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This dissertation explores the bactericidal effects of histotripsy, a cavitation-based focused 

ultrasound therapy, on two bacteria in suspension namely Escherichia coli and Staphylococcus 

aureus, for potential application in abscess treatment. Abscesses are localized encapsulated 

collections of pus and bacteria that present a clinical challenge. Histotripsy can non-invasively 

reduce the bacterial burden in the abscess by rupturing bacterial cell walls via intense cavitation. 

To understand histotripsy process on bacteria in suspension, two regimens of histotripsy (shock-

scattering histotripsy and boiling histotripsy) were applied in vitro on bacterial suspensions at 

frequencies ranging from 0.81 MHz to 3.25 MHz, at 1% duty cycle, and bacterial viability was 

quantified by the plate count assay. Cavitation was quantified by passive cavitation detection, 

plane-wave B-mode imaging and high-speed photography. Results showed that both regimens 

reduced E. coli counts significantly. Cavitation cloud size in shock-scattering histotripsy quantified 



 

by high-speed photography strongly predicted the E. coli inactivation. Subsequently, plane-wave 

B-mode imaging was applied to estimate cavitation cloud size enabling the prediction of E. coli 

inactivation rates in future clinical studies. On the other hand, Staphylococcus aureus was resistant 

to histotripsy treatment. Efforts were made to obtain bactericidal activity by de-clumping S. aureus 

clusters into individual cells, treating smaller volumes, and combining histotripsy with heating, 

with negligible response. Finally, an investigation was conducted to determine the effect of 

bacterial shape and gram status on their resistance to histotripsy treatment.  

 

 

 

 

 

 

 

 

 

 

 

 



i  

 

TABLE OF CONTENTS 
 

List of Figures ............................................................................................................................... vii 

List of Tables ................................................................................................................................ xii 

Chapter 1. Introduction ................................................................................................................... 1 

1.1. Clinical Problem – Abscess ............................................................................................ 1 

1.2. Solution – Histotripsy Treatment  ................................................................................... 3 

1.3. Effects of Focused Ultrasound on Bacterial Viability .................................................... 7 

1.4. Organization of the Dissertation ................................................................................... 10 

Chapter 2. Comparative Study of Histotripsy Pulse Parameters Used to Inactivate Escherichia 

coli in Suspension ......................................................................................................................... 11 

2.1. Introduction ................................................................................................................... 11 

2.2. Methods......................................................................................................................... 12 

2.2.1. Culture and Preparation  ........................................................................................... 12 

2.2.2. Histotripsy Exposure Apparatus and Treatment Protocols ....................................... 12 

2.2.3. Viability Assessment ................................................................................................ 15 

2.2.4. Statistical Analysis .................................................................................................... 16 

2.2.5. Ultrasound Imaging and Passive Cavitation Detection ............................................ 16 

2.3. Results ........................................................................................................................... 17 

2.3.1. Inactivation Threshold .............................................................................................. 17 



ii  

2.3.2. Cavitation Detection ................................................................................................. 18 

2.3.3. CH versus BH Treatment Time Studies.................................................................... 20 

2.3.4. Treatment Time Comparison at Different Peak Pegative Pressures ......................... 21 

2.3.5. CH Parameter Comparisons ...................................................................................... 22 

2.3.6. Statistical Analyses ................................................................................................... 23 

2.4. Discussions ................................................................................................................... 24 

2.5. Conclusions ................................................................................................................... 27 

Chapter 3. Histotripsy-Induced Bactericidal Activity Correlates to Size of Cavitation Cloud In 

Vitro .............................................................................................................................................. 29 

3.1. Introduction ................................................................................................................... 29 

3.2. Methods......................................................................................................................... 30 

3.2.1. Histotripsy Exposure Apparatus ............................................................................... 30 

3.2.2. Cavitation Cloud Visualization Experiments............................................................ 34 

3.2.3. Exposure Protocol ..................................................................................................... 36 

3.2.4. Statistical Analysis .................................................................................................... 37 

3.3. Results ........................................................................................................................... 37 

3.3.1. Cavitation Cloud Images........................................................................................... 37 

3.3.2. Cavitation Cloud Area Dependence on Acoustic Power .......................................... 39 

3.3.3. E. coli Inactivation Dependence on Cloud Area ....................................................... 40 

3.4. Discussions ................................................................................................................... 41 



iii  

3.5. Conclusions ................................................................................................................... 45 

Chapter 4. Dependence of Histotripsy-Induced Bactericidal Activity on the Sample Volume In 

Vitro .............................................................................................................................................. 46 

4.1. Introduction ................................................................................................................... 46 

4.2. Methods......................................................................................................................... 47 

4.2.1. Treatment Setup, Characterization, and Pulse Protocol ............................................ 47 

4.2.2. Cavitation Cloud Volume Estimation ....................................................................... 48 

4.2.3. Statistical Analysis .................................................................................................... 49 

4.3. Results ........................................................................................................................... 50 

4.3.1. Normalized Cloud Volume Values ........................................................................... 50 

4.3.2. Dependence of E. coli Log Reduction on Sample Volume ...................................... 50 

4.3.3. Correlation of E. coli Log Reduction and Normalized Cloud Volume .................... 51 

4.4. Discussions ................................................................................................................... 52 

4.5. Conclusions ................................................................................................................... 54 

Chapter 5. Comparison of High-speed Photography and Co-axial Plane Wave B-mode Imaging 

in Measuring Histotripsy Cavitation Cloud Size  ......................................................................... 55 

5.1. Introduction ................................................................................................................... 55 

5.2. Methods......................................................................................................................... 56 

5.2.1. Experimental Setup ................................................................................................... 56 

5.2.2. Cloud Size Estimation............................................................................................... 59 



iv  

5.2.3. Statistical Analysis .................................................................................................... 60 

5.3. Results ........................................................................................................................... 61 

5.3.1. B-mode Imaging Delay Optimization ....................................................................... 61 

5.3.2. Comparison of Cavitation Cloud Size Imaged by HSP and B-mode ....................... 62 

5.3.3. Comparison of Cavitation Cloud Shape Imaged by HSP and B-mode .................... 63 

5.4. Discussions ................................................................................................................... 64 

5.5. Conclusions ................................................................................................................... 66 

Chapter 6. In Vitro Approaches to Inactivate S. aureus in Suspension by Histotripsy ................ 67 

6.1. Introduction ................................................................................................................... 67 

6.2. Methods......................................................................................................................... 70 

6.2.1. Culture and Preparation ............................................................................................ 70 

6.2.2. General Experimental Setup ..................................................................................... 70 

6.2.3. Protocol for Approach 1 – De-clumping Step Followed by Histotripsy .................. 72 

6.2.4. Setup Modifications and Protocol for Approach 2 – Histotripsy on Small (1 mL) 

Sample Volumes .................................................................................................................... 72 

6.2.5. Setup Modifications and Protocol for Approach 3 – Heat + Histotripsy .................. 72 

6.2.6. Thermal Dose Calculation Process ........................................................................... 73 

6.2.7. Viability Assessment ................................................................................................ 74 

6.2.8. Statistical Analysis .................................................................................................... 74 

6.3. Results ........................................................................................................................... 75 



v  

6.3.1. De-clumping Step ..................................................................................................... 75 

6.3.2. Approach 1 – Histotripsy .......................................................................................... 75 

6.3.3. Approach 2 – Histotripsy for Small (1 mL) Sample Volumes ................................. 76 

6.3.4. Approach 3 – Heat + Histotripsy .............................................................................. 76 

6.4. Discussions ................................................................................................................... 78 

6.5. Conclusions ................................................................................................................... 80 

Chapter 7. Influence of Gram Status and Shape in Resistance to Histotripsy .............................. 81 

7.1. Introduction ................................................................................................................... 81 

7.2. Methods......................................................................................................................... 82 

7.2.1. Culture and Preparation ............................................................................................ 83 

7.2.2. Viability Assessment ................................................................................................ 83 

7.2.3. Statistics .................................................................................................................... 83 

7.3. Results ........................................................................................................................... 84 

7.4. Discussions ................................................................................................................... 85 

7.5. Conclusions ................................................................................................................... 87 

Chapter 8. Concluding Remarks ................................................................................................... 89 

8.1. Implications for Clinical Abscess Treatment ................................................................ 89 

8.2. Broader Implications ..................................................................................................... 90 

8.3. Recommended Future Work ......................................................................................... 91 

Bibliography ................................................................................................................................. 94 



vi  

Appendix A ................................................................................................................................. 105 

Appendix B ................................................................................................................................. 106 

Appendix C ................................................................................................................................. 107 

 



vii  

LIST OF FIGURES 

 

Figure 1.1. Histotripsy-induced cavitation dynamics [15]. Bubble sizes and nuclei are not to scale. 

a) Shock-scattering histotripsy pulse. The scattered pressure wave exceeds the intrinsic threshold. 

b) In shock-scattering histotripsy excitations, the activated nucleus grows slowly over the course 

of several cycles (left arrow) and deforms because of the incident shock waves (right arrow). 

Additional bubbles form spatially and temporally in regions of constructive interference between 

the incident wave and waves scattered by the deformed bubble. c) Representative high-speed 

photography images of shock-scattering histotripsy bubbles. d) Boiling histotripsy pulse. Intrinsic 

threshold is exceeded after cycles sufficient to lower during shock-enhanced heating. e) In boiling 

histotripsy, shock-enhanced heating alters the cavitation nucleus (left arrow) to reduce the requisite 

tension for bubble formation (right arrow). f) Representative high-speed photography images of 

boiling histotripsy bubbles. ............................................................................................................. 5 

Figure 1.2. Hypothesized process of histotripsy-based abscess treatment. A CT scan of a deep 

abscess is shown. A transducer focuses the ultrasound beam in the abscess interior leading to 

formation of cavitation, which will liquefy the abscess contents and inactivate bacteria. Treating 

the whole abscess interior is possible by moving the focus under image-guidance and recirculation 

of contents close to the boundary into the focus by cavitation-induced streaming. ....................... 6 

Figure 1.3. Mechanisms of ultrasonic cavitation damage to bacteria. a) Jetting of bubbles [29]. b) 

Microstreaming patterns during stable oscillation [30]. c) Shock wave emitted by a collapsing 

bubble [31]. ..................................................................................................................................... 8 

Figure 2.1. Custom experimental apparatus. A 1 MHz transducer with integrated inline P4/2 

imaging probe was attached to the bottom of a degassed water bath. The apparatus was designed 

so that the transducer’s focus was at the center of a sample vial containing 10 mL of Escherichia 

coli bacteria (∼1×10⁹ cells/mL). A thin acoustically transparent membrane was placed at the 

bottom of the vial for improved acoustic energy transmission. The vial was aligned to the 

transducer using two pairs of magnets to allow for fast, reproducible alignment of replicate 

samples. ......................................................................................................................................... 14 

Figure 2.2. Transducer characterization. (a) Peak positive and negative amplitudes versus input 

voltage. Most studies were performed between peak negative pressure amplitudes of 12 and 23 

MPa. The red line indicates the output level corresponding to fully developed shock formation. (b) 

Representative waveforms corresponding to the output levels below (black line) and above (blue 

and red lines) shock formation. ..................................................................................................... 15 

Figure 2.3. Mean log reduction (± standard deviation) in bacterial load with increasing peak 

negative pressure amplitude. (a) The CH threshold for inactivating Escherichia coli depended on 

pulse parameters. Five-cycle pulses at 2 kHz (1% duty cycle) had a higher threshold than 10-cycle 

pulses (2% duty cycle). Above the threshold, the bacterial log reduction increased linearly with 

amplitude (R² = 0.93 for both curves). (b) With BH (10,000 cycles at 1 Hz PRF), there was no 

measured threshold. However, the log reduction in bacteria also increased linearly with amplitude 

(R² = 0.90). The open circles in each figure have the same log reduction over 10 min (0.9) at the 



viii  

same pressure amplitude (17.8 MPa). BH: boiling histotripsy; CH: shock-scattering histotripsy; 

PRF: pulse repetition frequency.................................................................................................... 18 

Figure 2.4. Representative B-mode ultrasound images observed during CH (top) and BH (bottom). 

The hyperechoic CH cavitation cloud was generally confined to the focal area; it slightly elongated 

and shifted pre-focally with the increase in p− from 14.5 to 23 MPa. Conversely, following each 

BH pulse, hyperechoic bubbles filled the entire sample volume through visible streaming-induced 

mixing and persisted until the next pulse arrived. Note the high-intensity focused ultrasound 

reverberation artifact in the image immediately following the BH pulse (40 ms). BH: boiling 

histotripsy; CH: cavitation histotripsy. ......................................................................................... 19 

Figure 2.5. Passive cavitation detection metrics obtained from the 5-cycle cavitation histotripsy 

exposures in Figure 2.3a. Average amplitude of broadband noise emissions over the 10 min 

exposure. Both metrics exhibit a threshold-like behavior at the focal pressure of 16 MPa, which 

also corresponds to the threshold for inactivating Escherichia coli and indicates the onset of 

consistent cavitation. The error bars represent standard deviations. Trendlines are used to aid the 

eye. PCD: passive cavitation detection. ........................................................................................ 20 

Figure 2.6. Comparison between CH (5-cycle pulses, 2000 Hz PRF, red circles) and BH (10,000-

cycle pulses, 1 Hz PRF, open triangles) bacterial load reduction at a pressure of 17.8 MPa and 1% 

duty cycle. R² = 0.99 (CH) and 0.97 (BH). See Table 2.1 for converting treatment time to pulse 

number. BH: boiling histotripsy; CH: cavitation histotripsy; PRF: pulse repetition frequency. .. 21 

Figure 2.7. Mean log reduction (± standard deviation) in bacterial load over time at different peak 

negative pressures. Dashed lines represent best-fit linear trendlines. (a) CH treatments used 5-cycle 

bursts at 2000 Hz PRF. R² values for 23 and 17.8 MPa = 0.95 and 0.99, respectively. This group 

was heteroscedastic. The slopes of the trendlines for 23 and 17.8 MPa = 0.11 and 0.07, 

respectively. (b) BH treatments used 10,000-cycle bursts at 1 Hz PRF. R² values for 17.8 and 14.5 

MPa = 0.98 and 0.99, respectively. The slopes of the trendlines for 17.8 and 14.5 MPa = 0.075 and 

0.054, respectively. See Table 2.2 for converting treatment time to pulse number. ..................... 22 

Figure 2.8. Mean log reduction (± standard deviation) in bacterial load over time. Dashed lines 

represent best-fit linear trendlines. CH pulse parameters: black triangles, 10 cycles at 1000 Hz 

PRF; red circles, 5 cycles at 2000 Hz PRF. p− = 16 MPa for both. R² values for 5 and 10 cycles = 

0.93 and 0.96, respectively. See Table 2.3 for converting treatment time to pulse number. ........ 23 

Figure 3.1. Experimental setups for cavitation cloud imaging at three different frequencies. (a) 

Studies at 0.81 and 1.2 MHz were conducted with a Sonic concepts transducer (model H-161) 

mounted to a cylindrical water bath degassed to <20% saturation. The sample vial was held with 

magnets that kept the vial aligned with the transducer. (b) Studies at 3.25 MHz were performed 

with a custom-built transducer immersed in a large degassed (<20%) water bath. Alignment of the 

transducer and sample vial were performed manually, as described in the text. For either setup, 

cavitation was generated at the focus, 15 mm above the vial’s bottom, approximately at the center 

of the vial. The same LED light source back-illuminated the cavitation cloud. Additional details 

are described in the text. ............................................................................................................... 32 

Figure 3.2. Focal pressure waveforms at the three frequencies were obtained from hydrophone 



ix  

measurements in degassed water (excluding the sample vial) and compared with numerical 

simulations. (a) Frequency = 0.81 MHz, acoustic power = 926 W. (b) Frequency = 1.20 MHz, 

acoustic power = 268 W. (c) Frequency = 3.25 MHz, acoustic power = 87 W. At 3.25 MHz, 

hydrophone measurements could not be performed due to the cavitation occurring at the 

hydrophone tip. These waveforms correspond to the lowest output acoustic power levels (just 

above the consistent cavitation threshold) at that frequency. ....................................................... 34 

Figure 3.3. Image processing of grayscale images to obtain cavitation cloud area. (a) 

Representative grayscale image at 0.81 MHz, 24.6-μs pulse duration, 926-W acoustic power. The 

arrow is in the direction of the histotripsy pulse. (b) Conversion to binary image based on a binary 

threshold. (c) Outline of the cavitation clouds (black) in the binary images was highlighted and 

area was calculated based on the number of pixels. Note that the dark region at the bottom of (b), 

which corresponds to the vial membrane, is not included in the area calculation. ....................... 36 

Figure 3.4. Cavitation cloud grayscale images in the growth medium (3% TSB) at the three 

frequencies just above the consistent cavitation threshold. The asterisk indicates geometric focus. 

(a) Frequency = 0.81 MHz, acoustic power = 926 W. (b) Frequency = 1.20 MHz, pulse duration 

20 μs, acoustic power = 268 W. (c) Frequency = 3.25 MHz, acoustic power = 87 W. A decrease 

in dimensions with increasing frequency is observed. .................................................................. 38 

Figure 3.5. Cavitation cloud grayscale images in the growth medium (3% TSB) at 1.20 MHz, 20 

μs with increasing acoustic powers from (a)-(i). Geometric focus is marked with an asterisk for 

reference. With increasing power, the cavitation cloud expands pre-focally. .............................. 39 

Figure 3.6. Cavitation cloud area dependence on peak acoustic power for the three frequencies 

and two pulse durations. Error bars correspond to standard deviation of the cavitation cloud area 

across histotripsy pulses. The increase in the cavitation cloud size is due to an increase in acoustic 

power and independent of the transducer frequency or pulse length. Points marked with a star 

indicate the protocols used for inactivation experiments. ............................................................. 40 

Figure 3.7. E. coli log reduction dependence on cavitation cloud area. Seven pulse protocols 

marked with a star in Figure. 3.6 and also listed in Table 3.5 were applied to 10-mL E. coli 

suspensions for 40 min. A strong linear dependence of log reduction on the cavitation cloud area 

was observed (r = 0.99, p < 0.0001, n = 4). Vertical error bars correspond to standard deviation of 

log reduction, while horizontal error bars correspond to the standard deviation of the cavitation 

cloud area from Figure. 3.6. .......................................................................................................... 41 

Figure 4.1.  Illustration of the experimental setup. A 1.2 MHz transducer (Sonic concepts model 

H-161) was attached to the bottom of a degassed water bath. The apparatus was designed so that 

the transducer’s focus was 15 mm upward from the bottom of sample vials containing 10 mL, 18 

mL or 28 mL of Escherichia coli bacteria (∼1×10⁹ cells/mL). A thin acoustically transparent 

membrane was placed at the bottom of each vial for improved acoustic energy transmission. The 

vials were aligned to the transducer using two pairs of magnets to allow for fast reproducible 

alignment of replicate samples...................................................................................................... 48 

Figure 4.2. Cavitation cloud volume estimation. a) Representative grayscale frame, with the 

shadowgraph corresponding to the cavitation cloud. The pulse parameters were 1.2 MHz 



x  

frequency, 20 µs pulse duration, 268 W acoustic power. b) Binary thresholding and calculation of 

height and area of the cavitation cloud. c) Cross-sectional view of an axially symmetric ellipsoid 

of equal height and cross-sectional area as the cavitation cloud. The derivation of the volume 

equation is given in appendix A.................................................................................................... 50 

Figure 4.3. Effect of sample volume on E. coli inactivation (log reduction) at three cavitation 

cloud volumes at 1.2 MHz frequency, 20 µs pulse duration, 1% duty cycle, and 40 minutes 

treatment time. At each cavitation cloud volume, the data can be fitted with power trendlines with 

high coefficient of regressions (R2 = 0.89,1.00,0.97). .................................................................. 51 

Figure 4.4. Correlation between E. coli inactivation (log reduction) and normalized cloud volume. 

The cavitation cloud volume and the sample volume for each data point can be found in Table 4.6.

