Design and Optimization of Microwave Ablation Tools and Techniques

by

Jason Chiang

A dissertation submitted in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

(Biomedical Engineering)

at the
UNIVERSITY OF WISCONSIN-MADISON

2014

Date of final oral examination: 05/15/2014

The dissertation is approved by the following members of the Final Oral Committee:
Christopher L. Brace, Assistant Professor, Biomedical Engineering
James L. Hinshaw, Associate Professor, Radiology
Tomy Varghese, Professor, Medical Physics
Willis Tompkins, Professor, Biomedical Engineering

Deane Mosher, Professor, Biomolecular Chemistry



© Copyright by Jason Chiang 2014
All Rights Reserved



To my loving parents, thank you for always believing in me. Words cannot express my
gratitude.


Jason
Rectangle

Jason
Stamp


ii

ACKNOWLEDGMENTS

From the beginning of graduate school, I have been honored to be given the op-
portunity to work with Chris Brace, PhD. Despite his obvious professional accom-
plishments, he has remained approachable and continues to exude a welcoming
personality. His open-door policy has been the most important resource I have
enjoyed during my time in graduate school. A true academic at heart, he has en-
couraged me to pursue exploratory projects that may not have been immediately
applicable to my current research projects. Above all else, Chris has always had the
unique capability of leading discussions on any topic, from coaching grade-school
soccer to the role of Snuggle House on world economic policy. His role in my per-
sonal and professional development has easily gone above and beyond that of a
graduate student advisor.

Throughout my graduate school years, I have received a tremendous amount
of help with my experimental studies. Lisa Sampson’s presence was usually the
common link that made a study come to fruition. She performed much of the
background preparation to ensure an animal study would be successful, from the
ordering of the supplies to the anesthesia of the animals to the organization of the
scanning time. It is likely that I spent more time with Lisa than any other individual
in our lab. She was critical to the success of my own experimental studies and to a
large extent, the successful execution of all the projects related to Tumor Ablation
Lab itself. Without a doubt, she is the glue that holds the lab together as it has
transitioned from its humble origins on a portable cart to the dominating presence
in the WIMR 1 hallway. I'd like to thank Bridgett Willey for her invaluable help in
ultrasound imaging and her assistance in helping develop my ultrasound imaging

skills. Alejandro Munoz del Rio, PhD provided valuable insight into the statistical



iii
work related to my thesis. Despite coming to him exclusively for statistical help,
our conversations usually started and ended with updates on our competitive road
racing results. Alice Minx, who runs the CT studies, was very helpful in assisting
with CT protocols, no matter how ambitious or silly they appear. Lisa, Bridgett,
Alice and Alejandro have invaluably contributed to my experience in WIMR.

On the clinical side, I have been fortunate to work with Fred Lee, MD, Louis
Hinshaw MD, Tim Ziemlewicz, MD and Meg Lubner, MD. Their clinical work
translated much of my laboratory and computational studies to have clinical im-
plications. In addition, their presence at conferences and lab meetings added a
unique dimension to our work that has played a major competitive advantage when
submitting publications and applying for research grants. Most importantly, the
team-like atmosphere they nurtured in the ablation clinic carried over into the ab-
lation laboratories and encouraged a collaborative atmosphere across a variety of
projects.

I have had the pleasure of working many students over the years. Within the
ablation lab, the contributions of graduate students Mariajose Bedoya, Po-Hung
Wu, Dong Liu and Alex Johnson have pushed the frontiers of ablation research
forward. Although our projects did not overlap, their insight in group meetings
and laboratory projects have directly influenced my own projects. There have been
multiple undergraduate and visiting graduate students who have brought their
energy and unique skills into our lab, in particular Kieran Hynes, Colin Harari,
Billy Greisch, Jeff Wu, Michelle Magagna, and Luke Juckett. Additionally, I'd
like to thank post-doctoral researchers Peng Wang and Zheng Ji, who had assisted
in many of the technical aspects of ablation. Their assistance in getting me started

during my first two years of graduate school was critical in developing my research

skills.



iv

Outside of our lab, there have been multiple individuals who have allowed
me to bounce ideas off of them before making critical decisions. Plasma physicist
Jim Reardon, PhD of the Department of Physiccs, when not coaching me through
the Wisconsin Track Club, was always available to assist me in looking at research
problems from a more intuitive standpoint. Within our MD/PhD program, my
colleagues Brendan Floyd and Farshid Moussavi-Harami provided valuable feed-
back and insight, generously donating countless hours to keeping me grounded in
reality. Their guidance has been remarkably refreshing and I have always looked
forward to conversing with them.

I'd like to express my gratitude toward my research collaborators Joshua Martin
and Randy Kimple, MD, PhD in the Department of Oncology, who generously
provided assistance with wet lab protocols and equipment when we decided to
pursue exploratory studies in our vessel studies. I was truly humbled by their
knowledge and technical expertise each time I stepped into their lab. I'd like to
thank my preliminary and defense committee, which includes Tomy Vargheese,
PhD, Deane Mosher, MD, Louis Hinshaw, MD, Willis Tompkins, PhD and Chris
Brace, PhD.

Most of all, I'd like to thank my parents for their support. Originally from Taiwan,
they had worked tirelessly to scrounge up the resources needed to immigrate to the
United States. Once arrived, they never stopped putting in extra hours at work to
ensure that my brother and I had every resource available to excel in our educational
endeavors. Despite not living under their roof for over a decade, their interest and
enthusiasm toward my education has not been diminished, as evidenced by their

requests for NIH-styled monthly progress reports.

I would not be where I am today without their sacrifice.



CONTENTS

Contents v
List of Tables ix
List of Figures x

1 Liver Malignancies and Current Trends in Microwave Ablation Research 1
1.1 Hepatocellular Carcinoma 2
111 RiskFactors . . ... .. ... ... .. .. . L.
112 Staging . . ... ...
1.1.3 Current Treatment Options . . . . ... ... ... .... ...
1.2 Secondary Liver Malignancies 8
1.3 Thermal Ablation Background 9
1.3.1 Comparing Surgical Resection and Radiofrequency Ablation .
1.3.2 The Rise of Microwave Ablation Systems . . .. ... ... ..
1.4 Current Hurdles associated with Microwave Ablation Systems 14
141 Antenna DesignlIssues . . ... ... ... ... .........
1.4.2 Microwave Ablations near Blood Vessels . . . . ... ... ...
1.4.3 Limited Validation Techniques . . .. ... ... .. ... ...

2 Computational Modeling of Microwave Tumor Ablations 22

2.1 Abstract 23

2.2 Introduction 23

2.3 Theory 25

2.4 Use of Computational Modeling in Microwave Ablation 29
241 AntennaEvaluation. .. ... ...................
242 Power Delivery Frequencies . . . . ... ... ..........
2.4.3 Multiple Antenna Optimization . . . . . ... ... ... ... ..
244 Tissue Property Changes during Thermal Ablation . . .. ..

2.5 Trends in Microwave Ablation Modeling 35
2.5.1 Water Vaporization and Tissue Contraction in Tissue . . . . .
252 Model Validation . . .. ... ... ... ... .. ... ...

2.5.3 Extension to Patient-Specific Planning . . . . .. ... ... ..



2.6 Conclusion 42

Parametric Design of the Dual-Slot Microwave Antenna 43
3.1 Abstract 44
3.2 Introduction 45
3.3  Parametric Analysis of Antenna Geometry 46
3.4 Results 49
3.4.1 Analysis of Individual Components . . . ... ... ......
3.6 Discussion 57
3.6 Conclusion 58

Validation of the Dual-Slot Microwave Antenna 60

4.1 Abstract 61

4.2 Introduction 62

4.3 Materials and Methods 63
43.1 Ex-vivo Liver Ablation . . . ... ... ... ...........
4.3.2 In-vivo Liver Ablation . . ... ... ... ... .........
43.3 Statistical Analysis . . .. ... ... .. ... ... .. ..

4.4 Results 67
441 Ex-vivoResults ... .. ... ... ... ... ... ... ...,
442 In-vivoresults . . . ... ... ... ... ...

4.5 Discussion 74

4.6 Conclusion 77

Flow-Dependent Vascular Heat Transfer during Microwave Ablation 78
5.1 Abstract 79
5.2 Introduction 79
5.3 Materials and Methods 83
5.3.1 Numerical Modeling Setup . . . ... ... ... ........
5.3.2 Blood Viscosity Measurements . . ... ... ..........
5.3.3 Experimental Validation . . . ... ... ... .. ... .....
5.4 Results 86
54.1 Numerical Modeling Results . . .. ... ... .........
5.4.2 Blood Viscosity Measurements . . ... ... ..........
5.4.3 Experimental Validation Results . . . .. .... ... ... ..
5.5 Discussion 90

Vi



5.6

vii

Conclusion 93

Predictors of Thrombosis in Hepatic Vasculature during Microwave Abla-

tion in an In-Vivo Porcine Model 94

6.1
6.2
6.3

6.4

6.5
6.6

Abstract 95
Introduction 96
Materials and Methods 97

6.3.1 Statistical Analysis . . ... .. ... ... . 0000 100
Results100

6.4.1 Hepatic Artery Analysis . . . ... ... ... ... ...... 105
6.4.2 Hepatic Vein Analysis . . . ... ................. 105
6.4.3 DPortal Vein Analysis . . . ... ... ... ... 0L 106
Discussion109

Conclusion112

Mechanisms of Thrombosis in Microwave Ablation in In-Vivo Porcine Liver

Model113
7.1 Abstract114
7.2 Introduction115
7.3 Materials and Methods117
731 In-VivoStudy .......... .. ... ... . .. ... 117
732 GeneAnalysis . . .. ... ... ... L 118
7.4  Results121
741 In-VivoStudy . .......... . ... ... . .. .. 121
742 Gene AnalysisStudy . . .. ... .. ... ... L. 125
7.5 Discussion125

The Role of Single and Dual-Source Energy Computed Tomography in

Water Content Measurements 130

8.1
8.2
8.3

8.4

Abstract131

Introduction132

Materials and Methods134

8.3.1 TissuePreparation . ........................ 134
8.3.2 Single-Energy CTScan . . . . ... ... .. ... ......... 134
833 Dual-EnergyCTScan. . ... ................... 135
Results136



84.1 Single-Energy CTScan . . . ... ... .............. 136
842 Dual-EnergyCTScan. . . ... .................. 141
8.5 Discussion144
8.6 Conclusion147

9 Modeling and Validation of Microwave Ablations with Internal Vaporiza-
tion149
9.1 Abstract150
9.2 Introduction151
9.3 Materials and Methods153

9.3.1 Numerical Technique . . . . ... ... .. ... ... ...... 153

9.3.2 Experimental LiverSetup . ... .. ... ... ... ...... 158

9.3.3 Parametric Study and Validation . ... ... .......... 160
9.4 Results160

9.4.1 Numerical Simulation and Comparison . . .. ... ... ... 160

9.5 Discussion165
9.6 Conclusion170

10 Summary and Recommendations171
10.1 Summary172
10.2 Future Direction173

10.2.1 AntennaDesign . . . . .. ... .. ... ... ..., 174
10.2.2 Validation Techniques . . . ... ... ... .. ... ...... 175
10.2.3 Vascular Damage and Associated Risks . . . . ... ... ... 176
10.2.4 Water Vapor Model and Analysis . . . . . ... ... ... ... 177

11 Bibliography179



ix

LIST OF TABLES

3.1 Modeling Input Variables . . ... .................... .. 438
6.1 Univariate Logistic Regresssion from Hepatic Vessel Characteristics . . . 106
6.2 Univariate Logistic Regresssion from Portal Vessel Characteristics . . . . 106

71 GenesofInterest. . . . . . . . . . . . 120



LIST OF FIGURES

1.1
1.2

2.1
2.2
23
24
2.5
2.6

3.1
3.2
3.3
34
3.5

4.1
4.2
4.3
4.4

51
52
5.3
54

6.1
6.2
6.3
6.4
6.5
6.6
6.7

Epidemiology of HCCintheworld . . . . .. ... ............. 3
The BCLC Criteria . . . . . . . ... ... ... .. .. . . .. . ... 5
Numerical Model of MWA Temperature Profile . . . . . . ... ... ... 27
Model SARof MWA . . . . . . .. 30
Heating Rates between 915 MHz and 2.45 GHz-tuned Microwave Antennas 32
Ex-Vivo Tissue Contraction. . . . . .. ... ..... ... ........ 36
Evaluation of MWA on Gross Pathology . . . . ... ... ......... 38
MWA Appearance under Ultrasound . . . . ... ... ... ... ..... 40
Dual-Slot Antenna Components . . . . .. ... ... ............ 47
Antenna Optimization Cost Function . . . . .. ... ... ... ... ... 49
The role of the outer copper . . . . .. .. ............ .. .. ... 51
Cannula Length Analysis. . . . .. ........ .. ... ....... 54
Ceramic Location Analysis . . . . . ... ....... ... ... .... 55
Dual-Slot versus Monopole E-Field Distribution . . ... ... ...... 64
Ex-VivoData . . . . .. ... ... ... o oo 69
In-VivoData . . . ... ... .. ... ... 72
Intra-Procedural CT Imaging Results . . . . .. ... ... ........ 73
Clinical Paradigm . . . ... ... ... ... .............. 82
Computational Results . . . ... ... ... ... ... . ... . ... 87
Blood Viscosity Measurements . . . .. .. ................. 89
Phantom Model Experimental Validation . .. ... ... ......... 91
In-Vivo Ultrasound Targeting Setup . . . . . ... ...... .. ... .. 99
Portal Vein Thrombus versus Hepatic Vein Stricture . . . . ... ... .. 102
Differences between Vessel Characteristics . . . . . .. ... ... ..... 103
Vessel Thrombus Data Summary . . .. ... ... .. ........... 104
Vessel Logistic Functions . . . . .. ... ................... 107

Univarate Receiver Operator Characteristic Curves of Vessel Predictors . 108

Multivariate Thrombus Formation Prediction Model for Portal Veins . . 109



7.1
7.2
7.3
7.4
7.5

8.1
8.2
8.3

8.4

8.5
8.6
8.7

9.1
9.2
9.3
94
9.5

Intravascular Temperature Probe Placement . . . . . ... ... ... ... 119
Thrombus FormationRates . . . ... .................... 122
Hepatic Vein Temperature Measurements . . . . .. ... ... ... ... 123
Portal Vein Temperature Measurements . . . . ... ... ... ...... 124
Gene Expression Differences between Portal and Hepatic Veins . . . . . 125
Dessicated Ex-vivo Liver Blocks . . . . .. .................. 137
Radiodensity Histogram from Single-Energy CT Scan . . . . . ... ... 138
Mean and Standard Deviation of Radiodensity with Respect to Water

Content . . . ... ... . ... 139
Kurtosis and Skewness of Radiodensity Distribution with respect to

Water Content . . . . ... ... ... ... ... ... . 140
Differences in Radiodensity using Dual-Energy . . . . . .. ... ... .. 142
Unadjusted Data from Solving the System of Equation . . . . . . ... .. 143
Reducing Water Dimensionality . . . . . ... ... ............. 144
Model Geometry and Corresponding Validation Setup . . . .. ... .. 154
Temperature Measurement Setup . . . . . ... ...... ... ...... 159
Model Validation and Result Comparison . . . . ... ... ... ... .. 163
ParametricStudy . . ... ... ... ... .. ... oL 164

Computational Model Validation . . .. ... ... ............. 166



DESIGN AND OPTIMIZATION OF MICROWAVE ABLATION TOOLS AND
TECHNIQUES

Jason Chiang

Under the supervision of Professor Christopher L. Brace
At the University of Wisconsin-Madison

Thermal ablation is a minimally-invasive procedure that is used as an alternative to
surgical resection in treating early-stage solid tumors. Due to its percutaneous route
of administration, thermal ablations have been shown to be associated with less
bleeding, fewer complications and quicker recovery compared to surgery. While
radiofrequency ablation (RFA) is currently the most common heating modality
used for ablation, microwave ablations have rapidly gained traction in academic
centers in recent years due to its improved heating physics. Microwave offers
substantial benefits over radiofrequency ablation through faster heat generation,
leading to larger and more homogenous ablation zones in highly-perfused tissue.
These qualities can lead to better margins during tumor ablation and a smaller
chance for tumor recurrence.

Controlling the high power and temperatures associated with microwave has
remained a formidable barrier toward widespread clinical adoption. The tools used
in microwave ablation, especially the antenna itself, require modification in order to
decrease shaft heating. The physics of microwave heating, which now incorporate
water vaporization, needs to be accounted for in the tissue heating process. Lastly,
the role of hotter ablation zones in thrombosing larger blood vessels is becoming a
growing concern for physicians.

By leveraging advances in computational modeling and validation techniques,
more accurate models of microwave ablation zones can be created. These models

offer unique insight into safer antenna designs and improved intra-operative place-
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ment of microwave antennas in the vicinity of larger blood vessels. This information
gives physicians a more precise view of how an ablation zone forms in a clinial
setting, providing valuable insight that can optimize patient outcome. The outline
of this dissertation is as follows:

Chapter 1 reviews the background on hepatocellular carcinoma and colorectal
metastasis to the liver, comprising the majority of malignancies where thermal
ablations are warranted. This chapter also compares patient outcomes between
surgery and ablation and the current controversies behind thermal ablations today,
specifically with microwave ablation systems.

Chapter 2 outlines the basics of computational modeling of microwave ablations.
Included in this discussion are recent advances in coupling water and temperature
information to input variables associated with thermal and electrical properties of
liver tissue. Special emphasis is given into the current trends and future works in
validating these increasingly accurate computational models.

Chapter 3 describes the design of a novel dual-slot antenna that incorporates a
cooling component and ceramic heating element to the overall antenna design.
Eliminating backwards heating along the shaft of the microwave antenna prevents
accidental thermal damage to delicate anatomy near the antenna insertion track. This
microwave antenna is capable of minimizing backwards heating while maintaining
energy delivery efficiency.

Chapter 4 describes the validation of a novel dual-slot antenna capable of minimiz-
ing backwards heating while maintaining energy delivery efficiency. The validation
studies were performed in ex-vivo and in-vivo liver models and underwent intra-
procedural CT imaging.

Chapter 5 discusses the computational modeling and model validation of heat trans-

fer of a microwave antenna in the vicinity of a phantom vessel. A 3D computational



xiii
model is presented and demonstrates the role of velocity in heat accumulation dur-
ing microwave ablation. Experimental measurements of temperature-dependent
blood viscosity was performed to predict the change in blood velocity during a
microwave ablation procedure.

Chapter 6 is an extension of Chapter 5, where thrombus formation during a mi-
crowave ablation zone is correlated with vessel size, vessel blood velocity and
vessel-antenna spacing. The study was performed in an in-vivo porcine liver model
and utilized ultrasound to visualize the thrombus formation. Uni-variate and multi-
variate predictors were correlated to the risk for thrombus formation using logistic
functions.

Chapter 7 investigates the role of heat transfer in thrombosis and vascular damage
in an in-vivo model of the liver. Heat transfer was evaluated during microwave ab-
lation by placing fiber-optic temperature and pressure sensors inside larger hepatic
vasculatures. This study was augmented by a study looking at the gene expression
profile of thrombotic proteins associated with the individual hepatic vessels.
Chapter 8 explores the potential of using single-energy and dual-energy computed
tomography (CT) to observe changes in tissue water content. Phase decomposition
with regards to liquid water and vaporized water was also investigated under
dual-energy CT.

Chapter 9 outlines about the numerical modeling and validation of water vapor
formation and movement inside a homogenized liver solution during a microwave
ablation. The water vapor in this study was tracked under intra-procedural CT
imaging and compared with the modeling results. Temperature points in this
porous media model were also experimentally validated in the homogenized liver
solution.

Chapter 10 summarizes the contributions of this dissertation and future direction
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on the field of thermal ablations. Strategies and potential resources required to

carry out future work will be addressed.
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Chapter 1

Liver Malignancies and Current
Trends in Microwave Ablation
Research
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This introductory chapter is divided into three sections. The first section will
provide background information about current trends in hepatocellular carcinoma
and secondary hepatic malignancies, including incidence, risks, staging tools and
treatment options. The second section will focus on how the advantages of thermal
ablation became an attractive alternative to surgical resection, with a brief compar-
ison between the two curative treatments based on clinical trials. From there, a
presentation will be given on the drawbacks of conventional ablation systems in
clinical practice that led to the rapid rise of microwave ablation systems. Lastly, the
current weaknesses and gaps in knowledge of microwave ablation system design

and implementation will be addressed.

1.1 Hepatocellular Carcinoma

Hepatocellular carcinoma is the third leading cause of cancer-related deaths world-
wide, with more than 700,000 new cases diagnosed each year and approximately
600,000 deaths [1]. The majority of the disease burden is found in developing coun-
tries such as Southeast Asia and sub-Saharan Africa, where there is widespread
incidence of the hepatitis B virus (HBV). In the United States, where the incidence
the hepatitis C virus (HCV) has become the leading cause of cancer-related death
in the last 20 years, the incidence of HCC has tripled, with over 20,000 new cases
each year (Figure 1.1)[2].

Worldwide, there are some notable trends with regards to the incidence of
HCC. In Asian countries such as China and Korea, there has been a decreasing
rate of HCC incidence, potentially due to the increase rates of HBV vaccination
along with preventive measures against aflatoxin. In contrast, the developing world

has actually experienced an increase in HCC incidence due to young adults being
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Figure 1.1: Epidemiology of HCC. Hepatocellular carcinoma rates have been jumped
over the last two decades due to increasing rates of hepatitis B and C. Adapted from
El-Serag HB. N Engl ] Med 2011;365:1118-1127

infected though IV drug use and blood transfusions in the 1960s and 1970s [3]. A
rising epidemic of obesity, diabetes and non-alcoholic steatohepatitis (NASH) in
these countries has also played a contributory role towards this increasing incidence
of HCC. Diabetes is an independent risk factor for HCC and mortality rates are up

to 5 times higher in obese patients [2].

1.1.1 Risk Factors

The most widespread risk factor worldwide for hepatocellular carcinoma is chronic
HBYV infection, which accounts for greater than 50% of all HCC cases [4]. Hepatitis
B is a DNA virus that is most commonly spread perinatally, but can also be passed

on percutaneously and sexually. While only affecting approximately 1.25 million
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people in the United States, the disease burden numbers 350-400 million worldwide
[2]. The relative risk of HCC is about 100 times higher in HBV carriers versus
non-carriers and is even higher in those with concurrent cirrhosis [5]. Chronic HBV
infections account for nearly 50% of all HCC cases worldwide and nearly all cases
involving children. In sub-Saharan Africa and parts of Asia, HBV is transmitted
from mother to newborn, with 90% of the cases developing into chronic infections.
Nearly 70% of HCC patients with latent HBV infections have cirrhosis [2].

The risk for HCC is 15-20 times higher in those with HCV, mostly focused among
those with later stage HCV infections associated with cirrhosis and subsequent
fibrosis [6]. Biomarkers of HCV are found in up to 30% of HCC patients in the
United States and reaching up to 60% in Italy and 90% in Japan [2]. These numbers
are expected to rise in the next century, as blood transfusions and intravenous
drug use, which account for nearly 70% of all chronic HCV infections in developed
countries, continue to grow. Meanwhile, in less industrialized countries, HCV
infections are primarily caused by non-sterile surgical procedures.

The remainder of HCC patients does not have chronic infection of HBV or HCYV,
and are more likely to suffer from non-alcoholic fatty liver disease (NAFLD) as a
result of obesity, diabetes mellitus type 2 or metabolic syndrome [7]. The key process
in NAFLD that links patients to HCC is the development of non-alcoholic steato-
hepatitis (NASH), which is diagnosed with biopsy showing evidence of steatosis

and hepatocellular injury such as ballooning, Mallory bodies and fibrosis.

1.1.2 Staging

While there are multiple staging systems for HCC, the most commonly used one
is the Barcelona Clinic Liver Cancer (BCLC) guideline, which also provides frame-

work that links tumor stage, cirrhosis stage and functional performance status to a
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Figure 1.2: The BCLC Criteria provides a framework that links tumor stage, size,
cirrhosis progression and liver function to a treatment algorithm.

treatment algorithm (Figure 1.2). This staging system has been endorsed by both
American and European societies and has been independently and validated in
European and American cohorts. The BCLC guideline identifies several stages of
HCC, each which is associated with a different prognosis and recommendations
are given based on the impact of treatment on survival.

Very early stage HCC (stage 0) offers the best prognosis but is also the most
difficult to diagnose, with patients presenting with a single lesion smaller than 2
cm in diameter. Patients presenting with this stage has stable cirrhosis (Child-Pugh
class A) and no evidence of vascular invasion from the tumor. Patients with early-
stage HCC (Stage A) have either a solitary lesion or up to three lesions that are each
smaller than 3 cm in diameter. These patients also have preserved liver function

(Child-Pugh class A or B) and a reasonable functional status (PS 0-2). Patients with
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stage A HCC can expect a 5-year survival rate of 50-75% with a wide variety of
treatment options, depending on the presence or absence of portal hypertension, the
degree of liver dysfunction and other co-morbidities. Intermediate stage HCC (Stage
B) presents with multi-nodular HCC but these patients continue to demonstrate
preserved liver function (Child-Pugh class A or B) with good functional status (PS
0) and have no cancer-related symptoms or evidence of vascular invasion. Trans-
arterial therapy has been shown to confer a survival benefit to patients with stage B
HCC. Advanced stage HCC patients show vascular invasion or extrahepatic spread
(Stage C). These patients have compromised functional status (PS 1 or 2) due to
HCC and receive some survival benefit from targeted treatments such as sorafenib.
Patients with terminal stage HCC (stage D) presents with decompensated cirrhosis
(Child-Pugh class C), poor functional status (PS>2) and advanced tumor growth
characterized by vascular invasion or extrahepatic spread. Treatment options are

limited and used symptomatically.

1.1.3 Current Treatment Options

The BCLC system recommends multiple therapies for HCCs but the treatment
choices depend on the stage of HCC, the degree of underlying liver function, medical
comorbidities and the availability of treatment modality and local clinical expertise.
These final decisions are usually made by a tumor board consisting of hepatologists,

surgeons, diagnostic and interventional radiologists, oncologists and pathologists.

Surgical Resection

Surgical resection is the gold standard treatment for patients with very early-stage
HCC absent of cirrhosis. In the presence of cirrhosis, resection produces better

results when the tumor is small, there is no portal hypertension and the total
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bilirubin level is normal [8]. The 5-year risk of recurrence of HCC after resection has
been shown to be as high as 70% due to underlying chronic liver disease. However,
in the United States, less than 5% of the patients are candidates for surgical resection
[2]. Resection is typically more common in Asian countries where there are larger

numbers of HBV-related HCC with minimal cirrhosis [1].

