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1. Introduction  

Osteoporosis is characterized by low bone mass and deterioration of bone architecture, 
resulting in increased bone fragility and risk for bone fracture. This disease is associated 
with significant morbidity and mortality and has become a major public health concern. 
Osteoporosis and its-related fractures are an important public health concern; increasing in 
physical and/or psychological problems (depression, chronic disabling pain, fear and 
anxiety) as well as difficulty of the activities of daily life (NIH Consensus Development 
Panel on Osteoporosis Prevention Diagnosis and Therapy, 2001; Totosy de Zepetnek et al., 
2009; WHO (World Health Organization), 2004). In addition, they cause increase in 
morbidity and mortality, and decrease in functional mobility and thereby reduction in 
quality of life (QOL) (Tosteson et al., 2008). Also, directly/indirectly financial expenditures 
for treating and caring of osteoporosis and its-related fracture are increasing over time.  
Pharmacological interventions are widely used to treat and prevent osteoporosis and its-
related fracture clinically. However, such interventions can be accompanied with 
undesirable side effects. The long-term estrogen replacement therapy may increase in a risk 
of breast or ovarian cancer or venous thromboembolism (Grady et al., 2004; Nelson et al., 
2002; Noller, 2002; Schairer et al., 2000). The bisphosphonates may cause osteonecrosis of the 
jaw, a syndrome of myalgias and arthralgias, and gastrointestinal intolerance (Khosla et al., 
2007; Lewiecki, 2010; Wysowski,Chang, 2005), and induce osteopetrosis in a child (Marini, 
2003; Whyte et al., 2003; Whyte et al., 2008). Calcium and vitamin D supplementation might 
not be effective for reduction of osteoporotic bone fracture (Porthouse et al., 2005). 
Furthermore, inadequate vitamin D supplementation may increase in vascular calcification 
(Tang et al., 2006;Zittermann et al., 2007). Therefore, alternatives to pharmacological 
interventions are required for reduction of the adverse side effects.  
Mechanical signals are the most important one of extrinsic factors for regulating bone 
homeostasis (Dufour et al., 2007;Judex et al., 2009). The relation between mechanical signal 
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and bone homeostasis is elucidated by the mechanostat theory and the daily stress stimulus 
theory (Frost, 1987, 2003, 2004;Qin et al., 1996;Qin et al., 1998). The former describes that a 
net bone is regulated by the strain or deformation applied to the skeleton. In the latter 
theory, a net bone is modulated by a daily stress stimulus (considering both the magnitude 
as well as the number of cycles on loading) applied to the skeleton. Therefore, when strain 
applied on skeleton is bigger than target strain, the daily stress stimulus is bigger than some 
target stimulus, or a low magnitude and high cycle number, a net bone can be increased. 
Based on these rationales, external biophysical stimuli have been suggested as alternatives 
to pharmacological therapies. Ultrasound stimulation is one such promising stimulus 
(Monici et al., 2007;Perry et al., 2009;Rubin et al., 2001b).  
Ultrasound is a high-frequency non-audible acoustic pressure wave with mechanical energy 
and can be transmitted at osteoporotic sites through biological tissues. It has been applied 
clinically for diagnosis or operation (Rubin et al., 2001a). Several in-vivo studies showed its 
therapeutic potential. LIUS could improve the defective or damaged bone healing; 
enhancement of the mechanical properties on the healing callus, bone bridging, nonunion 
fractures healing and distraction osteogenesis and reduction of healing time (Eberson, 
2003;Pilla et al., 1990). Furthermore, in vitro cellular studies supported these in-vivo results 
(Kokubu et al., 1999;Li et al., 2003;Monici et al., 2007;Naruse et al., 2000;Unsworth et al., 
2007;Yang et al., 2005) . LIUS could regulate bone cells; enhancing osteoblast formation and 
function and suppressing osteoclast formation and function.  
Thus, LIUS may be useful for treatment or prevention of osteoporosis and its-related fracture. 
However, there are arguments about the effects of LIUS on osteoporotic bone. Carvalho and 
Cliquet (Carvalho,Cliquet Jr, 2004) and Perry et al. (Perry et al., 2009) suggested that LIUS 
might be beneficial in osteoporotic bone, but not in Warden et al.(Warden et al., 2001). The 
reasons of differences in the effects of osteoporotic bone were unclear. These arguments may 
be attributable to the several intrinsic and extrinsic limitations of experimental and analytic 
methodologies. For examples, bone architecture is heterogeneous and variable individually, 
but the previous studies did not consider those. For evaluation of the effects of LIUS on 
osteoporotic bones, histomorphometric analysis was widely performed. However, it has 
several limitations such as analysis of a few fields of view and impossibility of longitudinal 
analysis of identical specimen, but there were lacks of longitudinal studies j23. Moreover, bone 
adaptation with an identical bone is variable from location to location24, but there was no 
study on the effects of LIUS application considering irradiation location/direction of LIUS. 
Recently, in-vivo micro computed tomography (micro-CT) technique is widely used to 
investigate the longitudinal changes in 3D bone microarchitecture with overcoming these 
limitations. Finally, there was no study on longitudinal changes in mechanical strength of 
osteoporotic bone and on prediction of bone fracture risks after LIUS treatment. Finite element 
(FE) analysis is widely used to evaluate longitudinal changes in bone mechanical or behavior 
characteristics and predict bone fracture risks.  
This study aimed to address such limitations in the previous studies and determine whether 
LIUS therapy cans effective for treatment or prevention of osteoporosis and its-related 
fracture based on in-vivo micro-CT technology and FE analysis.  

