
Repetitive Stresses Generate
Osteochondral Lesions in
Skeletally Immature Rabbits

Austin V. Stone,*y MD, PhD, Kevin J. Little,z MD, David L. Glos,z BS,
Keith F. Stringer,§ MD, and Eric J. Wall,z MD
Investigation performed at the Department of Orthopaedic Surgery,
Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio, USA

Background: The origin of juvenile osteochondritis dissecans (OCD) is unknown. Existing experimental animal models of OCD
most frequently involve surgically created lesions but do not examine repetitive stress as a possible cause of OCD.

Hypothesis: Repetitive stresses can cause OCD-like lesions in immature animals.

Study Design: Controlled laboratory study.

Methods: Six juvenile rabbits were subjected to repetitive loading forces of approximately 160% body weight to the right
hindlimb during five 45-minute sessions per week for 5 weeks. The contralateral limb was the unloaded control. After 5 weeks,
rabbits were euthanized and examined with radiographs, micro–computed tomography, and gross and histopathologic analysis.

Results: All 6 rabbits developed osteochondral lesions in loaded limbs on the medial and lateral femoral condyles, while contra-
lateral unloaded limbs did not demonstrate lesions. Loaded limbs developed relative osteopenia in the femoral epiphysis and tib-
ial metaphysis with associated decreased trabecular density. Loaded limbs also demonstrated increased femoral subchondral
bone thickness near the lesions. Lesions did not have grossly apparent extensive articular cartilage damage; however, cartilage
thickness increased on histology with reduced ossification. Loaded knees demonstrated abundant chondrocyte cloning, limited
cartilage fissuring, and a focal loss of cellularity at the articular surface.

Conclusion: Low-grade lesions in human OCD have little gross articular cartilage involvement despite substantial changes to the
subchondral bone as shown on magnetic resonance imaging and radiographs. Histopathology findings in this study included car-
tilage thickening and chondrocyte cloning resembling those of recently published human OCD biopsy studies. Our animal model
supports the hypothesis that repetitive stress to immature knees may contribute to the development of human OCD. This model
may be useful in understanding the pathophysiology and healing of human OCD.

Clinical Relevance: Repetitive physiologic stress generated changes to the subchondral bone in immature animals without caus-
ing extensive articular damage. The similarities of these lesions in gross and histologic appearance with human OCD support
repetitive stress as the likely the cause for human OCD.
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Juvenile osteochondritis dissecans (OCD) is an increasingly
common source of knee pain in young patients and can lead
to osteoarthritis in adolescence and later in life. The cause
remains unclear but is thought to be related to repetitive
microtrauma and may include secondary ossification dis-
ruption, vascular insult, and a degree of genetic predisposi-
tion.2,7,12,14,19,26,44,45 Early-stage OCD involves injury to the
subchondral bone and is often without arthroscopically vis-
ible articular cartilage damage.14,24,45 Some of these lesions
may fail to heal or may develop articular cartilage damage
and require operative treatment.18,24,45,46 Unresolved OCD

lesions that develop in childhood are thought to be responsi-
ble for many of the adult cases of OCD,10 and unhealed OCD
may lead to articular cartilage loss with subsequent osteoar-
thritis.4,8,30,43 Both nonsurgical and surgical approaches
have been employed to treat OCD; however, the treatment
efficacy is highly variable.{ Little evidence supports the cur-
rent treatments for OCD.3,15 Since the cause for OCD is elu-
sive and the clinical condition is rare, the development of an
animal model for creation, evaluation, and treatment of
OCD may make significant contributions to diagnosing
and treating existing lesions and subsequently preventing
early-onset osteoarthritis.
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Several animal models of OCD are reported. Early animal
models involved the creation of OCD via a surgically gener-
ated lesions, but this methodology is not compatible with
the proposed origin.1,22,40 More recent investigation into
OCD in animal models examined the microvascular compro-
mise and evaluated abnormalities in endochondral ossifica-
tion.11,32,34,42,49-52 An animal model using repetitive stress
in juvenile knees may aid in the understanding of juvenile
OCD (JOCD) and provide an additional platform for testing
the aforementioned theories. The purpose of this study was
to determine if repetitive physiologic loads would produce
subchondral lesions in juvenile rabbits with minimal gross
articular surface involvement consistent with an Interna-
tional Cartilage Repair Society (ICRS) type I lesion.

