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Summary

Objective: The progressive early changes in cartilage and subchondral bone in an experimental model of osteoarthritis (OA) were
investigated with high-resolution magnetic resonance imaging (MRI) and microradiography.

Methods: Partial medial meniscectomy was performed in the left knee of 16 rabbits. Four normal and four sham-operated additional rabbits
were used as controls. Changes in cartilage and subchondral bone were sequentially assessed after surgery with MRI at 0, 2, 4, 6, 8 and
10 weeks, subchondral bone variations quantified postoperatively on microradiographs of sagittal sections at 6 and 10 weeks and the
macroscopic alterations graded according to the severity of joint changes.

Results: MRI demonstrated a progressive increase in the articular cartilage thickness in the weight-bearing area of the femur at weeks 4, 6
and 8 vs basal. Tibial cartilage thickness only showed a significant increment at week 6. No significant abnormalities were detected on X-rays
in subchondral bone when compared to controls. Macroscopically, 4 weeks after the operation OA rabbits had only slight cartilage
discoloration. Cartilage eburnation, pitting, superficial erosions and osteophytes were detected at week 6. These abnormalities were more
evident at 8 and 10 weeks after meniscectomy.

Conclusion: The focal increase in cartilage thickness is one of the earliest measurable changes in OA and preceeds subchondral bone
remodeling. The measurement of cartilage thickness variations with MRI can be used to follow the course of OA and to evaluate the potential
beneficial effect of novel therapies. © 2001 OsteoArthritis Research Society International
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Introduction

Osteoarthritis (OA) is a heterogeneous group of conditions
associated with defective integrity of articular cartilage,
subchondral bone and synovium1. However, it is not yet
clearly understood which of them is first or predominantly
affected at the early stages of the disease2. These limi-
tations in the knowledge of OA are partly due to the
absence of valuable means to detect early changes or to
follow the natural history of the disease in individual
patients. Because of the lack of specific early signs, OA can
only be recognized with certainty relatively late in its
course. However, a firm early diagnosis is desirable
because the sooner treatment is instituted the more effec-
tive is likely to be. The diagnosis of OA and the evaluation
of its progression still rely mainly on conventional radi-
ography. Radiography permits only indirect evaluation of
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articular cartilage degeneration based on joint space
narrowing and is incapable of demonstrating early lesions
in the internal structure of cartilage. More specific radio-
graphic signs, such as bone sclerosis, cysts or osteophytes
occur later in the disease and progress slowly. Thus,
radiography is of very limited value in early detection of
OA and assessment of its short-term progression. Other
diagnostic methods, such as arthrography, arthroscopy,
computed tomography or ultrasounds have clear disadvan-
tages, such as their invasiveness and limited visualiz-
ation of cartilage, and they are not sensitive enough for
assessing short-term OA evolution3.

Magnetic resonance imaging (MRI), by virtue of its
superior soft tissue contrast, high spatial resolution, multi-
planar capability, and ability to allow direct visualization of
the cartilage, appears to be ideally suited for the investi-
gation of joint diseases. Because it is non-destructive,
several parameters can be evaluated in the same
specimen3–5. Moreover, the technique is non-invasive and
sufficiently well tolerated by patients to justify frequent
serial examinations of even asymptomatic joints. Despite
its theoretical advantages, acceptance of MRI for this
particular indication has been slow, mainly because the
earlier MR techniques lacked sufficient spatial resolution
and provided poor contrast between the cartilage and
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Materials and methods
EXPERIMENTAL ANIMAL MODEL

A total of 24 white New Zealand male rabbits (8 weeks
old, 2.0–2.5 kg) were obtained from B&K Universal,
Madrid, Spain. Group I, 16 rabbits, underwent left partial
medial meniscectomy to experimentally induce degener-
ative knee lesions. Ten of these rabbits were used for
longitudinal MRI preoperatively and 2, 4, 6, 8 and 10 weeks
after the operation to characterize the progression of their
stifle joint disease. Meniscectomized rabbits were eutha-
nized by intracardiac administration of sodium pentobarbi-
tal (50 mg/kg) (Pentotal, Abbott, Madrid, Spain) at 2 weeks
(two animals), 4 weeks (two animals), 6 weeks (five ani-
mals), 8 weeks (two animals), and 10 weeks (five animals).
The operated knees were evaluated for gross pathologic
abnormalities and these changes were correlated with MRI
findings in the animals imaged. Histoquantitation of
subchondral bone was performed in the rabbits euthanized
at 6 and 10 weeks. Group II (four rabbits) represented a
sham-operated series, and group III (four rabbits) a further
control series comprising normal left knees. Two animals of
each control group were euthanized at 6 and 10 weeks
respectively and their knees examined for macroscopic and
radiographic changes. The research complied with national
legislation and with the National Institute of Health Guide
for the Care and Use of Laboratory Animals.

