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Abstract

Tibia and Vertebra Bone Structure Changes in Old-Male Spontaneously 

Hypertensive Rats by Quantitative Micro-CT

Tzu-Cheng Lee

Studies have shown that hypertension is associated with abnormalities of 

calcium metabolism, and it may lead to increase the risk of fractures and 

osteoporosis. However, several recent clinical findings in the past decade 

revealed an inverse correlation between bone mineral density (BMD) and 

hypertension in large cohorts of old male subjects. In this  report, we further 

investigated whether this positive correlation between bone loss and 

hypertension could be also observed in animal models of hypertension. The use 

of animal models (Spontaneously Hypertensive Rats, SHR) can lead us to a 

better understanding of the correlation without other confounding factors. We 

used high-resolution micro-computed tomography (µCT) to investigate the BMD 

and bone structure differences in the tibial and vertebral regions of two-year-old 

male SHRs in comparison to those in normotensive rats (Wistar-Kyoto, WKY). 

Moreover, we also applied the finite element analysis (FEA) and the bone 

biomarker test to further examine whether there are significant differences 

between these two groups. Surprisingly, almost all bone quality indices of the 

tibial region showed significant statistical differences (p<0.01) between the SHR 

and the WKY. In the tibial metaphysis part, the SHR group showed significant 
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increase in the bone fraction (BV/TV, 29.5%), bone number (Tb.N, 31.4%), 

connectivity density of bones  (Conn.D, 138%), and decrease in the bone 

separation (Tb.Sp, -27.9%), cortical thickness (Ct.Th, -18.2%), cortical bone 

density (Ct.TMD, -1.9%), and structure model index (SMI, -21.6). In addition, the 

2-dimensional histomorphometric scan on the tibial diaphysis  region also showed 

that the bone quality is  better in SHR than WKY rats. On the contrary, SHRs 

significantly lost concentrations of two bone formation markers (Vitamin D25H 

and P1NP), and had elevated S-CTX concentrations (a bone resorption marker)  

compared to WKYs. In this reports we revealed that even the loss of bone mass 

continued happening in old-male SHRs, through the changes of bone 

microarchitectures, the bone quality was getting better at the same time.
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INTRODUCTION

Studies have shown that hypertension also known as high blood pressure is 

associated with abnormalities of calcium metabolism, and it may lead to 

increased calcium losses, oversecretion of parathyroid hormone (PTH), causing 

increased movement of calcium from bone (1-4). Moreover, continued calcium 

loss over decades, it could result in serious bone mineral density (BMD) loss, 

and may increase the risk of osteoporosis  (5; 6). Due to its  special correlation 

with mineralization, hypertension has been suggested as a risk factor for 

fractures in a recent epidemiological report (7). On the other hand, although it 

cannot be applied to every type of bone tissue or every region of bone, many 

studies have shown that aging is  another critical factor affecting bone mineral 

density (6; 8). A significant BMD reduction was found in both trabecular and 

cortical bones with increasing age, and this phenomenon was observed in clinical 

study both men and women (9-13).

It may seem that the correlative signatures of bone quality, hypertension-related 

disease, and the aging have been well characterized from previous studies.  

However, surprisingly, several recent clinical findings in the past decade revealed 

an inverse correlation between BMD and hypertension in large cohorts of old 

male subjects (at least over 350 people over 70 years old in the study) (9; 14; 

15); Using dual-energy x-ray absorptiometry (DEXA) or quantitative computed 

tomography (QCT) for a large group of elderly males, the study found that BMD 

increase from two to five percent in tibia, radius, spine or femur (differs  between 

reports) in the hypertensive cohort over those in the normotensive cohort. These 

1



unexpected findings could be explained by higher insulin level or by use of 

medications that could affect the BMD in the hypertensive cohort (15). However, 

when Barbour et al. excluded the antihypertensive drug (thiazides and thiazide-

like diuretics; TZ) users in their statistical analysis, they found that the 

association between the hypertension and the improved BMD still held (9). 

Hence, it is likely that other factors are involved, and the further investigation of 

this phenomenon is still needed.

