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Abstract

Ovariectomized (OVX) sheep are now considered to be useful models for a variety of metabolic bone disorders.
The specific aim of this study was to determine the effects of ovariectomy on the structural parameters and
material density of the subchondral bone of the ovine tibial plateau as measured by microcomputed tomo-
graphy (MicroCT). Twenty-three sheep were examined in this study; 10 of the sheep underwent ovariectomy
(OVX), and the remainder (n =13) were kept as controls (CON). These animals were then sacrificed at
12 months post-operatively. Three-dimensional analyses were performed of osteochondral samples (15 mm
deep) which were obtained from the medial tibial plateau using MicroCT. Bone volume fraction of the sub-
chondral trabecular bone was reduced in the ovariectomized sheep as compared to control animals (0.439 vs.
0.483, P = 0.038). Trabeculae were also significantly thinner in the OVX group (0.220 vs. 0.252 mm, P = 0.010),
with reduced connectivity density (7.947 vs. 11.524 mm~3, P = 0.014). There was a trend towards lower numbers
of individual trabeculae present in the OVX group as compared to controls, but this did not reach significance
(2.817 vs. 3.288 mm~', P = 0.1). There was also increased trabecular separation in the OVX group, which again
fell short of significance (0.426 vs. 0.387 mm, P = 0.251). There was no difference in hydroxyapatite concentra-
tion (HA) between the two groups (929 vs. 932 mgHA cm~3, P = 0.687). In conclusion, significant alterations of
the trabecular architecture under the tibial plateau were observed following 12 months of oestrogen-deficiency
in this ovine model. Despite these marked morphological and structural density differences, the material densi-
ties were equal in the two groups.
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et al. 2009; Kennedy et al. 2009a). A number of musculo-
skeletal similarities exist between the human and ovine
skeletons (Osterhoff et al. 2011) and the ovine bone remod-
elling cycle is comparable to that of humans, being of

Introduction

The skeleton is in a constant state of flux, adapting its form
in response to alterations in dynamic load (Wolff, 1870) and

also repairing or replacing bone damaged at an ultrastruc-
tural level (Burr, 2002). Ovariectomized (OVX) sheep are
now considered to be useful models for a variety of meta-
bolic bone disorders, including bone mineral density loss,
osteoporosis and alterations in trabecular bone architecture
associated with oestrogen deficiency (Thorndike & Turner,
1998; Johnson et al. 2002; Newton et al. 2004; Brennan
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approximately 3 months’ duration (Lee et al. 2002). The
alterations typically observed post-ovariectomy include a
reduction in bone volume fraction (BV/TV), a reduction in
the number of trabeculae, a reduction in the thickness of
the individual trabeculae and an increased distance
between them (Turner et al. 1995; Jiang et al. 2005). The
effects of interventions such as ovariectomy on cortical
bone are less extensively documented. Cortical porosity
does increase in the diaphysis of the ovine metatarsal 1 year
post ovariectomy (2.07 vs. 1.04%) (Kennedy et al. 2009b).

It has been documented that there can be a large degree
of variability within the skeleton regarding trabecular, and
cortical, structure depending on the bone sampled (Mitton
et al. 1998; Rubin et al. 2002; Cornish et al. 2006), and even
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between specific sites within the same bone (Cornish et al.
2006; Kennedy et al. 2009a). Previous studies using an ovari-
ectomized ovine model to investigate osteoporosis within
our own unit have confirmed that bone turnover is signifi-
cantly elevated at 12 months post-ovariectomy (Kennedy
et al. 2009b), with a trend towards reduction in bone vol-
ume fraction and trabecular thickness at a number of sites
(Brennan, 2008; Kennedy et al. 2008). This current study is
now using this same ovine model to examine the trabecular
bone structure in yet another site — the tibial subchondral
bone, as some authors have hypothesised that alterations
in the microstructure of this region may play a role in
the development of osteoarthritis (Karvonen et al. 1998;
Kawcak et al. 2001; Burr, 2004).

