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This chapter will focus on the current and future applications of low intensity pulsed 
ultrasound (LIPUS) in tissue engineering at laboratory and clinical levels. Also, this chapter 
will explain the molecular basis of LIPUS stimulatory effects on cell expansion, 
differentiation and matrix production of different tissues. In addition, this chapter will 
provide information about the differences between LIPUS application in the laboratory 
settings and in the clinical applications with emphasis on tissue engineering applications. 
Moreover, this chapter will discuss why variability in outcome might occur when applying 
LIPUS in laboratory or clinical settings. Also, we will provide some tips on how to prevent 
potential inconsistency in treatment results with emphasis on the technique sensitivity and 
how a scientist or a clinician should be aware of this sensitivity of the application technique 
in order to optimize the utilization of LIPUS in different settings. This chapter will set a few 
hypotheses and potential new applications of utilizing LIPUS in other tissue engineering 
applications. The outcome of this chapter will be an understanding of the advantages and 
limitations of using LIPUS in tissue engineering applications either at the laboratory or in 
clinical settings. 

 
1. Introduction 

Tissue engineering utilizes cells, scaffold or housing and growth factors to maintain the 
specific characteristics of the tissue to be engineered. Tissue engineering efforts are faced 
with challenges including the availability of cells to be used for engineering specific tissue 
(Chu et al., 2002). Another challenge in tissue engineering is the availability of 
biocompatible, biodegradable scaffolds that enhance cell adhesion as well as cell 
proliferation and matrix production.  The degradation rate of the scaffolds is optimum when 
it occurs in a timely pattern with matrix production and maturation of the cell seeded within 
the scaffold. For some tissues, like bone, cartilage, skin and nerve tissue engineering, 
differentiation growth factors are readily available. However the key growth factors that are 
important in differentiating specialized tissues, like dentine in teeth tissue engineering, for 
example, are still not available. This again puts another roadblock in engineering these 
specialized tissues. Ultrasound is a form of mechanical acoustic pressure wave at 
frequencies above the limit of human hearing that when transmitted through biological 
tissues can produce different biological effects. The most widely used applications in 
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medicine are operative (usually has a frequency that ranges between 2 - 8 K Hz), therapeutic 
(usually has a of frequency that ranges  between 20 K Hz 3M Hz either in continuous or 
pulsed modes), and diagnostic (usually has a frequency that ranges between 1.6-12 M Hz) 
(Ziskin, 1987; Maylia & Nokes, 1999; Harris, 2005). The most commonly used type of 
therapeutic ultrasound is US that utilizes intensities between 30 mW to as high as 1-3 
W/cm2 and hence it may cause considerable heating in living tissues. The low intensity 
pulsed ultrasound (LIPUS) is widely accepted in cell and tissue repair due to the 
nonthermal effects of this type of ultrasound.  

 
2. LIPUS utilization in cell expansion 

The availability of optimized cell density (CD) is a major challenge in tissue engineering, 
either due to donor site morbidity (if to be harvested from another organ within the same 
individual) or precursor cells, sometimes also called undifferentiated mesenchymal stromal 
cells or (mesenchymal stem cells) (Puelacher et al., 1994; Carrier et al., 1999; Holy et al., 2000; 
Goldstein, 2001; Panossian et al., 2001). It has been reported that one of the important 
parameters impacting tissue engineering is the cell seeding density. Seeding densities more 
than 8 × 106 cells cm3 of tissue engineering scaffold promotes extracellular matrix 
production, cell distribution and/or cell alignment when compared to low cell seeding 
densities (<4 × 106 cells cm3 of scaffold). Low cell seeding densities is reported to be 
associated with decreased cell proliferation and minimal or no mechanical integrity (Freed 
et al., 1998; Carrier et al., 1999; Li et al., 2001; Saini & Wick, 2003; Leddy et al., 2004, Hsieh-
Bonassera et al., 2009). 
In this context, several studies have attempted to expand mesenchymal stem cells (MSCs) 
before differentiating them for engineering different tissues. These reports include, but are 
not limited to using different growth factors and /or mechanical stresses to enhance stem 
cell expansion. It has been reported that chondrocytes increased in number by 100-fold 
within 17 days when a special growth factor cocktail was used in the culture medium (Chen, 
et al., 2009). Also, ultra-nanocrystalline diamond films have been shown to enhance neural 
stem cell expansion for tissue engineering (Wang et al., 2006). 
Moreover other growth factors that have been used to enhance stem cell expansion include 
ascorbic acid-functionalized poly (methyl methacrylate) (AA-PMMA) (Tamama et al., 2005); 
epidermal growth factor receptor (EGFR) (Hsieh-Bonassera et al., 2009) ;  and Flt3 ligand 
(FL) was used in addition to IL-11 or G-SCF (Granulocyte-Colony Stimulating factor) to 
stimulate the growth of rat MSCs (Jacobsen et al., 1995).  These (conjugated FL) factors 
expanded the progenitors more than 40 times after 2 weeks incubation. On the other hand, 
prolactin-like protein E (PLP-E) + human thrombopoietin (TPO) showed no effect on the 
expansion of human MSCs (Lefebvre et al., 2001).  Glucocorticoids were found to be effective 
in recruiting cells rather than stimulating their proliferation (Purpura et al., 2004). It was 
reported that Dkk-1 stimulates MSCs expansion (Horwitz, 2004). Culture flasks coated with 
heparin and N-(O-beta-(6-O-sulfogalactopyranosyl)-6-oxyhexyl)-3,5-bis(dodecyloxy)-
benzamide have been shown to expand MSCs (Takagi, 2005). A similar study has shown 
that Angiopoietin-like proteins expanded HSCs 24-30 fold in ten days (Zhang et al., 2006). 
However, more studies are needed to evaluate the effect of these factors on MSCs behavior 
(especially differentiation potential) after expansion. Other attempts using pulsed 
electromagnetic fields (PEMF) showed that chondrocytes- and osteoblast-like cell 

