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Abstract 
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Contrast-enhanced ultrasound (CEUS) is an ever-developing field, uniquely branching between 

both diagnostic and therapeutic applications. In this body of work, we present several 

investigations on how ultrasound and microbubbles can be leveraged as a theranostic tool for the 

improved treatment of primary liver cancer, or hepatocellular carcinomas. These works emphasize 

clinical translation through the use of clinically approved technologies and agents, aiming for the 

rapid adoption of these approaches to combat the ever-evolving challenge of liver cancer. We 

begin with a brief introduction of the current clinical state of liver cancer, existing diagnostic and 

therapeutic strategies, and role of CEUS in these areas as explored in this thesis (Chapter 1). We 

then investigate the clinical use of CEUS to develop much needed repeatable metrics of tumor 

blood flow that enable accurate longitudinal evaluations (Chapter 2). We then describe 

quantitative diagnostic tools for the early detection of hepatocellular carcinoma and evaluate them 

in a clinical patient study (Chapter 3). Using these important tumor blood flow quantification 

methods, we then investigate use of clinical ultrasound scanners image-guided for tumor blood 

flow alteration for enhanced drug penetration in a murine model of hepatocellular carcinoma 

(Chapter 4). We then describe the temporal and spatial dynamics of cavitation-induced tumor 

perfusion loss for a greater understanding of how acoustic conditions influence this phenomenon 

to design more effective therapeutic ultrasound-mediated cavitation strategies (Chapter 5). We 

discuss ongoing work investigating the role of ultrasound cavitation treatments in augmenting 

immunotherapy-based approaches in an orthotopic murine model of liver cancer (Chapter 6). We 

conclude with a summary of the accomplishments and future directions of this work (Chapter 7). 



 iv 

 

TABLE OF CONTENTS 

LIST OF FIGURES ...................................................................................................................... 1 

LIST OF TABLES ........................................................................................................................ 3 

CHAPTER 1. INTRODUCTION ................................................................................................ 6 

1.1 Diagnosis and treatment of liver cancer ...................................................................................................... 6 
1.1.1 Current diagnostic imaging strategies for HCC .......................................................................................... 7 
1.1.2 Current therapeutic strategies for HCC ...................................................................................................... 8 

1.2 Quantification of contrast-enhanced ultrasound imaging ......................................................................... 9 
1.2.1 Contrast imaging physics ............................................................................................................................ 9 
1.2.2 Time-intensity curve analysis ................................................................................................................... 10 
1.2.3 Algorithm development and advanced techniques ................................................................................... 12 
1.2.4 Treatment monitoring ............................................................................................................................... 13 

1.3 Therapeutic leverage of ultrasound and microbubbles............................................................................ 14 
1.3.1 The tumor microenvironment acts as a barrier to systemic therapy ......................................................... 14 
1.3.2 Microbubble cavitation dynamics and biological effects ......................................................................... 14 
1.3.3 Cavitation-induced tumor vascular changes ............................................................................................. 15 
1.3.4 Theranostic potential of ultrasound microbubble cavitation treatments ................................................... 16 

1.4 Research objectives ..................................................................................................................................... 17 

1.5 References .................................................................................................................................................... 18 

CHAPTER 2. A COMPREHENSIVE AND REPEATABLE CONTRAST-ENHANCED 

ULTRASOUND (CEUS) QUANTIFICATION APPROACH FOR CLINICAL 

EVALUATIONS OF TUMOR BLOOD FLOW ...................................................................... 24 

2.1 Introduction ................................................................................................................................................. 26 

2.2 Materials and Methods ............................................................................................................................... 28 
2.2.1 Patient Population ..................................................................................................................................... 28 
2.2.2 Scanning Protocol ..................................................................................................................................... 29 
2.2.3 Data Analysis............................................................................................................................................ 30 
2.2.4 Patient Data Quantification ...................................................................................................................... 31 
2.2.5 Parameter extraction from a fitted lognormal distribution curve .............................................................. 32 
2.2.6 Direct parameter extraction without curve fitting ..................................................................................... 34 
2.2.7 In vitro evaluation ..................................................................................................................................... 35 
2.2.8 Statistical Analysis ................................................................................................................................... 36 

2.3 Results .......................................................................................................................................................... 36 

2.4 Discussion ..................................................................................................................................................... 39 

2.5 References .................................................................................................................................................... 46 



 v 

CHAPTER 3. QUANTIFICATION OF HEPATOCELLULAR CARCINOMA 

VASCULAR DYNAMICS WITH CONTRAST-ENHANCED ULTRASOUND FOR LI-

RADS IMPLEMENTATION .................................................................................................... 49 

3.1 Introduction ................................................................................................................................................. 51 

3.2 Materials and Methods ............................................................................................................................... 52 
3.2.1 Patient HCC Data Collection .................................................................................................................... 52 
3.2.2 Quantitative HCC Analysis ...................................................................................................................... 54 
3.2.3 Statistical Analysis ................................................................................................................................... 57 

3.3 Results .......................................................................................................................................................... 58 
3.3.1 Qualitative evaluation with CEUS images ............................................................................................... 58 
3.3.2 Parametric Processing............................................................................................................................... 59 
3.3.3 Quantification of Vascular Parameters ..................................................................................................... 61 

3.4 Discussion ..................................................................................................................................................... 64 

3.5 Acknowledgments ........................................................................................................................................ 68 

3.6 References .................................................................................................................................................... 68 

CHAPTER 4. ULTRASOUND CAVITATION THERAPY: INDUCING TUMOR DRUG 

DELIVERY AND BLOOD FLOW CHANGES WITH CLINICAL ULTRASOUND 

TOOLS ......................................................................................................................................... 71 

4.1 Introduction ................................................................................................................................................. 72 

4.2 Materials and methods ................................................................................................................................ 74 
4.2.1 Tumor cell line and mouse model preparation ......................................................................................... 74 
4.2.2 Drug and contrast agents .......................................................................................................................... 75 
4.2.3 Ultrasound parameters .............................................................................................................................. 76 
4.2.4 Experimental setup and treatment procedure ............................................................................................ 77 
4.2.5 CEUS quantification – Maximum intensity projection time-area curve analysis ..................................... 81 
4.2.6 Passive cavitation analysis ........................................................................................................................ 83 
4.2.7 Histology and doxorubicin evaluations .................................................................................................... 83 
4.2.8 Statistical analysis .................................................................................................................................... 84 

4.3 Results .......................................................................................................................................................... 84 
4.3.1 Quantification of tumor blood flow changes ............................................................................................ 84 
4.3.2 Evaluation of cavitation activity ............................................................................................................... 87 
4.3.3 Doxorubicin and histological evaluations................................................................................................. 88 
4.3.4 Interstitial fluid pressure measurements ................................................................................................... 90 

4.4 Discussion ..................................................................................................................................................... 91 
4.4.1 Modulation of the tumor microenvironment ............................................................................................ 91 
4.4.2 Microbubble cavitation-induced transient tumor perfusion loss ............................................................... 92 
4.4.3 Drug penetration with ultrasound cavitation treatments ........................................................................... 95 
4.4.4 Limitations ................................................................................................................................................ 96 

4.5 Conclusion .................................................................................................................................................... 98 

4.6 References .................................................................................................................................................... 99 



 vi 

CHAPTER 5. TRANSIENT TUMOR PERFUSION LOSS: EVALUATING THE 

SPATIAL AND TEMPORAL DYNAMICS OF BLOOD FLOW CHANGES INDUCED 

BY ULTRASOUND CAVITATION TREATMENTS .......................................................... 103 

5.1 Introduction ............................................................................................................................................... 104 

5.2 Materials and methods .............................................................................................................................. 107 
5.2.1 Tumor cell line and mouse model preparation ....................................................................................... 107 
5.2.2 Contrast agent ......................................................................................................................................... 108 
5.2.3 Ultrasound parameters ............................................................................................................................ 108 
5.2.4 Experimental setup and treatment procedure .......................................................................................... 110 
5.2.5 CEUS quantification – Maximum intensity projection time-area curve analysis ................................... 113 
5.2.6 Passive cavitation analysis ...................................................................................................................... 114 
5.2.7 Histology and immunohistochemistry analysis ...................................................................................... 114 
5.2.8 Statistical analysis .................................................................................................................................. 115 

5.3 Results ........................................................................................................................................................ 116 
5.3.1 Quantification of tumor blood flow changes .......................................................................................... 116 
5.3.2 Evaluation of cavitation activity ............................................................................................................. 117 
5.3.3 Histological evaluations ......................................................................................................................... 119 

5.4 Discussion ................................................................................................................................................... 120 
5.4.1 Transient tumor perfusion loss scales with acoustic pressure ................................................................. 120 
5.4.2 Cavitation-induced damage and tumor composition possibly influences resulting tumor blood flow 

changes 120 
5.4.3 Limitations .............................................................................................................................................. 125 

5.5 Conclusion .................................................................................................................................................. 126 

5.6 Acknowledgements .................................................................................................................................... 127 

5.7 References .................................................................................................................................................. 127 

CHAPTER 6. FUTURE/ON-GOING WORK: ULTRASOUND CAVITATION 

TREATMENTS AND IMMUNOTHERAPY ........................................................................ 130 

6.1 Introduction ............................................................................................................................................... 131 

6.1 Materials and Methods ............................................................................................................................. 133 
6.1.1 Mouse model preparation ....................................................................................................................... 133 
6.1.2 Drugs and contrast agent ........................................................................................................................ 133 
6.1.3 Ultrasound parameters ............................................................................................................................ 134 
6.1.4 Experimental setup and treatment procedure .......................................................................................... 135 

6.2 Current progress ....................................................................................................................................... 137 

6.3 References .................................................................................................................................................. 138 

CHAPTER 7. CONCLUSIONS ............................................................................................... 141 

7.1 Summary .................................................................................................................................................... 141 

7.2 Future Directions ....................................................................................................................................... 144 



 vii 

7.3 List of publications and presentations ..................................................................................................... 146 

 



 1 

LIST OF FIGURES 
Fig. 2.1: A flowchart describing patient inclusion and exclusion criteria. ................................... 29 
Fig. 2.2: An example diagram of a patient being scanned and schematic of the contrast agent 

injection setup. .............................................................................................................................. 30 
Fig. 2.3: Automated respiratory gating overview. ........................................................................ 31 
Fig. 2.4: Example time-intensity curve with the four extracted bolus transit parameters. ........... 32 
Fig. 2.5: Representative patient example lesion and parenchyma time-intensity curves with and 

without curve-fitting. .................................................................................................................... 34 
Fig. 2.6: In vitro phantom evaluation overview. .......................................................................... 35 
Fig. 2.7: Further example patient time-intensity curves. .............................................................. 37 

Fig. 2.8: Bars plot of the average inter-injection coefficient of variation (COV) for the four 

extracted bolus transit parameters from lognormal and direct time-intensity curve evaluations. 38 
Fig. 3.1: Flowchart describing patient inclusion and exclusion criteria. ...................................... 54 
Fig. 3.2: Contrast-enhanced ultrasound data collection and processing overview.. ..................... 55 
Fig. 3.3: Time-intensity curve evolution with post-processing. ................................................... 56 
Fig. 3.4: Contrast-enhanced ultrasound and conventional B-mode images for two example 

hepatocellular carcinoma patients. ................................................................................................ 59 
Fig. 3.5: Parametric images of rise time (RT) and degree of washout (DW) for two example 

hepatocellular carcinoma patients. ................................................................................................ 60 
Fig. 3.6: Bar plots of rise time (RT) values extracted from all patients. ...................................... 61 
Fig. 3.7: Bar plots of relative degree of washout (rDW) values extracted from all patients. ....... 62 
Fig. 4.1: Tumor sizing across groups. .......................................................................................... 75 

Fig. 4.2: Simulations for treatment beamforming from the S5-1 phased array. ........................... 77 
Fig. 4.3: Schematic of heated water tank experimental setup. ..................................................... 78 
Fig. 4.4: Experimental protocol overview. ................................................................................... 79 
Fig. 4.5: Example time-intensity curve for treatment timing. ...................................................... 80 
Fig. 4.6: Visual aid for describing maximum intensity projection time area curve generation. .. 82 
Fig. 4.7: A representative example of maximum intensity projection analysis ........................... 82 

Fig. 4.8: B-mode and maximum intensity projection contrast-enhanced ultrasound images during 

cavitation treatment. ...................................................................................................................... 85 

Fig. 4.9: Normalized tumor perfusion loss across treatment injections. ...................................... 85 

Fig. 4.10: Maximum intensity projection contrast-enhanced ultrasound example images of 

transient tumor perfusion loss resulting from cavitation treatments ............................................. 86 

Fig. 4.11: Normalized tumor perfusion loss in response to cavitaiton treatments ....................... 87 
Fig. 4.12: Passive cavitation detection measurements ................................................................. 88 
Fig. 4.13: Representative fluorescent doxorubicin images .......................................................... 89 
Fig. 4.14: Quantitative tumor doxorubicin average and standard deviation by condition ........... 89 
Fig. 4.15: Representative hematoxylin and eosin (H&E) stained tumor sections ........................ 90 
Fig. 4.16: Interstitial fluid pressure measurements by condition ................................................. 91 
Fig. 4.17: Contrast-enhanced ultrasound and passive cavitation detection during a single 

cavitation treatment ....................................................................................................................... 94 
Fig. 5.1: Tumor sizing across groups. ........................................................................................ 108 

Fig. 5.2: Beam field simulation for the single element transducer utilized to perform cavitation 

treatments. ................................................................................................................................... 110 
Fig. 5.3: Schematic of a top-down view of the heated, degassed water tank experimental setup.

..................................................................................................................................................... 111 



 2 

Fig. 5.4: Experimental overview. ............................................................................................... 113 
Fig. 5.5: A representative exmaple to illustrate maximum intensity projection time area curve 

analysis. ....................................................................................................................................... 114 
Fig. 5.6: B-mode and maximum intensity projection images at designated timepoints for a 

representative example from each treatment group. ................................................................... 116 
Fig. 5.7: Tumor perfused area loss for each cavitation condition over time. ............................. 117 
Fig. 5.8: Passive cavitation detection measurements during treatments. ................................... 118 

Fig. 5.9: Representative histological images from each ultrasound condition. .......................... 120 

Fig. 6.1: Visualization of the ultrasound field and alignment in cavitation treatments. ............. 134 

Fig. 6.2: Experiment timeline for the immune checkpoint inhibitor study. ............................... 136 

Fig. 6.3: Changes to the primary tumor volume from recruitment by condition. ...................... 137 

Fig. 6.4: Representative images displaying perfusion loss in response to cavitation treatments.

..................................................................................................................................................... 138 

 

 

 

 

  



 3 

LIST OF TABLES 
Table 2.1: A summary of characteristics of the patient dataset.. ................................................. 38 

Table 2.2: Results from one-sample t-tests performed on the inter-injection difference between the 

four extracted bolus transit parameters. ........................................................................................ 39 

Table 2.3: Results from one-sample t-tests performed on the difference between the four extracted 

bolus transit parameters for the lesion and liver parenchyma from the fitted lognormal curve and 

value calculated directly. .............................................................................................................. 39 

Table 3.1: Descriptive characteristics of the study group ............................................................ 53 

Table 3.2: Average inter-injection coefficient of variation values ............................................... 63 

Table 3.3: Spearman’s rank correlation results utilizing lesion size. ........................................... 63 

Table 3.4: Spearman’s rank correlation results between vascular parameters. ............................ 63 

Table 5.1: Summary of reported transient tumor perfusion loss outcomes across mechanical index 

levels from published studies. ..................................................................................................... 106 

Table 5.2: Acoustic pressures at the tumor center and estimated average tumor pressure of 

cavitaiton treatment pulses. ......................................................................................................... 110 

Table 6.1: Experimental groups used in this study. ................................................................... 136 

 

 

 

  



 4 

ACKNOWLEDGEMENTS 

 

This work was supported by grants from the Brotman Baty Institute (BBI 683886 CC12), TL1 

TR002318 (Krolak), and the National Institute of Biomedical Imaging and Bioengineering of the 

National Institutes of Health (R01EB032655). All acknowledgements to individuals are included 

following their respective chapters. 

 

Firstly, I am forever grateful to my advisor, Mike Averkiou. You have been there to support me 

constantly throughout my PhD, inside and outside of the lab. You have taught me to work hard, 

speak directly to the data, and always ask questions. Your endless excitement for science is 

infectious, and your drive to make waves (get it?) in the field has inspired me to be a better 

scientist. I will never forget your kindness and generosity, and I am so grateful I had the 

opportunity to work for you. I’ll always listen for the clinking of a washer in my car and think of 

you. I would also like to thank my Supervisory Committee: Thanasis Loupas, Xiaohu Gao, and 

Neda Bagheri for your support and advice. Thanasis, you were especially like a mentor to me 

and have always been invested in my success, and I am so incredibly grateful for that. 

 

My growth as both a scientist and a person were not limited solely to my committee, I have been 

shaped by the relationships that I built during my time at UW. I am specifically grateful to the 

following people: 

 

To my collaborator and mentor Yak-Nam Wang for your unrelenting support and kindness. Your 

persistence in checking on my well-being made more of a difference in my success than you know. 

Thank you for allowing me to ask so, so many questions and helping me grow in the researcher I 

am today. Your expertise and advise were pivotal to so much of the work in this thesis, and I could 

not have done this without you.  

 

To my collaborators Heidi Kenerson and Raymond Yeung, thank you so much for all your 

guidance and critique of the biological component of this work. Heidi, I especially thank you for 

your superhuman efforts to support this work, and I am grateful for your surgical expertise. 

 

To my first lab mates Sara Keller, Ting-Yu Lai, Eric Juang, and Alicia Clark, thank you for 

carving a path for my work, and your contributions to the lab set the example I aspired to follow. 

To members of the lab who worked directly with me: Lance De Koninck, Kaleb Vuong, Sherry 

Gu, Jenifer Mendez Pacheco, Marissa Shumaker, Angela Wei, and Max Siauw. You not only 

contributed directly to the success of this work but also helped me grow as a person and I am 

grateful for all of your friendships. To all members of the lab I bonded with: Fadwa Shagroun, 

Phuong Tran, Hanna Michaelis and the many undergrads, thank you all for your support and 

comradery over the years. 

 

To my friends in Seattle, especially Josephine Law and Zeinab Rashed, for making Seattle feel 

like home. I am grateful for the many trips we have gone on together, thank you for making 

graduate school a great experience. Thank you to Shane Gilligan-Steinberg and Kevin Jiang, my 

first roommates in Seattle, for helping me find joy in being locked in an apartment during the 

pandemic. 



 5 

To my grandparents, especially Harold and Ginger Upp, thank you for your unrelenting support 

and love. My love for nature and the world came from you, and I am a more empathetic, joyful, 

and loving person because of you both and I hope you are still watching over me. 

 

To my brother, Trevor Krolak, thank you for always being a model of excellence to live up to. 

Your unapologetic passion for science and biology is inspiring, and I thank you for always sharing 

that world with me. Sorry that you’re not the only Dr. Krolak now! 

 

To my partner Reggie Wimbley, words alone cannot express my gratitude. You have been MY 

greatest supporter and cheerleader, raising me up every time that I stumbled. Thank you for helping 

me believe that I was worthy of achieving my dreams, and my life is so much better with you in 

it. A special thank you to Alistair Wimbley for the much-needed laughs and cuddles, and our 

shared love of food. 

 

Finally, to my mother Jennifer and father Steven Krolak, for your endless support and love. You 

made so many sacrifices to give me the opportunities that led me here, and you continue to bring 

so much joy and love into my life.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 6 

 

Chapter 1. INTRODUCTION 

Abstract 

 

Liver cancer, particularly hepatocellular carcinoma (HCC), presents a substantial healthcare 

burden that is only expected to rise. Despite medical advances, delays in diagnosis and impaired 

hepatic function associated with underlying HCC risk factors further restrict available treatment 

options. Ultrasound and microbubbles are being investigated in both imaging and therapy, as they 

can provide both a source of contrast-enhanced imaging signal and a generator of microscale forces 

relevant to treatment depending on acoustic conditions employed. In this chapter we introduce the 

current clinical challenges associated with diagnosis and therapy of HCC, and describe how 

imaging and treatment with ultrasound and microbubbles can be used to overcome them. 

Additionally, the overall research aims of the project and a summary of the chapters that follow 

will be presented. 

1.1 DIAGNOSIS AND TREATMENT OF LIVER CANCER 

Liver cancer, through its poor prognosis and highly aggressive nature, is the sixth most common 

cancer whose global impact is projected to increase (1). Hepatocellular carcinoma (HCC) is the 

most common primary liver malignancy and is the second leading cause of cancer-related deaths 

in men globally (2, 3). The global burden for this disease is even more significant in low-resource 

nations where prevalent HCC risk factors of Hepatitis B and C are more active (4). However, HCC 

has also been the fastest-rising cause of cancer-related deaths in the United States and is globally 

on the rise along with an increased prevalence of non-alcoholic fatty liver disease (5).  Similarly, 

delays in diagnosis and compromised hepatic function due to underlying HCC risk factors limit 

treatment options, and are partly attributed to the high mortality of this disease (6). Therefore, 

developing novel methods for early HCC detection, precise treatment, and continuous monitoring 

are critical. 
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1.1.1 Current diagnostic imaging strategies for HCC 

Current clinical HCC surveillance is tailored to the patient’s risk profile through risk-assessment 

scores which evaluate factors such as age, hereditary risk, and gender (7). If liver cirrhosis is 

present, patients undergo periodic imaging surveillance and alpha-fetoprotein (AFP) testing due 

to high risk of development of focal liver lesions. Standard B-mode liver ultrasound (US) is often 

employed for imaging surveillance due to its broad accessibility and low cost in detecting liver 

tumors. HCC most often appears hypoechoic on B‑mode ultrasound, but about a quarter of cases 

show hyperechoic or mixed patterns (8). Tumors under 1 cm of diameter may also appear 

isoechoic, further challenging diagnosis. Computed tomography (CT) and magnetic resonance 

imaging (MRI) techniques can also be used to detect focal liver lesions with greater sensitivity but 

exclude patient populations due to greater costs and radiation doses. Regardless of imaging 

modality utilized, once a lesion is identified further characterization is performed with contrast-

based imaging to evaluate blood flow. 

 

Due to differences in cellular compositions, focal liver lesions exhibit unique vascular patterns 

which can be used in differentiation and diagnosis. Contrast‑enhanced ultrasound (CEUS) is well 

suited for assessing tumor vasculature because its contrast agents (1–10 µm inert gas 

microbubbles) are confined to the vascular space and function as true blood‑pool tracers. This 

unique microbubble agent and imaging modality offers high temporal resolution, ease of use, and 

an excellent safety profile (9-11). Unlike contrast agents used in CT or MRI, microbubbles do 

not extravasate, enabling accurate evaluation of blood flow and tissue perfusion. For clinical 

diagnosis of focal liver lesions, Lumason microbubbles (Bracco, Geneva, Switzerland), marketed 

as SonoVue outside the United States are commonly used. Current diagnostic workflows rely on 

the distinctive vascular imaging properties of this microbubble. 

 

HCC is diagnosed with vascular imaging via the presence arterial phase hyperenhancement 

(APHE) and its relative washout compared to parenchyma in the late phase as seen on contrast-

enhanced CT, MRI, or US in addition to other ancillary features (12). To standardize the 

evaluations of HCCs from imaging, the Liver Imaging and Reporting Data System (LI-RADS) 

was created (13, 14), where lesions are categorized on a scale from 1 to 5 based on likelihood of 

being an HCC (where LR-1 is definitely benign and LR-5 is definitely HCC). CEUS has a slightly 
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modified LI-RADS scheme due to the microbubble nature of its contrast agent, particularly 

through the ability to detect “true washout” (15, 16). The observed washout in CEUS is thought to 

result from the lack of healthy reticuloendothelial (Kupffer) cells within the tumor which 

contribute to sustained microbubble signal observed in liver parenchyma via phagocytosis of the 

microbubble agent. At timepoints when the contribution of systemically circulating microbubbles 

is limited (4-5 minutes after contrast administration with a bolus injection), washout is depicted as 

a lack of contrast signal within the tumor as compared to the surrounding liver. 

 

Although ultrasound is routinely used for lesion detection and surveillance and CEUS offers 

important advantages, including real‑time visualization of arterial‑phase hyperenhancement 

(APHE) and the ability to avoid vascular pseudo lesions such as arterioportal shunts (cite), the 

American Association for the Study of Liver Diseases (AASLD) still recommends 

contrast‑enhanced CT or MRI as the initial modality for evaluating vascular characteristics (17, 

18). Even though LI-RADS defines unique vascular features to identify HCCs, wash-in and 

washout criteria are based on subjective assessment and hypothetical time-intensity curves (TICs) 

that are not generated in clinical practice and only qualitative evaluations are made. Despite the 

high diagnostic specificity of CEUS LI-RADS, its moderate sensitivity and subjective evaluation 

could potentially be improved through the quantification of the vascular patterns defined in CEUS 

LI-RADS to promote its use as a first line vascular diagnostic option. 

1.1.2 Current therapeutic strategies for HCC 

Due to the complex series of risk factors impacting the liver, current treatment options are highly 

patient-specific with varying degrees of success. HCCs detected at early stages can be treated with 

localized therapies such as radiofrequency ablation (19), cryoablation (20), transarterial 

radioembolization (21), transarterial chemoembolization (22), and resection (23). However, these 

treatments not only have restrictive criteria such as requiring small lesions (<3 cm diameter) in 

ideal liver locations (distal from major vessels and bile ducts), but also still introduce perioperative 

risk (24, 25). Unfortunately, tumor recurrence remains a significant challenge due to poor tumor 

differentiation, the presence of satellite lesions, and especially the diseased state of the liver. Lack 

of completely curative treatment even plagues transplantation, where up to 15% of patients 

experience post-operative recurrence (26). 
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Recently, histotripsy has been FDA-approved for the treatment of liver cancers. Histotripsy is a 

novel technology that employs non‑thermal, high‑intensity focused ultrasound pulses to 

non‑invasively ablate targeted tissue regions, converting them into acellular debris (27). 

Histotripsy relies on cavitation of bubbles generated within the sonicated medium by the 

ultrasound pulses to ablate tissue, heavily dependent on the device parameters utilized (28). The 

HistoSonics Edison (Ann Arbor, MI, USA) is a recently approved and adopted device that utilizes 

histotripsy for treating HCC. Current limitations of this technique include high cost of the device 

and the risk of injury to nearby structures and interference from the lungs, excluding some patients 

from this option (29). 

 

In more advanced disease stages, patients are no longer eligible for localized therapies and must 

rely on systemic therapeutic approaches. Previous drug treatments included multi-drug therapies 

utilizing anti-angiogenics (Bevacizumab) and multikinase inhibitors (Sorafenib), aiming to tackle 

the abnormal vasculature and overexpression of VEGF-A inherent to solid tumors (30). However, 

these treatments have seen limited success, partly due to the presence of diffuse liver disease and 

partly attributed to the complex tumor microenvironment which compromises drug delivery. The 

current clinical standard of care are immune checkpoint inhibitors, but efficacy of these drug 

combinations is still being evaluated in clinical trials. However, clinical outcomes with 

immunotherapy have been inconsistent, with only about 20–30% of patients showing a response 

to single‑agent treatment (31). Even the most commonly employed combination of 

anti‑PD‑1/PD‑L1 inhibitors demonstrate response rates ranging from roughly 10% to 30% (32, 

33), underscoring the need for more effective treatment strategies.  

 

1.2 QUANTIFICATION OF CONTRAST-ENHANCED ULTRASOUND IMAGING 

1.2.1 Contrast imaging physics 

Shelled microbubbles exposed to an acoustic field undergo volumetric oscillations, radially 

compressing when the acoustic pressure exceeds ambient levels and expanding when the pressure 

falls below it (34). Above a threshold amplitude that amounts to a mechanical index (MI) of ~0.1, 

the shell integrity is disrupted, and this leads to microbubble destruction and gas diffusion. In 
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contrast-enhanced ultrasound imaging, a MI of 0.1 are typically employed to avoid microbubble 

destruction. Even at these low amplitudes, the resulting oscillations of the microbubble are 

asymmetric, and generate nonlinear backscattered echoes where not only the fundamental 

transmitted frequency (𝑓0) but also its harmonic multiples (𝑛 ∗ 𝑓0, where n is an integer) are emitted 

(35). Because their emitted frequencies are not solely the fundamental frequency used to excite 

them, microbubbles are often referred to as nonlinear acoustic scatterers. Meanwhile, at these low 

MIs used for microbubble imaging, ultrasound propagation in tissue is linear and the scattered 

ultrasound from tissue does not contain any significant harmonic components. Imaging strategies 

take advantage of the nonlinear property of microbubbles by utilizing pulse sequences designed to 

isolate harmonic components unique to these contrast agents, to generate microbubble-only 

images. Commonly used pulsing schemes include pulse inversion (36), amplitude modulation (37, 

38), and amplitude-modulated pulse inversion (39) which consecutively send two or more pulses 

which are either inverse from one another or differ in amplitude. Through the combination of 

backscattered signals from these pulses, linear components are suppressed while nonlinear 

components are enhanced. Resulting CEUS images solely depict microbubbles, supplying 

information specific to blood flow (9). At these low MIs, microbubbles are not destroyed and can 

be repeatedly imaged in real time, capturing the temporal dynamics of the bloodstream that they 

are immersed in. Consequently, CEUS is a valuable clinical tool for assessing microvascular 

perfusion. 

