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Abstract: Short pulse of focused ultrasound can stimulate the receptor structures of human tissues in particular
pain sensations. It can be widely used to promote recovery after nerve and tendon injuries, stroke hemiplegia, her-
pes zoster, acute mastitis, chronic pelvic pain. In this paper, we provide a brief review on the applications of sono-
phoresis, especially on pain management, mechanisms of sonophoresis, animal experiments and the problems of
sonophoresis. This paper may provide a reference for further applying ultrasound stimulation to disease treatment.
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Introduction

Pain sensations from nerve and tendon injuries
are usually chronic. The recovery and control of
chronic pain are the primary problems that
need to be resolved. Low-intensity ultrasound
stimulation is a non-invasive and topical meth-
od for therapeutic strategies. It represents a
considerable technology compared to tradition-
al surgery or oral drug delivery. As chronic nerve
and tendon injuries can set off inflammation
and scar formation, impact the function of
joints, this is not indication of surgery, and first-
pass metabolism through the liver cannot be
avoided for oral drugs delivery [1], and this will
have less impact than we might expect. Both of
them are not ideal methods for treating chronic
nerve and tendon injuries.

Ultrasound stimulation is an effective method
for pain management. Short pulse of focused
ultrasound is the low-intensity ultrasonic wave
that has been used for soft tissue healing [2]
and enhancing the drug delivery across the
skin [3]. This type of enhancement is indicating
the therapy period depends on the influence of
ultrasonic energy. Sonophoresis is firstly report-
ed in the 1950s along with other therapeutic
ultrasound applications such as noninvasive
treatment of neurological disorders [4]. From

previous studies [5-7], the therapeutic intensity
is 0.5-2.5 w/cm?2. The low-intensity ultrasound
has been applied to stimulation and increasing
skin permeability of various drugs. In this paper,
we provide a brief review on the application of
US, its mechanisms and its role on pain
management.

Applications of sonophoresis

The applications of ultrasound stimulation
include pain management in nerve and tendon
injuries, stroke hemiplegia, herpes zoster, acute
mastitis, and chronic pelvic pain. Since the ini-
tial treatment of polyarthritis with hydrocorti-
sone ointment, the sonophoresis in transder-
mal delivery of therapeutic drugs such as fen-
tanyl, caffeine, heparin, ketoprofen and insulin
has become a major concern for clinical medi-
cine [4].

Sonophoresis in nerve and tendon injuries

Chronic pain from osteoarticular injuries is a
common condition including cervical spondylo-
sis, periarthritis of shoulder, arthritis of the
knee, tennis elbow, chronic Achilles tendon
pain, carpal tunnel syndrome. As arthritis of
knee and carpal tunnel syndrome for examples,
ligaments of the knee are easy to injury in


http://www.ijcem.com

Role of ultrasound stimulation in pain management

sports or traffic trauma. The joint becomes
swelling and painful, and are difficult to walk.
Chronic injuries will set off scar formation, and
impact the function of joint. Carpal tunnel syn-
drome (CTS) is a neurologic disorder involving
compression of median nerve in the carpal tun-
nel of wrist [8, 9]. It leads to impaired nerve
conduction and nerve dysfunction [8]. The
symptoms of CTS include sensory impairments
such as tingling, numbness, pain of hand and
motor impairments such as thenar muscle
weakness, hand dexterity and function loss
[10]. CTS is an unpredictable course, and is
potentially a difficult condition to treat [11].

Ultrasound stimulation is a considerable treat-
ment for chronic pain from soft tissue and
nerve injuries. This therapeutic method adopts
low-intensity ultrasonic wave alternated expo-
sure. The effects of ultrasound stimulation on
nerve and tendon injuries are speculatively the
best, and the alteration in function is due to the
effect of ultrasound stimulation on transport
across cell membranes and on enhancement
of circulation. The application of low-intensity
ultrasound stimulation after peripheral nerve
crush or transection and repair will be an inter-
esting area of exploration [12]. The mecha-
nisms depend on mechanical and thermal
effects. It can provide anti-inflammatory, cell-
repair and pain-control functions, which will be
discussed in section three.