2. Materials and method 

2.1 Animal preparation 

Eight 14-week-old virginal ICR mice (weighing approximately 24.0 ± 0.7 g) were 
ovariectomized (OVX) to induce osteoporosis. Osteoporosis was confirmed at 3 weeks after 
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OVX by changes in the bone biomechanical characteristics (52.2% decrease in bone volume 
fraction (BV/TV, Fig. 1) (van der Jagt et al., 2009) and 16.8% decreased in effective structural 
modulus relative to before OVX). All procedures were performed under a protocol 
approved by the Yonsei University Animal Care Committee (YWC-P107). 
 

 

Fig. 1. Changes in trabecular bone structure over time induced by OVX 

2.2 Application of LIUS 
The right tibiae of each mouse were treated using LIUS (US group), whereas the left tibiae 
were not treated and served as an internal control (CON group). LIUS was composed of a 
pulse width of 200 μs containing 1.5MHz sine waves, with a repeated frequency of 1.0 kHz 
with a spatial-averaged temporal-averaged intensity of 30 mW/cm2 (Warden, 2001;Warden 
et al., 2001). Application of LIUS was continued for 6 weeks and consisted of 20min/day 
and 5days/week. Before the application of LIUS, its output characteristics were measured 
by hydrophonic scanning. The mice were immobilized using a customized restrainer (David 
et al., 2003) and both tibiae were submerged in warm (35–40°C) water in a customized tank 
for the application of LIUS (Fig. 2) (Warden et al., 2001).  
 

 

Fig. 2. Experiment setup, LIUS application, in vivo micro-CT scanning, finite element 
analysis, histology 
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2.3 Bone structural parameters analysis 
Both tibiae of each mouse were scanned at 0, 3 and 6 weeks after application of LIUS, as 
shown in Fig.1, using an in vivo micro-computed tomography (CT; Skyscan 1076, 
SKYSCAN N.V., Aartselaar, Belgium) at a voxel resolution with 18 µm in each axis under 
anesthesia induced by ketamine (1.5 ml/kg, Huons, Seoul, Korea) and xylazine (0.5 ml/kg, 
Bayer Korea, Seoul, Korea). The volume of interest (VOI) was determined as following; 
trabecular bone corresponding to the proximal tibia was selected from a 1.8-mm length of 
bone, located 0.54 mm below the growth plate, and cortical bone corresponding to the 
diaphyseal tibia was selected from a 0.9 mm length of bone, located 2.88 mm below the 
growth plate (Fig. 3). To investigate changes in 3D structural characteristics, structural 
parameters for the trabecular and cortical bone of both tibiae were measured and calculated 
by using micro-CT images and CT-AN 1.8 software (Skyscan). For the entire trabecular 
bone, the BV/TV (%), trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, mm-1), 
trabecular separation (Tb.Sp, mm), structure model index (SMI), and trabecular bone pattern 
factor (Tb.Pf, mm-1) were measured and calculated. Additionally, to determine whether the 
LIUS irradiation location/direction affected in detail, the two-dimensional (2D) cross-
sectional images of the trabecular bone were subdivided into five regions of interest (ROIs, 
Fig. 3). The ROIs as they correspond to the maximum selectable diameter in the medullary 
cavity were 0.5 mm in diameter. The ROI locations are shown in Fig. 3, corresponding to the 
direction of LIUS application. For the entire cortical bone, cross-section thickness (Cs.Th, 
mm) and mean polar moment inertia (MMI, mm4) were measured and calculated. 
Additionally, the 2D cross-sectional micro-CT images of the cortical bone were subdivided 
into four ROIs, to determine whether the LIUS irradiation location/direction affected in 
detail, as described above (Fig. 3). 
 

 

Fig. 3. Location of the 3 dimensional (3D) volume of interest (VOI) and the 2D regions of 
interests, R1: region 1, R2: region 2, R3: region 3, R4: region 4, R5: region 5, A: anterior, P: 
posterior, M: medial, L: lateral, white arrow: LIUS. (Figure was modified in Journal of 
Orthopaedic Research, 29(2011), 116-125) 
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2.4 Elastic tissue modulus analysis 
The elastic tissue modulus, which are related to bone quality, was determined form 
Hounsfield units, for each element calculated by equation (1) (Rho et al., 1995) using Mimics 
12.3 software (Materialise, Leuven, Belgium). To quantitatively evaluate the degree of 
improvement in bone quality achieved using LIUS, its distributions were used.  

 
E  5.54 326

(   0.916 HU 114)



  
  

 (1) 

where ρ is the density, HU is Hounsfield Unit, and E is elastic tissue modulus. 