1.2.2 Time-intensity curve analysis 

The most common approach for evaluating the temporal dynamics of contrast intensity within a 

region of interest (ROI) is through the generation of a time-intensity curve (TIC). TICs are derived 

from the average pixel intensity within the ROI repeated on each frame of for all frames of the 

image loop. Quantification of CEUS images is possible as the backscattered intensity from 

microbubbles at diagnostic MIs is proportional to microbubble concentration (40). However, 

microbubbles dosing is incredibly important, as too high of concentrations can attenuate sound 

and shadow deeper structure in a process known as acoustic shadowing (9). 

 

Generation of a meaningful TIC for a ROI in 2D imaging requires that it continuously images the 

same plane and that motion across images is minimized. The two primary sources of motion for 
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CEUS scans of the liver are respiratory motion and probe motion, which are particularly impactful 

in HCC evaluations as washout can only be visualized 4-to-5 minutes after bolus injection and 

asking the patient to hold their breath is not feasible (41). Motion tracked from simultaneously 

acquired B‑mode images is commonly used in motion‑compensation algorithms, which must 

discard frames where the lesion moves out of plane and correct in‑plane motion in the remaining 

frames (42-45). However, freehand CEUS introduces substantial risk of probe motion that cannot 

be reproduced, and maintaining a fixed imaging plane is essential for respiratory‑gating and 

motion‑correction methods (46). 

 

TICs are often fitted to indicator‑dilution models to suppress noise and enable estimation of 

perfusion‑related parameters (47). Only TICs derived from linearized rather than 

DICOM/log‑compressed data are suitable for model‑based curve fitting approaches, but this 

functionality is typically restricted to proprietary software, limiting broader adoption of 

quantitative CEUS. In clinical studies to evaluate abdominal lesions with CEUS, the microbubble 

contrast agent is primarily delivered with a bolus injection due to their well-defined characteristics 

and ease of clinic use. However, another means of microbubble delivery is performed with infusion, 

where microbubbles are continuously delivered intravenously while microbubbles are agitated to 

establish a steady state of microbubble signal in the vasculature. Several studies have leveraged 

destruction-replenishment protocols with microbubble infusion to eliminate cardiopulmonary 

transit effects and enable repeated assessments of liver perfusion in clinical CEUS (48-50). 

However, it requires a specialized infusion pump to maintain continuous mixing and careful 

control of infusion rate, and long delays to reach steady state or excessively high microbubble 

concentrations can occur, reducing its clinical adoption.  

 

Studies quantifying CEUS data frequently analyze four bolus‑transit metrics: rise time (RT), mean 

transit time (MTT), peak intensity (PI), and area under the curve (AUC) as these measures provide 

insight into changes in microvascular perfusion (10, 51-54). These parameters have been utilized 

in several CEUS studies characterizing vascular dynamics in diabetic nephropathy (53), coronary 

artery disease (55), and various focal liver lesions (hepatocellular carcinoma, cholangiocarcinoma, 

liver metastases, etc.) (48, 56-58). Current clinical CEUS studies quantifying tumor blood flow 

have seen limited utility due to the lack of consistency in microbubble administration, imaging 
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parameters, and motion correction methods. Consequently, perfusion metrics observed across 

injections in many of these works lack the sensitivity necessary for practical use in the clinic for 

diagnosis or longitudinal evaluations. In Chapter 2, we describe a comprehensive protocol for 

CEUS perfusion quantification and evaluate the repeatability of these bolus‑transit metrics in 

clinical CEUS examinations of liver lesions. This study establishes thresholds for identifying true 

physiological changes in vascularity over time from CEUS data and discusses the elimination of 

curve fitting when standardized data collection techniques are employed. 

1.2.3 Algorithm development and advanced techniques 

Image post‑processing methods have been increasingly applied to enhance the visualization and 

interpretation of contrast‑enhanced ultrasound (CEUS) data. Some of these approaches utilize 

quantitative metrics derived from CEUS data to aid visualization of blood-flow dynamics, 

including techniques such as parametric processing. Parametric processing extends traditional TIC 

analysis by performing perfusion‑related calculations at the scale of individual image pixels (or 

small groups of pixels) rather than over a larger region of interest. Perfusion metrics are mapped 

to color values and overlaid on the ultrasound image, enabling assessment of spatial heterogeneity 

and improved delineated feature boundaries. In Chapter 3, we build on the findings of Chapter 

2 and we describe how parametric processing of clinical CEUS data quantifying vascular metrics 

present in the CEUS LI-RADS scheme can potentially improve diagnostic sensitivity and reduce 

operator-bias. 

 

Although real-time evaluations of blood flow are a key feature of CEUS, several image processing 

techniques summarize microbubble activity throughout time, assessing relative vascular volume 

and allowing comparison of vasculature with differing flow rates or feeding vessels. Advances in 

ultrafast imaging and reconstruction have enabled super‑resolution ultrasound techniques capable 

of localizing, tracking, and mapping individual microbubbles within micro vessels beyond the 

resolution limit of standard CEUS (59). These methods have shown promise for more precise 

evaluation of tumor perfusion (60-62), although their clinical translation in liver imaging remains 

limited due to respiratory motion and the relatively low volume rates achievable on current clinical 

systems with 3D ultrasound imaging. However, techniques such as maximum intensity projection 

(MIP) is one such technique to further aid visualization by accumulating the brightest pixel values 
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across a CEUS cine loop while still using standard bolus techniques and 2D imaging. Although 

not as highly resolved and sensitive as super-resolution, this process also emphasizes vascular 

architecture and spatial distribution of flow. Despite a simpler implementation, this technique is 

still highly sensitive to motion as any translation can result in smearing of microbubble signal in 

the image, requiring robust data collection protocols and advanced motion compensation 

algorithms. We utilized this technique in Chapters 4 and 5 to capture the spatial extent of TTPL 

resulting from cavitation treatments in murine tumors.  

1.2.4 Treatment monitoring 

As a result of the complexity of the disease, influence of liver health, and wide variety of treatment 

options, monitoring of treatment efficacy is challenging. Localized therapies offer clearer 

treatment outcome metrics because their effects stem from direct intervention, while systemic 

treatments involve more complex and diffuse biological processes that make outcomes harder to 

interpret. HCC response to systemic therapy is typically assessed by measuring tumor size using 

the Response Evaluation Criteria in Solid Tumors (RECIST), or by evaluating the extent of 

residual arterialized tissue with modified RECIST (mRECIST) on either contrast‑enhanced CT or 

contrast‑enhanced MRI performed at intervals of at least three months (63). However, current 

methods are often unable to provide early indicators of treatment efficacy, contributing to the 

overall low response rates observed (64). In addition, the complexity, cost, and limited 

accessibility of contrast-enhanced CT and contrast-enhanced MRI restrict the feasibility of 

frequent imaging, limiting rigorous short‑interval monitoring during therapy. Earlier identification 

of nonresponding tumors would enable clinicians to adjust treatment regimens sooner, potentially 

improving patient outcomes. Because tumor angiogenesis is a defining feature of cancer (65, 66), 

and all systemic therapies including current immunotherapy‑based treatments directly influence 

the abnormal vascular architecture of HCC, earlier vascular‑based biomarkers may offer a timelier 

assessment of therapeutic response. Researchers have applied quantitative CEUS analysis to 

explore how perfusion-related metrics correspond to therapeutic response in several clinical 

settings, including metastatic renal cell carcinoma (50, 67, 68), primary renal tumors (69), and 

liver metastases (48, 51). However, current attempts to use quantitative CEUS in clinical data lack 

consistency in microbubble delivery, image settings, and extracted perfusion metrics that have 
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limited outcomes of these works. Protocols and techniques described in Chapters 2 and 3 aim to 

assist in establishing standardized clinical CEUS evaluations for systemic drug treatments of HCC. 

1.3 THERAPEUTIC LEVERAGE OF ULTRASOUND AND MICROBUBBLES 

1.3.1 The tumor microenvironment acts as a barrier to systemic therapy 

The tumor microenvironment (TME) creates multiple barriers that impede effective drug delivery. 

Hypoxia is a major driver of these barriers, stimulating tumor cells and bone-marrow–derived 

myeloid cells to secrete high levels of vascular endothelial growth factor, platelet-derived growth 

factor, and other cytokines that promote the formation of structurally abnormal vasculature. These 

vessels grow in a highly irregular manner, exhibiting disordered three-dimensional branching, poor 

or absent smooth muscle and pericyte coverage, and disrupted basement membranes (70, 71). 

Although these vessels are excessively permeable, the combination of increased leakiness, chronic 

inflammation, and the near absence of functional lymphatic drainage leads to the accumulation of 

interstitial fluid within the tumor mass (72-74). This buildup elevates tumor interstitial fluid 

pressure (IFP), and because pressure gradients within tumors are largely uniform, convective 

transport becomes negligible, severely restricting movement of therapeutic agents across vessel 

walls (75-77). Larger therapeutics such as antibodies and nanoparticles can exploit the enhanced 

permeability and retention (EPR) effect to extravasate through hyperpermeable vessels and avoid 

lymphatic clearance, yet their diffusion remains limited, causing them to accumulate near blood 

vessels with minimal penetration into the tumor (78, 79). Even when drugs reach tumor cells, 

additional obstacles persist as agents must traverse cellular or nuclear membranes, and 

multidrug-resistant efflux pumps may expel them (80, 81). Beyond physical transport barriers, the 

TME also fosters immunosuppression through the release of inhibitory cytokines and the induction 

of regulatory T cells, further diminishing therapeutic efficacy (82-85). 

1.3.2 Microbubble cavitation dynamics and biological effects 

In therapeutic ultrasound, higher mechanical indices than those used diagnostically are applied, 

producing microbubble responses that transition from stable to inertial cavitation as acoustic 

pressure increases. Stable cavitation is defined by the appearance of sub‑ and ultra-harmonic 

emissions without substantial broadband noise (86),  reflecting large bubble oscillations that persist 
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throughout the acoustic pulse. Once pressure exceeds a threshold, inertial cavitation emerges, 

characterized by elevated broadband noise driven by rapid bubble expansion and collapse that 

generate potent localized mechanical effects (87). 

 

Cavitating microbubbles, particularly those undergoing inertial cavitation, exert potent mechanical 

forces on surrounding tissues, giving rise to a spectrum of biologically significant effects. These 

include transient increases in cell‑membrane permeability (sonoporation), enhanced penetration of 

therapeutic agents through opening of cell-cell junctions, alteration of tumor vasculature, and 

broader modulation of the tumor microenvironment (88-91). Depending on the applied acoustic 

pressure and pulse characteristics, cavitation treatments have also been attributed to reductions in 

interstitial fluid pressure through the deformation of extracellular‑matrix structures and 

decompression of collapsed micro vessels (92, 93). Cavitation-induced modulation of the TME 

has also been reported to facilitate immune‑cell infiltration and release intact tumor‑associated 

peptides that may support antigen presentation for immune-based therapies (94). We describe on-

going work where we are investigating the role of cavitation treatments in immune response in 

Chapter 6. At higher acoustic pressures and large cycle pulses, microvascular injury such as 

endothelial damage, edema, and localized hemorrhage has been observed (95, 96). In addition to 

mechanical effects, microbubble oscillation and collapse can elevate local tissue temperature 

through thermoviscous absorption, offering opportunities for mild hyperthermia or activation of 

heat‑sensitive agents (97-99). In Chapter 4, we further explore how microbubble cavitation under 

different acoustic conditions on a diagnostic scanner can influence the tumor microenvironment 

and enhance drug delivery. 

1.3.3 Cavitation-induced tumor vascular changes 

Under certain ultrasound conditions used to induce microbubble cavitation, tumors can exhibit a 

marked reduction in blood flow, often referred to as vascular shutdown or transient tumor 

perfusion loss (TTPL) (91, 93, 100, 101). This response appears to be tumor-specific, likely 

reflecting the vulnerability of small, immature, and structurally abnormal tumor vessels to 

cavitation-generated mechanical stresses (102). Although the precise mechanism remains 

unresolved, proposed drivers include platelet aggregation triggered by exposure of extravascular 

tissue factor or basement membrane, inadequate pericyte support, or the activation of 
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ceramide-mediated cell-death pathways (100, 103, 104). This phenomenon has primarily been 

reported in studies combining cavitation with systemic therapies, where enhanced vascular 

permeability or immune-microenvironment modulation may augment treatment efficacy. The 

dependence of TTPL on acoustic pressure may relate to intratumoral vessel heterogeneity as small 

vessels (<50 µm) have been shown to respond at pressures around 1 MPa, while larger vessels 

require substantially higher pressures (>2 MPa) to exhibit flow disturbances (105). Previous 

studies in this field have relied on custom single-element transducers built specifically for animal 

experiments, which lack clinical regulatory approval and are difficult to adapt for human use. In 

Chapter 4 we demonstrate the first implementation of long cycle treatment pulses through a 

clinical scanner which allows for dynamic beamforming and steering, enhancing clinical 

translation. In Chapter 5, we investigate how acoustic pressure influences the spatial and temporal 

dynamics of this vascular response using CEUS. 

1.3.4 Theranostic potential of ultrasound microbubble cavitation treatments 

Contrast‑enhanced ultrasound (CEUS) provides a unique opportunity for real‑time monitoring 

during cavitation‑based therapies because the same microbubble agents used for treatment also 

serve as imaging tracers. Despite this advantage, relatively few studies have incorporated CEUS 

to directly visualize cavitation‑induced vascular effects as they occur, as these studies employ 

custom transducers to transmit cavitation treatments that are unable to simultaneously image. This 

capability is particularly important in cavitation treatments as many therapeutic protocols assume 

continuous microbubble recirculation into the tumor occurs, but cavitation-induced perfusion loss 

at higher acoustic pressures can significantly impact microbubble flow in tumor vessels. CEUS 

therefore offers a valuable feedback mechanism for assessing vascular status and guiding treatment 

parameters, or even in combination with cavitation-induced perfusion loss as a potential diagnostic 

scheme for HCCs. While passive cavitation detection is often used to monitor microbubble 

activity, inertial cavitation produces more complex vascular responses than broadband noise alone 

would suggest (106), underscoring the importance of imaging‑based feedback in understanding 

and optimizing cavitation therapies. 
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1.4 RESEARCH OBJECTIVES 

Facing the immense burden of liver cancer, the objective of this research is to improve the 

treatments of HCC and provide accurate monitoring of the outcomes with ultrasound and 

microbubbles. The works in this thesis outline a theranostic approach to HCC, by the development 

of quantitative tools with clinical CEUS data to cavitation treatments performed with clinically 

available technologies. 

 

In Chapter 2, we establish a rigorous and repeatable CEUS framework for quantifying liver tumor 

perfusion that was much needed in this area. Clinical adoption of quantitative CEUS has been 

limited by inconsistent microbubble delivery, variable imaging parameters, and inadequate motion 

correction, all of which reduce repeatability for longitudinal monitoring and clinical adoption. 

Through standardized probe fixation, controlled bolus administration, and custom respiratory 

gating and motion compensation algorithms, we developed a comprehensive imaging and analysis 

protocol that yields highly repeatable bolus transit parameters from TIC analysis. We also assess 

the need for curve fitting when data collection is consistent, comparing extracted bolus perfusion 

metrics directly from TIC data and from a fitted lognormal curve. 

 

Building on this rigorous and repeatable protocol, we implement the first quantitative version of 

CEUS LI RADS for HCC diagnosis in Chapter 3. Using patient data with confirmed HCC lesions 

(LI-RADS 5), we created an algorithm to quantify the two vascular features characteristic of HCC 

that are evaluated in CEUS LI-RADS: arterial phase hyperenhancement via rise time and washout 

via a term we titled relative degree of washout. In particular, the quantitative evaluation of washout 

from CEUS data was explored for the first time in this work. We illustrate how parametric 

processing enables synchronized region of interest manipulation and visualization of perfusion-

based biomarkers, aiming to make significant strides toward computational CEUS assessment in 

clinical workflows that would lead to automated diagnosis. 

 

In Chapter 4, we evaluate cavitation-based cancer therapies using clinically available 

microbubbles and a modified clinical ultrasound system, and we apply the quantitative CEUS tools 

we developed to assess resulting vascular changes. Importantly, this study employs the first use of 
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long (1000 cycle) pulses delivered by a clinical scanner for cavitation treatments. We explore the 

effect of two acoustic conditions and their effect on cavitation induced transient tumor perfusion 

loss (TTPL), drug extravasation via doxorubicin fluorescence, and changes to interstitial fluid 

pressure changes. We also describe a quantitative tool for assessing the degree of TTPL with 

maximum intensity projection time-area curve (MIP-TAC) analysis, a novel perfusion 

quantification technique that we developed, and how vascular changes to the tumor influence drug 

delivery. We demonstrate the limitations of PCD in describing cavitation-induced bioeffects and 

highlight the importance of real-time imaging feedback in cavitation treatments. 

 

Motivated by our findings, in Chapter 5 we examine how acoustic pressure shapes the spatial and 

temporal dynamics of TTPL. Using CEUS at multiple post treatment time points and our 

quantitative MIP TAC analysis, we characterize TTPL recovery over a previously unexplored sub 

hour timescale. We assess cavitation-induced damage with histological analyses to interpret the 

distinct vascular responses observed across pressure conditions and provide further insights 

towards a mechanistic understanding of TTPL. 

 

In Chapter 6 we describe on-going work investigating how ultrasound cavitation influences 

antitumor immunity, both alone and in combination with immune checkpoint inhibitors. This work 

provides the first demonstration that a single cavitation pulse can induce TTPL and explores 

whether TTPL susceptibility predicts ICI responsiveness. Using a transgenic mouse model that 

develops both HCC and intrahepatic cholangiocarcinoma (ICC) on a steatotic background, we 

evaluate these cavitation effects in a clinically relevant model and immune environment.  

 

Finally, in Chapter 7 we conclude this thesis with a summary of accomplishments and discuss 

future directions of this work. Through these investigations, we aim to create highly translatable 

therapies using ultrasound and microbubbles to address the growing challenge imposed by HCCs. 
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ENHANCED ULTRASOUND (CEUS) 

QUANTIFICATION APPROACH FOR CLINICAL 

EVALUATIONS OF TUMOR BLOOD FLOW 
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Investigative Radiology. 2025 Apr 1;60(4):281-290. 

Abstract 

Objective: The aim of this study is to define a comprehensive and repeatable contrast-enhanced 

ultrasound (CEUS) imaging protocol and analysis method to quantitatively assess lesional blood 

flow. Easily repeatable CEUS evaluations are essential for longitudinal treatment monitoring. The 

quantification method described here aims to provide a structure for future clinical studies.  

Materials and Methods: This retrospective analysis study included liver CEUS studies in 80 

patients, 40 of which contained lesions (primarily hepatocellular carcinoma, N=28). Each patient 

was given at least 2 injections of a microbubble contrast agent and 60 second continuous loops 

were acquired for each injection to enable evaluation of repeatability. For each bolus injection, 1.2 

mL of contrast was delivered while continuous, stationary scanning was performed. Automated 

respiratory gating and motion compensation algorithms dealt with breathing motion. Similar in 

size regions of interest (ROI) were drawn around the lesion and liver parenchyma, and time-

intensity curves (TIC) with linearized image data were generated. Four bolus transit parameters, 

rise time (RT), mean transit time (MTT), peak intensity (PI), and area under the curve (AUC) were 

extracted either directly from the actual TIC data or from a lognormal distribution curve fitted to 

the TIC. Inter-injection repeatability for each parameter was evaluated with coefficient of variation 

(COV). A 95% confidence interval was calculated for all fitted lognormal distribution curve 

coefficient of determination (R2) values which serves as a data quality metric. One-sample t-tests 

were performed between values obtained from injection pairs and between the fitted lognormal 

distribution curve and direct extraction from the TIC calculation methods to establish injection 

independence and measurement precision respectively. 
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Results: Average inter-injection COV with both the fitted curve and direct calculation of RT and 

MTT were less than 21% while PI and AUC were less than 40% for lesion and parenchyma ROIs. 

The 95% confidence interval for the R2 value of all fitted lognormal curves was [0.95, 0.96]. The 

one sample t-test for inter-injection value difference showed no significant differences, indicating 

there was no relationship between the order of the repeated bolus injections and the resulting 

parameters. The one sample t-test between the values from the fitted lognormal distribution curve 

and the direct extraction from the TIC calculation found no statistically significant differences (α 

= 0.05) for all perfusion-related parameters except lesion and parenchyma PI and lesion MTT. 

Conclusions: The scanning protocol and analysis method outlined and validated in this study 

provide easily repeatable quantitative evaluations of lesional blood flow with bolus transit 

parameters in CEUS data which were not available before. With vital features such as probe 

stabilization ideally performed with an articulated arm and an automated respiratory gating 

algorithm, we were able to achieve inter-injection repeatability of blood flow parameters which 

are comparable or surpass levels currently established for clinical 2D CEUS scans. Similar values 

and inter-injection repeatability were achieved between calculations from a fitted curve or directly 

from the data. This demonstrated not only the strength of the protocol to generate TICs with 

minimal noise, but also suggests that curve fitting might be avoided for a more standardized 

approach. Utilizing the imaging protocol and analysis method defined in this study, we aim for 

this methodology to potentially assist clinicians to assess true perfusion changes for treatment 

monitoring with CEUS in longitudinal studies. 
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2.1 INTRODUCTION 

With a rapidly growing field of tumor therapies, particularly with systemic treatments such as 

immune checkpoint inhibitors (ICIs), early evaluation of tumor response is critical for improving 

patient outcomes. Currently, evaluation of tumor therapies in malignant lesions like hepatocellular 

carcinoma (HCC) rely on the modified Response Evaluation Criteria in Solid Tumors (mRECIST), 

which qualitatively evaluates tumor size and arterial enhancement with computed tomography 

(CT) or magnetic resonance imaging (MRI) (1). However, CT and MRI have notable 

disadvantages such as ionizing radiation and cost that limit frequent use for detection of early 

response. Additionally, and most important, their use of contrast agents which pass into the tissue 

interstitium limits their ability to quantify blood flow. 

 

Contrast-enhanced ultrasound (CEUS) is an ideal alternative to evaluate tumor vasculature as 

microbubble contrast agents for ultrasound are pure blood pool agents comprised of tiny inert gas 

bubbles measuring 1-10𝜇m in diameter. CEUS is also unique in that it has high temporal 

resolution, ease of use, and is safe and well tolerated (2-4). Accurate quantification of tumor blood 

flow with CEUS during the progression or regression of tumor angiogenesis would provide 

clinicians with the necessary metrics for frequent surveillance of tumors. Quantification of 

perfusion with CEUS evaluates image intensity throughout a video loop from a fixed plane. 

Temporal dynamics of contrast intensity within the tumor and surrounding organ are recorded to 

generate a time-intensity curve (TIC), which is then fitted to an indicator dilution model (5) mostly 

for reducing noise from the data and parameters related to blood flow and volume are extracted. 

Four of these bolus transit parameters explored in many quantitative CEUS studies (3, 6-14) are 

rise time (RT), mean transit time (MTT), peak intensity (PI), and area under the curve (AUC). Other 

parameters that related to the 4 listed above have also been suggested. Evaluation of these 

perfusion-related parameters over time could allow for quantitative evaluations of blood flow 

changes. 

 

There have been a number of promising studies regarding quantification of perfusion-related 

parameters extracted from CEUS data, but lack of standardization and ambiguous measures of 

repeatability have limited clinical translation of these techniques. Various quantitative CEUS 
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clinical studies have been performed to characterize vascular dynamics in diabetic nephropathy 

(11), coronary artery disease (15), and various focal liver lesions (hepatocellular carcinoma, 

cholangiocarcinoma, liver metastases, etc.) (9, 13, 16, 17). Multiple groups have also developed 

advanced custom analysis software (8, 17-19) to perform quantitative evaluations of clinical CEUS 

data. Several investigators have quantified CEUS data to assess how changes in perfusion-related 

parameters relate to treatment outcomes in metastatic renal cell carcinoma (14, 20, 21), renal 

masses (22), and liver metastases (8, 9). Lassau et al. (18) have also investigated outcomes of 

antiangiogenic therapies in a large array of solid tumors (metastatic breast cancer, melanoma, renal 

cell carcinoma, colon cancer, gastrointestinal stromal tumors, and hepatocellular carcinoma) in 

comparison with quantitative perfusion-related CEUS parameters.  

 

In an attempt to build confidence on CEUS quantification metrics, investigators have evaluated 

the repeatability and reproducibility of various perfusion metrics. As a note, repeatability refers to 

the likelihood that the same result is found when repeating a measurement whereas reproducibility 

refers to the ability that a different operator finds the same result. Inter-observer reproducibility (a 

metric combining user experience and subject variance) has been reported previously (11, 15) and 

intensity-based parameters were found to have the greatest intraclass correlation coefficients in 

these studies. Lassau et al. (10) measured bolus transit parameters with 2 CEUS scans per patient 

and with coefficient of variability (COV) measurements ranging from 53% to 87%, and found 

MTT to be the most reproducible but AUC to be the most predictive of response. Williams et al. 

(14) found that COV of parameters from repeated destruction measurements on the same plane to 

be 15%, while the bolus measurement inter-injection median percent difference ranged from 36% 

to 70%. El-Kaffas et al. (9) measured concordance correlation coefficient (CCC) using destruction 

replenishment (ranging from 0.95 to 0.97) and bolus techniques (ranging from 0.3 to 0.84), and 

found AUC and peak enhancement to be the most repeatable. Despite the significant contributions 

these studies have generated towards CEUS quantification in clinical data, the presented findings 

varied greatly from each other in terms of the approach and the evaluated metrics, and most 

importantly measured differing degrees of moderate repeatability. 

 

Therefore, our objective in this study is to establish a comprehensive, standardized, and 

reproducible CEUS imaging protocol and analysis technique for the evaluation of liver tumor 



 28 

perfusion, and with the prospect to further adjust and expand them in other tumors in the future. 

By stabilizing the transducer with an articulated arm and using a simple bolus delivery method in 

tandem with a simple scanning protocol and analysis, CEUS data from liver scans in 80 patients 

were collected and evaluated. We implemented automated respiratory motion compensation 

techniques and objective TIC analysis on linearized data with and without a fitted lognormal 

distribution curve and evaluated four significant bolus transit parameters (RT, MTT, PI, and AUC). 

Inter-injection repeatability was evaluated through COV where ranges were found to be 

comparable or better than those reported in current literature, reflecting the very accurate and 

highly repeatable results achieved in this study. 

2.2 MATERIALS AND METHODS 

2.2.1 Patient Population  

Our patient population was collected retrospectively from multiple institutional review board 

approved studies. A majority were collected from April 2021 to June 2022 (IRB ID: 

STUDY00012711), but others were included from previously published studies (6, 23-26). 

Patients with at least two CEUS loops each with the following criteria were included: (1) the 

scanning was stationary with only limited probe motion, (2) loop duration was at least 60s in order 

to capture data beyond the peak of the bolus (at least 50% decrease in magnitude from peak 

intensity), and (3) linearized data (removed logarithmic compression) was available for all loops. 

Exclusion criteria were: (1) poor depth penetration (not being able to image the tumor due to depth 

dependent attenuation), (2) loop duration shorter than 60s or that does not capture the peak of the 

portal phase, (3) probe movement that resulted in loss of the image plane, and (4) different scanner 

settings between injections (Fig. 2.1). 
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Fig. 2.1: A flowchart describing patient inclusion and exclusion criteria, and the resulting number 

of patient scan sets utilized in this study. 

2.2.2 Scanning Protocol 

All patients were scanned with a Philips scanner, either with the Philips EPIQ or Philips iU22 

(Philips Medical Systems, Bothell, WA) in a contrast specific mode (amplitude modulation). Both 

systems utilized a low-frequency abdominal C5-1 transducer (side-side/contrast-fundamental 

imaging, contrast frequency: 1.7 MHz, mechanical index: 0.06). During the entire continuous scan, 

the probe was held at specific plane of the lesion and/or liver. In most of the scans, an articulated 

arm (Fisso, Baitella AG, Switzerland) fitted with a modified biopsy guide to act as a probe holder 

was employed to minimize probe motion and ensure the same plane was scanned over the duration 

of the loop (Fig. 2.2a). An aliquot of 1.2 mL of Lumason (called SonoVue outside the US) contrast 

agent (Bracco Suisse SA, Geneva, Switzerland) were pre-loaded into a line with a 3-way stop-

cock, and delivered as a bolus with a 5 mL saline flush (Fig. 2.2b). A continuous cine loop was 

collected for a minimum of 60 seconds (2). The transducer was repositioned to a similar plane 

(slightly translated and/or rotated to account for small differences in repeated scans in longitudinal 

studies), and the process was repeated for a total of at least 2 injections. Since the patient 

population was taken from more than one study, only patients that strictly adhered to the above-

described scanning protocol were included. 
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Fig. 2.2: (a) An example diagram of a patient being scanned, with the abdominal transducer (C5-

1) attached to the articulated arm to maintain a single plane throughout the scan. (b) A schematic 

of the contrast agent injection setup with the 20-22G catheter, the 3-way stop-cock, the syringe 

with the microbubbles in line with the catheter tubing and the saline flush, at 90 degrees. 

2.2.3 Data Analysis 

CEUS image loops were extracted as native DICOM data and analyzed in a custom quantification 

tool developed by our group titled “qDicomUW” (16). Linearized data was accessed utilizing a 

proprietary data transformation script from Philips (Philips Healthcare, Bothell, WA). An 

automated respiratory gating (ARG) algorithm (23, 25) was utilized to eliminate out-of-plane 

motion. This algorithm requires a user-defined key frame at a specific point of the respiratory cycle 

(typically with an ideal view of the lesion). This algorithm forms a TIC from a region of interest 

(ROI) automatically selected around a continuous, bright, moving interface on the fundamental 

image of the key frame (Fig 2.3). The sinusoidal behavior of the TIC results from respiratory 

motion causing the interface captured by the ROI at the key frame to move in and out of the ROI, 

due to moving in and out of the scan plane. As determined from previous work (16, 25), all frames 

with greater than 15% intensity fluctuation from their local peaks of the TIC were eliminated to 

remove out-of-plane motion. A motion compensation algorithm utilizing two-dimensional 

normalized cross-correlation on the fundamental image of the respiratory gated frames was 

implemented and used to account for any residual translational motion (in-plane). 
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Fig. 2.3: a) A representative side-side ultrasound image, highlighting a bright interface in the 

fundamental image automatically identified by the automatic respiratory gating algorithm. (b) An 

example curve of the intensity tracked by the region of interest from (a) over time. Red lines 

encompass points within 15% of the intensity of the local peaks, or corresponding frames, that are 

preserved by ARG on the blue time-intensity curve. 

