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The structure of articular cartilage is separated into three layers of differently oriented collagen fibers,
which is accompanied by a gradient of increasing glycosaminoglycan (GAG) and decreasing water con-
centration from the top layer towards the bone interface. The combined effect of these structural varia-
tions results in a change of the longitudinal and transverse relaxation times as a function of the distance
from the cartilage surface. In this paper, this dependence is investigated at a magnetic field strength of
0.27 T with a one-dimensional depth resolution of 50 lm on bovine hip and stifle joint articular cartilage.
By employing this method, advantage is taken of the increasing contrast of the longitudinal relaxation
rate found at lower magnetic field strengths. Furthermore, evidence for an orientational dependence of
relaxation times with respect to an axis normal to the surface plane is given, an observation that has
recently been reported using high-field MRI and that was explained by preferential orientations of colla-
gen bundles in each of the three cartilage zones. In order to quantify the extent of a further contrast
mechanism and to estimate spatially dependent glycosaminoglycan concentrations, the data are supple-
mented by proton relaxation times that were acquired in bovine articular cartilage that was soaked in a
0.8 mM aqueous Gd++ solution.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The bone ends of synovial joints are covered by a thin (1–5 mm)
layer of hyaline articular cartilage which allows the relative move-
ment of the bone ends with minimal friction and distributes acting
loads over a large area. In order to accomplish these tasks articular
cartilage varies highly in molecular composition and organization
between surface and bone interface. This depth-dependent organi-
zation is mainly defined by collagen fibrils, resulting in a fibrous
ultrastructure of three histological zones in the noncalcified tissue.
In layers close to the surface collagen fibrils are predominantly ori-
ented parallel to the surface (superficial zone), they start to bend
forming a mostly random orientation (transitional zone) and finally
align in a perpendicular manner to the surface (radial zone) (see
Fig. 1a for a schematic representation). The collagen fibrils are
embedded into a multicomponent matrix consisting mostly of water
and proteoglycans which are protein cores with attached glycosami-
noglycans. They form a bottlebrush-like structure and can aggregate
to a backbone of hyaluronic acid forming a macromolecule.
Glycosaminoglycans (GAGs) are negatively charged due to the sul-
phated chondroitin and keratin molecules. In general, a gradient of
increasing glycosaminoglycan and decreasing water concentration
can be seen from the top layers to the bone interface [1].
ll rights reserved.

tapf).
In osteoarthritis, one of the most common degenerative joint dis-
eases, the articular cartilage loses its functional integrity. In early
stages osteoarthritis primarily alters the concentration of water
and proteoglycans. Later on, damages to the collagen network occur
as well as a decreasing concentration of chondrocytes [2,3]. Once a
certain degree of tissue damage is reached, it is almost impossible
to recapture the articular cartilage functionality without surgery.
Therefore, it is desirable to diagnose osteoarthritis as early as
possible.

NMR investigations which have been carried out so far have ad-
dressed predominantly the properties of articular cartilage in high
magnetic fields, such as the structural variations represented by
the longitudinal and transverse relaxation times. For instance,
imaging studies focussing on orientation-dependent contrast and
pressure influence [4,5] were carried out, while spectroscopic
and diffusion measurements elucidated the effect on molecular
and transport properties [6]. Combinations of spectroscopic tech-
niques and microimaging were applied for assessing order and
its dependence on physiological conditions [7,8]. Low-field appli-
cations, however, are comparatively scarce: In an early work, the
superiority of T1 vs. T2 contrast in cartilage imaging at 0.15 T was
already pointed out [9]; dedicated devices for extremities have
been presented [10], and routines for osteoarthritis prediction at
0.18 T were discussed [11]. Different aspects of low-field and
high-field cartilage imaging are reviewed in [12,13]. For a similar
system of rather high molecular order, bovine Achilles tendon,
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Fig. 1. (a) Sketch of cartilage structure. The cartilage itself is approximated by a
leaf-like structure with fiber orientations predominantly parallel to the joint surface
(superficial zone), perpendicular to the bone surface (radial zone) and mixed
orientations in between (transition zone). Calcified zone and subchondral bone are
within the accessible volume of the cartilage samples in this study. (b) Visualization
of the NMR scanner with directions of magnetic field and sample rotation axis. The
field gradient points upward, i.e. normal to the plane of the rf coil.
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anisotropy of both T2 [14] and diffusion [15] were reported using a
portable low-field sensor.

