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Proteoglycan (PG) depletion-induced changes in T1r (spin-lat-
tice relaxation in rotating frame) relaxation and dispersion in
articular cartilage were studied at 4T. Using a spin-lock cluster
pre-encoded fast spin echo sequence, T1r maps of healthy
bovine specimens and specimens that were subjected to PG
depletion were computed at varying spin-lock frequencies. Se-
quential PG depletion was induced by trypsinization of cartilage
for varying amounts of time. Results demonstrated that over
50% depletion of PG from bovine articular cartilage resulted in
average T1r increases from 110–170 ms. Regression analysis of
the data showed a strong correlation (R2 5 0.987) between
changes in PG and T1r. T1r values were highest at the superfi-
cial zone and decreased gradually in the middle zone and again
showed an increasing trend in the region near the subchondral
bone. The potentials of this method in detecting early degen-
erative changes of cartilage are discussed. Also, T1r-dispersion
changes as a function of PG depletion are described. Magn
Reson Med 46:419–423, 2001. © 2001 Wiley-Liss, Inc.
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Articular cartilage is a dense, avascular connective tissue
whose extracellular matrix (ECM) is a framework of colla-
gen fibers, proteoglycan (PG) aggregates, noncollagenous
proteins, and water (1). Water content in cartilage ranges
from 66–79% (2). Approximately 60% of the dry weight of
cartilage is collagen, with the majority of the remaining
portion being PG (3). PG is nonuniformly distributed
within the cartilage, with an increased amount present in
the center of the matrix and low amounts in the peripher-
ies (4). PG is largely responsible for the high elasticity and
resilience of the tissue. It consists of a central protein core
to which a large number of negatively charged glycosami-
noglycan (GAG) sidechains are covalently attached (5–7).
The GAG molecules consist of long chain unbranched
repeating dimeric polysaccharides, the most common of
these being chondroitin-4-sulfate, chondroitin-6-sulfate,
and keratan sulfate. The negatively charged side groups of

polysaccharides, sulfates, and carboxylates within the PG
impart a fixed charge density (FCD) to the cartilage (8–10).
This highly negatively charged environment of PG draws
sodium ions into the framework to maintain overall elec-
troneutrality. The swelling pressure generated by sodium
ions allows cartilage to maintain its form and durability.

The loss of PG is an initiating event in the early stages of
osteoarthritis (OA) (11,12). However, in the early stages of
OA the amount of collagen in the framework does not
seem to be severely affected. Conventional proton MRI
techniques such as T1-, T2-, and magnetization transfer
(MT)-weighted imaging have been shown to be inconclu-
sive in detecting early changes in OA (13–16). Recent work
on delayed gadolinium (Gd)-enhanced MRI of cartilage
(dGEMRIC) (17,18) and sodium MRI (19,20) have shown
that it is possible to measure PG changes in cartilage both
in vivo and in vitro. However, the dGEMRIC method,
despite its advantages, requires intravenous injection of
contrast agent, a significant delay of at least 2 hr before T1

map can be obtained, and it also requires joint exercise
after the injection of the contrast agent for penetration of
Gd(DTPA)22 into the cartilage. Also, there is the need for
accurate measurements of intratissue Gd(DTPA)2- relaxiv-
ity (21). Sodium MRI, despite its high specificity towards
PG, has inherently low sensitivity and requires special
hardware modifications.

Spin lattice relaxation in the rotating frame (T1r)-
weighted imaging is an attractive alternative to the existing
MRI methods. It is well suited for probing macromolecular
slow motions at high static fields (22,23). T1r-imaging has
been shown to be sensitive to changes in PG of cartilage
(24). On human cartilage specimens obtained following
knee replacement surgery, T2 and T1r have been found to
increase substantially (25). However, there has been no
systematic study to provide information on the depen-
dence of T1r and its dispersion on PG content of cartilage.
This information is a prerequisite for using T1r-weighted
imaging for quantifying PG-induced changes in healthy as
well as degenerated cartilage.