Liver Transplantation

For patients with underlying cirrhosis, liver transplantation is the treatment option
of choice due to its associated decrease in risk of tumor recurrence. This is the
only treatment that has a dramatic effect on chronic liver disease, one of the largest
contributors to HCC progression [9]. However, due to the scarcity of organs available
for transplant, strict criteria are used to ensure transplant patients have optimal

outcomes.

Local Ablation

Local ablation is the best alternative treatment of patients with early-stage HCCs who
are not eligible for surgical resection or transplantation. Radiofrequency ablation
has historically been the most commonly used modality of local ablation therapy,
although it has been rapidly being replaced with microwave ablation in recent
years. To date there has been only three randomized control trials, demonstrating
near-efficacy in both 5 year overall survival rates and recurrence rates compared
to surgical resection [10]. Results from these studies will be discussed in section
1.3.1. A major advantage of thermal ablation is their significantly decreased risk of
complications and hospitalization, leading to quicker recoveries and virtually no

blood loss [11].



Radio- and Chemo-embolization

Trans-catheter arterial chemoembolization (TACE) and radioembolization has been
demonstrated to improve survival among patients with preserved liver function,
particularly those with Child-Pugh class A cirrhosis without metastasis, vascular in-
vasion or cancer-related comorbidities [12]. TACE can also be used as a neoadjuvant
therapy or as a way to downstage a patient’s condition before liver transplantation
[13]. In recent studies, the use of drug-eluting beads, which release drugs in a
controlled manner in conjunction with TACE has been shown to reduce hepatic and
systemic side effects while directly affecting tumor growth rates [14]. Yttrium-90
is a novel microsphere recently developed and used as a palliative treatment for

Child-Pugh class A cirrhosis and intermediate-stage HCC [15].

Targeted Therapy

One recent development that has been adopted into clinical practice has been the
usage of Sorafenib, a small-molecule multi-kinase inhibitor that is administered
orally and exhibits anti-proliferative and anti-angiogenic properties. In recent RCTs,
it has been shown to increase overall survival of 37% (2-3 months of life) as compared
to placebo, in patients with advanced HCC and compensated cirrhosis [8]. Success
with sorafenib has led to studies evaluating its use in combination therapy with

other treatments during various stages of HCC progression.

1.2 Secondary Liver Malignancies

While hepatocellular carcinoma is the most common cause of primary liver malig-
nancies, a large portion of patients undergoing the treatment options referenced in

the previous section suffer from secondary liver malignancies. Due to the liver’s rich
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blood supply, secondary liver malignancies often arise from metastasis of breast,
lung, esophagus, skin, pancreas and stomach tumors. One of the more significant
contributors of secondary liver malignancies is colorectal cancer, the 3rd most com-
mon cancer in males and 2nd most commonly diagnosed cancer in females. In
2013, there were over 100,000 new cases of colon cancers and over 50,000 deaths
(colon and rectal cancers combined) in the United States [16]. Worldwide, there
are approximately 1.2 million new cases diagnosed each year and 600,000 deaths.
The most common site of metastasis is the liver, of which 50% of patients suffer
from [2]. Surgical resection is often considered the only curative treatment for
patients with colorectal metastasis with resectable liver with no sign of extrahepatic
disease [17]. Palliative therapy of colorectal metastasis has increased from 8% using
passive chemotherapy to 25-40% used combination therapy of surgical resection
and chemotherapy [18-20]. As with HCCs, liver resection of colorectal metastasis
is possible in only 15% of the cases due to the location, size and number of liver
metastasis, as well as the amount of healthy liver and extrahepatic disease [21].
Primary surgery alone is associated with a high rate of recurrence and has led to

renewed interest in adjuvant therapy with chemotherapy [22].

1.3 Thermal Ablation Background

Liver transplantation is considered to be the only option that can treat the liver
malignancies, but organ shortage limits the availability of this procedure. In patients
without chronic liver disease, surgical resection is an excellent option. However, this
case only appears in 5% of HCC cases in Western countries [1]. More often than not,
the chronic liver disease or cirrhosis often associated with HCC can decrease the ben-

efits of surgical resection and even make the patient ineligible for surgery. For this
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reason, minimally invasive treatments such as percutaneous thermal ablations have
been gaining traction among specialties that manage and treat HCCs and colorectal
metastasis. In ablation procedures, an applicator is inserted percutaneously into
the tumor region under the guidance of ultrasound or CT imaging. The applicator
delivers heat-based energy into the tumor until cytotoxic temperatures are reached.
Since there are no incisions, tumor ablation is an attractive option for those who
are not eligible for surgery and patients experience quicker recoveries with less
complications. Furthermore, patients who undergo ablation are able to maintain

the majority of their liver function after the procedure [23].

1.3.1 Comparing Surgical Resection and Radiofrequency

Ablation

Observational and meta-studies in the past have compared clinical outcomes be-
tween RFA and resection. RFA has attracted great interest because of its effectiveness
in treating unresectable HCCs up to 5 cm in a single treatment session. In fact, over-
all survival rates and recurrence rates in treating early-stage HCC have started
approaching that of surgical resection as RFA technology continues to improve
[24,25]. Taking into consideration the fewer complications and maintenance of liver
function after RFA, many ablation centers has begun using RFA procedures over
surgical resection for early stage liver cancer.

There have been past literature reviews on comparing resection to RFA, mostly
from outside of the United States, where there are higher incidences of hepatitis
and HCCs. To date, there have only been three randomized controlled studies
(RCTs) that have looked at differences in outcomes between surgical resection and
ablation [26-28]. A brief meta-analysis (6 retrospective studies and 3 RCTs) looking

at whether RFA provided equivalent outcomes to surgical resection in patients with
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Childs-Pugh A /B early-stage HCC revealed the following information on overall
survival, recurrence-free survival and complication rates [26-32].

There was no significant difference in overall survival at 1-year between RFA and
resection [OR, 0.73(95% CI, 0.48-1.11); p=0.14]. However, patients undergoing RFA
had a significantly smaller survival rate at 3-years compared to those undergoing
surgical resection [OR, 0.47(95% CI, 0.31-0.72); p=0.0004]. The 5-year overall sur-
vival results showed similar trends, with patients undergoing RFA experiencing a
significantly smaller survival rate at 5-years compared to those undergoing surgical
resection [OR, 0.60(95% ClI, 0.43-0.84); p=0.003].

In terms of recurrence-free survival, patients undergoing RFA had a significantly
worsened survival rate at 1-year compared to those undergoing surgical resection
[OR, 0.66(95% CI, 0.48-0.90); p=0.008]. At three years, patients undergoing RFA
had a significantly worsened survival rate compared to those undergoing surgical
resection [OR, 0.34(95% CI, 0.23-0.50); p=0.00001]. Similarly, at 5-years, patients
undergoing RFA had a significantly worsened survival rate at compared to those
undergoing surgical resection [OR, 0.47(95% CI, 0.34-0.67); p=0.0001]. In regards to
complication rates, patients undergoing surgical resections had significantly more
complications compared to those undergoing RFA [OR, 4.65(95% CI, 1.59-13.56);
p=0.005].

There was strong statistical evidence showing that in early stage HCC with
Childs-Pugh A/B, RFA is equivalent to resection in terms of 1-yr overall survival
while resection lead to superior survival rates at later time points. Recurrence-free
survival was significantly better in patients undergoing resection versus ablation at
all time points. The lower rates of complications associated with RFA compared to
those of resection is widely supported by both RCTs and cohort studies. RFA as a

percutaneous procedure inherently predisposes the patient to less risk of infection



12

and bleeding than open surgery. Surgical resection puts the patient at risk for
hepatic failure, bile leakage, refractory ascites and encapsulated effusion. RFA has
risks such as hepatic infarction and malignant seeding, but occur at a smaller rate
than the complications associated with surgery. For these reasons, RFA continues

to be the primary treatment option for patients not eligible for surgery.

Drawbacks of Thermal Ablations

As mentioned in the previous section, clinical studies have reported slightly higher
rates of recurrence with patients undergoing thermal ablation compared to surgical
resection [26-28]. One potential reason for this effect is that thermal ablations are
highly susceptible to the cooling effect of nearby blood vessels. Blood vessels tend to
act as a cooling element, siphoning heat away from the ablation zone and changing
the growth rate and shape of the final ablation zone. Many times, this can lead to
incomplete treatment of the tumor, especially if the tumor is located near larger
vasculature.

One way physicians have tried to combat this is to utilize higher powers, multiple
probes and insertion of conducting fluid. These techniques can lead to higher
temperatures and more homogenous heating, but have critical drawbacks. With
radiofrequency ablation devices, higher power often leads to charring near the center
of the ablation zone. Desiccated and charred tissue drives the impedance of the tissue
upwards, preventing propagation of the electrical current. The rise in impedance
is also a hurdle when performing ablations in heavily-aerated environments such
as the lung. This self-limiting process often leads to smaller ablation zones and
incomplete tissue heating near tumors, increasing the risk for recurrence. A solution
that has been adapted into clinical practice is the insertion of ionic fluids, which

can improve the conduction of electrical current into the tissue. One difficulty with
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this solution is controlling the spread of the fluid inside the tissue, which is highly
susceptible to gravitational effects. The current can flow to undesirable locations
inside an organ and cause unnecessary damage to nearby organs. Utilizing multiple
radiofrequency probes has also been presented as a solution, but has also been
shown to run into the tissue charring impedance issue. Furthermore, multiple
probes are not always feasible depending on the location of the tumor and whether
or not they are located near more sensitive anatomy. Without a consistent solution
to address these technical difficulties, there is a clear need for an improved method

of heating tissue.

1.3.2 The Rise of Microwave Ablation Systems

The concept of using microwave tissue heating technology to heat biological tissue
has existed for several decades, primarily with interstitial antennas and arrays for
adjuvant hyperthermia and prostate cancer. It has only been in recent years that
there has been newfound interest in using it for early-stage solid tumor. Microwave
ablations utilize a process called dielectric heating, which uses an alternating electric
tield. Water molecules, which have its own dipole moment, will align itself to this
electric field, which is changing directions at a specific frequency, usually between
300 MHz and 300 GHz. While the water molecules attempt to align itself to this
rapidly changing electric field, the rotational movement generates heat within the
tissue. The electric field associated with microwave ablations can penetrate a variety
of tissue conditions, including desiccated and charred tissue. Microwave energy
can continuously heat tissue throughout the duration of a procedure, resulting in

larger, more homogenous ablation zones, even in the vicinity of larger vessels.
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1.4 Current Hurdles associated with Microwave
Ablation Systems

While there are clear benefits in using microwave energy versus radiofrequency
or other predecessor technologies, there are also drawbacks to using such high-
powered devices. The wavelength of a 2.45 GHz electromagnetic source inside
liver is about 2-4 cm, depending on the temperature and water content. At these
macroscopic levels, the precision of the heating zone can be fairly limited compared
to more focused energy sources such as laser. Furthermore, the temperature of the
heating zone can greatly exceed that of RF or laser, capable of exceeding 150 deg
C. The rapid growth of these temperature levels are difficult to control in a limited
area and require a level of supervision that may go beyond what is available in a
clinic, such as temperature probes or MRI thermometry.

The next three sections of this subsection will outline some of the major issues
that have affected the adoption and utilization of microwave technologies. The
presentation and solutions to these issues will be the major themes of the thesis

herein.

1.4.1 Antenna Design Issues

While the theoretical potential of microwave ablation has generated significant
enthusiasm in the interventional oncology community, not all systems have met
expectations. A microwave ablation system is composed of a generator, distributor
and delivery components, all which require a level of optimization for clinically-
acceptable performance in a hospital environment.

The generator, made up of solid-state devices or vacuum tubes such as a mag-

netron, produces the microwave power, which is then distributed through a flexible
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coaxial cable. The delivery component of the system, the microwave antenna, con-
sists of a rigid shaft and a radiating element where microwave energy is delivered.
The antenna performance is evaluated based on its radiation pattern and reflected
energy. In most cases, lower reflected energy translates to more energy forwarded
into the tissue environment, indicative of more efficient antenna performance. In
contrast, an antenna with a high reflected energy will have less energy delivered to
tissue and more being sent back along the antenna shaft and coaxial cable. In some
cases, ablation treatment times need to be shortened in order to prevent antenna
damage from excess backwards heating [33].

One evaluation study used the Valleylab Evident 915 MHz microwave ablation
system to perform 45 W ablations on renal cell carcinomas (RCCs) in a cohort of
10 patients [34]. The patients had tumors ranging from 2.0-5.5 cm in diameter
with 50% of the tumors involving the collecting duct system. Within this cohort,
there were 2 perioperative complications, including one hematoma from a patient
taking anticoagulative therapy and one capsular tear that was resolved with Surgicel.
Additionally, there were 9 post-operative complications found in 4 separate patients,
including a case of urinoma that required exploratory laparoscopy, drain placement
uretal stenting and nephrostomy tube placement. One other notable post-operative
complication was a retained foreign body in the kidney, which was later found to be
the needle sheath of the microwave antenna, which had melted during the procedure.
The area around the needle sheath was necrosed from the excess heat generated
around the shaft of the antenna and required laparoscopic nephrectomy to remove.
On top of these complications, 38% of the patients experienced recurrence on follow-
up, found between 3 and 21 months. The poor clinical outcomes, coupled with
the 20% intra-operative and 40% post-operative complication rate was considered

unacceptable and led to the stoppage of utilizing microwave ablation technology.
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They attributed the high rate of complication to treating larger tumors, necessitating
larger power delivery that led to poor control of the heating area. Furthermore, the
large power delivery (45 W) led to excess heating along the antenna that resulted in
the melting of the needle sheath.

Another clinical study showed poor microwave ablation performance in treating
lung cancers [35]. The group used the Valleylab Vivawave Microwave Coagulation
System, which delivered up to 60 W through a 14.5 gauge needle. There was a 39%
(26/66) rate of pneumothorax, where 69% (18/26) of them were classified as mild and
did not require chest tube placement. In the remaining eight, the pneumothorax was
considered moderate to severe and required chest tube placement. In two patients,
there was presence of intraprocedural skin burns. One skin burn was classified as
a full-thickness 3 cm by 3 cm third degree burn superficial to the ablated tumor,
requiring plastic surgery consult. The other patient was found to have a 2-cm
second-degree burn that required topical treatments and home dressing changes.
Post-ablation body-wall burns were also reported, requiring pain medications. The
authors reported that the larger gauge of the microwave antennas coupled with
the multiple antenna insertion sites made it difficult to prevent pneumothrorax
complications in the more superficial tumors.

It is clear that simply using microwave ablation systems to treat tumors does not
immediately translate to better outcomes. The antenna design, which is critical in
delivering power efficiently into tissue based on its electrical properties, has space
for significant improvement. From an engineering and usability standpoint, the final
antenna design is a balance between energy delivery efficiency, ablation size and
invasiveness. Improper antenna design can lead to a large percentage of reflected
energy, resulting in excess heating along the shaft of the antenna. The shaft of the

antenna is usually in direct contact with the organ and preceding anatomical parts
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superficial to the tumor. Poorly designed antennas can lead to spikes of reflected
power, causing unnecessary damage to body walls that lead to pneumothorax or
pleural effusions, as seen in previous microwave studies.

There is an unmet need for a better microwave antenna that can deliver energy
more efficiently into the tissue and actively prevent backwards heating. Localizing
the heating zone to the antenna heating zone can lead to fewer complications and
less risk for device breakdown during treatment. To this end, the optimization
process and testing of a cooled microwave antenna that can reduce ablation zone

length will be presented in Chapters 3 and 4.

1.4.2 Microwave Ablations near Blood Vessels

Microwave ablation has become a more attractive option over RFA for larger tumors
that may be closer to nearby blood vessels because of their decreased susceptibility to
the heat sink effect. This refers to the phenomena where nearby blood vessels draw
away heat from the ablation zone, decreasing the efficacy of the thermal ablation. In
a situation where there is already difficulty in heating around a tumor environment,
depending on size, location, equipment and technique, this cooling effect can lead
to incomplete ablations, leading to a higher rate of tumor recurrence. In recent years,
there have been anecdotal reports of microwave ablations not only overcoming the
heat-sink effect, but going so far as to damage nearby vessels themselves and causing
both vascular and peri-vascular damage. These complications can be devastating
for a patient with underlying liver disease such as cirrhosis and already suffering
from decreased liver reserves. Unfortunately, there have been relatively few studies
on predicting the affects of thermal ablation, both in RFA or microwave, on blood
vessels.

The risk of thrombus formation during RFA had previously been correlated to



18

the size of the vessels in an in-vivo porcine liver model [36]. The research group
concluded that hepatic vessels larger than 3 mm generally stayed patent during an
ablation and could contribute to the heat-sink effect. Conversely, vessels smaller
than 3 mm occluded at a much higher rate and thus did not interfere with the size
and shape of the ablation zone. The same group performed a similar study with
microwave ablations, with the implication that the higher heating rate would be
overcome the heat sink effect and occlude even the larger vessels [37]. That compo-
nent was validated, as larger vessels were shown to shown to be less susceptible
to the heat-sink effect with microwave ablation compared to similar-sized vessels
near RFA. There was a positive link established between the rate of occlusion and
the size of vessel, with smaller vessels being occlude at a higher rate compared to
larger vessels. However, the relationship between size and occlusion rate was not as
clear-cut as the previous RFA study.

Recently, a more detailed relationship between hepatic vessel flow and its asso-
ciated heat-sink effect in the vicinity of both RFA and microwave [38]. Performed
in an ex-vivo perfusion model, he found that RF was susceptible to the heat sink
effect, with the size of the ablation zone negatively correlated with increasing blood
velocity. Thus, a slow flowing vessel would not siphon a lot of heat from the abla-
tion zone, leaving the original ablation unchanged, but a fast flowing vessel would
siphon a lot of heat from the ablation zone, significantly decreasing the size of
the ablation. An ablation zone created from microwave ablation system, however,
was not correlated with changes in velocity. Higher flow rates did not change the
relative shape and size of a microwave ablation zone, suggesting that microwave
was capable of overcoming the heat-sink effect.

The primary issue of ablating near vessels is the current lack of insight in how

a blood vessel will respond to thermal ablations. Excessive vessel heating beyond



19

the appropriate margins of a tumor can lead to unnecessary destruction of healthy
tissue and potential injury to delicate nearby anatomy such as biliary structures,
diaphragms and bowels [39]. These complications require pain medication at the
very least but can require surgical intervention if not detected in time. On the other
side of the coin, an arguably more important danger is the risk of incompletely
ablating the tumor and its associated vasculatures, which would be considered a
technical failure in tumor control. This case would require immediate re-treatment.
The inconsistency in how ablation zones form with respect to vessels of different
physical parameters such as type, size and velocity, makes the complete treatment of
solid tumors unpredictable, requiring extensive operator experience and real-time

imaging resources to confirm tumor destruction.

1.4.3 Limited Validation Techniques

Numerical simulation of thermal ablation research has been an active area of re-
search because of its potential to use computer-aided design to improve ablation
systems and treatment planning. Computer simulation has been especially useful
in recent years with modeling microwave ablation zones in a variety of tissue en-
vironment and antenna designs that may not be easily done experimentally. The
computational nature of numerical simulations provides a highly-controlled envi-
ronment to observe and delve into the effects of changing individual parameters
associated with the ablation environment. These specific studies can lead to more
efficient experimental studies, leading to fewer animals used and decreased labora-
tory costs. As a natural extension to these techniques, it is also possible to leverage
computational modeling to improve microwave ablation procedures in a more
patient-specific model.

But despite the rapid adoption of microwave ablation systems into the hospital
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workflow and its success in replacing RFA in ablation clinics worldwide, there
have been relatively few advances in translating the many computational research
discoveries into clinical practice. One of the biggest hurdles in translating in-silico
results into the clinic is the lack of experimental validation of these computational
models. The most common validation technique for verifying antenna performance
is visual inspection of an ablation zone in ex-vivo or in-vivo tissue. Areas that are
blanched and desiccated inside the ablation zone are representative of cell death and
can be correlated geometrically to a computationally-derived heating zone [40,41].
Other ways to evaluate cell death is to look apply histological techniques to separate
different regions of cell death. A potential method of evaluating a numerical model
outputting a temperature map in an ex-vivo, in-vivo and even clinical scenario is
to use discrete temperature probes either utilizing thermocouples or fiber-optic
material to measure temperature changes around the ablation zone. Temperature
changes can be correlated with computational models to test the accuracy of the
model [42].

There are significant strengths and weaknesses to each of the currently-accepted
validation techniques. Using visual inspection gives excellent spatial resolution, as
it is relatively straightforward to look for the boundary of the blanched region and
identify the charred interior region next to the antenna. Histological analysis allows
for a snapshot of specific cell processes are occurring at specific regions around the
ablation zone. However, access to the tissue sample can only occur after the com-
pletion of the ablation zone. Thus, the time-dependent heating changes within the
ablation zone is never captured and cannot be correlated with the time-dependent
computational data. With the visual inspection, we are only getting a single snapshot
of entire ablation process. A model may match up well with the beginning of the

microwave ablation inside tissue but fall apart when temperatures exceed 100 deg C
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and water vaporization phenomenon dominates. Conversely, the model might not
match up with the experimental setup in the beginning but then correlate well at the
single time point when the ablation zone is cut open, leading investigators to believe
that the model is an excellent fit. Using individual temperature probes provides the
reverse problem. Temperature probes give excellent temporal resolution to thermal
information. However, we can insert a few temperature probes into an ablation
zone at once, giving us only limited spatial information. To compound this problem,
temperature sensors are not physically locked into place, making them sensitive to
motion artifacts associated with tissue contraction. Temperature probes that started
1 cm away from the antenna may potentially end up only 0.5 cm away from the
antenna toward the end of a 5 minute ablation. This spatial variability makes the
accurate correlation of entire temperature maps to a single point very difficult.
The current state of computational model validation is not optimal for trans-
lational studies due to these limitations. Improving validation methods will be
critical in confirming the efficacy of existing computational ablation models and
assisting in the physicians” decision-making process. Treatment planning with the
assistance of computational models would be helpful in letting physicians recognize
how to create ablations with necessary margins while avoiding critical structures

and associated complications.
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2.1 Abstract

Microwave tissue heating is being increasingly utilized in several medical applica-
tions, including focal tumour ablation, cardiac ablation, hemostasis and resection
assistance. Computational modeling of microwave ablations is a precise and repeat-
able technique that can assist with microwave system design, treatment planning
and procedural analysis. Advances in coupling temperature and water content to
electrical and thermal properties, along with tissue contraction, have led to increas-
ingly accurate computational models. Developments in experimental validation
have led to broader acceptability and applicability of these newer models. This
chapter will review the basic theory, current trends and touch on the future direction

of computational modeling of microwave ablations.

2.2 Introduction

Thermal ablation technology is a rapidly emerging alternative to surgical resection
for many benign and malignant tumors of the liver, lung, kidney and bone [43-45].
Ablation is also being investigated for the treatment of other solid tumors in organs
such as the breast, prostate, adrenal glands, pancreas and uterus [46-50]. Non-
oncologic applications include treatment of cardiac arrhythmia, as well as a means
for hemostasis during surgical resection [51,52]. Ablation may also be combined
with adjuvant therapies such as radiation, chemotherapy and even nanoparticles to
improve treatment efficacy [53-55].

Methods of inducing thermal ablation include lasers, high-intensity focused
ultrasound, radiofrequency electrical current and microwaves. The applied energy
heats the target tissue to cytotoxic temperatures, usually above 50-60°C, although

microwave can heat tissue to over 150°C [56]. Due to its minimally-invasive nature,
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thermal ablation is characterized by quicker recoveries and fewer complications
compared to surgical resection [57]. Microwave ablation is gaining attention as
an alternative to the more widely disseminated radiofrequency ablation, due to
several advantages in tissue-heating physics. Microwave energy is capable of prop-
agating through desiccated and charred tissue, which allows for continuous and
rapid volumetric heating, potentially leading to a larger ablation zone compared to
radiofrequency ablation [56]. The high heating rate produced by some microwave
systems can overcome heat-sink effects from nearby vessels, creating more uniform
ablation zones [38]. Microwave antennas can also be tuned to deliver energy more
efficiently to specific organ systems such as the liver or lung [58,59].

Computational modeling of microwave ablation procedures plays a critical role
in the development and implementation of clinical systems. Numerical simulations
can rapidly predict the propagation of electromagnetic (EM) waves from antennas
of arbitrary geometry and evaluate antenna performance metrics [59]. Energy
deposition from the applied electromagnetic fields, heat generation, as well as the
subsequent water and vapor mass transfer in tissue can then be used to predict the
thermal dose or surviving fraction of cells [60]. Together, coupled electromagnetic-
thermal solutions may improve predictions of how ablation zones form inside
patients.

The in-silico nature of computational modeling of thermal ablations provides a
highly-controlled environment to investigate and understand the effects of changing
input variables [61]. Such specific insights can potentially lead to more focused
experimental studies, fewer animal studies, decreased developmental costs and
greater research efficiency. Faster and more powerful computational techniques can
help predict and improve microwave heating in patient-specific models. Analysis

of antenna geometry and materials can also be used to optimize device design and
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implementation.

2.3 Theory

Microwave ablation is produced by EM fields radiating from an antenna inserted
into the tissue. The EM field is described most generally by the source-free, time-

harmonic form of Maxwell’s equation in lossy media such as tissue:

V x E = —jwpH (2.1)
VxH=]+jweE (2.2)
V.-D=0 (2.3)
V-E=0 (2.4)

where E is the electric field intensity (V/m), H is the magnetic field intensity (A/m),
w is the angular frequency, u is the permeability (H/m) and € is the complex
permittivity or dielectric constant (F/m), B is the magnetic flux density (Wb/m?),
D is the electric flux density (C/m?), and J is the current density (A/m?). In the
case of coaxial microwave antennas in an approximately homogenous, isotropic
medium, an axially-symmetric cylindrical coordinate system can often be used to
reduce the three-dimensional problem to a two-dimensional domain, accelerating
the solution computation.

