.
Superficially, these laminae become thinner and arch
over to form highly packed horizontal leaves at the artic-
ular surface (Fig. 1) [1, 2, 3, 4, 5, 6].
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Between the deep calcified zone and the uncalcified
cartilage lies the so-called tide mark representing the
mineralized front of the calcified cartilage (Fig. 2). In
case of severe stress with overloading, the mineralization
zone can be duplicated or even multifolded. This is due
to a quick repair process that builds new mineralization
fronts leaving behind deep zones of uncalcified cartilage
(Fig. 3). The chondrocytes produce the collagen fibrils
and as ground substance proteoglycans. The distribution
of proteoglycans within the cartilage matrix is related to
mechanical requirements. This distribution varies mark-
edly from joint to joint, geographically within a single
articular cartilage, and as a function of age. There are
structural changes in proteoglycans that occur during ag-
ing that differ from those of degenerative osteoarthritis. 

The negatively charged proteoglycans of the cartilage
exert osmotic pressure to draw water into the cartilage,
which counteracts mechanical pressures, forces water
out, and produces an expansion pressure that is resisted
by the tension in the collagen fibers. Under physiological
conditions, the stiff collagen fibers prevent proteogly-
cans from taking up water maximally [2, 3, 4].

The extreme smooth surface of the hyaline cartilage
serves as gliding surface with a very low resistance. The
elasticity of the hyaline cartilage is, only to a very small
degree, a load cushion. The majority of the load forces
are usually taken up by the subchondral bone (30%),
whereas normal hyaline cartilage takes only 1–3% of the
load forces. In addition to its “lubricant” task, hyaline
cartilage dissipates loading forces to a larger surface,
which lowers the maximal load. It must also be empha-

sized that the subchondral bone and hyaline cartilage are
a functional unit in load dissipation and uptake, vascular-
ization, nutrition, and repair mechanisms. During physi-
ologic articular loading and unloading, the cartilage and
subchondral region are deformed. This maintains nutri-
tion. Complete immobilization with steady unloading re-
sults in decreased synthesis of proteoglycans and fibrils
by the chondrocytes and loss of cartilage. Conversely,
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Fig. 1 Different layers of hyaline cartilage and subchondral bone
with vessels. Figures 1, 2, and 3 are from [63]

Fig. 2 Histological section with hematoxylin and eosin staining.
The tidemark (solid arrow) borders calcified and uncalcified carti-
lage and represents the mineralization front. The calcified carti-
lage is connected to the cortical endplate. A subchondral vessel
reaches the tidemark (open arrow)

Fig. 3 Histological section of hyaline cartilage with duplication of
the tide mark (arrows)



exercise increases synthesis, leading to thickening and
swelling of cartilage.

Normal replacement of cartilage begins from the cal-
cified cartilage, which, throughout life, has the same
thickness. Calcified cartilage is absorbed from the sub-
chondral side by invading tiny vessels, as it advances in-
to the uncalcified cartilages. This leads to constant re-
modelling of the joint and reduces the incongruency of
the joints. Increasing joint congruency with aging dimin-
ishes physiologic loading, unloading, and nutrition, and
may be one cause of aging. Uncalcified cartilage may
become thinner with age.

Imaging

The purpose of cartilage imaging is to visualize the sur-
face of the cartilage, as well as its matrix thickness, vol-
ume, and subchondral borders. Currently, MRI is the
standard imaging method for this purpose.

T1-weighted spin-echo (SE) imaging can depict
boundaries between cartilage and subchondral bone but
is relatively poor at demonstrating cartilage–fluid inter-
faces (Fig. 4) [7]. In a non-blinded study of naturally oc-
curring lesions in 20 cadaveric knees, only 70% of le-
sions were detectable [8]. With conventional T2-weight-
ed spin-echo-sequences the signal of cartilage decreases
much faster than that of joint fluid. This mismatch in-
creases the contrast between cartilage and effusion; how-
ever, the signal-to-noise ratio is generally insufficient to
support high spatial resolution. Furthermore, the prefer-
ential loss of signal from the deep layers of cartilage
with long echo times obscures the interface between car-
tilage and subchondral bone, which makes it difficult to
obtain an accurate measurement of cartilage thickness or
volume [9, 10]. One study demonstrated only a 52% ac-
curacy rate with conventional T2-weighted SE sequences
to detect naturally occurring lesions in the patello-femo-
ral joints of cadaver [10].