 

2.2.4 Patient Data Quantification 

After respiratory gating and motion compensation, a ROI was drawn around the feature to be 

analyzed (lesion or parenchyma) and the corresponding TIC was extracted (Fig 2.4). From the TIC 

the important perfusion-related parameters suggested by the Radiological Society of North 

America (RSNA) Quantitative Imaging Biomarkers Alliance (QIBA) CEUS committee (rise 

time—RT, mean transit time— MTT, peak intensity— PI, and area under the curve— AUC) were 

calculated. Points within the same respiration on the TIC were averaged to reduce the impact of 

noise on extracted bolus transit parameters. These two calculations schemes were performed on 

TICs extracted from both the lesion and the parenchyma ROI, and for each injection (Fig. 2.5). 

Images with ROIs are shown in Fig. 2.5 (a, b, g, h), and extracted TICs with fitted curves up to 

the 50% intensity point noted with a magenta asterisk and the calculation of the bolus transit 

parameters from the fitted curve in Fig. 2.5 (c, e, I, k). Raw TICs with the direct calculation of the 

bolus transit parameters are shown in Fig. 2.5 (d, f, j, l). ROIs were drawn with synchronized ROIs 

on the fundamental side of the image for localization. 
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Fig. 2.4: (a) An example side-side ultrasound image with a region of interest drawn around the 

lesion in both the contrast and fundamental image. The extracted time-intensity curve is displayed 

in (b) after automated respiratory gating and motion compensation. Representative illustrations of 

where the four extracted bolus transit parameters (rise time – RT, mean transit time – MTT, peak 

intensity – PI, area under the curve – AUC) are calculated from the TIC are overlaid on the curve. 

 

2.2.5 Parameter extraction from a fitted lognormal distribution curve 

It has been common practice that a lognormal distribution curve is fitted on the TIC data to remove 

noise and enable the estimation of the CEUS perfusion-related parameters (3, 5) as recommended 

by RSNA/QIBA-CEUS. In previous studies, investigators have used different mathematical 

models for the fitted curve. However, following the recommendation of QIBA/CEUS, we use the 

lognormal distribution function whose mathematical form is shown below, 

 

 𝐼(𝑡) =
𝐴𝑈𝐶

√2𝜋𝜎(𝑡−𝑡0)
𝑒−([ln(𝑡−𝑡0)−𝜇]2)/(2𝜎2) + 𝛪0,   𝑡 > 𝑡0, (1) 

   

where 𝐼(𝑡) is the backscattered signal intensity, 𝐼0 is the intensity offset (the intensity value before 

contrast arrival which may not be exactly zero), 𝑡0 is the time delay, and μ and σ are the mean and 

standard deviation of the normal distribution of the logarithm of the independent variable t (time), 

respectively. Since we are only interested in the first pass of the bolus, we are not considering the 

influence of recirculation, and therefore the lognormal curve was fitted from the beginning of the 

scan to the first data point after the peak that is 50% of the peak intensity (𝑡𝑃𝐼/2). The 50% point 

is necessary to ensure a good quality of fit with the lognormal distribution function. This is an 
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important new element provided with our analysis that ensures recirculation does not influence the 

parameters and greatly contributes towards repeatability. RT was calculated analytically from the 

fitted curve as 

 𝑅𝑇 =  𝑡𝑚𝑎𝑥 − 𝑡𝑠𝑡𝑎𝑟𝑡 =  𝑒𝜇−𝜎2
, (2) 

   

where 𝑡𝑚𝑎𝑥 is the time at the maximum value of the fitted curve, 𝑡𝑠𝑡𝑎𝑟𝑡 is the time of the first 

arrival of contrast. 𝑡𝑠𝑡𝑎𝑟𝑡 was calculated for each TIC by performing a backwards iterating slope 

calculation between values starting at the maximum value until the slope was an extremely small 

value (< 0.01). The scan time of the first value with a slope smaller than this condition was defined 

𝑡𝑠𝑡𝑎𝑟𝑡. 𝑡𝑠𝑡𝑎𝑟𝑡 is equivalent to 𝑡0 in eqn. (1). This right side of this equation is derived from the 

lognormal distribution where 𝜇 and 𝜎 are the mean and standard deviation respectively (5). PI is 

simply the maximum value of the fitted curve. MTT and AUC are defined as: 

 
𝐴𝑈𝐶 =  ∫ 𝐼(𝑡) 𝑑𝑡

𝑡𝑒𝑛𝑑

𝑡𝑠𝑡𝑎𝑟𝑡

 
(3) 

   

 
𝑀𝑇𝑇 =  

∫ 𝐼(𝑡) ∗ 𝑡 𝑑𝑡
𝑡𝑒𝑛𝑑

𝑡𝑠𝑡𝑎𝑟𝑡

∫ 𝐼(𝑡) 𝑑𝑡
𝑡𝑒𝑛𝑑

𝑡𝑠𝑡𝑎𝑟𝑡

 (4) 

   

where 𝑡𝑒𝑛𝑑 is the last point to be included in the calculation. For 𝑡𝑒𝑛𝑑 → ∞ , MTT is calculated 

explicitly as 

 𝑀𝑇𝑇 =  𝑒𝜇+𝜎2/2 (5) 

   

Since we are only considering the first pass (excluding recirculation), 𝑡𝑒𝑛𝑑 is the time when the 

intensity is 50% of PI and 𝑡𝑒𝑛𝑑 = 𝑡𝑃𝐼/2 . The integral of 𝐼(𝑡)  in eqns. (2)-(3) was computed 

utilizing the trapezoid rule. A coefficient of determination (R2) was also calculated to evaluate 

quality of the fit. The current calculation of MTT also presents an important step towards 

standardization and contributes towards greater repeatability as there was confusion about the 

limits of integration in the past. 
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2.2.6 Direct parameter extraction without curve fitting 

The 4 CEUS bolus transit parameters were also computed directly from the numerical image data 

(not the fitted curve as was described in the section above). Each of these metrics on an example 

TIC can be visualized in Fig. 2.4b. Fig. 2.5 displays the TICs computed directly from image data 

from 2 subsequent injections on a patient for a lesion (Fig. 2.5d,j) and liver parenchyma (Fig. 

2.5f,l), and the 4 CEUS perfusion-related parameters extracted directly from it. These metrics were 

very similar when extracted from the fitted lognormal distribution curve, as displayed for the lesion 

in Fig. 2.5c,i and parenchyma Fig. 2.5e,k and this provides a proof that the actual TIC data were 

of high quality and without excess noise. 

 

 

Fig. 2.5: Example side-side ultrasound images at the peak arterial (a,g) and portal (b,h) timepoints 

for two sequential injections on the same patient. Red regions of interest (ROI) are drawn around 

the lesion, while blue ROIs surround a uniform area of the liver parenchyma. Extracted time-

intensity curves (TIC) for the lesion and liver parenchyma are red and blue respectively to match 

the corresponding ROIs (c-f and i-l). A black fitted lognormal curve is overlaid, and the four 

extracted bolus transit parameters (rise time – RT, mean transit time – MTT, peak intensity – PI, 

area under the curve – AUC) and R2 values from the fitted curve are displayed in panels c,e,i, and 

k. A small magenta asterisk was overlaid to highlight the latest point of the TIC the lognormal 

distribution curve was fit to.  The same extracted TICs without the fitted lognormal curve and with 

the four extracted bolus transit parameters calculated directly from the TIC are displayed below 

the lognormal evaluation in panels d,f,j, and l. 
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2.2.7 In vitro evaluation 

To confirm and further validate trends observed in the extracted patient metrics from this analysis 

method, a controlled in vitro experiment was performed. A 1-way flow system with a tissue 

mimicking phantom established in previous work was utilized to evaluate the bolus dynamics of 

microbubble contrast agents, and data was collected as defined in this previous study (3). CEUS 

image loops were collected and analyzed with the same tools as the clinical study here, with 

linearized TICs extracted from a ROI centered in the tube (Fig. 2.6a, b). No ARG or motion 

compensation was necessary as there was no respiratory motion. The four CEUS perfusion-related 

parameters (RT, MTT, PI, and AUC) were extracted from both the fitted lognormal curve and 

directly from the TIC as done in the clinical work. 

 

Fig. 2.6: (a) A representative side-side ultrasound image of the in-vitro phantom setup, with a 

white dashed region of interest (ROI) drawn in the center of the tube. (b) The example linearized 

time-intensity curve extracted from this ROI. (c) A bar plot of the average inter-injection 

coefficient of variation (COV) for the four extracted bolus transit parameters (rise time – RT, mean 

transit time – MTT, peak intensity – PI, area under the curve – AUC), from the fitted lognormal 

curve and directly from extracted time-intensity curves. 
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2.2.8 Statistical Analysis 

To evaluate the repeatability of extracted perfusion metrics in clinical data, the coefficient of 

variation (COV) between injections on the same patient were calculated for all parameters. The 

COV was calculated separately when using the fitted curve and when using the TIC data directly 

without a fitted curve. To establish the range for the quality of the fitted lognormal curve, a 95% 

confidence interval was performed across all lesion and all parenchyma R2 values respectively. To 

demonstrate independence of the bolus injections, the difference between each bolus transit 

parameter from injections on the same patient calculated via the fitted lognormal curve was 

evaluated, and a one sample t-test was performed for these differences across all patients. To 

establish differences between the calculation schemes, the difference between each perfusion-

related parameter from injections on the same patient calculated via the fitted lognormal curve and 

direct calculation (i.e., 𝑅𝑇𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙 − 𝑅𝑇𝑑𝑖𝑟𝑒𝑐𝑡 ) was performed, and a one sample t-test was 

conducted for these differences across all patients as well. 

2.3 RESULTS 

TICs with linearized data were analyzed and the four bolus transit parameters were calculated with 

both lognormal and direct calculation schemes, as demonstrated in Fig. 2.5. The extracted TICs 

and perfusion-related metrics were similar between injections and between calculation methods 

(with or without a fitted curve) for both the lesion and parenchyma ROIs. Two patient examples 

are highlighted in Fig. 2.7. As a reminder, the fitted curve is only up to the 50% intensity level and 

the 4 bolus transit metrics are calculated up to that time. The 2 curves (fitted model and actual data) 

are very similar up to the 50% time point and produce similar perfusion-related metrics. Despite 

minor differences, general agreement between the TICs and fitted lognormal curves are 

demonstrated here as well for both injections on each patient. High similarity in temporal dynamics 

of the TICs (influencing RT and MTT) is displayed between injections, while overall intensity of 

the TICs (influencing PI and AUC) exhibits more variability. Patient 2 injection 2 provides a 

representative example where selection of the peak differs slightly between the fitted lognormal 

curve and the TIC, the main source of variation between the two calculation methods. 
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Fig. 2.7: Pairs of injections from two example patients utilized in this study. Contrast ultrasound 

images with red regions of interest (ROI) drawn around the lesion, and blue ROIs around a uniform 

area of liver parenchyma are display in panels a, b, g, and h. Extracted time-intensity curves (TIC) 

for the lesion and parenchyma which are red and blue respectively to match the corresponding 

ROIs overlaid with a black fitted lognormal curve are displayed for the tumor ROI in panels c, e, 

i and k and liver parenchyma ROI in panels d, f, j, and l. A small magenta asterisk was overlaid to 

highlight the latest point of the TIC the lognormal distribution curve was fit to. 

 

Breakdown of average scan duration, liver lesion types, and lognormal R2 are shown in Table 2.1. 

The 95% confidence interval for all fitted lognormal curves was [0.95, 0.96], with the lowest R2 

value for a TIC in this study being 0.85. As a measure of the repeatability of this standardized 

quantitative method, we present the average inter-injection COV for RT, MTT, PI, and AUC for 

lesions and parenchyma in Fig. 2.8. Standard error was displayed to capture the variability of these 

COV calculations. The one sample t-test performed on the inter-injection difference between 

extracted perfusion-related parameters for each patient showed no significant differences (Table 

2.2). However, the one sample t-test between parameters generated from the fitted lognormal curve 

and the direct calculation demonstrated significant differences (α = 0.05) for lesion MTT and PI, 

and for parenchyma PI (Table 2.3). 
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Table 2.1: A summary of characteristics of the patient dataset. 

 

An example TIC extracted from CEUS data in the phantom is shown in Fig. 2.6b. We note that in 

such a phantom we get TICs which are very smooth and closely resemble theoretical bolus models 

previously suggested (5). Average inter-injection COVs for RT, MTT, PI, and AUC from the in 

vitro work are presented in Fig. 2.6c. We note that these values are very similar to those derived 

from the patient study in Fig. 2.8. 

 

 

Fig. 2.8: Bars plot of the average inter-injection coefficient of variation (COV) for the four 

extracted bolus transit parameters (rise time – RT, mean transit time – MTT, peak intensity – PI, 

area under the curve – AUC), from the fitted lognormal curve and directly from extracted time-

intensity curves and for evaluated lesions (a) and liver parenchyma (b). Standard error calculations 

are overlaid in error bars. 
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Table 2.2: Results from one-sample t-tests performed on the inter-injection difference between the 

four extracted bolus transit parameters (rise time – RT, mean transit time – MTT, peak intensity – 

PI, area under the curve – AUC) for the lesion and liver parenchyma. No statistically significant 

difference (α = 0.05) was found for any parameter. 

 

Table 2.3: Results from one-sample t-tests performed on the difference between the four extracted 

bolus transit parameters (rise time – RT, mean transit time – MTT, peak intensity – PI, area under 

the curve – AUC) for the lesion and liver parenchyma from the fitted lognormal curve and value 

calculated directly from the time-intensity curve (i.e., 𝑅𝑇𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙 − 𝑅𝑇𝑑𝑖𝑟𝑒𝑐𝑡 ). Statistically 

significant differences (α = 0.05) were only found for lesion MTT, and lesion and parenchyma PI. 

 

 

2.4 DISCUSSION 

To ensure accurate and repeatable quantification of lesion or parenchymal perfusion with CEUS, 

standardized and controlled imaging protocol is critical. Generation of a meaningful TIC for a 

region of interest requires that it continuously images the same plane, and current freehand 

approaches introduce high risk for probe motion that cannot be recapitulated. Maintaining a 
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stationary image plane is also necessary to ensure that complex respiratory gating and motion 

compensation algorithms function properly as they assume that the probe has not shifted. Handheld 

scans with minimal probe motion can be achieved for short, continuous loops by experienced 

sonographers however longer loops lead to fatigue and scanning at the same plane may not be 

assured even with experienced sonographers. The use of an articulated arm to hold the imaging 

probe circumvents this barrier entirely and allows for systematic quantification of 2D CEUS data. 

With multiple degrees of freedom, the articulated arm does not limit CEUS data collection based 

on position or depth beyond the existing limitations of 2D CEUS probe positioning. Use of an 

articulated arm is especially beneficial when evaluating suspected HCCs with the Liver Imaging 

Reporting and Data System (LI-RADS) protocol that requires imaging the lesion to evaluate 

washout up to 5 minutes. Despite the benefits, there is a small added complexity introduced by the 

articulated arm which can be overcome with minimal training and further development of such 

devices for ease of use. 

 

In clinical studies to evaluate abdominal lesions with CEUS, the microbubble contrast agent is 

primarily delivered with a bolus injection. However, many published clinical research studies 

especially in cardiology have also used a continuous infusion for the implementation of the 

destruction/replenishment protocol (not used in the present study). Many excellent studies have 

taken advantage of the removal of the cardio-pulmonary effect on microbubble transit to organs 

such as the liver achieved by destruction/replenishment protocols for evaluations of blood flow in 

clinical studies (9, 14, 27). This protocol allows repeated evaluations by simply destroying the 

agent and allowing it to re-perfuse multiple times. However, this technique requires use of a 

specialized infusion pump to continuously mix the agent and careful tuning of infusion speed to 

avoid needing a long time to reach steady state or a very high concentration of microbubbles 

delivered and leading to acoustic shadowing that can adversely impact accurate measures of blood 

volume (28). The simple bolus injection protocol can also be accurately repeated as long as certain 

standardization steps are taken. Those include (a) using a large intravascular catheter (20-22G) 

that is placed in the antecubital vein to avoid high injection pressure which can lead to bubble 

destruction in the catheter; (b) using a new vial of Lumason for each patient and with manual 

agitation between each injection; and (c) using a 3-way stop-cock system and saline flush.  The 

repeatability of the bolus method after these simple standardization steps is demonstrated by the 
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lack of significant differences when comparing extracted perfusion-related metrics between 

injections on the same patient (Table 2.2). 

 

Accurate quantification of 2D CEUS data requires minimizing the effects of respiratory motion 

which was achieved with our ARG and motion compensation algorithm. ARG was first used to 

remove images after out-of-plane motion, then motion compensation was performed to eliminate 

any remaining translational motion and improve TIC accuracy. The use of the articulated arm and 

these algorithms contributed to the high average R2 value (0.96) found amongst all TICs fitted with 

a lognormal distribution curve (Table 2.1). Other groups have implemented advanced motion 

compensation algorithms with freehand scanning (17, 29), but their results have been impacted by 

occasional unwanted probe motion (e.g., sliding) that introduces changes of the scan plane during 

data collection and possibly due to using a less robust analysis. 

 

The 4 specific bolus perfusion metrics we selected and their exact calculation approach were very 

important elements that led to excellent repeatability for the objective quantification of perfusion 

from CEUS data. The tumor and parenchyma ROIs were selected at comparable image depths, 

were similarly sized, and avoided major vessels. The resulting linearized TICs were then used to 

extract the bolus transit metrics either directly from the actual data or a fitted lognormal 

distribution curve. For the lognormal fitted curve, the point tend was automatically calculated as the 

first point after the maximum of the TIC at 50% of its magnitude. By fitting only up to this point, 

as the equation ideally models only the transit of a single bolus, we are able to omit the effects of 

recirculation in a systematic way. Similarly, bolus transit parameters such as MTT and AUC were 

calculated using eqns. 3-4 on both the raw TIC data and the fitted curve. This study is one of the 

first times that bolus metrics were evaluated directly from the data, as the data collection and 

processing components used in this study generated TICs without a significant amount of noise. 

 

A significant point investigated in this study was the comparison of perfusion metrics extracted 

directly from the TIC data and from a curve fitted on the TIC data. The specific mathematical 

function of the fitted curve to be used for quantification has been a standardization barrier over the 

years and one main source of differences between groups. Despite attempts to connect blood flow 

with indicator dilution models, the most important reason for using such models is the elimination 
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of data noise. Fitted curves based on indicator dilution like the lognormal distribution, the Gamma 

variate, lagnormal distribution and even empirical models have been previously suggested to 

remove excessive noise due to motion and other influences to the TIC (5). However, variation in 

curve fit models have also produced differences in results obtained by studies from different 

centers (2). RSNA/QIBA-CEUS suggests the use of the lognormal distribution model, but here we 

demonstrate that the lognormal distribution model and direct calculation of four bolus metrics 

produce similar results. With use of an articulated arm and the respiratory motion algorithms used 

in our analysis, resulting TICs have considerably less noise as indicated by the high average R2 

value of 0.96, allowing for bolus metrics to be extracted directly from the data. Differences in 

calculations of RT, MTT, PI, and AUC from the fitted lognormal curve and with direct calculation 

for the same lesions and regions of parenchyma were evaluated with a t-test (Table 2.3). There 

were no significant differences found except for lesion MTT and lesion and parenchyma PI. Lesion 

MTT was typically slightly smaller in the fitted curve calculation than the calculation directly from 

the TIC, attributed to the fitted lognormal curve being more heavily weighted to capture the rapid 

enhancement exhibited by the lesion. The lesion and parenchyma PI were slightly smaller with the 

fitted lognormal evaluation as the peak of the fitted curve is typically less than the absolute max 

data point extracted for PI in the direct method. This simple calculation of the peak intensity in the 

direct method is more susceptible to noise and could easily be improved in future work. Despite 

finding statistically significant differences between calculation schemes for these three metrics, 

the mean inter-method differences found for these variables are not scientifically relevant as their 

magnitude is very small compared to the ranges of these parameters. As demonstrated by the 

extremely similar inter-injection average COVs, the repeatability of the two calculation methods 

is approximately the same. However, one important use of a fitted curve is a means to evaluate 

quality of the data. Currently, R2 assesses data quality using a fitted curve, despite there not being 

a universally accepted value to determine whether data should or should not be quantified. As 

automation continues to improve, metrics determining calculation quality will become 

increasingly important. Therefore, future studies could investigate the generation of a new metric 

that does not rely on curve fitting to determine data quality, such as a measure of existing motion 

within the video loop similar to that typically used in motion compensation algorithms. Despite 

the minor benefits of the fitted curve calculation in accounting for noise in the TIC, lack of 

standardization in curve fitting in the field and a lack of a universal bar to determine if data is 
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adequate for quantification (which could be more easily overlooked in a fitted curve than raw TIC 

data), use of a fitted curve could introduce greater variability in CEUS evaluations amongst 

research groups. Reflected by the very high degree of similarity in extracted parameters between 

the calculation schemes, use of the collection and analysis techniques defined here with the direct 

calculation method provide the desired perfusion metrics while avoiding these possible sources of 

variability. 

 

This study focused on evaluating the repeatability of quantitative perfusion-related parameters 

from CEUS data with a standardized imaging protocol and analysis method. Average inter-

injection COV for RT and MTT were found to be 15-21% and 9-15% for evaluated lesion and 

parenchyma respectively. Meanwhile, average inter-injection COV for PI and AUC were at 33-

35% and 38-40% for the lesion and parenchyma respectively. The considerably smaller magnitude 

COV of temporal metrics (RT and MTT) than the amplitude metrics (PI and AUC) is likely a result 

of inherent variability in intensity measurements collected with CEUS, even in carefully controlled 

in-vitro studies (3, 7, 30). The COVs for each metric was very similar (~1-3%) when computed 

with the fitted lognormal curve and direct calculations on the TIC. Inter-injection COV of 

parenchyma RT had the largest difference between the two calculation schemes at 6%, which is 

likely due to the crude evaluation of the peak in the direct method (see Fig. 7, patient 2, injection 

2 – tumor). The repeatability of these metrics is critical for designating what constitutes a true 

change in longitudinal evaluations of tumor blood flow in possible future studies utilizing this tool, 

as only changes to parameters greater than the COVs evaluated here would be considered true 

therapy-induced changes. The high repeatability of these four parameters could achieve the 

necessary sensitivity and accuracy for treatment monitoring with CEUS, but would require 

evaluation in treatment monitoring studies. 

 

Inter-injection COVs in vitro between direct and lognormal evaluation were extremely similar or 

identical for all but RT where the direct calculation average COV was a little higher, likely a result 

of the residual oscillatory noise impacting the accuracy of the identification of the peak of the 

curve in the direct calculation on the TIC. Additionally, these COVs of the 4 CUES perfusion 

parameters (RT, MTT, PI, and AUC) were quite similar between the in vitro and in vivo studies 

(Fig. 6c and Fig. 8). Specifically, the temporally-based metrics (RT and MTT) were less than 20% 
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and the amplitude-based ones (PI and AUC) were less than 40%. Considering the simple nature of 

a single tube in a controlled in vitro environment, we assume that the COVs calculated present the 

best-care scenario. The fact that the in vivo COV values are only slightly higher is a confirmation 

that our protocol and analysis has eliminated most of the confounding variability.  

 

While other groups have evaluated variability in clinical studies, they have found differing degrees 

of repeatability and reproducibility from our study and each other. Lassau et al. (10) evaluated 

reproducibility and intra-patient variability of CEUS bolus transit parameters in 60 patients with a 

variety of lesions and treatments, with pairs of CEUS scans taken at baseline, 15 days, and 1 month 

after initiation of treatment. Variability between CEUS pairs was measured with COV and found 

to be 54%, 53%, 87%, and 61% for RT, MTT, PI, and AUC, respectively. Similar to our study, the 

time-based metrics (RT and MTT) were found to be more reproducible than intensity-based ones 

(PI and AUC), but at a higher magnitude. Possible sources of the increased variability are motion 

during scanning, the linearization scheme, the fitted curve used, or possible influence of 

recirculation. 

 

Williams et al. (14) studied repeatability of CEUS perfusion in 17 renal cell carcinoma patients 

with both destruction-replenishment and bolus methods, each with 2 bolus injections followed by 

7 evaluations made during a 12-minute infusion. Destruction-replenishment was highly 

reproducible with a COV of 15%, which the authors attributed to all measurements occurring in a 

single infusion and scan plane. Bolus reproducibility evaluated with median inter-injection percent 

difference was found to be 36%, 56%, 49%, and 70% for RT, MTT, PI, and AUC, respectively. 

The trend in variability of these parameters (temporally-based metrics exhibiting greater 

repeatability than intensity-based ones) is similar to our findings and those of Lassau et al. (10), 

but higher than their destruction-replenishment results which the authors accredit to 

inhomogeneity in evaluated scan planes.  

 

El-Kaffas et al. (9) explored repeatability of 3D CEUS in 11 patients with liver metastases with 

destruction-replenishment and bolus methods, each with a 3-minute infusion followed by two 

bolus injections. Destruction-replenishment was found to be highly repeatable with concordance 

correlation coefficients (CCCs) of 0.97 and 0.95 for relative blood velocity and flow, respectively. 
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For bolus injections, CCCs were found to be 0.74, 0.30, 0.84, and 0.84 for RT, MTT, PI, and AUC, 

respectively. The findings of destruction-replenishment compared to bolus are similar to those 

found by Williams et al. (5) and observed in our study, but the inverse trend was found for bolus 

parameters (intensity-based parameters were more repeatable). This could possibly be attributed 

to variation in a patient’s ability to hold their breath as instructed or low volume rate (~1 Hz) which 

could have greater influence on the time-based dynamics. 

 

Our standardized imaging method and analysis has potential for augmenting and possibly 

improving the clinical evaluation of longitudinal perfusion changes through quantification of 

CEUS data, but there are some limitations. The potential for any variability arising from different 

imaging sessions on different days and/or performing the exam at different centers was not 

evaluated in the present study. Despite utilizing a large number of patients, the evaluated lesions 

were primarily HCCs. Future studies using this technique in other lesions or organs could 

experience unique challenges which could influence the results, and would need to be investigated. 

Another limitation of this approach is the use of 2D CEUS, which restricts evaluation of lesions to 

a single plane per injection. Solid tumors are heterogenous and their vascular patterns could vary 

between planes. The use of 3D CEUS, which is beginning to become clinically available, could 

resolve this issue by capturing the entirety of the tumor. However, a major limitation at the current 

time for 3D CEUS is the ability to collect and save data at an ample volume rate (10 Hz). 

 

A primary motivation for developing standardized and repeatable perfusion quantification 

methods is to be able to use them in longitudinal studies to evaluate tumor perfusion changes 

resulting from treatment and predict response at an earlier timepoint. Aspects of this method could 

be applied to other tumors such as kidney, prostate, and breast which have been explored with 

CEUS as well (10, 31-35), with careful consideration of the challenges unique to each of these 

tumors. Application of this work is also not limited solely to cancer. Investigators utilizing CEUS 

have made excellent advances in areas such as organ transplant perfusion (36), diabetes (37), 

inflammatory bowel disease (38, 39), peripheral artery disease (40, 41), and atherosclerotic plaque 

damage (42, 43) which could potentially utilize aspects of the method described here (use of 

articulated arm, injection technique, ARG, perfusion metric calculations) when applicable to the 
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obstacles exclusive to these environments to augment current approaches with a systematic 

quantification scheme. 

 

In conclusion, we have presented a comprehensive imaging protocol and analysis method for the 

evaluation of tumor and organ perfusion with CEUS. Key elements of our methodology are the 

fixation of the probe, treatment of out-of-plane motion with respiratory gating, treatment of in-

plane motion with motion compensation, standardized delivery of a bolus injection, selection of a 

standard model for curve fitting of the TICs, and identification of the perfusion-related important 

bolus metrics. With a patient study (N=80), we evaluated repeatability via inter-injection 

variability, where average COV of RT and MTT were less than 21% while PI and AUC were less 

than 40%. Interestingly, the COV of the bolus metrics from the patient study was very similar even 

when evaluating a simple flow phantom, and thus demonstrating that most sources of variability 

have been eliminated and the robustness of our method. Our imaging protocol and analysis method 

generated good quality TIC data evidenced by a high quality of fit (R2=0.96) when the produced 

TICs were fitted to a lognormal distribution model. Furthermore, we demonstrated that curve 

fitting may be eliminated and the perfusion metrics may be extracted directly from the TIC data. 

There was no significant difference of the perfusion metrics when extracted with or without curve 

fitting. The comprehensive CEUS perfusion quantification methodology presented here provides 

highly repeatable perfusion metrics which could potentially be sensitive enough for evaluating 

therapy treatment outcomes in longitudinal studies. 
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Abstract 

Objective: The aim of this study is to describe a comprehensive contrast-enhanced ultrasound 

(CEUS) imaging protocol and analysis method to implement CEUS LI-RADS (Liver Imaging 

Reporting and Data System) in a quantifiable manner. The methods which are validated with a 

prospective single center study aim to simplify CEUS LI-RADS evaluation, remove observer bias 

and could potentially improve the sensitivity of CEUS LI-RADS. 

