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Bernard J. Dardzinski, PhD ¢ Timothy J. Mosher, MD ¢ Shizhe Li, PhD
Mark A. Van Slyke, MD + Michael B. Smith, PhD

Spatial Variation of T2
in Human Articular Cartilage

PURPOSE: To determine the spatial
variation of in vivo cartilage T2 in
young asymptomatic adults.

MATERIALS AND METHODS:
Quantitative T2 maps of seven asymp-
tomatic young male adults and one
male volunteer with a history of pre-
vious intraarticular chondroid frag-
ments were calculated by using a
multiecho, spin-echo magnetic reso-
nance imaging sequence at 3.0 T. The
T2 maps were bilinearly interpolated
to generate T2 profiles across the
thickness of cartilage.

RESULTS: All seven asymptomatic
volunteers demonstrated a mono-
tonic increase in T2, which increased
from 32 msec = 1 in the deep radial
zone and 48 msec * 1 in the deep
transitional zone to 67 msec % 2 in
the outer transitional superficial
zone. The T2 profile of the volunteer
with superficial fibrillation observed
at arthroscopy demonstrated marked
spatial heterogeneity and a statisti-
cally significant increase in cartilage

CONCLUSION: There is a reproduc-
ible pattern of increasing T2 that is
proportional to the known spatial
variation in cartilage water and is
inversely proportional to the distri-
bution of proteoglycans. The authors
postulate that these regional T2 dif-
ferences are secondary to the re-
stricted mobility of cartilage water
within an anisotropic solid matrix.

AN important component of osteo-
arthritis is the degeneration and
loss of articular cartilage. Ongoing
research to characterize the process of
cartilage degeneration and evaluate
the effectiveness of chondroprotective
agents for preserving and repairing
damaged cartilage requires noninva-
sive techniques to identify early, re-
versible degeneration. Most previous
magnetic resonance (MR) imaging
studies have focused on techniques
for assessing the morphology of ar-
ticular cartilage to accurately measure
the thickness and volume of cartilage
(1,2). The results of early studies on
isolated cartilage samples suggest

an ability of MR imaging to depict
changes in cartilage structure that pre-
cede cartilage loss (3,4). The ability of
MR imaging and MR spectroscopy to
enable noninvasive investigation of
the macromolecular environment of
cartilage water provides unique infor-
mation that can potentially lead to a
better understanding of cartilage de-
generation.

Two previous studies with use of
MR microscopy of isolated cartilage
plugs demonstrate a spatial depen-
dence of T2 in articular cartilage, with
values increasing from the subchon-
dral bone towards the articular sur-
face (5,6). This pattern is proportional
to the known distribution of water
content in cartilage and is inversely
proportional to the distribution of
proteoglycans (7). Because tissue T2 is

dependent on the slow molecular mo-
tion of water, we assumed that these
regional differences reflect inherent
differences in water mobility second-
ary to the surrounding macromolecu-
lar matrix. It is likely that early degen-
erative change in the cartilage matrix
will alter the mobility, and thus the
T2, of cartilage water. Thus far, to our
knowledge, these techniques have not
been applied in vivo. In this study, we
evaluated the spatial variation of T2 in
the patellar cartilage of young asymp-
tomatic volunteers.

MATERIALS AND METHODS
MR Imaging

From January 1996 to July 1996, we
evaluated the right knee of seven asymp-
tomatic male volunteers (mean age, 34
years; age range, 24-40 years) and of one
male volunteer (aged 35 years) who dem-
onstrated superficial fibrillation at arthros-
copy. Informed written consent was ob-
tained from all volunteers after the nature
of the procedure had been fully explained.

