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Abstract Cartilage degenerative
diseases, such as osteoarthritis, affect
million of people. Magnetic reso-
nance imaging is presently the most
accurate imaging modality in evalu-
ating the state of hyaline cartilage;
however, clinical MRI does not ac-
curately reveal early degenerative al-
terations in cartilage, due mainly to
low spatial resolution. Magnetic res-
onance microscopy (MRM, or
µMRI) appears exceptionally well
suited to the in vitro or ex vivo study
of this heterogeneous tissue, due to
its high spatial resolution; however,
despite this, further studies are nec-
essary to evaluate the potential of
MRM in the detection of early carti-

lage damage. Herein we briefly re-
view the current applications of
MRM in the study of hyaline carti-
lage. In particular, we review the
MR appearance of hyaline cartilage
on high-resolution images, the dif-
ferent MRM techniques used to im-
age normal and enzymatically or
chemically degraded cartilage and
the potential use of contrast agents.
The future directions and the rele-
vance of MRM findings for a better
understanding of cartilage physiolo-
gy in health and disease are also dis-
cussed.
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Introduction

The most common cause of hyaline articular cartilage
damage is osteoarthritis, either primary or due to trauma.
It is estimated that currently within Europe there are
150,000 individuals with traumatic defects of the knee
cartilage. In total there are 30 million Europeans that
suffer from osteoarthritis. Since this degenerative disease
affects mainly people over the age of 40 years, in Europe
the number of middle-aged and elderly people suffering
cartilage diseases is set to rise dramatically in the com-
ing years. For this reason, the use and development of
new methodologies for cartilage evaluation are a key is-
sue for a better understanding and treatment of the de-
generative process of articular cartilage. Morphological
and biochemical information can be obtained by MRI,
which is presently the most accurate imaging modality in
evaluating the state of hyaline cartilage [1, 2]; however,

clinical MRI does not accurately reveal early degenera-
tive alterations in articular cartilage, due mainly to low
spatial resolution [3]. Magnetic resonance microscopy
(MRM, or µMRI) appears exceptionally well suited to
the in vitro or ex vivo study of this heterogeneous tissue,
due to its high spatial resolution [4]; however, despite
this, further studies are necessary to evaluate the poten-
tial of MRM in the detection of early cartilage damage.

In this review we describe the MR appearance of hya-
line cartilage on high resolution images, the different
MRM techniques used to image normal and enzymati-
cally or chemically degraded cartilage and the potential
use of contrast agents. The future directions and the rele-
vance of MRM findings for a better understanding of
cartilage physiology in health and disease are also dis-
cussed.
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Hyaline cartilage

Hyaline or articular cartilage consists of chondrocytes
and a supportive matrix composed of water, proteogly-
cans and a collagen-fibres framework. Depending on the
different arrangement and orientation of the cellular
component and the collagen framework, cartilage histol-
ogy shows a trilaminar pattern (Fig. 1): a superficial lay-
er or tangential zone; an intermediate layer or transition-
al zone; and a deep layer or radial zone. In the tangential
zone the collagen fibres are densely packed and oriented
parallel to the articular surface, whereas in the intermedi-
ate zone the collagen fibres have a random or oblique
orientation. The radial zone represents the major part of
the cartilage thickness with large collagen fibres oriented
perpendicularly to the joint surface. The deepest part of
the inner layer, adjacent to the subchondral bone, is par-
tially calcified. The area that corresponds with the
boundary between calcified and uncalcified cartilage is
called “tidemark” region. Also the amount of water and
proteoglycans differs among the cartilage layers, as wa-
ter concentration is greater in the tangential zone where-
as proteoglycans concentration is greater in the transi-
tional zone.

The function of hyaline cartilage as a load-bearing tis-
sue and its ability to undergo reversible deformation de-
pend on the specific organisation of the macromolecular
components in the extracellular matrix. In particular, the
arrangement of the collagen fibres into a stiff three-
dimensional framework can balance the swelling pres-
sure of the proteoglycan–water gel.

