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Background: There has been a lack of published bench and preclinical data
supporting the safety and effectiveness of a noninvasive, nonthermal, focused
ultrasound technology for body contouring.

Methods: A series of experiments were conducted with a transcutaneous fo-
cused ultrasound device (UltraShape Contour I; UltraShape Inc., Yogneam,
Israel): (1) three-dimensional acoustic field distribution was measured by hy-
drophone in a water bath; (2) the real-time two-dimensional acoustic field was
assessed using optical visualization by a Schlieren system; (3) three-dimensional
and Schlieren results were compared in tissue-mimicking gel phantoms and in
frozen specimens of porcine subcutaneous fat; and (4) a porcine in vivo pre-
clinical model was used to test safety, selectivity, and efficacy by histological
staining of excised skin and subcutaneous fat specimens.

Results: Real-time imaging of acoustic field distribution obtained by the
Schlieren system, as well as real-time ultrasound visualization, produced stable
cavitation both in water and in the gel phantoms. The area where the effect was
visible corresponded to the focal area of energy delivered by the system trans-
ducer, as measured by the hydrophone. Histologically stained specimens of skin
and subcutaneous fat that were excised from porcine studies (n = 14) following
treatments (n = 31) demonstrated fat cell lysis and no observable cellular
destruction of adjacent blood vessels, nerves, and connective tissue. No epider-
mal or dermal changes were observed clinically or histologically.
Conclusions: The delivery of noninvasive focused ultrasonic energy has been
validated and supported by the basic and preclinical data presented. Future
studies will investigate various treatment regimens for improved body-contour-

ing results.

States seek cosmetic solutions for the removal

of excess weight. Surgically, the number of
patients receiving abdominoplasties has increased
from 62,713 to 148,410 in 2007.! The same trend was
observed with brachioplasty procedures, with a 4041
percent increase during the same time period. With
the desire to improve body contours, additional sur-
gical procedures such as liposuction have allowed
the removal of excess fat tissues in specific body areas
for shaping the body. This procedure, along with

A growing number of people in the United
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modifications (ultrasound-assisted and laser-assisted
liposuction), has provided satisfactory results for many
people. But liposuction is a surgical procedure and
as such has limitations and possible complications. A
range of death rates attributable to liposuction have
been reported, and one report states that the death
rate from liposuction is similar to that for car acci-
dents (16 per 100,000) .2 Complications can include
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infections, embolism, visceral perforations, seroma,
nerve compression, changes in sensation, swelling,
skin necrosis, burns (in ultrasound- or laser-assisted
liposuction), fluid imbalance, toxicity from anesthe-
sia, scars, and contour irregularities. Cost is also an
issue.

Currently, noninvasive alternatives to liposuction
involve lifestyle changes in diet and exercise and/or
acceptance of one’s body as it is. Mesotherapy or mul-
tiple injections of bile salt solutions have been used
butare currently not approved by the U.S. Food and
Drug Administration.* Although commercially avail-
able creams, lasers, and so on have advertised fat loss
upon application, only one Food and Drug Admin-
istration—approved technology that uses bipolar ra-
dio frequency and optical energy (either laser or
light) has been approved to treat the appearance of
cellulite but not underlying fat.’

Novel applications using ultrasound without
surgical intervention have been investigated to de-
liver an energy signature through the skin. Non-
invasive ultrasonic energy may be delivered to the
tissue in one of two forms: nonfocused or focused
waves. For nonfocused ultrasonic energy delivery,
skin and subcutaneous fat are exposed to approxi-
mately the same extent (Fig. 1, above). Due to ultra-
sound attenuation, signal energy decreases with dis-

Flat Transducer
Skin

Focused Transducer

Skin

Fig. 1. Illustrations of the ultrasound beam extension when
energy is emitted from a flat (above) or focused (below)
transducer.

tance; as a result, the skin is exposed to maximum
energy intensity. In contrast, focused ultrasound can
be concentrated in a defined subcutaneous focal
area to produce fat cell lysis and limit damage to
blood vessels, nerves, connective tissue, and muscles
(Fig. 1, below).