proliferation increased (De Mattei et al., 2001; Hartig et al., 2000).  However, no studies 
tested the effect of PEMF on MSCs expansion. Others used LIPUS to enhance periosteal cell 
expansion for 5, 10, and 20 minutes for 2 and 4 days. No cell proliferation was noted (Leung 
et al., 2004).  This may be due to the small doses of ultrasound that were used. It has been 
shown that ultrasound effect on tissue is evident after three weeks of application (Tsai et al., 
1992). Also, LIPUS was used for 20 minutes for one day to stimulate MSCs expansion and 
differentiation into chondrocytes. Matrix production was enhanced; however, cell 
proliferation was not enhanced (Ebisawa et al., 2004). This may also be due to using LIPUS 
in pellet culture. MSCs are known to have cell-cell growth inhibition when they are in close 
proximity to each other.  
On the other hand, another report using LIPUS showed that LIPUS increases matrix 
production and proliferation of the intervertebral disc cell culture (Iwashina et al., 2006). The 
effect of LIPUS was different depending on the type of cells from different origins (nucleus 
pulposus [NP] or from annulus fibrosus [AF]). More recently, LIPUS has been shown to 
enhance chondrocyte proliferation in three-dimensional collagen scaffolds (Kobayashi et al., 
2009).  
Another precursor cell proliferation and differentiation that has been recently reported to be 
stimulated by LIPUS are human periodontal ligament cells that have been differentiated 
into cementoblasts (teeth root outer layer cells) (Inubushi et al., 2008). This is an important 
report on the potential use of LIPUS in dental tissue engineering. The scantiness of 
cementoblasts for teeth tissue engineering made it almost impossible in the past to tissue 
engineer teeth. However, with this recent report, it could be possible to tissue engineer teeth 
in the near future using LIPUS as a cell expansion and differentiation enhancer. Also, it has 
been reported that LIPUS enhanced cell proliferation in human fibroblasts, osteoblasts, and 
monocytes (Doan et al., 1999). 
In a pilot study in our lab, we have shown that LIPUS enhances the expansion of bone 
marrow stem cells in vitro (Figure 1). This stimulatory effect is dose dependent. 
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(Ziskin, 1987; Maylia & Nokes, 1999; Harris, 2005). The most commonly used type of 
therapeutic ultrasound is US that utilizes intensities between 30 mW to as high as 1-3 
W/cm2 and hence it may cause considerable heating in living tissues. The low intensity 
pulsed ultrasound (LIPUS) is widely accepted in cell and tissue repair due to the 
nonthermal effects of this type of ultrasound.  

