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The purpose of this study was to examine whether low frequency (<100kHz), low intensity
(<100 mW/cm?, spatial peak temporal peak) ultrasound can be an effective treatment of venous
stasis ulcers, which affect 500 000 patients annually costing over $1 billion per year. Twenty sub-
jects were treated with either 20 or 100 kHz ultrasound for between 15 and 45 min per session for
a maximum of four treatments. Healing was monitored by changes in wound area. Additionally,
two in vitro studies were conducted using fibroblasts exposed to 20 kHz ultrasound to confirm the
ultrasound’s effects on proliferation and cellular metabolism. Subjects receiving 20 kHz ultra-
sound for 15 min showed statistically faster (p < 0.03) rate of wound closure. All five of these
subjects fully healed by the fourth treatment session. The in vitro results indicated that 20 kHz
ultrasound at 100 mW/cm? caused an average of 32% increased metabolism (p < 0.05) and 40%
increased cell proliferation (p < 0.01) after 24 h when compared to the control, non-treated cells.
Although statistically limited, this work supports the notion that low-intensity, low-frequency

ultrasound is beneficial for treating venous ulcers.

© 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4812875]
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. INTRODUCTION

This work describes the encouraging results of a pilot
human study (20 subjects) indicating that low frequency
(<100 kHz), low intensity (<100 mW/cm?, spatial peak tem-
poral peak) ultrasound can be used as an effective tool in
chronic wound management, specifically treatment of venous
stasis ulcers. Although statistically limited due to the small
(n=20) subject population, this study is of importance as no
satisfactory in vivo or animal model, which incorporates all
the complexities of chronic wounds, exists (Lindblad, 2000).

The treatment of chronic wounds, including diabetic,
venous, and decubitus ulcers has an annual cost of over
$25 billion on the American health system (Sen et al., 2009),
of which venous leg ulcers contributed nearly $1 billion in
1991 (Phillips and Dover, 1991). Over 500000 patients are
treated for venous ulcers annually (Margolis and Cohen,
1994) and this treatment constitutes approximately 1% of
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total health care costs in the western world (Nelzen, 2000).
Multiple factors contribute to the delayed healing of venous
ulcers including ambulatory venous hypertension often asso-
ciated with venous reflux, poor nutrition, advancing age,
smoking, and medical compliance (i.e., following physi-
cian’s guidelines and recommendations) (Gohel et al.,
2005). The direct wound care cost associated with venous
ulcers exceeds $2400 per month, but also is associated with
indirect costs due to limited productivity and quality of life
issues related to pain and depression (Olin ef al., 1999). New
therapies are needed to both directly help patients and to
decrease the costs related to these wounds.

In terms of using ultrasound to treat venous ulcers, the
common knowledge appears to be that reported in the review
(Uhlemann et al., 2003), where it was concluded that “the
quality of studies supporting the effectiveness of ultrasound
as a therapeutic modality in wound healing is rather poor”
and hence “the scientific basis for the use of ultrasound in
wound healing is not well established.” The outcome of the
research presented herein not only expands the knowledge
base related to interaction of ultrasound and biological tissue
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but also supports the notion that the use of low-intensity,
low-frequency ultrasound is beneficial for the treatment of
chronic venous ulcers.

