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Summary

Objectives: This study investigates the long-term changes of the periarticular bone, including cancellous bone and the subchondral plate, in an
anterior cruciate ligament (ACL)-transected cat for post-traumatic osteoarthritis (OA). These periarticular bone changes are related to the
health of all knee tissues including articular cartilage degeneration and may be a key component of osteoarthritic development.

Methods: Thirteen cats (mean mass 4.9G 1.9 kg) were divided into three experimental groups: (1) normal controls, (2) 16 week, and (3) 5
year post unilateral ACL-transection (ACLT). Micro-computed tomography was used to scan the three-dimensional (3D) bone architecture of
the proximal tibia, and analysis was performed on the subchondral plate and cancellous bone in the epiphyseal and metaphyseal regions of
each bone.

Results: A decrease in cancellous bone mass (BV/TV) and subchondral plate thickness (Ct.Th) was observed 16 week post-ACLT, and the
trend was statistically significant for the long-term animals (O5 year post-ACLT: BV/TV decreased 16.8%, P! 0.003; Ct.Th decreased 36.8%,
P! 0.03). A decrease in bone mass was also observed as a function of animal age by comparing the young and aged normal control animals,
however ACLT intensified those changes, particularly Ct.Th (P! 0.009) and anisotropy (P! 0.045). It was speculated that decreased
internal joint loading despite normal kinematics may play an important role in the long-term reduction of cancellous bone volume and
subchondral plate thinning.

Conclusions: The periarticular bone changes measured in this study were concurrent with articular cartilage degeneration, and suggest that
bone may be a contributing factor in the aetiology of post-traumatic OA development.
ª 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

An acute injury to the knee, such as tearing of the anterior
cruciate ligament (ACL), results in an increased likelihood of
developing post-traumatic osteoarthritis (OA)1,2. Mechani-
cal factors related to increased joint instability, such as
altered loading and joint contact conditions, are often
considered to play an important role in the aetiology of
the disease. Of the tissues in the joint afflicted by the
disease, degeneration of the articular cartilage is a clinical
hallmark, and is of particular importance due to its critical
role in normal joint function. However, there is strong inter-
dependence of all tissues in the joint, and evidence of
substantial periarticular bone changes in post-traumatic
OA3e5 suggest that bone may also be an important factor in
the disease pathogenesis.
The architecture and strength of periarticular bone,

including the subchondral plate (i.e., compact mineralized
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bone supporting the articular cartilage) and adjacent
cancellous region, is sensitive to acute injury of the knee6,7.
Using animal models to study OA by stimulating the
pathological events leading to its development by ACL-
transection (ACLT), it has been found that substantial
changes to the periarticular bone can occur in the early
stages following injury8e10. In a canine model, structural
changes to the cancellous bone have been observed as
early as 3 week post-ACLT, and a marked decrease of
stiffness (�45%) and bone volume ratio (�35%) reported at
12 week post-ACLT, with no detectable change to
subchondral plate thickness (Ct.Th)11. Based on long-term
studies12,13, it appears that the cancellous degradation
persists at 54 month post-ACLT, and additionally the
Ct.Th13. The early cancellous changes are likely caused
by both mechanical (i.e., limb unloading)14,15 and physio-
logical factors (i.e., injury response)16. However, although
the injury response, in terms of blood flow, has been shown
to diminish after the first few months16, unloading of the
canine hind limb persists14,15 and may be a dominating
factor leading to the long-term periarticular changes.
In the feline ACLT model, in contrast to the canine model,

the ground reaction forces (GRFs) and hind limb kinematics
recover to near pre-surgical patterns within 5 month post-
ACLT17,18. This recovery may be partially explained by
5
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Fig. 1. The distal femur, patella and proximal tibia of a normal control cat knee scanned with micro-computed tomography (left), and a sagittal
cut through the knee (right) exposing the internal bone structure.
differences in motor control patterns between species.
However, despite the ability to recover, long-term studies
of the feline model (i.e., O6 years) have found cartilage
degradation and the formation of osteophytes at the joint
margins consistent with the development of OA (Herzog
et al., unpublished data). Specifically, there is focal loss of
articular cartilage on the medial tibial plateau, the femoral
condyles and the retropatellar surface. Those areas where
the cartilage is not completely eroded away show hypertro-
phic cartilage with surface lesions, and loss of proteoglycan
in the superficial zone. The menisci appear fibrillated and
exhibit ‘bucket tears’, particularly in the medial plateau.
Synovial inflammation associated with ACLT returns to
normal (qualitatively observed) approximately 1 month post-
ACLT. Although gait patterns, loading and cartilage proper-
ties are well understood in long-term studies of this model of
OA19, the implications of these degenerations on the long-
term bone changes are not known.
The present study was aimed at quantifying the changes

to the periarticular bone in a long-term feline model of post-
traumatic OA. It was hypothesized that despite the return to
near normal gait patterns, as measured by GRFs and
kinematics, the periarticular bone architecture (cancellous
bone and subchondral plate) would not recover to normal
values in the long term, and the bone degradation would
coincide with the degradation of other joint tissues such as
the articular cartilage.

