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Abstract Chronic rhinosinusitis (CRS) is a chronic infective,
inflammatory upper respiratory disease. While the current
medical treatment of CRS focuses on the systemic and topical
use of steroids and/or antibiotics, many bacteria residing on
mucosal surfaces of patients with CRS exist in a biofilm state,
making them resistant to most systemic antibiotics. Alterna-
tive therapeutic strategies that include blocking bacterial mo-
lecular communication, inhibiting biofilm matrix production
and breaking down bacterial biofilms are all being explored.
Physical therapies such as therapeutic ultrasound (US) have
been advocated and utilized as a treatment modality for CRS
for many years. US may have antiinflammatory actions and
can also be used for the local delivery of drugs through the
skin. Therapeutic US, which has been shown in clinical stud-
ies to be an effective treatment for both acute rhinosinusitis
and CRS, offers significant potential in CRS management.
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Introduction

Chronic rhinosinusitis (CRS) is a chronic inflammatory dis-
case of the sinonasal mucosa [1¢]. The reasons for this inflam-
mation remain poorly understood, and a variety of potential
etiologies have been proposed [1+]. Complex polymicrobial
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communities exist on most, if not all, mucosal surfaces [2].
Current research is focused on the differences in the sinonasal
microbiome between CRS patients and healthy individuals.
CRS patients appear to have a reduced sinonasal bacterial
diversity and an increased abundance of certain bacteria,
particularly Staphylococcus aureus [3, 4]. This bacterial load
is thought to contribute to the maintenance of the inflamma-
tory response [3].

The current medical treatment of CRS focuses on the
systemic and topical use of steroids and/or antibiotics
[5]. While steroids are effective in managing the under-
lying chronic inflammation, the underlying causes are
not addressed. In the short term, antibiotics reduce bac-
terial diversity even more and allow colonization with
microbiota that are less susceptible to the prescribed
antibiotics [6, 7]. Many bacteria residing on mucosal
surfaces exist in a biofilm state, making them resistant
to most antibiotics. This resistance has been attributed
to a transport barrier created by the biofilm, binding of
antibiotics to the exopolysaccharide in the biofilm and
the bacteria in mature biofilms being metabolically dor-
mant, and thus not taking up and/or metabolizing anti-
biotics [8¢°, 9—12]. Alternative therapeutic strategies
such as blocking molecular communication (quorum
sensing) between bacteria, inhibiting biofilm production
and disrupting bacterial biofilms have been proposed. In in-
dustry, interventions against biofilms include biocides, chelat-
ing agents, scraping, enzymatic digestion, high-pressure
spraying and ultrasound (US) [9]. Increasing evidence indi-
cates that therapeutic US has a role in the management of
bacterial biofilms. Therapeutic US may also have
antiinflammatory actions [13]. Researchers have shown that
therapeutic US is effective in treating patients with CRS.
Therapeutic US thus offers significant potential in CRS man-
agement. In this review we present the evidence supporting
the application of therapeutic US as a CRS therapy.
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Basic Ultrasound Physics

Therapeutic US is produced by a transducer composed of a
piezoelectric crystal, which converts electric energy into alter-
nating compression and rarefaction of sound waves at a fre-
quency greater than 20 kHz. The amplitude of the US wave is
proportional to the displacement of the US transducer head
during each half cycle. The amplitude represents the wave
energy. The US wave frequency corresponds to the number of
times that the transducer tip is displaced per second. Other
important variables include treatment time and the US duty
cycle (time ratio that the US is on), commonly termed either
“continuous” or “pulsed”. US pulsing decreases thermal ef-
fects by allowing time for heat to dissipate from the coupling
medium during treatment. US frequencies range from 20 kHz
to 10 GHz [14]. Medical applications (both diagnostic and
therapeutic) employ frequencies between 1 MHz and 15 MHz,
with most physiotherapy machines using frequencies of either
1 MHz or 3 MHz [15].

The longitudinal mechanical waves generated are transmit-
ted at right angles to the transducer head. This causes the
underlying tissues to alternatively contract and expand. As
the US wave passes through tissue, the energy levels within
the wave diminish exponentially [14]. The velocity of the US
wave depends on the compressibility and the density of the
tissue through which it passes. At a frequency of 1 MHz and a
velocity of about 1,500 m/s, the wavelength in the tissues will
be one-millionth of 1,500 m or 1.5 mm.

