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Abstract—Ultrasonic atomization, or the emission of a fog of droplets, was recently proposed to explain tissue
fractionation in boiling histotripsy. However, even though liquid atomization has been studied extensively, the
mechanisms underlying tissue atomization remain unclear. In the work described here, high-speed photography
and overpressure were used to evaluate the role of bubbles in tissue atomization. As static pressure increased,
the degree of fractionation decreased, and the ex vivo tissue became thermally denatured. The effect of surface
wetness on atomization was also evaluated in vivo and in tissue-mimicking gels, where surface wetness was found
to enhance atomization by forming surface instabilities that augment cavitation. In addition, experimental results
indicated that wetting collagenous tissues, such as the liver capsule, allowed atomization to breach such barriers.
These results highlight the importance of bubbles and surface instabilities in atomization and could be used to
enhance boiling histotripsy for transition to clinical use. (E-mail: jcsimon@uw.edu) � 2015 World Federation
for Ultrasound in Medicine & Biology.
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INTRODUCTION

Ultrasonic atomization is a process that occurs when an
acoustic wave in liquid is directed toward an air interface
(a pressure-release interface); the process is not simple
when the incident wave is a plane wave, and it becomes
even more complex when the incident wave is a narrow,
focused beam. Although liquid atomization has been
studied extensively since the discovery of atomization
in 1927, there remains some doubt as to the exact mech-
anism (Rozenberg 1973; Simon et al. 2012). The most
accepted hypothesis of liquid atomization, called the
cavitation-wave hypothesis, states that atomization arises
from a combination of cavitation bubble oscillations
and capillary wave instabilities (Boguslavskii and
Eknadiosyants 1969; Rozenberg 1973). Recently, it was
reported that tissues could also be atomized and that
such atomization occurs in the form of fractionation
and expulsion of tissue from the surface (Simon et al.
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2012). Yet questions remain as to the mechanism under-
lying tissue atomization, particularly the roles of bubbles
and tissue properties in the fractionation and atomization
of tissue. The goal of the work described in this article
was to test experimentally the role of cavitation in the
fragmentation and atomization of ex vivo tissue by sup-
pressing bubble activity with overpressure. The effects
of tissue properties were also investigated, in particular
how the wetness of tissue and its surface affect the incep-
tion and success of atomization and surface erosion
in vivo and in tissue-mimicking gels.

Tissue atomization was first explored to explain the
mechanism of bulk tissue fractionation in a relatively
new high-intensity focused ultrasound (HIFU) approach
named boiling histotripsy (Simon et al. 2012). In boiling
histotripsy, non-linear propagation effects result in the for-
mation of high-amplitude shocks in the ultrasound pres-
sure waveforms and shock-wave heating causes the
formation of a millimeter-diameter boiling bubble at the
transducer focus in milliseconds (Canney et al. 2010).
Interaction of the incident ultrasoundwavewith the bubble
results in the fractionation of tissue into its submicron
components (Khokhlova et al. 2011; Wang et al. 2013).
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With thorough experimentation, it was found that a
fountain could form and atomization could occur within
a millimeter void that mimicked the HIFU-induced boiling
bubble in tissue; that the end result of atomization was
erosion of the flat tissue surface adjacent to the air; and
that the atomized tissue expelled from the flat tissue sur-
face was partially fractionated, though not to the extent
observed in bulk boiling histotripsy (Simon et al. 2012).
By better understanding the mechanism of tissue atomiza-
tion, the safety and efficacy of tissue fractionation by
boiling histotripsy can be enhanced in its further develop-
ment and transition into a clinical therapy.

Several observations were made during these prelim-
inary studies, leading to questions regarding the mecha-
nism of tissue atomization. For example, in the initial
studies it was observed that the time the ex vivo tissue spent
submerged in phosphate-buffered saline (PBS) affected the
rate of tissue atomization and erosion (Simon et al. 2012),
leading to the idea that tissue wetness influences atomiza-
tion. Submersion in PBS is known to cause tissue swelling
because of the changes in cellular metabolism and differ-
ences in salt and sugar concentrations between the tissue
and solution, which affect not only tissue wetness, but
also the mechanical stiffness of the tissue (Boutilier
2001; Kaboyashi et al. 1991; Southard 2004). In
addition, PBS could also influence atomization by
forming a thin liquid layer on the tissue surface that
could ease the formation of capillary waves or other
surface instabilities. Another observation made during
preliminary studies was that highly collagenous tissues
such as the liver capsule are more difficult to atomize.
This relates back to both boiling and cavitation-cloud his-
totripsy therapies, where it has been noted that highly
elastic tissues, such as blood vessels, remained intact while
the surrounding tissue was completely fractionated
(Khokhlova et al. 2014; Vlaisavljevich et al. 2014).
Investigation into the influence of tissue viscoelasticity
and wetness on its atomization could help in determining
the tissue types that can be successfully atomized, as
well as enhancing our understanding of the fundamentals
of the mechanisms of tissue atomization by ultrasound.

In liquids, the cavitation-wave hypothesis most accu-
rately describes what is observed in atomization; however,
in tissues there is much debate as to whether atomization
can be similarly described. In this article, the hypothesis
that bubbles are necessary for tissue atomization was
tested. The effect of bubbles was controlled by applying
excess static pressure to the tissue samples studied. Over-
pressure has been used in other ultrasonic applications
such as HIFU thermal ablation and shock wave lithotripsy
to assess the role of bubbles (Bailey et al. 2001; Bronskaya
et al. 1968; Hill 1971; Khokhlova et al. 2006; Sapozhnikov
et al. 2002). In this work, the role of cavitation in tissue
atomization was established using a custom-designed
overpressure chamber and a high-speed camera. In addi-
tion, the effect of tissue wetness on atomization was eval-
uated, considering the relative effects of bulk and surface
wetness on the erosion volume in ex vivo tissues and
tissue-mimicking gels. High-speed photography was also
used to analyze atomization in vivo, and techniques to
breach the collagenous porcine liver capsule were
explored. Finally, the hypothesis of tissue fragment recir-
culation was investigated to explain the histologic differ-
ences between bulk boiling histotripsy and atomization.
As atomization has been found to explain the mechanism
of tissue fractionation in boiling histotripsy, the ultrasound
frequency, pulse length and pulse repetition frequency
were chosen based on those used in most of the previously
reported boiling histotripsy studies (Khokhlova et al. 2011,
2014; Wang et al. 2013). Although the figures and
supplementary videos included in this article illustrate
single instances of atomization, they represent what was
observed upon repeated experimentation.
METHODS