Inspired by the unexpected contradictory correlations of hypertension, age, and 

BMD in the clinical studies, we further investigated whether this  positive 

correlation between bone loss and hypertension could be also observed in 

animal models  of hypertension. The use of animal models  can lead us to a better 

understanding of the correlation without other confounding factors. In many 

research studies, the spontaneous hypertensive rat (SHR) have been used as a 

preclinical model for investigating abnormal calcium metabolism or bone 

morphology changes induced by high blood pressure. The Wistar-Kyoto rat 

(WKY) is  a species from which the SHR was derived, and is used as a 

normotensive genetic control. We have found almost all of the previous SHR/

WKY studies were focused on the age group of around 23~26 weeks, so-called 

“adult” rats. Compared to the normotensive group, the hypertensive rats  showed 

abnormal calcium metabolism, elevated concentration in PTH, increased bone 

turnover, and reduced cancellous bone mass (16-18). In addition, bone 

morphology studies  also showed that SHRs experienced more severe bone 

structure change than WKY rats did (17; 19; 20). To a certain degree, the studies 
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using the adult rat model confirmed the previous findings that hypertension would 

increase or indirectly accelerate the bone loss. To the contrary, Liang et al. in 

1997 reported that 27-weeks-old female SHRs possessed more trabecular bone 

than WKY controls did (21), indicating that the positive correlation between 

hypertension and bone loss may not be true in general. Moreover, to the best of 

our knowledge, the bone metabolism, structure, and morphologic changes of 

male rats over the one-year-old period have never been fully characterized.

Osteoporosis  is defined as “a skeletal disorder characterized by compromised 

bone strength predisposing to an increased risk of fracture (22)”. Factors defining 

“bone strength” are complicated; it can be a combination of bone size, shape and 

material properties (23). Moreover, “bone strength” can be affected in one of the 

two ways: 1) By changes in the tissue-level material properties, or 2) by changes 

in the macro and micro structural properties of the bone (24). In other words, the 

BMD results in elderly cohort of hypertensive human subjects (9; 14; 15) only 

captures some of factors related to bone strength. In fact, only 44% of women 

and 21% of men who suffer fragility fractures actually meet the BMD criterion that 

their BMD is  -2.5 standard deviations below the young adult mean BMD, which is 

a WHO-based T-score clinical definition of osteoporosis (25; 26). Thus, bone 

microarchitecture and its morphology also play a very important role in determine 

bone strength, and more parameters besides BMD are needed to quantify the 

bone structure.

High-resolution micro-computed tomography (µCT) imaging has been widely 
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used to quantify trabecular and cortical bone morphology; a variety of structural 

indices have been introduced to quantitatively characterize the bone 

microarchitecture (24; 27). These include bone volume fraction (BV/TV) and 

metrics such as trabecular thickness (Tb.Th), trabecular number (Tb.N), 

trabecular spacing (Tb.Sp) and cortical thickness (Ct.Th). The standard deviation 

of trabecular separation (Tb.1/N.SD) can be used as a measurement of 

heterogeneity in trabecular bone distribution. In addition, nonmetric indices such 

as structure model index (SMI), connectivity density (Conn.D), and degree of 

anisotropy (DA) have also been introduced to describe topological features of 

bone microstructure. The SMI is the parameter used to classify the trabecular 

bone structure into plate-like (SMI: ~0) or rod-like (SMI: ~3) geometries, because 

the rod-like geometry is  known as a characteristic of osteoporosis (28). 

Connectivity density, Conn.D, also provides valuable information, since the loss 

of connectivity weakens the structural integrity and elevates the fracture risk (24; 

29; 30). The degree of anisotropy (DA) is another bone quality parameter, which 

measures orientation variance of trabecular bone, calculated from a ratio of 

maximum to minimum eigenvalues of the mean intercept length tensor. With 

aging, it has been known that horizontally-oriented bone is lost faster than 

vertically-oriented bone; resulting in increased DA value (31) (see Table 1 below). 