....................................................................................................................................................... 52 

Figure 5.1. Experimental setup for visualizing a histotripsy cavitation cloud simultaneously by 

high-speed photography and plane wave B-mode imaging. The illumination system consists of an 

LED, lens, and a diffuser to obtain uniform light intensity in the optical image. A delay was applied 

between therapy and imaging transmission to avoid initial acoustic emissions from inertial 

cavitation. Additionally, another delay was applied after B-mode transmission to ensure high-

speed photography images acquisition occurs simultaneously with B-mode. .............................. 57 

Figure 5.2. Transducer characterization. a) Focal pressures measured by experiments and obtained 

from simulations at increasing system input voltages, for a single element transducer (F#0.75, 

aperture 92.64 mm) at a center frequency of 1.2 MHz. Simulations were conducted in the software 

HIFUBEAM. b) Simulated focal waveform at a system input voltage of 150 V. ........................ 58 

Figure 5.3. Triggering protocol for 25 µs B-mode delay. Therapy system is triggered, and the 

therapy pulse is transmitted instantaneously, taking 62.6 µs to reach the focus, after which the 

cavitation cloud forms for the duration of the pulse (20 µs). The B-mode system is triggered at the 

same instant as the therapy system, and a B-mode delay (in this case - 25 µs) was applied through 

verasonics. B-mode pulse transmission triggers the HSP system, which is delayed by the time B-

mode pulse takes to reach the focus (62.6 µs), ensuring that the B-mode and HSP acquisitions are 

at the same instant. ........................................................................................................................ 60 

Figure 5.4.  Cavitation cloud area estimation process. a) Grayscale image obtained by high-speed 

photography acquisitions (shutter exposure time = 12.68 µs). b) Background subtraction c) 

Grayscale to binary conversion, and area estimation for high-speed photography acquired image. 

d) Grayscale image obtained by plane wave B-mode imaging. e) Grayscale to binary conversion, 

and area estimation for plane wave B-mode image. Position of the geometric focus is indicated by 

a red asterisk. ................................................................................................................................ 61 

Figure 5.5. Plane wave B-mode and high-speed photography acquired images at different B-mode 

transmission delays after transducer transmission at acoustic power 783 W. At a particular delay, 

both images are of the same cavitation cloud. The arrow beside ‘US’ denotes the direction of 

ultrasound beam. Position of the geometric focus is indicated by a red asterisk.......................... 62 

Figure 5.6. a) Dependence of cavitation cloud area estimated by plane wave B-mode imaging (B-

mode) and high-speed photography (HSP) on acoustic power at 25 µs B-mode transmission delay. 



xi  

Eight replicates per data point. Linear regression lines are fitted to both data sets and the line 

equation as well as coefficient of regression are mentioned. b) The same datasets normalized with 

the minimum cloud c/s area value. ............................................................................................... 63 

Figure 5.7. Representative frames of four cavitation cloud events imaged simultaneously by plane 

wave B-mode imaging and high-speed photography. The scale is equal for all images. (a) A cluster 

of bubbles separated from the continuous region of the cloud are marked by a red circle in the HSP 

image. In the corresponding B-mode image, the same cluster of bubbles may be indicated by post 

focal localized bright areas (marked by a red circle). Position of the geometric focus is indicated 

by a red asterisk. ........................................................................................................................... 64 

Figure 6.1. Experimental setup for thermosonication and heat control treatments. A) A water bath 

containing degassed water at 37°C for thermosonication treatments and at room temperature (20°C 

- 22°C), with a sonic concepts (H-161) transducer with the beam directed upward. The beam focus 

is in the acoustically transparent bottom sample vial. Sample and coupling water temperatures 

were monitored periodically by thermocouples. B) Heat control treatments. Sample vials were 

dipped in Fischer scientific water bath and temperature was monitored periodically. ................. 71 

Figure 6.2. a) Light microscopy images (40x magnification) of S. aureus samples pre-treatment, 

post-de-clumping step (1-minute), and post histotripsy treatment. b) Mean S. aureus log reduction 

(N = 3). .......................................................................................................................................... 75 

Figure 6.3. Time-temperature profiles of a) heat + histotripsy and b) heat control treatments. .. 77 

Figure 6.4. Log-log plot of S. aureus inactivation versus F-value at the reference temperature of 

50°C for heat control and heat + histotripsy experiments. Both distributions are fitted with 

regressions and the difference in slopes are statistically insignificant.......................................... 77 

Figure 7.1. A simplified illustration of the cell envelopes of gram-negative bacteria (left) and 

gram-positive bacteria (right)[83]. ................................................................................................ 82 

Figure 7.2. Log reduction (N = 6) of 10 mL suspensions of four bacteria by histotripsy treatment 

with 1.2 MHz, 20 µs, 1473 W acoustic power, 1% duty cycle for 40 minutes. illustrations 

describing shape and gram status are shown above the bars. Gram positive bacteria having thicker 

cell wall are indicated by a thicker red outline. ............................................................................ 85 

 

 

 

 

 

 

 



xii  

LIST OF TABLES 
 

Table 2.1. Number of pulses corresponding to treatment time for Figure 2.6. ............................ 21 

Table 2.2. Number of pulses corresponding to treatment time for Figure 2.7. ............................ 22 

Table 2.3. Number of pulses corresponding to treatment time for Figure 2.8. ............................ 23 

Table 3.4. Transducer specifications and pulse protocol for cavitation cloud imaging experiments.

....................................................................................................................................................... 31 

Table 3.5. Treatment parameters for E. coli inactivation experiments ........................................ 37 

Table 4.6.  Normalized cloud volume values (ratio of cavitation cloud volume to sample volume) 

considered for treatments. Three sample volumes - 10, 18 and 28 mL were each treated at three 

cavitation cloud volumes generating nine unique values. The cavitation cloud volume was 

calculated by the process shown in Figure 4.2. The data points are ordered by increasing 

normalized cloud volume values. The mean cloud volume for each acoustic power was calculated 

separately in bacterial growth medium as described in chapter 3. ............................................... 50 

Table 5.7. Acoustic powers and peak focal pressures at the system input voltages derived from 

simulations. Consistent cavitation formation on every pulse was observed from 85 V. .............. 58 

Table 6.8. Hypothesis and rationale for histotripsy approaches to enhance S. aureus inactivation.

....................................................................................................................................................... 70 

Table 6.9. Pulse parameters for all studies. 1.2 MHz frequency and 20 µs pulse duration was 

applied for all treatments. The acoustic power data were used from our previous study [50]. Final 

temperatures for the heat + histotripsy treatment correspond to the intended target temperatures.

....................................................................................................................................................... 73 

Table 7.10. Information on bacterial strains used in the study .................................................... 83 

Table 7.11. Tukey HSD test results. Statistical comparison of mean log reductions between all 

bacteria. ......................................................................................................................................... 84 

 

 

 

 

 

 

 



xiii  

 

ACKNOWLEDGEMENTS 

My PhD would not have been completed without the support of many people. Indeed, I feel like I 

am standing on the shoulders of giants. I feel lucky to be a part of a research group defined by 

respect, passion, and dedication. First, I would like to express my sincere gratitude to my advisor 

Dr. Thomas Matula for his guidance, mentorship, and unwavering support throughout the journey. 

I am also immensely grateful to Dr. Tatiana Khokhlova for always taking time to talk whenever I 

stopped by, never making me feel like I was intruding. I would also like to thank the rest of my 

thesis committee Drs. Michael Bailey, Peter Dahl, and Alexander Meeske for their guidance and 

valuable insights.  

A special thanks to Dr. Yak-Nam Wang for teaching me by example how to be organized, 

efficient, and approach problems with a scientific mindset. I am deeply grateful to CIMU members 

Stephanie Totten, Shelby Piersonn, Drs. Gilles Thomas, Pavel Rosnitskiy, Daniel Leotta, Wayne 

Kreider, Matthew Bruce, Adam Maxwell, and Mohamed Ghanem for their inputs, guidance, and 

collaboration. I would also like to thank the clinical collaborators in the abscess group, Drs. Conrad 

Liles, Keith Chan, Patchen Dellinger, Adeyinka Adedipe, and Wayne Monsky for their 

suggestions and encouragement. My research would not have been realized without the 

collaboration with enthusiastic, resourceful, and creative engineers at CIMU – Kaizer Contreras, 

David Giraud, and Ekaterina Kuznetsova. No words of gratitude are enough to do justice to their 

contributions to my research.  

My PhD experience was enriched by the presence of my fellow graduate students, Gerald Lee, 

Drs. Minho Song, and Yashwanth Nanda Kumar. I enjoyed our discussions on a variety of topics 

ranging from science, culture, to random curiosities. Special thanks to Minho for answering my 



xiv  

countless questions on fundamental acoustics, and for repeatedly helping me troubleshoot 

technical issues. Additionally, I would like to thank Yash for introducing me to CIMU and always 

helping me professionally and personally during difficult times.  

I would like to acknowledge my teachers who played an important role in my intellectual 

development and in igniting my interest in science, without whom I wouldn’t be on this path today. 

These include Dr. Nitin Narappanawar, Gogate Madam, Ketan Dandare Sir, Prof. Mike Averkiou, 

and Prof. Peter Dahl.   

Last but not the least, I would like to thank my family and friends for making my life 

enjoyable, purposeful, and fulfilling. Their constant encouragement helped me stay balanced and 

motivated. 

 

 

 

 

 

 

 

 

 



xv  

 

DEDICATION 

To my parents Amita and Anirudha Ambekar, whose hard work, sacrifices, and unwavering 

support made it possible for me to follow my dreams 

 

 

 

 

 

 



 

1  

Chapter 1. INTRODUCTION 
 

This dissertation is part of a research project aimed at treating abscesses by a focused ultrasound-

based ablation technique called histotripsy. Abscesses are infected, walled-off collections of pus 

and bacteria, that present a significant healthcare challenge. Current abscess treatment methods 

are invasive in nature which carry significant risks and have limited efficacy in certain cases. 

Histotripsy is a non-invasive therapeutic technique that induces a cluster of micron-sized, strongly 

expanding and collapsing gas bubbles at a localized target region in the body. These bubbles impart 

high stresses on adjacent structures like tissues and bacteria, thus can potentially reduce the viable 

bacterial load inside the abscess. Proof-of-concept studies were conducted with in vivo abscess 

models, but bacterial inactivation showed a high variability because of uncontrolled experimental 

parameters like abscess volumes, gas content, treatment times, and initial bacterial concentrations. 

Hence, it was necessary to take a step back and investigate the bactericidal effects of histotripsy in 

controlled experimental conditions. 

1.1. CLINICAL PROBLEM – ABSCESS 

 
Abscesses are localized, infected collections of pus and bacteria that are walled off by highly 

vascular capsules and can appear anywhere in the body. Abscesses are formed as a defense 

mechanism by the host’s immune system to encapsulate an infection when the immune cells are 

unsuccessful in eliminating invading pathogens. Common abscess formation sites include skin [1], 

brain [2], dental [3], but they can form at any internal and external locations in the body. The size 

ranges from 1–5 cm in diameter. Some abscesses may be multiloculated i.e. having multiple 

internal compartments or pockets separated by internal walls.  

Abscesses represent a significant healthcare challenge in the United States, with a substantial 
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economic burden. Infection rates increased from 1.2 million emergency department visits in 1993 

to 3.4 million visits in 2005 [4]. In an urban pediatric hospital, 2090 abscess cases were treated in 

one year [5]. The Agency for Healthcare Research and Quality reported that >262,000 U.S. 

patients were hospitalized for abscess treatment, which resulted in approximately $6.2 billion 

aggregate U.S. hospital charges in 2011. Abdominal abscesses rank among the top 10 diseases for 

the highest 30-d re-hospitalization rate [6]. 

Several therapeutic approaches are undertaken to treat and resolve abscesses depending on 

their location, size, and complexity. Abscesses that occur deep in the body are generally treated by 

image-guided percutaneous catheter drainage, using CT or MRI. The most common approach for 

treating cutaneous abscesses is incision and drainage. Abscesses that are difficult to drain due to 

loculation, viscosity, and close proximity to vital structures may require surgical washout 

procedures. In case there is a concern for bacterial spread after treatments, antibiotics are 

prescribed.  

With the current approaches of treating abscesses, several concerns arise for patients as well 

as physicians. The quality of life of patients significantly reduces even if drainage is being 

successful, because of inconvenience in daily activities like sitting or walking, along with constant 

follow-up visits to the hospital for CT and drainage. Physician concerns include the potential for 

antibiotic resistance, radiation exposure to the patient and themselves during CT. Additionally, 

CT-guided percutaneous drainage has only 50% success rate as reported in a study [7]. Moreover, 

all therapeutic approaches listed above are invasive, which carries risks of complications like 

secondary infections from drainage tubes, bleeding, and injury to adjacent healthy tissues and 

organs. 

A non-invasive procedure to sterilize and resolve abscesses would have widespread clinical 
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applications. Histotripsy non-invasively liquefies target tissue by mechanical means making it a 

strong choice for abscess treatment. The next sub-section introduces relevant concepts and 

highlights a hypothesized non-invasive abscess treatment procedure using histotripsy. 

1.2. SOLUTION – HISTOTRIPSY TREATMENT OF ABSCESSES 

 
Histotripsy is fundamentally an ultrasound-based technique. Ultrasound refers to the propagation 

of sound waves above the frequency of 20,000 Hz. Ultrasound technology works on the principle 

of piezoelectric effect which was discovered by Pierre and Jacques Curie in 1880. Since then, it 

has been used for many applications including underwater visualization, material defect 

identification, and industrial cleaning. In medical settings, low intensity (<1 W/cm2) ultrasound is 

commonly used as a non-invasive diagnostic tool for visualizing different regions in the body, 

whereas high-intensity ultrasound (nominally 100–10,000 W/cm2) is used for therapeutic 

purposes. Specifically, high-intensity focused ultrasound (HIFU) is a therapeutic technique that 

causes localized thermal ablation of abnormal, unwanted tissues.  

HIFU is realized by focusing high-frequency (nominally 0.5–3 MHz) sound waves through a 

medium such as tissue or water to a localized region. In this region, high intensity is created due 

to the convergence of the sound waves. Due to the absorption of this energy by the medium, the 

temperature of the focal region increases which leads to coagulative necrosis i.e. thermal 

destruction of tissue. However, a key limitation of HIFU is that nearby blood vessels can act as 

heat sinks, dissipating the thermal energy and preventing the focal region from reaching sufficient 

temperatures for complete tissue destruction.  

Histotripsy is a mechanical version of HIFU that operates at a low duty cycle to minimize 

thermal damage resulting from heat accumulation. It uses microsecond long pulses of high 

amplitude delivered at a low duty cycle (1–2%) to create cavitation bubbles at the focal region. 
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Acoustic cavitation is the formation of vapor and gas bubbles by rarefactional pressures created 

by the acoustic wave. These cavitation bubbles when created in tissue by histotripsy, impart 

stresses and strains on adjacent tissue structures to disintegrate them at a sub-cellular level. This 

results in homogenized fluid lesions with sharp boundaries.  

There are different types of histotripsy based on pulse duration and the resulting bubble 

dynamics. Shock-scattering histotripsy (CH - also called cavitation histotripsy) was invented in 

2004 [8]. It uses 3–20 cycles with high-amplitude shock fronts, and peak negative pressures 

amplitudes of 15–25 MPa, to create millimeter sized clusters of bubbles commonly referred to as 

cavitation clouds. These clouds evolve throughout a pulse by backscatter and inversion of the 

individual shock fronts incident on bubbles in the central region of the focus (Figure 1.1b). 

Subsequent shock inversions enlarge the cluster for a few cycles until saturation [9].  

Boiling histotripsy (BH) is another regimen of histotripsy which was first reported in 2009 

[10]. It uses 1–20 milliseconds duration pulses at lower peak pressures (10 MPa–18 MPa) 

compared to shock-scattering histotripsy. Enhanced heat deposition through absorption at the 

shocks leads to rapid elevation of temperature up to 100°C in a very localized volume at the focus 

within as short as a few milliseconds, which in turn leads to the generation of a vapor bubble as 

illustrated in Figure 1e. The interaction of this vapor bubble with the remaining cycles of the pulse 

leads to tissue fractionation through a number of physical mechanisms [11], [12], [13]. 

An important aspect of histotripsy treatment is image-guidance, which is necessary for 

treatment monitoring. B-mode (brightness mode) is an ultrasound imaging method that uses 

acoustic backscatter from echogenic targets to produce a grayscale representation. It is the most 

ubiquitous parameter for histotripsy image guidance. Cavitation cloud appears hyper-echoic on a 

B-mode ultrasound image, whereas liquefied tissue in the absence of bubbles appears hypo-echoic 
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[14].  

 

Figure 1.1. Histotripsy-induced cavitation dynamics [15]. Bubble sizes and nuclei are not to scale. 

a) Shock-scattering histotripsy pulse. The scattered pressure wave exceeds the intrinsic threshold. 

b) In shock-scattering histotripsy excitations, the activated nucleus grows slowly over the course 

of several cycles (left arrow) and deforms because of the incident shock waves (right arrow). 

Additional bubbles form spatially and temporally in regions of constructive interference between 

the incident wave and waves scattered by the deformed bubble. c) Representative high-speed 

photography images of shock-scattering histotripsy bubbles. d) Boiling histotripsy pulse. Intrinsic 

threshold is exceeded after cycles sufficient to lower during shock-enhanced heating. e) In boiling 

histotripsy, shock-enhanced heating alters the cavitation nucleus (left arrow) to reduce the requisite 

tension for bubble formation (right arrow). f) Representative high-speed photography images of 

boiling histotripsy bubbles. 

 

Histotripsy has been used preclinically to treat tumors [16], biofilms [17], tendons [18], deep 

vein thrombosis [19], and clinically to treat benign prostate hyperplasia [20]. Similarly, histotripsy 

can be potentially used to treat abscesses in two ways, firstly by liquefying the abscess contents 

by the same mechanism mentioned for tissue. Secondly, histotripsy-induced cavitation can 

potentially inactivate bacteria inside abscesses, since acoustic cavitation has been successful in 

inactivating bacteria [21]. Figure 1.2 shows the hypothesized abscess treatment process. A 

histotripsy transducer will focus in the interior of the abscess to liquefy contents and inactivate 
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bacteria. Concern will be taken not to treat the capsule (marked by green outline in the image). 

The abscess content immediately adjacent to the capsule will be recirculated in the interior by 

cavitation-induced streaming.  

If successful, histotripsy-based abscess treatment would have several advantages over current 

treatments. It is non-invasive and would involve less procedural pain and could treat abscesses too 

viscous for drainage. Additionally, since the interior environment of abscesses is acidic, antibiotics 

are generally ineffective. Moreover, bacteria like methicillin-resistant Staphylococcus aureus 

(MRSA) can develop antibiotic resistance. Histotripsy effects are mechanical in nature which can 

potentially overcome these challenges.  

 

 

Figure 1.2. Hypothesized process of histotripsy-based abscess treatment. A CT scan of a deep 

abscess is shown. A transducer focuses the ultrasound beam in the abscess interior leading to 

formation of cavitation, which will liquefy the abscess contents and inactivate bacteria. Treating 

the whole abscess interior is possible by moving the focus under image-guidance and recirculation 

of contents close to the boundary into the focus by cavitation-induced streaming.  

 

A pilot in vivo study was performed with both CH and BH on abscesses generated in a large 

animal (porcine) model, in which high variability was observed in both histotripsy regimens, 

especially for BH [22]. However, treatment durations and volumes were not controlled. Hence, 
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there was a need for a more controlled environment to study the dependence of bacterial 

inactivation on histotripsy parameters like treatment time, duty cycle, focal pressure amplitude, 

and pulse duration. Bacterial suspensions represent the simplest abscess model because of ease in 

accessibility, consistent gas content and viscosity, and increased control over temperatures and 

pre-treatment bacterial concentration across studies. Two bacteria were selected for treatments 

because of their common occurrence in abscesses, namely Escherichia coli (E. coli), and 

Staphylococcus aureus (S. aureus).  

1.3. EFFECTS OF FOCUSED ULTRASOUND ON BACTERIAL VIABILITY 

 
Acoustic fields have been known to inactivate bacteria for almost 100 years [23]. The fundamental 

mechanism of ultrasound-induced bacterial inactivation is mediated by cavitation and was 

explored in 1950s and 1990s [24], [25]. Bactericidal activity is suggested to be due to mechanical 

effects or sonochemical reactions produced by acoustic cavitation [26], [27], [28]. Mechanical 

effects are produced by pressure gradients during bubble collapse, shear forces induced by 

microstreaming during bubble oscillations, micro-jetting of bubbles during asymmetric collapse, 

and shock-waves generated by bubble collapse (Figure 1.3). Sonochemical effects are generated 

by the splitting of water molecules into free hydroxyl radicals (H* and OH*) because of the energy 

of cavitation collapse. These radicals attack the outer layers of a cell leading to chemical imbalance 

in the cell wall. Additionally, hydroxyl radicals can recombine into hydrogen peroxide which also 

has bactericidal effects and contributes to inactivation.  
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Figure 1.3. Mechanisms of ultrasonic cavitation damage to bacteria. a) Jetting of bubbles [29]. b) 

Microstreaming patterns during stable oscillation [30]. c) Shock wave emitted by a collapsing 

bubble [31].  

 

A commonly used ultrasound-based setup to investigate bacterial inactivation is an ultrasonic 

horn, also known as ultrasonic probe. The setup consists of a tapering round metal rod with 5 mm–

10 mm flat surface (horn tip) driven by a piezoelectric element. When the element is actuated at 

specific input electric powers and frequencies (20 KHz–500 KHz), the vibrations get transferred 

to the tip which translates as unfocused sound waves in the bacterial sample. This creates cavitation 

immediately below the tip inside the sample, if the rarefactional pressures are of enough amplitude 

to surpass threshold of cavitation formation. Horns have been used to study the dependence of 

bacterial inactivation on acoustic parameters like frequency [32], pulse duration [33], and intensity 

[34]. However, these setups cannot be used for abscess treatment related studies, since they cannot 

be inserted into the body. 

In the last twenty years, HIFU and histotripsy have been used to treat biofilms, which are 

communities of bacteria encased in a self-produced matrix of extracellular polymeric substances 

(EPS) and attached to inert surfaces or living tissue. A research group conducted several 

investigations with different bacteria like E. coli [35], S. aureus [17], [36], and Pseudomonas 

aeruginosa (P. aeruginosa) [37], with the motivation of non-invasively treating biofilms attached 

to medical implants. The biofilms were grown in vitro on implant-mimicking surfaces like graphite 

disks and polypropylene meshes and were treated with shock-scattering histotripsy. Parametric 
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studies showed increased biofilm eradication at higher peak rarefactional focal pressure 

amplitudes, and negligible effect of the number of cycles in the pulse. Also, the scan speed was a 

critical parameter for efficient biofilm destruction. Overall, results showed significant biofilm 

eradication from surfaces, but it was unclear whether the bacteria dislodged from the biofilms were 

rendered non-viable.  

Focused ultrasound has been used to treat bacteria in suspension. A study exposed E. coli 

suspensions enriched with cavitation nuclei with 1 MHz, 1000 cycle pulses at a spatial peak pulse 

average intensity of 500 W/cm2, and used a 20 MHz transducer to passively detect noise emissions 

associated with symmetric bubble collapse [38]. A poor correlation of cavitation dose was 

observed with bacterial inactivation, potentially due to shielding of acoustic emissions by pre-focal 

bubbles. Two successive studies were conducted by a research group to gauge the performance of 

pulsed focused ultrasound with shocks on inactivating E. coli in suspension as a proof-of-concept 

study for histotripsy based abscess treatment [39], [40]. In the first study, 2-MHz focused 

ultrasound was used on 100 µL volumes to achieve >99% inactivation. Parametric studies showed 

an increasing dependence of inactivation on treatment time, whereas a peak rarefactional pressure 

threshold was observed. In the second study, a decreasing dependence of inactivation was observed 

with increasing volume. Importantly, transmission electron microscopy (TEM) images post-

treatment showed broken cell walls, leaked cell contents and missing cytoplasm, which indicated 

mechanical inactivation mechanism. Another group used histotripsy on P. aeruginosa suspensions 

and obtained a 5 log kill (99.999% inactivation) in six minutes [41]. Overall, no study investigated 

the effects of histotripsy on abscess-causing bacteria like E. coli and S. aureus in suspension. 
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1.4. ORGANIZATION OF THE DISSERTATION  
 

In the first chapter, background on abscesses, histotripsy, and effects of focused ultrasound on 

bacteria are explained. The second chapter is a comparative study between the two types of 

histotripsy – shock-scattering histotripsy and boiling histotripsy on inactivating the bacteria E. coli 

in suspension. For the rest of the dissertation, bactericidal effects of shock-scattering histotripsy 

are explored in detail. In the third chapter, the relationship between optically measured cavitation 

cloud size and E. coli inactivation was investigated. This relationship was further refined in the 

fourth chapter by normalizing the cavitation cloud size by bacterial suspension volume. In the fifth 

chapter, the potential of plane-wave B-mode imaging (a type of B-mode imaging) in tracking 

cavitation cloud size changes with increasing acoustic power is explored. The sixth chapter details 

the approaches to enhance S. aureus bactericidal activity following its observed resistance to 

histotripsy in preliminary treatments. In the seventh chapter, effects of bacterial shape and gram 

status on their resistance to histotripsy are investigated. Conclusions, implications of the 

dissertation to histotripsy-based abscess treatment, and recommended future work are stated in 

chapter 8.   
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Chapter 2. COMPARATIVE STUDY OF HISTOTRIPSY PULSE 

PARAMETERS USED TO INACTIVATE ESCHERICHIA COLI 

IN SUSPENSION 
 

2.1. INTRODUCTION 
 

An in vivo study applying shock-scattering histotripsy (CH) or boiling histotripsy (BH) to a porcine 

abscesses model suggested that, with respect to bactericidal effectiveness, BH was much more 

variable and less effective on average than CH [22]. Hence, in this chapter, similarities and 

differences between CH and BH for inactivating E. coli are quantified.  