In high-field MRI (7.05 T), short-TE projection re-
construction MR microscopy proved to be reliable for
measurements of cartilage thickness in an ex vivo study
[11]. The signal in cartilage is highly dependent on the
relative orientation of its collagen fibers, and moreover
the deep layer of the cartilage shows rapid signal decay
due to short T2 relaxation times. The good result has
been attributed to the ability to use short TE to obtain
MR signal also from structures with short T2. As the
deep layer of cartilage was homogeneously hyperintense,
the delineation from the hypointense tidemark/cortical
bone was improved.

Fast spin-echo (FSE) imaging combines the heavy
T2-weighting, magnetization transfer effects and relative
preservation of high signal intensity in the marrow fat to
produce images in which articular cartilage has extreme-
ly low signal intensity, whereas joint fluid and subchon-

dral bone exhibit high signal intensity. Thus, contrast be-
tween cartilage and adjacent joint fluid and bone marrow
is high [12]; however, the boundary between the calci-
fied deepest layer of cartilage, which can thicken in
cases of degeneration, and the subchondral bone may be
obscured. Since FSE sequences allow multiple acquisi-
tions to be obtained within a reasonable imaging time,
T2-weighted FSE imaging can provide sufficient signal-
to-noise ratio to allow a high in-plane resolution matrix
(Fig. 5). The unusual T2 behavior of cartilage is exclu-
sively due to the presence and organization of collagen
[13, 14]. Collagen, with a highly regular structure, tends
to immobilize water molecules and promote dipolar in-
teractions between their protons, thus accelerating T2 re-
laxation.

An ex vivo study using magnetic resonance microsco-
py (MRM) showed a good correlation between a trilami-
nar appearance of the cartilage and histology [15]. In this
study, a hypointense superficial layer, an intermediate
hyperintense layer, and a deep hypointense layer were
found. The authors claimed that the different signal in-
tensities might represent the different concentration of
collagen concentration, which are maximum in the su-
perficial and in the deep layer. A 90° rotation around the
longitudinal axis of the bone led to loss of trilaminar ap-
pearance, which was attributed to the different (anisotro-
pic) collagen fiber orientation, thus leading to a reduced
dipole-to-dipole interaction with a corresponding in-
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Fig. 4 Magnetic resonance imaging of the knee joint (T1-weight-
ed spin echo): Boundaries between uncalcified cartilage and sub-
chondral bone (including calcified cartilage) are well demonstrat-
ed. Boundaries between cartilage and synovial fluid are not recog-
nizable



crease in T2 relaxation. T2-weighted FSE sequences are
therefore useful not only due to the high contrast be-
tween cartilage and adjacent synovial fluid for the detec-
tion of surface defects, but also for the detection of early
matrix damage, potentially at a stage at which cartilage
is still salvageable [16].

Because of the multiple refocusing 180° radiofre-
quency pulses, the T2-weighted FSE sequence is rela-
tively insensitive to magnetic susceptibility artifacts,
which may be important in patients who have undergone
previous arthroscopy and ligamentous reconstruction,
and can be used to accurately detect associated meniscal
and ligamentous pathology.

However, FSE imaging as a two-dimensional se-
quence is limited to a minimum section thickness of
3 mm. Thinner slices (2 mm) can now be obtained with
two-dimensional FSE sequences on higher performance
gradient subsystems, which are currently becoming com-
mercially available; however, multiplanar reconstruc-
tions, which are often important in evaluating the curved
structures in joints, cannot be performed.

Gradient-echo (GRE) sequences with a longer TE de-
crease the relative signal intensity of cartilage and im-
prove cartilage fluid contrast but only at the cost of sig-
nal-to-noise ratio and, therefore, spatial resolution.
Moreover, due to magnetic susceptibility artifacts from
the deep calcified layer of cartilage and cancellous sub-

chondral bone, long TE GRE sequences obscure the car-
tilage bone interface and make quantification of cartilage
difficult [17, 18]. Clinical studies using such sequences
have reported poor results with sensitivities ranging from
a low of 31% to a high of 87% [19].

