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Abstract
Summary This study delineates the time sequence of changes in bone tissue mineralisation in ovariectomised rats. We report that
changes in bone mineral distribution arise secondary to the initial rapid bone loss but coincide with trabecular thickening. We
propose that these changes compensate for elevated stresses in remaining trabeculae after bone resorption.
Introduction Recent studies have shown that osteoporosis is not simply a disease of bone loss and microarchitectural degradation
but that important changes in tissue composition also occur. Such changes may be a secondary response to early bone loss, but the
time sequence of changes in bone mineral distribution is not fully understood. The objective of this study was to quantify the
temporal effects of estrogen deficiency on trabecular mineral distribution in the tibia of ovariectomised (OVX) rats.
Methods Weekly in vivo micro-CTscans and morphometric and bone mineral density distribution analyses of the proximal tibia
were conducted for the first 4 weeks of estrogen deficiency and then at 8, 14 and 34 weeks.
Results Here we report that although trabecular bone volume and architecture are significantly deteriorated within the first 4
weeks of estrogen deficiency, there is no change in the distribution of bone mineral within trabeculae during this initial period.
The rate of bone loss in OVX animals dramatically reduced between week 4 and week 14, which coincided with the initiation of
increases in trabecular thickness and mineralisation in the OVX group.
Conclusions Together this study reveals for the first time that alterations in bone mineralisation and trabecular thickening arise
secondary to the initial rapid bone loss. We propose that these secondary mineralisation changes act to reinforce the trabecular
network in an attempt to compensate for the increased loading that ensues after severe bone loss. This study provides an insight
into temporal changes in bone mineral distribution in estrogen deficiency.
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Introduction

Osteoporosis is a metabolic skeletal disorder, which is
characterised by an imbalance in the natural bone remodelling

cycle resulting in severe bone loss. The fundamental concern
with the disease of osteoporosis is that the mechanical strength
of the bone is compromised to such a degree that bone frac-
tures occur under loading conditions not associated with frac-
ture in healthy bones. The overall mechanical strength of bone
is determined by bonemass, a quantitativemeasure of the total
bone in a specific area of interest, and bone quality,
encompassing bone tissue microarchitecture, composition
and the degree of microdamage. The contribution of each of
these parameters to fracture susceptibility in estrogen deficien-
cy has been investigated to varying degrees.

Estrogen deficiency in postmenopausal women is typically
associated with reductions in bone volume and trabecular
structure [1–3]. Micro-computed tomography (micro-CT)
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and histomorphometry analyses of bone tissue from estrogen-
deficient animal post-mortem have revealed that rapid bone
loss in early estrogen deficiency occurs by means of removal
of whole trabecular elements [4], severing of trabecular struts
[3], but not trabecular thinning [5]. In vivo micro-CT studies
allow for repeated assessment of bone loss in estrogen-
deficient animals. Using such approaches it has been reported
that trabecular bone volume and microarchitecture are rapidly
depleted within the first month of estrogen deficiency in
ovariectomised rats [6–9], but studies conflict with regard to
whether this occurred bymeans of trabecular thinning [7, 9] or
targeted removal of entire trabecular struts [6, 8]. Most inter-
estingly, it was reported that trabecular thickening occurs at
later stages of estrogen deficiency [6–8]. On this basis, it was
proposed that osteoporosis was a disease of accelerated bone
metabolism and that mechanical adaptation plays a role in
trabecular thickening.

Recent studies have shown that osteoporosis is not simply a
disease of bone loss and microarchitectural degradation but
that important changes in tissue composition also occur. In a
study of quantitative backscattered imaging (qBEI) of human
osteoporotic bone tissue, the mineral content and heterogene-
ity of mineral distribution increased in individual trabeculae,
which was also shown to render the tissuemore brittle through
mechanical testing [10]. In animal models of osteoporosis,
tissue-level mineral distribution is altered [11], and changes
in mineralised crystal maturity, mineral-to-matrix ratio and
collagen cross-linking occur [12]. In particular quantitative
backscattered imaging (qBEI) of trabeculae of ovine femurs
revealed that bone tissue mineral distribution became more
heterogeneous in estrogen-deficient animals, when compared
to controls, and these changes were dependent on the anatom-
ical region and the age of the animal [13]. However, qBEI and
ex-vivo micro-CT studies on trabecular bone from the femur
and vertebra of estrogen-deficient rats have reported no
change in mean mineral density [14–16] and a minimal reduc-
tion of mineral heterogeneity [15] late in estrogen deficiency.
However, these studies focused on bone tissue post-mortem
and could not capture longitudinal changes in mineral hetero-
geneity during estrogen deficiency.

Recently a technique was developed to quantify local me-
chanical environment of osteocytes and osteoblasts from
healthy and osteoporotic bone in a rat model of osteoporosis.
Using this approach it was reported that the mechanical envi-
ronment of osteoblasts and osteocytes is altered in the initial
estrogen deficiency (4 weeks) but restored at later stages (34
weeks). On this basis it was proposed that mechanobiological
responses are activated by osteocytes to restore their local
mechanical environment after it has been perturbed by bone
loss due to ovariectomy [17]. The putative mechanisms by
which this occurs were proposed to be either secondary
changes in bone mineral distribution [13] or increased trabec-
ular thickness [8]. However, to date no study has conducted a

comprehensive and temporal in vivo analysis of the changes
in bone mineral distribution and microarchitecture in
estrogen-deficient animals, and thus the relationship between
changes in bone mineral distribution and microarchitecture is
not yet fully understood.