MR imaging experiments were per-
formed on a Medspec S300 3.0-T imaging-
spectrometer (Bruker Instruments, Karl-
sruhe, Germany) operating at 125 MHz for
protons (hydrogen-1). A 33-cm-diameter
asymmetric gradient insert, capable of de-
livering =6 G/cm, was used in all imaging
experiments. B, field generation and signal
reception was accomplished with a 9-cm
transmit-receive surface coil. Data were
acquired in the axial plane through the
middle of the patella prescribed from a
sagittal locator image. Proton-density and

Index terms: Cartilage, MR, 4521.121411 * Magnetic resonance (MR), high-field-strength imaging,
4521.121411, 4521.12146 * Magnetic resonance (MR), relaxometry, 4521.12146 *+ Magnetic resonance

(MR), tissue characterization, 4521.12146
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Figure 1. Color map of T2 in patellar cartilage from an asymptomatic young adult demon-
strates a progressive increase in the T2 from the radial to the superficial zone.
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Figure 2. Mean T2 (= standard error of the
mean) versus normalized distance from sub-
chondral bone for seven asymptomatic
young male volunteers demonstrates a
smooth monotonic increase in T2 from the
deep radial zone to the superficial zone. Val-
ues are averaged from the middle of the me-
dial and lateral facets and the median ridge.

T2 maps were calculated from 11 axial
spin-echo images simultaneously acquired
through the middle of the patella with a
multiecho spin-echo imaging sequence.
Imaging parameters were as follows: rep-
etition time of 1,500 msec, echo time from
9 to 99 msec in 9-msec increments, 3-mm
section thickness, 8-cm field of view, 128 X
128 matrix, 50-kHz bandwidth, section-
selection and refocusing pulse widths of
2,000 msec, two signals acquired, total ac-
quisition time of 6.5 minutes. The read-
encoding (frequency) axis was chosen in
the left-to-right direction, across the pa-
tella, to minimize chemical shift artifact at
the patellar cartilage-bone interface. Carti-
lage thickness was calculated from axial
gradient-echo images with the following
parameters: 200/13 (repetition time msec/
echo time msec), 45° flip angle, 3-mm sec-
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tion thickness, 8-cm field of view, 256 X
256 matrix, 25-kHz bandwidth, section-
selection pulse width of 4,000 msec, four
signals acquired, total acquisition time of
3.5 minutes.

Data Analysis

Proton-density and T2 maps were calcu-
lated from the 11 spin-echo images by us-
ing nonlinear least squares curve fitting,
on a pixel-by-pixel basis, with Interactive
Data Language (IDL Research Systems,
Boulder, Colo). Fitting the signal intensity,
SI, for the it jth pixel as a function of time,
t, can be expressed as follows: SI;; (t) = S0,; -
exp(—t/T2;;), where 50, is the pixel inten-
sity at t = 0, and T2;; is the T2 time con-
stant of pixel j, j. A proton-density map is
generated from the pixel S0;; data, and a
T2 map (image) is generated from the T2;;
data. The T2 map was then bilinear inter-
polated to a 512 X 512 image matrix. T2
profiles were acquired through the median
ridge and the middle of the medial and
lateral facets of the patellar cartilage. Each
profile was normalized for distance and fit
with a cubic polynomial for comparison
between volunteers. The mean and stan-
dard deviation of T2 was then plotted as a
function of normalized distance for the
seven asymptomatic volunteers. The T2
maps were color coded to represent a spe-
cific range of values. With the gradient-
echo images, cartilage thickness was mea-
sured perpendicular to the bone-cartilage
interface of the middle of the medial and
lateral facets and the median ridge.

RESULTS

Figure 1 depicts the color-coded T2
map of an axial section through the

patellar cartilage from a representa-
tive asymptomatic volunteer. T2 val-
ues range from 30 to 70 msec within
the cartilage and greater than 100
msec in the patellar marrow space.
The laminar appearance of T2 values
within the cartilage is a function of the
color coding used for illustration. T2
values as a function of normalized
distance from the subchondral bone
are illustrated in Figure 2. Each point
in this graph represents the mean *
standard error of the mean of the
three profiles for seven asymptomatic
volunteers for all three locations. All
volunteers demonstrated a monotonic
increase in T2, increasing from 32
msec * 1 in the deep radial zone and
48 msec * 1 in the deep transitional
zone to 67 msec * 2 in the outer tran-
sitional zone (P < .001). Due to the
spatial resolution of the T2 measure-
ment, the histologic superficial zone
was not resolved. For the symptom-
atic volunteer, the monotonic increase
in T2 was not observed. In the median
ridge, the T2 measured 51 msec in the
deep radial zone, 56 msec in the deep
transitional zone, and 41 msec in the
outer transitional zone. Mean cartilage
thickness (+ standard error of the mean)
measured on gradient-echo images of
the seven asymptomatic volunteers

