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Abstract

Recent studies have demonstrated matrix-mineral alterations in bone tissue surrounding osteocytes 

in estrogen-deficient animals. While cortical bone porosity has been shown to be a contributor to 

the mechanical properties of bone tissue, little analysis has been done to investigate the effects of 

estrogen deficiency on bone’s microporosities, including the vascular and osteocyte lacunar 

porosities. In this study we examined alterations in cortical bone microporosity, mineralization, 

and cancellous bone architecture due to estrogen deficiency in the ovariectomized rat model of 

postmenopausal osteoporosis. Twenty-week-old female Sprague-Dawley rats were subjected to 

either ovariectomy or sham surgery. Six weeks post-surgery tibiae were analyzed using high-

resolution micro-CT, backscattered electron imaging, nanoindentation, and dynamic 

histomorphometry. Estrogen deficiency caused an increase in cortical bone vascular porosity, with 

enlarged vascular pores and little change in tissue mineral density in the proximal tibial 

metaphysis. Measurements of cancellous architecture corresponded to previous studies reporting a 

decrease in bone volume fraction, an increase in trabecular separation, and a decrease in trabecular 

number in the proximal tibia due to estrogen deficiency. Nanoindentation results showed no 

differences in matrix stiffness in osteocyte-rich areas of the proximal tibia of estrogen-deficient 

rats, and bone labeling and backscattered electron imaging showed no significant changes in 

mineralization around the vascular pores. The findings demonstrate local surface alterations of 

vascular pores due to estrogen deficiency. An increase in cortical vascular porosity may diminish 

bone strength as well as alter bone mechanotransduction via interstitial fluid flow, both of which 

could contribute to bone fragility during postmenopausal osteoporosis.
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1. Introduction

Estrogen protects the skeleton from bone loss by suppressing turnover and maintaining a 

balance between bone formation and resorption [1]. Estrogen deficiency after menopause 

can lead to osteoporosis and an increased risk of bone fracture. While there are many studies 

in humans and rats that report a decrease in bone volume fraction due to estrogen deficiency, 

especially in cancellous bone, only recently have high-resolution analyses been performed to 

assess changes in bone microporosity, including the vascular porosity that houses the bone 

vasculature and the lacunar porosity that houses osteocytes [2–4].

The vascular pores in cortical bone play an important role in load-induced interstitial fluid 

flow because they allow relaxation of fluid pressure in the lacunar-canalicular pores when 

bone is mechanically loaded [5, 6]. Measurements of strain-generated potentials in bone 

specimens undergoing cyclic loading demonstrate that local spatial voltage gradients, which 

correspond to the pressure gradients that drive fluid flow, are 10 to 30 times greater near 

vascular canals compared to the spatial gradients across a whole bone specimen [7]. 

Theoretical models that include vascular pores clearly demonstrate that the primary 

relaxation of the excess bone fluid pressure occurs from the lacunar-canalicular system 

emptying into the vascular pores [8, 9].

In addition to providing conduits for interstitial fluid flow, the cortical microporosities 

associated with the vascular and lacunar-canalicular systems also contribute to the overall 

mechanical properties of bone tissue [10–13]. In humans, the loss of cortical rather than 

trabecular bone has been shown to predominate in cases of radial fracture [14]. Increase of 

cortical porosity due to aging has also been linked to loss of bone strength [15]. Because of 

the important contributions of cortical porosity to bone strength as well as to the transport of 

nutrients and removal of waste products to maintain bone cell function, changes in cortical 

microporosity, including the vascular and lacunar porosities, should be evaluated during 

diseases such as osteoporosis.

The distribution of bone matrix mineral, which also contributes to the mechanical quality of 

bone, has been shown to be altered with estrogen deficiency [16]. Matrix mineralization has 

been shown to be reduced in osteoporotic patients [17, 18]. However, there are contradictory 

findings related to bone mineralization changes after a drop in estrogen levels in rats, with 

some studies reporting no changes and others reporting reduced bone stiffness and hardness 

[19, 20].

Our recent studies using high-resolution microscopy demonstrate that estrogen deficiency 

alters the submicron lacunar-canalicular porosity surrounding osteocytes in cortical and 

cancellous bone [21]. We found that the increase in effective canalicular size measured using 

a small molecular weight tracer in ovariectomized rats was due to nanostructural matrix-
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mineral changes at the osteocyte lacunar-canalicular surface. We have also found changes in 

molecular transport due to mechanical loading in the rat ovariectomy model [22].

