
Introduction

Magnetic resonance imaging holds great promise in the
noninvasive accurate detection of chondral lesions. It of-
fers a superior soft tissue contrast, has multiplanar capa-
bility, and permits the direct visualization of articular car-
tilage [1, 2]. On MR images the normal articular cartilage
has a zonal appearance. Lehner et al. [3] found two sepa-
rate zones of cartilage with varying T1 and T2 relaxation
times and postulated this bilaminar appearance to be re-
lated to differing water concentrations in the various lay-
ers. Modl et al. [4], in a study of whole joints, further de-
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Abstract. The aim of our study was to correlate MRI
with histologic findings in normal and degenerative
cartilage. Twenty-two human knees derived from pati-
ents undergoing amputation were examined with 1.0-
and 1.5-T MR imaging units. Firstly, we optimized
two fat-suppressed 3D gradient-echo sequences. In
this pilot study two knees were examined with fast im-
aging with steady precession (FISP) sequences and
fast low-angle shot (FLASH, SPGR) sequence by
varying the flip angles (40, 60, 90 �) and combining
each flip angle with different echo time (7, 10 or 11,
20 ms). We chose the sequences with the best visual
contrast between the cartilage layers and the best mea-
sured contrast-to-noise ratio between cartilage and
bone marrow. Therefore, we used a 3D FLASH fat-
saturated sequence (TR/TE/flip angle = 50/11 ms/
40 °) and a 3D FISP fat-saturated sequence (TR/TE/
flip angle = 40/10 ms/40 °) for cartilage imaging in
22 human knees. The images were obtained at various
angles of the patellar cartilage in relation to the main
magnetic field (0, 55, 90 °). The MR appearances were
classified into five categories: normal, intracartilagi-
nous signal changes, diffuse thinning (cartilage thick-
ness < 3 mm), superficial erosions, and cartilage ul-
cers. After imaging, the knees were examined macro-
scopically and photographed. In addition, we perform-
ed histologic studies using light microscopy with sever-
al different stainings, polarization, and dark field mi-
croscopy as well as electron microscopy. The structural
characteristics with the cartilage lesions were corre-
lated with the MR findings. We identified a hyperin-
tense superficial zone in the MR image which did not
correlate to the histologically identifiable superficial
zone. The second lamina was hypointense on MRI
and correlated to the bulk of the radial zone. The third
(or deep) cartilage lamina in the MR image seemed to
represent the combination of the lowest portion of the
radial zone and the calcified cartilage. The width of the
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hypointense second zone correlated weakly to the ac-
cumulation of proteoglycans in the radial zone. The
trilaminar MRI appearance of the cartilage was only
visible when the cartilage was thicker than 2 mm. In
cartilage degeneration, we found either a diffuse thin-
ning of all layers or circumscribed lesions (ªcartilage
ulcerº) of these cartilage layers in the MR images. Ear-
ly cartilage degeneration was indicated by a signal loss
in the superficial zone, correlating to the histologically
proven damage of proteoglycans in the transitional
and radial zone along with destruction of the superfi-
cial zone. We found a strong effect of cartilage rotation
in the main magnetic field, too. A rotation of the carti-
lage structures caused considerable variation in the
signal intensity of the second lamina. Cartilage seg-
ments in a 55 °angle to the magnetic main field had a
homogeneous appearance, not a trilaminar appear-
ance. The signal behavior of hyaline articular cartilage
does not reflect the laminar histologic structure. Os-
teoarthrosis and cartilage degeneration are visible on
MR images as intracartilaginous signal changes, super-
ficial erosions, diffuse cartilage thinning, and cartilage
ulceration.
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scribed a trilaminar appearance and tried to correlate
these layers with different histologic layers of cartilage.
They postulated the varying appearance of the different
layers to be secondary to magnetic susceptibility effects
rather than to differing water concentrations. Ruben-
stein et al. [5] tried to clarify the trilaminar appearance
of cartilage. By imaging bovine patellas at various angles
in relation to the main magnetic field, they found that
cartilage had different appearances depending on these
angles. Articular cartilage had a trilaminar appearance
that was most striking at 0 and 90 ° positions. Erickson
et al. [6] postulated a truncation artifact rather than a
zonal differentiation of histologic anatomy as the under-
lying cause of the laminar appearance.