2.5 Effective structural modulus analysis 
Binary images of the tibia in each mouse were converted from μ-CT images using BIONIX 
(CANTIBio, Suwon, Korea). Then 3D tetrahedral FE models with 18 µm mesh size were 
generated using a mass-compensated thresholding technique (Ulrich et al., 1998). Material 
property of bone (Young’s modulus: 12.5 GPa and Poisson’s ratio: 0.3) (Kinney et al., 
2000;Woo et al., 2009), which was assumed to be isotropic and perfectly elastic, was assigned 
into the FE models. To analyze FE models, a compressive displacement of an uniaxial 0.5% 
strain as displacement boundary conditions was applied to the FE models (Woo et al., 2009). 
All FE analyses were performed using the commercial FE software package ABAQUS 6.4 
(HKS, Pawtucket, RI, USA).  

2.6 Histomorphometric analysis 
At the end of experiment, mice were sacrificed through cervical dislocation. Both tibiae were 
extracted, and surrounding tissues (skin, muscle, and tendons) were removed. To perform 
histology, routine procedures were followed. The first, the tibiae were fixed for 3 days in 10% 
neutral buffered formalin, treated with 10% formic acid for 1 h. The second, the fixed tibiae 
were decalcified with a 10% ethylenediaminetetraacetic acid solution and then embedded in 
paraffin. Then, each tibia was cut at a 4 micrometer sections (4-µm-thick) through the long axis 
in the sagittal plane with a microtome (Microm, Walldorf, Germany). Finally, Masson’s 
trichrome (MT) stain was performed to visualize. Analyses were performed using a 
microscope (Olympus BX50, Tokyo, Japan) to evaluate new bone formation (blue: mature 
mineralization, red: uncompleted mineralization (osteoid)) and osteocytes. To quantity 
osteocyte, the number of osteocytes in a square (200 × 200 μm) was counted.  

2.7 Statistical analysis 
The structural parameters and effective structural modulus were compared using ANOVA 
with a mixed factorial design and repeated measures. A paired t-test was performed to 
compare the number of osteocytes and elastic tissue modulus between the US and CON 
groups. All descriptive data are represented as mean±standard error. All statistical analyses 
were performed with the SPSS 12.0 (Chicago, IL, USA). p Values <0.05 were considered 
significant. 

3. Results 

3.1 Structural changes 
During experiment, there were no significant differences in the structural parameters of the 
trabecular and cortical bone in the US group over time (Fig. 4 ~ 7, p<0.05). However, in the 
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CON group, the BV/TVs and Tb.Ns significantly decreased over time, whereas the SMIs 
and Tb.Pfs significantly increased (p<0.05, Fig. 4). The BV/TVs on R1, R4 and R5 in 
trabecular bone and the Cs.Ths of all regions in cortical bone did not significantly change 
over time in both the US and CON groups (Fig. 5 and Fig. 7, p>0.05).  
 

 
 

 

Fig. 4. Results of the structural parameter analysis for trabecular bone (mean ± standard 
error of relative variations), *significant difference between the US and CON groups 
(p<0.05), # significant difference in each group over time (p<0.05), blue bar: US group, red 
bar: CON group, dashed line: 1 at 0 week (Figures were modified in Journal of Orthopaedic 
Research, 29(2011), 116-125) 

The relative variations were determined by calculating the degree of changes relative to the 
base line value, at 0 week (1 at 0 week). At week 3, the relative variation of the SMI in the US 
group was significantly smaller than that in the CON group (Fig. 4, p<0.05). However, there 
were no significant differences between the US and CON group for the other structural 
parameters (Fig.4, p>0.05). The relative variations of BV/TV, Tb.N and Tb.Pf in the US 
group were significantly bigger at 6 weeks after LIUS treatment than those in the CON 
group (Fig.4, p<0.05). However, there were no significant differences of the other structural 
parameters, Tb.Th, Tb.Sp and SMI, between the two groups (Fig.4, p>0.05). At week 3, the 
relative variation of the BV/TV in any of the five ROIs between groups did not shown 
significant differences (Fig.5, p>0.05). However, after 6 weeks of LIUS treatment, the relative 
variation of BV/TV in R1 was significantly bigger than those in the CON group (Fig.5, 
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p<0.05), whereas there were no significant differences between groups in other regions, R2, 
R3, R4 and R5 (Fig.5, p>0.05).  
 