Gradient-echo sequences with short TE suffer from
poor contrast between cartilage and joint fluid; thus, ad-
ditional contrast must be available. A possibility offered
by one manufacturer is the combination of a standard
fast imaging steady precession (FISP) sequence with
PSIF, the reversed pulse sequence of FISP, which results
in the double-echo steady-state (DESS) sequence. With
this sequence, in addition to the GRE sequence, T2*-
weighting is achieved by transverse magnetization from
steady-state components and from the high-frequency
(PSIF) pulse. The PSIF part of the sequence leads to
high T2 contrast, whereas the FISP part provides repre-
sentative morphological images. As a result, joint fluid
exhibits high signal intensity and provides a better delin-
eation of cartilage surface, as the cartilage has a medium
signal intensity (Fig. 6). Since a 3D technique is possible
with this sequence, thin contiguous slices can be ob-
tained; however, there are some disadvantages with this
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Fig. 5 Magnetic resonance imaging of the knee joint (axial T2-
weighted fast spin echo, FSE): hyaline cartilage with a hyperin-
tense focal defect on the medial patellar cartilage of the femoral
joint shows an extremely low signal, which contrasts strongly to
the high signal intensity of joint fluid as well as to the relatively
bright fatty marrow signal

Fig. 6 Magnetic resonance imaging of the knee joint (reversed
pulse sequence of fast imaging steady precession DESS, lateral):
The hyaline cartilage exhibits an intermediate signal, whereas
joint fluid has a high signal intensity. Solid tissues, such as menis-
ci, are not well delineated



technique. Firstly, a significant amount of joint fluid is
necessary for optimal delineation of cartilage surfaces,
which is not always present. Secondly, the contrast-to-
noise ratio between cartilage and solid surrounding tis-
sue, in particular menisci, is low, which poses a problem
in delineation and segmentation for volume measure-
ments. By combining DESS with selective water excita-
tion in principle an indirect fat suppression is performed;
however, since synovial fluid is also strongly enhanced

by this technique, the contrast-to-noise ratio between the
hyperintense articular cartilage and bright synovial fluid
is poor (Fig. 7) [20]. In this study the 3D DESS sequence
thus was found to be only moderately accurate in detect-
ing patellar cartilage abnormalities. It proved to be supe-
rior to sagittal TSE for the detection of cartilage soften-
ing, but not for the detection of surface lesions. For carti-
lage softening, the sensitivity of 3D DESS was better
than that of TSE (73 vs 53%). The same was true for the
specificity (75 vs 65%), and the accuracy (70 vs 62%).
For surface lesions, the values for TSE were 43 vs 60%,
92 vs 92%, and 83 vs 86%, respectively. In another study
[21], Az values [area under the receiver operating char-
acteristics (ROC) curves] for water-excited 3D DESS
and 3D fast low-angle shot (FLASH) were 0.96, which
was significantly higher than for all 2D pulse sequences. 

The addition of frequency-selective fat suppression to
3D spoiled GRE sequences results in a significant in-
crease in contrast-to-noise ratio between cartilage and
joint fluid and cartilage and subchondral bone, demon-
strating articular cartilage as a band of high signal inten-
sity. After suppression of fat, signal intensities are re-
scaled by the MR unit to render articular cartilage the
brightest structure in the joint, with joint fluid and sub-
chondral bone demonstrating a relatively lower signal in-
tensity (Fig. 8).

In a recent study, a trilaminar appearance was attrib-
uted to a truncation artifact on a fat-suppressed 3D
spoiled GRE sequence [22]. This phenomenon is most
apparent in the phase-encoding direction at interfaces at
which there is an abrupt and marked change in signal in-
tensity. When there are two such interfaces a summation
effect occurs which is observed as a thin hypointense
line within the central tissue.

