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Ingolstädter Landstr. 1, D-85764 Oberschleissheim, Germany
‡Institut für Klinische Radiologie, Klinikum der LMU München (Grosshadern), Marchioninistr. 15,
D-81377 München, Germany

Summary

Objective: To develop an MR-based method for the in vivo evaluation of the structural composition of articular cartilage.

Design: Five sagittal magnetic resonance imaging (MRI) protocols were acquired throughout the knee joint of 15 healthy volunteers and the
boundaries of the cartilage segmented from a previously validated sequence with high contrast between cartilage and surrounding tissue.
The other sequences were matched to these data, using a 3D least-squares fit algorithm to exclude motion artefacts. In this way secondary
images were computed that included information about the proton density (interstitial water content) and the magnetization transfer
coefficient (macromolecules, collagen). The average signal intensities of the 3D cartilage plates were extracted from these data sets and
related to a phantom.

Results: The signal intensity data showed a high interindividual variability for the proton density (patella 31%, lateral tibia 36%, medial tibia
29%); the patella displaying higher values than the tibia (P<0.001). There were high correlations between the three plates. The
magnetization transfer coefficient also showed high variability (patella 25%, lateral tibia 32%, medial tibia 30%) with the lowest values in the
medial tibia (P<0.01) and lower correlations between the plates. The slice-to-slice variation (medial to lateral) ranged from 9% to 24%.

Conclusion: An MR-based method has been developed for evaluating the proton density and magnetization transfer of articular cartilage in
vivo and observing systematic differences between knee joint cartilage plates. The technique has the potential to supply information about
the water content and collagen of articular cartilage, in particular at the early state of osteoarthritic degeneration. © 2000 OsteoArthritis
Research Society International
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Introduction

Degenerative joint disease [osteoarthritis (OA)] is one of
the most prevalent disorders: based on radiographic cri-
teria,1,2 it affects most individuals above the age of 65. The
costs involved have been estimated to amount to $65
billion in the United States alone in 19923 and are expected
to reach 1% of the gross national product in the year 2000.4

In terms of diagnosis and prevention of OA, it is therefore
important to search for suitable parameters that indicate
damage to the cartilage at its earliest stage, when there is
still maximum potential for successful therapeutic inter-
vention. MRI supplies the unique opportunity to study the
characteristics of articular cartilage non-invasively, making
it feasible to collect systematic data from healthy individ-
uals and patients, in both cross-sectional and longitudinal
studies.5,6
426
Quantitative MR based approaches for the assessment
of articular cartilage have so far focused on morphological
parameters, such as cartilage volume and thickness, as
potential indicators of tissue loss in degenerative joint
disease.7–14 However, a general drawback of this
approach is that the cartilage has already been seriously
damaged when morphological changes become detect-
able, whereas the earliest signs of OA involve structural
and biochemical changes of the cartilage tissue, resulting
in an altered composition of its main constituents,
proteoglycans, collagens, interstitial water content,15–18

and others.
Previously, a number of attempts have been made to

demonstrate a quantitative relationship between the signal
intensity of the articular cartilage displayed in MR images
and its microstructural/biochemical composition. Paul and
co-workers,19 for instance, reported a correlation between
the signal intensity variations throughout the cartilage in
spin echo sequences and the proteoglycan distribution.
More recently, Bashir and co-workers20,21 and Allen et al.22

suggested that gadolinium diethylenetriaminepentaacetic
acid-enhanced MR imaging can be used for assessing the
glycosaminoglycan content of normal and degenerated
articular cartilage in vivo, and Insko et al.23 have used
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Fig. 1. Matching of the primary image (a–c) to the validated
protocol in which the cartilage has been segmented (a), for
calculating secondary images that include information about the

proton density [water content, (d)].
Fig. 2. 3D reconstruction of the patellar, tibial (and femoral—not
analysed) cartilage plates for the integral signal intensity analysis,

independent of specific section orientation and angulation.
Material and methods

The technique proposed includes the following steps:

(1) MR image acquisition.
(a) Image data acquisition using a previously

validated MR sequence for determining the
anatomically accurate outline of the cartilage
[Fig. 1(a)].