Rabbits were anesthetized by intramuscular injection
2 ml/kg of xylazine (Rompun, Bayer Leverkusen, Madrid,
Spain) and ketamine HCl (Ketolar, Parke-Davis, Barcelona,
Spain) 5:1, and a partial medial meniscectomy was per-
formed in the left knee. Antibiotic prophylaxis was adminis-
tered with cefonicid (100 mg/kg) (Monocid, Smith and
Beecham, Madrid, Spain). Under sterile conditions, the
knee was approached via median parapatellar incision.
Using iris scissors, the meniscotibial ligament was incised,
the peripheral attachment of the anterior one-half of the
meniscus was released and finally excised. The knee was
closed by layers and a bulky Robert-Jones bandage
applied with the knee bent at 90° for four days. All animals
were permitted free cage activity after surgery. The sham-
operated rabbits underwent the same procedure with the
exception of meniscectomy.
MRI

Animals were anesthetized following the same protocol
and MRI of the left knee was performed on a Bruker
Biospec 47/40 spectrometer (Bruker Medizintechnik
GmBH, Ettlingen, Germany) equipped with a 4.7 T super-
conducting magnet (Oxford Instruments Ltd, Oxford, U.K.)
and high-performance unshielded gradients with a maxi-
mum gradient strength of 300 mT/m. The rabbit was laid in
the supine position on a Plexiglas support bed with the
operated knee extended and introduced into the magnet.
The radiofrequency probe used was a customized circular
birdcage type resonator operating in the single-coil
transmit/receive mode. The support bed was a semi-
cylinder with a diameter equal to the inner surface of the
magnet and its surface had a specially located adhesive
tapes where the coil was reproducibly attached. This coil
was a low-pass (eight columns) design consisting of two
plastic cylinders: the outer cylinder acted as a shield to
diminish receiver losses, improve the signal to noise ratio
and decrease radiation losses that increased with the
resonance frequency, while the inner cylinder functioned as
a knee holder that immobilized completely the joint in full
extension and placed it precisely in the isocenter of the
magnet.

The imaging acquisition protocol started with two sets
of pilot scans using a fast spin–echo (RARE) localizer
sequence [repetition time (TR)=1500 ms, echo time
(TE)=19 ms, 5 cm field of view (FOV), 256×256 image
matrix giving 195 �m2 in plane spatial resolution from a
1 mm slice thickness]. The first set of coronal slices was
used to establish the position of the knee in the coil. The
second set of axial slices through the femoral condyles
allowed adjustments to be made to position coronal and
sagittal slices. Coronal images to assess OA lesions were
easily localized parallel to the posterior femoral condyles
[Fig. 1(a)]. To obtain reproducible sections, the sagittal
slices were always displayed on the specific axial slice
where the arch of the femoral notch described a perfect
semi-circumference (‘roman arch view’) and they were
perpendicular to a line tangent to the posterior border of the
femoral condyles28. Nine parasagittal slices (1 mm thick-
ness each) were obtained beginning laterally at the summit
of the semi-circumference [Fig. 1(b)]. Two types of
sequences were acquired for image analysis: (a) in the
sagittal plane, 2D-spoiled gradient-echo with TR/TE=294/
13 ms, a flip angle of 60°, 4 NEX and slice thickness 1 mm;
and (b) in the coronal plane, 2D-T1 weighted spin–echo
with TR/TE=700/24 ms, 2 NEX and 1.5 mm slice thick-
ness. In both cases the FOV was 5 cm and the image
acquisition and reconstruction matrix size 256×256. The
imaging time for a complete MR examination was 25 min.
MEASUREMENT OF CARTILAGE THICKNESS

The MR images were interpreted by two blinded ob-
servers (EC, IP). The sagittal plane was preferred for
adjacent structures6. However, continuous improvements
in coil design and gradient performance along with the
development of more efficient pulse sequences and new
methods of enhancing contrast among articular structures
have overcome many of these problems4,7–10.