The advantage of fat-suppressed 3D spoiled GRE se-
quences is the relatively high signal intensity of articular
cartilage in contrast to low signal intensity from the sur-
rounding tissue (Fig. 9). Three-dimensional acquisition
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Fig. 7 Magnetic resonance imaging of the knee joint (double-echo
steady-state, DESS): There is a poor contrast between articular
cartilage and solid surrounding tissue

Fig. 8 Same patient as in
Fig. 7 a (T2-weighted FSE):
The central patellar cartilage
lesion is slightly hyperintense.
b (3D GRE with fat suppres-
sion): Hyaline cartilage is a
band of high signal intensity
with a focal hypointense lesion
within the patellar cartilage.
Synovial fluid and subchondral
bone (with calcified cartilage)
show a lower signal intensity



yields images with higher resolution and contrast-to-
noise ratio than two-dimensional acquisitions. Thin im-
aging sections allow high-quality multiplanar reconstruc-
tions which are useful to evaluate the patellar and troch-
lear surfaces with images perpendicular to facets where
the articular surface is curved. Finally, thin-section vol-
ume acquisitions allow segmentation and accurate 3D re-
constructions of articular cartilage (Fig. 10) [10, 23, 24,
25, 26]. 

Fat-suppressed, 3D spoiled GRE imaging is easy to
perform, widely available, and, contrary to other carti-
lage imaging techniques, such as magnetization transfer
imaging, it requires no postprocessing of data and avoids
misregistration artifacts.

The use of a fat-suppressed, 3D spoiled GRE se-
quence has been shown to result in an accuracy of 91%,

a sensitivity of 87%, and a specificity of 97% [24]. As
with other techniques, the highest accuracy was achieved
with the patello-femoral joint and higher-grade defects
were detected with greater accuracy. A major drawback
is the relatively long examination time of 10–15 min,
which makes it less attractive for routine clinical use. To
decrease the scan time, faster and stronger gradients are
now available. Moreover, examination time can be re-
duced by using selective water excitation instead of
spectral presaturation. To speed up examination time, a
recently developed 3D multishot echo planar imaging
(EPI) sequence with fat suppression can be used for
evaluation of the hyaline articular cartilage. The perfor-
mance of the fat-suppressed 3D EPI sequence and the
3D GRE sequence with fat suppression in the evaluation
of articular cartilage was compared using histology as a
reference. Both sequences showed comparable perfor-
mance, but the scan time for the EPI sequence was re-
duced by a factor of four which makes it more suitable
for clinical routine [27].

In a clinical study [28], fat-suppressed 3D FLASH se-
quence, however, was less precise for grading of carti-
lage lesions than CT arthrography, which was used as a
reference. Moreover, it did not show as many fissures.

The 3D spoiled GRE sequence with fat suppression
provides 3D information that is useful for determining
the volume and 3D configuration of cartilage [29, 30,
31]. Thin-section acquisition allows accurate volumetric
measurements not only of the cartilage layers of the knee
joint, but also of smaller joints with an accuracy of 5%
and an interobserver variability of 3.3–9.6%. Newer re-
sults show a variation of only 1.9% [32]. These measure-
ments may be helpful in the serial evaluation of disor-
ders that affect cartilage integrity diffusely and in condi-
tions that cause progressive cartilage loss such as osteo-
arthritis and inflammatory arthropathies [33].

Subtraction magnetization transfer (MT) contrast im-
aging can also show the hyaline cartilage with positive
contrast [34]. Magnetization transfer contrast is a rela-
tively new technique that alters MR image contrast by
means of a relaxation mechanism different from that 
of conventional T1-, T2-, or T2*-weighted imaging
(Fig. 11). In this technique, continuous or pulsed radiofre-
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Fig. 9 Magnetic resonance imaging of the knee joint in a 4-year-
old boy, after trauma (3D GRE with fat suppression): Hyaline car-
tilage is bright including the growth plate. There is a posttraumatic
defect in the femoral cartilage. (From [64])