was 4.2 mm * 04,4.1 mm * 04, and
4.2 mm = 0.3 for the medial facet, me-
dian ridge, and lateral facet, respectively.

DISCUSSION

Current theories on the biomechani-
cal properties of articular cartilage
stress the importance of fluid trans-
port and cartilage permeability in de-
termining the response to compressive
stress (8). The viscoelastic behavior of
cartilage, which is determined by the
mobility of cartilage water, has been
previously studied with use of de-
structive techniques. Biophysical tech-
niques such as compression creep ex-
periments provide information on the
material properties of excised carti-
lage tissue, and characterize the bulk
properties of fluid flux (9). The mea-
surement of streaming potentials,
which are generated by ionic fluid
flux through cartilage with compres-
sion, has poor spatial resolution and is
limited to excised samples (10,11).
Combined histologic-compression
techniques have been described to
evaluate regional strain (12,13) and
thus can indirectly characterize the
movement of cartilage fluid. The in-
formation obtained noninvasively
through MR imaging and MR spec-
troscopy is unique in its ability to fa-
cilitate characterization of the macro-
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(3) Gradient-echo MR image (150/21, 45° flip angle) in a symptomatic 35-year-old man and the corresponding arthroscopic im-

ages (insets). The lateral facet contains heterogeneous internal signal intensity, with irregularity of the surface. Arthroscopic visualization (right
inset) confirms moderate fibrillation and superficial erosion. The medial facet has an indistinct hyperintense superficial zone. At arthroscopy
(left inset), there was evidence of mild fibrillation. (4a) T2 map of the patellofemoral joint shown in 3. In the lateral facet, there is an overali in-
crease in the T2 values and loss of the normal laminar appearance. The medial facet, which demonstrated superficial fibrillation at arthroscopy,
shows uncharacteristically low T2 values in the deep and radial zones. (4b) T2 profile across the median ridge demonstrates the increased T2

values in the deep and transitional zones.

molecular environment of water protons
and probe the important interaction of
cartilage fluid with the solid matrix.
As MR imaging is nondestructive, it is
the only technique available to moni-
tor long-term temporal changes in
cartilage water mobility.

The results of several previous stud-
ies indicate that regional differences in
the solid matrix affect the relaxation
properties of cartilage water. Initial
studies by Lehner et al (14) and later
studies by Modl et al (15) and Ruben-
stein et al (16) demonstrate zonal dif-
ferences in signal intensity that are
postulated to be secondary to regional
differences in collagen and proteogly-
can concentrations identified at histo-
logic examination. Paul and co-work-
ers (17) suggest that the variation in
signal intensity of human patellar car-
tilage is secondary to zonal variation in
proteoglycan concentration but does not
correlate with the known distribution of
collagen or free water concentration.

T2 of Normal Articular Cartilage

In this study, the observed spatial
dependence of T2 is in excellent agree-
ment with two previous studies ob-
tained at high magnetic field strength
(7 T). With use of H-1 MR microscopy
of excised canine articular cartilage
plugs, Xia and colleagues (5) demon-
strated a relatively uniform distribu-
tion of T1 values; however, the T2
values are nonuniform, with the T2
increasing from 10 msec at the sub-
chondral bone layer to 50 msec at the
articular surface. They postulate that
the spatial variation in T2 is secondary
to the known distribution of proteo-
glycan concentration. A similar pat-
tern recently has been described in
excised cartilage plugs from human
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femoral head samples (6). The pattern
of increasing T2 from the deep radial
zone to the articular surface closely
resembles the known spatial variation
of water content in articular cartilage
(18,19). We postulate that these re-
gional differences in cartilage T2 are
secondary to the restricted mobility of
cartilage water within an anisotropic
solid matrix.

