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Abstract:
Juvenile osteochondritis dissecans (JOCD) is a developmental disease characterized by
formation of intra-articular (osteo)chondral flaps or fragments. Evidence-based treatment
guidelines for JOCD are currently lacking. An animal model would facilitate study of
JOCD and evaluation of diagnostic and treatment approaches. The purpose of this study
was to assess the suitability of miniature pigs as a model of JOCD at the distal femur.
First, stifle (knee) joints harvested from three juvenile miniature pigs underwent MRI to
establish the vascular architecture of the distal femoral epiphyseal cartilage. Second,
vessels supplying the axial or abaxial aspects of the medial femoral condyle were
surgically interrupted in four additional juvenile miniature pigs, and the developing
epiphyseal cartilage lesions were monitored using three consecutive MRI examinations
over nine weeks. The miniature pigs were then euthanized, and their distal femora were
harvested for histological evaluation. Vascular architecture of the distal femoral
epiphyseal cartilage in the miniature pigs was found to be nearly identical to that of
juvenile human subjects, characterized by separate vascular beds supplying the axial and
abaxial aspects of the condyles. Surgical interruption of the vascular supply to the abaxial
This article is protected by copyright. All rights reserved.

aspect of the medial femoral condyle resulted in ischemic cartilage necrosis (a precursor
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lesion of JOCD) in 75% (3/4) of the miniature pigs. Cartilage lesions were identified
during the first MRI performed 3 weeks post-operatively. No clinically-apparent JOCDlike lesions developed. In conclusion, miniature pigs are suitable for modelling JOCD
precursor lesions. Further investigation of the model is warranted to assess induction of
clinically-apparent JOCD lesions.
Keywords: Miniature pig, JOCD, osteochondrosis, knee, animal model
Introduction
Juvenile osteochondritis dissecans (JOCD) is an orthopaedic disease characterized
by intra-articular formation of osteo-cartilaginous flaps and fragments in pediatric and
adolescent patients1. Nearly 62% of all JOCD lesions involve the distal femur, with the
ankle, elbow and shoulder joints affected at decreasing frequencies2. To delay
progression toward early onset osteoarthritis, clinically-apparent JOCD lesions are treated
using either conservative or surgical techniques1. Unfortunately, evidence-based
treatment guidelines for JOCD are lacking3 because the low incidence of the disease
limits the opportunity to conduct large-scale studies. Animal models represent an
alternative approach to provide data that are critically needed to inform clinical decision
making.
The pathogenesis of JOCD in human patients is incompletely understood.
Multiple theories are proposed to describe its development, including inadequate vascular
supply to the subchondral bone, repeated trauma, and genetic factors4-7. However, results
of recent studies strongly suggest that failure of the vascular supply to the epiphyseal
This article is protected by copyright. All rights reserved.

growth cartilage (i.e., immature joint cartilage located beneath the articular cartilage at
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the ends of growing long bones) plays a central role in the development of JOCD8-10.
These findings are not unexpected considering that vascular failure is known to be the
inciting factor for osteochondrosis (OC), a naturally-occurring disease of animals that is
nearly identical in its presentation to JOCD7; 11. In multiple animal species, the
pathogenesis of OC has been shown to begin with a failure of the vascular supply to the
epiphyseal growth cartilage that results in formation of discrete areas of epiphyseal
cartilage necrosis. This earliest subclinical stage of the disease involves neither the
overlying articular cartilage nor the subchondral bone and is termed OC latens. In areas
of epiphyseal cartilage necrosis, physiologic replacement of epiphyseal growth cartilage
with bone is delayed, causing a failure of enchondral ossification, a stage of the disease
that is termed OC manifesta11. The clinically-apparent disease, osteochondrosis dissecans
(OCD), is thought to develop because the necrotic epiphyseal cartilage is unable to
support the overlying articular cartilage during repeated exposure to biomechanical
forces, which leads to the formation of osteochondral fragments and/or cleft(s) extending
through cartilage7. In animals, these clefts often involve the articular cartilage. Although
the dissecans stage (presence of flaps/fragments) of the disease has long been recognized
in humans, OC latens and OC manifesta have only recently been documented in human
subjects8-10. Because humans have a much slower rate of maturation than animals (years
vs. months), and because surgical intervention in humans typically occurs much later
after initial diagnosis than in animals (months to years vs. days to weeks), chronic stages
of the disease in humans are commonly characterized by mineralization of the necrotic
epiphyseal cartilage with varying degrees of osseous bridging with the parent bone8.