MRI and MRM appearance

Magnetic resonance imaging appears to be the most use-
ful imaging technique for evaluation of articular carti-
lage [1]. It has long been known that hyaline cartilage
shows a laminar structure on MR images (Fig. 2) [5, 6,
7, 8, 9, 10, 11, 12, 13], but there is some controversy on
the total number of laminae and their appearance on
MRI [12, 14, 15, 16]. For human articular cartilage,
Modl et al. [6] reported a trilaminar appearance on both
T1- and T2-weighted images with the superficial lamina
of low signal intensity, the middle lamina of intermediate
to high intensity and the band of low signal intensity at
the bone–cartilage boundary. These authors suggested
that the superficial lamina corresponded, although not in
thickness, to the zone with the tangential orientations of
collagen fibres. The middle lamina corresponded to the
transitional layer with the random orientation of the fi-
bres and the deepest lamina with lower intensity was as-
signed to the zone with radial orientation of the fibres
and to the calcified zone of cartilage adjacent to the sub-
chondral bone. The same trilaminar structure was report-
ed by Chalkias et al. [8] on T1- and T2-weighted and
gradient-echo images of disarticulated human femoral
heads. The T1 and T2 relaxation times were also mea-
sured and resulted higher for the middle lamina than
those measured for the deeper, markedly hypointense
lamina. Recht et al. [7] reported the trilaminar appear-
ance of cadaveric knee cartilage, however, with the in-
tensities reversed in comparison with previous studies. A
reversed pattern of signal intensities was also found by
Lehner et al. [5] in a study of bovine patellar cartilage.

Fig. 1 Histological zones in hyaline cartilage. It is shown that col-
lagen fibres are parallel to the surface in the superficial (tangen-
tial) zone, curved in the intermediate (transitional) zone and per-
pendicular to subchondral bone in the deep (radial) zone

Fig. 2 Spin-echo image of human knee cartilage (TR/TE:
1800/20 ms). A trilaminar appearance of the femoral condyle hya-
line cartilage is shown (arrows). The superficial lamina is hypoin-
tense, the intermediate lamina is hyperintense and the deep lamina
is hypointense
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On strongly T2-weighted images, the cartilage had a tri-
laminar appearance with a superficial lamina of high in-
tensity, an intermediate lamina of lower intensity and a
deep lamina of higher signal intensity. On strongly T1-
weighted images the intensity of the superficial lamina
was lower than that of the intermediate one.

On the T1-, T2- and proton-density-weighted images
of bovine patellar cartilage, Rubenstein et al. [17] found
a signal intensity pattern identical to that described by
Lehner and coworkers [5] on T2-weighted images.
Moreover, they documented that the appearance of carti-
lage was dependent on its orientation in relation to the
direction of the static magnetic field B0. At an angle of
55° they observed a homogeneous appearance of carti-
lage, the so-called magic-angle effect [18]. An even
more complicated pattern was found by Xia et al. [19] in
a study of canine articular cartilage by means of MRM.
The moderately T2-weighted image of a cartilage–bone
plug harvested from the humerus bone showed three
laminae of higher signal intensity with two laminae of
lower intensity sandwiched between them. On the imag-
es of animal cartilage, a fourth lamina of calcified carti-

lage adjacent to the subchondral bone is also sometimes
noticeable [17, 20]. It has very low signal intensity and it
is often impossible to distinguish it from the subchondral
bone.

To explain contradictions related to the MR appear-
ance of articular cartilage Mlynárik et al. [9] performed
ex vivo studies on human and porcine articular cartilage
by MRM and MRI. They found that the signal intensity
patterns for human and porcine specimens were similar,
but an extra lamina of low intensity was frequently pres-
ent on the images of porcine cartilage. Cova et al. [13]
reported in their ex vivo study at 47-µm resolution of
normal human cartilage that the laminar structure has a
topographic dependence. The hypointense superficial
lamina had a constant thickness in the different sites of
the femoral head, whereas the thickness of the hyperin-
tense intermediate layer varied, being thicker in the ha-
bitually loaded sites (Fig. 3).

