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Effects of Collagen Orientation
on MR Imaging Characteristics
of Bovine Articular Cartilage’

Y

To determine the influence of colla-
gen orientation on the magnetic reso-
nance (MR) imaging appearance of
articular cartilage, spin-echo MR im-
ages of normal bovine patellar speci-
mens were obtained with the speci-
men rotated in 5° increments between
+75° and —130°. Hyperintense super-
ficial, hypointense middle, and inter-
mediate-intensity deep laminae were
observed. Results of polarized light
microscopy of histologic specimens
confirmed the three zones, and trans-
mission electron microscopy showed
different collagen arrangements in
the zones: An anisotropic effect of ro-
tation on signal intensity was evident,
especially in the hypointense second
lamina. Because of the preferential
alignment of water molecules associ-
ated with collagen, angular rotation
of the cartilage in the direction of
minimum dipolar coupling (55° to the
magnetic field) caused the cartilage
to have a homogeneous appearance.
The MR imaging appearance of these
layers is strongly influenced by an
anisotropic arrangement of the colla-
gen fibers and by the alignment of
the specimen relative to the magnetic
field.
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Figure1. Coil (left) and container (right) used to perform MR imaging and orientation exper-
he container. For MR imaging, the container is

iments. A patellar specimen is mounted in t

placed within the bore of the upright radio-frequency coil. The apparatus design permits rota-

tion of the coil around the vertical axis of the

tional measurements can be made by using the goniome

N recent years, there have been nu-
merous studies evaluating articu-

lar cartilage with magnetic resonance
(MR) imaging (1-19). Most of these
studies have examined the appear-
ance of abnormal cartilage at MR im-
aging (1-16), while only a few have
specifically examined the MR imaging
appearance of normal articular carti-
lage (17-19). With excised bovine (17)
or human cartilage (18,19), studies
have shown that normal cartilage has
a laminated appearance on MR im-
ages, although the findings differ
with regard to the number, apparent
thickness, and signal intensity charac-
teristics of the laminae. In addition,
there is as yet no satisfactory biophys-
ical explanation for the appearance of
the laminae.

The purpose of this investigation
was to study excised normal bovine

container within the coil. Accurate angular rota-

ter attached to the rim of the container.

' articular cartilage with MR imaging to

assess the influence of collagen on the
MR imaging appearance of cartilage.
We hypothesized that the internal
collagen structure of cartilage and its
orientation strongly influence the ap-
pearance of the laminations through
an anisotropic effect. Thus, MR im-
ages of cartilage were examined for
orientation-dependent signal inten-
sity variation such as that previously
shown for MR images of tendons (20~
22), and the relative direction of the
collagen fibers in the cartilage was
determined with polarized light mi-
croscopy and transmission electron
microscopy and correlated with MR

Abbreviation: By = constant magnetic induc-
tion field.
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a. b. X
L1 = lamina 1, L2 = lamina 2, L3 = lamina 3, CC = calcified cartilage, BM = bone marrow. (a) T1-weighted (300/20), (b) proton-den-

Figure 2.

sity-weighted (2,000/20), and (c) T2-weighted (2,000/70) axial images of the same s

ection from a patellar specimen, with By directed toward the

top of the images, frequency encoding from top to bottom, and phase encoding from left to right. The three cartilage laminae are clearly seen,

except in the T2-weighted image, which has a low signal-to-noise ratio.

used to define the laminae for the illustrations. A scale in centimeters is on the right side of b.

imaging and conventional histologic
findings.

MATERIALS AND METHODS

Articular cartilage from normal bovine
patellae was used in this investigation.
Eighteen fresh intact bovine knees were
obtained from animals under 2 years of
age and were frozen at —30°C. Prior to
examination, each intact knee was thawed
in a refrigerated compartment (44°C) for
48 hours and then kept at room tempera-
ture for 6 hours. The patella was dissected
free from the intact knee and attached soft
tissues immediately prior to MR imaging.

