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Abstract—This paper demonstrates a novel approach for enhancing ultrasound-induced heating by the intro-
duction of acoustic cavitation using simultaneous sonication with low- and high-frequency ultrasound. A
spherical focused transducer (566 or 1155 kHz) was used to generate the thermal lesions, and a low-frequency
planar transducer (40 or 28 kHz) was used to enhance the bubble activity. Ex vivo fresh porcine muscles were
used as the target of ultrasound ablation. The emitted signals and the signals backscattered from the bubble
activity were also recorded during the heating process by a PVDF-type needle hydrophone, and thermocouples
were inserted to measure temperatures. Compared with the lesions formed by a single focused transducer, the
size of the lesions generated by this approach were as much as 140% larger along the axial direction and 200%
larger along the radial direction for combined 566- and 40-kHz sonication. They were 47% and 66% larger along
the axial and radial directions, respectively, for combined 1155- and 28-kHz sonication. Cavitation activities
enhanced by low-frequency ultrasound were confirmed by the presence of subharmonics in the spectrum and
temperature increase as a result of increased tissue absorption. These observations imply that cavitation-
enhanced lesions can be generated without reducing the penetration ability; they also show the advantage of
producing larger and more uniform thermal lesions by multiple sonications. This technique provides an easy and
effective way to achieve cavitation-enhanced heating, and may be useful for generating large and deep-seated
thermal lesions. (E-mail: yychen@cc.ee.ntu.edu.tw) © 2006 World Federation for Ultrasound in Medicine &
Biology.
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INTRODUCTION

Ultrasound thermal therapy is an attractive and noninva-
sive method of tissue thermal therapy, and has increased
in popularity throughout the past decade (Chapelon et al.
1999; Hynynen et al. 1993; Sanghvi and Hawes 1994; ter
Haar 1995; Vaezy et al. 1998). Focused ultrasound in the
therapeutic frequency range (0.5-3.5 MHz) offers good
tissue penetration and can result in highly-focused en-
ergy deposition. The focused energy, after being ab-
sorbed by tissues for only a few seconds, can induce high
temperatures (typically �60°C) and generate irreversible
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tissue necrosis at the target region while not damaging
surrounding tissues (ter Haar 1995).

However, a major limitation of current ultrasound
thermal therapy is the small lesion size and the resulting
long treatment time (Fan and Hynynen 1996), and tech-
niques to overcome this need to be developed. Acoustic
cavitation, which is defined as the acoustically-induced
activity of gas-filled cavities, is one such mechanism
(Vallancien et al. 1992; Chapelon et al. 1999; Wu et al.
2001) that has potential to be clinically applied. Acoustic
cavitation can be classified into stable and inertial cavi-
tation (Flynn 1982). In stable cavitation, the radius of
bubbles oscillates around an equilibrium size without
collapsing over a considerable number of acoustic cycles
(Barnett 1998; Tang et al. 2002). In inertial cavitation,

bubbles grow rapidly within one or two acoustic cycles
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before collapsing violently (Atchley and Crum 1988).
Studies have shown that the occurrence of inertial cavi-
tation may result in mechanical tissue destruction (Fry et
al. 1970; Lele and Parker 1982; Vykhodtseva et al.
1995). The generated bubbles also act as ultrasound
scatterers that reduce ultrasound penetration, and result
in the formation of a tadpole-shaped lesion and a back-
ward shift of the heating center (ter Haar 1995; Chen et
al. 2003). Compared with tissue necrosis induced by a
temperature build-up due to the absorption of ultrasonic
energy, acoustic cavitation is more difficult to monitor,
predict and control (Hynynen 1991; Barnett 1998;
Meaney et al. 2000).

There is recent evidence that acoustic cavitation
enhances the thermal heating process. Two attempts at
cavitation-enhanced heating have been reported in fo-
cused ultrasound treatment. Sokka et al. (2003) used
high-power short-pulse acoustic waves to stimulate gas
bubbles before conventional continuous-wave exposure,
with both stimuli provided by the same focused trans-
ducer. Their experiments showed that the generated ther-
mal lesions become slightly rounder and shallower, with
the lesion volume enlarged two- to threefold. Tran et al.
(2003) showed that adding an ultrasound contrast agent
into tissues can greatly reduce the intensity threshold as
well as the heating duration required to induce a similar
amount of tissue damage. Cavitation-enhanced heating
was also observed in transparent tissue phantoms by
Chen et al. (2003). The strategies used in these two
approaches both relate to manipulating the cavitation
threshold: the first increases the ultrasound intensity to
stimulate the cavitation effect, and the second introduces
artificial microbubbles into tissues to make it easier to
induce cavitation.