The above-reported findings show the variety of lami-
nar appearance of articular cartilage on MR images. This
discrepancy may result from the use of a wide range of
imaging parameters, from the different resolution ap-

Fig. 3 Magnetic resonance mi-
croscopy images (left) and cor-
responding histology (right) of
cartilage–bone plugs excised
from different sites of a human
femoral head. These images
show that the hypointense su-
perficial lamina of cartilage has
a constant thickness, whereas
the thickness of the hyperin-
tense intermediate lamina var-
ies in the different sites of the
femoral head. The pixel resolu-
tion is 47 µm and the TE is
30 ms. (Reprinted with permis-
sion from [13])
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plied as well as from the use of different types of carti-
lage investigated (e.g. human and animal specimens, dif-
ferent joints, different sites in the same joint). The inter-
pretation of the laminar appearance of articular cartilage
on MR images can be further complicated by the pres-
ence of truncation artefacts. These artefacts can create a
false laminar appearance in cartilage when using a fat-
suppressed three-dimensional spoiled gradient-recalled
sequence commonly used in clinical MR imaging [14,
21]. Erickson et al. [14] reported that the trilaminar ap-
pearance observed with the use of this specific sequence
may be spurious and attributable to truncation artefacts.
Frank et al. [21] published similar results and pointed
out that truncation artefacts are responsible for the tri-
laminar appearance of cartilage on images of moderate
resolution. The delineation of true cartilage laminae re-
quires, therefore, high-resolution images and high sig-
nal-to-noise ratios.

In a recent study Xia [16] investigated the discrepan-
cy in the laminar structure of cartilage by means of mi-
croscopic MR imaging experiments carried out at 14-µm
pixel resolution on full-depth cartilage-bone plugs from
several locations on the humeral head of two young heal-
thy dogs. The study described a variable MR laminar ap-
pearance within the same humeral head and proved that
laminar heterogeneity correlates with the spatial hetero-

geneity observed at a histological level and that this het-
erogeneity may be related to the load-bearing status of
the tissue in the joint.

The results presented above clearly demonstrate that
MRM may help clarify the complexity of cartilage lami-
nae and help in the interpretation of moderate resolution
images used in clinical MRI.

T2 relaxation anisotropy and magic-angle effect

As reported above, the truncation artefact can be a
cause of false laminar appearance on MR images of ar-
ticular cartilage when using fat-suppressed three-
dimensional spoiled gradient-echo recalled sequences.
A second artefact that is commonly found in articular
cartilage when using T2-weighted images is the so
called magic angle effect (Fig. 4) [15, 16, 17, 22]. This
artefact produces increased signal and is found in artic-
ular cartilage because of its highly anisotropic arrange-
ment of macromolecules, especially collagen. Magic
angle refers to the angle-dependent increase in signal
intensity resulting from increased T2 in anisotropic
structures that is maximal at approximately 55° relative
to the external magnetic field. Rubenstein et al. [17]
presented evidence of magic-angle effects occurring in
bovine hyaline cartilage. In their study on normal bo-
vine patellar cartilage at 300-µm resolution they
showed a loss of the trilaminar structure on spin-echo
(SE) MR images when cartilage was oriented at 55° to
the external magnetic field, i.e. in the direction of the
minimum dipolar coupling. They concluded that the
MRI appearance of the cartilage laminae is strongly in-
fluenced by the preferential alignment of water mole-