This article is protected by copyright. All rights reserved.

Involvement of the articular cartilage, both in humans and animals, invariably
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predisposes the joint to premature osteoarthritis4.
Based on the increasingly accepted role that vascular compromise plays in the
development of OCD and JOCD, it is imperative that animal models intended for
recapitulating the human disease (JOCD) have similar vascular architecture to that seen
in humans. Furthermore, disease induction in the prospective animal model should
involve manipulation of the epiphyseal vascular supply12. These requirements are
illustrated by results of previous studies that attempted to use goats to model JOCD and
were only successful in inducing subclinical disease13; 14. In these studies, most of the
induced OC latens and OC manifesta lesions exhibited signs of repair rather than
developing into clinically apparent disease. Rich, collateral vascular supply to the distal
femoral epiphyseal cartilage present in goats, but absent in humans, likely mediated this
enhanced healing process.
In the study reported here, we evaluated the suitability of miniature pigs to serve
as animal models of JOCD. The primary objectives of our study were to: 1) compare the
vascular supply to the distal femoral epiphyseal cartilage in juvenile miniature pigs to
that described in young human subjects; and 2) evaluate the effects of surgical
interruption of the axial (‘central’ or ‘intercondylar notch’ side) or abaxial (peripheral)
vascular beds supplying the medial femoral condylar epiphyseal cartilage in miniature
pigs. We hypothesized, based on previous work in domestic pigs, that the vascular supply
to the distal femoral epiphyseal cartilage in miniature pigs included an axial and an
abaxial vascular bed in both the medial and lateral femoral condyles, identical to that
demonstrated in human subjects12. We also hypothesized that surgical disruption of either
This article is protected by copyright. All rights reserved.

of these vascular beds would result in ischemic necrosis of the portion of the medial
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femoral condylar epiphyseal cartilage supplied by the affected vessels, followed by the
development of OC latens, OC manifesta and OC dissecans lesions.
Materials and methods
Experimental design – The study was approved by the University of Minnesota
Institutional Animal Care and Use Committee and was conducted in two stages. In the
first stage, n = 3 cadaveric, unilateral stifle joint specimens obtained from Sinclair
miniature pigs underwent ex vivo high-resolution MRI to allow detailed visualization of
the epiphyseal vascular architecture15. In the second stage of the study, n = 4 Sinclair
miniature pigs received bilateral stifle joint surgery to interrupt the vascular supply to the
axial (‘central’ or ‘intercondylar notch’ side) aspect of the medial femoral condyle in the
right pelvic limb and to the abaxial (peripheral) aspect of the medial femoral condyle in
the left pelvic limb. Operated pigs underwent three consecutive in vivo MRI
examinations to screen for the presence of OC latens and/or OC manifesta lesions. After
the conclusion of the final MRI session, the miniature pigs were euthanized, and distal
femoral specimens were collected for histological analysis.
Stage 1 – Visualization of the vascular architecture of the distal femoral epiphyseal
cartilage:
Stifle joint specimens (n=3) obtained from three Sinclair miniature pigs aged 18,
33 and 48 days underwent ex vivo imaging using a preclinical 9.4T MRI scanner (Agilent
Technologies; Santa Clara, CA) running VnmrJ software (version 4.2; Varian NMR
Systems; Palo Alto, CA). A custom-built saddle transceiver coil was used for all
This article is protected by copyright. All rights reserved.