Numerous studies have evaluated the articular cartilage
in OA with MRI. Many of them have compared the ability of
MRI to other diagnostic methods—planar radiography11–13,
computed tomography14, arthroscopy11,12, and
pathology10,12,15—to detect focal cartilaginous abnormali-
ties. Others used MRI to differentiate in hyaline cartilage
lamina of different intensity which have been correlated
with those seen histologically16,17 and have assessed the
alterations in intensity and distribution of these lamina in
OA10,18,19. A few authors have also analyzed the changes
in the MRI appearance of subchondral bone in this
disease19,20–22. Although recent attention has been
focused on the quantification of hyaline cartilage distri-
bution under normal and pathologic conditions8,23–25, the
reports of longitudinal studies monitoring the quantitative
changes in subchondral bone and cartilage in the early
stages of the disease are scant21,26. The objectives of the
present study were (1) to measure the progressive early
variations in cartilage and subchondral bone sclerosis
based on a 4.7 T system equipped with a microimaging
gradient coil and (2) to quantify early subchondral
bone changes using microscopic radiography in a partial
meniscectomy experimental model of OA in the rabbit
knee27.
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estimations of cartilage thickness because the medial fem-
oral condyle and the medial tibial plateau are more nearly
flat in a medial–lateral direction than in a cranial–caudal
one. Thus, partial volume errors are minimized by selecting
the imaging plane in which the joint tissues vary least
through the 1 mm imaging slice. Cartilage thickness was
determined in the four central slices of the sagittal images
of the medial femoral condyle. The three medial and two
lateral parasagittal slices, out of the nine images, were
discarded to avoid errors derived from the partial volume
effect.

All measurements of cartilage thickness were performed
off-line with a home-developed software in UNIX based
workstations by using Interactive Data Language (IDL,
Research Systems, Boulder, CO). Because in the sagittal
plane both the medial femoral condyle and medial tibial
plateau resemble a hemisphere, almost all images inter-
sect the cartilage obliquely. This difficulty could be over-
come because the software uses a mathematical routine
based on analytical geometry that corrects cartilage thick-
ness measurement for oblique distortion. With this pro-
gram, a hemisphere matched to the condylar and tibial
surfaces can be displayed on the image, and lines inter-
secting perpendicular to the cartilage surface, correspond-
ing to the radius of the hemisphere were used to evaluate
cartilage thickness (Fig. 2). After localizing the regions of
interest, variations in signal intensity along each perpen-
dicular line (profile) were plotted as a curve with respect to
the corresponding distances. Since the cartilage signal
intensity is high, it appears as a ‘peak’ on the profile, while
the dips corresponding to the signal drop of the subchon-
dral bone and synovial fluid adjacent to the cartilage are
showing the inner and outer edges of the cartilage struc-
tures. The hyaline cartilage thickness was estimated com-
puting the distance between these two points on the profile
(Fig. 3). A total of 15 femoral and 21 tibial contiguous
determinations were performed on each slice. The mean
values of cartilage thickness in three equal portions
(A=anterior, B=central, C=posterior) of the medial com-
partment of femur and tibia [Fig. 2(b),(d)] were considered
for statistical analysis because thickness of hyaline
cartilage can vary at different locations of the joint accord-
ing to loading characteristics and matrix components29.

Five distinct morphologic features observable by MRI
were in addition selected to study images in both planes:
surface irregularities, subchondral bone sclerosis, cysts,
osteophytes, and meniscal lesions.
GROSS PATHOLOGY

Immediately after the rabbits were euthanized, the knee
joint was dissected. The infrapatellar synovial pad and the
femoral and tibial cartilages were inspected by two blinded
observers (EC, IP) for gross pathologic changes with the
aid of a magnification loupe. The synovial pad was graded
as 0 (normal) or 1 (fibrous and proliferative appearance).
For the femoral condyle and tibial plateau cartilage the
severity of macroscopic changes were categorized as 0
(normal), 1 (discoloration, mild surface irregularities or
pitting), 2 (partial thickness erosion or fibrillation), and 3
(full-thickness erosion or osteophytes). An overall score
was obtained by adding the severity scores for each lesion
recorded.
Fig. 1. Fast spin–echo (RARE) axial image through the femoral condyles of the left knee (TR=1500 ms; TE=19 ms). The slices were
displayed on the specific axial image where the femoral notch described a perfect semi-circumference (‘roman arch view’). (a) Nine coronal
slices (1.5 mm thick) were localized parallel to a line tangent to the posterior femoral condyles. (b) Sagittal slices (1 mm thick) perpendicular

to a line tangent to the posterior femoral condyles were obtained beginning laterally at the summit of the semi-circumference.
RADIOGRAPHY