The primary decisions for ultrasound parameters
involved choice of frequency range and intensity level used
in insonification. To the best of the authors’ knowledge,
Dyson and her associates should be credited for their pio-
neering efforts of promoting in vivo therapeutic ultrasound
treatment of venous ulcers (Dyson et al., 1976), performed
at 1 W/em? and a frequency of 3 MHz, with treatment times
ranging from 5—10 min, depending on the size. In a later pub-
lication, Young and Dyson (1990) suggested that 1 MHz
ultrasound at an intensity (SATA) of 100 mW/cm? could be
useful in accelerating the inflammatory and early prolifera-
tive stages of repair in full-thickness acute wounds in a
rat model. The intensity level not exceeding 100 mW/cm?
(spatial peak temporal peak) was selected intentionally
partly because it follows Dyson’ and her team’s findings
and also because it is considered safe even at prolonged
(>250min) exposure time, according to the 2008 statement
on mammalian in vivo ultrasonic biological effects from the
American Institute of Ultrasound in Medicine (AIUM,
2008). In the same Young study (Young and Dyson, 1990),
it was reported that the application of somewhat lower fre-
quency (750 kHz vs 1 MHz) resulted in faster healing, when
compared the treatment outcome obtained at the higher fre-
quency (3 MHz). They ascribed this effect to non-thermal
ultrasound mechanisms, such as stable cavitation and
cavitation-related acoustic microstreaming, which are more
likely to be present at the lower frequency. From the per-
spective of this work, it should be reiterated that the out-
comes of Young and Dyson (1990) were observed in an
acute wound model, as opposed to the chronic wound envi-
ronment found in venous ulcers and considered here. In
another relevant study (Peschen et al., 1997), 24 chronic ve-
nous ulcer patients were exposed to 30 kHz continuous wave
ultrasound at 100 mW/cm? intensity for 10 min, three times
a week. This treatment resulted in enhanced rate of wound
healing (55.4% reduction in the treatment group vs 16.5%
reduction in the control group). In an in vitro study (Doan
et al., 1999) of 1 MHz (25% duty cycle at intensities ranging
from 0.1 to 1 W/cm?) and 45 kHz (continuous wave at inten-
sities 5-50 mW/cmz) ultrasound on fibroblasts, osteoblasts,
and monocytes, it was determined that the 45 kHz treatment
resulted in increased (compared with 1 MHz treatment) pro-
duction of collagen and non-collagenous proteins. Based
on the above described works and additional comprehensive
literature search, including a review of the results of
Sundaram et al. (2003), the ultrasound field exposure param-
eters presented in this study [100 mW/cm? Isprp with a pulse
repetition frequency (PRF) of 1 Hz and duty cycle of 50%]
were eventually chosen.

As already noted, this paper describes a 20 patient pilot
study, during which patients suffering from venous ulcers
were exposed to ultrasound with the goal of determining the
effects of acoustic energy on wound healing. The efficacy of
the ultrasound was determined by tracking reduction in
wound size on a weekly basis. Following the in vivo study,
two additional in vitro experiments were performed using
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the ultrasound parameters from the best performing group to
confirm and examine the anticipated cellular effects of the
ultrasound treatment.

More specifically, the auxiliary in vitro studies were
designed to provide insight into the elements of ultrasound
exposure which produce the largest cellular response as it
relates to wound healing. The working hypothesis for this
study was that the insonification caused ultrasound cell
proliferation (mitosis) and concurrently increased cellular
metabolic activity. Fibroblast cells were chosen as they have
been previously shown by Doan et al. (1999) to respond to
low frequency (45 kHz), low-intensity (30 mW/cmz) ultra-
sound. Both intensity and PRF [shown to be biologically rel-
evant by Lewin and Chivers (1980)] were anticipated to play
a role in ultrasound assisted wound healing, so they were
included as two additional, adjustable variables in order to
determine their effects on cellular metabolism (effects of the
varying of PRF and intensities were not studied in the cellu-
lar proliferation experiment).

Il. MATERIALS AND METHODS
A. Therapeutic tool: Ultrasound applicator

The construction and operation of the flexural trans-
ducer used in this study was described in detail in Sunny
et al. (2012). Briefly, the applicator, shown in Fig. 1, was
driven by a tone-burst with 1 Hz PRF and 500 ms pulse dura-
tion, from a custom rechargeable battery-operated driving
unit. The light weight (<100 g) small foot print (approxi-
mately 35mm x 35mm x 10 mm) applicator was designed
to be suitable for tether-free, fully portable wound healing
applications. The acoustic output of the applicator was deter-
mined in 22 °C de-ionized water, using a calibrated hollow
cylinder hydrophone, with a diameter of 2mm (Lewin and
Chivers, 1981). The pressure amplitude map of the applica-
tor’s acoustic output distribution is shown in Fig. 2. The
pressure measurements were performed at a distance of
2.5 mm away from the transmitting surface of the transducer
(to mimic a clinical application), and the applicator pressure

FIG. 1. Photograph of flexural ultrasound applicator used in both in vivo
human study as well as in vitro fibroblast study. Within the transducer, the
four piezoelectric elements can be seen. The specific spacing of the elements
created a uniform field output, as depicted in Fig. 2.
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FIG. 2. Two-dimensional beam plot showing ultrasound field distribution of
the flexural ultrasound applicator at the axial distance of 2.5 mm. It can be
seen that the individual elements in the applicator work synergistically to
create a uniform field distribution.

amplitude was set to 55kPa (100 mW/cm? Isprp) prior to
treatment. It has previously been determined that the trans-
ducer did not experience any self-heating and resulted in less
than a 1°C increase in skin temperature with a 45 min
application.