A description of heat transfer in tissues can be realized using Pennes’ formulation

of the non-stationary heat equation [62]:
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where C, is the specific heat capacity of the tissue (]J/kg-K), k; is the thermal con-
ductivity (W/m-K), T is the temperature (K). Q., is the metabolic heat generated
from the tissue (W/m?) but usually ignored due to its minimal impact compared to

the other heat terms. Q,, represents heat loss through blood perfusion,

Qp = wpicpt(T—Tpr)  W/m? (2.6)

where wy, is the blood perfusion velocity (kg/m?-s),cp1 is the specific heat capacity
of blood (J/kg-K)andTy, is the blood temperature (K). The remaining term of
equation (6) is the heat absorbed by the electromagnetic field into the tissue,

o

Qu=7 I EI* W/m’] 27)

where E is the electric field (V/m) solution found previously through solving
Maxwell’s equations, and o is the tissue conductivity (S/m) [56]. Solving this set
of equations provides a visual representation for how tissue temperature changes
during a microwave ablation procedure (Figure 2.1). The equations can also be
solved simultaneously or iteratively to account for changing tissue properties; for

example, those that are dependent on temperature or water content.
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Figure 2.1: (Top) Numerical model of temperature profiles during microwave abla-
tions in liver tissue at various time points. The ablation zone temperature boundary
grows more in the first 3 min, compared to the last 2 minutes. (Bottom)Temperature
elevation through the transverse cross section of ablation zone at various time points.

Microwave ablation zones can reach temperatures as high as 150°C.
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Although tissue damage is composed of many complex biological processes,
there are two widely-accepted models that predict thermal damage as a single
simplified process: the thermal iso-effective model and the Arrhenius damage model
[63,64]. The thermal iso-effective model describes how cellular damage is related
to cumulative thermal dose; that is, the relationship between temperature and
exposure time. The cumulative equivalent minutes at 43°C (CEM43) is a common
metric that equates the likelihood of cellular death to that of cells exposed to 43°C
for a specified number of minutes [65]. The Arrhenius damage model, using similar
assumptions as the CEM model, expresses the percentage of cells in a given volume
that will survive at a given temperature and exposure time. However, there are
limits in quantifying thermal damage, especially at the higher temperatures seen in
thermal ablations compared to mild or moderate hyperthermia [63,66]. Models that
describe thermal damage due to cellular or metabolic disruption have also been
described but have not been as widely-utilized to date due to complex inputs and
high computational costs [67,68].

Analytical solutions to equations 2.1-2.7 are available for only certain antenna
geometries and assumptions about the medium, such as a homogenous tissue en-
vironment. For more general models, numerical methods are required. The most
commonly-used techniques include the finite element method (FEM), the finite
difference time domain method (FDTD) and the method of moments (MOM). The
finite-element method has been used extensively due to its availability in com-
mercial software such as COMSOL and ANSYS, which are capable of coupling
electromagnetic field solutions to other physics models such as heat transfer and

diffusion.
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2.4 Use of Computational Modeling in Microwave

Ablation

2.4.1 Antenna Evaluation

Common microwave ablation antenna performance metrics include those that de-
scribe how efficiently an antenna can deliver power into the tissue and the resulting
heating pattern. Antenna efficiency can be described by the ratio of power output

to power input, or reflection coefficient I',

Pr(f)

I'(f)4B =10 - log( 5

) (2.8)

where Pr(f) is the reflected power and P;in is the input power (W). More efficient
power delivery is characterized by lower reflection coefficients. Specific absorption

rate (SAR), which represents the rate of power deposition in tissue, is given as

o
SAR= | E|l [W/kg (2.9)

where E is the electric field (V/m), o is the tissue conductivity (S/m) and p is the
liver tissue density (kg/m?) (35,25). SAR can roughly estimate potential shape of
an ablation zone created by a given antenna (Figure 2.2).

With transient analysis of coupled EM-thermal problem:s, it is also possible to
observe the changes in reflection coefficient and SAR occurring during the ablation
process. Using these metrics, automated optimization techniques can be employed
to find microwave antenna geometries that suit a specific clinical need. Due to the
multiple factors involved in antenna design, the final design is usually the result of a
trade-off between the objective heating pattern and reflection coefficient. Improving

ablation antenna design remains an area of active research [59,69-74].
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Figure 2.2: SAR mapping of a microwave ablation zone along with corresponding
temperature isotherms at 5 min

2.4.2 Power Delivery Frequencies

In addition to facilitating computer-aided antenna design, computational modeling
can also be used to evaluate the effect of the applied frequency during power delivery.
Current microwave ablation generators provide continuous power, from 30 to 180
W at 915 MHz or 2.45 GHz, although higher and lower frequencies have been
described [75-79]. While some previous studies suggested that lower frequencies

are associated with greater penetration depth and larger ablation zones, power
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output was not normalized to offset cable losses at each frequency [80,81]. When
modeling the dipole antennas used in those studies, and controlling for applied
power, we found virtually no difference in ablation SAR diameter between 915
MHz and 2.45 GHz (Figure 2.3). This result confirmed the conclusions of an earlier
microwave hyperthermia antenna study [82]. When comparing antenna designs in
a controlled environment with varying powers, computational modeling can play a

critical role.
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Figure 2.3: (Top) Numerical modeling demonstrating nearly equivalent maximum
ablation zone diameters between dipole antenna designs emitting power at 2.45 GHz
(right) and 915 MHz (left). The color bars represent the heating rate from 0-1000
W/kg. The white line iso-contour gives a visual approximation to the ablation
heating zone. (Bottom) Microwave antenna performance at the two frequencies
shows nearly equivalent SARs at radial distances 7 mm from the antenna
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2.4.3 Multiple Antenna Optimization

Modeling has also been utilized to analyze and optimize antenna arrays for mi-
crowave tissue heating. Such arrays can produce larger, more homogenous ablation
zones than with a single antenna [82-87]. As with single antennas, computational
models can predict the electromagnetic interactions between antennas and resulting
heating pattern in tissue. Zones of constructive and destructive wave interference
that can affect relative heating rates have been of particular interest. Computational
modeling can help optimize the input wave amplitude and phase to produce deeper
tissue penetration and improved local control of the tumor ablation zone [88-90].
Temporal modulation of the amplitude and phase of each antenna has also been
analyzed during computational modeling [91,92]. Placement of phased antennas in
non-parallel fashion while maintaining the same homogenous ablation zone has
also been explored [93]. Array optimization with modeling has led to increased
efficacy in treating more irregularly-shaped tumors that are deep within the body
and provide more options in the number of antennas placed and their insertion

points [94-97].

2.4.4 Tissue Property Changes during Thermal Ablation

Dielectric properties of various tissues are strongly influenced by temperatures
and tissue water content [98]. The dielectric properties of tissue include relative
permittivity €., which describes the tissue’s ability to hold electrical charge, and
effective conductivity o, a measure of how well the tissue absorbs electromagnetic
energy. The dielectric properties of biological tissue can be described across a wide

frequency domain by the multi-pole Cole-Cole dispersion model:
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where T is a time constant to characterize the polarization in a relaxation region,
€ is the permittivity at field frequencies where wt >> 1, Ae is the magnitude of
dispersion, « is a measure of the broadening of the dispersion and o is the static
conductivity [99].

The temperature-dependence of dielectric permittivity and conductivity in tissue
has been documented in multiple studies. Within a narrow range around physiolog-
ical temperatures (20-45°C), temperature-dependence can be reasonably described
as a linear function [100,101]. Parabolic temperature-dependent models have also
been described in the range of 20-60°C [102]. Microwave ablation systems, however,
are capable of heating tissue to temperatures well over 100°C [103]. At these higher
temperatures, tissues undergo structural changes and water loss, which affect tis-
sue properties substantially [104,105]. By lumping physical phenomena such as
water vaporization and tissue dehydration into a temperature-dependent model
and using coupled EM thermal simulations, more accurate temperature profiles
can be predicted, even at temperatures over 100°C. One study compiled a table
of dielectric properties of tissue which were measured at the end of a microwave
ablation with various sets of power and time. The results were fitted to a Cole-Cole
model and suggested significant changes in the amount of dispersion, time constant
and static conductivity values during heating [106]. Two other studies monitored
the dielectric property values during high temperature microwave heating of ex vivo
bovine liver, revealing a sigmoidal relationship between permittivity and conduc-
tivity with temperature [107,108]. These curves were then applied to the computer
simulations and found to be more accurate in predicting experimental temperatures

when compared to existing models. The temperature-dependent model also more
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accurately described changes in antenna reflection coefficient and heating pattern
caused by non-uniform changes in the tissue dielectric property during ablation.
Establishing the relationship between dielectric properties and heating physics is an

ongoing topic of research that holds promise for even more accurate simulations.

2.5 Trends in Microwave Ablation Modeling

Microwave ablation technology development has undergone rapid growth in the
last decade and there are multiple areas of active research that leverage the benefits
of numerical modeling. The effect of individual parameters on the entire ablation
process can be predicted prior to experimental work, saving time and resources for
more focused study [109]. But despite the advantages of working with simulations
and leveraging nearly a century of research in electromagnetic theory, there is much
work needed with regards to the inputs and the validation of existing numerical

models.

2.5.1 Water Vaporization and Tissue Contraction in Tissue

Intense heating during microwave ablation leads to physical changes such as water
vaporization, vapor mass diffusion and re-condensation. This is evident during
experimental studies with microwave antennas in tissue, where vapor formation can
be observed with imaging during longer and more powerful ablations. The center
of the ablation zone typically becomes dehydrated first, and the water is driven
outwards from the antenna. Vapor formation and transport leads to dehydration
of the tissue around the ablation zone [65,103-105,110]. Two separate groups tried
improving matching between modeling and experimental results by incorporating

a latent heat of vaporization term to account for the energy needed to change water
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Figure 2.4: Ex vivo tissue contraction is shown by placing pairs of high density
wire markers 10-40 mm away from the antenna shaft. The original marker positions
are shown in the top image and begin to move closer together as the microwave
ablation begins and continues shrinking until the end of the procedure.

from its liquid to gas phase within tissue [103,111]. However, there was an unac-
counted decrease in heating rate after 100°C and a high temperature SAR correction
term was required to match the model to the experiments. One possible explanation
for this model mismatch is a change in the EM field profile secondary to changes in
permittivity and conductivity as noted in other works [104, 107]. Incorporating the
dielectric changes due to tissue dehydration in the ablation treatment may yield a
more accurate model to predict the physical changes occurring during an ablation

treatment.
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Another important phenomenon affecting the accuracy of computational mod-
eling is the contraction of tissue exposed to ablative temperatures. One previous
study had demonstrated that ablation zones contract up to 15-50% in diameter
and 27-75% in volume during radiofrequency and microwave ablation. The same
study implemented an exponential correction term to the computational model to
compensate for the 20-25% radial contraction at various distances from the antenna
after 5 minutes [112]. Greater contraction was noted during microwave ablations
than RF ablations, likely due to increased water vaporization and collagen dehy-
dration (Figure 2.4). Contraction can complicate the validation of numerical and
experimental results because temperature sensors placed into the tissue will move
during contraction, artificially increasing temperatures compared to static points in
a computational model. Contraction can also confound imaging-based diagnostic
and post-ablation staging efforts by shrinking the original boundaries of the tumor.
Accurate comparison of numerical simulations and experimental results is possible

only by accounting for such contractions.

2.5.2 Model Validation

Experimental validation of computational model predictions is critical to establish
broader applicability of the model. Visual inspection and correlation of experimen-
tal ablation zone dimensions to numerical predictions is one validation technique.
Blanching and desiccation inside the ablation zone are good predictors of cell death
in many parenchymal tissues such as the liver (Figure 2.5). Further histological
analysis such as microscopic examination, enzyme histochemistry and transmis-
sion electron microscopic analysis can help stratify various regions of ablation
[40,113,114]. These techniques compare cell death to the predictors of cytotoxicity

calculated during simulation. However, such comparisons rely on the numerical
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Figure 2.5: Microwave ablation zone created in ex vivo liver tissue. The charred zone
is the darkened area at the center of the ablation zone which was highly desiccated
from the intense heat and water vaporization (greater than 100°C). The coagulation
zone is the blanched region of the ablation zone, usually showing pyknotic nuclei on
histology (70-100°C). The congestive zone is the red peripheral area of the ablation
zone that represents the boundary of the ablation zone and is sometimes called the
transition zone (50-70°C).

metric of cell death, which can vary widely by method [63].

Alternatively, arrays of thermocouples or fiber-optic temperature probes have
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been successfully used to map temperatures around the ablation antenna [107].
These temperature probes are structurally robust, exhibit quick response times
and provide enough temporal resolution in real-time. Temperature data can be
recorded and correlated spatially and temporally with the modeling data. Since
contraction can change the location of the temperature probes, it is important to
similarly recalibrate the evaluation points in the simulation output or establish a
temperature-contraction relationship in the model to accurately compare numerical
and experimental results [107,112].

Imaging techniques such as ultrasound, CT or MRI can also be used to validate
computational models [115-117]. Contrast-enhanced scans delineate boundaries
of the coagulation zone compared to perfused tissues and can be used to compare
ablation zone size to predicted sizes [116]. Non-contrast scans with sufficient tem-
poral resolution can be used to monitor ablation zone growth, but thermal ablation
features can still be difficult to discern. One more prominent feature is water vapor
formation, which appears as hyper-echoic gas bubbles under ultrasound and hypo-
dense regions under CT. The visible gas is not a surrogate for the ablation zone, but
can provide an estimate of the most desiccated zone of tissue. The highly visible
gas can also be tracked during the ablation to estimate vapor transport (Figure 2.6).
However, water vapor formation and transport must be calculated in the computa-
tional model to use gas as the validation metric. Alternatively, MR thermometry
can be used to quantify the temperature change in tissue experimentally for com-
parison with numerical predictions, but most studies have been targeted toward
radiofrequency ablation measurements [118-120]. Current microwave devices are

not MR compatible so the utility of MR thermometry has been limited [121, 122].
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Figure 2.6: Gas bubbles resulting from water vaporisation are visible on ultrasound
imaging and can be used to monitor treatment progress.

2.5.3 Extension to Patient-Specific Planning

Treatment planning is most typically performed by the attending physician and is,
therefore, heavily dependent on physician experience. Patient-specific treatment
planning based on computational modeling may be able to assist in the physicians’
decision-making process. Ablation precision would theoretically improve as physi-
cians would be able to recognize whether a given antenna placement could achieve
the necessary margins, but also potentially avoid critical structures that could lead to
procedural complications [123]. While information needed to create patient-specific
antenna guidance systems is available, there are still multiple challenges that need
to be addressed before being integrated into hospital workflow. Cooling effects

from vasculature can disrupt the growth of a thermal ablation zone, decreasing
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the efficacy of an ablation treatment and increasing the risk for local recurrence.
Previous literature investigating the effect of blood vessels on thermal ablations are
based primarily on radiofrequency ablation [124-126]. Studies relating the effects of
blood vessels and vascular trees to radiofrequency ablation zone sizes have revealed
additional flow mechanics that influence how a thermal ablation zone may appear
[127-130]. While the focus of these studies were on radiofrequency ablation, the
implications are increasingly relevant for microwave ablations, which are much
more efficient at heating tissue and blood vessels. Vessels near microwave ablations
have been shown to act as a heat conduit, as opposed to a “heat-sink” for thrombotic
events and perivascular damage [123, 131, 132]. Understanding the effect of vessel
flow and nearby vascular beds in thermal ablations is currently an area of active
research.

In addition to the modeling of local anatomy near the antenna placement location,
patient-specific planning requires detailed knowledge of many other parameters
such as the thermal and electrical properties of the organ and surrounding tissue
that may be affected by underlying disease processes [133, 134]. Accurately in-
tegrating these additional facets into clinically useful information in the hospital
workflow in real-time has led to the development of ranking algorithms, image
registration and computing reduction techniques. Optimization algorithms have
been used to rank the possible insertion points and find the best antenna placement
location, maximizing chances of the best clinical outcome and minimizing risks
for complications [135-137]. To cut down on computing costs, some groups have
utilized an objective cost function that optimizes the temperature distribution by
avoiding larger vasculatures, creating an optimal trajectory of an RFA applicator
[125]. Decreasing the computational time of calculating ablation zone behavior

near major vasculatures has also been demonstrated using patient-independent
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lookup tables. These tables utilized previously-calculated cooling rates of blood
vessels based on vessel size and distance from an RF applicator. Using these tables
to predict ablation zone characteristics was demonstrated to be computationally
faster than solving for the electromagnetic and heat transfer solutions independently
for a patient-specific anatomy [125]. Other efforts to improve computational speed
have involved a GPU-driven real-time calculation of the projected ablation zone,

while incorporating the cooling effects of nearby liver vasculature [138].

2.6 Conclusion

Microwave tumor ablation is a rapidly growing modality already used to treat early-
stage tumors and gaining traction in combination therapies. The ability to predict
the active heating zone and heating behavior within tissue has led to improved
understanding of the basic physics behind microwave ablations. The exquisite
control of modeling studies affords in-depth investigation of the effects of single
variables, leading to decreased experimental sample sizes and costs. Computational
and experimental studies have helped optimize the design of microwave antennas,
generators and techniques, facilitating clinical translation and further adoption into
clinics worldwide. The concurrent development of modeling and validation will
lead to better integration of patient-specific, interactive models that can change how

ablation procedures are performed in the future.
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3.1 Abstract

Purpose: The original dual-slot antenna design, based on a bare coaxial cable,
was capable of producing a more spherical ablation zone localized to the tip of
the antenna, leading to less backwards heating along the shaft of the antenna.
The purpose of this study was to investigate the possibility of adding a cooling
component and a ceramic tip to the original dual-slot design while maintaining the
same energy delivery and heating performance.

Methods: A collection of antenna geometries using an inner feeding mechanism
and outer two slots were analyzed using finite-element modeling techniques. A
cost function was developed to weigh the benefits of power delivery efficiency and
ablation shape between each individual antenna design. The performance of the
antenna with the lowest cost was then compared to that of the original dual-slot
design. Individual components of the final antenna design were also analyzed
separately to facilitate the fabrication process.

Results: The optimal antenna design had an outer dual-slot dimensions similar to
that of the original dual-slot design. The proximal slot had a length of 1 mm, the
distal slot had a lenght of 4 mm and the two slots were separated by a distance of 8
mm. The feeding slot 2mm in length supported optimal energy dispersion when
placed right under the proximal slot. The operating bandwidth of this optimized
design was 3 GHz, nearly double that seen in comparative monopole antenna
designs.

Conclusion: The parametric optimiation process successfully added a cooling com-
poenent and ceramic tip into the original dual-slot microwave antenna design.
Validation of these computational results in a pre-clinical environment is a logical

followup to this study.
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3.2 Introduction

Microwave tumor ablation has rapidly gained traction in recent years due to its
inherent advantages in heating tissue homogenously to cytotoxic temperatures in
highly-perfused tissue [139]. Microwave ablation systems utilize an alternating
electric field to heat tissue to cytotoxic temperatures, allowing it to continuously
heat through desiccated tissues and reach temperatures exceeding 100°C. As a result,
compared to predecessor technologies, microwave tumor ablations are typically
larger and hotter, reducing the risk for tumor recurrence [140].

A critical component of the microwave ablation system is the antenna design,
which determines the radiation pattern and reflection coefficient. To date, there
have been several microwave antenna designs proposed for interstitial purposes,
including monopoles, dipoles, triaxial, slot and looped designs [72, 141-144]. Many
of these designs have attempted to control the energy deliver or ablation zone shape
and size. To achieve these goals, however, there were design costs that made clinical
adoption prohibitive. For example, the choke design, which adds an extra conduct-
ing layer over an antenna, can prevent an electric field from heating backwards, thus
improving ablation localization to the antenna tip [71, 145]. However, this extra
layer increased the antenna diameter to the point where percutaneous insertion is
difficult and potentially dangerous for a patient [146].

Previously, a dual-slot antenna had been optimized to reduce backwards heating
without the addition of an extra conducting layer [147]. However, this design utilized
a bare coaxial cable not suitable for clinical needs. The copper outer conductor of a
bare coaxial cable often heated up during microwave ablations, causing damage
around the insertion path of the microwave antenna. Furthermore, the coaxial cable

by itself was also not rigid enough to facilitate percutaneous insertion through the
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skin and chest wall. The introduction of a cooling apparatus to chill the coaxial cable
and a ceramic tip to add rigidity could potentially address these issues. However,
these additional features could not simply be placed over the existing dual-slot
coaxial antenna design. The size and placement of these components directly affects
the overall performance of the microwave antenna. The purpose of this study was
to perform a parametric analysis of the dual-slot antenna design with the addition

of a cooling apparatus and ceramic tip.

3.3 Parametric Analysis of Antenna Geometry

The cooling apparatus was determined to be confined within a stainless-steel outer
cannula. Water would be able to flow in and out of this steel cannula, cooling the
copper coaxial cable inside. The steel cannula would be extended up to the point
where the dielectric material underneath becomes exposed, where it would also
secure the ceramic element.

A preliminary analysis of our own fabrication capabilities and potential designs
led to a feeding size ranging from 1-13 mm, located anywhere from 1-12 mm away
from the tip of the antenna, as well as a the size of the outer copper (serving as the
median of the two slots), ranging in size from 1-12 mm, located anywhere from
1-11 mm. With our fabrication tolerance extending to sizes as small as 1 mm, we
determined that with these ranges, there were 20,592 possible antenna designs
(Figure 3.1).

Analysis was performed using finite-element modeling software to solve Maxwell’s
equation in the transverse magnetic (TM) propagation mode (Comsol Multiphysics

3.5a; Burlington MA),
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Figure 3.1: The addition of the cooling chamber added several new layers to the
overall antenna design. The copper median and feeding slot led to 4 degrees of
freedom that could be altered in millimeter increments.
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where E is the electric field vector (V/m), w is the angular frequency (rad/sec), €, is
the relative permittivity (F/m) and o is the effective conductivity (5/m). The antenna
geometry was set up in a two-dimensional, axially-symmetric domain by assuming
rotational symmetry along the shaft of the antenna. The metallic components, both
copper and stainless steel, were considered to be perfectly electrically conducting.

The dielectric material of the semi-rigid coaxial cable was assumed to be lossless
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Input Variable | Expression | Description

Pin 1[W] Input Power

€diel 2.03 Relative Permittivity of Dielectric
€liver 43.03 Relative Permittivity of Liver
Oliver 1.69 [S/m] | Conductivity of Liver

Table 3.1: Modeling Input Variables

PTEFE (polytetrafluoroethylene). Liver properties were taken from available literature
(Table 3.1). Input power was set to 1 W at 2.45 GHz. Triangular meshes were set to
a maximum size of 3 mm.

The metrics used to rank the antennas were based on energy delivery efficiency,
known as the 511, or reflection coefficient, and the shape of the ablation zone. The
shape of the ablation zone was defined by the aspect ratio, or the ablation zone width
divided by the ablation zone length. An isocontour outlining the ablation zone
where there was an average power deposition of 3x10* W/m? was determined to be
a reasonable approximation for how an ablation zone would look after 5 minutes.
To determine the optimal microwave antenna design, a cost function was utilized
to rank the antennas based on their performance in reflection coefficient or aspect

ratio. In this case we used a cost function previously defined in [147]:

1 1

Y(T,AR) =2 — 1+ eAiT+B1) 1t eA2(AR+By)

(3.2)

where A; was set to 0.5, A, was set to -10, B; was set to 15, and B, was set to -0.7.
As you can see in the cost-figure below, these constants translated to a lower “cost”
if the reflection coefficient was lower than -10 dB, or had an aspect ratio that was
higher than 0.5 (Figure 3.2). The lower aspect ratio and higher aspect ratio led to a
smaller cost and an improved ranking. We used this objective function to score and

rank all 20,592 antenna designs.
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Figure 3.2: The antenna cost function was used to weigh the separate advantages of
having a more spherical ablation zone against have more efficient energy delivery
into the tissue. Antennas that had the best balance between the two features would
be assigned a lower "cost."

3.4 Results

The antenna design with the lowest score, and hence the most optimal design was
shown to have an outer copper size of 8 mm, located 4 mm from the beginning of
the tip of the antenna, which was embedded within the ceramic heating zone. The
interior slot location was located 11 mm from the beginning of the tip, with a slot
width of 2 mm. Thus, the inner slot would be primarily feeding the proximal slot
of the antenna. This antenna design was shown to have an ablation zone diameter

of 1.9 cm and a heating length of 2.8 cm, for an aspect ratio of 0.67. The reflection
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coefficient of this theoretical design was given as -22.5 dB. It is interesting to note that
the top 8 antenna designs have a similar outer design found in the original coaxial
design and the performance varied based on where the inner feeding structure was

located.

Rank 1 2 3 4

Copper Size (mm) 8 8 8 8

O &= 0o | O
e = o |
N & N3 |

5
8
Copper Space (mm) 4 4 4 4 4
Slot Size (mm) 11 10 10 10 9
Slot Location (mm) 2 3 2 1 4 3 5 6

Aspect Ratio 066 0.67 067 067 068 068 0.69 0.70
S11 -22.5 -237 -212 -21.1 -221 -20.2 -214 -198
Score 022 022 023 025 025 025 026 0.26

[Top 8 Results from Parametric Study]The top 8 results showed relative robustness
in terms of slot size and location. However, the outer design, which mimicked that

of the original, bare-coaxial dual-slot antenna, needed to remain the same.

The resonance structure of this design had two peaks, one at 0.9 GHz and one at
2.5 GHz. These peak resonance frequencies are similar to the resonance frequencies
of the two outer slots seen in the original dual-slot design. The operating bandwidth,
or where the antenna operates at greater than 90% forward power, was 3 GHz, nearly
double that of a monopole antenna.

The heating zone of the antenna was centered on the proximal slot, sitting
above the feeding slot in the radial direction. Removal of the outer copper, which
eliminates the outer dual slots and effectively deconstructs the antenna into a single-

slot antenna, results in electric field propagation along the shaft of the antenna.
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While the reflection coefficient stayed approximately the same, the aspect ratio

dropped dramatically (Figure 3.6).
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Figure 3.3: The outer copper was required to be located on the ceramic for the
antenna to deliver energy efficiently. Removing the outer copper led to a drop in
antenna performance.

3.4.1 Analysis of Individual Components

As a validation step, we also looked at the results of the parametric study with
respect to individual components, using ablation sizes, reflection coefficient and
aspect ratios as the metrics. While some designs led to better aspect ratios than
what the parametric study converged upon, their associated reflection coefficient

was much lower and thus did not appear in our top 8 list.
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Outer Cannula

The outer cannula was found to have improved performance as its interface with
the ceramic was moved down toward the location of the outer copper (Figure
3.4). The aspect ratio moved from 0.5 to 0.8 as the cannula length was extended
toward the outer copper tape. The increase in aspect ratio was primarily due to the
decrease in ablation zone length, as the ablation diameter remained unchanged with
various cannula lengths. There was also relatively little change between reflection
coefficients at various cannula lengths, as the S11 stayed around -10 to -12 dB.
Minimizing the distance between the steel cannula and the copper tape re-confirmed

that the 1 mm spacing found in the final design was the correct length to use.

