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Abstract
Alterations in resorption cavities and bone remodeling events during anti-resorptive treatment are
believed to contribute to reductions in fracture risk. Here, we examine changes in the size of
individual remodeling events associated with treatment with a selective estrogen receptor
modulator (raloxifene) or a bisphosphonate (risedronate). Adult female rats (6 months of age)
were submitted to ovariectomy (n = 17) or sham surgery (SHAM, n = 5). One month after surgery,
the ovariectomized animals were separated into three groups: untreated (OVX, n = 5), raloxifene
treated (OVX+Ral, n = 6) and risedronate treated (OVX+Ris, n = 6). At 10 months of age, the
lumbar vertebrae were submitted to three-dimensional dynamic bone histomorphometry to
examine the size (depth, breadth, volume) of individual resorption cavities and formation events.
Maximum resorption cavity depth did not differ between the SHAM (23.66 ± 1.87 µm, mean ±
SD) and OVX (22.88 ± 3.69 µm) groups but was smaller in the OVX+Ral (14.96 ± 2.30 µm) and
OVX+Ris (14.94 ± 2.70 µm) groups (p < 0.01). Anti-resorptive treatment was associated with
reductions in the surface area of resorption cavities and the volume occupied by each resorption
cavity (p < 0.01 each). The surface area and volume of individual formation events (double-
labeled events) in the OVX+Ris group were reduced as compared to other groups (p < 0.02).
Raloxifene treated animals showed similar amounts of bone remodeling (ES/BS and dLS/BS)
compared to sham-operated controls but smaller cavity size (depth, breadth and volume). The
current study shows that anti-resorptive agents influence the size of resorption cavities and
individual remodeling events and that the effect of anti-resorptives on individual remodeling
events may not always be directly related to the degree of suppression of bone remodeling.
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1.0 INTRODUCTION
Anti-resorptive agents are the most commonly used type of pharmacological treatment for
osteoporosis. Reductions in fracture risk from anti-resorptive treatments, however, are
greater than would be expected from the associated increases in bone mineral density
(BMD) caused by treatment [1, 2]. The causes for the disproportionate reduction in fracture
risk associated with anti-resorptive treatment are not known but are commonly attributed to
reductions in the amount of bone remodeling in the body. Reductions in bone remodeling
are believed to alter bone strength by causing reductions in the number and/or size of
resorption cavities [3].

Reductions in bone turnover caused by anti-resorptive agents may occur through a reduction
in the number of remodeling events, a reduction in the size of individual remodeling events
(depth, breadth) or both. Alterations in the number and size of resorption cavities may
change their effects as stress risers in cancellous bone or increase the likelihood that a
remodeling event will fenestrate individual trabeculae [4]. Traditional, two-dimensional
bone histomorphometry does not differentiate between a reduction in the number of
individual remodeling events and a reduction in the size of individual remodeling events, but
differences in number and size represent distinct differences in bone biomechanics [4, 5].

There are differences among anti-resorptive treatments that have the potential to alter bone
biomechanical performance. Allen and colleagues found that dogs treated with raloxifene
showed greater increases in vertebral bone strength per unit bone mineral density than
untreated animals or animals treated with more potent anti-resorptive agents (alendronate)
[6]. That raloxifene was associated with increased bone strength per unit BMD as compared
to animals with greater rates of bone turnover (untreated controls) as well as animals with
less bone turnover (alendronate treated) suggests that the biomechanical effects of anti-
resorptive treatments may differ, independent of BMD and the degree to which they reduce
bone turnover. Although changes in tissue material properties are a likely contributor to
changes in biomechanical properties independent of BMD, alterations in the size of
resorption cavities/remodeling events may also contribute to changes in cancellous bone
biomechanics [7].

