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Abstract

Histotripsy is a tissue ablation method that utilizes focused high amplitude ultrasound to generate 

a cavitation bubble cloud that mechanically fractionates tissue. Effective histotripsy depends on 

initiation, control, and maintenance of cavitation bubble clouds in the targeted area. In this study, 

we hypothesized that a low pressure acoustic pulse sequence applied before and/or during 

histotripsy therapy would increase the cavitation initiation pressure threshold and growth of 

cavitation bubble clouds. This technique could shrink or “sharpen” the focal zone during 

histotripsy to produce more precise and well defined lesions with minimal collateral damage. It 

may also be a way to actively protect soft tissue from cavitation damage during lithotripsy by 

increasing the pressure threshold for bubble cloud initiation. We applied these low amplitude 

acoustic pulse sequences before and during histotripsy treatments with PRF of 1 and 100 Hz, in 

three different mediums: water, tissue phantom agarose gel, and bovine liver in-vitro. Acoustic 

backscatter signals and optical imaging were used to detect and monitor initiation, maintenance 

and growth of the resulting cavitation bubble cloud. Results demonstrated that the use of low 

amplitude acoustic pulse sequences could increase the cavitation pressure amplitude threshold by 

20% in the targeted area.

Index Terms—

Histotripsy; Shock Scattering; lithotripsy; Cavitation Threshold; Bubble Coalescence; Cavitation 
Suppression; Pre-conditioning

I. INTRODUCTION

Histotripsy is a cavitation based ultrasound therapy that produces tissue fractionation 

through a mechanical process using controlled cavitation bubble clouds [1]-[5]. During 

histotripsy, a dense cloud of micron size cavitation bubbles is generated in a targeted area by 

Corresponding Author: Timothy L. Hall (hallt@umich.edu). 

Disclosure
A. P. Duryea, E. Vlaisavljevich, Z. Xu and T.L. Hall have financial interests and/or other relationships with HistoSonics Inc.

HHS Public Access
Author manuscript
IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 
November 01.

Published in final edited form as:
IEEE Trans Ultrason Ferroelectr Freq Control. 2018 November ; 65(11): 2012–2019. doi:10.1109/
TUFFC.2018.2867793.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



applying a focused, microseconds length, high amplitude ultrasound burst at a very low duty 

cycle (typically less than 1%). Studies suggest the erosion caused by histotripsy is not 

achieved by liquefying the tissue through high temperature, but rather through mechanical 

stress caused by oscillation and collapse of cavitation bubble clouds [4],[5]. A histotripsy 

cavitation bubble cloud can be directly generated by applying a negative pressure exceeding 

a distinct threshold, which appears to be intrinsic to the medium of about 25 to 30 MPa in 

soft tissue [6]-[11]. Another way to initiate a dense bubble cloud is via the shock-scattering 

mechanism where incoming acoustic waves are reflected and inverted by pre-existing single 

bubbles at the focus. When the reflected waves combine with subsequent incoming cycles 

(particularly if there are highly shocked nonlinear waveforms due to nonlinear propagation), 

a sufficiently large negative pressure can be created to exceed the intrinsic threshold 

resulting in growth of a similarly dense bubble cloud [6],[7].

The primary motivation for this study is to develop a technique to reduce unintended tissue 

damage from cavitation during histotripsy or lithotripsy treatments by modulating the 

cavitation initiation pressure threshold. Specifically, this study investigates the incident 

pressure threshold to initiate and maintain bubble clouds through the shock-scattering 

mechanism when using various low amplitude acoustic pulse sequences. For histotripsy, 

effective therapy is highly dependent on generating and maintaining a dense bubble cloud at 

the targeted area [7]-[9]. Wang found that applying “cavitation suppressing” pulses to the 

periphery of the focus immediately before histotripsy pulses (called “preconditioning”) 

reduced bubble formation in the periphery of the focus, resulting in smaller and better 

confined lesions [12].