Ceramic Length

Extending the length of the ceramic within the steel cannula exhibited sinusoidal
behaviors in terms of antenna performance(Figure 3.5). The aspect ratio of the abla-
tion zone varied from 0.4 to 0.8, due to the changing ablation length as the ceramic
was extended. The reflection coefficient also varied sinusoidally, and suggested
that the ceramic length within the cannula had a direct effect on the resonant wave

pattern and propagation within the steel cannula and antenna.

Feeding Slot Size

The feeding slot was shown to have the optimal size near the proximal slot, where
the ceramic interfaced with the outer cannula (Figure 3.6). At the top location, the
aspect ratio peaked right under 0.5, but the reflection coefficient was around -10
dB. Enlarging the feeding slot to 4 mm would drop the reflection coefficient to -15

dB but would simultaneously decrease the aspect ratio below 0.4. The parametric
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study narrowed the optimal feed slot size to 2 mm, which is a compromise between

the sizes leading to the largest aspect ratio and the smallest reflection coefficient.



A) B)

{4m1awelp 3414

L£10°0) X800 ,0Z0%0

Ablation Size (m)

ieays 1a1no ,650°0

)

Wit

wuwsg
A
Aspect Ratio

WL

D)

Reflection Coeff (S11)

e

=

&
1

0.02 -

0.01

=)
=
=

|

[=]

54

=fr=Diameter

== | ength

0.031

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

0.036 0.041 0.046 0.052 0.057
Outer Cannula length [m)

0.031

0.036 0.041 0.046 0.052 0.057
Outer Cannula Length (m)

€ -

-8 4

10

12

14 -

RN
hY alh wh
B o o

AT TR e T B LT < S A -
O & G G
T FFTFTF ST TS

Quter Cannula Length (m)

Figure 3.4: Ablation zones were more spherical and energy was delivered more
efficiently as the cannula covered more of the ceramic.

JFeeding slot size did not play a large factor in the overall antenna performance.

Within a wide range of values, the aspect ratio and ablation aspect ratio remained

stable.
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3.5 Discussion

This chapter discussed the design of a pre-clinical version of the original dual-slot
antenna. The addition of the cooling component and ceramic necessitated an opti-
mization process to maintain the benefits in the original dual-slot antenna. Finite-
element modeling was used to evaluate over 20,000 potential dual-slot antenna
designs. The optimal design yielded results similar to the predecessor dual-slot an-
tenna [147], with a slightly lower aspect ratio, 0.66 versus 0.70 but slightly improved
energy delivery efficiency, -22 dB versus -20 dB.

Like the previous dual-slot design, the distal slot size of 4mm represents an
approximately quarter wavelength of the microwave energy at 2.5 GHz in liver
tissue (1.8 cm), introducing a 180 degree phase shift in its reflection. The two
sources of electric field propagation cancel each other out along the shaft of the
antenna, to create an active “choke” without increasing the diameter of the antenna.
The study demonstrated that we were able to maintain this benefit through proper
placement and sizing of the cooling component and ceramic tip.

The operating bandwidth of this optimized dual-slot antenna was found to be
larger than conventional monopole antennas. With an operating bandwidth twice
as large, the antenna is potentially capable of maintaining superior energy delivery
performance in a variety of tissue conditions and types. This can be useful when
the tissue changes as water vapor is moved out and desiccation occurs, changing
the electrical and thermal properties of the liver. Due to the multiple degrees of
freedom in this cooled dual-slot antenna, many modifications can be incorporated
to impedance match the antenna to the organ of interest.

A more spherical ablation zone has many benefits in a clinical workflow, espe-

cially from the standpoint of patient safety. Microwave energy is unique in its ability
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to heat through a wide variety of tissue conditions. However, its implementation has
been stalled by suboptimal antenna designs, which need to be matched to the tissue
condition it is delivering energy into. The high-powered microwave generator is of
little use if the antenna cannot efficiently deliver it into the tissue. Poor matching
between the antenna and tissue can cause power to be reflect back along the coaxial
needle and along the shaft, causing damage to nearby anatomy and body wall.
Previous attempts to reduce shaft heating involved adding an active “choke” or an
additional conducting layer over the entire antenna. This extra layer increased the
antenna diameter in a way that became cumbersome for percutaneous usage in a
clinical setting. Adopting the dual-slot antenna design led to an active reduction
of backwards heating can allow for greater energy deposition into tissue without
active heating along the shaft of the antenna.

There were specific limitations to this optimization study. The first is that we
utilized a parametric design process, which does not explicitly converge to any
maxima or minima. In that sense, this is not a true optimization process. We needed
to define our own logarithmic cost function to determine what the optimal antenna
design should look like. Another weakness of the study is the lack of sensitivity
analysis. Although there was a brief summary of individual components, further
studies on insertion depth and changing tissue conditions would lead to further

insight on the true performance of this specific dual-slot antenna design.

3.6 Conclusion

We were able to demonstrate the possibility of adding a cooling layer and ceramic
to the bare dual-slot coaxial antenna design, thus bringing it one step closer to

clinical implementation. We utilized a parametric finite-element modeling study
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and a ranking algorithm to find the most optimal microwave antenna design. The
optimal cooled antenna design was shown to have an aspect ratio of 0.66, a reflection
coefficient of -22 dB and an operating bandwidth spanning over 3 GHz. In the next
chapter, we will validate the performance of this optimized, cooled dual-slot in an

ex-vivo and in-vivo liver environment.
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41 Abstract

Purpose: The goal of this study was to compare the performance of a dual-slot
microwave antenna design, characterized by two annular slots, to a monopole
antenna design in creating a more spherical ablation zone.

Methods: Animal care and use committee approval was obtained prior to in-vivo
experiments. Microwave ablation zones were created using dual-slot and monopole
control antennas for 2, 5 and 10 minutes using 50 and 100 W in ex-vivo bovine
livers and at 100 W for 5 min in in-vivo porcine livers, which also underwent intra-
procedural imaging. Ablation diameter, length and aspect ratio (diameter/length)
were measured with gross pathology and compared at each power-time combination
using the paired Student’s t-test. Results were considered significant at p<0.05.
Aspect ratios closer to 1 reflect a more spherical ablation zone.

Results: The dual-slot antenna created ablation zones with a higher aspect ratio us-
ing 50 W for 2 minutes (0.75 vs 0.53, p=0.0025) and 5 minutes (0.82 vs 0.63, p=0.0527)
compared to the monopole in ex-vivo liver tissue, although only significantly so
at the earlier time point. At 100 W, the dual-slot had a significantly higher aspect
ratio at 2 minutes (0.52 vs 0.42, p=0.0017). In-vivo studies showed significantly
higher aspect ratios using 100 W at 5 minutes (0.63 vs 0.53, respectively, p=0.0292).
Intra-procedural imaging confirmed this characterization showing higher rates
of ablation zone growth and heating primarily at the early stages of the ablation
procedure using the dual-slot antenna.

Conclusions: The dual-slot microwave antenna was capable of creating a more
spherical ablation zone than the monopole antenna in both in-vivo and ex-vivo liver
tissue. Greater control over power delivery can potentially extend the advantages

of the dual-slot antenna design to higher power-time points.
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4.2 Introduction

Percutaneous tumor ablation is a minimally-invasive procedure that destroys can-
cerous tissue in-situ via cytotoxic thermal energy. Thermal ablation procedures are
associated with quicker recovery and fewer complications compared to surgical
resection and now play a critical role in the management of early-stage hepatocel-
lular carcinoma (HCC), hepatic metastases, renal cell carcinoma, peripheral lung
nodules, osteoid osteomas and osteosarcomas [148, 149]. While radiofrequency
ablation (RFA) is the most widely used ablation modality to date, it is limited by
heat-induced desiccation and poor performance near blood vessels. Such limitations
to heating can lead to potentially inadequate ablation zones and a higher rate of local
tumor progression compared to resection [149, 150]. Microwave ablation, on the
other hand, has been shown to heat larger volumes of tissue to greater temperatures,
potentially increasing procedural efficacy [44, 140, 151].

Interstitial antennas couple power from the microwave generator into the target
tissue. The pattern of heating around the antenna varies by antenna design, but
high power delivery can also promote electric field propagation along the proximal
shaft during an ablation treatment [72, 141, 142, 152, 153]. This effect can cause
procedural complications such as body-wall burns and restrict where the applicator
can be placed [35, 85, 154]. Such complications may be reduced by cooling the
skin surface and limiting the power or duration of the treatment; however, these
techniques add procedural complexity and reduce ablation zone size [155]. Antenna
cooling can effectively reduce shaft heating but has minimal effect against ablation
zone elongation [81, 156-158].

A dual-slot antenna geometry comprising of two coaxial, annular slots at the

distal tip of the antenna, was recently shown to inhibit proximal electric field prop-
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agation and, therefore, shorten the length of ex-vivo ablations [69]. However, the
antenna in that study was created from relatively malleable coaxial cables with-
out active shaft cooling, making it unsuitable for clinical use. A dual-slot antenna
was recently developed that incorporates a rigid, sharpened tip and internal water
cooling to facilitate percutaneous use while maintaining its original performance.
The goal of this study was to compare the performance of a dual-slot microwave
antenna design, characterized by two annular slots, to a monopole antenna design

in creating a more spherical ablation zone.

4.3 Materials and Methods

The microwave antenna devices used in this study incorporate aspects of multiple
patents pending. No industrial support was provided for this study. Author C.L.B.
is a founder, shareholder and consultant for Neuwave Medical. Study data and
publication information were controlled by J.C. Using a parametric analysis similar
to previous work, we designed a dual-slot antenna with a built-in shaft cooling
channels and a coaxial feed separate from the trocar tip to simplify fabrication. The
optimal cooled design provided a heating pattern and power delivery efficiency
similar to the uncooled design previously described [69]. A cooled monopole
antenna served as a control antenna for comparison of ablation performance (Figure
4.1). Both antennas were fabricated using a thin coaxial antenna (UT-020C; Micro-
Coax LLC, Pottstown, PA), an alumina ceramic tip to enhance rigidity (McDanel
Advanced Ceramic Technology LLC, Beaver Falls PA), and a 17-gauge steel catheter
to create the cooling channel (MicroGroup, Medway, MA). Antennas were fabricated
by two authors (authors K.H. and ].C., each with 2 years experience)

Microwave power was delivered by a continuous-wave 2.45 GHz magnetron
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Figure 4.1: Dual-Slot versus Monopole. Numeric modeling image and photograph
of monopole antenna (left) and dual-slot antenna (right). In modeling images, color
bar represents electric field intensity from 100 to 1000 V/m. Monopole antenna
shows electric field emanating from tip of steel catheter; dual-slot antenna shows
electric field from each of its slots. White line represents volumetric heating rate of 3
3104 W/m3, giving a visual approxima-tion of what ablation zone may look like in
liver tissue. Note decreased active heating on shaft of dual-slot antenna compared
with that of monopole.

source (MG300, 2.45 GHz; CouberMuegge LLC, Norwalk, CT) and transferred to
the antenna via a 6-foot RG-400 coaxial cable. Cable losses were measured using
a wideband power sensor (Birds Electronic Corp, OH) and used to recalibrate the

generator output to ensure delivery of the prescribed power into the tissue.
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4.3.1 Ex-vivo Liver Ablation

Microwave antenna performance was initially validated using ex-vivo bovine liver
tissue. The liver was sectioned into 6 cm by 6 cm by 9 cm blocks and warmed to room
temperature before each experiment. The microwave generator was set to deliver
50 W and 100 W for 2 min, 5 min and 10 min for each antenna. Six samples were
performed per power-time (authors K.H. and M.B. both with 2 years experience)
combination for a total of 36 dual-slot and 36 monopole ablations. The ablation
zone was sliced along the antenna axis for gross pathology analysis. Slices were
scanned optically and images stored for analysis using Image] 1.43u (US National
Institutes of Health, Bethesda, MD). The maximum dimension of the ablation zone
transverse to the antenna was defined as the ablation diameter, while the maximum
dimension along the antenna insertion path was considered the ablation length.
The aspect ratio was defined as the diameter divided by the length. An aspect ratio
approaching 1 indicates that the ablation length is approaching that of its diameter,

indicating a more spherical ablation zone.

4.3.2 In-vivo Liver Ablation

All studies were conducted with approval from our institutional animal care and
use committee and were compliant with National Research Council guidelines
[159]. A total of 4 ablations (n=2 using the dual-slot and n=2 using monopole)
were created (author J.C. and veterinary technician L.S., with 2 and 12 years of
experience, respectively) using 100 W for 5 minutes in each of six female domestic
swing ranging from 80-90 kg (Arlington Farms, Arlington, WI) for a total of 24
ablations (n=12 monopole and n=12 dual-slot). For each animal, half (n=2) of

the ablation for each experimental arm were performed in the medial lobes and
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the other half were performed in the lateral lobes to account for differences in
perfusion rates. Ablations that protruded beyond the parenchyma of the tissue
or experienced antenna failure were excluded from the results. After exclusion of
incomplete ablation zones, there were 8 dual-slot ablations and 8 monopole ablation
zones in the in-vivo study. Animals were sedated with intramuscular tiletamine
hydrochloride-zolazepam hydrochloride (7 mg/kg, Telazol, Fort Dodge, IA) and
xylazine hydrochloride (2.2 mg/kg, XylaJect, Phoenix Pharmaceutical, St Joseph
MO). Anesthesia was maintained with inhaled 1.0-2.0% isofluorane (Halocarbon
Laboratories, River Edge NJ). An ear vein was cannulated with a 20-gauge angiocath
for administration of IV fluids.

After ablation, animals were sacrificed by means of an intravenous injection
of Beuthanasia-D (390 mg/mL, pentobarbital sodium and 50 mg/mL phenytoin
sodium at 0.2 mL/kg IV; Schering-Plough, Kenilworth, NJ). The liver was removed
and sectioned along the axis of each antenna. Image analysis was performed in
the same way as with ex-vivo tissue. Non-contrast CT imaging was used to assess
ablation growth in two of the animals. Prior to the ablation, a roadmap CT scan
was performed through the entire liver. During the ablation, CT data were acquired
every 30 seconds. (120 kV, 200 mA, 512512, 1:1 helical pitch, 5 mm slice thickness).
A threshold was set at 35 HU, which was approximately 16 HU below the back-
ground liver density , on post-processing software (Volume Viewer v3.1; Advantage
Windows v4.5, General Electric Medical Systems) to detect and monitor ablation
zone area growth at each time point. This value was chosen based on previous
CT studies noting the average 16 HU difference between ablated lesion from RFA
and the background tissue [116]. The final threshold image was compared with
gross pathology to confirm validity of using our threshold technique to monitor

ablation growth. The central hypodense region, representing a heated gaseous
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region surrounding the emission point, was also monitored with diameter, length

and overall area being recorded at each time point.

4.3.3 Statistical Analysis

To ensure that there were no probe-lobe interaction effects, we compared the ablation
zone characteristics produced by each antenna while accounting for placement in
lobe. Since the effects seemed additive, we averaged over lobes by probe-type to
produce a single monopole/dual-slot pair per animal. Differences in mean diameter,
length and aspect ratio were identified between the dual-slot and monopole antenna
designs, amongst power-time combination using a paired Student’s t-test. The
paired Student’s t-test was considered appropriate after validating approximately
equal variances and symmetric distribution among comparison groups. P-values
less than 0.05 were considered significant. Statistical analysis was performed using
Graphpad Prism v5.04 (La Jolla, CA, USA) with assistance from the departmental

statistician.

4.4 Results

441 Ex-vivo Results

Power-time dose responses of the monopole and dual-slot antennas are shown below
(Figure 4.2). At 50 W, the dual-slot antenna created ablation zone diameters similar
to those of the monopole at 2 minutes (1.95+0.18 versus 1.79£0.27 cm, respectively;
p=0.2775), 5 minutes (2.12+0.14 versus 2.32+0.18 cm; p=0.0784) and 10 minutes
(3.01+0.29 versus 3.02+0.16 cm; p=0.9869). With respect to ablation length, the

dual-slot antenna created significantly shorter ablation zones compared to those of
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the monopole antenna at 2 minutes (2.6440.30 versus 3.38+0.42 cm; p=0.0074) and 5
minutes (2.61+0.34 versus 3.834+0.92 cm; p=0.0199), but not at 10 minutes (5.14+0.64
versus 4.71+0.51 cm, respectively; p=0.2249). Accordingly, the combination of
equivalent diameters and shorter ablation lengths led to a greater aspect ratio for
dual-slot ablation zones at 2 minutes (0.754-0.11 versus 0.534-0.04, p=0.0025) and 5
minutes (0.82+0.13 versus 0.63£0.14, p=0.0527) but not at 10 minutes (0.59+0.07
versus 0.6440.05, p=0.1677).

At 100 W, the dual-slot antenna created ablation zones with diameters greater
than those created by the monopole antenna at all time points (2.14+0.15 versus
1.86£0.24 cm at 2 minutes, p=0.0315; 3.07£0.35 versus 2.80£0.19 cm at 5 minutes,
p=0.0770; 3.86+0.32 versus 3.12+0.48 cm at 10 minutes, p=0.0169), but only signifi-
cantly so at 2 and 10 minutes. On the other hand, no differences were noted between
ablation lengths between the dual-slot and monopole at any time points (4.164-0.20
versus 4.44+0.44 cm at 2 minutes, p=0.1855; 4.83+£0.50 versus 4.62+0.31 cm at 5
minutes, p=0.3545; 6.04-£1.35 versus 5.55+0.69 cm at 10 minutes, p=0.4580). Collec-
tively, the greater ablation diameter of the dual-slot antenna with the equivalent
ablation lengths led to a significantly higher aspect ratio than that of the monopole
antenna at only 2 minutes (0.524+0.03 versus 0.42+0.05, p=0.0017), with the aspect
ratios being statistically similar at 5 minutes (0.64+0.05 versus 0.61+0.03, p=0.1907)
and 10 minutes (0.6610.13 versus 0.56+0.06, p=0.1358).

4.4.2 In-vivo results

In-vivo studies confirmed the trends shown in the ex-vivo studies (Figure 4.3A).
The dual-slot antenna created a significantly greater diameter (2.85+0.45 versus
2.3540.42 cm, respectively; p=0.0340) and a slightly shorter length (4.47+0.71 cm

versus 4.59£0.81 cm, respectively; p=0.5970), leading to a significantly greater aspect
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Figure 4.2: Ex-vivo data A) Graphs show ablation diameter, length, and aspect
ratio of ex vivo ablations comparing dual-slot with monopole antennas. Solid dots
represent sample mean, and horizontal line segments represent standard deviation.
* = significant difference (P<.05). B) Sample ablation zone created by dual-slot (left)
and mono-pole (right) antennas at 100 W for 5 minutes. Dual-slot antenna created
significantly shorter and more spherical ablation zone than did monopole antenna
at 50 W for 2 and 5 minutes. Dual-slot antenna created a significantly wider and
more spherical ablation zone compared with monopole antenna at 100 W for 2
minutes
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ratio compared to the monopole antenna (0.63+0.08 versus 0.53+0.08, respectively,
p=0.0291).

Intra-procedural CT with thresholding confirmed these trends, with the final
ablation zone of the dual-slot antenna showing a greater diameter and shorter
ablation zone compared to the monopole antenna ablation zone. Intra-procedural
CT also demonstrated differences in the ablation zone growth pattern. The diameter
of the dual-slot ablation zone was similar to that of the monopole at the start of
the procedure but grew much faster than the monopole until 4 minutes into the
procedure. After this point, the growth rate of the diameter slowed down, while
the monopole ablation diameter continued to grow in a linear fashion. The ablation
length of the dual-slot antenna was shorter than that of the monopole antenna at
nearly every time point, although the growth rate was approximately the same.
The combination of the dual-slot antenna creating a wider ablation zone while
maintaining a shorter ablation length led to the dual-slot antenna having a greater
aspect ratio at every time point during the 5 minute ablation (Figure 4.3C).

Intra-procedural CT also demonstrated differences in heating pattern, which was
demarcated by a coarse outline of hypodense region (less than -300 HU), most likely
representing water vaporization at the interface between tissue and the antenna
heating element (Figure 4.4A). The hypodense region was noted initially near the
base of the monopole radiating segment, approximately 20 mm proximal to the
antenna tip. The dual-slot antenna created a similar region approximately 5 mm
proximal to the tip. That region grew slightly along the proximal antenna shaft but
to a lesser degree than that of the monopole. The growth rate of the hypodense
region area varied between antenna designs (Figure 4.4B). The dual-slot antenna
created a larger hypodense region at all time points compared to the monopole,

suggesting a higher rate of local heating and subsequent vaporization. In terms of
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growth rate, both antennas created the majority of the hypodense region within
the first 2 minutes, the dual-slot antenna appeared to plateau within 3 minutes,
while the monopole antenna’s hypodense region continued to grow steadily until 5

minutes.



72

A. In-Vivo Comparison

E 0.8
2 >
w
& Los 3
(7] =3
§ 0.4 E
: 5
=z o2
. . -0.0
Diameter  Length Aspect Ratio
E= Monopole
Dual-Slot
) Diameter Aspect Ratio
30 0.6
E e
E 3 E 0.5
E 20 5 0.4
£ s —e—Honopol
£ w 0.3 onopole
o 15
o < —8=Dual-slot
£ g2
c 10 5 o
o =1
=i g 0.1
) <
< — — o x
30 60 90 120 150 180 210 240 270 300 S04 E0F 301 J1Z00 50} B2 0p2 10210, 300
Abation Time (seconds) Ablation Time (seconds)
Length
70
E 60
E
= 50
@
= 30
[ =4
=]
= 20
L
g 10
0

30 60 90 120 150 180 210 240 270 300
Ablation Time (seconds)

Figure 4.3: In-vivo data. A) Bar graph shows in vivo diameter, length and aspect
ratio of dual-slot and monopole antennas at 100 W for 5 minutes. Dual-slot antenna
created ablation zones that were significantly wider and more spherical than those
created by using monopole antennas. This is consistent with trends found in power
and treatment length in ex vivo tissue. * = significant difference (P < .05). B) Sample
intraprocedural images show microwave antenna placement in porcine liver. C)
Intraprocedural monitoring of ablation zone diameter, length, and aspect ratio
during in vivo ablation with dual-slot and monopole antennas.
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Figure 4.4: A) In vivo intraprocedural CT images of monopole (left) and dual slot
(right) antennas show differences in hypoat-tenuating area corresponding to vapor
formation around heating element. Hypoattenuating region outlines appear on the
right of each CT image. B) Graph shows comparison of the hypoattenuating cross-
sectional areas of dual-slot and monopole antennas at 1-minute intervals. C) Gross
histologic examination shows hypoattenuating region demarcating area of central
desiccation in ablation zone. Dual-slot antenna is capable of maintaining hypoat-
tenuating region of growth longer and of creating overall larger hypoattenuating
area compared with that of monopole antenna.
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4.5 Discussion

Our study characterized the ablation zone produced by water-cooled dual-slot an-
tenna in a preclinical liver tissue model. Compared to a cooled monopole antenna,
dual-slot ablations were characterized by greater diameter-to-length aspect ratios,
particularly for treatment times less than 5 minutes. Greater aspect ratios were at-
tributed to shorter ablation lengths when using lower power, and increased ablation
diameters at higher power. Similar trends were observed in-vivo, although ablation
zones were markedly smaller and more spherical than those made in ex-vivo tissue
due to the presence of perfusion.

Our results suggest that antenna design may be more effective at actively con-
trolling the ablation shape for the first few minutes of the ablation. After that time,
effects such as thermal conduction and tissue property changes may wash out earlier
differences. Schramm et al predicted only a small influence of thermal conduction
on microwave ablations, but that study did not account for water vaporization or
associated heat transfer [130]. Ji et al noted an increase in the ablation zone length
over time when accounting for dielectric property changes caused by vaporization
and desiccation around the antenna shaft [107]. Our study appears to confirm those
findings, as noted by the lack of difference between dual-slot and monopole ablation
aspect ratio at 10 minutes. This evidence suggests that power delivery techniques
may need to be tailored to a particular antenna design to optimize treatment results
at earlier time points.

Intra-procedural imaging revealed differences in ablation zone growth and vapor
formation between both antennas, which may contribute to the final gross pathology
results. The dual-slot ablation length started out shorter than that of the monopole

and maintained that difference throughout the procedure, with both ablation zones
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growing at approximately the same rate. Although our gross pathology studies
reveal only snapshots of the entire ablation growth curve, these imaging results
confirm the ablation trends found in both the in-vivo and ex-vivo studies.

Zones of extreme hypodensity were also monitored near the ablation applicator,
corresponding to water vaporization in the tissue [107]. The vapor zones corre-
sponded approximately to the centrally blackened, desiccated area in the middle
of the ablation zone, which appeared to experience much higher temperatures
compared to the transition zone, which was darker but maintained its structure
on gross pathology. Similar to the overall ablation trends found in the ex-vivo,
in-vivo and imaging studies, there is evidence of a dynamic heating profile specific
to each antenna design. This region of desiccation has potential implications in
post-operative pathology or monitoring in demarcating areas where cells potentially
experience thermal fixation [160].

The ablation zones found with the dual-slot antenna were comparable with those
found in other cooled antenna designs. Ablation zones by the monopole antenna
and dual-slot antenna were both larger than the cooled dipole antennas reported
by Sun et al and Zhou et al , in both diameter and length at 50 W, but reported
comparable dimensions at the higher powers (80-100 W for 10 minutes) [81, 161].
These studies are confirmatory in that antenna designs create distinct ablation zones
at lower powers but become similar to each other at higher powers. Hines-Peralta et
al characterized a cooled large-gauge antenna that created much wider and longer
ablation zones compared to the ones reported here, but utilized an antenna that
was much greater in diameter [158]. Cavagnaro et al reported a validation study
with cooled choked-dipole design, which added a third outer conductor over an
entire dipole antenna [157]. Their ex-vivo results showed an increasingly spherical

ablation zone as ablation length continued, up until 15 minutes at lower powers (20-
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60 W). At shorter time periods the choked-dipole antenna design created ablation
zones that were more elongated, with comparable diameters, compared to those
created by the dual-slot antenna. Comparisons between ex-vivo and in-vivo studies
were consistent with these previous studies, where the in-vivo ablation zones were
noticeably smaller than those created in ex-vivo tissue. One exception was with the
Hines-Peralta study, where the in-vivo ablation zones were larger than the ex-vivo
ablation zones for all 150 W ablations under 10 minutes. These variations could
potentially have been attributed to the condition of the liver or more rapid tissue
contraction, which was not evaluated [112].