Effect of overpressure on atomization
The custom-built overpressure chamber with a

2.127-MHz aluminum-lensed HIFU transducer is illus-
trated in Figure 1. The transducer consisted of a flat,
40-mm-diameter, piezoceramic source and an aluminum
lens with a center thickness of 10.8 mm and a focal length
of 40 mm. The static pressure in the chamber was
controlled using a compressed air cylinder with a regu-
lator (ProStar 4092, Praxair, Seattle, WA, USA). To
create a pressure-release interface at the focal plane
with adequate acoustic coupling to the transducer, the
lower half of the chamber was filled with water and the
tissue sample was placed on a mesh platform with a cen-
ter cutout and partially submerged in water. In turn, the
mesh platform was placed on a hollow acrylic cylinder
that fit around the transducer lens. The setup was de-
signed for the distal pressure-release surface of a 1.5-
cm-thick piece of tissue to be located in the transducer
focal plane; however, with the expectation that the tissue
would compress slightly during overpressure, a system
was designed to raise and lower the mesh platform. An
O-ring was placed in the groove between the aluminum
lens of the transducer and the wall of the chamber, under-
neath the acrylic cylinder. The pipe for the hydraulically
controlled water line was placed beneath the O-ring, to
allow the hydraulic pressure to raise and lower the tissue,
even under increased static pressure conditions. This was
essential as once the chamber was sealed, the tissue could
not be otherwise manipulated.

Before experimentation, the focal acoustic pressure
waveforms generated by the aluminum-lensed transducer
were measured in degassed, filtered water with the



Fig. 1. (a) Photograph of the overpressure experimental arrangement. The overpressure chamber is aluminum-walled
with two acrylic windows on opposite sides of the chamber for high-speed photography with backlighting. (b) The inter-
nal structure of the overpressure chamber showing the aluminum-lensed transducer built into the lower lid of the chamber,
the mesh platform that holds the tissue sample and the hydraulic system including the O-ring and acrylic cylinder that is

used to raise and lower the tissue sample once the chamber is sealed.
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fiberoptic probe hydrophone (FOPH 2000, RPAcoustics,
Leutenbach, Germany). The transducer was driven with a
function generator (Model 33250 A, Agilent, Palo Alto,
CA, USA) and a linear radiofrequency amplifier (55-dB
gain, Model 400 B, ENI, Rochester, NY, USA). The
measured acoustic delay to the focus, defined as the loca-
tion of the maximum peak positive pressure, was 29 ms.
The intensity at the focus was calculated by integrating
the square of the focal pressure waveform distorted by
non-linear propagation effects over several cycles and
dividing by the sound speed and density as described in
Canney et al. (2008). The maximum intensity that could
be achieved at the focus in water was 31 kW/cm2, with
corresponding peak pressures of p1 5 80 MPa and
p2 5 219.5 MPa. The 26-dB focal dimensions for the
peak positive pressures near the maximum intensity level
were found to be 0.5 mm transversely and 2.9 mm axially.

Ex vivo bovine livers were obtained from a local
abattoir (Schenk Packing, Stanwood, WA, USA) and
used on the day of harvesting. The liver was cut into sec-
tions approximately 5 3 5 cm with thicknesses of 1–1.5
cm, taking care to avoid large blood vessels and remove
the capsule from the top surface. All liver exposures
consisted of sixty 10-ms pulses repeated at 1 Hz at the
in situ intensity of 22 kW/cm2. (The in situ intensity
was calculated from measurements in water based on
the previously developed derating method for non-
linear focused ultrasound fields assuming a liver thick-
ness of 1 cm and an attenuation coefficient of 0.7 dB/
cm/MHz [Bessonova et al. 2010; Canney et al. 2010].)
Atomization exposures began at atmospheric pressure,
after which the static pressure was increased to 1.4
MPa, 2.4 MPa, 3.4 MPa and the maximum pressure that
could be safely reached in the chamber, 6.9 MPa.
Between each exposure, the chamber was returned to
atmospheric pressure and opened to reposition the liver.
Each exposure site on the tissue sample was aligned at
pressure with pulse-echo by moving the tissue to obtain
the maximum reflected signal amplitude with the timing
recorded on a digital oscilloscope (Model 9350 AL,
Lecroy, Chestnut Ridge, NY, USA). This indicated the
surface of the tissue was at the focus. Exposures were
backlit through the two side acrylic windows and
recorded. The Photron APX-RS high-speed camera
(monochrome, Photron, San Diego, CA, USA) was oper-
ated at 10,000 frames per second (fps) with a resolution of
5123 512 pixels. A Carl Zeiss lens (Makro-Planar, T*2/
100, Thornwood, NY, USA) with a bellows extension was
used to provide a resolution on the order of 20 mm/pixel.
The region of interest was backlit with a continuous,
disperse light source (Photogenic PowerLight 2500 DR,
Bartlett, IL, USA). From the high-speed videos, emitted
particles were sized and the jet velocity was obtained
by tracking the particle over several frames as it was
emitted from the tissue surface.