CH and BH have differences in bubble dynamics. Each CH pulse generates a smaller 

cavitation cloud than a BH pulse, but it is repeated at a higher PRF. Because of the difference in 

pulse duration, solid tissue displacement and/or liquid streaming induced by acoustic radiation 

force is more pronounced in BH treatments. The combination of the aforementioned effects results 

in BH lesions in tissue being larger than CH lesions within the same treatment time. In this chapter, 

typical parameters from both CH and BH regimens were selected. Exposures were performed with 

varying peak negative pressure amplitude and treatment time using the same fixed-focus, 

stationary 1 MHz transducer.  

All studies used the same transducer and custom sample vial system. Instead of moving the 

transducer’s focus through the sample volume, cavitation-induced streaming was relied on to 

circulate material through the focus. One advantage of histotripsy is that streaming induced at the 

focus brings new material into the focus via the acoustic radiation force (momentum imparted by  

_______________________ 
© 2023 UMB. Reprinted, with permission, from Pratik Ambekar et al. “Comparative Study of Histotripsy Pulse 

Parameters Used to Inactivate Escherichia coli in Suspension”, Ultrasound in Medicine & Biology, vol. 49, no. 12, 

pp. 2451–2458, Dec. 2023. 
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the wave on the liquid) and Kelvin impulse (momentum imparted by bubble oscillations on the 

liquid). Cavitation enhances streaming caused by the interaction between the sound wave and 

bubbles. Bubble oscillations themselves create microstreaming patterns that are also known to 

disrupt cells because of high transient shear forces [26]. Thus, the treatment volume is larger than 

the acoustic pressure focal volume. This was previously demonstrated in an in vitro study that used 

a fixed-focus system to treat a 10 mL sample by drawing bacteria into a comparatively small 

acoustic pressure focal volume [40].  

The article is organized as follows. Variable peak negative pressure studies were performed 

to determine the threshold for E. coli inactivation. Treatment time studies were then performed at 

various pressure amplitudes above the threshold. For CH, different pulse parameters (pressure 

amplitude, pulse length, duty cycle) were compared. With BH, different pressure amplitudes were 

compared. 

2.2. METHODS 
 

2.2.1. Culture and Preparation 

Escherichia coli FDA strain Seattle 1946 was purchased from the American Type Culture 

Collection (ATCC, Manassas, VA, USA) and maintained as streak cultures on 3% tryptic soy broth 

medium and 2% agar. Details of the methods used to prepare and use the bacteria have been 

described in detail earlier [39], except as noted. Bacterial growth was monitored by periodically 

measuring the optical density at 600 nm (OD600). The culture was used once the bacteria reached 

the stationary phase, as established from previous growth characteristic studies. 

2.2.2. Histotripsy Exposure Apparatus and Treatment Protocols 

A custom experimental apparatus (Figure 2.1) was used for these experiments. Vials containing 

the bacterial suspensions were immersed in a cylindrical degassed water bath (initially at ∼20°C) 
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with an attached 1 MHz spherically focused transducer (F# = 1, aperture = 85 mm). The transducer 

was driven by a high-power driving electronics system (not shown, but detailed elsewhere [42]) 

and had a circular opening in the middle that harbored a coaxially aligned 64-element phased-array 

ultrasound imaging probe (ATL P4-2 probe, Phillips, Bothell, WA, USA). The imaging probe was 

attached to a Verasonics (Kirkland, WA, USA) V1 ultrasound system, and the position of the 

histotripsy transducer focus within the B-mode ultrasound image was pre-registered with the 

system. The cylindrical plastic exposure vials (48 mm tall, 19 mm inner diameter, 3 mm wall 

thickness) accommodated 10 mL samples. The bottom of the vials was fitted with a cling-film 

acoustically transparent “window” held in place by an O-ring, which nested in an annulus 

machined into the outer walls of the vials. After being filled with the desired sample, the vial was 

sealed with a friction-fitted cap containing two magnets that clamped against two magnets on the 

apparatus. This allowed reproducible alignment of replicate samples within the acoustic field. The 

bottom of the cap was machined into a cone with its point immersed in the sample to reduce 

acoustic reflections. When filled, a small air gap remained along the edge of the conical cap. The 

position of the vial corresponded to having the focus 15 mm from the bottom membrane, 

approximately at the center of the vial’s 10 mL volume. Immediately prior to a new study, the 

water was degassed to ≤20% O2 concentration. Over the treatment time, the water temperature and 

O2 concentration were measured periodically with an O2 meter (Oxi 3310, Xylem Analytics, 

Washington, DC, USA). Additionally, the proximal wall of the transparent acoustic window was 

wiped with a gauze sponge to remove pre-existing bubbles that could act as cavitation nuclei 

during treatments. During treatments, B-mode imaging and passive cavitation detection (described 

later) were used to look for pre-focal cavitation signals from the transparent acoustic window. 

None were observed. 
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Calibration of the acoustic focal pressure levels at a full range of system driving voltages was 

performed in degassed water with a fiberoptic probe hydrophone (FOPH 2000, RP Acoustics, 

Leutenbach, Germany; 100 µm active diameter, 100 MHz bandwidth). The sample holder was 

removed for characterization. The resulting peak positive and peak negative pressures and 

representative focal waveforms are illustrated in Figure 2.2. Both CH and BH regimens use the 

acoustic output corresponding to the formation of shocks at the focus; peak positive (p+) and peak 

negative (p−) focal pressures corresponding to fully developed shock formation (i.e., where p+ is 

equal to shock amplitude [43]) were p+ = 76 MPa and p− = 12 MPa (red line in Figure 2.2a). Peak 

focal pressures corresponding to the maximum output level used in this work were p+ = 103 MPa 

and p− = 23 MPa. Most studies were performed at p− ranging from 12 to 23 MPa. 

 

Figure 2.1. Custom experimental apparatus. A 1 MHz transducer with integrated inline P4/2 

imaging probe was attached to the bottom of a degassed water bath. The apparatus was designed 

so that the transducer’s focus was at the center of a sample vial containing 10 mL of Escherichia 

coli bacteria (∼1×109 cells/mL). A thin acoustically transparent membrane was placed at the 

bottom of the vial for improved acoustic energy transmission. The vial was aligned to the 

transducer using two pairs of magnets to allow for fast, reproducible alignment of replicate 

samples. 
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Two different CH exposures (5 or 10 cycles at 2 or 1 kHz PRF, respectively) and one BH 

exposure (10,000 cycles at 1 Hz PRF) were used in most studies. Except where noted, a duty cycle 

of 1% was used for all exposures. In the first series of experiments, the focal pressure threshold 

for inactivation of E. coli was determined for each regimen. Each sample was treated for 10 

minutes at different voltages corresponding to peak negative focal pressures ranging from 1 to 23 

MPa. Once the amplitude dependence was established, the influence of treatment time, ranging 

from 5 to 40 minutes at a fixed pressure level, was investigated. 

 

Figure 2.2. Transducer characterization. (a) Peak positive and negative amplitudes versus input 

voltage. Most studies were performed between peak negative pressure amplitudes of 12 and 23 

MPa. The red line indicates the output level corresponding to fully developed shock formation. (b) 

Representative waveforms corresponding to the output levels below (black line) and above (blue 

and red lines) shock formation. 
 

2.2.3. Viability Assessment 

Samples withdrawn from the treated cell suspensions were subjected to serial dilutions with EPA 

dilution water (2 mM MgCl2, 0.6 mM KH2PO4, pH 7.1) as a standard diluent for E. coli using 

aliquots no smaller than 25 µL, as described previously [39]. Compact Dry EC100 assay plates 

(Hardy Diagnostics, Santa Maria, CA, USA) were used for colony counting, on which E. coli 

specifically produces a blue colony while non-E. coli coliforms produce red colonies. Colonies 

were manually counted after incubation at 37°C for ∼18 h, at which time the colonies were visible 
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macroscopically. Control samples were taken periodically (every 30–40 min) throughout the study. 

2.2.4. Statistical Analysis 

Where appropriate, regression lines were fitted to the data sets. In the two-group comparisons, the 

homoscedasticity of the groups was first evaluated using the Fisher-Snedecor test (F-test). Except 

where noted, the groups were homoscedastic, and the p values were calculated using Student's t-

test. One group was heteroscedastic (noted in the figure caption). For that case, the p value was 

calculated using Welch’s t-test. p values < 0.05 were considered to indicate significance. 

2.2.5. Ultrasound Imaging and Passive Cavitation Detection 

Plane wave B-mode imaging at the frequency of 3.5 MHz was used prior to all exposures to 

confirm the repeatable positioning of the sample vials. During both CH and BH treatments, the 

emission of each histotripsy pulse was followed by the acquisition of 1 (for CH) or 31 (for BH) 

plane wave B-mode images every 20 ms. In addition, emission of CH pulses was synchronized 

with a 200 μs passive radiofrequency (RF) data capture by the ultrasound probe. The data 

corresponding to backscattered histotripsy pulses and broadband noise emissions from bubble 

collapses were acquired at a 12 MHz sampling rate every 30 s (e.g., 20 acquisitions for a 10 min 

treatment). 

The acquisitions were post-processed to quantify broadband noise emissions. Note that the 

processing was not successful for BH exposures because of high levels of clutter from the 10 ms 

pulse reflections and reverberations from air−liquid interfaces and rigid boundaries of the 

experimental assembly. 

Broadband noise quantification was conducted as follows: each acquisition was filtered in the 

frequency domain by a combination of a bandpass 1000th-order Hamming filter within 1.5−4.7 

MHz and a second-order IIR comb filter with a notch bandwidth of 400 kHz applied at the 
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fundamental frequency of 1 MHz and its harmonics [44]. The filtered signals were then analyzed 

in the time domain to determine whether a cavitation event occurred. The section of the signal 

arriving prior to the round-trip time of flight to the transducer focus was considered as background 

noise; the section corresponding to the arrival time from within the sample vial was considered as 

the region of interest (ROI). Cavitation was considered present if the peak signal value within the 

ROI exceeded that of the background noise by a factor √5, corresponding to the Rose criterion, 

which ensures that the signal is distinguishable from the background noise.  

For each sample, cavitation persistence was defined as the percentage of the CH pulses that 

induced a cavitation event among all recorded pulses for the sample. If a cavitation event was 

identified, broadband noise amplitude was calculated as the root-mean-square (RMS) value of the 

filtered passive cavitation detection (PCD) signal within the ROI. The mean and standard deviation 

of cavitation persistence and broadband noise amplitude, integrated over all the exposures, were 

calculated over the replicate samples corresponding to the same CH pressure level. 

2.3. RESULTS 
 

2.3.1. Inactivation Threshold 

Initial studies were performed to determine the relative rate of bacteria inactivation as a function 

of focal pressure amplitude. Ten-minute exposures were performed at different pressures up to p− 

= 23 MPa. CH exposures (Figure 2.3a) resulted in a clear threshold phenomenon: no reduction in 

bacterial load was observed until p− exceeded a threshold value that itself depended on the pulse 

parameters. The reduction in bacterial load increased exponentially above the threshold. The slope 

of the line (rate of inactivation) was higher for the longer pulse (higher duty cycle). For BH 

exposures (Figure 2.3b), no threshold was observed. Instead, the reduction in bacterial load 

followed an exponential curve as a function of peak negative pressure. On comparison of CH (5-
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cycle pulses) with BH, the open black circles indicate where the two trendlines cross. That is, at 

that specific pressure (17.8 MPa), the log reduction for both CH and BH was the same (0.9). 

 

Figure 2.3. Mean log reduction (± standard deviation) in bacterial load with increasing peak 

negative pressure amplitude. (a) The CH threshold for inactivating Escherichia coli depended on 

pulse parameters. 5-cycle pulses at 2 kHz (1% duty cycle) had a higher threshold than 10-cycle 

pulses (2% duty cycle). Above the threshold, the bacterial log reduction increased linearly with 

amplitude (R2 = 0.93 for both curves). (b) With BH (10,000 cycles at 1 Hz PRF), there was no 

measured threshold. However, the log reduction in bacteria also increased linearly with amplitude 

(R2 = 0.90). The open circles in each figure have the same log reduction over 10 min (0.9) at the 

same pressure amplitude (17.8 MPa). BH: boiling histotripsy; CH: shock-scattering histotripsy; 

PRF: pulse repetition frequency. 

 

2.3.2. Cavitation Detection 

During CH, a hyperechoic cavitation cloud confined to the focal area could be seen in B-mode 

images (Figure 2.4), appearing intermittently from p− = 14.5 MPa and without interruption from 

p− = 16 MPa (at 1% duty cycle). The appearance of the cavitation cloud also correlated with distinct 

audible cavitation noise at the pitch of 2 kHz corresponding to the PRF. As the output level 

increased, the cavitation cloud shifted pre-focally and slightly elongated. 

Conversely, during BH, the hyperechoic bubbles were seen to appear and circulate within the 

vial starting from p− as low as 1 MPa. BH bubbles filled the entire sample volume after one to 

several pulses, starting from the pre-focal and focal areas and then spreading post-focally and 

sideways, consistent with a vortex-like streaming pattern induced by high-intensity ultrasound 
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(HIFU) radiation forces. A HIFU reverberation artifact was observed in the B-mode frames 

immediately following each BH pulse and highlights the difficulties encountered with the 

interpretation of PCD signals for BH exposures. Broadband noise processing of the PCD data for 

CH associated with Figure 2.3a was performed to evaluate cavitation analysis techniques that 

could be used in vivo for correlation with bacteria inactivation. 

 

Figure 2.4. Representative B-mode ultrasound images observed during CH (top) and BH (bottom). 

The hyperechoic CH cavitation cloud was generally confined to the focal area; it slightly elongated 

and shifted pre-focally with the increase in p− from 14.5 to 23 MPa. Conversely, following each 

BH pulse, hyperechoic bubbles filled the entire sample volume through visible streaming-induced 

mixing and persisted until the next pulse arrived. Note the high-intensity focused ultrasound 

reverberation artifact in the image immediately following the BH pulse (40 ms). BH: boiling 

histotripsy; CH: cavitation histotripsy. 
 

As illustrated in Figure 2.5, the threshold between intermittent and continuous cavitation was 

evident in the output of passive cavitation detection. The analysis (Figure 2.5) revealed a step from 

low to high at the pressure levels corresponding to the transition between occasional and consistent 

generation of the cavitation cloud. 
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Figure 2.5. Passive cavitation detection metrics obtained from the 5-cycle cavitation histotripsy 

exposures in Figure 2.3a. Average amplitude of broadband noise emissions over the 10 min 

exposure. Both metrics exhibit a threshold-like behavior at the focal pressure of 16 MPa, which 

also corresponds to the threshold for inactivating Escherichia coli and indicates the onset of 

consistent cavitation. The error bars represent standard deviations. Trendlines are used to aid the 

eye. PCD: passive cavitation detection. 
 

2.3.3. CH versus BH Treatment Time Studies 

At a pressure of 17.8 MPa and a 1% duty cycle, both CH and BH result in similar log reductions 

(Figure 2.3, open circle data points). It was hypothesized that this equivalence should extend to 

other treatment times at this specific pressure level. Thus, comparative studies were performed at 

17.8 MPa for up to 40 min to test this hypothesis. Both CH and BH have linear fits in the log linear 

plot (Figure 2.6). The difference between the slopes of regressions lines corresponding to CH and 

BH is statistically insignificant. Note that the abscissa in Figure 2.6 is given in terms of total 

treatment time, which is clinically relevant. For comparative purposes, treatment times can also be 

described in terms of “on-time” or number of pulses. Table 2.1 lists the numbers of pulses 

corresponding to the labeled treatment times for Figure 2.6. 
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Table 2.1. Number of pulses corresponding to treatment time for Figure 2.6. 

Figure Histotripsy PRF (Hz) Treatment Time (min) No. of Pulses 

6 Black BH 1 5 300 

6 Black BH 1 10 600 

6 Black BH 1 20 1200 

6 Black BH 1 40 2400 

6 Red CH 2000 5 600,000 

6 Red CH 2000 10 1,200,000 

6 Red CH 2000 20 2,400,000 

6 Red CH 2000 40 4,800,000 

 

 

Figure 2.6. Comparison between CH (5-cycle pulses, 2000 Hz PRF, red circles) and BH (10,000-

cycle pulses, 1 Hz PRF, open triangles) bacterial load reduction at a pressure of 17.8 MPa and 1% 

duty cycle. R2 = 0.99 (CH) and 0.97 (BH). See Table 2.1 for converting treatment time to pulse 

number. BH: boiling histotripsy; CH: cavitation histotripsy; PRF: pulse repetition frequency. 
 

2.3.4. Treatment Time Comparison at Different Peak Negative Pressures 

In addition to comparing CH against BH at one pressure level, factors affecting each treatment 

modality were individually considered. Time-course studies were performed for both CH and BH 

at different pressure amplitudes, for up to 40 min (Figure 2.7). Bacterial load reductions are plotted 

in a log-linear format. Figure 2.7a illustrates CH treatments performed at two different peak 

negative pressure amplitudes: p− = 23 and 17.8 MPa. Treatments at 23 MPa caused an increase in 

log reduction over 17.8 MPa treatments. A similar study with BH (Figure 2.7b) also yielded 

increased inactivation with higher applied pressures. In all cases, the number of inactivated 

bacteria increased exponentially over time (corresponding to straight lines in these log-linear 
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plots). All best-fit trendlines have a coefficient of determination (R2) between 0.95 and 0.99. Note 

the data points at 10 min in Figure 2.7a were in close agreement with those at corresponding 

pressures in Figure 2.3. As with the previous figure, Table 2.2 lists the number of pulses 

corresponding to the treatment time in Figure 2.7. 

Table 2.2. Number of pulses corresponding to treatment time for Figure 2.7. 

Figure Histotripsy PRF (Hz) Treatment Time (min) No. of Pulses 

7a CH 2000 5 600,000 

7a CH 2000 10 1,200,000 

7a CH 2000 20 2,400,000 

7a CH 2000 40 4,800,000 

7b BH 1 5 300 

7b BH 1 10 600 

7b BH 1 20 1200 

7b BH 1 40 2400 

 

 

Figure 2.7. Mean log reduction (± standard deviation) in bacterial load over time at different peak 

negative pressures. Dashed lines represent best-fit linear trendlines. (a) CH treatments used 5-cycle 

bursts at 2000 Hz PRF. R2 values for 23 and 17.8 MPa = 0.95 and 0.99, respectively. This group 

was heteroscedastic. The slopes of the trendlines for 23 and 17.8 MPa = 0.11 and 0.07, 

respectively. (b) BH treatments used 10,000-cycle bursts at 1 Hz PRF. R2 values for 17.8 and 14.5 

MPa = 0.98 and 0.99, respectively. The slopes of the trendlines for 17.8 and 14.5 MPa = 0.075 and 

0.054, respectively. See Table 2.2 for converting treatment time to pulse number. 
 

2.3.5. CH Parameter Comparisons 

Finally, studies were performed to quantify bacterial load reduction for two different sets of CH 

pulse parameters. Our hypothesis is that bacterial load reduction depends on the total number of 
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pulses (or on-time). Thus, different sets of pulse parameters should produce the same outcome for 

the same duty cycle. In the following dose response study, CH treatments were performed at 16 

MPa peak negative pressure with either 5-cycle pulses at 2000 Hz PRF or 10-cycle pulses at 1000 

Hz PRF. The on-time is thus the same for both parameter sets. Figure 2.8 reveals that both sets of 

parameters led to the same log reduction at each time point. The difference between the slopes of 

regression lines corresponding to 5 and 10 cycles is statistically insignificant. Table 2.3 lists the 

numbers of pulses corresponding to the treatment times in Figure 2.8.  

Table 2.3. Number of pulses corresponding to treatment time for Figure 2.8. 

Figure PRF (Hz) Treatment Time (min) No. of Pulses 

8 Black 1000 5 300,000 

8 Black 1000 10 600,000 

8 Black 1000 20 1,200,000 

8 Red 2000 5 600,000 

8 Red 2000 10 1,200,000 

8 Red 2000 20 2,400,000 

 

 

Figure 2.8. Mean log reduction (± standard deviation) in bacterial load over time. Dashed lines 

represent best-fit linear trendlines. CH pulse parameters: black triangles, 10 cycles at 1000 Hz 

PRF; red circles, 5 cycles at 2000 Hz PRF. p− = 16 MPa for both. R2 values for 5 and 10 cycles = 

0.93 and 0.96, respectively. See Table 2.3 for converting treatment time to pulse number. 

 

2.3.6. Statistical Analyses 

Student’s t-test was used in the case of equal variances between two regression models. Results 
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were statistically significant for Figure 2.7b (p = 7.1*10−4) and statistically insignificant for 

Figures 2.6 and 2.8 (p = 0.52 and p = 0.17, respectively). In the case of unequal variances (Figure 

2.7a), Welch’s t-test was applied, and the results were statistically insignificant. This is likely due 

to the small number of replicates for the case of unequal variances. 