There were certain limitations to our study. First, the cooled monopole and dual-
slot antennas were fabricated by hand, limiting tolerances to 1 mm and producing
some variation between antennas. However, such variations were not likely to influ-
ence the treatment more than variations between tissue properties, perfusion rates
and placement locations. Secondly, the ex-vivo and in-vivo tissue often had vascu-
lature that disrupted the shape of the ablation zone. Microwave energy is capable
of overcoming large vascular heat sinks and expanding the ablation zone through
extreme vessel heating, adding variability to our ablation geometry measurements
[37]. Third, our in-vivo studies were limited in that they were not performed in
a tumor-specific model, which would have a different vasculature density as well
as different thermal and electrical properties. However, tumor models for large
animals are not widely available or feasible for such characterization studies. Lastly,
our in-vivo data were limited to a single power setting. Preliminary testing at 50 W
created ablation zones that were highly susceptible to the effect of perfusion and
not useful for antenna characterization. Using higher powers could potentially add

further detail toward the performance of the two antennas.
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4.6 Conclusion

In conclusion, the cooled dual-slot antenna created more spherical ablation zones
compared to those of a cooled monopole in both ex-vivo and in-vivo liver models.
The ablation zones of both antennas became more elongated at higher powers and
longer treatment times. Intra-procedural CT studies utilizing a threshold function to
observe the ablation zone growth was not consistent with the gross pathology. Fur-
ther refinement with this method of observing ablation growth under non-contrast
CT is required in order to obtain more consistent monitoring. Intra-procedural
studies revealed a distinct hypodense region of vapor that was unique to each an-
tenna design, demonstrating different rates of volumetric ablation growth between
the monopole and dual-slot. This vaporization pattern can potentially be used to
characterize microwave antenna performance. Differences between antenna designs
may gradually diminish when increasing power or treatment duration. Adjusting
the power delivery algorithm may more fully exploit the theoretical advantages of

specific antenna designs.
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5.1 Abstract

Microwave tumor ablation is an attractive option for thermal ablation because of its
improved heating capabilities over radiofrequency ablation (RFA) in the treatment
of solid tumors such as hepatocellular carcinoma (HCC). Microwave energy heats
tissue to higher temperatures and at faster rates than RFA, creating larger, more
homogenous ablation zones. While reducing the rate for recurrence, high-powered
microwave ablation systems may also cause vascular damage.

In this study, we investigate microwave heating near large vasculature using
coupled fluid-flow and thermal analysis. Numerical modeling techniques were
used to predict the change in heat transfer as a function of blood flow. Experimental
blood viscosity measurements were made at cytotoxic temperatures to evaluate
their contribution to blood flow velocity. Validation with temperature probes lining
a membrane vessel encased in phantom agar gel was used to simulate the numerical
setup and confirm heat transfer.

Low-flow conditions were predicted to be more likely to cause cytotoxic heating
and, therefore, vessel thrombosis and endothelial damage of downstream tissues.
Such conditions may be more prevalent in patient with severe cirrhosis or compro-
mised blood flow. High-flow conditions create the more familiar heat-sink effect
that can protect perivascular tissues from the intended thermal damage. These
results may help guide placement and use of microwave ablation technologies in

future studies.

5.2 Introduction

Thermal tumor ablation has emerged as a viable treatment option for patients

who are ineligible for surgery or have unresectable solid tumors [151]. Ablation
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procedures can be performed percutaneously and are associated with less bleeding,
quicker recovery and virtually no scarring compared to surgery. The primary
approach of ablative therapies is to create enough thermal stress to cause cellular
necrosis. Immediate cell death occurs when tissue temperatures reach 52°C, while
temperatures from 43-52°C can cause cell death when maintained for longer periods
of time [162].

Radiofrequency (RF) electrical current remains the most widely used heat gener-
ation source for thermal ablation. However, RF ablation is a self-limiting process
since ablative temperatures lead to water vaporization and dehydration, which in
turn increase impedance to electrical current flow [163]. Such limited heating also
makes RF ablation susceptible to the “heat sink” effect of nearby blood vessels [44].
Large vascular heat sinks cause suboptimal perivascular heating and increased risk
for tumor recurrence in patients undergoing RF ablation [164]. Microwave energy,
on the other hand, propagates through all types of non-metallic material, including
the dehydrated, charred and desiccated tissues associated with thermal ablation
zones. As a result, continuous powers can be applied during microwave ablation,
leading to larger and more complete ablation zones compared to RFA [151].

A consequence of using continuous high powers, however, is the possibility
of transferring energy through nearby vessels during an ablation procedure. Mi-
crowave heating has been shown to be capable of overcoming vascular heat sinks,
but little is known about how microwaves transfer heat into the nearby vasculature.
Therefore, there is concern that very high powers could lead to greater risk of vas-
cular damage and subsequent complications (Figure 5.1A and 5.1B). Concerns of
vascular thrombus following RF ablation procedures were limited because of their
low incidence and tendency to self-resolve over time [37]. As a result, there have

only been a few studies looking at the theoretical heat transfer of thermal ablations
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[8]. However, with the recent development of microwave ablation, there have al-
ready been reports of thermal damage in peri- and intravascular areas outside of
the ablation zone, leading to portal vein thrombosis [123]. Portal vein thrombosis
and associated elevated portal vein pressure are linked with high risks of variceal
bleeding and decreased liver perfusion, which can be life-threatening for patients
already suffering from compromised liver reserves. As more clinical centers world-
wide adopt microwave ablation technology, and treatment approach becomes more
aggressive, improved understanding of vascular heat transfer is necessary.

An additional factor that comes into play of heat transfer near blood vessels is the
role of temperature on blood properties and its subsequent effect on blood velocity.
The physical properties of blood are derived from the fluid mechanics of plasma
and its cellular components, namely red blood cells. Blood is a non-Newtonian,
shear-thinning fluid, meaning its viscosity decreases as the shear rate increases.
While hematocrit level is the main determinant of blood viscosity, temperature can
also play a role in changing blood viscosity [165]. Plasma fibrinogen levels have
been shown to be activated in higher temperatures[166]. In present literature the
role of temperature on blood viscosity has been established, but mostly in relation
to cold agglutination (< 30 °C). There is almost no data detailing the effect of high
temperatures, namely in the ranges found in microwave ablations, on blood viscosity.
When correlating the effect of velocity on heat transfer in blood vessels, recognizing
the potential effect of temperature-dependent blood viscosity is critical.

In this study, we employ finite-element modeling to investigate the potential
of cytotoxic heat transfer in blood vessels near high-temperature ablation zones.
Temperature-dependent blood viscosity was measured on heparinized porcine
blood in order to confirm that blood flow continues to behave as a Newtonian

fluid under cytotoxic temperatures. Numerical simulations were validated in a
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Figure 5.1: Model Setup A) Heat transfer from the MWA can occur between the
tissue and nearby blood vessels. Local thrombus formation in the smaller vessels
can be dislodged and travel to occlude larger vessel downstream from the ablation
site. B) Thrombosed vessel from an in-vivo porcine model using three microwave

antennas

phantom vessel model and used to identify conditions that favor vascular damage

or thrombosis.
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5.3 Materials and Methods

5.3.1 Numerical Modeling Setup

We utilized the finite-element software COMSOL (v3.5) to generate a model that
coupled heat transfer with fluid flow analysis. Our geometry was set up in a three-
dimensional domain with a heat source placed 1-3 cm away from a liver-embedded
blood vessel of 1 cm diameter. Liver tissue properties were taken from available
literature [99]. We utilized the incompressible Navier-Stokes model to simulate the
laminar flow conditions inside a blood vessel. The relation of the aforementioned

variables in a vessel is as follows:

p% +p(u-Vu=V-[—pl+n(Vu+ (Vu)")] (5.1)

V-u=0 (5.2)

Variable 1 is the dynamic viscosity of the blood and velocity u is the dependent
variable which is then inserted into the conduction-convection equation as an input.
We assumed blood to be a Newtonian fluid with no temperature-dependence in
order to simplify the computation. This is a valid assumption at ablation tempera-
tures since blood viscosity converges to a steady-state value at above-physiological
temperatures. To model the thermal energy propagation through the tissue and
vessel in from the ablation zone, we utilized the heat equation,

oT

pCoze + V- (~keVT) = Q —pCou- VT (5.3)

The variable p is the density, C, is the heat capacity, Q is the heat source and
w is the velocity. The heat source Q is given in W/m?® and empirically determined

beforehand to match up with the heating powers associated with microwave appli-
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cator probes. In this case, we used 107 W/ m3, which provided a heating pattern
similar to that created by a monopole microwave applicator delivering 50 watts of
power for 2 minutes.

To observe the effect ablation spacing, we first varied the distance of the heating
source from the vessel from 1 cm to 3cm. Temperature profiles along the vessel
were calculated and compared to each other. To observe the effect of flow velocity,
we varied the velocity from 1 mm/sec to 1000 mm/sec on a logarithmic scale.
These values encompass all possible flow ranges seen in healthy and diseased
liver vasculatures of the portal-venous system [167]. Temperature profiles in a
spatial domain were determined and a cytotoxic damage zone was determined
by highlighting the 53°C isotherm shell, which was associated with immediate

cytotoxicity.

5.3.2 Blood Viscosity Measurements

A blood sample drawn from a healthy pig into a 500 mL hepatinized bag. A
temperature-controlled rotational rheometer (MCR302, Anton Paar, Austria) was
used to make the viscosity measurements. Whole blood viscosity  was measured
under six chosen shear rates (1, 10, 20, 50 and 100 s !) while the blood was simul-
taneously heated form 40 - 65 °C in 5 °C intervals. The range of shear rates were
chosen to represent the slower flowing blood found in portal /hepatic veins and
the faster flowing arterial flow in hepatic arteries [168]. The temperature range was
chosen to reflect what woule be seen in a blood vessel near a microwave ablation

zone before immediate clotting would occur.
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5.3.3 Experimental Validation

An agar phantom model was used to validate the numerical modeling while in-
troducing complexities that reflect a more clinical environment. An agar vessel
phantom had advantages over ex-vivo tissue in that it was homogenous and de-
void of vessels with complex geometries. Furthermore, our agar vessel was semi-
transparent, which facilitated precise antenna placement. Lastly, the agar vessel
phantom was reproducible and could reliably create an idealized environment for
comparisons with simulations. A clinical microwave ablation system (Neuwave
Medical, USA) was used to create an ablation zone 1 cm away from the vessel in
the transverse direction. Fiber-optic temperature probes (Neoptix, Canada) were
inserted inside the vessel to line up ipsilaterally with the ablation probe. The posi-
tion inside the vessel allowed us to more accurately measure the heat transfer from
the ablation zone. The vessel phantom on one end was connected to a flow pump
(Masterflex, USA) to deliver fluid through the vessel. Our computational model
assumed a Newtonian fluid input and thus we chose to use water for validation
purposes. The flow pump was set to deliver blood at rates associated with cytotoxic
heat transfer found in our numerical models.

The ablations were made at 50 W for 5 minutes and temperatures were recorded
real-time at a rate of 1 Hz during the entire ablation period at 0, 2, 4 and 6 cm down-
stream from the ablation zone. A 1 cm vessel diameter was selected to accommodate

the temperature probes without disrupting the fluid flow during the ablation.
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5.4 Results

5.4.1 Numerical Modeling Results

The numerical models predicted decreased heating along the vessels at all velocities
when the heating source was moved from 1 cm to 3 cm away from the vessel (Figure
5.2A). Placing the applicator further away from the vessel was more effective in
decreasing the temperature distribution as the vessel velocities became slower. At a
velocity of 0 mm/sec, 1 mm/sec and 5 mm/sec, there was a drop in max temperature
from 119°C to 57°C, 76°C to 48°C and 50°C to 40°C, respectively. There was also a
decrease in downstream heating as the applicator was moved further away. With
the applicator placed 1 cm from the vessel, the 1 mm/sec blood velocity carried heat
higher than 53°C, where immediate cytotoxicity occurs, up to 5 cm downstream
of the heating source. With the 3 cm spacing, under the same blood velocity, the
temperature does not rise higher than 53°C at any point past the heating source. With
respect to blood velocity, the model demonstrated a negative correlation between
flow rates and downstream heating. However, this correlation did not hold at the
null velocity, where there was virtually no downstream heating past the applicator.
In this no-flow condition, the ablation zone was confined only to the treatment region
by conductive heat transfer. In the low-flow conditions (1-5 mm/sec), significant
downstream heating occurred, with temperatures rising above 53°C up to 5 cm past
the heating source. As we move to faster velocities (5-10 mm/sec), there is less heat
being carried downstream and temperature does not rise substantially over that of a
normal vessel (Figure 5.2B). At these faster velocities, the heat distribution behaved
similarly to that of a vessel acting as a heat sink. This pattern suggests that the
flow is fast enough to dissipate energy over long distances rather than local heating

downstream tissues.
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Figure 5.2: Computational Results A) Numerical modeling depicts decreased heat
transfer while increasing vessel-antenna spacing from 1 cm to 3 cm. B) Temperature
map of ablation at different velocities, with the 53°C isotherm highlighted to indicate
location of immediate cellular necrosis. Increasing blood velocity is associated with
a decrease in intravascular heat transfer near ablation zones.

5.4.2 Blood Viscosity Measurements

Temperature-dependent viscosity results are shown in Figure 5.3. Heparinized
blood viscosity exhibited only minimal changes as temperature increased, with
mean viscosity ranging from 0.002-0.005 (Pa-s) as temperatures reached 65 °C. These
trends held for shear rates found in low-flow (venous) and high-flow (arterial)

environments. Blood viscosity changes were more dramatic at sub-physiological
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shear rates (1 s—1), where there was a 3-fold rise in viscosity as temperatures reached

65 °C.
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Figure 5.3: Temperature-dependent blood viscosity measurements. Blood viscosity
was measured against changing temperature at A) 1, B) 10, C) 50 ,and D) 100 s~
A summary of the measurements is depicted in E). At physiological shear rates
(>10s™1), there are only slight changes in viscosity with respect to temperature.
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5.4.3 Experimental Validation Results

The temperature trends in the phantom validation were similar to those found in the
computational simulations (Figure 5.4). At higher blood velocities (11-14 mm/sec),
there was no appreciable rise in temperature along the vessel (6 cm). However,
once a lower velocity was reached (3 mm/sec), there was a significant increase in
temperature inside the vessel as the energy deposit started accumulating. At this
lower velocity, the temperature was significantly higher compared to the other 3
velocities at locations 4 and 6 cm downstream from the heating zone (p<0.05 at 4
cm, p<0.02 at 6 cm). There was no significant difference in temperature elevations
converged as we moved closer and closer to the actual ablation probe location, which

was expected from the volumetric heating associated with microwave antennas.

5.5 Discussion

This study investigated the risk of vascular damage during microwave thermal
ablation. As expected, vascular heating decreased as distance between the vessel
and thermal source increased, regardless of fluid velocity. This suggests that distant
microwave antenna placement is a feasible way to reduce the risk of vascular heating,
downstream damage and thrombosis during microwave tumor ablation.

We noted a rapid increase in cytotoxic heat transfer in vessels with decreased
perfusion, notably at velocities of 7 mm/s or less. At higher velocities, the thermal
heat transfer occurs too rapidly for localized temperature elevations. The phantom
vessel modeling results confirmed significant temperature elevations found in the
numerical modeling study. This finding is potentially relevant for potential ablation
patients, notably those who suffer from pre-existing cirrhotic livers and poor vascular

flow. These implications suggest that characterization of nearby vessel size and
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Figure 5.4: Phantom modeling results (n=6) demonstrating significantly higher
temperature elevation (p<0.05) at 0.003 m/sec compared to all other perfusion rates
at vessel locations 4-6 cm downstream from the ablation zone.

blood flow should be taken into account during the treatment planning stage. The
scale-invariant nature of the Navier Stokes equations imply that the computational
results can be translatable to various vessel sizes and flow velocities associated with
a variety of patient profiles during an ablation procedure.

The velocities encountered in these simulations and models are considered low,
even for the smaller vasculature in a cirrhotic liver. This discrepancy suggests that
there are perhaps other velocity-dependent factors involved in the heat transfer
process beyond simple conduction-convection. One possibility is the formation of
water vapor inside the vessel from surrounding tissue, which has been seen in ex-

vivo and in-vivo ablation studies. Efforts to account for water vapor formation inside
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heated vessels have been investigated previously and can potentially be coupled to
our numerical models to predict heat transfer in a more clinically realistic scenario
[103, 107].

Blood viscosity was found to not change dramatically with respect to cytotoxic
temperatures at physiological shear rates. With relatively constant viscosity, it is
possible to infer that there is not a significant change in blood viscosity during
heating and its effect on blood velocity is minimal. Sub-physiological shear rates,
found in patients with cirrhosis or congestive heart failure, can potentially lead to
higher viscosities at temperatures related to ablations. The subsequent effect of
high viscosity on blood flow velocity is currently unknown and requires further
investigation.

Assessing the performance of our numerical modeling in predicting clinical
thrombotic risk is critical. However, there are aspects that have not yet been inte-
grated into the numerical model, such as the tortuous vessel geometries encoun-
tered in liver anatomy. Furthermore, we utilized heparinized blood to evaluate
temperature-dependent blood viscosity. By inactivating a component of the clotting
pathway, it is difficult to conclusively declare that blood viscosity does not experi-
ence dramatic changes with high temperatures. The phantom vessel model offered
an idealized vessel geometry that could validate our simplified numerical model.
We added additional complexities such as utilizing a clinical microwave ablation
system but recognize that there are still gaps between our numerical/phantom
model and the clinical scenario. THe similarities in trend and temperature elevation
between the numerical and phantom modeling suggests that our numerical model-
ing is a viable starting point to creating a thrombotic risk model. Integrating more
complexities into our numerical models may provide more accuracy and clinical

utility for future studies.
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5.6 Conclusion

Creating ablation zones near vessels with slow blood flow can potentially increase
the risk of vascular damage and thrombosis. Further investigation to determine
the optimal placement of the microwave antennas to nearby blood vessels appears

warranted, and may guide treatment planning in future studies.
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Chapter 6

Predictors of Thrombosis in Hepatic
Vasculature during Microwave

Ablation in an In-Vivo Porcine Model
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6.1 Abstract

Purpose: The goal of this study was to evaluate and model the risk of in-vivo
thrombosis in each hepatic vessel type during hepatic microwave ablation as a
function of vessel size, velocity and vessel-antenna spacing.

Materials and Methods: Animal care and use committee approval was obtained
prior to in-vivo studies. A single microwave ablation antenna was inserted into a
single porcine lobe (n=15 total) adjacent to a hepatic artery, hepatic vein, or portal
vein branch. Conventional and Doppler ultrasound were used to measure the vessel
size (1-13 mm), blood flow velocity (5-200 cm/sec) and vessel-antenna spacing (1-30
mm). A microwave ablation zone was then created at 100 W for 5 minutes. Throm-
bus formation was evaluated on immediate post-procedure ultrasound imaging.
Logistic regression was used to evaluate the predictive value of vessel size, blood
flow velocity and vessel-antenna spacing on vascular thrombosis.

Results: Thrombosis was identified in 53.3% of portal veins (8/15), 13.3% of hepatic
veins (2/15) and 0.0% of the hepatic arteries (0/15). The average peak blood flow
rate of the hepatic artery (106.3 & 27.2 cm/sec) was significantly greater than that of
the hepatic vein (24.0 + 8.9 cm/sec; p<0.0001) and portal vein (15.6 + 9.0 cm/sec;
p<0.0001). Peak blood flow velocities less than 12.45 cm/sec, vessel diameters less
than 5.10 mm and vessel-antenna spacings less than 3.75 mm were strong predictors
of hepatic vein thrombosis. However, these individual factors were not predictive
of the more common portal vein thrombosis.

Conclusions: Portal vein thrombosis was more common than hepatic vein throm-
bosis during microwave ablation treatments, but was not as predictable based upon
vessel size, flow velocities, or vessel-antenna spacing alone. Larger hepatic arteries

do not appear to be at significant risk for thrombosis during microwave ablation
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procedures, likely due to their high peak velocity.

6.2 Introduction

Image-guided thermal tumor ablation is a promising treatment modality for early
stage hepatocellular carcinoma and hepatic metastases [78, 169, 170]. Radiofre-
quency ablation is currently the most widely-used modality for thermal ablations
in the liver, with several series demonstrating nearly equivalent survival outcomes
compared to resection in terms of overall survival rates [26, 27, 171, 172]. In both
prospective and retrospective studies, radiofrequency ablation was associated with
lower hospital expenses, fewer complications and faster recovery [173]. However,
radiofrequency ablation has been plagued by higher rates of local tumor progres-
sion compared to resection [26, 27, 172]. The most significant predictors of local
tumor progression are tumor size greater than 3 cm, insufficient ablation margin,
and proximity to blood vessels larger than 3 mm in diameter [150, 174-176]. In
particular, radiofrequency ablation is highly susceptible to the so-called “heat-sink
effect,” where blood vessels and tissue perfusion decrease tissue heating, potentially
limiting tumor cell death in perivascular regions [128, 174, 177, 178]. This prob-
lem is exacerbated by the fact that RF heating is self-limited by the poor electrical
conduction of tissue once heated to the point of desiccation or charring [139, 174].
Microwave ablation systems have been shown to more effectively heat a spectrum
of biological tissues by utilizing an alternating electric field rather than an electrical
current [139]. Multiple studies have demonstrated the ability of microwave ablation
to deposit energy into tissue at a higher rate than radiofrequency ablation systems
[40, 44, 180, 181]. As a result, microwave ablations created with modern high-

powered systems can be larger, form more rapidly, are more reproducible, and
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more capable of overcoming the heat-sink effect associated with vascular blood
flow compared to RF ablations [38, 140, 181]. However, the greater heating rates can
have negative consequences due to the potential for clinically relevant thrombosis
of non-targeted vessels [123, 132].

Acute thrombosis of small hepatic vessels from radiofrequency ablation has
traditionally been considered rare and self-resolving, and is usually only a minor
complication [39, 182, 183] However, with greater heating rates and more continuous
energy delivery during microwave ablation, the potential to cause thrombosis to
larger vessels resulting in compromised hepatic function may be increased. Hepatic
vascular thrombosis in clinical and in-vivo microwave studies has already been
reported, but not systematically studied [123, 132, 184]. A better understanding of
the risk factors for microwave ablation-induced thrombosis is needed to help guide
the clinical application of these more powerful ablation devices.

The goal of this study was to evaluate and model the risk of thrombosis in portal
veins, hepatic veins, and hepatic arteries during microwave ablation as a function

of vessel size, velocity and vessel-antenna spacing.

6.3 Materials and Methods

All studies were performed under approval from our institutional animal care and
use committee and complied with National Research Council guidelines [159]. Fe-
male domestic swine (n=6, mean weight=70kg); (Arlington Farms, Arlington WI)
were sedated with intramuscular tiletamine hydrochloride-zolazepam hydrochlo-
ride (7 mg/kg, Telazol, Fort Dodge IA) and xylazine hydrochloride (2.2 mg/kg,
Xyla-Ject, Phoenix Pharmaceutical, St Joseph, MO). Anesthesia was maintained with

inhaled 1.0-2.0% isofluorane (Halocarbon Laboratories, River Edge, NJ). An ear vein
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was cannulated with a 20-gauge angiocatheter for administration of IV fluids.
Microwave ablations (n=15) were performed under ultrasound guidance with
a single microwave antenna (LK-15; Neuwave Medical, Inc., Madison WI). Con-
ventional and Doppler ultrasound (Siemens Antares, Siemens Medical Solutions
Inc., Issaquah, WA) were used before and after the ablations to determine the di-
ameter, size and blood flow velocity (peak and temporal pattern of flow) of the
nearest hepatic artery, hepatic vein and portal vein with a 5 MHz center-frequency
linear transducer (VFX 13-5, Siemens Healthcare, Ultrasound Group, Issaquah, WA)
(Figure 6.1). Thrombosis of a vessel was defined as loss of Doppler flow within the
vessel lumen and was generally associated with hypo-echoic thrombus identified on
the grey-scale imaging. Thrombus formation was defined as a binary event, either

categorized as present (Figure 6.2)
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Figure 6.1: Experimental setup of a microwave antenna positioned in the proximity
of portal veins and hepatic veins with corresponding ultrasound and Doppler
measurement. Portal vein walls, comprised of loosely-packed connective tissue,
appear hyperechoic under ultrasound imaging. Hepatic vein walls, comprised
of tightly-packed collagen fibers, was characterized by the absence of echogenic
artifacts. On Doppler, hepatic vein blood flow is more pulsatile due to anterograde-
retrograde pressure/flow variations from the cardiac cycle. Conversely, portal vein
blood move anterograde toward hepatic sinusoids, greatly dampening the flow.
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After ablation, animals were sacrificed with an IV injection of Beuthanasia-D
(390 mgmL, pentobarbital sodium and 50 mg/mL phenytoin sodium at 0.2 mL/kg;
Schering-Plough, Kenilworth, NJ). The liver was removed and sectioned along the
axis of each antenna to confirm the location of the ablation zone near the targeted

vessels.

6.3.1 Statistical Analysis

Differences in mean diameter, peak velocity and spacing were identified between
hepatic arteries, hepatic veins and portal veins by using a paired Student’s t-test.
Partial and full thrombus formation was considered a positive event, while the
absence of thrombus formation was considered a negative event. With thrombus
formation coded as a binary event, univariate logistic regression was used to model
the rate of thrombosis as a function of the predictive variables (vessel diameter,
blood flow velocity and vessel-antenna spacing) in each type of vessel. Multi-
variate logistic regression was also performed to account for the simultaneous effect
of two or three of the variables against thrombosis formation. Receiver operator
characteristic (ROC) curves and areas under the curve (AUC) were obtained for
each model. Differences in AUC were assessed with DeLong and Delong tests
[185]. Two-tailed p-values less than 0.05 were considered significant. Statistical
analysis was performed using MedCalc v7.4 (Mariakerke, Belgium) and R v3.01

with assistance from a statistician (A.M,R)

6.4 Results

As expected, the average maximum flow rate of the hepatic artery was significantly

greater than that of the hepatic vein and portal vein (106.3 & 27.2 [mean £ 1 SD]
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versus 24.0 £ 8.9 cm/sec; p<0.0001 and 15.6 + 9.0 cm/sec; p<0.0001, respectively)
(Figure 6.3A). The hepatic artery diameter was significantly smaller than that of the
hepatic vein and portal vein (2.21 =+ 0.23 versus 7.33 £ 1.93 mm; p<0.0001 and 7.32
+ 3.47 mm; p<0.0001, respectively) (Figure 6.3B). No differences were noted in the
average spacing between the microwave antenna and hepatic arteries, hepatic veins

or portal veins (21.11 + 5.51, 17.76 4+ 10.50, 20.77 £ 5.21 mm) (Figure 6.3C).
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Figure 6.2: Post-ablation vessel imaging. A) Thrombus formation seen in a nearby
portal vein immediately on ultrasound after the ablation procedure at 100 W for 5
minutes. Color Doppler was also performed to observe either stagnant or diverted
flow around the thrombus. B) Absence of thrombus in a hepatic vein immediately
before and after microwave ablation zone creation. Note the absence of thrombus in
the hepatic vein, even though the ablation zone abutted the vessel wall as denoted
by the hyper-echoic gas bubbles made from the ablation zone (arrow)
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Figure 6.3: Summary of the vessels that were targeted with microwave ablations. A)
Hepatic arteries had significantly faster peak velocities (106.3 cm/sec) compared to
portal (24.1 cm/sec) and hepatic veins (15.6 cm/sec); B) Hepatic arteries were also
significantly smaller in diameter (2.2 mm) compared to portal (7.3 mm) and hepatic
veins (7.3 mm); C) There was no significant difference between any of the vessels in
terms of antenna spacing (21.1 cm vs 17.8 vs 20.7 cm).
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No thrombus formations were identified in any hepatic arteries but 13.3% of
the hepatic veins (2/15; 1/15 partial and 1/15 full occlusions) and a 53.3% of the
portal vein (8/15; 4/15 partial and 4/15 full occlusions) demonstrated thrombus

formation (Figure 6.4).
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Figure 6.4: Thrombosis versus non-events as a function of vessel size and blood
velocity. The cluster of points in the upper left-hand corner shows the hepatic
arteries, which were small in diameter and fast in blood velocity. The rest of the
data points, on the bottom portion of the chart show portal and hepatic veins, which
were slower and larger on average than the hepatic arteries.
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6.4.1 Hepatic Artery Analysis

Thrombosis was not seen in any hepatic arteries, despite targeting vessel sizes up
to 4 mm in diameter and positioned as near as 4 mm from the microwave antenna.
Due to the absence of thrombus formation, a logistic function and its corresponding

ROC curve could not be created.

