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ABSTRACT

Ultrasound (US) waves have recently shown therapeitects for different fractures including fresign-union,
and delayed fractures shown promising potentialsaliernative or adjunctive treatment for bone fiaes.
However, the mechanisms of actions of this teclniuoone fractures healing are not fully understodhis paper
aimed to comprehensively review the biologicalraxtéons and mechanism of action of US waves irtrfstment
of bone fractures. The databases of PubMed (199G EMBASE (1990-2016), Web of Sciences (1990)2athd
Google Scholar (1980-2016) were searched usingéieéerms. The title and abstract of the collect=slilts were
reviewed by two authors and the relevant paperseveamlected for further evaluations. The availabk@ence
showed the therapeutic efficiency of US waves imebimactures. The mechanisms of action depend enJt
physical parameters as well as exposure factordudicg duration. The main mechanisms of US waves fo
enhancing the healing process of bone fracturedifgare increasing fibroblasts and decreasing ostasts,
stimulating the collagen formation, enhancing estiifity of collagen, circulation, and pain threddo Low US

frequencies show more therapeutic efficiency inetfoactures healing compared with high frequencies.
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INTRODUCTION

Bone fracture is one of the most common diseaseatdwidle. The fracture healing process is a rel&§iveng

period mechanism. In addition, a relatively largetion of fractures become non-union or delay whidrease the
healing period or even impede the healing procesaptetely [1]. Therefore, developing an interventifor

speeding up the fracture healing process or praagettie formation of non-union or delay fractures feeen always
as one of the main research avenues in orthopedicaliernative medicine. Ultrasound (US) waves hsivewn

promising therapeutic effects in shortening thetfiee healing period as well as in treating norearand delayed
fracture.

These characteristics have motivated the researdbedevelop and introduce new techniques as aligenor

adjunctive treatments for reducing the healing esscof bone fractures. The most important of theen S

stimulation, direct current, capacitive couplingductive coupling (pulsed EMF), static and combimaagnetic
fields. However, the mechanisms of action of eamthinique are controversial and they are not yetpbetedy

understood. Nowadays ultrasound is widely usededigine as an adjunctive treatment [2-16].

Low intensity pulsed ultrasound stimulation (LIPUS)h biophysical intervention on a fracture hegjimocess [17].
Most of the studies that investigated biologicééef of LIPUS on the bone-healing process showeditige effects
of ultrasound on fracture healing [18-20]. Sevealical and experimental studies have shown themals of
LIPUS in enhancing the bone cells synthesis dufragture healing [18, 21-23]. Therapeutic exposunéth

ultrasound because of its ability to both image daliver makes it a very practical and useful téghe [24]. The
present study comprehensively reviews the apptinatdof US based techniques for enhancing boneufeatiealing
including fresh non-union and delayed fractureatidition, recent advancements of these technigsiesel as

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

2. Method

The databases of PubMed (1990-2016), EMBASE (19H®Y, Web of Sciences (1990-2016), and Google &chol
(1990-2016) were searched using the set terms.s€hech terms included "ultrasound wave", "bonettiras"”,
"mechanisms of action", and "biological interacttnThe obtained records were reviewed for the &thd abstract
by two authors and they came to consensus whédtbesttidies are related to the review. Animal anddrustudies
in both in vivo and in vitro designs that evalutite therapeutic effects and/or mechanisms of actid#S waves on
different bone fractures were included for furtbealuations. Any studies that evaluate the effet1dS waves on
one of the physiological, metabolic, morphologi@al physical characteristic of wounds were reviewiecause of
the immense body of literature and variance inrttegthodology, this study aimed to provide a compnshe and
descriptive overview of the recent advances iniappbns of US waves for treatment of bone fractusad their

mechanisms of action and biological interactionthwing tissues.
3. Results
3.1. Bonefracture healing process

Bone can repair itself with a self-regulating meatbka when is damaged. This Phenomenon is the irgwf both

microscopically and macroscopically process ana dds extremely complex. The process of bone heaiing
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influenced by many factors such as biological anahaeical factors. Biological factors related tostiss and

mechanical factors associated with forces and mstid the fracture site.

3.2. The process of bone healing

Bone fracture healing process can be summarizeevieral main steps: hematoma formation, inflammatietular
proliferation and differentiation, ossification afidally remodeling. Hematoma formation rich in glats formed
and released of cellular signaling molecules. Iffammation stage blood flew and vascular permeabis
increased, chemotaxis and migration of inflammatalys is occurred and lead to further cytokineask and MSC
accumulate in fracture site. In next stage, steifs geoliferate and differentiate based upon med#nand
biological signals. Then vascular invasion and messel is formed. During the ossification stagdagan, fibrils
are randomly laid down in random orientation. Iis tivay, collagen fibrils ossification, callus bragyfracture, and
union occur with woven bone. The final step is rdelmg. Remodeling step is ongoing process in nbboae
progresses to fracture site. In this stage, coupdéidn bone resorption and deposition based omamécal stresses.