 

Fig. 5. Results of the BV/TV in five regions of interest for trabecular bone (mean ± standard 
error of relative variations), *significant difference between the US and CON groups (p<0.05), 
# significant difference in each group over time (p<0.05), blue bar: US group, red bar: CON 
group, dashed line: 1 at 0 week, A: anterior, P: posterior, M: medial, L: lateral, white arrow: 
LIUS (Figure was modified in Journal of Orthopaedic Research, 29(2011), 116-125) 

The relative variations of the Cs.Th and MMI for cortical bone were significant differences 
between the US and CON groups following 3 weeks of treatment (Fig.6, p>0.05). However, in 
the US group after 6 weeks of LIUS treatment, the relative variation in the MMI was 
significantly higher than that in the CON group (Fig.6, p<0.05), whereas there were no 
differences of the relative variation in the Cs.Th between groups (Fig.6, p>0.05). In the regional 
analysis, at 3 weeks after LIUS, the relative variation in Cs.Th in R2 was significantly increased 
compared with the CON group (Fig. 7, p<0.05). However, there were no significant differences 
of Cs.Th in the other regions between groups (Fig. 7, p>0.05). At 6 weeks after LIUS, the 
relative variations in Cs.Th in R1 and R2 were higher in US group than CON group (Fig. 7, 
p>0.05), whereas no differences of Cs.Th in the R3 and R4 were observed between groups (Fig. 
7, p>0.05). In the US group, the structure of tibia tends to maintain over time, and new bone 
formation was observed relative to in the CON group as shown in Fig. 8.  
 

 

Fig. 6. Results of the structural parameter analysis for cortical bone (mean ± standard error 
of relative variations), *significant difference between the US and CON groups (p<0.05), 
blue bar: US group, red bar: CON group, dashed line: 1 at 0 week (Figure was modified in 
Journal of Orthopaedic Research, 29(2011), 116-125) 
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Fig. 7. Results of the Cs.Th in four regions of interest for trabecular bone (mean ± standard 
error of relative variations), *significant difference between the US and CON groups (p<0.05), 
# significant difference in each group over time (p<0.05), blue bar: US group, red bar: CON 
group, dashed line: 1 at 0 week, A: anterior, P: posterior, M: medial, L: lateral, white arrow: 
LIUS (Figure was modified in Journal of Orthopaedic Research, 29(2011), 116-125) 

 

 

Fig. 8. Representative the changes in bone structure over time in the US and CON groups, 
overlaid images; 0 week (white) and 6 weeks (red), white arrow: LIUS, yellow arrow head: 
bone resoprtion, yellow arrow: bone maintaining (Figure was modified in Journal of 
Orthopaedic Research, 29(2011), 116-125). 

3.2 Elastic tissue modulus changes  

The volumes of the higher elastic tissue modulus (3046 and 3723 MPa) in the US group were 
significantly increased relative to those in the CON group (Fig. 9, p<0.05). However, the 
volume of lower elastic tissue modulus (2369 MPa) in the US group was less than that in the 
CON group (Fig. 9, p<0.05). Fig. 10 shows the changes of 3D structure of tibia mapped by 
elastic tissue moduli. The distribution or volume of high values tends to increase in the US 
group over time, but it tends to decrease in the CON group.  
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Fig. 9. Results of the elastic tissue modulus (mean ± standard error of relative variations), 
*significant difference between the US and CON groups (p<0.05), blue bar: US group, red 
bar: CON group (Figure was modified in Annals of Biomedical Engineering, 38 (2010), 2438-
2446) 

 

 

Fig. 10. Representative distributions of the elastic modulus in the CON and US over time 
(Figure was modified in Annals of Biomedical Engineering, 38 (2010), 2438-2446) 

3.3 Effective structural modulus changes 
During experiment, the effective moduli were significant differences over time in the US and 
CON group (Fig. 11, p<0.05). The effective modulus was gradually increased in the US 
group over time, whereas it was increased at 3 weeks and was decreased at 6 weeks at the 
CON group. At 3 weeks after LIUS, there was no significant difference of the relative 
variation in the effective structural modulus between groups (Fig. 11, p>0.05). However, the 
relative variation in structural modulus in the US group was significantly bigger than that in 
the CON group (Fig. 11, p<0.05) 
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Fig. 11. Results of the effective structural modulus (mean ± standard error of relative 

variations), *significant difference between the US and CON groups (p<0.05), blue bar: US 

group, red bar: CON group, dashed line: 1 at 0 week (Figure was modified in Annals of 

Biomedical Engineering, 38 (2010), 2438-2446) 

3.4 Histomorphometric analysis 

More osteoid, incomplete bone mineralization, in the US group was observed relative to that 

the CON group (Fig. 12). Also, the trabeculae and the endosteal cortical bone, which is the 

near region directly treated with LIUS, in the US group were thicker than those in the CON 

group. These structural improvements are consistent with the results of structural parameter 

analysis as well as the micro-CT images, as mentioned above. Moreover, the number of 

osteocyte in the US group was significantly higher than that in the CON group (Fig. 13, 

p<0.05). 