US has three effects on tissues: thermal effects, cavitation
and acoustic streaming [15, 16]. Thermal effects are minimal
with pulsed as opposed to continuous US [15]. Cavitation
refers to the formation of microbubbles or cavities from dis-
solved gases, their growth and subsequent collapse in tissues
and body fluids in extremely small time intervals
(milliseconds) [14, 17+, 18]. Large quantities of energy are
released. Very high local temperatures (of the order of 1,000—
5,000 K) and pressures (100—50,000 bar) are generated [17¢e,
18]. Stable cavitation, which is defined as the pulsation of
cavitation bubbles over many acoustic pressure cycles without
collapse, occurs at therapeutic US doses. Transient (unstable)
cavitation, which is not a feature of therapeutic US, refers to
the rapid and uncontrolled growth of cavitation bubbles over
several pressure cycles, and their eventual collapse into small-
er bubbles [14]. This rapid collapse releases a large amount of
energy, which may be detrimental to surrounding tissues.

Acoustic streaming refers to the small-scale eddying of
fluids near vibrating structures, such as cell membranes and
the surface of stable cavitation gas bubbles. This phenomenon
produces shear stresses, which affect membrane diffusion and
permeability. Sodium ion permeability is altered resulting in
changes in cell membrane potential [15, 16, 19]. Calcium ion
transport is modified, which in turn leads to an alteration in the
enzyme control mechanisms of various metabolic processes,
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especially protein synthesis and cellular secretions [15, 16,
19]. Protein and calcium are important components of the
biofilm matrix [20]. The result of the combined effects of
stable cavitation and acoustic streaming is that the cell mem-
brane becomes ‘excited’ (upregulated), thus increasing the
activity levels of the whole cell [15, 16, 19].

The Influence of Ultrasound Frequency and Intensity

US frequency is usually fixed, because the maximum transfer
efficiency of electrical to mechanical energy occurs only when
the transducer is driven at its resonating frequency. At a
constant irradiation, the resonant radius of cavitation bubbles
has an inverse relationship with the applied US frequency
[21], but the cavity collapse is more rapid at higher US
frequencies, which leads to an increase in the magnitude of
the collapse pressure. The smaller bubbles produced at higher
frequencies require fewer acoustic cycles before they reach the
requisite resonant size; a greater number of gas bubbles reach
resonance size more quickly at higher frequencies [17¢¢].
Cavitation bubbles are also subject to pressure and convective
forces that can cause translational motion or interactions be-
tween bubbles [22].

Therapeutic US typically uses intensities of either 1 or
0.5 W/cm?, whereas industry uses intensities of up to
300 W/em?. Altering either the overall energy or the area over
which the energy is applied changes the intensity. The maxi-
mum size attained by a cavity during its growth phase in-
creases with an increase in intensity. This increase in the
maximum size is initially large (about 30 %) for the increase
in intensity, but after certain intensities this increase is not
substantial (<10 %). The complex physics relating US
frequency and intensity to cavitation have been
reviewed recently by Gogate [17e¢].

Action of Ultrasound on Bacterial Biofilms

At high energy levels, US treatment is capable of killing
bacteria [23, 24]. In this situation bacterial killing is usually
attributed to cavitation in or on the bacteria [24], or to the
generation of free radicals [17¢¢], which subsequently kill the
bacteria. At a lower energy, sufficiently low that US does not
kill bacteria, US has a synergistic effect with antibiotics
(Table 1). This has been defined as the bioacoustic effect
[25]. US may increase antibiotic effectiveness by increasing
the rate of antibiotic transport to bacteria [26]. Electron spin
resonance spectroscopy has shown that US at 70 kHz enhances
the transport of hydrophobic molecules through the cell mem-
brane [27]. US can also damage the bacterial cell wall. This in
turn leads to increased energy requirements for repair [20]. US
may increase the metabolic activity and the demand for oxygen
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Table 1 Published studies on the bioacoustic effect of US

Reference US frequency Bacteria

Comment

[30] 67 kHz P aeruginosa, E. coli,
S. epidermidis, S. aureus
[31] 70 kHz, 500 kHz, 2.25 MHz, P aeruginosa
10 MHz
[48] 70 kHz, 500 kHz E. coli
[49] 28.48 Hz, 100 and 300 mW/em®  E. coli
[50] 28.48 kHz E. coli
[26] 28.48 kHz, pulsed 500 mW/cm?, . epidermidis
24hvs48 h
[32] 28.48 kHz, pulsed 500 mW/cm?, P aeruginosa, E. coli, on implants
24 hand 48 h
[51] 28.48 Hz pulsed 500 mW/cm?, E. coli
24-72 h after surgery
[33] 46.5 kHz, 167 mW/cm? E. coli, S. aureus, coagulase-negative
staphylococci, P aeruginosa
[52] 40 kHz E. coli