Studies using two-dimensional histomorphometry have reported that anti-resorptive
treatment is associated with a reduction of resorption cavity size [8–15]. Although two-
dimensional measures of average cavity depth (erosion depth, E.De) in a specimen are well
established, the technique has been criticized and has been limited to a few practitioners
[16]. Measures of the surface area of individual resorption cavities and formation events
estimated from simple perimeter measures in two-dimensional sections violate stereological
assumptions and are therefore biased [17] (see [18] for more discussion of the limitations of
two-dimensional measures of resorption cavities). Recently, we applied a three-dimensional
dynamic bone histomorphometry approach to the ovariectomized rat, and found that
established estrogen deficiency in rats is associated with a reduction in the number of
resorption cavities and formation events in vertebral cancellous bone, but not changes in the
size of individual resorption cavities (including cavity width and depth) and few changes in
formation event size [19]. To the authors’ knowledge, no studies have used three-
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dimensional imaging to assess the size of resorption cavities and formation events in animals
treated with anti-resorptive agents.

Given our previous observation that the size of resorption cavities is not altered by a state of
estrogen depletion (ovariectomy), we expect that a selective estrogen receptor modulator
(raloxifene) will not have an effect on the size of resorption cavities. In contrast, we expect
that a bisphosphonate (risedronate) will reduce the size of resorption cavities in three-
dimensions because bisphosphonates have direct effects on osteoclasts. The long-term goal
of the current line of investigation is to understand how changes in bone turnover influence
bone biomechanics and fracture risk. In the current study we use an animal model of
established estrogen depletion and a three-dimensional dynamic bone histomorphometry
approach to determine the effect of anti-resorptive treatment on: 1) the size of individual
resorption cavities (including depth, breadth and volume); and 2) the size of individual bone
formation events.

2.0 MATERIAL AND METHODS
2.1 Image Acquisition and Processing

A total of 22, six month old female Sprague-Dawley rats were subjected to either bilateral
ovariectomy (n=17) or sham surgery (SHAM, n=5). After allowing bone loss for one month,
the ovariectomized animals were divided into three groups: no treatment (OVX, n=5), or
three months of treatment with raloxifene (OVX+Ral, n=6) or risedronate (OVX+Ris, n=6,
Figure 1). Raloxifene and risedronate were selected because they characterize two different
classes of anti-resorptive treatment (SERM and bisphosphonate). Raloxifene was selected as
it is the only SERM currently used clinically for the treatment of osteoporosis, while
risedronate was selected because it is a less potent anti-resorptive agent than other
bisphosphonates, allowing for a more direct comparison to raloxifene. Raloxifene (Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in deionized water at 1 g/mL and dosed at 1.5
mg/kg, 3× per wk. by oral gavage. Risedronate (Proctor & Gamble, Cincinnati, OH, USA)
was dissolved in deionized water at 0.1 mg/mL and dosed at 5 µg/kg, 3× per wk. by
subcutaneous injection (see Figure 1). Dosages of raloxifene and risedronate for rats were
recommended by pharmaceutical companies (Eli Lilly and Co., Indianapolis, IN, USA,
Proctor & Gamble) to simulate clinical doses for the treatment of postmenopausal
osteoporosis. Animals were subjected to bone formation double labeling with xylenol
orange (90 mg/kg) followed by calcein (10 mg/kg) at 10 and 3 days before euthanasia.
Ovariectomy was confirmed using measures of uterine mass. Animals from the SHAM and
OVX groups were described in a previous publication [19]. Animal use was performed
under IACUC approval.

Following euthanasia, the lumbar vertebrae were dissected free of soft tissue. The cranial
and caudal endplates of one lumbar vertebra from each animal (L3 or L4) were removed
with a low-speed diamond saw and the marrow was washed out using a low pressure water
jet. The undecalcified vertebrae were then embedded in opaque methyl-methacrylate and
three-dimensional images of the vertebrae were collected using serial milling, as previously
described [19, 20]. Serial milling involves repeatedly removing the top 5 µm from a plastic
embedded specimen and collecting a mosaic of images of the newly revealed block face
using epifluorescence microscopy. In the current study, serial milling was used to collect
three fluorescent images (one for bone and one for each of the two bone formation labels) at
a voxel size of 0.7 × 0.7 × 5.0 µm [19]. Raw images collected using serial milling occupied
290–390 GB per specimen. Pre-processing steps were performed to tile the mosaic, crop the
raw image to the size of the specimen and to remove noise caused by fluorescent signal
originating beneath the optical plane [20]. Images were manually thresholded to obtain
binary images of bone and each of the two bone formation markers (xylenol orange and
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calcein). A region of interest more than 1 mm from the growth plate and 1 mm × 1 mm × 2
mm (height) in size was selected from the center of the vertebral body on the caudal side.
The region of interest size has been shown to be sufficient for characterizing remodeling in a
specimen using three-dimensional dynamic bone histomorphometry [19].

