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In early OA, thinning of the subchondral plate is directly related to cartilage
damage: results from a canine ACLT-meniscectomy model
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Objective: The pathogenesis of osteoarthritis (OA) includes cartilage degeneration, synovial inflammation,
and bone changes. Slowly, the sequence and inter-relationship of these features is becoming clearer.
Early models of OA suggest thinning of the subchondral plate in addition to trabecular bone changes. In
the present study subchondral bone changes were studied in the canine anterior cruciate ligament
transection (ACLT)-meniscectomy model. This model is characterized by intra-joint variability with
respect to cartilage damage (predominantly medial) and loading (lateral unloading due to a shifted axis).
Methods: In 13 Labrador dogs, OA was induced by transection of the anterior cruciate ligament and
removal of the medial meniscus. Twelve weeks later, cartilage integrity was evaluated histologically
using the modified Mankin score (0–11), and proteoglycan content was determined by Alcian Blue assay.
Bone architecture of the tibia was quantified by micro-CT.
Results: Cartilage damage was severe in the medial compartment (Mankin score þ3.5, glycosaminoglycan
(GAG) content �28%) and mild in the lateral compartment (Mankin score þ1.6, GAG content �15%).
Thinning and porosity of the subchondral plate were only present on the medial side (�21%, þ87%,
respectively). Interestingly, changes in trabecular bone structure did almost not occur in the medial
compartment (volume fraction �7%) but were clear in the lateral compartment (�20%).
Conclusion: Thinning of the subchondral plate is a localized phenomenon related to cartilage degener-
ation while trabecular bone changes are related to mechanical (un)loading. The different mechanisms
responsible for bone changes in OA should be taken in account when designing and interpreting studies
interfering with bone turnover in the treatment of OA.

� 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Osteoarthritis (OA) is a slowly progressive degenerative joint
disorder characterized by cartilage damage, changes of the sub-
chondral bone, and inflammation of the synovial tissue. Clinical
features include pain, joint stiffness and loss of joint function.
Although the exact pathogenesis is still unclear, it is generally
appreciated that the etiology is of multiple origins; with genetic,
biochemical, and mechanical factors playing a role1. Besides
(known or unknown) trauma to the joint, aging and overloading are
the main risk factors2. Current treatment options are unable to
accomplish joint regeneration and only with varying success slow
down disease progression. Preferably, treatment aiming at joint
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preservation should be applied early in the course of the disease.
Gaining more knowledge on early pathogenic events is necessary
for development of early treatment methods, in addition to early
diagnostic tools.

The need to clarify early pathogenic events that occur in various
joint tissues at the onset and during the early progression of OA has
motivated the use of animal models, which may elucidate the
complex inter-relationship between different joint tissues3.

In OA, cartilage damage is of primary concern, but total joint
homeostasis relies on the biochemical and biomechanical interac-
tion of all tissues involved, including the underlying bone and
synovial tissue4. With respect to bone characteristics, bit-by-bit the
role of subchondral bone changes in the development of OA
becomes clearer. It is accepted that the trabecular bone and the
subchondral plate each respond differently and should be
approached as separate structures5. Thickening of the subchondral
blished by Elsevier Ltd. All rights reserved.
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plate is evident, changes in trabecular structure such as trabecular
volume are less well defined and are reported to either increase6–8

or decrease9,10. Despite its multiple etiology, OA leads to a common
final outcome with respect to bone and cartilage changes. However,
it is unknown whether these changes are preceded by a common
pathway with respect to the role of bone and cartilage interaction.
In fact the exact changes of bone in early OA are unclear.

In experimental animal models of OA several studies described
an initial decrease of volume, thickness, and number of sub-
chondral bone trabeculae, followed by an increase when OA prog-
resses11–15. These early osteopenic changes are likely to be (at least
partly) the result of less or changed loading. Early thinning of the
subchondral cortical plate is also demonstrated16, even occurring in
the absence of trabecular changes (personal observations) which
argues a causative role of unloading. It is yet unclear what causes
the decrease in plate thickness and how it is related to cartilage
degeneration and mechanical loading.