At the end of each exposure, the liver surface was
photographed and samples were frozen-fixed in Tissue-
Tek O.C.T. (optimum cutting temperature) medium for
histologic analysis. Alternating 8-mm serial sections
were stained with hematoxylin and eosin (H&E) to eval-
uate cellular morphology and nicotinamide dinucleotide
diaphorase (NADH-d) to evaluate enzymatic activity as
an indicator of thermal injury (Wang et al. 2013). Slides
were analyzed on an upright microscope (Nikon Elipse
80 i, Nikon, Melville, NY, USA).
Effect of tissue wetness on atomization

Bulk wetness and atomization. To evaluate the effect
of bulk tissue wetness on atomization, 10 ex vivo bovine
livers were obtained from the local abattoir and cut into
sections as described previously before submersion in
one of four solutions of varying salt and sugar concentra-
tions. Solutions included the University of Wisconsin



Fig. 2. (a) Diagram of the experimental arrangement for the atomization of ex vivo tissues and tissue-mimicking gels. The
air-backed piezoceramic focused transducer was submerged in a tank of degassed water, and tissue or gel samples were
placed in a custom-designed holder and partially submerged in the water so that their surface, distal from the transducer,
was at the transducer focus. Atomization was recorded with a high-speed camera and backlit (not shown). (b) Waveform
measured with the fiberoptic probe hydrophone at the focus in water for the maximum output of the spherically focused,
piezoceramic transducer. The maximum intensity in water, calculated from the non-linear waveform, was 22 kW/cm2

with corresponding maximum measured peak pressures of p1 5 65 MPa and p2 5 216 MPa.
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ViaSpan (which is commonly used in organ transplanta-
tion [Brockbank and Taylor 2006]), phosphate-buffered
sucrose (Lam et al. 1989), phosphate-buffered raffinose
and phosphate-buffered saline (PBS); no solution was
also considered. The liver in the no solution group was
wrapped in a PBS-wetted towel to prevent the tissue sur-
face from desiccating. Both the phosphate-buffered su-
crose and phosphate-buffered raffinose solutions were
prepared according to Lam et al. (1989) with 120 mmol/
L sodium, 60 mmol/L phosphate and 140 mmol/L sucrose
or raffinose. The PBS solution was prepared with 0.9% sa-
line. All solutions were degassed in a desiccant chamber at
285 kPa for at least 1 h before the liver samples were
submerged.

The experimental arrangement is illustrated in
Figure 2a. The liver was placed in a plastic holder with
a cutout in the bottom so as not to interfere with the
acoustic field. The transducer used for this study was a
spherically curved piezoceramic element (PZ 26, Ferro-
perm Piezoceramics, Kvistgaard, Denmark) with an oper-
ational frequency of 2.175 MHz mounted in custom-built
polycarbonate housing. The aperture diameter and radius
of curvature of the transducer were 45 mm. Focal wave-
forms of the transducer were measured in filtered and de-
gassed water with the FOPH before experimentation;
similar transducers were fully characterized and used in
previous boiling histotripsy studies (Canney et al. 2008,
2010; Khokhlova et al. 2011; Simon et al. 2012). The
focal waveform measured at the maximum output of
the transducer in water is illustrated in Figure 2b.

Atomization exposures were comprised of 10, 30, 60
or 120 ten-millisecond pulses repeated at 1 Hz at the in situ
intensity in liver of 16 kW/cm2 (p1 5 53 MPa, p2 5
212.7 MPa), which was calculated as described previ-
ously. As in the overpressure studies, atomization was
backlit and recorded with the Photron high-speed camera.
At the end of the atomization exposures, the eroded tissue
was measured with calipers (assuming a precision of 0.5
mm), and the erosion volume was calculated assuming a
hemi-ellipsoidal geometry. Tissue wetness was quantified
by weighing a small section of the liver sample on the
exposure day and after complete desiccation of the same
section. Desiccation was achieved by a combination of
air-drying on the benchtop and placing the samples in a
low-heat oven at 105�C for at least 48 h until a constant
weight was obtained (Little 1964; Sunderman and
Williams 1931). The water content was then calculated
by taking the difference between the initial and final
weights and dividing by the initial weight.

Three samples taken from randomly distributed loca-
tions within three livers were submerged in each solution.
Within an individual liver sample, each of the four ultra-
sound pulse numbers was repeated three times separated
by at least 6 mm to avoid interactions. For statistical pur-
poses, samples taken from the same liver were considered
independent based on structural inhomogeneities and dif-
ferences in vascularization; the exposure repetition within
the same sample were not assumed to be independent. A
linear mixed effects model with a random intercept was
used to determine whether the solutions affected the
erosion volume for the varying number of applied 10-ms
pulses. Because of the number of samples, p , 0.01 was
considered to indicate significance. (Only a small subset
of this study is presented here; further details of the study
with an analysis of tissue preservation techniques from
acoustic attenuation and sound speed measurements,
viscoelastic measurements and histologic analysis are
included in the dissertation by Simon [2013]).

Surface wetness and atomization. To evaluate the in-
fluence of surface wetness on atomization, a tissue-
mimicking polyacrylamide gel with 2% bovine serum
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albumin was used. Gel was chosen over tissue because of
its homogeneity, and the transparency allowed for obser-
vations both above and below the viscoelastic surface.
The gel was prepared as described by Lafon et al.
(2005). Briefly, filtered water was mixed with a 40%
(w/v) acrylamide solution (Sigma-Aldrich, St. Louis,
MO, USA), a Tris buffer with a pH of 8 and 2% bovine
serum albumin. The solution was degassed for at least 1
h in a desiccant chamber at 285 kPa before adding
10% (w/v) ammonium persulfate solution (Sigma-Al-
drich), and N,N,N0,N0-methylethylenediamine (Sigma-
Aldrich). The solution was poured into seven separate
molds with surface dimensions of 2.5 3 2.5 cm at thick-
nesses of 1–1.5 cm and allowed to solidify.

The experimental arrangement was described previ-
ously and is illustrated in Figure 2a. Each of the seven
separate gel samples was wetted with one of the seven
wetting liquids: water, 70% ethanol, castor oil, glycerol,
n-propanol, olive oil or 1,3-butanediol. These wetting liq-
uids were chosen as atomization had been attempted pre-
viously in the liquids only, with varying levels of success
(Simon et al. 2012). Before the gels were wetted, atomi-
zation was attempted when the gel surface was dry. Then,
a small amount of wetting solution (,1 mL) was added
and allowed to spread evenly across the gel surface.
With the 2.175-MHz transducer that was described previ-
ously, the gel was exposed to sixty 10-ms pulses repeated
at 1 Hz at the maximum intensity of 22 kW/cm2 (in wa-
ter). Exposures were backlit and monitored with the Pho-
tron high-speed camera. At the end of the 60 pulses, the
gel samples were photographed and measured to record
the size of the eroded volume.