2.2 Three-dimensional measurements of bone remodeling
Three-dimensional measures of resorption cavities were achieved through manual tracing by
a trained observer. Because manual tracing of resorption cavities in three-dimensional
images is labor intensive, only a subset of all resorption cavities were examined using the
following sampling strategy [18]: six independent uniform random transverse slices from
each specimen were selected (each slice 300 µm from the next). An observer identified all
eroded surfaces within a slice and the location of the eroded surface was recorded. A three-
dimensional image of the neighborhood surrounding each identified eroded surface was
displayed and the resorption cavity was traced in the three-dimensional image [21] (Figure
2). Our method achieved a sampling of 8–32 resorption cavities in each specimen. A three-
dimensional spline was fit over the cavity to estimate the bone surface existing before
resorption began to allow automated measures of cavity depth [19]. The mean and
maximum depth of each cavity was determined. Cavity surface area (the area traced by the
observer) and cavity volume were also determined. Three-dimensional dynamic bone
histomorphometry was used to measure the number and surface area of individual formation
events (double-labeled) and to measure mineral apposition rate in the three-dimensional
images (See Figure 3 for three-dimensional images of cancellous bone specimens with bone
formation labels) [19]. Following standard sampling rules formation event size was
measured only in formation events entirely within the region of interest. A total of 7–82
double-labeled formation events entirely within the region of interest were measured in each
specimen. Interobserver repeatability using these techniques has been previously
characterized [19–21].

The eroded surface in the entire specimen (ES/BS) was measured using line intersection
counting in two-dimensional sections (the six transverse cross-sections, grid with lines
spaced 50 µm apart). Additionally, the percent double-labeled surface (dLS/BS) was
calculated from the three-dimensional images. Three-dimensional measures of bone
microarchitecture (BV/TV, Tb.Sp, etc.) were measured using BoneJ after coarsening images
to 5.0 × 5.0 × 5.0 µm voxels [22].

Differences in bone microarchitecture, dLS/BS, MS/BS, BFR/BS and ES/BS among the four
groups (SHAM, OVX, OVX+Ral, OVX+Ris) were identified with the non-parametric
Kruskal-Wallis technique using Dunn’s multiple comparisons test. Differences in formation
event or resorption cavity size among groups were determined using a generalized least
squares regression model to perform ANOVA including donor as a random effect to account
for repeated measures within each animal (i.e. multiple formation events and cavities within
each speciman). Multiple comparisons were performed using the Holm post-hoc test.

3.0 RESULTS
At four months after surgery, ovariectomized animals showed reduced bone volume fraction
and bone-specific surface as compared to sham-operated controls (p <0.05). Ovariectomized
animals treated with raloxifene for three months showed reduced eroded surface (ES/BS) as
compared to untreated ovariectomized animals (p = 0.04) but no significant differences in
double-labeled surface (dLS/BS). Raloxifene treatment also led to a reduction in trabecular
separation compared to untreated ovariectomized animals (p = 0.02) (Figure 4).
Ovariectomized animals treated with risedronate for three months had reduced ES/BS as
compared to untreated ovariectomized animals (p = 0.02) (Figure 4). Risedronate treatment
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resulted in a reduction in double-labeled surface (dLS/BS, p < 0.01), mineralizing surface
(MS/BS, p = 0.02) and bone formation rate (BFR/BS, p = 0.05) compared to untreated
ovariectomized animals (Table 2). Trends suggested that anti-resorptive treatment increased
bone volume fraction as compared to ovariectomized animals but were not considered
statistically significant (p > 0.05).