The purpose of this article is to quantify PG-induced
changes in T1r relaxation and dispersion in articular car-
tilage at 4T. Results from bovine articular cartilage dem-
onstrate that T1r-relaxation times increase almost linearly
with PG depletion.

MATERIALS AND METHODS

T1r-weighted imaging experiments were performed on a
4T whole-body GE Signa scanner (General Electric, Mil-
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waukee, WI). An 11-cm diameter birdcage coil tuned to
170 MHz was employed for T1r imaging. Fresh bovine
patellae were obtained from a slaughterhouse (Bierig Bros.,
NJ) within 24 hr postmortem. The extraneous tissue (liga-
ments, fat, etc.) was cut away with a scalpel before pro-
ceeding to the experiment. A groove was made in the
middle of the patella on the articular surface. The patellae
were placed in a chamber containing a nonpermeable di-
vider such that the groove was wedged on the divider. One
side of the patella was equilibrated in 137 mM phosphate
buffered saline (PBS) and the other side of the patella
was immersed in fresh degradation media containing
0.1 mg/ml trypsin in PBS (26). Initially, T1r-imaging and
spin-echo imaging were performed on healthy patellae
before degradation. The specimens were placed in the
degradation media following these initial experiments. Ev-
ery 2 hr, the patellae were removed from the media and
washed with PBS and T1r-imaging was performed. A total
of five patellae were studied. After the imaging, patellae
were returned to fresh degradation media. The degradation
and imaging process continued for 6 hr, with imaging
performed every 2 hr. This procedure allowed the evalu-
ation of sequential PG loss with T1r-imaging. The PG ex-

truded in the medium was assayed using 1,9 dimethyl
methylene blue (DMMB) dye binding spectrophotometric
assay to measure the concentration of PG, as described
previously (27). The absorbance was read at 535 nm. The
standard curve was made with chondroitin sulfate.

In the T1r-weighted imaging sequence, a three-pulse
cluster ((p/2)x – (spin-lock)y – (p/2)-x – gradient crusher)
prepares the T1r-weighted magnetization. Briefly, the first
(p/2)x pulse flips the longitudinal magnetization into the
transverse plane along the y-axis. Then a long low power
pulse is applied along the y-axis to spin-lock the magne-
tization. The second (p/2)-x pulse flips this spin-locked
magnetization back to the z-axis. Residual transverse mag-
netization is then dephased by a crusher gradient. Magne-
tization stored along the z-axis is then read out by a fast
spin echo (FSE) sequence (28). Imaging parameters were:
echo train length (ETL) 5 4, TR 5 4 sec, FOV 5 7 3 7 cm,
slice thickness 5 3 mm, matrix size 5 512 3 128, NEX 5
1, total scan time 5 2.08 min. For a fixed spin-lock fre-
quency, a series of T1r-weighted images were obtained
with varying spin-lock length (TSL) from 23–123 ms. The
spin-lock frequency was calibrated from the amplitude
and length of the hard 90° pulse employed. The typical
length of the hard 90° pulse was 100 ms. The spin-lock
field was varied from 0–1500 Hz.

Patellae were stored frozen for histology and PG quan-
titation after the MR experiments were completed. After
thawing, 5 mm discs were cored from both sides of each
patella and fixed in 10% formalin for histology. The re-
maining portion of the cartilage was pried from the bone
with a cartilage knife and digested in papain. PG assays
were performed on the papain-digested media (27). Total
PG in the tissue was computed as the sum of the PG
calculated from the trypsin and papain-digested solutions.
The formalin-fixed discs were decalcified and embedded
in paraffin wax. They were then cut into slices of 5 mm
thickness and stained with 0.1% aqueous safranin-O.