 

 

Fig. 12. Representative histology in the US and CON group, yellow arrow head: osteocyte, 

yellow arrow: osteoid, black arrow: LIUS (Figure was modified in Journal of Orthopaedic 

Research, 29(2011), 116-125). 
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Fig. 13. Comparison of the number of osteocyte, *significant difference between the US and 
CON groups (p<0.05) 

4. Discussion 

We evaluated the feasibility of LIUS for treatment or prevention of osteoporosis induced by 
estrogen deficiency through an analysis of biomechanical characteristics, bone structural 
characteristics and mechanical characteristics. Bone quality and quantity are regulated by 
external mechanical loading, because it is a sensitive tissue responding to external 
mechanical loading. The relationship between bone and mechanical loading is supported by 
mechanosensory mechanisms, including mechanoreception and mechanotransduction 
(Chen et al., 2003;Cowin, 2000). These factors suggested that LIUS can enhance bone healing 
and regeneration. However, the effects of LIUS for treatment or prevention of osteoporosis 
are controversial (Carvalho,Cliquet Jr, 2004;Perry et al., 2009;Warden et al., 2001). These 
controversial results may be contributed to the limitations of conventional experimental and 
analytic methods, lack of longitudinal study and ignoring individual differences, bone 
heterogeneity and partial effects of LIUS considering irradiation location and direction. It is 
widely known that in-vivo micro-CT can detect and track longitudinal changes in 3D bone 
structure of identical small animals without sacrificing them. Moreover, micro FEA is also 
widely used to evaluate longitudinal changes in bone mechanical strength and predict bone 
fracture risks. Therefore, we attempted to overcome these limitations using in-vivo micro-
CT and micro FEA.  
After 6 weeks of LIUS treatment, the relative variations of BV/TV and Tb.N were increased 
and the relative variation of Tb.Pf was decreased for trabecular bone compared to the non-
LIUS treatment group. Moreover, the relative variation in MMI for the cortical bone was 
increased. These results indicated that 6 weeks of LIUS treatment might prevent bone loss 
and disconnection, suggesting suppression of the continuous progress of osteoporosis-
associated bone loss in both trabecula and cortical bones. 
To determine whether irradiation direction/location of LIUS affects bone adaptation site-
specifically, BV/TV in five ROIs for trabecular bone and Cs.Th in four ROIs for cortical bone 
were measured and calculated. In the site of direct LIUS irradiation (R1), the relative 
variation of BV/TV and Cs.Th were significantly increased in the US group compared to the 
non-US group. However, in the furthest site of direct LIUS irradiation (R3 and R4), the 
relative variations of BV/TV and Cs.Th were different between groups. These data indicated 
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that irradiation location/direction of LIUS application might induce site-specific bone 
adaptation and thereby cause treatment outcome. These results are consistent with previous 
studies that Responses in bone cell corresponding to the local stimuli, such as strain-energy 
density and deformation of the bone matrix, may be temporal and positional 
(Henderson,Carter, 2002;Huiskes et al., 2000;Waarsing et al., 2004;Wolpert, 1989).  
From the results of histological analysis, on near the region stimulated directly by LIUS, new 
bone formation in the endosteal cortical bone was observed in the US group. Moreover, 
thicker cortical bone and new bone formation in trabecular bone were also observed in the 
US group. These results show that LIUS stimulation for 6 weeks might enhance new bone 
formation or suppress bone resorption, consistent with previous studies (Carvalho,Cliquet 
Jr, 2004;Perry et al., 2009;Pilla et al., 1990). Furthermore, the number of osteocytes in the US 
group were higher than that in the CON group. Osteocyte regulates activity of bone forming 
cell (osteoblast) and bone resoprtion cell (osteoclast) and play an important role in 
mechanotransduction responding to mechanical loading (Skerry, 2008). Moreover, the 
estrogen deficiency-induced osteocyte apoptosis increased bone fragility and thereby 
fracture risks (Tatsumi et al., 2007). These results showed that LIUS may prevent estrogen 
deficiency-induced osteocyte apoptosis and bone fragility, suggesting increase in bone 
strength and decrease in bone fracture risks. Moreover, LIUS might affect 
mechanotransduction. 
At 6 weeks after LIUS, the volume of higher tissue elastic moduli were increased compared 
with non-LIUS treatment group. This result showed that LIUS might not only increase bone 
volume enhance but also tissue material properties. Thus, LIUS might improve bone 
quantity, which was consistent with the results of structural parameters and histological 
analysis mentioned above, as well as bone quality, leading to increase in bone strength and 
thereby decrease in osteoporotic bone fracture risks. 
The results of structural, histological and material analysis suggested that LIUS could 
reduce bone fracture risk. We verified the improvement of bone mechanical characteristics 
via performing micro FEA. At 6 weeks after LIUS, the effective structural modulus was 
significantly increased compared with non-LIUS treatment group. This data showed that 
LIUS improve bone structural strength. Therefore, LIUS could suppress the progressive 
bone weakening induced by estrogen deficiency, thereby would be effective in preventing 
or decreasing osteoporotic bone fracture risk.  
However, the magnitude of the effects of LIUS for preventing/treating osteoporotic bone 
loss and weakening seemed to be small. This contributed to an inability of the US to reach 
osteoporotic bone due to absorption, scattering and reflection during transmitting soft 
tissues (Malizos et al., 2006;Warden, 2001). Moreover, local site-specific stimuli in partial 
bone can be contributed to systemic bone adaptation in others bone by neuronal regulation 
(Sample et al., 2008). Therefore, bones in the CON group have adapted via neuronal 
regulation despite indirect LIUS stimulation to them. This hypothesis might be supported 
by temporary increase in the effective structural modulus in the CON group at 3 weeks after 
LIUS.  
In summary, our data show that LIUS may improve the osteoporotic bone 
microarchitectural characteristics, and bone material properties by regulation of bone 
homeostasis, enhancing bone formation and suppressing bone resorption, and 
mecahnostraduction, preventing osteocyte apoptosis caused by estrogen deficiency. Also, 
LIUS may prevent bone weakening and thereby decrease bone fracture risks. Therefore, the 
QOL of patients with osteoporosis can improve.  
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5. Conclusion 

LIUS may improve the microarchitectural characteristics, material properties and 
mechanical strength in the osteoporotic bone, leading to decrease in bone fracture risks. 
Thus, LIUS may be effective to prevent and treat osteoporosis and thereby contribute to 
improve the QOL of patients with osteoporosis.  