A 12-cm-diameter transmit-receive sole-
noidal radio-frequency coil was con-
structed. The coil incorporated a separate
polymethyl methacrylate receptacle for
specimen mounting, to provide rigid fixa-
tion of the patella and accurate rotational
measurements (Fig 1). The specimen was
mounted such that the planar surface of
the cartilage was perpendicular to the
base of the container, to minimize partial
volume averaging of the signal from the
cartilage laminae. To maintain the humid-
ity within the container during the imag-
ing experiments, a small volume of water
was placed in the base of the container,
and the top of the container was covered
with moist paper towels.

MR imaging was performed with a 1.5-T
system (Signa 4.7; GE Medical Systems,
Milwaukee, Wis). T1-weighted (300/20)
(repetition time msec/echo time msec) and
proton-density— and T2-weighted (2,000/
20,70) images were obtained by using a
256 X 256 matrix, 8-cm field of view, two
signals averaged, and 3.0-mm section
thickness with a 1.5-mm intersection gap.

Initial assessment of the cartilage lami-
nae was performed with T1-, proton-den-
sity—, and T2-weighted imaging sequences.
Axial images were obtained with the pla-
nar surface of the cartilage facing the di-
rection of By, such that the frequency-en-
coding direction was anteroposterior and
the phase-encoding direction was left to
right. Detail of the cartilage laminae was
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pixel .3mm x .3mm

Figure 3. Illustration of partial volume ef-
fects. (a) Diagram shows the appearance of
cartilage laminae when the specimen surface
is oriented perpendicular to the plane of the
image (inset in lower left corner demon-
strates this orientation). Notice that the thick-
ness of each voxel is 10 times larger than its
in-plane pixel dimensions. (b) Diagram
shows the effect of partial volume averaging

.when the specimen surface is oriented other

than perpendicular to the plane of the image.
Notice that only a small amount of obliquity
is necessary to obliterate the laminae, be-
cause of the elongated voxel dimensions.

(c) Axial MR image (300/20). Appearance of
the cartilage with the articular surface not
perpendicular to the plane of the image. No-
tice the homogeneous signal intensity of the
cartilage and lack of visible laminae.

best seen on the T1-weighted and proton-
density-weighted images. Although the
laminar appearance was similar on the
T2-weighted images, the signal-to-noise
ratio was inadequate for clear definition of
the laminae. Thus, T1-weighted sequences
were used for the angular dependence
experiments.

For the experiments in which aniso-
tropic effects were studied, images
through the axial plane of the intact patel-
lar specimens were obtained with speci-
men rotation about the vertical axis in 5°

The nonuniform background mottle is due to photographic technique

increments between +75° and —130°. The
0° position was referenced with the region
of interest of the articular surface of the
cartilage on the lateral patellar facet per-
pendicular to the constant magnetic in-
duction field (By). Additional images were
obtained at 0°, 180°, —90°, and +90° specif-
ically to check for chemical shift effects on
the acquired images, although this effect
could alternatively have been assessed by
swapping the phase and frequency direc-
tions.

Signal intensity profiles of the cartilage
laminae were obtained from the MR im-
ages at each increment of rotation. Com-
puter software was used to first rerotate
each acquired image the number of de-
grees needed to return the specimen to
the 0° orientation. Signal intensity versus
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Figure 4. Chemical shift is seen at the junction of cartilage and bone marrow on T1-weighted
images (300/20) obtained with By directed toward the top of the images and the frequency-
encoding direction oriented from top to bottom. (a) Lamina 3 and the lamina of calcified carti-
lage are clearly visible at 0°, but (b) have disappeared with the specimen rotated 180°. The
same section viewed at (c) —90° and (d) +90°, in the phase-encoding direction, shows that the
images are identical, except for slight chemical shift in the margins of the specimen (arrows in
¢, d) that are facing the frequency-encoding direction (see Fig 6).

cartilage depth was then plotted for the
cartilage segments in each rerotated image
by summing the signal intensity of 20 ad-
jacent pixels parallel to the cartilage sur-
face at each depth. By using the same
data, the average signal intensity from
each distinct lamina was obtained and
plotted against the angle of rotation to
assess the orientation dependence of the
signal intensity from each lamina.

