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*Department of Diagnostic Radiology, Medical Physics, Christian-Albrechts University Kiel, Michaelisstr. 9,
D-24105 Kiel, Germany; †Technologiestiftung Schleswig-Holstein, Lorentzendamm 21, D-24103 Kiel,
Germany; ‡ABX Advanced Biochemical Compounds, Biomedizinische Forschungsreagenzien GmbH,
Schillerstr. 23, D-01326 Dresden, Germany

Summary
Objectives: Osteoarthritis (OA) is the most prevalent chronic disease in the elderly, and it is generally diagnosed at an advanced state when
treatment is difficult if not impossible. The early form of OA is characterized by an elevated water content in the cartilage tissue. The purpose
of this study was to verify in vivo if changes in the water content of patellar cartilage typically occurring in early OA can be detected using
T2 mapping MRI methods.

Design: Twenty healthy volunteers performed 60 knee bends in order to compress their patellar cartilage thereby reducing its water content.
MR images of the patellar cartilage were acquired immediately following exercise and after 45 min of rest. Patellar cartilage thickness and
T2 maps were determined and their difference between the time points evaluated.

Results: Cartilage thickness increased by 5.4±1.5% from 2.94±0.15 mm to 3.10±0.15 mm (P<0.001) following 45 min of rest, while T2
increased by 2.6±1.0% from 23.1±0.5 ms to 23.7±0.6 ms (P<0.05).

Conclusion: Small, physiologic changes in the water content of patellar cartilage and the concomitant change in proteoglycan and collagen
density following exercise can be detected using MRI. The proposed T2-mapping method, together with other non-invasive MR cartilage
imaging techniques, could aid in the early diagnosis of OA. © 2002 OsteoArthritis Research Society International. Published by Elsevier
Science Ltd. All rights reserved.
Key words: Early osteoarthritis, Water content, MRI, T2-mapping.
Abbreviations: dGEMRIC, Delayed Gadolinium Enhanced Magnetic Resonance Imaging of Cartilage; FLASH, Fast Low Angle Shot; IDL,
Interactive Data Language; MR, Magnetic Resonance; MRI, Magnetic Resonance Imaging; OA, Osteoarthritis; PG, Proteoglycan; RARE,
Rapid Acquisition with Relaxation Enhancement; ROI, Region of Interest; SC1, Initial percentage solid content of cartilage; SEM, Standard
Error of the Mean; SNR, Signal to Noise Ratio; V1,2, Cartilage volume pre- and post-exercise; !WC, Percentage reduction of cartilage water
content following exercise.

Introduction
Osteoarthritis (OA) is the most prevalent chronic disease
in the elderly1,2 and is characterized by progressive
degeneration and eventual loss of cartilage tissue. Despite
its high incidence OA is still poorly understood (e.g. see3,4),
which may be attributed to the fact that it is generally
detected at an advanced stage. As OA is a debilitating
disease with a negative prognosis and a high socio-
economic impact, it is crucial to develop techniques for its
early detection.
Before structural changes manifest, the cartilage tissue

is subjected to biochemical alterations, including a loss of
proteoglycans (PG) and a concomitant increase in water
content (e.g. see5,6 in recent reviews). These early
changes cannot be detected using ‘classical’ methods such
as radiography, the use of biochemical markers or arthro-
scopy. Only magnetic resonance imaging (MRI) has been

shown to do so, with the PG content being determined
non-invasively using contrast agent-based T1-weighted
imaging7, and the water content by using proton density8,9
or T2-weighted imaging10,11. For the early detection of
OA using MR methods, the water content may be the
parameter of choice, as it requires neither a lengthy study
time nor the administration of contrast agents.
Previous studies have shown that the water content in

OA affected cartilage may increase by around 10%12,13.
The water content may be determined directly using proton
density weighted imaging8,9, but this method is not very
sensitive to the small water content changes observed in
the early stages of OA. Instead the T2 time was recently
demonstrated to be very sensitive to the water content in
cadaveric knee cartilage specimen11,14. However, it is not
clear if T2 might also be related to the water content in vivo,
and if this method would be sensitive enough to detect
small changes in knee cartilage water content typically
occurring in early OA.
It was therefore the aim of this work to investigate if

small, physiologic changes in the water content of human
patellar cartilage can be detected in vivo by monitoring
cartilage T2 in a standard clinical 1.5T system. The change
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in water content can be induced by knee bends compress-
ing the patellar cartilage thus decreasing its thickness and
forcing a small amount of water out of the cartilage15–17.
Mechanical deformation of cartilage has been investigated
using MR by several authors to study material properties of
cartilage18–21. Such stress leads to a reduced water con-
tent which is accompanied by an increase in the PG and
collagen density and together these factors cause a
decrease in T2. This may then be monitored by generating
T2 maps of the patellar cartilage22–27.