Tissue T2 is sensitive to the slow
molecular motions of the water pro-
tons and the macromolecular environ-
ment. In cartilage, the highly struc-
tured architecture of the collagen
framework results in anisotropy of the
dipole-dipole interactions. The large
biopolymers reduce the rotational and
translational motion of water protons.
Because of the restricted mobility, the
dipole-dipole interactions are not av-
eraged. This produces an efficient mech-
anism for spin-spin relaxation (20),
which reduces the T2 of cartilage water.

Several factors can limit the accu-
racy and precision of the T2 measure-
ments. There is a radio-frequency flip
angle dependence for surface coils as
a function of depth perpendicular to
the plane of the surface coil. Due to
the geometry of the patellofemoral
joint, the patellar cartilage is posi-
tioned in the isocenter of the surface
coil where there is maximal B; homo-
geneity (21). At the beginning of each
study, the 90° and 180° section-selec-
tive pulses are optimized by maximiz-
ing the signal intensity. The maximum
signal intensity originates from the
cartilage providing confidence that
the flip angles were set properly for
accurate T2 quantification. Imperfec-
tion in the 180° refocusing pulse gives
rise to the formation of stimulated
echoes with accumulation of magneti-
zation along the z axis. As this compo-

nent decays as a function of T1 rather
than T2 decay, this will lead to an
overestimation of the T2 value (22). To
minimize the formation of stimulated
echoes, spoiler gradients were used to
disperse the unfocused magnetiza-
tion. Off-resonance effects were mini-
mized by acquiring the data as a
single section. Previous reported val-
ues of cartilage T2 range from 24 to 77
msec, with longer values observed in
the more superficial layers (14,23-26).
Given the excellent agreement of our
measured T2 with that of previous
studies, in which T2 was measured
with both MR spectroscopic and MR
imaging techniques, the error due to
T1 contamination is believed to be
small. As there is little variation in T1
across the layers of articular cartilage
(5,27), the effect of T1 contamination
should have a negligible effect on the
observed spatial variation in T2.
Pixel resolution was chosen as 625
pm in-plane (80 mm /128 pixels) with
a 3-mm section thickness (1.2-pL vox-
els) to limit the total acquisition time
of the experiment to 6.5 minutes and
to provide an adequate signal-to-noise
ratio. A bandwidth of 50 kHz was
chosen to ensure adequate signal-to-
noise ratio in the 11 spin-echo images
while minimizing the interecho delay
to 9 msec. This short delay is neces-
sary to accurately fit the data for re-
gions of relatively short T2 (T2 < 30
msec). For several volunteers, T2
maps were acquired with a 256 X 256
matrix. Although the measured T2
values and spatial dependency were
equivalent to the reported measure-
ments obtained with a 128 X 128 ma-
trix, the lower signal-to-noise ratio
and increased interecho time pro-
duced greater uncertainty in the cal-
culated T2 value. For quantification,
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the calculated T2 maps were interpo-
lated to a 512 X 512 matrix to increase
the average number of pixels in the
profile across the patellar cartilage to
26. Interpolating and fitting the profile
with a cubic polynomial smooths the
monotonically increasing T2 profiles
across the patellar cartilage.

For calculation of T2, data were fit
to a single exponential. We recently
used a multiecho, spin-echo MR spec-
troscopy technique to demonstrate
the multiexponential T2 decay of car-
tilage water (28). A second, tightly
bound compartment of water with a
mean T2 of 250 psec is observed.
Given the short T2, this population
of water protons does not contribute
to the calculated T2 values reported
in this study. For measurements made
within a small voxel, there is little
volume averaging, and a single expo-
nential fit agrees best with the ob-
served data. Evaluating the decaying
signal intensity with a two or three
exponential fit requires more images
with echo times substantially less
than 1 msec.