The objective of this study was to further our investigations into how estrogen deficiency 

affects bone interstitial fluid pathways by assessing cortical microporosity and 

mineralization in the ovariectomized rat model of postmenopausal osteoporosis. Several 

high-resolution techniques were utilized to assess bone alterations, including 3D assessment 

of cortical bone vascular porosity and osteocyte lacunar porosity using micro-CT [23], 

assessment of mineralization density around vascular pores using backscattered electron 

imaging, and assessment of matrix stiffness using nanoindentation. Cancellous bone 

architectural changes due to estrogen deficiency were also measured, and bone turnover was 

quantified using fluorescent bone labels.

2. Materials and Methods

2.1 Animal model

The ovariectomized rat model of postmenopausal osteoporosis [24] was used to investigate 

the effects of reduced estrogen levels on bone microporosity, microarchitecture, and 

mineralization. Skeletally mature, 20-week-old rats were used because the rate of bone 

turnover in the proximal tibia at that age is very low [25]. All procedures were approved by 

the Institutional Animal Care and Use Committee.

At 20 weeks of age, female Sprague Dawley rats (Harlan Laboratories) were either subjected 

to ovariectomy (OVX, n=18) or to a sham surgery consisting of exposure of the ovaries 

without removal (SHAM, n=18). The animals were fed ad libitum for one week after 

surgery, and then the OVX group was pair-fed to the average food intake of the SHAM 

group (20 g standard rat chow per day). A subset of the animals (n=12 in the OVX group 

and n=12 in the SHAM group) received two bone formation markers via the intraperitoneal 

(IP) cavity at 11 days and 3 days before sacrifice (15 mg/kg calcein and 90 mg/kg xylenol 

orange, respectively) to assess histomorphometric indices of bone formation rate, mineral 

apposition rate, and percent mineralizing surfaces.

Six weeks after surgery (at 26 weeks of age) all animals were sacrificed, and uterine horns 

were weighed to assess the effectiveness of ovariectomy. Tibiae were harvested and either 

put immediately in 10% neutral buffered formalin for 48 hours or frozen at −20 °C. The 

analysis focused on the cortical and cancellous bone of the proximal tibial metaphysis 

because our recent studies demonstrated alterations in the lacunar-canalicular porosity 

surrounding osteocytes in this region [21, 22]. Tibiae from a subset of animals were used for 

three analyses: a micro-CT analysis to assess cortical microporosity and cancellous 

microarchitecture, a backscattered electron imaging and nanoindentation analysis to assess 

mineralization, and a histomorphometry analysis to assess bone turnover, as detailed below.

2.2 Micro-computed tomography imaging

Tibiae were scanned using a high-resolution micro-CT system (SkyScan 1172, Bruker 

microCT) to quantify cortical vascular and lacunar porosities, tissue mineral density (TMD), 

and cancellous microarchitecture (OVX: n=6; SHAM: n=6). Before scanning, the bones 
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were immersed in phosphate buffered saline and brought to room temperature in a custom 

low X-ray attenuation plastic holder that held each bone in place during scanning. For 

cortical microporosity and TMD measurements, images of the proximal tibiae were acquired 

with a voxel size of 1 μm (“1-μm scans”) and for cancellous measurements images were 

acquired with a voxel size of 4 μm (“4-μm scans”). A 10-MP digital detector, 10-W power 

energy setting (100 kV and 100 μA), and a 0.5-mm aluminum filter were used, as in our 

previous work [23]. The 1-μm scans had a limited field of view due to the high resolution, 

thus requiring separate scans for the anterior and posterior regions of the proximal tibia, 

whereas the 4-μm scans allowed imaging the entire tibia. For all scans, X-ray projections 

were generated from the sample every 0.3 degrees, with the projections averaged 5 times to 

produce high-contrast, low-noise images. Hydroxyapatite rods (2-mm radius, densities of 

0.25 and 0.75 g/cm3 hydroxyapatite) were also scanned at l-μm voxel size to calibrate for 

TMD.

A modified back-projection reconstruction algorithm (NRecon v.1.6.5, Skyscan, Bruker 

microCT) was used to generate cross-sectional images from the X-ray projections. Images 

were optimized using a standard post-alignment compensation algorithm, treated with a 

Gaussian smoothing filter (kernel=4 pixels for 1-μm scans, and 1 pixel for 4-μm scans), and 

corrected for ring artifacts and beam hardening. All parameters except post-alignment 

compensation were set identically for all samples with the same voxel size.

