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Abstract—Our recent studies have demonstrated that
mechanical fractionation of tissue structure with sharply
demarcated boundaries can be achieved using short (�
20 �s), high intensity ultrasound pulses delivered at low
duty cycles. We have called this technique histotripsy. His-
totripsy has potential clinical applications where nonin-
vasive tissue fractionation and/or tissue removal are de-
sired. The primary mechanism of histotripsy is thought
to be acoustic cavitation, which is supported by a tem-
porally changing acoustic backscatter observed during the
histotripsy process. In this paper, a fast-gated digital cam-
era was used to image the hypothesized cavitating bubble
cloud generated by histotripsy pulses. The bubble cloud was
produced at a tissue-water interface and inside an optically
transparent gelatin phantom which mimics bulk tissue. The
imaging shows the following: 1) Initiation of a temporally
changing acoustic backscatter was due to the formation of a
bubble cloud; 2) The pressure threshold to generate a bub-
ble cloud was lower at a tissue-fluid interface than inside
bulk tissue; and 3) at higher pulse pressure, the bubble
cloud lasted longer and grew larger. The results add fur-
ther support to the hypothesis that the histotripsy process
is due to a cavitating bubble cloud and may provide insight
into the sharp boundaries of histotripsy lesions.

I. Introduction

Tissue disruption using ultrasound-induced cavitation
[1]–[9] and shockwaves [10], [11] has been observed by

many researchers. Our recent investigations have shown
that high intensity pulsed ultrasound delivered at low duty
cycles (0.1–5%) can achieve extensive mechanical fraction-
ation of soft tissue. The acoustic pressures effective for tis-
sue fractionation are similar to those found in lithotripter
shockwave pulses. This technique can be considered as
soft tissue lithotripsy, which we call “histotripsy.” Un-
like lithotripsy which commonly uses single-cycle pulses,
pulses of several acoustic cycles in duration are used in his-
totripsy. At a tissue-fluid interface, histotripsy produces ef-
fective tissue removal resulting in clearly demarcated per-
forations [12]. In bulk tissue, histotripsy can fractionate
tissue structure to subcellular levels [13], [14], leaving little
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chance for cell survival. The treated tissue is fractionated
so finely as to appear, for most practical purposes, as a
liquid. Therefore, we refer to bulk tissue fractionation us-
ing histotripsy as “tissue liquefaction” in this paper. The
boundaries of histotripsy lesions in bulk tissue are also
sharply demarcated, with only several microns between
the liquefied margin and the intact cells. Histotripsy has
many potential medical applications where noninvasive tis-
sue fractionation and/or removal are needed. We are cur-
rently investigating the feasibility of applying histotripsy-
generated tissue erosion at a tissue-fluid interface to perfo-
rate the atrial septum (thin tissue between the two atria)
in treatment of a congenital heart disease called hyperplas-
tic left heart syndrome (HLHS) [12], [15], and the feasibil-
ity of applying histotripsy-generated bulk tissue liquefac-
tion in treatment of benign prostatic hyperplasia (BPH)
and prostate cancer.

Tissue ablation using ultrasound can be achieved by
thermal effects due to absorption of acoustic energy-
induced heating [1], [16] or mechanical effects achieved by
energetic microbubble activities (cavitation) [17], [18]. Our
previous study has shown that the thermal dose delivered
in the histotripsy process to achieve tissue fractionation is
below the threshold needed for thermal effects [19]. Even
though the spatial peak pulse average intensity (ISPPA)
used in histotripsy is high (> 10 kW/cm2), spatial peak
time average intensity (ISPTA) is low (< 200 W/cm2) due
to the low duty cycles applied (0.1–5%).

The primary mechanism for histotripsy is believed to
be acoustic cavitation, which is supported by an enhanced,
temporally changing acoustic backscatter observed during
the histotripsy process [20], [21]. Without initiation of this
temporally changing acoustic backscatter, tissue erosion
at a tissue-fluid interface [20] or tissue liquefaction in bulk
tissue [21] was never produced. This acoustic backscatter
was thought to be the sound reflection of histotripsy pulses
from a dynamically changing bubble cloud. We believe it is
the energetic activities of the cavitating bubbles that me-
chanically fragment and subdivide tissue. The temporally
varying acoustic backscatter does not always occur im-
mediately at the onset of the histotripsy pulses [20]. The
time to initiation depends on the pulse parameters (e.g.,
it is shorter at higher pulse pressures). After initiation,
when the histotripsy pulses are still being delivered, the
variable backscatter may stop, which we label as extinc-
tion [20]. When extinction occurs, further tissue erosion
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or tissue liquefaction ceases. The variable backscatter can
be reinitiated without changing the pulse parameters. The
extinction and the reinitiation are both stochastic events.
In this paper, we study the initiation and extinction by si-
multaneously imaging the bubble cloud and recording the
acoustic backscatter signals.