6.4.2 Hepatic Vein Analysis

Univariate peak velocity, vessel size and vessel-antenna spacing were found to be
highly correlated with thrombus formation using logistic functions and significantly
so with vessel size and vessel-antenna spacing. Specifically, faster flow, larger vessels
and increased vessel-antenna spacing from microwave antennas were found to be
predictive factors that made thrombus formation less likely in hepatic veins (Figure
6.5A). Likewise, slower flow, smaller vessels, and closer vessel-antenna spacing led
to an increased likelihood of thrombosis. Univariate logistic regression modeling
predicted a 50% chance of thrombus formation if the peak blood flow velocities less
than 12.45 cm/sec, vessel diameter was less than 5.10 mm or the vessel-antenna
spacing was less than 3.75 mm. The areas under the ROC curve generated from each
univariate logistic function was high, indicating strong performance in separating
thrombosis versus non-thrombosis in hepatic veins (Figure 6.5B). Details of the
quantitative statistical metrics are outline in Table 1.

Multi-variate logistic regression, which adjusted an individual variable to ac-
count for the confounding effect of the other two variables, showed an inflated
area under the ROC curve due to low sample size. Furthermore, using vessel size,
blood flow velocity and vessel-antenna spacing simultaneously did not show im-

provements in predictive power over using the individual variables alone. Perfect
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Variables Odds Ratio 95% CI P-Value AUROC
Peak Velocity (cm/s) 0.773 0.529-1.128  0.083 0.885
Vessel Size (mm) 0.096 0.002-5.231 0.032 0.904

Vessel-Antenna Spacing (mm) 0.725 0.472-1.114  0.014 0.923

Table 6.1: Univariate logistic contributions from hepatic vessels. Peak velocity,
vessel size and vessel-antenna spacings were found to be strong contributors to
thrombus formation in hepatic veins. The large area under the ROC curve for each
variable suggested strong performance in distinguishing between thrombosis and
no-thrombosis in hepatic veins.

separability between events and non-events also caused unreliable estimates of

standard errors, preventing further significance testing.

6.4.3 Portal Vein Analysis

In contrast to the results found for hepatic veins, peak flow velocity, vessel size and
vessel-antenna spacing were not found to be significant predictors of thrombosis in
portal veins. In fact, portal vein thrombosis occurred indiscriminately across peak
flow velocity, vessel sizes and vessel-antenna spacings (Figure 6.6A). The area under
the ROC curve of the portal vein logistic functions were significantly less than that
of the hepatic veins, suggesting poor classification power of univariate peak flow
velocity (Figure 6.6B). Details of the quantitative statistical metrics are outline in

Table 2.

Variables Odds Ratio 95% CI P-Value AUROC
Peak Velocity (cm/s) 0.942 0.788-1.085 0.264 0.607
Vessel Size (mm) 0.942 0.788-1.085 0.264 0.607

Vessel-Antenna Spacing (mm) 0.881 0.698-1.111  0.256 0.607

Table 6.2: Univariate logistic regression from portal vein characteristics. Peak
velocity, vessel size and vessel-antenna spacings were found to be poor individual
predictors of thrombus formation in portal veins. The area under the ROC curve
for each variable was lower than that found in hepatic veins and indicated poor
predictive value in separating thrombotic and non-thrombotic events in portal veins.
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Figure 6.5: Univariate logistic functions for the hepatic and portal veins. A) Logistic
regression model of hepatic veins. Vessel velocity and spacing were significantly
correlated with thrombosis, while vessel size was correlated but not significant. B)
Logistic regression model for portal veins. Vessel size, velocity and spacing were
not significantly correlated with thrombosis.

Multi-variate logistic regression showed similarly poor contribution from each
variable after accounting for the confounding effect of the other variables. How-
ever, there was a slight increase in the area under ROC curve of the multivariable
portal vein analysis using vessel size and vessel-antenna spacing simultaneously,

compared to that of the univariate logistic regressions. This multi-variate regres-
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Figure 6.6: Univariate receiver operator characteristic curves for hepatic vein and
portal veins. A) With a low number of thrombus events in hepatic veins, the regres-
sion model could classify thrombus formation with high sensitivity and specificity.
B) The portal vein regression model was poorly discriminating, offering limited
performance in separating the likelihood of a thrombotic event during an abla-
tion procedure. The areas under the curve of each predictor were not significantly
different from each other.

sion model created a combination of vessel sizes and vessel-antenna spacings that
could be categorized into various thrombus formation risk categories (Figure 5E).
One sample combination showed that vessels greater than 7 mm, coupled with a
vessel-antenna spacing greater than 27 mm, predicted a less than 30% chance of
thrombosis formation. In the vicinity of a 15 mm sized vessel, the vessel-antenna
spacing can be decreased to 19 mm distance while maintaining a 30% chance of
thrombosis formation. Likewise, a smaller vessel sized at 5 mm in diameter would
need a vessel-antenna spacing of at least 30 mm to maintain the 30% chance of
thrombosis formation. The addition of blood velocity to the multi-variate model
offered only marginal improvement in the area under the ROC curve compared to

the univariate velocity predictor (0.75 + 0.13 versus 0.61 & 0.16, p=0.48 ), vessel size
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predictor (0.75 £ 0.13 versus 0.54 £ 0.08, p=0.17) and vessel-antenna spacing (0.75
+ 0.13 versus 0.607 + 0.08, p=0.34).
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Figure 6.7: Contour mapping of the multi-variate regression model demonstrating
how various combinations of vessel size and vessel-antenna spacing measurements
are correlated with risk of thrombus formation in portal veins.

6.5 Discussion

This in-vivo pilot study demonstrated that vessel size, peak blood flow velocity
and vessel-antenna spacing are predictive of thrombosis of hepatic veins when
performing microwave ablation. In contrast, portal vein thrombosis happens at a
higher rate than with hepatic veins, and was not as predictable. Using multiple
variables simultaneously to predict thrombosis in portal veins had improved perfor-
mance over using single variables, but the fit of the portal vein model was still poor
compared to the hepatic vein model.

The primary goal of thermal ablation is to heat the target tumor and margin to

cytotoxic temperatures. A significant limitation of RF ablation is that the majority
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of tissue heating is related to thermal conduction. This relatively inefficient heating
mechanism can be overwhelmed by vascular heat sinks — especially at the periphery
of the ablation zone, resulting in incomplete treatments [186]. Microwave ablation,
on the other hand, is less affected by vascular heat sinks and perfusion-mediated
cooling [38, 56, 181]. As a result, clinical adoption of newer high-power microwave
devices in recent years has demonstrated the potential for creating larger ablation
zones at a faster rate [56, 140, 187].

The potential downside of this more powerful heating is unintended collateral
damage, in this case, to the hepatic vascular structures [39]. The larger, hotter, and
faster ablation zones associated with these high-powered systems has raised the
concern of indiscriminate damage to hepatic vessels, particularly in cirrhotics. No
incidents of hepatic arterial thrombus were identified in this study despite the close
proximity of the microwave antenna to various-sized hepatic arteries. This raises
the possibility of a protective effect of rapid blood flow. The results of this study
suggests that an optimization strategy may be appropriate when placing microwave
antennas near critical vessels, particularly in cases of slow blood flow and when
tumors are located in close proximity to larger portal or hepatic veins.

The results reported in this study confirm the previously established relationship
between vessel size and acute thrombosis. An early in-vivo porcine study on the
effect of RF ablation on vessels found that vessels less than 3 mm in diameter
had an increased risk for occlusion [174]. That study did not distinguish between
portal and hepatic veins. The same group later found similar results with MW
ablations, showing that vessels less than 3 mm in diameter had an increased risk
for thrombosis, while larger vessels had less of a risk for thrombosis [37]. Clinical
studies of hepatic RF ablation have also demonstrated the incidence of inadvertent

portal vein thrombosis (0.87%; 12/1379) to occur at a higher rate than hepatic vein
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thrombosis (0.29%; 4/1379) [188]. These findings are concordant with our study,
albeit at lower overall rates of thrombosis. Our higher rates can be attributable to
the fact that we placed antennas close to vessels in normal parenchyma, compared
to the center of a tumor.

The underlying reason for the observed differences in the rate of thrombus
formation and the ability to predict thrombus formation between portal and hepatic
veins is not completely clear. The most likely explanation is a difference in blood
flow dynamics. Specifically, the portal vein is flowing in a non-pulsatile fashion
into a capillary bed (hepatic sinusoids). Thus, any thrombus, even if located intra-
vascularly and not associated with the vessel wall, is likely to become lodged in
the hepatic sinusoids, increasing resistance to forward flow. This situation would
be exacerbated in portal hypertension where portal venous resistance is already
increased. The result of thrombus and increased portal pressures at the sinusoidal
level would eventually decrease flow velocity and subsequently increase the chances
of activating the coagulation cascade. In contrast, hepatic veins experience pulsatile
flow, known to decrease the likelihood of thrombus formation due to turbulence,
and flow forward into progressively larger vessels and ultimately into the heart
[189-191]. Thus, any hepatic venous thrombus is less likely to become established
within a vessel.

There were some limitations to our study related to the in-vivo environment with
a simultaneous interplay of heat transfer, blood flow and clotting. Reproducibly
creating the appropriate array of vessel-antenna spacing and velocities needed
to assess their relationship to thrombus formation was difficult. We did have a
reasonable number of samples at varying distances from the vessel, but without
the control that may be possible in fixed, ex-vivo system. In an effort to reduce

variability between ablations, we used a single ablation setting of 100 W for 5
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minutes. While the results here can be potentially generalized to other power-time
settings by using a scaling factor, such broad analysis was beyond the scope of this
investigation and requires further evaluation. Secondly, the objective of our study
was to focus on acute thrombus formation. There is a higher expected rate of delayed
thrombus formation, which would result from not only the decreased blood flow
from upstream acute thrombus but also the thermally-damaged endothelial layers
[184]. Clinically, patients with cirrhosis and portal hypertensions could experience
flow velocities significantly lower than those in healthy porcine livers and thus
experience a much higher rate of portal vein thrombosis compared to what was

seen in this study.

6.6 Conclusion

In conclusion, our in-vivo study demonstrated that portal veins are at higher risk
for acute thrombus formation during microwave ablation as compared with hepatic
veins, but thrombus formation is not as predictable in the portal vein. Hepatic
veins showed a clear correlation between peak flow velocity, vessel size, and vessel-
antenna spacing with the risk of thrombus formation but portal veins did not. We
did not identify thrombus formation in a cohort of hepatic arteries greater than 4
mm in diameter. Follow-up studies to further refine the risk of vascular thrombosis
in the clinical setting would be helpful for procedural planning and establishing

risk profiles.
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Chapter 7

Mechanisms of Thrombosis in
Microwave Ablation in In-Vivo

Porcine Liver Model
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7.1 Abstract

Purpose: Thermal ablation is rapidly gaining traction as a viable alternative to
surgical resection. A challenging issue with ablating tumors near blood vessels is
determining how to overcome the heat-sink effect while not thrombosing larger
vasculature. The reason behind why some vessels are predisposed to greater heat-
sink effect and why others are predisposed to thrombus formation is currently
unknown. The purpose of this study was to broadly observe the physical and
biological differences between portal and hepatic veins that might explain these
differences.

Materials and Methods: Animal care and use committee approval was obtained
prior to in-vivo studies. A single microwave ablation antenna was inserted into
a single porcine lobe (n=11 total) adjacent to a hepatic vein or portal vein branch.
Conventional and Doppler ultrasound were used to measure the vessel size, blood
flow velocity and vessel-antenna spacing. A fiber-optic temperature probe was
placed in the lumen of the targeted vessel. A microwave ablation zone was then
created at 100 W for 5 minutes. Thrombus formation was evaluated on immediate
post-procedure ultrasound imaging. Genes coding for pro- and anti-thrombotic
proteins were also analyzed on normal portal and hepatic vein tissue.
Results:Thrombosis was identified in 54.5% of portal veins (6/11) and 0% of hep-
atic veins (0/12). No significant difference in temperature elevation was observed
between blood in the lumen of the portal vein and hepatic vein during the ablation
period (0.24+0.38 °C versus 0.63£0.91 °C, p=0.46), even in the presence of throm-
bus formation. Normal, untreated portal veins demonstrated significantly higher
gene expression fold-differences of thrombomodulin (THBD - 2.92 + 1.98), von
Willebrand factor (vWF —7.53 & 2.73) and the protein C receptor (PROCR - 3.55 +
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1.28).

Conclusions: As seen in Chapter 6, portal vein thrombosis was more common than
hepatic vein thrombosis during microwave ablations. Lack of luminal temperature
changes during ablation in both vessels suggest most of the thermal damage oc-
curs at the vessel wall. Significant differences in coagulation gene upregulation
between portal veins and hepatic veins suggest that portal veins have an underly-
ing propensity to thrombose compared to hepatic veins when exposed to thermal

damage.

7.2 Introduction

Thermal ablation is an alternative to surgical resection for early-stage liver cancer
[192]. Compared to surgical resection, ablation has been found to be associated with
quicker recovery time, less complications and virtually no bleeding [193]. When
performing an ablation procedure, image guidance with computed tomography
(CT) or ultrasound (US) is utilized to guide the applicator into the vicinity of the
tumor. In tumors abutting larger blood vessels, careful placement of the antenna is
required due to the balance required for optimal treatment efficacy. Large blood
vessels can siphon heat away from the ablation zone, a phenomenon known as
the “heat-sink effect,” decreasing the amount of thermal energy delivered to the
tumor [150]. Undertreated tumors near blood vessels are at a higher risk for future
recurrence. On the other hand, delivering too much heat around a vessel can cause
excess vascular damage and subsequent thrombus formation, potentially shutting
off blood supply to an entire lobe [132]. These consequences can be devastating for
patients with decreased liver function from cirrhosis, commonly found in patients

with primary liver cancer.
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Radiofrequency ablation systems, the most commonly used ablation modality
worldwide, utilize an electric current to treat the tumor. Volumetric heating of an
entire tumor is dependent on passive thermal conduction to warm the tissue around
the applicator. One drawback, however, is that the electrical conduction path can
often be disrupted during heating, as the surrounding tissue becomes dehydrated
and desiccated. As a result, radiofrequency ablation systems are plagued with
incomplete heating. This deficiency is exacerbated by the heat-sink effect of nearby
blood vessels, further increasing the chance of incomplete ablations [150].

Microwave energy, an ablation modality that has gained traction in recent years,
utilizes an alternating electric field to oscillate polarized water molecules to generate
heat inside tissue. This electric field is capable of penetrating various kinds of
tissue, including desiccated and charred tissue, leading to tissue temperatures
in excess of 100 degrees C. The heating advantages of microwave ablation over
radiofrequency ablations are well-documented, with multiple studies reporting
larger, more homogenous ablation zones in head-to-head ablation studies [44, 140,
181]. The higher heating rate of microwave ablation systems lends itself well to
treating tumors near blood vessels, where the microwave energy can overcome the
cooling effect of nearby blood vessels, improving treatment outcomes [38]. However,
with such high energy deposition in tissue, a risk exists for vascular and peri-vascular
damage near blood vessels. Thrombus formation using microwave ablation systems
have already been noted in in-vivo and clinical studies [37, 132, 184].

Physicians want to overcome the heat-sink effect while avoiding vascular damage
when carrying out ablation procedures near hepatic vasculatures. However, there
exists only a limited studies characterizing vessel damage and heat sinks from
radiofrequency and microwave ablation systems [37, 174, 184, 189]. These studies

suggested that smaller vessels were more likely to be damaged and faster flowing
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vessels would exhibit more of the heat-sink effect [38]. The in-vivo study related to
Chapter 6 had demonstrated significant differences between portal vein and hepatic
vein thrombus formation rates during microwave ablation procedures in in-vivo
porcine liver models.

The purpose of this study was to broadly observe the physical and biological
differences between portal and hepatic veins that might explain these differences.
Intravascular temperature elevation during ablation was used as a marker to infer
physical differences between portal and hepatic veins. Gene expression was also
performed to broadly characterize underlying differences between vessels that can

lead to thrombus formation.

7.3 Materials and Methods

7.3.1 In-Vivo Study

All studies were performed under approval from the institutional animal care and
use committee and complied with National Research Council guideline. Animals
were sedated with intramuscular tiletamine hydrochloride-zolazepam hydrochlo-
ride (7 mg/kg, Telazol, Fort Dodge IA) and xylazine hydrochloride (2.2 mg/kg,
Xyla-Ject, Phoenix Pharmaceutical, St Joseph, MO). Anesthesia was maintained with
inhaled 1.0-2.0% isofluorane (Halocarbon Laboratories, River Edge, NJ). An ear vein
was cannulated with a 20-gauge angiocatheter for administration of IV fluids.
Individual microwave antennas (Neuwave Medical Inc, Madison WI) were in-
serted into single liver lobes (n=6) of two female domestic swine (50 kg); (Arlington
Farms, Arlington WI). Microwave antennas were placed strategically in the vicinity
of larger portal and hepatic veins (>5 mm diameter) under ultrasound guidance

(Siemens Antares, Siemens Medical Solutions Inc, Issaquah, WA). Fiber-optic tem-
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perature probes (MTG-170 Opsens, Quebec, Quebec) were then inserted under ul-
trasound guidance into the nearest vessel. Temperature probes appeared echogenic
under ultrasound, marking the tip of the temperature probe. The temperature
probes were strategically placed in the center of the vessel on the same plane as the
microwave ablation heating element. Microwave ablation zones were then created at
100 W for 5 minutes, with the fiber-optic temperature probes recording temperatures
every second. Post-ablation ultrasound imaging was performed after the ablation
to confirm the placement of the fiber-optic temperature probe as well as any sign of
vascular damage in terms of vessel stricture or thrombus formation (Figure 7.1).
After ablation, animals were sacrificed by an IV injection of Beuthanasia-D (390
mgmlL, pentobarbital sodium and 50 mg/mL phenytoin sodium at 0.2 mL/kg;
Schering-Plough, Kenilworth, NJ). The liver was removed and sectioned along the
axis of each antenna to expose the transverse cross-section of the nearby vessels
and confirm the location of the temperature probe. Normal and ablated portal and
hepatic veins were excised using sterile technique and utilized for the qPCR study,

which is detailed in the following section.

7.3.2 Gene Analysis

For isolation of primary cell samples, endothelial cells were detached from portal
and hepatic veins within 1-hour of animal sacrifice (n=3) under an approved animal
protocol. Tissue samples were stored at -80 C. Reverse transcription (RT) reactions
were performed using 1 ug of total RNA isolated from primary portal (n=9) and
hepatic veins (n=9) and an RNA isolation kit (RNAeasy Plus Mini Kit; Qiagen, Venlo,
Netherlands) for real-time RT (qRT)-polymerase chain reaction (PCR) and a reaction
mix

Eight genes (Table 7.1) associated with pro and anti-coagulation proteins and an
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Figure 7.1: Intravascular temperature probe placement in hepatic veins and portal
veins. A thrombus is noted in the portal vein (bottom right)

endogenous control (18s) were quantified with qRT-PCR by using a PCR platform
(Bio-Rad CFX96; BioRad, Hercules, CA) and a reaction mix (FastStart Master SYBR

Green I; Roche Applied Science, Basel, Switzerland) according to the manufacturer’s
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instruction manual. Real-time PCR was performed under cycling conditions of 95
°C for 10 minutes, followed by 30 cycles of denaturation at 95 °C for 10 seconds,
annealing at 55 °C for 10 seconds, ad extension at 72 °C for 20 seconds using the nine
primers. Primer sets used were validated (Integrated DNA Technologies, Coralville,
IA) and quantified (J.C.) according to the PCR platform instructions. Measurements
of mean cycle threshold value from triplicates (n=3) were used to calculate the
expression of each gene using the 2AACt formula, normalized to ribosomal 185
in respective vessels as an internal control. Up-regulation was determined to be

significant when differential expression of mRNA was more than two-fold.

Gene ‘ Forward Primer/Reverse Primer

5-GATCCCTCTGACTACCTCTATCC-3’
5-ACTTCGCTGCCGTAGTAATG-3’
5-CAGAAACGGCATCAAGAAACC-3
5—CTTCTTGGCAAAGCGCATATT-3’

5 CAGGGTTTCATGCCCTACTT-3’

5 -GTGTCTCTTCACCCAGTCATTT-3’
5-AAGTGGACAGAGGACCATTTC-3’
5-CCAGAGACCACCAACCAATAA-3
5 -CACTGTTCAGATAAGCCCTAGAC-3’
5-CCTTCACGTTCCTCATGATCTC-3’
5-CTCGAACCCAAGAAGAGAATGG-3
5-GGATCACTTCCTCCACAAACTC-3’
5-ACATGTCTGCAGGCTATCTATTT-3’
5-GGTGGCTCTGGCATCTATTT-3’
5-GAAACACATCACCACGCATAAC-3
5-CCACTCCTGCGATGATGAAA-3’
5-CTGAGAAACGGCTACCACATC-3’
5-GCCTCGAAAGAGTCCTGTATTG-3’

Urokinase

Heparin Binding RPL29 (control)

Plasminogen Activator Inhibitor

Thrombomodulin

Tissue Factor

von Willebrand Factor

Plasminogen Activator

Protein C Receptor

18s (control)

Table 7.1: Pro-and anti-Thrombogenic genes from endthelial tissue was analyzed
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7.4 Results

7.4.1 In-Vivo Study

Thrombus formation was detected in 54.5% (6/11) of portal veins and 0.0% (0/12)
of hepatic veins on ultrasound and Doppler imaging (Figure 7.2). Targeted portal
veins and hepatic veins did not show significant difference between average vessel
size (8.65 £ 2.37 mm vs 9.65 £ 3.38 mm, p=0.44), blood flow velocity(14.92 + 4.87
vs 22.31 £+ 11.67 mm, p=0.067 ) and vessel-antenna spacing (10.03 & 9.87 vs 10.07 &+
2.63, p<0.99).

Probes showed temperature elevation from room temperature to the animal
body temperature as the probes traversed the liver parenchyma. No significant
difference in temperature elevation was observed between blood in the lumen of
the portal vein and hepatic vein (Figure 7.3) during the ablation period (0.24+0.38
°C versus 0.63£0.91 °C, p=0.46), even in the presence of thrombus formation. A
single temperature measurement of the vessel wall showed temperatures exceeding
100 °C during the ablation period. No acute thrombus formation was found in that

particular sample (Figure 7.4).
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Figure 7.2: Thrombus formation rates were similar to those found in Chapter 6. Por-
tal veins thrombosed at slightly higher than 50% rate while hepatic veins remained
resistant to thrombus formation. Average vessel sizes, velocities and spacing were
equivalent between portal and hepatic vein datasets.
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Figure 7.3: Hepatic vein temperature measurements. Initial rapid temperature
elevation can be noted as fiber-optic probes move from room temperature to liver
parenchyma. There was minimal change in lumen temperature during the mi-
crowave ablation procedure.
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Figure 7.4: Portal vein temperature measurements. A) Gross pathology and B) ul-
trasoung imaging of ablation zone next to portal vein wall. C) Comparison between
portal vein lumen and wall temperature during microwave ablation.
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7.4.2 Gene Analysis Study

Portal veins demonstrated significantly higher gene expression fold-differences of
thrombomodulin (THBD - 2.92 + 1.98), von Willebrand factor (vWF —7.53 + 2.73)
and the protein C receptor (PROCR - 3.55 + 1.28) (Figure 7.5).
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Figure 7.5: Gene expression differences between vessels. Normal, untreated portal
veins expressed significantly more vWEF, thrombomodulin and protein C receptor
compared to normal, untreated hepatic veins.

7.5 Discussion

Thermal ablation has been widely cited as a faster and safer option for treating
early-stage cancers. While resulting in significantly less complications compared to

surgical resection, care is needed in carrying out ablation procedures. Most impor-
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tantly, the ablation requires enough heat to destroy the tumor tissue and margin to
minimize the risk for recurrence, especially near blood vessels that may interfere
with the heating efficacy. On the flip side, however, too much heat delivered near
the blood vessels may lead to inadvertent vascular damage and thrombosis, which
is associated with complications that require management. Thrombosis or lobar
infarction can be harmful to a patient with decreased liver reserves. The various
ways that hepatic vasculatures can be damaged or affected by the heat-sink effect
during thermal ablation are poorly understood due to the lack of characterization of
portal veins and hepatic veins. A recent observational study had suggested that the
cooling effect of nearby hepatic blood vessels can vary from vessel to vessel during
laser ablation procedures in the liver. Specifically, the study concluded that portal
veins exhibit more of a heat-sink effect compared to hepatic veins, based on how
the ablation zone changes around the vessel [189]. Those results suggest that less
thermal energy accumulates within portal veins, although the paper did not specify
any potential mechanism. Ultrasound studies looking at mechanistic reasons for the
appearance of echogenic rims in portal veins have suggested differences in vessel
wall configuration [194]. At best, these references open up more questions as to why
some vessels thrombose and why some do not during ablation procedures.