acquisitions. The specimens were immersed in perfluoropolyether (Fomblin; Specialty
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Fluids; Castaic, CA) to have a 1H signal-free, susceptibility-matched background on the
MR images. Imaging data were acquired using a 3D gradient recalled echo (GRE)
sequence with an acquisition matrix of 384×384×384 and field-of-view of
38.4×38.4×38.4 mm3, resulting in an isotropic resolution of 100 µm. Other acquisition
parameters were: TE / TR = 15.3 / 40 ms, receiver bandwidth = 14 kHz (36.6 Hz/pixel)
and flip angle = 15°. With these parameters, utilizing no undersampling or other
accelerations, the scan time per specimen was 98 minutes16.
Image processing – The 3D GRE datasets acquired at 9.4T MRI were processed
for quantitative susceptibility mapping (QSM) to visualize the vascular structures in the
cartilage canals using an approach similar to that previously described15, 17-19. The QSM
processing consisted of first manually creating a mask for the articular-epiphyseal
cartilage complex (AECC) using ITK-SNAP (www.itksnap.org). Subsequently, the field
map was calculated from the phase data in the masked region utilizing Laplacian
unwrapping (cutoff frequency = 10-10)20 followed by variable-kernel sophisticated
harmonic artifact reduction for phase data (V-SHARP) background field removal (the
SHARP threshold was set to 0.5 and kernel radius varied between 2 and 9)21. The
parameters of the V-SHARP were deliberately set to provide slightly more aggressive
removal of the background fields than what an “optimal” setting would provide to
improve the homogeneity of the background tissue and thus allow for clearer
visualization of the vascular structures. Finally, the susceptibility map was calculated
from the processed field map using morphology enabled dipole inversion (MEDI)22. The
regularization parameter lambda in MEDI was set to 50,000 based on visual inspection of
This article is protected by copyright. All rights reserved.

results after experimenting with a wide range of lambdas. Finally, 3D volume rendering
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reconstructions were generated from the masked susceptibility maps using Osirix (Osirix
v.8.0 64-bit, http://www.osirix-viewer.com/)23.
Stage 2 – Surgical induction and monitoring of OC lesions:
Surgical interruption of the vascular supply to the distal femoral epiphyseal
cartilage – Four male Sinclair miniature pigs aged 31 (n=2) and 34 (n=2) days weighing
1.8, 2.4, 3.9, 4.6 kg were enrolled in the study. Miniature pigs were sedated with an
intramuscular (IM) administration of morphine (0.2 mg/kg) and midazolam (0.2 mg/kg.
An intravenous catheter was placed into the auricular vein. Ceftiofur (2.2 mg/kg) was
administered intravenously (IV) followed by induction of general anesthesia with IV
administration of ketamine (5 mg/kg) and propofol (3 mg/kg). Anesthesia was maintained
by inhalation of isoflurane vaporized in oxygen.
After routine surgical preparation and draping of both stifle (knee) joints, the right
stifle joint was approached via a lateral parapatellar arthrotomy. The patella was luxated
medially and the stifle joint was brought into complete flexion, exposing the trochlear
ridges and the intercondylar groove. The infrapatellar fat pad was partially excised and a
5×5 mm2 area of perichondrium along with a 1-mm-wide portion of the underlying
AECC and subchondral bone was resected from the extreme axial, cranialmost
(anteriormost) aspect of the medial femoral condyle adjacent to the intercondylar groove
using a #15 scalpel blade. The left stifle was approached using an identical technique, but
this time the 5×5 mm2 area of perichondrium along with a 1-mm-wide portion of the
underlying AECC and subchondral bone was resected from the abaxial aspect of the
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cranio-caudal (anterio-posterior) midpoint of the medial femoral condyle. Upon
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completion of the procedure, the joint capsule along with the overlying muscles was
closed using 3-0 PDS in a simple continuous pattern. Apposition of the subcutaneous
tissues was also done using 3-0 PDS in a simple continuous pattern. Skin closure was
completed using 3-0 Monocryl using an intradermal pattern. A sterile bandage covering
the incision was applied to both limbs before the miniature pigs were allowed to recover.
Post-operatively, miniature pigs were housed together and were administered 1.1
mg/kg flunixin meglumine and 2.2 mg ceftiofur IM once daily for 3 days. No
postoperative complications requiring additional veterinary interventions were
encountered throughout the study period.
In vivo MRI of operated miniature pigs – In vivo MRI was conducted using a 3T
MRI scanner (Signa HDxt; GE Healthcare; Waukesha, WI) with the miniature pigs
anesthetized using an identical technique to that described for the surgical procedure. The
miniature pigs were imaged at three consecutive time points (~3, ~4, and ~9 weeks postoperatively) to assess progression of lesions in both stifles. The same imaging protocol
was used in all cases, and the right and left stifles were imaged separately. For imaging,
the miniature pigs were placed in dorsal recumbency and their stifles were positioned
within a quadrature knee receiver coil at the isocenter of the MR scanner. Imaging
sequences included: 2D proton-density-weighted, T1-weighted, and T2-weighted fast
spin echo (FSE); 3D T2-weighted FSE; and 2D GRE with a short echo time (TE = 3.0
ms). Lesions, including areas of altered intensity involving the epiphyseal growth
cartilage with or without associated delay of the enchondral ossification, observed on
MRI were identified by an independent observer who was blinded to the surgery.
This article is protected by copyright. All rights reserved.