METHODS

A total of 6 skeletally immature New Zealand White rab-
bits (initial age, 29-36 days; Charles River Laboratories)
were subjected to mechanical loading and examination.
Rabbits were housed with the mother in standard cages
in a 12-hour light/dark cycle for the duration of testing,
with appropriate food, water, and enrichment. Rabbits
underwent daily evaluation for injury, pain, and discom-
fort. Injured rabbits were euthanized or withheld from
testing until the symptoms receded. Experimental animal
care and use were in full compliance with guidelines estab-
lished by the Cincinnati Children’s Hospital Research
Foundation Institutional Animal Care and Use Committee,
Animal Welfare Act, pertinent state and local laws, Public
Health Service policy, National Institutes of Health’s guide
for care and use of laboratory animals, and the US Inter-
agency of Research Animal Committee Principles.

Repetitive Impulse Loading Device

Controlled variables included loading frequency, displace-
ment, duration of loading, position of limbs (flexion and
extension), and which limb was loaded. Measured variables
included axial force, rabbit mass, lesion size, and lesion loca-
tion. The right leg of each rabbit served as the experimental
limb, while the left limb served as the control. The control
limb was not subjected to any type of testing or modification.

A custom compressive loading device was constructed
similar to one used by Serink et al40 (Figure 1). The device
generated a sinusoidal displacement at a frequency of 1 Hz
by means of a flywheel attached to an electric motor. A
maximum displacement of either 5.0 or 7.5 mm in the

flywheel was controlled by interchangeable cams. A load-
ing plate was mounted in line with a load cell (50 lb; model
SBO-50; Transducer Techniques) and a spring system. The
spring system decreased the effective stiffness of the sys-
tem to permit fine-tuning of the load profile.

Figure 1. Schematic of the rabbit loading device.
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Repetitive Impulse Loading of Rabbits

Rabbits were secured in the prone position to a table top
attached to the loading mechanism. The right hindlimb
of the rabbit was placed through a hole in the table while
the left hindlimb was tucked under the body with the
knee and hip flexed in a normal resting position. Vet
wrap (Coban; 3M) was used to secure the right foot to
the loading plate holding the foot at an angle of 45� (Figure
1). The right thigh was secured against a block with a Vel-
cro strap. The right knee was maintained in 15� of flexion
(Figure 1). An aluminum bracket with adjustable threaded
rods holding a custom Orthoplast (Johnson & Johnson)
mold was used to minimize movement of the hips and
secure the rabbit to the table to ensure effective force deliv-
ery from the loading device to the knee.

Maximum displacement was 5.0 mm for weeks 1 and 2
and adjusted to 7.5 mm for weeks 3 to 5 to increase the total
force produced. Daily calibrations of the load cell with mul-
tiple calibration blocks (mass: 2.58, 2.27, 9.18 kg) were con-
ducted before animal testing to determine the zero point
and calibration ratio for analysis.

Rabbits were subjected to a sinusoidal loading session for
45 minutes per day, 5 days per week for a total of 5 weeks.
Before each loading session, rabbit mass and loading speci-
fications were recorded. Isoflurane gas was used for anes-
thesia for the duration of loading. Immediately after the
loading sessions, rabbits were administered a 0.1-mL intra-
muscular injection of buprenorphine (Buprenex; Reckitt
Benckiser Pharmaceuticals) for analgesia. Rabbits were
then placed in a warm incubator and examined. After com-
plete recovery, rabbits were returned to their cage.

Applied force was measured with a load cell (50 lb;
model SBO-50) and data acquisition system (Agile-Link v
1.3.9; MicroStrain Inc). Measurements were collected at
loading session time points 0, 15, 30, and 45 minutes dur-
ing each day of testing. Time point data collection cycles
were 38 seconds in duration, and each acquired approxi-
mately 66,000 samples. Load histories were converted
into the frequency domain by fast Fourier transform, low
pass filtered, and converted back to the time domain with
an inverse fast Fourier transform (GNU Octave 3.0.3
with protocol from John W. Eaton et al, University of Wis-
consin, Department of Chemical Engineering). Maximum
and minimum peaks were found through peak detection.
Force, smoothed force, maximum force, minimum force,
and dynamic force were determined.