This study employed a novel approach to induce
cavitation-enhanced heating: low-frequency ultra-
sound exposure (28 to 40 kHz). Compared with ultra-
sound at megahertz frequencies, the pressure level to
induce cavitation for kilohertz-frequency ultrasound is
relatively low. (The threshold pressure to generate
cavitation has been experimentally verified to nearly
proportional to the ultrasound frequency (Flynn 1982;
Hynynen 1991).) Moreover, the attenuation for low-
frequency ultrasound is low, and hence deeper tissue
can be treated. The main approach for confirming the
existence of cavitation activity in the present study
was to observe the spectrum of backscattered signals.
The development of lesions and their dimensions were
compared with and without simultaneous exposure to
low-frequency ultrasound. The feasibility of using this
approach to enhance ultrasound heating in large-vol-

ume scanning was also tested.
MATERIAL AND METHODS

Experimental Setup
A block diagram of the experimental setup is shown

in Fig. 1. To test the enhancement of the thermal effects
by low-frequency ultrasound during the ultrasound ther-
mal ablation without frequency specificity, low-fre-
quency (28 or 40 kHz) and high-frequency (566 or 1155
kHz) ultrasound were both applied during the thermal
ablation process. Two arrangements were used in this
study. In arrangement 1, a 566-kHz PZT-4 spherical
focused transducer (diameter � 10 cm, radius of curva-
ture � 10 cm; components, Elecerom, Taoyuan, Taiwan)
was combined with a 40-kHz planar transducer (K-Sonic
Inc., Taiwan). In arrangement 2, a 1155-kHz PZT-4
spherical focused transducer (diameter � 10 cm, radius
of curvature � 20 cm [Elecerom]) was combined with a
28-kHz planar transducer (K-Sonic Inc.). For each ar-
rangement, the two ultrasound transducers were posi-
tioned orthogonally in an acrylic water tank with the axis
of the planar crossing the geometric focus of the spher-
ical. The two transducers were driven simultaneously
using two arbitrary-function generators (33120A, Agi-
lent, Palo Alto, CA; and DS345, Stanford Research Sys-
tems, Sunnyvale, CA) and two power amplifiers
(150A250B and 150A100B, Amplifier Research, Soud-
erton, PA), with both transducers operated in continuous-
wave mode. The water tank was filled with deionized and
degassed water at a temperature controlled to 25 � 1°C.
To prevent interference from scattered and reflected ul-
trasound waves, sponges were attached on four sides of
the water tank. To detect the wideband signals during
sonication, a calibrated polyvinylidene fluoride (PVDF)-
type needle hydrophone (0.5 mm, calibrated range � 25
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Fig. 1. Schematic diagram of the ultrasound sonication system.
kHz to 20 MHz, Onda, Sunnyvale, CA) was used. To
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restrict the received signals to those mostly coming from
the focus, a plastic shield was mounted on the tip of the
hydrophone. To avoid interference with the high-fre-
quency focused ultrasound beam, the hydrophone was
positioned out of the focal beam path of the 566- and
1155-kHz ultrasound. The hydrophone was also used to
measure the pressure (and hence intensity) distribution of
the 566- and 1155-kHz transducers along the radial and
axial directions (measured by Broadsound Inc., Hsinchu,
Taiwan; axial resolution � 0.25 mm, radial resolution �
0.5 mm). The measured axial intensities of the two
focused ultrasound stimuli are shown in Fig. 2. The
temperature increases were measured using multichannel
thermometry system with J-type thermocouples (TC-
2190, National Instruments, Austin, TX). Five thermo-
couples (thermocouples 1 to 5) were inserted to measure
the temperature along the axis of the high-frequency
ultrasound, with a 10-mm spacing. One thermocouple
(thermocouple 6) was also placed 10 mm beneath the
tissue surface on the side exposed to low-frequency
ultrasound.

Experimental Procedures
The cavitation-enhanced ultrasound heating of tis-

sues was assessed using freshly excised porcine muscle
specimens in this study. All experiments were completed
within 6 h of animal death. The tissue samples were
placed under vacuum for approximately 10 min, and
their surfaces were peeled to provide a smooth water–
tissue interface. Tissue specimens were positioned so
that the geometrical center of the focused 566- and
1155-kHz ultrasound was located 4 cm beneath the tissue
surface.