The computerized rotation scheme used
a simple interpolation rotation algorithm
around the center of rotation of the patel-
lar specimen. The center of rotation of the
specimen was determined by removing
the specimen from the container at the
end of a rotation series and filling the con-
tainer with “doped” water (1 mL of gado-
linium in 1,000 mL of saline solution); im-
ages perpendicular to the cylindric axis of
the container then provided an outline of
the container from which the center could
easily be determined.

After MR imaging, corresponding sec-
tions of the cartilage were prepared for
examination with routine light micros-
copy, polarized light microscopy, and
transmission electron microscopy. The
specimens were first fixed in 10% neutral
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formalin. Hultkrantz split lines were then
created by using a small pin and were en-
hanced by using Davidson marking ink
(Bradley Products, Bloomington, Minn)
(23). The central portion (1-1.2 cm) of the
patella was sectioned horizontally into
3-4-mm-thick slices to correspond to the
plane of the MR images. The slices were
then decalcified with a mixture of equal
volumes of 50% formic acid and 20% so-
dium citrate solutions.

For light microscopy, one or two slices
containing the articular cartilage were
blocked, processed routinely, and embed-
ded in paraffin. The paraffin sections
(5-wm thick) were stained with hematoxy-
lin and eosin.

For transmission electron microscopy,
small blocks were prepared from the re-
maining specimen slices. These were cut
perpendicular to the articular surface and
parallel to a split line. The blocks were
processed for embedding in plastic. The
marking ink was used to assist proper ori-
entation of the sample at embedding. Thin
(0.1-wm) sections were stained with uranyl
acetate and lead citrate and examined by
means of transmission electron micros-
copy (EM109; Carl Zeiss, Thornwood, NY).

The cartilage was studied through its en-
tire depth, and the orientation of the colla-
gen fibers was noted at each depth.

RESULTS

In the following results and discus-
sion, the word lamina is used to refer
to a specific stratum of cartilage seen
with MR imaging, and the word layer
is used to refer to a stratum of carti-
lage seen at histologic evaluation.

Each of the T1-, proton-density-,
and T2-weighted axial images in the
initial assessment showed three lami-
nae (Fig 2), consisting of a superficial
lamina of hyperintense signal (lamina
1), a middle lamina of hypointense
signal (lamina 2), and a deep lamina
of intermediate signal intensity (lami-
na 3). A distinct fourth lamina of hy-
pointense signal, which subsequently
proved to represent the calcified carti-
lage and cortical bone, separated the
three cartilage laminae from the hy-
perintense signal intensity of the
bone marrow.

Partial Volume and Chemical Shift
Effects

If the planar surface of the cartilage
was not carefully oriented to be per-
pendicular to the imaging plane, the
cartilage had a homogeneous appear-
ance, caused by partial volume effects
through the 3-mm section thickness
of the 0.3 x 0.3-mm? pixels (Fig 3).

The orientation experiments
showed that chemical shift affected
the number of apparent laminae on
the MR images (Fig 4). Comparison of
the cartilage appearance in the 0° and

- 180° orientations (frequency encoding

was bottom to top) showed that the
marrow signal intensity obscured the
intermediate signal intensity of lam-
ina 3 and the low signal intensity
from the calcified cartilage to give the
appearance of only two laminae at
180° and also caused an increase in
the apparent thickness of low-signal-
intensity calcified cartilage at 0°. Pro-
files obtained at the —90° and +90°
positions (corresponding to the
phase-encoding direction and there-
fore not subject to chemical shift arti-
fact) confirmed the true presence and
thickness of lamina 3 and the hypoin-
tense lamina of calcified cartilage.