From the point of view of biomechanics, finite element analysis  (FEA) is a 

straightforward method to estimate the bone strength, that is affected by the 

change of three-dimensional geometry or distribution of material properties. For 

the advantage of high-resolution µCT, a 3-D bone tomography can be 
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represented by a collection of a finite number of building blocks, and with 

assignment of boundary conditions and material properties, such as elastic 

modulus and Poisson’s ratio for each element, the set of block nodal 

displacements that satisfies  mechanical equilibrium can be calculated by 

computer to simulate the deformation response to applied external loads. Then 

the nodal displacements and material properties are used to compute the stress 

and strain correlation curve in order to get the overall stiffness and elastic 

modulus of the object (32; 33).

Investigation of biochemical blood serum markers of bone metabolism (bone 

markers) is a method to evaluate variations of bone formation and resorption, 

providing information that could help interpret changes in bone strength. Unlike 

the change of bone architecture that represents the sum of infinitesimal bone 

transforms for prolong time, bone metabolism is a continuous remodeling 

process that normally reaches a dynamic equilibrium between the formation of 

new bones and the resorption of old or injured bones over time; hence, selected 

biomarkers may able to imply more real-time information of bone’s formation, 

resorption, and turnovers (34; 35). Different bone markers directly or indirectly 

reflect different steps of the bone remodeling cycle. Some of them are the 

necessary enzymes for forming bone cells, and some of them are the excess 

fragments of degradation of cell matrix. Herein, we choose monitoring the 

concentration of Insulin, Vitamin D25H (25-hydroxyvitamin D), P1NP (procollagen 

type 1 N-propeptide), and Bone-ALP (bone specific alkaline phosphatase) in 

order to observe the bone formation activities as well as monitoring S-CTX (C-
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telopeptide cross-link of type 1 collagen) and PTH (parathyroid hormone) to get 

the information of resorption activities (see Table 2 above).

Table 1. The nomenclature of structural indices

For tibia and L3 vertebra and their calculation methods. VOX, voxel counting 

method: volumes are measured by counting voxels in a binary image; DT, 

distance transform method: distance is imaged as the radius of a sphere with 

center in this voxel that fits inside the structure; TRI, triangulation method: 

calculate the volume with the enclosed tetrahedrons and represent its surface 

with triangles.
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Table 2. Biochemical markers of bone metabolism and their effects

The overall objective of our study is to use high-resolution micro-computed 

tomography (µCT) to investigate the BMD and bone structure differences in the 

tibia (both metaphysis and diaphysis) and vertebrae (L3) regions in two-year-old 

male the SHRs in comparison to those in normotensive WKY rats. Finally, in 

order to fully understand the difference of bone strength between SHRs and 

WKYs, we also applied the FEA and bone biomarker test to further examine 

whether there are significant differences between these two groups. Through this 

research project, we are able to know how hypertension affects  bone strength 

indices in an old-male rat model (SHR) for the first time. We hope that the 

outcome of our findings can add to the knowledge of our understanding about the 

change of bone strength in old-male hypertensive human patients.
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METHODS

The Spontaneous Hypertensive Rats (SHRs) and normotensive genetic control 

Wistar-Kyoto rats (WKYs) were purchased from Charles River Laboratories 

International, Inc. (Wilmington, MA). They were fed purina rodent chow and 

water. The animals were nocturnal and the half of the animals during the 3-year 

experimental period were fasted on average 10 times throughout their life spans 

for imaging and blood tests. The other half were on a regular diet for imaging and 

blood tests. All SHRs showed signs of cardiac hypertrophy induced by 

hypertension, measured in vivo using imaging methods. Both SHRs and WKYs 

were kept until either they died of advanced disease (e.g., heart failure) or of 

advanced health conditions that required euthanasia. Blood was drawn from 

lateral tail vein under anesthesia, and was sent to Ani Lytics Inc. (Gaitherburg, 

MA) for the bone marker test (see Table 2). Upon the death of the animals or 

euthanasia, the tibia and third lumber vertebra (L3) were excised and freed of the 

soft tissues. 