After macroscopic evaluation, anteroposterior and lateral
radiographic views of the specimens were taken using a
Hewlett-Packard 43805-Faxitron Series tube (25 kV for
20 s, intensity 1.5 mA/s). Each medial femoral condyle was
demarcated with a knife and cut into 3 mm sagittal slices
with a special sawing device which allowed precise cuts of
the bone. A contact X-ray of the sagittal slices was made
under the same conditions. The sections were coded and
read blindly on an X-ray monitor with a magnification of
×25.

For subchondral bone measurements, the authors used
the stereological method of point and intersection counting
based on the Cavallieri’s principle30, which allows three-
dimensional values of subchondral bone to be obtained
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Fig. 2. The cartilage thickness was measured in the sagittal gradient–echo image through the medial compartment of the left knee
(TR=294 ms; TE=13 ms). (a) In the femur, a hemisphere matched to the condyle articular surface was displayed on the image. (b) Fifteen
perpendicular lines corresponding to the radius of the hemispheres were used to record variations on signal intensity on the articular surface.
The mean values of cartilage thickness were calculated in three equal sectors (Af, Bf and Cf) of the hemisphere. (c) A semicircular line
tangent to the articular surface was displayed on the tibia. (d) The radius of this line were used to determine the height of tibial cartilage.

Three equal portions (Af, Bf and Cf) were also used for statistical analysis.
Fig. 3. (a) Each line crosses perpendicularly the articular cartilage. (b) Graph of digitized image analysis plotted with signal intensity across
the articular surface of the femoral condyle corresponding to this line. A characteristic high peak represents the cartilage signal intensity.
Cartilage thickness was measured computing the distance between the points of signal drop on the baseline corresponding to subchondral

bone and joint fluid (arrows).
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from two-dimensional measurement of the trabecular struc-
ture on radiographs. The following estimations were made:
(a) trabecular number (number of trabecules vs total
volume), (b) bone density (percentage of trabecular bone
vs total volume), (c) mean trabecular size (bone trabecular
density vs trabecular number), and (d) volume fraction.
These data were also analysed separately in the same
three portions previously defined for the MRI study. Aside
from subchondral bone sclerosis, other radiographic
hallmarks of OA, i.e. osteophytes and cysts, were also
investigated.
STATISTICAL ANALYSIS

Paired Student t-tests were performed on the data to test
significant variations on MRI-measured cartilage thickness
at previously defined time points. To compare subchondral
bone measurements between the groups, the ANOVA and
the Mann–Whitney U-tests were used.
Results
MRI ASSESSMENT OF MACROSCOPIC CHANGES

In spin–echo coronal sections the cartilage high signal
intensity disappeared and bone tissue, menisci and liga-
ments remained dark, but fat showed intermediate to high
signal intensity [Fig. 4(a)]. A well-defined layer of sub-
chondral bone was visible and the epiphyseal trabecular
bone demonstrated its classic uniform alveolar structure.
While fat shows high signal intensity related to bone in this
sequence, it seems to be well suited to study changes in
subchondral bone. However, bony changes involving the
development of cysts, osteophytes and sclerosis could not
be identified. The site of the anterior horn of the removed
medial meniscus was occupied by fibrous tissue and hemo-
siderin deposits in the slices intersecting the anterior part
of the joint. An increment in joint fluid in the medial
compartment of the knee was also observed.
Whereas hyaline cartilage showed high signal intensity
in gradient–echo images, cortical and subchondral bone,
the remaining menisci, the patellar and cruciate ligaments
and the subcutaneous and fatty zones appeared dark [Fig.
4(b)]. The articular cartilage preserved a homogeneous
appearance without identifiable surface irregularities all
over the study. In sagittal sections close to the femoral
intercondylar notch, MRI showed areas of high signal
intensity in the subchondral bone located under the tibial
spines and in the vicinity of the origin of the posterior
cruciate ligament in the posterior part of the femoral con-
dyle. This image was observed in both operated and
non-operated animals, and was therefore considered not
related to the osteoarthritic process. MRI changes corre-
sponding to edema and hemosiderin deposits secondary to
surgery were obvious post-operatively in the synovium and
the surrounding tissues in both meniscectomized and
sham-operated animals.
Fig. 4. (a) Sagittal sections through the left knee, extracted from gradient–echo MRI datasets acquired 8 weeks post-operatively. The
cartilage shows high signal intensity while the subchondral bone, the menisci and the patellar ligament appear dark. An area of intermediate
to high signal intensity can be identified in the trabecular bone under the tibial spines and close to the site of insertion of the posterior cruciate
ligament in the femur. The cartilage of the anterior portion of the joint becomes partially blurred after excision of the anterior horn of the
meniscus due to the presence of fibrous tissue. (b) Fast spin–echo coronal MRI image of the left knee 8 weeks after partial medial
meniscectomy (TR=700 ms; TE=24 ms). The epiphysis displays high signal intensity and the appearance of the subchondral bone is