2.4. DISCUSSIONS  
 

Histotripsy includes multiple regimens, two of which are CH and BH. CH generates small lesions 

in rapid succession (∼1 kHz), whereas BH generates a much larger lesion, but at a much lower 

rate (∼1 Hz). The current work was initially motivated by the results of a prior uncontrolled in 

vivo study, suggesting greater variability in bacterial load reduction with BH treatments than with 

shock-scattering CH treatments [22]. Possible causes of variability in that study included unequal 

treatment durations and volumes. Here, a more controlled in vitro study determined that both CH 

and BH treatments reduce bacterial loads effectively for a 10 mL bacteria suspension. The studies 

evaluated the effects of peak negative pressure (from 14.5 to 23 MPa), treatment time (10, 20 or 

40 min) and pulse parameters (BH: 10,000 cycles at 1 Hz PRF; CH: 5 or 10 cycles, at 2000 or 

1000 Hz PRF, respectively). The duty cycles for these parameters were 1% for both BH and CH, 

except for the threshold data in Figure 2.3a that included a 2% duty cycle study. The pressure 

amplitude studies revealed that CH had a threshold for bacteria inactivation that depended on the 

pulse parameters, while BH did not exhibit any threshold behavior. For both modalities the rate of 

inactivation increased with pressure amplitude and treatment time. 

The inactivation threshold observed for CH provides insight into the mechanism of histotripsy 

treatment. The CH threshold behavior was consistent with previous observations [39]. Figure 2.3a 

illustrates that the threshold is reduced with an increase in the duty cycle. The observed threshold 

level coincided with the pulse parameters that produced cavitation for each pulse. Below the 



 

25  

threshold, cavitation was inconsistent, and thus, the non-cavitating pulses did not contribute to 

bacteria inactivation. In addition, non-cavitating pulses do not contribute to sample mixing. Thus, 

below the continuous cavitation threshold, cavitation is intermittent and bacterial load reduction is 

more variable. On the basis of these results, a possible explanation for the absence of a threshold 

with BH treatments is that cavitation was generated by every pulse at all pressure amplitudes 

investigated. 

Cavitation histotripsy-induced cavitation activity was quantified through PCD signal analysis 

to help identify a cavitation metric for bacterial inactivation in future in vivo studies. Because of 

reverberations of the long BH pulse from the walls of the small sample vial, the analysis was only 

successful for CH pulses. Specifically, the average amplitude of the broadband noise emissions 

was measured at a range of pressure levels corresponding to varying levels of inactivation for 10 

min exposures. Broadband noise is commonly used as a measure of the intensity of inertial bubble 

collapses that are responsible for the observed bio-effect – inactivation in the present case. At 

lower treatment pressures (<16 MPa), cavitation was intermittent: broadband noise emissions were 

not detectable with every CH pulse, and the detectable emissions had low amplitude. At 16 MPa, 

the cavitation persistence reached 100% in a threshold-like manner: broadband emissions were 

detected following each pulse and their amplitude abruptly increased. This pressure threshold of 

consistent and violent cavitation corresponded to the threshold in bacterial inactivation. 

At pressure levels above the threshold, broadband emission amplitude nearly plateaued 

(Figure 2.5). In contrast, the inactivation rate increased tenfold within the range 16–23 MPa 

(Figure 2.3a, black data points). It is speculated that the plateau is due to shielding of the cavitation 

cloud by its proximal front, which is shifted toward the transducer with the increase in pressure 

levels (Figure 2.4). This shielding may prevent emissions and scattering from the bubbles in the 
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central and distal parts of the cloud to reach the PCD transducer, thus reducing broadband 

emissions amplitude. 

The treatment-time studies (Figures 2.6–2.8) highlight the noteworthy observation that both 

CH (above the threshold) and BH treatments resulted in an exponential bacterial load reduction 

over time, as evidenced by the linear fits to the log-linear plots. The inactivation rates, indicated 

by the slopes of the trendlines, were dependent on pressure amplitude for both CH and BH: higher 

pressure amplitudes led to higher inactivation rates (Figure 2.7). 

In most cases, CH and BH did not exhibit equal effectiveness in bacterial inactivation. Below 

p− = 17.8 MPa, BH exhibited greater bacterial inactivation rates. This was partially due to CH 

having a threshold below which significant inactivation did not occur, whereas BH did not exhibit 

such a threshold. At 17.8 MPa, CH and BH performed equally well at all time points examined 

(see, e.g., open circles in Figures 2.3 and 2.5). Above 17.8 MPa, CH outperformed BH in terms of 

bacterial inactivation. Figure 2.3 illustrates that over a 10 min period, the maximum inactivation 

rate for CH was a 1.5 log reduction in bacterial count, while over the same duration, the maximum 

BH treatment resulted in a 1 log reduction. Thus, in practice, the preferred treatment method may 

depend on the peak negative focal pressure attainable at the specific location of the targeted abscess 

within attenuative tissue and the available acoustic window. 

These findings suggest that both CH and BH treated the entire 10 mL sample volume, as 

evidenced by the log-linear trends at all time points (bacteria inactivation is obeying a first-order 

exponential kinetic process; partial treatment should not lead to linear trendlines). This is 

somewhat counter-intuitive because BH created a larger cavitation cloud that filled a greater 

portion of the sample volume, thus resulting in a larger "treatment zone" each pulse. The cost for 

covering a larger volume was at a much reduced PRF (1 Hz), whereas CH treatments covered a 
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smaller volume, but at a much greater PRF (∼1 kHz). In both regimens, circulation induced by 

streaming through the focal region ensured treatment of the entire 10 mL volume. 

Although levels of disinfection up to 4.2 log reduction were reported, this occurred for a 

treatment time of 40 min. Faster treatments may be possible with higher average power (increased 

PRF) or peak power (increased input voltage). For the current studies, higher peak powers were 

impractical because of hardware limitations. Higher average powers would increase the duty cycle 

above 1%, which would enhance heating. Also, Tables 2.1–2.3 provide actual pulse numbers used 

in these studies and can be compared with other studies that use pulse number as a histotripsy 

parameter. 

Finally, note that the gas concentration and sample temperature were not controlled. However, 

changes in gas concentration and temperature of the water bath surrounding the sample vial were 

monitored throughout. Over the course of a 40-min study, the gas concentration was observed to 

gradually increase by approximately 20% and the temperature increased from 20°C to 40°C. A 

study was performed to determine whether there was a difference in inactivation rate between the 

initial and final gas concentrations and between the initial and final temperatures. There were no 

statistically significant differences in bacterial load reduction in either case (data not shown). Nor 

were there changes in the rate of inactivation. Hence, changes in gas concentration or temperature 

of the coupling water did not affect the experiment. 

2.5. CONCLUSIONS 
 

Shock-scattering histotripsy and boiling histotripsy reduced bacterial loads in suspension in a 

consistent manner. In both cases, inactivation increased exponentially with pressure amplitude or 

treatment time. CH studies revealed an inactivation threshold phenomenon as a function of focal 

pressure amplitude related to the onset of consistent cavitation. In contrast, cavitation activity and 
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inactivation both increased gradually with pressure for BH studies. At or below the CH threshold, 

BH generated greater inactivation compared with CH; conversely, at pressure amplitudes 

substantially exceeding the threshold, CH generated a higher level of inactivation. In particular, at 

the highest pressure amplitude of 23 MPa and longest treatment time of 40 min, CH generated the 

largest bactericidal effect of 4.2 log compared with 2.8 log for BH under the same conditions. 
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Chapter 3. HISTOTRIPSY-INDUCED BACTERICIDAL 

ACTIVITY CORRELATES TO SIZE OF CAVITATION CLOUD 

IN VITRO 
 

3.1. INTRODUCTION 
 

In the last chapter, the similarities and differences in the two regimens of histotripsy were 

observed. Above a specific pressure, CH was more effective in inactivating E. coli than BH. Hence, 

CH is explored in the following chapters. The inactivation of E. coli by CH follows pseudo-first-

order kinetics. Similar pseudo-first-order kinetics were also recently reported for Pseudomonas 

aeruginosa in suspension [41]. However, the pseudo-rate constants are sensitive to the acoustic 

variables, changing by up to a factor of 6 in some cases [45]. It thus becomes a formidable clinical 

challenge to predict the degree of treatment based on a specific set of parameters. Moreover, the 

impracticality of sample removal for characterization or treatment monitoring further compounds 

the clinical challenge of prognosticating outcomes based on a specific parameter set. The barrier 

for clinical implementation would be lowered if a simplifying predictive model for bactericidal 

rates were established. 

Toward that end, the bubbles within cavitation clouds are responsible for soft tissue 

liquefaction, and the characteristics of a histotripsy cavitation cloud-its overall size, density, spatial 

distribution, and collapse time-are directly dependent on the acoustic exposure parameters [9], 

[46], [47], [48]. Importantly, for soft tissues, the size of the liquefied region is closely correlated 

with the dimensions of the histotripsy cloud [47], [49]. This observation leads us to hypothesize 

that for a given histotripsy target within a viscous liquid abscess, the effective treatment volume 

____________________ 
© 2024 IEEE. Reprinted, with permission, from Pratik Ambekar et al. “Histotripsy-Induced Bactericidal Activity 

Correlates to Size of Cavitation Cloud In Vitro,” IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency 

Control, vol. 71, pp. 1868–1878, Dec. 2024. 
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will correspond to the size of the cavitation cloud. 

An important distinction between soft tissues and abscesses is that abscesses are viscous 

liquids, not soft solids. Moreover, the current studies focus on bacterial suspensions, a low 

viscosity liquid. Therefore, a potential confounder is streaming associated with liquids that 

otherwise wouldn’t occur in soft tissue. Nevertheless, it is hypothesized that the volume of bacteria 

eradicated within a single target region will approximate the size of the cavitation cloud. 

A common way to characterize the cloud size in vitro is high–speed optical imaging [46]. It 

is with this technique that the potential for a single correlative factor-the cavitation cloud size is 

investigated to predict bactericidal activity over a range of acoustic parameters, including 

frequency, pressure amplitude, and pulse length. This is a continuation of work using the shock-

scattering regime of histotripsy. 

3.2. METHODS 
 

The process of culture, preparation, and viability assessment of E. coli is described in detail in 

chapter 2.   

3.2.1. Histotripsy Exposure Apparatus 

This study utilized two histotripsy transducers operated across three frequencies (0.81, 1.20, and 

3.25 MHz). One transducer (H-161, Sonic Concepts, Bothell, WA, USA) was electrically matched 

and operated at either 0.81 or 1.20 MHz. At the 0.81 MHz frequency, the transducer was driven 

by a function generator (33250A, Agilent, Santa Clara, CA, USA) and amplifier (AG 1012, T&C 

Power Conversion, Inc., Rochester, NY, USA), while at 1.2 MHz it was driven by a dedicated 

controller (TPO-401, Sonic Concepts, Bothell, WA, USA). A custom-made transducer fabricated 

in-house [50], operating at 3.25 MHz, was driven by the same function generator and amplifier. 

The transducer specifications and pulse parameters for these studies are listed in Table 3.4. 
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Two custom experimental apparatuses were used for the studies, as shown in Figure 3.1. At 

0.81 or 1.20 MHz (Figure 3.1a), the H-161 transducer was mounted to the bottom of a cylindrical 

tube (15.2 cm diameter, 0.8 cm wall thickness, and 18 cm in height) filled with degassed water for 

coupling between the transducer and the sample vial. At 3.25 MHz, (Figure 3.1b) the transducer 

was positioned in a large, degassed water bath (not shown in the figure). 

Table 3.4. Transducer specifications and pulse protocol for cavitation cloud imaging 

experiments. 

Transducer Sonic 

Concepts H-

161 

Sonic 

Concepts H-

161 

Custom 

Frequency  0.81 MHz 1.20 MHz 3.25 

MHz 

Central 

opening 

diameter 

47 mm 47 mm None 

Aperture  134.9 mm 134.9 mm 41 mm 

Focal 

distance  

124.5 mm 124.5 mm 45 mm 

F-number 0.92 0.92 1.09 

Pulse 

duration  

24.6 µs 10 µs or 20 µs 20.3 µs 

Pulse 

repetition 

frequency  

406 Hz 1000 Hz or 

500 Hz 

492 Hz 

Number of 

pulses 

975,609 1,200,000 1,182,266 

Acoustic 

power(s) 

926 W 248 W to 1090 

W 

87 W 

Camera 

exposure 

time 

25 µs 13 µs or 25 µs 25 µs 
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For either apparatus, the sample vial contained 10 mL of bacteria culture (∼108 cfu/mL). The 

bottom of each vial (2.5 cm outer diameter, 0.3 cm wall thickness, and 4.6 cm height) was replaced 

with an acoustically transparent polyethylene membrane held with an O-ring nested in an annulus 

machined into the bottom outer surface. The proximal wall of the membrane was wiped with a 

gauze sponge to eliminate pre-existing bubbles that could interfere with the ultrasound pulse. 

Alignment was verified by inducing cavitation within the vial and carefully positioning it so that 

cavitation was induced 15 mm above the bottom membrane.  

In all studies, the system was operated above the consistent cavitation threshold in the sample 

vial. The position of the geometric focus was determined during the calibration procedure (see 

below). After finding the focus with the hydrophone, the distance from the hydrophone tip to the 

transducer was measured and used to register the focus position with the high-speed photography 

frame. 

Figure 3.1. Experimental setups for cavitation cloud imaging at three different frequencies. (a) 

Studies at 0.81 and 1.2 MHz were conducted with a Sonic concepts transducer (model H-161) 

mounted to a cylindrical water bath degassed to <20% saturation. The sample vial was held with 

magnets that kept the vial aligned with the transducer. (b) Studies at 3.25 MHz were performed 

with a custom-built transducer immersed in a large degassed (<20%) water bath. Alignment of the 

transducer and sample vial were performed manually, as described in the text. For either setup, 

cavitation was generated at the focus, 15 mm above the vial’s bottom, approximately at the center 

of the vial. The same LED light source back-illuminated the cavitation cloud. Additional details 

are described in the text. 
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Calibration of the transducer focal pressure levels at the full range of driving voltages was 

performed in degassed water (<20% of saturation) with a fiber-optic probe hydrophone (FOPH 

2000; RP Acoustics, Lautenbach, Germany; 100-µm active diameter, 100-MHz bandwidth). The 

sample vial was removed for characterization. Separate measurements showed the effect of the 

vial and membrane led to a reduction in peak positive (negative) pressure of approximately 4% 

(1%), respectively. At 3.25 MHz, hydrophone characterization could not be performed at the 

treatment settings due to the occurrence of cavitation at the fiber tip in degassed water.  

To obtain focal pressure waveforms at those levels, axially symmetric nonlinear field 

simulations were performed using a freely available open-source high intensity focused ultrasound 

(HIFU)-beam software (https://limu.msu.ru/) based on solving the one-way propagation radially 

symmetric Westervelt equation [51]. The input voltage to the transducer was assumed to be 

proportional to the characteristic pressure at the transducer surface. The focal pressures from the 

simulations were matched to the experimentally calibrated points and extrapolated to higher 

voltages. Figure 3.2c shows the simulated waveform at 3.25 MHz. HIFU-beam simulations were 

also conducted at 0.81 and 1.20 MHz and the simulated waveforms were aligned with those 

observed experimentally, as illustrated in Figure 3.2a and (b). All waveforms in Figure 3.2 

correspond to the output level at which the consistent cavitation threshold was achieved in bacterial 

suspensions. This corresponds to the lowest power levels used, as lowering levels further led to 

intermittent cavitation and a significant drop-off in bacterial reduction rates. Total acoustic power 

was noted at each simulation waveform corresponding to the experimental waveform at all 
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frequencies. 

The consistent cavitation threshold was identified for each frequency in the bacterial 

suspensions. All experiments were conducted above these thresholds – a prerequisite for bacterial 

inactivation [45]. 

3.2.2. Cavitation Cloud Visualization Experiments 

A high-speed camera (Photron Fastrax APS-RX, Photron, San Diego, CA, USA) was utilized to 

visualize cavitation clouds and quantify their characteristic size and shape. Because E. coli cultures 

used in the inactivation studies were too turbid for obtaining clear images of the cavitation clouds, 

Figure 3.2. Focal pressure waveforms at the three frequencies were obtained from hydrophone 

measurements in degassed water (excluding the sample vial) and compared with numerical 

simulations. (a) Frequency = 0.81 MHz, acoustic power = 926 W. (b) Frequency = 1.20 MHz, 

acoustic power = 268 W. (c) Frequency = 3.25 MHz, acoustic power = 87 W. At 3.25 MHz, 

hydrophone measurements could not be performed due to the cavitation occurring at the 

hydrophone tip. These waveforms correspond to the lowest output acoustic power levels (just 

above the consistent cavitation threshold) at that frequency. 
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transparent growth medium (3% TSB) was used instead. For this reason, the cavitation cloud 

visualization experiments were conducted separately from the E. coli inactivation treatments. The 

growth medium was preheated in the incubator at 37°C for the same duration as the E. coli cultures 

to replicate their pretreatment conditions. As shown in Figure 3.1, the high-speed camera was 

focused on the transducer’s focal region using an 80–200 mm zoom lens to capture grayscale 

images of the cavitation clouds at a resolution of 1024 × 1024 pixels. Proper lateral alignment was 

ensured by adjusting the camera until the diametrically opposite sides of the sample vial looked 

equally sharp. The vial was backlit by an LED and passed through a collimator lens and diffuser 

to provide uniform background light intensity. The camera shutter was triggered by the electronics 

driving the transducer, ensuring that an acquisition occurred at each histotripsy pulse. The 

acquisition was delayed by the time of flight from the transducer to the focus, and the frame rate 

corresponded to the PRF of the transducer. The shutter speed was set to be slightly longer than the 

pulse duration (Table 3.4) across all frequencies; thus each frame was a single grayscale image 

averaged over the entire pulse. 

At each frequency, 1000 frames corresponding to 1000 pulses were recorded per acoustic 

power setting. The final image was thus an average of 1000 pulses. A few frames were recorded 

before starting the transducer and were later used for background noise subtraction. The pixel-to-

mm ratio was determined in Image-J by taking the reference of known vial diameter and was 43–

48 microns/pixel. 

Figure 3.3a shows a representative grayscale image of a cavitation cloud. To calculate the area 

of the cloud, the image was processed in MATLAB (Natick, MA, USA) as follows. First, the 

background image noted above was subtracted from all frames. Cavitation clouds were identified 

using binary gray level thresholding segmentation, as a group of dark pixels (Figure 3.3b). The 
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exterior boundary of each cavitation cloud was traced using the Moore–Neighbor algorithm, and 

the cross-sectional area was determined by counting the number of black pixels within these 

boundaries. The pixel area was converted to square millimeters Figure 3.3c. The cavitation cloud 

area was averaged, and the standard deviation was calculated for all 1000 frames. 

 

Figure 3.3. Image processing of grayscale images to obtain cavitation cloud area. (a) 

Representative grayscale image at 0.81 MHz, 24.6 μs pulse duration, 926 W acoustic power. The 

arrow is in the direction of the histotripsy pulse. (b) Conversion to binary image based on a binary 

threshold. (c) Outline of the cavitation clouds (black) in the binary images was highlighted and 

area was calculated based on the number of pixels. Note that the dark region at the bottom of (b), 

which corresponds to the vial membrane, is not included in the area calculation. 
 

3.2.3. Exposure Protocol 

The treatment parameters used with each apparatus are shown in Table 3.4. All treatments were 

performed for 40 min at 1% duty cycle making the total on-time 24 s for each treatment. Four 

pulse protocols were applied: 20.3-µs pulse duration (66 cycles) at 3.25 MHz; 10 or 20-µs pulse 

duration (12 or 24 cycles) at 1.20 MHz; and 24.6-µs pulse duration (20 cycles) at 0.81 MHz. At 

frequencies 0.81 and 3.25 MHz, only a single acoustic power setting was sufficient to exceed the 

consistent cavitation threshold, whereas for 1.20 MHz, multiple acoustic power settings exceeded 

the consistent cavitation threshold. Overall, inactivation experiments were conducted at seven 

distinct pulse protocols and each treatment was repeated four times. The seven protocols were 

selected to facilitate coverage of inactivation range between 0 and 4 log reduction, with cavitation 

cloud area values spread over this range. 
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Table 3.5. Treatment parameters for E. coli inactivation experiments. 

Data 

point 

Frequency 

(MHz) 

Pulse 

(µs) 

Cycles Acoustic 

Power 

(W) 

Cavitation 

cloud area 

(mm2) 

1 3.25 20.3 66 87 1.11 

2 1.2 20 24 268 2.98 

3 1.2 20 24 425 6.06 

4 1.2 10 12 425 6.89 

5 1.2 20 24 633 10.21 

6 0.81 24.6 20 926 12.89 

7 1.2 10 12 1090 16.71 

 

3.2.4. Statistical Analysis 

The relationship between E. coli log reduction and the cavitation cloud area was investigated using 

linear regression. The log reduction and optical imaging studies were performed separately. For 

each acoustic parameter set, the cloud size was determined by averaging the 1000 frames recorded 

in TSB. Separately, four replicate experiments determined the corresponding log reduction in 

bacteria. There is no way to associate a specific frame of cloud size with a specific treatment 

outcome. Hence, mean values were utilized for statistical analysis. The coefficient of 

determination and Pearson correlation coefficient of correlation were calculated in MATLAB. 

3.3. RESULTS 
 

3.3.1. Cavitation Cloud Images 

Figure 3.4 shows representative cavitation cloud grayscale images at the three frequencies just 

above the consistent cavitation threshold; ultrasound is incident from the bottom of the images. In 

each image, a black region is visible pre-focally, corresponding to a dense cavitation cloud, which 

transitions to lighter shades of gray post-focally, indicating smaller and/or sparser bubbles. As 

expected, cavitation cloud size decreases with an increase in frequency. The area of the cavitation 

clouds in the frames is 14.03, 3.54, and 1.53 mm2 for 0.81, 1.20, and 3.25 MHz, respectively. In 

addition, the cavitation cloud is wider at 0.81 MHz, while at higher frequencies of 1.20 and 3.25 
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MHz, the clouds assume an increasingly narrower shape. 