Cavitation initiation for shock-scattering displays a stochastic nature affected by existing 

bubble nuclei populations in the medium. We hypothesized that by applying proper low 

pressure amplitude pulse sequences before or during histotripsy therapy, the initiation 

pressure threshold and growth pattern of cavitation bubble clouds could be modified. In 

previous in-vivo and in-vitro studies, applying low amplitude acoustic pulse sequences has 

shown to increase the efficacy of therapy in histotripsy [13]-[16] and lithotripsy [17],[18] by 

minimizing the shielding effect of bubbles. The residual micron sized bubbles following a 

cavitation cloud collapse [19],[20] have long dissolution times on the order of 1 second and 

thus a large fraction persist between subsequent pulses at PRFs > 1 Hz [10],[21]-[26]. For 

subsequent pulses, these nuclei absorb energy from the negative pressure phase of the 

histotripsy waveform [25]. Previous studies suggest that low amplitude acoustic pulse 

sequences can overcome the adverse effects of persisting bubbles by forcing cavitation 

bubbles to coalesce, or disperse away from propagation path before the arrival of next 

therapy pulse [13],[17]. The same process of bubble coalescence may also have an effect on 

changing the initiation pressure threshold in shock-scattering histotripsy. In this study, we 

investigated the effect of applying low amplitude acoustic pulse sequences before and during 

shock scattering histotripsy on the cavitation initiation pressure threshold. We expect that the 

cavitation initiation pressure threshold for shock-scattering would increase due to a 

reduction in the probability of initial nuclei presence at the focus.
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II. Methods

A. Experimental Setup

In a series of three experiments, histotripsy and low amplitude acoustic pulse sequences 

were applied targeting (I) a chamber of degassed water, (II) tissue phantom agarose gel, and 

(III) bovine liver tissue samples. Acoustic backscatter signals and optical imaging were used 

to detect and monitor initiation, maintenance and growth of resulting cavitation bubble cloud 

(Fig. 1).

A.I. Water—The transducers (described in sections B and C) were placed in a water tank 

filled with degassed water to a dissolved oxygen level of 80% of saturation, at room 

temperature measure by a Traceable Digital Oxygen Meter (Control Co., Friendswood, TX, 

USA). Histotripsy pulses targeted a chamber of degassed deionized water with saturation 

below 80%. The gas concentration in the chamber was kept constant for all experiments by a 

circulation pump. The chamber components were made from polytetrafluoroethylene, glass, 

and 316 stainless steel. It is 150 mL cavitation chamber and has two glass windows to 

facilitate high speed photography, and two acoustic windows made from 12 μm-thick low 

density polyethylene membranes [8]. 4–6 trials were performed for each of the parameters.

A.II. Tissue Phantom Agarose Gel—Tissue phantoms were prepared by mixing 

agarose powder (Agarose Type VII, Sigma-Aldrich) with deionized water at 1% ratio. The 

solution was stirred and heated in a microwave until completely dissolved, degassed under 

high vacuum for half an hour, and then poured in a cylindrical gel holder 6 cm diameter and 

7 cm height. It was then put into a refrigerator for an hour in order for the gel to solidify. 

After preparation, the phantom gel holder was mounted to an electronically controlled 

positioning system (VXM Stepping Motor Controller, Velmex Inc., Bloomfield, NY) in the 

water tank filled with degassed water with dissolved oxygen level of 15%-20% of saturation. 

Horizontal and vertical spacing of 7 mm was used between treatment spots for all of the 

trials of each set of parameters to minimize possible variations of the acoustic path and 

influence of previous treatments. The results of 10 trials for each of the parameters were 

collected.

A.III. Bovine Liver Tissue—Cavitation threshold modulation experiments were 

repeated on bovine liver samples in-vitro for a subset of parameters. Whole livers were 

harvested and placed in degassed saline immediately after slaughter for transport. At the 

laboratory, these were sectioned into 5 cm cubes avoiding large vessels and then degassed 

under vacuum in saline for 6 hours. The pieces were then placed in a holder surrounded by 

1% agarose (Agarose, Low Melt. Scientific Inc. Burton, MI) gel prepared the same as in 

A.II. After one hour cooling, the solidified gel with embedded tissue samples were ready for 

experiments. Samples were mounted on the positioning system and moved in steps of 5 mm 

horizontally and vertical in one central slice for each of the treatment spots. Water in the 

tank was highly degassed to below 15%. Since cavitation events cannot be observed by 

optical imaging in tissue, acoustic backscatter signals were the only measure for cavitation 

detection in the tissue experiments. 8–10 trials for each of the parameters were performed 

for histotripsy PRF of 100 Hz.
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B. Acoustic Pulse Sequence

Histotripsy pulses were generated by a 1 MHz focused piezocomposite ultrasound 

transducer with 10 cm aperture and 9 cm focal length, with a hole in the center (Imasonic, 

Voray sur l’Ognon, France). The histotripsy transducer was driven by an in-house made 

system at a range of different pressure levels with negative peak/positive peak between 8/8 

and 28/50 MPa. Measurements and calibration of histotripsy waveform pressure was done 

by an in-house built fiber optic probe hydrophone [27] in degassed water at room 

temperature for lower pressures and extrapolated for higher pressures; since measurements 

for pressures higher than the intrinsic pressure cannot be done accurately due to cavitation 

initiation at the tip of the fiber. All calibrations were performed in degassed water. Pressure 

levels that are reported for experiments with agarose gel and liver tissue as targets in water 

tank are based on calibrated pressures in degassed water as well.