We report here the basic science results and
validation of a transcutaneous focused ultrasound
device, using acoustic field measurements, visualiza-
tion, and preclinical characterization of specific
tissue effects produced by the system. Results of
previous clinical studies have been published
elsewhere.5

MATERIALS AND METHODS
Device

The transcutaneous focused ultrasound device
(Contour I; UltraShape, Inc., Yogneam, Israel) is
composed of a transducer, a power control unit, and
a tracking and guidance system. The transducer it-
self includes a therapeutic focused transducer for
ultrasound energy delivery, an echo-mode transducer
for monitoring acoustic contact, and temperature sen-
sors for temperature control. The therapeutic focused
transducer applies focused ultrasound energy to a tar-
get area and is connected to the power unit, which
consists of an electronic means for energizing the
therapeutic focused transducer and echo-mode trans-
ducer, executing modes of operation, and so on. The
three-dimensional tracking and guidance system di-
rects an operator to move the transducer over the
target treatment area to ensure smooth, uniform
body-contouring results (Fig. 2).

Acoustic Field Distribution

The geometric and temporal distributions of
ultrasonic sound intensity waves can be character-
ized as focused or unfocused acoustic field param-
eters (pressure, power, intensity, and so on) mea-
sured by a calibrated hydrophone in a water bath
tank.® As an ultrasound transducer radiates energy
into the water, the hydrophone is moved from point
to point within specified planes. At each point,
acoustic pressure is measured and recorded and two-
and three-dimensional field distributions are calcu-
lated. The measurements are made in two planes
parallel to the face of the transducer at distances of
1 mm and 14 mm. The plane at 14 mm is a focal
plane, in which acoustic pressure achieves maxi-
mum value. During the measuring phase, the trans-
ducer is run by 4.0 W of electric power.

Schlieren Real-Time Imaging

Visual observations of ultrasonic energy (focused
or unfocused) as Schlieren patterns is a well-estab-
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Fig.2. Porcine ultrasonic treatment. (Left) Areas to be treated are marked and defined in the system before
treatment is carried out. (Right) The ultrasound transducer is placed on the area to be treated, and each
treatment uses the commercial setting and treatment protocols suggested by the vendor.

lished technique. Two-dimensional real-time acous-
tic field distributions are based on the phenomenon
of light diffraction by ultrasound waves in a trans-
parent medium.® An ultrasound beam produces a
variable density grating (inhomogeneity) in the me-
dium, with spacing equal to the sound wavelength.
When a beam of light is propagating in the medium,
perpendicular to the acoustic beam, itis refracted by
the medium density inhomogeneities and produces
an image of acoustic field distribution in real time on
the screen (or sensor of a digital camera). The in-
tensity of the image is proportional to the acoustic
power of the beam.!

Phantom

As a human skin model equivalent, a gelatin
(10%, m/v; Sigma-Aldrich, St. Louis, Mo.) was pre-
pared in water, heated to 60°C for 15 minutes, trans-
ferred into a plastic container, and stored at 4°C
until ready for use. To visualize the effect in the
phantom, an ultrasound imager (Diasus; Dynamic
Imaging, Livingston, Scotland, U.K.) with an 8 MHz
imaging ultrasound transducer is operated si-
multaneously to record acoustic field distribu-
tions in real time.

Animal Experimental Approach

The domestic adult male pig, Sus scrofa domes-
tica (Landrace, 325 to 375 lbs), was used in this
study (Fig. 2).

94

Histology

Freshly isolated porcine skin specimens were
immediately frozen in liquid nitrogen and sectioned
in a cryostat for examinations of acute tissue changes
after treatment. For more defined histological anal-
ysis of tissues for staining procedures, tissue samples
were excised immediately and transferred in 4%
(m/v) paraformaldehyde solution. After 60 min-
utes, specimens were transferred to a second incu-
bation in the same solution for 3 days. Sections on
slides were stained using protocols for either hema-
toxylin and eosin or Masson’s trichrome.'"!?