 
2. LIPUS utilization in cell expansion 

The availability of optimized cell density (CD) is a major challenge in tissue engineering, 
either due to donor site morbidity (if to be harvested from another organ within the same 
individual) or precursor cells, sometimes also called undifferentiated mesenchymal stromal 
cells or (mesenchymal stem cells) (Puelacher et al., 1994; Carrier et al., 1999; Holy et al., 2000; 
Goldstein, 2001; Panossian et al., 2001). It has been reported that one of the important 
parameters impacting tissue engineering is the cell seeding density. Seeding densities more 
than 8 × 106 cells cm3 of tissue engineering scaffold promotes extracellular matrix 
production, cell distribution and/or cell alignment when compared to low cell seeding 
densities (<4 × 106 cells cm3 of scaffold). Low cell seeding densities is reported to be 
associated with decreased cell proliferation and minimal or no mechanical integrity (Freed 
et al., 1998; Carrier et al., 1999; Li et al., 2001; Saini & Wick, 2003; Leddy et al., 2004, Hsieh-
Bonassera et al., 2009). 
In this context, several studies have attempted to expand mesenchymal stem cells (MSCs) 
before differentiating them for engineering different tissues. These reports include, but are 
not limited to using different growth factors and /or mechanical stresses to enhance stem 
cell expansion. It has been reported that chondrocytes increased in number by 100-fold 
within 17 days when a special growth factor cocktail was used in the culture medium (Chen, 
et al., 2009). Also, ultra-nanocrystalline diamond films have been shown to enhance neural 
stem cell expansion for tissue engineering (Wang et al., 2006). 
Moreover other growth factors that have been used to enhance stem cell expansion include 
ascorbic acid-functionalized poly (methyl methacrylate) (AA-PMMA) (Tamama et al., 2005); 
epidermal growth factor receptor (EGFR) (Hsieh-Bonassera et al., 2009) ;  and Flt3 ligand 
(FL) was used in addition to IL-11 or G-SCF (Granulocyte-Colony Stimulating factor) to 
stimulate the growth of rat MSCs (Jacobsen et al., 1995).  These (conjugated FL) factors 
expanded the progenitors more than 40 times after 2 weeks incubation. On the other hand, 
prolactin-like protein E (PLP-E) + human thrombopoietin (TPO) showed no effect on the 
expansion of human MSCs (Lefebvre et al., 2001).  Glucocorticoids were found to be effective 
in recruiting cells rather than stimulating their proliferation (Purpura et al., 2004). It was 
reported that Dkk-1 stimulates MSCs expansion (Horwitz, 2004). Culture flasks coated with 
heparin and N-(O-beta-(6-O-sulfogalactopyranosyl)-6-oxyhexyl)-3,5-bis(dodecyloxy)-
benzamide have been shown to expand MSCs (Takagi, 2005). A similar study has shown 
that Angiopoietin-like proteins expanded HSCs 24-30 fold in ten days (Zhang et al., 2006). 
However, more studies are needed to evaluate the effect of these factors on MSCs behavior 
(especially differentiation potential) after expansion. Other attempts using pulsed 
electromagnetic fields (PEMF) showed that chondrocytes- and osteoblast-like cell 

proliferation increased (De Mattei et al., 2001; Hartig et al., 2000).  However, no studies 
tested the effect of PEMF on MSCs expansion. Others used LIPUS to enhance periosteal cell 
expansion for 5, 10, and 20 minutes for 2 and 4 days. No cell proliferation was noted (Leung 
et al., 2004).  This may be due to the small doses of ultrasound that were used. It has been 
shown that ultrasound effect on tissue is evident after three weeks of application (Tsai et al., 
1992). Also, LIPUS was used for 20 minutes for one day to stimulate MSCs expansion and 
differentiation into chondrocytes. Matrix production was enhanced; however, cell 
proliferation was not enhanced (Ebisawa et al., 2004). This may also be due to using LIPUS 
in pellet culture. MSCs are known to have cell-cell growth inhibition when they are in close 
proximity to each other.  
On the other hand, another report using LIPUS showed that LIPUS increases matrix 
production and proliferation of the intervertebral disc cell culture (Iwashina et al., 2006). The 
effect of LIPUS was different depending on the type of cells from different origins (nucleus 
pulposus [NP] or from annulus fibrosus [AF]). More recently, LIPUS has been shown to 
enhance chondrocyte proliferation in three-dimensional collagen scaffolds (Kobayashi et al., 
2009).  
Another precursor cell proliferation and differentiation that has been recently reported to be 
stimulated by LIPUS are human periodontal ligament cells that have been differentiated 
into cementoblasts (teeth root outer layer cells) (Inubushi et al., 2008). This is an important 
report on the potential use of LIPUS in dental tissue engineering. The scantiness of 
cementoblasts for teeth tissue engineering made it almost impossible in the past to tissue 
engineer teeth. However, with this recent report, it could be possible to tissue engineer teeth 
in the near future using LIPUS as a cell expansion and differentiation enhancer. Also, it has 
been reported that LIPUS enhanced cell proliferation in human fibroblasts, osteoblasts, and 
monocytes (Doan et al., 1999). 
In a pilot study in our lab, we have shown that LIPUS enhances the expansion of bone 
marrow stem cells in vitro (Figure 1). This stimulatory effect is dose dependent. 
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Fig. 1. Bone marrow stem cell (BMSC) expansion by LIPUS. IT can be seen that the increased 
LIPUS treatment time (20, 40, 60 minutes per day) or 2 and 3 weeks application led to 
increased  BMSC expansion as measured by cell count. 