Orientation Effects

Qualitative analysis of the angular
orientation experiments showed that
the trilaminar appearance of the carti-
lage was most apparent along the
portions of the articular surface facing
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Figure 5. (a—c) T1-weighted images (300/20) with the frequency-encoding direction from top to bottom show MR imaging appearance of
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cartilage laminae at (a) 0°, (b) —55°, and (c) —90° of rotation (black arrows) relative to By, which is directed toward the top of the illustrations.
(d—f) Corresponding signal intensity profiles at (d) 0°, (e) —55°, and (f) —90°. The signal intensity profile begins at the left in air, and the level
reflects the image noise. The surface of the cartilage starts at 30 mm and, crossing the cartilage laminae, is into the bone marrow at 35 mm and
beyond. Three laminae are visible when the cartilage faces 0° and —90°, but the middle hypointense lamina becomes hyperintense when the
cartilage faces the —55° direction. The transition point where the “magic angle” effect is most evident occurs between the lateral and medial
facets (curved arrow in a, b). The hyperintense middle lamina can also be seen when the cartilage faces +55° (straight white arrow in a).

the 0° and —90° positions (Fig 5a-5c).
The signal intensity of lamina 2
showed dramatic variation with rota-
tion; minimum signal intensities were
present at the 0° and —90° orienta-
tions, with a maximum signal inten-
sity in between. In these oblique ori-
entations, the cartilage appeared
homogeneous through the three lay-
ers. The signal intensities of lamina 1
and lamina 3 did not visibly change
with orientation, although quantita-
tive measurements show that the in-
tensity of lamina 1 approximately
doubled between 0° and —55° (Fig
5d-5f).

Quantitative analysis of the results
from the orientation experiments
confirmed the anisotropy observed at
visual inspection of the images in-
cluded as Figure 4. For each angular
orientation, the average signal inten-
sity in the first two pixels below the
articular surface of the cartilage (lam-
ina 1), the next two pixels (lamina 2),
and the fifth and sixth pixels (lamina
3) were plotted (Fig 6), The signal in-
tensity versus rotation angle plots
confirm that, with rotation, the signal
intensity of lamina 2 changed to a
greater degree than the others. Less
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pronounced anisotropic behavior was
noticed in the signal intensity of lam-
ina 1, which had absolute peak signal
intensities at —55° and +55° that were
greater than those in lamina 2 but a
smaller percentage variation between
the base and peak values (80% for
lamina 1 versus 330% for lamina 2).
Unlike the signal intensity from lami-
nae 1 and 2, the signal intensity from
lamina 3 remained constant with rota-
tion angle. At angles between —130°
and —110° the chemical shift artifact
(Fig 4a, 4b) causes intrusion of the
marrow signal intensity into lamina 3,
resulting in a small increase in signal
intensity.

Light Microscopic Findings

The histologic sections of the carti-
lage specimens examined with polar-
ized light microscopy showed a lay-
ered appearance that was not
apparent with routine light micros-
copy (Fig 7). A superficial dark layer
(0.35 mm + 0.15) was seen with polar-
ized light microscopy, representing
the tangential and transitional zones,
and a thin bright line (0.02-0.04-mm
thick) was noted at the articular sur-

Relative Signal Intensity

T1-Weighted
= Lamina |

Rotation Angle

Figure 6. Graph of signal intensity versus
rotation angle. The signal intensity of lamina
2 shows well-defined peaks at +55°, —55°,
and —125° Lamina 1 also has signal intensity
peaks due to radially oriented fibers. The rise
in signal intensity of lamina 3 between —110°
and —130° is due to chemical shift.

face of this superficial dark layer.
Lower than the superficial dark layer,
a wide bright layer (0.85 mm + 0.25)
was seen, representing the upper
two-thirds of the radial zone. Next, a
narrow dark layer (0.30 mm =+ 0.20)
was located in the lower third of the
radial zone. The deepest layer (0.50
mm =* 0.20) was bright at polarized
light microscopy and included the
deepest portion of the unmineralized
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(A

Figure 7. AS = articular surface, L1 = layer 1, L2 = layer 2, L3 = layer 3, CC = calcified cartilage, BM = bone marrow. (a) Hematoxylin and

eosin-stained section of the articular cartilage examined with polarized light microscopy. Four distinct layers are seen with polarized light.
(Original magnification, X 60.) (b) Computerized image analysis of a shows lines defining irregular undulating transition between laminae.
(c) Routine light microscopy of same section of articular cartilage, with lines of transition from b superimposed to show location of laminae that

are otherwise not visible (original magnification, X60).

radial zone of cartilage, the tidemark,
and the calcified cartilage. Beneath
this bright layer was the combination
of bright bony trabeculae and dark
marrow spaces.