Radiographic Analysis

Weekly anteroposterior and lateral radiographs of the rab-
bit hindlimbs were obtained. Radiographs were examined
for signs of osteochondral lesions and other abnormalities
or injuries and digitized (Nikon D100 digital camera with
a 60-mm Micro Nikkor lens).

After the 5 weeks of testing, rabbits were euthanized
under anesthesia with an injection of pentobarbital (Fatal-
Plus; Vortech Pharmaceuticals). After euthanasia, both
hindlimbs were disarticulated at the femoral head and
the knee joints preserved. The limbs were immediately

placed on ice for imaging with micro–computed tomogra-
phy (micro-CT), followed by tissue processing for histologic
analysis.

Micro-CT Analysis

Rabbit knees were scanned with a MicroCAT II micro-CT
scanner (ImTek) in the axial plane at an isotropic thick-
ness of 31 mm (144 mA, 59 kVp; image matrix, 640 3 640
pixels). Matrix images were reformatted into standard sag-
ittal and coronal planes with 3-dimensional (3D) recon-
structions (Amira v5.4; Visage Imaging). Images were
assessed for physeal widening, physeal fracture, and sub-
articular changes. Lesion widths and lengths were mea-
sured with the 3D measurement tool on the subchondral
bone surface on 3D renderings to most closely approximate
lesion size. The respective coronal or sagittal slice was jux-
taposed with the 3D image during measuring to ensure
accurate endpoints. Surface area was then calculated.

Lesion location and volume were found with the isosur-
face, the visualized bone boundary of the 3D reconstruction
after application of a threshold of 950 Hounsfield units
(HU), based on published guidelines.6 Lesions were classi-
fied as being on the medial or lateral condyle. Lesion vol-
ume was determined by multiplying the length, width,
and depth. An orthogonal slice at the intersection of the
axis of the length and width was used to find lesion depth.
Femoral epiphyses and tibial metaphyses were extracted
from the full scan. Bone volume and density were deter-
mined for full and threshold (.950 HU, femoral epiphysis;
.875 HU, tibial metaphysis) image sets to derive, respec-
tively, total bone volume and density and the mineralized
bone volume and density.6 The tibial region of interest
was based on the normalized height of the metaphysis,
two-thirds of the distance between the proximal metaphy-
seal bone to the proximal border of the medullary canal.
Measured outcome variables were total volume (VT), min-
eralized bone volume (VB), bone volume fraction (100 3

[VB/VT]), total density (rT), and mineralized bone density
(rB). The number of sections used for the metaphyseal
region of interest were 149 6 14 and 146 6 15 for left
and right limbs, respectively. To test for statistical differ-
ences, 2-tailed paired t tests were used, followed by the
Bonferroni post hoc correction (a = 0.05/4).

Histopathologic Analysis

Extracted bones were returned on ice after micro-CT scan-
ning. Each knee was opened and articular cartilage
exposed for photography with a Nikon D100 digital camera
and 60-mm Micro Nikkor lens (Nikon, Tokyo, Japan).
Gross cartilage lesions were graded with the ICRS classifi-
cation system 2000 for OCD lesions. The articular surface
was preserved and the joints fixed in 4% paraformaldehyde
(Electron Microscopy Services) in phosphate-buffered
saline at 4�C. After fixation, specimens were decalcified
(10% EDTA [pH 7.4] at 25�C), sectioned in the sagittal
plane, dehydrated in ethanol, and embedded in paraffin.
Histology sections (4 mm) were stained with hematoxylin
and eosin or trichrome stain. Slides were photographed
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with a Zeiss Axioskop microscope (Zeiss Optronics) equip-
ped with a Spot RT3 digital camera (Spot Diagnostics).
Stained sections were analyzed for the presence of trabec-
ular microfractures, microhematomas, articular cartilage
damage, and physeal damage.