High speed imaging has been used to study cavitating
bubble clouds generated by lithotripter shockwave pulses
[22]–[26]. To investigate histotripsy tissue erosion at a
tissue-fluid interface and tissue liquefaction in bulk tis-
sue, we imaged the bubble cloud at a tissue-water interface
and inside an optically transparent gelatin phantom which
mimics bulk tissue. In this research, the shape and size of
the whole bubble cloud, as well as the size of individual
bubbles inside the cloud, have been studied.

Histology of histotripsy lesions has shown sharply de-
marcated boundaries only a few microns in width in both
in vitro [13] and in vivo [14] experiments. The mechanism
for the sharp boundaries is thought to relate to the na-
ture of cavitation as a threshold phenomenon [27]–[29]. As
an initial investigation of this hypothesis, we compared
the pressure thresholds required to generate a histotripsy-
induced cavitating bubble cloud at a tissue-fluid interface
to those required to generate a cloud inside a gelatin phan-
tom.

The extent and efficiency of tissue erosion or tissue liq-
uefaction generated by histotripsy are largely affected by
the selection of pulse parameters, including pulse pressure,
pulse duration, and pulse repetition frequency (PRF) [12],
[19], [30]. For example, a histotripsy-generated tissue ero-
sion volume increases with increasing pulse pressure, but
the erosion rate along the axial acoustic beam direction
(which contributes the most to perforating the tissue) de-
creases with increasing pressure at high pressure (peak rar-
efactional pressure (PR) ≥ 9 MPa; ISPPA ≥ 5000 W/cm2)
[30]. Here, we investigated the effects of pulse pressure on
the bubble cloud generated by histotripsy pulses, including
the size, shape, and lifetime of the bubble cloud.

II. Methods

A. Sample Preparations

Bubble clouds were generated at a tissue-water interface
and inside an optically transparent gelatin phantom. The
tissue sample was fresh porcine atrial wall (1–2 mm thick)
obtained from a local abattoir and used within 24 h of har-
vesting. All tissue specimens were preserved in 0.9% saline
at 4◦C. Tissue was wrapped over a ring-shaped tube fitting
(2 cm in diameter). Transparent porcine skin-based gelatin
phantoms (Type-A, Sigma-Aldrich, St. Louis, MO) were
used to mimic bulk tissue. Gelatin powder (7% concentra-
tion) was mixed using deionized water and desiccated for
25 minutes to remove any air bubbles [31]. Gelatin phan-
toms were stored at 4◦C overnight and warmed to room
temperature (∼20◦C) before experimentation the follow-
ing day.

Fig. 1. Schematic drawing of experimental setup for high speed imag-
ing and acoustic backscatter recording. The light source position
shown was for bubble shadowgraph acquisition. For whole bubble
cloud imaging with forward lighting, the long-distance microscope
was replaced by lenses described in the methods section and the light
source was moved to the position labeled as “LS” (dashed circle).

B. Ultrasound Generation and Calibration

The overall experimental setup is shown in a schematic
drawing (Fig. 1). Histotripsy pulses were generated by an
18-element piezocomposite (1-3 composite [32]) spherical
shell therapeutic array (Imasonic, S.A., Besançon, France)
with a center frequency of 750 kHz and a geometric focal
length of 100 mm. The therapeutic array has an annular
configuration with outer and inner diameters of 145 and
68 mm, respectively. All of the array elements were ex-
cited in phase. The array driving system, maintained un-
der PC control, consists of channel driving circuitry, asso-
ciated power supplies (Model HP 6030A, Hewlett-Packard,
Palo Alto, CA), and a software platform to synthesize the
driving patterns. The position of the array was adjusted
by a 3-D positioning system (Model A-25, Velmex, Bloom-
field, NY) to align the bubble cloud with the camera. The
array-driving software provided trigger signals to synchro-
nize the bubble image acquisition and acoustic backscatter
collection. More details regarding the synchronization are
provided in the following sections.