Sonophoresis in stroke hemiplegia

The chronic back pain or affected part pain
usually happen after stroke hemiplegia. The
stroke hemiplegia impacts the nerve, leading to
vasospasm, swelling and pain. Due to pain, the
functions of limbs are limited. This is a difficult
problem and itis hard to be adequately resolved
by surgery or oral drugs delivery. The function
recovery is the primary solution. Sonophoresis
produces the sound wave which was transmit-
ted to the affected area through a handheld
probe using conductive gel, can penetrate the
deep tissues and improve the healing [13]. Low-
intensity ultrasound is placed on the affected
area to provide the heat. It can promote the
muscle relaxation through vasodilatation and
decrease the inflammation. In addition, it dec-
reases the nerve conduction, increases the
pain threshold, and supports obvious analgesic
effect. The mechanisms of thermal effect will
also be discussed in section three.
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Sonophoresis in herpes zoster

Herpes zoster is caused by varicella zoster
virus. The symptoms are skin pain and herpes.
The pain emerges frequently through peripher-
al nerve supply. The quality of life is impacted
by chronic nerve pain, and it is hard to treat by
surgery or drugs. The applications of ultrasound
stimulation to enhancing recovery in peripheral
nerve pain: including reducing pain and improv-
ing function with entrapment neuropathies and
facilitating the regeneration [12]. A large variety
of nonsurgical therapeutic methods have been
attempted to resolve symptoms from herpes
zoster. Patients were treated with pulsed ultra-
sound stimulation at 1.0 w/cm?2 (5 min daily for
two weeks) [14] have greater relief of symptoms
and greater improvement in peripheral nerve
conduction velocity.

Sonophoresis in acute mastitis and chronic
pelvic pain

Acute mastitis often occurs in lactating women.
It is caused by galactostasis in the breast which
leads to bacterial reproduction and abscess. In
acute mastitis, the breast becomes red, warm
and pain. The chronic pelvic pain is also a com-
mon gynecological disease, of which the rea-
sons include chronic pelvic inflammation, endo-
metriosis, pelvic adhesion and pelvic venous
stasis. It is difficult to get effective solution for
these two kinds of disease, and the nonsurgical
methods are considered firstly. Low-intensity
ultrasound stimulation can be used to treat the
acute mastitis and chronic pelvic pain. This
delivery method uses pulsed ultrasound stimu-
lation wave (0.6-0.8 w/cm?) to produce heating
and vasodilatation effect [7]. For chronic pelvic
pain, 1.0 w/cm2 ultrasound stimulation is used,
and the sonophoresis in transdermal delivery
of therapeutic drugs can enhance the drugs
penetration in deep tissues and organs, and
improve the therapeutic effects [15].

Sonophoresis in transdermal drug delivery

US can combine with transdermal drug delivery
for the enhanced treatment. The drugs include
Chinese traditional medicine, voltaren and oth-
ers drugs such as fentanyl, caffeine, heparin,
ketoprofen and insulin. Borcaud et al [16] have
evaluated the effects of sonophoresis (20 kHz,
2.5 w/cm?) on transdermal transport of fentan-
yl and caffeine across human skin, and ob-
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tained good outcomes. Fentanyl is generally
used to relieve pain in surgery or cancer
patients, while caffeine is the most common
stimulant used for treatment of lipodystrophy
[17]. Above results show that, sonophoresis
can enhance the transdermal drug delivery.
Mitragotri et al [18] have performed in vitro
experiments with sonophoresis (20 kHz, 7 w/
cm?) to deliver heparin or low-molecular weight
heparin across the skin. Results find that,
patients can use drug based on this technology
throughout the whole day to provide sustained
heparin concentration in the blood. The dose of
heparin can be controlled through skin perme-
ability and treatment area in the reservoir of
the patch system under the effects of sonopho-
resis. Ketoprofen is a non-steroidal anti-inflam-
matory drug predominantly used for treatment
of rheumatoid arthritis and osteoarthritis and
relieve minor aches and menstrual pain [19,
20]. Herwadkar et al [21] have tested the
effects of sonophoresis (20 kHz, 6.9 w/cm?) for
delivery of ketoprofen across the skin. The
results show that, sonophoresis with frequency
of 20 kHz is an effective technique to improve
the transdermal and topical delivery of keto-
profen.