(b) Acquisition of primary images for calculating the
proton density and MT coefficient together with a
phantom [Fig. 1(a–c)].

(2) Segmentation and 3D matching.
(a) Segmentation of the cartilage outline from the

image data obtained in step 1a [Fig. 1(a)], and 3D
reconstruction of the entire cartilage plate (Fig. 2).
(b) 3D matching (if necessary) of the sequences
obtained in step 1b to the segmented data set
obtained in step 2a (Fig. 1).

(3) Calculation of the proton density and MT coefficient.
(a) Calculation of secondary images (proton density

and MT coefficient) from the primary images that
are obtained in step 1b, and matched to each
other in step 2b.

(b) 3D analysis of the signal intensity for the recon-
structed patellar and tibial cartilage plates
(obtained in step 2a) from the secondary image
data (obtained in step 3a).

(c) Peeling of the peripheral rows of voxels through-
out the 3D cartilage plate and normalization of the
average cartilage signal intensity to the phantom.
sodium imaging for the same purpose. Wolff and
co-workers24 evaluated the magnetization transfer (MT)
contrast of human knee joint cartilage. The MT is generated
by irradiating the macromolecular protons in the tissue with
a low power off-resonance radio-frequency field, which
results in a decreased water proton signal intensity in
regions with tight magnetic coupling between water and
macromolecules. It has been shown25,26 that the collagen
macromolecules (not the proteoglycans) are the predomi-
nant determinants for this decrease of the signal intensity,
indicating that it may be feasible to gain specific information
about the collagen by extracting the MT effect from
MR images obtained with and without an MT pre-pulse.6,27

The water content of the cartilage can, for instance, be
assessed by determining T2 maps;28 alternatively, Selby
and co-workers29 have developed a technique for assess-
ing the proton density of knee joint cartilage from various
gradient echo sequences with different echo times and flip
angles. They found a good agreement with a direct
measurement of the weight fraction of interstitial water in
cartilage specimens. However, to date there exists no
established technique for a quantitative and comprehen-
sive evaluation of the structural cartilage composition
under in vivo conditions throughout entire cartilage plates,
independent of a specific section orientation. A 3D tech-
nique of image acquisition and analysis is particularly
relevant in longitudinal studies, in which it is impossible to
reproduce identical sectional images at precisely the same
location.7,8,11,12 The possibility of longitudinally and quan-
titatively assessing structural changes of joint disease is
not only important for the early diagnosis of cartilage
lesions, but can also improve the objective evaluation of the
effectiveness of various types of chondroprotective treat-
ment, which aim to stop or slow down the degenerative
process.17

The objective of this paper was thus to develop a
quantitative, three-dimensional MR-based technique for the
structural characterization of articular cartilage in the living.
Specifically, we aimed to quantitatively assess the proton
density and MT throughout the patellar and the medial and
lateral tibia cartilage, gaining potential information on the
cartilage water content and collagen. Using clinical MRI
scanners, however, the time required for imaging entire
joints with multiple sequences is relatively long, and arte-
facts can result from slight movements of the knee during
imaging. We will demonstrate that this problem can be
solved by using a semi-automated 3D matching algorithm
that compensates translations and rotations of the knee
joint between the different pulse sequences.