 

Figure 3.4. Cavitation cloud grayscale images in the growth medium (3% TSB) at the three 

frequencies just above the consistent cavitation threshold. The asterisk indicates geometric focus. 

(a) Frequency = 0.81 MHz, acoustic power = 926 W. (b) Frequency = 1.20 MHz, pulse duration 

20 μs, acoustic power = 268 W. (c) Frequency = 3.25 MHz, acoustic power = 87 W. A decrease 

in dimensions with increasing frequency is observed.  
 

Figure 3.5 illustrates representative cavitation clouds visualized at 1.20-MHz, 20-µs pulse 

length, at increasing acoustic powers ranging from 268 to 1090 W. The white star in each image 

indicates the geometric focus. With increasing acoustic power, an increase in the cavitation cloud 

length and width is observed. The proximal border of the cloud expands toward the transducer as 

the acoustic power increases, consistent with other reports [9]. At higher acoustic powers the 

bubbles in the post-focal regions were entrapped in vortical flow patterns (Figure 3.5d–i). Those 

flow patterns were previously reported for histotripsy clouds within confined spaces in the context 

of intravascular thrombolysis [52]. 

For all experiments, the exposure time was slightly longer than the pulse duration, which 

captures the cloud near its maximum size. That is, bubbles scatter more light when they are large 

and also spend more time near their maximum size. Thus, when averaged over the pulse duration, 

the images correspond to bubbles near their maximum size. The variation in intensity across the 

cloud is most probably due to differences in bubble density and maximum size. Lighter regions 

above the darker regions may represent residual bubbles from previous pulses entrained in the 

vortical streaming pattern. Binary thresholding focused on resolving the shape of the dark region 

of the cloud. Therefore, some bubble regions with grayscale values above the binary threshold, 
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particularly in the upper region of the cloud, were not included in the analysis. An example is seen 

in Figure 3.3a and (b). 

 

Figure 3.5. Cavitation cloud grayscale images in the growth medium (3% TSB) at 1.20 MHz, 20 

μs with increasing acoustic powers from (a)–(i). Geometric focus is marked with an asterisk for 

reference. With increasing power, the cavitation cloud expands pre-focally. 

 

3.3.2. Cavitation Cloud Area Dependence on Acoustic Power 

Figure 3.6 shows the measured size of the cavitation cloud area (in mm2) as a function of acoustic 

power at the different frequencies and pulse lengths; points marked with a star represent protocols 

used for both cavitation imaging and bacterial inactivation experiments. Error bars represent 

standard deviation of cavitation cloud area across histotripsy pulses. At 1.20 MHz, the cloud sizes 

for the two pulse lengths were similar within the measurement uncertainty. As mentioned 

previously, at frequencies 0.81 and 3.25 MHz, only a single acoustic power level was used.  

Looking at Figure 3.6 and the area values from Table 3.5, the cavitation cloud area increases 
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linearly (R2 = 0.98) with acoustic power over a range of frequencies and pulse lengths. That is, 

over the parameters that were studied, the cavitation cloud area dependence on the acoustic power 

is linear regardless of the other parameters. The variability in cavitation cloud size from pulse to 

pulse also increases with acoustic power, as evidenced by larger standard deviation bars.  

 

Figure 3.6. Cavitation cloud area dependence on peak acoustic power for the three frequencies 

and two pulse durations. Error bars correspond to standard deviation of the cavitation cloud area 

across histotripsy pulses. The increase in the cavitation cloud size is due to an increase in acoustic 

power and independent of the transducer frequency or pulse length. Points marked with a star 

indicate the protocols used for inactivation experiments. 
 

3.3.3. E. coli Inactivation Dependence on Cloud Area 

Inactivation treatments were conducted at seven distinct pulse protocols which are listed in Table 

3.5 and also marked with stars in Figure 3.6. A strong linear relationship (R2 = 0.98, R = 0.99, and 

p < 0.0001) between E. coli log inactivation and the cavitation cloud area was observed (Figure 

3.7). The highest log reduction was 3.85 and was achieved at the frequency of 1.20 MHz, pulse 

duration of 10 µs and an acoustic power of 1090 W. 

The plot displays these data as average and standard deviation for each treatment. The 

regression equation is y = 0.23 × x. The slope of 0.23 suggests that each 4.3 mm2 increase in 



 

41  

cavitation cloud area leads to an additional log reduction of 1. 

 

Figure 3.7. E. coli log reduction dependence on cavitation cloud area. Seven pulse protocols 

marked with a star in Figure. 3.6 and also listed in Table 3.5 were applied to 10-mL E. coli 

suspensions for 40 min. A strong linear dependence of log reduction on the cavitation cloud area 

was observed (r = 0.99, p < 0.0001, n = 4). Vertical error bars correspond to standard deviation of 

log reduction, while horizontal error bars correspond to the standard deviation of the cavitation 

cloud area from Figure 3.6. 

 

3.4. DISCUSSIONS 
 

The major findings of this study point to the cavitation cloud size as a single determinant for 

predicting E. coli inactivation because of the linear correlation between cloud area and inactivation 

(Figure 3.7). Seven disparate histotripsy pulse protocols consisting of three different frequencies, 

different pulse durations and a range of acoustic powers were used to create the cavitation clouds 

to induce E. coli inactivation. Yet across all those parameter combinations, the E. coli inactivation 

correlated well with the cavitation cloud area. This suggests that cavitation cloud area can be used 

as a predictive indicator of bacterial inactivation.   

The opacity of E. coli in suspension precluded simultaneous measurements of the cloud 

dimensions and E. coli inactivation. Instead, separate experiments using identical parameters were 

performed, one to measure cavitation cloud dimensions in optically transparent TSB without 
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bacteria, and the other to evaluate E. coli inactivation in suspension. The cavitation cloud area was 

measured via high-speed photography under different pulse protocols with varying frequency, 

pulse duration, and acoustic power. Then a subset of those protocols was used to inactivate E. coli 

suspensions and evaluate the reduction in colonies. 

In this chapter, peak acoustic power was chosen as the independent variable instead of peak 

negative pressure amplitude (p−) commonly used in cavitation-based studies. This is due to the 

utilization of the shock-scattering histotripsy regime. In this regime, reflection, inversion, and 

scattering of the compressive shock from a single bubble lead to the formation of cavitation clouds. 

Peak positive pressure (p+) and high-amplitude shock formation are thus requirements for the 

formation of cavitation clouds, and p− alone does not fully describe the corresponding cloud size 

[9]. 

The parameter space was chosen to span a range of frequencies, powers, and pulse lengths. 

These are all known to have large influences on cloud size. Histotripsy frequencies are usually in 

the sub-to-low MHz range, hence frequencies within that range were chosen (0.8–3.25 MHz). The 

cloud size varied greatly from low to high frequency, as shown in Figure 3.4. Power is another 

important parameter that governs cloud size (see Figure 3.6). The lowest power level was just 

above the consistent cavitation threshold, while the upper values were limited by the driving 

electronics and practical considerations. Pulse lengths were selected based on standard histotripsy 

protocols for the shock-scattering regime. These parameters yielded a range of log reduction from 

0 to 4. 

One important finding in this chapter is that the cavitation cloud area depended linearly on the 

acoustic power for all frequencies and was independent of pulse length (Figure 3.6). The pulse 

length independence could be attributed to the relatively long 10 and 20 µs pulse durations. The 
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axial size of the cavitation cloud is known to grow with pulse duration, but saturate beyond a 

certain value, and the lateral size is independent of it [9]. 

For any set frequency, the linear dependence of the cavitation cloud area on acoustic power 

can be explained as follows. The shape and dimensions of the cavitation cloud are determined by 

those of the area within which the high-amplitude shocks are formed [51], [43]. At the output 

levels beyond shock formation regime, p+ grows nearly linearly with pressure at the transducer 

surface p0, and so do both lateral and axial dimensions of the area around the focus where shocks 

are formed. Because the area is proportional to the product of the two axial dimensions, and thus 

to p2, it is, in turn, linearly proportional to acoustic power. 

Interestingly, the cavitation cloud areas corresponding to consistent cavitation threshold at 

three different frequencies were close to the same linear relationship on acoustic power. This 

similarity can be explained as follows. The acoustic power that is necessary to achieve a certain 

focal pressure level in the linear regime has an inverse quadratic dependence on frequency for 

spherically-focused transducers [53]. In the nonlinear regime, the focal pressure levels p+ and p− 

at which the shocks form are known to be similar, regardless of the frequency, provided similar F-

numbers of the transducers in our case 0.92 and 1.1. The dependence of acoustic power at which 

the shocks (and hence the cavitation clouds) form on frequency is also close to inverse quadratic 

[43]. Therefore, the acoustic power at which the shocks (and hence the cavitation clouds) form can 

be expected to also follow the inverse quadratic dependence on frequency. The axial and lateral 

dimensions of the cavitation cloud are determined by those of the transducer’s focal area, which 

are both inversely proportional to the ultrasound frequency [53], thus its area is inversely 

proportional to the square thereof. Since both the acoustic power and the 2-D axial cross-sectional 

area of the cavitation cloud at the threshold of its formation depend on frequency in the same way 
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(inverse quadratic), it was reasonable to expect a close to linear proportionality between them for 

different frequencies. This expectation was experimentally confirmed Figure 3.6. However, it is 

important to note that this linear proportionality should not be expected to be universally applicable 

and is limited to the F-numbers and aperture-to-wavelength ratios considered here. 

The effects of acoustic parameters on shock-scattering histotripsy cavitation clouds have been 

studied via high-speed photography in phantoms and water [9], [48]. In this work, the clouds were 

produced in a confined volume (10 mL) of TSB solution with dissolved gas concentration relevant 

to cultured bacterial suspensions. Higher gas concentrations affect cavitation bubble and cloud 

dynamics, and the confined volume (relevant to treating abscesses) affects the structure of vortical 

streaming patterns [52]. Furthermore, a range of acoustic parameters previously shown to result in 

clinically relevant inactivation [45], [22] and applicable to abscesses of variable sizes located at 

varying depths had to be considered. This necessitated the optical observation of the cavitation 

clouds performed here. Histotripsy cavitation activity in bacterial suspension was characterized 

via coaxial ultrasound B-mode imaging and passive cavitation detection (PCD) that quantified 

broadband noise emissions from inertially collapsing bubbles [45]. However, no predictive 

relationship between PCD-based metrics and log reduction was identified in those studies, which 

was hypothetically attributed to shielding of the emissions by the proximal layers of the bubbles 

in the cloud. In light of the high-speed photography observations of the cavitation clouds here 

(Figure 3.5) a different explanation appears more plausible: bacterial inactivation depends not only 

on the presence of inertial bubble collapses, but also on the number of those bubbles, i.e., the 

cavitation cloud dimensions, which cannot be captured by single-channel PCD, as it is not spatially 

resolved. 

Different histotripsy regimes are likely to exhibit comparable outcomes, as they all rely on the 
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formation and collapse of a cavitation cloud at the focal area, resulting in the mechanical 

fractionation of cells. The primary distinction among these histotripsy techniques lies in the pulse 

duration and peak focal pressures [54]. This study utilized shock-scattering histotripsy, with pulse 

lengths ranging from 10 to 25 µs. In contrast, boiling histotripsy uses pulses of 1–10 ms in duration, 

producing substantially larger cavitation clouds due to the increased number of cycles. Similar to 

shock-scattering histotripsy, boiling histotripsy demonstrated comparable trends in bacterial 

reduction [45]. Conversely, intrinsic threshold histotripsy utilizes nearly monopolar rarefactional 

pulses shorter than 2 µs to generate smaller cavitation clouds. While this regime may also promote 

bactericidal activity, the limited cavitation cloud size renders it impractical for treating larger 

abscesses; however, it could be beneficial for managing smaller superficial abscesses caused by 

skin and soft tissue infections. 

A limitation of this study is that optical imaging of the cavitation cloud size and inactivation 

studies had to be performed in separate experiments due to the high turbidity of bacterial 

suspensions. However, the cavitation thresholds in TSB and bacterial suspension (quantified for 

all frequencies) were similar, as was the gas content. Thus, the differences in the cavitation cloud 

size should not be significantly different with or without bacterial suspensions. 

3.5. CONCLUSIONS 
 

Shock-scattering histotripsy was used to treat a constrained volume of E. coli in suspension. 

Separately, the induced cavitation cloud was optically imaged in the same volume, without 

bacteria. Acoustic parameters included three different frequencies, as well as several pulse lengths 

and power levels. It was found that the size of the cavitation cloud depended linearly on the 

acoustic power level for all frequencies and was independent of the pulse length. Similarly, E. coli 

inactivation linearly correlated to the size of the cavitation cloud, despite diverse parameters.   
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Chapter 4. DEPENDENCE OF HISTOTRIPSY-INDUCED 

BACTERICIDAL ACTIVITY ON THE SAMPLE VOLUME IN 

VITRO 
 

4.1. INTRODUCTION 
 

Histotripsy has been successfully applied to inactivate bacteria in suspensions in vitro [45]. Over 

a diverse range of pulse parameters, histotripsy induced bactericidal activity correlated strongly 

with the cavitation cloud size [55]. However, using the cloud size alone as an inactivation predictor 

may become problematic in systems with varying sample volumes like abscesses. A cavitation 

cloud of the same size may produce lower inactivation in a larger sample volume because of lower 

probability of bacterial exposure to cavitation. Additionally, the sample streaming dynamics may 

get altered at higher volumes affecting bacterial mixing. Therefore, a metric that normalizes the 

cloud size by the total sample volume may account for volume variations and serve as a more 

consistent predictor of bacterial inactivation.  

In this chapter, the metric – normalized cloud volume is introduced, which is the ratio of 

cavitation cloud volume to sample volume. Theoretically, the value of normalized cloud volume 

ranges from 0–1: 0 when the cloud is not present, and 1 when cloud volume is equal to the sample 

volume. Practically, this metric is defined only at and above the input acoustic power levels 

sufficient to create a cavitation cloud on every pulse i.e. consistent cavitation threshold [45]. This 

is because a significant bacterial kill is obtained only above the consistent cavitation threshold.  

It is hypothesized that the E. coli inactivation (log reduction) will strongly correlate with 

normalized cloud volume, across a range of sample volumes and cavitation cloud sizes. Three 

sample volumes were used – 10 mL, 18 mL, 28 mL, and were contained by cylindrical sample 

vials of same height but increasing diameter to account for higher sample volumes. The sample 
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vials were axially aligned with a transducer with the entire focal volume within the sample. The 

three samples were treated with three cavitation cloud sizes, creating nine unique values of 

normalized cloud volume, and the E. coli log reduction was calculated at each value. 

4.2. METHODS 
 

The process of culture, preparation, and viability assessment of E. coli is described in detail in 

chapter 2.   

4.2.1. Treatment Setup, Characterization, and Pulse Protocol 

A single-element transducer (H-161, Sonic Concepts, Bothell, WA, USA), driven by a controller 

(TPO-401, Sonic Concepts, Bothell, WA, USA) was used for treatments. The transducer was 

attached using a 3-D printed fixture to a water bath (Figure 4.1) consisting of a cylindrical 

polycarbonate tube (15.2 cm diameter, 0.8 cm wall thickness, and 18 cm in height). The water bath 

contained degassed water at room temperature for coupling between transducer and sample vials. 

Three cylindrical sample vials of the same height (4.6 cm), same wall thickness (0.3 cm), and 

different inner diameters (1.9 cm, 2.5 cm, 3.1 cm) were used to contain three sample volumes (10 

mL, 18 mL, 28 mL) respectively. The bottom of each vial was replaced with an acoustically 

transparent polyethylene membrane held with an O-ring nested in an annulus machined into the 

bottom outer surface. The proximal wall of the membrane was wiped with a gauze sponge to 

eliminate pre-existing bubbles that could interfere with the ultrasound pulse. The alignment was 

verified by inducing cavitation within the vial and carefully positioning it so that cavitation was 

induced 15 mm above the bottom membrane. Distance between cavitation and bottom membrane 

was measured from B-mode image. 

The acoustic characterization data was used from chapter 3. The system was operated at 1.2 

MHz center frequency, 20 µs pulse duration, and at 1% duty cycle for 40 minutes at three acoustic 



 

48  

powers of 268 W (consistent cavitation threshold), 425 W (1.58x threshold), 633 W (2.31x 

threshold). 

 

 

Figure 4.1.  Illustration of the experimental setup. A 1.2 MHz transducer (Sonic concepts model 

H-161) was attached to the bottom of a degassed water bath. The apparatus was designed so that 

the transducer’s focus was 15 mm upward from the bottom of sample vials containing 10 mL, 18 

mL or 28 mL of Escherichia coli bacteria (∼1×109 cells/mL). A thin acoustically transparent 

membrane was placed at the bottom of each vial for improved acoustic energy transmission. The 

vials were aligned to the transducer using two pairs of magnets to allow for fast reproducible 

alignment of replicate samples.  
 

4.2.2. Cavitation Cloud Volume Estimation 

A high-speed camera (Photron Fastrax APS-RX, Photron, San Diego, CA, USA) was utilized to 

visualize cavitation clouds and quantify their volume. The cavitation cloud image data used in this 

study was taken from chapter 3 which used the same system and pulse protocol. The resolution 

was 1024 x 1024 pixels and images were obtained in grayscale. The following processing steps 

were conducted to estimate cavitation cloud volume from each 2D grayscale image (Figure 4.2).  

The first step was area (A) calculation. The image was converted to binary format based on a 

pre-determined normalized brightness threshold of 0.1 which was used for all images considered 
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in this analysis. In the binary images, the black region represented the cavitation cloud. The number 

of black pixels was counted and multiplied by the square of the mm-to-pixel ratio (0.04672 

mm/pixel) to calculate cavitation cloud area in square millimeters.  

The volume calculation process was conducted as follows. First, the cloud height (h) was 

obtained by using a MATLAB algorithm to locate pixels indicating the top and the bottom of the 

black region (representing the cloud) as shown in Figure 4.2b. To avoid erroneously considering 

stray bubbles in the analysis, the top pixel was defined as the first black pixel that has at least 15 

consecutive black pixels below it when searched from the top. Similar logic was used to obtain the 

bottom pixel, and the cloud height was considered to be the difference between the two pixels row 

numbers. Since cavitation cloud is represented by a continuous black region, there is a high 

probability that the bottom most pixel and topmost pixels would have at least 15 black pixels above 

and below them respectively. The choice of 15 pixels was determined through trial and error by 

evaluating different values between 1 and 20. Based on visual inspection, 15 pixels most 

consistently identified the appropriate top and bottom points of the cloud. The volume was 

calculated by assuming that the cloud is an axially symmetric ellipsoid, with cross-sectional area 

A and the height h, using the formula mentioned in Figure 4.2c. The derivation of the formula is 

given in appendix A. At each treatment setting, the cavitation cloud volume value was averaged 

over 450 images.    

4.2.3. Statistical Analysis 

Treatments at each normalized cloud volume value were repeated five times, with replicates 

distributed across two separate days. A linear regression analysis was conducted between the 

normalized cloud volume values and corresponding mean E. coli log reduction values. 
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Figure 4.2. Cavitation cloud volume estimation. a) Representative grayscale frame, with the 

shadowgraph corresponding to the cavitation cloud. The pulse parameters were 1.2 MHz 

frequency, 20 µs pulse duration, 268 W acoustic power. b) Binary thresholding and calculation of 

height and area of the cavitation cloud. c) Cross-sectional view of an axially symmetric ellipsoid 

of equal height and cross-sectional area as the cavitation cloud. The derivation of the volume 

equation is given in appendix A. 
 

4.3. RESULTS 
 

4.3.1. Normalized Cloud Volume Values 

Three cavitation cloud volumes were used to treat three sample volumes, generating nine unique 

values of normalized cloud volume, which are mentioned in Table 4.6. The data points are ordered 

by increasing normalized cloud volume values. 

Table 4.6.  Normalized cloud volume values (ratio of cavitation cloud volume to sample volume) 

considered for treatments. Three sample volumes – 10, 18 and 28 mL were each treated at three 

cavitation cloud volumes generating nine unique values. The cavitation cloud volume was 

calculated by the process shown in Figure 4.2. The data points are ordered by increasing 

normalized cloud volume values. The mean cloud volume for each acoustic power was calculated 

separately in bacterial growth medium as described in chapter 3.  

Data point Sample volume 

 (mL) 

Acoustic power (W) Mean cloud volume  

(mm3) 

Normalized cloud 

volume 

1 28 268 2.68  9.56E-05 

2 18 268 2.68  1.49E-04 

3 28 425 6.52  2.33E-04 

4 10 268 2.68  2.68E-04 

5 18 425 6.52  3.62E-04 

6 28 633 16.13  5.76E-04 

7 10 425 6.52  6.52E-04 

8 18 633 16.13  8.96E-04 

9 10 633 16.13  1.61E-03 

 

4.3.2. Dependence of E. coli Log Reduction on Sample Volume  

Figure 4.3 shows the variation of E. coli log reduction with sample volume at the three cavitation 



 

51  

cloud volumes. E. coli log reduction decreases with increasing sample volumes at a specific 

cavitation cloud volume. This dependence can be quantified closely with R2 = 0.89, 0.99, 0.97 for 

10 mL, 18 mL, and 28 mL respectively by using a power curve (Figure 4.3). The decrease is higher 

for higher cavitation cloud volumes as shown from increasing exponent amplitude of the power 

curve. 

 

Figure 4.3. Effect of sample volume on E. coli inactivation (log reduction) at three cavitation 

cloud volumes at 1.2 MHz frequency, 20 µs pulse duration, 1% duty cycle, and 40 minutes 

treatment time. At each cavitation cloud volume, the data can be fitted with power trendlines with 

high coefficient of regressions (R2 = 0.89,1.00,0.97). 
 

4.3.3. Correlation of E. coli Log Reduction and Normalized Cloud Volume  

Figure 4.4 shows the dependence of E. coli log reduction on normalized cloud value. A strong 

linear correlation was observed (R2 = 0.9, R = 0.94) and the regression equation was y = 1605.2x 

+ 0.2508. 
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Figure 4.4. Correlation between E. coli inactivation (log reduction) and normalized cloud volume. 

The cavitation cloud volume and the sample volume for each data point can be found in Table 4.6. 