HYPOTHESIS

During the relaxation phase after the knee bends the
compression effect is reversed; both the mean thickness
and T2 of the patellar cartilage are likely to increase
because water is reabsorbed back into the cartilage, caus-
ing the proteoglycan and collagen density to decrease.
Thus, while PG and collagen contents remain constant, the
water content will increase in time to its level prior to
exercise. Using literature data, both the expected thickness
and T2 increase may be estimated. According to Eckstein
and colleagues a 3% increase in thickness would be
expected after 45 min of rest following knee bends17. In a
different study, Lüsse and co-workers measured T2 as a
function of water content in cadaveric tibial and femoral
cartilage14; according to their data, the average water
content would be expected to change by 1.3% from 69.5
wt.% immediately following the knee bends to 70.4 wt.%
after 45 min of rest (see appendix). This would correspond
to a T2 increase of 1.5 ms.
OA patients show water content increases by around

10%12,13. Hence should the proposed method show a
significant change in T2 following knee bends, then it would
be sensitive enough to detect changes associated with
degenerating cartilage typically occurring in OA patients.

Methods
SUBJECTS AND STUDY DESIGN

Twenty asymptomatic volunteers (four female, 16 male,
28±6 years) took part in the study. After approval by the
local ethics committee, informed consent was obtained
from all participants. Volunteers were positioned supine in
a 1.5T Siemens Magnetom Vision scanner (Siemens
Medizintechnik, Erlangen, Germany), with an 8 cm surface
coil over their right knee to image the patellar cartilage. The
right leg was immobilized at thigh, knee and foot level using
cushions and straps. Scout FLASH images were acquired
and the T2 scan (see below) was planned. Volunteers were
then asked to perform 60 knee bends outside the magnet,
after which they were scanned without further delay using
the previously planned T2 scan. The exercise was super-
vised to ensure identical conditions among subjects, with
3 s for each knee bend and a constant 90° flexion. Knee
bends and repositioning took about 5 min after which MR
data for thickness and T2 determination of patellar cartilage
were acquired and again after 45 min of rest in the magnet.

MR MEASUREMENTS

After repositioning in the magnet, the thickness and the
T2 of patellar cartilage was measured using a fat-saturated
multislice multi-spin–echo pulse sequence with a TR of

3500 ms and 8 TE values (13, 33, 53, 75, 100, 150, 200
and 300 ms). One of the rationales behind choosing a
spin–echo rather than a gradient echo pulse sequence (as
done by other authors for cartilage thickness measure-
ments, e.g. see28,29), was to be able to acquire T2 maps
and thickness information at the same time. Ten contiguous
2 mm axial slices of the knee were acquired. The field-of-
view was set to 40×80 mm and the matrix 128×256,
yielding a resolution of 313 "m per pixel. With the given
timing parameters, a set of 10 slices took 7.5 min to
acquire.
As a test for the reproducibility of this method, three of

the volunteers were measured again three months after
their first session using the same protocol as outlined
above. The reproducibility of the individual T2 and thickness
measurement was calculated the RMS average coefficient
of variation, %CV.

DATA PROCESSING

T2 maps of the patellar cartilage in each of the 10 slices
were generated using a mono-exponential fitting routine
written in IDL (Research Systems, Boulder, CO, U.S.A.). To
avoid fitting noise, pixels having intensity values below a
global threshold in the TE=13 ms image, and those for
which the fit failed, were assigned a T2 value of zero.
Generally, the proportion of cartilage pixels for which the fit
failed was below 1%. Following generation of the maps, the
mean T2 over all patellar cartilage voxels was determined.
The mean cartilage thickness from the bone–cartilage

interface to the cartilage–joint space surface was deter-
mined as described before30. Briefly, an ROI of the patellar
cartilage was defined by hand; here the hypointense region
at the cartilage bone interface (see Fig. 1) was assumed to
be bone in all subjects. After a binary image of the cartilage
was created, the bone–cartilage interface and the
cartilage–joint space surface were fitted to a fourth-order
polynomial, and lines perpendicular to these functions were
generated to measure the distance across the cartilage.
The mean cartilage thickness was then calculated by
averaging over all distances.
Finally, the T2 and thickness changes of the patellar

cartilage between the first (t∼8 min) and the last measure-
ment (t∼53 min) were calculated; these parameters were
tested for differences from zero using Student’s t-test with
significance assumed for P<0.05. Cartilage thickness and
T2 values are presented as mean±S.E.M. if not stated
otherwise.