428 J. Hohe et al.: In vivo quantification of cartilage PD and MT
AD 1. 3D IMAGE ACQUISITION

Fifteen volunteers (eight females, age 23.5±3.9 years,
and 7 males, age 24.8±3.9 years) without disorders of the
musculoskeletal system or previous trauma to the knee
were imaged with a standard clinical 1.5 T MR scanner
(Magnetom Vision, Siemens, Erlangen, Germany) with a
slice thickness of 3 mm (sagittal orientation). The original in
plane resolution was 0.62 mm2 (matrix 2562), but was
interpolated to 0.31 mm2 by zero-filling before fast Fourier
transformation (sinc interpolation).30 The knees of the
volunteers were fixed in a collar and remained static in the
magnet during all following protocols, in order to reduce
motion artefacts as far as possible. Image acquisition was
with three-dimensional spoiled gradient echo sequences
(FLASH 3D; No Acq=1) with and without spectral fat-
suppression (fs). The echo time (TE), flip angle (FA) and
repetition time (TR) were varied as described by Selby and
co-workers,29 to compute secondary images of proton
density (protocols 1–3). Protocols 4 and 5 served to obtain
secondary images of the magnetization transfer effect (MT
coefficient Ad 3).

(1) TR1: 59 ms, TE1: 6 ms, FA1: 12°, fs (protocol for
segmentation)

(2) TR2: 59 ms, TE2: 6 ms, FA2: 40°, fs
(3) TR3: 59 ms, TE3: 12 ms, FA3: 40°, fs
(4) TR4: 42 ms, TE4: 6 ms, FA4: 12°
(5) TR5: 42 ms, TE5: 6 ms, FA5: 12°+magnetization

transfer pulse

The total imaging time for acquiring the five sequences was
approximately 35 min.
AD 2. SEGMENTATION AND 3D MATCHING

To perform the segmentation of the patellar and tibial
cartilage we used the protocol with the highest contrast
between the cartilage and the surrounding tissue (protocol
1), which, in previous studies, has been shown to produce
accurate results for cartilage volume and thickness in
comparison with surgically removed tissue,7,9 anatomical
sections,8,10 CT arthrography.10,12 A-mode ultrasound,10

and stereophotogrammetry.14 The femoral cartilage was
not analysed in the present study because its relatively thin
cartilage, large surface area and complex geometry
increased the relative effect of the movement artefacts.
This made correct superimposition of the primary images
difficult and did not leave enough interpretable information
after the peeling of the two peripheral rows of voxels (see
below). The segmentation of the patella and tibia was
performed on a section-by-section basis with an interactive
B-spline Snake (deformable contours) algorithm31 and was
controlled visually in each image [Fig. 1(a)]. Because the
segmentation of the cartilage in protocol 1 often did not
correspond precisely with the outline of the cartilage in the
other four sequences (due to the extended acquisition time
and slight motion of the knee between protocols), we
employed a semi-automated least-squares fitting algorithm
for mapping the other sequences to the first data
set (including the segmented cartilage area, Fig. 1). We
observed that the described artefacts result predominantly
from a translation and/or rotation of the image set within
slices. The procedure of fitting one consecutive image set
to the other was therefore performed by interactively defin-
ing corresponding points in both data sets, {x1

→, x2
→, . . .,

x→}→{y→, y→, . . ., y→} where N is the number of defined
N 1 2 N
points, and by calculating the least-squares of the dis-
tances between the points (rotating and translating one
point set in relation to the other). We then searched for the
rotation and translation that maps the 3D-point set {xi

→} to
the point set {yi

→}, i=1, 2, . . ., N, by minimizing the sum of
squares of the absolute differences between each pair of
points.

where Rmin and Tmin represent the rotation and translation
matrix that solve (1). The method for calculating Rmin and
Tmin was developed based on the work of Arun and
co-workers32 and comprised the following steps:

(a) Translation of the centroid cx
→ of {xi

→}, and cy
→ of {yi

→} to
the origin

(b) Calculation of Rmin

(c) Calculation of Tmin=cy
→−Rmincx

→.