4.4. DISCUSSIONS  
 

This work aimed at establishing the metric normalized cloud volume to serve as a more consistent 

predictor of bacterial inactivation as compared to the cavitation cloud size. The hypothesis that 

normalized cloud volume will correlate strongly with E. coli log reduction was validated (R = 

0.94), supporting the predictive capability of this metric.  

At the same cavitation cloud volume, the inactivation decreased with increasing sample 

volume in a power dependence manner. This dependence has been observed previously for yeast 

with breakage decreasing from 90% at 1 mL to 20% at 19 mL when irradiated at 500 W for 2 

minutes [24]. This also indicates that the log reduction will tend to zero for a much larger sample 

volume compared to the cavitation cloud size.  

The main result of this chapter is that E. coli log reduction correlates strongly with normalized 

cloud volume. The regression equation is y = 1605.2x + 0.2508. Given a sample volume, the 

increase in cavitation cloud volume needed to increase the log kill by the desired value can be 

calculated. For example, for 10 mL sample volume, the cavitation cloud volume need to be 
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increased by 6.33 mm3 to increase the log kill by 1 in 40 minutes at 1% duty cycle.  

Along with normalized cloud volume, another variable to be considered for understanding the 

system is the sample streaming. It is caused by the acoustic radiation force and the Kelvin impulse 

from bubble collapses [52], [56], [57]. Macroscopically, vortical streaming patterns were observed 

in the sample. Increased streaming results in better mixing of the bacterial sample, leading to a 

more uniform energy distribution across all bacteria throughout the sample. For lower normalized 

cloud volume values, i.e. larger sample volumes compared to the cavitation cloud volume, 

streaming may not efficiently mix the sample leading to redundant collapses i.e. affecting already 

killed bacteria. Also, some bacteria may not be exposed to cavitation altogether. At higher 

normalized cloud volumes, where the cloud occupies a significant portion of the sample volume, 

higher streaming may occur leading to better mixing. As the cloud volume approaches the sample 

volume, all bacteria may get exposed to cavitation due to excellent mixing. Hence, it is expected 

that this curve may saturate as the normalized cloud volume approaches 1. It would be interesting 

to know the number of bubble collapses needed to inactivate a single E. coli bacterium, to optimize 

the treatment time.  

The cavitation cloud volume estimation process in this study has several limitations. Firstly, 

the cloud was assumed to be an axially symmetric ellipsoid which is not true considering the 

stochastic nature of bubbles. Secondly, the binary threshold was selected manually based on visual 

similarity between the binarized black region and the dark region corresponding to cavitation 

clouds. Using automatic image thresholding techniques like Otsu’s method would reduce potential 

bias in cloud segmentation. Thirdly, defining the cloud height is not straightforward, since 

considerable spatial variation is observed post-focally. This is indicated by high standard errors in 

cavitation cloud volume.  
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4.5. CONCLUSIONS 
 

The dependence of E. coli inactivation with sample volume was well described by a power 

trendline, indicating a more rapid decay with increasing acoustic power. The ratio of histotripsy 

cavitation cloud volume and total bacterial sample volume (normalized cloud volume) was 

established as a predictor of E. coli inactivation in a system with variable sample volumes.  
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Chapter 5. COMPARISON OF HIGH-SPEED PHOTOGRAPHY 

AND CO-AXIAL PLANE WAVE B-MODE IMAGING IN 

MEASURING HISTOTRIPSY CAVITATION CLOUD SIZE 

 

5.1. INTRODUCTION 
 

High-speed photography (HSP) has been instrumental in advancing the understanding of cavitation 

dynamics through optical means. In the context of histotripsy, HSP has been used to visualize 

individual bubble-cell interactions [58] and elucidate the cavitation cloud formation mechanism 

[9]. However, it is not suitable for observing cavitation in tissues in the human body since they are 

not optically transparent. For example, a study with the long-range goal of histotripsy-induced 

abscess disinfection used HSP to visualize cavitation clouds and establish the cloud size as a 

predictor of bacterial inactivation rates in vitro [55]. However, clinical application of this concept 

is challenging since abscesses are optically opaque. Alternative imaging modalities need to be 

explored to overcome this challenge.  

One such modality is B-mode ultrasound imaging, which shows cavitation clouds as 

hyperechoic regions in tissues. A conventional B-mode image consists of tens to hundreds of scan 

lines over the course of several milliseconds, but a cavitation cloud can undergo significant 

changes within that time. A modification of this modality is plane wave B-mode that transmits and 

receives with all elements in parallel, showing the image at one instant in time at the cost of lower 

contrast between bubbles and tissues, and lower spatial resolution.  

Plane-wave B-mode imaging has been used to visualize histotripsy cavitation clouds, and 

quantify their size [59]. Some groups have used chirp-coded excitation and non-linear filtering 

techniques to enhance contrast to more accurately measure the cavitation cloud size [60]. However, 

in these studies a large-aperture imaging probe was positioned orthogonally and close to the 

therapy transducer axis to minimize imaging distance. This positioning is not clinically relevant 
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since in all practical configurations the imaging probe is fixed in-line with the therapy transducer 

as shown in Figure 4.1 (or refer Figure 2.1 for better representation).    

To enable ultimate clinical implementation of cavitation cloud area measurement, it is 

essential to validate plane wave B-mode imaging against HSP in the same arrangement with an in-

line imaging probe. This study aimed to evaluate the capability of plane wave B-mode imaging to 

detect changes in cavitation cloud dimensions with changes in acoustic power. This was achieved 

by comparing the cavitation cloud size (cross-sectional area) within the imaging plane of both HSP 

and B-mode at the same instant in time, for a series of system input powers. To the author’s 

knowledge, this type of study is not found in literature, although comparisons of HSP with Passive 

Acoustic Mapping (PAM) have been conducted in the same setup [61], [62]. PAM provides 

spatiotemporal information, including cavitation cloud size, and enables spectral analysis for more 

detailed characterization, although at a high computational cost. However, our interest is limited 

to cavitation cloud size, which directly predicts bacterial inactivation [55]. Hence, the 

computationally inexpensive and clinically accessible plane-wave B-mode imaging was used in 

this study instead of PAM. 

5.2. METHODS  
 

5.2.1. Experimental Setup 

A spherically focused transducer (PETAL SURGICAL, F# 0.75, aperture 92.64 mm, circular 

opening diameter 37.21 mm) was operated at a frequency of 1.25 MHz with 12 cycles at 1000 Hz 

Pulse Repetition Frequency (PRF) in a tank filled with deionized, degassed water (<20% O2) 

(Figure 5.1). The transducer was driven by high-powered electronics system, as described here 

[42]. This transducer was selected due to its use in clinical studies, and its focal length (69.48 mm), 

which is shorter than that of the in vitro system used in previous chapters, resulted in improved B-
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mode image quality. A 64-element phased array (3PC, HUMANSCAN) was inserted in the 

transducer central opening, and operated at 3 MHz. The imaging probe was attached to Verasonics 

(Kirkland, WA, USA) V1 ultrasound system and single wave plane wave B-mode imaging was 

employed. 

 

Figure 5.1. Experimental setup for visualizing a histotripsy cavitation cloud simultaneously by 

high-speed photography and plane wave B-mode imaging. The illumination system consists of an 

LED, lens, and a diffuser to obtain uniform light intensity in the optical image. A delay was applied 

between therapy and imaging transmission to avoid initial acoustic emissions from inertial 

cavitation. Additionally, another delay was applied after B-mode transmission to ensure high-

speed photography images acquisition occurs simultaneously with B-mode. 
 

Calibration of the focal pressure levels was conducted over a range of system driving voltages 

in degassed water by a fiber optic hydrophone (FOPH, RP acoustics, Leutenbach, Germany, 100 

µm active diameter, 100 MHz bandwidth). Measurement could not be done beyond 85 V because 

of the occurrence of cavitation under the fiber tip at those voltage levels. To obtain focal pressure 

waveforms at those levels, axially symmetric nonlinear field simulations were performed using a 

freely available open-source high intensity focused ultrasound (HIFU)-beam software 

(https://limu.msu.ru/) based on solving the one-way propagation radially symmetric Westervelt 

equation. The input voltage to the transducer was assumed to be proportional to the characteristic 
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pressure at the transducer surface. The focal pressures from the simulations were matched to the 

experimentally calibrated points and extrapolated to higher voltages. Figure 5.2a and Table 5.7 

show the focal pressures (peak positive and peak negative), and Figure 5.2b shows the 

representative focal waveform from simulations. The system was operated at five input voltages 

in total. Table 5.7 also shows the voltages and corresponding acoustic powers derived from 

acoustic field simulations. Consistent cavitation at every pulse occurred after 85 V.  

 

Table 5.7. Acoustic powers and peak focal pressures at the system input voltages derived from 

simulations. Consistent cavitation formation on every pulse was observed from 85 V.   

Voltage (V) Peak positive pressure 

(MPa) 

Peak negative pressure 

(MPa) 

Acoustic power (W) 

90 107.13 -17.50 282 

120 150.71 -21.14 501 

150 170.35 -24.21 783 

180 181.04 -26.89 1128 

210 188.28 -29.29 1535 

 

 

Figure 5.2. Transducer characterization. a) Focal pressures measured by experiments and obtained 

from simulations at increasing system input voltages, for a single element transducer (F#0.75, 

aperture 92.64 mm) at a center frequency of 1.2 MHz. Simulations were conducted in the software 

HIFUBEAM. b) Simulated focal waveform at a system input voltage of 150 V. 
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A high-speed camera (Photron Fastrax APS-RX, Photron, San Diego, CA, USA) was aligned 

orthogonally to the transducer’s axial direction as shown in Figure 5.1. The camera was focused 

on the transducer’s focal region using an 80–200 mm zoom lens to capture grayscale images of 

cavitation clouds at a resolution of 1024 x 1024 pixels with the shutter exposure time of 12.68 µs. 

The imaging probe was oriented to align the imaging planes of HSP and B-mode.  

With the goal of capturing the same cavitation cloud by HSP and B-mode, different parts of 

the system were triggered in a specific manner as shown in Figure 5.3. The US imaging 

transmission was delayed (by 0, 20, 25, or 120 us) relative to the HIFU transducer transmission. 

The delays were applied to avoid interference of the strong acoustic signal from bubble emissions 

during cloud formation. The HSP system was triggered to capture a frame at the same instant of 

time that the B-mode imaging pulse reached the therapy focus. This was facilitated delaying the 

input to HSP system after B-mode imaging transmission by the time of flight from the transducer 

to therapy focus, which was realized by a function generator.  

5.2.2. Cloud Size Estimation  

Figure 5.4a,d show representative grayscale images of a cavitation cloud imaged by HSP and B-

mode respectively. To calculate the area of the cloud, the images were processed in MATLAB 

(Natick, MA, USA) as follows. For HSP acquired images, first, background subtraction was 

conducted (Figure 5.4b). Cavitation clouds were identified using binary gray level thresholding 

segmentation as a group of white pixels (Figure 5.4c,e). The binary threshold was obtained by 

calculating the mean of Otsu threshold applied to all images (mean Otsu threshold = 0.1418). Otsu 

thresholding is an automatic method that determines an optimal threshold by maximizing the 

separation between foreground and background pixel intensities. The number of white pixels were 

counted, and pixel area was converted to square millimeters  
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Figure 5.3. Triggering protocol for 25 µs B-mode delay. Therapy system is triggered, and the 

therapy pulse is transmitted instantaneously, taking 62.6 µs to reach the focus, after which the 

cavitation cloud forms for the duration of the pulse (20 µs). The B-mode system is triggered at the 

same instant as the therapy system, and a B-mode delay (in this case – 25 µs) was applied through 

verasonics. B-mode pulse transmission triggers the HSP system, which is delayed by the time B-

mode pulse takes to reach the focus (62.6 µs), ensuring that the B-mode and HSP acquisitions are 

at the same instant. 
 

(pixel length = 0.0227 mm). For the B-mode image, the same steps were followed without 

conducting background subtraction to obtain the area (A) in square millimeters (pixel length = 

0.231 mm, mean Otsu threshold = 0.2577). At each combination of input voltage and imaging 

delay, eight acquisitions were conducted, and the mean and standard deviation of the cross-

sectional area of the cavitation cloud were calculated for both modalities. 

5.2.3. Statistical Analysis  

Regression lines were fitted to the data sets wherever appropriate. T-test was used to determine 

the significance of the slopes of individual regression lines.  
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Figure 5.4.  Cavitation cloud area estimation process. a) Grayscale image obtained by high-speed 

photography acquisitions (shutter exposure time = 12.68 µs). b) Background subtraction c) 

Grayscale to binary conversion, and area estimation for high-speed photography acquired image. 

d) Grayscale image obtained by plane wave B-mode imaging. e) Grayscale to binary conversion, 

and area estimation for plane wave B-mode image. Position of the geometric focus is indicated by 

a red asterisk. 
 

5.3. RESULTS 
 

5.3.1. B-mode Imaging Delay Optimization  

Representative frames acquired by plane wave B-mode imaging at 150 V (783 W) at increasing 

delays are shown in Figure 5.5 a–d. Substantial brightness in the focal area is observed when B-

mode imaging is not delayed after transducer transmission (Figure 5.5a).  This is due to strong 

acoustic signals from violent bubble expansions and collapses as the HIFU pulse passes through 

focal region. Delaying B-mode acquisitions ensures receiving mostly backscattered US imaging 

signal from residual bubbles in the cloud. With increasing delay, bubble emissions from the clouds 

are seen as artifacts that are shifted to pre-focal region (Figure 5.5b,c), which, by 120 µs move out 

of the imaging window (Figure 5.5d). At 25 µs, the separation is sufficient to distinguish the 

artifact and the cloud represented by the backscattered signal.   

The corresponding HSP acquired images are also shown at increasing delays in Figure 5.5 e–
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h. At 0 us delay, a black region is visible pre-focally, corresponding to a dense cavitation cloud, 

which transitions to lighter shades of gray post-focally, indicating smaller and/or sparser bubbles. 

At 20 µs and 25 µs delays, only the black pre-focal regions are seen with no lighter shades. By 

120 µs, a negligible cavitation activity is observed. 

 

Figure 5.5. Plane wave B-mode and high-speed photography acquired images at different B-mode 

transmission delays after transducer transmission at acoustic power 783 W. At a particular delay, 

both images are of the same cavitation cloud. The arrow beside ‘US’ denotes the direction of 

ultrasound beam. Position of the geometric focus is indicated by a red asterisk. 
 

5.3.2. Comparison of Cavitation Cloud Size Imaged by HSP and B-mode 

Figure 5.6a shows the average cross-sectional area over a range of acoustic powers, imaged by 

HSP and B-mode. The regression lines fitted to both datasets are linear (HSP: R2 = 0.9604, B-

mode: R2 = 0.8798), and show statistically significant linear increase with acoustic power (HSP: p 

= 0.003, B-mode: p = 0.018). Individual values of the average cross-sectional area imaged by B-

mode are substantially higher than those imaged by HSP at each acoustic power level. 

Additionally, B-mode imaging shows higher variability as evidenced by larger error bars.  Datasets 

were normalized with the minimum value (Figure 5.6b) to enable straightforward comparison. We 

observe cavitation cloud area imaged by HSP increases at a higher rate as shown by the slope.  
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Figure 5.6. a) Dependence of cavitation cloud area estimated by plane wave B-mode imaging (B-

mode) and high-speed photography (HSP) on acoustic power at 25 µs B-mode transmission delay. 

Eight replicates per data point. Linear regression lines are fitted to both data sets and the line 

equation as well as coefficient of regression are mentioned. b) The same datasets normalized with 

the minimum cloud c/s area value. 
 

5.3.3. Comparison of Cavitation Cloud Shape Imaged by HSP and B-mode 

Images of the same cavitation cloud imaged by HSP and B-mode are presented adjacent to each 

other at four different acoustic powers at a B-mode delay of 25 µs (Figure 5.7). All images have 

the same scale. Overall, B-mode images show higher axial and lateral dimensions of the cloud 

compared to HSP. 

In Figure 5.7a, an independent round upper region of the cloud in the HSP image is visible, 

and corresponding independent hyperechoic region in B-mode image is also visible. At the lower 

end of the HSP image, small separated black regions are seen which possibly indicate post-focal 

bubbles, and corresponding post-focal hyperechoic regions in the B-mode image. Both are marked 
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by red circles. Figure 5.7b shows both images slightly skewed to the right. In Figure 5.7c, no 

distinct similarities between both images are found. In Figure 5.7d, two branches and a central 

region in the upper part of both images are visible. 

 

Figure 5.7. Representative frames of four cavitation cloud events imaged simultaneously by plane 

wave B-mode imaging and high-speed photography. The scale is equal for all images. (a) A cluster 

of bubbles separated from the continuous region of the cloud are marked by a red circle in the HSP 

image. In the corresponding B-mode image, the same cluster of bubbles may be indicated by post 

focal localized bright areas (marked by a red circle). Position of the geometric focus is indicated 

by a red asterisk. 
 

5.4. DISCUSSIONS  
 

The main aim of this study was to evaluate the capability of plane wave B-mode imaging in 

detecting changes in cavitation cloud size with increasing input acoustic power. Comparison was 

done with the HSP, because of its high spatial resolution due to direct optical observation, along 

with its established ability to detect cavitation cloud size changes [55]. The key result of this study 

is that the cloud size estimated from B-mode imaging linearly increases with the input acoustic 

power, which is also shown by HSP.  

Delaying the B-mode transmission was necessary to avoid bright image artifacts caused by 

strong acoustic signals from violent bubble dynamics as the therapy pulse passed through the focal 
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region. At 25 µs B-mode delay, sufficient separation was seen in the B-mode image to distinguish 

between the emission artifacts and the echogenicity of the residual cavitation cloud. Ideally, a 

longer B-mode delay could provide a better representation of the cavitation cloud, because HIFU 

reverb (artifacts from multiple reflections of the therapy pulse) and point spread function artifacts 

(spatial blurring due to imaging system’s finite resolution) were minimal at a B-mode delay of 120 

µs (Figure 5.5d). However, the corresponding HSP image shows negligible cavitation presence at 

120 µs delay, making it unsuitable for size comparison. This also suggests that HSP is less sensitive 

to smaller residual bubbles compared to B-mode. Therefore, a B-mode delay of 25 µs was 

considered optimal for size comparison studies, as it allowed clear visualization of the residual 

cloud while cavitation was still detectable in the corresponding HSP frame.  

B-mode overestimates the cloud area as compared to HSP at the same acoustic power. This is 

expected and can be attributed to much lower lateral resolution in plane-wave B-mode images. 

Also, B-mode axial resolution (0.5 mm–one cycle at 3 MHz) is substantial considering the length 

of the cloud along axial dimension (4–5 mm).  

Comparison of the cavitation cloud shape imaged by both modalities was conducted to 

validate whether B-mode images reflect the positions of bubbles and not random artifacts. Certain 

aspects of the experimental setup facilitated this comparison. The imaging probe was oriented such 

that the B-mode and HSP imaging planes are coplanar, ensuring that the cross-sections of the cloud 

were taken from the same plane. Additionally, the aperture size of the high-speed camera was 

adjusted to achieve a depth of focus (approx. 12 mm) comparable to the B-mode elevational plane 

thickness (approx. 10 mm). Both the depth of focus and B-mode plane thickness were 

experimentally determined, by laterally moving solid objects like rulers and paperclips from the 

imaging focus until the corresponding images lost sharpness.  
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Out of the representative images shown in Figure 5.7, a few similarities in the shape of the 

cloud between HSP and B-mode were identified, but the evidence is not overwhelming. One 

reason for the disagreement in shape can be higher sensitivity of B-mode in detecting smaller 

bubbles (Figure 5.5d,h), where focal brightness in B-mode image can be seen, while HSP shows 

negligible cavitation. Another possible reason could be overlapping of the signals (B-mode image) 

from the bubble expansions after the therapy pulse passes through the focus.  

5.5. CONCLUSIONS  
 

Histotripsy cavitation clouds were visualized simultaneously by two imaging modalities – plane 

wave B-mode imaging and high-speed photography in degassed water in vitro. Delaying the B-

mode transmission after HIFU transmission was necessary to avoid interference from acoustic 

emissions. A delay of 25 µs was found to effectively separate echogenic residual bubbles from 

hyperechoic regions indicated by bubble emissions. It was found that B-mode overestimated the 

cavitation cloud size because of higher resolution, but still followed the same linear relationship 

with acoustic power as shown by high-speed photography. At 25 µs delay, plane-wave B-mode 

imaging showed some similarities in cavitation cloud shape imaged by HSP, although a 

comparison with HSP at zero delay would be more appropriate, considering HSP’s inability to 

detect smaller residual bubbles.  
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Chapter 6. IN VITRO APPROACHES TO INACTIVATE S. 

AUREUS IN SUSPENSION BY HISTOTRIPSY 
 

6.1. INTRODUCTION  
 

In the previous chapters, in vitro investigations of the effects of histotripsy on E. coli were 

conducted. E. coli is a common inhabitant of abscesses. We now turn our attention to 

Staphylococcus aureus (S. aureus), which is also a frequent cause of abscesses, especially in soft 

tissues [63]. Notably, 91% of skin and soft tissue infections (SSTIs) in military personnel are 

caused by S. aureus [64]. A particular strain USA300 was the most frequently recovered bacterial 

isolate from SSTIs in 2004 [65]. Additionally, the emergence of antibiotic-resistant strains like 

Methicillin Resistant Staphylococcus aureus (MRSA) highlights the need for alternative 

approaches, like mechanical inactivation through histotripsy. This chapter reports initial steps 

toward that goal using monomicrobial cell suspensions in a bench-top setup.  

The name Staphylococcus aureus has both Greek and Latin roots. Staphylococcus comes from 

the Greek words ‘Staphyle’ meaning ‘bunch of grapes’, and ‘kokkos’ meaning ‘berry’ or ‘grain’, 

referring to the characteristic grape-like structure when observed under microscope. The ‘aureus’ 

part is Latin for golden, describing the yellow-golden color of colonies when grown on blood agar 

plates. It is a gram-positive spherical bacterium that typically appears in aggregates or clumps. It 

readily forms biofilms, especially on medical devices and abscess capsules making infections 

persistent and hard to treat. S. aureus cells are typically 0.5–1.5 µm in diameter.  

Focused ultrasound (FUS) has been used to inactivate S. aureus in various biological settings. 