All metaphyseal and vertebral specimens were imaged with an isotropic voxel 

size of 8 µm in a micro-computed tomography system (µCT 40, Scanco Medical 

AG, Bassersdorf, Switzerland). The following settings were used for acquisition: 

x-ray source voltage 55 kVp, tube current 144 µA, pixel matrix 1024×1024, field 

of view 16.4 mm, 1000 projections for 180 degrees, and 200 seconds integration 

time. The acquisition setting of the diaphyseal tibia were same as the 

metaphyseal and the vertebra except it doubled the voxel size and halved the x-

ray projection number. The metaphyseal region measured at 3mm span (375 
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slices) from the growth plate of proximal tibia; the vertebral region measured 

around 870 slice spans from the upper intervertebral disc to the lower disc 

beneath L3 (anterior view for vertebral body part), and the diaphyseal region 

measured a 1mm span (104 slices) located 1mm above the tibial-fibular junction. 

To assess  tissue mineral composition, attenuation values were calibrated to a 

hydroxyapatite concentration (mgHA/cm3) by a phantom calibration procedure 

(36). All subsequent image reconstruction, segmentation, and calculation steps 

were conducted using Image Processing Language (IPL, Scanco Medical AG) on 

a dual-Alpha OpenVMS workstation (DS20E, Hewlett Packard Inc.). For the 

vertebra and tibial metaphysis, twelve parameters  evaluating bone structure, 

morphology, and density were acquired (see Table 1). We measured (BV/TV), 

(Tb.Th), (Tb.N), (Tb.Sp) and (Tb.1/N.SD) of the trabecular bone, and the 

thickness of cortical bone (Ct.Th) (37-39). Three non-metric indices: (SMI), 

(Conn.D), and (DA) were also accessed (38). At the compositional measurement, 

bone (or tissue) mineral densities of trabecular and cortical bone (Tb. TMD), (Tb. 

BMD), (Ct. TMD) were calculated. For the tibia diaphyseal region, four 2D 

histomorphometric parameters are total area (Tt.Ar), cortical area (Ct.Ar), 

medullary area (Me. Ar), and cortical thickness (Ct.Th) of transverse view of mid-

shaft tibia. 

Apparent elastic biomechanical properties were determined for each vertebral 

specimen using linear micro-finite element (µFE) analysis. The binary µCT image 

was converted to a mesh of isotropic brick elements using a voxel conversion 
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technique (40) and each element was assigned an elastic modulus  of 18 GPa 

and a Poisson’s ratio of 0.3 (33; 41). A uniaxial compression test in the axial 

direction (superior-inferior) was performed with an applied strain of 1%. An 

iterative solver (Scanco FE Software v1.12, Scanco Medical) was used to 

compute reaction forces at the superior and inferior ends of the vertebrae for the 

prescribed boundary conditions. Cortical and trabecular elements were assigned 

different material labels, with identical material properties, to enable the 

calculation of load distribution between the two compartments. The model 

computations were performed at the UCSF/QB3 Shared Computing Facility – a 

mixed architecture Linux grid comprised of 4500 processor nodes.

Two samples t-test was used to evaluate the significances between SHR and 

WKY groups through software OriginPro 8.6 (Northampton, MA).

RESULTS

Almost all bone quality indices showed significant statistical differences (p<0.01) 

between the SHR (n=17) and the WKY (n=17) (see Figure 1.A,B & 2). Compared 

to the control WKY group, the SHR group showed a significantly larger in BV/TV 

(29.5%), Tb.N (31.4%), Tb.BMD (23.6%), Conn.D (138%), and DA (15.9%), and 

a decrease in Tb.Th (-10.8%), Tb.Sp (-27.9%), Tb.1/N.SD (-30.4%), Ct.Th 

(-18.2%), Ct.TMD (-1.9%), and SMI (-21.6) (all p<0.01, see Table 3). In addition, 

there was  no significant difference for the trabecular tissue mineral density. On 

the other hand, for the L3 vertebra scanning, three structural indices showed 

significant differences between the SHR (n=16) and WKY (n=6): Ct.Th (22.8%), 
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SMI (-471%), and Conn.D (38.4%) (see Figure 3, Table 4). For the 2-dimensional 

histomorphometric scan on tibial diaphysis  region, Tt.Ar (6.5%), Ct.Ar (16.8%), 

Ct.Th (13.6%), and Me.Ar (-17.7%) all showed significant differences between 

the SHR (N=19) and WKY (N=18), where the Ct.TMD of diaphysis almost 

remained the same (-0.1%, no significance) (see Figure 1.C,D & 4, Table 5).