B. Wound size determination: Digital camera

At the end of each treatment session, a digital photo-
graph was taken using a Fujifilm Finepixs700 digital camera
(Fujifilm Holdings Corp, Tokyo, Japan). Each picture had a
1 in. marker in the frame, which allowed for the determina-
tion of the scale of the picture for precise determination of
wound size. The wound boundaries were traced by hand and
the surface area was calculated using a previously described
program (Papazoglou et al., 2010) created using MATLAB
software (MathWorks Inc., Natick, MA).

C. Patient selection

Twenty patients with chronic venous stasis ulcers were
recruited from Drexel University Wound Healing Center.
The study protocol was reviewed and approved by the
Drexel University College of Medicine Institutional Review
Board (IRB). Eligible patients were between the ages of 18

and 65, had a documented venous ulcer for at least 8 weeks
with a surface area at least 1 cm? [as determined by standard
length times width ruler measurement (Langemo et al.,
2008) by the nursing staff] and had a CEAP (a classification
system comprised of clinical severity, etiology, anatomy,
and pathophysiology) clinical severity of 6. Subjects with
moderate to severe vascular insufficiency (ankle brachial
index < 0.75 or toe-brachial index < 0.5) were excluded, as
it impairs tissue oxygen perfusion and wound healing
(Wallace and Stacey, 1998).

All enrolled subjects continued to have standard wound
care treatment as determined by the physician, including
weekly or bi-weekly debridement, compression therapy, edema
control, and any prescribed topical therapies. Upon enrollment,
subjects were randomly assigned to one of four experimental
groups: 15min of 20kHz ultrasound, 45 min of 20kHz ultra-
sound, 15min of 100kHz ultrasound, or 15min of sham
(no treatment). All active treatments were at 100 mW/cm?
SPTP. Due to the non-normality of distribution of wound initial
sizes and ages of the wounds, the logarithmic transforms of the
areas and ages were calculated to facilitate comparisons and
later statistical analysis. The transform technique is described
by Gelfand ef al. (2002). The calculated values for each group
are presented in Table 1.

D. Patient treatment

During each treatment session, topical anesthetic (typi-
cally Lidocaine) was applied to the wounds before ultrasound
insonification. The ultrasound applicator, wrapped in an acous-
tically transparent sterile wound dressing (Tegaderm®, 3M, St.
Paul, MN) and coated with sterile ultrasound gel, was placed
directly on the wound and affixed using surgical tape (see
Fig. 3). The applicator was then turned on for the amount of
time dictated by the patient’s experimental group. Following
insonification, the applicator was removed and a photograph
for wound size determination was taken. There were no
adverse events reported throughout the pilot study.

E. Fibroblast preparation and ultrasound exposure

Mouse fibroblasts (3T3-swiss albino cells) were pur-
chased from American Type Culture Collection and were all
used between passage numbers 7 and 15 (a method of track-
ing how many times a cell populations has been re-cultured).
The fibroblasts, chosen due their documented role in wound
healing (Moulin et al., 1996), were seeded in sterile six-well
transparent plates at 1 x 10% and 2 x 10* cells/well (two con-
centrations were used to rule out any possible effects on the
assays used; p>0.4) in 2mL of Dulbecco’s modified
Eagle’s medium (Life Technologies, Carlsbad, CA) with
10% bovine sera. The six-well plates were then sealed off to
maintain the sterile environment. The cells were cultured

TABLE I. Population data, where the numbers in parentheses indicate standard deviation.

Sham, 15 min (n=5)

20kHz,15min (n=15)

20kHz, 45 min (n=15) 100kHz, 15 min (n=15)

Mean ulcer duration in log weeks (SD) 0.67 (1.23)

Mean ulcer size in log cm?® (SD) 2.71 (1.20)

0.93 (1.13)
2.63 (0.85)

1.64 (1.04)
3.04 (2.47)

1.54 (1.56)
4.52 (1.80)
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FIG. 3. In vivo experimental setup showing ultrasound applicator covered with
an acoustically transparent wound dressing with ultrasound gel coupled to the
wound bed. The entire setup is attached to the wound with surgical tape.

between 18 and 20h to allow cells to adhere to the wells and
begin cell growth cycle, throughout which cells were main-
tained in an incubator at 37 °C, with 5% CO, and 80%—-90%
humidity. After this initial growth period, cells were
removed from incubation for exposure with the ultrasound,
which occurred at room temperature.