Histological evaluation – Immediately after completion of the third MRI session
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(~9 weeks post-surgery), anesthetized miniature pigs were euthanized by IV
administration of KCl (1 mEq/kg) and their distal femora were harvested for histological
evaluation. Harvested distal femoral specimens were fixed in 10% neutral buffered
formalin for 48 hours and then decalcified by immersion in EDTA solution. Decalcified
medial (operated) and lateral (control) femoral condyles were bread-sliced in the coronal
plane creating four to five 5-mm-thick slabs. Individual slabs were routinely processed
and paraffin embedded. A 5-µm thick section was obtained from the surface of each slab,
stained with hematoxylin and eosin (H&E) and examined for the presence of epiphyseal
cartilage necrosis and/or failure of endochondral ossification using light microscopy.
Failure of endochondral ossification was defined as the presence of focally thickened
cartilage accompanied by a focal delay in the progression of the ossification front at the
chondro-osseous junction. Cartilage necrosis was defined as the combined presence of
shrunken, necrotic chondrocytes (characterized by pyknotic nuclei) and altered staining
(pallor), sometimes accompanied by cystic degeneration (an area where loss of
tissue/matrix components results in clear spaces replacing the matrix), of the surrounding
matrix13; 14.
Results:
Vascular architecture – In all three specimens, ex vivo MRI demonstrated that the
vascular supply to the distal femoral epiphyseal cartilage included two distinct vascular
beds in each condyle, one supplying the abaxial and another supplying the axial portion
of the condyle. Animal age did not appear to influence the appearance of the vascular
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architecture, as vessels tended to originate from the perichondrium, formed no apparent
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anastomoses, and traversed the epiphyseal cartilage parallel with the articular surface, as
shown in Figure 1. An avascular region, more pronounced in the medial (compared to the
lateral) femoral condyle, separated the two vascular beds. This characteristic vascular
architecture bears a stark resemblance to that identified in our previous study12 in the
distal femoral epiphyseal cartilage in human beings (Figure 1, supplementary files 1-4).
In vivo MRI – OC-like lesions were identified in the left medial femoral condyles
in 3/4 miniature pigs, which received surgery to interrupt the vascular supply to the
abaxial aspect of the condyle. Developing lesions were best identified in T2 weighted
images. During the final MRI session performed at 63, 64, 66, and 69 days postoperatively for miniature pigs 1, 2, 3, and 4, respectively, an OC latens lesion (evidenced
by a focal T2 hyperintensity present within the epiphyseal cartilage) was identified in
miniature pig 2 (Figure 2) and OC manifesta lesions (evidenced by T2 hyperintensity in
the epiphyseal cartilage and associated delay in the progression of the ossification front)
were identified in miniature pigs 1 (Figure 3) and 3 (Figure 4). Conversely, beyond the
presence of a surgical scar, no abnormalities were identified in any of the right medial
femoral condyles that received surgery to interrupt the vascular supply to the axial aspect
of the condyle.
In the fourth miniature pig, difficulties with surgical exposure of the left femoral
condyle resulted in an excessively cranial placement of the incision intended to disrupt
the vascular supply to the abaxial aspect of the medial condyle. Although no MRI
changes affecting either femoral condyle were noted in this miniature pig, changes
characterized by marked T2 hyperintensity were present in the distal aspect of the medial
This article is protected by copyright. All rights reserved.