Lactate Dehydrogenase Activity

Acutely excised tissue specimens were trans-
ferred into an incubation solution of 1 ml of reduced
a-nicotinamide adenine dinucleotide (2.5 mg/mlin
H,0), 2.5 ml of pnitro-blue tetrazolium chloride (2
mg/ml in HyO), 1 ml of phosphate-buffered saline
(pH 7.4) (2 mg/ml in diluted H,O), and 0.5 ml of
lactate-free Ringer’s solution from stock (25% dilu-
tion, v/v) for 15 minutes or until brown color de-
veloped and digital images were recorded.'® All ma-
terials were obtained from Sigma-Aldrich.

RESULTS
Acoustic field distribution measurements in wa-
ter produced concentric rings of very low power
distributions of focused ultrasonic energy signatures
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on the transducer-fluid interface, with a maximum
pressure of 120 kPa (Fig. 3, above, lefl). The ratio of
the acoustic pressure in the focus to maximal pres-
sure on the skin was in the range 3.5 to 4.0 (Fig. 3).
The dimensions of the focal length and the focal
diameter (as calculated at 50 percent of the maxi-
mum peak pressure level) were 24 mm and 6 mm,
respectively. In contrast, at the greater depth of 14
mm, a tightly focused ultrasonic energy beam was
delivered in a focal region with a maximum pressure
value (450 kPa) (Fig. 3, below, left).

In addition to these measurements, real-time
optical visualization of the acoustic field was per-
formed using a Schlieren system in the fluid medium
in the plane perpendicular to the transducer face
(Fig. 4, above). Two cones emanating from the trans-
ducerluid interface (Fig. 4, above) corresponded to
visible concentric rings (Fig. 3, above, lefl). The bright
oval area corresponded to the focal region as shown
in Figure 3. The brightest part of the focal region
corresponded to the focus of the acoustic field and
was approximately 15 mm from the transducer-fluid
interface. Focal region dimensions were 20 mm for
the focal length and 8 mm for the focal diameter.

120 kPa

30kPa

450 kP

0 kPa

The recorded values were in good agreement with
recorded measurements from the hydrophone pro-
tocol. Using an ultrahigh speed camera, digital im-
ages of air bubbles were captured after one ultra-
sonic pulse. The air bubbles were concentrated only
in the focal region, where the pressure was higher
than in surrounding areas (Fig. 4, above). No air
bubble formation was observed in any other region
of the fluid.

A gel phantom model was used to assess the
effect of ultrasound on a testing medium that was
more consistent with skin and fat densities, unlike
the fluid environments tested previously. Assess-
ments were performed using ultrasound visual-
ization in a gelatin medium. The ultrasound
transducer transmitted energy perpendicularly
to an ultrasound imaging transducer. The treat-
ment focal length was 18 mm, with a focal di-
ameter of 9 mm. An area of bright spots corre-
sponded to the air bubbles produced in the gel
model, and no perturbations of the gel were
observed at the transducer-gel interface or at gel
depths below the area of bubble formation (Fig.
4, below).

Focal Length

QRS
RIS,

aeres
SRS

05

gy

 --F05al Diameter. ...

Focal Region

Fig.3. Acousticfield distribution of the focused ultrasound energy. The focal distance was defined as the distance between
the transducer surface and the focal point (14 mm), whereas the focal point is the point in which the pressure level is

maximum (the “X” in the center of the focal length).
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Fig. 4. Visualization of the focused ultrasound. The Schlieren
system was used to visualize the effect of a single ultrasound
pulse (above). A bubble cloud was seen in the focal area, where
maximum acoustic pressure is obtained (red window). A similar
result was obtained when the ultrasound energy was transmit-
ted into a tissue-mimicking phantom, as detected by an imaging
ultrasound system (below).