Figure 1. Representative µCT images of the tibial metaphysis and diaphysis

The metaphyseal region (A,B) and diaphyseal region (C, D). Images of a control 

animal (WKY) are on the left (A, C) and those from the SHR are on the right (B, 

D).

The results of finite element analysis revealed that the stiffness of the vertebra 

body of the SHR (n=10) was significantly higher (p<0.01) than the WKY (n=5) by 

almost 50 percent (48.9%), and the apparent elastic modulus was also 

andrew.burghardt@ucsf.edu	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	        http://radiology.ucsf.edu/mqir/

Hypertension and Bone
! Hypertension has a well established connection to poor 
calcium metabolism. Hypertensive individuals generally have 
low serum calcium and vitamin D3, elevated levels of PTH, and 
have hypercalciuria. In  light of these observations, it’s 
unsurprising that epidemiological studies have found an 
association between hypertension and low bone mineral density 
(BMD) and an increased rate of bone loss as assessed by dual 
energy X-ray absorptiometry (DXA) 1, 2. Because low BMD is 
associated with an increase in the risk of osteoporotic fracture, 
understanding the etiology of bone mass deficits associated with 
hypertension may have important implications for the treatment 
of the disease.
! The spontaneous hypertensive rat (SHR) is an important pre-
clinical model for investigating the pathogenesis, treatment, and 
complications of cardiovascular disease (CVD). Several studies 
have used 2D histomorphometry to characterize bone geometry 
and structure in young adult SHR animals, using Wistar-Kyoto 
rats as a normotensive genetic control 3, 5, 7. To date bone quality 
in elder animals with endstage CVD has not been characterized. 
The goal of this study was to assess trabecular and cortical bone 
geometry, micro-architecture, and mineral composition by 
micro-computed tomography (µCT) in old (18-months) male 
SHR and normotensive WKY rats.

Changes in Bone Structure in Spontaneously Hypertensive 
Rats determined by MicroCT Imaging

B A C K G R O U N D

Fig. 4: A summary of µCT morphometric and densitometric bone quality measures 
calculated at the proximal metaphysis (A) and mid-diaphysis (B) of the tibia for 
Wistar-Kyoto control (WKY) and Spontaneous Hypertensive Rat (SHR) groups.

Morphometric Differences between Normo- and Hyper-tensive Rats
Metaphyseal Region
➡ SHR have significantly more trabecular bone volume and tend to  

have more highly connected micro-architecture, with narrower 
marrow spaces.

➡ SHR have a significantly more plate-like architecture (low SMI)
➡ SHR tend to have narrower metaphyseal cortices (Ct.Th)

Diaphyseal Region
➡ SHR have greater total and cortical cross-sectional, but normal 

medullary area
➡ SHR have wider diaphyseal cortical bone

Compositional Differences between Normo- and Hypertensive Rats
Metaphyseal Region
➡ Apparent BMD: SHR have greater Tb.BMD
➡ Tissue Mineral Density: SHR has minor, but statistically 

significant lower Tb.TMD, and no difference in Ct.TMD.
Diaphyseal Region
➡ Tissue Mineral Density: SHR have normal diaphyseal Ct.TMD

Bryan J. Hermannsson1, Andrew J. Burghardt1, Hilla Wahnishe2, Youngho Seo1

Sharmila Majumdar1, Grant T. Gullberg2

Micro-computed Tomography (µCT)
Imaging System
• Scanco µCT40 (Scanco 
Medical AG, Brüttisellen, 
Switzerland)
• 55kV, 145µA

Metaphyseal Region

•Spans 3mm (375 slices) distal 
from the growth plate (Fig. 1)
• 8µm nominal isotropic 
resolution

Diaphyseal Region

•Spans 1mm, located 1mm 
proximal to the tibial-fibular 
junction (Fig. 1)
•16µm nominal isotropic 
resolution

Quantitative µCT

To assess tissue mineral composition, attenuation 
values calibrated to hydroxyapatite concentration by 
phantom calibration procedure4.