trochlear ridge of the femur. Temporal progression of lesions identified by MRI are
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summarized in Table 1.
Histological evaluation – Well-demarcated areas of epiphyseal cartilage necrosis
were identified in the abaxial aspect of the left medial femoral condyle in 3 out of 4
miniature pigs (pigs 1, 2, and 3). Areas of cartilage necrosis contained degenerative
cartilage canal vessels and were characterized by the presence of chondrocytes with
pyknotic nuclei and marked pallor of the extracellular matrix (Figures 2, 3, and 4). The
presence of necrotic epiphyseal cartilage caused a failure of enchondral ossification (i.e.,
delayed replacement of epiphyseal cartilage with bone) in 2 out of 4 left medial femoral
condyles (Pigs 1 and 3). Conversely, surgical interruption of the vascular supply to the
axial aspect of the right medial femoral condyle was unsuccessful as demonstrated by the
presence of patent cartilage canals and lack of epiphyseal cartilage necrosis in all four
miniature pigs.
Discussion:
Our results establish the feasibility of using miniature pigs as animal models of
preclinical JOCD. Nearly identical vascular architecture of the developing femoral
condyles between juvenile human subjects and miniature pigs was demonstrated, and
lesions consistent with subclinical osteochondrosis were induced by interruption of the
vascular supply to the abaxial aspect of the medial femoral condyle in three out of four
miniature pigs.
Anatomical studies describing the vascular architecture of the epiphyseal cartilage
at OC predilection sites in animal species24-27 were first prompted by the discovery of the
This article is protected by copyright. All rights reserved.
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studies motivated subsequent experiments on cadaveric specimens obtained from juvenile
human subjects that characterized the vascular architecture of epiphyseal cartilage of the
distal femur, the primary predilection site of JOCD12; 15. These anatomical studies
identified a characteristic vascular pattern present at predilection sites of OC/JOCD in
various species, including humans, and provided additional support to the hypothesis that
OC is initiated when sparse, long epiphyseal vessels fail at the level of the advancing
ossification front32. In the current study, we have successfully shown that, although the
lack of published literature suggests that miniature pigs are free of naturally-occurring
OC, their epiphyseal vascular architecture closely resembles that seen in human
subjects12; 15 and domestic swine27. Specifically, in all three examined miniature pigs,
separate vascular beds supplying the axial and abaxial aspects of the distal femoral
condyles were identified along with epiphyseal cartilage vessels arising from the
perichondrium that were oriented parallel with the articular surface of the femoral
condyles and trochlea. Interestingly, the vascular architecture and density appeared
qualitatively unchanged across the age range (18-34 days) of the miniature pigs that were
examined. This is most likely explained by the overall young age of the three piglets
studied, for which progressive replacement of the epiphyseal cartilage with bone was
limited. It is also possible that the strictly qualitative nature of this observation did not
allow detection of minute differences in vasculature among pigs of different ages. This
finding suggests there is an urgency to develop quantitative imaging tools to better
describe changes in vascular density and orientation in the epiphyseal cartilage.

This article is protected by copyright. All rights reserved.

In contrast to a previous study in goats, which aimed to create a lesion that is
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identical in its appearance to end-stage JOCD33, in the current study we aimed to capture
the purported pathogenesis of naturally-occurring JOCD in our proposed animal model8;
11

. The surgeries resulted in epiphyseal cartilage necrosis (OC latens and/or OC

manifesta) in three of four miniature pigs when the intervention involved the abaxial
aspect of the medial condyle. Failure of sustained interruption of the vascular supply to
the axial aspect of the medial femoral condyle interfered with induction of OC latens
and/or OC manifesta lesions in this area. Visual analysis of the vascular supply to the
axial versus abaxial aspect of the medial condyle did not identify any obvious differences
that might explain this phenomenon. Therefore, establishing whether this failure stemmed
from incomplete interruption of the vascular supply at the time of surgery or it was due to
revascularization occurring in the post-operative period remains undetermined. In future
studies, histological evaluation of the resected 5×5×1 mm3 osteochondral segments
and/or the purported avascular portion of the epiphyseal cartilage in selected animals
euthanized within 3 – 5 days after the surgical procedure represents an opportunity to
establish whether successful interruption of the epiphyseal vascular supply is
accomplished.
Induction of OC-like lesions by interruption of the vascular supply has been
attempted previously. Initial ‘proof-of-principle’ experiments were conducted to confirm
the role vascular failure plays in the pathogenesis of OC in domestic animals. Surgical
interruption of the epiphyseal vascular supply led to the development of OC-like lesions
in both domestic pigs34; 35 and horses36, unambiguously proving the role vascular failure
plays in the development of OC. Importantly, these experiments did not aim to develop
This article is protected by copyright. All rights reserved.