 
3. Effect of LIPUS on in-vitro matrix formation for tissue engineering 

 Recent studies showed consistent agreement that LIPUS enhances different tissue matrix 
production by different cells in vitro. These cells include chondrocytes from different tissue 
origins (Wu et al., 1996; Doan et al., 1999; Iwabuchi et al., 2005; Mukai et al., 2005; Hsu et al., 
2006; Iwashina, et al., 2006; Schumann et al., 2006a; Inubushi et al., 2008; Korstjens et al., 
2008; Takeuchi et al., 2008; Tien et al., 2008; Kobayashi et al., 2009).  It is to be noted that the 
stimulatory effect on chondrocyte matrix production has been recently shown to be dose 

dependent (Schumann et al., 2006a; Tien et al., 2008). A more interesting in-vitro study 
showed that herniated disc resorption (HDR) treatment is accelerated by LIPUS. This effect 
was mediated by activation of matrix metalloproteinase-3 (MMP-3) maturation through 
tumor necrosis factor-alpha (TNF-alpha) and macrophage chemoattractant protein-1 (MCP-
1) pathways (Iwabuchi et al; 2005). When compared to Bioreactors, LIPUS produced more 
matrix at 28 days in tissue engineered cartilage, while bioreactors continued matrix 
production until day 42 in-vitro (Hsu et al., 2006). It is to be noted that bioreactors cannot be 
applied clinically to engineered tissues while LIPUS can be applied. Moreover, the longer 
tissue culture periods could be questionable regarding possible errors or potential culture 
infection. The in-vitro conditioning of chondrogenic differentiated mesenchymal stem cells 
by LIPUS for cartilage tissue engineering in vivo has been recently tested.  It has been 
concluded that type I and type X collagens and matrix metalloproteinase-13 are stimulated 
by LIPUS which indicate that LIPUS preconditioning in-vitro can be an effective treatment 
to upregulate chondrogenic differentiation of MSCs in vivo (Cui et al., 2007). 
Studies also reported that LIPUS stimulated matrix formation and maturation by osteoblasts 
from different bone origins (Tsai et al., 1992; Saito et al., 2004; Sena et al., 2005; Tam et al., 
2008; Suzuki et al., 2009).  The foundation for the applications of LIPUS to enhance bone 
fracture healing in clinical situations was based on the detailed  in-vitro study by Tsai et al. 
(Tsai et al., 1992)  Since then, many in-vitro and in-vivo studies were conducted and 
reported on the molecular basis of LIPUS stimulation of bone cell matrix production and 
hence its clinical applications. The most recent studies showed that LIPUS enhances 
different early and late osteoblastic differentiation gene expressions. In most of these 
reports, alkaline phosphates were markedly increased by LIPUS in different bone cell lines. 
The enhanced osteogenic differentiation by LIPUS is suggested to be due to activation of 
early differentiation genes (c-jun, c-myc, COX-2, Egr-1, TSC-22) as well as the bone 
differentiation marker genes, osteonectin and osteopontin, phosphorylation (Tam et al., 
2008)  as well as activation of ERK1/2 and p38 MAPK pathways (Sena et al., 2005). Most 
importantly, LIPUS enhances bone morphogenetic proteins expression in bone cells (Suzuki 
et al., 2009).   The importance of this report that LIPUS enhances BMPs expression is that 
LIPUS might be a future substitute of many BMPs-based therapies. 
Another cell type that has been reported to be stimulated by LIPUS to enhance matrix 
production is macrophages. It has been shown that LIPUS up-regulated the phagocytosis of 
human primary macrophages through the activation of Src and ERKs and promoted the 
protein expression of CD147 and MMPs, as well as increased the level of protein tyrosine 
phosphorylation (Ikeda et al., 2006; Li et al., 2007a).  Also, it has been reported that the effect 
of LIPUS on macrophages depends on cell adhesion, and relates to the integrin-MEK-ERK 
pathway (Li et al., 2007b).  The stimulatory effect of LIPUS on the phagocytosis of 
macrophages may be important in tissue engineering, especially during tissue replacement 
and scaffold degradation for optimum integration between the engineered and original 
tissues. Another effect of LIPUS on macrophages is the ability of LIPUS to liberate fibroblast 
mitogenic factors from macrophages which are known to be a source of many important 
growth factors which can act as wound mediators during tissue repair. This stimulatory 
effect of ultrasound appeared to be mediated by producing permeability changes in these 
cells as well as to stimulate the cell's ability to synthesize and secrete fibroblast mitogenic 
factors (Young & Dyson, 1990a). 
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hence its clinical applications. The most recent studies showed that LIPUS enhances 
different early and late osteoblastic differentiation gene expressions. In most of these 
