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ABSTRACT

Ultrasound (US) waves have emerged as a promising alternative or adjunctive strategy for chronic wounds.
However, the clinical efficacy of these techniques for different chronic wounds is still not fully understood and
standard guidelines on the allowed doses and possible side-effects should be determined. This paper aimed to
comprehensively review the therapeutic efficacies and clinical considerations of US based techniques for chronic
wounds. The databases of PubMed (1985-2016), EMBASE (1985-2016), Web of Sciences (1985-2016), and Google
Scholar (1980-2016) were searched using the set terms. The obtained results were screened for the title and abstract
by two authors and the relevant papers were reviewed for further details. Despite of rigorous evidence on the
therapeutic efficiency of USin chronic wounds, no definite dose-response existed on the clinical trials of US wave
applications. However, there is a consensus on the spatial average temporal average dosage in the range of 0.5
W/em2 to 3 Wiem2 with significant therapeutic outcomes and minimum adver se effects. The available data showed
the therapeutic efficacy of US techniques for chronic wounds. However, further in vitro and clinical trials are
needed to shed more light on the exact dose-response of US techniques for different wounds.
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INTRODUCTION

During the recent years, along with the advancesi@ntew medications, different techniques havenluveloped
for the treatment of wounds such as pressure etidyeds, cushions, and medicinal plants. Theygarerally used
for prevention and treatment of pressure woundghhiorldwide prevalence of wounds, high costs aflitional

methods and elimination of reimbursement for vagiowunds like burns, venous leg ulcers or infectibave
boosted the rapid raising of alternative wound ingainethods. During the recent years several msthage been
developed for chronic and acute wounds treatmeshiidimg laser, direct current, electric and maigniélds, light

and electromagnetic fields (1-13).

Ultrasound (US) waves are among the most recerttadstfor treatment of wound with promising outcomds

based techniques have major advantages over céamvalinand other alternative techniques. US wavespesetrate
into the beyond of the wound bed and reach more-deated tissues compared with other methods. étuntire,
the US waves can be highly oriented and focusecpaosd with other techniques.

Since the discoveries of potential therapeuticotéfef US energy, various US technologies have reerstigated
for treatment of several disorders including skmuwds, malignant tumors, and bone fractures (14-31)
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Advantages of US treatments have made them oreeahbst promising treatment options for the manas rof
soft tissue injuries (32). Many experimental stedi®ve shown various physiological efficacies of &Sliving
tissues (33-36) and also vigorous evidence indigathe beneficial effects of these mechanical wanethe
treatment of disorders involving soft tissues (37§-3

Some applications of high frequency US includettmemt of tendon injuries and relief of the shortvigpain (40-

42). Furthermore, US waves have been demonstrataeccelerate healing of some acute bone fractueesus and
pressure ulcers, and surgical incisions (40, 43, #®wever, US treatment may cause burns or danthge
endothelial under inappropriate parameters (45, #6)ine with the research progressions, differeommercial

modalities based on low frequency US were offeceth¢ market. Use of high frequency US in cliniceddicine is

restricted due to the risk of tissue heating. Assult, considerable research attempts have egglaiternative US
parameters. Low-frequency US waves are actually stdease technique associated with low tissuarteab that

these techniques may become the standard techiigating slow-to-heal wounds, skin ulcers, and mimu

fractures. Surface acoustic wave (SAW) patch theramnother US technique developed for wound ttneat. It

employs a different acoustic wave than traditioo#itasound, utilizing a scattered beam with a maxim
penetration of 4 cm, while traditional ultrasourah@enetrate 10 cm. Some studies have reportegased tissue
oxygenation and saturation after the applicatioBAW patch therapy, which would prove beneficial fimunds or

ulcerations being deprived of oxygen and healirtpis (47, 48).

US waves have emerged as promising alternativejanetive strategies for chronic wounds. Howevke, tlinical
efficacy of these techniques for different chromiounds is still not fully understood. In additiohet clinical
guidelines on the allowed doses and possible dfdete of these techniques should be determinedrefbre, this
paper aimed to comprehensively review the therapeefficacies and clinical considerations of US dzhs
techniques for chronic wounds.