Three-dimensional analysis of individual resorption cavities demonstrated no differences in
cavity surface area (BS/Cv), maximum cavity depth (Cv.De), or cavity volume (Cv.V)
between untreated ovariectomized animals and sham-operated controls. Ovariectomized
animals treated with raloxifene or risedronate, however, showed 34.5–56.8% reductions in
cavity surface area, maximum cavity depth and cavity volume as compared to untreated
ovariectomized animals and sham controls (p < 0.01) (Table 1, Figure 5 A–B). Risedronate
treatment was associated with reductions in mean depth per cavity as compared to both
untreated ovariectomized animals and sham controls (p < 0.01). Raloxifene treatment was
associated with reduced mean depth per cavity as compared to sham controls (p < 0.01). No
differences in cavity morphology were observed between animals in the OVX+Ral and
OVX+Ris groups (Table 1, Figure 5 A–B).

Surface area per double-labeled event (MS/dL.Ev) was greater in untreated ovariectomized
animals compared to all other groups (p< 0.01). In addition, the risedronate treated group
had reduced MS/dL.Ev compared to both sham controls and the raloxifene treated group (p
< 0.02) (Table 2, Figure 5 D). Volume within each double-labeled formation event was
reduced in animals treated with risedronate compared to other groups (p < 0.01) (Table 2).
No differences in 3D mineral apposition rate were observed among the four groups (Figure
5 C). No significant differences the number of formation events per unit bone surface or in
measurements of the size and number of single-labeled surfaces were observed between
groups. As expected, median measures formation event size were correlated with dls/BS,
and median measures of cavity size were correlated with ES/BS (See Figure S2 in
supplementary materials).

4.0 DISCUSSION
Anti-resorptive agents can cause a fundamental change in the morphology of individual
remodeling events, resulting in resorption cavities that are smaller in depth, volume and
surface area as compared to ovariectomized animals and sham-operated controls.
Furthermore, the anti-resorptive treatments examined here reduce the surface area of
individual formation events as compared to untreated ovariectomized animals. The reduction
in resorption cavity size with anti-resorptive treatment may not be correlated to the reduction
in the total amount of bone remodeling, because cavity size is reduced during raloxifene
treatment as compared to sham-operated controls while the total amount of bone turnover
(characterized by ES/BS and dLS/BS) does not appear to differ between the two.

There are a number of strengths to the current study that provide confidence in our results.
First, the current study is unique in using three-dimensional dynamic bone
histomorphometry to examine differences in remodeling event size among treatments and
therefore achieves the size and variability of individual events rather than specimen
averages. Image processing and analysis using our three-dimensional approach has been
validated thoroughly in a series of previous studies [19–21]. Second, the current study
examined cavities that had been formed in vivo. Although three-dimensional studies of
resorption cavity depth and breadth have been performed on cavities formed by osteoclasts
in vitro [23–26] such measures are limited by culture conditions that do not exactly match
the conditions in vivo. Lastly, the current study used older animals and began anti-resorptive
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treatment after allowing bone loss to be established, thereby simulating the effects of
treatment on a pre-existing state of osteopenia.

There are some limitations that must be considered when interpreting our results. First, we
characterized the morphology of resorption cavities based on the observation of eroded
surface and not on the presence of active osteoclasts, so our results are characteristic of
cancellous bone morphology but are only indirect measures of bone resorption. It is possible
to achieve three-dimensional images of resorption cavities identified with tartrate resistant
acid phosphatase [27], but such approaches are labor intensive and to our knowledge have
only been applied to a handful of cavities. Additionally, we measured only a subset of all
resorption cavities in each specimen. Hence, we could not directly determine if the number
of resorption cavities was altered with treatment. In a previous study in which we traced all
resorption cavities in each specimen, we found that established estrogen deficiency resulted
in an increase in the number of resorption cavities but no changes in cavity size (depth,
surface area) [19]. Although ES/BS was reduced by both anti-resorptive agents (p < 0.05),
the current study does not allow us to make conclusions regarding changes in the number of
resorption cavities associated with anti-resorptive treatment. However, we were able to
examine all bone formation events within the region of interest. While the number of bone
formation events observed varied considerably (range 7–82), it did not differ between the
four groups after accounting for differences in bone surface area.