The use of the ovine model to investigate osteoarthritis is
not new. The ovine stifle joint may be considered to be a
1 : 3 scale model of the human knee joint, with only minor
morphological exceptions (Osterhoff etal. 2011). Most
ovine studies in the past have typically induced osteoarthri-
tis in this joint by means of an experimental injury; monoar-
ticular studies may do this by means of causing an injury to
an articular structure, such as meniscectomy, in order to de-
stabilise the joint, or by placing the joint under abnormal
mechanical loading (Pritzker, 1994; Little et al. 1997; Hwa
et al. 2001; Parker et al. 2003; Little & Smith, 2008). The use
of ovariectomy alone as a model of osteoarthritis is a rela-
tively recent addition to the literature, however. Ovariec-
tomy has been shown to have a detrimental effect on the
structural, material and biomechanical properties of ovine
articular cartilage (Turner et al. 1997; Cake et al. 2005). Fur-
ther studies have shown that these effects are ameliorated
by post-operative oestrogen replacement therapy (Turner
et al. 1997; Parker et al. 2003; Sniekers et al. 2008).

Given the expanding literature regarding osteoarthritic
changes within the cartilage of the stifle joint following
ovariectomy, we feel that investigation and quantification
of alterations in the subchondral bone structure following
this procedure, independent of any additional pathophysio-
logical changes, is of importance to establish the natural
history of bone turnover and microstructural changes in this
model. Post-ovariectomy subchondral bone changes have
been documented in very few studies to date (Waarsing
et al. 2004; Little & Smith, 2008), and not as yet in an ovine
model. Specifically, this study aims to provide a comparison
of the subchondral bone in control and ovariectomized
sheep with regard to a number of structural parameters, at
1 year post-ovariectomy.

Materials and methods

Animals and study design

Twenty-three skeletally mature ewes were included in this
study; approval was obtained from the ethics committee in the
School of Veterinary Science in University College Dublin and an

animal licence, number B100/2443, was granted by the Depart-
ment of Health under the Cruelty to Animals Act, 1876. The pre-
cise age of the animals was not known but the range was
between 5 and 9 years. Animals were randomly allocated to
ovariectomized or control groups; ovariectomy was performed
on 10 of the sheep (OVX), and the remainder (n = 13) were kept
as controls (CON). The sheep were kept at pasture for
12 months and then sacrificed. Bones were immediately har-
vested and stored at —20 °C.

Specimen preparation

Removal of the plateau from the intact ovine tibia was initially
performed using a Struers Minitom Diamond Saw. The intact
tibia was placed in the specimen holder of the Diamond Saw,
and the proximal 1.5-2 cm of the tibia removed. Following this,
further cuts were made using the Diamond Saw to remove a
7 x 5 mm osteochondral specimen (ca. 15 mm deep) from the
anterior aspect of the medial plateau (Fig. 1).

Microcomputed tomography (MicroCT)

Three-dimensional analyses were performed of these specimens
using desktop microcomputed tomography (uCT40; Scanco
Medical, Basserdorf, Switzerland). Specimens were placed in a
20.5-mm diameter polyetherimide specimen holder, and secured
in position using synthetic foam. Care was taken to ensure that
all specimens were orientated identically: specimens were
placed with the anterior surface facing inferiorly; the subchon-
dral plate of the specimen faced into the MicroCT; rotation of
the specimen was eliminated. The scan was performed at 8 um
resolution, with a beam intensity of 70 kVp (/ = 114 pA) and a
scan integration time of 230 ms (Bouxsein et al. 2010). The Mi-
croCT was routinely calibrated with a phantom containing
hydroxyapatite (HA) densities of 0, 100, 200, 400 and
800 mgHA cm~3, so that HA concentration of the specimens
could be ascertained. The MicroCT initially performed a ‘scout
view' of the specimen. Reference lines were then placed
4.16 mm (416 slices) apart; the resultant scan time for each spec-
imen was ca. 36 min.