Results
Following data acquisition no visible movement artefacts

were seen on the images. Figure 1 shows typical images of
a patella immediately following exercise at t=8 min (a)
and after 45 min of rest (b). No obvious thickness change
could be detected by eye in these images. Generally the
patellar cartilage could be separated from the femoral
cartilage although defining the interface between the two
was occasionally difficult.
Figure 2 shows the change in cartilage thickness for

each individual, with the dashed lines indicating a reduction
and the solid lines an increase after 45 min of rest. The
majority of volunteers showed an increase in cartilage
thickness; the mean thickness increase over all volunteers
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was 5.4±1.5% (0.16±0.04 mm) from 2.94±0.15 mm to
3.10±0.15 mm [Fig. 2(b), P<0.001].
Following exercise, the average cartilage T2 value

increased in 13 of the 20 subjects [Fig. 3(a)], although to a
somewhat less obvious degree than the cartilage thick-
ness; the mean T2 increase over all volunteers was
2.6±1.0% (0.6±0.2 ms) from 23.1±0.5 ms to 23.7±0.6 ms
after 45 min of rest [Fig. 3(b), P<0.05]. There was a

correlation between the change in cartilage T2 and
cartilage thickness, with r=0.57 (P<0.01).
The reproducibility measurements of cartilage thickness

revealed that the coefficient of variation (%CV) in indi-
viduals ranged from 3.9% to 11.6%, with an average %CV
of 7.7%. The %CV in the T2 measurements ranged from
0.3% to 2.2% in individuals, with an average %CV of 1.7%.

Fig. 1. Typical axial images of a healthy knee showing the patellar and tibial cartilage areas following exercise (a) and after 45 min of
rest (b). A change in the patellar thickness is difficult to be seen by eye, but becomes apparent when applying image and statistical analysis

(see Fig. 2).

Fig. 2. (a) Graph showing the change of the mean cartilage
thickness following knee bends (t=8 min) to after 45 min of rest
(t=53 min) for each subject. Solid lines indicate increases, dashed
ones decreases in cartilage thickness. (b) The mean overall
change showed an increase from 2.94±0.15 mm to 3.10±0.15 mm

(P<0.001). Note the different scales in (a) and (b).

Fig. 3. (a) Graph showing the change of the mean cartilage T2 just
after exercise and after 45 min of rest in each subject. Increasing
T2 values are represented by solid lines, decreasing ones by
dashed lines. The majority of volunteers showed an increase of the
mean T2 value. (b) The overall increase of 0.58±0.24 ms in
patellar cartilage T2 of all volunteers was significant (P<0.05). Note

the different scales in (a) and (b).
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Discussion
The correlation of water content and T2 has been known

for some time14 but, to the best of our knowledge, this is the
first in vivo study based on that relation. Following 45 min of
rest, the mean cartilage thickness increased by 5.4% while
the mean T2 increased by 2.6%. Thus the thickness
increase was twice that measured by Eckstein and col-
leagues17, while the T2 increased about one-third com-
pared with the expected value based on Lüsse’s in vitro
study11.

CARTILAGE THICKNESS

The current picture of water movement from cartilage
tissue is based on a biphasic model, which assumes that
cartilage consists of a fluid (and hence displaceable) phase
and a solid phase31,32. Physiological loading such as knee
bends leaves the contents of the solid phase unaffected,
but causes an increase in its density through the con-
comitant displacement of cartilage water. This water leaks
out into the joint space and, upon relaxation, will be
re-absorbed back into the cartilage matrix because of the
negative hydrostatic pressure. The re-absorption is a slow
process, such that recovery from exercise will require
extensive periods of rest. For instance, in the study by
Eckstein and co-workers a volume change of the order
of 6% following 50 knee bends took about 90 min to
recover17.
In our work we observed twice that recovery rate. A