Fig. 10 a A 3D reconstruction
of the hyaline cartilage of the
knee joint with multiple defects
based on 3D GRE with fat sup-
pression. b Macromorphologi-
cal image of the multiple de-
fects seen in a



quency irradiation is applied during a standard MR imag-
ing sequence to selectively saturate protons with restrict-
ed mobility associated with an increase in macromole-
cules. The T2 decay in the macromolecular pool is too
rapid to contribute signal to conventional MR images.
This MR-invisible pool is, however, in thermodynamic
equilibrium with the MR visible pool of mobile protons
in bulk water within the same tissue. Cross-relaxation
magnetization transfer can occur between the two pools.
Selective saturation of the macromolecular protons per-
turbs this equilibrium and evokes a net transfer of magne-
tization from the water protons to the macromolecular
pool. Since the macromolecular protons do not contribute
to the signal in the MR image, this magnetization transfer
manifests as a loss of signal intensity in tissues in which
these two proton pools are tightly coupled. Woolf et al.
[35] demonstrated that a significant amount of MT occurs
in articular cartilage, whereas no significant MT occurs in
synovial fluid. With T2*-weighted GRE sequences, these
changes can be used to produce increased contrast be-
tween high signal intensity cartilage compared with stan-
dard sequences [33]. Subtraction of MR imaging data ob-
tained with a pulsed MT technique from that obtained
without an MT technique generates images in which con-

trast reflects tissue differences in MT. This technique de-
picts the hyaline articular cartilage as a band of high sig-
nal intensity tissue contrasted to adjacent low signal in-
tensity joint fluid and subchondral bone, similar to the
fat-suppressed 3D GRE sequences [34]; however, this
technique is not widely available, requires post-process-
ing of the data, and can result in misregistration artifacts
due to changes in patient positioning. The latter artifact
could be significantly reduced by the development of a
so-called dynamic MTC, which means that within one se-
quence non-MTC and MTC scans can be acquired, and
misregistration artifacts are eliminated.

Magnetization transfer is a collagen-dependent mech-
anism to achieve signal loss in cartilage. Disruption or
loss of the collagen matrix in cartilage results not only in
a small increase in proton density, but also eliminates the
attenuating effects of collagen-dependent T2 relaxation
and MT. As a result, the signal intensity increases in ar-
eas of matrix damage or early chondromalacia, which
theoretically, offers a technique for visualization of early
cartilage disease. Unfortunately, MT with current instru-
mentation results only in a moderate contrast-to-noise ra-
tio; thus, this technique has not proven to be superior to
other available MR imaging techniques [36].

The transfer of magnetization from protons in tissue
water to protons in collagen also can unintentionally be
caused by off-resonance irradiation of neighboring slices
during conventional multislice imaging. This effect in-
creases with the number of slices used and is most pro-
nounced in FSE imaging because of the multiple 180°
refocusing pulses used in this technique [37].

The detection rate for cartilage lesions without sur-
face defects by MTC MR imaging was 80%, correspond-
ing to an increased collagen concentration [38].

The use of gadolinium compounds for the imaging of
articular cartilage has been applied in several different
forms. Direct MR arthrography, where a 2-mmol dilute
solution containing gadolinium compounds is injected
directly into the joint (with or without the help of X-ray
fluoroscopy), dramatically improves contrast between
cartilage and arthrographic fluid [39]. The amount of
contrast medium used depends on the investigated joint
and can vary from 1 to 3 ml, to 15 to 25 ml (Table 1).
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Fig. 11 T2*-weighted GRE with magnetization transfer prepulses.
The significant decrease in signal intensity of the hyaline cartilage
allows better delineation

Table 1 Direct MR arthrography. The amount of contrast agent
required depends on the joint to be examined

Joint Volume of contrast agent (ml)a

Shoulder 10–25
Elbow 5–15
Wrist 2–7
Hip 10–20
Knee 20–40
Ankle 4–12
Talomalleolar joint 2–4

a 2-mmol dilute solutions of gadolinium



After injection of the contrast medium, the joint should
be moved to ensure an even distribution of the contrast
medium (Fig. 12). The examination should be finished
30–45 min after the intra-articular injection to avoid in-
creased dilution of contrast medium. Moreover, the con-
trast medium might be taken up by cartilage, thus lower-
ing the delineation of the surface of the cartilage [39].
Magnetic resonance arthrography (MRA) has proved to
be 100% specific for FISP and T1-weighted sequences,
and very sensitive, with detection rates of 87 and 85%
[40]. The accuracy of the method was 88 and 87% for
both sequences, respectively. 