2.3 Quantification of cortical vascular and lacunar porosities and TMD using micro-CT

Cortical bone microporosity was measured for the 1-μm scans utilizing a methodology 

previously developed in our laboratory to accurately assess cortical features, including 

vascular canals and osteocyte lacunae [23]. The scans were segmented using a global 

thresholding procedure to exclude soft tissue, with the threshold value (0.45 g/cm3) chosen 

by analyzing the SHAM images with an edge detection algorithm to accurately segment 

cortical pore edges [23]. Cortical bone from the metaphysis of the proximal tibia was 

selected as the anatomical region of interest, starting 1 mm distal to the most distal point of 

the growth plate (Fig. 1).

Cortical vascular canal porosity (%), vascular canal diameter (μm), osteocyte lacunar 

porosity (%), lacunar volume (μm3), and lacunar density were calculated in both the anterior 

and posterior regions of the proximal tibia using two cylindrical volumes of interest (VOIs) 

(diameter 250 μm, height 2 mm) for each region. All the cortical pores were identified using 

a “sphere fitting” algorithm (CTAn v. 1.11.0, SkyScan, Bruker microCT) and separated by 

volume. As in our previous work, osteocyte lacunae were isolated using a 3D despeckled 

filter that removed objects outside the range of 100 μm3 to 600 μm3 in volume (Fig. 2) [23]. 

Some of the cortical bone analyses from the SHAM group were previously reported in an 

analysis of the effect of micro-CT resolution and threshold method on the 3D assessment of 

cortical bone porosity [23].

The tissue mineral density was calculated for the 1-μm scan VOIs using the density 

calibration values obtained from the hydroxyapatite rod scans.
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2.4 Assessment of cancellous bone microarchitecture using micro-CT

Cancellous bone measurements were performed for the 4-μm scans in a region of interest 

starting 1 mm distal to the proximal tibia growth plate to avoid primary spongiosa [26]. 

VOIs (2 mm height) were manually drawn to separate cancellous from cortical bone. 

Samples were segmented using a global threshold to exclude soft tissue, chosen by 

analyzing the SHAM images with an edge detection algorithm. The same segmentation 

threshold was applied to all scans, and noise was removed using the despeckle function (Fig. 
3). Bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular separation 

(Tb.Sp), trabecular number (Tb.N), and structure model index (SMI) were calculated for the 

selected VOIs for SHAM and OVX.

2.5 Histomorphometric analysis of bone turnover

For cortical bone histomorphometric analysis, formalin-fixed, undecalcified tibiae were 

embedded in PMMA. Cortical cross-sections (120 μm thickness) were cut from the proximal 

metaphysis ~2 mm distal to the growth plate using a sawing microtome (Leica Instruments), 

polished to a final thickness of 70 μm, and then coverslipped. Dynamic histomorphometric 

parameters were measured using a bone-specific image analysis system (OsteoMeasure, 

OsteoMetrics Inc.). To assess bone formation rates, the following parameters were measured 

and calculated: double-labeled surface (dLS/BS, %); single-labeled surface (sLS/BS, %); 

mineralizing surface (MS/BS, %); mineral apposition rate (MAR, μm/day), calculated as the 

distance between double labels divided by interval labeling time; and bone formation rate 

(BFR/BS, μm3/μm2/day), calculated as MAR×MS/BS. For surfaces displaying a single label, 

the MS/BS value was recorded, while for those displaying double labels, MAR and BFR 

values were documented. Mineralizing vascular pores were quantified by counting 

fluorescently labeled vascular pores throughout the tibial cortex. Pores with 50% or more of 

their perimeter labeled with the calcein label were considered to be stained and were divided 

by the total number of vascular pores to obtain the percent mineralizing vascular pores.

2.6 Assessment of mineralization using backscattered electron imaging

To further analyze bone mineralization surrounding vascular pores, proximal tibial cross-

sections from a subset of animals were analyzed using backscattered electron imaging 

(OVX: n=6; SHAM: n=6). Tibial specimens were embedded in PMMA, and blocks cut 

approximately 2 mm distal to the proximal growth plate were polished to a surface finish of 

1 μm and carbon-coated to prepare for backscattered electron imaging [27]. Samples were 

scanned at 500-nm pixel resolution using a Zeiss EVO 50 scanning electron microscope at 

50 Pa pressure, 15 kV accelerating voltage, 600 pA current, and approximately 9 mm 

working distance; carbon coating mitigated anomalies associated with charging and 

increased signal over higher pressures. Entire cross sections were acquired by automated 

Zeiss montaging software (SmartStich).

