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In high intensity focused ultrasound (HIFU) applications, tissue may be thermally necrosed by
heating, emulsified by cavitation, or, as was recently discovered, emulsified using repetitive milli-
second boiling caused by shock wave heating. Here, this last approach was further investigated.
Experiments were performed in transparent gels and ex vivo bovine heart tissue using 1, 2, and 3
MHz focused transducers and different pulsing schemes in which the pressure, duty factor, and
pulse duration were varied. A previously developed derating procedure to determine in situ shock
amplitudes and the time-to-boil was refined. Treatments were monitored using B-mode ultra-
sound. Both inertial cavitation and boiling were observed during exposures, but emulsification
occurred only when shocks and boiling were present. Emulsified lesions without thermal denatu-
ration were produced with shock amplitudes sufficient to induce boiling in less than 20 ms, duty
factors of less than 0.02, and pulse lengths shorter than 30 ms. Higher duty factors or longer
pulses produced varying degrees of thermal denaturation combined with mechanical emulsifica-
tion. Larger lesions were obtained using lower ultrasound frequencies. The results show that
shock wave heating and millisecond boiling is an effective and reliable way to emulsify tissue

while monitoring the treatment with ultrasound. © 2011 Acoustical Society of America.
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. INTRODUCTION

Transcutaneous high intensity focused ultrasound
(HIFU) is an emerging medical technology used to necrotize
benign and malignant tumors in tissue.'” Most HIFU treat-
ments are designed to utilize thermal effects resulting from
absorption of ultrasound by tissue to create a thermally coa-
gulated treatment volume. Alternatively, mechanical effects
generated by HIFU-induced bubbles may be used to disrupt
tissue,3 and leave a fluid-filled treatment volume*® or be
used to cut through tissue such as the heart septum.® Me-
chanical effects are typically induced by operating HIFU
sources using sequences of pulses rather than in a continuous
wave (CW) mode to minimize thermal effects and to maxi-
mize the effects of bubble activity.
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A type of pulsing protocol designed to induce mechani-
cal disruption of tissue has been demonstrated and termed
“histotripsy.”’ Lower frequency HIFU sources (0.75-1 MHz)
are operated at low duty factors (< 0.01) and high outputs to
generate large peak negative pressures (>20 MPa) in the
focal region.* Thousands to tens of thousands of pulses, each
only several microseconds in duration, are delivered to form
one void. Tissue emulsification produced using this method is
attributed to the action of a cavitation cloud that forms at the
focus of the transducer. The lesion morphology that has been
observed with histotripsy exposures is significantly different
than that observed with conventional, CW HIFU exposures,
and consists of well-demarcated regions of fluid-like homog-
enized tissue with little evidence of either thermal denatura-
tion or remaining cellular integrity.“'8

Although the present histotripsy techniques have been
shown to be promising, there are a number of challenges
associated with their practical application, mostly related to
the stochastic nature of cavitation. The time to initiate bub-
ble clouds in tissue is not always predictable and repeatable,
and cavitation activity can stop unexpectedly in the course
of the treatment, resulting in extinction of the bubble cloud.®
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Designing newer approaches that result in reliable and repro-
ducible mechanical tissue damage is therefore of consider-
able interest.

Recently, it was proposed that tissue emulsification can
also be produced by using millisecond instead of microsec-
ond duration HIFU pulses and boiling as opposed to cavita-
tion.” Our previous studies showed that absorption at shocks
formed at the focus of a HIFU beam can lead to temperatures
of over 100°C and localized boiling in only several millisec-
onds.'® The formation of shocks and corresponding
enhanced heating occurs in a region of only several hundred
microns or less in width,'™'! thus the heated (likely super
heated)'*'? and potentially necrotized region is small com-
pared to the volume occupied by the millimeter-sized boiling
bubble created. If the HIFU pulse length is slightly longer
than the time-to-boil (discussed in Sec. II E), then the ther-
mal injury induced is negligible compared to the mechanical
injury caused by the exploding bubble and its further interac-
tion with shocks. A corresponding pulsing protocol (2 MHz
frequency, 70 MPa shock amplitude at the focus, 10 ms
pulse duration, 0.01 duty factor) was found to produce emul-
sification and no observable thermal necrosis in ex vivo bo-
vine liver and heart tissue.’

In this study, the physical mechanisms of tissue damage
that involve shock wave heating and millisecond boiling
were further investigated. Experiments were performed in
transparent gels and ex vivo bovine heart and liver tissue.
Multiple output parameters including pulse length, duty fac-
tor, focal pressures, and frequency were varied to determine
the parameter space around millisecond pulses relative to the
transition from emulsification to coagulation. HIFU-induced
bubbles were observed and inertial cavitation was distin-
guished from boiling in pulse sequences by monitoring
fluctuations in voltage at the HIFU source, by using B-mode
ultrasound imaging, and by recording images using a
high-speed camera (in experiments using transparent, tissue-
mimicking phantoms). The relative roles of boiling and
cavitation were correlated to the bioeffects produced. The
time-to-boil was predicted using weak shock theory, con-
firmed in experiments, and then used to define pulse lengths
and duty factors to create predictable emulsified tissue vol-
umes. After exposures, tissue samples were sectioned and
gross lesion morphologies were categorized according to the
relative thermal or mechanical effects observed.

Il. MATERIALS AND METHODS

HIFU exposures were performed in transparent gel
phantoms and in ex vivo tissue samples. Acoustic characteri-
zation of in situ HIFU fields was performed using the com-
bined measurement and modeling approach developed in our
previously published studies and is summarized in Sec. II
C.'%"-1% The following notation is used throughout the pa-
per for the exposure parameters: pt is peak positive pres-
sure, p~ is peak negative pressure in the focal waveform, pg
is pressure amplitude at the surface of the transducer, used in
the modeling, that corresponds to a given electric power into
the transducer W, in the measurements, ! I} is peak focal in-
tensity assuming linear acoustic propagation, fyuse is pulse
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duration, f; is time-to-boil, and DF is the duty factor, which
is the ratio between the pulse length and the period between
the pulses.

A. Experimental arrangement

A diagram of the experimental arrangement is shown in
Fig. 1. The experiments were performed in an acrylic water
tank at room temperature (20°C). The tank was filled with
purified water that was degassed using a multiple pinhole
degasser to 25% of saturation, as measured by a dissolved
oxygen meter (WTW Oxi 330i, Weilheim, Germany). The
HIFU source used in the majority of the experiments was a
single-element, air-backed, custom-built piezoceramic trans-
ducer of 2.158 MHz frequency, 44 mm aperture, and focal
length (f~number = 1). The transducer was driven by a func-
tion generator (Agilent 33250A, Agilent, Palo Alto, CA) and
a rf amplifier (300W, ENI A-300, ENI, Rochester, NY). In
addition, two other HIFU transducers with frequencies of 1.1
and 3.4 MHz were used in a small set of experiments to
investigate the effect of frequency on the resulting tissue
damage. The 1.1 MHz source (also 44 mm aperture and focal
length) was driven by a separate rf amplifier (1000W, RFG-
1000, JJ&A Instruments, Duvall, WA). The 3.4 MHz trans-
ducer (H-102 model, outer aperture 64 mm and focal length
62.6 mm, Sonic Concepts, Bothell, WA) was driven with the
same electronics as the 2 MHz source. A timing board (NI
6608, National Instruments, Austin, TX) was used to trigger
the function generator for various pulsing protocols and was
controlled using a custom Labview program (National
Instruments, Austin, TX). The HIFU source was attached to
a three-axis positioning system (Velmex Inc., Bloomfield,
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FIG. 1. A diagram of the experimental setup that was used to produce HIFU
lesions and monitor cavitation and boiling bubbles in transparent polyacryl-
amide gel and ex vivo tissue.
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NY) to align the focus with the desired position within the
exposure sample.