In this study, higher rates of thrombus formation were found in portal veins
compared to hepatic veins, even with near equivalent vessel size, velocity and vessel-
antenna spacing, results that are consistent with the data presented in Chapter 6.
However, intravascular temperature measurements during ablation showed absence
of temperature elevation within the lumen of a vessel near an ablation zone, even
when thrombus formation was noted. It is clear that the thrombus formation cannot
be attributed to a simple temperature elevation since there was no temperature

elevation noted. The single measurement of vessel wall temperature (on the luminal
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side) during ablation revealed a temperature spike up to 100 °C, far above cytotoxic
temperatures. Although far from conclusive, the evidence seems to rule out that we
are simply “boiling” the blood to cause thrombus. A more likely explanation is that
thermal damage in the vessel wall is activating a biochemical process such as the
clotting cascade.

The gRT-PCR study showed significantly more expression of von Willebrand
Factor, endothelial Protein C receptor and thrombomodulin in portal veins compared
to hepatic veins. While these particular genes code for both pro-coagulation and
anti-coagulation proteins, their different expression between vessels highlight the
fact that even vessels within the same organ can have varying potential for thrombus
formation.

The underlying mechanism for preferential thrombus formation in portal veins
compared to hepatic veins is presently unclear. Mechanically, the flow pattern of
portal veins and hepatic veins differ drastically due to the fact that the hepatic
veins drain into a low-resistance inferior vena cava and the portal vein into a high-
resistance capillary beds of the liver. Thus, hepatic veins have a highly pulsatile flow
that corresponds to the cardiac cycle while the portal vein is associated with more
of a damped, continuous flow. Computational studies that show pulsatile flows
affecting heat transfer of larger vessels also suggest negligible effect in the smaller
vessels normally found in the liver [190, 191]. A plausible link for the role of pulsatile
flow in thrombus formation lies in the genes and associated proteins associated with
clotting. Specifically with our proteins of interest, there is a large body of evidence
associating their activation and aggregation with rates of endothelial shear stress
[195-197]. In light of these previous studies, controlled studies looking at the effects
of shear stress on thrombus formation in the liver seem warranted.

Due to the transient nature of thrombus formation and multiple factors leading
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up to a thrombotic event, there were many facets of the study that could be improved
upon. First we treated the ablations as independent events in the same animal, even
though there are potential systemic effects that can affect the potential for throm-
bus formation. Platelet counts and inflammatory markers were not monitored in
the animal, preventing the elimination of potential of inter-lobar effects. Secondly,
while the vessel characteristics were averaged across many samples, the complex
anatomical and biochemical environment associated with each sample would be
more accurately represented if the outputs were paired with its own inputs. How-
ever, since we were only looking at thrombus formation and larger (>10 degree °C)
changes in temperature, the individual temperature measurements were averaged
together. This would be more important for computational modeling studies, where
the details of the input anatomy and heat transfer environment are important. Third,
the amount of thermal damage within the blood vessels was not quantified. While
the ablation zone typically encompassed at least a portion of the vessel, vessel dam-
age was simply categorized as a binary event with respect to thrombus formation.
Area of cellular damage with respect to the vessel would be useful in determining if
there is a critical threshold required for thrombus formation. Lastly, with respect to
our gene expression study, only normal portal and hepatic veins were investigated.
Post-ablation vessel damages have effects of thrombus-related gene expression that
were not evaluated, but could potentially play a role in delayed thrombus formation.

In conclusion, this study suggested that temperature elevation in the vessel wall,
rather than the lumen, near an ablation zone is not likely to contribute to thrombus
formation. Cytotoxic temperatures near the vessel wall can potentially cause enough
damage to activate the coagulation cascade within vessel near those heating zones.
Differences in gene expression associated with clot formation were found between

portal and hepatic veins, providing a plausible link between thermal damage and
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thrombosis. The individual effects of specific genes and proteins related to clotting
and their activation from thermal damage need to be characterized in order to

confirm the links found in this study.
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Chapter 8

The Role of Single and Dual-Source
Energy Computed Tomography in

Water Content Measurements
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8.1 Abstract

Purpose: The purpose of this study was to investigate the possibility of using
conventional and dual-energy CT to non-invasively infer changes in water content
in ex-vivo liver tissue.

Materials and Methods: Ex-vivo liver tissue blocks (n=6) weighing approximately
15 grams were dehydrated to water concentrations of approximately 25%, 50%
and 90% water loss by weight using a manual desiccators rack. Tissue blocks
were scanned under conventional CT and a histogram of the tissue radiodensity
was created. Water content was then correlated to higher-order statistics of the
radiodensity distribution. A completely desiccated sample was also scanned under
a dual-energy CT scanner to decompose the liver block into water, vapor and solid
liver tissue.

Results: Linear mapping of mean radiodensity and kurtosis to water content showed
good correlation, with a Pearson correlation coefficient of R%2=(.780 and R?=0.819,
respectively. Dual-energy scans demonstrated accuracy in identifying gas spaces
against water or liver tissue. Since the radiodensity of water and liver tissue was
very similar, there was difficulty in separating water and liver from the scan.
Conclusions: Single and dual-energy CT scans can be used to infer changes in
moisture content within ex-vivo liver tissue. However, the results are depending on

post-processing and interpretation is limited to this specific experimental setup.
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8.2 Introduction

One of the advantages of microwave tumor ablation technology is the ability to
continuously heat through tumor tissue, leading to higher temperatures and more
homogenous heating zones compared to other heating modalities such as radiofre-
quency and laser [139]. The consistency in forming ablation zones in tumor tissue
leads to better margins for tumor destruction and a smaller chance for recurrence
[198].These improved heating physics have led to its rapid adoption and replacement
over predecessor technologies.

Since microwave energy is capable of propagating through dried and desiccated
tissue, temperatures near the microwave antenna can often exceed 100 degrees C.
This rapid heat generation leads to the formation of water vapor and its subsequent
movement through tissue. The mass of water vapor appears as a hypodense re-
gion under computed tomography (CT) imaging, easily distinguishable from the
background tissue, which undergoes only minimal changes in Hounsfield Units
(HU)during heating from the temperature change [199].

The tracking of water vapor formation and movement through tissue has tradi-
tionally been utilized in computer modeling of food processing and cooking [200].
Cooking techniques such as frying, baking or boiling often leads to varying patterns
of dehydration and moisture movement. As a result, these underlying physics of
vapor formation often has a strong contributory affect on the texture and taste of
the final dish. With microwave ablations, the moisture can directly change how
the electromagnetic waves and heat travel through the tissue, by altering the di-
electric and conductivity of the tissue [108, 111, 201]. Moisture content can also
indirectly serve as a marker for temperature distribution. Within an ablation zone,

the area near the center of the ablation appears dark and charred, with most of the
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moisture driven out from the intense heating in the region. Immediately outside of
this area, tissue appears blanched and can often serve as an estimate for cytotoxic
temperatures where cell death has occurred instantaneously. In areas beyond the
ablation zone, where the microwave energy has not reached, the tissue appears pink,
having retained a large fraction of its original water content, and accompanied with
some inflammation. Monitoring these moisture changes in real-time can provide
invaluable information about how tissue is changing during an ablation procedure,
leading to improved numerical predictions and system design.

Moisture content in tissue is inherently difficult to measure due to the necessity
to disturb its local environment using conventional drying techniques. This requires
isolating the surrounding environment to prevent water loss and monitoring the
decrease in water mass as the material is desiccated. This method has been adapted
by many moisture analysis devices and can make an estimate of water content
within minutes. While fairly accurate, this technique does not capture the time-
sensitive moisture changes occurring within an ablation zone during the ablation
procedure, which occurs over the period of seconds. A quick and easy technique for
inferring these moisture changes would provide a powerful validation technique
for numerical modeling predictions.

Conventional CT scans are useful in monitoring experimental thermal ablation
due to their resolution and speed, as well as their ability to distinguish vapor from
tissue [103]. Dual-energy CT scanners offer even more information by acquiring CT
images at 2 different x-ray photon energies and recording their respective attenu-
ation between various materials. While algorithms exist to use these attenuation
differences to highlight iodine, water and minerals in a single scan, they are not
designed to decompose phase changes in a material of interest. CT scanners are

also already used in the clinical workflow to confirm microwave antenna placement,
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lending itself well to the potential translation into real-time patient-specific water
content measurements. The purpose of this study was to investigate the possibility
of using conventional and dual-energy CT to non-invasively infer changes in water

content in liver tissue.

8.3 Materials and Methods

8.3.1 Tissue Preparation

Ex-vivo liver tissue blocks (n=6) weighing approximately 15 grams were dehydrated
to water concentrations of approximately 25%, 50% and 90% water loss by weight
using a manual desiccators rack and initially assuming a 70% water content in each
tissue sample (Figure 8.1A). Once the tissue reached the desired moisture loss, the
tissue was immediately sealed to prevent further water loss. The images were then
scanned, as described in the next paragraph, and then completely desiccated to

confirm the original water content in the tissue sample (Figure 8.1B).

8.3.2 Single-Energy CT Scan

CT imaging was performed on a GE Lightspeed CT750 HD 64-Slice Scanner, 120
kVP, 200 mA, 0.625 mm by 0.625 mm resolution. All desiccated liver tissue blocks
were placed on the same plane, while images were taken coronally. An ROI was
placed around each liver block and a histogram of the HU ranging from -800 to 200
HU. The mean, standard deviation, kurtosis and skewness of the HU distribution
was calculated for each sample and averaged across corresponding groups of the
same moisture content. A Pearson correlation coefficient was then calculated to

assess how well each metric correlated to the sample water content.
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8.3.3 Dual-Energy CT Scan

Dual-energy scans were performed on completely dehydrated liver tissue at 80
(peak) kVp and 140 kVp. Completely dehydrated tissue was chosen in order to
get the components of water vapor, liver tissue and water to group together and
make them easier to categorize on the CT scan. In this setup, the liver, tissue
and gas are compartmentalized and reduces the amount of tissue that may be
difficult to decompose. Since the images were taken simultaneously, there was no
additional step required to maintain proper registration. Liquid deionized water
was simultaneously scanned as a reference point.

The material decomposition procedure utilized the following three equations,
with three unknowns representing the fractional contribution of water, vapor and

solid liver,

Hwater140kfowater + uvaporkfovapor + HliverﬁlOkfoliver = p'totall40kVp (81)

HwaterBOkfowater + l»lvaporgokfovapor + uliveTSOkVkapfliver - utotalgokVp (82)

fwater + fvapor + fliver =1 (83)

where p represents the Hounsfield unit of the material at the energy specified in
the subscript. For water, vapor and liver tissue, identical pixels were compared at
both photon energies. The 140 and 80 kVp are the HU values corresponding to the

pixel value in the CT at each respective energy and f is the fraction of the material
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indicated by the subscript contributing to the pixel value we calculate. A fraction
of 1 corresponds to a pure material. With 3 equations and 3 variables, it becomes
possible to solve this system of equations, where the fraction of each phase was
restricted between 1 and 0, corresponding to 100% and 0% of the material. Pixel
values that were less than the smallest material values of © were assumed to be

composed of neither vapor, water, nor solid liver.

8.4 Results

8.4.1 Single-Energy CT Scan

Final tissue block groups had an average final water content percentage of 27.8%,
53.9% and 91.5%. Mean HU had a Pearson correlation coefficient of R?>= 0.780 when
compared to water content (Figure 8.2). The kurtosis of the data set was slightly
better, with a Pearson correlation coefficient of R?=0.819 (Figure 8.3 and Figure 8.4).
These two metrics had much better correlation compared to the standard deviation

and skewness (R?>=0.4687 and R?>=0.6635).
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Figure 8.1: Ex-vivo liver blocks were A) dessicated to 10%, 50% and 75% original
water content using a manual dessication rack. B) Each sample underwent CT
imaging through the entire volume. Each image set represents a CT slice at a
different depth.
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Figure 8.2: Radiodensity histogram from single-energy CT scan. The histogram
comprises of the CT numbers of the compiled voxels in each volumetric scan. As
more dehydration occurs, there is a wider distribution of CT numbers. This phe-
nomena is due to the fact that the volumetric void where water (HU~0) had original
occupied becomes filled with air (HU~-1000).
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A)
Water Content versus Mean HU (raw)
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Figure 8.3: Mean and standard deviation of radiodensity with respect to water
content. A) Mean HU increased with increased water fraction, which is expected
due to the large attenuation of water compared to air. B) Standard deviation of
HU decreased with corresponding decreased water evaporation due to the lack of
change in material from normal ex-vivo tissue.
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Water Content versus Skewness of HU Distribution
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Figure 8.4: Kurtosis and skewness of radiodensity distribution with respect to
water content A) Kurtosis decreased with increased water content due to the wider
distribution of water-filled voxels in liver material. B) Skewness of the radiodensity
increased with increased water content due to the histogram shift toward water
(HU ~ 0) over air ~ -1000
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8.4.2 Dual-Energy CT Scan

Since HU utilizes pure liquid water as a reference point, we set the CT number
of water at both 80 kVp and 140 kVp to 1024 HU, which accounts for the linear
transformation found in raw CT values. The CT values of solid liver were found
by averaging the CT value of an ROI within the densest part of the liver block. The
solid liver ROI was found to have a CT value of 1174 HU at 80 kV and 684 HU at
140 kVp. The value of gas, which was found by averaging the gas pockets formed
with the liver blocks, was found to be 1174 HU at 80 kVp and 1124 HU at 140 kVp
(Figure 8.5). Qualitatively, the results showed reasonable accuracy in decomposing
the gas and solid within the desiccated liver block. The gas pockets within the liver
were highlighted well while the solid liver showed a range of solid liver densities
corresponding to varying degrees of hydration. The inferior portion of the liver
chunk was the most dense, showing the most desiccation and least gas pockets

(Figure 8.6). Our results seem to confirm this suspicion.
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Figure 8.5: Radiodensity map of a completely desiccated liver blocks A) using pho-
tons of 140kev and B) The difference in radiodensity when the 80 keV radiodensity
map is subtracted from the 140 keV radiodensity map.
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Figure 8.6: Unadjusted data from solving the system of Equation. While the gas
mapping is accurate, with the spacings being made of 100% gas, the water mapping
results point to the liver block being made of mostly water. Meanwhile, the solid
material vector is mostly non-existent

Certain adjustments to the material weighting could be made to highlight water

content, although this came at a cost of accurately monitoring the fraction of the

other two components (Figure 8.7).
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Figure 8.7: Reducing water dimensionality by holding the gas and solid contri-
butions constant led to a slightly more accurate representation of the liver block
material

8.5 Discussion

In this study, we investigated the possibility of using conventional and dual-energy
CT imaging to make inferences on water content and phase within ex-vivo liver
tissue. Liver blocks of different water concentrations were scanned and their distri-
bution of radiodensity across a region of interest was correlated using higher-order
statistics to their corresponding water content. Dual-energy CT was utilized to

decompose a liver block to its basic constituents liver tissue, liquid water and vapor
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within a CT image.

The dehydrated liver chunk demonstrated reasonable correlation between mean
HU and skewness when plotted against water content. Ad drop in mean HU
corresponded to a decrease in water content. This result was expected due to
the fact that as water changes from a liquid to vapor state, the CT number will
drop. In most conventional CT scanners, liquid deionized water is set to a CT
number of 0 HU and vapor is set to -1000 HU. As liquid water changes to vapor,
the CT number will decrease and our results correctly reflect the presence of an
evaporation process. A similar trend was seen in the radiodensity skewness, where
the distribution of the CT number shifted to the left, or a more negative value. This
represents the transition from liquid to vapor and the subsequent shift of the ROI to
a more negative radiodensity as the volume of vapor increases. While there was a
correlation between standard deviation and kurtosis to the radiodensity distribution,
the correspondence was less strong than that of the mean and skewness.

The results of the dual-energy study suggested that while there is potential in
decomposing a material into its separate phases, there is a cost in terms of accuracy.
Without reducing any of the dimensions, the solution to the system of equation
highlights the presence of gas/vapor but has trouble distinguishing between water
and solid. In fact, without imposing any additional boundary conditions, the
solution of the system of equations point to the liver tissue being comprised mostly
of liquid water and almost no tissue. Only by holding the water CT number constant
across the two energy levels, a valid assumption since deionized water serves as a
reference for all other materials, does the vapor and solid phase of the liver blocks
show up accurately. As a result, however, we are left without any information
about the changes in water content throughout the liver tissue. Depending on

what material a researcher is interested in it is possible to adjust the CT number to
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highlight contributions of the solid, liquid or gas to fit their need. As it stands, dual-
energy CT currently still seems to be best utilized for two-material decomposition.

Microwave ablation systems are capable of heating tissue to high temperatures
associated with water vaporization. Due to the mass transfer and energy released on
condensation, much of the physics previously used to characterize radiofrequency
or laser ablations are not applicable. Research efforts to account for the change
in thermal and electrical properties of tissue due to this water vaporization phe-
nomenon have recently gained traction in improving model accuracy. A critical
component in this advance in model development is a quick and reliable method
of validation. Previous methods of confirming water content was cumbersome
and involved processes that often disrupted the sample. The quick and accurate
tracking of vapor formation movement through CT lends itself well to modeling
validation, as comparisons can be made on a second-to-second basis. Furthermore,
information about water content can be used to reveal changes in tissue dielectric or
conductivity parameters. The results of this study showed that while some level of
moisture content can be correlated from tissue CT numbers, the method seems to be
tissue environment-specific and requires more optimization to increase reliability.
The radiodensity of a material is dependent on the material’s propensity to absorb
x-ray photons by the photoelectric effect or deflected by Compton events, usually
defined by a material’s effective atomic number in the material. In the conventional
CT study, it was apparent that in a highly controlled study, the desiccation process
that reduced water content also introduced gas pockets into the liver blocks. These
gas pockets made the biggest contribution to the changes seen in the radiodensity
histogram. In a more clinical environment, where desiccation may not lead directly
to gas pockets in tissue, these changes in radiodensity may behave differently. In the

dual-energy study, there was difficulty in separating the desiccated tissue and water,
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which have a CT number of 0 and 120, respectively. On a range of radiodensities
that stretches over 2000 HU, the difference between water and liver was too small to
derive much meaningful information.

There were multiple avenues where the CT study design could potentially be
improved to track water more accurately. Radiodensity of tissue is reflective of
pressure and temperature changes, which are changing rapidly during a microwave
ablation. Monitoring these two variables with temperature and pressure probes in
select areas of the tumor block could potentially lead to a more accurate calculation
of the true contribution of water vapor to the tissue radiodensity. Another factor that
was not accounted for was the issue of contraction, which can have a dramatic effect
on the physical location and movement of gas volume. Elucidating this phenomenon
will be a critical component in properly localizing water vapor during an ablation
zone. Lastly, there was the difficulty in separating the individual contributions of
three variables assuming that each pixel was only comprised of a linear combination
of materials. The radiodensity of vapor is quite different from solid liver or water,
making it a bit easier to decompose a CT number when assuming there is not
mixing, as see in our completely dehydrated liver block. However, the lack of
separation between radiodensities of tissue and water made it difficult to assess
their contribution to the overall attenuation. Potentially adding additional variables
such as temperature/pressure and using higher-order functions could lead to a

more accurate measure of moisture content.

8.6 Conclusion

In conclusion, the conventional and dual-energy CT showed good correlation to

moisture content. Although the results were specific to this particular study design,
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some of the post-processing statistical techniques could potentially be utilized in
the study of moisture content in tissue during thermal ablations, especially with

respect to their changing electrical and thermal properties.
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Chapter 9

Modeling and Validation of
Microwave Ablations with Internal

Vaporization
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9.1 Abstract

Numerical simulation of thermal tumor ablation is increasingly being utilized for
computer-aided design of treatment devices, analysis of ablation growth, and clinical
treatment planning. Simulation models to date have incorporated electromagnetic
and thermal modeling, but other thermal physics such as those associated with
water vapor formation and mass transfer have been neglected. Such physics are
thought to be non-negligible at high heating rates, especially those associated with
microwave heating. In this work, a numerical model was created that integrates
microwave heating with water-vapor physics by using porous media assumptions
in the tissue domain. This model was then validated through intra-procedural
computed tomography (CT) of microwave ablations in homogenized ex-vivo bovine
liver tissue. Iso-density contours from CT were compared to vapor concentration
contours from the numerical model at intermittent time points using the Jaccard
Index. In general, there was an improving correlation in ablation size dimensions as
the ablation procedure proceeded, with a Jaccard Index of 0.27, 0.49, 0.61, 0.67 and
0.69 at 1, 2, 3, 4, and 5 minute marks. This study demonstrates the feasibility and va-
lidity of incorporating water vapor concentration into thermal ablation simulations

and validating such models experimentally.
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9.2 Introduction

Tumor ablation is an emerging treatment strategy for early-stage solid tumors that
are not amenable to surgical resection or which have failed chemotherapy or radio-
therapy [139]. Thermal ablation is typically performed using applicators that have
a thin, needle-like profile that can be inserted into the target zone under imaging
guidance. Once positioned, energy is applied from the distal tip of the applicator to
elevate the temperature of the adjacent tissue to cytotoxic temperatures, typically
above 50-60°C, in a short period of time.

The most widely utilized ablation modality to date is radiofrequency (RF) abla-
tion, which generates heat using RF electrical current applied directly to the tumor
[11]. However, at cytotoxic temperatures, the electrical impedance of the tissue
quickly rises due to dehydration and water vaporization, limiting the application
of additional RF current. There is now increased interest in the application of
microwave energy, which is not limited by the presence of charred or desiccated
tissue. Microwave systems are capable of creating larger and more homogenous ab-
lation zones compared to those made in predicate RF ablation systems, even around
heat-siphoning vasculature — leading to more complete treatment and potentially
decreased risk for tumor recurrence [181].

Numerical simulation of thermal ablations is an area of active research, leverag-
ing computer-aided design to optimize ablation systems and treatment planning.
However, numerical techniques used previously to simulate RF ablations cannot
be fully applied to microwave ablations. Due to its superior heating efficiency over
RF energy, microwave ablation systems are capable of heating tissues to well above
100°C and maintaining those temperatures for several minutes, vaporizing liquid

water of the tissue and driving vapor outwards from the antenna. These vapor pock-
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ets diffuse through the tissue and re-condense either within tissue or nearby blood
vessels [103]. To account for the additional water vapor physics and create accurate
modeling predictions, improved computer modeling techniques are required.

Incorporating vapor formation and transport into numerical models has been
investigated primarily considering a porous media approach in food materials such
as bread and meat [200, 202, 203]. However, those models have not been applied
to an interstitial heat source such as a microwave ablation antenna and have not
been used to evaluate heating in other biological tissues such as the liver, kidney
or bone. Studies incorporating vapor formation into thermal ablation models has
been limited to the development of temperature-dependence to tissue dielectric
properties and adding the latent heat of water vaporization into the heating model
[103, 107, 108, 111]. Successful prediction and measurement of water vaporization
during microwave ablation procedures would allow the researchers to validate
the model involving water physics, thereby leading to more accurate modeling
predictions. In turn, this will help optimize microwave system design and ablation
treatment planning.

The purpose of this study was to investigate the possibility of simulating water
vapor concentrations and validate the simulation outputs using CT imaging. We nu-
merically modeled this tissue-heating environment, incorporating electromagnetic
as well as thermal and mass transfer physics [139, 200, 203]. We then experimentally
replicated the computational model setup using a homogenized liver solution and
compared the numerical and experimental vapor profiles using similarity indices.
The results of this validation study provided an assessment to the possibility of

using moisture content as a tool to monitor ablation zone growth.
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9.3 Materials and Methods

9.3.1 Numerical Technique

From a computational modeling standpoint, hepatocytes and blood vessels may be
considered as a porous skeleton, with water being the major constituent bound to
it. As liver tissue is being heated from microwave energy, tissue water undergoes
a phase change and can be transported inside the solid matrix or released into
the porous space. Therefore, a numerical description of microwave ablation may
be developed using established techniques for heat and mass transport in porous

media [200].

Geometric Model

An axially-symmetric geometric model was developed for homogenized tissue in a
cylindrical glass container (80 mm radius x 90 mm height) and a microwave antenna

inserted into the liver model as shown in Figure 9.1.

Governing Equations

Heat and water mass transfer during a microwave ablation procedure were simu-
lated using the finite-element method (FEM) in commercial software (COMSOL Inc,
Burlington, MA). Electromagnetic field vectors were calculated by solving Maxwell’s
equations (not shown for brevity) for an axially-symmetric coaxial microwave an-
tenna geometry inside liver tissue at 2.45 GHz. Electromagnetic power dissipation
density Q, a function of electrical conductivity o (S/m) and electric field intensity
magnitude E (V/m) was determined through the equation:
o

Qu=5IEP  W/m) ©.1)
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Figure 9.1: Model geometry and experimental validation setup. A) The two-
dimensional, axially-symmetric geometry of a clinical microwave antenna inserted
within ex-vivo, homogenized bovine liver tissue. The dashed centerline denotes
the symmetry axis. B) A cross-section of the experimental setup as seen under
computed tomography (CT) imaging.

Energy conservation included convection, diffusion, conduction, phase change of

water and microwave heating source, which were described using:

0 .
a( Z piCp,iT) + V( Z piCp,iuiT) = V(kess - VT) = AL+ Q (9.2)

i=s,w,v i=w,v

where p was the density (kg/m3), C, was the specific heat (kJ/kg), T was the
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temperature (K), A was the latent heat of water vaporization (2,435 kJ/kg), ke¢s
was the effective thermal conductivity calculated as a weighted mean of thermal
conductivities of constituent species, solid (s), liquid water (w) and water vapor (v).
The governing equation for water and vapor saturation within the tissue was
given by a conservation of mass relation:
oc; I

ot + V. (—DiVCi) +u; - VCL = M_W (93)

where C; (mol/m?®) was the concentration of species (water or vapor), D; (m?/s)
was the diffusivity and u; was the convective (Darcy’s) velocity of fluid. The right-
hand side of (9.3), with units (mol/m? - s) represents the reaction term describing
water vaporization or condensation, where M,, (18 g/mol) was the water molecular
weight and 1 (kg/s - m®) was the water vaporization rate. Darcy’s law was used to
describe the convective flows of liquid water and water vapor caused by pressure

gradients within the tissue:

W= ——""1Vp  (m/s) (9.4)

where ki i (m?) is the intrinsic permeability, k, ; is the relative permeability, ; (Pa-s)
is the viscosity, p (Pa) is the vapor pressure.
Darcy’s Law was combined with the continuity equation to solve for the pressure

and velocity of the water vapor:

) .
a(pfb) + V- (puy) =1 (9.5)

where ¢ was porosity, defined as the fraction of the domain that is occupied by
pores, which can vary from zero for pure solid regions to unity for domains of free

flow. The pressure at the domain boundaries was set to be atmospheric to mimic
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experimental conditions

Evaporation Rate Determination

In tissue, the liquid and vapor phases of water are assumed to in equilibrium.
The equilibrium vapor pressure (P, 4, Pa) at a particular moisture content and

temperature was described by the moisture isotherm [204],

P,
In——f9 — _0.0267M "% 1 0.01e" MM S In[Pyq(T)] (9.6)
sat(T)

where, P;q: (Pa) was the saturated vapor pressure of pure water, and M was the
moisture content on dry basis. The phase change of water (vaporization) was

described using non-equilibrium evaporation method [205]:

(kg/s - m?) 9.7)

where P, was the vapor density (kg/m?), T was a parameter signifying the rate
constant of vaporization, which was of the order of 1 for hygroscopic material

estimated in previous literature [205].