Rubenstein et al. [7] investigated the effects of com-
pression and recovery on bovine articular cartilage.
The varying appearance and signal intensity characteris-
tics of cartilage under pressure are hypothesized to re-
sult from a combination of net water loss and reorienta-
tion of collagen structure. A laminar appearance on
spin-echo (SE) images at 1.5 T was described by these
authors (TR/TE = 800/33 ms). The laminae were named
L1 (low-signal-intensity line on the interface between
two adjacent cartilage segments), L2 (superficial lamina
with high intensity), L3 (middle lamina of low signal),
L4 (deep lamina of intermediate signal intensity, and
L5 (hypointense zone of calcified cartilage).

The purpose of the present study was to optimize the
MR variables for best visualization of the internal archi-
tecture of the hyaline cartilage (in vitro study), and to
correlate the MRI appearance of these cartilage layers
with the histologic layers. We intended particularly to
investigate the differences between normal and degen-
erated human hyaline cartilage.

Materials and methods

Twenty-two human knees (patient age range 50±72
years) derived from patients undergoing amputation
for severe occlusive atherosclerosis with clinical compli-
cations, e. g., gangrene were examined with 1.0-T (all
knees) and 1.5-T (two knees) imaging units (Magnetom
Impact Expert, and Vision, Siemens, Erlangen, Germa-
ny), using a commercial knee coil.

Pilot study

The optimization of the gradient-echo sequences [fast
low-angle shot (FLASH), SPGR], [fast imaging with
steady precession (FISP), SSFP] was achieved by imag-
ing two knees with varying flip angles of both gradient-
echo techniques (30, 40, 60, 90�) and combined each
flip angle with a different TE (7, 10 or 11, or 20 ms) to
yield a total of 16 different imaging sequences for each
gradient-echo sequence. Both types of sequences had a
3D data acquisition and were fat-suppressed techniques.
The images were obtained at various angles of the patel-
lar cartilage in relation to the main magnetic field (0, 55,
90 °). The patellar cartilage was moved from a coronal

to a sagittal position in relation to the main magnetic
field. The signal intensity of the different cartilage lay-
ers were compared visually by two experienced radiolo-
gists by consensus. We chose the sequences with the op-
timal contrast-to-noise ratios between the cartilage and
the adjacent bone marrow (condyle; Fig. 1). Contrast-
to-noise ratios for cartilage vs bone marrow were calcu-
lated as the signal of intensity of cartilage minus the sig-
nal intensity of marrow divided by the standard devia-
tion of noise. In addition, images were subjectively eval-
uated by two of the authors regarding the visualization
of cartilage structure and internal detail.

Actual study

All knees were examined with the sequences deter-
mined by the pilot study:

1. 3D FLASH fat-saturated sequence (TR/TE/flip an-
gle = 50/11 ms/40 °)
2. 3D FISP fat-saturated sequence (TR/TE/flip an-
gle = 40/10 ms/40 °).

In addition, we used the following sequences:

1. T2-weighted fast spin-echo sequence (FSE; TR/
TE = 4500/120 ms; echo train length = 7)
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a

b
Fig.1a, b. Contrast-to-noise ratio (cartilage/bone marrow) in two
patellas. a FLASH sequences and b FISP sequences



2. T1-weighted SE sequence (TR/TE = 550/14 ms)

We obtained sagittal and transverse sections with 1.5-
mm (FISP and FLASH sequences) and 3-mm (SE and
FSE sequences) slice thickness. The imaging matrix
was 360 ´ 256, 14-cm field of view, and two signal aver-
ages in all sequences. The frequency encoding was ante-
rior±posterior. The patellar surface stood perpendicular
to the main magnetic field Bo. To exclude truncation ar-
tifacts as a cause of trilaminar appearance of cartilage,
we repeated the FLASH fat-saturated sequence with a
different matrix (512 ´ 512) in two knees.

The thickness of the individual layers in the trilami-
nar MR image of the retropatellar cartilage (superficial
zone with high signal intensity, middle zone with low sig-
nal intensity, and a deep layer with high signal intensity;
see Fig. 4) was measured. The MRI appearances of the
cartilage were classified into five categories: normal, in-
tracartilaginous signal changes, diffuse thinning (carti-
lage thickness < 3 mm), superficial erosions, and carti-
lage ulcers (lesions deeper than 2.5 mm).

After MR imaging, all knees were examined macro-
scopically and photographed. Furthermore, 16 knees
were sliced with a band saw in planes corresponding to
that of the MR images (8 sagittal, 8 coronal), and the slice
thickness was approximately 3 mm. Then, eight speci-
mens of hyaline knee cartilage with intracartilaginous
MRI signal inhomogeneities or surface lesions were tak-
en. As control, eight cartilage specimens were investigat-
ed from normal-appearing hyaline cartilage in MRI.