an animal model of human JOCD, and were performed on animal species that are ill-
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suited to serve in translational studies. Both horses and domestic swine have a high
incidence of naturally-occurring OC and their size and associated housing challenges
make them poor choices for long-term studies37; 38. In our current study, we took a
decidedly different route by carefully selecting a species that has a strong translational
potential. Miniature pigs are well-established as animal models of various diseases, are
not known to develop naturally-occurring OC, and their vascular architecture of the
epiphyseal cartilage of the distal femur is similar to that of humans’.
Employing miniature pigs marks a transition from our previous studies that used
goats in an attempt to develop a clinically-relevant animal model of JOCD 13; 14. Goats
were selected for these earlier studies based on their previous successful use as animal
models of orthopaedic disease, small size to enable imaging in available MRI scanners,
and relatively long lifespan, while initially no consideration was given to vascular
anatomy. We found that epiphyseal cartilage lesions triggered by interruption of the
vascular supply in the goats were limited in size and exhibited a low propensity to
develop into clinically apparent OCD13; 14. Results of subsequent studies identified an
extensive collateral vascular architecture composed of short, branching vessels in the
caprine distal femoral epiphyseal cartilage that was markedly different from that seen in
human subjects and domestic swine12. This difference in vascular architecture provides a
highly plausible explanation why induced OC lesions are comparatively small and tend to
heal in goats.
Limitations of the present study included a small sample size and the qualitative
nature of our results. In future studies, it would be interesting to quantitate the age
This article is protected by copyright. All rights reserved.

dependent regression of the epiphyseal vascular supply of the distal femur in miniature
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pigs and compare this process to changes described in other species, particularly humans.
It would also be valuable to study the progression of the surgically-induced lesions over a
longer duration. While we successfully induced OC-latens and OC-manifesta lesions in
the miniature pigs, the 9-week post-surgical timeframe proved insufficient to result in
clinically-apparent OCD lesions (i.e., fragmentation and/or cleft formation extending
through cartilage). Our inability to demonstrate clinically apparent OCD lesions in the
operated pigs may be explained by the insufficient size of the induced lesions or by
inadequate exposure to biomechanical force during the post-operative period.
Nevertheless, the presence of OCM lesions at the time of euthanasia suggests that these
subclinical lesions had the potential to progress to clinical disease. Thus, exposing the
operated piglets to biomechanical force, after the presence of OC-manifesta lesions are
confirmed by MRI, may promote progression of the lesions to clinical disease in future
studies. Alternatively, further investigation may be aimed at altering the surgical
procedure in order to induce lesions of larger volume.
In summary, miniature pigs have the potential to be highly relevant translational
animal models of JOCD. These animals have nearly identical vascular architecture in the
distal femoral condyles to humans, which is a primary predilection site for JOCD, and
interruption of these vessels results in the development of subclinical OC lesions.
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Figure 1: Three-dimensional reconstructions of the quantitative susceptibility maps
depicting the vascular architecture of the distal femoral epiphyseal cartilage in the
transverse (axial) plane in miniature pigs (18, 33, and 48 days old) and a human being (4
months old) (see also supplementary video material). Note the presence of distinct axial
(central) and abaxial (peripheral) vascular beds both in the miniature pigs and in the
human subject with vessels oriented parallel to the articular surface creating a
characteristic avascular region (white arrows) in the midsagittal plane. All specimens are
oriented with the medial aspect towards the left and the anterior (cranial) aspect towards
the top of the figure.