80 100 120 140 160 180 200 220 240
0

0.2

0.4

0.6

0.8

1

Axial distance (mm)

R
e

la
tiv

e 
in

te
ns

ity

566 kHz

1155 kHz

Fig. 2. Measured axial intensity distributions (in water) of the
566- and 1155-kHz focused ultrasound transducers.
Two sonication arrangements were made. In ar-
rangement 1, the focused 566-kHz and planar 40-kHz
ultrasound transducers were used. The peak intensity of
the focused ultrasound transducer along the central axis
was set to 260 W/cm2, as calculated from an estimated
tissue attenuation coefficient of 4.1 Np/m/MHz (Dami-
anou and Hynynen 1993). This intensity was lower than
the cavitation threshold according to the absence of sub-
harmonics. For the 40-kHz planar transducer, the inten-
sity at the target distance was set to 1.1 W/cm2 (which
was the upper limit of the device used). Sonication using
566-kHz transducer alone at the higher intensity of 450
W/cm2 (which exceeds the cavitation threshold as veri-
fied by the presence of the 283-kHz subharmonic in the
spectrum) was also conducted for comparison with com-
bined 566- and 40-kHz sonication.

In arrangement 2, the focused 1155-kHz and planar
20-kHz ultrasound transducers were used. The peak in-
tensity of the 1155-kHz ultrasound ranged from 95 to
125 W/cm2 (estimated in the tissue), and the heating time
ranged from 65 to 85 s. This intensity was also lower
than the cavitation threshold, as confirmed by the ab-
sence of subharmonics in the spectrum. The ultrasound
intensity for the 28-kHz transducer at the target distance
was typically 2.3 W/cm2 (upper limitation of the device
used).

The intensities selected for the 566- and 1155-kHz
ultrasound were aimed at producing similar rates of
temperature increase, based on their similar specific ab-
sorption ratios in soft tissues—the tissue absorption ratio
is approximately linearly dependent on frequency (Ny-
borg 1981). The applied low-frequency ultrasound alone
(at 28 and 40 kHz) was also confirmed to induce acoustic
cavitation by the presence of subharmonics (i.e., 20- and
14-kHz components for 40- and 28-kHz ultrasound, re-
spectively), which agrees with the reports of Suchkova et
al. (1998) and Tang et al. (2002b).

During the exposures the two transducers were
turned on simultaneously, and broadband signals were
detected by a hydrophone and displayed on the screen of
an oscilloscope (6030A, LeCory, Chestnut Ridge, NY).
The data were also captured to a computer through a
GPIB interface, and the spectra were calculated and
analyzed using MatLab (Mathworks, Natick, MA).
Frames were stored every 3 s, and the sampling rate of
the oscilloscope was 20 MHz. Exposure times ranging
from 20 to 100 s were used to produce thermal lesions of
the order of centimeters in size.

Data Analysis
The specimens were dissected to evaluate the

shapes and sizes of the induced lesions. To make the
dissection process easier, the sonicated specimens were
stored in a –20°C refrigerator for 30 min and partially

thawed before dissection. The necrosed regions were
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easily distinguishable based on their color: white con-
fined regions compared with the surrounding fresh-red
color. The lesion width and length were defined as the
dimensions of the lesions along radial and axial direc-
tions. The mean � SD values of the lesion length/width
were used to perform statistical evaluations. Statistical
significance was assessed using Student’s t test, with a
probability value of p � 0.05 considered to be signifi-
cant.

RESULTS

Thermal Lesion Enhancement by Low-frequency
Ultrasound

The enlargement of the thermal lesion by introduc-
ing low-frequency ultrasound exposures was investi-
gated first. Figure 3 shows the typical thermal lesions
generated from arrangement 1 (566 and 40 kHz). The top
and middle lesions shown in Fig. 3 compares the thermal
lesions produced with 566-kHz sonication alone and
combined 566- and 40-kHz sonication. The intensity of
the 566- and 40-kHz ultrasound was 260 and 1.1 W/cm2,
respectively, and the exposure time was 40 s. Under the
same power intensity in focused ultrasound, the thermal
lesion was larger for the combined ultrasound exposure.
The bottom lesion in Fig. 3 was induced by 556-kHz
ultrasound at an intensity of 450 W/cm2, also for a
sonication time of 40 s. The figure clearly shows that a
tadpole-shaped lesion was generated. Moreover, the tad-