B-mode ultrasound imaging was performed during
experiments using an HDI-1000 scanner with a CL10-5
scanhead (Philips Medical Systems, Bothell, WA). The exci-
tation voltage at the HIFU source was monitored using a 10x
Lecroy high-voltage probe in parallel with the HIFU trans-
ducer. The voltage was recorded using a digital oscilloscope
(LT344, Lecroy, Chestnut Ridge, NY) and fluctuations in the
rms voltage were used to indicate the onset of boiling at the
focus.'™">"!7 The fluctuations in the voltage are caused by
transduction of ultrasound energy that is backscattered from
boiling bubbles at the focus. A high-speed camera (Fastrax
APX-RS, Photron, San Diego, CA) was used simultaneously
with the ultrasound imaging system for viewing heating
effects and bubbles in transparent gel phantoms. The camera
was operated at a pixel resolution of 1024 x 1024 and a
Nikon 105 mm lens (Nikon, Melville, NY, USA) was used
with a bellows extension to obtain a field of view of 10
mm X 10 mm (10 um/pixel). The frames were recorded at
20000 frames per second (fps) with a 4 us shutter speed. All
the images presented herein were backlit.

B. Preparation of transparent gel phantoms
and tissue samples

Gel phantoms were prepared using polyacrylamide with
7% bovine serum albumin (BSA)."® These gels are optically
transparent and have similar acoustic properties to tissue
except for the attenuation coefficient, which is about three
times lower than most tissues (0.15 dB/cm/MHz). Localized
heating of the gels causes the BSA to denature and form an
opaque region above temperatures of ~60°C that can be
visualized optically. To prepare the samples, the liquid mix-
ture of gel constituents was degassed for 1 h in a desiccant
chamber, then poured into a custom mold and polymer-
ized."” A 1 mm needle was attached to the mold and placed
within the gel for alignment purposes.

Tissue samples were prepared from bovine heart or liver
tissue. The tissue was obtained from an abattoir on the same
day as experiments and stored in phosphate buffered saline
and on ice until experiments were performed. The tissue was
cut into samples to fit in a custom-designed tissue holder
(8 cm wide by 8 cm tall by 2.7 cm deep) and was degassed
for 1 h in a desiccant chamber immediately prior to experi-
ments. The heart tissue samples were oriented so that the
ultrasound was incident perpendicularly to the muscle fibers.
For positioning the HIFU focus at a depth of 12 mm within
the sample, a removable “pointer” was attached to the trans-
ducer before each exposure. The pointer was also used to
position the ultrasound imaging probe so that the HIFU axis
was aligned with the B-mode imaging plane. After expo-
sures, the tissue was sectioned and photographed to observe
the lesion morphology.

C. Determination of in situ HIFU fields in gel
phantoms and in tissue samples

For gel phantoms, a fiber-optic probe hydrophone of
100 um diameter and 100 MHz bandwidth (FOPH 2000, RP
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Acoustics, Leutenbach, Germany) was embedded at the
depth of the HIFU focus in the gel before polymerization.
Pressure waveforms were measured at increasing source
power levels at the spatial maximum of the peak positive
pressure. Measured waveforms were deconvolved using the
FOPH impulse response provided by the manufacturer and
the sensitivity of the FOPH was corrected to account for the
slightly different acoustical properties of gel as compared to
water."!

In addition, our previous work demonstrated that HIFU
shock waves with amplitudes of 40-80 MPa measured by
the FOPH may be underestimated by more than 25% due to
the limited bandwidth of the hydrophone.'" As this underes-
timation can significantly affect the calculation of the in situ
heating rate, experimentally obtained waveforms were fur-
ther corrected in the present work using numerical model-
ing.'” The measured waveforms were first compared to the
previously modeled waveforms to ensure that the character-
istics of the transducer did not change. In this step, the meas-
ured and modeled waveforms were compared at low levels
of excitation (pg < 0.3 MPa for the 2 MHz source) to verify
that they were equivalent. Then, at higher levels of excita-
tion, when shocks were present, it was verified that only the
peak positive pressures were different. The results of direct
numerical modeling of nonlinear HIFU fields in the gel
obtained in our previous study were then used to calculate
heat deposition rates.'"'8

For bovine heart tissue, the in situ focal waveforms
were measured at gradually increasing output levels behind a
12-mm-thick sample, which corresponded to the depth of the
focus during HIFU exposures.'® The FOPH sensing tip was
positioned at a distance of less than 1 mm from the distal
surface of the tissue to ensure that propagation within the
high-amplitude focal zone was predominantly through the
tissue. Examples of the resulting experimental waveforms
after deconvolution are shown as the thick curves in Fig. 2.

The measured waveforms were also corrected via mod-
eling to compensate for underestimation of the peak positive
pressure and the shock amplitude caused by the limited
bandwidth of the hydrophone. In this step, a nonlinear derat-
ing method was used for estimation of focal waveforms in
absorptive tissue using the existing results of nonlinear mod-
eling in water.'%'*

In this previously developed method, a Khokhlov-
Zabolotskaya-Kuznetsov (KZK) numerical model was cali-
brated versus free-field measurements and then used to simulate
nonlinear HIFU fields in water. These results were “derated”
to tissue to account for the greater attenuation of ultrasound in
tissue versus water, whereas all other acoustic properties were
assumed to be equal.'""™* This method is useful for HIFU fields
because for highly focused transducers (f-number < 1, as is the
case in the current study), the focal region of high pressures is
significantly smaller than the focal distance. As nonlinear prop-
agation effects are amplitude dependent, they dominate only
near the focus and can be neglected in the prefocal region.
Although this method does not account for the difference in the
absorption of harmonics between water and tissue in the focal
region, an error of only 5% is expected to result when predict-
ing focal pressures. However, because the nonlinear parameter
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FIG. 2. In situ HIFU waveforms at different power outputs, modeled (thin line) and measured by the FOPH behind a 12-mm-thick layer of bovine heart
tissue (thick line). The corresponding intensity and power levels are listed in Table I (exposures 1, 2, and 3 in the heart). High amplitude shock fronts are evi-
dent in the waveforms at higher outputs (2 and 3). The pressure waveform is distorted at the lowest output power used in this study but shocks are not fully

developed (1).

is higher in tissue, the waveforms derated from water to tissue
are less distorted by nonlinear effects than those measured in
tissue.'® Here, we have extended the derating method to
account for differences in both attenuation and nonlinearity
between water and tissue.