The pressure waveform at the focus of the 750-kHz ar-
ray in the acoustic field was measured using a fiber optic
probe hydrophone (FOPH) developed in-house [33] for the
purpose of recording high-amplitude pressure waveforms.
The lateral and axial pressure profiles of the focused beam
were measured to be 2.2 mm × 12.6 mm in width (full
width at half maximum, FWHM) at peak rarefactional
pressure of 14 MPa and 1.8 mm × 11.9 mm at 19 MPa.
The beam width decreased with increasing pressure, as
high frequency components caused by the nonlinear prop-
agation became more prominent at higher pressure. The
PR, peak compressional pressure (PC), and ISPPA [34] used
in experiments were measured for free-field conditions and
are reported in Table I. The acoustic pressure waveform is
shown in Fig. 2. See Table I for other acoustic parameters
and imaging conditions used.
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TABLE I
Summary of Imaging Conditions and Acoustic Parameters for Figs. 3–9.

Pulse parameters
PR PC ISPPA Total #

Fig. # Imaging Environment Pulse duration (MPa) (MPa) (W/cm2) PRF pulses

3 Whole Tissue-water 14 µs (10 cycles) 15.6 36.1 15 k 10 Hz 200
4 bubble Inside Gel 14 µs (10 cycles) > 21∗ > 76∗ > 32 k∗ 10 Hz 200
7 cloud Inside Gel 14 µs (10 cycles) > 21∗ > 76∗ > 32 k∗ 10 Hz 40
8 imaging Tissue-water 14 µs (10 cycles) 21 21 32 k Single —

> 21∗ > 76∗ > 32 k∗ Pulse
9 Inside Gel 14 µs (10 cycles) > 21∗ > 76∗ > 32 k∗ 10 Hz 200
5 Bubble Tissue-water 4 µs (3 cycles) 15.5 28.4 12 k 100 Hz 2000
6 shadowgraph Inside Gel 14 µs (10 cycles) > 21∗ > 76∗ > 32 k∗ 10 Hz 200

∗PR and PC could not be accurately measured due to instantaneous cavitation. At a lower power input,
the PR and PC were measured to be 21 MPa and 76 MPa, respectively.

Fig. 2. Acoustic pressure waveform of a 10-cycle (14-µs) histotripsy
pulse in water at the transducer focus (PR = 21 MPa, PC =
76 MPa).

C. High-Speed Imaging

Bubble cloud images were captured by a fast-gated,
640 × 480 pixel, 12-bit, 10-frame-per-second, intensified
charge-coupled device (ICCD) camera (Picostar HR, La
Vision, Goettingen, Germany) [35]. The ICCD camera can
store up to 200 images at once.

To study initiation and extinction, we synchronized the
bubble cloud imaging with the acoustic backscatter ac-
quisition. The bubble cloud images were taken when the
histotripsy pulse was propagating through the focus. The
acoustic backscatter was recorded as the sound reflection
of the histotripsy pulses from the transducer focus. For ex-
ample, for a 14-µs pulse, images were taken at 10 µs after
its arrival at the transducer focus. For a 4-µs pulse, images
were taken at 3 µs after its arrival at the transducer focus.
To study the effects of pulse pressure on bubble cloud dy-
namics, we took snapshots of the bubble cloud at different
fixed delays (3 µs–1 ms) after the arrival of a histotripsy
pulse.

Two types of bubble images were captured. The image
of the whole bubble cloud was taken using forward lighting.

The bubbles were illuminated by a Xenon arc lamp (Model
60069 Q Series, Oriel, Stratford, CT) at a 30-degree an-
gle with respect to the camera. A field-of-view (FOV)
of 3.6 × 2.7 cm2 was achieved using a normal lens (AF
Nikkor—50 mm f/1.8 D, Nikon, Tokyo, Japan) coupled to
a close-up lens (52 mm, 250 D, Canon, Tokyo, Japan) and a
2× magnification lens (Canon, Tokyo, Japan). The second
image type is a shadowgraph of individual bubbles. To pro-
duce a bubble shadowgraph, bubbles were backlit and the
shadow of bubbles was captured by the camera. For imag-
ing individual bubbles, we used a compact long-distance
microscope (QM 100, Questar Corp., New Hope, PA) with
diffraction-limited 1.1-µm resolution over a 157×209 µm2

FOV at a 14-cm working distance. The gate duration for
the intensifier of the ICCD camera was 200 ns for cap-
turing shadowgraphs of individual bubbles and 100 ns for
capturing forward light images of the whole bubble cloud.
Both setups are presented in Fig. 1.