In this contribution, we report about experiments carried out at
a low magnetic field strength (0.27 T), taking advantage of the in-
creased contrast of the longitudinal relaxation rate towards lower
Larmor frequencies.

2. Experimental procedure

Samples of bovine articular cartilage taken from fresh hip and
stifle joints of a femur bone were cut in pieces of approximately
6 by 8 mm and roughly 8 mm in thickness including the bone it-
self; they were placed in physiological saline solution (PBS) in a
refrigerator at 6.8 �C for 24 h. PBS is an isotonic water-based buffer
solution containing mostly sodium chloride and phosphate as well
as small amounts of potassium chloride and phosphate, which
helps to maintain a constant pH value around 7.4. Each sample
was removed from the physiological solution 3 h prior to the mea-
surement, put in a Petri dish and kept unclosed in the refrigerator
to remove excess surface moisture. Afterwards the sample was
wrapped in cling film.

The spatially resolved experiments were performed using the
stray field of a single sided NMR spectrometer (Profile NMR-
MOUSE, ACT GmbH, Germany) with a 1H resonance frequency of
11.7 MHz (corresponding to a magnetic field strength of 0.27 T)
providing a time-constant magnetic field gradient of 11.5 T/m in
the sensitive volume. The magnet and sample are kept at room
temperature within 0.5 �C. The temperature of the magnet was
monitored during the whole process, possessing a variation of
±0.5 �C. At the position of the sample, a minor increase in the tem-
perature was detected due to the heating of the RF coil. This heat-
ing was well below 0.5 �C and did not significantly affect the
relaxation process.
Profiles were obtained by moving the magnet relative to the
sample which was oriented with the cartilage surface facing the re-
ceiver coil of 10 � 10 mm area. Due to the strong field gradient,
only a thin slice at a distance of several mm from the magnet sur-
face is excited and contributed to the signal. Experiments were car-
ried out as CPMG trains with a pulse separation of either 87.5 ls or
66.5 ls using a 180� pulse length of 3.5 ls; for these parameters,
the thickness of the excited slice was 50 lm or 100 lm, respec-
tively [16]. The step size of the stepping motor was set accordingly
to either 50 lm or 100 lm. From the total of typically 1024 echoes
acquired, the transverse relaxation times T2 were fitted. Note that
due to the heterogeneity of the magnetic field, the apparent relax-
ation time of a free water sample is obtained as approximately
200 ms in contrast to its true value of 2–3 s; although the actual
value of T2 in this study is of less importance than the contrast be-
tween different layers and orientations, we nevertheless wish to
state that the values measured for the discussed systems indeed
represent, with minimal deviation, the true values in the absence
of magnetic field gradients. Also, the spin-locking effect, which
would lead to a signal decay component governed by T1q, can be
considered negligible since rf power is present during a maximum
of 5% of the sequence time. Data for the upper layers (superficial,
transition and radial zones) could be fitted successfully by mono-
exponential decay functions, i.e. no significant second contribution
was identified, in agreement with previous high-field investiga-
tions [17]. Decays in the calcified zone and within the subchondral
bone, however, required biexponential fits.

Longitudinal relaxation times (T1) were obtained by using a sat-
uration recovery sequence followed by a CPMG train for increasing
the signal intensity; the first 512 echoes of the train were added.
These data could always be fitted using a monoexponential
function.