In bovine liver, sonications were performed using 1.06,
2.158, and 3.42 MHz transducers. The transducers were
operated to produce approximately the same peak positive
and negative pressure levels in water as measured with the
FOPH. For the 2 MHz transducer, the corresponding power
setting was the same as for exposure 3, shown in Table I.
The equivalent in situ pressure level for each transducer was
generated by varying the depth of focus location within the
tissue to account for the increase in attenuation with fre-
quency; therefore, the focus was positioned 20, 12, and
6 mm below the tissue surface for the 1, 2, and 3 MHz
transducers.

D. Nonlinear derating method to translate nonlinear
HIFU fields from water to tissue

The method for derating nonlinear HIFU fields from
water to tissue used in this work consists of three steps. In
the first two steps, the attenuation coefficient and nonlinear
parameter of the tissue were determined. In the last step, the

shocks were present, was determined by derating numerical
modeling results in water using the results of the first two
steps. More detailed descriptions of each step of the refined
derating method are provided in the following.

1. Determination of the attenuation parameter « in
tissue

In the first step, focal waveforms were measured at low
focal pressure amplitudes (2-3 MPa) less than 1 mm behind
tissue samples of thickness equal to the focal depth /=12
mm in subsequent HIFU exposures. The output level for
these initial measurements was chosen so that acoustic prop-
agation was purely linear, i.e., there was no harmonic con-
tent in the measured focal waveform. The measurements
obtained behind the sample were then matched to the results
of free-field modeling in water at lower outputs so that the
focal waveforms were equivalent in amplitude in both cases.
Simulations were performed using the KZK-type numerical
model that was calibrated versus free-field measurements in
our previous work.'" Given the focal depth in tissue /, the
attenuation parameter o at the HIFU frequency was deter-
mined from the ratio of the initial electric power of the
source in tissue measurements and in water:

focal waveform in tissue at higher output levels, when Wei(water) = We(tissue) exp(—2al). (1)
TABLE I. Summary of exposure parameters in gel and in bovine heart tissue.”
Number pf; sine (MPa) Din sie (MPa) Po (MPa) Iy iy situ (kW/cmz) Wa (W) Tpulse (MS) PRF (Hz) DF® t, (ms)
Polyacrylamide gel phantom

76 13.5 0.57 19.5 250 10 1 0.01 3.8
Bovine heart tissue
1 45 9.0 0.37 7.23 110 10 1 0.01 N/A
2 61 11.0 0.46 11.23 164 10 1 0.01 8.1
3 67 12.0 0.55 16 236 10 1 0.01 4.5
4 67 12.0 0.55 16 236 10 0.3-100 0.003-1 4.5
5 67 12.0 0.55 16 236 0.2-100 0.1-50 0.01 4.5

“The HIFU frequency was 2.158 MHz and the initial pressure at the surface of the transducer, po, was estimated using low amplitude measurements and model-
ing (Ref. 11). The in situ peak intensity at the focus was calculated assuming linear propagation, I, as I, = (p§/2pgco)G? exp(—2agL), where G =48 is the
linear focusing gain of the transducer in water, o is ultrasound attenuation coefficient, and L is depth of the focus in tissue. /n situ values for peak compression
and peak rarefaction pressures, p " and p~, were determined from the measured waveforms and corrected via modeling to compensate for the limited band-
width of the FOPH (Ref. 10).

® Duty factor.
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Here, the electric power W, (water) corresponds to the initial
pressure amplitude po(water) in the modeling that provides
the same focal pressure amplitude. The attenuation parame-
ter o at the HIFU frequency was 0.13 = 0.03 Np/cm. This
result is averaged over three different tissue samples.

2. Determination of the nonlinear parameter 5 in
tissue

In the second step, focal waveforms were measured
behind the same tissue sample at moderate outputs at which
several harmonics (10-15) were present in the waveform
and the bandwidth of the FOPH hydrophone was sufficient
to capture the degree of the waveform distortion (Fig. 2,
waveform “1”). These waveforms were compared to the
waveforms modeled in water with the initial pressure
po(water) scaled using Eq. (1) to account for attenuation in
tissue. According to the results of the previously developed
derating method, the focal waveforms in water and in tissue
would be the same if the nonlinear parameters of these two
media were the same. But, as the nonlinear parameter is
higher in tissue, the waveform is steeper and has more
energy at higher harmonics than that in water."'

To compensate for the difference in nonlinearity
between water and tissue, the following procedure was
applied. As the degree of nonlinear effects in the KZK model
in a nonabsorptive medium is determined by the parameter
N = 2nFfofpo/ cgpo, which is proportional to the product of
the initial source pressure p, and nonlinear parameter f§ of
the propagation medium, a change in the nonlinear parame-
ter is therefore equivalent to an increase of the initial pres-
sure amplitude.'® In other words, the dimensionless pressure
waveform pﬁater’ﬁ (t)/po at the focus in water with nonlinear
parameter § will be the same as the waveform p}"" (1) /s
in water-like medium with tissue nonlinearity S if
Bpo = B*p;. The pressure input to the model pfj(water) thus
was varied to find the best match to the nonlinear distortion
of the measured waveform in tissue. Once this initial pres-
sure was determined, then the nonlinear parameter of tissue
B* was calculated as

B* = Bpo/po- (@)

The degree of nonlinear distortion was also quantified by
comparing the harmonic content of the measured and mod-
eled waveforms, as shown in Fig. 3. In our work in bovine
heart tissue, the best match was found when a value
of B =4=0.1 was used (equivalent nonlinear parameter,
B/A=06).

3. Determination of in situ focal waveforms with
shocks from modeling in water

At higher outputs, when shocks were present, the calcu-
lated focal waveforms in water that corresponded to the in
situ pressure waveform were obtained using the results of
steps (1) and (2). The results of simulations in water for the
initial pressure

po(water) = py(water) "/ f3, 3)
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FIG. 3. Determination of the nonlinear parameter " in ex vivo heart tissue
samples by comparing the spectra of the focal waveform measured in tissue
(black dots) and derated from the modeling. The spectra correspond to the
WflVefOI‘l’l’l 1 shown in Fig. 2. The best match was obtained when using
f =4

were taken; then the pressure waveform at the focus equiva-
lent to the waveform in tissue was calculated from the mod-
eling results as

pF‘tissue(t) :p;,water(t)ﬁ/ﬂ*' (4)

These modeled waveforms were compared to the measure-
ments taken behind the sample and are shown in Fig. 2
(waveforms “2” and “3”). The shock amplitudes for calculat-
ing the boiling onset time were then determined from the
modeled waveforms, Eq. (4), using the same methods
described previously.'®

E. Calculation of the time-to-boil

To establish a treatment protocol, theoretical calcula-
tions were performed to estimate the time to initiate boiling
at the focus of the HIFU source. When high amplitude
shocks are present at the focus, the absorption of ultrasound
energy at the shocks becomes a dominant mechanism of tis-
sue heating that increases the heating rate up to ~10-100
times greater than absorption at the fundamental fre-
quency.'® The heating rate induced by an ultrasound wave
containing shocks in the propagation medium can be calcu-
lated using weak shock theory'®:

3

605¢o
where H is the heating rate, Ay is the in sifu shock amplitude,
p is the coefficient of nonlinearity, f; is the ultrasound fre-
quency, cq is the ambient sound speed, and pg is the density
of the medium. If the heating rate is large enough so that
temperatures of 100 °C are reached in tens of milliseconds,
heat diffusion has little effect and can be neglected,'® there-
fore, the time-to-boil can be estimated as:

B ATc,
==

(6)

Iy
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where AT is the change from the ambient temperature to
100 °C and ¢, is the heat capacity per unit volume. The fol-
lowing physical constants were used for calculating time-to-
boil in the gel phantom: p, =1044 kg/m?, ¢o= 1544 m/s,
p=40,c,=53x 10° I m 3 °C~1.'® The same parameters
were used for estimations in heart and liver, as they reason-
ably fit characteristic values in soft tissue.””