reports, alkaline phosphates were markedly increased by LIPUS in different bone cell lines. 
The enhanced osteogenic differentiation by LIPUS is suggested to be due to activation of 
early differentiation genes (c-jun, c-myc, COX-2, Egr-1, TSC-22) as well as the bone 
differentiation marker genes, osteonectin and osteopontin, phosphorylation (Tam et al., 
2008)  as well as activation of ERK1/2 and p38 MAPK pathways (Sena et al., 2005). Most 
importantly, LIPUS enhances bone morphogenetic proteins expression in bone cells (Suzuki 
et al., 2009).   The importance of this report that LIPUS enhances BMPs expression is that 
LIPUS might be a future substitute of many BMPs-based therapies. 
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and scaffold degradation for optimum integration between the engineered and original 
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cells as well as to stimulate the cell's ability to synthesize and secrete fibroblast mitogenic 
factors (Young & Dyson, 1990a). 
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Also, LIPUS has been shown to enhance epithelial cell repair (Hill et al, 2005) as well as to 
accelerate tendon healing via regulation of vascular endothelial growth factor (VEGF) 
expression (Hill et al., 2005; Lu et al., 2008).  Other reports showed that LIPUS enhances 
VEGF expression by fibroblasts, osteoblasts and monocytes (Doan et al., 1999).   Moreover, 
other angiogenesis-related cytokines, IL-8 and bFGF, were significantly stimulated in 
osteoblasts by LIPUS (Reher et al., 1999). Earlier reports also supported the importance of 
LIPUS in supporting angiogenesis (Young & Dyson, 1990b; Young & Dyson, 1990c).  The 
importance of VEGF and angiogenic factors expression by LIPUS in different tissues is very 
important in tissue engineering, especially bone tissue engineering. Angiogenesis is 
reported to be a key factor in bone maturation and bone fracture healing (Rabie et al., 2002; 
Rabie et al., 2001;  El-Bialy et al., 2003). 
Very recently, it has been reported that dental tissue matrices can be formed by LIPUS in 
vitro and in vivo. The first report about new dental tissue formation was reported while 
LIPUS was applied to osteodistracted rabbit mandibles (El-Bialy, 2003). A follow up pilot 
clinical study in human patients showed for the first time that human dental tissue matrices 
(dentine and cementum) are formed by LIPUS in 28 days (El-Bialy et al., 2004). These two 
studies triggered several in-vitro studies and potential tissue engineering teeth using LIPUS 
(Dalla-Bona et al., 2006; Scheven et al., 2007; Dalla-Bona et al., 2008; Inubushi et al., 2008; 
Scheven et al., 2009a; Scheven et al., 2009b).  Moreover, recently, we have shown that LIPUS 
has an anabolic effect on human gingival fibroblasts, which in turn may help to use these 
cells in craniofacial tissue engineering (Mostafa et al., 2009). The preliminary conclusion of 
these studies may suggest that LIPUS can play an important role in dental and craniofacial 
tissue engineering. 
Another potential application of LIPUS in enhancing tissue matrix formation for tissue 
engineering is via enhancing gene delivery to promote dentine, bone and other tissue 
engineering. Recent appreciable number of studies reported that LIPUS can provide a 
synergistic tool to enhance gene delivery to different cell types for tissue engineering 
(Inagaki et al., 2006; Kaigler et al., 2006; Kimelman et al., 2006; Nozaki et al., 2006; Tachibana 
et al., 2006; Saito et al., 2007; Shen et al., 2008; Sheyn et al., 2008; Kamimura & Liu, 2009; 
Osawa et al., 2009; Sakai et al., 2009;).  The sonoporation technique, which utilizes 
ultrasound to facilitate drug delivery or gene transfection into cells has been accepted both 
in vitro and in vivo, however clinical application of this technique for tissue engineering still 
needs further optimization in-vitro experiments before it might be applicable clinically. The 
ultrasound used in sonoporation is quite different from LIPUS, however an optimization 
experiment for utilizing LIPUS in sonoporation might be justified. 

 
4. Therapeutic ultrasound and its role in enhancing tissue engineering in vivo 

It has been widely accepted that LIPUS can enhance cartilage repair based on the previously 
mentioned in-vitro studies. Moreover, it has been suggested that LIPUS can precondition 
chondrogenic derived stem cells for in-vivo cartilage tissue engineering (Schumann et al., 
2006b; Cui et al., 2007).  In an in-vivo pilot study, we have shown that LIPUS can enhance 
tissue engineered articular condyles in rabbits (El-Bialy et al., 2009). The optimum LIPUS 
treatment for maximum tissue engineered cartilage/or articular joints is still yet to be 
established.  