MATERIALSAND METHODS

The databases of PubMed (1985-2016), EMBASE (198%P Web of Sciences (1985-2016), and Google &chol
(1980-2016) were searched using the set terms.séhech terms included "ultrasound wave", "chronaumd",

“clinical considerations”, "dose response”, "treatth, and "therapeutic efficacy". The obtained rdsowere
reviewed for the title and abstract by two autremd they came to consensus whether the studigelated to the
review. Animal and human studies in both in vivalan vitro designs that evaluate the therapeutiects of

ultrasound waves in chronic wounds were includeddcher review. Because of the immense bodytefditure in
this field, this study was aimed to provide a coemensive and descriptive overview of the recentaades in
applications of US waves for treatment of chronmuwds therapeutic efficacies and clinical consitlena of US
based techniques for chronic wounds

RESULTS

3.1. Physical Characteristics of Therapeutic US

The US waves delivered to the body and soft tisamedransformed by diffusion and vibration of nulles with a
progressive loss of the intensity of the energyirdumpassage through the tissue. The intensity ofwives
undergoes attenuation because of absorption, gogtter dispersion, reflection, and rarefactionttod wave (49).
The main parameter for assessing the therapedit@&f of US techniques is the power expressed ait$V The
amount of energy attained by a particular site épeshdent on the US characteristics (frequency nsitie
amplitude, focus, and beam uniformity) and the tgpd physical characteristics of tissues througkchvthe US
beam travels.

The frequency range of therapeutic US is 0.75-3MHKi@ most machines are set at the frequency of3LMHz.

Low frequency US waves have more penetration déypihare less focused. One- MHz US is adsorbedapilyrby

tissues located in depth of 3-5 cm (50) that matketeal choice for deeper injuries and in patiewith greater
subcutaneous fat. The frequency of 3 MHz is apdiednore superficial lesions at depths of I-2 &@,(51).

Tissues can be determined by their acoustic impmgjdahe product of their density and the speedhéidhwUS will
transfer through it. Tissues with high-water cohtarch as fat, have low absorption of US and thgls penetration
of US waves, while tissues which are rich in protéie skeletal muscle have high US adsorption.(3Bg larger
acoustic impedance difference between two tissthes,less portion of the US wave will transmit thgbuthe
interface (53). When reflected US meets furthengnaitted waves, a standing wave may be generateidhvhas
potential side effects on tissue (51). Such adveffeets can be minimized by ensuring that the nmechenders a
uniform wave, using pulsed waves, and moving thesucer during the treatment process (52).
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The greater diameter of the radiating area of ttwesducer face, the more focused US beam is gederanergy is
unevenly distributed within the US beam and theatg®t non-uniformity occurs near the transducefasar The
beam intensity variation is determined by the beam-uniformity ratio (BNR), the ratio of the maxifmatensity of
the transducer to the mean intensity across ifacei(54).

3.2. Clinical Considerations: US and Different Wounds

3.2.1. Wound Healing- Angiogenesis

In vitro studies on the tunneling or debilitationunds and surface model demonstrated that US taimate multi-
drug resistant bacterial organisms. Organisms Macomycin-resistant Enterococcus and resistanid®seonas
aeruginosa in vivo were cultured and cured withedént US outputs and exposure times (55). In Viindings
demonstrated that US treatment can enhance in e@Hoproliferation, collagen/ NCP production, faation of
bone, and angiogenesis (56). Other similar studie® assessed the various US machines on wounchérgtaand
proved the angiogenesis effects of US (57).

3.2.2 Chronic Wounds

Management of chronic wounds related pain is a lstagding clinical challenge in patient care anerehis no
definitive solution for treatment of chronic wounddated pain (58). Different studies revealed that frequency
US is a useful device for chronic wounds managepregitonly for curing but also for pain relievinggmentation
and odor decrease (59). However, findings of simsladies on chronic wounds are controversial. Atesyatic
review of the efficacy of different US modalities evound care management deduced inadequate evidaence
clinical efficacy of therapeutic US in chronic wals(46).