—7 mm—=

Lateral intercondylar
tubercle

Medial intercondylar

~15 mm

Superior view Posterior view

Legend: Abbrev.
Articular cartilage = AC
Subchondral plate/cortical bone = SCP
Subchondral trabecular bone stz STB

Fig. 1 Osteochondral specimen from Ovine Stifle joint.
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Fig. 2 Definition and reconstruction of the
Volume of Interest within the Osteochondral
specimen for analysis on MicroCT.

For analysis of the subchondral trabecular bone, a volume of
interest (VOI) was defined within the sample. A 7 x 5-mm area
(700 x 500 voxels) was taken from each complete 2D slice,
beginning 1.5 mm below the nadir of the chondral surface of
each individual slice (Fig. 2). A global thresholding system was
used; specifically, a threshold value of 210 was applied, with a
sigma of 0.8 and a support value of 1. These were then recon-
structed into a 3-dimensional image by the scanco software, with
automated analysis of standard morphological parameters and
hydroxyapatite concentration. The thickness of the subchondral
plate was measured on 10 random 2-dimensional sections of
each specimen; the mathematical mean of these measurements
was then adjudged to be the subchondral thickness of the speci-
men.

Statistical analysis

sigMAsTAT version 3.00 (SPSS Inc.) was used for statistical analysis.
All datasets were initially analysed for normality and equal vari-
ance. A t-test was performed if the appropriate criteria were
met (P> 0.05 and P = 0.10, respectively); if either criterion was
not met, a Mann-Whitney U-test was performed instead. Differ-
ences were considered significant for values of P < 0.05. With
regard to power analysis, the majority of analyses reached the
desired power of 0.800. For trabecular analysis, the only failure
was the analysis of hydroxyapatite concentration — Power of
performed test with alpha = 0.050: 0.050; the power of the
analysis of subchondral plate thickness was also low, however,
at 0.300 (desired power with alpha = 0.050 is 0.800).

Results

On examination of the subchondral bone microstructure,
quantifiable differences were found between the two
experimental groups. Bone volume fraction of the subchon-
dral trabecular bone was assessed as the fraction of bone
volume per total volume (BV/TV); this was lower in ovariec-
tomized animals than in the control group, and this differ-
ence reached statistical significance (0.439 vs. 0.483,
P = 0.038, Mann-Whitney U-test; Fig. 3).

Trabecular thickness was also observed to be reduced in
the ovariectomized group, as shown in Fig. 3B (0.220 vs.
0.252 mm, P = 0.010, Mann-Whitney U-test); this difference
was statistically significant. Connectivity density (a measure
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3D reconstruction of VOI

of the number of connections between trabeculae present
per mm?) was also significantly reduced in the ovariecto-
mized group (7.947 vs. 11.524 mm~3, P =0.014, Mann-
Whitney U-test).

When the number of individual trabeculae present per
mm was examined, there was a trend towards a lower
number being present in the ovariectomized group than in
the control group (2.817 vs. 3.288 mm™', P=0.1, Mann-
Whitney U-test; Fig. 3C); however, this failed to reach signif-
icance. The median distance between the individual trabec-
ulae (trabecular separation or Th.Sp.) was observed to be
greater in the ovariectomized group, although this again
failed to reach significance (0.426 vs. 0.387 mm, P = 0.251,
Mann-Whitney U-test).

Given all of the above structural differences between the
two study groups, it is perhaps unsurprising that there was
also a significant difference in the structural model index
(SMI) (=1.159 vs. —0.822, P = 0.041, t-test; 95% confidence
interval for difference of means: 0.0160-0.658; Fig. 3F).
While SMI is often described as a value from 0 to 3 (an ideal
plate and cylinder, respectively), a negative SMI may be
seen in dense bone, and indicates that there are more con-
cave than convex surfaces present (Issever et al. 2003). As
such, it is sensitive to relative volume changes; dilatation of
an enclosed space will cause SMI to become increasingly
negative.