F. HIFU exposure parameters in gel and tissue
samples

Sonications in gel and bovine heart were performed
using the 2.158 MHz transducer. The exposure parameters
varied over a wide range of power outputs, pulse durations,
and duty factors. Several sets of experiments were performed
in which one parameter was varied while keeping all others
constant. The one parameter that was kept constant in all
experiments was the total HIFU “on time” per exposure,
which was 500 ms. This is a typical duration for “short”
HIFU exposures, at which boiling temperatures are not
expected to be reached assuming linear propagation condi-
tions. The HIFU exposure parameters used in gel and heart
tissue experiments are shown in Table I.

Sonications in bovine liver tissue were performed using
1.06, 2.158, and 3.42 MHz transducers. The output levels of
the transducers were chosen to generate the same pressure
levels at the focus in situ (Sec. II C). For the 2.158 MHz
transducer, the in situ peak pressures corresponded to
po = 0.57 MPa and were known from our previous work:
the peak positive pressure was 74 MPa and the peak negative
pressure was 13 MPa (similar to exposure 3, Table I).'" As
explained in Sec. II C, the in situ levels for the 1.06 and 3.42
MHz transducers were approximately the same. The corre-
sponding times to reach boiling in bovine liver tissue at each
frequency, according to Eq. (6), were 5.6, 3.3, and 2.1 ms.
Although the in situ pressures amplitudes were almost the
same for each frequency, the boiling times decreased with
frequency because within a given pulse duration, there were
more acoustic cycles [Eq. (5)].

lll. RESULTS
A. Mechanical lesions in transparent gel

Images and observations were made of the HIFU focus
in gels with the high-speed camera and B-mode ultrasound.
The parameters of HIFU exposures were the same in all
experiments in gel and are listed in Table I. The time-to-boil
calculated from the in situ shock amplitude was 3.8 ms, the
pulse duration was 10 ms (which was approximately twice
the time to boil), and the time between pulses was 1.0 s
(DF=0.01).

Figure 4 shows a sequence of images obtained during
the first (left column) and the fifth (right column) pulses.
Time =0 corresponds to the arrival of each pulse. Both
pulses induced cavitation, boiling, and similar bubble dy-
namics in the gels. At 1.2 ms, an optical effect of heating in
the focal region is visible in Fig. 4 for both pulses as a dark
elliptical region in the gel; subsequently, a large bubble fills
the millimeter-sized width of this heated focal region. On
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FIG. 4. High-speed images of HIFU pulsing in a transparent 7% BSA poly-
acrylamide gel during the first (on the left) and fifth (on the right) pulses.
The frames were recorded at 20000 frames per second (fps) with a 4 us
shutter speed; the frame taken at 0 ms corresponds to the start of each pulse.
The HIFU source was on the left. The exposure parameters were: 2.158
MHz HIFU frequency, 10 ms pulse length, 1 Hz pulse repetition rate (PRF),
pt =76 MPa and p~ = 13.5 MPa (Table I). The start of boiling within each
pulse is evident by the large millimeter-sized bubble that appears at the
focus after 3.9 ms in the first pulse and in 2.7 ms in the fifth pulse. The
shorter boiling time in the fifth pulse is likely due to an increased ambient
temperature from the applied pulses relative to the first pulse. The images in
the bottom row are enlarged versions of the white boxes that show cavitation
bubbles moving through and beyond the focus (left) and a multi-layered cav-
itation bubble cloud forming in front of the boiling bubble due to reflection
of the shock wave from the bubble surface (right). Bubble layers are spaced
at approximately half the HIFU wavelength (0.35 mm) as indicated by the
arrows at the bottom of the frame (Ref. 24).

the first pulse, this bubble appeared at 3.9 ms, which corre-
sponded to the calculated time to boiling and is hereafter
referred to as the boiling bubble. During the next several
milliseconds of the HIFU pulse, two oscillating boiling bub-
bles were observed on both sides of the focus within the
millimeter-sized heated region.

Using this pulsing scheme, boiling occurred within ev-
ery pulse and the boiling bubble was not visible at the start
of the next successive pulse. The time-to-boil decreased with
successive pulses and was 2.7 ms in the fifth pulse as shown.
The shorter time-to-boil for the fifth pulse as compared to
the first was likely due to an accumulation of heat between
pulses. During the rest of the pulsed exposure, boiling was
initiated within each pulse at about the same time of 2-3
milliseconds and consistently started very close (<1 mm) to
the focus.
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Micron-sized cavitation bubbles appeared in the first
frame following the first pulse arrival, persisted throughout
each exposure, and disappeared between pulses. Disappear-
ance occurred during successive frames following the expo-
sure. Cavitation bubbles were initially dispersed in a broad
primarily prefocal region (1.2 ms) and were pushed by radia-
tion force through and beyond the focus, as highlighted in
the enlarged image. Although we have observed previously
that visible smaller bubbles (<100 pm) can initiate slightly
faster boiling, the movement of these bubbles is generally
out of the focal region and the appearance of fewer bubbles
with subsequent pulses as compared to the first pulse leads
us to believe that the accelerated boiling with later pulses is
primarily due to a buildup of heat and not to the presence of
more nuclei from either inertial cavitation or boiling resid-
uals. Previous calculations of thermal diffusion from the
focal volume support this idea and show that the temperature
does not return to ambient between pulses. Similarly, as bub-
bles are observed to be removed from the focus, we do not
observe evidence of cavitation-enhanced heating leading to
accelerated boiling.*'*

Formation of a bubble cloud in front of the boiling bub-
ble is observed in the frame taken at 2.7 ms of the fifth pulse
and evenly spaced multiple layers of bubble clouds are
clearly seen in the frame recorded at 9.8 ms close to the end
of the pulse. As has been recently shown, these multilayered
clouds are caused by the reflection of the shock wave from
the surface of a millimeter-sized bubble.?**

Although cavitation bubbles distributed throughout the
focal volume and localized boiling were both present in each
pulse, emulsification of the gel followed the growth of the
boiling bubble. Bubble activity and evolution of an eroded
volume in the gel are shown in Fig. 5. High-speed images
were taken at 9.5 ms of each 10 ms pulse (left column) and
1 s after each pulse, immediately prior to the subsequent
pulse (right column). The residual damage of gel includes
bubbles that can be seen in the images in the right column as
dark spots, and the disruption of the polymer structure of the
gel. The latter is hard to visualize, as illustrated by the bottom
image in Fig. 5; therefore, in all other frames the areas of
damage are outlined with a thin black line. No evidence of
thermal denaturation, which would manifest itself as a hazy
gray region, was present in the gels after HIFU sonication.