Regions of interest surrounding vascular pores were selected individually from image 

crosssections and stored as bmp files (Fig. 4). The grayscale values were then corrected 

using phantom images taken during the backscattered electron imaging to give a calibrated 

grayscale image. The mineral density surrounding each vascular pore was analyzed using 

Matlab code to segment the pixels surrounding each pore into twenty concentric 1-μm thick 
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rings and calculate the average grayscale value of each ring. Approximately 100 vascular 

pores were analyzed for each cross-section and then averaged for each animal.

2.7 Assessment of bone matrix stiffness using nanoindentation

Nanoindentation was performed to assess matrix stiffness in osteocyte-rich areas of the 

proximal tibia. Tibiae frozen at −20 °C (OVX: n=6; SHAM: n=6) were thawed and cut using 

a diamond blade saw (Buehler) at the proximal metaphysis ~2 mm distal to the growth plate. 

Specimens were then placed in peel-away molds and filled with an epoxy resin (Loctite 

Medical Epoxy, M-21HP, Hysol), which does not infiltrate the tissue but merely holds it in 

place. The embedded specimens were polished first using silicon carbide abrasive papers of 

decreasing grit sizes (600, 800, and 1200 grit) under deionized water, then with 0.5 and 0.25 

μm diamond bead suspension solution and sonicated between each polishing step to remove 

debris. Samples were then dehydrated overnight at room temperature before testing.

Load-control nanoindentation tests were performed on dry specimens using a TriboIndenter 

nanoindenter (Hysitron, Inc.) [28]. A pyramidal-shaped Berkovich diamond tip indenter was 

calibrated using fused quartz crystals prior to testing. Load was applied at a constant rate by 

driving the indenter into the bone specimen. The maximum load (Pmax =10 mN) was held on 

the sample for 10 seconds to minimize effects of viscoelastic deformation of the specimen, 

and the indenter was then unloaded at the same rate used in the loading step. Before 

proceeding to the next indent, the indenter was held on the surface of the specimen for 

approximately 100 seconds to establish thermal drift.

For each tibia specimen, two matrices of 25 indents, 5 μm apart, were made in the anterior 

and posterior regions of the cortical proximal metaphysis (Fig. 5). The indents were each 

~800 nm wide. The elastic modulus and hardness were measured in an osteocyte-rich area, 

which was identified using the optical microscope installed in the nanoindenter system. The 

load-displacement data from each indentation were used to calculate the elastic modulus and 

hardness using the Oliver and Pharr method [29], with the Poisson’s ratio of bone taken to 

be 0.3 [30, 31].

2.8 Statistical analysis

Differences between cortical microporosity measures and mineralization measures were 

assessed using two-way repeated-measures ANOVA for treatment (SHAM and OVX) and 

anatomical location followed by Bonferroni’s multiple comparison tests with a significance 

level of p < 0.05. Differences in cancellous bone measures and bone histomorphometric 

measures as well as body weights and uterine horn weights were assessed using the two-

sided Student’s t-test with a significance level of p < 0.05. All the statistical analyses were 

performed using Prism 6 statistics software (GraphPad Software Inc.).

3. Results

The effectiveness of ovariectomy was verified by the absence of ovaries and by the reduced 

weight of the uterine horns in the OVX group (0.16 ± 0.034 g) compared to SHAM (0.75 

± 0.31 g), p < 0.05. Despite pair-feeding, at the time of sacrifice the OVX rats weighed more 

(291 ±16 g) than the age-matched SHAM rats (243 ± 18 g), p < 0.05.
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Cancellous bone of the proximal tibial metaphysis was considerably reduced in the OVX 

group over the 6-week time course of the experiment (Fig. 6). Bone volume fraction 

decreased by 60% in OVX compared to SHAM, and trabecular thickness was somewhat 

reduced for OVX (−12%). Trabecular separation was higher for OVX (+44%) and trabecular 

number was lower (−55%) compared to SHAM. The structure model index was higher in 

OVX (+42%) compared to SHAM (Fig. 6).

Estrogen-deficient rats demonstrated larger cortical vascular pores in both the anterior and 

posterior regions of the tibial metaphysis. High-resolution 3D micro-CT measurements 

demonstrated that the vascular canal porosity was significantly higher in OVX compared to 

SHAM for both the anterior (+28%) and posterior (+134%) regions (Fig. 7a). An increase in 

average vascular canal diameter due to estrogen deficiency was also found in both the 

anterior (+71%) and posterior (+57%) regions (Fig. 7b), while an increase in vascular canal 

separation was only found in the anterior region (+18%, Fig. 7c).