According to the primary clinical evidence, patgemtith painful chronic lower-extremity wounds repeat a wound
pain reduction following US therapy. A low-frequsm non-contact US device for wound treatment, agsroved
for marketing by the United States Food and Drugniistration (58).

3.2.3. Purulent Wounds

Low frequency US techniques have been used in amatibh with standard wound care drugs or alondgréatment
of purulent wounds. The findings of these studieewsed the therapeutic effectiveness of US technagien
adjunctive or alternative treatment for purulentwwad (60-62).

A case series study assessed the effectivene$® aoimbination of low frequency US together withntgenicin
solution in 17 patients. This study revealed a céida in the purulent septic complications from 73%.to 5.9%
(62).

A cross sectional experiment on 112 patients witthetes mellitus and purulent surgical wound whoeweured
with low frequency US and laser radiation showeat thS treatment had privileges in the first ancdbadgphases of
wound curing procedure (60). Another study revedlet an US surgical device “SUGA -21f.02” applied76
patients and an intensification of diffusion of tmedical preparation into the tissues was demaestramong the
deep layers of the wound channel (61). In a stublichvassessed the impact of US at two power dessiti the
range of 0.5W/ cfand 1 W/cr for treatment of crural ulceration found no siggant difference in terms of
granulation development rate and debridement ofvitnend.

3.2.4. Trophic Ulcers

Gostishchev et al. (1984) investigated the effe€isw frequency US on the trophic ulcers. Theyeassd clinical,
morphological and medium pH measurement and shogradulation tissue growth which allows fulfilling
autodermatoplasty (63).

Other studies have tested the efficacy of low fesgpy US applied in combination with antibiotic. this area,
Radiske et al. (2000) demonstrated that continud@s and systemic gentamicin administration signifiba
decreased the viable bacteria concentration isithelated implant putridity (64), whereas some msiists (Qian et
al. 1997; Pitt et al. 1994) have reported that iappibn of US in the bacterial cultures of E. cafid P. aeruginosa
increased the efficacy of gentamicin (65, 66).

3.2.5. Pressure Ulcer

In a systematic review conducted by Flemming et(2004) showed no vigorous evidence on the thetapeu
efficacy of US in the pressure sores. They attauthe inconsistency to the variations and linotagi in the
methodology and the small sample size of the resiestudies (67).
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Reit et al. (1995) conducted randomized controthéals of US treatments in patients with pressucens. They
observed no significant differences between treatmgeoups (David et al. 1996, Riet et al. 1995))(68

In a review of pressure ulcers therapy, Reddy e{24l08) performed a randomized controlled clinit#! and
found no significant proof for the US efficacy ihet treatment of pressure ulcers. The review of oamzed
controlled clinical trials found no clear evidenfoe the effectiveness of US in healing of pressuleers (69).
Akbari Sari et al. (2006) reviewed the effectivenesUS therapy on pressure ulcers. They showeeliable proof
of advantage of treatment by US in the healing relspure ulcers. However, the feasibility of usefulharmful
effect cannot be ruled out because of the small baunof participants or other methodological liniias.
Therefore, further studies are needed to reacmausive answer (67).

3.2.6. Extremity Lower Wounds

Extremity lower wounds are among the most commg@esyof wound worldwide (70). US techniques havensho
therapeutic efficacies for this type of wounds.|@alet al. (1987) applied weekly pulsed US therapgt compared
this technique with standard wound care for chréggcwounds. They used a 12-week treatment penddeported
that the ratio of wound healed was 20% greatehenUS group (71). In a randomized controlled r@hducted by
Lundeberg et al. (1989) to investigate the efficatyulsed US in conjunction with a standard tegbriof curing
chronic leg ulcers therapy on 44 patients (72). patients received standard treatment (paste igmated bandage
and a self-adhesive elastic bandage) plus placeb@rpulsed US three times a week for 4 weeks. Thems
applied two times in a week for 4 weeks and oncekiyefor the following 4 weeks. The rates of cureound were
tested after 4, 8 and 12 weeks(72). They showesigrificant differences in the percentage of cunkstrs in the
pulsed US treatment as compared with the placetnapg(72).

