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ABSTRACT 

 

Ultrasound (US) waves have recently shown therapeutic effects for different fractures including fresh, non-union, 

and delayed fractures shown promising potentials as alternative or adjunctive treatment for bone fractures. 

However, the mechanisms of actions of this technique in bone fractures healing are not fully understood. This paper 

aimed to comprehensively review the biological interactions and mechanism of action of US waves in the treatment 

of bone fractures. The databases of PubMed (1990-2016), EMBASE (1990-2016), Web of Sciences (1990-2016), and 

Google Scholar (1980-2016) were searched using the set terms. The title and abstract of the collected results were 

reviewed by two authors and the relevant papers were selected for further evaluations. The available evidence 

showed the therapeutic efficiency of US waves in bone fractures. The mechanisms of action depend on the US 

physical parameters as well as exposure factors including duration. The main mechanisms of US waves for 

enhancing the healing process of bone fractures healing are increasing fibroblasts and decreasing osteoclasts, 

stimulating the collagen formation, enhancing extensibility of collagen, circulation, and pain threshold. Low US 

frequencies show more therapeutic efficiency in bone fractures healing compared with high frequencies.  
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INTRODUCTION 

 

Bone fracture is one of the most common diseases worldwide. The fracture healing process is a relatively long 

period mechanism. In addition, a relatively large portion of fractures become non-union or delay which increase the 

healing period or even impede the healing process completely [1]. Therefore, developing an intervention for 

speeding up the fracture healing process or preventing the formation of non-union or delay fracture has been always 

as one of the main research avenues in orthopedic and alternative medicine. Ultrasound (US) waves have shown 

promising therapeutic effects in shortening the fracture healing period as well as in treating non-union and delayed 

fracture.  

These characteristics have motivated the researchers to develop and introduce new techniques as alternative or 

adjunctive treatments for reducing the healing process of bone fractures. The most important of them are US 

stimulation, direct current, capacitive coupling, inductive coupling (pulsed EMF), static and combined magnetic 

fields. However, the mechanisms of action of each technique are controversial and they are not yet completely 

understood. Nowadays ultrasound is widely used in medicine as an adjunctive treatment [2-16]. 

Low intensity pulsed ultrasound stimulation (LIPUS) is a biophysical intervention on a fracture healing process [17]. 

Most of the studies that investigated biological effect of LIPUS on the bone-healing process showed positive effects 

of ultrasound on fracture healing [18-20]. Several clinical and experimental studies have shown the potentials of 

LIPUS in enhancing the bone cells synthesis during fracture healing [18, 21-23]. Therapeutic exposures with 

ultrasound because of its ability to both image and deliver makes it a very practical and useful technique [24]. The 

present study comprehensively reviews the applications of US based techniques for enhancing bone fracture healing 

including fresh non-union and delayed fracture. In addition, recent advancements of these techniques as well as 

mechanisms of actions of these techniques in enhancing bone fracture healing process are discussed.  

 

2. Method 

The databases of PubMed (1990-2016), EMBASE (1990-2016), Web of Sciences (1990-2016), and Google Scholar 

(1990-2016) were searched using the set terms. The search terms included "ultrasound wave", "bone fractures", 

"mechanisms of action", and "biological interactions". The obtained records were reviewed for the title and abstract 

by two authors and they came to consensus whether the studies are related to the review. Animal and human studies 

in both in vivo and in vitro designs that evaluate the therapeutic effects and/or mechanisms of action of US waves on 

different bone fractures were included for further evaluations. Any studies that evaluate the effects of US waves on 

one of the physiological, metabolic, morphological, or physical characteristic of wounds were reviewed. Because of 

the immense body of literature and variance in the methodology, this study aimed to provide a comprehensive and 

descriptive overview of the recent advances in applications of US waves for treatment of bone fractures and their 

mechanisms of action and biological interactions with living tissues.   

 

3. Results 

 

3.1. Bone fracture healing process 

Bone can repair itself with a self-regulating mechanism when is damaged. This Phenomenon is the resulting of both 

microscopically and macroscopically process and also is extremely complex. The process of bone healing is 
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influenced by many factors such as biological and mechanical factors. Biological factors related to tissues and 

mechanical factors associated with forces and motions at the fracture site.  