6. Acknowledgment 

This research was supported by a grant from Leading Foreign Research Institute 
Recruitment Program, the National Research Foundation of Korea, Ministry of Education, 
Science and Technology and a grant from the Korea Healthcare Technology R&D Project, 
Ministry for Health & Welfare, Republic of Korea (A100023). 

7. References 

Carvalho, DCL, Cliquet Jr, A. 2004. The action of low-intensity pulsed ultrasound in bones 
of osteopenic rats. Artif Organs, No. 28, pp. 114-118. 

Chen, YJ, Wang, CJ, Yang, KD, et al. 2003. Pertussis toxin-sensitive Galphai protein and 
ERK-dependent pathways mediate ultrasound promotion of osteogenic 
transcription in human osteoblasts. FEBS Lett, No. 554, pp. 154-158. 

Cowin, SC. 2000. Bone mechanics handbook, CRC pressBoca Raton. 
David, V, Laroche, N, Boudignon, B, et al. 2003. Noninvasive in vivo monitoring of bone 

architecture alterations in hindlimb-unloaded female rats using novel three-
dimensional microcomputed tomography. J Bone Miner Res, No. 18, pp. 1622-1631. 

Dufour, C, Holy, X, Marie, PJ. 2007. Skeletal unloading induces osteoblast apoptosis and 
targets alpha5beta1-PI3K-Bcl-2 signaling in rat bone. Exp Cell Res, No. 313, pp. 394-
403. 

Eberson, C, Hogan, KA, Moore, DC, Ehrlich, MG. 2003. Effect of Low-Intensity Ultrasound 
Stimulation on Consolidation of the Regenerate Zone in a Rat Model of Distraction 
Osteogenesis. J Pediatr Orthop, No. 23, pp. 46-51. 

Frost, HM. 1987. Bone "mass" and the "mechanostat": a proposal. Anat Rec, No. 219, pp. 1-9. 
Frost, HM. 2003. Bone's mechanostat: a 2003 update. Anat Rec A Discov Mol Cell Evol Biol, 

No. 275, pp. 1081-1101. 
Frost, HM. 2004. A 2003 update of bone physiology and Wolff's Law for clinicians. Angle 

Orthod, No. 74, pp. 3-15. 
Grady, D, Ettinger, B, Moscarelli, E, et al. 2004. Safety and adverse effects associated with 

raloxifene: multiple outcomes of raloxifene evaluation. Obstet Gynecol, No. 104, pp. 
837-844. 

Henderson, JH, Carter, DR. 2002. Mechanical induction in limb morphogenesis: the role of 
growth-generated strains and pressures. Bone, No. 31, pp. 645-653. 

Huiskes, R, Ruimerman, R, van Lenthe, GH, Janssen, JD. 2000. Effects of mechanical forces 
on maintenance and adaptation of form in trabecular bone. Nature, No. 405, pp. 
704-706. 

Judex, S, Gupta, S, Rubin, C. 2009. Regulation of mechanical signals in bone. Orthod 
Craniofac Res, No. 12, pp. 94-104. 

www.intechopen.com



 
Applied Biomedical Engineering 

 

34

Khosla, S, Burr, D, Cauley, J, et al. 2007. Bisphosphonate-associated osteonecrosis of the jaw: 
report of a task force of the American Society for Bone and Mineral Research. J Bone 
Miner Res, No. 22, pp. 1479-1491. 

Kinney, JH, Haupt, DL, Balooch, M, et al. 2000. Three-dimensional morphometry of the L6 
vertebra in the ovariectomized rat model of osteoporosis: biomechanical 
implications. J Bone Miner Res, No. 15, pp. 1981-1991. 

Kokubu, T, Matsui, N, Fujioka, H, et al. 1999. Low Intensity Pulsed Ultrasound Exposure 
Increases Prostaglandin E2Production via the Induction of Cyclooxygenase-2 
mRNA in Mouse Osteoblasts. Biochem Biophys Res Commun, No. 256, pp. 284-287. 

Lewiecki, EM. 2010. Intravenous zoledronic acid for the treatment of osteoporosis: The 
evidence of its therapeutic effect. Core Evid, No. 4, pp. 13-23. 

Li, JK, Chang, WH, Lin, JC, et al. 2003. Cytokine release from osteoblasts in response to 
ultrasound stimulation. Biomaterials, No. 24, pp. 2379-2385. 