Among the transdermal drug delivery tech-
niques, the noninvasive transdermal delivery of
insulin has received great attention due to the
increased incidence of diabetes, one of the
most costly diseases in all patient populations
and age groups [22]. Management of diabetes
often requires painful and repetitive insulin
injections up to three or four times daily [23].
Non-invasive insulin delivery through the skin
may be a preferable technique for diabetic
patients. Numerous studies [22, 24, 25] have
been performed on the transdermal insulin
delivery. Smith et al [25] have evaluated the
feasibility of sonophoresis in insulin delivery to
enhance the in vitro transport of insulin across
human skin. The results show that, the ultra-
sound stimulation on transdermal drug delivery
mode can relieve the chronic pain.

Mechanisms of sonophoresis

Although sonophoresis is known to enhance
the pain management by low-intensity ultrason-
ic wave stimulation and skin permeability, the
fundamental mechanism is still not character-
ized. Several proposed mechanisms of sono-
phoresis include mechanical and thermal
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effects by absorption of ultrasound energy, and
cavitation effects caused by collapse and oscil-
lation of cavitation bubbles [4]. Cavitation is
believed to be the predominant mechanism
responsible for sonophoresis on transdermal
drug delivery [26-28].

Mechanics effect

Ultrasonic wave is mechanical wave, and oscil-
lation is the fundamental movement. When
ultrasound passes the medium, the energy is
partially absorbed [29]. In human body, the tis-
sues and cells shake, leading to micro-mas-
sage in the body, and proposing to pain man-
agement. Low-intensity ultrasound can also
enhance the dispersion of cells and the circula-
tion of blood and lymph, and improve the tissue
regeneration.

Thermal effect

Ultrasound energy absorbed by tissue causes a
local temperature increase that is dependent
on the ultrasound intensity, area of ultrasound
beam, duration of exposure, and rate of heat
removal by blood flow or conduction. The resul-
tant temperature increase of skin and deep tis-
sue may enhance the blood flow circulation,
relax the muscle through vasodilatation, dec-
rease the inflammation, and reduce the pain by
spasm remission. The increased temperature
of skin and deep tissue can also enhance the
permeability due to increased diffusivity of
skin, Merino et al [30] have reported the
enhanced transdermal permeability caused by
the increased temperature. This suggests that,
the thermal energy may affect the skin per-
meability.

Cavitation effect

Cavitation refers to the creation of cavities as
well as expansion, contraction, and distortion
of pre-existing gaseous bubbles in a liquid
medium [4]. Cavitation usually impacts the
transdermal drug delivery. Acoustic cavitation
occurs in small gaseous cavities during acous-
tic pressure cycles. The likelihood of cavitation
occurrence is related to the ultrasound fre-
quency and bubble characteristics such as size
and shape. Cavitation can be further classified
into two categories, stable cavitation and iner-
tial cavitation, according to the activity of gas-
eous bubbles in relation to the acoustic field.
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Stable cavitation corresponds to a continuous
oscillation of bubbles around the equilibrium
radius in response to relatively lower acoustic
pressures in an acoustic field [31]. Bubble
oscillation around asymmetric boundary condi-
tions by stable cavitation leads to a phenome-
non called microstreaming. The characteristics
of microstreaming are determined by fluid prop-
erties such as acoustic attention, viscosity and
density, as well as the ultrasound characteris-
tics including temporal average intensity, fre-
quency, transducer aperture size and pressure
amplitude [32]. Theoretical and experimental
study shows that microstreaming near a cell
boundary can affect a cell membrane [33]. This
can cause channel activation, allowing delivery
of compounds for therapeutic purposes [34,
35]. Therefore, cavitation may preferentially
occur within the coupling medium between
ultrasound transducer and skin surface, and
may locally increase the skin permeability
[36-38].

Inertial cavitation corresponds to the violent
growth and collapse of bubbles that can occur
within a period of a single cycle or a several
cycles, and is dependent on acoustic pressure
as well as frequency and size of bubble [39].
Shock waves generated by inertial cavitation
can cause structural alterations, resulting in
creation of diffusion channels through which
drugs may be potentially delivered. This leads
to lipid bilayer disorder and formation of aque-
ous channels in the skin through which drugs
can permeate [4]. Some studies have provided
a general idea of temporal responses of vari-
ous biologic barriers to cavitation [40, 41]. The
applied ultrasound of cavitation nuclei on the
skin plays a major role in enhancing cavitation
effects. Adopting low frequency (e.g., 100 kHz)
ultrasound is considered suitable to increase
the cavitation effects in transdermal drug deliv-
ery [42].