 

3.2. The process of bone healing 

Bone fracture healing process can be summarized in several main steps: hematoma formation, inflammation, cellular 

proliferation and differentiation, ossification and finally remodeling. Hematoma formation rich in platelets formed 

and released of cellular signaling molecules. In inflammation stage blood flew and vascular permeability is 

increased, chemotaxis and migration of inflammatory cells is occurred and lead to further cytokine release and MSC 

accumulate in fracture site. In next stage, stem cells proliferate and differentiate based upon mechanical and 

biological signals. Then vascular invasion and new vessel is formed. During the ossification stage collagen, fibrils 

are randomly laid down in random orientation. In this way, collagen fibrils ossification, callus bridges fracture, and 

union occur with woven bone. The final step is remodeling. Remodeling step is ongoing process in normal bone 

progresses to fracture site. In this stage, coupled action bone resorption and deposition based on mechanical stresses. 

Finally, woven bone replaces lamellar restoring micro-architecture [1, 25]. 

 

3.3. Types of bone fractures 

If the damage to the bone is severe enough bone fracture occurs. At first its motion should minimized by internal or 

external fixation. In Such conditions provided primary fracture healing can occur. Fractures are divided into several 

categories based on the recovery time. The bone fracture types include fresh fracture, closed or open fracture, union, 

non-unions and delayed fracture. Kind of a bone fracture is important factor for determining the treatment protocol 

[2]. 

Delayed union is occurred when the fracture site failure to heal between 3 and 9 months after fracture. In other 

words, bone fracture is called delayed fracture when the rate of bone healing has decelerating process. The U.S. 

Food and Drug Administration (FDA) labeling defined nonunion as follows: "A nonunion is considered to be 

established when a minimum of 9 months has elapsed since injury and the fracture site shows no visibly progressive 

signs of healing for minimum of 3 months." According to another definition of the FDA “a nonunion is considered 

to be established when the fracture site shows no visibly progressive signs of healing.” This type of fracture creates 

many problems for both patients and the orthopedic trauma surgeons. The rates of non-union fractures between 5% 

and 10% have been reported. Recently, the surgeons looking for the understanding of fracture healing to 

management of fractures and reduce the risk of non-union [1, 26].  

 

3.4. Bone fracture treatment  

Generally, the aim of fracture treatment should be at first relieving the pain and then restoring function to the body 

part [27]. The first step in the traditional treatment of bone fractures is local treatment. This method can restore 

alignment, obtain appropriate stability, enhance fracture site biology and eradicate infection [1, 28]. Furthermore 

local treatment, some of instructions to patients that may be beneficial in bone fracture treatments are improving 

nutritional status, cessation of smoking and avoidance of non-steroidal anti-inflammatory by patients [29]. Several 

factors that may affect the healing process are Infection, Smoking, Certain medications, Advanced age, Systemic 

medical conditions, Poor functional level, Venous stasis, Obesity, Alcohol abuse, Metabolic bone disease, 

Malnutrition, Vitamin deficiencies [1, 30, 31]. Sometimes the fracture healing process does not pass normally. The 



Ali Yadollahpour et al Int. J. Pharm. Res. Allied Sci., 2016, 5(2):370-379 
_____________________________________________________________________________________ 

373 

recovery process may be take up to several months that in this case delayed union arises. If the delay in healing 

continues more than nine months is thus termed non-unions. To resolve this problem for improving fracture union 

rates and shortening the treatment period several new methods such as external stimulants, including 

electromagnetic fields, high-frequency low-magnitude mechanical stimuli and low intensity pulsed US have been 

introduced [32-34]. Among the advantages to using of this methods are relatively inexpensive, easy to use and carry 

and very low risk of complications [35]. LIPUS is a one of the promising techniques for the treatment of fracture 

that has been shown to improve fracture healing [19, 34, 36-38]. Both in vivo and in vitro studies have confirmed 

the positive stimulatory effect of LIPUS on biologic activities in fracture healing and improve healing process [15, 

39, 40]. They have shown that it can affect cellular differentiation and functional activation of bone formation [41-

43]. This effect is critical to begin a sequence of biologic activities to synthesize of new bone cells.  