In animal experiments, porcine skin was treated
and removed immediately to characterize the acute
tissue effects of the delivered ultrasonic energy. Clin-
ically, no effect on skin color or adverse events were
observed using either single pulses or entire skin
areas comprising a treatment zone (data not shown).
Histologically, no differences were distinguishable us-
ing complete treatment procedures on the skin from
untreated or ultrasonically treated specimens in ker-
atinocytes or fibroblasts, as observed in Figure 5, or
in hair follicles, sweat glands, and the organization
of the extracellular matrix (data not shown).

Staining the excised ultrasonically treated skin
specimens immediately with lactate dehydroge-
nase demonstrated that epidermal and dermal lev-
els were stained, denoting cell viability (Fig. 6).
In contrast, specimens from the ultrasonically
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treated porcine skin had unstained subcutaneous
fatlayers that were approximately 10 mm in depth.

To further characterize the nature of the injury
to the subcutaneous layer of ultrasonically treated
skin, acutely isolated tissue specimens were frozen
immediately and sectioned (Fig. 7). The untreated
specimens had normal and undisturbed subcutane-
ous adipocytes after a single ultrasonic pulse (Fig. 7).
In treated skin specimens, a defined area of tissue
destruction, with a focal length of 10 mm and a focal
diameter of 6 mm, was observed as a cluster of small
holes (approximately 1 mm in diameter). From his-
tological staining, cell-type selectivity was examined
and showed that adipocyte lysis was observed and
that loss of membranes of adjacent cells created
holes in each of the treated porcine skin specimens
(Fig. 8, center and below). Connective tissue, blood
vessels, and nerves had no observable damage by
hematoxylin and eosin and Masson’s trichrome
staining techniques, and no coagulation of cells or
extracellular matrix components were noted. In the
untreated skin specimens (Fig. 8, above), all tissue
components remained intact.

DISCUSSION

The data shown here from a sophisticated series
of physics modeling systems, a preclinical model,
and subsequent histological analysis demonstrated
the specific delivery of a noninvasive energy signa-
ture that generated a defined high-energy treatment
zone. Furthermore, the ultrasonic energy was deliv-
ered and reacted with the modeling medium in
the formation of bubbles or cavitation. Trans-
lated to the porcine preclinical animal model in
14 animals, the treatment area using multiple
pulses showed that single pulses of ultrasonic
energy generated cavitation-like areas with well-
defined treatment zones. As with the laboratory
modeling systems, there was no evidence of ultra-
sonic energy delivered at the transducer-skin inter-
face, which would have the potential to produce
adverse events in the dermis. In the treatment zones,
adipocytes were destroyed with little or no observ-
able damage to associated nerves and blood vessels.
There is no histological support for thermal destruc-
tion of dermal tissue or adipocytes with the focused
ultrasound treatments.

Ultrasound is widely used in medicine for diag-
nostic and therapeutic applications.!*~'® Contrary to
ultrasound imaging, therapeutic ultrasound is not so
widely used, though it can induce a vast range of
biological effects at very different acoustic parame-
ters. At low levels, beneficial, reversible cellular ef-
fects can be produced, whereas at higher intensities,
instantaneous cell death can occur. Accordingly,'®
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B 7 : ‘
Fig. 5. Safety evaluation demonstrated on skin tissue. The histology was processed using the
paraffin-embedding technique. (Above, left and right, and center, left) Untreated tissue; (center,
right, and below, left and right) treated tissue. (Above, left and right; center, right; and below, left)
Hematoxylin and eosin stain; (center, left, and below, right) Masson’s trichrome stain.

ultrasound therapies can be broadly divided into two
groups: “high”-power and “low-"power therapies. At
the one end of the spectrum, high-power applica-
tions include high-intensity focused ultrasound and
lithotripsy, whereas at the other end, low-power ap-
plications include sonophoresis, sonoporation, gene
therapy, and bone healing. Most therapeutic appli-
cations use heating to achieve the required effect. In
the case of low-power ultrasound, raising the temper-
atures above normothermic levels by a few degrees may
have a number of beneficial effects, such as increasing
the blood supply to the affected area. In high-power
ultrasound, tissue temperatures are raised very rapidly
(typically in less than 3 seconds) to in excess of 56°C,
causing instantaneous cell death.