In the first pulse, although the boiling bubble originates
from the focus of the transducer (Fig. 4), the two major areas
of bubble motion are behind and in front of the focus, as
shown by the dark areas in the left column. This motion pro-
duces two disruption areas that merge after several pulses.
After 5 pulses, the range of bubble motion increases, and
acquires more of a tadpole shape: the area in front (the
“head”) is wider than the “tail” behind the focus. The resid-
ual damaged area (right column) enlarges in the same fash-
ion as the bubble motion range. After 5 pulses, the length of
the head of the lesion reaches its maximum size and does not
change during the rest of the exposure. However, the width
of the lesion and the length of the tail continue to grow. Af-
ter 30 pulses, more residual bubbles are observed next to and
behind the lesion, likely pushed from the focus by radiation
pressure and collected in the postfocal region and at the pe-
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FIG. 5. High-speed camera images of lesion evolution in a polyacrylamide
gel during pulsed HIFU exposures with 10 ms pulses and a 0.01 duty factor
(same parameters as in Fig. 2). Images were recorded at 9.5 ms of each 10
ms pulse (left column) and 1 s after each pulse, immediately prior to the sub-
sequent pulse (right column). A large boiling bubble forms during each 10
ms pulse (as shown in Fig. 2), but dissolves in the one second interval
between pulses. Several smaller (tens of microns) residual bubbles remain
between pulses and are evident in the frames on the right. These bubbles are
largely pushed beyond the focus and away from the acoustic axis by the start
of the subsequent pulse, collecting at the periphery of the lesion. The resid-
ual void of eroded gel is outlined in the right column for better visibility.
Explosive growth of the bubble itself and also generation of high negative
pressures caused by reflection of the shock wave from the bubble can con-
tribute to tearing of the gel and lesion growth. The images were enhanced
by zooming and altering the lighting to enhance the appearance of the resid-
ual void (bottom image), which contained gel pieces and infiltrated liquid
and was no longer intact gel.

riphery of the lesion. Throughout the rest of the exposure,
the damaged region broadens more uniformly; however, the
maximum width of the head of the lesion does not change.
The picture shown on the bottom of Fig. 5 is of another
lesion in gel obtained with the same HIFU exposure parame-
ters in which the residual disruption can be seen more clearly
due to altered lighting. It is clear from this image that the
polymer structure is disrupted; however, again, no evidence
of thermal denaturation of the BSA protein in the phantom
was present.

Figure 6 shows observations of bubble behavior during
pulsed HIFU exposures by B-mode ultrasound and high-
speed filming. The B-mode image taken immediately after
the first HIFU pulse (first frame after HIFU was OFF) is
shown in Fig. 6(a). The inset shows the corresponding region
of the high-speed camera frame taken at 10 ms and depicts
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FIG. 6. B-mode images in a gel phantom at different time points during a
pulsed exposure with the same parameters as used in Figs. 4 and 5: (a) 40
ms after the first pulse; (b) immediately prior to the second pulse; (c) 40 ms
after the 10th pulse; (d) 40 ms after the 50th pulse. The needle in the lower
right corner of the images was used for alignment purposes. A larger scale
photo inset on the top (a) was taken at 10 ms and corresponds to the very
end of the first HIFU pulse. The image shows the boiling bubbles at the
focus and cavitation bubbles scattered throughout the hour-glass shape of
the beam that creates a slight echogenicity on B-mode images but which dis-
appeared shortly after the pulse (within 100400 ms). Although no large
boiling bubbles were evident between HIFU pulses in Fig. 3, the B-mode
images showed a persistent echogenic region that continued to grow over 50
pulses (b—d). The second photo inset (on the bottom) confirms that the
source of persistent echogenicity is the remnants of boiling bubbles pushed
to the back and to the sides of the focus. The residual void is outlined for
better visibility.

the very end of boiling. The hyperechoic line seen in the
lower right-hand corner is the needle that was used for align-
ment purposes. A bright hyperechoic region at the focus of
the transducer corresponded to the large (millimeter-sized)
boiling bubble on the high-speed camera image. Faint spots
of echogenicity are also scattered within the prefocal and, to
some extent, postfocal region, as outlined by the thin gray
curves. These correspond to small (<100 pm) cavitation
bubbles, seen in the same region on the high-speed camera
image. Cavitation bubbles disappeared very rapidly (in less
than 3—4 B-mode frames or 150 ms) after HIFU was turned
off and were not visible in the B-mode image of the sample
right before the second pulse arrived, i.e., 1 s after HIFU was
turned off [Fig. 6(b)]. However, the bright echogenicity from
the boiling bubble persisted, indicating that the remnants of
the boiling bubble in the lesion cavity did not fully dissipate
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before the next pulse arrived. Also, the remnants appeared
much brighter on B-mode images than cavitation bubbles
observed during the HIFU pulse, presumably due to the slow
frame rate of the ultrasound imager (24 frames/s). Although
cavitation bubbles created during HIFU irradiation (top
frame in Fig. 6) were observed to grow up to the same size
as boiling bubble remnants after HIFU was turned off (bot-
tom frame in Fig. 6), they did not produce the same level of
echogenicity. Presumably, the growth and collapse of cavita-
tion bubbles (which occurs on the order of a single acoustic
cycle), was much shorter than the frame rate of the imager.
On the contrary, after HIFU was turned off, residual boiling
bubbles persisted and shrank slowly (on a time scale of tens
to hundreds of milliseconds), thus their visibility on B-mode
images was not affected as much by temporal averaging.

In Figs. 6(c) and 6(d), B-mode images of the same sam-
ple after 10 and 50 pulses of HIFU are shown. The length of
the echogenic region does not change considerably; how-
ever, the width increases with the number of pulses. This ob-
servation agrees well with the high-speed camera recordings
shown in Fig. 5. The inset in Fig. 6(d) shows the correspond-
ing high-speed camera frame of the gel 80 ms after applying
50 pulses of HIFU. Residual bubbles can be clearly observed
around the focal area that, according to Fig. 5, is most likely
a void filled with gel remnants and infiltrated liquid. The
structure of the echogenicity in the B-mode image repeats
the distribution of the residual bubbles surrounding the void;
the void itself is seen as a darker region between two echo-
genic layers of bubbles.