In vivo liver atomization
To validate our extensive ex vivo results for clini-

cally related conditions, atomization was studied in vivo
using a porcine animal model. These studies were
approved by the University of Washington Institutional
Animal Care and Use Committee. For the studies, the
abdomen was opened to expose the liver. A water-filled
cone with a Tegaderm membrane and ultrasound gel
were used to couple the same 2.175-MHz focused trans-
ducer that was described previously to the underside of
the liver surface. As the distance from the water-filled
cone to the transducer was 1.5 cm, liver sections approx-
imately 1.5 cm thick were selected using pulse-echo and
caliper measurements. Because of the breathing motion
of the pig, the transducer and the liver were held in place
and the position was visually maintained.

In vivo atomization exposures were conducted in at
least two pigs in locations where the liver capsule was
excised (for comparison to bulk ex vivo atomization
studies) and intact. As preliminary ex vivo results indi-
cated that the intact liver capsule was difficult to atomize,
the in vivo intact liver capsule exposures were conducted
both when the liver capsule was dry and when the capsule
was wetted with saline or a surfactant. These wetting liq-
uids were chosen to test the influence of surface tension
on the atomization and erosion of the liver capsule. The
surfactant was Dawn dish soap mixed in water at a 20
mL soap to 80 mL water ratio with a reported surface ten-
sion of 24.5 mN/m (Albaugh et al. 2008), which is
approximately one-third the surface tension of water.
This corresponds to a calculated capillary wavelength
of 5.1 mm in the surfactant (as compared with 7.3 mm
in water) because the wavelength is proportional to the
surface tension raised to the one-third power
(Rozenberg 1973). By conducting these studies in vivo,
disruption of the liver capsule could be identified through
bleeding, circumventing the need to visually or histolog-
ically find any small fissures in the liver capsule.

The in vivo exposures were recorded with the Pho-
tron high-speed camera with back and side lighting by
the Photogenic light source in addition to top lighting
by the lights in the surgical suite. At the end of the expo-
sures, photographs were taken of the liver surface, and
samples were removed and fixed in 10% neutral buffered
formalin. Samples were embedded in paraffin and 5-mm-
thick sections were stained with H&E for histologic
analysis.
Atomization and recirculation
Previous histologic results have revealed that atom-

ized tissue fragments expelled from a flat tissue surface
are not fractionated to the same extent as was observed
in bulk boiling histotripsy (Simon et al. 2012). One
possible explanation for this difference could be the recir-
culation of the tissue fragments within the vapor void
formed in bulk boiling histotripsy. Indeed, if the tissue
fragments are exposed to HIFU repeatedly, because of
the space constraints of the void they will become smaller
and smaller after each repeated exposure. To test whether
recirculation of the atomized particles caused complete
fractionation of the tissue cells, an approximately 3-mm
cube of ex vivo bovine liver was placed in the bulb of a
1-mL polyethylene pipet. The pipet bulb was partially
submerged in water for coupling to the same 2.175-
MHz transducer operated with 10-ms pulses at 1 Hz, as
described previously. A clamp was placed slightly above
the tissue sample to minimize sample motion from the
acoustic radiation force while maintaining the tissue–air
interface. When the fractionated tissue occluded the tis-
sue–air interface, the remnants of the bulk tissue sample
were removed, and the remaining liquefied tissue was
further circulated. On removal from the pipet, the recircu-
lated and liquefied tissue was smeared onto a microscope
slide and stained with H&E for histologic analysis.



Fig. 3. Select frames from the high-speed videos of overpressure atomization. In the first row, atomization proceeds at
atmospheric pressure (0.1 MPa), and 20- to 180-mm droplets are released at 5–7 m/s. When the pressure is increased
to 1.4 MPa, droplets are uniformly small (on the order of 20 mm or 1 pixel in diameter) and released at 2–3 m/s.
When the pressure is further increased to 3.4 or 6.9 MPa, droplets are still very uniform in diameter (on the order of
20 mm or 1 pixel) and released at the same 2–3 m/s velocity. As the pressure increases, the curvature of the tissue mound
becomes shallower with no significant change in mound height. This figure is shown in video format on-line in

Supplementary Video 1 (see the online version at http://dx.doi.org/10.1016/j.ultrasmedbio.2014.12.022).
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RESULTS

Effect of overpressure on atomization
As illustrated in Figure 3, at atmospheric pressure

and the in situ intensity of 22 kW/cm2 (p1 5 67.4
MPa, p2 5 216.4 MPa), atomization of bovine liver
with the aluminum-lensed transducer proceeds similarly
to what was observed previously (Simon et al. 2012);
droplets are released from a mound in bovine liver at ve-
locities of approximately 5–7 m/s, ranging in diameter
from less than 1 pixel (20 mm) up to 180 mm. However,
when the static pressure is increased even to 1.4 MPa, at-
omization of bovine liver looks qualitatively different;
the emitted droplets are uniformly small (less than 1 pixel
[20 mm] in diameter) and the mound in bovine liver has a
more shallow curvature. The uniformly small droplets
and decrease in the bovine liver mound curvature
continue as the static pressure increases to 2.4, 3.4 and
6.9 MPa, though at 3.4 and 6.9 MPa, an occasional larger

http://dx.doi.org/10.1016/j.ultrasmedbio.2014.12.022


Fig. 4. Upper: Photographs of the liver surface immediately after atomization at different overpressure levels. At atmo-
spheric pressure, a cavity is observed in the tissue surface. The thermally denatured mound of tissue at 1.4 MPa was
disturbed during the study; however, the other overpressure levels show the thermally denatured mound that forms after
the atomization exposure. Lower: Photographs of the liver surface after blotting to remove excess liquids and the ther-
mally denatured mounds of tissue. As before, a cavity is observed at atmospheric pressure with no evidence of thermal
denaturation of the surrounding tissues. When the static pressure is increased, a cavity is still observed (after the mound is
removed), surrounded by a thermally denatured tissue border. The final column in the figure illustrates that the cavity in
the liver surface when the liver sample was returned to atmospheric pressure did not significantly differ from that of the

original atmospheric pressure exposure. Bar 5 3 mm.
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droplet approaching 130 mm in diameter is released.
Although it is difficult to get an accurate velocity mea-
surement for the fine droplets emitted during overpres-
sure, the estimated velocity is 2–3 m/s for all
overpressure levels from 1.4 to 6.9 MPa. When the pres-
sure is again reduced to atmosphere, atomization appears
similar to what was observed before the pressure was
increased. The mound height does not appear to be corre-
lated with the static pressure level and varies between 2.5
and 3 mm for all levels of overpressure.