For example, a significant FUS-induced thermal inactivation of S. aureus was observed in murine 

abscess models at 64°C [66]. Moreover, histotripsy has been used to disrupt biofilms from surfaces 

using cavitation, but not particularly to inactivate or kill bacteria within the biofilm matrix. Overall, 

no studies use focused ultrasound or histotripsy to treat S. aureus in suspensions in a bench-top 
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environment.  

The effects of histotripsy on bi-microbial suspensions of S. aureus and E. coli were 

investigated in vitro, and an increase in S. aureus count post treatment was observed. Conversely, 

a significant decrease in E. coli counts was observed. Similar trends of higher resistance of S. 

aureus compared to E. coli was observed by other studies as well [67]. This result suggests a need 

for formulating alternative approaches to obtain significant S. aureus inactivation by histotripsy. 

A hypothesis is that the initial increase in S. aureus counts is due to ‘de-clumping’ of bacterial 

aggregates into single cells, which are represented as one colony in colony-forming unit (CFU) 

assays, versus in the control, one colony likely represents a clump. Prior studies on cavitation-

based ultrasound treatments report similar transient increases followed by bacterial reduction [68], 

[69], [70]. Histotripsy may follow the same trend, but within our time frames, the increase from 

de-clumping masks the inactivation. Therefore, in this study, an additional experimental control 

was taken after a few minutes of de-clumping, prior to treatment, to better isolate the effect of 

histotripsy. 

A potential approach to increase the probability of histotripsy-induced bacterial damage is 

reducing the sample volume. Treating smaller volumes implies greater energy per unit volume and 

hence a greater possibility of kill. A two-fold increase was observed from 10 mL to 5 mL of E. 

coli when treated with focused ultrasound, and another two-fold increase in kill was observed for 

very small sample volumes (1 mL) although treated at a different frequency [39], [40]. In another 

study, a similar decreasing inactivation dependence was observed with increasing E. coli volumes 

from 100 mL to 200 mL [71]. A more detailed study was conducted on yeast using ultrasonic horns 

which showed an inverse relationship between percent kill and volume [24]. No studies treating 

smaller S. aureus volumes to increase kill probability are found in literature.  
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Another approach commonly applied to S. aureus in suspensions is thermosonication, 

primarily motivated by the food industry’s desire to reduce temperatures required to kill 

microorganisms. Heat was shown to sensitize bacteria, while cavitation was primarily responsible 

for bacterial death [72]. Many studies using ultrasonic horns report a synergistic effect of 

thermosonication [69], [70]. In this chapter, the potential of histotripsy to damage S. aureus at 

higher, but sub-lethal temperatures is evaluated. Control experiments were also conducted by 

heating the samples to the same temperatures without histotripsy, to gauge the contribution of 

cavitation in S. aureus inactivation. 

In thermosonication studies in the literature, the thermal effects were quantified by using 

temperature as an experimental variable, assuming a constant value over the treatment time. 

However, in practice, fluctuations might increase experimental errors especially when using highly 

temperature sensitive bacterial strains. Additionally, for setups that do not allow mid-treatment 

sampling, having a ‘ring up’ from the initial temperature (e.g. 37°C) to the target temperature (e.g. 

55°C) is unavoidable. It is also very challenging to replicate the time-temperate exposures across 

treatments in these setups. Hence, to standardize the variability in thermal exposures, the concept 

of cumulative equivalent minutes at a specific reference temperature was applied. A variable 

named ‘F-value’ is used which indicates the equivalent time of a thermal process at a reference 

temperature that produces the same percent bacterial kill. This concept was initially introduced by 

C. Olin Ball in 1928 for more accurately quantifying sterilization processes of canned goods [73]. 

Overall, this chapter explores three strategies for enhancing histotripsy-induced S. aureus 

inactivation, as described in Table 6.8. De-clumping was applied as an initial step for all 

approaches. The first approach aimed at evaluating the potential of histotripsy to damage de-

clumped, single cells. The second approach is the impact of histotripsy on 1 mL volumes. The 
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third approach investigated a combination of heat and histotripsy treatments using ‘F-value’ to 

quantify the thermal process.  

Table 6.8. Hypothesis and rationale for histotripsy approaches to enhance S. aureus inactivation. 

Approach Hypothesis Rationale 

1 
Histotripsy will inactivate de-clumped, single S. 

aureus cells 

Bacteria in the interior of clumps are 

shielded, hence it is necessary to de-clump  

2  
Histotripsy will inactivate S. aureus cells in small 

(1 mL) volumes 

Increased energy per bacterium with 

decreasing volume 

3 
Heat + histotripsy will have a synergistic 

bactericidal effect 

Heat will compromise the integrity of 

bacterial cell walls leading to higher 

susceptibility to cavitation-induced damage 

 

6.2. METHODS 
 

6.2.1. Culture and Preparation  

Clinical isolates of S. aureus USA300 were obtained from the Biodefense and Emerging Infections 

Research Resources Repository (BEI Resources, Manassas, VA, USA). The bacteria were 

maintained as liquid cultures in 3% tryptic soy broth (TSB) medium. Growth was monitored by 

periodically measuring the optical density at 600 nm (OD600). The culture was used for treatments 

after reaching the stationary phase (OD600 = 1.4, ~108 CFU/mL) as predetermined from growth 

characteristics.  

6.2.2. General Experimental Setup 

A common experimental setup was used across all treatments, with some modifications undertaken 

in treatments on smaller volumes, as well as heat and histotripsy. A single-element transducer (H-

161, Sonic Concepts, Bothell, WA, USA) with an aperture of 135 mm and a central opening of 47 

mm diameter was driven by a controller (TPO-401, Sonic Concepts, Bothell, WA, USA) at a center 

frequency of 1.2 MHz and a pulse duration of 20 µs (24 cycles). The transducer was mounted to 

the bottom of a cylindrical polycarbonate tube (15.2 cm diameter, 0.8 cm wall thickness, and 18 

cm in height) filled with degassed water (20°C–22°C) for coupling between the transducer and the 
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sample vial (Figure 6.1a). A polycarbonate sample vial (2.5 cm outer diameter, 0.3 cm wall 

thickness, and 4.6 cm height) containing 10 mL of bacterial culture (∼108 cfu/mL) was attached 

to the water bath magnetically for precise alignment and repeatable positioning. The bottom of the 

cap was machined into a cone with its point immersed in the sample to reduce acoustic reflections. 

The bottom of each vial was replaced with an acoustically transparent polyethylene membrane 

held with an O-ring nested in an annulus machined into the bottom outer surface. The proximal 

wall of the membrane was wiped with a gauze sponge to eliminate pre-existing bubbles that could 

interfere with the ultrasound pulse. Two milliliters of 70% ethyl alcohol were introduced into the 

degassed water bath to reduce surface tension, thereby increasing the wettability of the membrane. 

 

Figure 6.1. Experimental setup for heat + histotripsy and heat control treatments. A) A water bath 

containing degassed water at 37°C for heat + histotripsy treatments with a sonic concepts (H-161) 

transducer with the beam directed upward. The beam focus is in the acoustically transparent 

bottom sample vial. Sample and coupling water temperatures were monitored periodically by 

thermocouples. B) Heat control treatments. Sample vials were dipped in Fischer scientific water 

bath and temperature was monitored periodically. 
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The transducer focal pressure levels and acoustic powers at a range of system driving electric 

power levels were obtained by using a fiber optic hydrophone (FOPH 2000, RP Acoustics, 

Leutenbach, Germany; 100-μm active diameter, 100-MHz bandwidth) and conducting non-linear 

acoustic field simulations. This process is detailed in chapter 3.   

6.2.3. Protocol for Approach 1 – De-clumping Step Followed by Histotripsy 

Suspensions were treated at 494 W acoustic power for 1 minute at 1% duty cycle as a de-clumping 

step, followed by histotripsy treatment at 1836 W acoustic power for 40 minutes at 1% duty cycle. 

Samples were taken after 1-minute treatment (the ‘control’ after de-clumping) as well as 40-minute 

treatment. Viability assessment procedure will be explained in detail in a latter section. 

6.2.4. Setup Modifications and Protocol for Approach 2 – Histotripsy on Small (1 mL) Sample 

Volumes 

Ballistic gels with an axially symmetric 1 mL cylindrical cavity (10 mm diameter, 13 mm height) 

were fixed in the vials and positioned to have the focal volume within the cylindrical cavity. Prior 

to the treatments, the de-clumping step was conducted with 10 mL sample volumes from which 1 

mL sample was transferred to the cylindrical cavity in the ballistic gel fitted vial. The detailed gel 

formation process is described in appendix C. Treatments were conducted at 633 W for 40 minutes. 

6.2.5. Setup Modifications and Protocol for Approach 3 – Heat + Histotripsy 

Some modifications were made for heat and histotripsy treatments. The coupling water was 

initially heated slightly above 37°C (38°C–38.5°C) using a heating immersion circulator (VWR 

1112A) and poured carefully in the bath. Treatments were started when the bath temperature 

reached 37.5°C. The coupling water temperature steadily reduced to 36 ± 0.5°C over 40-minute 

treatments. The coupling water and sample temperatures were measured periodically by a 

thermocouple (Omega HH806AU , MT-23/5HT Needle Microprobe) with an accuracy of 0.1°C. 
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The thermocouple needle was permanently fixed at approximately one-quarter of the vial height 

from the top and positioned near the vial wall to prevent interference with the ultrasound beam 

path. The ultrasound input power was manually adjusted based on the thermocouple readings to 

maintain the sample at the target temperatures listed in Table 6.9.  

Heat control experiments (Figure 6.1b) were conducted by using a heat bath (Fisher Scientific 

Isotemp 2332) and the same vials used in heat + histotripsy treatments. Bath water temperature 

was tracked by another thermocouple needle and was adjusted manually in response to temperature 

changes observed in the thermocouple to maintain the sample at target temperature. Calibration 

experiments were conducted beforehand to determine bath water volume, sample vial position in 

the bath (placed such that bath water was the same level as the sample vial) and bath temperature, 

for maintaining sample at target temperature. 

Table 6.9. Pulse parameters for all studies. 1.2 MHz frequency and 20 µs pulse duration was 

applied for all treatments. The acoustic power data were used from our previous study [55]. Final 

temperatures for the heat + histotripsy treatment correspond to the intended target temperatures. 

16 treatments were conducted for heat + histotripsy, whereas 48 data points were used for heat 

control treatments. 

Strategy 
Acoustic power 

(W) 

Sample 

volume 

(mL) 

Duty 

cycle 

% 

Final 

Temperature 

(°C) 

Treatment 

time 

(min) 

Replicates 

Histotripsy 1836 10 1 38.7 ± 0.8 40 3 

Histotripsy (small volumes) 633 1 1 33.4 ± 1.3 40 3 

Heat + histotripsy 384 to 930 10 2 45,50,52.5,55 10 to 40 16 

 

6.2.6. Thermal Dose Calculation Process 

The F-value was calculated by using equation 6.1 [73]. It represents the time at a specific 

temperature that results in the reduction of the bacterial population to a specified level. In our 

experiment, the reference temperature was considered as 50°C, because it was the lowest 

temperature at which significant kill was observed. Z-value is the temperature increase in degrees 

Celsius over which the thermal destruction (TD) curve traverses one log cycle, which was 8.33°C. 
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Formation of the TD curve for our biological system is provided in appendix B. For each treatment, 

i.e. time-temperature exposures for heat control as well as heat and histotripsy, F-value was 

calculated between two temperature measurements and summed to generate a cumulative F-value. 

F_value =  10(
T−T𝑅𝐸𝐹

z
) ∗ ∆T 

Equation 6.1. Equation for calculating F-value, equivalent minutes at reference temperature (TREF) 

of 50°C. Z-value is the inverse slope of thermal destruction curve (8.33°C in this case). Details of 

the thermal destruction curve are mentioned in appendix B. ΔT is the sampling time interval and 

T is the average temperature between sampling interval. 
 

6.2.7. Viability Assessment  

To assess the viability, samples withdrawn from the treated and untreated bacterial suspensions 

were subjected to serial dilutions with Environmental Protection Agency (EPA), Washington, DC, 

USA, dilution water (2 mM MgCl2, 0.6 mM KH2PO4, pH 7.1) as a standard diluent using aliquots 

no smaller than 25 μL, as described previously. The diluted samples (1 mL) were deposited onto 

Compact Dry S. aureus XSA plates (Hardy Diagnostics, Santa Maria, CA, USA). Colonies were 

manually counted after incubation at 37°C for ∼18 h, when the colonies were visible 

macroscopically. For the initial de-clumping 1-minute step and the following histotripsy treatment 

(approach 1), samples were heat fixed on slides and gram-stained and observed under light 

microscopy.  

6.2.8. Statistical Analysis 

The Wilcoxon rank sum test (non-parametric statistical test) was applied for approach 1 

(histotripsy) and approach 2 (histotripsy on small sample volumes), to determine the significance 

of inactivation since normality and homoscedasticity cannot be assumed for our sample size (N = 

3). For approach 3 (heat + histotripsy) regression lines were fitted to the data sets and t-test was 

used to determine the significance of the difference between the slopes of regression lines. 
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6.3. RESULTS 
 

6.3.1. De-clumping Step  

To evaluate the potential of histotripsy to de-clump bacterial cells, viability assay as well as light 

microscopy were employed. Figure 6.2a shows control and 1-minute treatment images. Significant 

clumping is observed in the control ranging from small clumps to larger sizes toward the right 

side. Some single cells are also visible. In the 1-minute, i.e. de-clumping treatment, single cells 

are seen to a large extent, with a few small sized clumps. Figure 6.2b shows insignificant log 

reduction for the de-clumping treatments (N = 3) obtained from viability assay comparisons. 

 

Figure 6.2. a) Light microscopy images (40x magnification) of S. aureus samples pre-treatment, 

post-de-clumping step (1-minute), and post histotripsy treatment. b) Mean S. aureus log reduction 

(N = 3). 
 

6.3.2. Approach 1 – Histotripsy 

Following the 1-minute de-clumping step, histotripsy was applied for 40 minutes using the 
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protocol shown in Table 6.9. Light microscopy image (Figure 6.2c) shows mostly single cells. 

Visually the cell density looks similar to de-clumped cells, but light microscopy results do not 

indicate viability [40]. The CFU counts insignificantly increase (p = 0.11) after 40-minute 

histotripsy treatment when compared to control, and also when compared to de-clumped counts (p 

= 0.44).  

6.3.3. Approach 2 – Histotripsy for Small (1 mL) Sample Volumes 

1 mL sample volumes were treated post-de-clumping with the protocol mentioned in Table 6.9. 

An insignificant change in the log kill (0.16 ± 0.44) was observed post-treatment (p = 0.6).  

6.3.4. Approach 3 – Heat + Histotripsy 

Sample temperatures recorded at specific time intervals during heat + histotripsy and heat control 

treatments are shown in Figure 6.3. Except at 55°C, the target temperature was reached within 10 

minutes and maintained for the remainder of the treatment. Higher variability was observed during 

the initial heating phase, before the target temperature was achieved. 

Figure 6.4 shows the dependence of S. aureus kill on the cumulative F-value (equivalent 

minutes at 50°C) on a log scale for heat control and heat + histotripsy experiments. The pulse 

protocol as well as the target temperatures are mentioned in Table 6.9. This covers the temperature 

range from 45°C to 55°C and 10-minute to 40-minute treatments. The regression followed a linear 

fit for both heat control (R2 = 0.69) and heat + histotripsy (R2 = 0.94) treatments. The x-intercept 

of both slopes is similar, 0.84 for heat control and 0.93 for heat + histotripsy. The difference 

between the slopes of the two regression lines is statistically insignificant (p = 0.93). 
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Figure 6.3. Time-temperature profiles of a) heat + histotripsy and b) heat control treatments. 

 

Figure 6.4. Log-log plot of S. aureus inactivation versus F-value at the reference temperature of 

50°C for heat control and heat + histotripsy experiments. Both distributions are fitted with 

regressions and the difference in slopes are statistically insignificant. 
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6.4. DISCUSSIONS 
 

The effects of histotripsy on S. aureus in suspension were investigated in this study. An increase 

in the bacterial count was observed in the first minute, which was attributed to de-clumping or 

separation of aggregates into individual cells. Hence, the de-clumped sample was considered as a 

control. Histotripsy was applied on 10 mL and 1 mL sample volumes, but an insignificant 

inactivation was observed. Since bacteria are susceptible to multiple inactivation mechanisms 

applied simultaneously, histotripsy treatment was combined with temperatures in the range of 45°C 

to 55°C. Significant inactivation was obtained at temperatures higher than 50°C, indicating the 

influence of thermal effects.  

Light microscopy images show substantial clumps pre-treatment, and negligible clumps after 

1-min treatment, which suggests that histotripsy causes bacterial de-clumping. However, this result 

is not supported by the viability assay, as it shows an insignificant change in the bacterial counts 

post 1-min treatment. Post de-clumping, histotripsy treatment was applied at the highest input 

power level achievable within the constraints of the electrical system. An insignificant change is 

observed compared to the de-clumped control as shown in Figure 6.2b This suggests that 

histotripsy is unsuccessful in inactivating partially de-clumped S. aureus cells.  

An insignificant inactivation was also obtained after treating suspensions of smaller volumes 

(1 mL). This suggests that an increased exposure to cavitation-induced stresses was not enough to 

cause bacterial death. The hypothesis was formulated since volume dependence has been observed 

for other microorganisms like E. coli [40], B. cereus [68], yeast [24]. Although, as opposed to the 

current results, they obtained modest inactivation even at larger volumes. The current results 

indicate that decreasing the volume may not be an effective approach to inactivate S. aureus in 

suspensions at room temperature. 
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The third approach was named as ‘heat + histotripsy’. Traditionally, histotripsy is a non-

thermal technique, but in this case, the parameters were deliberately chosen to generate substantial 

temperature increase (~55°C) in the target i.e. bacterial sample. Several factors are responsible for 

this temperature increase. Firstly, the duty cycle was increased from 1% to 2% to increase the total 

on-time to 48 seconds leading to more energy input within the same treatment time of 40 minutes. 

Secondly, the coupling-water was heated to 37°C, due to which it did not act as heat sync as it 

does when it is at room temperature. Hence, due to not allowing the heat to dissipate as easily and 

dumping more energy, increased temperatures were obtained even at histotripsy parameters like 

20 µs, -13.7 MPa peak negative pressure, 93.2 MPa peak positive pressure. Interestingly, a group 

observed temperature increase up to 60°C with histotripsy parameters in in vitro kidney [74].  

The time-temperature curves show a ramp-up in the first 10 minutes, and some fluctuations at 

the target temperature, justifying the use of F-value for temperature quantification. The concept of 

F-value was used to normalize our time-temperature data to equivalent minutes at a reference 

temperature. Specifically, in Figure 6.3a, the temperature reaches 55°C only toward the end of 

treatment and has high variability in the beginning. This can occur in our setup, where the operator 

manually adjusts the system input electrical power to bring the sample to the target temperature 

and maintain it there. Even so, the use of F-value compensates for such operator-induced 

variability. 

A critical parameter in F-value calculation is the z-value, which was 8.33°C for our biological 

system. A great variation (from 3.37°C to 12.36°C) in z-value has been observed in the literature 

in different food matrices and bacterial strains [75]. However, only two temperatures were used to 

create the thermal destruction curve which is a limitation of this study. Higher number of 

temperatures will increase the accuracy of z-value.   
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Heat + histotripsy results show insignificant differences in slopes of the heat + histotripsy and 

heat control regression lines, indicating that the observed bacterial inactivation was primarily due 

to thermal effects. The thermal sensitivity of S. aureus is well established [76], [77].  A study using 

ultrasonic probes at a low frequency also showed that thermal effects dominated and cavitation 

played a negligible role in S. aureus inactivation [78]. Although cavitation did not contribute 

meaningfully in the current study, this result still has important clinical implications for the long-

term goal of abscess disinfection. Since a clinically relevant inactivation (log kill>3) was obtained 

through thermal mechanism alone, MR-guided HIFU can be used to heat the abscess and monitor 

the time-temperature profile to deliver the required thermal dose in clinically relevant treatment 

times. To enable this protocol, in vivo studies are required to assess whether the thermal treatment 

causes coagulation of abscess contents, or prohibits potential liquefaction when needed, and 

whether heat can be confined to the target region without affecting adjacent tissues. 

6.5. CONCLUSIONS 
 

Histotripsy has an insignificant effect on S. aureus viability in 1 mL and 10 mL suspensions at 

room temperatures. However, histotripsy inactivates S. aureus at higher temperatures in the range 

of 50°C to 55°C, but the inactivation is mediated by thermal effects, not mechanical effects.   
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Chapter 7. INFLUENCE OF BACTERIAL SHAPE AND GRAM 

STATUS IN RESISTANCE TO HISTOTRIPSY 
 

 

7.1. INTRODUCTION  
 

In previous chapters, the effects of histotripsy on two bacteria – E. coli and S. aureus were 

investigated. Histotripsy was effective against E. coli, but had little to no impact on S. aureus. This 

chapter aims to explore the reason behind this contradictory result.    

Bacteria are classified based on cell wall structure as gram-positive and gram-negative 

bacteria (Figure 7.1). Gram-positive bacterial cell envelope consists of cytoplasmic membrane and 

cell wall, whereas gram-negative bacterial cell envelope consists of cytoplasmic membrane, cell 

wall, outer membrane. Each layer contributes to resisting environmental stress. The outer 

membrane for gram-negative bacteria helps in resisting turgor pressure fluctuations [79]. In terms 

of structural support, resistance to turgor pressure, the cell wall consisting of the peptidoglycan 

layer is the most important element [80], [81]. Disruption of peptidoglycan layer causes osmotic 

pressure fluctuations leading to cell death [82]. It is 2–3 nm thick in gram-negative bacteria, and 

20–80 nm thick in gram-positive bacteria. It consists of glycan strands which are cross-linked by 

peptide stems which create a mesh-like structure. The cytoplasmic membrane is a phospholipid 

bilayer, which is the innermost layer of the cell envelope. Its function is to regulate the movement 

of substances in and out of the cell. A bacterium dies when the cytoplasmic membrane is ruptured.  