RESULTS

Rabbit Growth and Development

Four of the 6 rabbits completed 5 weeks of testing, while 2
rabbits completed 4 weeks of testing. During the 5 weeks of
testing, rabbits gained a total of 630 6 20 g at a rate of 28
6 5.0 g per day. All rabbits in the testing group grew at a sim-
ilar rate, within previously published normal values28,31 and
with no evidence of failure to thrive for the duration of the
study. Rabbits appeared to tolerate testing well and
remained active in their cages. All rabbits demonstrated
mild limb avoidance beginning the first week of testing.

One rabbit had a fracture before loading and was imme-
diately euthanized. The rabbit was not photographed or
graded. In the fifth week of testing, 1 rabbit developed
a Salter-Harris II physeal fracture and was withheld
from testing for 2 days and euthanized. Three rabbits
had evidence of physeal widening and healing callus for-
mation by micro-CT; however, the 4 remaining rabbits
completed all 5 weeks of testing.

Application of Force

Preload tension and compression were minimized during
rabbit adjustments; however, some rabbits experienced
slight variations in the preload tension or compression sec-
ondary to movement and settling into the loading device.

Loaded limbs in rabbits received an average load per
session of 124% 6 38% body weight. Rabbits experienced
the greatest load as a percentage of body weight during
the third week of testing, after the change from the 5.0-

to 7.5-mm cam, with mean changes in load of 148% 6

44% body weight (Figure 2). No rabbit experienced a load
.275% body weight. Mean absolute loads and loads as
a percentage of body weight were similar among rabbits
during the same week of testing.

Radiographic Analysis of Osteochondral Lesions

Rabbits underwent weekly radiographic evaluation of the
experimental and contralateral control hindlimbs, which
did not reveal grossly evident subchondral bone lesions.
Subsequent micro-CT evaluation after euthanasia demon-
strated at least 1 osteochondral lesion in each loaded
limb, while contralateral limbs did not have any defects.
Subchondral defects in the medial condyle were greater
than those in the lateral condyle. All 6 rabbits developed
lesions on the medial femoral condyle (MFC) of the loaded
limb, while 5 of 6 rabbits developed lesions on the lateral
femoral condyle (LFC) of the loaded limb. The mean 6

SEM surface areas of MFC and LFC lesions were 6.3 6

2.0 mm2 and 5.0 6 1.7 mm2, respectively. Lesions were
present on the inferolateral aspect of the MFC and the
inferomedial aspect of the LFC.

Two-dimensional micro-CT also revealed qualitatively
decreased epiphyseal trabecular density in loaded limbs
as compared with control limbs in terms of the entire
epiphysis. Loaded limbs demonstrated subchondral bone
thickening beneath the cartilage lesions (Figure 3). Con-
tralateral controls exhibited no evidence of reactive sub-
chondral bone changes. Control limb micro-CT images
appeared grossly similar among all rabbits with no qualita-
tive changes in signal intensity (Figure 3).

Mineralized bone volume in experimental femoral epiph-
yses was 23% less than paired controls: experimental limb,
371 mm3 (95% CI: 277-465 mm3); control limb, 481 mm3

(95% CI: 409-553 mm3; P = .002) (Figure 4A). Total epiphy-
seal volume was not different between control and experi-
mental joints (P = .84) (Figure 4A). Bone volume fraction
of the experimental limb was 24% less than the control
limb: 36% (95% CI: 30%-41%) versus 47% (95% CI: 45%-
49%; P = .002) (Figure 4C). Total epiphyseal bone density
was 12% lower in experimental knees than in paired con-
trols: 815 HU (95% CI: 767-862 HU) versus 925 HU (95%
CI: 910-941 HU; P \ .001) (Figure 4E). Mineralized bone
density in experimental knees was also lower than control:
1212 mm3 (95% CI: 1174-1250 mm3) versus 1256 mm3 (95%
CI: 1227-1284 mm3; P = .001) (Figure 4E).