The most important part of the calculation was performed in
step B, the rotation matrix Rmin was being found by
computing the singular value decomposition (SVD) of H.

where U, �, V represent the SVD of H. In this case U and
V are 3×3 orthonormal matrices and � is a diagonal 3×3
matrix with the positive or zero singular values. It has been
shown previously that the orthonormal matrix X=VUt

represents the searched Rmin, if X is a rotation matrix
(det(X)=1).32 Using this algorithm, we were able to gain the
information necessary for reducing the motion artefacts of
the volunteers during the MRI scanning procedure. Please
note that only few corresponding points need to be selected
in some of the images, but that the translation and rotation
is then automatically performed for the entire 3D data set. It
is essential for the accuracy of the matching that the
corresponding points are selected correctly. As a tool for
defining appropriate image points and for demonstrating
the effectiveness of the matching, corresponding slices of
two different data sets were superimposed to one image,
the original sets being displayed in different colors. This
was achieved by manipulating the color components (red,
green, blue), but not the signal intensity of the data sets. In
practice, areas of high signal intensity correspond to the
outlines of the cartilage plates in T1-weighted fat-
suppressed images; if these do not overlap exactly edges
(with one of the original colors) occur where the two
components do not merge. These original colored edges
also become visible at the cartilage surface of the non
fat-suppressed images of protocol 4 and 5. This information
can be used to visually assess the necessity for the
matching, to demonstrate its effectiveness, and to improve
its quality, if not satisfactory. In order to exclude residual
artefacts at the cartilage edges, the peripheral two rows of
voxels were excluded from the signal intensity analysis.
AD 3. CALCULATION OF THE PROTON DENSITY (PD) AND

MAGNETIZATION TRANSFER (MT) COEFFICIENT

Based on the technique described by Selby et al.,29 we
matched protols 1–3 and created secondary images of
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proton density, combining them on a voxel-by-voxel basis
according to the expression:

S1, S2 and S3 are the signal intensities of the pixels of the
protocols 1, 2 and 3 described in the section ‘Data Acqui-
sition’. The values of a, b and c result from the flip angles
(FAx) of the three MRI protocols: a=cosFA1−cosFA2,
b=sinFA1 (1−cos(FA2)), c=sinFA2 (1−cos(FA1)) (Fig. 1).

These values were finally related to a copper-sulfate
phantom present in the images, in order to normalize Spd

and to be able to compare the results among different
volunteers. This phantom has the advantage that its signal
intensity characteristics are particularly stable, and this was
verified by demonstrating that the ratios between the signal
intensity of the muscles and those of the phantom did not
show any systematic decrease or increase over the period
of data acquisition in the volunteers. Please note that the
phantom consisted of an agarose gel and not of pure water,
its relaxation parameters being more similar to human
tissue than those of a water phantom.

Based on the findings of Kim and co-workers,25 proto-
cols 4 and 5 were used for calculating secondary images of
the MT coefficient.33 Since the cartilage–bone interface
cannot be accurately located in images without fat-
suppression,34 we used defined points on the cartilage
surface to match protocol 4 and 5 to the validated segmen-
tation of protocol 1, which precisely describes the outline of
the cartilage.7–10,12,14 To extract the MT coefficient, the
signal intensity of protocol 5 (with magnetization transfer)
was subtracted from protocol 4, and normalized by dividing
it through the signal intensity of protocol 4.33 Please note
that in this case the results are normalized to protocol 4 and
given as a percentage, making a standardization of the
signal intensity values vs the phantom unnecessary.

It is important to realize that the global results for the signal
intensity (SI) are given for the entire 3D cartilage plates of
the patella, medial tibia and lateral tibia (Fig. 2, 3D recon-
struction), both for the proton density and the MT co-
efficient. Differences between the volunteers were tested
for statistical significance with the paired t-tests.

In order to provide an estimate of the slice-to-slice
variation of PD and MT across the cartilages, we deter-
mined the average coefficient of variation (CV%) of the
slices within each plate of each volunteer (standard devia-
tion divided by the mean*100) and related this slice-to-slice
variation to the interindividual variability (given as the CV%
between individuals). To evaluate systematic changes of
PD and MT throughout different regions, we compared
slices within the lateral (second slice from lateral), the
middle, and the medial aspect (penultimate slice from
lateral) of each plate. Systematic differences were again
evaluated with the paired t-test.