Based on the knowledge thus far, it appears that stiffening of the
subchondral bone, only observed in more advanced stages of OA,
plays no major role in initiation of cartilage degradation in these
models of OA. However, as a secondary feature, bone stiffening
might add to progression of cartilage degradation later in the
process. The initial decrease in cortical plate thickness and loss of
underlying subchondral trabecular bone might be directly related
to degeneration of cartilage, leaving open which comes first or
whether cartilage and bone changes simply coincide. Analyzing the
exact changes of the subchondral bone in relation to cartilage
degeneration and unloading, can bring us closer to unraveling the
complex pathogenesis of the interaction between bone and carti-
lage in OA. Moreover, this knowledge might be of relevance in the
design and interpretation of studies on bone turnover (or inter-
fering with bone turnover) in the treatment of OA.

Our hypothesis is that thinning of the subchondral plate directly
relates to cartilage degeneration while a decrease in trabecular
volume is solely under influence of (un)loading. To study this
hypothesis subchondral bone changes in relation to cartilage
damage were evaluated in the canine anterior cruciate ligament
transection (ACLT)-meniscectomy model. This model has intra-
joint variables with respect to cartilage damage and loading,
characterized by predominantly medial cartilage damage, obvious
unloading of the lateral compartment in addition to generalized
unloading of the joint.

Materials and methods

Animals

Thirteen skeletally mature medium-size dogs, average body
weight (�S.E.M.) of 25�1 kg, were obtained from a commercial
laboratory-animal breeding facility (seven males, six females;
mean age (�S.E.M.) of 26� 4 months). All dogs were without any
clinical and radiological signs of orthopedic disorders. The Utrecht
University Ethical Committee for Animal Care and Use approved
the study. During the study, the dogs were individually housed in
indoor/outdoor pens, and were fed a standard diet with water ad
libitum. In the 8 weeks prior to the surgical induction of OA, the
dogs were trained to run on a treadmill.

Induction of OA

Joint degeneration was induced in the right knee (i.e., the
experimental joint) by ACLT17 combined with medial meniscec-
tomy (ACLT-MX)18 under standard anesthesia. After a lateral para-
patellar arthrotomy, the anterior cruciate ligament was excised,
followed by careful loosening and removal of the medial meniscus.
Care was taken to minimize bleeding and soft tissue damage and to
avoid damage to the cartilage of the femoral condyles and tibial
plateau. The joint capsule and subcutaneous tissue were closed
separately and the skin was sutured. The left knee (i.e., the
contralateral joint) served as an internal (unoperated) control. The
animals received analgesics the first 3 days after surgery and
antibiotics the first 5 days after surgery according to standard
procedures. After a recuperation period of 2 weeks, the dogs were
exercised on a treadmill for 10 min, 5 days a week at a speed of
approximately 3 km/h.
Cartilage analysis

At the end of the experiment, 12 weeks after OA induction, the
dogs were euthanized with an intravenous overdose of pentobar-
bital. Both hind limbs were removed immediately. The knee joints
were opened and cartilage tissue was collected from the tibial
plateau and processed within 2 h after euthanasia under laminar
flow conditions.

Microscopy of the cartilage degeneration was performed on two
samples from predefined weight-bearing locations19 from both the
medial and lateral compartment of the tibial plateaus of all animals
[see Fig. 1(a)]. Samples were fixed in 4% phosphate-buffered
formalin (pH 7.0) containing 2% sucrose. Sections were embedded
in paraffin, stained with safranin-O-fast-green iron haematoxylin
and scored blinded and in random order by two independent
observers using slightly modified20 criteria of Mankin21 (a
maximum score of 11). The scores of the two samples of the two
observers were averaged for each of the two compartments for
each joint and the average of all animals was used for data
presentation and statistical evaluation.