Lim, D, Ko, CY, Seo, DH, Woo, DG, Kim, JM, Chun, KJ, Kim, HS. 2011. Low-intensity 
ultrasound stimulation prevents osteoporotic bone loss in young adult 
ovariectomized mice. J Orhop Res, No. 29, pp. 116-125. 

Malizos, KN, Papachristos, AA, Protopappas, VC, Fotiadis, DI. 2006. Transosseous 
application of low-intensity ultrasound for the enhancement and monitoring of 
fracture healing process in a sheep osteotomy model. Bone, No. 38, pp. 530-539. 

Marini, JC. 2003. Do bisphosphonates make children's bones better or brittle? N Engl J Med, 
No. 349, pp. 423-426. 

Monici, M, Bernabeib, PA, Basilec, V, et al. 2007. Can ultrasound counteract bone loss? Effect 
of low-intensity ultrasound stimulation on a model of osteoclastic precursor. Acta 
astronautica, No. 60, pp. 383-390. 

Naruse, K, Mikuni-Takagaki, Y, Azuma, Y, et al. 2000. Anabolic Response of Mouse Bone-
Marrow-Derived Stromal Cell Clone ST2 Cells to Low-Intensity Pulsed Ultrasound. 
Biochem Biophys Res Commun, No. 268, pp. 216-220. 

Nelson, HD, Humphrey, LL, Nygren, P, et al. 2002. Postmenopausal hormone replacement 
therapy: scientific review. JAMA, No. 288, pp. 872-881. 

NIH Consensus Development Panel on Osteoporosis Prevention Diagnosis and Therapy. 
2001. Osteoporosis prevention, diagnosis, and therapy. JAMA, No. 285, pp. 785-795. 

Noller, KL. 2002. Estrogen replacement therapy and risk of ovarian cancer. JAMA, No. 288, 
pp. 368-369. 

Perry, MJ, Parry, LK, Burton, VJ, et al. 2009. Ultrasound mimics the effect of mechanical 
loading on bone formation in vivo on rat ulnae. Med Eng Phys, No. 31, pp. 42-47. 

Pilla, AA, Mont, MA, Nasser, PR, et al. 1990. Non-invasive low-intensity pulsed ultrasound 
accelerates bone healing in the rabbit. J Orthop Trauma, No. 4, pp. 246-253. 

Porthouse, J, Cockayne, S, King, C, et al. 2005. Randomised controlled trial of calcium and 
supplementation with cholecalciferol (vitamin D3) for prevention of fractures in 
primary care. BMJ, No. 330, pp. 1003. 

Qin, YX, McLeod, KJ, Guilak, F, et al. 1996. Correlation of bony ingrowth to the distribution 
of stress and strain parameters surrounding a porous-coated implant. J Orthop Res, 
No. 14, pp. 862-870. 

Qin, YX, Rubin, CT, McLeod, KJ. 1998. Nonlinear dependence of loading intensity and cycle 
number in the maintenance of bone mass and morphology. J Orthop Res, No. 16, pp. 
482-489. 

www.intechopen.com



A Feasibility of Low Intensity Ultrasound Stimulation for  
Treatment or Prevention of Osteoporosis and Its-Related Fracture 

 

35 

Rho, JY, Hobatho, MC, Ashman, RB. 1995. Relations of mechanical properties to density and 
CT numbers in human bone. Medical Engineering & Physics, No. 17, pp. 347-355. 

Rubin, C, Bolander, M, Ryaby, JP, Hadjiargyrou, M. 2001a. The Use of Low-Intensity 
Ultrasound to Accelerate the Healing of Fractures J Bone Joint Surg Am, No. 83, pp. 
259-270. 

Rubin, C, Sommerfeldt, D, Judex, S, Qin, YX. 2001b. Inhibition of osteopenia by low 
magnitude, high-frequency mechanical stimuli. Drug Discov Today, No. 6, pp. 848-
858. 

Sample, SJ, Behan, M, Smith, L, et al. 2008. Functional adaptation to loading of a single bone 
is neuronally regulated and involves multiple bones. J Bone Miner Res, No. 23, pp. 
1372-1381. 

Schairer, C, Lubin, J, Troisi, R, et al. 2000. Menopausal estrogen and estrogen-progestin 
replacement therapy and breast cancer risk. JAMA, No. 283, pp. 485-491. 

Skerry, TM. 2008. The response of bone to mechanical loading and disuse: fundamental 
principles and influences on osteoblast/osteocyte homeostasis. Arch Biochem 
Biophys, No. 473, pp. 117-123. 

Tang, FT, Chen, SR, Wu, XQ, et al. 2006. Hypercholesterolemia accelerates vascular 
calcification induced by excessive vitamin D via oxidative stress. Calcif Tissue Int, 
No. 79, pp. 326-339. 

Tatsumi, S, Ishii, K, Amizuka, N, et al. 2007. Targeted ablation of osteocytes induces 
osteoporosis with defective mechanotransduction. Cell Metab, No. 5, pp. 464-475. 

Tosteson, AN, Melton, LJ, 3rd, Dawson-Hughes, B, et al. 2008. Cost-effective osteoporosis 
treatment thresholds: the United States perspective. Osteoporos Int, No. 19, pp. 437-
447. 