The correlation between different plates and between the
PD and MT in each plate was assessed with regression
analysis. Differences in these two parameters between
men and women were analysed with the Mann–Whitney
U-test.
Results
PROTON DENSITY OF THE PATELLAR AND TIBIAL CARTILAGE

The proton density of the patellar cartilage (1.07±0.34)
was found to be significantly higher than that of the tibial
cartilage (P<0.001), whereas the medial (0.74±0.21) and
lateral tibia (0.71±0.25) did not show significant differences
(Fig. 3). The data displayed a high interindividual variability
among the volunteers (patella: CV%=31%; lateral tibia:
36%; medial tibia: 29%; Fig. 3). However, individuals with a
high proton density of the patellar cartilage generally also
displayed relatively high values in the tibia, the correlation
(r) between the patella and the lateral tibia being 0.93, that
between patella and medial tibia 0.78, and that between the
medial and lateral tibia 0.82 (level of significance <0.001).
There was no significant difference between the male and
female volunteers.

The slice-to-slice variation (medial to lateral) of the PD
was lower than the interindividual variation, the values
being 9% in the patella, 19% in the lateral tibia, and 10% in
the medial tibia. The variability of the lateral tibia was
significantly higher than that of the patella (P<0.01) and
that of the medial tibia (P<0.05). In the patella, the lateral
slice showed a significantly lower PD (0.97±0.36) than
slices obtained in the middle (1.19±0.41; P<0.001) and in
the medial patellar facet (1.15±0.40). In the medial and
lateral tibia, however, no significant difference was
observed between medial, middle and lateral slices.
Fig. 3. Proton density of the patella, medial and lateral tibia in 15
volunteers: The data show a high interindividual variability (error
bars indicate 1 standard deviation), and a systematic difference

between the patella and tibia (P<0.001).
MT COEFFICIENTS OF THE PATELLAR AND TIBIAL CARTILAGE

The MT coefficients of the patella (15.4±3.8) and lateral
tibia (15.3±4.9) were significantly (P<0.01) higher than
those of the medial tibia (11.8±3.6) (Fig. 4). The MT values
also displayed a relatively high interindividual variability
(patella: 25%; lateral tibia: 32%; medial tibia: 30%; Fig. 4).
The correlation coefficients between the patella and the
lateral tibia were 0.56 (P<0.05), that between patella and
medial tibia 0.32 (not significant), and that between the
medial and lateral tibia 0.0 (not significant). There was
no significant difference between the male and female
volunteers.

In the tibia, the slice-to-slice variation (medial to lateral)
of the MT was lower than the interindividual variation, the
values being 19% in the lateral tibia and 12% in the medial
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tibia. In the patella, however, the intracartilage variation
(29%) was significantly higher than in the medial tibia
(P<0.001) and was similar to the interindividual variability.
In the patella, the lateral slice showed a significantly higher
MT (16.8±4.2) than the middle (14.2±2.8; P<0.05), but the
medial slice (16.3±6.1) was not significantly different. In the
lateral tibia, the medial slice (13.0±5.3) displayed a signifi-
cantly lower MT than the middle (15.7±3.9) and the lateral
slice (17.8±9.9), the level of significance being P<0.01 and
0.05, respectively. In the medial tibia, however, no signifi-
cant difference was observed between medial, middle and
lateral slices.
CORRELATION BETWEEN PROTON DENSITY AND MT

COEFFICIENTS

There was no significant correlation between the proton
density and MT coefficient in the patella (r= −0.01) and
lateral tibia (r= −0.19), but a significant association
between the two parameters in the medial tibia (r= +0.68;
P<0.05).
Discussion

The aim of this study was to develop a quantitative,
three-dimensional technique for the in vivo quantification of
articular cartilage MR signal intensity. Specifically, we have
assessed the proton density and MT throughout the carti-
lage plates of the human knee joint to gain insight into the
structural composition of articular cartilage. This is an
extension of a previously described morphometrical analy-
sis7,8,10,12,13,30 that focused on cartilage volume and thick-
ness as potential parameters for characterizing the state
and progression of osteoarthritic disease. The technique
developed here may allow non-invasive detection of carti-
lage lesions at an earlier stage, when there is still maximum