Finally, woven bone replaces lamellar restoringrotiarchitecture [1, 25].

3.3. Types of bone fractures

If the damage to the bone is severe enough bootufeaoccurs. At first its motion should minimizied internal or
external fixation. In Such conditions provided paity fracture healing can occur. Fractures are divighto several
categories based on the recovery time. The bootufeatypes include fresh fracture, closed or dpacture, union,
non-unions and delayed fracture. Kind of a bonetine is important factor for determining the treaht protocol
[2].

Delayed union is occurred when the fracture siteiria to heal between 3 and 9 months after fractlweother
words, bone fracture is called delayed fracture mwtie rate of bone healing has decelerating proddss U.S.
Food and Drug Administration (FDA) labeling definednunion as follows: "A nonunion is consideredbt®
established when a minimum of 9 months has elagiseé injury and the fracture site shows no visjiggressive
signs of healing for minimum of 3 months." Accorglito another definition of the FDA “a nonunion isnsidered
to be established when the fracture site showsisibly progressive signs of healing.” This typefiafcture creates
many problems for both patients and the orthoptdiema surgeons. The rates of non-union fractueésden 5%
and 10% have been reported. Recently, the surgtmrdng for the understanding of fracture healing t

management of fractures and reduce the risk ofumion [1, 26].

3.4. Bonefracturetreatment

Generally, the aim of fracture treatment shouldab@rst relieving the pain and then restoring fiime to the body
part [27]. The first step in the traditional treamh of bone fractures is local treatment. This méthan restore
alignment, obtain appropriate stability, enhaneetiire site biology and eradicate infection [1,. Z8Jrthermore
local treatment, some of instructions to patiehtst imay be beneficial in bone fracture treatmergsirmproving
nutritional status, cessation of smoking and avwidaof non-steroidal anti-inflammatory by patierit8][ Several
factors that may affect the healing process arectidn, Smoking, Certain medications, Advanced &yestemic
medical conditions, Poor functional level, Venousss, Obesity, Alcohol abuse, Metabolic bone disga

Malnutrition, Vitamin deficiencies [1, 30, 31]. Sotimees the fracture healing process does not passatly. The
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recovery process may be take up to several mohttsint this case delayed union arises. If the delalyealing
continues more than nine months is thus termedumions. To resolve this problem for improving fraet union
rates and shortening the treatment period seveeal methods such as external stimulants, including
electromagnetic fields, high-frequency low-magn@&udechanical stimuli and low intensity pulsed USehbeen
introduced [32-34]. Among the advantages to usintipis methods are relatively inexpensive, easys® and carry
and very low risk of complications [35]. LIPUS isoae of the promising techniques for the treatnodrftacture
that has been shown to improve fracture healing 349 36-38]. Both in vivo and in vitro studies kasonfirmed
the positive stimulatory effect of LIPUS on biologctivities in fracture healing and improve heglprocess [15,
39, 40]. They have shown that it can affect celldidferentiation and functional activation of bofemation [41-

43]. This effect is critical to begin a sequencéiologic activities to synthesize of new bone ell

3.5. US and bonefracturetreatments

Ultrasound waves are currently used in differeatd§ of medicine such as diagnostic, operative tarcapeutic
settings [35]. Low-intensity US is an interventiorethod that has biophysical effects in mechanisfrfsagture
healing process. It can accelerate process ofrfigainprove callus formation and return of bonersgth in all kind
of fractures [44-47]. The energy used by LIPUSttremt is extremely low but the results have shoignificant
beneficial effects. Several histological studiesvehahown that LIPUS influences several cell typeduiting
osteoblasts, osteoclasts, chondrocytes and meseatisyem cells. LIPUS treatment can effect on nembrane
permeability and increase cellular activity [39, 48, 49].

The effects and adsorption of US waves on tissue@m@portional to the density of the tissues. Wébard to this
subject its effect on the fracture gap and bondirgegs more than soft tissues. When the US waaess phrough
tissues, due to reflect radiation energy on dedwedtion like the bone callus or bone muscle fats pressure
variations create throughout the tissues. Thesztsfitan make changes in the cellular and moleteNats. The
response of this process may be modulated celtibm{35]. Studies considered the mechanism obaatif US in
bone healing in two parts: non-thermal mechanishat influence on cellular activity and the biophgsic
mechanisms that have enhancing effect on bone eegiiom [25]. Several potential mechanisms of LIPIH&t
effect on bone fracture healing are Mechanicalaigransduction and induction of gene expressictiyation of
enzymes in response to heat energy, increased lagscat the fracture site, modulation of intrda&dr calcium
signaling, enhanced cartilage calcification anduraion [35]. Clinical and experimental studiesdstigated the
therapeutic applications of LIPUS into “low powerincludes physiotherapy, fracture repair, sonopb,
sonoporation and gene therapy and “high powewboimes high intensity focused US. Each of the défd level of
intensity has thermal and non-thermal interactioecinanisms such that at higher levels, heating aodistic

cavitation will predominate [24].