Electron Microscopic Findings

Ultrastructural examination with
transmission electron microscopy was
used to determine the collagen ar-
rangement in the different zones of
the articular cartilage (Fig 8), which
was then correlated with the polar-
ized light microscopic findings and
the MR images. In the tangential
zone, the fibers were arranged paral-
lel to the articular surface (Fig 8a). In
the transitional zone, fibers were seen
running parallel, oblique, and per-
pendicular to the articular surface,
gradually changing with depth (ie,
fiber arrangement was predominantly
parallel to the articular surface in the
upper part of this zone but became
mostly perpendicular in its lower por-

- tion) (Fig 8b). In the upper two-thirds
of the radial zone, the fibers were
aligned perpendicular to the articular
surface (Fig 8c); in the lower third of
the radial zone, this highly regular

Volume 188 * Number 1

perpendicular arrangement of fibers
was distorted (Fig 8d). Just above the
tidemark (Fig 8e), the strict perpen-
dicular arrangement returned.

DISCUSSION

Bovine (17) and human (18,19) car-
tilage have been the subject of a lim-
ited number of studies attempting to
characterize normal articular cartilage
with MR imaging. Although each of
these studies has shown that normal
cartilage has a laminated appearance
on MR images, they have nonetheless
presented conflicting results about
the number and nature of the lami-
nae.

With fresh bovine patellae, Lehner
et al were among the first to study the
structure of articular cartilage with
MR imaging. They identified two lam-
inae (17). On T1-weighted inversion
recovery and T2-weighted spin-echo
images, the cartilage was observed to
have a bilaminar appearance, with a
superficial lamina with long T1 and
T2 and a deep lamina with short T1
and T2. Also, the cartilage appeared
homogeneous on proton-density—
and T1-weighted spin-echo images,

as well as on gradient-echo images.
Lehner et al also attempted to corre-
late the cartilage laminae seen on MR
images with histologic layers identi-
fied microscopically and concluded
that the superficial lamina corre-
sponded with the histologic tangen-
tial and transitional zones while the
deep lamina represented the histo-
logic radial zone. The authors ulti-
mately attributed the differences in
signal intensity characteristics be-
tween the two laminae strictly to the
zonal variation in water content.

Hayes et al (18), in a correlative
study of patellar cartilage lesions from
14 human knees, noted that on T1-
weighted images, normal cartilage
showed either homogeneous interme-
diate signal intensity or a bilaminar
appearance with a thin, high-signal-
intensity superficial lamina and a low-
intensity deep lamina, but they did
not attempt to explain why the ap-
pearance of normal cartilage varied
between homogeneous and bilami-
nar.

In an assessment of the knee and
ankle joints of a single human ca-
daver with high-resolution MR imag-
ing, Modl et al (19) found three zones
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fibers are perpendicular. (Fig 8 continues).

of different signal intensity in the ar-
ticular cartilage and attempted to cor-
relate this observation with the histo-
logic zones of normal cartilage.
Specifically, they identified a narrow
band of low signal intensity at the
articular surface, which they related
to the tangentially oriented collagen
fibers seen histologically; a middle
zone of higher signal intensity, corre-
lating with the transitional zone of
cartilage; and a deep, low-signal-in-
tensity zone representing the radial
and calcified cartilage plus cortical
bone. These investigators stated, how-
ever, that the superficial low-intensity
zone seen with MR imaging corre-
sponded in location, but not in thick-
ness, to the superficial histologic zone,
and that the other two laminae
showed only an approximate correla-
tion. Moreover, they were unable to
explain what determined the signal
intensity characteristics in the differ-
ent zones of the cartilage, although
they suggested that the magnetic sus-
ceptibility of collagen fibers oriented
in different directions might be one
explanation.
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b.
Figure 8. Transmission electron micrographs (uranyl acetate and lead citrate stain; original magnification, X 15,400) of the different layers of