Fig. 4 Laminar appearance of hyaline cartilage and magic-angle
effect. Proton spin-echo images of a canine cartilage-bone plug
with the articular surface oriented at 0 and 55° with respect to the
direction of the magnetic field B0. The cartilage appears laminated
at 0° and homogeneous at 55°. The pixel resolution is 14 µm and
the contrast TE was between 0 and 60 ms. (Reprinted with permis-
sion from [15])
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cules associated with oriented collagen fibrils in the
chondral tissue [23]. Mlynárik et al. [9] in a study on
porcine and human cartilage by means of MRM sup-
ported the suggestion of Rubenstein and coworkers [17]
that the proton dipolar interaction plays a significant
role in the laminar appearance of articular cartilage.
They also demonstrated a non-uniform angular distri-
bution of the collagen fibres within the superficial layer
(Fig. 5). The origin of the magic-angle effect on MR
images of articular cartilage was investigated by Xia
[24] on normal canine cartilage at 14-µm resolution. In
this study Xia suggested that the T2 anisotropy in carti-
lage is closely associated with the spatial structure of
the collagen fibrils meshwork. Gründer et al. [25] also
demonstrated the angular dependence of signal intensi-
ty in cartilage explants from porcine femoral and hu-
meral condyles. Gründer et al. [25] suggested a direct
relation between the oriented collagenous structures
and the anisotropic regions observed on MR images.
Recently, Kim et al. [26] in a high-resolution study
(voxel size 78×156×2000 µm) on bovine patella carti-
lage performed using a 1.5-T system showed an aniso-
tropic angular dependency of the T2 mapping profile of
cartilage from the magic-angle effect. 

A few recent studies have also considered the MR
appearance of hyaline cartilage under compressive
force. Rubenstein et al. [27] studied the effects of com-
pression and decompression on the MR imaging appear-
ance of bovine articular cartilage. By obtaining consecu-
tive spin-echo MR images (in-plane resolution up to
156 µm) of normal bovine cartilage with increments of
pressure to a maximum of 4.14 MPa, they found that at
short T2, low-signal-intensity lamina at the articular
surface became thicker and more distinct. The signal in-
tensity of the deep cartilage zone gradually decreased
with increasing pressure and at maximum compression
the cartilage showed uniform low signal intensity. After
release of pressure, signal intensity changes on the MR
images of cartilage were sequentially reversed. Ruben-
stein et al. [27] hypothesised that the variation of ap-

pearance and signal intensity of cartilage under pressure
was due to a combination of net water loss and altera-
tion in the collagen orientational structure. More recent-
ly, Gründer et al. [28] in a study performed on pig artic-
ular cartilage at 78-µm resolution proved that MR ap-
pearance of zones of radially and tangentially oriented
collagenous fibres shows contrary changes under pres-
sure. Rubenstein et al. [27] suggested that these changes
can be explained by the variation of the grade of orien-
tation of these fibres under pressure. They concluded
that, based on these pressure-induced changes, new in-
formation about the biomechanical properties of articu-
lar cartilage can be obtained.

MRI and MRM techniques

Many MR techniques have been used to assess in vivo
articular cartilage, with varying success. Both T1- and
T2-weighted sequences have proved to be useful in the
evaluation of hyaline cartilage. T2-weighted SE and fast
SE sequences show cartilage abnormalities either as
morphological defects on the surface or as high signal
intensity abnormalities in the cartilage. The main advan-
tage of using fast SE sequences is the relevant decrease
in imaging time. Moreover, the use of fast SE sequences
introduces magnetisation transfer contrast (MTC) on
MR images, which may help in the detection of carti-
lage abnormalities. Magnetisation transfer contrast oc-
curs in tissues with a high concentration of macromole-
cules [29] and collagen is the predominant responsible
for the magnetisation transfer effect in articular carti-
lage. When collagen content is diminished, as in carti-
lage degradation, there is a decreased magnetisation
transfer effect, resulting in increased signal intensity.
Gradient-echo MR imaging with and without fat sup-
pression has been used successfully in the detection of
cartilage lesions, owing to the high-contrast delineation
of cartilage [30]. The highest accuracy for clinical eval-
uation of cartilage has been obtained with T1-weighted