In a randomized controlled study, Eriksson et B09(1) investigated the efficacy of US against tiaedard model
of chronic leg ulcers healing. All patients receivi@andard treatment plus placebo US with the siterof 1.0
Wi/cnf at 1 MHz, for 10 min twice a week for 8 weeks. Tpercentage of cured wound area and the number of
healed wounds were compared after 2, 4, 6, andeékswdhe authors observed no significant differerioethe
percentage of cured ulcers in the US treatmentpgasucompared with the placebo group (73). Pesehah (1997)
examined the effect of low-frequency (30 kHz) loesd US onthe chronic venous leg ulcers treatment i
combination with conventional outpatients’ therapyatients were randomly divided into conventiomehtment
with topical application of hydrocolloid dressingsid compression therapy (conventional treatmens %
treatment). The US therapy included 10-min of foathing with continuous US wave 100 mW/dhrice-weekly
for three months. The ulcer area was measureddnimetry, using a millimeter grid before therapy after 2, 4,

6, 8, 10, and 12 weeks of treatment. The groupuetedl the radius of ulcer and the daily decreasdcef radius.
After each therapy, adverse effects were recorddgtbr the period of treatment the mean decreasdoefated area
in control group patients was 16.5% while this dadh the US group was 55.4 %. The daily decredsdcer size

in the US-treated group was 0.08 mm whereas this irmthe placebo patients was 0.03 mm. Both U& @lacebo
groups just recorded minor adverse effects. Théoasitconcluded that the low-frequency and low-dbke
technique is a beneficial therapeutic method imoiervenous leg ulcers (74).

Johannsen et al. (1998) carried out a meta-anasily in order to explain the effect of chronig ldcer treatment
by applying US. The result of their study demortstlathat when US was delivered in low doses ardbadulcer
edge, it has the best therapeutic effects (753 fandomized, double-blinded, controlled, multiteerstudy, Ennis
et al. (2005) performed a randomized double blindamhtrolled, multi center experiment and they gdsthe

efficacy of MIST US treatment for the recalcitratibetic foot wounds therapy. This study was cotethion 55
patients and they received standard care, whiclsistea of products that prepare a moist environmeithout

using diabetic shoes and socks, debridement, dsawekound assessment. The "treatment" was dang WS

wave of 40 kHz frequency achieved by a saline oiig "sham device" that delivered a saline mishatit applying
US. This procedure has been applied for 3 monthghwkignificantly increased the ratio of wounds Iep

compared with the control group. In this experimeatdifference was observed in the frequency apd tf side
effects between the two groups. This findings shibthat the MIST US treatment accelerated the hgabite of
diabetic foot ulcers (76).

Kavros et al investigated ischemic wounds with rmotact, low-frequency ultrasound, finding signifita
improvements in wound healing in patients withicait limb ischemia after use of the device combineth
standard wound care.

Ennis et al. (2006) assessed the effectivenessISTMUS on the occurrence of wound closure for ciremon-

healing lower extremity wounds of different etiolegy Their study showed the appropriate and optireatment
duration was correlated with a maximal clinicalpmsse and identified potential synergistic therspi@t could be
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used in conjunction with this therapy. In addititimey investigated the effect of MIST US treatmentthe micro
circulatory flow patterns within the wound bed. @oh data were obtained from a previously published
prospectively gathered database. This experimsteédeB months. A total of 29 lower extremity woumdsch were
observed in the 23 patients who met inclusion datevere treated with MIST US treatment. Standaedtment
period was prepared for 2 weeks for all wounds oMesk for the experiment. A breakage to obtain aaa aof
reduction more than 15 % qualified the patientrégistering the trial and the addition of MIST Ufitapy to the
current cure regimen. The criteria for inclusioare/ the decrease of wound healing, area and volantk Jaser
Doppler-derived mean voltage. Totally, 69 % of #eund was healed by applying the desired therapaotidel.
When MIST US was applied alone, the average timielwivas required for healing was 7 weeks, whereasitean
time to heal control groups was 10 weeks. The aonésof this experiment demonstrated that using MUST
treatment alone or in combination with moist wowrade could attain healing in 69% of chronic wounden-
contact US was evident within 4 weeks of theraphe Tauthors demonstrated thata well-designed alinic
experiment based on health economics is requiregidtuate this method (77).