The remaining cortical bone features measured using micro-CT were not significantly 

altered in the estrogen-deficient animals: the osteocyte lacunar porosity and lacunar density 

were not significantly different between SHAM and OVX (Fig. 7d-e). In addition, there 

were no differences in the average lacunar volume (anterior region: SHAM: 217.8 ± 18.7 

μm3, OVX: 210.9 ± 5.0 μm3; posterior region: SHAM: 216.5 ± 2.1 μm3, OVX: 215.7 ± 2.9 

μm3).

Dynamic fluorochrome-based parameters were higher on the endocortical surfaces in the 

estrogen-deficient group. Bone formation rate and mineral apposition rate increased by 87% 

and 41%, respectively, on the endocortical surface in the OVX group (Table 1). On the 

periosteal surface there was no increase in mineralizing surface due to OVX (Table 1). A 

non-significant trend was observed for percent mineralizing vascular pores in estrogen-

deficient rats (Table 1, p = 0.072).

The mineralization and nanoindentation analyses showed little differences in the SHAM and 

OVX groups. TMD measured with micro-CT showed a small (−4%) but significant 

difference in OVX compared to SHAM in the posterior tibial cortex and no difference in the 

anterior tibial cortex (Fig. 7f). The mineralization around vascular pores measured with 

backscattered electron imaging was not altered due to OVX (Fig. 8). The nanoindentation 

analysis demonstrated that the elastic modulus and hardness of osteocyte-rich areas of the 

proximal tibia were also unaltered due to estrogen deficiency (Table 2).

4. Discussion

The 3D quantification of cortical microporosities performed in this study demonstrates that 

estrogen deficiency causes an increase in cortical vascular porosity and increased cortical 

vascular canal diameter in the rat proximal tibia. While estrogen deficiency decreased 

cancellous bone volume fraction in the tibial metaphysis, osteocyte lacunar porosity and 

density were not significantly different in the OVX group compared to SHAM controls. The 

tissue mineral density of cortical bone showed little difference between SHAM and OVX 

groups, and nanoindentation results showed no differences in matrix stiffness in osteocyte-
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rich areas of the proximal tibia of the estrogen-deficient rats. In addition, no significant 

differences were found in mineralization around vascular pores in the region analyzed. The 

results demonstrate local surface alterations of the cortical vascular pores due to estrogen 

deficiency and suggest that the nanostructural matrix-mineral level changes that we had 

previously observed in the osteocyte lacunar-canalicular porosity of estrogen-deficient rats 

[21] are indeed due to alterations occurring on the matrix surfaces surrounding osteocytes, 

and not because of altered matrix mineralization due to increased bone turnover.

The high-resolution micro-CT 3D renderings enabled the visualization of the structure of the 

cortical vascular pores for both sham-operated and estrogen-deficient animals. While there 

are few high-resolution analyses of cortical pores for estrogen-deficient rodents, the cortical 

vascular porosity of the SHAM group (4.76 ± 1.2%, anterior region; 1.27 ± 0.24% posterior 

region) falls within the range of values reported for the tibia and femur of untreated mice 

and rats (1–6%) using high-resolution desktop micro-CT and synchrotron radiation micro-

CT [3, 4, 32–34]. The average canal diameter for the SHAM group (14.7 ± 1.9 μm, anterior 

region; 8.22 ± 1.0 μm, posterior region) is also similar to the values of canal diameter 

reported for the tibia and femur of untreated mice and rats (10–18 μm) [3, 4, 32, 33].

The enlargement of the cortical vascular porosity due to OVX seems to be a result of loss of 

matrix surrounding the vascular pores and not from an increase in newly laid down, 

unmineralized bone that would not be detected by micro-CT. Mineral apposition and bone 

formation rates were increased in OVX rats at the endocortical surfaces 6-weeks post-

surgery, and higher bone turnover experienced by OVX rats can increase the amount of 

newly deposited bone that would first go through a phase of rapid primary mineralization 

and a slower secondary mineralization phase [35]. Yet both the dynamic histomorphometry 

and the backscattered electron imaging showed no significant changes in mineralization 

around the vascular pores in the regions analyzed. In addition, the overall TMD of the 

cortical bone demonstrated little change due to OVX. The enlargement of existing cortical 

pores rather than an increase in the number of pores is similar to findings of age-related 

changes in human long bones, where an increased pore size with increasing age has been 

found and has been suggested to occur due to focal remodeling on the vascular pore surface 

[36, 37]. The mechanism of the enlargement of the cortical pores (e.g., via osteoclast 

resorption or osteocyte-mediated matrix degradation) should be further investigated.