\

The initial steps to understand and character-
ize the transcutaneous focused ultrasound device
were performed on the laboratory bench using
state-of-the-art physics methodologies. Employing
acoustic field distribution measurements in a fluid
system, single ultrasonic pulses demonstrated very
low power levels at the transducer-fluid interface.
The energy was distributed uniformly and broadly
over the entire surface and not characterized by
spikes or peaks. The same results were observed
using either the Schlieren optical system in a fluid
medium or the tissue-mimicking gel phantom
model. At greater depths, significant levels of de-
fined focal ultrasonic energy concentrations were
identified using all three laboratory bench proto-
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Fig. 6. Gross evaluation of transcutaneous focused ultrasound on the swine adipose tissue. The photographs represent treated
tissue (left) and untreated tissue (right). Lactate dehydrogenase activity staining was performed on both treated and untreated
tissues, whereas the indication for cellular damage is seen only in the treated tissue, in the subcutaneous fat layer.

h Skin (removed)

Fat

Fig. 7. Destructive zones following ultrasonic treatment in a porcine model. At the end of an entire treatment (more than
300 pulses), the adipose tissue was excised and immediately frozen in liquid nitrogen. The ultrasound effect in the tissue
resulted in small (<1.0 mm) holes (right) that were not present in untreated tissue (left).

cols. Below the optically defined ultrasonic focal
zones of energy, no concentrated ultrasonic acoustic
energy patterns were observed. In summary, a fo-
cused ultrasonic energy pattern of definable bound-
aries below the depth of the transducer-model sur-
face interface was characterized. Very low acoustic
energy levels were associated with the transducer-
model interface and were below the defined target
treatment zone.

Of considerable interest is the characterization
of the form of energy that would be imparted to the
treated materials or tissue. From a physics viewpoint,
energy can be delivered as thermal energy, mechan-
ical energy, or cavitation. The term cavitation refers
to a range of complex phenomena that involve the

98

creation, oscillation, growth, and collapse of bubbles
within a medium'*~'” to subsequently produce me-
chanical energy. In this application, tissue destruc-
tion is considered to be uniquely derived from me-
chanical energy. This is further substantiated by the
digital images of a bubble cloud formation at treat-
ment dimensions similar to those obtained from
single ultrasonic pulses in both the Schlieren and gel
phantom laboratory model systems. More impor-
tantly, a well-defined cluster of destructive “bubbles”
or small areas of approximately 1 mm were observed
after treating skin with one ultrasonic pulse. Further
histological analysis showed that the boundaries of
the ultrasonic injury zones of adipocytes were con-
sistent with mechanical injury and not thermally in-
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Fig. 8. Microscopic evaluation of the adipose tissue. While intact fat cells are observed in the untreated control (above), fat
damage is detected in the ultrasound-treated samples (center and below), where ultrasound leads to selective adipocytes
disruption, leaving connective tissue (center), blood vessels (center, right, and below) or nerve (below, left) intact.

duced cell destruction. In summary, the ultrasonic
energy signature was consistent with initial cavitation
followed by the mechanical destruction of cells.
The porcine model is an appropriate model for
examining the effects of ultrasonic energy on skin
and other organ systems.'® Initial safety studies ex-
amined whether the ultrasonic energy would harm

the epidermis. From the laboratory experiments
summarized above, very low levels of acoustic energy
were expected. This was confirmed in the porcine
model, in which ultrasonic energy did not produce
adverse events if an appropriate amount of fat thick-
ness was present, as confirmed by either cell viability
or tissue stains. Blinded observers could not distin-

99



8L +AWAOANDYMBRAAAAVO/YPIAEIOVIASALLIAIPOOAEIEAHIDIN/AD AUMY TXOMADY

OINXFOHISABZIYTC+eyNIOITWNOTZTARY HARGINAYE Aq Binsuooaise|d/woo mm| sjeunol;/:dny wouy pspeojumoq

¥20¢/ST/80 Uo

guish a treated versus an untreated specimen when
viewing only the histologically stained epidermal
portion of prepared skin sections.