On the other hand, there are controversial reports about the clinical efficacy of LIPUS in 
enhancing repair of fractured bone in human patients. While earlier reports showed that 
LIPUS enhances and accelerates repair of fractured bones (Heckman et al., 1994; Cook et al., 
1997; Kristiansen et al., 1997; Hadjiargyrou et al., 1998; Mayr et al., 2000; Warden et al., 2000; 
Nolte et al., 2001; Jingushi et al., 2007; Walker et al., 2007; Griffin et al., 2008; Busse et al., 
2009; El-Bialy et al., 2009),   recent reports showed no difference in the healing of the LIPUS 
treated and nontreated fractured bones (Emami et al., 1999; Rue et al., 2004; Handolin et al., 
2005; Lubbert et al., 2008).  
The controversial reports about the clinical success of using LIPUS in repairing bone 
fractures could be due to the difference in the proximity of the fractured bone to the LIPUS 
transducer. It can be noted that most published reports with successful LIPUS treatment 
were performed on clinically accessible bones for LIPUS application, while deep bones or 
bones with thick muscle covering showed less success in accelerating bone fracture healing 
by LIPUS.  A simple explanation of this is that the LIPUS power attenuates exponentially as 
a function of distance. In a rough estimate of LIPUS power attenuation, we have presented a 
simplified mathematical calculation as follows based on our experience in LIPUS 
attenuation of rabbit mandibles. An order-of magnitude estimate of the degree of 
attenuation and relative dose strengths between the direct and indirect sides can be made 
based on the following assumptions: 1) plane wave propagation through one side of the jaw 
and mandible, through the tongue and into the other side of the jaw and mandible (in 
reality, there will be additional loss due to scattering, especially with the presence of air 
regions); and 2) the pressure attenuation coefficient for teeth/mandible is α bone= 1.5 
Np/cm and for the tongue is α tongue = 0.15 Np/cm at 1.5 MHz (Goss et al., 1978; Goss et 
al., 1980)  assuming the bone thickness is 0.5 cm and the tongue thickness is 2 cm. With these 
assumptions the fraction of the intensity reaching the other side of the jaw would be: 
 

                 I/I0 = Exp [-2 α bone d bone] Exp [-2 α tongue d tongue]                            (1) 
 

= Exp [-2(1.5)(0.5)] Exp [-2(0.15)(2)] 
 

= 0.122. 
 

Where I is the intensity at the other side and I0 is the intensity incident on the first (treated) 
side. This is a very rough estimate that may be taken as an upper bound; but, it predicts that 
12.2% of the energy gets to the far (indirect) side relative to the near (direct) side. It has to be 
noted as previously mentioned that the stimulatory effect of LIPUS in enhancing tissue 
matrix production and bone fracture healing is dose dependent (El-Bialy et al., 2002; 
Schumann et al., 2006a).  This could explain in part the differences in clinical outcomes 
between studies when considering differences in bone sizes. 
Another consideration that needs to be taken into account while using LIPUS for tissue 
repair and/or tissue engineering is that the differences in LIPUS power could be different 
with different applications. In another words, when using LIPUS to enhance cell 
proliferation and/or matrix production in vitro, lower power is needed as there is no 
intervening tissues between the transducer and the cells. While in animal or clinical 
applications, many tissues can be intervening between the point of LIPUS application and 
the target bone or tooth, which needs further experimentation to reach the optimum LIPUS 
needed to reach each target for optimum results.  
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Also, LIPUS has been shown to enhance epithelial cell repair (Hill et al, 2005) as well as to 
accelerate tendon healing via regulation of vascular endothelial growth factor (VEGF) 
expression (Hill et al., 2005; Lu et al., 2008).  Other reports showed that LIPUS enhances 
VEGF expression by fibroblasts, osteoblasts and monocytes (Doan et al., 1999).   Moreover, 
other angiogenesis-related cytokines, IL-8 and bFGF, were significantly stimulated in 
osteoblasts by LIPUS (Reher et al., 1999). Earlier reports also supported the importance of 
LIPUS in supporting angiogenesis (Young & Dyson, 1990b; Young & Dyson, 1990c).  The 
importance of VEGF and angiogenic factors expression by LIPUS in different tissues is very 
important in tissue engineering, especially bone tissue engineering. Angiogenesis is 
reported to be a key factor in bone maturation and bone fracture healing (Rabie et al., 2002; 
Rabie et al., 2001;  El-Bialy et al., 2003). 
Very recently, it has been reported that dental tissue matrices can be formed by LIPUS in 
vitro and in vivo. The first report about new dental tissue formation was reported while 
LIPUS was applied to osteodistracted rabbit mandibles (El-Bialy, 2003). A follow up pilot 
clinical study in human patients showed for the first time that human dental tissue matrices 
(dentine and cementum) are formed by LIPUS in 28 days (El-Bialy et al., 2004). These two 
studies triggered several in-vitro studies and potential tissue engineering teeth using LIPUS 
(Dalla-Bona et al., 2006; Scheven et al., 2007; Dalla-Bona et al., 2008; Inubushi et al., 2008; 
Scheven et al., 2009a; Scheven et al., 2009b).  Moreover, recently, we have shown that LIPUS 
has an anabolic effect on human gingival fibroblasts, which in turn may help to use these 
cells in craniofacial tissue engineering (Mostafa et al., 2009). The preliminary conclusion of 
these studies may suggest that LIPUS can play an important role in dental and craniofacial 
tissue engineering. 
Another potential application of LIPUS in enhancing tissue matrix formation for tissue 
engineering is via enhancing gene delivery to promote dentine, bone and other tissue 
engineering. Recent appreciable number of studies reported that LIPUS can provide a 
synergistic tool to enhance gene delivery to different cell types for tissue engineering 
(Inagaki et al., 2006; Kaigler et al., 2006; Kimelman et al., 2006; Nozaki et al., 2006; Tachibana 
et al., 2006; Saito et al., 2007; Shen et al., 2008; Sheyn et al., 2008; Kamimura & Liu, 2009; 
Osawa et al., 2009; Sakai et al., 2009;).  The sonoporation technique, which utilizes 
ultrasound to facilitate drug delivery or gene transfection into cells has been accepted both 
in vitro and in vivo, however clinical application of this technique for tissue engineering still 
needs further optimization in-vitro experiments before it might be applicable clinically. The 
ultrasound used in sonoporation is quite different from LIPUS, however an optimization 
experiment for utilizing LIPUS in sonoporation might be justified. 