Fig. 3. Comparison of the thermal lesions generated in three
conditions: 260-W/cm2, 566-kHz ultrasound alone (top); com-
bined 260-W/cm2, 566-kHz and 1.1-W/cm2, 40-kHz ultrasound
(middle); and 450-W/cm2, 566-kHz ultrasound alone (bottom).
In all cases the exposure time was 40 s. Vertical dashed line

indicates the focal depth of the 566-kHz transducer.
pole-shaped lesion tended to shift toward the transducer
(bottom lesion in Fig. 3), whereas the enlarged thermal
lesion (middle lesion) retained a symmetrical cigar shape
centered close to the focal depth of the transducer.

The cavitation activity was verified by calculating
the spectrum of the wide-band signal received by the
PVDF-type needle hydrophone. Figure 4 compares the
spectra related to the lesions shown in Fig. 3. Figure 4(b)
shows that the first subharmonic (at 20 kHz) and other
harmonics plus intermodulation products (at 60, 100, 140
kHz, etc.) of the 40-kHz ultrasound were both detected.
Comparison of Fig. 4(c) with Fig. 4(a) shows that the
first subharmonic for 566-kHz ultrasound was more pro-
nounced when the ultrasound intensity was higher (i.e.,
resulting in the acoustic cavitation threshold being ex-
ceeded).

The temperature elevations for the sonications in
Fig. 3 along the axis of the 566-kHz ultrasound are
shown in Fig. 5. A higher maximum temperature (by
�6°C, at ə � 3 cm) was observed for combined 566- and
40-kHz sonication (Fig. 5(b)) than for 566-kHz sonica-
tion alone (Fig. 5(a)). Figure 5 (c) indicates that the
temperature was higher than 70°C for 566-kHz ultra-
sound at 450 W/cm2, but this occurred at the proximal
end (at ə � 1 cm). For comparison, Fig. 5(d) shows the
temperature elevation induced by 40-kHz sonication
alone. The temperature elevation was less than 1°C,
which confirms that the low-frequency sonication alone
did not result in significant temperature build-up in tis-
sues. Also, the temperature elevation on the low-fre-
quency sonication side (Thermocouple 6, 10 mm beneath
the tissue surface) was less than 2°C during the entire
sonication process (data not shown), confirming that
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thermal effects due to low-frequency sonication were
negligible during the experiments.

A similar enlargement of the thermal lesion oc-
curred for arrangement 2 (1155 and 28 kHz). Figure 6
compares the lengths and widths of the lesions produced
between 1155-kHz ultrasound alone (95 W/cm2) and
combined 1155- and 28-kHz ultrasound (95 and 2.3
W/cm2, respectively). The addition of the low-frequency
ultrasound clearly increased the size of the thermal le-
sions induced.
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Fig. 6. Comparison of the thermal lesions generated in two
conditions: (a) 95-W/cm2, 1155-kHz ultrasound alone; and (b)
combined 95-W/cm2, 1155-kHz and 2.3-W/cm2, 28-kHz ultra-
sound. In both cases the exposure time was 25 s. Vertical

dashed line indicates the focal depth of the 566-kHz transducer.
Thermal Lesion Enlargement under Various Sonication
Parameters

The enlargement of the thermal lesion by including
low-frequency ultrasound under various sonication pa-
rameters was investigated next. The peak intensity of
566-/40-kHz ultrasound was set to 260/1.1 W/cm2, and
the exposure time ranged from 30 s to 100 s (with 10s
increment). Figure 7 compares the lesion dimensions
under arrangement 1 (566 and 40 kHz). Lesions formed
during combined exposure to 40-kHz ultrasound were
both wider and longer. Moreover, as the exposure time
reached 70 s, the lesion enlargement along the axial
direction tended to saturate to a similar dimension as that
in the control group, whereas the lesion width continued
to increase. Significant increases in the lesion length and
width increase (as much as 140% and 200%) occurred
for exposure times from 30 s to 50 s.