3.6. A Hisgtorical review of US and bone fractures

Several studies have investigated the out effeéict$Soon bone healing in various qualifications gmdtocols [50-
56]. Some of them survey and next compared two arerdifferent positions and protocols with eacheoff34, 51,
57]. The positive feedback of experiments and thesults led to extension use of LIPUS clinicalhdattention to
its therapeutic applications. In this section samhthem are reviewed. Buchtala (1950) investigai&dtherapy and

its effect. He suggested that US might effect onebleealing process through stimulate osteogeng@js $imilarly,
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Maintz in 1950 in a first examine studied effectsigh intensity US on rabbit radial fractures. sl@vived effects
of 4 high intensities of US on callus formation dmszhe healing. He investigated the results witholagical and
radiographic analysis. He reported that US stinmiain 500 mW/crf intensity had minimal changes on fracture
healing. He also survived other high intensitieshsas 1000, 1500, 2500 mW/Enhat the three protocols had
negative effects and cause reduce callus form#ibjn Several studies used very high US intens{tietween 2500
and 5000 mW/cA) for fracture treatment in dog femora. They obedrthat very high US intensities cause delayed
bone healing, necrosis, and dense fibrous tissumatn [52-54]. In another studies that had ingzggd High
intensity US between 200 and 3000 mWcam fracture healing, they showed increase caltusdtion and
accelerate bone healing [55, 56, 58, 59]. In 2@®2nge et al. used high intensity US with 500 m\W/artensity
and observed significant increase in torsionafr&is of limbs stimulated (about 80%) and incréaseew bone
formation (about 30%) [60].

3.7. Biophysics of USinduced bone osteogenesis

3.7.1. Thermal effectsof US

LIPUS stimulation through transfer of energy catréase the temperature of tissues and it may ke ahanges in
tissues and cells [60-62]. LIPUS treatment with lewel of energy leads to extremely low pressurgesd20, 63-
65]. The observe of thermal effects of LIPUS mayebgected more in the high intensity (higher th&0Q
mW/cnf), but studies reported little temperature variagiof LIPUS on 20-50 mW/cmintensities [34, 60].
Nevertheless, studies have shown even a smallaseran temperature may affect some enzymes suohaas

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

3.7.2. Non-ther mal effects of US

The changes caused by US in addition to thermattffmay also be caused by non-thermal effectiidimgy non-
thermal processes of LIPUS treatment in tissuescatld are acoustic streaming and cavitation [68, 6everal
studies showed that LIPUS stimulation has biochaheeents at the cellular level and it can increhseactivity
level of the cell [70-72]. The results of severaldies have showed that LIPUS treatment can iner@agrotein
synthesis and also have a direct effect on cell bonane permeability [48, 70, 73-75]. The effectd BTUS on cell
membrane permeability due to increase micromechhbiood pressure and this process may lead tdeaated
fracture healing [75]. Webster et al. (1980) répdrcollagen synthesis observed in human fibrobldsis
stimulated with US in 500 mW/chintensity may involve cavitation mechanisms [76hvitation “involves the
pulsation of gas or vapour-filled voids in a sourgddfi that are included stable and Unstable caiataf71, 77].
The cellular reactions could associated with tlieotfof cavitation in the case of very low energ§][ The cavities
could be the concentration of acoustic energy &eg tan be obtain in shearing and microstreamielg<i[69].
Acoustic streaming is “a small scale eddying efids near a vibrating structure such as cell mendgzand the
surface of stable cavitation gas bubble” [78]. #acavitation and acoustic streaming are casetaéfiffusion
rates and membrane permeability [25].

According to Wolff's Law LIPUS can be considered msninvasive force stimulating bone healing proesss

through producing mechanical stimulation followegditiduce micro-motion [25, 79].
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Influence and penetration of LIPUS on the tissiserelated to the density of tissues and it is mastflected at
tissue boundaries of soft and hard tissue suclomsective tissue and cortical bone. Therefore, ISRitimulation

does not have the ability to stimulate osteogeriasistact bone [20, 63-65] or callus in the remodg phase [15,
80, 81]. The stimulation by mechanical loading hesesof the differential absorption of it by tissumay establish a
gradient of mechanical strain in the inflammatorg apft callus formation phases of fracture healnd also can
predict specific locations of new bone formatioB,[82].

Several studies have suggested that US may infulmalization and quantification of proliferatieglls such as
fibroblasts and osteoblasts [83-85]. Neverthelesmy in-vivo and in-vitro studies and their postiresults about
beneficial applications of LIPUS biophysical mecisam and complex process of bone healing is stkhown and

require further more research.

4. Conclusion

The available evidence showed the therapeuticiefiay of US waves in bone fractures. The mechanighagtion
depend on the US physical parameters as well assarp factors including duration. The main mechasisf US
waves for enhancing the healing process of bonénareasing fibroblasts and decreasing osteoclastaplating
the collagen formation, enhancing extensibiliticollagen, circulation, and pain threshold.

Low US frequencies show more therapeutic efficieimcbone fractures healing compared with high diestcies
fractures healing.
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