The objective of this study was to use in vivo μCT to
conduct a comprehensive analysis of the temporal effects of
estrogen deficiency on the trabecular bone mineral distribu-
tion in the proximal tibia of an ovariectomised rat model and
relate these changes to the time sequence of changes in bone
loss and trabecular microarchitecture.

Materials and methods

Animal model

Female retired breeder Wistar rats (6-month old, Charles
River, Ireland) were assigned randomly to groups for either
(a) bilaterally ovariectomy (OVX, n = 10) or (b) a sham op-
eration (SHAM, n = 9) by the vet conducting the surgeries.
Then the animals were assigned to longitudinal studies of
either initial phase of estrogen deficiency (OVX, n = 5,
SHAM, n = 5) or a longitudinal study of the long-term effects
of estrogen deficiency (OVX, n = 5, SHAM, n = 5), as is
described further below. Success of ovariectomy was con-
firmed in necropsy by the absence of ovaries and determining
atrophy of the uterine horns. All animal work was carried out
under license from the Animal Care and Research Ethics
Committee (ACREC) of the National University of Ireland
Galway and the Health Products Regulatory Authority
(HPRA), the national authority for scientific animal protection
in Ireland. These OVX and SHAM surgery groups were either
(1) followed by weekly in vivo micro-CT scanning to inves-
tigate initial changes in morphometry and mineralisation due
to estrogen deficiency by scanning at day 0, week 1, week 2,
week 3 and week 4 (OVX n = 5, SHAM n = 5), after which
they were sacrificed at 4 weeks post-ovariectomy (body
weight, OVX: 410 ± 68 g, SHAM: 445 ± 21 g, mean ± stan-
dard deviation) or (2) followed to investigate changes in mor-
phometry and mineralisation in long-term estrogen deficiency
by scanning at day 0, week 4, week 8 and week 34 (OVX n =
5, SHAM n = 5) and were sacrificed at 34 weeks post-
ovariectomy (body weight, OVX: 361 ± 25 g, SHAM: 423
± 41 g, mean ± standard deviation). The in vivo micro-CT
procedures and analysis, which are described in further detail
below, were identical for initial and long-term estrogen defi-
ciency studies, unless otherwise stated. One SHAM animal in
the long-term study died at week 29 as a result of tumours
related to ageing; therefore scans from this animal were ex-
cluded from all analysis, reducing the long-term SHAMgroup
to four animals.
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In vivo micro-CT scanning

At each time point, the right tibia of each animal was scanned
with an isotropic resolution of 15 μm, using an in vivo micro-
CT system (VivaCT40, Scanco Medical AG, Bassersdorf,
Switzerland). The following scan settings were used: X-ray
tube potential of 70kVp, current 114 μA, integration time
300 ms and 1000 projections per 180°, and a 0.5 mm thick
aluminium filter was used to reduce beam hardening artefacts.
During the procedure, the animals were kept under isoflurane,
and their respiratory rate was monitored throughout. The right
hind limb was positioned and fixed in a cylindrical fixture,
such that it was the only radiated region during the scan. Each
scan lasted approximately 20 min and emitted close to
850 mGy on the scanned area. This ionisation is not expected
to affect the bone structure, as a previous study reported no
bone structural effect for 8 weekly scans at the proximal tibia
of a rat when doses up to 939 mGy were administered [18].
Weekly calibration quality checks were conducted scanning a
phantom containing five rods of varying known mineral den-
sities (0, 100, 200, 400 and 800 mgHA/ccm). All quality con-
trol checks during this study indicated that the accuracy of
density measurements was within the recommended range
provided by the manufacturer to denote satisfactory instru-
ment calibration.

A region of interest was chosen, which comprised of a
3 mm section of metaphyseal trabecular bone directly below
the growth plate in the proximal tibia. The end of the growth
plate was recognised by the last micro-CT image containing
an intact chondrocyte seam. The next scan distal to the chon-
drocyte seam was the start point for the metaphyseal volume
of interest (VOI). The VOIs were defined with a
semiautomated segmentation process, whereby the user de-
fined 2D borders around the trabecular network for specific
images from the image series, which were then extrapolated
across all intervening images using a dynamic interpolation
algorithm in the Scanco segmentation software. Slice
matching was used to ensure identical VOIs were analysed
for baseline and follow-up images of each animal. This in-
volved using the first and last μCT image of each baseline
scan VOI to identify the appropriate limits for follow-up
scans, while also keeping the slice number constant for every
analysis. The presence of bone in the micro-CT scans was
separated from the other components present in the sample
(i.e. air and marrow) using a global threshold value of
614 mg HA/ccm, following guidelines outlined in [12, 19].