At the end of sixty 10-ms pulses repeated at 1 Hz, the
tissue surface was photographed both in the chamber
(Fig. 4, upper) and after surface blotting (Fig. 4, lower).
As expected from initial atomization studies (Simon
et al. 2012), a cavity is observed at atmospheric pressure,
but when the pressure is increased, a mound of thermally
denatured liver is observed at the exposure site. When the
liver surface is blotted, this mound of tissue becomes de-
tached, and a cavity is visible in the tissue surface sur-
rounded by a thermal border; no thermal border is
evident on gross examination of the cavity from the expo-
sures at atmospheric pressure.

In Figure 5 are histology images of samples at atmo-
spheric pressure (0.1 MPa), 2.4 MPa, and 6.9 MPa. At at-
mospheric pressure, the histology reveals that the cavity
in the tissue surface is approximately 2 mm in diameter
and in depth. The NADH-d stain reveals some sections
of lighter staining in the cellular debris within the cavity
and in some of the cells at the edge of the cavity, indi-
cating reduced enzymatic activity or slight thermal dam-
age to the tissue. At 2.4 MPa, a cavity approximately 1.7
mm in diameter is observed that reaches 3.2 mm below
the tissue surface, with enzymatically inactive, or ther-
mally denatured, cells and debris extending from the cav-
ity to the tissue surface and beyond. Upon magnification
of the tissue in the mound above the tissue surface, ther-
mal damagewith little to no cellular structure is observed,
suggesting that the tissue was partially or completely
fractionated before thermal denaturation. However, the
tissue in the focal path beneath the tissue surface appears
granular, which suggests the tissue was thermally dena-
tured before fractionation. At 6.9 MPa, the degree of tis-
sue fractionation is reduced. Tissue below the surface is
thermally denatured but not fractionated; however, the
mound above the surface exhibits thermal injury with
some granularity, suggesting that the tissue was at least
partially denatured before fractionation. At 6.9 MPa,
there is no cavity beneath the liver surface, and the tissue
has a somewhat triangular or hemi-ellipsoidal pattern of
thermal injury that is different than what was observed
at lower overpressure levels.
Effect of tissue wetness on atomization

Bulk wetness and atomization. On analysis of the
high-speed videos of atomization after submersion of
ex vivo bovine liver samples in one of the four solutions
or in the PBS-wetted towel, there were no obvious differ-
ences in the inception of atomization, emitted particle di-
ameters or jet velocities. Statistical analysis of the erosion
volume also revealed no difference between the solutions
(p5 0.48), though the analysis did indicate differences in
the erosion volume for the varying number (10, 30, 60,
120) of 10-ms pulses repeated at 1 Hz (p 5 0.001).
Figure 6 is a plot of the percent water content versus
the eroded tissue volume for the exposures consisting of
sixty 10-ms pulses repeated at 1 Hz. The plot indicates
there is no correlation between water content and eroded
tissue volume for the tested range of tissue wetness be-
tween 55% and 87%.



Fig. 5. Nicotinamide dinucleotide diaphorase (NADH-d)- and hematoxylin and eosin (H&E)-stained sections taken from
liver treated with sixty 10-ms pulses repeated at 1 Hz in the overpressure chamber. (a) Representative NADH-d-stained
sample of the cavity in tissue after atomization at atmospheric pressure. There is a slight lightening of the stain at the tissue
borders, indicating some thermal injury as evidenced by the reduced enzymatic activity. (b) NADH-d-stained sample after
atomization at 2.4 MPa, with two magnified images taken from an H&E-stained serial section. The NADH-d stain reveals
a cavity beneath the tissue surface, with thermally denatured tissue spanning from the cavity to the tissue surface and
beyond. On magnification of the tissue in the mound (upper H&E stain), little to no cellular structure is present in the
thermally injured tissue; however, on magnification of tissue below the surface (lower H&E stain), the thermally injured
tissue is more granular in appearance, indicating partial tissue denaturation before incomplete fractionation. (c) Large
NADH-d-stained sample after atomization at 6.9 MPa with two magnified H&E-stained regions. The NADH-d stain re-
veals a large, thermally denatured tissue region and mound. Note the two areas of blue/purple shading within the ther-
mally denatured region are likely due to staining artifact (Wang et al. 2013); the tissue is still thermally denatured. On
magnification of the thermally denatured tissue below the tissue surface (lower), the tissue is thermally denatured but
not fractionated; however, on magnification of the tissue in the mound (upper H&E), partial tissue fractionation after

the thermal denaturation is visible.

Tissue Atomization by HIFU d J. C. SIMON et al. 1379
Surface wetness and atomization. Atomization and
fountain formation occurred when the tissue-
mimicking polyacrylamide gel surface was wetted
with any of the seven liquids (water, 1,3-butanediol, n-
propanol, castor oil, glycerol, 70% ethanol and olive
oil), though not when the gel surface was dry. In
Figure 7 are selected frames from the high-speed videos
of the dry, water-wetted, 70% ethanol-wetted and
glycerol-wetted gel surfaces. These results are summa-
rized in Table 1. In the first row in Figure 7 are selected
frames from the video of the dry gel surface where sub-
surface cavitation and mound formation but no atomiza-
Fig. 6. Plot of tissue wetness versus erosion volume for the
exposures of sixty 10-ms pulses repeated at 1 Hz. Although
there are several outliers on both axes, there is no correlation be-
tween the percent water content and the volume of eroded tissue