Tibial metaphyseal mineralized bone volumes were
decreased in loaded limbs (229 mm3; 95% CI: 185-272 mm3)
versus control limbs (322 mm3; 95% CI: 270-374 mm3; P \
.001) (Figure 4B). Total metaphyseal mineralized bone vol-
umes were also decreased in loaded limbs (350 mm3; 95%
CI: 300-400 mm3) as compared with controls (401 mm3;
95% CI: 331-472 mm3; P = .016) (Figure 4B). Bone volume
fractions were likewise significantly decreased in loaded
limbs: 65% (95% CI: 59%-72%) versus 81% (95% CI: 75%-
86%; P = .006) (Figure 4D). Reductions, as compared with
the control side, for mineralized bone volume and bone vol-
ume fraction were 29% and 19%, respectively. Control limb
mineralized densities were greater than loaded tibial

Figure 2. Time course of loading force: measured loading
force and force normalized to body weight. Force as a func-
tion of body weight remained within physiologic limits.
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metaphyseal densities: 1052 HU (95% CI: 1039-1065 HU) for
controls and 1027 HU (95% CI: 1012-1042 HU) for experi-
mental (P = .012; Figure 4F). Total tibial metaphyseal den-
sity was greater in controls (993 HU; 95% CI: 964-1023
HU) as compared with loaded limbs (913 HU; 95% CI: 878-
948 HU; P = .005) (Figure 4F). The reductions, as compared
with controls, in mineralized bone density and total bone
density were 2% and 8%, respectively.

Gross Analysis of Cartilage Defects

Rabbits did not have grossly apparent extensive articular
cartilage involvement in loaded legs. Gross pathologic
analysis demonstrated cartilaginous defects of ICRS types
I and II on the MFC on all 5 graded rabbits and ICRS type I
lesions on the LFC of 4 of 5 graded rabbits. No defects of
type III or higher were present on the loaded limbs. All
MFC lesions were located on the lateral aspect of the
MFC and the inferior aspect of the LFC. Cartilage damage
was not evident on the contralateral control limbs (Figure
3). The aforementioned rabbit that sustained a fracture
while in its cage was not photographed before histology
preparation and was consequently not graded.

Histopathologic Analysis of Defects

Histopathologic analysis identified multiple structural
changes in the cartilage of loaded limbs as compared
with control limbs. In the discrete areas of change in
loaded limbs, maximal cartilage thickness doubled (mean,
1.0 mm) (Figure 5B) when compared with the control

limb at the corresponding location (mean, 0.5 mm) (Figure
5A). Joint surface irregularities, including horizontal
cracks or vertical fissure-like clefts, were present in 2
loaded knees (Figure 5, C and D), and focal articular sur-
face depressions or elevations were identified in all loaded
knees (Figure 5, C and F). Geographic nuclear dropout was
also present in those areas, as evidenced by loss of baso-
philic (blue) staining there (Figure 5E). Chondrocyte clon-
ing was identified in all cases, wherein nests of
chondrocytes cluster abnormally in ball-like formations
(Figure 5F).38,47,48 Trabecular structure was not quantified
on histology, since it was analyzed on micro-CT; however,
it was qualitatively decreased in the femoral epiphysis.
All contralateral control limbs were normal in histologic
appearance.

DISCUSSION

In the present study, repetitive compressive loading of the
knee joint produced osteochondral lesions in the skeletally
immature rabbit. An important goal of this study was to
produce lesions with repetitive microtrauma and without
extensive damage to the articular cartilage unlike acute
trauma models. The growth patterns suggest that rabbit
nutrition was adequate and that the physeal/osteochondral
lesions sustained were not severe enough to cause failure to
thrive. Loads applied to the rabbit knee were well within
physiologic limits that might be seen with frequent and con-
tinuous activity. Previous literature has suggested that
axial loads do not result in high variations in growth but

Figure 3. Representative (A, B) gross pathologic abnormalities and corresponding (C, D) micro–computed tomography recon-
structions and (E, F) slices from the loaded and contralateral control limbs of a single rabbit. Arrows point to the osteochondral
lesions.
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may be correlated with decreased anterior growth.29 Our
rabbit growth did not appear to be affected by loading and
was both internally consistent and consistent within pub-
lished results.28,31 Maximum loads did not exceed 275% of
the rabbit body weight, and means remained within the
range of 100% to 200% body weight. The ability to form
lesions through low-level repetitive force is congruent with
a proposed cause of OCD and an important step forward
in developing an animal model for OCD lesions in the devel-
oping skeleton.