number of reasons may have contributed to this effect.
First, the rate of cartilage recovery is known to correlate
closely with the level of deformation caused by mechanical
stress. Hence the fast recovery rate obtained in our study
implies a higher degree of cartilage deformation, perhaps
caused by more strenuous knee bends compared to those
in Eckstein’s study. Second, it is also known that there are
considerable interindividual variations in the degree of
cartilage compression16,20, which is supported by the
range of recovery rates depicted in Fig. 2. Therefore a
larger number of volunteers is necessary to obtain more
solid data. Third, the rate of cartilage thickness recovery
was assumed to be linear over 90 min, i.e. recovery would
be half completed after 45 min. However, it is conceivable
that the thickness increase following knee bends might be
described by an exponential function, such that the degree
of recovery after 45 min of rest in our study would be higher
compared to a linear recovery. Furthermore, not only are
there considerable differences in cartilage morphology
among subjects6, but there may be different recovery
functions, too. Finally it is possible that the measured
thickness changes are larger in our study because only the
central part of the joint surface was considered where most
of the changes are bound to occur.
The reproducibility error of the cartilage thickness

measurement was 7.7% such that changes in cartilage
thickness could be detected in the group of volunteers (with
P<0.001, as indicated above), but not in the individual
volunteer. The %CV in the T2 measurement was smaller
than the standard deviation of the T2 change of the
volunteers. Hence the accuracy of the T2 change measure-
ment should be sufficient to monitor water content changes
of the cartilage after 45 min of rest.

CARTILAGE T2 CHANGES

Based on the data of Lüsse and co-workers, the inverse
water content is a linear function of 1/T2 with an intercept of
1.2 and a slope of 4.4*10−3 s; thus an average water
content of 71.3 wt.% corresponds to a T2 of 21.7 ms.
Taking these numbers as a reference and assuming a
linear recovery rate, the water content would have been
69.5 wt.% immediately after the knee bends, and 70.4 wt.%
following 45 min of rest. This corresponds to changes in T2
from 18.4 ms to 20.0 ms, about three times what was
measured in this study. A number of factors might be
responsible to this difference; Lüsse’s study was carried out
on in vitro tibial and femoral cartilage, whereas our work
focused on patellar cartilage. It is known that there are
differences in structure and composition of various types of
cartilage, and these are also present upon compression
(see e.g.20,33). In addition, Lüsse and co-workers found the
average water content to vary from 61.5 wt.% to 78.9wt.%
and the slope from 3*10−3 s to 5*10−3 s, depending on the
type of cartilage11, thus yielding a large range of T2 values.
Hence a direct comparison of our data to those acquired by
Lüsse should not be made, and it should be stressed that
the predicted T2 changes from Lüsse’s data can only serve
as a landmark. Consequently, although desirable in the
clinical environment, the determination of the absolute
water content from the T2 relaxation time would have been
prone to error and was not attempted.

POSSIBLE ERROR SOURCES

There are three types of errors that could have an effect
on the accuracy of the thickness and T2 measurements;
these may be subdivided into subject-based differences,
assumptions about water uptake and release from the
patellar cartilage, and MR-related limitations.
The first of these points provides the highest potential for

the spread of thickness and T2 data among subjects.
Anatomical variations, differences in motor strategies and
neuromuscular control patterns among subjects may have
led to various degrees of patellar cartilage compression.
Volunteers were young with no history of knee problems,
and their cartilage was assumed to be ‘healthy’; however, it
is possible that undetected microscopic alterations existed
(for instance caused by injury or early OA). The volunteers
were mainly students and had a similar daily movement
regime, but it cannot be excluded that some subject their
patellar cartilage to larger forces during the day than
others. Moreover, subject stature as expressed by body
mass index (although not measured) differed substantially.
The MR measurements were always carried out at the
same time of day such that diurnal variation34 should not
contribute to the spread of data.
Second, for the estimation of the expected T2 changes