Direct MRA is routinely used as an adjunct in diag-
nostically ambiguous MRI examinations, where a defini-
tive diagnosis is mandatory (e.g., before surgery).

The only other imaging modality that offers potential
as an equally diagnostic alternative to standard MRA is
the newly “re-developed multi-slice” CT arthrography.

Indirect MRA, with a less invasive intravenous injec-
tion of 5–15 ml 0.1 mmol gadolinium compounds, has
also been used; however, with this method, there are
many inherent disadvantages, including less contrast, en-
hancement of overlying structures, and no capsular ex-
pansion. These disadvantages prevent the widespread
use of this method; thus, indirect MR arthrography may

be limited to those cases in which an invasive procedure
is contraindicated or where the absence of a fluoroscopy
unit renders direct arthrography impractical.

Quantitative 3D analysis of cartilage

Quantitative image processing and analysis techniques
play an increasingly important role in evaluating carti-
lage loss and monitoring response to medical and surgi-
cal therapy [41, 42, 43]. Several investigators have re-
ported the use of 3D reconstructions of the articular car-
tilage with subsequent volumetric quantification of the
entire cartilage surface. With this technique, cartilage is
segmented from the surrounding tissues using a signal-
intensity-based thresholding technique applied to a carti-
lage-sensitive MRI sequence [44]. In the knee joint, the
intraobserver reproducibility error for measurements of
3D cartilage volumes have been reported to range be-
tween 3.6 and 6.4%, and the interobserver error was
7.8% in the same study. For the tibial cartilage mor-
phometry, spoiled 3D GRE sequence with selective wa-
ter excitation, the precision of volume and mean thick-
ness measurements was between 2.3 and 2.6% in healthy
volunteers and patients with severe osteoarthritis, where-
as the precision was lower for maximal tibial cartilage
thickness [45]. Recent developments proved that specific
MR sequences (3D FT spoiled gradient-recalled acquisi-
tion in the steady state) allow very sensitive reproduction
of quantitative cartilage measurements [43].

Postoperative imaging of cartilage repair

With recent advances in the treatment of articular carti-
lage disorders, including osteochondral autografts and
autologous chondrocyte implantation, noninvasive MRI
has gained additional importance with the determination
of the structural success of surgical intervention.

In the assessment of different cartilage repair tech-
niques, proton-density and T2-weighted FSE sequences
have proved to be most useful in the postoperative fol-
low-up. Cartilage transplants should be evaluated with
respect to their morphology and signal intensity. For
morphology the degree of defect repair (filling of the de-
fect), the integration to the border zone (possible demar-
cation border to the surrounding cartilage), the surface of
the transplant, the subchondral lamina, and the subchon-
dral bone should be evaluated.

The signal intensity of the osteochondral autograft
(“mosaicplasty”) shows marked hyperintensity on T2-
weighted FSE images in the early postoperative period
(3–6 months), representing edema. Conversion to similar
signal intensity in comparison with the native hyaline
cartilage over a period of approximately 6–12 months is
caused by development of fibrovascular tissue. Within
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Fig. 12 Knee joint (direct MR arthrography, T1-weighted SE):
The synovial fluid is hyperintense. There is a cartilage defect
within the patella representative of first-stage chondromalacia



the follow-up period of 18 months, however, many trans-
planted osteochondral autografts still showed a fissure-
like gap to the neighboring original cartilage, indicating
that the transplant had still not been integrated. Other
problems were the lack of development of new cartilage
at the donor site (demonstrated by MRI), and the diffi-
culty to find sufficient donor sites in patients potentially
in need of cartilage transplants. Consequently, young pa-
tients with acute (traumatic) cartilage lesions should
have been exclusively selected for transplantation of os-
teochondral autografts.