 

Materials and Methods: This prospective single center study enrolled patients with hepatocellular 

carcinoma (HCC) (April 2021 – June 2022, N=31, mean age ± SD: 67 years ± 6, 24 men/7 women). 

For each patient, at least 2 CEUS loops spanning over 5 minutes were collected for different lesion 

scan planes utilizing an articulated arm to hold the transducer. Automatic respiratory gating and 

motion compensation algorithms removed errors due to breathing motion. The long axis of the 

lesion was measured in the contrast and fundamental images to capture nodule size. Parametric 

processing of time-intensity curve (TIC) analysis on linearized data provided quantifiable 

information of the wash-in and washout dynamics via rise time (RT) and degree of washout (DW) 

parameters extracted from the TIC, respectively. A Welch’s t-test was performed between lesion 

and parenchyma RT for each lesion to confirm statistically significant differences. P-values for 

bootstrapped 95% confidence intervals of the relative degree of washout (rDW), ratio of DW 

between the lesion and surrounding parenchyma, were computed to quantify lesion washout. 

Coefficient of variation (COV) of RT, DW, and rDW was calculated for each patient between 

injections for both the lesion and surrounding parenchyma to gauge reproducibility of these 



 50 

metrics. Spearman’s rank correlation tests were performed between size, RT, DW, and rDW values 

to evaluate statistical dependence between the variables. 

 

Results: Average lesion diameter was 23 mm (SD: ±8 mm). The RT for all lesions, capturing 

arterial phase hyperenhancement (APHE), was shorter than that of surrounding liver parenchyma 

(p<0.05). All lesions also demonstrated significant (p<0.05) but variable levels of washout at both 

2-minute and 5-minute timepoints, quantified in rDW. The COV of RT for the lesion and 

surrounding parenchyma were both 11%, and the COV of DW and rDW at 2 and 5 minutes ranged 

from 22-31%. Statistically significant relationships between lesion and parenchyma RT and 

between lesion RT and lesion DW at the 2 and 5-minute timepoints were found (p<0.05). 

 

Conclusions: The imaging protocol and analysis method presented provide robust, quantitative 

metrics that describe the dynamic vascular patterns of LI-RADS 5 lesions classified as HCCs. The 

RT of the bolus transit quantifies the APHE and the DW and rDW parameters quantify the washout 

from linearized CEUS intensity data. This unique methodology is able to implement the CEUS-

LIRADS scheme in a quantifiable manner for the first time and remove its existing issues of 

currently being qualitative and suffering from subjective evaluations. 
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3.1 INTRODUCTION 

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy, and liver cancer 

is the second leading cause of cancer-related deaths globally (1). The disease has a high mortality 

rate that can be partly attributed to a delay in diagnosis and compromised hepatic function due to 

underlying liver diseases, limiting treatment options. 

 

Currently, the state-of-the-art diagnostic metric for HCC in high-risk patients is LI-RADS (Liver 

Imaging Reporting and Data System), a qualitative image assessment used to evaluate tumor 

malignancy through analysis of lesion blood flow (2-4). HCC is diagnosed by the arterial phase 

hyperenhancement (APHE) and its relative washout compared to parenchyma in the late phase as 

seen on computed tomography (CT) or magnetic resonance imaging (MRI) in addition to other 

ancillary features (5). However, these blood flow characteristics can also be observed in real-time 

with contrast-enhanced ultrasound (CEUS), which utilizes a blood pool contrast agent consisting 

of 1-10 𝜇m gas microbubbles that are detectable in the microcirculation. These blood flow patterns 

specific to HCC and unique to CEUS have been thoroughly described qualitatively in CEUS LI-

RADS (6, 7). Despite the use of greyscale ultrasound for lesion detection and surveillance and the 

advantageous features of CEUS with the use of an intravascular agent and real-time imaging, the 

American Association for the Study of Liver Diseases (AASLD) recommends contrast CT or MRI 

as the first test of vascular characteristics (8, 9). Even though CEUS LI-RADS also defines unique 

vascular features to identify HCCs, wash-in and washout criteria are based on subjective 

assessment and hypothetical time-intensity curves (TICs) that are not generated in clinical practice. 

Although CEUS LI-RADS has high specificity, its moderate sensitivity and subjective evaluation 

could potentially be improved through the quantification of the vascular patterns defined in CEUS 

LI-RADS to promote its use as a first line vascular diagnostic option. 

 

Prior studies quantifying CEUS data for HCC have utilized user-defined regions of interest (ROI) 

applied directly to CEUS loops to generate TICs, and subsequently performed curve-fit to extract 

perfusion-based parameters to attempt to differentiate HCCs (10-13). However, limitations of 

these prior studies include the inability to capture late washout due to bubble destruction from 5-

minute continuous imaging or excessive respiratory motion. Motion compensation algorithms 
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have been developed to mitigate respiratory motion in and out-of-plane (14, 15), but these 

algorithms have only been utilized in continuous scans exclusively evaluating less than 2-minute 

TICs. Currently, no studies have attempted to implement the CEUS LI-RADS scheme through 

quantification. To address the current subjectivity in CEUS LI-RADS evaluations, a 

comprehensive standardized method to scan HCC patients to quantitatively capture APHE and 

also provide information relating to onset and degree of washout is needed. 

 

The main objective of our study is to define an approach to quantify the parameters utilized in 

CEUS LI-RADS. The key elements of this approach are: (a) a scanning protocol for CEUS 

evaluation of HCCs that limits bubble destruction; (b) use of an articulated arm for holding the 

probe to register and compensate for transducer motion; and (c) a perfusion quantification 

algorithm utilizing parametric processing in order to measure the transit of a contrast bolus in the 

HCC vasculature. With a prospective single center study of patients with confirmed HCC lesions, 

we collected CEUS loops and quantified the vascular patterns of HCCs. Our quantification method 

consists of parametric processing of TICs to provide rise time (RT) and degree of washout (DW) 

metrics to capture the APHE and the washout parameters present in CEUS LI-RADS. Through 

quantification of these vascular characteristics and analysis utilizing parametric images, this 

process aims to assist in removing any subjectivity and inter-observer bias that might be present 

in the current qualitative implementation of LI-RADS. 

3.2 MATERIALS AND METHODS 

3.2.1 Patient HCC Data Collection 

Our institutional review board approved this prospective cross-sectional study (IRB ID: 

STUDY00012711), and contrast-enhanced ultrasound (CEUS) was performed in 31 HCC 

patients, from April 2021 to June 2022. Inclusion criteria include at least one lesion confirmed to 

be LI-RADS LR-5 by prior CT or MRI performed within 1 month of the ultrasound scan with no 

contraindication to CEUS (Fig. 3.1). All patients were above 18 years of age and written 

informed consent was provided. Patient demographics are listed in Table 3.1. The lesions were 

first identified in conventional B-mode ultrasound performed on a Philips EPIQ (Philips Medical 

Systems, Bothell, WA) with a C5-1 transducer (center frequency: 1.7 MHz, contrast mechanical 
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index: 0.06, contrast estimated peak negative pressure: 78 kPa, fundamental mechanical index: 

0.05, fundamental estimated peak negative pressure: 65 kPa). The transducer was then spatially 

fixed with an articulated arm (Fisso, Baitella AG, Switzerland) (Fig 3.2a). The arm can be 

positioned anywhere on the patient that the sonographer would be able to scan freehand. A 1.2 

mL bolus of Lumason contrast agent (Bracco Suisse SA, Geneva, Switzerland) followed by a 5 

mL saline flush was intravenously injected, and a 5-minute intermittent video loop was collected 

while scanning the liver with a contrast-specific mode (amplitude modulation). The reported size 

distribution of Lumason microbubbles is 5.89 ± 3.07 µm diameter (mean ± SD) (16). In order to 

limit microbubble destruction, scanning was performed continuously for the first 90 seconds, and 

only for 15 seconds at the 2, 3, 4, and 5-minute mark (Fig 3.2b). The transducer was then 

repositioned to a new tumor plane (translated and/or rotated) and the process was repeated for a 

second injection. Lesion sizes were measured with image calipers, and the long axis in the 

contrast and fundamental image were recorded for each injection and averaged. The smallest 

measured lesion diameter was 13 mm, confirming all lesions were larger than the 10 mm size 

necessary for HCC lesions according to CEUS LI-RADS. 

 

 
Table 3.1: Descriptive characteristics of the study group 
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Fig. 3.1: Flowchart describing patient inclusion and exclusion criteria, and the resulting number 

of confirmed hepatocellular carcinoma (HCC) lesions utilized in this study. 

3.2.2 Quantitative HCC Analysis 

Analysis of HCC image loops, extracted as native DICOM data (17), was performed in a 

MATLAB based tool we developed titled “qDicomUW”. Our tool operates on linearized data 

acquired via a proprietary data transformation script from Philips (Philips Healthcare, Bothell, 

WA). The DICOM loops from the 5-minute scan were first stitched together into a single loop 

where the time was continuously tracked even during the time when the scanner was frozen (this 

information is provided in the DICOM files). An automatic respiratory gating (ARG) algorithm 

(18, 19) formed a TIC from a generated ROI around a uniform bright interface in the 

fundamental image on a user-defined key frame with an optimal view of the lesion (Fig. 3.2c,d).  
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Fig. 3.2: Contrast-enhanced ultrasound data collection and processing overview. (a) Placement of 

an articulated arm holding an ultrasound probe onto to the patient. (b) A schematic illustrating the 

scanning sequence used for each injection. The contrast timer was started upon the injection of the 

bolus, at t = 0 on the time axis. A continuous 90 second capture was used to capture wash-in 

dynamics, and shorter (approximately 15 second) scans at 2, 3, 4, and 5 minutes were used to 

evaluate washout while limiting bubble destruction. (c) An example image with a bright moving 

feature automatically identified in the fundamental image to be tracked by the automatic 

respiratory gating (ARG) algorithm highlighted. (d) An example curve tracking the intensity of 

the region of interest (ROI) in (c) over time, and the corresponding frames that are preserved 

represented by the points on the blue time-intensity curve (TIC) within the red boundaries which 

correspond to a 15% intensity threshold to the local maxima of the TIC. 

 

Variations in intensity in the TIC result from the bright interface moving in and out of the scan 

plane. Determined from previous work, a 15% intensity tolerance from the local maxima of the 

TIC was utilized to eliminate most of out-of-plane respiratory motion by removing frames where 

the intensity on the TIC fell below this threshold. To account for any remaining translation (in-

plane motion), a motion compensation algorithm utilizing two-dimensional normalized cross-

correlation on the fundamental image of the respiratory gated frames was used. The impact of 

ARG and motion compensation on the TIC extracted from a ROI around an HCC lesion is 

demonstrated in Fig. 3.3a. Oscillatory noise present in the TIC resulting from respiratory motion 

(Fig. 3.3b) is significantly reduced with ARG and motion compensation (Fig. 3.3c). Points 

within the same respiration were then averaged to smooth the TIC and further reduce the effect 

of motion noise on the extracted perfusion parameters (Fig 3.3d). 



 56 

 

Fig. 3.3: Time intensity curve evolution with post-processing. (a) An example “side-side” image 

with a region of interest (ROI) drawn around the lesion in both the contrast and fundamental image. 

The extracted time intensity curve is shown in (b), after automated respiratory gating (ARG) and 

motion compensation in (c), and with ARG, motion compensation, and averaging of points per 

breathing cycle in (d). The intensity values utilized for degree of washout (DW) calculations are 

highlighted in (d). 

 

A key aspect of our quantification algorithm is the use of parametric image processing, which 

calculates metrics throughout the duration of the loop across the whole image instead of only a 

single ROI. A 9-by-9-pixel (approximately 3x3 mm) ROI was translated in 3 pixel 

(approximately 1 mm) increments across the contrast image, and a TIC was generated for all 

ROIs from the ARG and motion compensated loop. The overlap of the ROI during the 

translation allowed for spatial averaging to further reduce noise due to motion without impacting 

feature resolution. To quantify the wash-in and washout dynamics associated with HCC lesions 

according to CEUS LI-RADS, 𝑅𝑇 and 𝐷𝑊 calculations were extracted from each TIC. 𝑅𝑇 is 

defined as the elapsed time from when contrast first arrived in a ROI to its peak intensity. The 

𝑅𝑇 parameter provides information about the APHE as HCC lesions receive blood from the 
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hepatic artery tree as opposed to the surrounding liver where the portal vein supplies most of the 

blood volume. During an intravenous bolus injection, contrast first arrives to the liver from the 

hepatic artery and causes the early enhancement in HCC lesions, known as APHE. After a short 

delay, contrast arrives through the portal vein which primarily drives enhancement in the liver. 

This difference in wash-in dynamics between HCCs and the surrounding liver, or APHE, can be 

captured with 𝑅𝑇. 𝐷𝑊 can be calculated for any time point after the peak and attention is paid to 

2-minute and 5-minute washout following the CEUS LI-RADS algorithm. When the contrast 

signal intensity of the liver ROI was very low and less than an acceptable threshold (3.5 linear 

intensity units above the noise floor at the 5-minute mark), the 4-minute was used instead. 𝐷𝑊 

was calculated for both the 2 and 5-minute washout for each TIC, defined as,  

 
𝐷𝑊(𝑡) =

𝐼(max)

𝐼(𝑡)
 

(1) 

where 𝐼(𝑡) is the linearized mean intensity at time 𝑡, and 𝑡 = 2′ or 5′ (see Fig 3.3d). 

Parametric images for 𝑅𝑇 and 𝐷𝑊(2′) and 𝐷𝑊(5′) were generated for all injections. User-

defined ROIs were then drawn around the lesion and liver parenchyma and automatically co-

registered in all different types of images (fundamental, contrast and parametric), allowing for 

robust ROI placement and fine tuning. Mean and standard deviation values were calculated for 

each parametric image within these ROIs. 𝑅𝑇, 𝐷𝑊(2′), and 𝐷𝑊(5′) values were averaged 

across injections for the same lesion. Relative degree of washout (𝑟𝐷𝑊) at 2- and 5-minute 

washout was computed by the ratio between the mean tumor and liver parenchyma 𝐷𝑊 defined 

as: 

 
𝑟𝐷𝑊 =  

𝐷𝑊𝑡𝑢𝑚𝑜𝑟

𝐷𝑊𝑝𝑎𝑟𝑒𝑛𝑐ℎ𝑦𝑚𝑎
 

 

(2) 

3.2.3 Statistical Analysis 

To establish statistically significant differences in tumor and parenchyma 𝑅𝑇, a Welch’s t-test 

(p<0.05) was performed for each patient. For 𝑟𝐷𝑊 variability, data size was equalized utilizing 

bootstrapping methods (20), and a 95% confidence interval was calculated along with a 

respective p-value to ensure 𝑟𝐷𝑊 values were statistically significantly different than 1, or that 

washout of the lesion had occurred. The p-value was calculated as the following (21):  
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𝑃 = exp (−0.717 ∗ |
𝐿𝑁(𝑟𝐷𝑊𝑎𝑣𝑔)

𝑆𝐸
| − 0.416 ∗ |

𝐿𝑁(𝑟𝐷𝑊𝑎𝑣𝑔)

𝑆𝐸
|

2

) 
(3)  

To evaluate the reproducibility of these metrics, coefficient of variation (COV) was calculated 

for 𝑅𝑇, 𝐷𝑊, and 𝑟𝐷𝑊 between injections on the same patients and then averaged. A 

Spearman’s rank correlation test to evaluate statistical dependence was performed between size, 

𝑅𝑇, 𝐷𝑊, and 𝑟𝐷𝑊 values. 

3.3 RESULTS 

3.3.1 Qualitative evaluation with CEUS images  

Conventional qualitative LI-RADS evaluation may be performed by inspecting contrast images at 

key time points from the 5-minute scan that highlight important vascular features of the HCCs and 

surrounding liver. Fig. 3.4 shows two patient examples where the lesion is identified by a red ROI 

and sampled parenchyma with a white ROI. First, the APHE of the lesion is distinctly visualized 

as contrast initially arrives from the hepatic artery supply (Fig. 3.4a,d). Next, peak portal supply 

displays vascularization of the surrounding liver parenchyma as a majority of its vascular volume 

stems from the portal vein (Fig. 3.4b,e). At the 5-minute timepoint, mild or moderate 

inhomogeneous washout of the lesion as compared to the surrounding liver can be seen (Fig. 

3.4c,f).  
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Fig. 3.4: Contrast-enhanced ultrasound (CEUS) and conventional B-mode images for two example 

hepatocellular carcinoma (HCC) patients at three timepoints throughout the scan: the peak of the 

arterial phase (a,d), the peak of the portal phase (b,e), and the late phase (c,f). The red regions of 

interests (ROIs) are placed around the lesion, while the white ROIs are placed at a similar depth 

as the lesion and sample the surrounding parenchyma. 

3.3.2 Parametric Processing 

Parametric images for 𝑅𝑇, 𝐷𝑊(2′) and 𝐷𝑊(5′) were generated for all injections to capture the 

wash-in and washout vascular dynamics of HCCs identified by LI-RADS and visualized 

qualitatively in the CEUS data (Fig. 3.5). The parametric images shown in Fig. 3.5 are from the 

same lesions shown in Fig. 3.4 and present information from the whole 5-minute loops as a 

single image, and also have a red ROI surrounding the lesion and a white ROI around a 

homogenous portion of the parenchyma. 𝑅𝑇 of each 9x9 pixel ROI’s TIC captures the early 

wash-in of the HCC lesion compared to its surrounding liver (Fig. 3.5a,d). The tumor shows as a 

lower value in the parametric image (blue tumor versus green-yellow parenchyma), 
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demonstrating its shorter 𝑅𝑇 and hence APHE. The degree of washout, 𝐷𝑊, which is a ratio of 

the average linearized tumor peak intensity and parenchyma intensity at the 2-minute (Fig. 

3.5b,e) or 5-minute (Fig. 3.5c,f) timepoint of each TIC in accordance with CEUS LI-RADS, 

captures and quantifies the washout characteristic of these tumors. In both patients, washout of 

the lesion can be visualized with greater 𝐷𝑊 parametric values (red/yellow) in comparison to 

lower 𝐷𝑊 values of the surrounding parenchyma (blue). 

 

Fig. 3.5: Parametric images of rise time (𝑅𝑇) and degree of washout (𝐷𝑊) for the same two 

example patients used in Fig. 2.4. 𝑅𝑇 is shown in (a,d), 𝐷𝑊at 2 minutes is shown in (b,e), and  

𝐷𝑊 at 5 minutes is shown in (c,f). The red regions of interests (ROIs) are placed around the lesion, 

while the white ROIs are placed at a similar depth as the lesion and sample the surrounding 

parenchyma. 
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3.3.3 Quantification of Vascular Parameters 

Wash-in of the evaluated HCCs from all patients was captured through 𝑅𝑇 for both the lesion 

and surrounding liver parenchyma (Fig. 3.6). Notably, the lesion 𝑅𝑇 was considerably smaller 

and statistically different (p<0.05) than the surrounding parenchyma for all lesions and indicates 

that APHE is present, an anticipated and required criteria for a lesion to be categorized as LR-5 

(22).  

 

The relative degree of washout 𝑟𝐷𝑊 at both 2-minutes and 5-minutes, are displayed in Fig. 3.7a 

and 3.7b, respectively, for all patients. The dotted grey lines present at an 𝑟𝐷𝑊 value of 1 

indicate the threshold for the lesion to have washout relative to the surrounding parenchyma. All 

lesions presented a relative degree of washout value that was significantly greater than 1 (p < 

0.05) at both the 2 and 5-minute timepoints, capturing the characteristic feature of washout 

required for LR-5 classified HCCs. The dotted blue lines were placed an 𝑟𝐷𝑊 value of 4, as this 

represents a 6-decibel difference in intensity and is where washout could be visualized 

qualitatively. This threshold could be used to stratify 𝑟𝐷𝑊 values into mild and moderate 

degrees. The patients in Figs. 3.4 and 3.5 correspond to patients 10 and 23 in Figs. 3.6 and 3.7. 

 

 

Fig. 3.6: Bar plots of rise time (𝑅𝑇) values extracted from all patients. (a) Average 𝑅𝑇 of tumor 

(blue) and surrounding parenchyma (orange) for each patient. All tumor and parenchyma 𝑅𝑇 pairs 

had a statistically significant difference (Welch’s t-test, p<0.05). 
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Fig. 3.7: Bar plots of relative degree of washout (𝑟𝐷𝑊) values extracted from all patients. (a) 

𝑟𝐷𝑊 values at the 2-minute timepoint. All lesions demonstrated statistically significant (p<0.05) 

washout (𝑟𝐷𝑊 > 1), represented by the grey dashed line. A threshold for stratifying mild and 

moderate washout is shown by the blue dashed line, placed at an 𝑟𝐷𝑊 value of 4 and corresponds 

to a 6-decibel difference. (b) 𝑟𝐷𝑊 at the 5-minute timepoint. All lesions still exhibited statistically 

significant washout (p<0.05), and the same grey and blue dashed lines are displayed. 

 

As a measure of the reproducibility of our method, we present average inter-injection COV of 

𝑅𝑇 and 𝑟𝐷𝑊 for all patients in Table 3.2. The COV of 𝑅𝑇 for the lesion and surrounding 

parenchyma was about 11% and the COV of 𝐷𝑊(2′), 𝐷𝑊(5′) , 𝑟𝐷𝑊(2′), and 𝑟𝐷𝑊(5′) were 

all 22-31%. Spearman’s rank correlation results for size showed no significant relationship to our 

extracted perfusion parameters, and results are present in Table 3.3. However, Spearman’s rank 

correlation found a significant relationship between lesion and parenchyma 𝑅𝑇, and between 

lesion 𝑅𝑇 and lesion 𝐷𝑊(2′) and 𝐷𝑊(5′) (p < 0.05), present in Table 3.4. 
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Table 3.2: Average inter-injection coefficient of variation values 

 

 
 

Table 3.3: Spearman’s rank correlation results utilizing lesion size. 

 

 
Table 3.4: Spearman’s rank correlation results between vascular parameters. 
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3.4 DISCUSSION 

One key issue when implementing CEUS LI-RADS is the need to collect data from a single 

plane of the tumor over the course of 5 minutes, the specified time by LI-RADS. The use of the 

articulated arm to hold the transducer not only greatly assisted in the qualitative LI-RADS 

evaluation, but it also proved vital for the systematic quantification of 2D CEUS data. It enabled 

us to accurately track the lesion while moving due to respiration during the 5-minute scan and 

greatly improved the accuracy and reproducibility of our quantifiable metrics, namely 𝑅𝑇, 𝐷𝑊 

and 𝑟𝐷𝑊. With several degrees of freedom, the articulated arm does not limit CEUS data 

collection based on position or depth beyond the existing limitations of CEUS (i.e. if the lesion 

can be scanned freehand then it is able to be scanned with the articulated arm). We opted for a 

scanning protocol that was not continuous over this time in order to preserve injected 

microbubbles. Intermittent scanning at each minute mark after the first 90 seconds was selected 

since the image intensity in the TIC is very slowly decreasing during the late portal phase. These 

intermittent captures were performed on the minute mark to ensure the capture the of 2-minute 

and 5-minute timepoints specified in CEUS LI-RADS for evaluating the washout. Use of other 

commercial microbubbles such as Sonazoid, which has a higher destruction threshold and 

persists in the liver longer, could allow for alterations to this scanning scheme. Previous CEUS 

quantification attempts for HCC with freehand scanning were limited to shorter continuous scan 

times that are inadequate for HCC characterization (12). The articulated arm alleviates the above 

challenges and allows for the proper correction of respiratory motion. In our analysis, automatic 

respiratory gating (19, 23) was first used to remove out-of-plane motion, and then motion 

compensation was performed to eliminate any remaining translational motion to enable the 

generation of accurate TICs. Other groups have implemented advanced motion compensation 

algorithms with freehand scanning (14, 15), but their results have been impacted by unwanted 

probe motion (e.g., sliding) that introduces changes of the scan plane during data collection. 

 

Parametric processing generates images of a TIC (bolus transit) parameter, for example 𝑅𝑇, by 

implementing the TIC analysis on all pixels instead of just an ROI. This process provides 

increased spatial information through better delineated feature boundaries and captures spatial 

variability via standard deviation of the user defined ROI. Through the overlapping of the 9x9 
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pixel ROIs performing TIC analysis, any residual effects of motion on the extracted values were 

reduced by averaging. The final parameter extraction is done by the segmentation of the tumor 

from all the available images: (a) the B-mode tissue image (when the tumor is visible), (b) the 

contrast image at the peak of the APHE, and (c) the parametric images of 𝑅𝑇 and 𝐷𝑊 (see Figs. 

3.4-3.5). Our software allows the automatic placement and duplication of the selected ROI in all 

images, and by moving or adjusting a ROI in one image type the adjustment is translated in all. 

 

In CEUS LI-RADS, APHE and washout are the two main qualitative metrics of HCC. The 

APHE of HCC is reasoned to be the result of its primary blood supply from the hepatic artery, 

unlike the rest of the liver which receives the majority of its blood from the portal vein (24, 25). 

This leads to HCC enhancing before the rest of the liver and it is accurately captured by the 𝑅𝑇 

parameter which provides a quantifiable measure of APHE. In all patients, 𝑅𝑇 was significantly 

shorter for the tumor as compared to the surrounding liver, as expected. The higher variability in 

𝑅𝑇 of the liver parenchyma between patients compared to that of the HCC lesions can be 

attributed to varying degrees of cirrhosis, cardiac output, and differences in disease etiology. The 

slow HCC washout (26) has been challenging to observe in the past due to the necessary long 

evaluation, microbubble destruction, and difficulty to maintain the image plane. With the 

robustness of our imaging protocol, we were able to systematically quantify washout with 𝐷𝑊 

and 𝑟𝐷𝑊 for first time. A threshold at an 𝑟𝐷𝑊 value of 4, corresponding to a 6-decibel 

difference in intensity, was included to identify where qualitative visualization of washout could 

likely occur. This could be utilized to stratify values in mild and moderate degrees of washout, 

and could be explored more extensively in future quantitative studies. Washout in HCC is 

heterogenous as a result of variability in cellular differentiation, so lesions are more accurately 

evaluated on an individual basis relative to the surrounding liver and at early and late timepoints 

(6, 27).  

 

This present study focused on the quantification of perfusion parameters in confirmed HCC 

lesions to ensure the technique provides consistent and expected results for the characterization 

of these tumors. We were able to robustly capture the APHE and washout of HCCs with the 

quantifiable measures of 𝑅𝑇, 𝐷𝑊 and 𝑟𝐷𝑊. To evaluate the inter-injection variability of these 

metrics, we calculated the COV between 2 injections, which for 𝑅𝑇 was about 11% and for the 
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washout parameters was 22-31%. These COV ranges for temporal and intensity-based metrics 

are similar to those evaluated in previous in-vitro studies (28). The reproducibility of these 

metrics is critical for designating what constitutes a true change in longitudinal evaluations of 

tumor blood flow in possible future studies. The reproducibility of CEUS quantification metrics 

for the liver has also been the focus for recent Quantitative Imaging Biomarker Alliance (QIBA) 

of the Radiological Society of North America (RSNA) efforts (29).  

 

Through quantification, we were also able to initially investigate how morphological and 

perfusion characteristics attributed to HCC are related in clinical data. No significant 

relationships were found between size and any extracted perfusion metrics (Table 3.3), a similar 

result to other CEUS studies evaluating perfusion in HCC (30). However, significant dependence 

between perfusion metrics were observed (Table 3.4). Lesion 𝑅𝑇 and parenchyma 𝑅𝑇 showed a 

significant relationship (p < 0.05), suggesting that greater arterialization of the liver, possibly 

resulting from a higher degree of cirrhosis, is also reflected in HCC lesions. Significant 

relationships between lesion 𝑅𝑇 and lesion 𝐷𝑊(2′) and 𝐷𝑊(5′) were also observed (p < 0.05), 

indicating the 𝑅𝑇 could act as a predictor for the magnitude and onset of washout, a parameter 

that is much more challenging to visualize. These initial observations could be explored further 

in larger clinical studies, incorporating disease etiology and cirrhosis grading. 

 

Another key element of our quantification approach is the elimination of the need to use a curve 

fit model during TIC analysis. Typical TIC analysis requires the use of a curve fit model based 

on indicator dilution in order to remove excessive noise due to motion and other factors in the 

TICs (31). The use of curve fit models has been the source of differences between the results of 

different sites/vendors (28). Since our method produces TICs with very little noise due to the use 

of the articulated arm and the motion compensation post-processing, the quantifiable metrics for 

the HCC vascular patterns, i.e., 𝑅𝑇 and 𝑟𝐷𝑊, are extracted directly from the actual data. A step 

towards standardization is the use of parametric processing for calculating the quantifiable 

metrics. Instead of analyzing just two ROIs in the contrast image, the whole image is processed 

and with possible future advances in artificial intelligence and machine learning, automatic 

segmentation of the lesion might be feasible. These elements combined can lead to automated 

LI-RADS implementation. 
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In future work we also aim to apply this technique to LR-3 and LR-4 patients (who do not have 

confirmed HCC) and follow them with the current standards (LI-RADS) over time, to evaluate 

the sensitivity and specificity of our method and its ability to identify early HCCs. For example, 

LR-4 lesions which have no APHE with the current qualitative implementation might actually 

have measurable APHE (deduced from 𝑅𝑇). In addition, LR-3 and LR-4 lesions with no washout 

of any type, when qualitatively evaluated, might actually have measurable washout according to 

the 𝐷𝑊 and 𝑟𝐷𝑊 metrics which would classify them as LR-5, leading to earlier diagnosis. 