The clinical implications of enlarged cortical pores are that they could contribute to the 

degradation of bone’s mechanical properties. The size and orientation of vascular channels 

have been demonstrated to contribute to bone strength and resistance to fracture [13]. A 

recent study in mice demonstrates a link between the intracortical canal network and work to 

fracture [38]. In addition, alterations in the vascular porosity have the potential to affect 

mechanotransduction. Modeling studies have shown that larger vascular pores reduce the 

interstitial fluid velocities around the pores [8]. The increase in vascular porosity 

demonstrated here in estrogen-deficient rats could both decrease bone strength and decrease 

the mechanical stimulus that osteocytes near the vascular pores would perceive. In addition 

to other matrix changes previously documented in the osteocyte lacunar-canalicular system 

due to estrogen deficiency [21], it is possible that these vascular pore changes could 
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contribute to bone degradation via the disruption of mechanical signals from the whole bone 

level down to the osteocyte [39, 40].

While estrogen deficiency increased the cortical vascular porosity in the tibial metaphysis, 

osteocyte lacunar porosity, average lacunar volume, and lacunar density were not 

significantly different in the OVX group compared to SHAM. We found similar results and 

similar osteocyte density values using confocal microscopy assessment of the rat OVX 

model of postmenopausal osteoporosis [21], and the average lacunar volumes in the present 

study are similar to synchrotron measurements in mice and rats [3, 33–34]. Using 

synchrotron micro-CT, Tommasini et al. also found no overall difference in lacunar porosity 

in the rat femur mid-diaphysis after 6 months of ovariectomy, but there was a decrease in 

lacunar volume and an increase in lacunar density for bone formed on the endosteal surface 

after ovariectomy [34]. Analysis of bone from patients having undergone osteoporotic 

fracture has also reported no change in osteocyte lacunar volume [41], while a reduction in 

osteocyte density has been shown in patients with osteoporotic vertebral fracture [42]. There 

is considerable evidence that osteocyte lacunar porosity is heterogeneous in both lacunar 

volume and alignment as well as lacunar density [4, 43]. It is also likely that osteocyte 

lacunar changes in the estrogen-deficient state are dependent on species and bone location, 

contributing to different findings among studies.

The cancellous bone analysis was performed to confirm changes reported in many studies 

using the rat model of postmenopausal osteoporosis, and all measures were consistent with 

previous reports. Cancellous bone volume fraction in the tibial metaphysis was significantly 

lower after OVX, similar to the decrease found in other studies [26, 44–46]. Trabecular 

thickness was somewhat smaller in OVX compared to SHAM, also consistent with previous 

results [26, 46]. Trabecular separation was higher for the OVX group compared to SHAM 

and trabecular number was significantly lower for OVX as previously reported [26, 44–46].

The nanoindentation analysis demonstrated that the elastic modulus and hardness were not 

altered due to estrogen deficiency, and the tissue mineral density of cortical bone showed 

little difference between SHAM and OVX groups. The values of elastic modulus and 

hardness found in the present study are similar to those found previously for normal and 

ovariectomized rats using nanoindentation [19, 47, 48]. In addition, the TMD values are 

similar to previous assessments of control and ovariectomized rats [46]. Several studies have 

shown that while estrogen deficiency causes a loss of bone mass in cancellous bone of rat 

vertebrae and proximal tibiae, the elastic and hardness properties of the remaining bone 

tissue are unchanged, similar to our findings [19, 47]. However, it is notable that other 

studies have shown that estrogen deficiency decreases elastic modulus in tibial cancellous 

bone in OVX rats [20], with little matrix mineralization changes in cortical bone of the 

proximal tibia, the region analyzed in the present study.