 

3.5. US and bone fracture treatments 

Ultrasound waves are currently used in different fields of medicine such as diagnostic, operative and therapeutic 

settings [35]. Low-intensity US is an intervention method that has biophysical effects in mechanisms of fracture 

healing process. It can accelerate process of healing, improve callus formation and return of bone strength in all kind 

of fractures [44-47]. The energy used by LIPUS treatment is extremely low but the results have shown significant 

beneficial effects. Several histological studies have shown that LIPUS influences several cell types including 

osteoblasts, osteoclasts, chondrocytes and mesenchymal stem cells. LIPUS treatment can effect on cell membrane 

permeability and increase cellular activity [39, 44, 48, 49].  

The effects and adsorption of US waves on tissues are proportional to the density of the tissues. With regard to this 

subject its effect on the fracture gap and bone healing is more than soft tissues. When the US waves pass through 

tissues, due to reflect radiation energy on desired location like the bone callus or bone muscle interfaces pressure 

variations create throughout the tissues. These effects can make changes in the cellular and molecular levels. The 

response of this process may be modulated cell function [35]. Studies considered the mechanism of action of US in 

bone healing in two parts: non-thermal mechanisms that influence on cellular activity and the biophysical 

mechanisms that have enhancing effect on bone regeneration [25]. Several potential mechanisms of LIPUS that 

effect on bone fracture healing are Mechanical signal transduction and induction of gene expression, activation of 

enzymes in response to heat energy, increased vascularity at the fracture site, modulation of intracellular calcium 

signaling, enhanced cartilage calcification and maturation [35]. Clinical and experimental studies investigated the 

therapeutic applications of LIPUS into ‘‘low power’’ includes physiotherapy, fracture repair, sonophoresis, 

sonoporation and gene therapy and ‘‘high power’’ involves high intensity focused US. Each of the different level of 

intensity has thermal and non-thermal interaction mechanisms such that at higher levels, heating and acoustic 

cavitation will predominate [24]. 

 

3.6. A Historical review of US and bone fractures 

Several studies have investigated the out effects of US on bone healing in various qualifications and protocols [50-

56]. Some of them survey and next compared two or more different positions and protocols with each other [34, 51, 

57]. The positive feedback of experiments and their results led to extension use of LIPUS clinically and attention to 

its therapeutic applications. In this section some of them are reviewed. Buchtala (1950) investigated US therapy and 

its effect. He suggested that US might effect on bone healing process through stimulate osteogenesis [50]. Similarly, 
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Maintz in 1950 in a first examine studied effects of high intensity US on rabbit radial fractures. He survived effects 

of 4 high intensities of US on callus formation and bone healing. He investigated the results with histological and 

radiographic analysis. He reported that US stimulation in 500 mW/cm2 intensity had minimal changes on fracture 

healing. He also survived other high intensities such as 1000, 1500, 2500 mW/cm2 that the three protocols had 

negative effects and cause reduce callus formation [51]. Several studies used very high US intensities (between 2500 

and 5000 mW/cm2) for fracture treatment in dog femora. They observed that very high US intensities cause delayed 

bone healing, necrosis, and dense fibrous tissue formation [52-54]. In another studies that had investigated High 

intensity US between 200 and 3000 mW/cm2 on fracture healing, they showed increase callus formation and 

accelerate bone healing [55, 56, 58, 59]. In 2002, change et al. used high intensity US with 500 mW/cm2 intensity 

and observed significant increase in torsional stiffness of limbs stimulated (about 80%) and increase in new bone 

formation (about 30%) [60].  

 

3.7. Biophysics of US induced bone osteogenesis  

3.7.1. Thermal effects of US  

LIPUS stimulation through transfer of energy can increase the temperature of tissues and it may be cause changes in 

tissues and cells [60-62]. LIPUS treatment with low level of energy leads to extremely low pressure waves [20, 63-

65]. The observe of thermal effects of LIPUS may be expected more in the high intensity (higher than 1000 

mW/cm2), but studies reported little temperature variations of LIPUS on 20-50 mW/cm2 intensities [34, 60]. 