Low amplitude acoustic pulse sequences were produced by an in-house made single element 

transducer constructed from a 1 MHz disc of PZ36 material (Ferroperm Piezoceramics A/S, 

Kvistgaard, Denmark), with 20mm diameter and 1.5 mm thickness with an Accura 60 (3D 

Systems Inc., Rock Hill, SC, USA) acoustic lens matching layer. This transducer was driven 

by an ENI power amplifier (ENI, Inc., Rochester, NY) model AP 400B controllable power 

amplifier, for experiments in water and in agarose gel, and model A150 RF power amplifier 

for experiments in liver tissue. This transducer was placed in the central hole of the 

histotripsy transducer. The near field distance of the low amplitude transducer is about 67.5 

mm, however, since the −3 dB beamwidth is about 85.0 mm in axial direction and 6.2 mm in 

lateral, this sound field fully covers the focus zone of histotripsy transducer and the extent of 

growth of the bubble cloud (less than 3 mm in lateral and 10 mm in axial direction in 

agarose gel), which grows toward the transducer along the axial axis [7]. The low amplitude 

transducer was calibrated by an HNR-0500 needle hydrophone (Onda Corporation, 

Sunnyvale, CA) for experiments in water and agarose gel, and an identical second transducer 

was used in experiments in liver tissue that was calibrated by a HGL hydrophone 

(hydrophone: ONDA HGL 0085, and amplifier: ONDA AH2010. ONDA Sunnyvale, Ca).

The experiments were performed with three different pulse schemes as shown in fig. 2. First 

case was histotripsy only, in which 5 cycles of 1 MHz histotripsy pulses were fired at PRF 1, 

10, or 100 Hz, with peak negative pressures from 10 to 28 MPa for 100 pulses. In the second 

case, bubble coalescence, each histotripsy pulse was followed by burst of 5,000 cycles of 

low amplitude acoustic pulses with pressure amplitude of 1 MPa, which were fired 500 μs 

(100 μs for experiments in liver tissue) after histotripsy pulses in order to allow the 

histotripsy cavitation bubble cloud to grow and collapse without interference. For the third 

case, preconditioning, a full second of low amplitude acoustic pulses with same pressure 

amplitude were applied before histotripsy treatment pulses.

C. Detection and Monitoring

In these experiments, we used two different methods for monitoring and detecting cavitation 

events; the amplitude of the backscattered signal and the back-lit bubble cloud size.
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The main measure for cavitation detection was the backscattered signal that was captured by 

an uncalibrated low frequency unfocused marine hydrophone (H1a, Aquarian Audio 

Products, Anacortes, WA), facing the focus of therapy transducer at about 30° angle; an 

increase in amplitude of the backscattered signal is an indicator for bubble cloud initiation. 

The energy of the acoustic backscatter signal of each pulse was calculated as the sum of 

voltage squared samples of each pulse, and normalized to the spatial peak pulse average 

intensity of the corresponding therapy pulses. The threshold for cavitation detection was 

then defined as the average of the uninitiated acoustic backscatter energy plus three standard 

deviations.

For experiment in water, the optical images from a high speed 1 megapixel CCD camera 

(Phantom V210, Vision Research) were recorded, and the area of backlit bubble cloud in 

each frame was checked against a threshold. The camera was triggered after each histotripsy 

pulse to record one image per pulse after about 70 μs delay to account for the sound 

traveling time from histotripsy transducer to the focus as well as the growth of bubble cloud. 

Bubble cloud was backlit by a continuous light source. For experiments in agarose gel a 

digital, 1.3-megapixel, CMOS camera (PN: FL3-U3-13Y3M-C, Flea 3, PointGrey, 

Richmond, BC, Canada) was used in the same setting, and for experiment in bovine liver 

tissue, no optical images were obtained.