17
Fig. 4. MT coefficient of the patella, the medial and lateral tibia in
15 volunteers. The data show a high interindividual variability (error
bars indicate 1 standard deviation), and a systematic difference

between the medial and lateral tibia (P<0.01).
potential for effective therapeutic intervention.
METHODOLOGICAL ASPECTS

In order to be able to extract relevant data concerning
the proton density and MT of the knee joint cartilage plates,
several methodological problems had to be solved. To
quantitatively determine the proton density and the MT
coefficient from the raw MRI data, the cartilage regions of
interest have to be defined. We therefore selected an MR
sequence, which has been previously validated in terms of
accurate assessment of cartilage volume and thickness, for
determining the anatomically accurate outline of the carti-
lage. For the interactive segmentation we applied a
B-spline Snake algorithm31 that has been shown to be
superior to manual segmentation.

The primary image data for estimating the proton density
and MT coefficient of the cartilage were obtained according
to the descriptions of Selby et al.29 and Faber et al.33

These authors have suggested that the MR signal intensity
of secondary images (obtained from merging several pri-
mary images) reflects the water content and collagen of the
articular cartilage. Using a compression apparatus for
investigating the in situ deformation of articular cartilage in
intact joints,35,36 Faber et al.33 have demonstrated that the
proton density shows a substantial decrease upon cartilage
compression (consistent with loss of interstitial water from
the proteoglycan–collagen matrix), whereas the MT coef-
ficient displays a considerable increase (consistent with a
closer packing of the collagen fibrils in the compressed
cartilage matrix).

For cross-sectional and longitudinal studies in patients or
volunteers, the analysis of the MR signal intensity should
not rely on single sections, since these are intrinsically
difficult to define and to reproduce.7,8,11 We therefore
applied a 3D imaging protocol covering the entire knee
joint, in order to be able to extract the average proton
density and MT coefficients for entire 3D cartilage plates,
these values being independent of a specific section posi-
tion or angulation. Presently, this type of analysis allows for
a global assessment of the cartilage plate, but not yet for
determining focal changes which may occur in the earliest
stage of the disease. However, in future work we intend to
map the spatial distribution of PD and MT throughout
various anatomic regions of the cartilage plates as well as
throughout various cartilage layers (superficial, middle,
deep), and then to use 3D registration algorithms to directly
compare the differences between the signal intensity
patterns obtained at different points in time.37 In this way,
focal changes may be demonstrated directly, independent
of the specific section location.

The use of 3D imaging sequences naturally involves
relatively long imaging times, and under in vivo conditions it
is difficult to keep the object of interest entirely stationary
during imaging. Despite our efforts to keep the knee joints
fixed and to use specialized image protocols that have
been optimized for acquiring 3D data with high spatial
resolution at minimal imaging times,30,38 the digital image
analysis revealed that various degrees of rotation and
translation had occurred between the acquisition of the
various sequences required for computing the secondary
images. We therefore had to establish an efficient tech-
nique for correcting these motion artefacts. This was
achieved by applying a semi-automated approach based
on a least-squares fitting algorithm that allows the primary
data sets to be matched with the image data, in which
segmentation of the entire cartilage plate of interest has
been carried out. This implies that segmentation (which is
the most time-consuming step) needs to be performed in
only one of the data sets, and that the signal intensities of
the secondary images can be immediately computed from
the data matched to the first protocol. We have created a
tool for indicating the necessity and demonstrating the
effectiveness of the matching, by superimposing corre-
sponding slices of different data sets onto one image, the
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original images being displayed in different colors. The
occurrence of one of the two original colors at the edges of
the cartilage plates indicates that matching is required and
the same effect can be used to control its efficiency. We
observed satisfactory results throughout all patellar and
tibial cartilage plates of the 15 volunteers after applying the
matching algorithm, and in order to exclude residual arte-
facts at the cartilage edges (resulting, for instance, from
partial volume effects) the peripheral two rows of voxels
were excluded from the signal intensity analysis. However,
due to its large surface area, thin cartilage layer and
complex geometry, the femoral cartilage did not yield
satisfactory results. For this reason we dispensed with
analysing the distal femur in the present study, which is a
shortcoming. However, if the motion artefacts can be
reduced and/or the resolution increased, it will become
feasible to assess femoral cartilage with this method.