Morphometric analysis

A series of microarchitectural parameters were quantified
from the three-dimensional reconstruction of the trabecular
volume of interest, using evaluation scripts in the Scanco
Image Processing Language (IPL). These parameters allow

for detailed comparison between the trabecular structure of
the estrogen-deficient (OVX) and healthy (SHAM) animals
at each time point. Bone volume fraction (BV/TV) and 3D
trabecular thickness (Tb.Th [mm]) were quantified to describe
the bone mass and its distribution. Structural model index
(SMI), connectivity density of the trabecular network
(Conn.D [mm−3]) and the degree of anisotropy in the strut
network (DA), Trabecular number (Tb.N [mm−1]) and trabec-
ular separation (Tb.Sp [mm]) were analysed to complete a
detailed description of the trabecular structure in the proximal
tibia of the OVX and SHAM groups.

Bone mineral density distribution analysis

Bone mineral density distribution analysis has been used to
assess the changes in bone composition during estrogen
deficiency. The method allows for assessment of the
amount of bone volume at various stages of mineralisation
in order to give a detailed description of the bone quality.
The raw micro-CT data files were quantitatively processed
to create bone mineral density distribution (BMDD) mea-
surements for each trabecular data set. Grey level histo-
grams were produced from the micro-CT images to show
the frequency of occurrence of voxels at a certain grey
level or tissue mineral density (mg HA/ccm); see example
curve in Fig. 1D. To prevent partial volume effects from
causing an underestimation of the trabecular bone mineral
density, the surface voxels (one layer) from each trabecula
are excluded from these histograms. A custom python
script was used to characterise specific characteristics of
each distribution: weighted mean tissue mineral density
(mean mineral density, mgHA/ccm), the most frequent
mineral density (mode mineral density, mgHA/ccm), the
full width at half maximum of the mineral distribution
curve (mineral heterogeneity, mgHA/ccm) [20] and the
bone volume at low, medium or high mineral densities.
The bone volume (mm3) at low mineral density (low min-
eral BV, mm3) was quantified below the 25th percentile
mineral density value of the baseline BMDD curves,
whereas high mineral density bone (high mineral BV,
mm3) was above the 75th percentile value of the baseline
BMDD curves, and medium mineral BV (mm3) was the
volume of bone between these limits (Supp. Table 1).
This BMDD analysis approach allows for a comprehensive
and quantitative description of changes in the mineral com-
position of trabecular bone from the proximal tibia due to
estrogen deficiency (OVX vs SHAM).

Statistics

All parameters (BV/TV, Conn.D, Tb.N, Tb.Th, Tb.Sp, DA,
SMI, mean mineral density, mode mineral density, mineral
heterogeneity, low mineral BV, medium mineral BVand high
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mineral BV) were tested for normal distribution using the
Kolmogorov-Smirnov normality test. Student t-tests were
used to analyse the statistical significance of the differences
between the OVX and age-matched control (SHAM) groups
at each time point, for parameters which passed the normality
test. For parameters which failed the normality test (initial
phase study: mean mineral density, mode mineral density
and high mineral BV and long-term study: Conn.D, Tb.N,
Tb.Sp and mean mineral density), a nonparametric Mann-
Whitney rank sum test was used to compare OVX and
SHAM animals at each time point. A p value of < 0.05 was
considered significant.

For all parameters of interest (BV/TV, Conn.D, Tb.N,
Tb.Th, Tb.Sp, DA, SMI, mean mineral density, mode mineral

density, mineral heterogeneity, low mineral BV, medium min-
eral BVand highmineral BV), the main effects of time and the
interaction between time and group (group: OVX or SHAM)
were tested using a repeated measures (RM) two-way
ANOVA in GraphPad Prism. The effect of time indicates
whether the treatment (OVX or normal ageing) changed the
parameter over the course of the study, while the interaction
between time and group indicates whether the effect of time
was different for the two groups. For each parameter where
the two-way ANOVA indicated a significant interaction be-
tween the time and group effects, Tukey’s post hoc multiple
comparison tests were performed to detect the differences be-
tween the parameter values at the different time points within a
single group (OVX or SHAM).

(a)
(b) (c)

VOI

(d)

Fig. 1 Sequence of in vivomicro-CTscan depicting (A) the scout view of
rat proximal tibia which is used to specify VOI for micro-CT scan; (B) a
sample of the micro-CT image series produced for the chosen VOI in the
proximal tibia; (C) the 3D reconstruction of the metaphyseal trabecular
bone in the proximal tibia, which is created by segmenting and

thresholding the micro-CT image series and is used for morphological
and mineralisation analysis; and (D) bone mineral density distribution
plot (BMDD) with notations for the parameters used to compare plots
from OVX and SHAM groups
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Results

Initial changes in trabecular bone volume
and architecture after estrogen deficiency

We analysed initial changes in morphometry due to estrogen
deficiency by weekly in vivo micro-CT scanning in the first 4
weeks after ovariectomy and by comparing the change in each
parameter relative to the baseline (day 0) values.