Kavros and Schenck (2007) performed a non-randamizaseline-controlled clinical case series studgrder to
describe the efficacy of non-contact low-frequetty treatment for chronic, rebellious lower-leg dodt ulcer.

They first treated patients were initially treateith the Mayo Clinic standard method of care, ahdnt they
combined low-frequency US therapy with the formppr@ach. They surveyed the medical records of Sitna
with one or more conditions cited below: diabetedlibus, neuropathy, limb ischemia, chronic remaufficiency,
venous illness, and inflammatory connective tissisease. All patients had leg and foot ulcer \6886 of patients
having mellitus and 20 % of them having a histofyamputation. 63 % of all the wounds had a multtdaial

etiology, and 65 % had correlated transcutaneoimeiry levels less than 30 mmHg. The mean time ofivds
therapy during the baseline standard of care cbpéod was almost 9.8 weeks while the non-contégttherapy
of low frequency time was approximately 5.5 +/- 28eks. The results showed that utilizing non-contaw-

frequency US could improve the curing and closareecalcitrant leg and foot ulcer (48).

In a randomized controlled trial study, Kavros ef(2007) applied the MIST-US to treat non-heallag and foot
ulcers associated with ischemia of chronic critiiedb. The treatment protocol consisted daily fimaute

treatment for three times a week continued forahmonths or until wounds achieved full recoverye Thain

outcome measure was the percentage of patientsgvétiter than 50 % falling in size of wound frore ihdex of
measurement after 3 months of treatment. The @tival between transcutaneous oximetry pressuresiponse to
low-frequency of the supine and dependent positvas assessed as a factor in evaluating the atilityeal the
ischemic foot and leg ulcer. A significantly higheercentage of patients cured with the standaha plus MIST
US therapy obtained greater than 50% wound healing§ months than those which were just treated with
standard care. Therefore, failing to reach the mméthiwound healing requirement happened in 37% bfests in

the treatment group and 71% of patients in therobmgfroup. The predictive value of baseline trataneous
oxygen pressure may profit the clinician when eatihg the ability to ischemic wounds healing. Thehars

demonstrated that when they applied MIST US aduliiiothe standard wound care model, the velocigutdneous
foot and leg ulcer healing in patients with chroliicb ischemia cured greatly. It should be consdethat though
the study discussed the significance of baselgrestutaneous oxygen pressure on therapeutic wpatidnts with
high (21 to 40 mmHg) and low (1 to 20 mmHg) traniaoeous oxygen pressure levels are not equallyitaistd

equally between the groups (47).

The American Society of Plastic Surgeons evalutttedefficacy and feasibility of US treatment fog land foot
ulceration (78). Their assessments which were bagetie clinical experiment guideline on chronicunds of the
leg and foot ulcer (2007) did not note the appia@abdf US as a choice of treatment (78).

Kavros et al (2008) performed a retrospective aiglyevaluating the clinical efficacy of non-cortatow-
frequency MIST US in the chronic leg and foot ultleerapy. They authors observed that a signifigalatiger
percentage of wounds were healed by MIST US thepiy standard wound care compared with the stdnchme
alone. In addition, application of the MIST US thgy accelerated the rate of wound healing compaitdthe
standard model. The authors concluded that wheriTMIS therapy was added to standard wound healingemo
the rate of curing and closure of chronic woundsigicantly improved. They concluded that the congoMIST US
and standard wound care model accelerates thim@p@dichronic wounds in the leg and foot ulcer)(79