normal. An increase of joint fluid can be observed surrounding the remaining posterior horn of the medial meniscus.
MEASUREMENT OF CARTILAGE THICKNESS (TABLE I)

MR images of the normal rabbit knee showed cartilage
as an isolated band of high signal intensity located between
adjacent intermediate to low signal intensity of joint fluid
and subchondral bone. In the anterior part of the joint,
the image of the cartilage became frequently blurred in
operated rabbits due to post-operative edema and fibrosis,
and the peak corresponding to cartilage tissue in the
computerized profile could not be readily identifiable.

Although overall articular cartilage of both femur and
tibia showed a trend to increase in thickness over the time,
the differences were not statistically significant at any of the
five time points when compared with pre-operative values.
However, cartilage thickness at the weight-bearing area of
the femur (sector Bf) demonstrated a significant increase
by 4 weeks, and this increment was progressive up to 8
weeks post-operatively (P<0.05). On the other hand, a
significant increment in tibial cartilage thickness could only
be detected at week 6, and it was also located at the central
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region of the medial tibial plateau (sector Bt) (P<0.05). The
two rabbits imaged 10 weeks after surgery also had a
higher increment in cartilage height, but the difference was
not significant, probably due to insufficient data.
Table I
Cartilage thickness (mean±standard deviation in mm)

Region* Week 0 Week 2 Week 4 Week 6 Week 8 Week 10

Af 0.64±0.16 0.59±0.19 0.63±0.18 0.64±0.18 0.57±0.14 0.65±0.19
Bf 0.58±0.14 0.59±0.13 0.62±0.16† 0.67±0.16† 0.72±0.19† 0.58±0.16
Cf 0.56±0.12 0.56±0.12 0.59±0.14 0.62±0.13 0.63±0.09 0.67±0.19
At 0.69±0.73 0.57±0.15 0.63±0.13 0.72±0.18 0.63±0.21 0.59±0.18
Bt 0.62±0.16 0.62±0.16 0.64±0.21 0.68±0.21‡ 0.62±0.15 0.59±0.18
Ct 0.64±0.17 0.58±0.18 0.59±0.14 0.66±0.24 0.59±0.17 0.68±0.11

*Af, anterior region of the medial femoral condyle; Bf, central region of the medial femoral condyle; Cf, posterior
region of the medial femoral condyle; At, anterior region of the medial tibial plateau; Bf, central region of the
medial tibial plateau; Cf, posterior region of the medial tibial plateau.

† and ‡ represent statistically significant values vs time 0 in the femur and tibia respectively (P<0.05).
Fig. 5. Gross pathological macrographs of the left femoral condyle (a) Femoral articular surface of the left knee from a normal control rabbit.
(b) Six weeks after partial medial meniscectomy the normal whitish bright appearance of the femoral cartilage disappears, especially in the
load bearing region. Note the irregularity at the medial rim of the posterior condyle corresponding to an initial osteophyte (arrowhead). (c) In
this sample obtained 10 weeks after the operation the discoloration is more evident, especially in the posterior femoral condyle, where ulcers,

fissuring and pitting can also be observed (arrowhead).
Fig. 6. Gross pathological macrographs of the left tibial plateau at various stages of OA. (a) Normal articular surface showing the whitish
smooth cartilage. (b) Six weeks post-meniscectomy the cartilage clearly shows an inflamed irregularity of the medial tibial cartilage contour
corresponding to an ostephyte (arrowheads). (c) Changes of OA, including eburnation of the articular surface and an osteophyte at the edge

of the medial tibial plateau, are seen in this specimen assessed 10 weeks after the operation (arrowhead).
GROSS PATHOLOGY