Beyond HCC, recent successful developments with immune checkpoint inhibitors (ICIs) allow 

for better outcomes for advanced stage HCC patients (32), and robust and precise treatment 

monitoring for patients undergoing systemic immunotherapy is essential. Our method is ideally 

positioned to evaluate changes in the tumor vascular patterns in patients undergoing therapies 

that may alter the tumor vasculature to accurately monitor response. Assessment of tumor blood 

flow changes in response to therapy with the methods described in the present study may also be 

performed for other tumors besides HCC. 

 

This newly defined method has potential for augmenting and possibly improving the clinical 

evaluation of CEUS LI-RADS through quantification, but there are also some limitations. A 

limitation of CEUS is penetration depth, which can make evaluation of deep lesions challenging. 

Although this problem was more prominent in the past, newer scanners have extended CEUS 

penetration depth to 15 cm or more. Microbubble sensitivity is also expected to increase in the 

future with the use of monodisperse microbubbles currently being evaluated (33, 34) to address 

the penetration issue. Another limitation of this technique is the lack of standardization of 

machine settings among commercial ultrasound scanners. Differences in scanner settings 

(nonlinear pulsing scheme, gain, dynamic range, etc.) can result in producing different TICs and 

possibly influencing the perfusion metrics derived from them. Comparison of these perfusion 

metrics across scanners remains challenging (28). Finally, despite our robust imaging protocol 

and analysis method, evaluating a 2D scan plane of the lesion is another limitation. HCCs and 

many other solid tumors are heterogenous masses and their dynamic vascular patterns may be 

different in different planes. We currently address this issue by repeating the injection and 

evaluating different planes. 3D CEUS could overcome these limitations by capturing the whole 
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tumor and such technology is now starting to be clinically available. A major limitation at the 

present time is that collecting and saving 3D CEUS data in 10 Hz volume rates over 5 minutes is 

not clinically available.  

 

In conclusion, we have developed a robust and reproducible scanning protocol and analysis 

method for the quantitative assessment of the dynamic vascular patterns of HCCs from CEUS for 

implementing CEUS LI-RADS quantitatively. We were able to quantitatively capture APHE 

through 𝑅𝑇, a required CEUS feature for HCC diagnosis with CEUS LI-RADS. Importantly, we 

also quantified the washout of these lesions through 𝐷𝑊 and 𝑟𝐷𝑊, a parameter which was 

previously only evaluated qualitatively in CEUS LI-RADS.  Through this quantitative parametric 

analysis, we aim to reduce subjectivity of ROI selection, assist in removing observer bias, and 

provide metrics to clinicians to potentially improve the sensitivity of CEUS LI-RADS. 
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Abstract 

Hepatocellular carcinoma (HCC), the fourth leading cause of cancer-related deaths, remains 

difficult to treat due to underlying liver disease, abnormal tumor vasculature, elevated interstitial 

fluid pressure (IFP), and immune suppression. We developed a theranostic approach using 

ultrasound cavitation with a clinical scanner and FDA-approved microbubbles to enhance vascular 

permeability and drug delivery in HCC. Acute experiments were performed in a subcutaneous 

HCC mouse model using a modified Philips EPIQ scanner and S5–1 phased-array probe under 

two conditions: moderate (1.6 MPa) and high (2.2 MPa) peak negative pressures. Contrast-

enhanced ultrasound was acquired before, during, and after treatment, and vascular changes were 

quantified using a novel maximum intensity projection time area curve (MIP-TAC) analysis. 

Passive cavitation detection monitored microbubble activity. Doxorubicin extravasation, IFP (with 

a pressure catheter), and histology were assessed. Both ultrasound conditions induced transient 

tumor perfusion loss and reduced IFP without significant tissue damage or hemorrhage. The high-

pressure treatment caused the greatest perfusion loss, whereas enhanced doxorubicin delivery 

occurred under moderate pressure. This result is likely due to excessive tumor perfusion loss in 

the high-pressure group, impeding further drug transport. These results demonstrate the feasibility 

of therapeutic cavitation with longer than previously evaluated acoustic pulses (1000 cycles) on a 

clinical scanner and clinically-approved microbubbles in HCC. Moderate-pressure cavitation 

maximized drug extravasation, underscoring the need to balance transient tumor perfusion loss 

with drug delivery. This clinically translatable strategy has potential to improve therapeutic 

outcomes in human HCC. 
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4.1 INTRODUCTION 

Hepatocellular carcinoma (HCC) is the seventh most commonly occurring cancer and fifth leading 

cause of cancer-related deaths [1]. Despite advancements in interventional cancer therapies and 

plethora of systemic drug options, poor prognosis persists partially due to delays in diagnosis, pre-

existing liver disease, and a lack of currently effective treatments. Risk factors for this disease 

include Hepatitis B and C, alcoholic liver disease, and non-alcoholic steatohepatitis. As a result, 

conventional treatments are limited by existing damage to the surrounding liver, and more targeted 

treatments are necessary.  

 

Ultrasound-mediated microbubble cavitation, or the use of focused ultrasound and microbubbles, 

presents a controlled and targeted approach able to modulate the tumor microenvironment [2–5]. 

Cavitation, or the rapid expansion and contraction of microbubbles in response to ultrasound, can 

mechanically interact with surrounding tissues to induce a wide array of bioeffects. Interestingly, 

the unique vascular network found within tumors, particularly the small, immature, and improperly 

developed vessels, have been found to be more susceptible to mechanical stimuli induced by 

microbubble cavitation, and several works have observed alterations in blood flow over a variety 

of pressures [6–8]. Studies have also demonstrated that these events can be tumor specific, sparing 

surround tissues [9].  

 

However, transient hypoxia alone can introduce a more proliferative phenotype in residual tumor 

cells [10,11], indicating that cavitation treatments could benefit from use in tandem with another 

anti-tumor approach. Typically, highly angiogenic tumors like HCC experience enhanced 

permeability and retention which contribute to increased interstitial fluid pressure [12]. This 

pressure differential creates a gradient that limits drug penetration within the tumor, contributing 

to their reduced efficacy. Fortunately, ultrasound cavitation treatments have also demonstrated the 

ability to improve drug penetration into solid tumors [7,13–16], possibly resulting from 

mechanical modulations of the tumor microenvironment. However, the extent of these cavitation 

treatments in terms of their ability to alter tumor blood flow and impact drug uptake is a complex 

phenomenon that could be further characterized to optimize treatments, and clinical translation of 

many existing studies is partly limited by use of specialized experimental hardware.  
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Diagnostic ultrasound scanners are very prevalent in clinical diagnosis, but are highly optimized 

in terms of their parameter space (beamforming, number of cycles, pressure/voltage, and 

frequency) for imaging in humans. Despite not being able to produce pulses which induce 

bioeffects with ultrasound alone, such as ablation in high-intensity focused ultrasound, these 

systems are able to be modified to supply pressures which can result in inertial cavitation of 

microbubbles [7,17–20]. Implementation of microbubble cavitation treatment schemes on 

diagnostic probes would lead to further translation of this technique by using existing hardware 

already found clinically, and use a single system for both therapy and imaging and thus converting 

the clinical scanner to a theranostic device.  

 

Furthermore, ultrasound images may be quantified and provide perfusion metrics for tumors and 

organs. Currently, quantitative contrast-enhanced ultrasound (CEUS) perfusion evaluations of 

bolus injections are typically performed with time-intensity curve (TIC) analysis [21–23]. This 

data is often fitted to an indicator dilution model [24] to remove noise, and metrics related to blood 

flow and volume are extracted. However, TIC analysis averages intensity of all pixels within a 

region of interest (ROI), and it struggles to differentiate between reduction in intensity and the 

spatial distribution of signal within the ROI. In addition, intensity-based TIC metrics have 

demonstrated a high degree of variability even in repeated injections [25,26], furthering this issue. 

Quantitative CEUS studies assessing blood flow changes to cavitation treatments have suggested 

that perfused area evaluated at the peak of the bolus have been reported to be more sensitive as 

compared to standard bolus parameters [27,28]. However, irregular tumor vasculature can exhibit 

high variability in blood flow in different regions of the tumor [29,30], and cavitation treatments 

have been shown to nonuniformly influence flow rates within the tumor [8] suggesting that 

evaluating tumor perfusion loss from cavitation treatments at a single point in time may not contain 

comprehensive information of the tumor blood volume. Super-resolution techniques have been 

implemented to more accurately evaluate tumor perfusion changes [31], but clinical translational 

of these techniques is limited due to the influence of respiratory motion and the low volume rates 

available on clinical systems. Therefore, there is a need for a quantitative technique to evaluate the 

spatial extent and modulation of tumor blood flow driven by these cavitation treatments utilizing 

standard clinical imaging techniques. 
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In this study, we evaluated how targeted ultrasound cavitation treatments performed with a clinical 

scanner and clinically approved microbubbles could be utilized to assist in the treatment of tumors. 

We aimed to develop a neoadjuvant therapy that could be used to target and improve therapeutic 

outcomes in detectable lesions in the early-to-immediate stages of the disease. We hypothesize 

that inertial cavitation (produced with microbubbles and long ultrasound pulses) induces changes 

to the tumor microenvironment and specifically to tumor blood perfusion, interstitial fluid pressure 

(IFP), and drug delivery. We evaluated those changes in a murine tumor model with an acute study. 

The implementation of the ultrasound conditions on a clinical scanner and real-time imaging of 

the process are novel elements that could lead to easier clinical translation. Additionally, we 

developed a novel quantification technique titled maximum intensity projection time-area curve 

analysis (MIP-TAC) for accurate tumor perfusion evaluations after cavitation treatments, that 

could also be utilized in future treatment monitoring studies. Our objective in this work is to assist 

in creating an image-guided, simple, and highly translatable theranostic technique for the treatment 

of human liver cancer. 

4.2 MATERIALS AND METHODS 

4.2.1 Tumor cell line and mouse model preparation 

All animal protocols performed were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Washington, Seattle. This study used a human 

hepatocellular carcinoma line (HCC), specially HEPG2 (American Type Culture Collection, HB-

8065), as a means of relating this work to previous and projected studies evaluating HCCs. Cells 

were cultured at 37 ◦C at 5% CO2, in Eagle's Minimum Essential Medium supplemented with 10% 

fetal bovine serum and 1% antibiotic/antimycotic.  

 

In eight- to twelve-week-old athymic nude mice (Charles River Laboratories, Wilmington, MA), 

2*106 HEPG2 cells suspended in 50 μL of phosphate buffered saline mixed with 50 μL of Matrigel 

were implanted in the hind flank with a 23G needle. Tumors were measured twice a week with a 

GE LogicBook XP (General Electric HealthCare, Chicago, IL, USA) which is a portable 

ultrasound scanner, and animals were recruited to the study once the maximum tumor diameter 
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was between 8 and 10 mm, or an approximate tumor volume of 80 mm3 from an ellipsoidal 

estimation. Representative tumor B-mode images and mouse tumor volume and weight by 

condition are shown in Fig. 4.1. 

 

Figure 4.1: Tumor sizing across groups. (A) Example B-mode tumor images used for tumor sizing 

and recruitment, and ellipsoidal estimation utilized. (B) Box and whisker plots of recruited tumor 

volumes by condition. The “x” represents the mean value. (C) Box and whisker plots of recruited 

mouse weight by condition. The “x” represents the mean value. 

 

4.2.2 Drug and contrast agents 

Doxorubicin (doxorubicin hydrochloride) was utilized as the chemotherapeutic drug in this study 

primarily for its fluorescent nature. Dox was purchased (TCI America, Tokyo, Japan) and 

constituted in sterile saline at a concentration of 10 mg/mL, and mice received dosing at 30 mg/kg 

[7,16,32]. This high dose was established in previous works to ensure ample measurement 

sensitivity and the cardiotoxic risk of doxorubicin was not relevant due to the acute timeline 

employed here. 

 

Lumason microbubbles (Bracco Suisse SA, Geneva, Switzerland), called SonoVue outside the 

United States, were utilized as the theranostic agent in this study due to its clinical approval for 

the characterization of focal liver lesions in the United States and in several countries across 
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Europe and Asia [33]. Microbubble dosing of 50 μL per injection was determined based upon 

previous work [7,34] to provide adequate signal without inducing acoustic shadowing, and this 

dosing scheme was employed for all microbubble injections. Repeated bolus injections were 

selected over infusion in order to eliminate the added complexity of infusions, navigate the small 

volumes allowed in small animals, and provide the most concentrated bubble delivery. 

4.2.3 Ultrasound parameters 

Acoustic conditions suitable for cavitation treatments were implemented on a Philips EPIQ 

scanner and S5–1 phased array (Philips Healthcare, Bothell, WA, USA). The treatment conditions 

in this work are a modified version of the scanner settings previously described [17]. Briefly, we 

modified the standard B-mode setting where instead of forming a sector scan with multiple lines, 

the center line is repeatedly transmitted at a specified pulse repetition frequency (PRF). Pulses 

were programmed with a frequency of 1.67 MHz (the lowest frequency that the S5–1 array could 

efficiently transmit), and duration of 1000 cycles. Peak negative pressures in the range of 0.3–2.5 

MPa could be selected with the output knob. Two cavitation treatments were explored in this study: 

“moderate” (1.6 MPa peak negative pressure) and “high” (2.2 MPa peak negative pressure). The 

frequency and acoustic pressures selected are consistent with prior work investigating ultrasound 

and microbubble cavitation treatments in vivo [6,7,9,13,14,35–38]. To maximize inertial 

cavitation dose, we chose the highest possible PRF for those two acoustic pressures that were 

possible to implement on the specific scanner and while considering its hardware limitations (200 

Hz PRF for the “moderate” and 10 Hz PRF for the “high”). A deep azimuthal focus (z = 13 cm) 

was selected to create a large focal region 65 mm from the probe, such that a majority of the tumor 

received the same acoustic pressure. High acoustic pressures, greatest number of cycles, and 

shortest pulse repetition times were employed in this study to maximize inertial cavitation dose 

based on its relationship with drug extravasation distance [14] and to explore cavitation-induced 

mechanical changes such as reduction of tumor IFP, which have primarily been observed at 

acoustic pressures at or above 1 MPa [39,40]. Bioheat simulations estimated only a 0.35°C and 

0.07°C temperature rise in the moderate and high cavitation treatment conditions, respectively, 

suggesting the absence of any thermal effects of these treatments.  
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Simulated acoustic fields for the azimuthal and elevation planes of the S5–1 with a representative 

tumor are shown in Fig. 4.2. The field simulations are based on the angular spectrum method of 

the Fresnel diffraction approximation with 2D Fast Fourier Transforms. 

 

Figure 4.2: Simulations for treatment beamforming from the S5–1 phased array. (A) The 2-D 

azimuthal beam field with a representative 8 mm diameter tumor at 65 mm from the probe. 

Theoretical peak negative pressures for the high and moderate cavitation treatment condition are 

listed. (B) The 2-D elevation beam field with a representative 8 mm diameter tumor at 65 mm 

from the probe. Theoretical peak negative pressures for the high and moderate cavitation treatment 

condition are listed. 

 

4.2.4 Experimental setup and treatment procedure 

Two Philips ultrasound probes were employed in this study: one for cavitation treatment (EPIQ, 

S5–1) and one for small animal imaging (iU22, L12–5). A 5 MHz single element transducer (C308, 

Evident Scientific, Waltham, MA) was also used to perform passive cavitation detection (PCD) 

and evaluate cavitation in vivo. To account for the treatment beamforming and alignment of 

several probes to the tumor, a heated (37 ◦C) and degassed water tank setup was utilized (Fig. 4.3). 

Prior to experiments, the 2 probes and PCD transducer were co-aligned to the same 3-D position 

using a thin vertical wire target. First, the PCD transducer was aligned 5.1 cm (geometric focus) 

from the wire using a pulse-echo technique. The PCD transducer was then used as a receiver to 

align the S5–1 and L12–5 probes 6.5 and 2 cm from the wire, respectively, and to the same vertical 
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position as the PCD transducer. The position of the wire on the L12–5 image was recorded, after 

which the wire target was removed from the water tank. Mice were then anesthetized under 1.5–

2% isoflurane and prepared with a 30G needle tail vein catheter. The mice were secured to a 

custom restraining board before being partially submerged in the water tank and positioned such 

that the center of the tumor coincided with the wire position on the L12–5 image.  

 

Figure 4.3: Schematic of heated water tank experimental setup. (A) A top-down view, illustrating 

the co-alignment of the treatment, imaging, and passive cavitation detecting probes. The red dot 

represents the subcutaneous tumor on the mouse. A black dot within the tumor indicates the 

location of the wire used to align the probes before the mouse was place with the center of the 

tumor in the same location. (B) A side view of the setup, illustrating the partial submersion of the 

mouse, and the alignment of the probe to the exact depth of the tumor. 

 

Five groups of 8 mice (4 male, 4 female, total n = 40) were randomly divided into one of the 

following conditions: control (dox only), moderate cavitation, high cavitation, moderate cavitation 

+ dox, and high cavitation + dox. An overview of the experimental timeline is shown in Fig. 4.4. 

A 50 μL bolus of microbubbles was delivered before cavitation treatments while the tumor was 

continuously scanned with CEUS (amplitude modulation, 4.1 MHz, 4 cycles, mechanical index = 

0.06) to establish baseline tumor vascularity, titled “pre-treatment”. A time-intensity curve was 

formed from a freeform polygon region of interest (ROI) of the tumor to determine when peak 

microbubble concentration within it had occurred, as illustrated in Fig. 4.5. Treatments were 

performed for a total of 30 s at the determined peak of the bolus, in alternating 5 s “on” and “off” 
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periods, and these treatments were repeated 4 times for each tumor. The rationale for the 5 s “on” 

duration is to ensure all microbubbles within the tumor are insonified long enough and destroyed. 

Complete microbubble destruction potentially occurs within 100 milliseconds but we selected 5 s 

to be overly conservative. The rationale for the 5 s “off” period is to allow time for surrounding 

circulating microbubbles to re-perfuse the tumor and be insonified based on our prior knowledge 

of the rise time of TICs from murine tumors being approximately 5 s. Mice in conditions with dox 

received the 30 mg/kg dose co-delivered with microbubbles evenly divided across the 4 treatment 

injections, delivered immediately after one another, approximately two minutes apart. A 50 μL 

bolus of microbubbles was also delivered after the cavitation treatments while CEUS was 

performed to evaluate the immediate tumor blood flow changes resulting from the treatment, titled 

“post-treatment”. For a subset of mice (4 moderate, 4 high, total n = 8), PCD measurements were 

recorded using an oscilloscope (DPO 7054C Tektronix, Beaverton, OR, USA) with a segmented 

memory technique (“Fast Frame”). An external trigger from the EPIQ scanner triggered the 

oscilloscope to capture the scattered sound from all pulses within the first second of each treatment, 

sampled at 100 MS/ s. Before injecting microbubbles, PCD was recorded in each animal to 

establish a baseline signal. 

 

Figure 4.4: Experimental protocol overview. MB = microbubble, US = ultrasound, CEUS = 

contrast-enhanced ultrasound. 

 



 80 

After removal from the water tank and 30 min after the last treatment, tumor interstitial fluid 

pressure measurements were made. A pressure catheter (SPR-671, ADInstruments Inc., Colorado 

Springs, CO, USA) was threaded through a thin-walled 19G needle and soaked in deionized water 

for 30 min before calibrating the baseline zero to be equal to atmospheric pressure (sensor held 

just below water surface). The catheter was then retracted into the needle and inserted into the 

center of the tumor with the help of ultrasound imaging. The needle was then removed from the 

tumor and the catheter measured the pressure for 30 s before being removed. Mice were sacrificed 

by isoflurane overdose and tissue was harvested for histological evaluation and to assess 

doxorubicin uptake into the tumor. The tumor was excised and cut into halves, where one half of 

the tumor was embedded into a block of optimal cutting temperature (OCT) compound and flash 

frozen to -80°C with cooled isopentane, and the other half was placed in a sealed tube. All tissue 

was stored at -80°C until analysis. 

 

Figure 4.5: An example contrast-ultrasound side-side image of a tumor (A) and the resulting time-

intensity curve (B) performed to determine treatment timing. 
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4.2.5 CEUS quantification – Maximum intensity projection time-area curve analysis 

To quantitatively determine changes in transient perfusion loss within the tumor resulting from the 

cavitation treatment, a novel perfusion quantification algorithm was developed to evaluate the 

perfused area of tumors. Pre- and post-treatment CEUS loops were extracted from the ultrasound 

scanner, processed with Philips QLAB's super-resolution technique which performs maximum 

intensity projection (MIP) in combination with advanced motion compensation techniques and 

proprietary image processing that leads to higher spatial resolution [41,42]. A MIP loop consists 

of images where the brightest intensity is permanently persisted. The MIP loop was next analyzed 

with a MATLAB algorithm to produce a time-area curve (TAC) which displays the area of the 

tumor that received any microbubble signal as a function of time, and hence we will refer to this 

technique as MIP-TAC. A MIP-TAC displays the normalized perfused area as a function of time. 

The normalized perfused area is a value between 0 and 1, where 0 means that the tumor has no 

perfusion/blood flow and 1 means the tumor is fully perfused. The normalized perfused area is 

calculated by counting all pixels within the tumor ROI with signal above baseline noise, 

established by the average non-zero signal within the tumor ROI prior to contrast arrival, divided 

by the total number of pixels in the tumor. Figure 4.6 provides CEUS and MIP images alongside 

the resulting TAC and MIP-TAC for the same tumor to assist with comprehension of this 

processing method. A sample MIP-TAC before and after treatment is shown in Fig. 4.7. From 

these MIP-TACs we then calculate the normalized perfusion loss as the difference between pre-

treatment and posttreatment perfused area 15 s after contrast arrival (see green arrow in Fig. 4.7). 

The 15 s timepoint was selected as it is the approximate one-pass circulation time of blood in a 

mouse [43] to mitigate potential confounding of these metrics from differences in recirculating 

bubbles across mice, and to minimize smearing of contrast signal from maximum intensity 

projection over time due to respiratory motion. One mouse in both the moderate and high cavitation 

conditions was omitted from MIP-TAC analysis due to differences in imaging settings (digital gain 

and dynamic range). 
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Figure 4.6: A visual aid for describing maximum intensity projection (MIP) time area curve (TAC) 

generation. (A) Contrast-enhanced ultrasound images (CEUS) at various times and the resulting 

TAC. (B) MIP images for the same tumor and resulting MIP-TAC. 

 

 
Figure 4.7: A representative example from the moderate condition illustrating maximum intensity 

projection time-area curve analysis (MIP-TAC). B-mode and MIP images before treatment (A) 

and after treatment (B) are shown. The tumor is outlined with a green line. (C) Normalized 

perfused area before (blue) and after (red) treatment. A value of 1 means the tumor is fully perfused 

and a value of 0 means that the tumor has no perfusion. The green arrow indicates the value of 

normalized perfusion 15 s after contrast arrival which is used to calculate the tumor perfusion loss 

metric. 
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4.2.6 Passive cavitation analysis 

A custom MATLAB script was used to calculate the broadband energy of received scattered 

signals during cavitation treatments according to the method previously described [17]. Briefly, 

each waveform was first truncated to its pulse length (1000 cycles), the average magnitude of the 

waveform was removed, and then multiplied by a Blackman-Harris window. The one-sided power 

spectrum was then calculated, and broadband energy was collected above the third harmonic (to 

limit influence of the transmitted pulse) in the frequency range of 5–10 MHz (roughly the upper 

limit of the receiver bandwidth). Within this range, frequency bands centered on each harmonic 

and ultraharmonic with a bandwidth of 0.3 MHz were excluded while remaining bands were 

summed, resulting in the broadband energy per pulse. 

4.2.7 Histology and doxorubicin evaluations 

The frozen tissue in OCT blocks were sectioned at 5 μm with a cryostat (Leica CM1950, Leica 

Biosystems, Nussloch, Germany) and slides were imaged and stained on the same day. We used a 

custom filter cube with excitation = 470 nm, emission = 590 nm to assess doxorubicin distribution 

in the tumor using a fluorescence microscope (Nikon Eclipse Ti, Nikon Instruments, Tokyo, Japan) 

and microscope camera (Hamamatsu ORCA-Flash4.0 LT C11440-42 U, Hamamatsu Photonics, 

Shizuoka, Japan). All imaging was performed at the same settings (lamp brightness, exposure time, 

LUT, etc.). The images were qualitatively assessed, searching for an even distribution of 

fluorescence within cell nuclei throughout the tumor to indicate successful drug penetration. 

Sequential sections were stained with hematoxylin and eosin (H&E) and assessed for gross 

mechanical tissue damage using bright field microscopy (Nikon Eclipse 80i, Nikon Instruments, 

Tokyo, Japan). Three sections from each tumor were used for qualitative doxorubicin and H&E 

evaluations.  

 

Doxorubicin uptake into the tumor and other harvested tissues was quantified as described 

previously [7,32]. Frozen tissue first was homogenized in RIPA buffer at 2% w/v concentration, 

then 200 μL of the homogenate was combined with 100 μL 10% v/v Triton X-100, 200 μL dH2O, 

and 1500 μL 0.75 N acidified isopropanol. The resulting 2 mL solution was centrifuged at 15,000g 
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for 20 min and stored at -80°C until analysis. Supernatant samples were loaded onto a 96-well 

plate for quantification and run alongside a calibration curve (7 known concentrations between 0 

and 2.5 μg doxorubicin per mL, inclusive, added to untreated, processed tumor tissue) using a plate 

reader (Synergy Neo, BioTek Instruments Inc.) at excitation = 470 nm, emission = 590 nm. All 

samples were run on the same day and in duplicate. The magnitude of fluorescence was calibrated 

to the known curve to obtain the corresponding to doxorubicin concentration in each sample. To 

account for variations in tumor size between mice, doxorubicin fluorescent levels were normalized 

to tumor weights. 

4.2.8 Statistical analysis 

A two-sided Welch's t-test was used to evaluate statistical differences between the resulting tumor 

perfusion loss from the moderate and high cavitation treatment groups. A repeated measures 

ANOVA was utilized to identify statistically significant differences in tumor perfusion loss during 

treatment between the moderate and high cavitation groups. A Kruskal-Wallis with Dunn's post-

hoc test was used for quantitative doxorubicin and interstitial fluid pressure measurements. For all 

analyses, the significance levels were set to 0.05. 

4.3 RESULTS 

4.3.1 Quantification of tumor blood flow changes 

Figure 4.8 depicts transient tumor perfusion loss throughout the treatment regime. In the moderate 

cavitation treatment (Fig. 4.8A), tumor blood flow persisted throughout all four treatments, with a 

gradual decrease observed in the center of the tumor. For the high cavitation treatment (Fig. 4.8B), 

nearly complete transient tumor perfusion loss was observed after the first cavitation treatment, 

and persisted in the following three treatments. Transient tumor perfusion loss throughout 

treatment in the high cavitation + dox and moderate cavitation + dox groups was quantified in Fig. 

4.9. Normalized perfused area was calculated for each treatment injection at the time of the peak 

of the bolus. These normalized perfused areas were then subtracted from the pretreatment value, 

and averaged by group to generate the curves shown in Fig. 4.9. Significant reduction of tumor 

perfusion was observed after the first treatment in the high cavitation condition where the 

normalized perfused tumor area further decreased with (p = 0.002, repeated measures ANOVA). 
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Figure 4.8: B-mode and maximum intensity projection (MIP) contrast-enhanced ultrasound 

(CEUS) images during treatment for the moderate cavitation (A) and high cavitation group (B). 

 

 

Figure 4.9: Normalized tumor perfusion loss across treatment injections. Average and standard 

deviation values exhibit the significant reduction in tumor blood volume in the high condition as 

opposed to the moderate condition (2-way repeated measures ANOVA, p = 0.002, 95% confidence 

interval of mean differences: [21.98, 53.71], Cohen's d effect size: 1.71, n = 7 per group). **p < 

0.01. 

 

Figure 4.10 illustrates the tumor blood flow changes resulting from all four cavitation treatments 

observed in this study. Figure 4.10A shows a representative control, while Fig. 4.10B and C show 

two representative pre- and post-treatment images for the moderate and high cavitation treatments 

respectively. In the moderate cavitation condition, a minor and heterogenous reduction in blood 

flow was observed. Meanwhile, a majority of the mice in the high cavitation condition exhibited 
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significant transient tumor perfusion loss. Normalized tumor perfusion loss demonstrated 

statistically significant differences (p < 0.001, two-sided Welch's t-test) between the cavitation 

treatments reflecting the qualitative observations (Fig. 4.11). 

 

Figure 4.10: Examples of transient tumor perfusion loss alongside a representative control (A) in 

response to all four cavitation treatments with the moderate condition (B), and with the high 

condition (C). The top row shows the B-mode image, while the others are all MIP images, with 

the tumor outlined by the green region of interest. 
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Figure 4.11: Normalized tumor perfusion loss in response to cavitation treatments. (A) Average 

value with standard deviation bars for tumor perfusion loss by treatment condition. The high 

cavitation treatment experienced a significantly larger degree of perfusion loss than the moderate 

condition and control (Kruskal-Wallis with Dunn's post-hoc, moderate-high p < 0.001, control-

high p < 0.001, ranked ε2 effect size: 0.627, n = 15 for the moderate and high conditions, n = 8 for 

the control group). *** p < 0.001. 