The degree of mineralization of bone tissue has been shown to be related to mechanical 

properties such as hardness and elastic modulus [49], yet the OVX group demonstrated no 

changes in matrix elastic modulus and hardness measured in osteocyte-rich regions of the 

tibial cortex. Thus, the nanoindentation results suggest that the matrix-mineral level changes 

around osteocytes observed in our previous study [21] are indeed alterations of the local 
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matrix surfaces surrounding osteocytes, and are not due to reduced mineralization of the 

OVX tissue because of increased bone turnover. While not measured in this study, the 

presence of a local mineral change at the lacunar-canalicular surface surrounding osteocytes 

after a drop in estrogen levels would suggest that osteocytes may play a role in mineral 

mobilization in postmenopausal osteoporosis, similar to what has been shown to occur 

during lactation [50]. A recent study that investigated the effects of lactation on bone 

mechanical properties found that an increase in the osteocyte lacunar-canalicular porosity 

produced a reduction in matrix elastic modulus measured using microindentation [51]. It is 

possible that canalicular changes previously demonstrated in the rat OVX model [21] could 

contribute to tissue-level changes that would be evident with microindentation analysis, 

where the indents are much larger and include lacunar and canalicular void space, but not 

with the nanoindentation analysis performed in the present study.

There are several limitations to this study. The ovariectomized rat model does not fully 

mimic the human condition of postmenopausal osteoporosis in that it produces osteopenia 

and not full-blown osteoporosis that could lead to bone fracture. In addition, most young 

adult rats have primary vascular pores, not secondary Haversian systems, although rats have 

been shown to have the capacity for intracortical remodeling [24]. However, the rat OVX 

model does have characteristics similar to that of postmenopausal bone loss, such as 

increased bone turnover, greater resorption than formation, and bone loss that is not uniform, 

with cancellous bone showing higher turnover than cortical bone [24]. Although our results 

appear to agree with previous synchrotron-measured findings, there are also limitations 

related to the quantification of lacunar porosity using the micro-CT scans and small 

differences may have gone undetected. The scanning rotation step (0.3 degrees), which is 

recommended for our micro-CT system, might lead to undersampling effects, potentially 

affecting the lacunar volume measurement. Although any such errors should be random and 

not affect one group over another, further investigation using higher resolution imaging with 

a better signal-to-noise ratio and smaller voxel size (e.g., synchrotron micro-CT) could be 

used to further assess lacunar volume changes due to estrogen deficiency. Another limitation 

is that the study did not assess potential alterations to the blood vessels inside the cortical 

pores due to estrogen deficiency. Future work should investigate the size and presence of 

blood vessels inside the cortical microporosity to further assess vascular pore changes. In 

addition, the mechanism of cortical pore enlargement due to estrogen deficiency should be 

further investigated. Finally, the study was limited to analysis of the proximal tibia. This 

region was chosen because of the documented changes due to estrogen deficiency [21, 43], 

but to more completely understand the bone degradation process during osteoporosis more 

anatomical regions should be studied.

In summary, this study successfully performed high-resolution 3D visualization and 

quantification of cortical microporosity and mineralization in the estrogen-deficient rat. We 

conclude that cortical bone vascular porosity is increased by estrogen deficiency, with 

ovariectomized rats demonstrating enlarged cortical pores in the tibial metaphysis. Together 

the results suggest that the nanostructural matrix-mineral level changes in the osteocyte 

lacunar-canalicular porosity of estrogen-deficient rats demonstrated in previous work [21] 

are indeed due to alterations occurring on the local matrix surfaces surrounding osteocytes, 

and not because of altered matrix mineralization due to increased bone turnover. The results 
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also demonstrate local surface alterations of the cortical vascular pores due to estrogen 

deficiency that could contribute to an increase of bone fragility due to decreased strength 

and decreased interstitial fluid flow because of the altered structure.
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Highlights

• Recent studies have demonstrated matrix-mineral alterations in bone tissue 

surrounding osteocytes in estrogen-deficient animals.

• This study assessed alterations in cortical bone microporosity and 

mineralization in the rat ovariectomy model of postmenopausal osteoporosis.

• Estrogen deficiency increased cortical vascular porosity, with enlarged 

cortical pores but no significant changes in mineralization around the pores.

• Nanoindentation results showed no differences in matrix stiffness in 

osteocyte-rich areas of the proximal tibia of estrogen-deficient rats.