In this study, bubble cloud initiation pressure threshold was defined as the lowest pressure at 

which bubble cloud is detected with probability of at least 50%, or the pressure at which the 

sigmoid curve fits to the data (in fig. 3,5 and 6) given the probability=0.5 when pressures 

exceeding the 50 percentile is not available. The percentage of pulses in which bubble cloud 

was detected is another measure used to evaluate the results.

III. Results

A. Experiment in Water

Fig. 3 shows the percentage of pulses for which a bubble cloud was detected for a) PRF of 

100 Hz and b) 1 Hz. All three cases were completed for PRF of 100 Hz, the results for pre-

conditioning were not as significant even for 100 Hz, and as a result we did not repeat pre-

conditioning case for 1 Hz. For PRF of 100 Hz, applying low amplitude acoustic pulse 

sequences during histotripsy significantly reduced the probability of cavitation initiation, 

effectively increasing the cavitation initiation pressure threshold. The threshold was 

increased from 20.3 MPa for histotripsy only chase to 21.2 MPa for pre-conditioning case, 

and to 24.5 MPa for bubble coalescence case. By Kolmogorov–Smirnov test over the non-

zero part of the curves with 95% confidence level we can conclude that the three fit curves 

are statistically from different distributions. Kolmogorov–Smirnov test shows asymptotic p-

value = 2.19e-4 between histotripsy only and bubble coalescence, and p = 0.047 for 

histotripsy only and pre-conditioning. At 1 Hz, no statistically significant difference was 

observed between histotripsy only chase and bubble coalescence case (p-value=0.41) and the 

predicted pressure threshold that fit the curve in fig. 3b is 32.1 MPa for both cases. The 

asymptotic p-value = 0.19 per Kolmogorov–Smirnov test between the two curves in figure 3 

b shows no statistically significant difference.
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Investigating the backscattered signal, we realized that the effect of pre-conditioning at PRF 

of 100Hz is only significant in the beginning of the treatment. In other words applying pre-

conditioning is delaying the cavitation initiation, and after this delay of up to 30 pulses the 

same pattern is observed; fig. 4 shows the pulse number at which bubble cloud initiation 

occurs for pressures close to threshold. In each of the first three pressures initiation is 

delayed when pre-conditioning is applied.

B. Experiment in Tissue Phantom Agarose Gel

Results from experiments in agarose gel demonstrated that the applying low amplitude 

acoustic pulse sequences can increase the cavitation threshold in the targeted area. Fig. 5 

show the cavitation probability for different pressures at a) PRF of 100 and b) 1 Hz.

For PRF of 100 Hz, cavitation initiation threshold for both cases of bubble coalescence and 

pre-conditioning was increased from 16.5 MPa to 19.6 MPa. We observed a statistically 

significant difference between histotripsy only case and both bubble coalescence and pre-

conditioning cases. Based on Kolmogorov–Smirnov test on non-zero part of the curves we 

can assert that the data points are from different distributions with asymptotic p-value of 

3.11e-11 for histotripsy only and bubble coalescence curve, and 1.28e-7 between histotripsy 

only case and pre-conditioning curves.

For PRF of 1 Hz, cavitation initiation threshold for both cases of bubble coalescence and 

pre-conditioning was increased from 18.6 MPa to 21.5 MPa for 1 Hz PRF. Similarly, a 

statistically significant difference between histotripsy only case and both bubble coalescence 

and pre-conditioning cases was observed. Based on Kolmogorov–Smirnov test on non-zero 

part of the curves we can assert that the data points are from different distributions with 

asymptotic p-value of 0.024 for histotripsy only and bubble coalescence curve, and 1.47e-9 

between histotripsy only case and pre-conditioning curve.

Unlike open water, the increase in threshold was maintained in lower PRF as well.

C. Experiment in Bovine Liver Tissue

The results from the experiment in tissue showed similar results to those obtained from 

experiments in the agarose tissue phantom gel. Applying low amplitude acoustic pulse 

sequences in both bubble coalescence and pre-conditioning cases resulted in an increase in 

the cavitation initiation threshold; for a PRF of 100 Hz, the threshold increased from 18 MPa 

for histotripsy only to about 20.3 MPa for both bubble coalescence and pre-conditioning 

cases. We observed statistically significant differences between all three cases. Based on 

Kolmogorov–Smirnov test on non-zero part of the curves we can assert that the data points 

are from different distributions with asymptotic p-value of 3.37e-5 for histotripsy only and 

bubble coalescence curve, and 1.65e-6 between histotripsy only case and pre-conditioning 

curves.