Orientation dependent measurements were carried out by
rotating the sample in steps of 15� about the axis perpendicular
to the receiver coil, this axis being also perpendicular to the B0

direction (see Fig. 1b). In order to prevent a bias from sample dry-
ing, angular positions were set in random order, and the initial po-
sition was measured again at the end of the experiment.

For measurements including the contrast agent, a full profile of
a cartilage sample was first completed, the sample was then placed
in 0.8 mM Gd(DTPA)2� solution for 24 h, and the same sample was
measured, after removing excess water from the surface, in the ex-
act position as before.

Frequency-dependent measurements of the longitudinal relax-
ation time, T1(x), were carried out at a commercial field-cycling
relaxometer (Stelar s.r.l., Mede, Italy) with Larmor frequencies
x/2p in the range of 10 kHz–20 MHz at room temperature; typi-
cally 8 scans were accumulated for each frequency. The resulting
decay curves were fitted as exponentials (see [18] for technical
details).
3. Results and discussions

3.1. Transverse relaxation times

The dependence of the transverse relaxation time, T2, on depth
is shown in Fig. 2 where the hip joint and the stifle joint of a bovine
femur bone are compared to each other. In both samples, a partic-
ularly short T2 value is identified at the cartilage surface, increasing
towards a maximum value almost twice as high at a depth of
approximately 600 lm, before decreasing again towards a second
minimum. This minimum clearly corresponds to the calcified zone
which possesses a smaller concentration of water that is consider-
ably more restricted in mobility. Nevertheless, the measured T2

values of between 16 ms and 25 ms still indicate a relatively large



Fig. 2. Transverse relaxation time T2 as a function of tissue depth for bovine articular cartilage (left: hip joint, right: stifle joint). Data were acquired by a CPMG sequence at a
spatial resolution of 100 lm. The repetition time was 3000 ms, and the number of accumulations was 128 (hip joint) and 64 (stifle joint), respectively.
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mobility of the remaining water molecules. The calcified zone ap-
pears to be of varying thickness, i.e. an almost constant T2 is found
within a region of about 1 mm thickness in the stifle joint, while T2

increases more gradually with growing depth in the hip joint. A dif-
ferent actual thickness of the calcified zones can be concluded, but
an influence of a different curvature of both regions, leading to
overlap of signals within the sensitive volume of the sensor, cannot
be ruled out as well. For tissue extending further away from the
surface, relaxation times increase once more, the signal originates
from fluid inside the subchondral bone. Note that only the long
component of a biexponential fit is shown in Fig. 2; the short com-
ponent typically in a range of 0.6–1.0 ms was contributing with a
weight fraction of about 60–70%, but no attempt was made to
quantify this contribution since the focus of this work was on the
cartilage tissue.

The increase and subsequent decrease of T2 from the surface to-
wards the calcified zone has repeatedly been reported in the liter-
ature, e.g. for canine articular cartilage at high magnetic fields (7 T)
[19]. Although a direct comparison of tissue from different joints in
different mammals is impossible, the trend appears to be
universal:

Transverse relaxation times, and thus water mobility, are low-
est immediately at the surface, an observation that has been made
for tissue samples embedded in buffer solution [20], so that super-
ficial drying due to evaporation cannot be made fully responsible
for this effect. Nevertheless, for the experiments shown in this
study, drying during the experiment could not fully be prevented,
so that the actual gradient in T2 may be somewhat smaller than the
range observed, despite the fact that the ratio between minimum
Fig. 3. Longitudinal relaxation time T1 as a function of tissue depth for bovine articular ca
sequence followed by a CPMG train for increasing signal-to-noise ratio. The spatial r
accumulations was 64 (hip joint) and 32 (stifle joint), respectively.
and maximum T2 values within the cartilage agrees with previous
studies. The increase in T2, maximum of T2 and its subsequent de-
crease towards the calcified zone have been interpreted as superfi-
cial, transitional and radial zone, respectively [21]. Although no
sharp boundaries are to be expected and the size of each zone de-
pends on the cartilage thickness as well as the location it was taken
from, the transition between the three cartilage zones can be
clearly seen.