Methods

A total of 13 cats were used (mean mass 4.9G 1.9 kg)
that were part of a larger research project aimed at
investigating the long-term development of post-traumatic
OA. The cats were divided into three main groups: (1)
normal controls (nZ 4), (2) early post-ACLT (16 weeks,
nZ 4), and (3) long-term post-ACLT (60 to 74 months,
nZ 5, mean age 67G 6 months). The transection was
performed unilaterally (left hind limb) using an established
protocol20. The normal controls were subdivided into two
small groups consisting of two young adult animals (2 year
old) and two old adult animals (18 and 22 year old) to
provide baseline bone architecture as a function of natural
aging. The study was approved by The University of
Calgary Animal Care Committee.

MICRO-TOMOGRAPHIC SCANNING

At death, the tibiae were cleaned of all soft tissues and
stored (�80(C) in saline-soaked gauze. The proximal 6 cm
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of the tibiae were cut mid-shaft, and this entire portion of the
bone was placed in the micro-tomographic scanner (mCT
40, Scanco Medical, Bassersdorf, Switzerland) for mea-
surement. The proximal 16 mm were scanned at a nominal
resolution of 30 mm (isotropic voxel dimension), and a con-
strained Gaussian filter (sZ 1.2, finite support of 1) was
used to suppress noise in the original volume data. Global
thresholding (224& of maximal image value) was applied to
extract the mineralized bone phase21. Qualitative compar-
isons of the bone architecture were made through three-
dimensional (3D) visualizations of the image data using an
extended Marching Cubes algorithm22,23. One scan of an
intact normal cat knee, including the distal femur, patella
and proximal tibia, was performed to provide an overview of
the feline knee joint (Fig. 1).

QUANTITATIVE ANALYSIS

The regions for analysis were segmented from the 3D
images of the tibia using a semi-automated contouring tool
(Scanco Medical). The subchondral plate and neighboring
cortical bone were extracted from the images (no explicit
distinction was made between compact mineralized bone
and calcified cartilage due to the thresholding technique
used to extract the bone phase), and the cancellous bone
was divided into two main parts defined by the growth plate:
the epiphyseal and metaphyseal cancellous regions
(Fig. 2).
The morphological measures made on the cancellous

bone included 3D metrics such as bone volume density
(BV/TV), bone surface density (BS/TV), trabecular thick-
ness (Tb.Th), separation (Tb.Sp) and number (Tb.N)24,25.
Also, 3D non-metric measures included connectivity density
(Conn.D)26 which provides a measure of the number of
connections per unit volume, and the degree of material
anisotropy (DA) which provides information about the
distribution of bone27. Thickness of the subchondral plate
(Ct.Th) was assessed in the medial and lateral tibial
plateaus in the central weight bearing region by averaging
multiple measurement samples (three per side) in extracted
2D cross-sections of those regions.

STATISTICAL ANALYSIS

Statistical tests (SPSS, Chicago, IL, USA) for morpho-
logical parameters included a two-way analysis of variance
Fig. 2. Each three-dimensional image of the proximal tibia (top) was segmented into three distinct regions (bottom) by semi-automated
contouring: the subchondral bone plate on the medial (A) and lateral (B) articular surface, and epiphyseal (C) and metaphyseal (D) cancellous
bone located above and below the epiphyseal plate (the epiphyseal plate was distinguishable in the micro-CT images for animals of all ages).

Morphological analyses were performed on these regions separately.
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(ANOVA; P! 0.05) with one factor being time post-
operation (0, 16 weeks, O60 months) and the other being
operation (ACLT vs contralateral). A Bonferroni adjustment
for multiple comparisons was used when identifying
significant morphological changes. Subsequently, a post
hoc analysis using a paired t-test identified intra-animal
differences (ACLT vs contralateral) for the morphological
parameters at 16 weeks and long-term post-ACLT. The
normal controls provided a qualitative baseline comparison,
but due to limited group size, these data are presented
descriptively.