B. Emulsified lesions in ex vivo heart tissue

The results of sonications in ex vivo bovine heart with
the same HIFU exposure parameters as in the experiments
with gel phantoms [pulse length 10 ms, pulse repetition rate
(PRF) 1 Hz, 50 pulses—exposure 3 in Table I] resulted in
boiling within each pulse and localized tissue emulsification
as seen in Fig. 7. An example of the B-mode image series
during this exposure is shown in Fig. 7(a) to compare with
the B-mode ultrasound observations recorded in gels. The
images represent the B-mode frames before HIFU exposure
and the first frames after the 1st, 12th, and 33rd HIFU pulses.
As observed in the gel experiments, an echogenic region
from boiling appears in images during each pulse, starting
from the very first pulse. However, the echogenic region in
tissue is not as evident as in gel, likely because of increased
signal from the surrounding tissue structure, which is less
homogeneous than the gel phantoms. Similar to the gel
experiments, the width of the hyperechoic region grows with
increasing number of pulses. The echogenic region first orig-
inates at the focus, where heating is the greatest, and then
shifts slightly (~1 mm) toward the transducer. Unlike the
results of gel experiments, pre-focal cavitation bubbles were
not evident in the images. The remnants of boiling bubbles
that created echogenicity between HIFU pulses disappeared
faster than in gel. No echogenicity was observed prior to the
arrival of the next pulse within the first ten pulses of expo-
sure. With an increasing number of pulses the echogenicity
was observed to persist for longer time periods; it was
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FIG. 7. (a) Selected frames of ultrasound B-mode images of ex vivo bovine
heart tissue recorded during pulsed HIFU sonication (exposure 3 in Table I).
Similar to images in gel (Fig. 6), echogenicity in tissue appears with the
very first pulse as boiling bubbles are induced by HIFU. (b) Recording of
the transducer voltage during the first pulse of exposure gives further evi-
dence that bubble activity is specifically boiling: fluctuations in the signal
occurred at 4 ms during the 10 ms pulse, in agreement with theoretical esti-
mations of the time-to-boil. (c) The lesions produced by four consecutive in-
dependent exposures were voids that were almost identical in size and
shape, filled with liquefied tissue (evacuated from the voids in the photo),
with no visible signs of thermal denature. The tadpole shape of the lesions
was similar to the echogenic region observed in B-mode images (a).

present between pulses starting from about the 10th pulse
and remained up to 10-20 s after the 50th pulse.

The onset of boiling in these experiments was deter-
mined within each pulse from the HIFU source drive volt-
age. An example of a typical voltage signal recorded during
HIFU pulsing is shown in Fig. 7(b). The start of voltage fluc-
tuations (in this particular case in 4 ms) indicated the start of
boiling. The time to onset of voltage fluctuations varied
slightly from sample to sample (3.7 £ 0.9 ms), but corre-
sponded well with theoretical predictions performed using
Egs. (5) and (6). Each exposure resulted in a volume of
emulsified tissue as shown in Fig. 7(c). The emulsified vol-
umes had repeatable locations, sizes, and tadpole shapes.
The position of the transducer focus corresponded to the
junction between the round head and narrow tail of the
lesion. This observation corresponds well to the high-speed
images of lesion development recorded in gels (Fig. 5): the
region of bubble activity expands toward the transducer,
forming the wide head of the lesion. The length of the lesion
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is 8 mm for both the heart tissue and gel, and the width of
the tail is also similar (1 mm). However, the maximum width
of the head of the lesion is somewhat larger in tissue (2.5
mm) than in gel (1.5 mm).

C. Effect of HIFU exposure parameters on mechanical
and thermal effects in tissue

Further experiments were performed with modified
HIFU pulsing schemes to study how various degrees of ther-
mal or mechanical bioeffects occur in tissue and to test
whether boiling was necessary to induce tissue emulsifica-
tion. Changes were made to the HIFU pulsing scheme by
varying the pulse duration, the duty factor, and the focal
pressures.

1. Pulse duration and duty factor

The heart tissue was sonicated with a total HIFU ON du-
ration of 500 ms and constant power to the HIFU source cor-
responding to waveform 3 in Fig. 2. When the pulse duration
was varied from 0.2 to 100 ms (~0.05-30 1), the total time
of exposure was 50 s and the PRF was adjusted to maintain a
duty factor of 0.01 (Table I, exposure 5). Likewise, when the
duty factor was changed within the range 0.003-1, the pulse
duration of 10 ms was kept constant (Table I, exposure 4).

The resulting lesions were classified into three different
types that are illustrated in Fig. 8. The photos in Figs. 8(a)
and 8(b) were taken with the lesion content preserved (top
images) and removed (bottom images). The lesion shown in
Fig. 8(a) is of a cavity filled with liquid that is the same color
as unaffected tissue and which can be easily removed. No
apparent thermal denaturation (visible as a change in color
to white) was observed. This type of lesion was therefore
categorized as purely mechanical emulsification of tissue.
Figure 8(b) shows a lesion with mixed mechanical and

FIG. 8. (Color online) Types of lesions produced by different HIFU pulsing
schemes in ex vivo bovine heart tissue. (a) Type 1: void with no signs of
thermal damage filled with liquefied tissue (top photo) that can be poured
out (bottom photo). With an increase of pulse duration and/or duty factor,
the lesion transforms into (b) type 2: void with coagulated edges, filled with
white paste (top photo), that can be easily removed (bottom photo). With a
further increase in pulse duration and/or duty factor, the result is (c) type 3:
a solid thermal lesion with an evaporated core.
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thermal damage. The edges of the lesion appear white, which
indicates thermal denaturation of tissue. The lesion is filled
with white paste that can also be easily removed. The third
type of lesion, represented in Fig. 8(c), is a solid thermal
lesion with a vaporized core. It also has a tadpole shape,
with a larger cavity at the head and a smaller one at the tail,
which are formed by boiling bubble activity. This classifica-
tion is very similar to that used to categorize lesions result-
ing from different histotripsy protocols.*

Table II summarizes the effects of pulse duration and
duty factor on the lesion type. Thermal effects become more
pronounced as the pulse duration or the duty factor increase.
Purely mechanical damage was achieved only with duty fac-
tors of less than 0.02 and pulse durations of less than 30 ms
(10 times the time-to-boil in this case). Purely thermal dam-
age occurred for pulse lengths longer than 100 ms or duty
factors larger than 0.02. All of the cases in between can be
referred to as mechanical damage with varying degrees of
thermal effects. These lesions can all be referred to as type
two, with a variable extent of border denaturation and paste
thickness.

2. HIFU transducer power

In these experiments, the power to the source was varied
so that the focal waveform shape changed from being nonli-
nearly distorted (waveform 1 in Fig. 2) to forming a high am-
plitude shock wave (waveforms 2 and 3 in Fig. 2). All other
exposure parameters were kept constant and are listed in
Table I under exposures 1-3. Figure 9 displays the results of
this experiment. Tissue emulsification was observed and boil-
ing was detected by power fluctuations and B-mode ultra-
sound at all of the source power levels except for the case of
waveform 1. The pressure waveform was distorted by nonlin-
ear propagation effects, but the shock front was not fully
developed in waveform 1, i.e., the pressure change within the
10 ns interval associated with a shock measured by the FOPH
of 100 MHz bandwidth was much smaller than the peak posi-
tive pressure in the waveform.'® The heating rate was insuffi-
cient to initiate boiling within each pulse, and no obvious
lesion was produced. When outputs were higher (waveforms
2 and 3 in Fig. 2), each pulse was long enough to induce boil-
ing and emulsified lesions were obtained. The peak negative
pressure changed only slightly between exposures 1 and 2;
therefore, cavitation was minimally altered, yet the liquefied

TABLE II. Effect of pulse duration and duty factor on the type of lesion
produced in ex vivo heart samples: type 1—void filled with liquefied tissue
with no signs of thermal denaturation in the filling or tissue surrounding the
void; type 2—void with coagulated edges, filled with white paste that repre-
sents partially coagulated, emulsified tissue; type 3—solid thermal lesion
with a vaporized core.