When comparing the depth-dependence of T2 with values in the
literature, the ubiquitous direction dependence has to be taken
into account: note that in our experiments, the direction of the
external magnetic field was parallel to the cartilage surface (see
Fig. 1b). In a conventional medical MRI scanner, the external mag-
netic field would be perpendicular to the cartilage surface in most
of the main joints.

3.2. Longitudinal relaxation times

Contrary to T2, the longitudinal relaxation time T1 was reported
to not show significant variation across cartilage tissue when mea-
sured at high magnetic field strengths [19,22]. At a field strength of
0.27 T, however, a pronounced variation of T1 is found, as is dem-
onstrated in Fig. 3. For both the hip joint and the stifle joint, the
systematic behavior of T1 across the cartilage region approximately
follows that of the T2 dependence. An increase from the surface to-
wards a maximum at about 600 lm depth is followed by a subse-
quent continuous decrease towards the calcified region, from
which it remains constant or increases weakly towards the sub-
chondral bone, at variance to the T2 behavior in this region which
rtilage (left: hip joint, right: stifle joint). Data were acquired by a saturation recovery
esolution has been 50 lm. The repetition time was 2500 ms, and the number of
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features a more pronounced increase below the calcified region.
Note that experiments were carried out at different samples cut
from the same joints, so that an exact match of tissue dimensions
is not expected, but they have indeed been very similar to each
other. Repeated experiments with further samples taken from
the same or different bovine joints do follow the same behavior
and show similar absolute T1 values. In Fig. 3, the maximum vari-
ation of T1 across the sample is between a factor of 3 and 4, where
the immediate top layer of the stifle joint has not been considered
due to large fitting errors. These are possibly influenced by sample
drying during T1 experiments, since the profile was measured
starting from the bone and moving towards the cartilage surface,
and took considerably longer than T2 measurements. Based on
the separation of the sample into three cartilage zones, the behav-
ior of T1 across these zones can well be identified in Fig. 3. At the
field strength used in this study, T1 appears to be a superior param-
eter for characterization across the cartilage tissue and beneath it,
since the dynamic range of the T1 values is larger than that of T2

and the fitting error is significantly lower, which indicates a smal-
ler spatial variation across the sensitive volume in each experi-
ment. Much stronger variations are seen in the calcified zone, in
particular in the stifle joint, which are accompanied by large fitting
errors and are also a consequence of the smaller signal intensity
(see below).

The more pronounced dependence of T1 towards lower mag-
netic field strengths has its origin in the dipolar relaxation mecha-
nism of the protons and the related correlation times. From the
monoexponential behavior it can be concluded that protons either
exist in a single, motionally restricted phase (because of the T1 va-
lue being considerably reduced compared to bulk water), or are in
fast exchange between two or more separate phases, such as free
and bound water. If for all of these phases, the molecular motion
can be approximated by isotropic rotation with a characteristic
time s so that xs� 1, relaxation theory requires a field-indepen-
dent relaxation rate 1/T1 that is proportional to s [23,24]. Any more
complex correlation function, involving reorientation times on the
order of x�1 or slower, must result in a field dependent, and thus
frequency dependent, relaxation time; indeed, such a frequency
dependence has regularly been observed for water in biological tis-
sue, including proteins, muscle tissue and live leeches [18]. Fig. 4
shows the frequency dependence of protons in a cartilage sample
cut from the bone; the plotted T1 correspond to averages over
the whole tissue, i.e. averages over the continuous distribution of
T1 values as shown in Fig. 3. The frequency dependence can be
approximated by a power law of T1 �x0.23 from the lowest fre-
Fig. 4. Frequency-dependent relaxation time T1 obtained by field-cycling relaxom-
etry. Data represent measurements before and after the addition of a 0.8 mM (Gd-
DTPA)2 aqueous solution. Shorter T1 values at frequencies of 2.2 and 2.9 MHz
correspond to cross-relaxation effects of protons with 14N-nuclei in the amide
groups.
quencies upward, with a slightly more pronounced field depen-
dence in the MHz region. There is indeed evidence for a
frequency dependence that is different for the individual layers
of the cartilage tissue, which would explain the variation found
at 0.27 T and its essential absence at 7 T [19]. Earlier results on
relaxation times in the rotating frame, T1q, which have been found
to depend on position as well as on the distribution of GAG concen-
trations, confirm that contrast may exist even at very low Larmor
frequencies [25]. Further research is currently carried out on quan-
tifying the relaxation dispersion within the individual zones of car-
tilage tissue.