Nevertheless, studies have shown even a small increase in temperature may affect some enzymes such as matrix 

metalloproteinase 1 that also known as interstitial collagenase or collagenase 1 [66, 67]. 

 

3.7.2. Non-thermal effects of US 

The changes caused by US in addition to thermal effects may also be caused by non-thermal effects. Including non-

thermal processes of LIPUS treatment in tissues and cells are acoustic streaming and cavitation [68, 69]. Several 

studies showed that LIPUS stimulation has biochemical events at the cellular level and it can increase the activity 

level of the cell [70-72]. The results of several studies have showed that LIPUS treatment can increase in protein 

synthesis and also have a direct effect on cell membrane permeability [48, 70, 73-75]. The effects of LIPUS on cell 

membrane permeability due to increase micromechanical blood pressure and this process may lead to accelerated 

fracture healing [75].  Webster et al. (1980) reported collagen synthesis observed in human fibroblasts that 

stimulated with US in 500 mW/cm2 intensity may involve cavitation mechanisms [76]. Cavitation ‘‘involves the 

pulsation of gas or vapour-filled voids in a sound field’’ that are included stable and Unstable cavitation [71, 77]. 

The cellular reactions could associated with the effect of cavitation in the case of very low energy [25]. The cavities 

could be the concentration of acoustic energy and they can be obtain in shearing and microstreaming fields [69]. 

Acoustic streaming is ‘‘a small scale eddying of fluids near a vibrating structure such as cell membranes and the 

surface of stable cavitation gas bubble’’ [78]. Stable cavitation and acoustic streaming are cases affect diffusion 

rates and membrane permeability [25].  

According to Wolff’s Law LIPUS can be considered as noninvasive force stimulating bone healing processes 

through producing mechanical stimulation followed by induce micro-motion [25, 79].  
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Influence and penetration of LIPUS on the tissues is related to the density of tissues and it is mostly reflected at 

tissue boundaries of soft and hard tissue such as connective tissue and cortical bone. Therefore, LIPUS stimulation 

does not have the ability to stimulate osteogenesis in intact bone [20, 63-65] or callus in the remodeling phase [15, 

80, 81]. The stimulation by mechanical loading because of the differential absorption of it by tissues may establish a 

gradient of mechanical strain in the inflammatory and soft callus formation phases of fracture healing and also can 

predict specific locations of new bone formation [23, 82].   

Several studies have suggested that US may influence localization and quantification of proliferating cells such as 

fibroblasts and osteoblasts [83-85]. Nevertheless, many in-vivo and in-vitro studies and their positive results about 

beneficial applications of LIPUS biophysical mechanisms and complex process of bone healing is still unknown and 

require further more research. 

 

4.  Conclusion  

The available evidence showed the therapeutic efficiency of US waves in bone fractures. The mechanisms of action 

depend on the US physical parameters as well as exposure factors including duration. The main mechanisms of US 

waves for enhancing the healing process of bone are increasing fibroblasts and decreasing osteoclasts, stimulating 

the collagen formation, enhancing extensibility of collagen, circulation, and pain threshold.   

 Low US frequencies show more therapeutic efficiency in bone fractures healing compared with high frequencies 

fractures healing.  

 

5. Acknowledgments 

This study was financially supported by Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran (Grant 

No.: B-9475).  

REFERENCES 

 

1. Harwood, P.J., J.B. Newman, and A.L. Michael, (ii) An update on fracture healing and non-union. Orthopaedics 

and Trauma, 2010. 24(1): p. 9-23. 

2. Yadollahpour, A. and M. Jalilifar, Electromagnetic Fields in the Treatment of Wound: A Review of Current 

Techniques and Future Perspective. J PURE APPL MICROBIO, 2014. 8(4): p. 2863-2877. 

3. Mostafa, J., et al., Electromagnetic Fields and Ultrasound Waves in Wound Treatment: A Comparative Review of 

Therapeutic Outcomes. Biosci., Biotech. Res. Asia, 2015. 12(Spl.Edn.1): p. 185-195. 

4. Yadollahpour, A., et al., Ultrasound Therapy for Wound Healing: A Review of Current Techniques and 

Mechanisms of Action. J PURE APPL MICROBIO, 2014. 8(5): p. 4071-4085. 