Results

Bone micro-architectural changes of the operated limbs
compared to the contralateral controls were evident in both
experimental groups, as well as changes in the normal
controls (old vs young). Three-dimensional visualizations,
showing sagittal plane cross-sections of representative
samples from each experimental group, illustrate the 3D
micro-architecture qualitatively (Fig. 3), and one 3D
visualization of a typical normal control (as part of the
entire knee joint) can be used for comparison with those of
operated animals (Fig. 1).
In the early experimental group (16 week post-ACLT),

intra-animal quantitative differences in the morphological
properties measured were evident, however only measured
decreases of anisotropy and Ct.Th were statistically
significant. In the long-term experimental group (i.e., O60
month post-ACLT), the intra-animal morphological changes
were more pronounced, and all were statistically significant
with the exception of the Tb.N. The morphological
measures from all groups (normals, young and long-term
experimental animals) are presented for the epiphyseal
cancellous region (Fig. 4). The general trend of morpho-
logical changes in the cancellous bone was a decrease in
bone volume ratio (BV/TV) and Tb.Th coinciding with
increased Tb.Sp and bone surface area (BS/BV). Analyses
for the cancellous region below the epiphyseal plate had the
same trends for these morphological measures, though the
magnitudes of the changes were less pronounced (data not
presented).
Based on the two-way ANOVA, the ACLT operation

resulted in a significant decrease of Ct.Th (P! 0.009) and
anisotropy (P! 0.045) over the experimental time frame
(Fig. 4). Additionally, the only morphological parameter
significantly affected by the factor of time post-operation
was Ct.Th (P! 0.031).
Ct.Th changes were clearly evident in all groups, with

substantially decreased thickness in the ACLT knee of the
long-term animals. Thinning of the subchondral plate
occurred as a function of age. However, the degree of
thinning was exacerbated by the ACLT procedure, resulting
in up to a 50% decrease compared to the normal control
animals (Fig. 5).
Fig. 3. Sample sagittal cross-sections through the proximal tibia of a 16 week post-ACLT (top) and 63 month post-ACLT (bottom) cat. For each
sample, the ACLT knee (left) and contralateral control (right) is presented for comparison. In addition to the morphological changes which are

quantified in Fig. 4, the formation of an osteophyte (*) can be observed in the long-term ACLT limb.
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Fig. 4. Morphological measurements for the cancellous bone located proximal to the epiphyseal plate. Each plot contains mean and standard
deviation error bars. Pair-wise t-tests were performed for the 16 week and 60 month experimental groups (statistical significance indicated for
P! 0.05), and the normal and aged control groups are presented descriptively. ACLT refers to the operated limb and CLAT refers to the
contralateral limb. The measured parameters include bone volume ratio (BV/TV), bone surface area (BS/BV), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), trabecular number (Tb.N), connectivity density (Conn.D), anisotropy and subchondral plate thickness (Ct.Th).
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Fig. 5. Comparison of the subchondral plate (shaded gray) and periarticular cancellous bone (shaded white) from the normal control (top) and
the long-term ACLT group (bottom). Samples from the normal control include a skeletally mature adult (left) and an aged adult (right). The
operated and control limb of the ACLT animal is shown below (70 month post-ACLT). The lateral compartment of the joint following long-term

ACLT is extremely thinned, and an osteophyte can be observed in the medial compartment.
Discussion

Transection of the ACL has been shown to lead to
dramatic early changes in the periarticular bone structure of
the ACL-transected dog model8,9, which are evident in long-
term follow-up of the canine model12,13. Although long-term
studies in the ACL-transected cat have demonstrated
degradation of the articular cartilage and development of
osteophytes19, the changes to the periarticular bone have
remained unknown. The purpose of this study was to
investigate the long-term changes to the periarticular bone
in the cat model, which despite the return to normal external
loading in the operated limb, still develops OA signs long
term. It is clear from the results presented here that,
concurrent to the articular cartilage degeneration, changes
to the subchondral plate and cancellous bone occur as
early as 16 week post-ACLT, and these changes become
more pronounced in the long-term development of the
disease.
Changes to the periarticular bone following ACLT are not