Fig. 5 Laminar appearance of
hyaline cartilage. These two
spin-echo images depict the
same plug of human femoral
cartilage measured under identi-
cal experimental conditions and
with the articular surface paral-
lel to the magnetic field B0. The
magic-angle effect invoked only
by rotating the plug around its
axis by approximately 90° dem-
onstrates a nonuniform angular
distribution of the collagen fi-
bres within the superficial layer.
The pixel resolution was 48 µm
and the TE was 14 ms. (Reprint-
ed with permission from [9])
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fat-suppressed three-dimensional spoiled gradient-echo
images. The main advantage of fat suppression is the in-
crease of the dynamic range of signal intensities in carti-
lage, allowing detection of more subtle changes in sig-
nal intensity [7]. The advantage of using three-dimen-
sional gradient-echo imaging is the acquisition of con-
tiguous thin-section images with a high signal-to-noise
ratio [7, 31, 32]. The drawback of this sequence is the
presence of truncation artefacts that can create a false
laminar appearance in cartilage [14, 21]. Recently,
Brossmann et al. [33] proposed a projection reconstruc-
tion (PR) MR imaging with an ultrashort TE (150 µs)
for a better delineation of cartilage lesions. In their pre-
liminary in vitro study at 0.625 mm resolution by using
a 1.5-T MR imager, the PR approach proved to be supe-
rior to MTC subtraction and fat-suppressed 3D spoiled
gradient-recalled acquisition in the steady-state MR im-
aging in the detection of cartilage abnormalities. The PR
approach was also tested on porcine bone–cartilage ex-

plants by Cova et al. [34] by using a 7.05-T NMR in-
strument equipped with a microimaging accessory. In
this study at 47-µm pixel resolution Cova et al. [34]
compared the PR microimages with conventional SE
microimages and with histology (Fig. 6). They showed
that on 2D PR microimages acquired with an echo time
of 3.2 ms the cartilage signal was increased, allowing an
accurate delineation of cartilage from the tidemark/cor-
tical bone region. The advantage of the PR method is
that short TE can be used to obtain MR signal also from
those structures with short T2 like the deep layer of ar-
ticular cartilage. As a consequence, a more precise mea-
surement of cartilage thickness compared with that per-
formed by the conventional SE approach was feasible
by using the PR method. They also showed an excellent
correlation between PR microimages and histology
(r=0.90). Short TE MRM was also used by Freeman et
al. [10] to accurately measure the thickness of hyaline
cartilage and determine the optimal MR contrast param-
eters for delineation of cartilage zones in normal human
cartilage samples. Freeman et al. [10] examined carti-
lage samples at 9.4 T using 3D SE MR experiments to
test the T2 relaxation loss in the deep layer of articular
cartilage. Three-dimensional SE microimages were ob-
tained at different TE, rging from a minimum of 1.5 ms
to a maximum of 24 ms. They suggested that the T2 sig-
nal loss dominates the image contrast and, therefore, the
accuracy of measuring cartilage by routine musculoskel-
etal MR imaging.

Fig. 6 Conventional spin-echo images (left), projection recon-
struction (PR) spin-echo images (middle) and corresponding his-
tology (right) of cartilage-bone plugs excised from the femoral
head of a 78-year-old man. On the PR images acquired with a
shorter echo time (TE=3.2 ms) the cartilage signal is increased
compared with the conventional proton-density images
(TE=30 ms), thus allowing an accurate delineation of the cartilage
from the tidemark/cortical bone region. (Reprinted with permis-
sion from [34])



Although the above-reported studies were performed
ex vivo on small tissue samples, short TE MRI methods
should be applicable to clinical MR systems for the ac-
curate measurement of the articular cartilage thickness.
Further ex vivo and in vivo studies are required to as-
sess their clinical potential in the evaluation of the ex-
tent and severity of osteoarthritis and in the response to
drugs.

Pathomimetic studies and contrast agents

As recently pointed out by Rubenstein et al. [3] routine
clinical MRI does not accurately reveal early degenera-
tive changes in hyaline cartilage because of the moderate
spatial resolution; only large defects and distorted chang-
es in the signal intensity of the cartilage can be seen. On
the other hand, MRM, thanks to its higher resolution,
can help in the early detection and monitoring of carti-
lage degradation.