Animal experiments

From the literatures, animal experiments in-
volve three categories including mechanisms of
sonophoresis, therapeutic intensity of ultra-
sound stimulation and comparison of transder-
mal drug delivery with or without sonophoresis.
All the results are listed as the follows, and
these frontier studies can provide evidence to
clearly understand the principle of sonopho-
resis.
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Hseih et al [43] report that ultrasound stimula-
tion can impact the pain nerve system in the
brain of rats, and the ultrasonic treatment can
increase the nitric oxide neurons the material
to help set up pain nerve [44]. The mechanism
that ultrasound wave can reduce pain is regu-
lating the neural pathways. Guo et al [45] have
studied the mechanisms of sonophoresis in
rabbits with osteoarthritis, comparing model
and ultrasound group with the normal one.
Results find that, after sonophoresis treatment,
the apoptotic rate of chondrocytes is lowered,
and the expressions of caspases-3 and cas-
pases-8 are also lowered. This indicates that,
ultrasound can improve the structure of carti-
lage tissues, decrease the expressions of cas-
pases-3 and caspases-8 and reduce the apop-
tosis rate of chondrocytes. Sonophoresis is
effective for the treatment of knee osteoarthri-
tis. Du et al [46] report that, the pain relieving
effect of ultrasound-medium frequency electro-
therapy may be the increase of methionine
encephalin in adenohypophysis. This work on
sonophoresis is competed in rats.

The study on using ultrasound stimulation to
facilitate regeneration after peripheral nerve
injuries has been done in the rat sciatic nerve
model [47]. Low-intensity ultrasound stimula-
tion (16 mW/cm?2) is applied for 20 min a day for
12 days after sciatic nerve transection and
repair. Compared with sham group, the US-
treated rats have a greater quantity of regener-
ating nerve fibers, increased myelination, inc-
reased fiber diameter size, and increased
Schwann cell activity. In another experiment,
after a crushing injury to the sciatic nerve, the
US-treated rats (0.25 W/cm?, one min three
times a week for 30 days) have a statistically
significant acceleration of foot function recov-
ery compared to non-treated rat nerves [48].

The studies for the advantage of sonophoresis
on transdermal drug delivery are also per-
formed on excised hairless rat skin over a peri-
od of 24 h using Franz diffusion cells [21].
Results find that, sonophoresis can significant-
ly enhance the permeation of ketoprofen from
74.87+5.27 pg/cm? with passive delivery to
491.37+48.78 ug/cm?. Furthermore, the drug
level in skin layers increases from 34.69+7.25
pg following passive permeation to 212.62
+45.69 pg following sonophoresis. The low-
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intensity sonophoresis is an effective method
to improve the transdermal drug delivery.

Problems in sonophoresis

Sonophoresis has been used for treating chron-
ic pain, but the decision to use ultrasound stim-
ulation in clinical practice after nerve and ten-
don injury, stroke hemiplegia, herpes zoster,
acute mastitis, chronic pelvic pain should be
based on the experience and guidance from
the studies. Actually, we have adequate litera-
tures, but we lack of the clinical practice. There
seems to be some problems needing to be
focused on, in order to promote ultrasound
stimulation technique on pain management: i)
For example, ultrasound stimulation (0.5-1.0
w/cm?) to reduce symptoms of carpal tunnel
syndrome. This standard is from the literature,
if it is enough to treat CTS? ii) What about the
therapeutic standard for other applications? lii)
What about the therapeutic standard for sono-
phoresis on transdermal drug delivery?

Low-frequency sonophoresis has been the
topic of extensive research over the last 20
years, but the mechanisms of sonophoresis are
still not clearly understood. This is the reason
that we cannot set off the therapeutic standard
for ultrasound stimulation. Well-designed clini-
cal trials are necessary to study different
modality applications and clarify the mecha-
nisms.

The effects of low-frequency sonophoresis in
an effort to enhance the transport of various
drugs have been confirmed by some studies
[49, 18]. Sonophoresis can enhance the skin
permeability so that sufficient quantities of
analyte can be obtained [50, 51]. Cavitation is
the principle that we need to pay more atten-
tion from the literatures, and adopting low-fre-
quency sonophoresis is one way to increase the
existing cavitation bubbles [26, 52]. In the
same way, the well-designed clinical trials
based on different application are necessary to
understand the mechanisms for acquiring the
effective clinical practice.