Finally, when the hydroxyapatite concentration of the
trabeculae was ascertained (this being used as an indirect
measurement of the material density of the bone) it was
revealed that there was no variation in this parameter
between the two groups, despite the aforementioned
marked morphological and structural density differences
observed (929 vs. 932 mgHA cm™3, P = 0.687, t-test; 95%
confidence interval for difference of means: -1.315 to
16.846).

The subchondral plate was observed to be thinner in
OVX sheep than in controls, but this result fell just short of
significance (1.326 vs. 0.992, P =0.08, t-test; 95% confi-
dence interval for difference of means: —0.0432 to 0.712).
As previously stated, however, the power of this test was
extremely low. The hydroxyapatite concentration of the
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Fig. 3 Analysis of Microstructural Properties. (A) Bone Volume fraction. (B) Trabecular thickness. (C) Connectivity Density. (D) Trabecular number.

(E) Trabecular separation. (F) Structural Model Index.

subchondral plate revealed no variation between the two
groups (994.8 vs. 996.3, P = 0.868, t-test).

Discussion

Ovariectomy is now being employed by some centres as an
animal model for investigation of osteoarthritis, in addition
to its more established role as a model for osteoporosis
(Thorndike & Turner, 1998; Johnson et al. 2002; Newton
et al. 2004; Little & Smith, 2008; Brennan et al. 2009;
Kennedy et al. 2009a; Osterhoff et al. 2011). This procedure
has been shown to have a detrimental effect on the
structural, material and biomechanical properties of ovine
articular cartilage (Turner et al. 1997; Cake et al. 2005).
However, the effects of ovariectomy in isolation on the
subchondral bone structure have not been documented
extensively to date. Age-related alterations in the structure
and material properties of the subchondral trabecular bone
in the human proximal tibia have been investigated within
a small number of studies, although for analysis purposes
subjects were divided purely into groups based upon age,
which included both genders (Ding et al. 1997, 2002). Bone
volume fraction and trabecular thickness were found to
decrease significantly after the age of 60, with the trabe-
culae shifting from a plate-like to a rod-like microstructure
(Ding et al. 2002).

One of the handful of studies to examine subchondral
trabecular changes post-ovariectomy is a longitudinal study
in rat tibiae, performed using in vivo MicroCT scanning
(Waarsing et al. 2004). When examining the epiphyseal

bone, there was a 25% reduction in the trabecular bone
volume of the ovariectomized rats at 4 weeks; this
increased to 30% at 10 weeks. While this was predomi-
nantly due to initial thinning of the trabeculae in the first
4 weeks (130-116 um), a gradual increase in the thickness
of the few remaining trabeculae from week 4 to week 14
was observed (116-122 um). In contrast, the sham-operated
rats showed no changes in bone volume over the course of
the study, and the trabeculae showed a mild thickening
(116 mm to 121 um).

Our data were consistent with these findings; we also
demonstrated a significant reduction in the trabecular bone
volume fraction in ovariectomized animals as compared to
the control group (0.439 vs. 0.483, P =0.038). It is well
established that oestrogen withdrawal by ovariectomy
results in substantial increases in basic multicellular unit
(BMU) activation, which is responsible for bone remodel-
ling, within 12 months (Newman et al. 1995; Kennedy et al.
2009b), particularly so in epiphyseal regions, where consid-
erable volumes of bone marrow are present. The subchon-
dral bone region is one of relatively high density (reflected
in the negative SMI data) (Issever et al. 2003), thus this
region has a considerable trabecular surface area on which
newly activated BMUs could act. It follows intuitively that
increased bone remodelling in a region densely packed
with trabeculae would result in reduced bone volume
fraction, without necessitating a corresponding reduction
in trabecular number.