Previous studies using two-dimensional histomorphometry approaches have suggested that
anti-resorptive agents cause 10–30% reductions in average cavity depth and 20–30%
reductions in cavity breadth (only two studies examined cavity breadth) [9–15]. In
comparison, the current study found more pronounced reductions in resorption cavity size
including a 35–51% reduction in depth and reductions in resorption cavity surface area of
47–57%. To the authors’ knowledge, no studies have measured changes in the size of bone
formation events following anti-resorptive treatment. The current study is the first to use
three-dimensional approaches to analyze the effects of anti-resorptive agents on the surface
area and volume of individual resorption cavities and formation events. In comparison to
previous work the current study does not require stereology or selection of only cavities
ideal for measurement (which introduces selection bias [16]).

The mechanism through which resorption cavities are reduced in size is not clear, but could
be caused by changes in the number of osteoclasts at each resorption site, the amount of
bone resorption by each osteoclast, the lifespan of osteoclasts at resorption sites or some
combination of the three. Nitrogen containing bisphosphonates such as risedronate have
been shown to reduce osteoclast function/lifespan, primarily by inhibiting GTPases that
regulate osteoclast cytoskeletal rearrangement, membrane ruffling and vesicular trafficking
necessary for bone resorption [28]. Recent work has shown that osteoclasts from mice
deficient in Rac1 and Rac2 form smaller resorption cavities in vitro [26] which is consistent
with the idea that risedronate treatment regulates cavity size by impairing osteoclast
function. In contrast, our finding that raloxifene also leads to reductions in cavity size as
compared to both SHAM and OVX animals is surprising because raloxifene is believed to
act primarily as a replacement for estrogens and was therefore expected to reverse any
changes in bone remodeling associated with ovariectomy. Since there was no difference in
cavity size between the SHAM and OVX groups, we expected that raloxifene would not
alter cavity size. There are two possible explanations for the changes in cavity size with
raloxifene: First, it is possible that the reduction in size may be related to the timing of
raloxifene dosage (3 times per week) leading to differences in the concentration of
raloxifene in ovariectomized animals and circulating estrogens in SHAM operated animals.
Second, others have noted subtle differences in the effects of raloxifene and estrogen on
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bone remodeling [29, 30] and it is possible that alterations in the size of individual
resorption cavities may be another difference between raloxifene and estrogen.

The current study is consistent with the idea that changes in resorption cavities may explain
why reductions in fracture risk following anti-resorptive treatment are greater than expected
from the associated changes in BMD. Reductions in maximum cavity depth and cavity
volume associated with raloxifene and risedronate treatment are expected to reduce stress
concentrations associated with resorption cavities, potentially providing benefits to bone
strength independent of bone mineral density [4, 31]. Additionally, reductions in the
maximum depth of resorption cavities may also reduce the likelihood that a resorption cavity
disconnects or fenestrates a trabecula, helping to preserve cancellous bone microarchitecture
over time. The magnitude of stress concentrations associated with resorption cavities
depends on the number and size of resorption cavities, the location of the cavity within the
structure (on a longitudinal trabecula vs. transverse trabecula, in a highly loaded or less
loaded region of the microstructure) and local bone morphology (local trabecular thickness,
plate-like vs. rod-like trabeculae, nodes in the structure, etc.) [4, 18]. Given the complex
microarchitecture and load distribution within cancellous bone, additional biomechanical
analyses are required to understand the mechanical consequences of resorption cavities.

In conclusion, our findings demonstrate that existing drug treatments have the ability to
regulate the size of individual resorption cavities. Regulation of the size of individual
resorption cavities may be one way in which anti-resorptive agents make cancellous bone
more resistant to mechanical failure. Finally, regulating resorption cavity size has the
potential to alter cancellous bone biomechanical performance in a way that may not be
immediately apparent from measure of overall amounts of bone turnover.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We examine the size of resorption cavities in 3D following antiresorptive
treatment

• We examine the size of formation events in 3D following antiresorptive
treatment

• Raloxifene and risedronate treatment reduced resorption cavity size in OVX rats