P aeruginosa, E. coli viability reduced when
combined with gentamicin

Lower frequencies more effective when
combined with gentamicin

Lower frequencies more effective against E. coli

300 mW/cm? in combination with gentamicin
reduced bacterial count

Pulsed US combined with gentamicin reduced
bacterial viability

48 h more effective than 24 h
US effective against E. coli only

Reduction in viability of biofilms when combined
with gentamicin

Reduction in biofilm viability when gentamicin
combined with US

US enhanced activity of fluoroquinolones

and other nutrients [28]. US may damage the biofilm matrix.
One confocal scanning laser microscopy study has shown that
the structure does not change [29]; however, another study has
shown that calcium can be lost from the biofilm matrix, which
leads to decreased biofilm stability [20].

Different bacteria appear to have different US susceptibil-
ities. Under identical conditions, US at 67 kHz combined with
gentamicin was effective against cultures of Gram-negative
Pseudomonas aeruginosa and Escherichia coli, but not
against Gram-positive S. epidermidis or S. aureus [30]. The
simultaneous application of US and gentamicin has been
shown to reduce the viability of P aeruginosa biofilms by
several orders of magnitude. A lower US frequency (70 kHz)
was significantly more effective than a higher frequency in
reducing bacterial viability within the biofilm [31]. The dura-
tion of US treatment also appears to be important. Treatment
of E. coli biofilms in vivo was only successful when treatment
time was extended to 48 h; similar therapy was unable to
reduce viable bacteria in P aeruginosa biofilms [26, 32].
Carmen and colleagues have shown that S. epidermidis
biofilms respond favorably to combinations of US
(28.48 kHz) and vancomycin, but longer treatment times were
required for this Gram-positive organism than for a Gram-
negative species [26]. Ensing and colleagues have also shown
that a prolonged US treatment time (40 h) with gentamicin-
loaded bone cement reduces the planktonic and biofilm bac-
terial viability of E. coli, P aeruginosa, S. aureus and
coagulase-negative staphylococci [33]. Experimental labora-
tory evidence indicates that US has an important role in
breaking down bacterial biofilms, especially when it is com-
bined with antibiotics.

Phonophoresis (Sonophoresis)

For many decades, US has been utilized to deliver therapeutic
compounds through the skin (phonophoresis). US can be
applied either as a skin pretreatment prior to drug application,
or with a coupling medium containing the drug or permeant
[14]. The former is used where US has the potential to degrade
the drug or other active ingredients. Historically, high frequen-
cies (frequencies >0.7 MHz) were used for local corticosteroid
delivery [34]. For transdermal drug delivery, low-frequency
US (LFUS) increases skin permeability to a greater extent
than high-frequency US (HFUS) [35, 36]. Therapeutic drug
levels can be achieved using topical medication without the
need for additional US. Lower frequencies (20 kHz) appear to
be up to three times more effective than higher frequencies
(1 MHz) [34-36]. The mechanisms of enhanced skin perme-
ability between LFUS and HFUS appear to be different [14].