Conclusion

Due to the applications of ultrasound stimula-
tion and the advantage of transdermal drug
delivery, there is a growing interest in sonopho-
resis. Numerous studies for low-frequency
ultrasound stimulation have been reported.
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Based on these studies, the thermal mecha-
nism and cavitation are believed to be the main
mechanism of sonophoresis. Although we need
more clinical trials to confirm the mechanisms
in order to acquire the therapeutic standard,
the results that have been performed through
many comparison studies still provide a good
foundation for further research.

In future work, beside we set up the therapeu-
tic standard for different applications, the safe-
ty of sonophoresis used in the treatment should
be established through a wide variety of experi-
ments. In addition, we need develop the indica-
tion and procedure of ultrasound stimulation
treatment, and the parameters such as inten-
sity and lag time should be optimized. The skin
characteristics of each body affect the efficien-
cy of stimulation and drug delivery. Specific pro-
tocols and ultrasound parameters should differ
according to different applications. There are
some available studies which have examined
ultrasound stimulation to pain management,
but the literatures on the use of ultrasound
stimulation for humans are not sufficient, the
therapy standard is not established, all of these
are the problems that we need to focus on.
Sonophoresis is expected to be an effective
method for treatment of diseases in the future,
especially pain management.

Acknowledgements

This study was supported by Zhejiang Provin-
cial Natural Science Foundation of China (No.
LY15H180001).

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Weimin Mao, De-
partment of Thoracic Surgery, Zhejiang Cancer Hos-
pital, No. 38, Guangji Road, Gongshu District, Hang-
zhou 310022, China. E-mail: maowm_1218@163.
com; Jiangiao Fang, Zhejiang Chinese Medical Uni-
versity, No. 548 Binwen Road, Binjiang District,
Hangzhou 310053, China. E-mail: fangjiangiao-
7532@163.com

References
[1] Prausnitz MR, Mitragotri S, Langer R. Current
status and future potential of transdermal

drug delivery. Nat Rev Drug Discovery 2004; 3:
115-124.

Int J Clin Exp Med 2016;9(5):7648-7654


mailto:maowm_1218@163.com
mailto:maowm_1218@163.com
mailto:fangjianqiao7532@163.com
mailto:fangjianqiao7532@163.com

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

(14]

[15]

[16]

7653

Role of ultrasound stimulation in pain management

Michlovitz SL, Nolan TP. Modalities for thera-
peutic intervention. 4th edition. Philadepphia,
PA: F.A. Davis Company; 2005.

Merino G, Kalia YN, Guy RH. Ultrasound-en-
hanced transdermal transport. J Pharm Sci
2003; 92: 1125-1137.

Park D, Park H, Seo J, Lee S. Sonophoresis in
transdermal drug deliverys. Ultrasonics 2014;
54: 56-65.

Wu SJ, Zhao YX, Yao FL. Efficacy of ultrasonic
therapy in Ah shih point for medial collateral
ligament injury of knee joint. Pain Clin J 2012;
8:284-286.

Zhu L. Effect of AM-1000A combined with su-
personic wave on the patients with shoulder
pain after stroke. Chinese Journal of Practical
Nervous Diseases 2012; 15: 15-16.

Xie LJ, Zhong X, Wen HM. Clinical observation
on treatment of acute mastitis with ultrasound.
Chinese Journal of Physical Medicine and Re-
habilitation 2010; 32: 713-714.

Werner RA, Andary M. Carpal tunnel syndrome:
pathophysiology and clinical neurophysiology.
Clin Neurophysiol 2002; 113: 1373-1381.
Osterman A. Nonoperative carpal tunnel syn-
drome treatment. Hand Clin 2002; 18: 279-
289.

Gerritsen AA, de Vet HC, Scholten RJ, Bertels-
mann FW, de Krom MC, Bouter LM. Splinting
vs surgery in the treatment of carpal tunnel
syndrome: a randomized controlled trial. J AMA
2002; 288: 1245-1251.

Muller M, Tsui D, Schnurr R, Biddulph-Deisroth
L, Hard J, MacDermid JC. Effectiveness of
hand therapy interventions in primary man-
agement of carpal tunnel syndrome: a system-
atic review. J Hand Ther 2004; 17: 210-228.
Susan L. Is there a role for ultrasound and
electrical stimulation following injury to tendon
and nerve? J Hand Ther 2005; 18: 292-296.
Poitras S, Brosseau L. Evidence-informed man-
agement of chronic low back pain with trans-
cutaneous electrical nerve stimulation, inter-
ferential current, electrical muscle stimulation,
ultrasound, and thermotherapy. Spine J 2008;
8:226-233.