In contrast to Modl et al’s sugges-
tion of a susceptibility effect, we be-
lieve that the orientation-dependent
T2 of collagen fibers is a more critical
determinant of the signal intensity
from the various cartilage laminae. In
1962, Berendsen first described the
anisotropic effect of collagen fibers for
partially hydrated bovine Achilles
tendon (20). He attributed this prop-
erty to the anisotropic motion of wa-
ter molecules parallel to the direction
of collagen fibers. Spin-spin coupling
(T2) between two adjacent protons is
mediated by the respective magnetic
dipolar fields of each proton. The
magnetic dipolar fields are character-
ized by the term (3cos’6 — 1), where 8
is the angle between By and a vector
through adjacent protons (20-22). In
the case of freely moving water pro-
tons, this angular dependence aver-
ages to zero; with the angular aniso-
tropy of water molecules along the
collagen fibers, however, a net angu-
lar dependence remains, leading to an
anisotropic T2. With this anisotropy,
spin-spin coupling is minimized (ie,
T2 is maximal) at the angle where

the articular cartilage, showing arrangement of the collagen fibers relative to the articular surface:

allel to the articular surface; (b) in the transitional zone, fibers are aligned parallel, oblique, and pe

(a) In the tangential zone, the fibers are par-

rpendicular; (c) in the upper radial zone, the

(3cos?® — 1) = 0; this corresponds to
g = 55°, which is also known as the
magic angle.

Subsequent studies by Peto and

* Gillis (21) and Fullerton et al (22) have
' shown that this phenomenon occurs

even with full hydration of the ten-
don, while in vivo MR imaging stud-
ies have also shown this behavior in
human tendon (24). Thus, human and
animal tendons, which contain large
amounts of collagen fibers oriented in
a single predominant direction, show
the anisotropic T2 properties of colla-
gen fibers. Our investigation has
shown that this anisotropic T2 effect
of collagen can be seen in tissues
other than tendon, even though tis-
sues such as cartilage contain smaller
amounts of collagen fibers. Moreover,
we have shown that the signal inten-
sity from each of the cartilage laminae
has a different angular dependence.
Since the signal intensity from col-
lagen fibers is characteristic of the ori-
entation of those fibers relative to Bo,
inferences can be made about the an-
gular dependence of each cartilage
Jamina seen on MR images and the
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Figure 8 (continued).

(d) In the lower radial zone, numerous curved fibers are seen in addi-

tion to the perpendicular fibers. () In the zone of the tidemark, the fibers are densely packed

and again perpendicular to the articular surface.

predominant orientation of collagen
fibers that contribute to their signal
intensity. For example, in lamina 2,
the peaks of signal intensity at —=55°
and +55° reflect the influence of colla-
gen fibers that are oriented radially to
the cartilage surface and obliquely to
Bo. Although there was less anisot-
ropy observed in lamina 1 than lam-
ina 2, the peaks of the signal intensity
at —55°and +55° in lamina 1 also re-
flect the strong influence of radially
oriented collagen fibers.

It was also noted that the base level
as well as the peak levels of signal
intensity from lamina 1 were higher
than those from lamina 2, which we
believe may reflect the greater con-
centration of water in the superficial
regions of the cartilage than in the
deeper regions (25,26).

The explanation for the presence of
lamina 3 and its lack of anisotropic
behavior is not obvious, although we
speculate that it could be related to
the relative lack of a predominant fi-
ber orientation resulting from the dis-
tortion of the collagen arrangement
seen at transmission electron micros-

copy.
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Knowledge of the collagen struc-
ture in articular cartilage is thus cru-
cial to understanding the different
angular dependence of each lamina at
MR imaging. Early work by Hult-
krantz (23) and later studies by Ben-
ninghoff, with polarized light micros-
copy (27,28), were instrumental in
defining the specific arrangement of
collagen in cartilage. An important
characteristic of collagen is that its
oriented, elongated fibers show form
(or textural) birefringence when ex-
amined with polarized light (29). On
the basis of collagen arrangement,
Benninghoff described four relatively
distinct zones in articular cartilage
(28): a superficial tangential zone
(zone 1), where the collagen fibers are
horizontally arranged parallel to the
articular surface; a middle transitional
zone (zone 2), where collagen fibers
are oriented obliquely to the articular
surface; a deep radial zone (zone 3),
in which the collagen fibers run verti-
cally toward the surface; and the cal-
cified cartilage zone (zone 4), located
between the radial zone and the mar-
row.