FIG. 1. T2 and T1r-weighted images of a healthy bovine patella.
a: T2-weighted image obtained with a TE/TR 5 80 ms/4 sec; FOV 5
7 3 7 cm; slice thickness 5 3 mm; matrix 5 512 3 128; NEX 5 1.
b: T1r-weighted image obtained with a B1 field of 750 Hz; TE 1
TSL 5 80 ms; TR 5 4 sec; FOV 5 7 3 7 cm; slice thickness 5 3 mm;
matrix 5 512 3 128; NEX 5 1.

FIG. 2. T1r-relaxation times of bovine cartilage are plotted against
the spin-lock frequency for (F) healthy bovine cartilage, (■) 20%,
and (}) 40% PG depletion. T1r increased with B1 in a nonlinear
fashion and plateaued between 900–1000 Hz.
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Data was processed off-line on an SGI workstation with
software written in IDL language (RSI Tech., Boulder, CO).
T1r maps were computed by fitting the intensity of the
T1r-weighted image pixel intensity as a function of length
of the spin-lock pulse to the following equation (29):

My~TSL! 5 M0e2~TSL/T1r! 1 K

where My, Mo, and K are the components of transverse
magnetization, equilibrium magnetization, and a constant,
respectively. The calculated T1r is an average of several
pixels from a region of interest (ROI).

RESULTS AND DISCUSSION

Figure 1 displays T2- and T1r-weighted images of a healthy
bovine patella. The images are basically featureless, with
signal intensity being nearly uniform throughout the tis-
sue. It can be seen that since T1r is longer than T2, the
T1r-weighted image has a better SNR than the T2-weighted
image. The value of T1r is equal to T2 at zero spin-locking
field. Figure 2 shows plots of T1r-dispersion of cartilage.
From this figure it should be noted that at any given
spin-lock field, the T1r values of PG-degraded cartilage are
greater than that of normal cartilage. There is an increase
in T1r-relaxation times in PG-depleted regions, which is
responsible for the higher signal intensity in the depleted

region. T1r values approached close to their maximum and
plateaued between 900–1000 Hz.

The most depletion occured in the top 40–50% of the
cartilage. This can clearly be seen in Fig. 3. Figure 3a
represents the T1r map of a control patella and Fig. 3b is
the T1r map of a patella that was subjected to ;40% PG
depletion in which each pixel represents a T1r-relaxation
number. The higher signal intensity present in the map
corresponding to the PG-depleted patella was due to the
longer relaxation time of T1r compared to the map of

FIG. 3. T1r maps of bovine patellae. a: Control patella. b: 40% PG
depleted patella. The imaging parameters were: B1 field of 750 Hz;
TR 5 4 sec; FOV 5 7 3 7 cm; slice thickness 5 3 mm; matrix 5
512 3 128; NEX 5 1.

FIG. 4. The variation of T1r values across cartilage shown in maps
presented in Fig. 3. Regions of the image pixels plotted are indi-
cated by the arrows in Fig. 3. Bottom curve (F) represents data from
healthy cartilage and the top curve (h) is from cartilage subjected to
40% PG depletion.

FIG. 5. PG-induced variation on T1r. Each data point is an average
of data obtained from five specimens. The error bars indicate SEM
in the T1r and PG measurements. The solid line indicates the linear
fit to the experimental data. A strong correlation (R2 5 0.987 and
slope 5 1.08) between change in PG and T1r is evident. One can see
that with an over 50% PG depletion, T1r increased from 110 to
;170 ms.
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the control cartilage. The variation of the T1r value from
the subchondral bone surface towards the superficial
zones at regions across cartilage (marked with arrow) is
plotted against the pixel number in Fig. 4. From this figure
it can be seen that the T1r value is highest in the superficial
zone and decreases towards the middle zone and again
shows an increasing trend near the end of the deep zone.
Due to the orientation of patellar surface parallel to B0, we
did not observe trilaminar appearance in the images. How-
ever, it should be noted that in other studies on cartilage
trilaminar appearance has been observed and has been
attributed to the changes in dipolar interaction due to
different orientations of collagen fibers in different zones
of cartilage (30,31). Short water T1r-relaxation times in the
center of the tissue may be due in part to strong interac-