Several mechanisms of skin permeability enhancement in
phonophoresis have been investigated. These include convec-
tion, lipid extraction, an increase in the solution—-membrane
interfacial transfer rate, thermal effects and mechanical or
radiation pressure effects [14]. With LFUS, Mitragotri and
colleagues have shown that cavitation within the skin is the
primary mechanism of skin permeability enhancement [34].
Cavitation occurs within cavities near the corneocytes of the
stratum corneum. The direct interaction of the oscillating
cavitation bubbles is thought to induce disorder in the stratum
corneum lipid bilayers, causing the observed increase in skin
permeability [34]. HFUS has been utilized to deliver low
molecular weight drugs (<1,000 Da) in a number of situations.
Unlike HFUS, LFUS is not restricted severely by the size of
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the molecules that it can deliver. Proteins and vaccines have §
been shown to be deliverable by LFUS [14]. US might have a g £ 52
role in local antibiotic delivery. Ansari and colleagues have % 2 2 o % E,
reported the successful use of erythromycin phonophoresis to g" = % f-é g 2
treat a patient with refractory CRS [37]. = g 'a';) % E g §
c |52 ZEGE
3 geea % =
O H o< 3
Anti-Inflammatory Actions of Ultrasound
Low-intensity US is used in musculoskeletal medicine. Low- .
intensity US reduces postoperative pain and swelling [38]. % g - %’ =§
Animal studies have indicated that low-intensity US reduces 2 =S £ % — 8
inflammatory markers in the synovium via a reduction in _§ g 2 % %ﬁ
inflammatory cell infiltrate [13]. Low-intensity US reduces E! i; :% § ‘o :;) g
joint pain in human osteoarthritis patients [39]. In surgically 5 § § & \\é 3 2 :5
removed nasal polyps, LFUS treatment significantly de- § b= S S 2= ;"3 g
creased the number of inflammatory cells in the subepithelial % 1 {% \VS, 2 é 2 5—5
and stromal layers [40]. £ 8 f 2 - =-§ _E"
§ cC 2l =5358%88
S L5 EZE3S§ES
o 2 g2z EE2T72E8
Ultrasound as a Treatment for Rhinosinusitis § %E S g % g S % g2 z
LFUS using a nasal solution and a handpiece inserted into the £ € 3 E z E« - gﬂé pg g &
nasal vestibule has been studied. No damage to the underlying &m) 2 é) R = - £°7
epithelium was noted [41]. In surgically removed nasal polyps
treated with LFUS the reticular pattern of the connective tissue
web remained intact, and no signs of vascular damage or = o =
leukocyte disintegration could be detected [40]. E % - E
Recent clinical studies have indicated that therapeutic US E ;5 g E -2
may have a role in the management of rhinosinusitis (Table 2). % —g -§ = o0 & % % ;
Heseien and colleagues [42¢] treated 48 patients (a therapeutic Z S § _‘g‘ }S Z 2 E ;é
group and a control group each of 24 patients) with clinically Z X § % é; § § § § NEE
diagnosed acute sinusitis in a primary care setting. The ther- E g £ 2 g a & E % _g gé
apeutic US group received four consecutive days of US, while = § P £E° 8 8°8 5 ° s
the control group received amoxicillin 500 mg three times a 2
day for 10 days. The clinical outcomes were similar in both %
groups in terms of patient satisfaction, number of side effects 2 . . v w
and relapses. The US group was more likely than the antibiotic ;_ 8 3‘5 i‘é 3§ 3‘% ‘5
group to prefer US to manage a further attack. 5 é g & &5 g £
In a case-series, Ansari and colleagues [43] treated 57 CRS g g é é é é é
patients with low-intensity pulsed US. Most major and minor 2| JE|E S 5 o o o
symptoms showed significant changes after US therapy % %é % é g g é g
(»<0.05). The “percent improvement” in symptoms was 2|8 < © © T T ©
81 %. Naghdi and colleagues [44] treated 30 adult CRS ':§
patients with ten sessions of continuous US. The “percent g:%
improvement” was 74 % at the end of treatment. One month E < 2
after treatment, 72 % of patients reported continued improve- go 2|l w o ~ o a o
ment. Young and colleagues [45] treated 22 CRS patients who Z Ael¥ 8w @ o F
were being considered for endoscopic sinus surgery with six 7
treatments of low-intensity pulsed US. Two patients were E
unable to complete the study protocol. After the sixth session, : 8
18 patients had experienced improvement in symptoms, while 2 g o : = 5 = =
two patients noted a worsening of symptoms. The median | & L £ &£ X X %
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percentage improvement in the total overall symptom score
was 16 % (p<0.001). The 20-Item Sino-Nasal Outcome Test
score improved by 34 % (p<0.001).

Ansari and colleagues [46¢¢] treated 20 CRS patients (a US
group and a control group each of 10 patients) with continu-
ous US in a randomized single-blind, placebo-controlled
study. Following treatment, the mean “percent improvement”
in the US group (87 %) was significantly higher than in the
control group (37 %; p=0.007). At 1 month follow-up the US-
treated group reported continued improvement. Ansari and
colleagues [47] also treated 40 CRS patients with continuous
or pulsed US in a randomized study. The improvement in CRS
symptoms was similar in the two groups.

Conclusions

An optimal treatment for CRS should reduce the inflammato-
ry response and the bacterial load, particularly S. aureus,
without reducing the bacterial diversity of the sinonasal
microbiome. In vivo studies have indicated that therapeutic
US is able to reduce the inflammatory response, kill bacteria
and destroy bacterial biofilms. This has been confirmed in
in vivo clinical studies. The recognition that bacteria exist in
complex communities called biofilms has led to a significant
shift in our understanding of bacterial diseases. The resistance
of bacteria within biofilms to conventional antibiotics means
that new treatment strategies need to be developed. Current
research is directed towards direct intranasal application of US
[41], which might be more effective both in removing bacte-
rial biofilms and in intranasal drug delivery. US offers poten-
tial as a sinusitis treatment modality.
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