Biochemically assessed cartilage matrix proteoglycan (PG) content
was determined from three explants of each of the two tibial
compartments from predefined locations, all handled individu-
ally19. The locations in the experimental OA joint were identically
paired with the same location in the contralateral control joint. The
average of each of the three samples was taken as a representative
for each of the two tibial compartments and was used for statistical
analysis (with n¼ 13 for the number of animals). To measure the PG
content of the cartilage samples, glycosaminoglycans (GAGs) were
precipitated from a papain digest of cartilage samples and stained
with Alcian Blue. Blue staining was quantified photometrically by
the change in absorbance at 620 nm with chondroitin sulfate
(Sigma C4384) as a reference value. Results were normalized to the
wet weight of the cartilage explants and expressed as mg GAGs per
gram wet weight of tissue20.
Micro-CT analysis

For the micro-CT analysis all soft tissue was removed from the
tibial bone. The proximal part of the tibia was scanned in a micro-
CT scanner (Skyscan 1076, Skyscan, Antwerpen, Belgium) at
a resolution of 18 mm. The reconstructed data set was segmented
with a local threshold algorithm22.

In both the medial and the lateral part of each scan, a cylinder
with a diameter of 4.0 mm and a height of 3.5 mm (medial) and
3.1 mm (lateral) was selected. Cylinders were selected by two
observers and results were averaged. The cylinders were located in
the middle of the load-bearing areas using anatomical landmarks;
middle of the line between the most proximal border and most
caudal border, osteophytes not included [Fig. 2(b)]. Each cylinder
contained trabecular bone covered by subchondral plate. The
trabecular bone and the subchondral plate were separated auto-
matically using in-house software (ErasmusMC, Rotterdam)22.
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Fig. 1. a. Representative micrographs of histology. Insert: sample locations at the tibial plateau. Cartilage degeneration is represented by histological damage (b) and a decrease in
PG content (c). Each bar represents the mean change (�S.E.M.) between experimental and control joint (absolute change for the histology and percentage change for the PG content)
for the lateral (lat) and medial (med) compartment. (* indicates statistical significant difference of P< 0.05 and ** indicates P< 0.01).
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For the subchondral plate, the three-dimensional plate thick-
ness (PlTh) and the plate porosity (PlPor), describing the ratio of the
volume of the pores in the plate over the total volume of the plate,
were calculated.
Fig. 2. Subchondral plate changes. a. Representative micro-CT images of the lateral and medi
on the weight-bearing area of the tibial plateau. c. Plate thickness (PlTh) and d. Plate poro
control joint (percentage change of PlTh and PlPor) for the lateral and medial compartmen
Several parameters were analyzed from the trabecular bone;
bone volume fraction, which describes the ratio of bone volume
over tissue volume (BV/TV), three-dimensional trabecular thick-
ness (TbTh)23 and structure model index (SMI), a quantification of
al subchondral plate of the control and experimental joint. b. Cylinder location; centred
sity (PlPor), each bar represents the mean change (�S.E.M.) between experimental and
t (* indicates statistical significance of P< 0.05).
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the trabecular bone structure24 with a rod-like structure providing
an SMI value of 3, a plate has an SMI value of 0, and a structure with
closed holes (Swiss cheese like) has a negative value.

Statistical evaluation

For differences between the contralateral control and experi-
mental OA joints, paired non-parametric evaluation was performed
using Wilcoxon signed rank test. These changes were expressed as
percentages for each animal and the average percentage change of
the medial side was compared to the lateral side by paired non-
parametric evaluation. Non-parametric correlation coefficients
(Spearman) were calculated for comparison of the changes in bone
and cartilage characteristics.

Results

Cartilage analysis

Microscopic evaluation revealed the characteristic loss of
safranin-O staining, fibrillation of the articular surface, and chon-
drocyte clustering in the experimental knee compared to the
contralateral control knee in both the lateral and medial
compartment [Fig. 1(a)]. Histological cartilage damage in the
experimental joints was statistically more severe on the medial side
when compared to the lateral side [Fig. 1(b)] while there was no
significant difference in histological grading between both sides of
the control joint (Table I). These degenerative microscopical
features were corroborated by a decrease of PG content, repre-
senting loss of cartilage integrity [Fig. 1(c)]. The PG content of the
experimental knee was significantly lower than that of the control
knee in both compartments of the tibial plateau (Table I), with
statistically more severe PG-loss in the medial compared to the
lateral compartment [Fig. 1(c)].