during the rest period, it was assumed that the re-uptake
of water into the patellar cartilage can be described by a
linear function, as may be inferred from Eckstein and
co-workers16. If this was not so, e.g. if an exponential
recovery function was assumed, the expected T2 change
would be different. Another point to consider is the water
movement from the patellar cartilage. It was assumed that
the displaced water leaks out into the joint space. It could
also be possible that cartilage water is only displaced
internally to areas that were not subjected to large com-
pression forces. Immediately after the knee bends this
would lead to a focal T2 and thickness increase in areas
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that are not subjected to large forces. Unfortunately, due to
the limitations of the MR system (see below), we were
unable to detect such focal increases in the t=8 min
measurement. With better hardware one may attempt to
monitor only those parts of the cartilage in which to expect
the largest changes in thickness (and T2). This would allow
a rough estimate as to how water is displaced in patellar
cartilage upon compression. Furthermore, it should be
noted that knee bends not only cause a change in cartilage
water content but also an increase in collagen and proteo-
glycan density. This change will also contribute to a
decrease in T2 upon compression. Finally, an obvious
extension of the study protocol would be to acquire
baseline T2 maps and cartilage thickness data. We have
implemented that aspect in our future studies.
Third, the quality of the acquired data depends strongly

on the MR hardware. In this in vivo study an acceptable
compromise between resolution (313 "m) and signal-to-
noise ratio (5:1 in cartilage for the TE=13 ms image) was
chosen. The patellar cartilage was covered by between 6
and 12 pixels, depending on the cartilage thickness; there-
fore partial volume effects occur predominantly in thinner
cartilage layers. It is anticipated that the SNR and/or the
resolution may be improved using stronger gradients
and/or faster, e.g. RARE based, pulse sequences. Such
sequences have been used before for the detection of
cartilage lesions35–37, and are known to deliver an
increased accuracy for T2 values compared to multi-echo
spin echo sequences38. The latter are sensitive to RF pulse
imperfections, resulting in an estimated T2 error of around
10% in this application11.
We used a spin echo rather than a gradient echo based

sequence in order to determine both thickness and T2 at
the same time. Gradient echo sequences have been used
and validated for cartilage thickness measurements by
other authors (see e.g.28,29,39). However, although the spin
echo sequence has not been precisely matched to ex vivo
anatomic sections of cartilage, it is nevertheless a valid
approach, particularly in view of the refocusing effects of
the spin echo. We acknowledge that a proper validation of
the sequence would be desirable, and that acquiring an
additional fat-suppressed gradient echo sequence would
improve our protocol.
It is also known that T2 strongly depends on the angle

between the main magnetic field and the cartilage
layer40,41. Although the volunteers were identically posi-
tioned in the magnet, differences in cartilage orientation
may still have been present, thus having an impact on T2.
In addition, the orientation of the collagen may change
during the relaxation phase, which could also influence T2.

OUTLOOK

We are currently accumulating more data to establish
mean T2 values of patellar cartilage in a set of volunteers,
which is to be compared to patients suffering from various
degrees of OA. In such patients, considerable mechanical
degradation of cartilage tissue will result in water content
changes substantially larger than the small change induced
by knee bends in our study; for instance Mankin and
co-workers found a 9% increase in water content in human
arthritic femoral cartilage13, while a 13% increase was
detected in a canine model of OA12.
Even if this T2-mapping method might initially not be

diagnostic in the individual patient, it would, together with
other non-invasive MR techniques such as dGEMRIC7,42

and magnetization transfer methods43,44, aid in the early
diagnosis of OA. More importantly, using T2 maps as an
early indicator of OAwould also potentially allow monitoring
the effects of treatment strategies in patients.

Conclusion
We have demonstrated that the re-uptake of water into,

and the concomitant decrease in proteoglycan and colla-
gen density in, the patellar cartilage following knee bends
lead to a thickness increase and T2 increase. The recovery
rates of the thickness and T2 relaxation times after knee
bends varied considerably among volunteers and so may
the actual recovery function. Furthermore, it seems that for
the observed change in cartilage thickness after recovery,
the T2 change obtained was smaller than expected.
Comparing our data to previous in vitro work in the litera-
ture, this implies a reduced in vivo sensitivity of T2 to the
cartilage water content. Nevertheless, our data indicate
that, in future experiments, water content changes in OA
may be detected using the proposed method.
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Appendix
The calculation of the percentage reduction of water

content in patellar cartilage following exercise assumes

that the reduction in volume is solely due to loss of cartilage
water, with the volume of the cartilage matrix being
constant. Thus the percentage reduction of cartilage water,
!WC, is given by

where SC1 is the initial percentage solid content and V1,2
the cartilage volume pre and post exercise. As a typical
example, suppose a 6% reduction in cartilage volume from
V1=4500 mm3 to V2=4230 mm3 at an initial water content
of 71.3 wt.% (i.e. SC1=28.7%). According to eqn (A1), this
results in a water content reduction of 1.8 wt.% to
69.5 wt.%.
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