The ICCD camera captures images by detecting and
recording a count proportional to the photon number at
each pixel. Pixels with bubbles have higher photon counts
(bright) in forward light imaging and lower photon counts
(dark) in shadowgraph. For forward light imaging, the
bubble presence was determined when the photon count
exceeded a threshold of mean +3 standard deviations (SD)
of the photon count at this pixel with no bubbles. For bub-
ble shadowgraphs, the bubble presence was determined
when the photon count fell below a threshold of mean
−3 SD of the photon count at this pixel with no bubbles.

Using the forward light bubble cloud imaging data, we
integrated the area of pixels with bubbles (integrated in-
tersectional area of bubbles). As the camera captured the
image of the bubble cloud along the axial direction of
the ultrasound beam, this integrated intersectional area
of bubbles was used to estimate the axial cross-sectional
area of the bubble cloud.

A bubble shadowgraph imaged a portion of the bub-
bles within the cloud. Based on the shadowgraph data, we
calculated the percentage of the total area of pixels with
bubbles to the whole image area (percentage of intersec-
tional area containing bubbles). This percentage may be
related to the void fraction, defined as the percentage of
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volume occupied by void vapor or gas phase to the total
volume of a two-phase liquid.

D. Acoustic Backscatter

To receive the acoustic backscatter of histotripsy pulses,
a 5-MHz, 2.5-cm-diameter single-element focused trans-
ducer (Valpey Fisher Corporation, Hopkinton, MA) with a
10-cm focal length was mounted confocally with the ther-
apeutic array inside its inner hole. Acoustic backscatter
signals were recorded and displayed as range-gated tempo-
ral voltage traces by a digital oscilloscope (Model 9384L,
LeCroy, Chestnut Ridge, NY). The recorded waveforms
were then transferred through GPIB and processed using
Matlab software (The MathWorks, Natick, MA).

Normalized acoustic backscatter power moving SD was
used to characterize the variability of backscatter. The
details of this method are described in our previous pa-
per [20]. As the acoustic backscatter was due to reflected
histotripsy pulses, the backscatter power was first nor-
malized to a reference proportional to the therapy pulse
power, which was determined by reflection from a stain-
less steel reflector [36]. Normalized backscatter power mov-
ing SD at a time point i was calculated as the SD of
backscatter power at point i, i-1, and i-2 (moving window
size = 3). The initiation and extinction of the temporally
variable acoustic backscatter were detected when the mov-
ing SD exceeded and fell below a threshold for five consecu-
tive pulses, respectively [20]. The initiation and extinction
thresholds were four times and two times, respectively, the
estimated SD of uninitiated backscatter power, which was
estimated from acoustic backscatter signals prior to initi-
ation [20].

III. Results

A. Initiation and Extinction

1. Whole Bubble Cloud Imaging: Imaging results show
that the initiation and extinction of the variable backscat-
ter corresponded to formation and disappearance, respec-
tively, of the bubble cloud generated by histotripsy pulses.
The bubble clouds consisting of multiple bubbles were gen-
erated at a tissue-water interface (Fig. 3) and inside a
gelatin phantom (Fig. 4).

The bubble cloud was not always generated at the onset
of the histotripsy pulses. The time to initiation depends on
the pulse parameters. The formation of the bubble cloud
corresponded well to initiation of the temporally chang-
ing acoustic backscatter. Fig. 3 shows an example of bub-
ble cloud formation and initiation of the variable acoustic
backscatter signals at a tissue-water interface. The bubble
cloud began to form at the 38th pulse after the onset of
insonation (detected by the integrated intersectional area
of bubbles), and the variable acoustic backscatter was also
initiated at the 38th pulse (detected by backscatter power

moving SD). There were variable backscatter signals be-
tween the 4th and 10th pulses; however, no bubbles were
observed. This is likely due to the bubble size being below
the level of detection by the imaging system.