(p 5 0.48).
tion is observed. On examination of the gel surface after
sixty 10-ms pulses, a mound rather than a cavity is
observed in the gel surface because atomization does
not occur when the gel surface is dry. Conversely, the
frames from the water-wetted gel reveal significant at-
omization, with jet velocities ranging up to 17 m/s and
a relatively homogeneous particle size distribution
with diameters on the order of 1 pixel (20 mm). Subsur-
face cavitation is present within and below the surface
mound. The end result of water-wetted gel atomization
is a cavity in the gel. When the gel is alcohol-wetted
with 70% ethanol or n-propanol (not shown), initial
jetting is followed by the formation of a mound that en-
hances atomization. Jet velocities generally range from
6 to 8 m/s, though some of the initial jets reach 13 m/s,
and droplets are one to several pixels in diameter (20–60
mm). Surprisingly, atomization of the glycerol-wetted
gel is more similar to the atomization of the alcohols
than to that of castor oil, perhaps because of the hydro-
lysis of the castor oil by the water-based polyacrylamide
gel. With glycerol, a fine mist is ejected before the
mound forms and enhances atomization. The diameters
of the droplets are very small, with most of them on the
order of several pixels (�60 mm) in diameter; a few
droplets reach 300 mm in diameter. Jet velocities are
4–6 m/s, though a few jets reach 10 m/s. In the videos
for all wetting liquids and for the dry surface, cavitation
activity is observed beneath the surface. The end result
of atomization with any of the wetted gels is a cavity



Fig. 7. Selected frames from the high-speed video of tissue-mimicking polyacrylamide gel atomization at the dry, water-
wetted, 70% ethanol-wetted, and glycerol-wetted gel surface (rows from top to bottom). In the last column are photo-
graphs looking through the gel at the depth of the eroded cavity after sixty 10-ms HIFU pulses repeated at 1 Hz.
When the gel surface is dry, frames from the high-speed video reveal that a mound forms in the gel with subsurface cavi-
tation activity (indicated by an arrow in fourth frame), but there is no jetting or atomization. The result of sixty 10-ms
HIFU pulses in the dry gel is a mound on the gel surface (as illustrated in the top row, right column). For gel samples
wetted with water, 70% ethanol or glycerol, the frames from the high-speed videos reveal that the mound still forms
with subsurface cavitation activity closer to the gel surface (indicated by arrows in the fourth frame) and that jetting
or atomization arises from the surface of the mound. The end results of thewetted exposures are cavities in the gel samples
as illustrated in the last column. This figure is shown in video format on-line in Supplementary Video 2 (see the online

version at http://dx.doi.org/10.1016/j.ultrasmedbio.2014.12.022).
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in the gel surface. For all of the liquids except olive oil,
the surface diameters of the cavities are similar at 2 mm;
the surface diameter of olive oil is slightly smaller at 1.5
mm. The depth of the cavities had more variation,
perhaps because of slight differences in the mound cur-
vature and the formation of surface instabilities that
depend on the interfacial interactions between the wet-
ting liquid and the gel. For water, n-propanol, castor
oil and glycerol, cavity depths are similar and range be-
tween 4 and 6 mm. The cavities for 1,3-butanediol, 70%
ethanol and olive oil are slightly shallower and range
between 2.5 and 3 mm in depth.

In vivo liver atomization
In Figure 8 are selected frames from the high-speed

video of atomization of an in vivo porcine liver without
the capsule at the in situ intensity of 16 kW/cm2. Atomi-
zation begins with the release of liquid jets, followed by

http://dx.doi.org/10.1016/j.ultrasmedbio.2014.12.022


Table 1. Liquid-wetted polyacrylamide gel atomization and erosion descriptors

Liquid

Jet velocity (m/s)* Emitted drops (mm) Mound (mm)y Eroded cavity (mm)z

Range Max Range Max Width Height Width Depth

None, dry N/A N/A N/A N/A 3.8 0.9 N/A N/A
Water 5–8 17 20–60 200 3.1 0.7 2 5
1,3-Butanediol 5–8 16 60–200 360 2.6 0.9 2 3
Olive oil 4–7 13 100–200 200 3.5 1.1 1.5 2.5
n-Propanol 6–8 8 20–60 60 3.2 1.1 2 5.5
70% Ethanol 6–8 13 20–60 160 3.1 0.8 2 3
Castor oil 2–4 7 100–400 1,500 2.9 1.2 2 6
Glycerol 4–6 10 20–100 300 3.1 0.9 2 4

* Ranges for jet velocities and emitted drops are the median jet velocities and droplet diameters, though they range up to the maximum jet velocity or
drop diameter.

y Mound dimensions were taken at 7.4 ms into the 10-ms pulse.
z Eroded cavity dimensions are to the nearest 0.5 mm, and were measured after sixty 10-ms pulses repeated at 1 Hz. The liquid was added to the gel

surface at least 2 min before the exposure began.
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the formation of a small tissue or liquid mound that en-
hances atomization. Droplets of diverse sizes ranging
from 1 pixel (20 mm) to 260 mm are generally released
at velocities of 6–10 m/s, though a few jets reach up to
15 m/s. In some cases, near the end of the 10-ms pulse,
the number of jets released decreases, perhaps because
of the depletion of surface blood. The end result of atom-
ization is erosion from the tissue surface (Fig. 9a).
Because of the breathing motion of the pig and the result-
ing visual maintenance of transducer position, erosion
tracks are observed in the tissue surface, rather than the
discrete cavities that were observed in ex vivo tissues. A
section of tissue spanning the erosion tracks was analyzed
histologically as illustrated in Figure 9b; blood pooling is
observed beneath the tissue surface (solid arrows), with
evidence of liver cells torn from the surface at the erosion
site (dashed arrows). There is no evidence of gross ther-
mal injury near or below the targeted region, and there is
no evidence of subsurface boiling histotripsy.