Cullum et al. (2010) conducted a Cochrane revievihenefficacy of US on the rate of venous leg uleealing.
They concluded that venous leg ulcers trial assessmith US is small, poor-quality and heterogersedinere is
no trustworthy proof that US improves venous uldezaling. There is a number of weak evidence wklubwed
enhanced curing with US; however, to reach a morelasive answer, further confirmation in largeghiquality
RCTs is required (80).
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Game et al. (2012) stated that the result of dialfebt ulcers administration is poor, and thereastinuing doubt
concerning optimal methods to management. For ridson, in 2006 the International Working Groupthué

Diabetic Foot (IWGDF) group carried out a systemagiview of the proof to inform protocols for cuntecare and
to highlight areas which must be considered fothier research. This group updated the review Imsidering

papers, published during December 2006 to June,2fiithe interventions to improve the chronic wckealing.
Two research groups independently evaluated metbgidal quality of the selected studies using Ssbtt
Intercollegiate Guidelines Network criteria. Thelested studies were divided into ten categoried: giarp

debridement and preparation of wound bed with hyenm@apy; (2) preparation of wound bed by usingsapiics,

applications and dressing crops; (3) the chroniangoelimination; (4) HBOT; (5) compaction or negatpressure
treatment; (6) designing products to correct aspettbiochemistry of wound and cell biology whicksaciated
with impaired wound curing; (7) cells applicatiamgntaining stem cells and platelets; (8) bioengieeeskin and
skin bounds; (9) magnetic, electrical, electromégndasers, shockwaves and US; and (10) otheresyst
treatments which were not found in the mentionddgr@ries. Major challenges which prevented poolealysis of

outcomes are heterogeneity of experiments. Withetteeption of HBOT and, feasibly, negative pressuvoeind

therapy, there is little evidence to justify theage of newer treatments. This conclusion is coedigtith a recent
Cochrane review and the systematic review by tHeBENGuidelines Committee in the United Kingdom. Arsé of

evidence showed considerable difficulties in théddf particularly as controlled studies are few @hd majority
suffer poor methodological quality (81).

Gottrup and Apelqvist (2012) carried out a revidvagailable evidence and new methods in the dialdetit ulcer
therapy (82). They evaluated the treatment efficalc several types of wound healing methods inelgdanti-
microbial agents, dressings, topical negative piresshyperbaric oxygen treatment, electrical, eteoagnetic,
laser, shockwave, and US techniques, growth, amidbi@ogy modulating factors, cell products andstie
engineering, bioengineered skin and skin graftsl atjuvant therapies. Their review demonstrated ttere is
restricted proof on the level | evidence level eeammend these techniques as usual clinical methtmsever,
using some of these techniques including US tecienzan be used a alternative of adjunctive treatfioersome
types of chronic wounds.

There is a lack of strong evidence, mostly becaafsénsufficient sample size, short follow-up, ncamdom

allocation to treatment arms, non-blinded outcoraealuation, poor description of control, and siranéous
intervention. The heterogeneity of the populatidnutcer and people, with multiple factors help battter

frequency US in the management of several kindshofnic wounds like burns, digital ulcers, infectaargical

beginning and failure to heal. Another main causetlie lack of evidence is the general utility o tmeasure of
“complete healing”. Therefore, it is necessaryribance the quality and methodology of clinicall&ri@?2).

Furthermore, there are some case studies as weksesseries studies on the applications of notacgnlow-
wounds, and sacral pressure ulcers (83-89).

CONCLUSION

Besides accelerating the healing speed of open d&uaw frequency US can be an effective earlyttneat for
suspected deep-tissue injuries. In vitro and iro\dtudies have shown therapeutic efficacies of &tBriiques in
different wounds. However, there is not an exacted@sponse for clinical applications of US treatrmein
different wounds. Considering the promising thetdjgeeffects of US techniques on the treatment iffent
wounds, we can expect that US will be a new stahftarearly treatment of some kinds of wounds.

However, to reach such a standard treatment, fusdtuglies are required to shed light on the examthanism of

action and also to provide exact dose-respondeeofpeutic US for different wounds.
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