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Articular cartilage defects of the knee: correlation
between magnetic resonance imaging and gross

pathology
Robert L Karvonen, William G Negendank, Susan M Fraser, Maureen D Mayes, Teisa An,
Felix Fernandez-Madrid

Abstract
Magnetic resonance imaging (MRI) of the
knee articular cartilage is possible owing to
the contrast provided by different signal
intensities of adjacent menisci and sub-
chondral bone. The objective of this study
was to determine the accuracy of MRI in
quantitatively detecting thinning and focal
defects of articular cartilage in vivo. High
resolution MRI was performed foliowed by
dissection of the knee within one hour of
amputations above the knee of eight patients
(62-89 years) with peripheral vascular disease.
Articular cartilage was examined for erosions,
surface irregularities, and appearance. Mean
thicknesses of femoral and tibial articular
cartilage sagittal sections from MRI were

statistically indistinguishable from matched
gross thicknesses. In those joints in which
cartilage erosions, thinning, or irregularities
were detected by MRI the same defects were

apparent by gross examination. Cartilage that
appeared normal by MRI had a normal gross
appearance by gross examination. Thus high
resolution MRI can accurately predict gross
articular cartilage appearance and thickness,
allowing an objective, quantitative, non-

invasive assessment of eroded cartilage.
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Conventional radiographs are not helpful
in evaluating cartilage erosions. Magnetic
resonance imaging (MRI) is a promising non-

invasive means of evaluating joint integrity.
Magnetic resonance imaging of the knee defines
articular cartilage clearly owing to the contrast
provided by different signal intensities of
adjacent menisci and subchondral bone. Its
usefulness in depicting the normal anatomical
landmarks of the knee as well as changes in
menisci, ligaments, and periarticular structures
has been reported.`8 In addition, Stoller et al
found an excellent correlation between
abnormal meniscal signals in MRI and the
extent of mucinous degeneration in histo-
pathology of knees obtained from necropsy or

after amputation.9 Little work has been done to
ascertain the value of MRI in assessing discrete
articular cartilage defects, though its potential
has been recognised in studies of the knee and
wrist.2 'o Intra-articular injection of contrast
agents can help in the detection of cartilage
defects,12 but its invasive nature and the need to
repeat this procedure to assess the progression
of erosions make this approach less desirable.
Wojtys et al have reported that MRI can detect
articular cartilage defects disclosed by arthro-
tomic or arthroscopic examination.13 The pur-

pose of this study was to determine whether
MRI can be used to detect and measure changes
in the thickness and focal architecture of
articular cartilage. Preliminary results of this
study have been reported in abstract form.'4

Patients and methods
Table 1 gives details of the patients studied.

Magnetic resonance imaging was performed
on extended knee joints obtained within one
hour of amputations above the knee in eight
patients with peripheral vascular disease. High
resolution, TI weighted, spin echo coronal and
sagittal images were obtained with a 256x256
matrix in a field of view of 24 cm (0-95
mm/pixel) in either a 1 0 tesla (five knees) or a
15 tesla (three knees) Siemen's instrument
using opposed surface coils in a Helmholtz
configuration as the receiver. Repetition time
(TR) was 600 or 700 ms and echo time (TE) was
22 or 17 ms, respectively. Multiple sagittal
images 3 mm thick were obtained with a gap of
15 mm-that is, at 4-5 mm intervals. The
frequency encoding axis was perpendicular to
the articular cartilage on the tibial plateau.
Chemical shift artefact-that is, overlap of
signals from the marrow fat-was not sufficient
to interfere with visualisation of the tibial or
femoral articular cartilage because the thickness
of subchondral bone (which has very low signal)
separated the fatty marrow from the articular
cartilage.

In our experience T1 weighted images
produced the best contrast between subchondral
bone, articular cartilage, and the menisci, and
therefore only TI weighted images were used
for the analysis of articular cartilage thicknesses.
Window settings were adjusted to optimise the
contrast between articular cartilage and sub-
chondral bone or meniscal cartilage. It should
be emphasised that window settings optimised
for this purpose are not necessarily the best for
obtaining a good photographic reproduction,
and thus the quality of the original magnetic

Tabk I Patient data

Patient Age Sex Race
No

1 62 F W
2 79 F B
3 89 F B
4 66 F W
5 84 F W
6 75 M B
7 65 M W
8 74 F B

Mean age was 74 (SD 9 6) years; F:M=6:2; W:B=4:4.
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resonance image was not fully reproducible in
photographs.