 

4.3.2 Evaluation of cavitation activity 

Figure 4.12 shows the cavitation activity measured by PCD during treatments. Figure 4.12A is 

an example spectrum of the first transmitted pulse of a high cavitation treatment where harmonics, 

sub/ultraharmonics and elevated broadband energy are observed. The average (n = 4) broadband 

energy of the first 5 pulses during the high cavitation treatments is shown in Fig. 4.12B. Only the 

first few pulses generated broadband energy significantly greater than the zero level (baseline, no 

microbubbles), and by the third pulse broadband energy had returned to the zero level. The 

cavitation activity of the first pulse is further analyzed in Fig. 4.12C, which shows the average (n 

= 3) broadband energy of the first pulse of treatments 1 and 4 (see Fig. 4.4) for both the moderate 

and high cavitation conditions. In treatment 1, both moderate and high conditions generated 

elevated broadband energy above baseline, indicating cavitation treatments produced spectral 

components consistent with what is often referred to as inertial cavitation as we intended when 

selecting these conditions. The high cavitation condition produced an average broadband energy 

level 3.4 times greater than the broadband energy from the moderate condition. By treatment 4 the 

broadband energy is reduced, with the moderate condition reduced by an average of 1.6 times, and 
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the high condition reduced by an average of 2.5 times. This is likely due to the reduced number of 

scatterers in the tumor center (see Fig. 4.8), indicating PCD is also sensitive to transient tumor 

perfusion loss. However, PCD measurements may be sensitive to scattered signal from the tumor 

periphery, since broadband energy is still elevated in the high cavitation condition despite no 

microbubbles being present in the tumor center. 

 
Figure 4.12: (A) An example spectrum of microbubble cavitation from passive cavitation 

detection. (B) Mean and standard deviation of average broadband energy in the first 5 treatment 

pulses for a subset of mice in the high cavitation treatment condition (n = 4). (C) Mean and 

standard deviation of average broadband energy for the first treatment pulse of injection 1 and 4 

for both cavitation treatment groups (n = 3 per group). 

 

4.3.3 Doxorubicin and histological evaluations 

Figure 4.13 shows representative qualitative doxorubicin extravasation images from each 

condition. The left column depicts representative full section dox images, with the middle and 

right columns highlighting interesting regions in the section. In qualitative observations, samples 

from the moderate cavitation group more consistently depicted a uniform distribution of red 

fluorescent dox positive nuclei throughout the tumor, and these samples matched higher relative 

quantitative values. Figure 4.14 supplies quantitative dox results from all tumor tissue. Only the 

moderate cavitation treatment exhibited a significant increase in dox uptake compared to the 

control (p = 0.024, Kruskal-Wallis with Dunn's post-hoc), in agreement with qualitative 

evaluations. Finally, Fig. 4.15 shows representative full section and zoomed in H&E images, 

where no significant ablative damage or hemorrhage was observed. 
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Figure 4.13: Representative fluorescent doxorubicin images. (A) A representative full section 

image and zoomed-in regions of interest (B, C) for the control condition. (D) A representative full 

section image and zoomed-in regions of interest (E, F) for the moderate cavitation condition. (G) 

A representative full section image and zoomed-in regions of interest (H, I) for the high cavitation 

condition. 

 

 

Figure 4.14: Quantitative tumor doxorubicin average and standard deviation by treatment 

condition. The moderate cavitation treatment demonstrated a significant increase of doxorubicin 

above the control (Kruskal-Wallis with Dunn's post-hoc, control-moderate p = 0.024, ranked ε2 

effect size: 0.21, n = 8 per group). *p < 0.05. 
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Figure 4.15: Representative hematoxylin and eosin (H&E) stained tumor sections. A 

representative full section image (A, C, E) and zoomed-in region of interest from that section (B, 

D, F) are shown for the control, moderate, and high cavitation treatment groups respectively. No 

significant ablative damage or hemorrhage was observed. 

 

4.3.4 Interstitial fluid pressure measurements 

Figure 4.16 shows average IFP measurements by condition. There was a significant reduction (p 

= 0.001 and p = 0.015 for the moderate condition and high condition respectively) in IFP in both 

ultrasound cavitation conditions relative to the controls, despite all IFPs measured being very low, 

<10 mmHg. However, despite the vascular and drug differences between the ultrasound treatment 

conditions, no significant differences in IFP were recorded between the moderate and high 

conditions. 
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Figure 4.16: Average and standard deviation of interstitial fluid pressure measurements by 

treatment condition. A significant decrease in interstitial fluid pressure was observed in both the 

moderate (p = 0.001) and high (p = 0.015) cavitation treatment groups relative to the control group 

(Kruskal-Wallis with Dunn's post-hoc, ranked ε2 effect size: 0.57, n = 7 per group). *p < 0.05, **p 

< 0.01. 

4.4 DISCUSSION 

4.4.1 Modulation of the tumor microenvironment 

In this work, we were able to perform ultrasound cavitation treatments with clinically approved 

microbubbles and a modified clinical scanner programmed to transmit long pulses (1000 cycles). 

We confirmed via passive cavitation detection that our programmed long ultrasound pulses 

produced spectral components consistent with what is often referred to as inertial cavitation. 

Recent work by Wu et al. has concluded that although the number of harmonics and presence of 

broadband content in received bubble signal increases with increasing bubble oscillation 

amplitude, these spectral components alone do not directly distinguish bubble dynamics due to 

multiple confounding factors such as the characteristics of the sensing element and the frequency 

of bubble collapse [44]. As a result, use of binary terms to define microbubble activity can 

potentially be misrepresentative, and as such we specified exactly which spectral components were 

measured to qualify our use of the term inertial cavitation, and also evaluated treatment through 

other relevant bioeffects such as transient tumor perfusion loss and drug extravasation. Previous 

works in this area use custom-built single-element transducers [13,14,35–37,45–51] designed for 

animal use and lack the regulatory approval for clinical use, and would be challenging to translate 

for human use. By implementing our treatment pulses on a phased array of a clinical scanner, we 
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can design dynamic beamforming and steering to account for variability in lesion location and 

depth in patient populations as opposed to custom transducers with a fixed focus. Two clinical 

probes were used in this study to allow for simultaneous treatment and imaging due to using a 

small animal tumor model, where the imaging must be performed at a higher frequency whereas 

the cavitation treatment must be at lower frequencies. However, both imaging and treatment could 

be performed at frequencies covered with the same probe in clinical abdominal imaging, thus 

converting a clinical scanner to a theranostic device. The use of small animals here introduced 

greater complexity than what would be necessary for human scanning. 

4.4.2 Microbubble cavitation-induced transient tumor perfusion loss 

As demonstrated by our results in Figs. 4.8 and 4.9, we induced transient tumor perfusion loss 

with our cavitation treatments. In order to evaluate these changes, we introduced a novel 

quantification technique for 2D CEUS. Standard time-intensity curve analysis [52–55], which 

averages brightness across all pixels within a ROI, was not ideal for assessing these transient tumor 

perfusion loss events where flow is halted to large regions of the tumor. Through the use of MIP-

TAC analysis, we were able to capture the spatial and temporal dynamics of tumor perfusion loss 

resulting from cavitation treatments with bolus injections, compatible with standard clinical 

practices. Tortuous vessels rapidly formed within tumor which lack mature pericyte involvement 

exhibit slow velocities and poor perfusion in their center as opposed to the peripheral vessels, 

alongside an enhancement or reduction of tumor blood flow in response to cavitation treatment, 

depending on the acoustic conditions utilized [6–8,13,14,56]. Through the use of maximum 

intensity projection as opposed to perfused area evaluations made only at a specific time of the 

bolus transit, we were able to incorporate contributions of all these vessels for spatial evaluations. 

This quantitative technique could directly translate to 3D CEUS data to volumetrically evaluate 

tumor blood flow as hardware and imaging techniques advance.  

 

Through inclusion of two ultrasound cavitation treatment conditions (2 acoustic pressures), we 

were able to initially investigate the relationship between transient tumor perfusion loss and the 

acoustic pressure. Importantly, this study uniquely incorporates real-time CEUS imaging during 

treatment, allowing for the evaluation of microbubble presence during and between treatments, 

enabling future optimization of cavitation treatments. We observed how the extent of tumor 
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perfusion loss scaled with acoustic pressure, as suggested in previous similar works [6,8,14,51], 

and consistently saw a significant difference between the two groups. We also performed four 

consecutive cavitation treatments with alternating five second “on” and “off” periods with 

simultaneous imaging to provide feedback about our treatment regime. The purpose of the five 

second off periods was to allow for residual microbubbles to recirculate into the tumor, to then 

cavitate to further treatment efficacy. However, we observed through both CEUS and PCD that 

very few microbubbles re-entered the tumor after the first five second treatment, and that nearly 

all the effect of the cavitation treatment occurred during the first sonication period (Fig. 4.17). 

Insonifying the tumor for 60 s with the 5 s on/off scheme was a conservative approach to leverage 

recirculating microbubbles, but the limited number of residual microbubbles in this small animal 

model after the first exposure was captured by both PCD and CEUS. However, despite its limited 

influence in this study, the relevance of recirculating microbubbles would likely be more 

significant in humans. Based on our readouts from PCD and CEUS, a more optimal treatment 

protocol could utilize a much shorter “on” period with no repeated firings, such as a single 1 s 

exposure. Similarly, the four repeated injections intended to each induce the same biological effect 

and increase drug penetration, compounding upon one another to allow for greater treatment 

efficacy. However, as depicted in Figs. 4.8 and 4.9, the high cavitation treatment caused a nearly 

complete cessation of flow within the tumor after the first treatment. Meanwhile the moderate 

cavitation treatment gradually decreased tumor blood flow, particularly in the center of the tumor. 

These results suggest that repeated sonications with a single bolus injection in a mouse model 

likely do not provide a significant enhancement of microbubble cavitation-induced bioeffects, and 

that the efficacy of repeated injections is diminished when significant tumor perfusion loss occurs. 
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Figure 4.17: Contrast-enhanced ultrasound (CEUS) and passive cavitation detection (PCD) during 

a single cavitation treatment. Representative CEUS images taken immediately before treatments 

for the moderate condition (A) and high condition (B) throughout the entire minute of treatment. 

(C) Average broadband energy for the first pulse of the first three “on” periods (corresponding to 

the first three images in A and B) measured with PCD. Almost no recirculation of microbubbles 

within the tumor is observed in either cavitation condition, captured by both CEUS and PCD. 

 

However, this study did not evaluate the temporal signature of these tumor perfusion loss events, 

only looking immediately after treatment occurred. Some studies have observed vascular rebound, 

or the recovery of tumor blood volume, over a wide range of times (hours to days) [13,14,37,56], 

but this phenomenon has not been extensively explored in the short term and could be investigated 

in the future. This study utilized microbubble evaluations of tumor blood volume to quantify 

cavitation-induced perfusion loss and to capitalize the theranostic capabilities of ultrasound and 

microbubbles. We note that ultrasound is the only imaging modality with a true blood pool agent 

ideal for evaluating tumor blood flow changes. However, contrast-free perfusion evaluations such 

as MRI-based methods employed in assessing blood-brain barrier opening [57–59] could offer 

complementary information. This information could also be important for understanding how to 

time treatments to avoid performing them while flow within the tumor is disrupted, if tumor 

vascularization is necessary.  
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H&E evaluations showed no signs of significant ablative damage or significant hemorrhage, 

suggesting that vascular changes induced by cavitation treatments are a reactionary phenomenon 

and not simply ablative for tumor vessels [8]. Even though other works utilizing similar acoustic 

parameters determined that their treatments were safe [7,13,36,60], further ex vivo analysis 

looking directly at vessel integrity and possible cell death would be required to solidly conclude 

the safety of the specific conditions used here. Previous studies utilizing similar acoustic 

parameters have also shown that this phenomenon is tumor specific, and hypothesize that the lack 

of properly matured vessels within tumor make them the most susceptible to cavitation induced 

mechanical stimuli, resulting in vascular changes [7,8,13]. Our results indicate that these 

treatments are likely safe and will not induce significant off-target damage, which is particularly 

relevant in HCCs where sparing the surrounding organ is of high importance.  

 

Transient tumor perfusion loss could be utilized synergistically with other treatment techniques 

beyond drug extravasation. One such application is thermal ablation where perfusion within a 

lesion acts a heat-sink effect, and transient tumor perfusion loss could reduce the required 

treatment time or possibly improve efficacy. Another is with immune-based therapies, where 

sensitization of the immune system has been initially explored in relation to ultrasound cavitation 

treatments [35,36,50,61], and could assist in overcoming the immune-silencing properties of these 

solid tumors. A greater understanding of how transient tumor perfusion loss explored in this study 

influences tumor progression has yet to be studied, but will be addressed in future work. 

4.4.3 Drug penetration with ultrasound cavitation treatments 

In this work, cavitation treatments were also performed with codelivery of doxorubicin, aiming to 

improve drug penetration and therapeutic efficacy. It is hypothesized that microbubble cavitation 

within the tumor could act synergistically by mechanically modulating the tumor 

microenvironment, which typically acts as a barrier to drug delivery. Highly angiogenic tumors 

like HCC experience enhanced permeability and retention which increases interstitial fluid 

pressure, generating a pressure gradient that limits drug penetration within the tumor [12]. As 

demonstrated in Fig. 15, we observed a significant reduction in IFP with both cavitation treatments 

(albeit these are small pressures), indicating that these conditions are able to mechanically alter the 

tumor microenvironment and relieve this pressure gradient. We do note the presence of two 
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possible subgroups that appear in the control group, indicating possible measurement variability 

from the device sensitivity or differences in baseline tumor IFP across animals, but this would be 

need to be confirmed with a greater number of samples. The relationship between the reduction in 

tumor IFP and cavitation treatments is still not well understood and has been attributed to various 

cavitation-induced bioeffects such as widening of endothelial cell junctions, deformation of 

collagen fibers, dilation of lymphatic vessels, and the reduction of tumor blood perfusion [62,63]. 

Despite lacking a comprehensive understanding of this mechanism, cavitation treatments have 

displayed a relationship with tumor IFP scaling with acoustic pressure [39], and suggest a means 

for improved therapeutic payload delivery through enhanced vascular permeability and removal 

of this pressure gradient acting as a barrier to convection [39,64]. Other studies have also attributed 

similar changes in tumor IFP (5–10 mmHg) to enhanced drug uptake [40].  

 

Conversely to this effect on IFP and its assumed benefit for drug delivery, we observed a 

significant increase in dox extravasation only in the moderate condition as opposed to both 

ultrasound treatments. However, this lack of improved drug penetration in the high condition could 

be explained by the vascular changes we observed and our treatment protocol. As depicted in Figs. 

7–8, tumor perfusion was greatly reduced after the first treatment, with very few microbubbles 

entering the periphery of the tumor on subsequent injections and treatments. Since the doxorubicin 

dose was split across these four injections, this likely meant that drug delivered in injections two 

through four was unable to infiltrate the tumor, contributing to its reduced overall uptake. 

However, there still could be enhanced drug penetration alongside transient tumor perfusion loss 

in the high condition only on the first event, but could not be confirmed with the dox delivery 

followed in this study. Meanwhile, by not completely stopping flow after treatments, the moderate 

condition was able to consistently deliver drug across all four injections. The increased drug 

delivery observed here demonstrated the potential for microbubble cavitation to enhance drug 

penetration, while illustrating the induced tumor vascular effects cannot be ignored. 

4.4.4 Limitations 

Despite the advances in cavitation treatments made in this study, there are limitations which should 

be addressed. Although many components of this study were clinically relevant, treatments were 

performed in a subcutaneous murine model. This is unlike HCCs, where the tumor 
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microenvironment is derived from and surrounded by the host organ, particularly impacted by 

disease. Subcutaneous lesions also lack some of the complex physiological composition that is 

unique to HCC, and further considerations of targeting, cavitation dynamics, and therapeutic 

efficacy would need to be addressed prior to clinical translation. Implementation of this technique 

to human tumors and other complex lesion types, particularly poorly perfused ones, may be limited 

by low microbubble concentrations. This potential barrier could be mitigated with other tumor 

sensitizing therapies to improve blood flow employed in similar studies such as mild hyperthermia 

[65] or nitric oxide therapy [66,67]. In addition, even though ultrasound conditions were consistent 

with ranges established in existing literature, we were unable to explore a greater parameter space 

(for example acoustic pressures and numbers of cycles) due to study and system hardware 

limitations. In particular, based on prior work establishing a linear relationship between inertial 

cavitation dose and drug penetration and its resulting therapeutic efficacy [14], we utilized the 

greatest pulse repetition frequency supported by the clinical system in the two ultrasound 

conditions employed in this study. Acoustic pressure has been described as a primary driver of 

cavitation-induced bioeffects, particularly tumor vascular changes [9,68]. However, pulse length 

(number of cycles), frequency and PRF also play a very important role in tumor perfusion changes 

and drug penetration. These four acoustic parameters - frequency, peak negative pressure, pulse 

length, and PRF - still require a more extensive investigation to determine their unique 

contributions to vascular permeability, in vivo microbubble cavitation dynamics, and drug delivery 

in future optimization studies.  

 

Our repeated treatments confound drug results, and thus remains a question about the relationship 

between cavitation treatments and the drug penetration. Similarly, we observed different vascular 

and drug effects by our two conditions, but their contribution to tumor progression was not able to 

be assessed in this acute study. Although immediate enhancement of drug within the tumor was 

observed here, the potential influence of sustained perfusion loss resulting from cavitation 

treatments could possibly impact subsequent treatments performed over weeks. More advanced 

drug monitoring techniques such as small animal in vivo fluorescence imaging could provide 

unique quantitative spatial information which could be compared to tumor blood flow changes in 

longitudinal studies. Similarly, transient or selective tumor perfusion loss could have negative 

consequences, as cancer cells that remain after other anti-vascular therapies such as vascular 
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disrupting agents are hypothesized to be more prone to increased vascularization and proliferation, 

limiting the therapeutic efficacy of the treatment [11,13]. Finally, although the enhanced vascular 

permeability induced by cavitation treatments is beneficial for drug delivery, the potential increase 

of metastasis risk would need to be considered and evaluated in subsequent survival studies. 

 

Although we introduced IFP measurements to further understand the mechanical effects of these 

treatment conditions, the scope of this study was unable to clearly answer the mechanistic question 

of how cavitation treatments induce tumor perfusion loss. Due to the wide array of microbubble 

interactions with surrounding tissues in a very small temporal window, the exact mechanism is 

very challenging to evaluate, but could be explored further in future experiments. 

  

This study, while aiming to be highly translatable, was unable to attend to several considerations 

that would be need to be addressed prior to clinical translation. Doxorubicin was utilized here for 

its fluorescent properties, but other small molecule drugs, tyrosine kinase inhibitors, and immune 

checkpoint inhibitors have demonstrated clinical efficacy in cancer therapy and are beginning to 

become the standard of care. Although the same cavitation-induced mechanisms which resulted in 

the increased doxorubicin uptake observed in this work could translate to other drugs [69,70], their 

direct interactions would need to be studied. In particular, the influence of other drugs on tumor 

perfusion loss, extravasation distance, and interactions between drugs and microbubble shells 

could specifically be evaluated. Mechanical alterations to the tumor microenvironment were also 

the only effect studied here, but thermal changes produced by ultrasound treatments and their 

possible synergistic nature with tumor drug penetration could be explored further. Finally, 

although the murine model used in this study is intended to act as an analog to human tumors, the 

question remains whether transient tumor perfusion loss may be caused in humans with the 

acoustic conditions used in the present study. 

4.5 CONCLUSION 

Ultrasound cavitation treatments with clinically approved microbubbles were performed using a 

clinical scanner adapted for theranostic use. Transient tumor perfusion loss was quantified with 

CEUS and MIPTAC analysis, and doxorubicin extravasation was assessed. While inertial 

cavitation occurred in both treatment groups (1.6 and 2.2 MPa), the higher acoustic pressure 
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induced near-complete loss of tumor blood flow, as confirmed by CEUS and PCD, but reduced 

drug penetration, likely due to the influence of halted tumor perfusion for subsequent injections of 

the drug. The moderate cavitation treatment, experiencing a lesser degree of transient tumor 

perfusion loss across injections, produced greater drug extravasation. These findings suggest that 

optimizing cavitation intensity may balance tumor blood flow changes with drug delivery, and 

ongoing studies will examine the temporal characteristics of transient tumor perfusion loss and its 

synergy with standard chemotherapeutics to improve survival. 
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Abstract 

Ultrasound‑mediated microbubble cavitation can induce transient tumor perfusion loss (TTPL), 

yet the pressure‑dependent magnitude and short‑timescale recovery of this effect remains poorly 

defined. This study investigated how acoustic pressure governs both the extent and duration of 

TTPL following a single cavitation exposure. Subcutaneous hepatocellular carcinoma tumors 

(HEPG2 human cell line) in athymic nude mice (n = 15) received a 1‑second cavitation treatment 

at peak‑negative pressures of 1.4, 2.8, or 4.1 MPa. Due to the small f-number of the transducer 

employed, the estimated average peak negative pressures of these conditions within the tumor were 

0.6, 1.1, and 1.7 MPa respectively. Tumor perfusion was evaluated using contrast‑enhanced 

ultrasound (CEUS) immediately (within 1 minute), 5, 15, 30, and 60 minutes after treatment. 

Perfused area loss was quantified with a maximum intensity projection time‑area curve 

(MIP‑TAC) metric. Cavitation activity was assessed using passive cavitation detection (PCD), and 

histology evaluated acute tissue effects. Low acoustic pressure produced only partial perfusion 

loss with full recovery within 5 minutes. Moderate acoustic pressure induced substantial TTPL 

followed by near complete recovery by 15 minutes. High‑pressure treatment caused complete 

perfusion loss in all tumors, with initial recovery at 15 minutes but also with a subsequent decline 

over the hour. Elevated broadband energy recorded with PCD confirmed inertial cavitation in the 

moderate and high conditions. Histology revealed damage‑associated staining in 1/5 

moderate‑pressure tumors and 3/5 high‑pressure tumors, consistent with pressure‑dependent 

mechanical injury, possibly contributing to the gradual decline in tumor perfusion observed after 

initial rebound in the high-pressure condition. 
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5.1 INTRODUCTION 

Contrast-enhanced ultrasound (CEUS), or the enhancement of ultrasound images with 

microbubble contrast agents, has been used as a non-invasive diagnostic tool for evaluating blood 

flow in a variety of clinical applications [1-3]. Utilizing contrast agents and ultrasound at higher 

acoustic pressures than those used for imaging generates ultrasound-mediated microbubble 

cavitation, or the rapid expansion and contraction of the gas core in response to ultrasound waves. 

Sonication of microbubbles with cavitation-inducing ultrasound conditions offers a non-invasive 

way to harness the mechanical and thermal bioeffects generated by these microbubbles for targeted 

therapeutic purposes [4-6]. The acoustic conditions applied, especially pressure amplitude and the 

number of cycles, govern the strength of these forces and the biological effects they produce [7]. 

Lower pressures are commonly used to enhance drug delivery by promoting vascular permeability 

[8], while higher pressures can alter the tumor microenvironment by reducing interstitial fluid 

pressure or inducing localized necrosis [9, 10].  

 

Interestingly, under certain ultrasound conditions leveraged in cavitation treatments, alterations 

and reduction of tumor blood flow following exposure have been observed, which we have named 

transient tumor perfusion loss (TTPL) [11]. This phenomenon is thought to arise because tumor 

vasculature characterized by small, immature, and poorly developed vessels, is more vulnerable to 

the mechanical forces generated during microbubble cavitation. Possible unique properties of 

tumor vessels contributing to this effect are supported by the tumor-specific nature of the response 

[12]. Although the underlying mechanism has not been fully defined, current hypotheses suggest 

platelet aggregation due to exposure of extravascular tissue factor or basement membrane [13], 

inadequate pericyte regulation [14], or activation of ceramide-mediated cell-death pathways [15] 

could be the primary drivers of TTPL. This effect has been typically observed in studies pairing 

cavitation treatments with systemic drugs, leveraging the enhanced localized delivery or 

modulation of the tumor immune microenvironment induced by microbubble cavitation observed 

in preclinical studies. 

 

A growing body of literature utilizing cavitation treatments in preclinical studies have observed 

this TTPL phenomenon, and although microbubble agents were used for therapy, only a limited 
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subset of studies has incorporated CEUS to observe these effects in real time. Despite this, studies 

which observed tumor vasculature immediately following treatment appear to have general 

consensus that the degree of perfusion loss appears to correlate with acoustic pressure (Table 1). 

However, the ultrasound exposure conditions and microbubble formulations used to elicit 

perfusion loss vary widely amongst studies, encompassing differences in microbubble type 

(clinical versus experimental agents), delivery strategy (bolus versus infusion), and sonication 

duration, which ranges from brief exposures under five seconds to treatments extending beyond 

five minutes. This heterogeneity underscores the need for a direct comparison of acoustic 

parameters and standardized CEUS evaluations to enable a greater understanding of this vascular 

effect. 

 

Many works observing TTPL assert that tumor vascular rebound occurs following cavitation 

treatments, but the temporal dynamics of this phenomenon have not been thoroughly explored. To 

our knowledge, only a small number of studies have assessed tumor vascular recovery from 

cavitation treatments over a 24-hour period or longer [12, 16-18], and only three have examined 

blood flow recovery within the first hour using CEUS [13, 19, 20]. However, reported outcomes 

vary substantially due to differences in acoustic parameters and sampling intervals. Intravital 

microscopy work observing cavitation treatments [14, 21] has provided extremely valuable 

mechanistic insight into vascular responses and recovery kinetics, but these studies do not use 

CEUS and are unable to capture whole-tumor perfusion, underscoring the need for CEUS imaging 

approaches capable of resolving both spatial and temporal heterogeneity in tumor blood flow. 

Observations from our own work [11], particularly the possible influence of TTPL on the efficacy 

of repeated treatments, motivated a deeper examination of how long these effects persist following 

cavitation, especially in the shorter timescale. 
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Study MI TTPL Degree Notes 

[12] 0.52 Incomplete Nearly full recovery at 24 h 

[13] 0.89 Incomplete Targeted microbubbles only 

[22] 1.0-1.2 Incomplete Greatest disruption at 1% duty cycle 

[17] 1.02 Incomplete 71% (small MBs), 50% (large MBs) 

[23] 1.35 Substantial Infusion; 70% (1 pulse), 30% (3 pulses) 

[12] 1.55 Substantial 70% remaining at 24 h 

[18] 1.65 Substantial Central shutdown 

[24] 1.65 Substantial ~10x reduction in bolus slope, central shutdown 

[25] 1.65 Substantial Peak intensity decreased 88% 

[13] 1.79 Incomplete Targeted microbubbles only 

[26] 2.0 Substantial — 

[20] 2.85 Substantial ~50% recovery at 1 h, 80% at 24 h 

[27] 3.0 Complete Unfocused 

[12] 3.1 Complete Sustained over 24 h 

[16] 3.5 Substantial Recovery to 60–75% in 1 h 

[19] 4.6 Complete Reported full recovery in 10 min 

[12] 5.2 Complete Sustained over 24 h 

[20] 5.27 Complete Recovery to 23% at 24 h 

 

Table 5.1: Summary of reported transient tumor perfusion loss (TTPL) outcomes across 

mechanical index (MI) levels from published studies. TTPL degree is categorized using a rating 

scheme based on the percentage of tumor vascularity remaining after treatment derived from 

qualitative observations or quantitative perfusion metrics with the following categories: 

incomplete (>50% tumor vascularity remaining), substantial (25–50% remaining), and complete 

perfusion loss (<25% remaining). The table lists MI, TTPL degree, and relevant notes for each 

study. 

 

This study was designed to define how acoustic pressure governs both the extent and the duration 

of TTPL following microbubble cavitation treatments. To isolate the specific contribution of 

pressure, we delivered a single one-second treatment rather than repeated exposures and held all 

acoustic parameters constant except for peak negative pressure, examining three levels to test the 

hypothesis that higher pressures would produce more pronounced and longer lasting perfusion 

loss. Tumor blood flow was monitored with CEUS immediately (within 1 minute), 5, 15, 30, and 

60 minutes after treatment. Tumor perfused area loss was quantified with maximum intensity 

projection time‑area curve (MIP‑TAC) analysis [11]. Cavitation activity was evaluated using 

passive cavitation detection (PCD), and histology was performed to assess potential tissue damage 
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to characterize the resulting vascular effects observed with CEUS. Through this approach, the 

study aims to clarify the temporal dynamics and vascular consequences of cavitation-based 

treatments, providing insight needed to optimize therapeutic strategies that rely on or want to avoid 

cavitation-induced transient tumor perfusion loss. 

5.2 MATERIALS AND METHODS 

5.2.1 Tumor cell line and mouse model preparation 

All animal protocols performed were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Washington, Seattle. This study used a human 

hepatocellular carcinoma line (HCC), specifically HEPG2 (American Type Culture Collection, 

HB-8065), to connect this work with prior and anticipated studies examining HCCs. Cells were 

cultured at 37°C and 5% CO2, in Eagle’s Minimum Essential Medium supplemented with 10% 

fetal bovine serum and 1% antibiotic/antimycotic. HEPG2 cells suspended in 50 µL of phosphate 

buffered saline (4*104 cells/µL) were mixed with 50 µL of Matrigel and implanted in the hind 

flank in anesthetized eight- to twelve-week-old athymic nude mice (Charles River Laboratories, 

Wilmington, MA) with a 23G needle. Tumor dimensions were measured twice weekly with B-

mode ultrasound imaging on a GE LogicBook XP (General Electric HealthCare, Chicago, IL, 

USA), a portable ultrasound scanner, and animals were enrolled in the study once the largest tumor 

diameter exceeded 8 mm, or an estimated tumor volume of approximately 120 mm³ based on an 

ellipsoidal calculation, typically observed 4 to 6 weeks after inoculation. Recruited mouse tumor 

volume by condition derived from B-mode images of the tumor are presented in Figure 5.1. 
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Figure 5.1: Tumor sizing across groups. Box and whisker plots of tumor volume by condition (n 

= 5 per group). Tumor volume is represented by ellipsoidal estimation from B-mode images. The 

“x” represents the mean value. 