For the cellular metabolism in vitro experiment, all cells
were exposed to 20 kHz ultrasound for 15 min (chosen based
on results of the in vivo treatment). To investigate whether
the ultrasound parameters could be manipulated to produce
the greatest cellular response relative to the control group,
two additional pulse repetition frequencies (10 and 20 Hz)
and intensities (50 and 200 mW/cm?) were studied in addition
to those from the human study. The complete exposure ma-
trix for the cellular metabolism study is shown in Table II.
The exposure parameters of Table II marked in gray match
those used in the human study. Each exposure parameter was
repeated six times.

A final in vitro experiment was conducted to investigate
cellular proliferation as it relates to ultrasound treated cells.
The treated cells for this experiment were exposed to 20 kHz
ultrasound, 1 Hz PRF, and 100 mW/cm? intensity for 15 min
(a combination of exposures found to produce the greatest
response relative to the control groups from the prior two
studies, shown in Sec. III).

Prior to the complete description of the in vitro experi-
mental setup, it is important to note that the potential of
introducing undesirable artifacts during the insonification
was recognized and given thoughtful consideration.
Specifically, the geometry of the exposure container (see
Fig. 4) was intentionally chosen to closely mimic the in vivo
exposure conditions. Similarly, the biological assays chosen
were carefully selected to, respectively, determine cellular
metabolism (alamarBlue) and proliferation (BrdU).

When the cells from both experiments were ready for
insonification, the ultrasound applicator (Fig. 1) was placed
below the six-well plate to transfer the ultrasound energy in
a non-contact, sterile manner, shown in Fig. 4. The geometry
of the experimental setup was chosen to mimic (as closely as
possible) the in vivo clinical exposure conditions. The acous-
tic output of the applicators was adjusted to account for any

TABLE II. Ultrasound exposure matrix for in vitro fibroblast study. Shaded
areas correspond to human subjects’ exposure. Intensity presented as spatial
peak, temporal peak.

Intensity (mW/cm?) 50 100 200

Pulse repetition frequency (Hz) 1 10 20 1 10 20 1 10 20
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FIG. 4. In vitro experimental setup showing ultrasound applicator and sterile
plate containing fibroblasts in a growth media.

attenuation experienced due to the relatively thin (1.3 mm,
or 0.017 Z) plastic bottom of the well plate. Treatment and
control (sham) exposures were performed simultaneously in
separate well plates, to minimize any potential variability
between samples, while eliminating concerns of sham group
exposure to any potential reflected ultrasound. Due to the
relatively long (75 mm) wavelengths of 20kHz ultrasound,
the pressure gradient across the sample (~2 mm) at any time
point was negligible. With this, the experimental setup was
not subject to nodes or anti-node formation within the me-
dium and therefore was not a concern. Even in the worst
case scenario, cells would be exposed to a maximum of
200 mW/cm? Isprp, which, under the experimental condi-
tions used here, complies with FDA safety guidelines. After
exposure, cells were cultured for an additional 24 h prior to
the cellular metabolism and proliferation assays.

F. Cellular metabolism assay

After a 24-h incubation period following insonification,
the cell medium was replaced with fresh solution of 90% media
with a 10% alamarBlue (Invitrogen Corp., Carlsbad, CA), a
reagent used for assessing cellular metabolism in vitro (Voytik-
Harbin et al., 1998). This reagent assesses cellular metabolism
by showing an increase in the level of fluorescence as nutrients
in the media are consumed. This level was then measured using
a fluorescence reader (Tecan US Inc., Morrisville, NC) with an
excitation wavelength of 560nm and an emission wavelength
of 590nm. The fluorescence of the treatment cells was com-
pared to the control cell plates to determine percent increase.
There were six wells for each of the treatment and control
groups.