No abnormalities could be found on gross inspection in
the normal rabbits and the sham-operated controls showed
only mild sinovial thickening located at the medial para-
patellar fat pad, where the joint had been opened [Figs 5(a)
and 6(a)]. In the partial meniscectomy series, fibrous tissue
proliferation could be observed at the site where the
meniscus had been removed, extending to the patellar fat
pad and the anterior medial compartment of the knee. This
tissue overlaid, but was not adherent to, the articular
surface. At the earliest stages of the isease (2 and 4 weeks
post-operatively) two rabbits showed mild abnormalities,
i.e. cartilage discoloration or mild synovial thickening. Syn-
ovium was grossly abnormal in most knees from 6 weeks
after partial meniscectomy, with obvious thickening and a
pale yellow-orange appearance. At 6 weeks the articular
cartilage of two osteoarthritic animals had clearly lost its
brightness. Two rabbits also revealed some areas of pitting
and presented a small initial osteophyte at the medial rim of
both, the femoral condyle and tibial plateau [Fig. 5(b) and
6(b)]. These abnormalities were also evident at 8 weeks.
The changes in coloration were more marked in those
rabbits examined 10 weeks post-meniscectomy, especially
in the weight-bearing areas of the medial compartment of
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the knee, where the articular surface appeared markedly
eburnated [Fig. 5(c) and 6(c)]. Erosions and osteophytes
could in addition be observed in four of the five samples
assessed. Ulcers were very small in diameter (0.5 mm),
partial-thickness, and predominantly localized at the medial
and posterior aspects of the femoral condyle. Here osteo-
phytes were small and developed at the margin of the
posterior femoral condyle [Fig. 5(c)]. On the other hand, the
edge of the medial tibial plateau exhibited a more extensive
thickening and remodeling, with osteophytes measuring
up to 1 mm. In the posteromedial rim, the osteophytes
appeared as a thin white colored margin bordering the
medial compartment [Fig. 6(c)]. This appearance led us to
believe that they were mainly of cartilaginous instead of
osseous nature, representing early soft spurs (chondro-
phytes). No osteophytes or other cartilaginous defects
were found in the lateral compartment of the meniscect-
omized knees.
HISTOQUANTITATION OF SUBCHONDRAL BONE

Anteroposterior and lateral X-rays of the whole joint
taken at 6 and 10 weeks were normal. The differences
between bone structure parameters of the bone blocks did
not reach statistical significance between osteoarthritic and
control rabbits at either of the two time points considered
(Table II). Neither did the comparison of 6 vs 10 week data
in the operated group reveal statistical significance. For
each of the histomorphometric variables analyzed, the
variance of the osteoarthritic group is markedly increased
compared with the control groups.
Table II
Cancellous bone structure morphometry for osteoarthritic and

control groups (mean±standard deviation)

6 weeks 10 weeks

Trabecular number (no./mm3)
Control 34±7 28±1
Sham 30±8 32.3±7
Osteoarthritic 27±4 29.3±3

Bone density (%)
Control 53±10 55±1
Sham 52±4 44±10
Osteoarthritic 54±3 56±4

Trabecular size (mm)
Control 0.02±0.001 0.02±0.001
Sham 0.02±0.01 0.01±0.001
Osteoarthritic 0.02±0.003 0.02±0.02

Volume fraction (%)
Control 84±1 82.5±0.5
Sham 84±1 81.2±1
Osteoarthritic 78.6±6 81.2±1
Discussion

Numerous MRI sequences have been proposed to
enhance contrast between hyaline cartilage and adjacent
structures7,9,33. Gradient–echo sequences offer a wide
choice of contrasts and allow volume (three-dimensional)
data. Among these, sequences with short TEs and rela-
tively large flip angles provide T1-weighted images where
the intraarticular fluid is less intense than the cartilage
and fat is effectively suppressed maximizing the
contrast between cartilage, fluid and marrow17. Thus,
fat-suppressed sequences have been shown to offer an
excellent compromise for estimating quantitatively articular
cartilage4. The optimized fat-suppressed gradient–echo
sequence used in our study provided high contrast
between cartilage and surrounding structures. This was
confirmed when variations in signal intensity were auto-
matically registered as a profile, where a clearly defined
peak showed the increase in intensity corresponding to
cartilage.