5. Romano, C.L., D. Romano, and N. Logoluso, Low-intensity pulsed ultrasound for the treatment of bone delayed 

union or nonunion: a review. Ultrasound in medicine & biology, 2009. 35(4): p. 529-536. 

6. Mitragotri, S., Healing sound: the use of ultrasound in drug delivery and other therapeutic applications. Nature 

Reviews Drug Discovery, 2005. 4(3): p. 255-260. 

7. Babaev, E., Nozzle for ultrasound wound treatment. 2005, Google Patents. 

8. Babaev, E., Ultrasonic catheter drug delivery method and device. 2004, Google Patents. 

9. Babaev, E., Wound treatment method and device with combination of ultrasound and laser energy. 2003, Google 

Patents. 



Ali Yadollahpour et al Int. J. Pharm. Res. Allied Sci., 2016, 5(2):370-379 
_____________________________________________________________________________________ 

376 

10. Babaev, E., Device and method for ultrasound wound debridement. 2003, Google Patents. 

11. Cullum, N., et al., Systematic reviews of wound care management:(5) beds;(6) compression;(7) laser therapy, 

therapeutic ultrasound, electrotherapy and electromagnetic therapy. 2001. 

12. Ware, V. and B.D. Raynor, Transvaginal ultrasonographic cervical measurement as a predictor of successful 

labor induction. American journal of obstetrics and gynecology, 2000. 182(5): p. 1030-1032. 

13. Bock, R.T., Ultrasonic method and apparatus for cosmetic and dermatological applications. 1997, Google 

Patents. 

14. Delius, M., et al., Biological effects of shock waves: in vivo effect of high energy pulses on rabbit bone. 

Ultrasound in medicine & biology, 1995. 21(9): p. 1219-1225. 

15. Pilla, A., et al., Non-invasive low-intensity pulsed ultrasound accelerates bone healing in the rabbit. Journal of 

orthopaedic trauma, 1990. 4(3): p. 246-253. 

16. Duarte, L.R., Method for healing bone fractures with ultrasound. 1985, Google Patents. 

17. Shakouri, K., et al., Effect of low-intensity pulsed ultrasound on fracture callus mineral density and flexural 

strength in rabbit tibial fresh fracture. Journal of orthopaedic science, 2010. 15(2): p. 240-244. 

18. Shimazaki, A., et al., Low-intensity pulsed ultrasound accelerates bone maturation in distraction osteogenesis in 

rabbits. Journal of Bone & Joint Surgery, British Volume, 2000. 82(7): p. 1077-1082. 

19. Nolte, P.A., et al., Low-intensity pulsed ultrasound in the treatment of nonunions. Journal of Trauma and Acute 

Care Surgery, 2001. 51(4): p. 693-703. 

20. Warden, S.J., et al., Low-intensity pulsed ultrasound stimulates a bone-forming response in UMR-106 cells. 

Biochemical and biophysical research communications, 2001. 286(3): p. 443-450. 

21. Azuma, Y., et al., Low‐Intensity Pulsed Ultrasound Accelerates Rat Femoral Fracture Healing by Acting on the 

Various Cellular Reactions in the Fracture Callus. Journal of bone and mineral research, 2001. 16(4): p. 671-680. 

22. Sakurakichi, K., et al., Effects of timing of low‐intensity pulsed ultrasound on distraction osteogenesis. Journal of 

orthopaedic research, 2004. 22(2): p. 395-403. 

23. Rubin, C., et al., The use of low-intensity ultrasound to accelerate the healing of fractures. The Journal of Bone 

& Joint Surgery, 2001. 83(2): p. 259-259. 

24. ter Haar, G., Therapeutic applications of ultrasound. Progress in biophysics and molecular biology, 2007. 93(1): 

p. 111-129. 

25. Claes, L. and B. Willie, The enhancement of bone regeneration by ultrasound. Progress in biophysics and 

molecular biology, 2007. 93(1): p. 384-398. 

26. Food, U., Drug Administration (FDA). Center for Biologics Evaluation and Research (CBER). ELISA 

competition assay (Enzyme-linked Immunosorbent Assay). Methods of Allergenic Products Testing Laboratory, 

1993. 