• Antiresorptive treatment may reduce cavity size independent of bone turnover

• Reduced cavity size may contribute to reduced fracture risk following treatment
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Figure 1.
The timing of surgery and treatment in the study design are illustrated.
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Figure 2.
Resorption cavities were identified as eroded surfaces in gray scale images (A) after
examination at 2× magnification (B). Cavities were visualized in three-dimensions (C) and
traced by a trained observer using gray scales images and the three-dimensional surface (D).
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Figure 3.
Three-dimensional images of cancellous bone from the rat lumbar vertebrae for the four
groups are shown with transparency to show regions of the first bone formation label
(xylenol orange) and the second formation label (calcein green).
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Figure 4.
Whole specimen measures of bone microarchitecture and remodeling are shown for each of
the study groups (p<0.05), (A) BV/TV, (B) Tb.Sp, (C), ES/BS (D) dLS/BS. Differences
between groups analyzed using, Dunn's mulitple comparision test. b- p<0.05 vs. OVX
untreated.
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Figure 5.
Median measurements of individual resorption cavities and formation events are shown for
each of the study groups (p<0.05), (A) Cv.De, (B) Cv.V, (C), 3D MAR (D) MS/dL.Ev.
Statistical differences are shown based on generalized least sequres regression models that
include all events and donor as a random effect. a- p < 0.05 vs. SHAM operated, b- p < 0.05
vs. OVX untreated, and c- p < 0.05 vs. OVX+Ral.
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Table 1

Static Histomorphometry measures for each group are shown, Mean ± SD across animals within a group, 95%
CI (5th, 95th).

Measurement SHAM
(n=5)

OVX
(n=5)

OVX+Ral
(n=6)

OVX+Ris
(n=6)

Bone volume
fraction (BV/
TV, %)

31.18±6.99 (22.50, 39.86)b 20.18±4.08 (15.12, 25.24) 25.68±5.92 (19.47, 31.90) 26.05±3.01 (22.89, 29.21)

Bone-specific
surface (BS/
BV, mm−1)

9.58±1.65 (7.53, 11.63)b 6.98±1.11 (5.60, 8.36) 9.03±1.18 (7.80, 10.27) 8.38±0.76 (7.59, 9.18)

Trabecular
thickness
(Tb.Th, µm)

87.52±7.57 (78.13, 96.92) 76.14±3.20 (72.17, 80.12) 75.13±14.58 (59.83, 90.43) 83.59±8.83 (74.33, 92.85)

Trabecular
separation
(Tb.Sp, µm)

243.01±62.92 (164.89, 321.14) 344.83±38.32 (297.25, 392.42) 228.51±30.29 (196.72, 260.29)b 268.74±41.10 (225.61, 311.87)

Structural
modeling
index (SMI)

1.16±0.27 (0.82, 1.50) 1.47±0.37 (1.02, 1.93) 1.48±0.34 (1.12, 1.83) 1.44±0.11 (1.33, 1.56)

Degree of
anisotropy
(DA)

0.68±0.12 (0.53, 0.83) 0.65±0.08 (0.55, 0.75) 0.72±0.06 (0.65, 0.79) 0.67±0.12 (0.54, 0.80)

*Eroded
surface (ES/
BS, %)

6.17±0.85 (5.12, 7.23) 8.55±1.11 (7.17, 9.93) 5.26±2.00 (3.16, 7.35)b 5.06±1.41 (3.58, 6.54)b

†Median
Maximum
Cavity Depth
(Cv.De, µm)

23.66±1.87 (21.34, 25.97) 22.88±3.69 (18.30, 27.47) 14.96±2.30 (12.55, 17.38)ab 14.94±2.70 (12.11, 17.77)ab

†Median
Mean Cavity
Depth (µm)

3.76±0.42 (3.23, 4.28) 3.20±0.88 (2.11, 4.29) 2.38±0.47 (1.89, 2.87)a 1.82±0.44 (1.36, 2.28)ab

†Median
Cavity
Surface Area
(BS/Cv, 103

µm2)

17.99±2.33 (15.11, 20.88) 19.76±3.02 (16.01, 23.51) 9.59±2.24 (7.24, 11.94)ab 8.55±2.17 (6.28, 10.82)ab

†Median
Cavity
Volume
(Cv.V, 103

µm3)

31.49±5.18 (25.06, 37.92) 33.92±5.87 (26.63, 41.21) 17.73±3.96 (13.58, 21.89)ab 15.44±3.32 (11.95, 18.92)ab

*
Measured in two-dimensions using line intersection

†
Median of 8–32 cavities within a specimen

a
p<0.05 vs SHAM group

b
p<0.05 vs OVX group
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Table 2

Dynamic bone histomorphometry measures are shown for each group, Mean ± SD, 95% CI (5th, 95th).