In addition to contrast problems, cartilage has also
proven difficult to evaluate accurately with MRI due to the
limits of spatial resolution, since it represents a thin layer of
material relative to the size of the voxels that are typically
used for MRI. We addressed this difficulty by using high
field strength gradients. This system allows a high signal-
to-noise ratio per unit time, which offers the advantages of
both thinner sections and smaller fields of view. Investi-
gations of cartilage using high field strength have recently
shown that qualitative information derived from high resol-
ution MRI correlates extremely well with histologic findings;
nevertheless, this technology had not yet been applied to
quantitative studies9,10,32. One of the limitations of cartilage
measurements is the poor correlation between determi-
nations made on MRI with those performed on anatomic
sections33. This problem can be partly overcome with the
higher spatial resolution obtained in our study, and for
some applications consistent under or overestimation of
the cartilage thickness would not be a serious problem
because it would still allow longitudinal changes in the
same joint to be quantified. It could be argued that trans-
ferring this protocol and results to a clinical environment
could be difficult because the differences between the
experimental and control animals were small and because
this model employed a high-field, small-bore magnet, which
provides high resolution but might not be applicable to
humans. However, this study was performed over short
periods of time at the very early stages of the disease, and
in clinical practice it is not necessary to assess cartilage
thickness variations at time points so close to each other. In
addition, human articular cartilage is much bigger than that
of the rabbit; therefore it seems reasonable to think that
variations in early OA in humans would be more marked
and an MRI system with such a high resolution is probably
not necessary.

MRI can very accurately depict morphologic changes in
OA. These could not be detected in this study, either in
cartilage or in subchondral bone, because the joint was
imaged in the earlier stages of the disease when those
alterations are still not detectable. Other early abnormali-
ties accessible to MRI include signal modification of the
cartilage, as well as focal thinning and thickening. These
changes may be visible as either focal variations in signal
intensity in the cartilage18,34 or as an alteration of its
plurilaminar appearance10,18,19. However, the appearance
of the layers varies greatly according to the pulse
sequences, and recent studies have demonstrated that
truncation artefacts can produce false laminae35,36.

Because morphologic alterations might not be detected
in the earlier stages of the disease and could be due to
artefacts, a quantitative approach is necessary to study the
early MRI changes in the evolution of OA. In addition
to estimation of changes in T1 and T2 relaxation times,
a quantitative assessment of cartilage alterations can
be obtained with determinations of cartilage thick-
ness25,26,31,37. Other investigators have used volumetric
studies to obtain more accurate cartilage analysis with
promising preliminary results8,23, but these MR techniques
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increase the examination time and require an additional
reconstruction period, augmenting the global evaluation
time substantially. For the measurement of cartilage thick-
ness we used an MRI protocol that allowed us to outline the
cartilage, but a sequential evaluation also requires precise
realignment of the section location and orientation, other-
wise changes of cartilage thickness cannot be reliably
quantified from serial images. Slight misalignment or poor
stabilization of the knees would produce errors when
obtaining sagittal images. Furthermore, partial volume
effect can alter the appearance of thin cartilage structures
as a function of the orientation of the imaging plane relative
to the cartilage. Since these errors are additive, they might
give rise to large inaccuracies. Although no test–retest
assessment of cartilage thickness measurement demon-
strating that the determinations were repeatedly done at
the same locations was performed in this study, the
method of knee orientation adopted allowed a clear rec-
ognition of the precise topography of each portion of
cartilage and permitted reproducible imaging planes to be
obtained. A precise analytic technique for generating
curves matching the femoral and tibial surfaces, where
the measurement of cartilage thickness could be
repeated, was also developed.

As the cartilage–joint fluid interface is difficult to define
by MRI, while the bone cartilage interface is usually clear,
numerous experiments measure the thickness of carti-
lage using the distance between the opposite bony
margins26,37. The computerized technique used here is
capable of detecting minimal changes in signal intensity
and the cartilage plate can be easily distinguished from
adjacent structures; we were therefore able to study
femur and tibia separately and to assess the variations in
different zones. The use of high field strength combined
with a method of automated measurement of cartilage
thickness based on the application of digitized image
analysis furnishes an alternative technique which has
been demonstrated to be more accurate than those
derived from naked eye assessment24 employed by other
authors16,25,26,37, which depends on subjective value
judgements such as how to define the boundaries of
cartilage and are extremely tedious for quantitative longi-
tudinal studies where large numbers of samples are to be
studied sequentially. The technique described in this work
is also especially valuable in estimation of small, tight
joints containing minimal or no joint fluid between the two
opposing cartilage surfaces.