Duty factor
Pulse duration (ms) 0.005 0.01-0.02 0.03-0.2 0.2-1
4-10 (1—=31) 1 1 2 3
10-30 (3—107) 1 2 2 3
30-100 (10 — 301,) 2 2 3 3
100-500 (> 301) 3 3 3 3
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FIG. 9. (Color online) Cross section in the axial plane of lesions induced in
bovine heart using 50 HIFU pulses of 10 ms duration, 1 Hz PRF, and
increasing power to the HIFU source (from left to right). In situ HIFU wave-
forms for the lesions 1, 2, and 3 are shown in Fig. 1 and details of the expo-
sure parameters are listed in Table I with the same numbering. No lesions
were produced when the focal waveform corresponded to 1 (Fig. 2), as the
heating rate was not sufficient to initiate boiling within each pulse as shocks
were not yet formed at the focus. At higher outputs (cases 2, 3, and in
between them grouped under “A”), shocks were present at the focus (see
Fig. 1), boiling was induced within each pulse, and emulsified lesions were
produced. The peak negative pressure changed only slightly between expo-
sures 1, 2, and 3; therefore, cavitation activity was only minimally altered.
The results from this experiment thus demonstrate that liquefied voids were
only observed when shocks and boiling were present.

voids were only observed when shocks and boiling were pres-
ent. There was no thermal denaturation observed at the trans-
ducer power levels used in these experiments.

3. HIFU frequency

The effect of HIFU frequency on the lesion shape and
size was studied in ex vivo bovine liver samples. The expo-
sure parameters at the focus were the same for all three
exposures: the in situ focal pressure was p*™ = 74 MPa,
p~ = 13 MPa, the duty factor was 0.01, and the total HIFU
on time was 500 ms. The pulse duration used in all of these
experiments was approximately three times longer than the
time to initiate boiling for each frequency: 20 ms (1 MHz),
10 ms (2 MHz), and 5 ms (3 MHz). Representative lesions
from these experiments are shown in Fig. 10.

&
(a)
FIG. 10. (Color online) Axial cross-sections of liquefied lesions obtained in
ex vivo bovine liver using HIFU transducers of the same geometry but oper-
ating at different frequencies: (a) 1.1 MHz, (b) 2.158 MHz, and (c) 3.4
MHz. To balance the comparison, the transducer f-number =1, the in situ
focal pressure (p™ = 74 MPa, p~ = 13 MPa), duty factor (0.01), and total
HIFU on time (500 ms) were the same for all three exposures. In addition,
pulse lengths were approximately three times longer than the time-to-boil
for each frequency: 20 ms, 10 ms and 5 ms, respectively. Larger lesions
were obtained with lower frequencies and the total lesion size followed the
dimensions of the heated focal region for each transducer.

(b) (c)
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All of the lesions are voids filled with liquefied tissue.
The overall tadpole shape of the lesion did not change with
frequency, and the lesion size was proportional to the size of
the focal region of each transducer. The overall length of the
lesion was inversely proportional to the frequency, which
suggests that the length is determined by the axial length of
the focal lobe of the beam. Detailed characterization of the
acoustic field is available for the 2 MHz transducer from pre-
vious work.'” The length of the lesion for this frequency
(8 mm) agrees very well with the length of the focal lobe
(7 mm at —6 dB in a linear beam) where shock fronts were
present and heat deposition is efficient. The width of the
round head of the void is larger (3 mm) than the focal beam
width of the 2 MHz transducer (1 mm at —6 dB in a linear
beam). The round shape of the head suggests that its size is
determined by the maximum expansion size of the boiling
bubble, which increases throughout the exposure as the
heated region broadens.

An interesting detail of the lesion shape is clearly
observed at 1 MHz—a small cavity appears in front of the
lesion facing the transducer. This cavity is smaller for the
lesion created by the 2 MHz transducer, and though present,
barely visible for the 3 MHz transducer. A similar “bump” at
the head of the lesion was observed in the gel experiments
(Fig. 5, bottom photo in the right column). The physical rea-
son for this effect has not yet been investigated.

IV. DISCUSSION AND CONCLUSIONS

In this paper, a recently proposed method to induce me-
chanical damage in bulk tissue using high intensity focused
ultrasound is examined. The general approach is to use milli-
second-long pulse sequences of ultrasound waves that evolve
into shocks and induce boiling in tissue within each pulse.
The experiments performed in gel phantoms and ex vivo
heart and liver tissue showed that mechanically emulsified
lesions with no evident thermal damage can be induced
using this method and varying degrees of thermal effects can
be produced by varying the parameters of the pulsing
scheme. Tissue emulsification was only observed for expo-
sures where shocks were present in the pressure waveform at
the HIFU focus, and only when boiling was initiated. As
boiling bubbles are highly echogenic, tissue emulsification
can be easily monitored in real-time using B-mode ultra-
sound imaging. Note that the presence of boiling alone is not
sufficient to induce emulsification; high-amplitude shocks
must be present to heat the tissue and to create a boiling bub-
ble within tens of milliseconds. With lower amplitude
waves, boiling temperatures are reached after much longer
heating durations, in hundreds of milliseconds to several sec-
onds, and a thermally necrotic volume appears before boiling
starts. The result of these lower amplitude exposures with
boiling is a solid thermal lesion with a vaporized core.'”

Based on the previous observations that shock wave
heating can lead to temperatures of 100 °C and tissue boiling
within milliseconds,'® a protocol was chosen in which the
pulse length was only slightly longer than the expected time-
to-boil. When sufficient time was allowed between pulses
for the tissue to cool, the damage induced was purely me-
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chanical and contained no visible signs of thermal denatura-
tion. If the duty factor was increased, i.e., the cooling time
was decreased, or if the pulse length was considerably longer
than the time-to-boil (>30 ms), then the lesion morphology
changed and contained increasing amounts of thermal dam-
age. No evident thermal effects were detected when using
duty factors of less than 0.02 and pulse durations of less than
30 ms. Higher duty cycles or longer pulses produced a thick
white paste with varying degrees of thermal denaturation.

No evidence of thermal denaturation in the emulsified
lesions in the gels and in tissue were present, which may
seem contradictory since temperatures at the focus were
close to 100 °C. However, according to previous measure-
ments, the region heated by shock waves is extremely local-
ized (0.2 mm in width at 1/2 level).'” Thus, some amount of
BSA protein in the gel or some volume of tissue may be
denatured, but it was negligible compared to the volume of
the resulting lesion and may only be detectable using more
sensitive protein analysis methods, which were not
employed here.