Previous animal studies for growth plate injury and
osteochondral defects offered some insight into the cause
of OCD. Drilled lesions significantly damage the articular
cartilage and produce a unique pathologic fracture incon-
sistent with the proposed development of OCD in
humans.1,9,44,48 A repetitive stress model via hyperexten-
sion of the adult canine knee successfully generated an
OCD-like lesion39; however, the rate of hyperextension
(7-mm displacement at 1400 revolutions per minute) and
the closed canine physes did not offer substantial insight

Figure 4. Quantitative radiographic analysis of loaded and control femoral epiphyses and tibial metaphyses. (A) Femoral epiph-
yseal volume. (B) Tibial metaphyseal bone volume. (C) Femoral epiphyseal bone volume fraction. (D) Tibial metaphyseal bone vol-
ume fraction. (E) Femoral epiphyseal bone density. (F) Tibial metaphyseal bone density. Each data point is plotted in the scatter
plots, with the horizontal line delineating the mean and the error bars representing the 95% CI. Statistically significant difference:
*P \ .05. **P \ .01. ***P \ .001. HU, Hounsfield units.
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into JOCD formation. An OCD-like lesion was created in
the skeletally mature rabbit femorotibial joint through
use of repetitive compression, which suggests a significant
role of repetitive trauma in OCD formation.40 Later obser-
vations12,17,23 were also consistent with previous repetitive
trauma models.39,40 Our modifications of the published
model40 more tightly regulated the application of force
and provided detailed analysis in the context of a healthy
skeletally immature rabbit.

The location of the lesions on the MFC was similar to the
location of human OCD lesions described by Aichroth2 and
Hefti et al21 and reviewed by Wall and Von Stein45 and,
more recently, by Edmonds and Polousky.14 Rabbit lesions
were consistently produced on the MFCs, with frequent
appearance of lesions of the LFCs. This lesion distribution

suggests that the limbs were reliably loaded and followed
a pattern of injury similar to patterns seen in humans.14,21

Furthermore, the radiographic evidence of subchondral
bone sclerosis and alterations in the trabeculae was consis-
tent with changes seen in an established genetic-osteochon-
dral defect foal model.33 We identified that excessive
repetitive stresses significantly decreased both bone volume
and bone density in the femoral epiphyses of skeletally
immature knees. Our model supports the concept that exces-
sive numbers of loading cycles on juvenile joints may compro-
mise the structural integrity of the subchondral bone, which
may lead to articular cartilage fissure and failure. In human
JOCD histopathology, increased osteoid and fibrous tissue in
the region was a common finding in ICRS OCD I lesions, and
trabecular structure thinned with lesion progression.25 The
decrease in mineralized bone and the alteration of trabecular
patterns correlate to reported histopathology of human
JOCD lesions.25,53 This mechanism is congruent with clinical
findings of a well-preserved articular surface at early
arthroscopy until subchondral bone loss or fracture.25,53

The significant alterations in tibial metaphyseal bone
were an unexpected finding. We expected that mineralized
bone volume, bone volume fraction, and mineralized bone
density would remain unchanged; however, mineralized
bone volume and bone volume fraction, as well as mineral-
ized and total bone density, were decreased in the tibial
metaphysis of the experimentally loaded limbs as compared
with contralateral controls. The more diffuse, albeit mild,
osteopenia suggests that protective weightbearing on the
loaded limbs may have decreased bone density of the entire
limb. The differences in bone volume and density may also
be a result of a combination of repetitive loading and
reduced limb use or other factors, such as physeal injury.
In comparison with the prior results of the femoral epiphy-
sis, the bone volumes of the tibial metaphysis were lower,
but the bone densities of the tibia were greater. It is possible
that reducing the force used to load the limbs could result in
increased tibial bone stress as a result of bone remodeling;
however, our study did not examine multiple loading forces.