27. Browner, B.D., Skeletal trauma: basic science, management, and reconstruction. Vol. 1. 2009: Elsevier Health 

Sciences. 

28. Atkins, R.M., Principles of management of septic non-union of fracture. Injury, 2007. 38: p. S23-S32. 

29. Murnaghan, M., G. Li, and D.R. Marsh, Nonsteroidal anti-inflammatory drug-induced fracture nonunion: an 

inhibition of angiogenesis? The Journal of Bone & Joint Surgery, 2006. 88(suppl_3): p. 140-147. 



Ali Yadollahpour et al Int. J. Pharm. Res. Allied Sci., 2016, 5(2):370-379 
_____________________________________________________________________________________ 

377 

30. Patzakis, M.J. and C.G. Zalavras, Chronic posttraumatic osteomyelitis and infected nonunion of the tibia: 

current management concepts. Journal of the American Academy of Orthopaedic Surgeons, 2005. 13(6): p. 417-

427. 

31. Saridis, A., et al., The use of the Ilizarov method as a salvage procedure in infected nonunion of the distal femur 

with bone loss. Journal of Bone & Joint Surgery, British Volume, 2006. 88(2): p. 232-237. 

32. Busse, J.W., et al., The effect of low-intensity pulsed ultrasound therapy on time to fracture healing: a meta-

analysis. Canadian Medical Association Journal, 2002. 166(4): p. 437-441. 

33. Cook, S.D., et al., Acceleration of tibia and distal radius fracture healing in patients who smoke. Clinical 

orthopaedics and related research, 1997. 337: p. 198-207. 

34. Duarte, L., The stimulation of bone growth by ultrasound. Archives of orthopaedic and traumatic surgery, 1983. 

101(3): p. 153-159. 

35. Siska, P.A., G.S. Gruen, and H.C. Pape, External adjuncts to enhance fracture healing: What is the role of 

ultrasound? Injury, 2008. 39(10): p. 1095-1105. 

36. Hadjiargyrou, M., et al., Enhancement of fracture healing by low intensity ultrasound. Clinical orthopaedics and 

related research, 1998. 355: p. S216-S229. 

37. Heckman, J.D., J. MCCABE, and J.J. RNI, by Non-Invasive, Low-Intensity Pulsed Ultrasound. J Bone Joint Surg 

Am, 1994. 76: p. 26-34. 

38. Kristiansen, T.K., et al., Accelerated Healing of Distal Radial Fractures with the Use of Specific, Low-Intensity 

Ultrasound. A Multicenter, Prospective, Randomized, Double-Blind, Placebo-Controlled Study*. The Journal of 

Bone & Joint Surgery, 1997. 79(7): p. 961-73. 

39. Xavier, C. and L. Duarte, Ultrasonic stimulation of bone callus: clinical application. Rev Brazil Orthop, 1983. 

18: p. 73-80. 

40. Leung, K., et al., Low intensity pulsed ultrasound stimulates osteogenic activity of human periosteal cells. 

Clinical orthopaedics and related research, 2004. 418: p. 253-259. 

41. Zhang, Z., S. Lu, and J. Wang, [Distribution and effectiveness of endogenic bone morphogenetic protein (BMP) 

in bone defect]. Zhonghua wai ke za zhi [Chinese journal of surgery], 1996. 34(10): p. 596-598. 

42. Ozaki, A., et al., Role of fracture hematoma and periosteum during fracture healing in rats: interaction of 

fracture hematoma and the periosteum in the initial step of the healing process. Journal of orthopaedic science, 

2000. 5(1): p. 64-70. 

43. Reher, P., et al., Effect of ultrasound on the production of IL-8, basic FGF and VEGF. Cytokine, 1999. 11(6): p. 

416-423. 

44. Malizos, K.N., et al., Low-intensity pulsed ultrasound for bone healing: an overview. Injury, 2006. 37(1): p. S56-

S62. 

45. Uglow, M.G., et al., Low-intensity ultrasound stimulation in distraction osteogenesis in rabbits. Clinical 

orthopaedics and related research, 2003. 417: p. 303-312. 