Many MRI investigations of osteoarthritic joints have
described either thickening or thinning of hyaline
cartilage15,37–39. In experimental MRI sequential determi-
nations of its thickness, an initial phase of cartilage hyper-
trophy followed by degeneration and loss has been
identified26,34. This initial phase of hypertrophic remod-
eling, preceding cartilage erosion and loss has ben related
to ultrastuctural alterations such as an increase in water
content40,41. Animal studies have even suggested that
cartilage thickness may dynamically adapt to immobiliz-
ation and exercise by atrophy and hypertrophy respect-
ively8. Then, quantitative estimations in early OA might
depend on the specific grade of activity and stage of the
disease when the measurements were performed, and the
different results published in the literature could simply
reflect this relationship during OA progression. In the
present work we chose to study the changes in the rabbit
knee as previous investigations had demonstrated by his-
tology the occurrence of cartilage lesions very similar to
those seen in early human knee OA27. In addition, cartilage
thickness at the medial compartment of the knee remains
unchanged during maturation in healthy rabbits42. Thus,
errors derived from a theoretical increment in thickness of
cartilage due to animal growth were excluded. Further-
more, this model induces a mild focal form of the disease
that, although progressive, results in relatively little joint
destruction up to several months after surgery, which
makes it suitable for longitudinal MRI studies of early
changes43. Subsequently, the increasing focal height found
in femoral cartilage after surgery can be considered as the
earliest change measurable with MRI in OA. It seems likely
that cartilage loss and degeneration would be appreciated
in similar study performed in joints with moderate and
severe OA. Cartilage surface abnormalities such as osteo-
phytes demonstrated on gross inspection of the knee,
could probably not be detected in our MR images because
they were localized at the periphery of the femoral and tibial
cartilage, and the medial and lateral parasagittal slices
were discarded in this study.

The finding of an increase in cartilage height at the
central sector of the medial femoral condyle is consistent
with the observations of Moskowitz et al., who described
the earliest abnormalities in cartilage to be localized primar-
ily at the same part, normally in contact with the tibial
plateau27. The cartilage of the rabbit knee joint is both
thicker and stiffer at the central and posterior areas of the
femoral condyle than the anterior area29. These regional
variations are related to the specific anatomical construc-
tion and behavior of the animal, suggesting that the pos-
terior femoral condyle might be loaded more than the
anterior one because, under normal conditions, the rabbit
stands and walks with the knee flexed. Other animal
studies have also shown a correlation between articular
cartilage thickness and the compressive stress borne by
the joint surface, and a higher thickness of cartilage indi-
cating abnormal functional requirements of the articular
surface42,44.

Little attention has been paid to the MRI diagnosis of
subchondral bone changes in OA, even though there are
suggestions that primary OA could initially be a bone
disease rather than a cartilage disease. The majority of
MRI investigations on bone-remodeling changes in OA
have also been focused on the detection of morphologic
alterations, which appear in advanced stages19,20,22. An
MRI-controlled method for quantitatively monitoring the
progression of bone damage in OA has recently been
described21, but the parameters studied were not com-
pared to controls, and were assessed at an interval of time
that corresponds to a moderate and advanced stage of the
disease. When studying subchondral bone, a ‘normal con-
trol’ population is mandatory in order to separate categori-
cally the effects of normal maturation of the subchondral
plate from pathologic sclerosis. Since MRI did not detect
changes in our study, we also assessed subchondral bone
with microfocal radiography. On the radiographs we could
not find differences in the structure parameters. The data
obtained in this work strongly suggest that in this model
cartilage lesions precede major structural changes
(sclerosis) of the subchondral bone. Further studies are
needed to evaluate the MRI appearance of degenerative
changes in subchondral bone later in the course of the
disease in this experimental model.

In summary, MRI has been demonstrated to be a useful
method for the assessment of very early joint damage in
the evolution of the disease, particularly relevant since it is
non-invasive and allows longitudinal follow-up. The use of
MR high field strength in combination with a method of
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computerized measurement of cartilage thickness appears
promising in quantitative assessment of articular cartilage.
This study demonstrates that an increase in cartilage
thickness in the areas bearing weight is one of the earliest
measurable changes in OA. Those alterations in cartilage
thickness observed by MRI preceded structural alterations
in subchondral bone. To evaluate the potential beneficial
effect of novel therapies with disease-modifying activities it
is essential to quantitatively monitor the early changes in
OA, and MRI is a useful technique that can be used for this
purpose.
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