Imaging of the intact knee took about 15
minutes and was immediately followed by
arthrotomy and pathological examination of the
cartilage surfaces and menisci. To provide a

quantitative comparison four knee joints
(patients 5-8) were sectioned and articular
cartilage thicknesses measured. Because the
joints were sectioned and measured immediately
there were no effects due to freezing or drying
of the cartilage. None of the joints studied had
an abnormal amount of fluid in the joint. The
articular cartilage was examined for erosions
characteristic of degenerative joint disease and
for surface irregularities and thickness. Menisci
were examined for surface irregularities and
appearance.
The tibial plateaux and femoral condyles of

four of the patients (5-8) were cut into several
sagittal sections immediately after MRI (fig 1).
In the coronal plane the position of each gross
sagittal section was measured, as well as its
distance from the centre of the knee. Also in the
coronal plane the largest bone width across both
condyles was measured, and the distance of
each sagittal section from both ends of the
largest bone width was recorded. Each gross
sagittal section was traced on graph paper. For
the femoral condyles an arbitrary starting point
was noted on each section and its graph paper
tracing, near the posterior aspect of the knee.
For the tibial cartilage the flatter surface of the
plateau allowed the starting point to be placed
exactly at the centre of each side of the plateau.
An overlay of parallel lines 1 cm apart was

placed on each sagittal section using the arbitrary
point to align the first parallel line, and the
articular cartilage thickness was determined to
within 0 1 mm, where each line intersected the
cartilage surface. The gross sagittal sections
were then matched to the corresponding MRI
sections using the coronal plane gross measure-
ments and the coronal MRI. The tracings of
each gross sagittal section were entered into a

computer data base and an overlay image of the
gross section matching the distance scale of the
MRI was generated on plastic. The overlay with
parallel lines 1 cm apart was placed over the

sagittal magnetic resonance images of the cor-

responding slice, positioned for an exact match,
and the cartilage thickness determined for each
of the points corresponding to the gross
measurements. Magnetic resonance imaging
and gross measurements were performed

separately at different times to eliminate biased
measurements. Magnetic resonance imaging
and gross thickness measurements were made
with a dissecting microscope and a transparency
with parallel lines 0 1 mm apart, laid over the
MR image or the specimen respectively.
Measurements in this study were obtained at
cartilage sites where partial volume averaging
did not occur. Matched cartilage thicknesses
were determined for several dozen different
articular cartilage sites of each individual knee.
Intraobserver variability in measuring articular
cartilage thickness for two different observers
was 3-2% and 10-5% respectively (table 2).
Interobserver variability averaged 17-8% (table
3). Although two observers in table 2 and three
observers in table 3 were used to test vari-
ability, only one observer (with the smallest
intraobserver variability, see table 2) was used
in all subsequent measurements.

Cartilage and synovial membrane for histology
were fixed in 10% buffered formalin, embedded
in paraplast (Fisher Scientific, Livonia, MI),
sectioned, and stained with haematoxylin and
eosin.

Paired Student's t tests and the standard
errors for the differences were used to deter-
mine if the matched sets of thickness measure-
ments were different.

Results and discussion
The articular cartilage specimens showed
anatomical changes ranging from normal to
severely eroded cartilage with no histological
evidence of inflammation. A typical MRI sec-
tion through normal cartilage shows an even
articular surface consistent with the gross
examination of the specimen (fig 2). A typical
MRI section through a severely eroded femoral
condyle shows an articular cartilage surface with
obvious abnormalities (fig 3). Figure 4 shows a
magnetic resonance sagittal image through a
section of thinning articular cartilage flanked by
normal regions. Figure 5 shows an example of a
small focal defect (about 1 mm in diameter

Tabk 2 Intraobserver variability in the measurement of
aricsdar cartilage thickness by magnetic resonance imaging

Observer Mean Coeffwient of n
thickness (SD) variation (%)

1 1-91 (020) 105 4
2 1-41 (004) 3-2 5

n=number of measurements.

Figure I Femoral
condyles sectioned sagiually
to allow gross measureme
ofartukar cartilage
thickness. The posteior
aspect ofthe knee is
downard. (PaientNo 5.)

Table 3 Interobserver variability in the measurement of
aricular cartilage thickness by magnetic resonance imaging
for three observers

Site Mean Coefficient of
thickness (SD) variation (%)
(mm)

1 1-63 (0-21) 12-8
2 1-69 (0 50) 29-7
3 2-09 (0-48) 23-2
4 1-94(0-10) 5-4

Average 17 8

Four sites were selected at random. Each observer made one
measurement at each site.
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Figure 2 Magnetic
resonance image ofnormal
articlr cartilage with the
posterior aspect ofthe knee
to the right (A) and
corresponding gross femoral
cartilage slice with knee
posterior aspect also to the
right (B). (Patient No4.)
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Figure 3 Magnetic
resonance image ofseverely
erodedfemoral aricular
cartilage with the posterior
aspect ofthe knee to the right
(A) and corresponding
carilage by gross
examination uith knee
posterior aspect downward
(B). White arrows on the
gross photograph (B)
indicate the position ofthe
sagittal magnetic resonance
image. (PatientNo 8.)

Figure 4 Magnetic resonance image ofthinning (arrow)
femoral anicudar cartilage with the posterior aspect ofthe
knee to the right (A) and corresponding thinning (black
arrow) by gross examination with knee posterior aspect
downward (B). White arrows on the gross photograph (B)
indicate the position ofthe sagittal magnetic resonance image.
(PatientNo S.)