Quantitative Morphometric Analysis
Metaphyseal Region

Direct 3D morphometric measures:
•Bone volume fraction (BV/TV)
•Trabecular thickness (Tb.Th), separation (Tb.Sp), and 
number (Tb.N)
•Degree of Anisotropy (DA)
•Connectivity Density (Conn.D)
•Structure Model Index (SMI)

Diaphyseal Region

2D Histomorphometric measures:
•Total Area (Tt.Ar)
•Cortical Area (Ct.Ar)
•Medullary Area (Me.Ar)
•Cortical Thickness (Ct.Th)

Quantitative Densitometric Analysis
Metaphyseal Region

•Trabecular Tissue Mineral Density (Tb.TMD)
•Cortical Tissue Mineral Density (Ct.TMD)

Diaphyseal Region

•Cortical Tissue Mineral Density (Ct.TMD)

Fig. 3: Representative 3D renderings of the trabecular bone micro-architecture 
from a median WKY control (A) SHR (right) specimen. SHR animals were 
observed to have greater trabecular bone volume (BV/TV) but reduced cortical 
thickness (Ct.Th) compared to the normotensive WKY.

1 Department of Radiology and Biomedical Imaging, University of California, San Francisco; San Francisco, CA USA
2 Life Sciences Division, Lawrence Berkeley National Laboratory; Berkeley, CA USA

C O N C L U S I O N
In old, male hypertensive SHR rats, this study has found trabecular bone 
quality measures consistent with greater bone strength compared to WKY, a 
genetic control. While diaphyseal cortical bone was also significantly 
greater in SHR, metaphyseal cortical bone tended to be diminished. No 
significant tissue compositional differences were observed at either site. 
These findings are consistent with Liang et al. who also found higher 
trabecular bone mass in female SHR compared to WKY at 20-weeks 3. 
However, other studies in young adult SHR animals have generally found 
lower bone quality indices compared to WKY 5-7. These results may indicate 
that age, gender, and hormonal effects are important factors that determine 
the interaction between hypertension and bone metabolism.

M E T H O D S

R E S U L T S

Animals
Spontaneous Hypertensive Rats 
(SHR, N=12) and normotensive 
genetic control Wistar-Kyoto rats 
(WKY, N=6) were sacrificed at 18-
months of age.

A C K N O L E D G E M E N T S
Funding for this study was provided by NIH R01 EB007219 (GTG) and NIH R01 
AG017762 (SM).
References: [1] Cappuccio et al., Lancet 1999. [2] Tsuda et al, Am J Hypertens 2001. [3] 
Liang et al, Anat Rec 1997. [4] Burghardt et al, Calcif Tissue Int 2008. [5] Izawa et al., 
Calcif Tissue Int 1985. [6] Sato et al., J Pharmacol Exp Ther 2010. [7] Wang et al., Bone 
Miner 1993.

Fig. 1: Scout radiograph 
illustrating the 
metaphyseal (top) and 
diaphyseal (bottom) 
scan locations.

Fig. 2: Representative 2D images (median by BV/TV) from the metaphyseal 
region (A,B) and diaphyseal region (C, D). The control animal is on the left (A, C) 
and the SHR is on the right (B, D).

µCT Metaphyseal Bone Quality

* p < 0.05

µCT Diaphyseal Bone Quality

* p < 0.001
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significantly higher (p<0.05) in the SHR than the WKY group (7.8%). We also 

simulated the load-sharing fraction between the cortical and trabecular bone with 

the load applied at the inferior boundary or superior boundary. The data showed 

that the cortical bone received more pressure in the SHR than that in WKY (51% 

vs. 40%; no significant difference though) with the load applied at the inferior 

boundary. However, when the load applied at the superior side, the cortical bone 

of the WKY received more pressure than that of SHR did (42% vs. 35%; no 

statistical significance) (see Figure 4, Table 6).