For chondrocyte transplantation, 3D cell transplants
are cultivated ex vivo, subsequently implanted after local
application of growth factors. The signal intensity of the
chondrocyte autograft shows conversion of marked hy-
perintensity on T2-weighted FSE images in the early
postoperative period to similar signal intensity in com-
parison with the native hyaline cartilage, probably repre-
senting transformation into hyaline cartilage, over a peri-
od of approximately 6–12 months (S. Marlovits and S.
Trattnig, pers. commun.). Magnetic resonance imaging
shows smoothening of the border between transplanted
and original cartilage, indicating integration. One possi-
ble future problem could be a constant cartilage over-
growth. The problem to differentiate between a normal
from a abnormal signal behavior of the transplant in the
postoperative course is not yet solved, but recent studies
show that the use of more sophisticated techniques, such
as delayed contrast-enhanced techniques or diffusion-
weighted imaging, may be more helpful in the definition
of an intact transplant.

Future developments

The glycosaminoglycans (GAG) of the hyaline cartilage
comprise approximately 5% of tissue weight. The GAGs
are a constitutive part of proteoglycans. The basis of
dGEMRIC is the following: GAGs have abundant charge
side groups that confer a negative fixed charge density
(FCD) to the cartilage matrix. Mobile ions distribute in
the tissue to reflect the local GAG concentration. In par-
ticular, dGEMRIC is concerned with the distribution of
the negatively charged MRI contrast agent Gd(DTPA)2.
If injected intravenously, the contrast agent will pene-
trate cartilage from both the synovial surface as well as
from bone [46, 47], and will then distribute into areas of
cartilage that are depleted of GAG at a higher concentra-
tion than in areas of high GAG [48]. GD(DTPA)2 has a
concentration-dependent effect on the MR parameter T1;
therefore, T1 images in the presence of Gd(DTPA)2 re-
flect the Gd(DTPA)2 concentration, and hence tissue
GAG concentration. (It is important to emphasize that
this use of Gd(DTPA)2 – to measure GAG in the tissue
requires penetration of Gd(DTPA)2 – into the tissue, and
thus this method, differs from those which use the con-

trast agent to better delineate anatomic defects early after
injection.).

dGEMRIC has been validated both in vitro and in vi-
vo as a non-destructive surrogate of histologic analysis
of GAG distribution in cartilage [46, 48, 49, 50, 51]. A
clinical protocol for dGEMRIC has been recommended
[47], and pilot clinical studies have been applied to the
evaluation of osteoarthritis in knees [47, 52, 53] as well
as dysplasia in hips [54]. The GAGs represent one of the
major macromolecular constituents of cartilage and are
critical to this mechanical support function, and thus are
presumed to be necessary for a fully functional ACT im-
plant.

These GAGs have moieties that are ionized under
physiological conditions. In degenerative osteoarthritis
the amount of GAGs decreases with the intensity of the
disease.

Ionic contrast medium applied intravenously as dou-
ble-dose Gd-DTPA–2 is distributed in relation to the
GAG concentration. The even or uneven distribution
within the cartilage takes between 45 and 270 min de-
pending on the investigated joint and location. In normal
(healthy) cartilage, the uptake will be very low, and in
cartilaginous disorders, uptake due to the lack of charged
GAGs is high.

In the future, this method could allow visualization of
abnormal cartilage tissue at a very early stage in rheuma-
toid and degenerative diseases (Figs. 13, 14). 

The GAGs could also directly or indirectly affect con-
trast in other imaging methods. The GAGs contribute to
the MT effect in cartilage [55, 56]; however, this effect is
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Fig. 13 Graphic presentation of the normal ion distribution. Nega-
tively charged GAG moieties (white), and otherwise evenly dis-
tributed ions within the cartilage and synovial fluid



very small relative to the effect of collagen on MT, and
therefore it may be difficult to use MT to follow changes
in cartilage disease.

Cartilage is essentially a fluid-filled “sponge” com-
prising approximately 75% of cartilage weight. In early
disease, the percentage of water in cartilage goes up by a
few percent. The cause of hydration changes remain un-
clear but includes the loss of or damage to solid matrix
elements. Changes in hydration can be seen directly by
obtaining a proton-density-weighted image. Unfortunate-
ly, the sensitivity is very low, given the relatively small
changes in hydration with diseases.

T1 and T2 relaxation times depend on hydration [57,
58]. T2 may be very sensitive to hydration changes and
is used to identify focal cartilage lesions.