46. Warden, S., et al., Acceleration of fresh fracture repair using the sonic accelerated fracture healing system 

(SAFHS): a review. Calcified tissue international, 2000. 66(2): p. 157-163. 

47. Tsumaki, N., et al., Low-intensity pulsed ultrasound accelerates maturation of callus in patients treated with 

opening-wedge high tibial osteotomy by hemicallotasis. The Journal of Bone & Joint Surgery, 2004. 86(11): p. 

2399-2405. 



Ali Yadollahpour et al Int. J. Pharm. Res. Allied Sci., 2016, 5(2):370-379 
_____________________________________________________________________________________ 

378 

48. Ryaby, J., et al., Low intensity pulsed ultrasound increases calcium incorporation in both differentiating 

cartilage and bone cell cultures. Trans Orthop Res Soc, 1989. 14: p. 15. 

49. Chan, C.W., et al., Dose‐dependent effect of low‐intensity pulsed ultrasound on callus formation during rapid 

distraction osteogenesis. Journal of orthopaedic research, 2006. 24(11): p. 2072-2079. 

50. Buchtala, V., Present state of ultrasound therapy. El Día médico, 1950. 22(70): p. 2944. 

51. Maintz, G., Animal experiments in the study of the effect of ultrasonic waves on bone regeneration. 

Strahlentherapie, 1950. 82(4): p. 631. 

52. Bender, L., J. Janes, and J. Herrick, Histologic studies following exposure of bone to ultrasound. Archives of 

physical medicine and rehabilitation, 1954. 35(9): p. 555-559. 

53. Herrick, J., J. Janes, and N. Ardan Jr, Experimental studies relative to the therapeutic use of ultrasound. Journal 

of the American Veterinary Medical Association, 1956. 128(12): p. 571-577. 

54. ARDANJR, N.I., J.M. JANES, and J. Herrick, Ultrasonic energy and surgically produced defects in bone. The 

Journal of Bone & Joint Surgery, 1957. 39(2): p. 394-402. 

55. De Nunno, R., [Effect of ultrasonics on ossification; experimental studies.]. Annali italiani di chirurgia, 1952. 

29(4): p. 211-220. 

56. Corradi, C. and A. Cozzolino, Effect of ultrasonics on the development of osseous callus in fractures. Archivio di 

ortopedia, 1953. 66(1): p. 77. 

57. Yang, K.H., et al., Exposure to low‐intensity ultrasound increases aggrecan gene expression in a rat femur 

fracture model. Journal of orthopaedic research, 1996. 14(5): p. 802-809. 

58. Murolo, C. and F. Claudio, Effect of ultrasonics on repair of fractures. Giornale italiano di chirurgia, 1952. 

8(11): p. 897. 

59. Klug, W., W.-G. Franke, and H.-G. Knoch, Scintigraphic control of bone-fracture healing under ultrasonic 

stimulation: an animal experimental study. European journal of nuclear medicine, 1986. 11(12): p. 494-497. 

60. Chang, W.H.S., et al., Study of thermal effects of ultrasound stimulation on fracture healing. 

Bioelectromagnetics, 2002. 23(4): p. 256-263. 

61. Wu, J. and G. Du, Temperature elevation generated by a focused Gaussian beam of ultrasound. Ultrasound in 

medicine & biology, 1990. 16(5): p. 489-498. 

62. Wu, J. and G. Du, Temperature elevation generated by a focused Gaussian ultrasonic beam at a tissue–bone 

interface. The Journal of the Acoustical Society of America, 1990. 87(6): p. 2748-2755. 

63. Elmer, W.A. and A.C. Fleischer, Enhancement of DNA synthesis in neonatal mouse tibial epiphyses after 

exposure to therapeutic ultrasound. Journal of Clinical Ultrasound, 1974. 2(3): p. 191-195. 

64. Spadaro, J.A. and S.A. Albanese, Application of low-intensity ultrasound to growing bone in rats. Ultrasound in 

medicine & biology, 1998. 24(4): p. 567-573. 

65. Wimsatt, J., et al., Ultrasound therapy for the prevention and correction of contractures and bone mineral loss 

associated with wing bandaging in the domestic pigeon (Columba livia). Journal of Zoo and Wildlife Medicine, 

2000. 31(2): p. 190-195. 