The tissue was prepared according to standard histo-
logic methods [8]. Sections were 5 mm thick. Serial sec-
tions were stained for hematoxylin-eosin, van Gieson
(fibrils), and safranin-O (proteoglycans). With safra-
nin-O staining, proteoglycans and mucin were marked
orange to red [8]. Furthermore, dark field microscopy
(DFM), polarizing microscopy (PM; six specimens),
and transmission electron microscopy (two specimens;
CM100, Philips, Eindhoven, The Netherlands) was ap-
plied.

For the thickness measurement of the various histo-
logic layers, a morphometric software (AnalySIS, SIS,
Münster, Germany) was applied. We correlated in all
cases the thickness (percent of the whole cartilage thick-
ness) of the different cartilage layers at MR images and
histologic sections at defined cartilage areas (medial
joint facet of the patella and corresponding facet of the
medial condyle).

Histologically, three zones were measured in the saf-
ranin-O stained specimens: The thickness of the superfi-
cial layer, of the transitional and middle zone, and of the
deep zone. The zones were distinguishable by different
grades of safranin coloration [8].

Results

MR findings

On every gradient-echo image, the three zones of nor-
mal cartilage were consistently distinguishable on the

retropatellar and condylar articular cartilage. The first
zone, characterized by high signal, was present at the
junction of the cartilage and subchondral bone. The ad-
jacent zone above the first zone had low signal intensity.
A third zone, characterized as a band of high signal in-
tensity, was identified at the surface of the cartilage.
Joint fluid had an intermediate signal intensity. The
thickness of the zones varied from region to region and
are listed below.

In all circumscribed chondral lesions of the retropa-
tellar cartilage (ªcartilage ulcerº; n = 7) the trilaminar
appearance was destroyed, whereas in cases of diffuse
degenerative thinning of the retropatellar articular
cartilage (n = 11) their trilaminar appearance was
preserved. In very thin-cartilage areas (thickness
< 2 mm; n = 4) this trilaminar appearance cannot be
observed.

The trilaminar appearance did not seem to be related
to a chemical shift artifact, as it did not change in ap-
pearance when the phase and frequency directions
were exchanged or the strength of the magnetic main
field increased (1.0±1.5 T). There was no hint that the
trilaminar appearance was due to a susceptibility effect,
as the layers appeared equally well on spin-echo and
gradient-echo sequences. We did not find a change in
the trilaminar cartilage appearance by increasing the
number of phase-encoding steps (matrix size 512 ´ 512,
FLASH fat-saturated sequence). Therefore, a trunca-
tion artifact seems not to be related to the trilaminar ap-
pearance of the cartilage.

The variation of the angles between the cartilage and
the main magnetic field had a strong influence on the
appearance of the cartilage layers. At the 55 ° position
we found a homogeneous appearance. At the 0 and 90 °
position a remarkable trilaminar appearance was visi-
ble. In areas with very thin cartilage (n = 4) or cartilage
ulcers (n = 7), the trilaminar appearance was absent in
every cartilage orientation.

Light microscopic findings

As shown by PM techniques in normal articular carti-
lage, we found a superficial zone with compact tangen-
tially orientated collagen fibrils (type-II collagen). Saf-
ranin-O-staining was absent in this zone.

The transitional zone, immediately below the super-
ficial zone, displayed weak safranin-O staining, indicat-
ing the presence of small amounts of proteoglycans.
There was only a loose mesh of collagen fibrils. The
deep radial zone contained collagen fibrils oriented per-
pendicularly to the surface of the cartilage and a big
amount of proteoglycans. The deepest zone adjacent
to the cortical bone showed only weak safranin-O-
staining.

All of the eight histologic sections of the hyaline car-
tilage with the MRI diagnosis of cartilage ulcers, small
surface lesions, or intracartilaginous signal changes
demonstrated histologically complete loss of the super-
ficial zone. The collagen fibrils of the radial zone were
aligned perpendicularly to the surface like a ªshaving
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brushº and reached the surface of the cartilage. Deep
ulcers (n = 3) reached the deep radiate zone or even
the subchondral cortical bone.

Five cartilage areas with normal MR thickness of the
cartilage, but intracartilaginous signal changes (loss of
signal intensity in fat-saturated FLASH or FISP se-
quences), were examined histologically. All showed ear-
ly degenerative cartilage changes with loss of proteogly-
cans in the transitional and radial zone along with de-
struction of the cartilage surface (superficial zone; see
Fig. 6 a)

Electronmicroscopy (EM) findings

Transmission electronmicroscopy (EM) visualized the
architecture and the arrangement of the collagen fibrils.
In the normal superficial tangential zone, the fibrils
were arranged parallel to the articular surface. In the
normal transitional zone and radial zone, we found a
meshwork of fibrils with a predominantly oblique ar-
rangement. In the deep zone a perpendicular arrange-
ment of the loose fiber bundles was found.