Interpretation of T2 differences, however, requires cau-
tion. Differences in T2 across the cartilage may, in part,
reflect collagen orientation issues due to the “magic an-
gle” effect [59]; therefore, suggested cartilage T2-map-
ping still requires further clinical evaluation. In addition,
the interpretation of T2 differences is complicated because
of the non-mono-exponential behavior of T2 in cartilage.
Altogether the false-positive rate could be quite high.

The diffusion coefficient of water in cartilage also in-
creases with increased hydration. Since hydration gener-
ally increases with cartilage degeneration, the diffusion
coefficient of water would be expected to track degener-
ation [60, 61]. Unfortunately, high-precision diffusion
measurements are technically difficult due to motion ar-
tifacts and cannot be used routinely as yet.

Use of high-resolution surface coils may improve the
detail resolution of the cartilage matrix. Initial results
have demonstrated that the radial structure of hyaline
cartilage can be depicted (Figs. 14, 15).

Optical coherence tomography (OCT) might be an-
other promising method to achieve high-resolution imag-
es in cartilage disease [62]. Similar to ultrasound, it mea-
sures the intensity of backreflected infrared light. The
axial resolution is very high (5–15 µm). As the method
had originally been developed for imaging the transpar-
ent tissues of the eye, the imaging penetration in non-
transparent tissues is limited to approximately 4 mm.
Cartilage has, to date, only been imaged in osteoarthritis
in vitro. As OCT is optical fiber based, it could be inte-
grated with arthroscopes. A possible future application
might therefore be the use as an additional tool in ar-
throscopy.

Recommended MR imaging standards

Although there are still innumerable new cartilage se-
quences (e.g., fluctuating equilibrium magnetic resonance,
FEMR) reported each year, the generally accepted MR
imaging standard is dual FSE and 3D GRE with fat sup-
pression. While FSE allows visualization of intracartilagi-
nous structural abnormalities, 3D GRE outlines the thick-
ness and surface of uncalcified cartilage, synovial fluid,
and subchondral bone, together with calcified cartilage.
The 3D reconstruction is easily performed in all dimen-
sions with 3D GRE. In unclear cases where an exact (pre-
therapeutic) diagnosis is warranted, direct MR arthrogra-
phy is the unsurpassed method of choice (Tables 2, 3). 
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Fig. 14 Magnetic resonance imaging of the patellar cartilage (3 T;
T1-weighted SE), 120 min after i.v. ionic contrast application: dif-
fusion of contrast medium into the cartilage (arrow)

Fig. 15 Magnetic resonance imaging of the patellar cartilage
(high-resolution 3D GRE with fat suppression): radial matrix of
the patellar cartilage



Pathologies that require cartilage imaging

The following pathologies require cartilage imaging:

1. Degenerative osteoarthritis before invasive therapies
2. Follow-up of cartilage/subchondral region
3. Osteochondritis dissecans/osteonecrosis
4. Rheumatoid disease before invasive therapies
5. Cartilage/subchondral fractures (including metaphy-

seal fractures)
6. Cartilaginous blastomas
7. Rare metabolic diseases (e.g., calcium pyrophosphate

dihydrate, gout)
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Table 2 Technical principles. FSE fast spin echo; GRE gradient
echo; PD proton density; FOV field of view

Direct MR arthrography. Sequences that have been established for
visualization of cartilage lesions

Imaging protocol Indication
T2 FSE (PD T2-weighted) Intrachondral lesion
3D GRE+FSE Surface defects

Technical details
Small FOV, large matrix size
Slice thickness ≤2 mm (with 3D:1.5–1/mm)
Two or more planes
Surface coil

Table 3 Advantages and disad-
vantages of the sequences rec-
ommended in Table 2

Advantages Disadvantages

3D High contrast/noise ratio Long examination time
GRE+FSE Cartilage/joint effusion Insensitive to bone marrow edema and 

subchondral cysts
Cartilage/bone marrow Sensitive to susceptibility artifacts
High resolution (out of plane)
Multiplanar reconstructions
Volumetric measurements

Dual FSE High contrast/noise ratio Hyperintense bone marrow
Cartilage/joint effusion Limited out-of-plane resolution
Cartilage/bone marrow No multiplanar reconstructions
High resolution (in-plane)
Less sensitive to susceptibility artifacts
Excellent subchondral imaging
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