Note the occurrence of quadrupolar dips around 2.2 and
2.9 MHz, which are a consequence of 1H–14N cross relaxation of
protons with nitrogen nuclei in amide groups of the immobilized
collagen and/or GAG macromolecules [26,27]. The depth of these
dips provides access to the concentration and the degree of mo-
tional anisotropy of H–N pairs in the sample.
3.3. Signal intensity

Results of T2 and T1 distributions across the cartilage region and
into the subchondral bone qualitatively match previously reported
T2 dependences, but samples in this study have not been immersed
in liquid during the experiment so that drying due to water evapora-
tion may exist despite their sealing by a cling film. In an attempt to
estimate the influence of drying, the signal intensity of the sample
has been reconstructed from the layer-dependent measurements
(see Fig. 2) by integrating the signal intensity of the 2nd to 5th ech-
oes, which are negligibly affected by transverse relaxation. The pro-
file shown in Fig. 5 corresponds to the total signal of mobile protons,
i.e. predominantly water and proteoglycans. While the signal de-
creases towards the surface, possibly indicating drying of the sam-
ple, it remains constant between about 600 and 1600 lm, where
T2 and T1 variations are obvious in corresponding measurements.
Signal intensity then decreases towards the calcified zone and
slightly increases again within the subchondral bone, with about
half the signal intensity of that in the center of the cartilage region.
Note that a possible mismatch of the sensitive volume with the sam-
ple surface, i.e. the fact that the topmost slice may be partially out-
side the sample, is another reason for a reduced signal intensity
(leftmost point in Fig. 5). The relaxation times measured are, how-
ever, unaffected by this partial-volume effect.

An indirect proof of the effect of drying on the measurement
parameters is the evolution of the longitudinal relaxation as a func-
tion of time; Fig. 6 shows this parameter, taken at a depth of
150 lm, in its evolution during 16 h. This period much exceeds
the duration of a profile experiment, which is approximately
Fig. 5. Signal intensity obtained from adding the 2nd to 5th echoes of the
measurement of Fig. 2b (stifle joint).



Fig. 6. Longitudinal relaxation time T1 at a depth of 150 lm for bovine articular
cartilage (stifle joint). Data show the evolution of T1 in the same depth over the
course of 16 h.
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3.5 h for a T1 profile and 1 h for a T2 profile. During this period, a
decay of T1 of 8% with a time constant of about 5 h is observed,
which clearly indicates that the considerable variation of T1 across
the sample is not significantly influenced by time-dependent
changes during the time of the experiments.
3.4. Relaxation times with contrast agent