tions with the macromolecules, with long relaxation times
found in the superficial zone due to free water. Figure 5
shows the plot of T1r values obtained from the cartilage of
bovine patella as a function of percent PG loss. The T1r

value is also increased almost linearly as the percent loss
of PG increased. Each data point is a mean 6 standard
error of mean (SEM) (n 5 5) of values obtained from five
different patellae. It should be noted that in order to min-
imize intersample variability we performed sequential di-
gestions of each patella.

Figure 6 shows the percent PG loss plotted against the
percent change in T1r. This plot shows that over a 50%
loss in PG induced a ;50% increase in T1r. Regression
analysis of the data shows a strong correlation (R2 5 0.987)
between the changes in PG and T1r. This almost linear
change in T1r as a function of PG loss implies that T1r-
imaging can be used to map the PG distribution in cartilage
with all the advantages associated with proton imaging. In
Fig. 7 we present representative histological sections
stained for PG. The section representing depleted speci-
men clearly shows the region in which PG is depleted
(dark red color represents normal PG content in healthy
specimen). It should be noted that due to longer relaxation
times this technique allows for imaging at echo times
much longer than T2 (TE1TSL). Additionally, as T1r-
weighted imaging deals with spin-locked magnetization, it
inhibits or minimizes artifacts due to diffusion and sus-
ceptibility artifacts found at the synovial interface.

An important parameter when using T1r-imaging is the
specific absorption ratio (SAR) by the tissue at the B1 fields
used in the imaging experiment (32–34). From the T1r-
dispersion data it is clear that at any B1 field, T1r is sub-
stantially higher than the T2 value. With imaging param-
eters employed in the present study, any B1 field at or
below 750 Hz is well within the SAR requirements for
human (35,36). This is the primary reason behind using
the 750 Hz B1 in the data presented in Figs. 3–6.

T1r-imaging can be readily implemented on clinical
scanners without any hardware modification. We believe
that except for changes in the magnitude of T1r numbers,

FIG. 6. Percent change in T1r vs. percent PG loss. The solid line
indicates the linear fit to the experimental data. A strong correlation
(R2 5 0.986, slope 5 0.95) between change in PG and T1r can be
seen. It is evident that there is almost a linear relation between
percent T1r change vs. percent PG change in cartilage.

FIG. 7. Representative histological sections
of bovine patellae (a) from a control speci-
men and (b) from the specimen subjected to
;50% PG depletion.
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we expect a similar T1r behavioral trend at 1.5T. It does
not require any exogenous contrast agent and T1r-mapping
requires relatively less imaging time than the T1-mapping
needed for dGEMRIC (17). The mechanisms responsible
for T1r-dispersion may involve 1) exchange of -OH protons
on GAG groups and possibly on collagen with protons in
H2O; 2) exchange modulation of scalar coupling between
H2

17O and H2
16O; 3) exchange of protons on amino groups

with water. However, in biological systems the observed
T1r-dispersion is due to a weighted average of these mech-
anisms.

These results demonstrate that T1r-mapping may be ex-
ploited to sensitively measure and spatially map the
changes in the PG component of articular cartilage. Spe-
cifically, as the early stages of OA involve the loss of PG
with only minor changes in collagen content, T1r-mapping
may be potentially useful in measuring and monitoring
these early degenerative changes. However, the question
that needs to be answered is what is the specificity of T1r

changes to PG. To address the specificity question and
collagen contribution, one has to selectively deplete the
collagen component and measure the T1r changes as a
function of change in the collagen component. Currently,
work is in progress to answer this question along with
determining the underlying mechanisms contributing to
the observed T1r behavior.
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