BV/TV in the OVX trabecular bone was lower than SHAM
byweek 1 (p < 0.01), week 2 (p < 0.01), week 3 (p < 0.01) and
week 4 (p < 0.01) (Fig. 2B). Moreover, Tb.N was lower at
week 4 (p < 0.05) and Tb.Sp was higher at week 3 (p < 0.05)

and week 4 (p < 0.05) in the OVX group (Fig. 2C, D).
However, there was no difference in Tb.Th between OVX
and SHAM groups over the first 4 weeks, (Fig. 2E). These
were accompanied by differences between the OVX and
SHAM groups in Conn.D, DA and SMI (Supp. Fig. 1).

There were no longitudinal changes in any morphological
parameter of the SHAM group over the 4 weeks (Fig. 2). BV/
TV, in the OVX group, was reduced at week 1 (p < 0.01),
week 2 (p < 0.001), week 3 (p < 0.0001) and week 4 (p <
0.0001) when compared to the baseline (Fig. 2B). Tb.N was
reduced in the OVX group at week 2 (p < 0.05), week 3 (p <
0.001) and week 4 (p < 0.0001) compared to baseline (Fig.
2C). Tb.Sp increased in the OVX group between week 2,

(a)

SHAM

OVX

-1

(b) (c)

(d) (e)

Fig. 2 (A) 3D micro-CT images of metaphyseal trabecular bone in the
proximal tibia of one SHAM and one OVX animal during initial phase of
estrogen deficiency. (B)–(E) Longitudinal comparison of
microarchitectural parameters in SHAM and OVX animals during
initial phase of estrogen deficiency. Number of animals per group: day
0–week 4 (n = 5). Box plots and whiskers display the following: whiskers
extend between min and max values of data set, the box extends from
25th to 75th percentiles, horizontal line across the box is the median value

and the black dot represents the mean of the data. p < 0.05was considered
significant. ‘*’ indicates a significant difference between SHAM and
OVX animals at the same time point. All remaining symbols indicate
significant longitudinal differences within the same group: ‘+’ indicates
significance compared to baseline value (day 0), ‘&’ indicates
significance compared to week 1, ‘$’ indicates significance compared to
week 2, ‘£’ indicates significance compared to week 3 and ‘++’ indicates
significance compared to all previous time points
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week 3 and week 4 (p < 0.0001) (Fig. 2D). These were also
accompanied by longitudinal changes in Conn.D, DA and
SMI in the OVX animals (Supp. Fig. 1). The RM two-way
ANOVA indicated that the time effect on BV/TV, Conn.D,
Tb.N, Tb.Sp, DA and SMI was significantly different between
OVX and SHAM groups. However, there was no difference
for Tb.Th up to week 4.

Bone mineral distribution is not altered in the initial
phase of estrogen deficiency

We analysed initial changes in mineralisation due to estrogen
deficiency in the first 4 weeks after ovariectomy. The tissue
volume (mm3) at low mineral density in the OVX group was
significantly lower than SHAM at week 2 (p < 0.05), week 3
(p < 0.01) and week 4 (p < 0.01) (Fig. 3D). Moreover, tissue
volume (mm3) at medium mineral density was lower at week
1 (p < 0.05), week 2 (p < 0.05), week 3 (p < 0.01) and week 4
(p < 0.01) in the OVX group, and tissue volume (mm3) at high
mineral density was lower at week 3 (p < 0.01) and week 4 (p
< 0.01) (Fig. 3D, E, F). Despite changes in bone volume by
week 1, there was no difference in the bone mineral density
distribution over the first 4 weeks in the OVX or SHAM
groups, as indicated by the statistical comparisons between
OVX and SHAM of mean mineral density (813.42 ± 12.49
vs 799.93 ± 25.88 mgHA/ccm, p = 0.33), mode mineral

density (754.443 ± 13.92 vs 746.48 ± 42.92 mgHA/ccm, p =
0.70) and mineral heterogeneity (331.32 ± 22.80 vs 289.86 ±
51.55 mgHA/ccm, p = 0.14) at week 4 (Fig. 3).

There was no longitudinal change in the tissue volume
(mm3) at any mineral density in the SHAM group over the 4
weeks, (Figs. 3 and 5D, E, F). The tissue volume at low,
medium and high mineral BV was reduced in the OVX group
at week 1 (p < 0.05, p < 0.01, p < 0.01), week 2 (p < 0.01, p <
0.0001, p < 0.0001), week 3 (p < 0.0001) and week 4 (p <
0.0001) compared to baseline (Fig. 3D, E, F).

The RM two-way ANOVA indicated that the time effect on
low, medium and high mineral BV was significantly different
between OVX and SHAM groups. However, there was no
difference for mean mineral density, mode mineral density
and mineral heterogeneity up to week 4 (Fig. 3).

Bone loss in long-term estrogen deficiency

We analysed long-term changes in morphometry due to estro-
gen deficiency by in vivomicro-CTscanning at day 0, week 4,
week 8, week 14, and week 34 after ovariectomy and by
comparing the change in each parameter relative to the day 0
baseline values.