In previous studies on histotripsy, it was demonstrated
that microsecond-long pulses of shock waves can produce
purely mechanical tissue damage.* The physical mechanism
for this effect has been attributed to cavitation. The pulsing
method proposed here to produce emulsification is different
in that the acoustic pressures are about two times lower and
the pulses are about 1000 times longer. The method relies on
generating shock amplitudes of 40—80 MPa at the focus to
produce enhanced heating rather than relying on generating
very large negative pressures to produce cavitation clouds,
as used in the histotripsy approach. Inertial cavitation, but
not the densely populated bubble clouds seen in histotripsy,
was also present in all of our exposures, as shown by high-
speed images obtained in gels; however, emulsified lesions
were obtained only when shocks and repetitive boiling were
present. This reliance on heating was best demonstrated in
experiments where the power to the HIFU source was varied
from 110 to 236 W (exposures 1-3 in Table I). As the power
was decreased, the shock amplitude and consequently the
heating rate, decreased dramatically (Fig. 2), whereas the
peak negative pressure, responsible for cavitation, was
nearly unchanged and was always above the cavitation
threshold of the gel phantoms.”> When a shock front did not
form (power setting 1 in Fig. 2) boiling was never initiated
with the pulsing parameters used and tissue damage was not
observed.

In multiple experiments, boiling bubbles were readily
observed on B-mode ultrasound in gels and in tissue. Fur-
ther, correlations between cavitation and boiling bubble ac-
tivity were further studied by comparing high-speed images
obtained in gel phantoms with simultaneous B-mode images.
In gels, boiling bubbles appeared as bright and persistent
echogenic regions, whereas cavitation bubbles appeared as
dim and transient echogenic regions, and disappeared shortly
after HIFU was turned off. When boiling was not initiated,
bright hyperechoic regions were not observed. In tissue, boil-
ing bubbles also appeared as bright echogenic regions,
but cavitation was not sufficiently echogenic to be observed
in inhomogeneous tissue. These findings have further
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implications in ultrasound-guided HIFU. In several publica-
tions, the appearance of bright persistent echogenicity on
B-mode ultrasound was interpreted as cavitation and was
considered to be unrelated to thermal effects.?*” Our results
described herein suggest that the appearance of this type of
echogenicity likely represents boiling, and thus implies heat-
ing of the tissue to 100 °C. In histotripsy studies, echogenic-
ity was observed during treatments, but was associated with
the evolution of a dense cavitation bubble cloud, which can
only be initiated in bulk tissue at extremely high (>20 MPa)
negative pressures.

The technique for mechanical tissue disruption pre-
sented herein relies on the ability to estimate the in situ time-
to-boil. The time-to-boil can be consistently measured from
the initiation of HIFU-source-voltage fluctuations in vitro
and ex vivo."" These measurements corresponded well to
theoretical predictions based on weak shock theory and were
repeatable in ex vivo tissue. The characterization data of a
HIFU field in water and the application of nonlinear derating
methods thus can provide a good estimation of the in situ
shock wave amplitude and the time-to-boil, which was
shown here to be within 1-2 ms from the measured one, i.e.,
25% accuracy. B-mode ultrasound can also provide another
means of measuring the time-to-boil. Short millisecond
HIFU pulses can be sent at low PRF (~1 Hz), and the pulse
duration can be gradually increased until echogenicity
appears at the focus, which corresponds to the start of boil-
ing. Once the time-to-boil is determined for a specific HIFU
output and frequency, the extent of thermal effects and the
size of the lesion can be controlled by choosing appropriate
sonication parameters such as the PRF and pulse duration.

In cases when purely mechanical tissue destruction was
induced in the present study, the contents of the lesion did
not appear to have tissue remnants large enough to be seen
by the naked eye (~100 um). The residual liquid contained
in the lesion appeared homogenous and had the same color
as the undisturbed tissue. With an increase of the pulse dura-
tion and/or the duty factor, the lesion transformed into a void
with coagulated edges, filled with white paste, and was not
intact at the edges. A further increase in pulse duration and/
or duty factor resulted in a solid thermal lesion with an
evaporated core, which is typical for HIFU treatments using
continuous exposures (>1 s) with boiling. In the future,
more thorough analysis of the lesion contents could be per-
formed, as has been done in histotripsy experiments.*®

The mechanisms of tissue emulsification using shock
wave heating and millisecond boiling are yet to be under-
stood. We propose here two mechanisms based on our exper-
imental observations. One mechanism can be attributed to
the explosive growth of a boiling bubble in superheated tis-
sue (i.e., temperatures of greater than 100 °C before boiling
initiation). We speculate that shear stress on tissue resulting
from rapid bubble expansion may lead to rupture of connec-
tive tissue and cell membranes. The bubble cools down and
stops growing once it becomes larger than the localized focal
region heated by shocks. This is in agreement with observa-
tions as the head of the emulsified lesion is round and its size
corresponds to the length of the focal zone of the HIFU
beam where heating by shock waves occurs.
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Besides boiling bubble expansion, the presence of
shocks in combination with a millimeter-sized void at the
focus, suggests another mechanism of mechanical tissue
damage. As illustrated in Fig. 4, a multilayered cavitation
bubble cloud forms in front of the boiling bubble. These
bubbles are presumably initiated by very high negative pres-
sures caused by reflection of shock waves from the free
boundary of the bubble, conversion of high amplitude com-
pressional peak pressures into rarefactional pressures and in-
terference of this rarefaction phase of the incident wave with
the incident pulse, first at a distance ~1/4 of a wavelength
from the bubble interface and then every 1/2 of a wave-
length. This effect has been observed previously in litho-
tripsy fields and the formation of multi-layer bubble clouds
in HIFU fields has recently been reported.?*** The formation
of bubbles also may weaken the structure of the medium in
front of the boiling bubble, allowing radiation force to tear
the layer adjacent to the bubble and push pieces of gel or tis-
sue into the cavity. Again, this mechanism is also limited to
the region, where shocks and boiling bubbles are present.

The results obtained with the proposed millisecond-boil-
ing method show significant potential for clinical HIFU
applications. Voids in tissue were obtained with clinically
relevant HIFU amplitudes and transducer dimensions and
were repeatable in location and size. The method utilizes
highly localized enhanced heating by shocks to resolve prob-
lems stemming from the stochastic nature of cavitation that
is inherent in other methods of tissue emulsification. The
presence of nuclei within the heated volume is still necessary
to initiate boiling and therefore the tissue may be super-
heated before boiling starts. The possible superheating of tis-
sue enhances energy concentration at the focus, and leads to
the explosive growth of boiling bubbles and localized me-
chanical tissue damage.

The work presented herein demonstrates that shock
wave heating and millisecond boiling offer an effective
method for inducing mechanical emulsification in tissue
with B-mode ultrasound guidance. The size of the lesions
and degree of thermal effects can be predicted theoretically
and controlled though the proper choice of HIFU frequency
and pulsing scheme.
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