After initiation, histotripsy pulses may stop generat-
ing bubble clouds. The timing of the disappearance of the
bubble cloud corresponded to extinction of the variable
acoustic backscatter. In Fig. 4, a bubble cloud was gen-
erated in a gelatin phantom by histotripsy pulses. Each
pulse produced a bubble cloud consisting of multiple bub-
bles, and the bubble cloud changed from pulse to pulse.
After the 87th pulse, the histotripsy pulses stopped form-
ing bubble clouds. One residual bubble remained static
from pulse to pulse. Correspondingly, the variable acous-
tic backscatter extinguished at the 89th pulse. The slight
difference in timing could be due to: 1) the oscillation of
the residual bubble between the 87th and 89th pulses, but
the oscillation was not large enough to be observed by the
imaging; and/or 2) the production of very small bubbles
between the 87th and 89th pulses, but these bubbles were
too small to be detected.

We used a lower acoustic pressure for the tissue-water
interface than inside the gel because the pressure threshold
to initiate a bubble cloud appears to be lower at a tissue-
water interface (detailed in Section III-D).

2. Shadowgraph of Individual Bubbles: Shadowgraphs
of individual bubbles within the bubble cloud were cap-
tured. The bubble shadowgraphs also demonstrate that
the formation and disappearance of the individual bubbles
corresponded to the initiation and extinction of the vari-
able acoustic backscatter, respectively. For example, both
the initiation of the variable acoustic backscatter signal
and the appearance of the bubbles were observed at the
981st pulse at a tissue-water interface (Fig. 5). In Fig. 6,
the bubbles were first generated in the gelatin phantom by
histotripsy pulses, and variable backscatter was detected.
No bubbles were shown in the shadowgraph after the 30th
pulse, and the extinction of the variable backscatter oc-
curred at the 54th pulse. The difference in timing between
the two is most likely because bubbles were generated out-
side the imaging frame between the 30th and 54th pulses.
The shadowgraph imaged bubbles within a portion and
not the whole bubble cloud.

B. Size and Shape of the Bubble Cloud

The bubble cloud generated by histotripsy pulses ap-
peared to consist of multiple bubbles both inside a gelatin
phantom and at a tissue-water interface. The size and
shape of the bubble cloud changed from pulse to pulse,
but the location of the bubble cloud was consistent over
different pulses using one parameter set. The bubble cloud
generated inside the gel was usually cigar-shaped, as shown
in a summed image of the bubble cloud over 40 snapshots
(Fig. 7). In these 40 snapshots, the bubble cloud produced
in the gel was 1.2–3 mm (diameter along the lateral acous-
tic beam) × 2–7.5 mm (diameter along the axial acoustic
beam). The bubble cloud generated at a tissue-water in-
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Fig. 3. (a) Waveforms of the 25-µs-long range-gated acoustic backscatter signals (top) and the corresponding bubble cloud images (bottom)
produced at a tissue-water interface. The x- and y-axes for the acoustic backscatter waveform are the same as the y-axis and the voltage
scale in (b). (b) Acoustic backscatter signals in slow-time and fast-time display. Each vertical line is a range-gated voltage trace where
voltage is encoded in gray scale. (c) Normalized backscatter power SD as a function of pulse number. (d) Integrated intersectional area of
bubbles as a function of pulse number. Formation of the bubble cloud corresponded to the initiation of the variable acoustic backscatter.
Arrows on the acoustic backscatter trace in (a) and acoustic backscatter fast-time and slow-time image in (b) indicate when the optical
image was taken. Acoustic parameters used in all of the figures are listed in Table I.

Fig. 4. (a) Waveforms of the range-gated acoustic backscatter signals (top) and the corresponding bubble cloud images (bottom) produced
inside a gelatin phantom. (b) Acoustic backscatter signals, (c) backscatter power moving SD, and (d) integrated intersectional area of
bubbles displayed in the same format as Fig. 3(b)–(d). Arrows on the acoustic backscatter trace in (a) and acoustic backscatter fast-time
and slow-time image in (b) indicate when the optical image was taken. The disappearance of the bubble cloud and the extinction of acoustic
backscatter corresponded in time. A residual bubble appeared to remain static in the gel long after the bubble cloud disappeared (hundreds
of ms).
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Fig. 5. (a) Waveforms of the range-gated acoustic backscatter signals (top) and the corresponding bubble shadowgraphs (bottom) produced
at a tissue-water interface. (b) Acoustic backscatter signals and (c) backscatter power moving SD displayed in the same format as Fig. 3(b)–
(c). (d) Percentage of intersectional area containing bubbles as a function of pulse number. Arrows on the acoustic backscatter trace in
(a) and acoustic backscatter fast-time and slow-time image in (b) indicate when the optical image was taken. Both the variable acoustic
backscatter and bubbles appeared at the 981st pulse. Bubble aggregations were often observed (indicated by arrows in the two rightmost
shadowgraphs).