Cartilage involvement was more extensive on histologic
examination than grossly apparent. Cloning of chondro-
cytes, focal attenuation of cartilage with subchondral
bone interdigitation, thickening of cartilage, and cell death
were present. A study of OCD lesion histology found evi-
dence of hypertrophied cartilage in biopsy specimens of
ICRS OCD I and OCD II lesions, with chondrocyte cloning
and articular cartilage microfractures.48 Chondrocyte clon-
ing and epiphyseal cartilage thickening were also identi-
fied on JOCD biopsy histopathology by Zbojniewicz et al.53

All loaded limbs demonstrated histologic evidence of focal
cartilage thickening and abundant chondrocyte cloning.
These findings parallel those in a recent study of human
surgical biopsies of articular cartilage in a series of 8
patients with JOCD, which found increased cartilage thick-
ness in half of patents and chondrocyte cloning.48 Increased
thickness of cartilage was commonly identified in a study of
detached OCD lesions in adults,5 and chondrocyte cloning
was found in veterinary cases of knee OCD.38 In human
JOCD specimens, cartilage appearance varies from normal
to irregular and frankly degenerative.41

Figure 5. Histopathologic analysis identified multiple structural
changes in the cartilage of loaded limbs versus control limbs.
(A) Normal control histology. (B) Discrete areas of change in
loaded limbs had a maximum cartilage thickness (distance
between arrowheads) twice that of the control limb. (C, D) Joint
surface irregularities, including cracks and vertical fissure-like
clefts (arrow), and focal articular surface depressions or eleva-
tions (arrow) in most animals. (E) Nuclear dropout present in
loaded limbs (arrows). (F) Chondrocyte cloning (arrows).
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Sites of frank separation and microfractures at the deep
layer of articular cartilage were commonly identified in the
adolescent human patients of Yonetani et al,48 which were
not detected in our loaded rabbit limbs. It is possible that
the human surgical specimens were at a more advanced
stage of injury and may be detected in more severe injuries
not generated in our initial repetitive stress model. Chon-
drocyte clones are seen in other conditions of the knee,
such as osteoarthritis.47 Chondrocytes bordering impacted
cartilage in an in vitro study34 showed loss of spatial orga-
nization immediately after acute trauma, and similar
changes in our loaded cartilage suggest that matrix degra-
dation may lead to microscopic cartilage involvement.
Another recent study examined the articular cartilage
response to growth plate injury in rats.37 Evidence of car-
tilage irregularities included decreased anisotropy, loss of
columns, and formation of cellular cloning and hypocellu-
larity.37 Articular cartilage changes were considered to
be a consequence of growth plate injury and may be attrib-
uted to disruption of local growth factor pathways and
altered remodeling. It is interesting to note congruencies
between the present study’s histologic findings and those
demonstrated after rat growth plate injury; however, we
could not establish a clear link between physeal injury
and the articular remodeling identified in our study. Two
rabbits in our study demonstrated evidence of physeal
overload indicated by the physeal widening, but the altered
radiographic appearance of the physis was not present in
all with articular cartilage changes. In human JOCD,
injury to the secondary physis of the epiphysis was sug-
gested as a cause with progressive subchondral involve-
ment.26 Future investigation in this animal model may
yield additional insight into involvement of the primary
or secondary physis and may be more closely tied to the
structural alterations of the subchondral bone and articu-
lar cartilage.

Evidence of underlying chondromalacia was apparent
on gross examination immediately after harvest with
a standard camera but was more pronounced when viewed
after decalcification under the magnification of a dissecting
scope with ring-light illumination. Postharvest photo-
graphs were used for ICRS cartilage grading, since lighting
and magnification conditions more closely resembled con-
ditions during arthroscopic evaluation in humans. The
changes observed on gross pathologic examination do not
provide clear evidence of the timing and progression of
the lesion formation. The literature is controversial if
lesions have (1) early cartilage involvement with progres-
sion to more extensive subchondral involvement or (2)
early subchondral injury that later involves the articular
surface as the injury becomes more extensive. The latter
progression would be more characteristic of the proposed
development of human OCD lesions. Subchondral bone
necrosis was frequently reported in human JOCD detached
fragment biopsies, although the proposed origin varied
among studies.41 Recent histologic evaluation of human
JOCD lesions demonstrates evidence of active but failing
repair responses in and adjacent to the lesions and no evi-
dence of avascular necrosis.25 Krause et al25 identified
increased osteoblast activity in ICRS OCD I lesions, while

ICRS OCD II and III lesions demonstrated fibrocartilagi-
nous tissue with high vascularity at the peripheral and
juxta-articular regions of interest. The histopathologic
findings of Krause et al were congruent with recently
reported JOCD imaging and histopathology specimens
that identified marrow edema and unossified epiphyseal
cartilage thickening without frequent focal bone necro-
sis.53 Fibrovascular tissue was present in all patient biopsy
specimens.53 Despite the frequency of our chondral surface
lesions, the micro-CT findings and the histopathology find-
ings in the rabbit OCD model demonstrate substantial sim-
ilarities and support an origin other than pure avascular
necrosis.