(Gd-DTPA)2� has been applied as a common relaxation agent in
medical imaging to, for instance, follow the fluid transport of an
injection bolus, or to quantify local water concentrations because
Fig. 7. (a) Longitudinal relaxation time T1 as a function of tissue depth for bovine articular
by a CPMG train for increasing signal-to-noise ratio. The spatial resolution has been 50 l
red (bottom) curve corresponds to the results after addition of a 0.8 mM (Gd-DTPA)2 aqu
the data in (a)). (c) GAG concentration as a function of tissue depth, computed by apply
only water molecules in exchange with a hydration shell around
the ions are affected. Due to the timescale of this molecular ex-
change, a weak frequency dependence of water protons in aqueous
(Gd-DTPA)2� solution has been reported [28]. Applying a contrast
agent to cartilage tissue provides a handle to quantify the actual
water concentration, and indirectly also GAG concentration,
important parameters for assessing tissue status and for identify-
ing degenerative changes in cartilage. The application of physiolog-
ically accepted concentrations of (Gd-DTPA)2�, and the comparison
of relaxation times before and after application, has been sug-
gested as a means to quantify GAG concentration [29], and good
agreement with chemometric results has been achieved [1].

Fig. 7a compares the longitudinal relaxation times for one par-
ticular hip joint sample, where a measurement without contrast
agent was followed by a period of storage in a 0.8 mM aqueous
(Gd-DTPA)2� solution (see Section 2) and a second experiment
with identical conditions. While relaxation times in the transition
zone were reduced by almost two thirds, the reduction becomes
less pronounced towards the calcified zone; the relative change
is shown in Fig. 7b.

Ref. [29] provides a recipe for determining GAG concentration
from the difference of relaxation rates under the assumption of a
known counter-ion concentration. If this procedure is followed,
the profile of GAG concentrations shown in Fig. 7c is obtained. A
strong increase until a depth of 750 lm is clearly visible, afterwards
more fluctuations occur and the increase is weaker. This result con-
firms the profile obtained in [1], where a distinct concentration gra-
dient is found by NMR as well as chemometric methods.

Note that no significant influence of the contrast agent on trans-
verse relaxation times was observed. Frequency dependence of
cartilage (hip joint). Data were acquired by a saturation recovery sequence followed
m. The repetition time was 2500 ms, and the number of accumulations was 32. The
eous solution. (b) Relative change of T1 as a function of tissue depth (computed from
ing the formalism of [29].
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longitudinal relaxation times, on the other hand, was altered by
the addition of the (Gd-DTPA)2� solution, see Fig. 4. Relaxation
rates are obtained from a sum of the rates of the water-containing
samples and the solution with contrast agent, the latter contribut-
ing a higher relaxation rate above a Larmor frequency of about
4 MHz. This has also the effect of significantly reducing the prom-
inence of the quadrupolar dips which are unrelated to the proton–
electron cross-relaxation of the Gd-compound. It can be concluded
that, while the application of (Gd-DTPA)2� is a suitable method for
quantifying spatially dependent GAG concentration, the range of T1

values as a function of depth and magnetic field strength becomes
reduced so that, apart from a certain gain in experimental duration
due to the reduced repetition times, the use of contrast agents does
not per se facilitate the assessment of cartilage tissue at low field.
3.5. Angular dependence

In recent literature, the dependence of the transverse relaxation
time on the sample orientation with respect to the external mag-
netic field was discussed in detail [30,31]. Such a dependence is ex-
pected due to the known preferential orientation of the collagen
fibers in the three different cartilage zones; on the other hand,
relaxation of water molecules that are experiencing this orienta-
tion by molecular motion in an anisotropic environment can be
employed as probes for models describing this tissue property,
and can serve as indicators for degenerative processes that can af-
fect this order. Of the three possible rotation axes investigated in
[30], only one could be studied in this work, because of the geom-
etry of the sensor that allows measurement only within one
two-dimensional layer.