The early stages of degradation that occur before
substantial changes in morphology are associated with
changes in the concentration of proteoglycans and wa-
ter, and in the organisation of collagen in the superficial
layer of cartilage [3]. The role of enzymatic degrada-
tion in osteoarthritis is, however, not completely under-
stood [35]. In particular, there is controversy about
whether the degeneration of articular cartilage is initial-
ly caused by proteoglycan or collagen degradation.
Over the past years pathomimetic interventions, either
in vitro or in vivo, were performed by some authors to
mimic the pathological changes in chemical composi-
tion of cartilage and to reveal correlation with MR pa-
rameters.

Proteoglycan depletion in articular cartilage was sim-
ulated by treating the tissue with enzymes or other
agents in vivo and in vitro. Paul et al. [36] in their pio-
neer in vivo study on rabbit knees obtained T1-, PD-
and T2-weighted images at 312-µm resolution after in-
tra-articular injection of papain. They found that re-
duced articular cartilage thickness on the MR images of
papain-treated knees corresponded to changes in carti-
lage proteoglycan content. More recently, MRM was
used to monitor experimental osteoarthritis in the rat
knee joint induced by iodoacetate [37]. This study
proved the potential of high-field MRI in the investiga-
tion of ex vivo focal erosions of articular cartilage; how-
ever, no correlation was found between MR appearance
and marked loss of proteoglycans. This finding was re-
cently partially confirmed by Toffanin et al. [38] in their
in vitro study on porcine articular cartilage explants. In
this study 1D MR microscopy at 7.05 T was used to
quantify the main MR parameters, such as T1 and T2 re-
laxation times, diffusion (D) and magnetisation transfer
(Ms/M0), on gradually proteoglycan-depleted cartilage.
Toffanin et al. [38] found that only the longitudinal re-

laxation time T1 and the diffusion coefficient D were
sensitive to an extensive proteoglycan depletion of the
tissue. They concluded that further investigation on the
macromolecular components (proteoglycans and colla-
gen) of cartilage was necessary for a better understand-
ing of the interaction mechanism between water and ex-
tracellular matrix that might lead to the early diagnosis
of the cartilage damage by MRI.

The water diffusion coefficient in enzymatically de-
graded cartilage was also measured previously by other
authors [39, 40]. Because hydration increases with carti-
lage degradation, the water diffusion coefficient was ex-
pected to monitor cartilage damage. Burstein et al. [39]
showed that the diffusivity of water increased by 20%
after treatment with trypsin (to remove the proteogly-
cans and noncollagenous proteins) and that diffusivity
decreased upon compression of cartilage by 35%. 
Burstein et al. [39] suggested that water diffusion is de-
pendent on the composition and density of the solid car-
tilage matrix. Xia et al. [40] treating canine cartilage ex-
plants with trypsin, hyaluronidase and collagenase
found that the diffusion measurement can localise re-
gions of cartilage degradation, but it is not sensitive to
the content of the main macromolecular components of
cartilage, i.e. proteoglycans and collagen. Therefore, al-
though water diffusion can monitor nonspecific carti-
lage damage, water diffusion measurement alone ap-
pears not able to specifically reveal the loss of these
macromolecules.

The proteoglycan loss in cartilage has also been eval-
uated by considering other parameters. For example, 
Duvvuri et al. [41] used T1ρ (T1 in the rotating frame) to
monitor proteoglycans in normal and enzymatically de-
graded bovine articular cartilage. Duvvuri et al. suggest-
ed that T1ρ relaxation measurements are selectively sen-
sitive to changes in proteoglycan concentration; howev-
er, further work is needed to fully investigate the mecha-
nism of T1ρ relaxation in cartilage.