Subsequent reports have empha-

Figure 9. Axial T1-weighted image (400/12)
of the knee of a patient with a joint effusion.
Notice that the cartilage of the lateral patellar
facet shows a trilaminar appearance of su-
perficial hyperintense signal, intermediate
hypointense signal, and deep hyperintense
signal. Frequency encoding is from top to
bottom, and phase encoding is from left to

right.

sized that the orientational structure
of articular cartilage is not apparent
with light microscopy performed with
conventional staining methods, but
that polarized light microscopy re-
veals the pattern of collagen fibers in
the cartilage and that electron micros-
copy can be used to define the ar-
rangement of the individual collagen
fibrils (30-32).

More recently, the three-dimen-
sional architecture of collagen in bo-
vine articular cartilage has been de-
fined by using scanning electron
microscopy of cryofractured speci-
mens (33). The collagen fibrils are ver-
tically oriented in the intermediate
zone and curve to become horizontal
in the superficial zone, where they are

arallel to the articular surface. Of
additional importance is the observa-
tion that the collagen structure is an-
isotropic, such that the collagen is or-
ganized in broad flat layers or leaves
when viewed parallel to a split line,
but when visualized at right angles to
asplit line, it has a vertically lami-
nated appearance, as if the leaves are
being viewed edge on.

We have used the results of these
histologic studies to define the rela-
tionship between the collagen fiber
arrangement in articular cartilage and
the resultant MR imaging appearance
of the cartilage, although it should be
appreciated that certain factors pre-
vent an exact correlation between the
MR imaging laminae and the histo-
logic zones. Specifically, in-plane
voxel dimensions (0.3 X 0.3 mm) were
too large to accurately resolve each
histologic layer, which led to signal
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averaging from different histologic

layers. Furthermore, the junctions
between the histologic zones undu-
late and do not have sharply defined
interfaces.

Even with these limitations, we be-

lieve there are approximate correla-
tions between the laminae visible on
MR images and the histologic layers.

Lamina 1 corresponds approximately
to the histologic tangential and transi-

tional zones, plus the upper portion
of the radial zone, such that about
half of lamina 1 is composed of the
radial zone. This correlation agrees
well with the evidence from the an-
gular dependence experiments indi-
cating the presence of both radial and
perpendicular fibers.

Approximate correlations also exist
between lamina 2 and the bulk of the
radial zone (which supports the infer-
ence of radially oriented fibers in lam-
ina 2, from the results of the angular
dependence experiments) and be-
tween lamina 3 and the lower portion
of the radial zone. Finally, the low-
signal-intensity region separating
lamina 3 from the marrow correlates
with the zone of the tidemark and
calcified cartilage. <

We have shown that the MR imag-
ing appearance of articular cartilage is
strongly influenced by the anisotropic
arrangement of the collagen fibers in
the cartilage, particularly where the
collagen orientation is radial, as in
lamina 2. We have also shown that
the MR imaging appearance of nor-
mal bovine cartilage consists of three
laminae, yet the cartilage may appear
homogeneous in signal intensity at
certain orientations corresponding to
the magic angle of 55°, or when the
planar surface of the cartilage is not
perpendicular to the imaging plane
because of partial volume effects.
Thus, orientation of the cartilage rela-
tive to By is an important determinant
for the MR imaging appearance of
articular cartilage, although other fac-
tors may also be operative.

In conclusion, our findings are of
potential clinical importance with
regard to MR imaging of articular car-
tilage. In human beings, we have fre-
quently identified a laminated ap-
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pearance in the patellar cartilage on
routine MR images of the knee (Fig 9),
similar to that seen in bovine carti-
lage; therefore, the same principles
affecting the MR imaging appearance
of bovine cartilage can be expected to
apply to human cartilage. Finally, an
understanding of the orientation ef-
fects exhibited by normal articular
cartilage combined with techniques
that improve resolution (such as vol-
ume imaging) may serve as the basis

for future studies of cartilage diseas-

es.
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