Bacteria can be classified based on their shape as spherical (coccus), rod-shaped (bacillus), 

and spiral-shaped. Shape is governed by the architecture of the peptidoglycan layer and 

cytoskeletal elements, which influence cell wall growth patterns. These morphological differences 

also affect cell arrangement, with cocci often forming clusters and rods forming chains or 

remaining isolated.  
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Figure 7.1. A simplified illustration of the cell envelopes of gram-negative bacteria (left) and 

gram-positive bacteria (right) [83]. 

Bacterial characteristics can influence their resistance to ultrasound-induced cavitation. Gram-

positive bacteria are more resistant to mechanical stresses induced by cavitation [78], [84], [85]. 

Moreover, spherical bacteria are reported to be more resistant than rod-shaped bacteria [86], 

potentially because they have lesser surface area exposed to cavitation-induced forces as compared 

to rods, resulting in reduced shear stress effects. However, some studies do not observe any 

dependence on bacterial characteristics and attribute the damage solely to bacterial species [34], 

[87].  

The hypothesis is that S. aureus is more resistant to histotripsy treatment than E. coli by the 

virtue of its gram-status (gram-positive), and shape (sphere). However, it is unclear whether to 

attribute the higher resistance to its shape, gram status, or a combination of both. To address this, 

additional bacterial species of different combinations of shape and gram status were treated: 

Bacillus cereus (gram-positive rod), and Neisseria subflava (gram-negative sphere).  

7.2. METHODS 
 

Description of the treatment setup is provided in chapter 4. Histotripsy protocol of 1.2 MHz 

frequency, 20 µs pulse duration, 1473 W acoustic power, duty cycle of 1%, and treatment time of 

40 minutes was applied. The de-clumping step was applied using the same pulse protocol for 1 
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minute at 494 W for all bacteria.  

7.2.1. Culture and Preparation  

Four bacteria were used, E. coli FDA strain Seattle 1946, Staphylococcus aureus USA300, 

Bacillus cereus NCTC 11145, and Neisseria subflava CDN-17. All bacteria except N. subflava 

were maintained as liquid cultures in 3% tryptic soy broth (TSB) medium. N. subflava was cultured 

in 3% TSB supplemented with 6g/L yeast extract and 8g/L glucose, and maintained in an 

atmosphere of 5% CO2. Bacterial growth was monitored by periodically measuring the optical 

density at 600 nm (OD600). The culture (10 mL sample volume) was used after reaching the 

stationary phase, as predetermined from previous growth characteristics studies. Table 7.10 shows 

OD600 and CFU/mL at the stationary phase.   

Table 7.10. Information on bacterial strains used in the study. 

Bacteria Strain Shape Gram 

stain 

Size Plate type OD600, CFU/mL @ 

stationary phase 

E. coli FDA strain 

Seattle 

1946 

Rod Gram 

negative 

1–3 µm long × 

0.5–1 µm wide 

EC 1.2, ~109 

B. cereus NCTC 

11145 

Rod Gram 

positive 

3–5 µm long × 1–

1.5 µm wide 

TC 0.6, ~107 

S. aureus USA300 Sphere Gram 

positive 

0.5–1.5 µm 

diameter 

XSA 1.4, ~108 

N. subflava CDN-17 Sphere Gram 

negative 

0.6–1.0 µm 

diameter 

TC 1.4 ,~109 

 

7.2.2. Viability Assessment  

Viability assessment protocol from chapter 2 was applied for all bacteria. Table 7.10 specifies the 

bacterial strains, and the type of plates used for CFU evaluation.  

7.2.3. Statistics 

Single-factor ANOVA test was applied to determine the statistical significance of log reduction 

across bacterial groups, followed by a post hoc Tukey’s HSD test to determine pairwise differences 
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between species.   

7.3. RESULTS 
 

Figure 7.2 shows the mean log reduction values (N = 6) for the four bacteria under the same 

treatment parameters. Table 7.11 shows statistical comparisons across all bacteria. E. coli log 

reduction is significantly greater than all other species, whereas the log reduction of B. cereus is 

significantly greater than S. aureus and N. subflava, which are insignificantly different from each 

other.  

Table 7.11. Tukey HSD test results. Statistical comparison of mean log reductions between all 

bacteria. 

Bacteria pair Shape and gram status 

description 

Tukey HSD 

statistic 

Tukey HSD p-

value 

Tukey HSD 

inference 

E. coli vs B. cereus G-ve rod vs G+ve rod 4.56 0.020 Significant 

E. coli vs S. aureus G-ve rod vs G+ve sphere 22.94 0.001 Significant 

E. coli vs N. subflava G-ve rod vs G-ve sphere 22.10 0.001 Significant 

B. cereus vs S. aureus G+ve rod vs G+ve sphere 18.38 0.001 Significant 

B. cereus vs N. subflava G+ve rod vs G-ve sphere 17.54 0.001 Significant 

S. aureus vs N. subflava G+ve sphere vs G-ve sphere 0.84 0.899 Insignificant 

 

 Figure 7.2 shows the mean log reductions (N = 6) for all bacteria used in the study under 

equivalent treatment conditions. E. coli (gram-negative rod) was inactivated the most, at a mean 

log reduction of 2.95, followed by B. cereus (gram-positive rod) at 2.37. The mean log reductions 

of S. aureus and N. subflava were very low, 0.01, and 0.11 respectively.  
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Figure 7.2. Log reduction (N = 6) of 10 mL suspensions of four bacteria by histotripsy treatment 

with 1.2 MHz, 20 µs, 1473 W acoustic power, 1% duty cycle for 40 minutes. illustrations 

describing shape and gram status are shown above the bars. Gram positive bacteria having thicker 

cell wall are indicated by a thicker red outline.   
 

7.4. DISCUSSIONS  
 

This study investigated the influence of bacterial shape and gram status on their resistance to 

histotripsy-induced cavitation. Results show significant inactivation of rod-shaped bacteria as 

opposed to insignificant inactivation of spherical bacteria. These findings are the first instance of 

using bacteria of all four combinations of gram status and shape under the same conditions of 

ultrasound treatment.  

The effect of gram status was apparent only in rod-shaped bacteria, with gram-positive 

bacteria (B. cereus) being more resistant than gram-negative bacteria (E. coli). Physically, this 

makes sense, because a thicker cell wall (peptidoglycan layer) would present more resistance to 

cavitation-induced mechanical forces. A paper numerically studying the effects of a single 

cavitation bubble collapse near a bacterium observed higher peak local stress and peak local 
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elongation for gram-negative bacteria compared to gram-positive bacteria [88]. However, the 

effect of gram status was not observed in spherical bacteria, indicating that the shape had a greater 

influence on bacterial resistance to ultrasonic cavitation. 

Bacterial shape had a significant contribution to the resistance against cavitation, as indicated 

by the negligible inactivation of the spherical bacteria (S. aureus, N. subflava) regardless of gram 

status. A technical report has noted that rounder bacteria are more resistant to ultrasonic cavitation 

than rod-shaped counterparts [86]. However, beyond this mention, there are no discussions in the 

literature related to the influence of bacterial shape on cavitation susceptibility. The observed 

differences can be interpreted by examining the mechanical implications of spherical versus rod-

like geometries.  Firstly, rod-shaped bacteria generally possess greater size than spherical bacteria 

of similar diameter, owing to their additional length. This results in a larger surface area being 

exposed to external forces, and consequently a higher total shear load under uniform stress 

conditions. Secondly, spherical bacteria, owing to their isotropic geometry, are likely to experience 

more uniform stress distributions under external mechanical loading, thereby reducing the 

likelihood of localized stress concentrations. Thirdly, rods are mechanically susceptible to bending 

under non-uniform force fields, whereas spheres are not, further contributing to the enhanced 

vulnerability of rod-shaped bacteria to cavitation-induced stresses [89]. 

Since complex biological systems like bacteria were considered, some intricacies were 

ignored to enable comparison. Firstly, S. aureus cell wall contains a comparatively higher degree 

of cross-linking in the form of pentaglycine bridges potentially leading to better viscoelastic 

properties, a factor that could have contributed to resistance against cavitation [90]. Secondly, B. 

cereus is slightly greater in size as compared to E. coli (see Table 7.10), which can potentially 

influence susceptibility, since larger cells are more susceptible to cavitation [81]. Additionally, the 
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longer axial dimension of B. cereus compared to E. coli might also enhance its susceptibility. This 

is because elongated geometries experience greater bending deformation since the bending stress 

is proportional to the square of length [89].  

N. sublfava cultures were maintained at 5% CO2 atmosphere unlike the other bacteria used in 

the study. This likely resulted in a modified dissolved gas composition with elevated CO2 levels 

in the culture. Such conditions could influence bubble dynamics as CO2 is observed to suppress 

cavitation by reducing the likelihood of cavitation nuclei formation [91]. 

In this study, only four representative bacteria were chosen for all combinations of gram-stain 

and shape i.e. only one bacterium per combination. However, the possibility of the same 

combination having different resistance to cavitation cannot be ignored. For example, in a study 

evaluating the bactericidal effects of ultrasonication in milk, Chryseobacterium meningosepticum 

(C. meningosepticum) was found to be more resistant than E. coli, both being gram-negative rods. 

Similarly, Lactobacillus acidophilus (L. acidophilus) was more resistant than Listeria 

monocytogenes (L. monocytogenes) (both gram-positive rods) [92]. This might be possible due to 

unique cell membrane adaptations, stress response pathways, and differences in the cell wall 

thickness (E. coli - 6 nm, C. meningosepticum - 7 nm, L. acidophilus - 65 nm, L. monocytogenes - 

40 nm). Hence, additional bacteria need to be considered for an exhaustive analysis. 

7.5. CONCLUSIONS  
 

Gram-positive bacteria may be more resistant to histotripsy than gram-negative bacteria, but this 

trend appears to hold primarily for rod-shaped species. Bacterial shape is a significant contributor 

to their resistance to histotripsy, with sphere shaped bacteria inactivating insignificantly 

irrespective of gram status. Thus, both shape and gram status might have contributed to the 

increased resistance of S. aureus to histotripsy compared to E. coli, with shape (sphere) having a 
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greater contribution than its gram status (gram-positive).  
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Chapter 8. CONCLUDING REMARKS 
 

The motivation of this dissertation was to understand the effects of histotripsy on bacterial viability 

in suspension to inform histotripsy-based abscess treatment. All studies were conducted in vitro 

with a HIFU transducer coupled to the bacterial sample via degassed water bath. Pre-treatment and 

post-treatment bacterial viability was estimated by plate counting assay method. The dependence 

of bacterial inactivation was studied on acoustic parameters like peak negative pressure amplitude, 

pulse duration, duty cycle, and cavitation parameters like cavitation cloud size. The following sub-

section explains how the understanding gained through in vitro studies will inform clinical abscess 

treatment, which is followed by the broader implications of the dissertation, and recommended 

future work. 

8.1. IMPLICATIONS FOR CLINICAL ABSCESS TREATMENT 
 

Firstly, in chapter 2, the bactericidal capability (for E. coli) of shock-scattering histotripsy (CH) 

and boiling histotripsy (BH) was compared. CH was more effective at higher pressures, and BH 

was more effective at lower pressures. Thus, in conditions allowing for the use of high in situ 

pressure levels – superficial abscesses, relatively small volumes and favorable heat dissipation 

dynamics – CH would be the preferred treatment modality. For deeper abscesses, where 

excessively high-pressure levels may not be advisable because of the potential for heat buildup in 

the intervening tissues or in the abscess itself, the use of BH may be preferable.  

Secondly, in chapters 3, 4, 5, cavitation cloud size in shock-scattering histotripsy was 

quantified by two imaging modalities and its capability to predict E. coli inactivation was explored. 

Chapter 3 was a proof-of-concept study in which E. coli inactivation strongly correlated with 

optically measured cavitation cloud area, over a diverse acoustic parameter space including three 

different frequencies, several pulse lengths and acoustic power levels. In chapter 4, cavitation 
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cloud size was normalized with bacterial sample volume, and E. coli inactivation strongly 

correlated with the normalized metric across three volumes and three acoustic power levels. In 

chapter 5, cavitation cloud imaged by plane-wave B-mode imaging (a clinically relevant imaging 

modality) was shown to follow linearly increasing size dependence on acoustic power, like optical 

imaging. These findings suggest that E. coli inactivation rates can be predicted in clinical abscess 

treatments by quantifying cloud size and abscess volume by plane-wave B-mode imaging.   

Thirdly, in chapter 6, different approaches of histotripsy on S. aureus were explored following 

the observation of negligible S. aureus inactivation at treatment parameters sufficient to 

significantly inactivate E. coli. Approaches consisted of bacterial de-clumping followed by 

histotripsy, histotripsy on smaller sample volumes of 1 mL, and heat + histotripsy. Histotripsy-

induced cavitation insignificantly inactivated S. aureus in all three approaches. On the other hand, 

histotripsy-induced heat was successful in inactivating up to log 5. Hence, thermal inactivation by 

HIFU like parameters can be explored for clinical S. aureus abscess treatments as an alternative to 

histotripsy. However, a potential disadvantage of this approach would be thermal coagulation of 

abscess contents due to high temperatures leading to difficulty in drainage.  

8.2. BROADER IMPLICATIONS 
 

This dissertation provides insights into the type of bacterial inactivation mechanism by histotripsy. 

There are currently two accepted mechanisms, namely mechanical effects associated with the shear 

forces during bubble collapse, and sonochemical effects associated with chemical reactions caused 

by breakage of bonds of the water molecule by the energy created during bubble collapse. 

Sonochemical effects create an acidic environment due to the formation of hydrogen peroxide. 

The pH of the bacterial growth medium was tested pre-treatment and post-treatment, and 

insignificant difference in pH was observed (p = 0.9). Additionally, since sonochemical 



 

91  

mechanism involves chemical attack on the cell walls, the effect of bacterial shape should be 

negligible [28]. However, a substantial effect of the shape in resistance to cavitation was observed 

in chapter 7. These results suggest that histotripsy is not inducing measurable sonochemical 

effects. On the other hand, ruptured E. coli membranes were found in TEM images in a study that 

used histotripsy parameters [40], which suggests that histotripsy predominantly induces 

mechanical effects.  

Cavitation was quantified and successfully correlated to bacterial inactivation. This is an 

important finding in the context of taking a step toward uncovering the detailed physical 

mechanism (bubble jetting, bubble-induced shear forces, etc.) of bacterial inactivation by 

ultrasound-induced cavitation. A review article [21] highlights the importance of quantifying 

cavitation to consistently compare results across studies. Some works only quantified cavitation 

without correlating metrics to bacterial inactivation [93], whereas some quantified the cavitation 

dose, but a weak correlation was observed [38], [45]. More empirical studies connecting cavitation 

metrics to bacterial inactivation are needed to build a robust basis for investigating the underlying 

physical mechanism.  

The concept of F-value, to obtain equivalent minutes at a reference temperature, was used in 

the context of thermosonication (heat + histotripsy) for the first time to the author’s knowledge. F-

value takes into consideration the initial temperature increase from room temperature to target 

temperature, as well as fluctuations due to experimental errors, thus quantifying the thermal 

process more effectively.  

8.3. RECOMMENDED FUTURE WORK 
 

Cavitation cloud size was quantified by averaging the area or volume across multiple frames, 

which resulted in high variability (Figure 3.6, Figure 3.7, Figure 5.6), which can be attributed to 
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the stochastic nature of cavitation. A better approach would be combining multiple grayscale 

image frames at a specific input power setting and representing cavitation clouds as cavitation 

probability distributions. Since the optical cloud images show dark regions at the focus and lighter 

regions post-focally (Figure 3.4, Figure 3.5), the distributions would show an elliptical region of 

high probability at the focus enveloped by regions indicating lower probability. Correlations can 

be made between the areas of different probability regions and E. coli inactivation to gain further 

insights into the bacterial inactivation mechanism.  

The de-clumping step in chapter 6 was an important finding. However, it cannot be said with 

high confidence that a substantial number of S. aureus clusters were de-clumped, which is 

indicated by light microscopy and viability assay results. In the future, optimum de-clumping time 

needs to be determined by increasing the number of replicates and de-clumping times.  

In chapter 7, the effect of bacterial shape and gram status on the resistance to inactivation were 

investigated by treating only four bacteria, each representing one combination of shape and gram 

status. However, S. aureus cell wall is unique (higher cross-linking), rod-shaped bacteria in the 

study are not of the same size, and because bacteria with same shape and gram status might still 

respond differently to cavitation-induced stresses, additional bacteria need to be considered in 

future studies. The author further recommends initially excluding Staphylococcus species in such 

comparative analyses because of their unique cell wall architecture, which might potentially 

contribute to its resistance and may confound the interpretation of results. Once the effects of the 

shape and gram status are better understood using more representative bacteria, S. aureus can then 

be explored separately.  

All studies in this dissertation were experimental in nature. However, numerical modeling of 

the interactions between bubbles and bacteria can provide valuable insights into the fundamental 
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mechanisms of inactivation. Several studies have modeled the effects of a single cavitation bubble 

on nearby rigid [94] and compliant biological structures such as liposomes [95], red blood cells 

[96], and bacteria [88]. Such efforts have shown that even a single collapsing microbubble can 

produce substantial mechanical stress on nearby membranes. Future studies can explore similar 

modeling approaches for bacteria of different shapes and gram status and eventually extend to 

more complex scenarios involving multiple interacting bubbles (i.e. cavitation clouds) to better 

mimic the exposure conditions in therapeutic applications.   
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APPENDIX A 

Derivation of the equation of volume of an axially symmetric ellipsoid as a function of major axis 

and cross-sectional area along the plane passing through major and any of the minor axes.  

Let a,b,c be the semi-axis of an ellipsoid, with ‘a’ being the longest (or semi-major) axis. Let the 

major axis (cavitation cloud height) be h. The ellipsoid considered is axially symmetric, hence b 

= c. ‘A’ is the area of the cross-section of the ellipsoid along a-b plane. Let V be the ellipsoid 

volume.  

𝑉 =  
4

3
 𝜋𝑎𝑏𝑐            (1) 

𝑉 =  
4

3
 𝜋𝑎𝑏2    (since b = c) 

The area of an ellipse is:-  

𝐴 =  𝜋𝑎𝑏  

Which means, 

𝑏 =  
𝐴

𝜋𝑎
         (2)  

Substituting equation (2) in (1), 

𝑉 =  
4

3
 𝜋𝑎

𝐴2

𝜋2𝑎2  

𝑉 =  
4𝐴2

3𝜋𝑎
        (3) 

The major axis (cavitation cloud height) is:-  

ℎ =  2𝑎        (4) 

Substituting (4) in (3) 

𝑉 =  
8𝐴2

3𝜋ℎ
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APPENDIX B 

Following is the process of obtaining z-value from heat control studies. Log kill values at 40-

minute treatments at 50°C and 52.5°C were used. Assumptions were that thermal inactivation 

kinetics (i.e. time dependence) were linear, and the minutes to reach the target temperature were 

not considered. Following these assumptions, D-value was calculated for each temperature. The 

magnitude of the reciprocal of the slope of the plot of log D vs temperature is the z-value, which 

was 8.330C.  

Temperature 

(0C) 

Minutes to reach 

temperature 

Minutes at 

temperature 

Kill D value Log D 

50 5 35 2.49 14.05 1.14 

52.5 7 33 4.68 7.04 0.84 

 

 

Figure. Thermal destruction (TD) curve for Staphylococcus USA300 in 3% tryptic soy broth.  
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APPENDIX C 
 

Design and fabrication of ballistic gel sample holder used in chapter 6. Credit – Mr. Kaizer 

Contreras 

 

Design 

A novel high temperature compression mold was constructed for in-house fabrication of an 

acoustically transparent sample holder. Utilizing rapid prototyping manufacturing and off the shelf 

products. The final part is constructed from 10% Ballistic Gel (ClearBallistics, Greenville, SC, 

USA). 

Ballistic gel 

Ballistic Gel is a well-documented material for the use in studying acoustics. With a measured 

speed of sound of 1537 ± 39 m/s and density similar to water , and an impedance of 1.07 dB/cm 

at 1MHz (Alves A.K., 2020, UMB). Other groups have confirmed that their measurements fall 

within 6% of that of soft tissue (Sjostrand, 2020, UMB). These properties make it an excellent 

material for creating phantoms. In this application, we are taking advantage of its acoustic 

transparency, gel stability for repeated use, and ability to re-create complex geometry.  

3D Modeling 

In Solidworks 3D CAD (Dassault Systèmes SolidWorks Corp., Waltham, Massachusetts, USA), 

a compression mold was designed, shown in the Figure below. The part produced is being designed 

to fit within a cylindrical sample vial. With this tool we can create smaller volumes without 

occluding the transducer beam path. 
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Figure. 3D Render of compression mold assembled with one side removed to show interior (Left) 

2D Cross section of compression mold with labels on each part. (Right) 

 

Material Selection 

In prototyping a rapid system to create high temperature volumetric molds, aluminum cylinders 

and rods were first explored. This mold could not be separated without damaging the part, so 

aluminum foil was added and used to line the edges of the cylinder and create a lining that could 

be separated. As the texture of the aluminum foil would transfer to the sides of the part it would 

not be appropriate for this experiment where precision is required (see Figure below), and where 

complex shapes need to be produced. High Temp Resin (Formlabs, Somerville, MA, USA) was 

explored as a rapid prototyping tooling material which could be manufactured to any shape and is 

within our lab’s production capabilities. This material has a heat deflection temperature of 238 °C 

at 0.45 MPa, as specified in the manufacturer’s documentation. Our maximum runaway 

temperature is 150°C. This is the material used in the molds. 
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Figure. Contact surface material effect on surface finish. A: Medium outer diameter with 

aluminum foil. B: 3D printed mold with brushed on UV resin glossy coat. C: Large outer diameter 

with aluminum foil. D: 3D printed mold without release agent, standard quality. 

 

Part Preparation Steps 

1. Ballistic gel is melted in a large aluminum vat inside a vacuum oven at 150°C. 

2. The gel is degassed until no bubbles remain. 

3. Any small bubbles are removed with an aluminum spatula 

4. The high temperature mold is placed into the oven to reach equal temperature as the gel. 

5. The ballistic gel is poured into the heated high temp mold, acting as a charge and the 

upper mold is bolted to the body of the mold.               

6. The mold is allowed to cool overnight. 

7. The mold is separated into parts to retrieve the final part. 
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