The data were consistent with mechanical dis-
ruption of adipocytes by mechanical forces. His-
tological assessments of multiple experiments us-
ing many animals consistently show discrete holes
either at a gross tissue level or from a more mag-
nified view of adipocytes. Using standardized for-
malin-fixed specimens, the incubation time allows
the small cluster of tissue destruction zones to be
closed or compressed, while the rapid-freeze pro-
cessing allowed the ultrasonically treated skin
specimens to maintain the altered structure. Adi-
pocytes occupy the majority of space in this ana-
tomical compartment, and the majority of destruc-
tion would be to adipocytes. If endothelial cells in
this anatomical area were lysed by cavitation, sin-
gle endothelial cells might be destroyed, but the
actual damage to a blood vessel would be minimal,
thus preventing loss of vascularity in the treated
zone. The current tested stains could not distinguish
viable from nonviable endothelial cells. However, in
support of this concept, no gross bleeding was asso-
ciated with treated tissue in the subcutaneous or
dermal zones.

The results presented here represent more than
16 months of experiments performed at the Ultra-
Shape research facilities and involved multiple de-
vices, numerous transducers, and multiple users.
The senior author (S. A. B.) was present for critical
bench experiments and reviewed all primary data
obtained by the UltraShape-affiliated scientists. All
of the results have been consistent over time, even in
the presence of these several potential preanalytical
confounders. This technology platform and the as-
sociated hardware were reliable.

An important finding in all the tested models
was the relatively consistent size and shape of the
ultrasonic treatment zones. Examinations of the re-
spective focal lengths and dimensions of the initial
fluidic determinations (20 mm X 8 mm), the phan-
tom models (18 mm X 9 mm) and the porcine
model (10 mm X 6 mm) shows that the treatment
areas were similar, notwithstanding that compres-
sion of the treatment zone in a denser animal tissue
environment and specimen contracture in fixed his-
tological specimens are expected in comparison to
what is seen in fluids or gels.

The consistent results observed among the var-
ious test technologies and porcine animal model
provide a strong framework for understanding
how the energy is being delivered in a focused,
cavitation-associated manner and what immediate
tissue results one may expect from a single appli-
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cation of the noninvasive focused ultrasonic en-
ergy. However, these observations do not lead di-
rectly to being able to predict clinical results, as
the porcine skin differs in minor quantities from
human skin characteristics with regard to dermal
thickness and fat deposition. Results from con-
trolled clinical studies will be required, and these
studies are ongoing in the United States.

The introduction of a novel technology platform
utilizing a new energy form requires a rigorous pre-
clinical examination of both safety and efficacy. Uti-
lizing advanced fluidic and tissue-mimicking mod-
eling systems with ultra—high-speed cameras, the
initial designs of a team of physicists, scientists, ma-
terial specialists, and software and hardware re-
searchers were tested and confirmed. In conclusion,
we can state that (1) a noninvasive focused ultrasonic
device was developed to deliver energy within a de-
finable treatment zone at a depth that was clinically
targeted (the adipose tissue layer of interest for
body-contouring applications) and (2) the energy
from this device is delivered as cavitation and not
as thermal energy, which has very important clin-
ical implications for wound healing. Finally, a safe
and effective delivery of noninvasive focused ul-
trasonic energy that may be applied clinically for
body contouring is fully supported by the labora-
tory and preclinical data presented in this report.

Spencer A. Brown, Ph.D.

Department of Plastic Surgery

University of Texas Southwestern Medical Center
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Dallas, Texas 75390
spencer.brown@utsouthwestern.edu
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