O A, Li F, Liang Y. Clincal observation on ultra-
sound combined with transcutaneous electri-
cal nerve stimulation in the treatment of post
herpetic neuralgia of herpes zoster. Chinese
Manipulation & Rehabilitation Medicine 2012;
3:192-193.

Han X, Wang H, Lan J. Treatment of chronic
pain with ultrasound conductimeter: a clinical
observation. Modern Medicine Equipment and
Application 2008; 20: 18-20.

Boucaud A, Machet L, Arbeille B, Machet MC,
Sournac M, Mavon A, Patat F, Vaillant L. In vitro
study of low-frequency ultrasound-enhanced

(17]

(19]

[20]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

transdermal transport of fentanyl and caffeine
across human and hairless rat skin. Int J
Pharm 2001; 228: 69-77.

Dias M, Farinha A, Faustino E, Hadgraft J, Pais
J, Toscano C. Topical delivery of caffeine from
some commercial formulations. Int J Pharm
1999; 182: 41-47.

Mitragotri S, Kost J. Transdermal delivery of
heparin and low-molecular weight heparin us-
ing low-frequency ultrasound. Pharm Res
2001; 18: 1151-1156.

Cagnie B, Vinck E, Rimbaut S, Vanderstraeten
G. Phonophoresis vs topical application f leto-
profen: comparison between tissue and plas-
ma levels. Phys Ther 2003; 83: 707-712.
Maestrelli F, Gonz lez-Rodr guez ML, Rabasco
AM, Mura P. Effect of preparation technique on
the properties of liposomes encapsulating ke-
toprofen? Cyclodextrin complexes aimed for
transdermal delivery. Int J Pharm 2006; 312:
53-60.

Herwadkar A, Sachdeva V, Taylor LF. Low fre-
quency sonophoresis mediated transdermal
and intradermal delivery of ketoprofen. Int J
Pharm 2012; 423: 289-296.

Olefsky JM. Prospects for research in diabetes
mellitus. J Am Med Assoc 2001; 285: 628-
632.

Park E, Werner J, Smith NB. Ultrasound medi-
ated transdermal insulin delivery in pigs using
a lightweight transducer. Pharm Res 2007; 24:
1396-1401.

Lee SH, Jeong SK, Ahn SK. An update of the
defensive barrier function of skin. Yonsei Med
J2006; 47: 293-306.

Smith NB, Lee S, Maione E, Roy RB, McElligott
S, Shung KK. Ultrasound-mediated transder-
mal transport of insulin in vitro through human
skin using novel transducer designs. Ultra-
sound Med Biol 2003; 29: 311-317.

Tezel A, Mitragotri S. Interactions of inertial
cavitation bubbles with stratum corneum lipid
bilayers during low-frequency sonophoresis.
Biophus J 2003; 85: 3502-3512.

Wolloch L, Kost J. The importance of microjet
vs shock wave formation in sonophoresis. J
Control Release 2010; 148: 204-211.

Tang H, Wang CCJ, Blankschtein D, Langer R.
An investigation of the role of cavitation in low-
frequency ultrasound-mediated transdermal
drug transport. Pharm Res 2002; 19: 1160-
1169.

Nyborg WL. Biological effects of ultrasound:
development of safety guidelines, Part Il: gen-
eral review. Ultrasound Med Biol 2001; 27:
301-333.

Merino G, Kalia YN, Delgado-Charro MB, Potts
RO, Guy RH. Frequency and thermal effects on

Int J Clin Exp Med 2016;9(5):7648-7654



(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

7654

Role of ultrasound stimulation in pain management

the enhancement of transdermal transport by
sonophoresism. J Control Release 2003; 88:
85-94.

Carvell KJ, Bigelow TA. Dependence of optimal
seed bubble size on pressure amplitude at
therapeutic pressure levels. Ultrasonics 2011;
51:115-122.

Nightingale KR, Kornguth PJ, Trahey GE. The
use of acoustic streaming in breast lesion di-
agnosis: a clinical study. Ultrasound Med Biol
1999; 25: 75-87.

Wu J, Nyborg WL. Ultrasound, cavitation bub-
bles and their interaction with cells. Adv Drug
Deliv Rev 2008; 60: 1103-1116.