Although this study does not ad-
dress the orientation dependence of
T2 in cartilage, previous studies on
excised samples suggest that the T2
values of the deep radial zone will be
longer at sites where the surface is
oriented 55° relative to the constant
magnetic induction field (By) (6,29).
Investigators attribute these findings
to the “magic angle effect,” which can
be seen in highly structured aniso-
tropic tissues (16,30-32). In addition,
Rubenstein et al (33) recently demon-
strated that the zonal appearance is
dependent on the degree of compres-
sion applied to the cartilage sample
and is hypothesized to result from a
combination of net water loss and
change in the orientation of the colla-
gen fibers. Most of these observations
were made in disarticulated samples.
It is not as clear if intact living joints,
which experience an intrinsic degree
of compression due to the tension of
ligaments and muscles, will demonstrate
the same degree of orientation depen-
dence. A quantitative evaluation of the
orientation dependence of cartilage T2 in
the intact living joint, to our knowledge,
has not yet been reported. Results from
excised samples and qualitative observa-
tions from clinical images support the
theory that the spin-spin relaxation be-
havior of cartilage water is strongly in-
fluenced by the orientation of the colla-
gen framework and suggest that dipole-
dipole anisotropy in the presence of
restricted water mobility is a major path-
way for spin-spin relaxation in the deep
layers of cartilage.

Volume 205 * Number 2

T2 of Damaged Articular Cartilage

Previous studies with use of excised
cartilage plugs demonstrate the per-
meability of cartilage is increased with
the onset of cartilage degeneration
(34). The earliest detectable change in
degeneration is an increase in water
content, associated with an increase in
cartilage permeability (35). As the per-
meability increases, hydrodynamic
fluid pressure is unable to maintain
load support, and greater stress is
generated in the solid matrix. This
stress leads to the degeneration and
fragmentation of the proteoglycan-
collagen matrix and a subsequent loss
of cartilage tissue.

Initial observations demonstrate an
increase in cartilage T2 with early de-
generative change. Gradient-echo im-
ages and T2 maps were obtained for a
35-year-old volunteer with a history
of prior arthroscopic surgery for free
chondroid fragments. As presented in
Figure 3, the gradient-echo images
demonstrate heterogeneity and super-
ficial irregularity in the lateral patellar
facet; this finding corresponded to
moderate fibrillation and superficial
erosion at arthroscopy performed 2
days after the MR imaging examina-
tion (Fig 3, right inset). The medial
facet demonstrates an indistinct su-
perficial hyperintense zone that corre-
sponded to mild superficial fibrilla-
tion at arthroscopy. The T2 map and
T2 profile of the median ridge are pre-
sented in Figure 4. In comparison to
the normal pattern of T2 spatial de-
pendency shown in Figures 1 and 2,
there is marked heterogeneity in the
distribution of T2 values of the lateral
facet with a substantial increase in T2
of the radial and transitional zones.
This observation is compatible with
an increased mobility of water pro-
tons and may also reflect the loss of
normal anisotropy present in the ra-
dial zone of cartilage due to damage
to the collagen-proteoglycan matrix.

In conclusion, our results demon-
strate a reproducible spatial depen-
dence of cartilage water T2. As these
results were obtained from a selected
population of young asymptomatic
volunteers, they should not be ex-
trapolated to older populations. Addi-
tional studies are needed to determine
how normal aging changes will alter
the T2 values and distribution. The
results of previous studies conducted
on animal models and excised human
cartilage samples suggest that degen-
erative changes in cartilage increase
water content and produce a measur-
able increase in cartilage T2. Our ini-
tial observations support these pre-

liminary studies and demonstrate that
these experiments can be performed
in vivo. Noninvasive methods such as
MR imaging provide unique informa-
tion on the mobility of cartilage water
and allow repeatable measurements to
be made in the intact joint. This infor-
mation will aid in the understanding
and treatment of osteoarthritis and
traumatic cartilage injury and in
monitoring the maturation of cartilage
transplants. =
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