The thermal lesions formed with various sonication
conditions in arrangement 2 (1155 and 28 kHz) were also
investigated. Figure 8 compares the thermal lesion de-
velopment for exposure times from 15 s to 45 s for 1155-
and 28-kHz ultrasound at 95 and 2.3 W/cm2, respec-
tively. Significant increases in the lesion length and
width (mean increases of 47% and 66%, respectively)
occurred for intermediate exposure times from 25 s to
35 s. Lesion increase by using 95W/cm2 in 35 s of
exposure time was most apparent. For an exposure time
of 15 s, the lesions appeared to be in an early develop-
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not differ significantly from the distance from the focus
and the lesion width (p � 0.05). For an exposure time of
45 s, the lesions had similar dimensions in the axial and
radial directions, with no significant lesion shift from the
focus (p � 0.05). A similar observation was made in
arrangement 1 (Fig. 7(a)). Longer sonication times re-
sulted in saturation of the necrosed volume that was
limited by the dimensions of the samples used (data not
shown).

Figure 9 compares the thermal lesions formed under
three intensity/exposure-time combinations with and
without 28-kHz ultrasound: 95 W/cm2 for 35 s, 110
W/cm2 for 25 s, and 125 W/cm2 for 15 s. These param-
eters were selected because the resulting lesions could be
easily observed. The thermal lesions were all enlarged in
the presence of the low-frequency ultrasound, with mean
increases in length and width as high as 39.6% and 60%;
the enhancement was greatest at the lowest intensity and
longest exposure time (i.e., 95 W/cm2 and 35 s).

Multiple Sonications to Generate a Large Thermal
Lesion

Large thermal lesions can be created by moving the
ultrasound transducer while sonicating the tissue (ter
Haar 1995; Daum et al. 1999) The dynamics of the
temperature build-up differ between the multiple- and
single-sonication cases (Moros et al. 1990; Fan and
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Hynynen 1996). To ensure that the cavitation-enhanced
heating can be used in multiple sonications, one-direc-
tional scan consisting of four 566-kHz ultrasound soni-
cations were performed. Sonications were performed in
three groups: (1) 566-kHz ultrasound alone (260 W/cm2)
for 40 or 80 s; (2) combined 566 kHz (260 W/cm2) and
40 kHz (1.1 W/cm2) for 40 s or 80 s; and (3) 566 kHz
alone (450 W/cm2) for 20 s or 40 s. The transducer
spacing for adjacent sonications was 10 mm to provide
sufficient gaps between lesions in group 1, and succes-
sive sonications were separated by 1 min to allow the
temperature to decrease to �43°C (see Fig. 5(a) and (b)).

The necrotized areas induced in the three sonication
groups are shown in Fig. 10. Comparison of groups 1 and
2 (Fig. 10(a) and (b)) reveals that introducing the low-
frequency sonication resulted in a large increase in the
necrosed volumes, with the gaps between the individual
lesions being completely filled. Conversely, in group 3 (Fig.
10(c)) the adjacent four thermal lesions were connected at
the anterior ends but not at the posterior ends. This is
because each lesion tended to be tadpole shaped, with the
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difference between the experimental and control groups (p �
0.05).



Cavitation-enhanced ultrasound thermal therapy ● H.-L. LIU et al. 765
adjacent lesions remaining open at the posterior ends and
the necrosed area tending to shift toward the proximal end.

DISCUSSION

In this study, we investigated a novel cavitation-
enhanced ultrasound heating based on combining high-
and low-frequency ultrasound. Combining focused 566/
1155 kHz with 40/28-kHz ultrasound increased the
length and width of the formed lesions by as much as
140% and 200%, respectively, in arrangement 1 (566 and
40 kHz), and by as much as 47% and 66% in arrange-
ment 2 (1155 and 28 kHz). Moreover, the use of ultra-
sound at two frequencies resulted in the thermal lesions
maintaining a cigar shape and penetrating deeper, in
contrast to the shallow tadpole-shaped or round lesions
produced by existing cavitation-enhanced approaches
(Chen et al. 2003; Sokka et al. 2003; Tran et al. 2003).
Our approach was also able to induce smooth and well-

Fig. 9. Comparison of thermal lesion dimensions (length and
width) in arrangement 2 between with and without the inclu-
sion of 28-kHz ultrasound. The peak intensity of the 28-kHz
ultrasound was constant at 2.3 W/cm2, whereas that of the
1155-kHz ultrasound was 95, 110 and 125 W/cm2 for exposure
times of 35 s, 25 s and 15 s, respectively. * indicates a statistical
difference between the experimental and control groups (p �

0.05).
connected lesions when using multiple sonications to
generate larger and deeper thermal lesions, which could
be especially beneficial in the generation of large and
deep-seated thermal lesions.