BV/TV in the OVX trabecular bone was lower than SHAM
at week 4, week 8, week 14 and week 34 (p < 0.001) (Fig. 4B).
Tb.N in the OVX group was lower compared to the SHAM

(a) (b) (c)

(d) (e) (f)

3

3 3

Fig. 3 (A)–(F) Longitudinal comparison of bone mineral density
distribution (BMDD) parameters in SHAM and OVX animals during
initial phase of estrogen deficiency. Number of animals per group: day
0–week 4 (n = 5). Box plots and whiskers display the following: whiskers
extend between min and max values of data set, the box extends from
25th to 75th percentiles, horizontal line across the box is the median value
and the black dot represents the mean of the data. p < 0.05was considered

significant. ‘*’ indicates a significant difference between SHAM and
OVX animals at the same time point. All remaining symbols indicate
significant longitudinal differences within the same group: ‘+’ indicates
significance compared to baseline value (day 0), ‘&’ indicates
significance compared to week 1, ‘$’ indicates significance compared to
week 2, ‘£’ indicates significance compared to week 3 and ‘++’ indicates
significance compared to all previous time points
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group at week 8 (p < 0.05), week 14 (p < 0.05) and week 34 (p
< 0.01) (Fig. 4C). Tb.Sp in the OVX group was higher that the
SHAM group at week 8 (p < 0.05) week 14 and 34 (p < 0.01)
(Fig. 4D). Tb.Th of the OVX group was significantly higher in
the OVX group compared to the SHAM group by 34 weeks
post-ovariectomy (p < 0.05) (Fig. 4E). These were accompa-
nied by differences between OVX and SHAM in Conn.D and
SMI (Supp. Fig. 2).

Tb.N and Conn.D were significantly reduced in the SHAM
group by week 34 (p < 0.05 and p < 0.01, respectively). There
were no other longitudinal changes in morphological

parameters in the SHAM group over the 34 weeks. In the
OVX group, BV/TV had decreased significantly between
day 0 and week 4 (p < 0.0001), and after this BV/TV did
not change significantly between week 4 and week 34 (Fig.
4B). Tb.N was decreased in the OVX group at week 4 com-
pared to baseline (p = 0.06); this decrease was significant at
week 8, week 14 and week 34 (p < 0.01) (Fig. 4C). Tb.Sp was
significantly increased in the OVX group byweek 8 compared
to baseline (p < 0.01) and continued to increase between each
time point up to week 34 (p < 0.05, p < 0.0001) (Fig. 4D).
Tb.Th in the OVX group did not change between day 0 and
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Fig. 4 (A) 3D micro-CT images of metaphyseal trabecular bone in the
proximal tibia of one SHAM and one OVX animals during long-term
estrogen deficiency. (B)–(E) Longitudinal comparison of
microarchitectural parameters in SHAM and OVX animals during long-
term estrogen deficiency. Number of animals per group: day 0–week 34
(OVX n = 5, SHAMn = 4). Box plots andwhiskers display the following:
whiskers extend between min and max values of data set, the box extends
from 25th to 75th percentiles, horizontal line across the box is the median
value and the black dot represents the mean of the data. p <0.05 was

considered significant. ‘*’ indicates a significant difference between
SHAM and OVX animals at the same time point. All remaining
symbols indicate significant longitudinal differences within the same
group: ‘+’ indicates significance compared to baseline value (day 0),
‘&’ indicates significance compared to week 4, ‘$’ indicates
significance compared to week 8, ‘£’ indicates significance compared to
week 14 and ‘++’ indicates significance compared to all previous time
points
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week 4 but was increased compared to the week 4 value by
week 8 (p = 0.08), week 14 (p < 0.001) and week 34 (p <
0.0001) (Fig. 4E). These were accompanied by longitudinal
changes in Conn.D and SMI in the OVX group (Supp. Fig. 2).
The RM two-way ANOVA indicated that the time effect on
BV/TV, Conn.D, Tb.N, Tb.Th, Tb.Sp, DA and SMI was sig-
nificantly different between OVX and SHAM groups.

Bone mineral distribution is significantly altered
in long-term estrogen deficiency

We analysed long-term changes in mineralisation due to es-
trogen deficiency at day 0, week 4, week 8, week 14, and
week 34 after ovariectomy.

The tissue volume (mm3) at low mineral BV, mediummin-
eral BV and high mineral BV were significantly lower than
SHAM at week 4 (p < 0.0001, p < 0.01, p < 0.01), week 8 (p <
0.0001), week 14 (p < 0.0001) and week 34 (p < 0.0001) (Fig.
5D, E, F). Mean mineral density of the OVX group was lower
than the SHAM group at week 4 and week 8 (p = 0.07 and p =
0.06, respectively). Mode mineral density was lower in the
OVX group compared to SHAM at week 8 and week 14 (p
= 0.11 and p = 0.07, respectively). Mineral heterogeneity of
the OVX group was significantly lower compared to the
SHAM animals at week 4, week 8 and week 14 (p < 0.05).

However, by week 34 the mean mineral density and mode
mineral density of the OVX group were increased compared
to the SHAM group (p = 0.14 and p < 0.05, respectively), and
there was no difference in the mineral heterogeneity between
the groups (Fig. 5A, B, C).