 
4. Therapeutic ultrasound and its role in enhancing tissue engineering in vivo 

It has been widely accepted that LIPUS can enhance cartilage repair based on the previously 
mentioned in-vitro studies. Moreover, it has been suggested that LIPUS can precondition 
chondrogenic derived stem cells for in-vivo cartilage tissue engineering (Schumann et al., 
2006b; Cui et al., 2007).  In an in-vivo pilot study, we have shown that LIPUS can enhance 
tissue engineered articular condyles in rabbits (El-Bialy et al., 2009). The optimum LIPUS 
treatment for maximum tissue engineered cartilage/or articular joints is still yet to be 
established.  

On the other hand, there are controversial reports about the clinical efficacy of LIPUS in 
enhancing repair of fractured bone in human patients. While earlier reports showed that 
LIPUS enhances and accelerates repair of fractured bones (Heckman et al., 1994; Cook et al., 
1997; Kristiansen et al., 1997; Hadjiargyrou et al., 1998; Mayr et al., 2000; Warden et al., 2000; 
Nolte et al., 2001; Jingushi et al., 2007; Walker et al., 2007; Griffin et al., 2008; Busse et al., 
2009; El-Bialy et al., 2009),   recent reports showed no difference in the healing of the LIPUS 
treated and nontreated fractured bones (Emami et al., 1999; Rue et al., 2004; Handolin et al., 
2005; Lubbert et al., 2008).  
The controversial reports about the clinical success of using LIPUS in repairing bone 
fractures could be due to the difference in the proximity of the fractured bone to the LIPUS 
transducer. It can be noted that most published reports with successful LIPUS treatment 
were performed on clinically accessible bones for LIPUS application, while deep bones or 
bones with thick muscle covering showed less success in accelerating bone fracture healing 
by LIPUS.  A simple explanation of this is that the LIPUS power attenuates exponentially as 
a function of distance. In a rough estimate of LIPUS power attenuation, we have presented a 
simplified mathematical calculation as follows based on our experience in LIPUS 
attenuation of rabbit mandibles. An order-of magnitude estimate of the degree of 
attenuation and relative dose strengths between the direct and indirect sides can be made 
based on the following assumptions: 1) plane wave propagation through one side of the jaw 
and mandible, through the tongue and into the other side of the jaw and mandible (in 
reality, there will be additional loss due to scattering, especially with the presence of air 
regions); and 2) the pressure attenuation coefficient for teeth/mandible is α bone= 1.5 
Np/cm and for the tongue is α tongue = 0.15 Np/cm at 1.5 MHz (Goss et al., 1978; Goss et 
al., 1980)  assuming the bone thickness is 0.5 cm and the tongue thickness is 2 cm. With these 
assumptions the fraction of the intensity reaching the other side of the jaw would be: 
 

                 I/I0 = Exp [-2 α bone d bone] Exp [-2 α tongue d tongue]                            (1) 
 

= Exp [-2(1.5)(0.5)] Exp [-2(0.15)(2)] 
 

= 0.122. 
 