-I

extending down to the bone) detected on a
magnetic resonance image and appearing on
the corresponding gross photograph. Histo-
logical examination of the defect and its sur-
rounding area showed the centre of the defect
with an absence of cartilage, many cell clusters,
large erosions, and areas of 'fibrillation'.'5 At
0-45 mm from the centre of the defect histo-
logical examination showed fraying of the carti-
lage and fibrillation. At 0-75 mm from the
centre the cartilage was somewhat frayed. At
1-75 mm and 3-25 mm from the centre of the
defect the cartilage morphology was normal
except for a rare cluster of cells at 1-75 mm.
Thus histological analysis showed a narrow zone
of eroded and abnormal cartilage at and near the
defect, in agreement with MRI. In those joints

Figur S Magnetic soance inage ofa small defect
(arrm ) i femoralariular cartilage with the postrior aspect
ofte kee to de right (A)and the same defect (black arrow)
by gross tkne posterior aspectdowwrd
(B). Whitearrows on t gross photograph (B) indicate the
psition ofthe sagital magntic resonance image. (Patient
No3.)
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Table 4 Comparison of human knee artciar cartilage thicknesses measured by magnetic
resonance imagig (MRI) and gross examinaton

Patent Cartilage Side n Mean thickness (SD) Standard
No in mm error

for the
MRI Gross difference

5 Femoral M 18 1-3 (0-4) 1-3 (0-4) 0-1
S Femoral L 18 1-9(0-5) 1-9 (0-5) 0-2
S Tibial M 13 1-3 (0-5) 1-4-(0-4) 0-2
S Tibial L 9 1-6 (0-3) 1-7 (0-4) 0-2
6 Femoral M 20 2-3 (1-0) 2-4 (1-2) 0-3
6 Femoral L 17 2-0 (0-5) 2-1 (0-6) 0-2
6 Tibial M 15 2-6 (0-8) 2-6 (0-8) 0-3
6 Tibial L 12 1-6 (0-4) 1-4 (0-5) 0-2
7 Femoral M 20 2-5 (0-8) 2-7 (0-6) 0-2
7 Femoral L 22 2-2 (0 4) 2-2 (0-3) 0-1
7 Tibial M 13 2-4 (0-9) 2-4 (0-7) 0-3
7 Tibial L 12 3-1 (1-4) 3-1 (1-5) 0-6
8 Femoral M 13 1-5 (0-9) 1 5 (0-9) 0-4
8 Femoral L 21 2-2 (0-8) 2-3 (0-8) 0-2
8 Tibial L 8 1-8 (0-4) 1-8 (0-5) 0-2

n=number of different sites of articular cardlage where thickness measurements were performed;
M=the medial side; L=the lateral side.
In every case the paired t test of the means indicated no significant difference between MRI and
gross thicknesses (p>0 05).

in which cartilage erosions, th' ning, or ir-
regularities were detected b the same
defects were apparent by gross exmination. In
those joints in which abnormal signal intensity
was apparent in a portion of a meniscus by MRI
the specimen often showed abnormal gross
structural appearance. Cartilage and menisci
that appeared normal by MRI had a normal
gross appearance by pathological eymination.
There was no statistically signicant differ-

ence between the mean thic kess of all the
measured points from gross examination and
those obtained by MRI (table 4). Thus MR
images taken in 3 mm thick slices can detect
variations in cartilage thickness of the order of 1
mm as well as focal defects of 1 mm diameter.
The MRI signals observed in articular carti-

lage are of higher intensity than those of
subchondral bone or menisci. The areas of
lower signal intensity were usually thicker
under tibial than under femoral cartilage, and in
the tibial plateaux were often several milli-
metres thick, especially in the central region of
each side-for example, fig 5.
The MRI sagittal sections were adjusted to

sample signal intensity in a 3 mm slice thickness.
Cartilage thickness could not be obtained in
sections where the surface of the femoral

Fige 6 Magnegc reso e ime ofafemoral arcular
carte region (arrow) showigptl volume aveaging of
cartilage and bone signals. The posterior aspect ofthe knee is
to the right. (PatientNo 7.)

articular cartilage crossed the section at an angle
greater than about 450 because partial volume
averaging'6 of cartilage signals with those of
bone occurred. An example is shown in fig 6.
The cartilage thickness could be measured if the
slice through this region were obtained at a
different angle where a perpendicular to the
articular surface would be parallel to the plane
of the MRI section. Partial volume averaging
differs from focal areas of denuded bone on the
articular surface, in that the latter are usually
flanked by cartilage and do not produce a
normal signal even if realigned. Tibial articular
cartilage thicknesses can be determined over a
greater percentage of the surface as the tibial
plateau is relatively flat with perpendiculars to
more points in its plane parallel to the sagittal
sections.
Thus high resolution MRI can accurately

predict gross appearance and thickness of
articular cartilage, allowing an objective,
quantitative, non-invasive in vivo assessment.
This non-invasive method may prove valuable
in determining the rate of cartilage degeneration
and repair, and in assessing the long term
effects of drug treatment on eroded articular
catage.
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