Micro-CT analysis

Subchondral plate
The subchondral plate thickness decreased drastically in the

medial compartment of the experimental knee compared to the
control knee (Table I). Surprisingly, no statistically significant
change was present in the lateral compartment of the tibial
plateau; there was even a trend (although not statistically
Table I
Mean values (�S.E.M.) of the different parameters from the medial and lateral
compartment of the contralateral control knee (C) and experimental (OA) knee

Tibia Lateral Medial

C E C E

Histology (Mankin grade) Mean 1.78 3.40 1.60 5.06
S.E.M. 0.19 0.23 0.28 0.32

PG content (mm/mg wet weight) Mean 31.57 26.22 38.64 27.08
S.E.M. 2.39 1.89 2.04 1.05

BV/TV Mean 0.45 0.37 0.44 0.41
S.E.M. 0.01 0.01 0.01 0.01

SMI Mean 0.34 1.02 0.47 0.71
S.E.M. 0.11 0.09 0.13 0.07

TbTh (mm) Mean 178.76 152.71 164.54 157.58
S.E.M. 6.59 4.56 6.09 2.53

PlTh (mm) Mean 184.97 186.81 215.89 147.95
S.E.M. 19.48 20.60 36.11 22.76

PlPor (% of total volume) Mean 6.32 6.21 10.25 15.72
S.E.M. 0.99 1.24 1.98 3.49
significant) towards an increase in plate thickness [Fig. 2(c)]. The
difference between both compartments was almost statistically
significant (P¼ 0.06). In the control joint there was no statistical
difference between the medial and lateral side (Table I), although
there was a trend the plate was thicker medially.

The plate porosity did show a clear trend towards an increase on
the medial side [P¼ 0.08; Fig. 2(d)] whereas no change was
observed in the lateral compartment. The change between the
medial and lateral compartment was statistically significantly
different.

Trabecular bone
The subchondral trabecular bone showed a statistically signifi-

cant decrease in BV/TV in both the medial and lateral compartment
compared to the control joint [Table I, Fig. 3(a)]. However, this
decrease was much larger at the lateral side (statistically signifi-
cant) which contrasts the subchondral plate and cartilage changes.
In addition, trabecular thickness and SMI showed statistically
significant changes on the lateral side compared to the control
knee, which were absent in the medial compartment [Table I,
Fig. 3(b and c)]. The difference between the lateral and medial
compartment in the OA induced joint was statistically significant
for both parameters. Whereas there was no difference between the
medial and lateral side in the control joint (Table I).

Correlation between cartilage damage and bone characteristics

The individual change in histological cartilage damage and
percentage change of PG content were correlated with the
percentage change of subchondral plate thickness and plate
porosity. Cartilage histology showed a negative correlation (P-
value: 0.085) with the plate thickness, indicating that increasing
cartilage damage correlated with a decrease in plate thickness
[Fig. 4(a)]. Plate porosity correlated positively with histological
cartilage damage indicating that increasing cartilage damage
correlated with an increase in plate porosity [Fig. 4(b)]. The
decrease in PG content showed similar correlations; a decrease in
cartilage content was related to a thinning [Fig. 4(c)] and increasing
porosity of the plate [Fig. 4(d)] both correlations being statistically
significant.

The correlations for trabecular changes with cartilage changes
and with plate changes showed weak and inconsistent results
suggesting the absence of a clear relation with a clear direction.

Discussion

This study compares cartilage degeneration with subchondral
plate and trabecular bone changes in an intra-articular asymmetric
ACLT-menisectomy model of OA with predominately cartilage
degeneration in the meniscectomized medial compartment. The
lateral compartment is relatively more unloaded, due to the created
varus angle (Fig. 5) in addition to overall unloading of the affected
limb due to the joint instability18.

Significant changes in cartilage degeneration in the more loaded
medial compartment coincided with severe thinning of the sub-
chondral plate. There is a lack of plate thinning in the lateral
compartment coinciding with only moderate cartilage degenera-
tion. This contrasts the decrease of trabecular volume, mainly
present in the unloaded lateral compartment. Despite overall limb
unloading, local peak loads might counteract the decrease of
trabecular volume at the medial side.