 

5.2.2 Contrast agent 

Lumason microbubbles (Bracco Suisse SA, Geneva, Switzerland), known as SonoVue outside the 

United States, were used in this study because they are clinically approved for characterizing focal 

liver lesions in the United States and in numerous countries across Europe and Asia [29]. A 

microbubble dose of 50 µL per injection was selected based on prior studies [11, 28], providing 

sufficient signal while avoiding acoustic shadowing, and this dosing strategy was applied to all 

injections. Repeated bolus injections were chosen instead of infusion to avoid the added 

complexity of infusion systems, accommodate the limited injection volumes feasible in small 

animals, and deliver the most concentrated microbubble bolus. 

5.2.3 Ultrasound parameters 

A single‑element transducer (BUL2, 1.19 MHz, 4.7 cm diameter, 5.1 cm focal length) driven by 

an RF amplifier (2200L, Electronics and Innovation, Rochester, NY, USA) was used to enable 

precise control of acoustic parameters. Transmit pulses were generated on an arbitrary function 

generator (AFG3102C, Tektronix, Beaverton, OR, USA) at 1.19 MHz with a long pulse duration 

(1000 cycles) and a short pulse‑repetition time of 10 ms to maximize inertial cavitation dose. This 

particular pulse-repetition time was employed as dissolution time for microbubbles has been found 

to be approximately 30 ms [30]. By firing at a faster rate, we could possibly re-interrogate the 
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remaining gas even after the microbubble shell has been ruptured to continue to generate 

mechanical forces on the tumor. Although the maximum pressure occurs 50 mm from the 

transducer, an axial distance of 55 mm was selected as the treatment location to slightly increase 

the 6‑dB spot size (length = 13 mm, width = 2 mm) with the tumor volume. A simulated acoustic 

field derived from a numerical solution of the Rayleigh integral for the circular piston therapeutic 

transducer with a representative 8 mm diameter tumor is shown in Figure 5.2. Three acoustic 

conditions with peak‑negative pressures at 55 mm of 1.4, 2.8, and 4.1 MPa were evaluated to 

sample the range of acoustic pressures employed in cavitation studies where perfusion changes 

were observed. These acoustic pressures were measured in a water tank setup with a 0.4 mm 

membrane hydrophone (UT1604-225; Precision Acoustics, Dorchester, UK) placed 55 mm from 

the transducer. Experimental and simulated data normalized to the pressure at the focus is 

displayed along the propagation axis in Fig. 5.2A, and for the focal beampattern in Fig. 5.2B. 

However, due to the small f-number of the transducer (highly focused) employed in this study, the 

pressure within the tumor was non-uniform, with a majority of the tumor volume experiencing a 

much lower acoustic pressure. Average peak-negative pressure within the tumor was calculated 

from the simulated field for an 8 mm tumor placed at 55 mm (as shown in Fig. 5.2C), and was 

estimated to be 0.6, 1.1, and 1.7 MPa for the three conditions respectively. These two pressure 

values (the pressure at 55 mm and average tumor pressure) per condition are listed in Table 5.2, 

and these conditions will be referred to as the low, moderate, and high-pressure condition. 
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Figure 5.2: Beam field characteristics for the single element therapeutic transducer. Experimental 

and simulated pressure normalized to the pressure at the focus are displayed for the propagation 

axis (A) and for the focal beampattern (B). (C) The simulated beam field with a representative 8 

mm diameter tumor centered 55 mm from the source (as per our alignment). Theoretical peak 

negative pressures for the three acoustic conditions are listed.  

 

 

Ultrasound Condition 
Peak negative pressure at 55 

mm (tumor center) 

Estimated average peak 

negative pressure within the 

tumor area 

Low 1.4 MPa 0.6 MPa 

Moderate 2.8 MPa 1.1 MPa 

High 4.1 MPa 1.7 MPa 

 

Table 5.2: Acoustic pressures at the tumor center (55 mm) and estimated average tumor pressure 

of cavitation treatment pulses for the three ultrasound conditions employed in this study. 

 

5.2.4 Experimental setup and treatment procedure 

To account for the transducer spatial characteristics and the alignment of several probes to the 

tumor and allow for simultaneous treatment and imaging, a heated (37°C) and degassed water tank 

setup was utilized (Figure 5.3). The single element transducer powered by a function generator 

and amplifier as described above, was used for delivering the cavitation treatments. A Philips L12-
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5 ultrasound probe on the iU22 scanner was used for small animal CEUS imaging. Another single 

element transducer centered at 5 MHz (C308, Evident Scientific, Waltham, MA) was also 

employed for in vivo passive cavitation detection (PCD) assessments. Before beginning the 

experiments, all three transducers were aligned to the same 3‑D location using a thin vertical wire 

target. The PCD transducer was first positioned 5.1 cm from the wire (geometric focus) using a 

pulse‑echo method. It was then fixed to that location and served as a receiver to align the 

therapeutic single element transducer and L12‑5 probe at distances of 5.5 cm and 2.5 cm from the 

wire, respectively, and to match the PCD transducer’s vertical position (see Fig. 5.3). After 

recording the wire’s location on the L12‑5 image, the wire target was removed from the water 

tank. Mice were induced at 3% isoflurane and maintained at 1.5–2% isoflurane and fitted with a 

30G tail‑vein catheter. They were secured to a custom restraining board, partially submerged in 

the water tank such that the tumor bearing flank was fully submerged while the animal’s head 

remained above water, and positioned so that the tumor center aligned with the previously recorded 

wire location on the L12‑5 image. 

 

Figure 5.3: Schematic of a top-down view of the heated, degassed water tank experimental setup. 

Co-alignment of the treatment, imaging, and passive cavitation detecting probes to red circle, 

representing the subcutaneous tumor on the flank of the mouse. The black dot within the tumor 

indicates the location of the wire used to align the probes before the mouse was placed with the 

center of the tumor in the same location. 

 



 112 

Mice were randomly divided into three groups (n = 5 per group) where they received cavitation 

treatments at the low, moderate, or high-pressure condition (see Table 5.2). The experimental 

timeline is summarized in Figure 5.4. A bolus of microbubbles was delivered before the cavitation 

treatment while the tumor was continuously scanned with CEUS (amplitude modulation, 4.1 MHz, 

4 cycles, mechanical index = 0.06) to establish baseline tumor vascularity. A time-intensity curve 

was formed from a freeform polygon region of interest (ROI) of the tumor to determine when peak 

microbubble concentration within it had occurred, as illustrated in Figure 5.4B. The pulse train 

delivered for one second by the single element therapeutic transducer is displayed in Figure 5.4C. 

PCD measurements were acquired using an oscilloscope (DPO 7054C, Tektronix, Beaverton, OR, 

USA) operated with a segmented memory (“Fast Frame”) mode. Prior to any microbubble 

injection, PCD was recorded in each animal to establish a baseline signal. During the cavitation 

treatment, scattered acoustic signals were captured from the first 50 delivered pulses (0.5 s of 

treatment time) at a sampling rate of 200 MS/s. After the cavitation treatment, repeated boluses of 

microbubbles were delivered while CEUS was performed at several time points to evaluate the 

resulting tumor blood flow changes, titled “post-treatment” scans. These image loops were 

collected immediately (within 1 minute), 5, 15, 30, and 60 minutes after treatment. Mice were 

sacrificed by isoflurane overdose immediately following the scan at the 60-minute mark, and tissue 

was harvested and fixed in 10% formalin for histological evaluation to assess cavitation-induced 

damage.  
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Figure 5.4: Experimental protocol overview. (A) Timeline of contrast-enhanced ultrasound 

(CEUS) evaluations, passive cavitation detection (PCD) measurements, and cavitation treatment 

delivery (Tx). MB = microbubble. (B) An example CEUS side-side image of a tumor and the 

resulting time-intensity curve performed during pre-treatment CEUS to determine cavitation 

treatment timing. (C) A schematic to illustrate the pulse train transmitted by the therapeutic 

transducer to perform the cavitation treatment. 

 

5.2.5 CEUS quantification – Maximum intensity projection time-area curve analysis 

The maximum intensity projection time-area curve (MIP-TAC) analysis used here (see Figure 5) 

was developed by our group to quantify the cavitation-induced tumor blood flow changes, or a 

phenomenon we titled TTPL [11]. Irregularities in tumor vasculature lead to substantial spatial 

heterogeneity in tumor blood flow [30, 31]. Furthermore, cavitation-based interventions have been 

shown to alter perfusion in a non‑uniform manner across different tumor regions [14]. These 

observations indicate that assessing perfusion loss at a single time point may not adequately 

capture the full extent of tumor blood‑volume dynamics following cavitation treatment, and thus 

our MIP-TAC approach was utilized to capture the spatial extent of TTPL. Pre‑ and post‑treatment 

CEUS loops were exported from the scanner and processed with Philips QLAB’s super‑resolution 

method, which applies maximum intensity projection (MIP) with advanced motion compensation 

and further image processing to enhance spatial resolution. In a MIP loop, the brightest pixel 

intensities are cumulatively retained. The MIP loop was then analyzed in MATLAB to generate a 



 114 

time-area curve (TAC), representing the normalized portion of the tumor exhibiting any 

microbubble signal over time, referred to as a MIP-TAC. A MIP‑TAC reports the perfused area 

on a scale from 0 (no detected blood flow) to 100 (fully perfused). TTPL was evaluated by 

considering the MIP-TAC value 15 seconds after contrast arrival in the tumor, as this time point 

approximates the one‑pass circulation time in mice [32], reducing confounding from bubble 

recirculation and limiting temporal smearing of contrast signal in the MIP due to motion. To 

evaluate changes in tumor vascularity over time, perfused area loss was calculated as the difference 

in MIP-TAC value from pre-treatment and each timepoint. Although consistent bolus microbubble 

delivery was confirmed with real-time CEUS imaging, the influence of injection variability was 

further mitigated with MIP-TAC as pixel brightness must only exceed the noise floor to be 

included in the area-based calculation. 

 
Figure 5.5. A representative example from the moderate pressure cavitation group to illustrate 

maximum intensity projection time-area curve (MIP-TAC) analysis. A B-mode image and 

maximum intensity projection (MIP) images before, immediately after, and 5 minutes after 

treatment are displayed, with their corresponding MIP-TACs. The black dot on each curve 

represents the timepoint 15 seconds after contrast arrival used to calculate perfused area. 

 

5.2.6 Passive cavitation analysis 

Processing of the received scattered signals during cavitation treatments followed the approach 

described in our previous work [11, 33]. Each waveform was first truncated to its original pulse 

length using a rectangular window, after which its mean value was removed to eliminate the 

oscilloscope’s small DC offset. A one‑sided power spectrum (scaled by 2 divided by the number 

of samples squared) was then computed for each truncated waveform. Broadband energy was 
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collected between the third harmonic, chosen to minimize contributions from the transmitted pulse, 

and 10 MHz, the approximate upper limit of the receiver bandwidth. Within this range, 0.3 

MHz‑wide bands centered on each harmonic and ultraharmonic were excluded, and the remaining 

bands were summed to obtain the broadband energy per pulse. This procedure was repeated for all 

pulses. The inertial cavitation dose (ICD) was calculated as the sum over the treatment duration of 

the product of broadband energy per pulse and pulse duration. To evaluate the temporal evolution 

of broadband energy within each pulse, a 40‑cycle rectangular window (1.19 MHz) was applied to 

each truncated pulse and shifted by 20 cycles (50%) across the pulse. Broadband energy for each 

window was computed using the same method described above. 

5.2.7 Histology and immunohistochemistry analysis 

Tumor tissues were both flash-frozen in optimal cutting temperature (OCT) and fixed in formalin, 

transferred to 70% ethanol, and paraffin embedded. Taken from the tumor center, 4 µm sections 

were stained with H&E, kiel 67 (Ki67), cluster of differentiation (CD31), Annexin V, and cleaved 

caspase-3 (CC3) markers, with two sections analyzed per stain for each mouse. Staining was 

performed by the UW Histology and Imaging Core. Presence of localized architectural disruption 

in H&E, absence of Ki67, and presence of Annexin V or CC3 stains in similar regions of the tumor 

was used to evaluate cavitation-induced damage. Ki67 expression stains for proliferating tumor 

cells, while Annexin V and CC3 stain for early and late stage apoptosis respectively, with the 

absence of Ki67 and presence of Annexin V or CC3 indicating regions of cavitation-induced cell 

death. The additional abnormal appearance in H&E in these regions assisted in confirming that 

these regions likely resulted from localized disruption of cells from the cavitation treatment.  IHC 

stains were visualized with 3,3′-diaminobenzidine (DAB), and stains were performed on separate 

sequential sections of the tumor. 

5.2.8 Statistical analysis 

A Kruskal-Wallis test with Dunn-Bonferroni post-hoc was used to evaluate if significant 

differences were observed in tumor perfused area loss between ultrasound conditions at each 

timepoint. This statistical analysis was repeated for all measured timepoints. The Kruskal-Wallis 

test was also performed to determine if average measured ICD differed significantly across 
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treatment conditions. Statistical analyses were performed in JASP version 0.96.0 (JASP Team 

2026, Amsterdam, The Netherlands). For all analyses, the significance level was set to 0.05. 

5.3 RESULTS 

5.3.1 Quantification of tumor blood flow changes 

CEUS imaging revealed pressure‑dependent differences in TTPL following the cavitation 

treatment. Qualitatively, MIP CEUS images at immediately after treatment showed limited 

perfusion loss with the low-pressure condition, with an effectively complete recovery at 5 minutes 

that was sustained for all following observations (Figure 5.6). For the moderate-pressure 

condition, substantial perfusion loss was illustrated immediately after treatment, with maximal 

recovery observed 15 minutes after treatment which was sustained throughout the remaining 

observations. In the high-pressure condition, a complete absence of blood flow was observed 

immediately after treatment, uniquely also affecting peripheral tumor vessels and possible skin 

vessels proximal to the tumor. Maximal tumor reperfusion was observed by 15 minutes as well, 

but a regression of tumor perfusion was observed following this timepoint. 

 

Figure 5.6. B-mode and maximum intensity projection (MIP) images at designated timepoints for 

a representative example from each treatment group. The tumor is outlined by a green region of 

interest in the B-mode and pre-treatment, and immediate post-treatment MIP images. 

 

Quantitatively, MIP‑TAC analysis demonstrated that the low-pressure condition produced variable 

responses that never reached full perfusion loss (35% tumor perfused area loss on average), with 

complete recovery occurring within 5 minutes (Figure 5.7). With the moderate-pressure condition, 
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tumors exhibited up to 80% perfused area loss. This perfusion loss was followed by a partial 

recovery to approximately a 20% perfused area deficit from baseline vascularity within 

15 minutes, which was sustained throughout the hour. With the high-pressure condition, all tumors 

experienced complete perfusion loss, a significantly greater extent of TTPL than the low-pressure 

group (p = 0.003, Kruskal-Wallis with Dunn-Bonferroni post-hoc). Although perfusion recovered 

to 75-80% by 15 minutes as observed in the moderate-pressure condition, a gradual decline in 

perfusion was observed over the full hour of monitoring, to a significantly greater degree of 

perfusion loss than the low-pressure condition at the hour mark (p = 0.017, Kruskal-Wallis with 

Dunn-Bonferroni post-hoc). 

 

Figure 5.7. Tumor perfused area for each cavitation condition over time. Mean and standard error 

values at each timepoint are illustrated. The high-pressure condition experienced a significantly 

greater average perfused area loss compared to the low-pressure condition (Kruskal-Wallis with 

Dunn-Bonferroni post-hoc, high-low p = 0.003, ranked ɛ2 effect size: 0.8, n = 5 per group). The 

average perfused area loss for the high-pressure condition was also significantly greater than the 

low-pressure condition at the 60-minute timepoint (Kruskal-Wallis with Dunn-Bonferroni post-

hoc, high-low p = 0.017, ranked ɛ2 effect size: 0.57, n = 5 per group). *p < 0.05, **p < 0.01. 

 

5.3.2 Evaluation of cavitation activity 

Figure 5.8A shows the average net broadband energy (baseline PCD measurement subtracted) 

measured during the first 50 transmitted pulses. With the low-pressure condition, broadband 

energy rose above baseline only for the first two pulses. Increasing the pressure to moderate 

condition elevated broadband energy for all 50 pulses, peaking at the third pulse and gradually 

decreasing to a steady state by approximately the 20th pulse. Raising the pressure further to the 
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high condition produced broadband energy levels similar to those in the moderate-pressure 

condition, indicating comparable cavitation activity despite the differing tumor responses observed 

in with CEUS evaluations. However, cavitation in the water was observed with imaging at this 

pressure, possibly confounding PCD measurements. Figure 5.8B displays the inertial cavitation 

dose (ICD) for the first 50 pulses. ICD was lowest in the low-pressure condition due to the limited 

magnitude and short duration of broadband energy generation. Measured ICD was similar for the 

moderate and high-pressure treatments, reflecting their comparable broadband energy magnitudes 

and sustained activity across multiple pulses. Both groups had significantly greater ICD on average 

compared to the low-pressure treatment (high-low p = 0.007, moderate-low p = 0.009, Kruskal-

Wallis with Dunn’s post-hoc). 

 
Figure 5.8. Passive cavitation detection measurements during treatments. (A) Average net 

broadband energy with standard error bars for the first 50 transmitted pulses in each condition. (B) 

Average inertial cavitation dose (ICD) with standard error bars over the 1 second treatment time. 

The moderate and high-pressure conditions demonstrated a significantly greater ICD compared to 

the low-pressure condition (Kruskal-Wallis with Dunn’s post-hoc, high-low p = 0.007, moderate-

low p = 0.009, ranked ɛ2 effect size: 0.67, n = 5 per group). **p < 0.01. 
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5.3.3 Histological evaluations 

Tissue stains were primarily evaluated to assess if acute tissue damage resulted from ultrasound 

treatments. Damage was qualitatively assessed through the presence of certain features in H&E, 

Ki67, and Annexin V or CC3 stains in the same region of the tumor. Representative samples from 

each condition with these stains is shown in Figure 5.9. In particular, appearance of localized 

regions of tissue homogenization in H&E combined with an absence of Ki67 expression and 

presence of Annexin V (early apoptosis) and/or CC3 (execution pathway, final stage of apoptosis) 

were used to determine if cavitation-induced damage had occurred. No abnormalities and no 

apoptosis were observed in the low-pressure case (Figure 5.9A). This staining pattern possibly 

associated with damage was only observed in one mouse in the moderate-pressure condition (this 

case shown in Figure 5.9B) and in 3 mice in the high-pressure condition (Figure 5.9C). In the 

moderate-pressure condition, only the Annexin V and not the CC3 stain appeared in the one mouse 

where possible damage occurred (Figure 5.9B). CD31 stains across all mice were generally 

analogous, indicating similar vascular properties as reflected by the comparable baseline 

vascularity observed with MIP-TAC of all recruited tumors. 
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Figure 5.9. Representative histological images from each ultrasound condition. An example full 

section hematoxylin and eosin (H&E) image and H&E, Ki-67, and CC3 stains of a zoomed-in 

region of interest are displayed from left to right for the low (A), moderate (B), and high (C) 

conditions. In the far-right image in the moderate condition (B), an Annexin V image is displayed 

instead of a CC3 stain as only this apoptotic marker was positively stained for in this condition. 
 

5.4 DISCUSSION 

5.4.1 Transient tumor perfusion loss scales with acoustic pressure 

Our findings demonstrate that the degree of transient tumor perfusion loss scales with acoustic 

pressure, with the greatest TTPL immediately after treatment observed at the highest pressures. 

The low-pressure condition exhibited only partial perfusion loss, with the moderate and high-

pressure conditions exhibited significantly greater TTPL. However, the extent of TTPL was still 

greater in the high-pressure condition compared to the moderate, with all mice in the high-pressure 

condition exhibiting near complete blood flow cessation. These acoustic pressures and resulting 

degrees of TTPL generally align with vascular observations made at similar mechanical indices in 

other cavitation-based studies (Table 5.1). The relationship between TTPL and acoustic pressure 



 121 

could be related to the heterogeneity of vessel sizes within tumors, as previous studies have 

demonstrated that small vessels (< 50 μm) responded to cavitation treatments at 1 MPa, while 

larger vessels only experienced blood flow events at greater acoustic pressures (>2 MPa) [14, 34]. 

Our work suggests that cavitation treatments above an acoustic pressure of 1 MPa (mechanical 

index of 0.9) would result in uniform TTPL throughout the tumor, likely due to this acoustic 

pressure inducing a cessation of blood flow in a majority of the tumor vessels. However, the 

transducer employed in our study had a very small focal spot relative to the size of the tumor as a 

high gain transducer was necessary to transmit high acoustic pressures, but this means that a 

majority of the tumor experienced acoustic pressures below that of the focus. This suggests that 

although we expect the trend with acoustic pressure to be the same, the acoustic pressure necessary 

for inducing TTPL throughout the entire tumor may be lower with a more uniform treatment 

region, and that the average estimated pressures reported here are more likely the main drivers of 

the immediate perfusion loss observed throughout the entire tumor. 

 

Our vascular results also provided greater insights into the recovery dynamics of tumor perfusion 

following cavitation treatments, uniquely monitoring the effect of a single one second treatment. 

Only the low-pressure condition exhibited complete vascular recovery within the one‑hour 

monitoring window, and this recovery occurred rapidly within approximately 5 minutes and was 

sustained throughout the hour. The average perfused area at 60 minutes decreased in one mouse 

exhibiting abnormal respirations, slightly reducing the average of this group at that timepoint. 

However, despite these all conditions differing in extent of TTPL immediately after treatment, 

similar rebound dynamics with considerable tumor perfusion recovery was observed within 5 

minutes in the moderate and high conditions as well. However, unlike the low-pressure condition, 

these two higher pressure conditions both reached maximal reperfusion at the 15-minute timepoint, 

but still experienced reduced perfusion compared to their baseline measurements. In the high-

pressure condition, a continuous reduction in tumor perfusion was observed at all timepoints 

beyond 15 minutes, reaching a significantly greater extent of perfusion loss at 60 minutes as 

compared to the low-pressure condition. This effect could be attributed to damage observed 

histologically in a majority of mice within this condition, possibly resulting from microvascular 

injury and permanent changes to the tumor microenvironment, as these two conditions reached 
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high acoustic pressures in small areas of the tumor similar in size perceived damage in histological 

observations. 

 

Although the precise recovery dynamics may vary with tumor type and microenvironmental 

composition, these results underscore the value of CEUS as a real‑time feedback tool for assessing 

vascular status during cavitation‑based therapies. Importantly, the observed pressure‑dependent 

recovery kinetics has direct implications for treatment design when leveraging cavitation therapy. 

These findings suggesting that if repeated cavitation exposures are desired, allowing at least 15 

minutes between treatments appears necessary in preclinical models to ensure that microbubbles, 

and possibly any co‑delivered therapeutic payloads, can re‑enter the tumor vasculature. This point 

is often overlooked, as many treatment schemes implicitly assume that microbubbles readily 

recirculate into the tumor, yet our data suggest that TTPL can substantially limit re‑entry above 

certain acoustic pressures. This consideration is relevant even for infusion‑based strategies, where 

systemic microbubble concentrations may remain high but effective intratumoral delivery may 

still be impaired by TTPL, but would need to be evaluated directly. 

 

Our PCD results aimed to characterize microbubble activity and were able to conclude that spectral 

components consistent with what is often referred to as inertial cavitation were present in our 

moderate and high-pressure conditions. With the low-pressure condition, although the 1.25 MPa 

pressure in the tumor center possibly entered the inertial cavitation regime according to previously 

studied cavitation thresholds [35], the very small area around the focus which experienced this 

pressure was possibly below the detection threshold of our PCD system. Our PCD results in the 

moderate and high-pressure conditions were comparable, despite the differences observed in 

perfusion evaluations. This finding supports previous assertions that more complex cavitation 

activity can occur during inertial cavitation other than the elevation of broadband noise [36]. 

Although PCD measurements remain useful for confirming if certain levels of cavitation activity 

are present during treatment, cavitation-induced TTPL is most accurately captured using CEUS 

combined with image‑based quantification methods like MIP-TAC. 

 

Although many works have focused on cavitation treatments as a means for improving therapeutic 

outcomes, TTPL and its recovery dynamics could be leveraged as a diagnostic tool. Based on 
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findings in this study, sonications with pressures around 1 MPa (mechanical index of 0.9-1) could 

be coupled with microbubble injections to induce significant and reversible TTPL if a tumor is 

present. However, TTPL has not been studied in humans where differing tumor properties exist 

and it is possible that reversible TTPL is not feasible, and further characterization of TTPL in 

humans would be necessary for utilizing this technique. If preclinical findings match those in 

humans, by performing standard CEUS imaging within 5 minutes of treatment, suspect lesions 

could be visualized as areas of reduced signal (perfusion loss) to assist in characterizing them as 

tumors. The tumor-specific nature of this phenomenon would allow for the entire organ to be 

sonicated, rather than requiring advanced knowledge of lesion locations to be targeted and allow 

for possible detection of satellite lesions during treatment planning. Unlike conventional imaging 

biomarkers, TTPL may be observed in real time with low MI nonlinear imaging in CEUS, possibly 

allowing immediate diagnostic confirmation. Since ultrasound systems and contrast agents are 

portable and widely available, this technology has strong potential for deployment in resource-

limited and remote settings, thereby helping to reduce healthcare disparities in cancer diagnosis. 

However, the response of different lesion types, particularly differences between benign and 

malignant lesions to TTPL pulses, has not been explored in human cancers and could provide 

necessary information about unique tumor characteristics alongside the phenomenon’s specificity 

as a diagnostic measure. Further optimization of ultrasound parameters explored here could elicit 

a condition where significant TTPL occurs without significant effects on the tumor 

microenvironment, positioning it as a pivotal diagnostic tool. 

5.4.2 Cavitation-induced damage and tumor composition possibly influences resulting tumor 

blood flow changes 

Beyond the transient to semi-transient TTPL response shared amongst all conditions, 

cavitation‑induced vascular damage likely also contributed to the pressure‑dependent differences 

in tumor perfusion observed in this study. At the higher pressures, histological evidence of damage 

was detected in a subset of tumors (3 out of 5 at the high-pressure and 1 out of 5 at the moderate-

pressure), and this damage was spatially localized, consistent with the <2 mm focal region of the 

therapeutic transducer where the much greater pressures were experienced in these conditions (4.1 

MPa and 2.8 MPa respectively). Colocalization of stains indicating damage, specifically only 

Annexin V (indicating permeation of cellular membranes) but not CC3, was only observed in one 
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sample in the moderate-pressure group. However, in both these groups, observations were not seen 

in across all samples, possibly missed due to the small focal spot size and its exact location within 

the tumor. Despite this, the injury observed from stains in the higher-pressure samples may reflect 

localized mechanical damage from cavitating microbubbles or small‑scale hemorrhage, but the 

definitive relation of these observations to cavitation treatments could not be made with the small 

sample size and staining panel employed in this study. However, samples in which damage was 

observed in the high-pressure condition also saw a reduction in tumor perfused areas by the hour 

timepoint from the MIP-TAC analysis. This suggests that the blood flow observations, particularly 

those in high-pressure condition, could possibly have been influenced by acute damage from the 

cavitation treatments, potentially reflecting vascular impairment and apoptosis associated with the 

initial stages of the ceramide pathway. 

 

Several mechanisms proposed in previous studies could plausibly explain the phenomenon of 

TTPL observed in this study, but the exact pathway has still not been conclusively determined. 

One possible driver of this effect is platelet-driven thrombosis, as mechanical injury to the 

endothelium can expose basement membrane or tissue factor, which could rapidly induce local 

platelet accumulation. This hypothesis was supported by Hu et al [13] where TTPL was not 

induced when anti-thrombogenic agents were administered, indicating clot formation could be 

causing the sudden cessation of blood flow. Additionally, prothrombin time, or the time taken for 

fibrin clots to form, is approximately 9 to 12 seconds in mice, resulting from high levels of clotting 

factor V [37, 38]. This rapid time course would be feasible with the significant perfusion loss 

observed immediately after treatment (performed within 1 minute of sonication), but the rapid 

recovery dynamics observed and how they align with clearance of possible thrombus in mouse 

microcirculation would need to be investigated further. Pericyte-mediated vessel spasm has also 

been considered as a possible driver of TTPL induced by cavitation treatments. The nucleus of 

pericytes are mechanosensory, as these cells are designed to respond to hydrodynamic pressure 

and shear stress from fluid flow to regulate blood flow via contraction [39]. Previous works have 

shown that tumors lack properly functioning pericytes compared to surrounding parenchyma [40, 

41] and could contribute to the tumor specificity of this effect. Endothelial injury resulting from 

cavitation treatments has also been linked to the ceramide pathway, resulting vascular dysfunction 

and initiating apoptosis and often coupled with radiation treatments [15, 42]. Endothelial cells 
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contain roughly twenty‑fold higher levels of acid sphingomyelinase (aSMase) than most other cell 

types, which is a catalyst for ceramide generation [43]. Ultrasound cavitation treatments have been 

shown to elevate aSMase and ceramide, promoting endothelial cell death through membrane 

disruption [15, 44]. Increased ceramide staining has been observed as early as one hour after 

microbubble destruction in vitro [42] and increased ceramide levels could have contributed to 

apoptosis and reduced perfusion observed at the hour point in this study in the high-pressure 

condition. However, this pathway may become more prominent beyond the one‑hour window 

examined here but is unlikely to have resulted in the rapid cessation of tumor blood immediately 

following treatment observed in this work. 