Fig. 6. (a) Waveforms of the range-gated acoustic backscatter signals (top) and the corresponding bubble shadowgraphs (bottom) produced
inside a gelatin phantom. (b) Acoustic backscatter signals, (c) backscatter power moving SD, and (d) percentage of intersectional area
containing bubbles displayed in the same format as Fig. 5(b)–(d). Arrows on the acoustic backscatter trace in (a) and acoustic backscatter
fast-time and slow-time image in (b) indicate when the optical image was taken. The disappearance of bubbles and the extinction of the
variable acoustic backscatter were observed.
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Fig. 7. A summed image (over 40 snapshots) of the bubble cloud
generated inside a gelatin phantom shows the cigar shape of the
cloud.

terface in Fig. 3 did not have a well-defined shape and
changed significantly from pulse to pulse. In comparison
to the bubble cloud generated in the gel, the size of the
bubble cloud was also small, with both lateral and ax-
ial diameter of the bubble cloud shorter than 2 mm. The
small size and irregular shape of the bubble cloud in Fig. 3
may be due to the lower pulse pressure applied. At higher
pulse pressures, the bubble cloud formed at a tissue-water
interface was larger and mostly cone-shaped (Fig. 8). The
base of the cone was attached to the tissue surface and the
tip was directed away from the tissue. Interestingly, the
bubble cloud was divided into sections along the axial di-
rection of the ultrasound beam (Fig. 8). Each section was
separated at half of the wavelength at 750 kHz (1 mm),
which suggests that the section formation was caused by
a standing wave at the tissue boundary. The bubble cloud
changed dynamically with time both during and after the
histotripsy pulse (Fig. 8). In addition, the size and shape
of the bubble cloud were affected by the pulse parameters.
The effects of peak rarefactional pressure on the bubble
cloud are reported in Section III-E.

C. Size of Individual Bubbles

With the assistance of a long-distance microscope, we
were able to recognize individual bubbles above 4 µm in di-
ameter. Bubbles with diameters between 4 and 50 µm were
generated by histotripsy pulses inside a gelatin phantom
and at a tissue-water interface (Figs. 5 and 6). Inside the
gel, the majority of the bubbles were between 8 and 20 µm
(Fig. 6). Bubbles smaller than 4 µm might exist but could
not be clearly identified due to the limited spatial resolu-
tion (1.1 µm). In some images, multiple bubbles appeared
to be connected together. These bubble aggregations may
be caused by the coalescing and/or overlapping of bubbles
along the line of the light beam, and were seen quite often
at a tissue-water interface (Fig. 5). Multiple bubbles can
form aggregations of 100 µm in diameter or even larger.
The bubble shadowgraphs were taken when the histotripsy
pulse was propagating through the transducer focus. Bub-
bles are expected to continue growing after the histotripsy
pulse.

D. Differential Cavitation Pressure Threshold

When histotripsy pulses were focused within a 2.5-cm-
thick gelatin phantom, two bubble clouds were generated

along the ultrasound beam path. One was generated at the
transducer focus inside the gel, and the other was gener-
ated approximately 1 cm away from the transducer focus
at the gel-water interface. However, no bubbles were cre-
ated between the two, where the pressure was higher than
at the gel-water interface (Fig. 9). This result suggests that
the pulse pressure required to generate a bubble cloud was
lower at a gel-water interface than inside the gel. It is pos-
sible that standing waves can form at the front surface of
gel (the surface closer to the transducer) due to the sound
reflection, resulting in increased pulse pressure [Fig. 9(a)].
However, bubble clouds were also generated at the back
surface of gel (the surface away from the transducer) where
standing waves were unlikely to be formed [Fig. 9(b)]. This
second observation suggests that standing waves were not
responsible for bubble generation at gel-water interfaces.
In addition, the bubble cloud generated at the gel-water
interface typically was larger than that created inside the
gel at the transducer focus (Fig. 9), even though the pres-
sure was lower for the former.