Bone mineral distribution is altered in long-term
estrogen deficiency, but this arises subsequent
to the initial rapid phase of bone loss

The RM two-way ANOVA indicated a significant interaction
between time and group effects in meanmineral density, mode
mineral density, mineral heterogeneity, low mineral BV, me-
dium mineral BV and high mineral BV. There was no longi-
tudinal change in the tissue volume (mm3) at any specific
mineral density level in the SHAM group over the 34 weeks
(Fig. 5D, E, F). The tissue volume (mm3) at low mineral BV
and medium mineral BV was reduced in the OVX group at
week 4 (p < 0.05), week 8 (p < 0.0001, p < 0.01), week 14 (p <
0.0001) and week 34 (p < 0.0001) compared to baseline (Fig.
5D, E). The tissue volume (mm3) at high mineral BV was
lower in OVX compared to baseline at week 4 (p < 0.05),
week 8 (p < 0.05, p < 0.01) and week 14 (p < 0.05), but at
week 34, the difference to the baseline was reduced (p = 0.10)
(Fig. 5F). Mineral heterogeneity was decreased in the OVX
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Fig. 5 (A)–(F) Longitudinal comparison of bone mineral density
distribution (BMDD) parameters in SHAM and OVX animals during
long-term estrogen deficiency. Number of animals per group: day 0–
week 34 (OVX n = 5, SHAM n = 4). Box plots and whiskers display
the following: whiskers extend between min and max values of data set,
the box extends from 25th to 75th percentiles, horizontal line across the
box is the median value and the black dot represents the mean of the data.
p <0.05 was considered significant. ‘*’ indicates a significant difference

between SHAM and OVX animals at the same time point. All remaining
symbols indicate significant longitudinal differences within the same
group: ‘+’ indicates significance compared to baseline value (day 0),
‘&’ indicates significance compared to week 4, ‘$’ indicates
significance compared to week 8, ‘£’ indicates significance compared to
week 14 and ‘++’ indicates significance compared to all previous time
points
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animals at week 4 compared to day 0 (p = 0.08) but increased
significantly between week 8 and week 34 (p < 0.01 and p <
0.0001, respectively) (Fig. 5C). Mean mineral density was
also significantly increased by week 14 and week 34 (p <
0.001) in the OVX animals compared to all previous time
points (Fig. 5A). The mean mineral density of the SHAM
group was increased by week 14 (p < 0.05) and week 34 (p
< 0.0001), and mineral heterogeneity was increased at week
34 (p < 0.001), when compared to day 0 (Fig. 5A, C). These
longitudinal changes in the mean mineral density and mineral
heterogeneity of the OVX group were exacerbated and oc-
curred at a faster rate than the SHAM group, according to
the significant interaction effect from the RM two-way
ANOVA of these parameters.

Pearson correlation tests confirmed a significant posi-
tive correlation existed between the Tb.Th and all mineral
distribution parameters in the OVX animals over the 34-
week study (mean mineral density: R2 = 0.9947, p <
0.001, mode mineral density: R2 = 0.9218, p < 0.01 and
mineral heterogeneity: R2 = 0.9909, p < 0.001) (Fig. 6).
There was no significant correlation between Tb.Th and
any of the mineral distribution parameters for the SHAM
group (mean mineral density: R2 = 0.0069, p = 0.998,
mode mineral density: R2 = 0.4918, p = 0.115 and mineral
heterogeneity: R2 = 0.064, p = 0.792).

We conducted an assessment of the skewness and kurtosis of
the BMDD curves. The majority of the BMDD curves were
practically symmetric (skew value−0.5 and 0.5), while some
were moderately skewed (0.65–0.8), whereas the kurtosis for
all data was close to a perfect normal distribution (value of 3).

In keeping with our FWHM findings, the skewness did not
change within the first 4 weeks after surgery (data not shown)
but were significantly altered for the OVX animals at week 34.
These results confirm the shifted towards highermineralisation in
later stages of estrogen deficiency (Fig. 5A, B, C). The skewness
and kurtosis data are sufficiently close to a normal distribution to
validate the use of FWHM as a measurement of the mineral
heterogeneity.

Discussion

This study quantified the longitudinal effects of estrogen de-
ficiency on the trabecular microarchitecture and mineral dis-
tribution in the tibia of an ovariectomised rat model. Here we
report that although a significant reduction in trabecular bone
mass and a rapid deterioration of the trabecular structure occur
within the first 4 weeks of estrogen deficiency, there was no
change in trabecular thickness or tissue mineralisation within
this period. Bone loss dramatically reduced between weeks 4
and 14 and reached a homeostasis thereafter up to 34 weeks,
which coincided with the initiation of increased bone mineral
density, altered mineral distribution and trabecular thickening.
Together these results provide the first evidence in uncovering
the temporal nature of changes in bone mineral distribution in
estrogen deficiency.