G. Cellular proliferation assay

After the same 24-h incubation period following insoni-
fication, cell proliferation was measured using a 5-bromo-2’-
deoxyuridine (BrdU)assay, a standard test for measuring
cellular proliferation (Porstmann et al., 1985). The BrdU
calorimetric assay procedure was performed as per the manu-
facturer’s protocol (Roche Scientific, Indianapolis, IN). The
cell media was removed and BrdU, diluted 1:1000 in media
with 10% sera, was added to the cells for 3 additional hours
of incubation prior to adding the fixing and denaturing agents
from the kit. The newly synthesized cellular DNA that incor-
porated the BrdU was then labeled using a BrdU labeling
agent which attached to the BrdU. The reaction product was
then quantified by measuring the absorbance in a fluorescence
reader (Tecan US Inc., Morrisville, NC) at 370 nm (referenced
at 492nm). The absorbance of the treatment cells was then

Samuels et al.: Therapeutic ultrasound for venous ulcers



TABLE III. Healing outcomes by experimental groups.

Healing Non-healing
(number of subjects) (number of subjects)
Sham 2 3
20kHz, 15 min 5 0
20kHz, 45 min 1 4
100 kHz, 15 min 2 3

compared to the control cell samples to determine relative
changes(%) in proliferation. There were six samples for each
of the treatment and control groups.

lll. RESULTS
A. Clinical, in vivo study

Of the total 20 patients who enrolled in the study, 10
subjects healed and 10 did not heal during the four treat-
ments of the study. Eight of the 15 treated ulcers healed in
the four treatment time frame in comparison to two of the
five in the sham group. One particular group, namely, those
patients receiving 20kHz for 15 min, experienced complete
healing in 100% (n=15) of subjects by the fourth treatment.
A complete list of outcomes is given in Table III.
Representative photos of a non-healing and healing patient
from the sham and 20kHz, 15min treatment group are
shown in Fig. 5.

As already noted, the progress of healing was assessed
through wound size reduction. All wound areas were nor-
malized to the initial size. This was done to facilitate intra-
wound comparisons due to the variance in the initial wound
sizes (0.7-22 cm?). Therefore, the percent reductions from
the normalized initial wound sizes for each treatment type
were plotted in Fig. 6.

The results presented in Fig. 6 indicate that the average
rate of closure for the 20kHz, 15 min treatment group was
statistically (p < 0.03) improved, resulting in faster reduction
in area per week compared to the sham group, as determined
by a one-tailed student’s -test. Although the mean rate of
change in wound size was negative (indicating healing) in
the other two treatment groups (20kHz, 45 min and 100 kHz,
15min), the differences were not statistically significant

10.00%
5.00%
0.00%
normalized % o
change/wk 5.00%
-10.00%
-15.00%
-20.00%

*p<0.03 Sham (control) 20kHz,15m 20kHz,45m 100kHz,15m

FIG. 6. Comparison of percent change in wound size by experimental group
as measured using manually traced images which were analyzed using com-
puter software designed by this lab group. Bars indicate standard error.

from those obtained with sham, which had an average
increase in wound size of 3% per week (n=75).

In addition, it should be noted that the average initial
wound size for the five human subjects in the 20kHz, 15 min
treatment group was nearly identical to the average non-
healing ulcer in the sham group (4.8cm” vs 4.7cm?),
showing that wounds of the same size, when treated with
ultrasound did heal, whereas those not-treated did not heal.
Furthermore, the five healing wounds of the 20 kHz, 15 min
treatment group had an initial size which was nearly twice
as large as the average healing ulcer for the overall study
(4.8 cm? vs 2.7 cm?), highlighting the efficacy of this partic-
ular treatment. A post hoc analysis, using G*POWER software
described in (Erdfelder et al., 1996), determined that the
effect size for the 20kHz, 15 in treatment compared to the
sham was 0.96 (>0.5 is generally considered to be a large
effect size). This small pilot study was not large enough, nor
was it intended, for power analysis. A larger follow-up study
is being prepared.

B. In vitroresults

The results of the cellular metabolism assay comparing
the various treatment groups to the control are shown below
in Fig. 7. A two-factor analysis of variance determined that
whereas there was no statistical difference between the
applied pulse repetition frequencies (p > 0.05), the intensity
was statistically significant (p =0.021). A post hoc Tukey
test (a typically used method to evaluate which means are
statistically different from one another in a multiple group

Sham Group

Prior to first treatment Following fourth treatment

20kHz, 15 minute Treatment Group

= spECIMEN.