Qualitative analysis of backlit bubble cloud images showed that the shape and density of the 

resulting bubble cloud can also be modified through utilizing low amplitude acoustic pulses 

before and during treatment. By applying the low amplitude acoustic pulses we were able to 

generate a dense cavitation bubble cloud at the focus, which would increase efficacy of the 
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treatment, while decreasing scattered cavitation in the peripheral zone, which would reduce 

collateral damage. The size and shape differences of the resulting bubble cloud by shock 

scattering when pre-conditioning and bubble coalescence pulses were applied are illustrated 

in fig. 7.

IV. Discussion

The results of this study suggest it may be possible to protect tissue during histotripsy or 

lithotripsy treatments by applying low amplitude acoustic pulse sequences to modulate the 

cavitation threshold. This mechanism could be used for tissue hardening, active focal 

sharpening, and protecting sensitive tissues or structures located close to a treatment target. 

Results from experiments in all three mediums of water, tissue phantom gel, and liver tissue 

generally confirmed our hypothesis and showed that applying low amplitude acoustic pulse 

sequences before or during shock scattering histotripsy treatment increases the cavitation 

initiation pressure threshold. For experiments in water at the low PRF of 1 Hz, we did not 

observe any statistically significant difference when low amplitude acoustic pulse sequences 

were applied for pre-conditioning or bubble coalescence cases. At higher rate, PRF of 100 

Hz, the effect of low amplitude acoustic pulse sequences applied after each histotripsy pulse, 

the bubble coalescence case, was much more significant than pre-conditioning; pre-

conditioning effect was only significant in the beginning of the treatment, after which 

generation and shape of the bubble cloud was similar to those of the histotripsy only cases. 

However, in experiments in agarose tissue phantom gel and in liver tissue, the effect of pre-

conditioning persisted throughout the treatment and the results were similar to bubble 

coalescence cases. The difference in persistence of effect of pre-conditioning in water in 

comparison with agarose gel and tissue was expected since, in free water due to streaming, 

distribution of cavitation nuclei can change more rapidly than in agarose gel and soft tissue. 

Despite the differences between pre-conditioning and bubble coalescence cases; pre-

conditioning reduces pre-existing cavitation, and coalescence reduces residual cavitation by 

forced coalescence, still some of the same physical mechanism of forced coalescence is 

assumed to be in play in pre-conditioning as well. In pre-conditioning, similar to 

coalescence case, reduction of pre-existing nuclei at the focus and periphery of the focus by 

forced coalescence and dispersion, results in less scattered cavitation and a denser cavitation 

bubble cloud. Although the bubble clouds in pre-conditioning case and bubble coalescence 

case shown in figure 7 are not exactly similar, both has less scattered cavitation in 

comparison with histotripsy only case.

Cavitation initiation, particularly in shock scattering histotripsy, displays a stochastic nature 

affected by existing nuclei populations in the medium. By applying low amplitude acoustic 

pulse sequences during treatment, the residual nuclei are forced to coalesce. As a result of 

active bubble coalescence, the number existing bubbles in the vicinity of focus decreases, 

which consequently, reduces the probability of nuclei presence at the focus when the next 

therapy pulse arrives. Shock scattering from some existing nuclei at the focus is to generate 

a high negative pressure and initiate histotripsy bubble cloud. As a result, probability of 

shock scattering at any pressure level close to threshold is decreased, which translates to 

increase of the pressure threshold.
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It is helpful to note that low amplitude acoustic pulse sequences or cavitation suppression 

pulses, as previously demonstrated in a number of studies [13]-[18], can be utilized to 

increase the efficacy of histotripsy and lithotripsy treatments at higher PRFs by avoiding or 

minimizing the memory effect and shielding effect of residual cavitation nuclei at the focal 

area and along the propagation path. At lower PRF, after each cavitation event there is 

sufficient time for a majority of the residual bubbles to passively dissolve away, while at 

higher rates the pulse efficacy is significantly reduced due to persisting bubbles. Memory 

effect mainly explains how residual bubbles at the focal area contribute to this reduced 

efficacy, and shielding effect explains the attenuation of histotripsy pulses at the focus. On 

subsequent pulses, pre-focal residual bubbles absorb energy from the negative pressure 

phase of the histotripsy waveform and distort the waveform and attenuate its amplitude. 