E. Effects of Peak Rarefactional Pressure on Bubble Clouds

Fig. 8 shows bubble cloud images generated by a 10-
cycle (14-µs) histotripsy pulse at PR of 21 MPa and >
21 MPa at a tissue-water interface. The pressure levels
for the latter could not be measured successfully due to
instantaneous cavitation at the hydrophone tip. Images
were taken at different time delays (3 µs–1 ms) after the
arrival of a histotripsy pulse. At both pressures, the cloud
persisted long after the pulse, and the bubble cloud lasted
longer at higher PR. Initial bubble cloud formation was
observed at 3 µs. It increased in size with time during the
pulse until 10 µs. The size of the bubble cloud remained
similar at 10, 30, and 100 µs. At 300 µs, a bubble cloud was
not seen at the 21 MPa PR, but a small cloud was observed
at the higher pressure. At 1 ms, no bubble clouds were
observed at either pressure. Small residual bubbles may
still exist but were not seen, due to the camera’s limited
spatial resolution.

The bubble cloud was also larger at higher peak rarefac-
tional pressure. The bubble clouds appeared to be cone-
shaped, growing outward from the tissue surface. At the
21-MPa PR, the peak size of the cloud was about 3.3 mm
long and about 1.9 mm wide at the base of the cone (at
10 µs). At the PR > 21 MPa, the cloud reached its max-
imum size (at 30 µs) of about 4.8 mm long and about
4.3 mm wide at the base of the cone.

IV. Discussion

Using high speed imaging, we observed that a bubble
cloud was generated by histotripsy pulses at a tissue-water
interface and inside a gel phantom which was used to
mimic bulk tissue. The formation and disappearance of
the bubble cloud corresponded to the initiation and ex-
tinction of an enhanced and temporally changing acous-
tic backscatter, respectively. This result suggests that the
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Fig. 8. Images of bubble clouds generated by a 10-cycle (14-µs) pulse at PR of 21 MPa (left) and > 21 MPa (right) at a tissue-water interface.
Each image was taken at a specific time delay (labeled) after the arrival of the histotripsy pulse at the transducer focus (i.e., tissue surface).
The bubble cloud was larger and longer in duration at higher PR.

Fig. 9. Images of bubble clouds generated inside a gelatin phantom and at a gel-water interface (indicated by arrows). When focusing inside
the gelatin phantom, one bubble cloud was generated in the gel at the transducer focus, and another was generated at the gel-water interface
∼1 cm pre-focus (a) and post-focus (b). However, no bubbles were generated in between, where the pressure exceeded that at the gel-water
interface. The ultrasound was propagated from left to right in both images.

variable acoustic backscatter was most likely the sound re-
flection of histotripsy pulses from the dynamically chang-
ing bubble cloud. As our previous studies have demon-
strated, without the initiation of temporally spatially vary-
ing acoustic backscatter, tissue erosion at a tissue-water in-
terface or tissue liquefaction inside bulk tissue were never
produced [20], [37]. The correspondence between the vari-
able acoustic backscatter and the bubble clouds provides
further evidence that the cavitating bubble cloud plays an
essential role in the histotripsy process.

We found that the pulse pressure required to generate a
bubble cloud is lower at a gel-water interface than inside a
gel, which suggests a lower cavitation threshold at a tissue-
fluid interface than inside bulk tissue. This may explain the
sharply demarcated boundaries (several microns in width)

of histotripsy lesions observed both in vitro [12], [13] and
in vivo [14]. The sharp boundaries are probably due to
a very large spatial threshold gradient. The boundary of
tissue erosion exists at the location where the pulse pres-
sure is just below the cavitation threshold at a tissue-fluid
interface. As the pressure threshold within tissue is much
higher, no damage is expected to be produced in surround-
ing tissue. Tissue liquefaction in bulk tissue can first start
where the pressure is higher than the cavitation thresh-
old. When part of the tissue is liquefied, it forms a smooth
liquid resulting in a tissue-fluid interface. From this point
in the process, tissue liquefaction becomes internal tissue
erosion. The liquefaction can continue to expand to where
the pulse pressure is just below the cavitation threshold at
a tissue-fluid interface, resulting in a sharp boundary. Be-



xu et al.: high speed imaging of bubble clouds by histotripsy 2099

cause the pressure threshold in bulk tissue is much higher
than at a tissue-fluid interface, no damage would be done
in the surrounding tissue. Further studies with better con-
trol of cavitation nuclei in gel and water would be needed
to verify this mechanism.