Prior to first treatment Following fourth treatment

FIG. 5. (Color online) Representative wound photos from a non-healing ulcer in the sham group (left) and a healing ulcer in the 20 kHz, 15 min treatment
group (right). Images feature line tracing the wound perimeter as part of the wound sizing software.
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FIG. 7. Average increase in metabolic activity of fibroblast cells for cells
exposed to ultrasound with respect to cells that were not exposed to ultra-
sound (incubator control/sham). The groups are separated into the three in-
tensity levels (50 100, and 200 mW/cm® SPTP), and within each level, the
dark gray bar represents the 1 Hz PRF, the medium gray represents 10 Hz
PRF, and the light gray represents 20 Hz PRF. Bars indicate standard error
with six repetitions of each condition. *p < 0.05.

analysis) confirmed that the 100 mW/cm?® group statistically
outperformed both the 50 mW/cm?® group (p < 0.05) and the
200 mW/cm? group (p < 0.04).

The follow-up in vitro experiment measuring cellular pro-
liferation had similarly encouraging results. The cells receiving
ultrasound treatment (20 kHz for 15 min at 100 mW/cmz) had
an average of 35% increased cellular proliferation when com-
pared to the control cells, a statistically significant increase
(p <0.01).

IV. DISCUSSION

The outcome of the human study described provides valu-
able insight into the possibility of using ultrasound energy in
chronic wound management. The initial results show that there
may be a dose response (here defined as an optimal combina-
tion of frequency, PRF, and intensity resulting in various
amounts of total energy, in J, or energy density, in J/cm?)
which is worth further investigation in future studies. In both
the cellular metabolism and human studies, the group which
received the 15 min of 20kHz (633 or ~63 J/cmz) ultrasound
at 1 Hz PRF outperformed the other treatment doses. Larger
doses (i.e., those received by the 45 min at 20kHz ultrasound
or the higher intensity 200 mW/cm? in vitro group) did not
show improvements in proliferation or wound healing com-
pared to the lower (633 J) treatment dose. These findings seem
to be supported by those reported by Johns (2002), whose
review paper explores previously reported efficacy of different
frequencies (45 kHz—3 MHz) and doses (2—150 J/cmz) and sug-
gests that different exposure parameters may require unique
energy densities or doses to reach therapeutic efficacy.

With respect to reduction in wound size, all three treat-
ment groups showed a net reduction in wound size, whereas
the sham had an average increase in wound size. As the goal
of this pilot study was to both determine whether ultrasound
promoted wound healing is achievable as well as to deter-
mine which ultrasound parameters had the greatest effect
(in terms of rate of wound closure and total number of
healed subjects), the treatment outcome indicates that
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20 kHz insonification for 15 min is the most promising to be
further examined with the larger cohort of subjects.

It is worthwhile to note that whereas the inclusion crite-
ria dictated that enrolled wounds were at least 1 cm?” in ini-
tial size, the initial size determination was completed using
the standard ruler method, which measured the longest axis
of the wound and multiplied it by the longest perpendicular
width (Langemo et al., 2008) and statistically (p < 0.001)
overestimated true area by up to 44%. In contrast, post hoc
digital image analysis was conducted using the aforemen-
tioned tracing and computational calculation of wound area.
This digital analysis method, which is accurate to 0.1 cm?
(Keast er al., 2004), revealed that three wounds were less
than 1cm? in area at the time of enrollment. However, as
these wounds were in three separate groups it was deemed
that they would not affect statistical analysis and they were
included in the 20 subject sample.

The promising in vitro fibroblast study results indicate
that low intensity, low frequency ultrasound promotes heal-
ing from the cellular level. The safe levels of ultrasound did
not cause thermal effects or damage to the fibroblasts during
insonification. Increased cellular metabolism and subsequent
proliferation play vital roles in the wound healing process.
The in vitro study data also indicated that PRF did not play a
role in increasing cellular metabolism. To further determine
how ultrasound influences the healing process, collagen
assays will be performed in future experiments, as collagen
production leads to the extracellular matrix comprising gran-
ulation tissue, which predominates the proliferative phase of
wound healing. Future human studies will follow a larger
cohort of subjects for a longer period of time (up to 12 treat-
ments) and will assess the optical properties of edema using
an optical spectroscopy system. Additionally, the geometry
of the active elements within the applicator will be system-
atically modified to allow customized and personalized treat-
ment based upon the wound shape and area. In conclusion,
the data presented appear to support the notion that low-
intensity (100 mW/cm?) low-frequency (20 kHz) ultrasound
accelerates the healing process through increased cell prolif-
eration and metabolism determined by in vitro studies and a
faster rate of wound closure seen in a preliminary human
pilot study.
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