66. Welgus, H.G., J.J. Jeffrey, and A.Z. Eisen, Human skin fibroblast collagenase. Assessment of activation energy 

and deuterium isotope effect with collagenous substrates. Journal of Biological Chemistry, 1981. 256(18): p. 9516-

9521. 



Ali Yadollahpour et al Int. J. Pharm. Res. Allied Sci., 2016, 5(2):370-379 
_____________________________________________________________________________________ 

379 

67. Welgus, H.G., et al., Human skin fibroblast collagenase: interaction with substrate and inhibitor. Collagen and 

related research, 1985. 5(2): p. 167-179. 

68. Hill, C.R., Ultrasonic Exposure Threshold for Changes in Cells and Tissues. J. Acoust. Soc. Am., 1971. 52(2): p. 

667–672. 

69. Dyson, M., Non-thermal cellular effects of ultrasound. The British journal of cancer. Supplement, 1982. 5: p. 

165. 

70. Dinno, M., et al., The significance of membrane changes in the safe and effective use of therapeutic and 

diagnostic ultrasound. Physics in medicine and biology, 1989. 34(11): p. 1543. 

71. Watson, T., The role of electrotherapy in contemporary physiotherapy practice. Manual therapy, 2000. 5(3): p. 

132-141. 

72. Leung, M.C., G.Y. Ng, and K. Yip, Effect of ultrasound on acute inflammation of transected medial collateral 

ligaments. Archives of physical medicine and rehabilitation, 2004. 85(6): p. 963-966. 

73. Dyson, M. and M. Brookes, Stimulation of bone repair by ultrasound. Ultrasound in medicine & biology, 1982: 

p. 61-66. 

74. Mortimer, A. and M. Dyson, The effect of therapeutic ultrasound on calcium uptake in fibroblasts. Ultrasound in 

medicine & biology, 1988. 14(6): p. 499-506. 

75. Rawool, N.M., et al., Power Doppler assessment of vascular changes during fracture treatment with low-

intensity ultrasound. Journal of Ultrasound in Medicine, 2003. 22(2): p. 145-153. 

76. Webster, D., et al., The role of ultrasound-induced cavitation in the ‘in vitro’stimulation of collagen synthesis in 

human fibroblasts. Ultrasonics, 1980. 18(1): p. 33-37. 

77. Webster, D., et al., The role of cavitation in the< i> in vitro</i> stimulation of protein synthesis in human 

fibroblasts by ultrasound. Ultrasound in medicine & biology, 1978. 4(4): p. 343-351. 

78. Dyson, M. and J. Suckling, Stimulation of tissue repair by ultrasound: a survey of the mechanisms involved. 

Physiotherapy, 1978. 64(4): p. 105-108. 

79. Wolff, J., P. Maquet, and R. Furlong, The law of bone remodelling. 1986: Springer-Verlag Berlin. 

80. Wang, S.J., et al., Low intensity ultrasound treatment increases strength in a rat femoral fracture model. Journal 

of Orthopaedic Research, 1994. 12(1): p. 40-47. 

81. Hantes, M.E., et al., Low-intensity transosseous ultrasound accelerates osteotomy healing in a sheep fracture 

model. The Journal of Bone & Joint Surgery, 2004. 86(10): p. 2275-2282. 

82. Gross, T.S., et al., Strain gradients correlate with sites of periosteal bone formation. Journal of Bone and 

Mineral Research, 1997. 12(6): p. 982-988. 

83. Iwaki, A., et al., Localization and quantification of proliferating cells during rat fracture repair: detection of 

proliferating cell nuclear antigen by immunohistochemistry. Journal of Bone and Mineral Research, 1997. 12(1): p. 

96-102. 

84. Harle, J., et al., Effects of therapeutic ultrasound on osteoblast gene expression. Journal of materials science: 

materials in medicine, 2001. 12(10-12): p. 1001-1004. 

85. Harvey, W., et al., The stimulation of protein synthesis in human fibroblasts by therapeutic ultrasound. 

Rheumatology, 1975. 14(4): p. 237-237. 

 

 