In addition to the attempts to atomize the in vivo
porcine liver without the capsule, another series of expo-
sures were conducted on the intact capsule. Figure 10a
illustrates attempted atomization of the dry intact
Fig. 8. Select frames from the high-speed video of in vivo porci
is already jetting from a small mound in the tissue or in the blood
sizes are being emitted from the tissue surface in addition to a
more jets are emitted from the tissue surface; however, in this ca
jets decreases, perhaps because of the depletion of surface

Supplementary Video 3 (see the online version at http:/
porcine liver capsule. From these two images taken
from the high-speed video, it is apparent that although
the surface of the liver becomes convex from the radia-
tion force, no droplets are released and there is no dam-
age to the liver capsule. Then, the liver capsule surface
was wetted with saline and atomization was attempted
again, as illustrated in Figure 10b. As in the dry capsule
exposure, the liver surface becomes convex with the
addition of a liquid fountain and significant atomization.
Yet the liver capsule is not breached when wetted with
saline; no bleeding is observed during the exposure,
and the histology reveales no disruption in the layer of
two or three cells comprising the liver capsule
(Fig. 10c, inset). Tissue fractionation along with blood
pooling and even some mild thermal injury extends
2.5 mm beneath the tissue surface in Figure 10c; in other
samples, the injury extends up to 4.6 mm beneath the tis-
sue surface. The other wetting liquid that was tested was
a surfactant. During the surfactant-wetted exposures,
three of the five treatment locations begins to bleed after
3 to 4 min of continuous HIFU pulsing (with the breath-
ing motion of the pig, we expect that this corresponds to
fewer than 60 pulses in an isolated location). During the
ne liver atomization without the capsule. At 0.2 ms, there
wetting the tissue surface. By 0.5ms, more jets of various
fog of very small droplets. As the HIFU pulse continues,
se, near the end of the 10-ms pulse, the number of emitted
blood. This figure is shown in video format on-line in
/dx.doi.org/10.1016/j.ultrasmedbio.2014.12.022).

http://dx.doi.org/10.1016/j.ultrasmedbio.2014.12.022


Fig. 9. (a) Photograph of the porcine liver surface without the capsule after the atomization exposure. Three tracks are
visible in the surface (indicated by white arrows), rather than discrete cavities, because of the breathing motion of the pig
and other experimental arrangement constraints. (b) Hematoxylin and eosin-stained histology image spanning one of the
tracks in the liver surface. Blood pooling (indicated by solid black arrows) is observed beneath the cavity in the tissue
surface, and the tissue appears torn away (some fragments indicated by dashed black arrows) from the bulk liver. No

cellular desiccation or evidence of thermal injury is visible in the histology section.
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exposure, a significant amount of bruising is observed
beneath the capsule surface before the breach occurs.
This is similar to what was observed when the liver
capsule was wetted with saline, though the capsule never
was breached. In Figure 11 are frames from a high-speed
video taken during the surfactant-wetted HIFU exposure
of the intact liver capsule. As in the other ex vivo and
in vivo exposures, atomization begins with the initial
jetting of fine particles followed by the formation of a
mound. As the 10-ms pulse continues, a surfactant foun-
tain and surface waves form on the liver capsule and sub-
stantially increase atomization. The end result of the
surfactant-wetted exposure is a small breach in the liver
capsule as evidenced by bleeding during the exposure.
The jet velocities in this video are approximately 10
Fig. 10. (a) High-speed video frames of in vivo dry liver cap
perhaps because of the natural wetness of the liver before, atomi
is a stray hair as opposed to an atomized jet. (b) High-speed vi
this case, atomization begins immediately and continues through
as illustrated in the hematoxylin and eosin-stained histology slid
the injury extends approximately 2.5 mm beneath the tissue sur
constituting the liver capsule remains intact (thickness of the i
mechanical fractionation of the tissue immediately below the liv

line in Supplementary Video 4 (see the online version at h
m/s, with ejected droplets ranging from 1 pixel (20
mm) to 720 mm in diameter.

Atomization and recirculation
Figure 12 illustrates the results of repeated atomiza-

tion in a confined volume. Only cellular debris with a few
dying cells are present throughout the histology sample,
with no whole cells or nuclei. The total HIFU exposure
time was approximately 3 min; however, motion of the
tissue sample out of the transducer focus leads to the sup-
position that fewer pulses are needed to fully fractionate
bulk tissue. These results concur with what is observed
after boiling histotripsy exposures and confirm our hy-
pothesis that recirculation of the fountain projectiles is
necessary for complete tissue homogenization.
sule atomization. A fog of droplets is released initially,
zation ceases. The line just to the right of the tissue mound
deo frames of saline-wetted liver capsule atomization. In
out the 10-ms pulse. Yet the liver capsule does not breach
e in (c). (c) The large image reveals that for this example
face. The inset reveals that the layer of two or three cells
ntact capsule indicated by arrows) with almost complete
er capsule cells. (a) and (b) are shown in video format on-
ttp://dx.doi.org/10.1016/j.ultrasmedbio.2014.12.022).
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Fig. 11. High-speed video frames of surfactant-wetted in vivo liver capsule atomization. In the first frame at 0.2 ms, the
mound in the tissue surface is forming and the initial jets are being released from the capsule surface. By the second frame
taken at 1 ms, a fog of droplets continues to be released, and surfacewaves (crests indicated bywhite arrows) are visible on
or within the liver capsule. These waves continue to form on the capsule, and a fountain has developed by 2 ms. The foun-
tain and surface waves enhance atomization and cause a breach to form in the liver capsule, as evidenced by bleeding
during the atomization exposure. This figure is shown in video format on-line in Supplementary Video 5 (see the online

version at http://dx.doi.org/10.1016/j.ultrasmedbio.2014.12.022).
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DISCUSSION

Evidence from these studies supports both surface
instabilities and bubble activity as contributors to tissue
atomization. In the first study, overpressure was used to
illustrate that bubbles are important to tissue fractionation
by atomization; as the static pressure of the system
increased, the degree of tissue fractionation decreased.
It was difficult to discern whether these bubbles arose
from acoustic cavitation or heat deposition and boiling.
That there was no apparent change in the appearance of
atomization in the high-speed videos at the predicted
boiling time for each overpressure level would suggest
that boiling, if it occurred, played only a minor role in tis-
sue atomization. However, overpressure also caused ther-
mal denaturation rather than ejection of the fractionated
tissue. At atmospheric pressure, the results suggest that
bubble activity beneath the surface, along with surface in-
stabilities and spallation, caused liquefaction and atomi-
zation of the initially intact tissue. When the static
Fig. 12. Hematoxylin and eosin-stained histology image
revealing cellular debris and bubbles after recirculation of the
fountain projectiles. A few damaged cells remain in the sample

as indicated by the dashed circles in the figure.
pressure is increased, bubble activity is reduced (Bailey
et al. 2001), slowing the rates of tissue liquefaction and
atomization, as evidenced by the frames from the high-
speed videos in Figure 3 and the histology images in
Figure 5. Thermal denaturation occurs when the reduc-
tion in bubble activity and atomization causes the tissue
to spend more time at the transducer focus.