While the histopathology of the lesions generated in our
study did not demonstrate frank evidence of avascular
necrosis, the focal chondral thickening, chondrocyte loss,
and subchondral bone loss may be congruent with a compro-
mise of the endochondral ossification described in the veter-
inary literature.11,32,34,50,51 An insult (acute or repetitive) to
the vasculature supporting endochondral ossification can
result in focal necrotic epiphyseal cartilage.11,32,34,35,50

This microvascular insult can result in compromise of the
structural integrity of the surrounding cartilage and sub-
chondral bone.32,51 Our findings of focal necrosis and sub-
chondral bone loss could be the result of a microvascular
injury not detected in our study. It is certainly possible
that a microvascular insult from repetitive loading could
occur and have an added detrimental effect on the local
structural integrity. Future alterations in our loading proto-
col may further minimize articular surface damage and bet-
ter elucidate the subchondral bone damage.

While the current study has many data favoring the
development of an accurate animal model, it carries limita-
tions. Histopathology was also performed in a qualitative
manner and did not evaluate the molecular and microvas-
cular alterations that could contribute to osteochondral
abnormalities. It is possible that repetitive mechanical
trauma to an immature knee could cause small vessel dis-
ruption in the condyle. It is not possible to delineate any
changes in vascularity of the subchondral bone and growth
plate with noncontrasted micro-CT; however, future stud-
ies may incorporate intravascular contrast to elucidate
vascular injury in OCD formation.33 Immunohistochemis-
try was not performed at this time but will be a component
of future investigation to identify alterations in protein
expression and molecular signaling that precede structural
changes evident on histology. The translational applicabil-
ity of this overuse protocol to repetitive loading of juvenile
rabbit knees is currently limited by analysis of a single
time point and loading parameter set. Modifications to
the system may now be based on quantitative baseline
bone densities. As a consequence of these limitations,
future studies may examine a variety of loads and at .1
age group to better mimic the clinical conditions that
may lead to JOCD. Future studies may address this limita-
tion by varying the magnitude and duration of the loading
protocol. Since all knees developed ICRS type I to II carti-
lage surface changes, a lesser loading force should still
result in osteochondral lesions with less chondral surface
damage to better replicate an arthroscopic stage I lesion
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with visually normal articular cartilage and subchondral
bone changes. A lesser force should also minimize the
risk of physeal injury. Despite the model’s limitations,
our study successfully developed anatomically appropriate
osteochondral lesions through physiologically relevant
repetitive stress. While rabbit knees experience different
biomechanical stress during the hopping cycle than human
knees do during ambulation cycles,20 we believe that the
size of the rabbit knee and its growth patterns make the
animal model favorable for studying OCD lesions.

This repetitive loading strategy utilizes a novel
approach to creating osteochondral lesions in the juvenile
skeleton. An effective loading apparatus was developed to
generate repetitive physiologic stress on the knee joint.
The loading procedure is effective without causing failure
to thrive in the young rabbit. Repetitive physiologic loads
generated osteochondral lesions and were confirmed by
micro-CT and gross and histopathologic examination. The
findings suggest similarities to human osteochondral
lesions and, specifically, recent evidence of histopathologic
findings in human OCD. Our findings support the concept
that in young children, daily repetitive activities that
greatly exceed physiologic levels in number and duration,
even at physiologically normal load magnitudes, may be
a cause of osteochondral injuries that result in reduced for-
mation of trabecular and subchondral bone that supports
the articular cartilage. This animal model of osteochondral
lesions may elucidate the cause of JOCD, and development
of this animal model provides a promising platform for
investigation into the underlying cause of repetitive stress
injury and the healing or failed repair response of the pedi-
atric skeleton. Ultimately, the model may be used to
develop treatment strategies that offer clinical translation
for improved evidence-based interventions to reduce symp-
tomatic lesions and the risk of osteoarthritis in the active
pediatric patient.
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