Correlation of different cartilage layer thickness at MRI
and histology

On MR images of the central retropatellar cartilage
(FLASH sequence), the deep zone occupied an average
of 10±56 %, the middle zone an average of 26±54%, and
the superficial zone occupied an average of 10±40% of
the whole cartilage thickness.

At histology (hematoxylin and eosin, safranin-O) the
average thickness of the calcified cartilage-zone carti-
lage layer was 10±15%, of the radial and transitional

zone 40±85%, and of the superficial cartilage layer
5±12 % of the whole cartilage thickness.

Intraindividual correlation at the defined cartilage
areas showed no relation between the thickness of the
middle zone visible on MRI and the histologic safra-
nin-O-positive radial zone visible in safranin-O-stained
sections (Figs. 2, 3). The correlation was also not better
in normal cartilage status (Fig.4).

Discussion

One part of the present study was designed to correlate
histologic zones of hyaline cartilage with cartilage struc-
tures seen in MRI. The MR appearance of articular car-
tilage is laminated, although apparent disagreement ex-
ists about the number and signal intensity characteristics
of the laminae [7]. We found a trilaminar MR appear-
ance of hyaline cartilage, consisting of a high-signal-in-
tensity surface lamina, a middle lamina of intermediate
to low signal intensity, and a high-signal-intensity deep
lamina (Fig.4 a) [1, 2, 4]. In contrast, Rubenstein et al.
[7] described five laminae, adding a very thin interface
line between two articulating cartilage layers, and a hy-
pointense zone of calcified, low-signal cartilage to the
mentioned three laminas. This difference in results is
probably due to the higher spatial resolution he had.

Normal cartilage has four well-known histologic lay-
ers [3, 9, 10, 14, 15]: a superficial zone, a transitional
zone, a deep radial zone, and a deep calcified zone.
The superficial lamina visible on MR images corre-
sponds in location but not in thickness to the histologic
superficial and/or transitional zone. The second zone
on MRI corresponds only approximately to the bulk of
the radial zone (Fig.2), whereas the third zone on MRI
correlates in location, but never in thickness, to the cal-
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Fig.2. Correlation of MR image and histology of cartilage
thickness: thickness of the middle zone (MR image of car-
tilage; x-axis) and thickness of the radiate zone (cartilage
histology; y-axis); n = 16 cartilage areas, linear correlation
coefficient = 0.52. The distribution of proteoglycans in the
radial zone (safranin-O pos.) correlates not exactly with
the middle zone at MR image of cartilage



cified zone. Therefore, the results revealed no consis-
tent correlation between the histologic zones and the
trilaminar MR appearance of cartilage.

In accordance to Rubenstein et al. [5], we also found
a strong effect of cartilage rotation in the main magnetic
field. A rotation of the cartilage structures varied con-

siderably the signal intensity of the second lamina. Car-
tilage segments in a 55 °angle to the magnetic field had
a homogeneous appearance, not a trilaminar appear-
ance. We hypothesized that the internal collagen struc-
ture in the radial zone of cartilage and its orientation in-
fluence the signal intensity of the cartilage zones, partic-
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Fig.3. a Histology (safranin-O staining, ´ 40) of
retropatellar cartilage ulcer. Note the trilaminar
appearance of the articular cartilage. b MR im-
age of this ulcer (3D FLASH, TR/TE/flip an-
gle = 50/11 ms/40 °). Cartilage surface and middle
zone are circumscribed hypointensely

Fig.4a, b. Laminar appearance of normal hyaline
cartilage (3D FISP, TR/TE/flip angle = 40/10 ms/
40 °). a Recognize the three zones in the hyaline
cartilage of the femur condyle. b Histologic cor-
relation: Note the laminar appearance of the
condylar cartilage (safranin-O, ´ 25). There is no
correlation between the different histologic layers
and the MRI zones

a b

Fig.5a, b. Demonstration of orientation ef-
fects: images of the same section from an iso-
lated patellar specimen, with a main magnetic
field directed toward the top of the images
and with the frequency-encoding direction
from top to bottom. Note the orientation-de-
pendent appearance of the cartilage layers.
Sagittal 3D FLASH fat-saturated sequence
(TR/TE/flip angle = 50/11 ms/40 °), matrix
512 ´ 512, field of view 100 mm2. a Patella
stood perpendicular to the main magnetic
field Bo. Note the zonal appearance of the
cartilage. b Patella stood oblique (55 °) to the
main magnetic field. Note the homogeneous
appearance of the cartilage