Some recent studies have shown that sodium magnet-
ic resonance could be used to measure proteoglycans in
normal and degraded cartilage [42] and that in vitro and
in vivo sodium MR imaging could be used to visualise
physiological [42, 43] and pathological changes [44, 45]
in the proteoglycan concentration. Very recently Borthakur
et al. [46] compared the results from sodium and proton
MRI in detecting small changes in proteoglycan content
in bovine articular cartilage specimens. In this study per-
formed on partially proteoglycan depleted cartilage using
a 4-T clinical MR system Borthakur et al. [46] showed
that sodium MRI is both sensitive and specific in detect-
ing small changes in proteoglycan concentration; howev-
er, considering the fact that several issues (e.g. sodium
concentration, fast and slow T2 components, lower reso-
lution) can confound the interpretation of the sodium
MR images, methods using sodium MRI must be used
with caution. With appropriate attention to varying relax-
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ation times across the sample, normalisation to water
content and partial-volume effects, sodium MRI might
provide quantitative information on the proteoglycan
loss in cartilage disease.

In the past years, several authors have also investigat-
ed the influence of the collagen component on the MR
parameters of articular cartilage. Kim et al. [47], using
the proteoglycan and the collagen model systems as well
as cartilage treated by chondroitinase AC II and trypsin,
demonstrated a principal role of collagen in magnetisat-
ion transfer processes with little or no contribution from
proteoglycans. Gray et al. [48] also reported changes in
magnetisation transfer ratios in articular cartilage incu-
bated in a trypsin solution and also in epiphyseal carti-
lage cultured with human recombinant interleukin-1β.
They ascribed these changes to alterations in collagen
organisation or in tissue structure. While the above stud-
ies suggested that collagen provides the main mechanism

for MT in articular cartilage, in a more recent investiga-
tion Wachsmuth et al. [49] found that, in gradually pro-
teoglycan-depleted cartilage, also proteoglycans may
contribute to the MT effect; however, this effect is very
small relative to the effect of collagen and therefore it
may be difficult to use MT to monitor proteoglycan
changes in cartilage disease.

A proton-based MR method for measuring proteogly-
can changes in cartilage has recently been proposed [50,
51]. This method is based on the premise that the nega-
tively charged contrast agent Gd(DTPA)2– will distribute
in cartilage in inverse relation to the concentration of the
negatively charged glycosaminoglycan (GAG) side-
chains of proteoglycans. Figure 7 shows an example of
the proton MR images of excised human cartilage sam-
ples obtained with this method to measure GAG concen-
tration validated against histology. This method can also
be used clinically after intravenous or intra-articular in-
jection of Gd(DTPA)2– [52, 53].

Another method based on the GAG-dependent distri-
bution of mobile ions has been proposed by Bacic et al.
[54] who investigated in an animal model the applicabili-
ty of a positively charged nitroxide as an MRI contrast
agent in detection of the negatively charged proteogly-
cans within the cartilage.

Very recently, Wagner et al. [55] investigated at
7.01 T the influence of collagenase on the cartilage
structure using polylisine-Gd-DTPA and liposome-
entrapped contrast agents. After application of the
above contrast agents, the collagenase-induced damage
to the collagen network on the cartilage surface and the
superficial cartilage zones was detected with great sen-
sitivity.

Future directions

The list of the high-resolution MRI and MRM studies
presented in this review is probably not exhaustive. The
cited studies clearly indicate, however, that the magnetic
properties of articular cartilage can be investigated in
greater detail at microscopic resolution. In particular,
high-resolution MRI and MRM, conducted in vitro or ex
vivo and equally on animal models can provide new in-
formation on the physiology of articular cartilage in
health and disease.

Fig. 7a–e Sample of human hyaline cartilage imaged at 8.45 T af-
ter equilibration with 1 mmol/l Gd(DTPA)2– and compared with
subsequent histology. a Proton-density image, wherein the carti-
lage appears essentially intact. b T1-weighted MR image with an
inversion time (TI) of 250 ms. Brighter areas are those with higher
Gd(DTPA)2– and hence lower glycosaminoglycans. c Calculated
T1 image, wherein the colour scheme reflects the absolute value
of T1. d Hematoxylin and eosin staining confirms that the carti-
lage is anatomically intact and delineates the articular surface. 
e Toluidine blue staining, used as a specific stain for GAG, shows
the lack of glycosaminoglycans on the cartilage surface and in the
lesion. (Reprinted with permission from [42])
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