The extent and efficiency of tissue erosion or tissue liq-
uefaction generated by histotripsy depend on the selection
of pulse parameters including pulse pressure, pulse dura-
tion, and PRF [12], [19], [30]. We believe this dependency
is due to the impact of pulse parameters on bubble cloud
dynamics. In this paper, we studied the effects of peak
rarefactional pressure on the bubble cloud, and observed
that the bubble cloud is larger and lasts longer at higher
peak rarefactional pressure. This result is consistent with
our previous finding that the tissue erosion area and ero-
sion volume rate are larger at higher pressure [30]. Pre-
vious results also demonstrate a decreasing axial erosion
rate at higher pressure above a certain level (PR ≥ 9 MPa
or ISPPA ≥ 5000 W/cm2) [30]. Along the axial acoustic
beam direction, the center of the bubble cloud is thicker
at higher pressure, with more and/or larger bubbles. These
bubbles may hinder the ultrasound energy propagation to
the tissue surface and slow down the erosion rate in the ax-
ial direction. Other pulse parameters (e.g., pulse duration
and PRF) also have effects on the extent and efficiency of
tissue erosion and liquefaction [12], [30]. For example, more
energy-efficient erosion can be achieved with shorter pulses
and at certain PRFs [12]. Parsons et al. [37] found that
tissue liquefaction can be facilitated by interleaving high-
amplitude histotripsy pulses with low-amplitude pulses,
while high-amplitude histotripsy pulses delivered at dou-
bled PRF only achieve mostly thermal-mediated lesions.
These results raise interesting and critical questions of how
pulse parameters change the bubble dynamics to cause dif-
ferent bioeffects and how one might increase histotripsy
efficiency. Understanding initiation and extinction of bub-
ble clouds, and subsequent bubble cloud dynamics, as a
function of easily changed pulse parameters can provide
a rational basis for optimization of the histotripsy pro-
cess. With proper feedback, pulse-to-pulse optimization
through changes in pulse parameters may become possible.

The bubble cloud was imaged at different delay times
after the arrival of the histotripsy pulse. Initial observa-
tions show that the bubble cloud seems to behave as one
entity and changes as one entity during and after the pulse.
A bubble cloud generated by a several-µs-long histotripsy
pulse can last for several hundred µs. In fact, our previous
optical monitoring results suggest that the residual bub-
bles from cloud collapse can remain for several ms [38].
The temporal dynamics of the bubble cloud and the indi-
vidual bubbles during and between the pulses are critical
to understand the underlying mechanisms of histotripsy.
For example, is the majority of tissue erosion and tissue
liquefaction done during the histotripsy pulse or after, and
how? The bubble cloud can be quite large, yet the damage
boundary can be remarkably small (several microns); why?
Apparently, it is individual bubbles that produce the dam-
age, not the cloud, but how? How do the bubble remnants

from the previous pulse interact with the next pulse? Our
group is currently studying the temporal evolution of the
bubble cloud in the hope of further clarifying the inter-
esting underlying physical mechanisms of the histotripsy
process.

V. Conclusions

High speed imaging has shown that bubble clouds are
generated by histotripsy pulses at a tissue-water interface
and inside a gelatin phantom which was used to mimic
bulk tissue. A correspondence was observed between the
formation of a bubble cloud and the initiation of a tem-
porally changing acoustic backscatter, which is essential
for the production of tissue erosion and tissue liquefac-
tion. The pressure threshold to generate a bubble cloud
at a gel-water interface is lower than inside the gel, sug-
gesting the pressure threshold to initiate a bubble cloud
is lower at a tissue-fluid interface than inside bulk tissue.
This pressure threshold difference is expected to contribute
to the sharply demarcated boundaries of histotripsy le-
sions. Further, the bubble cloud is larger and lasts longer
at higher peak rarefactional pressure, which may explain
our previous in vitro results that the erosion area is larger
and the axial erosion rate is slower at high pulse pressure
(PR ≥ 9 MPa).
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