• Findings provide evidence of local surface alterations of the vascular pores 

due to estrogen deficiency.
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Figure 1. 
Top left: Micro-CT image of the rat proximal tibia demonstrating region of analysis; 

longitudinal height of region = 2 mm. Top right: Cross-sectional image from region 

analyzed for an OVX rat; cortical vascular and lacunar porosities were assessed in the 

anterior (A) and posterior (P) regions. Middle row: Micro-CT cross-sectional images of the 

anterior proximal tibial metaphysis of a SHAM and OVX rat (1-μm voxel size). Bottom 
row: 3D renderings of cortical vascular canals in the anterior region for a SHAM and OVX 

rat (osteocyte lacunae not shown); longitudinal height of section = 2 mm.
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Figure 2. 
Representative SHAM and OVX volumes of interests (VOIs) from the anterior proximal 

tibial metaphysis illustrating the segmentation of the cortical vascular canals (red) and 

osteocyte lacunae (yellow). The entire (unzoomed) cylindrical VOIs are 250 μm in diameter 

and 2 mm in height.
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Figure 3. 
Top row: Micro-CT cross-sectional images of the proximal tibial metaphysis of a SHAM 

and OVX rat (4-μm voxel size), taken from the same proximal tibia region analyzed for the 

cortical microporosities shown in Figure 1. Bottom row: Segmented volumes of interest 

(VOIs) used to assess the cancellous bone microarchitecture in SHAM and OVX; VOI 

height = 2 mm.
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Figure 4. 
Typical SEM images of a region of interest surrounding a vascular pore from a SHAM rat 

(left) and OVX rat (right). Both images taken from the posterior proximal tibia; scale bars = 

20 μm.
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Figure 5. 
A schematic representation of the rat tibia showing the regions analyzed using 

nanoindentation. A matrix of 25 nanoindents, 5 μm apart, was made in the anterior (A) and 

posterior (P) of the cortical tibial metaphysis in an osteocyte-rich area.
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Figure 6. 
Micro-CT microarchitectural measures (mean ± standard deviation) for cancellous bone 

from the proximal tibia metaphysis for SHAM and OVX groups. (a) Cancellous bone 

volume fraction, BV/TV (%). (b) Trabecular thickness, Tb.Th (μm). (c) Trabecular 

separation, Tb.Sp (μm). (d) Trabecular number, Tb.N (1/mm), (e) Structure model index, 

SMI. *p < 0.05.
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Figure 7. 
Micro-CT microarchitectural measures (mean ± standard deviation) for cortical bone from 

the anterior and posterior regions of the proximal tibia metaphysis for SHAM and OVX 

groups. (a) Vascular canal porosity, Ca.V/TV (%). (b) Average vascular canal diameter, 

Ca.Dm (μm). (c) Vascular canal separation, Ca.Sp (μm). (d) Osteocyte lacunar porosity, 

Lc.V/TV (%). (e) Osteocyte lacunar density, Lc.N/TV (# per mm3). (f) Tissue mineral 

density, TMD (g/cm3). *p < 0.05.
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Figure 8. 
SEM assessment of mineralization (calibrated grayscale, mean ± standard deviation) around 

vascular pores from the anterior (top) and posterior (bottom) regions of the proximal tibia 

cortex. For both SHAM and OVX, mineralization level was lowest at the vascular pore 

surface; but there were no mineralization differences between SHAM and OVX. a different 

from 1–5 μm region, p < 0.05; b different from 6–10 μm region, p < 0.05; c different from 

11–15 μm region, p < 0.05.
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Table 1.

Bone histomorphometric indices for cortical bone of the proximal tibia metaphysis. Values expressed as mean 

± standard deviation. SHAM: sham-operated controls; OVX: ovariectomized.

SHAM OVX

Endocortical bone formation rate, Ec.BFR (μm3/μm2/day) 0.68 ± 0.20 1.27 ± 0.32*

Endocortical mineral apposition rate, Ec.MAR (μm/day) 1.62 ± 0.27 2.29 ± 0.44*

Periosteal mineralizing surface / bone surface (Ps.MS/BS) (%) 19.6 ± 6.5 22.5 ± 7.1

Mineralizing vascular pores (%) 16.3 ± 7.0 25.2 ± 12

*
different from SHAM, p < 0.05
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Table 2.

Elastic modulus and hardness values measured using nanoindentation in the anterior and posterior regions of 

cortical bone in the proximal tibia metaphysis. Values expressed as mean ± standard deviation. SHAM: sham-

operated controls; OVX: ovariectomized.

SHAM OVX

Elastic modulus (GPa) Anterior region 22.9 ± 1.7 22.5 ± 1.8

Posterior region 23.6 ± 1.2 22.8 ± 2.9

Hardness (GPa) Anterior region 0.774 ± 0.060 0.761 ± 0.068

Posterior region 0.793 ± 0.054 0.820 ± 0.062
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