attributable solely to disuse following the operation, and is
likely an integral part of the aetiology of post-traumatic
(secondary) OA that is concurrent with cartilage degrada-
tion. In the canine model, the reduced limb loading based
on GRF measurements14,15,28 plays a confounding role in
the dramatic loss of bone that occurs8,9, but because GRFs
do not fully recover in the dog model the extent of this effect
has been unclear. However, in this ACL-transected cat
model, the GRFs return to near normal levels by 16e18
week post-ACLT18 and still, in this model, signs of OA
developed, including changes to the periarticular cancellous
bone and subchondral plate. The results from these two
animal models suggest that, although altered loading likely
plays an important role in the long-term bone adaptations
and short-term disuse and synovial inflammation are
probably important early factors, the long-term bone
changes cannot be explained solely by these transitory
effects. However, altered forces in the periarticular bone
can also occur due to changes in the internal knee
contact17,29 that happens as a result of the loss of ACL
integrity. In the ACL-transected cat model, it has been
shown that at 16 week post-ACLT, peak internal contact
forces are reduced and contact areas are increased in the
ACL-transected knees compared to the contralateral
limbs17,30, which suggests an average decrease in contact
pressure. Therefore, while the early unloading and in-
flammation may result in an early transitory effect, the
long-term bone loss reported here cannot be explained by
those factors alone, and may be a result of decreased
internal contact pressures as a result of the loss of the ACL.
Periarticular bone changes in the ACL-transected cat

model followed similar patterns to the canine model11e13.
Although the early loss of periarticular bone was less
dramatic, this may be due to a difference in the motor
control of the two animal models, or due to the young age of
the 16 week post-ACLT group. In the young ACLT group,
the epiphyseal plate was more evident than in the long-term
experimental group, and the normal controls. (These
animals were not part of the original long-term study, and
although they had reached maturity at the time of ACLT
procedure, i.e., O1 year old, skeletal maturity in terms of
closure of the epiphyseal plate was not complete.) The
early dramatic loss of cancellous bone in the canine model
indicated that adaptation occurs in two-phases: early loss
(i.e., immediately after ‘early’ initial trauma), followed by
sustained changes. In the cat model, however, bone
adaptation appears to be a more gradual process. Nonethe-
less, the decrease in periarticular bone is consistent with
observations in patients with ACL-deficiency31,32, and
patients with idiopathic (primary) OA33.
Additionally, cartilage erosion and osteophyte formation

observed in the long-term animals was consistent with the
development of OA observed clinically.
In contrast to the thickened subchondral plate reported in

the canine12 and guinea pig models34,35, the subchondral
plate was significantly thinner in both the medial and lateral
compartments in this long-term feline model. The basis for
the difference in subchondral bone pathology among these
models is unclear, however a possible factor may be
differences in motor control that affects external kinematics
and internal contact forces. The hind limb kinematics of the
feline model return to near baseline values within 5 month
post-ACLT which differs from the canine model which has
sustained altered hind limb kinematics (guinea pig kine-
matics are not well known). Another important factor may be
the difference in pathogenesis between primary OA and
secondary OA. The guinea pig is a model of spontaneous
OA36 (i.e., primary OA) that can be accelerated by
menisectomy34,35, whereas the feline model is purely
a post-traumatic injury model (i.e., secondary OA). Despite
the fact that cartilage erosion is reported in both the guinea
pig and feline OA models, it is possible that the pathogen-
esis of OA affecting subchondral bone differs in primary and
secondary OA.
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The possibility to study long-term changes in an
experimental model of OA is extremely rare, hence the
small number of animals in each experimental group.
Contralateral limbs provide controls, however changes to
these joints may be influenced by the ACLT via compen-
satory mechanisms. Nevertheless, a contralateral limb
provides a good internal comparison, and may best reflect
a unilateral injury common in human patients. The normal
control animals in this study also provide a basis of
comparison, and were divided into normal (i.e., !3 year
old) and aged (i.e., O18 year old) animals. It should be
cautioned, however, that the aged controls were much older
than the long-term ACLT animals (!10 year old vs O18
year old, respectively). Nevertheless, the two normal control
groups emphasize that bone loss occurs with age, but that
the ACLT procedure augments those morphological
changes, in particular, loss of Ct.Th. Given that the only
morphological change that was not significant in the long-
term animals was Tb.N, this suggests that bone loss occurs
primarily through thinning of the cancellous structure with
minimal loss of trabecular bridges.
In conclusion, this study presents the long-term changes

to periarticular bone that occur at least as early as the first
signs of cartilage degradation (i.e., swelling), and suggests
adaptation of bone as an important component in the
aetiology of post-traumatic OA.
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bone biopsy: a new method to analyse and display the



242 S. K. Boyd et al.: Long-term periarticular bone adaptation in a feline knee injury model
three-dimensional structure of trabecular bone. Phys
Med Biol 1994;39(1):145e64.
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