Both of the arrangements used in the present study
enlarged the thermal lesions, which suggests that the
choice of low-frequency ultrasound is flexible. Second,
the length/width ratio of the lesions did not appear to be
affected by the addition of low-frequency ultrasound and
maintained a similar value (calculated from Figs. 7, 8,
and 9). This shows that the transducer’s focal number
(ratio of curvature radius to diameter) was still the key
factor to determine the lesion’s shape. The lesion en-
largement was greater for combined 566- and 40-kHz
ultrasound, but our experiments provide only limited
data for determining the optimal frequencies; this should
be investigated in future studies.

Acoustic cavitation enhanced by low-frequency ul-
trasound in the heating process can be identified by the
occurrence of subharmonics and the increased emission
of wideband-harmonics (Figs. 9 and 10 ). During the
cavitation process, the expansion and oscillation of bub-
bles may increase the scattering of the transmitted wave,
which also increases the ultrasound absorption, facili-
tates the temperature build-up and enlarges the resulting
thermal lesion. This speculation is supported from the
comparison of the temperatures elevations between sin-
gle high-frequency sonication (see Fig. 4(a)) and com-

Fig. 10. One-dimensional scans for generating large thermal
lesions: (a) 566-kHz ultrasound alone (260 W/cm2) for 40 or
80 s, (b) combined 566 kHz (260 W/cm2) and 40 kHz (1.1
W/cm2) for 40 s or 80 s, and (c) 566 kHz (450 W/cm2) for 20 s
or 40 s.
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bined high- and low-frequency sonication (see Fig. 4(b)).
It also agrees with the prediction from a novel theoretical
model by Chavrier et al. (2000), who showed that the
attenuation coefficient was correlated with the concen-
tration and radii of the bubbles.

The lesion shape in the present study differs from the
conclusions of previous studies that tadpole-shaped lesions
will be generated by using single-frequency focused ultra-
sound (Chen et al. 2003; Meaney et al. 2000; Sokka et al.
2003; Watkin et al. 1996). Strongly focused ultrasound with
an intensity exceeding the cavitation threshold could, how-
ever, greatly increase the probability of bubble occurrence
close to the focal point, with the resulting high concentra-
tion of bubbles aggregating to block ultrasound wave prop-
agation through the focal plane and resulting in the boiling
point being reached. This would lead to the development of
an asymmetric lesion starting from the focal plane and
extending toward the transducer. Meaney et al. (2000) em-
ployed a first-order approximation to model abnormal heat
deposition distributions that accompanied high-ultrasound
intensities, which successfully predicted shifts in thermal
lesions as a result of bubble effects. Moreover, the theoret-
ical model proposed by Chavrier et al. (2000) predicted that
single high-frequency ultrasound of a high intensity (suffi-
cient to produce cavitation) can induce a high concentration
of bubbles in the near field that would act as a barrier to
ultrasonic energy transmission, which contributes to tad-
pole-shaped lesions and lesions shifting toward the skin.

In contrast to ultrasound blocking by bubble aggrega-
tion and tissue boiling near the transducer focus, we spec-
ulated that the proposed low-frequency ultrasound induces
cavitation-enhanced heating associated with evenly distrib-
uted bubbles in the tissue, which allows the ultrasound
energy to propagate through the focal plane to induce more
symmetrical thermal lesions. The effect could be important
in preventing near-field heating during thermal treatments
(Fan and Hynynen 1996; Liu et al. 2003).

Low-frequency ultrasound has been shown to produce
biologic effects in mammal tissues, and has been exten-
sively utilized to enhance sonophoresis, clot dissolution and
fibrinolysis. The intensity used in low-frequency sonication
is about an order of magnitude lower than that used in
megahertz-frequency ultrasound (Terahara et al. 2002).
Moreover, because of the low attenuation, deep penetration
and long wavelength of low-frequency ultrasound, un-
wanted tissue damage can be induced outside the target area
if too much energy is delivered. Possible damage includes
cell destruction, and thermal- and cavitation-related dam-
age. Ultrasound at intensities of 0.65 and 1.5 W/cm2 en-
hances sonophoresis and drug-induced clot dissolution, re-
spectively (Siegel et al. 2001; Suchkova et al. 1998). More-
over, Suchkova et al. (1998) showed that ultrasound at an
intensity above 0.25 W/cm2 for 1 h can accelerate fibrino-