Cavitation suppression pulses can be utilized to stimulate residual cavitation bubbles to 

coalesce and clear the path for the subsequent histotripsy pulses. Since cavitation 

suppression pulses in the current experimental setup design would result in removing 

bubbles from the propagation path as well as focal area, it would result in reducing 

attenuation of therapy signal at higher rates. This process potentially contributes to initiating 

and maintaining histotripsy bubble cloud at lower pressures. However, we still observed 

significant increase in initiation threshold when cavitation suppression pulses were used 

despite this process working in opposite direction. Therefore, we would expect to observe 

even more pronounced increase in initiation pressure threshold, with different experiment 

setup with cavitation suppression transducer firing at the focus perpendicular to the 

propagation path of histotripsy transducer. Consequently, if the same experiments were 

performed with histotripsy at intrinsic threshold instead of histotripsy by means of shock 

scattering, we would expect to observe decrease in initiation pressure threshold.

In this study, low pressure acoustic pulses were utilized during treatment to stimulate 

residual cavitation bubbles to coalesce. This mechanism occurs through the acoustic field, 

inducing size oscillations in the bubbles, and gives rise to two major forces [28]-[35]. The 

primary Bjerknes force describes the tendency of bubbles smaller than resonant size to move 

up a pressure gradient and congregate at pressure antinodes, and bubbles larger than 

resonant size to move down a pressure gradient and congregate at pressure nodes. The 

secondary Bjerknes force describes an attractive force between bubbles which are oscillating 

in phase with one another, and a repulsive force between bubbles which are oscillating out of 

phase with one another, depending on their size and the acoustic field frequency. This 

secondary Bjerknes force is hypothesized to be the dominant factor bringing the remnant 

bubbles together to coalesce. During stable bubble oscillations, this force increases with 

higher amplitude and higher frequency of the driving sound field. The amplitude and 

frequency of cavitation suppression pulses in this study are set to mechanical index of one 

which would result in stable oscillation and maximum bubble coalescence [15]. Frequency 

of both pre-conditioning and bubble coalescence pulses were the same in these preliminary 

studies, each of which is subject to further optimization. The efficacy of forced bubble 

coalescence for a given bubble population is highly dependent on the driving frequency, 

particularly if its corresponding resonant size is close to the existing bubble nuclei size 

range. Based on the Minnaert formula [36], resonant size of driving frequency in this study 

is about diameter of 6 μm, which is in the range of micron size cavitation nuclei following 
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the collapse of histotripsy bubble cloud, while range of stable and incidental bubbles prior to 

treatment is assumed to be three orders of magnitude smaller in range nanometer-sized 

nuclei [8,37–39]. Furthermore, pre-conditioning process is expected to rely on dispersion 

(primary Bjerknes forces), as well as coalescence (secondary Bjerknes forces), and as a 

result, since there are different phenomena in play in each mechanism, separate optimization 

for each mechanism, or combination of the two, can lead to even more pronounced change 

in initiation pressure threshold.
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Fig. 1. 
Schematic of the experimental setup. Histotripsy and low amplitude acoustic pulse 

sequences were applied targeting (I) a chamber of degassed water, (II) tissue phantom 

agarose gel, and (III) bovine liver tissue samples. Cavitation was monitored using acoustic 

backscatter signals and optical imaging obtained from a high speed camera positioned 

perpendicular to histotripsy transducer propagation axis.
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Fig. 2. 
Three different pulse schemes for threshold modulation studies. Case 1: Histotripsy Only, in 

which five cycles of 1 MHz histotripsy pulses were applied for a range of different 

pressures. Case2: Histotripsy+Bubble Coalescence, in which each histotripsy pulse is 

followed by low amplitude acoustic pulses for duration of 5 ms. Case 3: Histotripsy+Pre-

Conditioning, in which one full second of low amplitude acoustic pulses were applied 

immediately before the start of histotrispy treatment.
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Fig. 3. 
Cavitation probability for experiments in water for a) PRF 100 Hz and b) PRF 1 Hz
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Fig. 4. 
Number of pulses required to initiate cavitation bubble cloud for experiments in water for 

histotripsy only case and pre-conditioning with PRF 100 Hz.(p-value = 0.04)

Alavi Tamaddoni et al. Page 16

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Cavitation probability for experiments in tissue phantom agarose gel for a) PRF 100 Hz and 

b) PRF 1 Hz
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Fig. 6. 
Cavitation probability for treatments in liver tissue for PRF 100 Hz
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Fig. 7. 
Cavitation bubble cloud in agarose gel generated by shock scattering at 22MPa with PRF 

100Hz, a) histotripsy only, b) histotripsy with pre-conditioning, and c) histotripsy with 

bubble coalescence pulses.
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