In all experimental models of OA, the natural loading pattern of
the affected limb is disturbed, viz. overall diminished. This can be
the result of pain, an altered loading axis, instability, or other
influences on joint function. Bone is affected by the changes in
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loading. Especially the trabecular structure adjusts quickly to
changed mechanical demands. Due to decreased weight-bearing of
an extremity, the trabecular volume decreases, characterized by
thinner and fewer trabeculae. In addition, the shape of the
trabeculae and the direction of trabecular structure alters, adjusting
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to the forces it has to sustain25. Boyd described changed mechanical
capacities of cancellous bone in the canine ACLT model due to bone
architecture adaptation26. The subsequent change in tissue elastic
modulus was confirmed by Day7. It was postulated that the dis-
rupted mechanical characteristics of cartilage and bone may lead to
Histology/Plate Porosity

-100
-50

0
50

100
150
200
250
300
350

0 2 4 6 8
Mankin (change )

R=0.406*

P
o

r
o

s
i
t
y
 
(
c

h
a

n
g

e
 
%

)

b

PG-content/Plate Porosity

-60 -40 -20 0 20 40

P
o

r
o

s
i
t
y
 
(
c

h
a

n
g

e
 
%

)

R=-0.520**

-100

-50
0

50
100
150
200
250
300
350

PG-content (change %)

d

te for the lateral and medial compartment (* indicates statistical significance of P< 0.05



Fig. 5. Schematical overview of changes in the ACLT-meniscectomy model. Cartilage
damage is present in both the medial and lateral compartment, but more severe on the
medial side where the meniscus is removed. Thinning and increasing porosity of the
subchondral plate coincides with cartilage degeneration on the medial side (inset).
Laterally, trabecular bone decreases (�), a sign of unloading, either by total paw
unloading or locally due to the varus angle (arrows). These trabecular changes do not
occur on the medial side (¼/�) where removal of the meniscus increases local (peak)
load on the bone, counteracting overall unloading.
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an overshoot resulting in stiffened sclerotic trabecular bone in the
end. The suggestion of an increase in trabecular volume following
the primary decrease of trabecular volume was confirmed in
several studies27–29. According to this sequence of bone changes, it
can be argued whether in the present study, in the medial and
lateral compartment, different stages of OA development were
observed, instead of differences due to loading. Additional time
points are needed to elucidate this possibility.

The observed changes in trabecular structure in the lateral
compartment corresponded to features resulting from less loading,
overall and locally due to the functional varus angle. Lindsey
described a similar phenomenon30. In human OA, articular cartilage
thinning was associated with trabecular bone loss in the opposite
compartment. In addition, it has been demonstrated that trabecular
bone change does not correlate with joint space narrowing31,
suggesting that cartilage damage is not directly related to cancel-
lous bone changes.

The absence of trabecular changes on the medial side means
that locally trabecular bone is less unloaded. Load distribution over
the joint surface is significantly disturbed due to the absence of the
meniscus resulting in increased local peak loads32. These peak
loads probably balance the overall unloading of the joint due to the
OA induction, preventing trabecular bone to change. The tibial
plateau was specifically chosen for analysis because a more or less
fixed area on the plateau is loaded while loading and shear stresses
in the condyles are distributed over a larger, less defined area,
inducing undesired variation in bone and cartilage outcome
parameters. Hayami also described trabecular bone parameters in
the medial compartment of the ACLT-meniscectomy model15. In
contrast to our results, a decrease of trabecular volume using his-
tomorphometric analysis was observed. These conflicting results
could be due to species differences. On the other hand, it might well
be that the observed changes in the rat reflect mean changes of the
whole tibial plateau and are not specific for the weight-bearing
locations analyzed in our study.

Although unloaded, the lateral compartment demonstrates
cartilage damage. It is well known that both a meniscectomy and
ACLT are responsible for progressive cartilage degeneration3.
Importantly, due to ACLT the shear stresses in both compartments
increase. Additionally, there is an inflammatory (tissue destructive)
component throughout the joint, adding to general cartilage
damage33. Although absolute changes between studies remain
difficult to compare, the degree of cartilage degeneration in the
lateral compartment is comparable to previous studies in the ACLT
model without meniscectomy16,19. This suggests that even though
this compartment in the present study is probably additionally
unloaded due to the created varus angle, the increase in shear
stresses and the inflammatory component are still responsible for
cartilage degeneration in this compartment. The diminished
loading on its own apparently cannot prevent cartilage
degradation.