The result of biochemical biomarkers of bone metabolism indicated that the SHR 

rats (n=3) had significant (p<0.01) decreases in concentration in two bone 

formation markers (Vitamin D25H: -72%; P1NP: -68%) and elevated values in 

one bone resorption marker(S-CTX: 223%) compared to the WKY group (n=9). 

We did not find statistically significant differences  between these two groups in 

other bone biomarkers like Insulin, PTH, and Bone-ALP (see Table 7). 

Surprisingly, the trend remained the same after we adding more blood samples 

into the statistics, which were the samples obtained from rats  that did not go 

through the fasting period before the blood sampling (see Table 8). The summed 

data still showed three parameters significantly differ between the SHR (n=10) 

and the WKY (n=16): Vitamin D25H: -71%, P1NP: -57%, and S-CTX: 75%.
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Figure 2. The normalized values of structural indices for the tibial metaphysis

The SHR (dark gray) and the WKY group (light gray); the double asterisk (**) 

represents the significance (p-value) lower than 0.01.

Figure 3. The normalized values of structural indices for the L3 vertebra

The SHR (dark gray) and the WKY group (light gray); the double asterisk (**) 

represents the significance (p-value) lower than 0.01.
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Table 3. The measured values of twelve structural indices with standard deviation 

for the tibial metaphysis of the SHR and WKY.

14



Table 4. The measured values of twelve structural indices  with standard deviation 

for the L3 vertebra of the SHR and WKY.

Table 5. The measured values of five structural indices with standard deviation 

for the tibial diaphysis of the SHR and WKY
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Figure 4. The normalized values of biomechanical indices for the L3 vertebra

The SHR (dark gray) and the WKY group (light gray); the double asterisk (**) 

represents the significance (p-value) lower than 0.01, and the single asterisk (*) 

represents the significance lower than 0.05.

Table 6. The measured values of biomechanical indices with standard deviation 

for the L3 vertebra of the SHR and WKY.
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Table 7. The measured values of bone markers with standard deviation of the 

SHR and WKY (all samples were fasted before blood test).

Table 8. The measured values of bone markers with standard deviation of the 

SHR and WKY (including samples without fasting before blood test).

DISCUSSION

Low bone density, low connectivity density, and rod-like trabecular bone structure 

are characteristics of bone loss, and these were strongly correlated to the weak 
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bone strength. With respect to these indices, weaker bone strength could be 

translated to the increased value of Tb.Sp, Tb.1/N.SD, SMI, DA, and decreased 

value of BV/TV, Tb.Th, Tb.N, and Conn.D. Moreover, reduced bone (or tissue) 

mineral density was regarded as another critical index for judging the abnormality 

of bone strength. Surprisingly, for most of the bone quality indices we used to 

detect in the metaphyseal region, our results showed an interesting trend (see 

Table 9) which was contradictory to previous studies indicating that hypertension 

will lead to bone loss. In other words, the old, male hypertensive rats showed 

improved bone quality compared to normotensive controls in our studies.

Although a previous research study also found higher trabecular bone mass in 27 

weeks old female SHRs (21), there were not many animal studies that kept 

following the bone quality change within the end-stage hypertension-induced 

disease like hypertrophy leading to heart failure. Our studies here clearly 

revealed that hypertension and aging in the male rat model not only did not 

accelerate the bone loss, but also lead to a better bone quality to a certain 

degree. Although it sounds contradictory, our findings are consistent with several 

research studies previously mentioned that showed higher BMD in old 

hypertensive male patients than that in control patient groups (9; 14; 15). 

Moreover, the same results  could be found in the diaphysis region in our studies; 

the SHR group showed a significantly greater cortical thickness and bigger 

cortical area, which further indicated that it had stronger bone strength than the 

WKY group (24).
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Table 9. Comparing the SHR to the WKY, the significance difference of the bone 

quality indices in metaphysis, vertebra, and diaphysis

(+) represents the SHR > the WKY, and the statistical significant (p-value) <0.05; 

(-) represents the SHR< the WKY, and the statistical significant (p-value) <0.05. 