Totosy de Zepetnek, JO, Giangregorio, LM, Craven, BC. 2009. Whole-body vibration as 
potential intervention for people with low bone mineral density and osteoporosis: a 
review. J Rehabil Res Dev, No. 46, pp. 529-542. 

Ulrich, D, van Rietbergen, B, Weinans, H, Ruegsegger, P. 1998. Finite element analysis of 
trabecular bone structure: a comparison of image-based meshing techniques. J 
Biomech, No. 31, pp. 1187-1192. 

Unsworth, J, Kaneez, S, Harris, S, et al. 2007. Pulsed Low Intensity Ultrasound Enhances 
Mineralisation in Preosteoblast Cells. Ultrasound Med Biol, No. 33, pp. 1468-1474. 

van der Jagt, OP, van der Linden, JC, Schaden, W, et al. 2009. Unfocused extracorporeal 
shock wave therapy as potential treatment for osteoporosis. J Orthop Res, No. 27, 
pp. 1528-1533. 

Waarsing, J, Day, J, van der Linden, J, et al. 2004. Detecting and tracking local changes in the 
tibiae of individual rats: a novel method to analyse longitudinal in vivo micro-CT 
data. Bone, No. 34, pp. 163-169. 

Warden, SJ. 2001. Efficacy of low-intensity pulsed ultrasound in the prevention of 
osteoporosis following spinal cord injury. Bone, No. 29, pp. 431-436. 

Warden, SJ, Bennell, KL, Forwood, MR, et al. 2001. Skeletal effects of low-intensity pulsed 
ultrasound on the ovariectomized rodent. Ultrasound in Medicine and Biology, No. 
27, pp. 989-998. 

WHO (World Health Organization). 2004. Who Scientific Group on the Assessment of 
Osteoporosis at Primary Health Care Level, WHO Press. 

www.intechopen.com



 
Applied Biomedical Engineering 

 

36

Whyte, MP, Wenkert, D, Clements, KL, et al. 2003. Bisphosphonate-induced osteopetrosis. N 
Engl J Med, No. 349, pp. 457-463. 

Whyte, MP, McAlister, WH, Novack, DV, et al. 2008. Bisphosphonate-induced osteopetrosis: 
novel bone modeling defects, metaphyseal osteopenia, and osteosclerosis fractures 
after drug exposure ceases. J Bone Miner Res, No. 23, pp. 1698-1707. 

Wolpert, L. 1989. Positional information revisited. Development, No. 107 Suppl, pp. 3-12. 
Woo, DG, Ko, CY, Kim, HS, Seo, JB, Lim, D. 2010. Evaluation of the potential clinical 

application of low-intensity ultrasound stimulation for preventing osteoporotic 
bone fracture. Ann Biomed Eng. No. 38, 2438-2446. 

Woo, DG, Lee, BY, Lim, D, Kim, HS. 2009. Relationship between nutrition factors and 
osteopenia: Effects of experimental diets on immature bone quality. J Biomech, No. 
42, pp. 1102-1107. 

Wysowski, DK, Chang, JT. 2005. Alendronate and risedronate: reports of severe bone, joint, 
and muscle pain. Arch Intern Med, No. 165, pp. 346-347. 

Yang, RS, Lin, WL, Chen, YZ, et al. 2005. Regulation by ultrasound treatment on the integrin 
expression and differentiation of osteoblasts. Bone, No. 36, pp. 276-283. 

Zittermann, A, Schleithoff, SS, Koerfer, R. 2007. Vitamin D and vascular calcification. Curr 
Opin Lipidol, No. 18, pp. 41-46. 

www.intechopen.com



Applied Biomedical Engineering

Edited by Dr. Gaetano Gargiulo

ISBN 978-953-307-256-2

Hard cover, 500 pages

Publisher InTech

Published online 23, August, 2011

Published in print edition August, 2011

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

This book presents a collection of recent and extended academic works in selected topics of biomedical

technology, biomedical instrumentations, biomedical signal processing and bio-imaging. This wide range of

topics provide a valuable update to researchers in the multidisciplinary area of biomedical engineering and an

interesting introduction for engineers new to the area. The techniques covered include modelling,

experimentation and discussion with the application areas ranging from bio-sensors development to

neurophysiology, telemedicine and biomedical signal classification.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Dohyung Lim, Chang-Yong Ko, Sung-Jae Lee, Keyoung Jin Chun and Han Sung Kim (2011). A Feasibility of

Low Intensity Ultrasound Stimulation for Treatment or Prevention of Osteoporosis and Its-Related Fracture,

Applied Biomedical Engineering, Dr. Gaetano Gargiulo (Ed.), ISBN: 978-953-307-256-2, InTech, Available

from: http://www.intechopen.com/books/applied-biomedical-engineering/a-feasibility-of-low-intensity-

ultrasound-stimulation-for-treatment-or-prevention-of-osteoporosis-an



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed

under the terms of the Creative Commons Attribution-NonCommercial-

ShareAlike-3.0 License, which permits use, distribution and reproduction for

non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same

license.