On the medial side, plate thinning coincided with severe carti-
lage damage. The degeneration of cartilage alters its mechanical
properties. It is likely that degradation of mechanical characteris-
tics causes an increase in load on the underlying bone, leading to
a higher demand and subsequent increased thickness of the plate
(and counteracting trabecular bone impairment; see above). Bot-
ter34 and Wu35 have already described a correlation between
cartilage damage and bone plate changes. But opposed to our
results they observed a correlation between cartilage degradation
and increase in plate thickness, whereas in the present study plate
thinning related to cartilage damage. The discrepancy could be
related to differences in the models used, (ADAMTS5 knockout
mice and varus osteotomy in rabbits) and to the stage of OA
development (early vs late OA).

The process of plate thinning underneath damaged cartilage
suggests that mechanisms other than biomechanics are involved.
Nowadays it is generally appreciated that there is a chemical
interaction between bone and cartilage. It has been reported
recently that fluids can flow through cartilage and bone, crossing
the tidemark. The hydraulic conductance increases with progres-
sion of OA36, allowing destructive mediators to enter bone more
easily in advanced stages of cartilage damage. These mediators may
initially activate bone turnover in favor of resorption37. Among
others, RANKL, TNFa or IL-6 might be involved. They are produced
in high amounts by inflamed synovial tissue and OA cartilage38 and
are known to play a role in bone resorption37,39.

In later phases of OA, mechanically induced bone remodeling
may take over leading to the generally known sclerosis, including
plate thickening and increased trabecular bone formation as seen in
end stage OA.

The presence of cartilage damage at the lateral side without
detectable plate thinning might be explained by a certain threshold
of cartilage degeneration before plate changes can be induced.
Moreover, loading of the cartilage (stronger at the medial side) may
be essential for the release and/or transport of factors to the sub-
chondral bone. This is corroborated by the more severe plate
thinning in bilateral models of OA compared to unilateral models
(personal observations) where loading of the joint is maintained as
unloading of both hind limbs is more difficult. In ACLT joints
exposed to forced mobilization, cartilage degradation coincided
with increased plate thinning and plate porosity40. The increased
plate porosity might add to the availability of cartilage-derived
bone-destructive mediators.

Assuming loading is involved in changes of subchondral bone,
the influence of pain medication and physical therapy in treatment
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of OA might (in addition to its supposed benefits) have additional
adverse effects due to increased loading. This is supported by
Appleton40 and O’Connor41 who demonstrated increased bone
changes and cartilage degeneration resulting from increased
loading of the affected joint.

Additionally, from these observations we can conclude that
cartilage damage can precede plate thinning (lateral side), con-
trasting previous reports42. Apparently, the sequence of events is
not definite.

The use of one animal model, and especially a traumatic model
like the canine ACLT-meniscectomy model, just represents one
origin of OA pathogenesis. As stated in the introduction, various
roads lead to a common outcome of severe end stage OA with
common features. However, the path of development might not be
common. In the ACLT model a specific way of OA induction in
a specific joint is reflected. Another model of OA, a collegenase
injected model, not only showed plate thinning in the medial
compartment coinciding with cartilage degeneration but also in the
lateral compartment where no cartilage damage was present12,13.

Involvement of bone turnover might be a target for treatment of
OA. However, the present study, although limited to a single animal
model, clearly demonstrates that at least in early OA this is
a complex approach. In late-stage disease with subchondral scle-
rosis (plate thickening and increase of trabecular bone volume),
approaches such as the use of bisphosphonates arresting further
sclerosis have moderate results43,44. Administration of bisphosph-
onates early in the disease did not result in less bone resorption45.
But most important, the role of early plate thinning is unclear. Does
the process of early thinning promotes further joint damage, or is it
a natural protective event? However, other studies interacting with
bone resorption46,47 by administration of calcitonin early in the
disease, show that less bone resorption coincides with less cartilage
damage. Chemical interactions between cartilage and bone need
further study to evaluate whether specific targets are of relevance.
Overall, the fact that plate thinning and loss of subchondral
trabecular bone are differently regulated and are a localized
phenomenon within the osteoarthritic joint should be taken in
account when designing and interpreting studies interfering with
bone turnover in treatment of OA.
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