The double plus (++) or double minus (--) sign means its statistical significant (p-

value) <0.01.

Compared to the tibia, the vertebra region showed a less significant differences 

between the SHR and the WKY groups (see Table 9). Although the increased 

value of Tb.Th and Conn.D in the SHR group revealed improved bone quality 

than those of the WKY group, there were not so many structural indices that 

showed significant differences between the two groups (unlike in tibia). However, 

through the finite element analysis for the L3 vertebra, the stiffness and elastic 

modulus in the SHR group were significantly higher than those in WKY, and once 

again implied that the SHRs had better bone strength than WKY rats.
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Unlike the previous values above resulted in an “unusual” correlation between 

hypertension and bone loss, SHRs significantly lost concentrations of two bone 

formation markers (Vitamin D25H and P1NP), and had elevated S-CTX 

concentrations  (a bone resorption marker) compared to WKYs. These 

biochemical markers supported the idea that hypertension is  associated with 

abnormal bone metabolism, but meanwhile, these bone markers did not 

necessarily correlate to the corresponding bone strength and bone quality. 

Another issue is  that ideally all specimens could be obtained from animals  

euthanized at the same weight, but this was not very practical for our studies. 

The factor “body weight” could be considered to affect the consequence of bone 

strength, because normally higher body weight resulted in more bone mass or 

higher bone mineral density (9; 14). On the contrary, even if the averaged weight 

of WKYs was much higher than SHRs (over 100 grams) at the time we collected 

the bone samples, WKYs still showed weaker values in bone indices than SHRs 

did. Hence, we concluded that we could exclude “body weight” as a critical factor 

that affect the bone quality. 

On the one hand, through the bone biomarker test, we knew that the old male 

SHR group had higher bone resorption (see Table 7, 8); on the other hand, 

however, we also saw the SHR group showed improved bone quality compared 

to normotensive controls in tibial region (see Table 3, 5). These results indicated 

that deficits in bone mass in SHR was more severe than in WKY rats, but 

meanwhile the bone quality was enhanced through altered micro-architecture 
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(bone mass  loss: decreased in Tb.Th, Ct. Th, and Ct.TMD; bone quality 

enhanced: increased in Tb.N, Conn.D, and decreased in Tb.Sp, SMI. see Table 9 

Metaphyseal Tibia) (42). According to the previous biomechanical study reported, 

the simulation showed that for the same amount of bone loss, it is better to lose 

bone mass in the form of thickness rather than numbers  or connectivity density in 

order to maintain the bone strength (30). In other words, although the net change 

of bone mass was missed here, we thought the SHR group overcame the 

elevated bone absorption by losing the bone mass through the form of thickness 

(both trabecular and cortical bones) rather than losing trabecular bone numbers 

and its connectivity density. On the other hand, the serum and urinary bone 

biomarkers are gathered at a single time point, for a greater understanding of the 

differences in SHR and WKY bone it will be necessary to do biomarkers over 

time to determine the resorpion and formation pattern over the lifetime of the 

animals, as well as dynamic histomorphometry of bone tissue to determine the 

role of osteoclasts and osteoblasts.

CONCLUSION

It is well known that hypertension is  associated with abnormalities in bone 

metabolism, and our blood biomarker test in this report echoes this statement. 

However, through the quantitative µCT and finite element analysis, especially in 

the tibial region, we found a significantly inverse correlation between 

hypertension and bone quality particularly in the old-male rat model (SHR). 

Considering bone density, structure, morphology, and finite element results, we 
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suggest that bone resorption activities in the old male rats happend through a 

form of losing the trabecular and cortical bone thickness. Meanwhile, the SHR 

also increases the bone number and the connectivity density in order to achieve 

an improved bone strength, and thus to overcome the hypertension-related bone 

mass loss. Although we are not able to completely understand this relationship in 

the old-male rat model, our research findings have provided a first sight to see a 

clear balance between the bone loss and the bone quality for these end-staged 

hypertensive rats, which could lead to a better understanding of the 

corresponding phenomenon in human subjects.
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