lysis. Furthermore, 20-kHz ultrasound at about 6.5 W/cm2
appears to result in cavitation (Tang et al. 2002), and 40-
kHz ultrasound above 17 W/cm2 thermally damages bio-
logic tissue (Siegel et al. 2001). In the present study, the
typical intensities of the 40- and 28-kHz ultrasound in
arrangements 1 and 2 were 1.1 and 2.3 W/cm2, respectively.
The intensity levels of the low-frequency ultrasound ap-
plied in the present could, therefore, induce ultrasound
bioeffects, but were sufficiently low enough to avoid un-
wanted cavitation and thermal-related damage outside the
treatment region. Although there is no definitive report that
the intensity levels we used could destroy cell membranes
in transdermal usage, low-frequency ultrasound still con-
tains potential dangers and might cause gradual bubble
generation in normal tissue and blood vessels, and should
be therefore avoided (Crum and Mao 1996). To avoid
overexposing surrounding tissue to low-frequency ultra-
sound, multiple transducers can be arranged as overlapping
energy sources to improve the intensity uniformity at the
target portion while reducing the possibility of overexpo-
sure in the surrounding normal tissues.

Introducing low-frequency ultrasound into focused
ultrasound thermal therapy represents an alternative to
the cavitation-enhanced ultrasound thermal ablation. En-
hancing the thermal heating effects by low-frequency
sonication provides unique features compared with other
modalities such as ultrasound contrast agents (Tran et al.
2003) and high-power-burst presonication (Sokka et al.
2003). For example, biologic tissues absorb less low-
frequency ultrasound (compared with megahertz-fre-
quency ultrasound), which can reduce heating of the rib
or skull during transrib or transcranial treatment. How-
ever, the relative long wavelength of ultrasound at hun-
dreds of kilohertz frequencies (for example, 37.5 mm in
40 kHz) makes it difficult to generate localized construc-
tive interference at a millimeter level. This can be im-
proved by using multiple low-frequency ultrasound
transducers to provide energy superimposition around
the geometrical center of the transducer array.

This study has verified the cavitation-enhanced heat-
ing introduced by combined low- and high-frequency son-
ication in ex vivo tissues, but the extrapolation to in vivo
tissue needs to be considered. Tang et al. (2002b) experi-
mentally verified that acoustic cavitation is the major factor
in low-frequency–induced skin permeability. They used a
number of types of in vitro skin and in vivo pig skin to
investigate the correlation of in vivo/in vitro tissue perme-
ability during low-frequency sonophoresis (Tang et al.
2002a); they found that living skin was more sensitive to
ultrasound treatment than excised skin. Hence, the sonica-
tion parameters used in ex vivo tissue were sufficient to
induce the same degree of skin permeabilization in in vivo
tissue. On the other hand, Melodelima et al. (2004) pro-
posed that using high-intensity short-duration presonication

(60 W/cm2) before the normal heating process (at 14
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W/cm2) with a planar transducer can induce cavitation-
enhanced heating in ex vivo tissue. Goldenstedt et al. (2004)
re-examined the same treatment protocol in vivo, and con-
cluded that the intensity of the short-duration presonication
was identical, yet a higher intensity for the subsequent
heating was required (increased from 14 to 30 W/cm2). This
may be the result of ultrasonic energy dissipation caused by
blood perfusion and circulation. Hence, when applying the
method described in the present study in vivo, the intensity
of the low-frequency ultrasound reported here may be suf-
ficient to provide acoustic cavitation, whereas the intensity
of the high-frequency ultrasound may need to be increased
to compensate for the energy losses due to the blood per-
fusion. Moreover, the heating-energy difference in the tis-
sue temperature between this study (25°C) and in vivo
(37°C) may also need to be considered.

CONCLUSION

This study demonstrates the feasibility and efficacy
of implementing cavitation-enhanced thermal heating by
combining megahertz- and kilohertz-frequency ultra-
sound. The cavitation threshold is lower for low-fre-
quency ultrasound, which makes it easier to induce cav-
itation and thereby can enhance the thermal heating
induced by high-frequency ultrasound. The generated
lesions were more symmetrical and less shifted, implying
that deeper portions can be treated. This property is also
advantageous in improving the uniformity of large ther-
mal lesions produced by scanning the ultrasound trans-
ducer. This study provides useful data for cavitation-
enhanced heating, and may also provide the basis for
exploring new applications of low-frequency ultrasound.
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