There are a number of limitations that need to be consid-
ered. Firstly, the estrogen-deficient rat model may differ from
the human osteoporosis since there are differences in the bi-
ology of rats and human [21]. However, the ovariectomised

Fig. 6 Correlation of trabecular
thickness to parameters of bone
mineral density distribution in the
OVX animals in long-term
estrogen deficiency. Scatter plots
display the mean ± SD of Tb.Th
against the mean, mode and
mineral heterogeneity of the
BMDD curves in the OVX group
at day 0 and week 4, 8, 14 and 34
(OVX n = 5)
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rat is well-established model, due to similarities with respect
to bone loss [22–24], an initial period of rapid bone loss
followed by a return to a more balanced remodelling process
as bone loss reaches a plateau [21], calcium absorption [22,
25, 26] and skeletal responses to drug treatments and exercise
[27–30], which are all characteristic of human postmenopaus-
al osteoporosis. At the beginning of this study, the predomi-
nant bone metabolic activity in the proximal tibial metaphysis
of the 6-month old rats is transitioning from bonemodelling to
bone remodelling, which continues until 9 months old [21].
However, only the OVX animals demonstrate early bone loss
followed by an altered mineral distribution, whereas the con-
trols did not. Furthermore, an in vivo μCT analysis of the
proximal tibial metaphysis in 10-month old rats, which should
have finished modelling [8], also observed early bone loss in
OVX animals, followed by a decreased rate of bone loss and
an increased mean trabecular thickness in long-term estrogen
deficiency. Secondly, there were some differences between
OVX and SHAM animals at the baseline (day 0) with regard
to the microarchitecture parameters (SMI, DA) for the initial
phase study and mineralisation (low mineral BV, high mineral
BV) for the long-term study. This variability might be due to
biological variations, arising from the animal weight (greater
in SHAM than OVX for animals in the long-term study) or the
number of breeding cycles prior to retirement, which was
unknown and likely varied, both of which are correlated to
trabecular bone structure [31]. It is important to note that SMI
and DA are only indicators of the average shape (calculated
under the generalised assumption that all bone surfaces are
concave [32]) and alignment of the trabecular structure, re-
spectively, whereas BV/TV, Tb.Sp and Tb.N are widely used
to understand bone loss dynamics. These parameters (BV/TV,
Tb.Sp and Tb.N) were not significantly different at the base-
line, and the OVX animals demonstrated rapid and early bone
loss, and indeed they were significantly different to Sham by
week 1 (reduced BV/TV), week 3 (increased Tb.Sp) and week
4 (reduced Tb.N), followed by an altered bone mineral distri-
bution, whereas the controls did not. The surface voxels (one
layer) from every trabecula were excluded from BMDD anal-
ysis, to reduce partial volume effects. This would remove
30 μm of the width (2 × 15 μm voxels) of each trabecula
and may exclude trabeculae with a thickness less than
45 μm from BMDD analysis. Nonetheless, despite the exclu-
sion of these surface voxels, we have captured important
mineralisation changes during long-term estrogen deficiency,
which have not been previously reported.

Previous studies have used micro-CT and traditional
histomorphometry to study bone loss in trabecular in estrogen
deficiency [3–5]. A significant reduction in bone volume frac-
tion within the first 4 weeks of ovariectomy surgery has been
reported in vivo [6–9], and bone loss and trabecular thicken-
ing at the late stages of estrogen deficiency have also been
previously reported (week 8 [6], 14 [8] and 16 [7]). Our results

showing an increase in trabecular thickness after 14 weeks
provide further validation of the theory that proposed that this
arises due to a compensatory response at later stages of estro-
gen deficiency [8], to reinforce the remaining bone structure
and strength after severe bone loss. The period of rapid bone
loss during the second week after surgery we report here may
be driven by an accelerated bone metabolism that is triggered
by estrogen depletion [31]. Perhaps the trabeculae lost during
this initial phase are not essential for load bearing in their
particular alignment and are regarded as dispensable during
the state of accelerated bone metabolism that occurs in estro-
gen deficiency. We do not believe that this bone loss is driven
by trabecular thinning alone, leading to selective loss of the
thinner structures, as we would expect this to lead to an in-
creased group mean or reduced standard deviation in trabec-
ular thickness, during the initial resorptive phase of estrogen
deficiency, which we did not observe. Furthermore, trabecular
thinning should predominantly remove lower mineralised tis-
sue from the trabecular surface; however this study indicates
tissue from all levels of mineralisation was removed during
the initial phase of bone loss. Thus bone loss is likely a com-
bination of variable thinning and perforation of trabeculae,
rather than uniform thinning along the entire surface of the
trabecula. We report that rapid loss of trabeculae concludes
after the 14th week of estrogen deficiency, which might be a
sign of acclimatisation to the estrogen-deficient conditions
and a return to a normal bone resorption rate. Studies of the
ovariectomised rat have observed an initial period of rapid
bone loss immediately after ovariectomy, which is followed
by a return to a more balanced remodelling process as bone
loss reaches a plateau [6–9]. This renewed homeostasis of
bone remodelling may be contributed to by thickening of tra-
beculae from week 14 of estrogen deficiency, which together
indicate that the depleted structure is being reinforced to adapt
to an altered load distribution subsequent to severe bone loss.