Figure 2: T2-weighted MRI of the left distal femur of miniature pig 2 (panel A) obtained
64 days after surgical interruption of the epiphyseal vascular supply to the abaxial aspect
of the medial femoral condyle. The white circle marks an area of T2 hyperintensity
consistent with epiphyseal cartilage necrosis within the medial femoral condyle.
Photomicrograph (Panel B) depicts a coronal section through the medial femoral condyle.
Black dashed line marks a discrete area of epiphyseal cartilage necrosis (OC-latens).
Degenerate vessels within the area of epiphyseal cartilage necrosis are marked by black
arrowheads. Area identified by the black rectangle is depicted in panel C at ten-times
This article is protected by copyright. All rights reserved.

higher magnification. In panel C, a black asterisk marks an area of cystic matrix
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degeneration (an area where loss of tissue/matrix components results in clear spaces
replacing the matrix) within an island of necrotic epiphyseal cartilage. Arrows indicate
chondrocyte clones along the margin of the area of necrosis. Hematoxylin and eosin
stain.

Figure 3: T2-weighted MRI of the left distal femur of miniature pig 1 obtained 18 (panel
A), 28 (panel B) and 63 days (Panel C) after surgical interruption of the epiphyseal
vascular supply to the abaxial aspect of the medial femoral condyle. White circles mark
areas of T2 hyperintensity consistent with epiphyseal cartilage necrosis (panels A to C).
Photomicrograph (Panel D) depicting a coronal section through the medial femoral
condyle showing an area of epiphyseal cartilage necrosis (dashed line), and associated
delay in enchondral ossification (OC manifesta), corresponding with the lesion identified
by the white circle in Panel C. Black asterisk marks an area of revascularization within
necrotic epiphyseal cartilage. Panel E shows the area indicated by the black rectangle in
panel D at twenty times higher magnification. In panel E chondrocyte clones are present
at the interface (dashed line) of necrotic (upper half of image) and viable (lower half of
image) epiphyseal cartilage. Hematoxylin and eosin stain.
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Figure 4: T2-weighted MRI of the left distal femur of miniature pig 3 (panel A) obtained
63 days after surgical interruption of the epiphyseal vascular supply to the abaxial aspect
of the medial femoral condyle. A white circle marks an area of T2 hyperintensity
consistent with epiphyseal cartilage necrosis. Photomicrograph (Panel B) depicting a
coronal section of the medial femoral condyle with a dashed line marking an area of
epiphyseal cartilage necrosis and focal failure of enchondral ossification (OC manifesta),
corresponding with the lesion identified by the white circle in Panel A. Areas marked by
# indicate trapped stain (artifact). The area outlined by the black rectangle is depicted in
panel C at ten-times higher magnification. Arrows mark chondrocyte clones present
along the margins of the area of epiphyseal cartilage necrosis. Asterisk is centered on a
discrete area of cartilage necrosis characterized by pallor of the extracellular matrix and
necrotic chondrocytes. Hematoxylin and eosin stain.

This article is protected by copyright. All rights reserved.

Table 1: Results of three consecutive MRI examinations of 4 miniature pigs after surgical

Accepted Article

interruption of the vascular supply to the axial or abaxial aspect of the medial femoral
condyle.

MFC
operated

MRI Scan 1

MRI Scan 2

MRI Scan 3

(time of scan
[day])

(time of scan
[day])

(time of scan
[day])

right - axial

NSF (18)

NSF (28)

NSF* (63)

Left abaxial

T2 hyperintensity

T2 hyperintensity

T2 hyperintensity

OC latens (18)

OC latens (28)

OC manifesta* (63)

right - axial

NSF (18)

NSF (30)

NSF* (64)

Left abaxial

NSF (18)

T2 hyperintensity

T2 hyperintensity

OC latens (30)

OC latens* (64)

Pig 1

Pig 2

right - axial

NSF (19)

NSF (32)

NSF* (63)

Left abaxial

NSF (19)

NSF (32)

T2 hyperintensity

Pig 3

OC manifesta* (63)
right - axial

NSF (19)

NSF (40)

NSF* (69)

Left abaxial

NSF (19)

NSF (40)

NSF* (69)

Pig 4

NSF: No significant finding
*: Lesions that were confirmed histologically
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