In Fig. 8a and b, the angular variation of T2 and T1 data, respec-
tively, are compared at a depth of 150 lm in a bovine stifle joint
Fig. 8. (a and b) Dependence of T1 and T2 on the angle between B0 and a horizontal lin
50 lm. The repetition time was 1800 ms, and the number of accumulations was 32. (c an
T1 (left) and T2 (right).
prepared with 0.8 mM aqueous (Gd-DTPA)2� solution. Similar
experiments were carried out with a number of joints but no sta-
tistically significant variation was identified; in particular, samples
without contrast agent showed only small and unsystematic vari-
ations. In order to test the significance of the variation of the pre-
sented results, the autocorrelation function of angles has been
obtained and is shown in Fig. 8c and d. This function is defined as:
Gð/Þ ¼ hPðdÞPðdþ /Þi
PðdÞ2

;

where the quantity P(d) corresponds to the relaxation time at a gi-
ven angle / relative to the external magnetic field.

The variation of T2 with angle is statistically significant and
shows a periodicity of (75 ± 5)�. Within the transition zone, where
these data have been determined, the bundle arrangement of col-
lagen fibers has been reported to generate a variation with a peri-
odicity of about 90� [30]. This behavior is also indentified in this
study. The relatively weakly pronounced variation can be ex-
plained by the fact that, apart from vertical averaging over a slice
thickness of 50 lm, lateral averaging over the whole width of the
cartilage sample of 6 by 8 mm occurs. A global orientation over
such a large dimension is unrealistic, so that some averaging of lo-
cally oriented fiber bundles does inevitably occur during the
experiment.

Note that no significant variation of T1 was found, as is seen in
Fig. 8a and c. Since longitudinal relaxation is proportional to the
same angle-dependent functions as T2, such a dependence cannot
a priori be ruled out, although it has not been reported yet. Further
studies on smaller samples are currently been carried out to
quantify T1 variations.
e through the initial sample position (hip sample). The spatial resolution has been
d d) Autocorrelation function of angle-dependent relaxation time measurements for
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4. Conclusions

The feasibility to obtain relaxation parameter maps across artic-
ular cartilage samples at low magnetic field strength with a portable
device was demonstrated for the example of bovine articular carti-
lage samples of 6 by 8 mm in size. Despite a possible curvature of
the samples themselves, the three-layer structure known from the
literature could be reproduced satisfactorily. While transverse
relaxation times at a field strength of 0.27 T show a similar range
as those reported at 7 T, the contrast of the longitudinal relaxation
times is considerably larger at low fields, which suggests their po-
tential use for systematic investigations of diseased cartilage. The
use of a Gd contrast agent is a suitable method to estimate water
and/or glycosaminoglycan concentrations and bears the potential
to visualize, on a low-field scanner, anomalities which do occur in
some types of degenerative tissue diseases (osteoarthritis, articular
gout and rheumatism). Finally, a weakly pronounced angular depen-
dence about the cartilage’s surface normal axis is found, the main
reason for this effect being much smaller than previously reported
[30] is probably the fact that the collagen bundle orientations are
averaged over a large area, while there is reason to assume that local
preferential orientations are restricted to much smaller domain
sizes.

This work represents a feasibility study and thus a first step to-
wards a simple, and possibly routine, ex vivo characterization
modality for cartilage tissue. The current total experimental time
of roughly 1 h for a T2 profile and 3.5 h for a T1 without contrast agent
can possibly be reduced by employing somewhat stronger magnetic
fields or more sensitive receiver circuits. An improved version of the
experiment using a smaller pick-up coil, thus providing a better fill-
ing factor even with smaller samples, at the same time allowing a
less curved sample geometry, is currently under way. On the other
hand, the proposed and partially observed higher sensitivity of the
longitudinal relaxation time at this field strength can be increased
further if experiments were carried out at lower field strengths.
The optimum choice of contrast agents, which may be used as a mar-
ker to GAG degeneracies and other types of diseased tissue, depends
on the actual Larmor frequency used, with (Gd-DTPA)2� (Magnevist)
representing only a first, straightforward and commercially avail-
able option. Logical improvements of the presented approach are
techniques towards order-sensitive multipulse methods and the
encoding of diffusion parameters. Finally, further field-cycling
experiments quantifying the relaxation dispersion within the indi-
vidual cartilage zones will be carried out.
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