Forbes MM, Steinberg RL, O’Brien WD Jr. Ex-
amination of inertial cavitation of Optison in
producing sonoporation of Chinese hamster
ovary cells. Ultrasound Med Biol 2008; 34:
2009-2018.

Escobar-Chavez JJ, Bonilla-Martinez D, Ville-
gas-Gonzalez MA, Rodriguez-Cruz IM, Domin-
guez-Delgado CL. The use of sonophoresis in
the administration of drugs throughout the
skin. J Pharm Pharm Sci 2009; 12: 88-115.
Collis J, Manasseh R, Liovic P, Tho P, Ooi A,
Petkovic-Duran K, Zhu Y. Cavitation microstrea-
ming and stress fields created by microbub-
bles. Ultrasonics 2010; 50: 273-279.

Ahmadi F, McLoughlin IV, Chauhan S, ter-Haar
G. Bio-effects and safety of low-intensity, low-
frequency ultrasonic exposure. Prog Biophys
Mol Biol 2012; 108: 119-138.

Eisenmenger W. The mechanisms of stone
fragmentation in ESWL. Ultrasound Med Biol
2001; 27: 683-693.

Colussi A, Weavers LK, Hoffmann MR. Chemi-
cal bubble dynamics and quantitative sono-
chemistry. J Phys Chem A 1998; 102: 6927-
6934,

Lee SE, Choi KJ, Menon GK, Kim HJ, Choi EH,
Ahn SK, Lee SH. Penetration pathways induced
by low-frequency sonophoresis with physical
and chemical enhancers: iron oxide nanopar-
ticles vs lanthanum nitrates. J Invest Dermatol
2010; 130: 1063-1072.

Zhong W, Sit WH, Wan JM, Yu AC. Sonoporation
induces apoptosis and cell cycle arrest in hu-
man promyelocytic leukemia cells. Ultrasound
Med Biol 2011; 37: 2149-2159.

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

(52]

Tezel A, Sens A, Mitragotri S. Investigations of
the role of cavitation in low-frequency sono-
phoresis using acoustic spectroscopy. J Pharm
Sci 2002; 91: 444-453.

llsieh YL. Reduction in induced pain by ultra-
sound may be caused by altered expression of
spinal neuronal nitric oxide synthase produc-
ing neurons. Arch Phys Med Rehabil 2005; 86:
1311-1317.

Guhring Il , Tegeder |, Lotsch J, Pahl A, Werner
U, Reeh PW, Rehse K, Brune K, Geisslinger G.
Role of nitric oxide in zymosan induced paw in
ammation and thermal hyperalgesia. In amm
Res 2001; 50: 83-88.

Guo H, Xia L, Zhou J, Chen SJ, He CQ. Ultra-
sound effects on chondrocyte apoptosis and
the expressions of caspase-s and caspase-3.
Chinese Journal of Tissue Engineering Re-
search 2013; 17: 6580-6586.

Du B, Du W, Dong J, Yu C, Jin Y. Pain-relieving
effect of ultrasound-medium frequency elec-
trotherapy and changes of encephalin in rats.
Chinese Journal of Clinical Rehabilitation
2006; 10: 182-184.

Crisci AR, Ferreira AL. Low-intensity pulsed ul-
trasound accelerates the regeneration of the
sciatic nerve after neurotomy in rats. Ultra-
sound Med Biol 2002; 28: 1335-1341.
Mourad PD, Lazar DA, Curra FP, Mohr BC, An-
drus KC, Avellino AM, McNutt LD, Crum LA,
Kliot M. Ultrasound accelerates functional re-
covery after peripheral nerve damage. Neuro-
surgery 2001; 48: 1136-1140.

Mitragotri S, Kost J. Low-frequency sonophore-
sis: a noninvasive nethod of deug delivery and
diagnostics. Biotechnol Progr 2000; 16: 488-
492.

Oliver NS, Toumazou C, Cass AE, Johnston DG.
Glucose sensors: a review of current and
emerging technology. Diabetic Med 2009; 26:
197-210.

Ferrante do Amaral CE, Wolf B. Current devel-
opment in non-invasive glucose monitoring.
Med Eng Phys 2008; 30: 541-549.

Lavon |, Kost J. Ultrasound and transdermal
drug delivery. Drug Discov Today 2004; 9: 670-
676.

Int J Clin Exp Med 2016;9(5):7648-7654