ularly from the second lamina with its radially orientat-
ed collagen fibers. As first described by Rubenstein
et al. [5], the orientation-dependent T2 of collagen fi-
bers in cartilage is the critical determinant of signal in-
tensity. He attributed this phenomena to the restricted
motion of water molecules parallel to the direction of
collagen fibers. Spin±spin coupling (T2) between two
adjacent protons are mediated by the magnetic dipolar
fields of each proton. The magnetic dipolar fields are
described by the term (3 cos2 F-1), where F is the angle
between the main magnetic field and a vector through
adjacent protons. In the case of freely moving water
protons, this angular dependence averages to zero.
With the angular orientation of bounded water mole-
cules along the collagen fibers, however, a net angular
dependence remains, leading to the ªanisotropic T2 ef-
fect.º The spin±spin coupling is minimized at the angle
of F = 55 °, known as the ªmagic angleº (direction of
the minimum dipolar coupling and maximal T2). This
phenomenon is visualized in Fig. 5 (isolated patellar
specimen). However, this variation in signal intensities
occurred only in cartilage areas with a visible trilaminar

appearance (cartilage thicker than 2 mm at least), prob-
ably due to partial volume effects.

The second part of our study was designed to corre-
late the MRI findings of degenerated articular cartilage
and histology. The results suggest that both histological-
ly normal and degenerate hyaline cartilage can be dis-
tinguished by MRI. Early intracartilaginous degenera-
tive lesions are characterized histologically by a loss of
water-binding proteoglycans [10, 11, 14, 17]. The degra-
dation of the intracartilaginous proteoglycans cause a
circumscribed signal change resulting in a signal de-
crease in the MR images [11±14, 17]. In all 5 cases with
histologically proven early cartilage degenerations, we
found without exception this match of histologically
proven loss of proteoglycans in the transitional and radi-
al zone, the destruction of the superficial zone of the
cartilage, and the signal decrease in the fat-saturated
FLASH and FISP sequences. This MRI signal change
was located in the superficial layer. In moderate ad-
vanced circumscribed chondral lesions (early cartilage
ulcers, histologically deeper than 1±2 mm), a defect in
the superficial zone was always visible by MRI. Ad-
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Fig.6a±d. Osteoarthrosis.
a Macroscopic cartilage ulcers in
the retropatellar cartilage and a
circumscribed thinning of the
condylar cartilage. b MRI corre-
lation in a FLASH sequence (3D
fat-saturated FLASH, TR/TE/
flip angle = 50/11 ms/40 °). c A
FISP sequence (3D fat-saturated
FISP, TR/TE/flip angle = 40/
10 ms/40 °). Note the retropatel-
lar cartilage lesion and the absent
trilaminar appearance of the
whole cartilage. Histology (he-
matoxylin and eosin, ´ 10) of the
patellar cartilage. Note the dis-
rupted margin of the ulcer



vanced chondral lesions showed deep ulcers in all zones
of the cartilage with complete absence of the mentioned
trilaminar MR cartilage appearance (Fig. 6). Diffuse
thinned cartilage areas with a cartilage thickness of less
than 3 mm were indicated by the loss of the trilaminar
cartilage appearance.

Certain factors prevent an exact correlation between
the MR image and the histologic zones. Voxel dimen-
sions in 1.5-mm slices cause partial volume effects. In
addition, the border between the different zones undu-
lates. The effect of regional variations in the four zones
on sections used in MRI may be different from that on
anatomic sections [16, 17]. Exact correlation between
MRI and histologic sections therefore cannot be expect-
ed. A potential limitation of the present study is the use
of amputated knees which were not derived from sub-
jects from a homogenous clinical population.

In summary, MR signal behavior of hyaline articular
cartilage only vaguely reflects the laminar histologic
structure. Because of its poor correlation between the
trilaminar appearance of cartilage on MRI and histolog-
ically identified layers, the importance of the trilaminar
appearance of hyaline cartilage on MR images remains
unclear.

Osteoarthrosis with early intracartilaginous degener-
ations, superficial erosions, cartilage ulcers, or diffuse
thinning of the hyaline cartilage were visible by MRI.

The magic-angle phenomenon influences strongly
the presence or absence of the laminar appearance of
articular cartilage. The MR appearance of normal carti-
lage consists of three laminae, yet the cartilage may ap-
pear homogeneous at an orientation corresponding to
the magic angle of 55 °.
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