We report here for the first time that there is an increase in
the heterogeneity of the mineral distribution, which occurs in
the longer term of estrogen deficiency and does not coincide
with the initial phase of rapid bone loss. Previous studies of
bone mineralisation in estrogen-deficient rat models have re-
ported conflicting results, whereby qBEI analysis reported no
difference between OVX and age-matched controls with re-
spect to mean mineral density in the vertebrae and femur at 12
weeks, 48 weeks [14] and 20.5 months [15], whereas a min-
imal reduction of mineral heterogeneity at 20.5 months of
estrogen deficiency [15]. However, qBEI provides only a 2D
assessment of bonemineralisation and thusmay have not fully
captured changes arising in the bone. Using ex-vivo micro-CT
and SRμCT (3D), it was reported that there was no difference
in mean mineral density in the lumbar vertebrae and tibia of
OVX rats compared to age-matched controls at 14 [32], 16 or
32 weeks [16] or mode mineral density or mineral heteroge-
neity at 14 weeks [32]. In contrast to each of these studies
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[14–16, 32], we report that the mean mineral density and
mineral heterogeneity were increased by week 14 in
estrogen-deficient animals, compared to their baseline, and
this continues to increase further until week 34 and occurs at
a much faster rate than mineralisation observed in normal
ageing. The differences may be due to the difference in age
of the animal models, breed, reproductive history, biological
variation between unique animal groups or anatomical loca-
tion for assessment. Moreover, a site-specific alteration of
mineral distribution was previously seen in ovariectomised
sheep [11]. However, in contrast to a previous study [16] that
reported a higher percentage of low mineral content bone
tissue after 16 and 32 weeks of estrogen deficiency (compared
to age-matched controls), we report that the proportion of
bone at low mineral density was decreasing, while that at high
mineral density was increasing between week 8 and week 34
in OVX animals. To our knowledge, the results we report in
this study provide the first in vivo study of bone mineral dis-
tribution in a rat model during the first 4 weeks of estrogen
deficiency, indicating that structural changes arise prior to
changes in bone tissue composition and that these do not co-
incide with the initial phase of rapid bone loss. We have also
shown for the first time in vivo that the mean mineral density
and mineral heterogeneity in the tibia of an estrogen-deficient
rat model are significantly increased in long-term estrogen
deficiency.

The increased mineralisation in longer-term estrogen defi-
ciency may be due to natural maturation and may be partly
contributed to bymicropetrosis, as it is known there are higher
rates of osteocyte apoptosis in estrogen deficiency [33, 34].
However, we previously reported that the mechanical environ-
ment of osteoblasts and osteocytes is altered in the initial
phase of estrogen deficiency, but that the mechanical environ-
ment of the cells was restored to normal levels in long-term
estrogen deficiency [17]. Thus, we propose that the changes in
mineralisation seen here may arise in response to this altered
cellular mechanical environment following early bone loss. It
has been previously reported that collagen synthesis is in-
creased in osteoporosis [35, 36]. This may result in a change
in quality of collagen fibrils and formation of smaller diameter
fibrils [37]. This increase in collagen synthesis may be hap-
pening gradually during this initial phase of estrogen deficien-
cy, and since collagen acts as a scaffold for bone minerals,
alterations of the collagen framework are likely to be contrib-
uting to the altered tissue mineralisation which we observed in
long-term estrogen deficiency. The heterogeneity in the tissue
may be contributed to by hyper mineralisation of existing
tissue and also the formation of new bone tissue at the surface
of thickening trabeculae. Indeed, the increased trabecular
thickness observed in our study was significantly correlated
to the altered mineralisation (Fig. 6). Furthermore, in late
stages of estrogen deficiency, when bone loss has reached a
plateau, there is a reduction in the amount of lower

mineralised tissue and an increase in the amount of highly
mineralised tissue present, which suggests hyper
mineralisation of the existing tissue is contributing to the in-
crease in mineral heterogeneity and mean mineral density.

The results presented here provide an advanced under-
standing of the temporal changes in bone mineral distribution
during estrogen deficiency in a rat model. We propose that the
depleted trabecular structure remaining after the initial phase
of rapid bone loss is reinforced (by means of mineralisation
and trabecular thickening) in longer-term estrogen deficiency
in an attempt to maintain strength in the remaining tissue.
Although it has been reported that mineralisation was altered
in trabecular tissue from human osteoporosis [10], whether
this occurs secondary to bone loss is unknown. Further inves-
tigations should be carried out to establish the temporal nature
of alterations to mineral distribution in human osteoporosis.

Conclusion

In summary, although trabecular bone volume and architec-
ture deteriorate within the first 4 weeks of estrogen deficiency,
there is no immediate change in the distribution of mineral
within trabeculae in this period. However, in longer-term es-
trogen deficiency, there is a reinforcement of the remaining
trabeculae, through both mineralisation of existing tissue and
formation of new bone on the remaining trabecular surfaces,
and we propose that this arises in response to the altered load-
ing conditions in the deteriorated structure after bone loss has
occurred.
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