A change in the atomized droplets is also observed
in the overpressure studies; when the static pressure is
increased to even 1.4 MPa, the droplets are uniformly
small in diameter and emitted at less than half the velocity
observed at atmospheric pressure. As the appearance of
atomization did not change throughout the high-speed
video (100 ms resolution), it is unlikely that thermal dena-
turation explains the change in the emitted droplets. It is
also unlikely that capillary waves describe the mecha-
nism of droplet release because the droplets are only
emitted from the peak of the liver mound rather than
distributed across the entire mound surface. Rather, we
hypothesize that spallation is one of the atomization
mechanisms at atmospheric pressure and becomes the
dominant mechanism of tissue fragment release under
hyperbaric conditions.

Additionally, in the overpressure experiments, a cav-
ity is generated approximately 3 mm beneath the tissue
surface for static pressure levels between 1.4 and 3.4
MPa, yet is not observed consistently at 6.9 MPa. One
explanation for the cavity in tissue is boiling; at 3.4
MPa, the boiling temperature of water is 242�C
(EngineeringToolbox.com 2013). According to the
weak shock theory, with an in situ shock amplitude of
70 MPa, boiling is predicted in approximately 8 ms
(Canney et al. 2010). When the static pressure is 6.9
MPa, the boiling temperature of water increases to
285�C (EngineeringToolbox.com 2013), in which case
boiling is predicted in approximately 10 ms. As individ-
ual HIFU pulses are only 10 ms in duration, the cavity
could be a result of boiling initiation within each HIFU
pulse. However, it is also possible the cavity forms

http://dx.doi.org/10.1016/j.ultrasmedbio.2014.12.022


Fig. 13. Magnified schematic of the hypothesis proposed to explain how wetting the surface of an elastic tissue or
tissue-mimicking gel enhances atomization to erode the surface. (a) Diagram approximating the curvature of the dry
tissue-mimicking gel surface and the interaction of the ultrasound wavewith the pressure-release interface. These approx-
imations illustrate the reflected wave refocusing well beneath the tissue surface, wherewewould expect intense cavitation
to occur and fractionate the tissue or gel. However, when the gel or elastic tissue surface is wetted as illustrated in (b), the
liquid will form surface capillary-type waves and/or fountains. Once the surface waves form, the geometry of the surface
changes, so the ultrasound wave refocuses at or near the gel or tissue surface. Intense cavitation at the viscoelastic surface

from this refocusing could cause atomization and surface erosion to be successful.
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from acoustic cavitation; when the mound is at its
maximum height (approximately 2.5 mm), the transducer
focus is located in the same position as the cavity (with its
center approximately 2.5 mm beneath the tissue surface).
Therefore, with these parameters it is difficult to discern
whether acoustic cavitation bubbles or boiling bubbles
form the tissue cavity under hyperbaric conditions.

The results from the tissue wetness and in vivo
studies suggest that surface wetting can enhance atomiza-
tion. Analysis of the high-speed videos and erosion vol-
umes indicates that atomization occurs similarly (if not
more efficiently) when the capsule is removed in the
in vivo porcine liver than in ex vivo bovine liver perhaps
because of the continuous surface wetting from the blood.
Additionally, in the surface wetness studies, it was found
that wetting the surface of a tissue-mimicking polyacryl-
amide gel caused atomization and erosion, whereas the
dry gel surface did not atomize or erode. Even wetting
the gel surface with liquids that do not atomize on their
own and are rather robust to cavitation, such as glycerol
and castor oil (Simon et al. 2012), causes atomization
and erosion when the liquids are spread in a thin layer
across the gel surface. Furthermore, atomization breaches
the intact in vivo porcine liver capsule when wetted with a
low-surface-tension liquid or a surfactant. One possible
explanation of why surface wetting enhances atomization
is that when the viscoelastic surface is dry, the mound cur-
vature refocuses the reflected and inverted wave deep
within the gel or liver as illustrated in Figure 13a; howev-
er, when the elastic surface is wetted, fountains or capil-
lary waves form in the liquid on the gel or liver surface,
causing the inverted and reflected wave to refocus at or
near the viscoelastic surface, as sketched in Figure 13b.
Intense acoustic cavitation at the focus of the inverted
and reflected wave causes fractionation below the gel or
liver surface (when dry) or erosion of the gel or liver sur-
face (when wetted). Such acoustic cavitation is visible in
the frames from the high-speed videos of atomization in
the transparent, tissue-mimicking, polyacrylamide gel
in Figure 7. Although the properties of the wetting liquid
were not important in the gel, only surfactant wetting of
the in vivo liver capsule caused a breach to form in the
capsule. It is possible that the surface instability wave-
length is too long in saline, causing the inverted and re-
flected wave to refocus too deep within the tissue to
cause the breach. This is evidenced by the tissue injury
extending up to 4.6 mm beneath the tissue surface. The
surfactant has lower surface tension and, therefore, a
shorter instability wavelength, potentially causing the in-
verted and reflected wave to refocus more closely to the
capsular surface and forming the breach.

These studies provide some basic insights into the
mechanisms of tissue atomization, which adds some
practical information for the boiling histotripsy clinical
application. For example, the threshold for atomization
or fractionation is highly dependent on the tissue type,
and there may be techniques to control the atomization
threshold through surface wetting or use of contrast
agents to enhance cavitation. Another example of how
these results relate to the design and practice of boiling
histotripsy is in the choice of ultrasound frequency; cavi-
tation can be reduced with frequency, but the gradient of
surface deformations from the tighter focus may enhance
surface effects. This work also indicates that repeated
HIFU pulsing is needed to fully break up cells into a tis-
sue homogenate, which is an important consideration for
future cancer treatment by boiling histotripsy. Although
these results were primarily experimental in nature,
they enhance our understanding of the atomization mech-
anism of boiling histotripsy, which is important as boiling
histotripsy transitions into a clinical therapy.
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