Measurement SHAM (n=5) OVX (n=5) OVX+Ral (n=6) OVX+Ris (n=6)

Double-
labeled
surface (dLS/
BS, %)

9.33±0.40 (8.84, 9.82) 12.51±4.32 (7.14, 17.88) 8.52±2.24 (6.17, 10.88) 5.16±1.83 (3.24, 7.09)b

Mineralizing
surface (MS/
BS, %)

11.45±0.76 (10.50, 12.39) 13.89±4.61 (8.17, 19.62) 10.38±2.71 (7.54, 13.22) 8.14±1.98 (6.06, 10.22)b

Single-labeled
surface (sLS/
BS, %)

4.23±2.19 (1.51, 6.95) 2.75±1.11 (1.38, 4.13) 3.71±2.26 (1.34, 6.08) 6.06±1.94 (4.02, 8.10)

No. of double-
labeled
formation
events
(N.dL.Ev)

59.20±33.54 (17.55, 100.85) 29.40±8.68 (18.63, 40.17) 38.50±16.16 (21.54, 55.46) 25.17±13.56 (10.94, 39.39)

No. of single-
labeled
formation
events
(N.sL.Ev)

114.00±63.52 (35.13, 192.87) 49.60±18.74 (26.33, 72.87) 77.50±29.15 (46.91, 108.09) 110.33±32.32 (76.42, 144.25)

No. of double-
labeled
formation
events per
unit bone
surface
(N.dL.Ev/BS,
mm−2)

3.20±1.32 (1.55, 4.84) 2.23±0.54 (1.56, 2.90) 2.25±0.87 (1.34, 3.17) 1.63±0.98 (0.61, 2.66)

No. of single-
labeled
formation
events per
unit bone
surface
(N.sL.Ev/BS,
mm−2)

6.50±3.61 (2.02, 11.00) 3.76±1.27 (2.19, 5.34) 4.63±1.89 (2.64, 6.61) 6.96±1.66 (5.21, 8.71)

††Median 3D
mineral
apposition
rate (3D
MAR, µm/
day)

0.71±0.13 (0.54, 0.87) 0.77±0.11 (0.64, 0.90) 0.66±0.14 (0.52, 0.81) 0.47±0.11 (0.35, 0.59)

Bone
formation rate
(BFR/BS, µm/
day)

0.11±0.03 (0.07, 0.15) 0.13±0.05 (0.07, 0.19) 0.09±0.04 (0.06, 0.13) 0.05±0.02 (0.04, 0.07)b

††Median
surface area
per double-
labeled event
(MS/dL.Ev,
103 µm2)

17.26±8.22 (7.06, 27.46)b 28.53±9.89 (16.25, 40.80) 18.05±4.53 (13.29, 22.80)b 14.05±4.77 (9.04, 19.05) abc

Median
surface area
per single-
labeled event
(MS/sL.Ev,
103 µm2)

3.31±0.24 (3.01, 3.61) 3.98±0.41 (3.47, 4.49) 3.74±0.64 (3.08, 4.41) 4.34±0.56 (3.76, 4.93)
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Measurement SHAM (n=5) OVX (n=5) OVX+Ral (n=6) OVX+Ris (n=6)

††Median
volume per
double-
labeled event
(V/dL.Ev,
103µm3)

80.76±41.33 (29.43, 132.08) 155.71±93.06 (40.16, 271.26) 91.75±29.20 (61.11, 122.39) 43.90±21.72 (21.11, 66.69)abc

††
Median of 7–82 formation events in each specimen

a
p<0.05 vs SHAM group

b
p<0.05 vs OVX group

c
p<0.05 vs OVX+Ral group

Bone. Author manuscript; available in PMC 2014 November 01.