Boundary Conditions

For solving Maxwell’s equations, a scattering boundary condition was imposed
at the outer surface of the homogenized liver sample. Water vapor in the tissue
was assumed to be transported by both diffusion and convection. At the tissue-air

boundary

Ny,sur = Cy - Vn,v + Dv ' VCV (kg ’ miz ’ Sil) (98)
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where 1, s..r) Was the total mass flux through the surface of the tissue, c, was the
vapor concentration on tissue boundaries, v, ,, was effective vapor velocity on tissue
boundaries and D,, was vapor diffusivity in air. Along with the mass transport of
species, the tissue boundaries also lose heat q., because of the vapor loss, as well as

cooling by ambient air

qn =My sur Cp,vT + h- (Tair - T) (W ' m—Z) (99)

where C,,,, was the specific heat of water vapor(kJ/kg - K) and h was the convective
heat transfer coefficient of vapor at the surface (W/m? - K).

Table 1 shows the key input variables and their values. Several of these parame-
ters in the model were adopted from previous studies focused on microwave heating

in porous media [200, 202, 203].

Model Assumptions

A number of simplifying assumptions were made to facilitate simulation of the
microwave ablation process. Initial uniform water content of 80%, which also
accounted for residual fat [206]. The liver architecture was set to 80% porous
structure, as estimated from foodstuff literature [207]. No consideration of tissue
contraction in the heating zone and movement of gas though the antenna periphery
was given [107]. Lastly, the vapor from the boundaries was assumed to be free to

move within the homogenized liver sample.

Simulation Strategy and Comparison

The electromagnetic power dissipation rate (9.1) was solved using time-harmonic

Maxwell’s equations and the remaining heat (9.2), mass (9.3) and continuity (9.4,9.5)
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transfer equations were solved using the transient solver. Segregated solvers were
used for calculating temperature, water/ vapor velocities, and water/vapor con-
centrations. For rapid convergence, a boundary layer mesh was created at the
antenna-tissue interface. An input power of 50 W was applied for 300 seconds.

As a comparison, a thermal conduction-only model was also created, using the
same initial electromagnetic model in the microwave ablation as the heat source.
The thermal conduction — only model was compared against the water vapor model
using temperature outputs at 5 mm, 10 mm and 20 mm away from the antenna.
Comparisons were made at 10 second intervals for the entire ablation period between

each model.

9.3.2 Experimental Liver Setup

Samples of ex-vivo bovine liver tissue (n=5) were homogenized in order to eliminate
the influence of larger hepatic vessels on the temperature and water-content profile
while providing a more uniform testing medium. A clinical microwave ablation
antenna (Neuwave Medical Inc, Madison, WI) was placed near the center of the
homogenized liver sample at a depth of 6 cm. Ablations were created using a
generator output of 90 W at 2.45 GHz for 300 s, which corresponded to a power
deposition of approximately 50 W in tissue after accounting for cable and losses.
During the ablation, computed tomography (CT) data were acquired over the entire
tissue volume every 15 seconds (120 kVp, 200 mA, 512 x 512, 11 helical pitch, 0.625
mm slice thickness; Discovery 750 HD, GE Healthcare, Milwaukee, WI). CT volumes
were co-registered using rigid assumptions and the antenna tip as a fiducial marker.
CT data were then averaged over all experimental samples at each time point to
produce a single composite dataset for comparison to the numerical modeling

results.
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Figure 9.2: Experimental setup for the homogenized liver model. A) Fiber-optic
temperature probes were placed 5, 10 and 20 mm away from the microwave antenna.
Ablations were created at 100 W for 5 minutes. B) Post-ablation visualization of the
homogenized liver. The heating zone near the antenna has desiccated and collapsed
upon the microwave antenna and temperature probes.

This homogenized liver ablation setup was then repeated with fiber-optic tem-
perature probes placed 5 mm, 10 mm and 20 mm away from the microwave antenna.
The temperature probes were placed flush with the plane of maximal heating. Mi-
crowave ablations were created at 90 W for 300 seconds. Mean temperatures at each
location were averaged across samples (n=5) and used as a comparison against the
numerical models (Figure 9.2).

As a point of comparison against normal tissue, a microwave ablation setup
was created using an excised ex-vivo bovine liver block. Fiber-optic temperature
probes were placed 5 mm, 10 mm and 20 mm away from a microwave antenna.
Ablations were created at 90 W for 150 seconds. Mean temperatures at each location
were averaged across samples (n=6) and temperatures were compared against the

homogenized liver sample at each spatial and time point.
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9.3.3 Parametric Study and Validation

A preliminary study was performed to find a reliable vapor concentration that
mapped well to experimental CT Hounsfield units of the vapor map. The vapor
map was resized to match the resolution of the CT scans. The area enclosed within
simulated vapor concentrations of 1%, 5%, 10% and 50% were compared against
CT images thresholded at -200, -400, -600 and -800 HU. Similarity between the
simulated and experimental image masks, A and B, respectively, was calculated

using the Jaccard index, J [208]:

ANB

(9.10)

where greater Jaccard indices (from 0 to 1) implied more precise correlation between
the computational model and experimental data. The vapor concentration and
CT threshold pair that yielded the greatest Jaccard index was used to compare

simulated and experimental data in later analyses.

9.4 Results

9.4.1 Numerical Simulation and Comparison

Simulation of the fully coupled computational model for 47,635 triangular elements
required 30 minutes on a 2.4 GHz Xeon processor work station with 24 GB RAM.
Qualitatively, the numerical model predicted an elongated pattern of vapor
movement along the shaft of the antenna for the first two minutes, followed by a
movement predominantly outward from the antenna until the end of the ablation
procedure. The simulated rate of radial and longitudinal ablation zone growth was

greatest at the beginning of the heating cycle, then decreased over time as noted in
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previous experimental studies [81, 209].

The temperature output from the numerical model at discrete points 5-20 mm
away from the microwave antenna and its comparison to the homogenized liver
experiment is summarized in Figure 9.3A. The water vapor model 5 mm away from
the microwave antenna exceeded 80 °C within the first two minutes of the ablation
before leveling off at 90-100 °C. This plateau-effect is consistent with energy being
absorbed during the phase transformation from water to vapor [103]. Temperatures
simulated at more peripheral locations exhibited a much slower increase to lower
levels, as expected. The experimental model with the homogenized liver model
matched that of the computational model accurately, but demonstrated a plateau at a
higher temperature that was a slightly lower than 100 °C. Temperature comparisons
at distances of 10 mm and 20 mm, where the water remained in liquid form, showed
excellent correlation between the numerical model and homogenized liver model.

Converse to the homogenized liver model, validation with the ex-vivo liver
blocks demonstrated a lack of consistency in temperature measurements at all
discrete points, After 1 minute of heating, the temperature at the 10 mm and 20 mm
locations were approximately 20 °C higher in the ex-vivo liver blocks compared to
the homogenized liver samples. This difference was also seen in the 5 mm location
but was minimized as the temperature peaked as the temperature approached 100

°C (Figure 9.3B).

CT Imaging Study

CT-imaging showed trends in water vapor formation and growth inside the homog-
enized liver solution that reflected simulation results. Water vapor appeared as a
gradient from complete liquid water in normal tissue (0 HU) to pure water vapor

(-1000 HU), with some variation coming from the liver tissue backdrop. Very little
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vapor was observed in the sample periphery, as indicated by the lack of change seen
in the radiodensity for liver tissue (50 HU). Significant water vapor generated near
the antenna reduced attenuation to levels associated with highly aerated tissue (-800
HU). Towards the end of the heating period, pockets of water vapor were observed
migrating to discrete positions away from the ablation zone. These vapor-filled pock-
ets collapsed after the heating source was turned off, marking an almost immediate
phase change from water vapor to liquid in the absence of a microwave energy input.
This rapid phase change is expected due to the continuous heating rate necessary to
overcome the enthalpy of vaporization of liquid water (40.65 k] /mol), a value five

times higher than necessary to simply heat water to boiling temperature.
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Figure 9.3: A) Temperature comparisons between the water vapor model, the
thermal conduction model and the experimental validation at positions 5 mm, 10
mm and 20 mm away from the microwave antenna. B) Temperature comparisons
between homogenized liver model and the ex-vivo liver model.
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Figure 9.4: Parametric study comparing numerical concentration values against CT
threshold values.

Parametric Study and Comparison

The preliminary study showed the highest Jaccard index value of 0.613 between
the 1% water vapor threshold in our model and the -200 HU threshold in the
experimental CT images. These values were used to define the boundaries on
simulated and experimental vapor concentration maps (Figure 9.4).

Experimental water vapor cross-sectional profiles were somewhat larger than
those of simulations, especially toward the distal portion of the heating zone. In
contrast, the proximal portion of the ablation zone exhibited excellent correlation to
the modeling data. The 1% vapor contour diameter reached 2.40 cm, 3.20 cm, 3.80

cm, 420 cm and 4.60 cm at 1, 2, 3, 4 and 5 minutes respectively (Figure 9.5A). These
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measurements compared favorably with the corresponding -200 HU threshold map
in the experimental data, which showed a diameter of 2.56 cm, 3.41 cm, 4.00 cm,
4.29 cm, and 4.45 cm at 1, 2, 3, 4 and 5 minutes respectively (Figure 9.5B). Similarity
between the simulated and experimental vapor maps was somewhat limited for
early ablation times (Jaccard index: 0.071 £ 0.039 at 15 seconds) but increased to
a good correspondence at later time points (Jaccard index: 0.73 £ 0.130 at 300 s;
Figure 9.5C and 9.5D).

9.5 Discussion

This study demonstrated the feasibility of adding water vapor creation and transport
into heat transfer and electromagnetic physics during the simulation of microwave
tissue heating. It also demonstrated a CT imaging technique to validate the nu-
merical predictions of water vapor. Overall, good agreement was noted between
simulated 1% vapor contours and CT images using a -200 HU threshold.

As ablation devices evolve and become integrated into the standards of care,
treatment predictability, precision and efficacy will be expected to improve. One
way to improve treatment performance is to utilize computer-aided design and
optimization of devices and treatment parameters. However, simulations used to
guide the design process require accurate models. Incorporating latent heat of
vaporization and taking a porous media approach to account for the physical effects
of water vapor have improved modeling precision at higher temperatures associated
with microwave ablations in previous studies [103, 107, 108, 111]. However, those
empirical models did not account for the formation of water vapor and therefore,
were unable to investigate the effects of vapor formation and transport on ablation

zone growth. The present study describes a framework based on porous media by
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Figure 9.5: A) Computational model of a water vapor map during microwave abla-
tion heating was created and thresholded at 1% vapor to find the outer boundaries
of the ablation zone B) CT imaging was used to visualize the boundaries of the
water vapor map using the -200 HU threshold. C) The boundaries of the simulated
and experimental vapor maps were compared to each other at multiple time points.
D) A similarity measure using the Jaccard Index was calculated across each time
point in order to validate water vapor model.
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which the effects of vapor formation and transport may now be studied. Further
investigation into the interplay between the thermal, electrical and mass transport
physics during heating will likely improve simulation accuracy and utility in the
computer-aided design and treatment planning process.

Experimental validation was a critical component of this study. Previous studies
utilized primarily visual inspection of ablation zones in tissue to compare computa-
tional and experimental results [81, 158, 209]. Tissue regions that were desiccated
or blanched marked boundaries of the ablation zone, with more detailed observa-
tions utilizing histological analysis [40, 41, 210]. Likewise, tracking water vapor
and moisture content had only been possible through dehydration techniques on
post-ablation specimens [206]. Those studies were limited in that the samples could
only be observed after the ablation zone had been created; temporal changes that
occurred during the ablation procedure could not be observed. In this study, CT
imaging was leveraged to successfully capture gas formation and transport in a
homogenized liver tissue solution in real-time. CT images could be captured with
spatial and temporal resolutions of 0.1875 mm/pixel and 15 seconds/scan, respec-
tively, making it possible to observe high levels of vapor formation in the center of
the heating zone and its subsequent outward movement into the tissue. Therefore,
vapor concentration can be a measurable variable to track ablation growth over time
in both computational and experimental models.

Temperature predictions from the numerical vapor model showed improved
accuracy over models that utilized only thermal conduction, as seen in previous
studies [111]. In previous numerical studies that did not account for vapor for-
mation, simulated tissue temperatures far exceeded measured values in locations
where water vapor was created since the latent heat of vaporization was not con-

sidered. Dielectric models designed to incorporate the effects of vapor formation
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in temperature dependence have been shown to improve temperature correlation
accuracy similar to the vapor model presented here [107]. With the prediction
of water content realized in the present study, a numerical model of properties
based on temperature and water content would likely improve the generality of
simulations. In turn this would increase the applicability of simulations to a wider
range of clinical goals.

Mismatches between simulated vapor maps and experimental results were ob-
served, particularly in the beginning of the ablation procedure. Early water vapor
formation was much faster in experiments than simulations, leading to a low level
of overlap between the two contours and subsequently, a low Jaccard index. This
mismatch decreased over time, but the larger cross sectional area of water vapor
was consistently greater in experiments than simulations. Assumptions in the com-
putational model likely played a significant factor in this mismatch. Thermal and
dielectric properties of liver tissue were often described in its ex-vivo state, with
water content comprising of up to 70% of the tissue. When the liver tissue was sepa-
rated into its various constituents in the heat transfer model, the heat capacity and
thermal conductivity were estimated based on water content. Intrinsic permeability
and porosity assumptions related to the homogenized liver solution were estimated
from foodstuff data as these properties were not readily available for liver tissue.
Furthermore, assumed values may have changed during homogenization.

The homogenized liver model demonstrated more consistency and accuracy
in validation efforts compared to the ex-vivo liver model. While the temperature
measurements in the beginning of the heating were the same, there were significant
differences between the two measurements. Ablations in the ex-vivo liver model
heated the tissue at a faster rate and to higher temperatures compared to the ho-

mogenized liver model. This could be explained by the intact anatomical structures



169

in the liver, which offer resistance against free water vapor movement. As such, the
water vapor remains localized in the tissue and can absorb even more energy. This
is supported by the fact that temperature measurements at 5 mm in the ex-vivo liver
tissue exceeded 100 °C within 2 minutes. The intact anatomical structure of the liver,
which included micro- and macro-vasculature and lobular geometry, also disrupted
the heating pattern of the ablation zone, resulting in large differences in temperature
measurements between samples. Conversely, the homogenized liver sample showed
much more consistency between samples and a more accurate validation of the
numerical model could be performed.

The effects of atmospheric pressure and gravity, which contribute to the propen-
sity for vapor to move upwards in the homogenized liver, were also not considered
in the numerical model. The seemingly larger volume of vapor formation in the
experiments compared to numerical models could also be attributed to more direct
water contact with the microwave antenna, since the individual hepatic sinusoids
and anatomic structures no longer compartmentalized the fluid. Increased con-
centration of liquid water volume could potentially lead to increased water vapor
formation that was not accounted for in the model. The computational model also
did not account for tissue contraction, which had been shown to occur as water
vapor dissipates from the heating zone [112]. Contraction for homogenized liver
solution during heating, although not characterized yet, could potentially affect
porosity and diffusion constants associated with vapor transport. Refinement in
model inputs and assumptions is clearly needed. However, despite the large number
of simplifying assumptions good overall agreement between the simulation and
model were noted.

The trends observed in vapor concentration prediction, temperature modeling

and experimental data point to future studies correlating intra-procedural CT imag-
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ing of water vapor in tissue to actual ablation sizes. Compared to gross pathology
measurements from past microwave ablation studies in ex-vivo tissue, the water
vapor sizes in both our model and experimental study had a slightly larger diam-
eter at each time point during the ablation [206, 209]. It is difficult to make direct
comparisons due to differences in vapor presence and actual thermal coagulation,
as well as multiple physical parameters such as energy delivery, tissue porosity and
electrical properties. However, we found that the rate of linear growth in vapor size
mapping and the ablation size from gross pathology to be comparable at multiple

time points.

9.6 Conclusion

This study demonstrated the potential of incorporating water and water vapor mass
transport physics into the simulation of microwave thermal ablations. CT imaging
was used as a real-time tool to monitor water vapor during experimental studies,
and could therefore be applied to validate the simulation model. The new model
may help to improve the accuracy of microwave ablation simulations, allow more
arbitrary analysis of ablation inputs with relevant underlying physics, and facilitate

the analysis of heat and mass transfer contributing to thermal ablation growth.
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Chapter 10

Summary and Recommendations
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10.1 Summary

The heating advantages of microwave ablation systems over predecessor technolo-
gies have been well established. Creating larger and hotter ablation zones with
microwave energy have afforded physicians the ability to treat larger tumors as
well as tumors located in the vicinity of blood vessels. However, the high temper-
atures associated with microwave ablation devices have changed how we model
thermal ablations, design ablation devices and optimize ablation treatments. The

contribution of this work is as follows:

* The design and optimization of a cooled dual-slot antenna that integrated the

cooling component, ceramic and tip into the bare coaxial design.

¢ The validation study in ex-vivo and in-vivo animal models to confirm the
performance of the cooled dual-slot antenna. The validation study required

the novel use of intra-procedural CT imaging of the water vapor formation.

* The development and validation of the numerical model integrating fluid flow
with microwave heating near a blood vessel inside liver tissue. The design
of this model also involved taking measurement of temperature-dependent
viscosity of heparinized porcine blood in order to accurately predict the effects

of cytotoxic temperatures on blood.

* The design and execution of an in-vivo study of the effects of microwave tumor
ablation on the portal vein, hepatic vein and hepatic arteries. The rates of
thrombosis inside these vessels were modeled as a logistic function and can

be easily adapted to help guide antenna placement.

* The design and execution of experimental studies to elucidate the mechanism

of thrombosis inside the hepatic vasculatures. The physical mechanism studies
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looked at temperature and pressure changes within vessels during microwave
ablation. The biological mechanism studies investigated the differences in
pro-thrombotic gene expression between normal, untreated portal and hepatic

veins.

* The design and execution of the water moisture study, using single-energy
and dual-energy CT to investigate the relationship between water moisture

levels in ex-vivo liver tissue and its respective radiodensity.

* The design of the validation study integrating previously-developed water
vapor heating models into our own microwave ablation models. The study
required the development of a homogenized liver model as well as intra-
procedural CT scanning to provide a validation frame for each time point.
The study also required a temperature measurement component between the
vapor model and the conduction-only model. The homogenized liver model
was also compared against ex-vivo liver tissue in order to characterize the

differences in heating pattern.

10.2 Future Direction

There is additional work that is needed to continue improving our understanding
of how to best utilize the high energy and heat associated with microwave abla-
tion systems to treat patients. The directions can be broadly categorized into the

following categories:
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10.2.1 Antenna Design

The final cooled dual-slot antenna design was found through a parametric algorithm.
While the performance of the dual-slot antenna in terms of aspect ratio and reflection
coefficient was superior to monopole antenna designs, the fabrication process was
constrained by the tolerance of our manufacturing process. The analysis detailed
in Chapter 3 showed that the antenna performance remained robust to various
lengths of the inner feeding slot but highly sensitive to the length of the ceramic-
steel catheter overlap. Thus, small changes to the ceramic-steel overlap could result
in large drops in antenna performance, or even a non-functioning antenna.

Some potentially interesting antenna designs may result from looking at multi-
modal antenna designs. For electromagnetic boundary-value problems, there are
many field configurations (modes) that satisfy Maxwell’s equations. The majority
of the solutions associated with our antenna problems were found by solving for
Maxwell’s equations in the transverse magnetic (TM) mode, where the magnetic
field component lies in a plane transverse to a given direction. It would be possible
to perform the same analysis using the transverse electric (TE) mode, where the
electric field component is transverse to a given direction. Another antenna design
optimization path that has already been incorporated in modern day communication
systems is using multi-modal transmission systems. Based on the mode wave
numbers (eigenvalues), it is possible to deliver energy at more than one range of
frequencies. This can be useful when considering the electrical properties of liver
tissue and how it changes as water is driven out during the ablation procedure.
Some challenges that need to be overcome are how to optimize not only the geometry
of the antenna but the total power distribution among the existing modes, which
can be complex and expensive to implement.

Lastly, the dual-slot antenna design was derived from a cost function-driven
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parametric study, rather than a true optimization approach. Optimization from a
quasi-Newtonian, genetic or Bayesian algorithm may lead to other suitable antenna
designs. An additional factor to weigh into a successful antenna design may be the
integration of an ease-of manufacturing to a particular design. Designs that have
more continuous shapes and can be easier to fabricate should be considered in the

final antenna design.

10.2.2 Validation Techniques

Validation of antenna designs and numerical models remains an area of controversy.
Temperature measurements and gross pathology imaging remain the gold standard
for ablation zone validation. Temperature measurements provide excellent temporal
resolution but are sensitive to movement during the ablation, which occurs during
tissue contraction. Temperature measurements are also limited to the specific point
that is being measured, and reveals only a small fraction of the entire heating process.
Liver tissue is highly vascularized and lobar, leading to large inconsistencies in
ablation zones from sample to sample. Ablations in ex-vivo liver models often
result in ablation zones larger than what would be normally seen in human liver
tumors due to the absence of the cooling blood flow. On the other hand, ablations
in in-vivo liver models result in ablation zones smaller than what is seen in human
liver tumors due to the absence of tortuous vasculature and tumor environment.
The homogenized liver model maintains the cellular components of liver, but
devoid of the anatomical structures and vasculature. The electrical and thermal
properties of the homogenized liver were not validated against ex-vivo or in-vivo
liver tissues but are believed to be of similar values. As shown in the Chapter 9, the
temperature measurements made inside the homogenized liver sample are much

more consistent from sample to sample compared to those made inside ex-vivo
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liver tissue. Validation of previous antenna designs utilizing these water vapor
markers can provide details on the heating pattern of the ablation zone that were
not previously available. However, further characterization of the homogenized
ablation zone is needed in order to translate its results into usable data.

As seen in Chapter 5, there are limitations to what can be studied using an agar
phantom to experimentally study blood flow near an ablation zone. An ex-vivo
flow model using a transplant clinic setup with heparinized blood, may potentially

offer a more accurate model for validating ablation zone behavior near vasculature.

10.2.3 Vascular Damage and Associated Risks

In that same vein (pun intended), the precise mechanism by which thermal ablation
zones affect nearby blood vessels is unclear. While we have established that hepatic
veins are more prone to acting as a heat sink by virtue of being resistant to thrombus
formation, there is still much work required to clarify the underlying mechanism.
Furthermore, from a practical standpoint, our regression models did not fully predict
when thrombus would form in portal veins, despite occurring significantly more
often compared what was seen in hepatic veins.

As a logical follow-up study, a retrospective clinical imaging study looking at
thrombus formation in portal and hepatic veins near ablation zones would be useful
in confirming our in-vivo study trends. Additionally, follow-up imaging extending
up to six months after the ablation procedure would reveal the long-term effects
of vascular damage. Based on our in-vivo studies, we would expect that delayed
portal vein thrombus formation would occur at a similarly high rate compared to
hepatic veins.

There are currently few explanations as to why portal veins thrombose more

than hepatic veins. One obvious difference lies in the flow pattern, which has
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been well documented with Doppler imaging. Hepatic veins, which feed into the
inferior vena cava, experience a regularly pulsatile flow pattern, reflective of the
cardiac cycle. Portal veins, on the other hand, feed into the highly resistive network
of capillaries and sinusoids, resulting in a more continuous, non-pulsatile flow.
Our gene expression study also highlights underlying differences in pro- and anti-
thrombotic genes between portal and hepatic veins. Validation studies looking at
pigs with various pulsatility patterns or genetic deficiencies in endothelial clotting
proteins may narrow down the number of potential mechanisms contributing to
this phenomenon.

A mechanistic study would be useful in that it may allow physicians to target
specific pathways to optimize ablation treatment. As mentioned in Chapter 6 and 7,
physicians may want to thrombose vessels to improve ablation zone efficacy near
blood vessels and reduce the chance of recurrence. At the same time, however,
they do not want to cause damage to larger vessels that supply entire liver lobes.
Recognizing the environment that predisposes vessels to thrombosis will be critical

in improving ablation treatment performance and associated patient outcomes.

10.2.4 Water Vapor Model and Analysis

The incorporation of water vapor formation and subsequent movement through tis-
sue has offered improved simulation results to our numerical simulations. Previous
studies have accounted for water vaporization by adding a latent heat of vaporiza-
tion term or by incorporating temperature-dependence to the electrical properties
of liver tissue. These updated model inputs have led to numerical results that match
up closer to experimental validation studies than previous simulations using simple
passive thermal conduction. Utilizing the high temperatures associated with mi-

crowave to drive water vapor movement through a porous media approach has also
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led to similarly accurate temperature mappings. The actual change in dielectric and
thermal conductivity during heating potentially lies in a combination of water vapor
and temperature dependence. Treating water vapor formation and temperature as
separate inputs to thermal and electrical properties of liver could potentially lead to
improved simulation accuracy.

While the current water vapor model accounts for the change in energy as water
turns into vapor, there is currently no consideration for the phase change occurring
when vapor changes back into water. Incorporating this additional energy release,
especially near the edge of the ablation zone would better characterize the total
damage from water vaporization. Improved model inputs such as the porosity,
saturation and pressure would also be useful, although a sensitivity study should
also be carried out.

As with all numerical studies, the water vapor model requires validation. The
CT-derived vapor maps detailed in Chapter 9 provides only the outer boundary
of the vapor zone. A challenge that would need to be overcome is a method of
actually quantifying the amount of liquid water and water vapor inside an ablation
zone. Conventional methods of desiccation and mass measurements can be time
consuming and highly variable to the surrounding environment. A rapid way of
deriving water content would be more appropriate option if this study were to be
carried out due to the vast number of time points and samples required to make a
comparison. Ultimately, an imaging technique that could provide good temporal

and spatial resolution would be the ideal method for water vapor validation.
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