Where I is the intensity at the other side and I0 is the intensity incident on the first (treated) 
side. This is a very rough estimate that may be taken as an upper bound; but, it predicts that 
12.2% of the energy gets to the far (indirect) side relative to the near (direct) side. It has to be 
noted as previously mentioned that the stimulatory effect of LIPUS in enhancing tissue 
matrix production and bone fracture healing is dose dependent (El-Bialy et al., 2002; 
Schumann et al., 2006a).  This could explain in part the differences in clinical outcomes 
between studies when considering differences in bone sizes. 
Another consideration that needs to be taken into account while using LIPUS for tissue 
repair and/or tissue engineering is that the differences in LIPUS power could be different 
with different applications. In another words, when using LIPUS to enhance cell 
proliferation and/or matrix production in vitro, lower power is needed as there is no 
intervening tissues between the transducer and the cells. While in animal or clinical 
applications, many tissues can be intervening between the point of LIPUS application and 
the target bone or tooth, which needs further experimentation to reach the optimum LIPUS 
needed to reach each target for optimum results.  
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It is to be noted that different cell types might respond differently to LIPUS treatment time. 
While stem cells are stimulated by LIPUS in a dose dependent response (Schumann et al., 
2006a); the optimum LIPUS treatment for skin fibroblasts is 10 minutes per day (Zhou et al., 
2004). Moreover, clinical applications using LIPUS has been accepted to be 20 minutes per 
day for 3-4 weeks (Heckman et al., 1994; Cook et al., 1997; Kristiansen et al., 1997; 
Hadjiargyrou et al., 1998; Mayr et al., 2000; Warden et al., 2000; Nolte et al., 2001; Jingushi et 
al., 2007; Walker et al., 2007; Griffin et al., 2008; Busse et al., 2009), in-vitro responses vary 
from one day to 21 days. It is to be remembered that in-vitro experiments allow direct effect 
of LIPUS to the cells, while in-vivo application suffers from LIPUS power attenuation as 
explained above. In this context, in-vitro results might not be completely applicable to in-
vivo applications. 
Conclusion and future directions: 
We can conclude that there is ample literature that supports that LIPUS can be utilized to 
enhance cell proliferation and differentiation, matrix production with the differentiated 
cells, gene transfection for cell differentiation as well as tissue repair both in vitro and in 
vivo. The optimum LIPUS treatment time and dose is still yet to be studied. The potential 
applications of LIPUS in tissue engineering could be used for bone, cartilage, skin, nerve, 
and possibly teeth tissue engineering. A final remark is that the daily use of LIPUS for an 
extended period of time should not be of concern as the safety of this type of low level 
power ultrasound has been addressed before and proven to be safe (Mende et al., 1996; Hata 
et al., 1997; Blaas & Eik-Nes, 1998; Turnbull & Foster, 2002).  
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It is to be noted that different cell types might respond differently to LIPUS treatment time. 
While stem cells are stimulated by LIPUS in a dose dependent response (Schumann et al., 
2006a); the optimum LIPUS treatment for skin fibroblasts is 10 minutes per day (Zhou et al., 
2004). Moreover, clinical applications using LIPUS has been accepted to be 20 minutes per 
day for 3-4 weeks (Heckman et al., 1994; Cook et al., 1997; Kristiansen et al., 1997; 
Hadjiargyrou et al., 1998; Mayr et al., 2000; Warden et al., 2000; Nolte et al., 2001; Jingushi et 
al., 2007; Walker et al., 2007; Griffin et al., 2008; Busse et al., 2009), in-vitro responses vary 
from one day to 21 days. It is to be remembered that in-vitro experiments allow direct effect 
of LIPUS to the cells, while in-vivo application suffers from LIPUS power attenuation as 
explained above. In this context, in-vitro results might not be completely applicable to in-
vivo applications. 
Conclusion and future directions: 
We can conclude that there is ample literature that supports that LIPUS can be utilized to 
enhance cell proliferation and differentiation, matrix production with the differentiated 
cells, gene transfection for cell differentiation as well as tissue repair both in vitro and in 
vivo. The optimum LIPUS treatment time and dose is still yet to be studied. The potential 
applications of LIPUS in tissue engineering could be used for bone, cartilage, skin, nerve, 
and possibly teeth tissue engineering. A final remark is that the daily use of LIPUS for an 
extended period of time should not be of concern as the safety of this type of low level 
power ultrasound has been addressed before and proven to be safe (Mende et al., 1996; Hata 
et al., 1997; Blaas & Eik-Nes, 1998; Turnbull & Foster, 2002).  
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