Indeed, this hypothesis is further supported by our find-
ing of a significant reduction in trabecular thickness within

© 2011 The Authors

Journal of Anatomy © 2011 Anatomical Society of Great Britain and Ireland



our ovariectomized sheep as compared to controls, with an
increase in the distance between individual trabeculae
(Th.Sp.). These data compare favourably with findings from
other established models of osteoarthritis examining these
parameters. The intra-articular collagenase injection osteo-
arthritis model in high-bone mass (C3H/Hel) mice also
shows thinning of subchondral trabeculae and increased
trabecular spacing after 4 weeks (Botter et al. 2008). A
canine anterior cruciate ligament transaction model (ACLT)
has shown similar findings, with trabeculae being signifi-
cantly thinner in the operated, osteoarthritic knee (as com-
pared to contralateral) for up to 54 months post ACLT
(Dedrick et al. 1993). However, these findings do vary some-
what. A guinea pig model (hindlimb) also recorded initial
thinning of the trabeculae, but this was then followed by
subsequent trabecular thickening, but these animals were
not skeletally mature (Layton et al. 1988). It should be
noted, however, that the local effects of osteoarthritis
induced by ovariectomy and those induced by alteration of
the mechanical loading of the joint (i.e. by meniscectomy)
may be quite different (Pajamaki et al. 2008).

Despite the marked morphological and structural density
differences observed, the material density of the trabecular
bone (i.e. hydroxyapatite concentration) was equal at
1 year in both the control and the ovariectomized animals.
Therefore, despite the increased turnover and morphologi-
cal changes occurring, the mineralization was unaltered,
suggesting that while osteoclastic activity was ongoing to
reduce the bone volume fraction, very little new young
undermineralized tissue is being deposited in compensation.

As stated, this study was performed to examine the
natural history of structural alterations within the tibial
subchondral trabecular bone post-ovariectomy, in view of
the increased use of this procedure as a model for the
development of osteoarthritis within the stifle joint. Some
authors now question whether the changes in the under-
lying subchondral bone may actually precede the damage
seen within the articular cartilage (Radin & Rose, 1986;
Karvonen et al. 1998; Kawcak et al. 2001; Burr, 2004).
Certainly, once osteoarthritis is established, whatever the
initiating cause, there is absolute consensus that subchon-
dral alterations do occur, which will then have a consider-
able effect on the stresses within the overlying cartilage
(Karvonen et al. 1998; Burr, 2004).

This study had a number of limitations. First, the study
population was non-uniform; for reasons of availability,
mixed breeds of sheep were used in this experiment. Differ-
ent breeds may have different natural metabolic states and
also different metabolic responses to ovariectomy, which
could affect the structural parameters investigated. Addi-
tionally, while all animals were skeletally mature (with an
age range of between 5 and 9 years) the precise age of
each sheep was undocumented and unobtainable. Also,
while initial power analysis and sample size calculations
were performed in advance of purchase, these were deter-
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mined based on the use of these animals as a model of oste-
oporosis, not osteoarthritis. However, on statistical analysis,
the vast majority of tests reached the desired power of
0.800, the only exception being analysis of trabecular
hydroxyapatite concentration as previously described. Of
note, while seasonal variations in ovine bone turnover due
occur, due to the longer oestrous cycles present in these
animals during the summer months as compared to the rest
of the year, all animals were sacrificed on the same (Novem-
ber) day, so any effects from this physiological variable
should be minimised (Kennedy et al. 2009b).

In conclusion, this study shows significant alterations
within the subchondral trabecular architecture at 1 year
post-ovariectomy, with reduced bone volume fraction, thin-
ning of individual trabeculae and an increase in trabecular
separation. In light of the fact that the ovariectomized ewe
has been proven to be a valid model for osteoarthritis
(Turner et al. 1997; Cake et al. 2005), the role that these
microstructural alterations may play in the pathophysiology
of osteoarthritis warrants further consideration.
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