 

Cavitation treatments have been linked to a variety of effects on the tumor microenvironment 

beyond those listed above, but these effects have not been well defined in relation to their possible 

contribution to vascular changes. Changes to tumor interstitial fluid pressure resulting from 

microbubble cavitation, likely driven by poration of endothelial cells or widening of cell-cell 

junctions, has also been observed with parameters inducing TTPL [11, 45, 46], and this rapid 

pressure adjustment could contribute to blood flow changes. Although unable to answer the 

mechanistic question directly in this study, a greater understanding of the temporal dynamics and 

alterations of the tumor microenvironment derived from this work further understanding of this 

phenomenon, and future studies could employ ultrasound parameters known to induce TTPL 

defined here to evaluate mechanism thoroughly. 

5.4.3 Limitations 

This study has several limitations that should be considered when interpreting the findings. First, 

all experiments were performed in a subcutaneous model using a single tumor type, and perfusion 

dynamics may differ in tumors and the magnitude of TTPL might differ under the same acoustic 

conditions. Because our goal was to isolate the effects of a short and single cavitation exposure 

(one second), we did not evaluate how multiple treatments might alter TTPL or recovery kinetics. 

We also did not assess long-term vascular effects, which could influence the optimal selection of 

acoustic parameters if more permanent blood flow effects were desired.  Additionally, although 

pulse length and pulse repetition frequency likely play important roles in modulating vascular 

responses, the scope of in vivo experimentation limited our ability to explore a broader parameter 
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space. As previously mentioned, the small focal spot of the therapeutic transducer also produced 

non-uniform pressure distributions across the tumor, raising the possibility that side-lobe pressures 

contributed to the observed effects and that lower pressures than those tested may be sufficient to 

induce similar TTPL responses. We were not able to observe uniform histological findings across 

all samples in each group, challenged by the small focal spot size as demonstrated by Fig. 5.2C, 

the small central region of the tumor which was evaluated, and limited sample size. Only CEUS 

was used to evaluate blood flow changes as presence of the agent is necessary for subsequent 

cavitation treatments, but we were unable to evaluate vascular changes of individual vessels, and 

other blood flow evaluation techniques could provide complementary information to our results. 

Finally, translation to human tumors which differ substantially in scale, vascular organization, and 

mechanical properties, may yield different perfusion outcomes, and require further investigation 

in clinical settings. 

5.5 CONCLUSION 

This work demonstrates that acoustic pressure plays a central role in determining both the extent 

and duration of cavitation‑induced tumor blood flow changes, or TTPL. By acquiring CEUS data 

at different time points following treatment and utilizing our quantitative MIP-TAC analysis, we 

characterized the recovery dynamics of this phenomenon over a time course not thoroughly 

examined, providing new insight into the temporal and spatial dynamics of cavitation‑mediated 

TTPL. Elevated broadband energy confirmed the presence of inertial cavitation in our moderate 

and high-pressure conditions, indicating that the observed vascular responses were driven by 

mechanical forces generated by oscillating and collapsing microbubbles. Our findings also suggest 

that long pulses (> 100 cycles) with acoustic pressures beyond a certain threshold (4 MPa peak 

negative pressure) in the presence of microbubble contrast agents can induce mechanical damage 

and possibly induce more permanent tumor blood flow changes. Importantly, these results offer 

possible guidance for optimizing cavitation‑based treatment protocols, suggesting that repeated 

exposures above 1 MPa (mechanical index of 0.9-1.0) must account for TTPL, as this effect can 

substantially limit microbubble reentry and thereby reduce the effective dose delivered to the 

tumor in treatments after the first sonication. Collectively, this work advances our understanding 

of how acoustic conditions induce TTPL and informs the design of more effective therapeutic 

ultrasound-mediated cavitation strategies. 
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Chapter 6. FUTURE/ON-GOING WORK: ULTRASOUND 

CAVITATION TREATMENTS AND 

IMMUNOTHERAPY 

Abstract 

Structural abnormalities and immunosuppressive features within the tumor microenvironment are 

thought to contribute to the limited effectiveness of immune checkpoint inhibitors (ICI) in liver 

cancers. However, ultrasound and microbubble cavitation treatments have emerged as a promising 

approach to enhance immunotherapy delivery and potency or even modulate the immune 

environment on their own. In this chapter, we describe on-going work investigating whether 

cavitation‑induced transient tumor perfusion loss (TTPL) elicits sustained immune‑modulating 

effects, and whether tumor susceptibility to TTPL correlates with responsiveness to ICIs. To 

capture the phenotypic heterogeneity of liver malignancies and a more analogous immune 

environment to human liver cancer, we used a transgenic mouse model with underlying steatosis 

that develops both hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC) in 

this study. We describe on-going work evaluating the potential antitumor‑enhancing effects of 

cavitation in combination with standard‑of‑care ICIs for liver cancer. 
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6.1 INTRODUCTION 

Hepatocellular carcinoma (HCC) presents a substantial and growing burden to global healthcare 

systems. For patients with advanced disease where localized therapies are no longer feasible and 

the risk of metastasis is high, the current clinical care utilizes the administration of immune 

checkpoint inhibitors (ICIs) (1). ICIs exert their therapeutic activity by disrupting interactions 

between checkpoint receptors and ligands on circulating leukocytes which bind to them, thereby 

preventing transmission of inhibitory signals that suppress T‑cell activation. This blockade restores 

cytotoxic T‑cell function and enhances antitumor immune responses. In particular, the 

combination of tremelimumab (anti-CTLA-4) and durvalumab (anti-PD-L1) has demonstrated 

clinically meaningful antitumor efficacy in trials involving patients with unresectable 

hepatocellular carcinoma (2). However, clinical success remains inconsistent, with reported 

response rates to anti-PD-1/PD-L1 therapies ranging from 10% to 30% (3, 4). These limitations 

underscore the need for strategies that can enhance immunotherapy efficacy by overcoming 

barriers resulting from the tumor microenvironment (TME). 

The TME not only restricts drug uptake and accumulation through its abnormal vasculature and 

dense extracellular matrix but also actively suppresses antitumor immunity. Induction of 

immunosuppressive cytokines and regulatory T-cells blunt the effectiveness of ICIs (5-7). 

Transport of therapeutic molecules such as ICIs into tumor interstitium depends on convective 

flow (8, 9), but the combination of increased vascular permeability, poor lymphatic drainage, and 

chronic inflammation leads to elevated interstitial fluid levels and high interstitial fluid pressure 

(IFP) with little to no convective flow in the interstitium (10, 11). These physical abnormalities 

and immunosuppressive barriers present in the TME hinder the efficacy of ICIs in solid tumors 

like HCC. 

Applications of ultrasound in the presence of microbubbles have emerged as a promising strategy 

to enhance the delivery and efficacy of immunotherapies. Cavitation, or the rapid oscillation and 

collapse of microbubbles, generates physical forces reported to permeate cell membranes and 

improve drug penetration (12, 13). Beyond enhancing delivery, cavitation may directly stimulate 

antitumor immunity by promoting the release of structurally intact tumor-associated peptides, 

potentiate immunostimulatory or chemotactic signaling pathways, or facilitate intracellular 
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delivery of immune-modulating factors (14-16). Cavitation has also been shown to reduce tumor 

IFP, which may further improve convective transport and penetration of ICIs (17, 18). These 

findings highlight the potential for ultrasound cavitation treatments to synergize with ICIs through 

both physical changes to the TME and priming of the immune system. 

Under specific acoustic conditions, cavitation treatments can also induce marked alterations in 

tumor perfusion. This rapid, pressure-dependent reduction in tumor blood flow following exposure 

to cavitation treatments has been observed in multiple therapeutic ultrasound studies, often referred 

to as vascular shutdown or transient tumor perfusion loss (TTPL) (18-20). This effect is thought 

to arise from the heightened vulnerability of tumor vasculature to the mechanical stresses 

generated during cavitation, supported by its tumor-specific nature (21). Ultrasound and 

microbubble combinations have therefore been explored as “anti-vascular” agents capable of 

disrupting tumor blood flow, with potential downstream effects on immune modulation. These 

include enhanced trafficking or penetration of ICIs or activated T cells into tumor tissue, as well 

as improved antigen-presenting cell maturation (22, 23). However, the magnitude and duration of 

TTPL is strongly dependent on ultrasound parameters used, where a wide range of acoustic 

conditions are employed and vascular dynamics are often not characterized with simultaneous 

imaging. Variability in TTPL responses may help explain the inconsistent immune responses 

reported for cavitation‑based therapies. While some studies have documented augmented 

antitumor immunity despite immediate vascular shutdown (23, 24), others have observed minimal 

immune cell infiltration (25, 26), potentially attributed to a more sustained impairment of tumor 

perfusion. 

Motivated the current barrier in effective ICI treatments of HCC, the present study investigates the 

potential immunological benefits of ultrasound-mediated cavitation in combination with ICI 

therapy. Specifically, we sought to determine whether immune-modulating effects persist under 

cavitation conditions that induce TTPL and to evaluate whether the susceptibility of tumors to 

TTPL correlates with their responsiveness to ICIs. To capture the heterogeneity of liver tumor 

phenotypes, we used a transgenic mouse model of liver cancer with underlying steatosis that 

develops both HCC and intrahepatic cholangiocarcinoma (ICC). This work also uniquely studied 

the effects of a single ultrasound pulse, which has not previously been explored in cavitation 

treatments. Through administration of anti-PD-L1 and anti-CTLA-4 antibodies, we assessed 
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whether cavitation treatments enhanced leukocyte infiltration into tumors, thereby indicating 

activation of antitumor immune responses. 

6.1 MATERIALS AND METHODS 

6.1.1 Mouse model preparation 

All animal protocols performed were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Washington, Seattle. Utilizing mice purchased from 

Jackson Labs (Bar Harbor, ME), 8-week-old Pten-floxed (Ptenfl/fl) mice (B6.129S4-

Pten<tm1Hwu>/J, strain 006440) were bred with albumin (Alb)-Cre transgenic mice (B6.Cg-

Speer6-ps1<Tg(Alb-cre)21Mgn>/J, strain 003574) to derive Ptenfl/fl;AlbCre (also known as Pten-

/-, or Pten-null) mice. In addition to liver steatosis, at approximately 40 weeks old, Pten-null mice 

develop tumors that are 5-10 mm in diameter (20, 27, 28). Starting from 36 weeks of age, mice 

were imaged weekly with B-mode ultrasound imaging to track tumor growth. Once tumors reached 

6 mm in diameter, 32 mice were randomly separated into one of the four treatment groups (n = 6 

per group). 

6.1.2 Drugs and contrast agent 

Immune checkpoint inhibitors were administered via intraperitoneal injection 3 times a week for 

3 consecutive weeks for a total of 9 injections. Injection volume was fixed at 250 µL. Mice in 

groups receiving the ICI were given a combination of anti-PD-L1 (200 µg per mouse, InVivoMAb 

anti-mouse PD-L1, B7-H1) and anti-CTLA-4 (100 µg per mouse, InVivoMAb anti-mouse CTLA-

4, CD152) on day 1 of treatment. For all subsequent ICI administration, only anti-PD-L1 was 

given, and all ICI drug administrations were diluted to 250 uL in 0.9% sterile saline. Mice in 

control and ultrasound cavitation only groups received only 0.9% sterile saline for all injections. 

 

Lumason microbubbles (Bracco Suisse SA, Geneva, Switzerland), marketed as SonoVue outside 

the United States, were selected for this study because they are clinically approved for 

characterization of focal liver lesions in the United States as well as in numerous countries across 

Europe and Asia (29). A microbubble dose of 50 µL per injection was used, consistent with prior 

reports as it provides adequate imaging signal while minimizing acoustic shadowing (18, 20). This 
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microbubble dosing scheme was used for cavitation treatments and all contrast-enhanced 

ultrasound (CEUS) scans. 

6.1.3 Ultrasound parameters 

An in-house single‑element transducer (0.6 MHz, 5.0 cm diameter, 11 cm focal length) driven by 

an RF amplifier (2200L, Electronics and Innovation, Rochester, NY, USA) was used to enable 

precise control of acoustic parameters. A single 10,000 cycle pulse was generated on an arbitrary 

function generator (AFG3102C, Tektronix, Beaverton, OR, USA) at 0.6 MHz for the cavitation 

treatment pulse, with an approximate peak negative pressure of 1 MPa. An axial distance of 80 mm 

was selected as the treatment location to maximize the size of the treatment volume to promote a 

uniform acoustic pressure throughout the tumor. The measured acoustic field from a hydrophone 

in a water tank system and a representative 6 mm diameter tumor placed at 80 mm are shown in 

Figure 6.1A. 

 

 

Figure 6.1: Visualization of ultrasound field and alignment in cavitation treatments. (A) The 

measured 2D field of the single element transducer in log scale. A representative 6 mm diameter 

tumor is overlaid at the 80 mm location. (B) Schematic of a top-down view of the heated, degassed 

water tank experimental setup. Co-alignment of the treatment and imaging probes to red circle, 

representing the orthotopic tumor in the liver of the mouse. 
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6.1.4 Experimental setup and treatment procedure 

To account for the alignment of several probes to the intrahepatic tumor and allow for simultaneous 

treatment and imaging, a heated (37°C) and degassed water tank setup was utilized (Figure 6.1B). 

The single element transducer powered by a function generator and amplifier as described above 

was used for administering the cavitation treatments. A Philips eL18-4 ultrasound probe on the 

EPIQ scanner (Philips Healthcare, Bothell, WA, USA) was used to guide the procedure. Before 

beginning the experiments, both transducers were aligned to the same 3‑D location using a thin 

acrylic disk. First, the single element transducer was positioned 80 mm from the target using a 

pulse-echo technique. Then, the eL18-4 was aligned 2.5 cm from the target using imaging, and an 

image of the location of the center of the disc was recorded prior to its removal. Mice were induced 

at 3% isoflurane and maintained at 1.5–2% isoflurane and fitted with a 30G tail‑vein catheter. Hair 

on the abdomen was shaved and depilated with hair-removal cream (Veet) to permit ultrasound 

transmission to the liver. Mice were secured to a custom restraining board, partially submerged in 

the water tank, and positioned so that the tumor center aligned with the previously recorded target 

location on the eL18-4 image. 

 

Mice were randomly divided into four groups (n = 6 per group), as depicted in Table 6.1. The 

experimental timeline is summarized in Figure 6.2. All mice received 250 µL intraperitoneal 

injections of either ICI or saline 3 times a week for 3 weeks following enrollment. When CEUS 

imaging was performed as outlined on the experimental timeline, of a bolus of microbubbles was 

delivered while the tumor was continuously scanned with CEUS (amplitude modulation, 4.1 MHz, 

4 cycles, mechanical index = 0.06) to establish tumor vascularity. For mice in the control or ICI 

only groups, they exclusively received CEUS scans at enrollment (week 1) and endpoint (week 4). 

On these days, sequential 1 mm B-mode images were also collected for the entire liver to allow 

volumetric reconstruction of the lesion from user drawn regions of interest. For mice receiving 

cavitation treatments, they received these two CEUS scans alongside a cavitation treatment regime 

on week 1 and 2 of treatment. When performing a pre-treatment CEUS scan for mice enrolled in 

a group receiving cavitation treatments, a time-intensity curve was formed from a freeform 

polygon region of interest (ROI) of the tumor to determine when peak microbubble concentration 

occurred. Cavitation treatments were then performed with a new microbubble injection and 

immediately followed by a standard CEUS scan on another bolus of microbubbles within 2 
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minutes of treatment. This process was repeated three times, each spaced 30 minutes apart to allow 

for tumor reperfusion as estimated in our previous work. After each CEUS imaging or cavitation 

session, mice were gently weaned off anesthesia while active heat support was supplied. Three 

days after endpoint CEUS on week 4, mice were euthanized via CO2 overdose with secondary 

methods, and all imaged liver tumors were harvested and fixed in 10% formalin for histological 

evaluations. 

Treatment Group 

(n = 6 per group) 

1) Control (saline only) 

2) Immunotherapy only (anti-PD-L1 & CTLA-4) 

3) Ultrasound cavitation treatment only 

4) Ultrasound cavitation treatment + immunotherapy 

Table 6.1: Experimental groups used in this study. 

 

 

 

Figure 6.2: Experimental timeline. After recruitment, mice received intraperitoneal injections of 

immune checkpoint inhibitors (ICI) therapy or saline for 3 weeks, represented by the red arrows. 

Timing of cavitation treatments, contrast-enhanced ultrasound scans (CEUS), and B-mode 

imaging are shown with the orange, blue and grey arrows respectively. The procedures performed 

during cavitation treatments are shown in the orange subpanel. Weeks are abbreviated to W, and 

ultrasound is abbreviated to US. 
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6.2 CURRENT PROGRESS 

All mouse experiments have recently been completed (April 2026), with analysis pending. The 

following provides insights and initial thoughts regarding the recently collected data. 

 

Tumor size and overall tumor burden were evaluated. Good agreement was found between tumor 

sizes determined with ultrasound imaging and the approximate size of the excised lesion. Liver 

volume was calculated from B-mode images of the tumor taken in 1 mm intervals to account for 

irregularities in lesion shape. Percent change in primary tumor volume by group is shown in Figure 

6.3, where it appears that mice in the cavitation conditions saw a reduction in tumor growth. With 

overall tumor burden being similar across all mice, this could possibly indicate benefits associated 

with targeted. However, size changes are not entirely representative of response, and vascular and 

immune-based differences have yet to be established. 

 

Figure 6.3: Changes to primary tumor volume from recruitment by condition. Average and 

standard deviation for each group is displayed. 

 

 

CEUS images were processed offline following collect. We applied our custom 

respiratory-gating algorithm to exclude frames affected by out-of-plane respiratory motion and 

then utilized Philips QLAB super-resolution platform to apply maximum-intensity projection 

(MIP) to the remaining frames. An example set of images collected before and immediately after 

cavitation treatments are shown in Figure 6.4. Subsequent analyses will quantitatively evaluate 
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the effects of TTPL, and possibly stratifying outcomes by tumor phenotype as tumor 

compositions have been suggested to be a source of variability in TTPL magnitude (30). In 

addition, we will investigate the impact of repeated cavitation treatments, including whether 

complete vascular recovery between sessions occurred and if this influences the magnitude of 

TTPL in subsequent treatments. Finally, differences in vascular response may be examined in 

relation to the composition of recruited immune cell populations, providing insight into how 

mechanical forces from microbubble cavitation on the tumor microenvironment shape 

downstream immunologic effects. 

 

 

Figure 6.4: Representative images displaying perfusion loss in response to cavitation treatments. 

Maximum-intensity projection contrast-enhanced ultrasound images before and after cavitation 

treatment are shown, with the tumor highlighted by a green region of interest. 

 

 

Immunological evaluations are currently underway. A pathologist will blindly evaluate H&E 

sections and HepPar1 stained sections to determine tumor phenotypes. Immunofluorescence will 

be used on fixed tissue sections to observe neutrophils, macrophages, and T-cell infiltration and 

distribution across conditions.  
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Chapter 7. CONCLUSIONS 

7.1 SUMMARY 

Hepatocellular carcinoma (HCC) presents a growing global health burden, motivating the 

advancement of more effective and accessible diagnostic and therapeutic strategies. This thesis 

developed a theranostic framework that leverages ultrasound and microbubble technologies to 

improve early detection, treatment monitoring, and therapeutic modulation of the tumor 

microenvironment. We first established quantitative contrast-enhanced ultrasound (CEUS) 

methodologies in both clinical and preclinical settings to enable robust perfusion assessment and 

then applied these tools to investigate ultrasound-mediated cavitation to alter tumor vascular 

function, reduce interstitial fluid pressure, and enhance drug delivery. Across these studies, we 

aimed to define how acoustic conditions influence cavitation-induced tumor vascular responses 

using clinically relevant tools to maximize translatability. 

The first component of this work focused on developing rigorous CEUS imaging techniques for 

quantifying tumor and organ perfusion in HCCs. Currently, clinical adoption of quantitative CEUS 

has been limited by lack of standardization in microbubble delivery, imaging parameters, and 

techniques to correct for motion. As a result, they often lack sufficient repeatability to be reliably 

used in longitudinal studies such as treatment monitoring. In Chapter 2, through standardized 

probe fixation with an articulated arm, controlled bolus delivery, and custom respiratory gating 

and motion compensation algorithms, we have developed a comprehensive and repeatable imaging 

protocol and analysis for the evaluation of liver tumor perfusion. We demonstrated that bolus 

transit parameters derived from TIC analysis with our data collection and processing techniques 

exhibit greater repeatability across injections than those reported in most other clinical CEUS 

studies. Across a large patient study (n = 80), we evaluated inter‑injection coefficients of variation 

(COV) for the four most commonly used blood‑flow metrics in CEUS TIC analysis: rise time (RT), 

mean transit time (MTT), peak intensity (PI), and area under the curve (AUC). The average COV 

for RT and MTT were below 21%, whereas PI and AUC exhibited COVs below 40%, establishing 

useful thresholds for longitudinal studies utilizing these metrics to determine when true 

physiological changes have occurred. COVs for these metrics extracted directly from the TIC and 

from the curve fitted data were very similar, indicating the robustness of the data collection regime 
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and suggesting that curve fitting, which is not standardized in clinical evaluations, could be 

eliminated and direct bolus TIC metric calculations could be made. The standardized CEUS 

imaging method and analysis presented here yields highly repeatable perfusion metrics that may 

be sufficiently sensitive for assessing therapeutic response in longitudinal studies, and the 

techniques defined here could be adjusted to expand their application to other tumors in the future. 

Utilizing our established scanning protocol, we extended CEUS quantification to HCC diagnosis 

in Chapter 3 through quantification of metrics in the CEUS Liver Imaging and Reporting Data 

Systems (LI-RADS), the current clinical gold standard. Many previous attempts to quantify HCC 

blood flow with CEUS have been limited by the inability to capture late washout due to bubble 

destruction from 5-minute continuous imaging or excessive respiratory motion. To our knowledge, 

this work is the first time the CEUS LI-RADS scheme has been implemented quantitatively, 

marking a milestone for the computational assessments of clinical CEUS data. In our HCC patient 

data with confirmed LI-RADS LR-5 lesions, we quantitatively captured arterial phase 

hyperenhancement (APHE) using RT and washout using a relative degree of washout parameter. 

These two characteristic features of HCCs are the primary vascular features used in CEUS LI-

RADS diagnosis and were present in all lesions captured with our quantitative tool. Importantly, 

we also quantified the washout of these lesions for the first time through DW and rDW, a tumor 

characteristic which was previously only evaluated qualitatively in CEUS LI-RADS. With 

parametric processing, we were able to visualize these perfusion-based parameters and manipulate 

regions of interest (ROI) synchronized across images. Through this quantitative parametric 

analysis, we aim to reduce subjectivity of ROI selection, assist in removing observer bias, and 

provide metrics to clinicians to potentially improve the sensitivity of CEUS LI-RADS. This work 

establishes a framework for algorithmic approaches to diagnosis, aiming to remove expertise-

driven barriers from adoption and promote use of CEUS LI-RADS as a first line vascular 

diagnostic option. 

The second component of the thesis evaluate cavitation-based cancer treatments using clinically 

available microbubbles and a modified clinical ultrasound system and assessed blood flow changes 

with our quantitative CEUS tools (Chapters 2 and 3). In Chapter 4, we evaluated two acoustic 

conditions generated by a clinical scanner and probe in acute studies of humanized HCC mouse 

models. This work marks the first time long cycle pulses (1000 cycles) have been delivered with 
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a clinical system for drug delivery cavitation treatments, emphasizing the translation of the 

techniques and findings described here. Cavitation-induced transient tumor perfusion loss (TTPL) 

was quantified using our novel maximum intensity projection time area curve (MIP-TAC) 

analysis, and drug extravasation was assessed from doxorubicin fluorescent signal. Although 

inertial cavitation occurred in both conditions, the higher‑pressure exposure produced a 

near‑complete shutdown of tumor blood flow after a single treatment, which likely reduced 

measured drug penetration in subsequent injections. In contrast, the lower‑pressure treatment 

exhibited a smaller degree of TTPL across injections and saw a in greater degree of doxorubicin 

extravasation, furthering the importance of considering vascular changes in cavitation treatment 

protocols. A reduction in tumor interstitial pressure in both conditions provides further insight into 

the improved drug delivery leveraged by cavitation treatments, suggesting that these conditions 

can mechanically alter the tumor microenvironment and relieve the pressure gradient. The ability 

to perform these cavitation treatments on a clinical diagnostic scanner and the introduction of a 

quantitative tool in MIP-TAC to evaluate vascular response provide new contributions to the field 

that hope to enhance clinical translation of these techniques. Similarly, the integration of real-time 

imaging employed in this work that is often omitted from similar cavitation studies emphasized its 

importance in providing feedback on vascular changes, necessary for the implementation of 

optimal treatment protocols. 

Motivated by our findings, we investigated how acoustic pressure governs the spatial and temporal 

dynamics of TTPL in Chapter 5 and discovered that this phenomenon could also be utilized as a 

diagnostic imaging biomarker. Using CEUS at multiple time points following a one-second-long 

cavitation treatment and employing our quantitative MIP-TAC analysis, we characterized TTPL 

recovery over a previously unexplored time course. Our data depicted that bulk TTPL recovery 

was shared across acoustic conditions, with average maximal reperfusion occurring 15 minutes 

after treatment. Elevated broadband energy confirmed inertial cavitation under both moderate‑ and 

high‑pressure conditions where significant TTPL was observed, indicating that the resulting 

vascular responses were driven by mechanical forces from oscillating and collapsing 

microbubbles. These findings offer guidance for optimizing cavitation‑based treatment protocols, 

that repeated exposures above 1 MPa must account for TTPL, as perfusion shutdown can 

significantly limit microbubble entry and reduce the effective dose delivered in subsequent 
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sonications. Through the new insights into the recovery process of TTPL and its effects on the 

tumor provided by this work, we considered its potential as a diagnostic tool in liver cancer for the 

first time. Acoustic conditions that induce transient flow shutdown without causing mechanical 

tissue damage to define a parameter window in which a tumor‑specific vascular response can be 

elicited, and we filed a provisional patent for these methods as a result. 

Finally, we are currently exploring how ultrasound cavitation treatments can influence antitumor 

immunity with and without use of immune checkpoint inhibitors in Chapter 6. This is the first 

work to demonstrate that TTPL is feasible with a cavitation treatment consisting of a single pulse 

and will evaluate whether tumor susceptibility to TTPL relates to responsiveness to ICIs. By using 

a transgenic mouse model of liver cancer that develops both HCC and intrahepatic 

cholangiocarcinoma (ICC) with a background of steatosis, we captured the heterogeneity of liver 

tumor phenotypes and an immune environment that is more like human liver cancer than other 

employed animal models. By administering ICIs (anti-PD-L1 and anti-CTLA-4) that have 

demonstrated efficacy in HCCs and ICCs, we aim to evaluate leukocyte infiltration in the tumor 

and further understand how ultrasound cavitation treatments can improve the efficacy of ICI 

therapy. 

Facing the rising global burden of HCC, the development of new diagnostic and therapeutic 

technologies remains of high clinical importance. In this work, we investigated multiple facets of 

image-guided cancer therapy, from quantitative perfusion evaluations to biological impacts of 

cavitation treatments. We leveraged tools and acoustic parameters already available in clinical 

settings to improve the translation of findings here. Collectively, this thesis advances both the 

diagnostic and therapeutic dimensions of ultrasound–microbubble technology and contributes 

foundational knowledge toward developing clinically translatable theranostic strategies for HCC. 

7.2 FUTURE DIRECTIONS 

Several promising avenues for future investigation emerge from the findings of this work beyond 

the on-going immune checkpoint inhibitor work in Chapter 6. From a diagnostic perspective, true 

assessments of the sensitivity of our quantitative implementation of CEUS LI-RADS remain to be 

established. Evaluating patient populations with LR‑3 and LR‑4 lesions could help determine 
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whether the quantitative perfusion metrics defined here capture vascular characteristics consistent 

with HCC. These analyses may support earlier detection of HCC, with the potential to improve 

patient outcomes as HCC patients only receive treatment when suspect lesions are classified as 

LR-5. Additionally, the CEUS scanning protocol and quantitative analysis framework developed 

in this study could be applied to patients receiving immune checkpoint inhibitors to assess whether 

CEUS‑derived tumor perfusion changes can serve as early predictors of therapeutic response. 

 

With respect to cavitation treatments and TTPL, multiple directions warrant further exploration. 

Our current treatment protocol which delivered drug across four sequential cavitation exposures 

suggested that TTPL may transiently limit drug penetration. However, this design prevented a 

clear assessment of how acoustic pressure and the resulting tumor vascular change independently 

influence drug delivery. Future studies could address this by administering fluorescent model 

drugs (dextrans or similar tracers) and evaluate their intratumoral uptake following single 

cavitation exposures that either induce or do not induce TTPL. These experiments would clarify 

whether TTPL should be avoided when maximizing drug uptake is the primary therapeutic goal 

and establish at which acoustic parameters TTPL begins to heavily influence effects. Deepening 

our understanding of the mechanisms underlying TTPL is also of high importance. In vivo studies 

could administer inhibitors to isolate the possible influence of various proposed mechanisms, such 

as anti-thrombotic agent co-delivered to mitigate platelet aggregation. A greater understanding of 

the biological mechanism of TTPL would not only contextualize the variation of effect observed 

across acoustic conditions but also possibly introduce new questions regarding cascading 

biological effects of TTPL and their role in therapy. 

 

Beyond its therapeutic implications, the spatial and temporal dynamics of TTPL characterized in 

this work suggest that it may also hold value as a clinical diagnostic tool. However, TTPL has not 

yet been evaluated in humans, and direct clinical assessment is necessary to determine its safety, 

and then diagnostic utility. Future studies could also integrate TTPL evaluations with 

super‑resolution imaging or volumetric CEUS to better characterize how tumor vessel size, 

architecture, and spatial distribution relate to the extent of TTPL. These approaches may provide 

deeper insight into tumor vascular biology and expand the diagnostic potential of CEUS‑based 

techniques in HCC. 
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