By normalizing the secondary data sets of the proton
density to a phantom, we ensured comparability among
different volunteers independent of the specific imaging
conditions. Please note that we used a copper-sulfate
phantom consisting of an agarose gel and not of pure
water, because not only the protocols given here, but a
variety of other MR-sequences, were acquired. The
addition of agarose to water may have changed the amount
of free water in the phantom. Only free water has T2 values
large enough to receive a signal with standard pulse
sequences. Therefore we assume that only the spin density
of the free water fraction of the phantom was measured by
our method. This may explain why some cartilage samples
showed larger spin density values than the phantom,
and future studies will have to address whether this
shortcoming can be overcome by using a pure water
phantom.
RESULTS FOR PROTON DENSITY AND MT COEFFICIENT

The high interindividual differences in both the proton
density and MT coefficient are consistent with results
reported in the literature addressing cartilage biochem-
istry16 and mechanical properties.39,40 It is interesting to
observe systematic differences between various cartilage
plates, indicating differences in their structural composition.
Such differences have also been observed in biochemical
in vitro studies.39,41 Froimson et al.41 reported that the
water content was highest in the patellar cartilage, a finding
that is reproduced in our study.

The findings indicate that there exist systematic vari-
ations of PD and MT even within individual cartilage plates
of healthy volunteers, and these may relate to differences
of the mechanical loading characteristics, e.g. of the lateral
and medial patellar facet, or of those parts of the tibia which
are covered by the menisci vs those that are not.

The relatively low correlation of the proton density and
MT coefficients within the same cartilage plates suggests
that both parameters provide independent information with
regard to cartilage composition and properties.
POTENTIAL APPLICATIONS AND FUTURE DEVELOPMENTS

Further in vivo studies will have to substantiate whether
the proton density and MT coefficients vary with age and
disease states. The technique presented makes it possible
to analyse whether functional adaptation of articular carti-
lage to mechanical stimuli can be observed on a structural
level, for instance by comparing these parameters in indi-
viduals subjected to different levels and types of physical
exercise. In particular, future studies will have to demon-
strate whether the technique can be used to characterize
the mechanical properties of the tissue, and to detect and
monitor degenerative cartilage changes before the state of
tissue loss. In this context it may also be of high interest to
collect quantitative data on the proteoglycans, which repre-
sent an important constituent of the articular cartilage. It
should be stressed that the post-processing technique
presented in this study is not confined to the use of specific
imaging protocols, but can be readily applied to alternate
MRI sequences, for instance those proposed by Bashir and
co-workers20,21 and Insko et al.23 for measuring the pro-
teoglycan content, or those for calculating T2 maps.28 An
important step will be to extend the present technique to
allow for regional analyses, both perpendicular and parallel
to the cartilage surface, and to the analysis of focal rather
than global changes. Since cartilage properties and bio-
chemistry have been shown to vary with tissue depth and in
the peripheral vs central aspects of the joint surface,17,42

such a technique may allow analysis of the inhomogeneous
structure of the cartilage in vivo, under both physiological
and pathological conditions. This will, however, require
image acquisition at a higher spatial resolution, the devel-
opment of faster MR sequences being particularly import-
ant in this context. In this way it should become possible to
reduce the imaging time and potential motion artefacts and
to avoid the elimination of peripheral voxels, allowing for
the analysis of the signal intensity distribution at the
cartilage surface, compared with deeper areas of the
cartilage.
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